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Abstract

The prognosis for those diagnosed with breast cancer has dramatically improved
since the 1980’s, primarily due to improved diagnostic and treatment methods. One such
treatment is a class of drugs called selective estrogen receptor modulators (SERMs).
SERMs are a popular treatment option for breast cancer, commonly employed as
adjuvant therapy. Prototypical examples of SERMs are tamoxifen and raloxifene.

Despite their widespread success, breast cancers can often develop resistance to
SERMs. As a result, other biological targets which may mitigate this resistance have been
identified. Recent interest in the field has arisen around histone deacetylases (HDACS),
which are a class of enzymes that have been implicated in promoting resistance in breast
carcinoma. Studies have demonstrated the combination treatment of SERMs and HDAC
inhibitors (HDACi’s) elicits a cooperative effect in enhancing cytotoxicity and resensitizing
resistant breast cancers. In an effort to maximize the cooperative effects of SERMs and
HDACI’s, the project detailed in this thesis describes the design, synthesis, and biological
evaluation of a series of hybrid raloxifene/HDACi molecules that combine the
pharmacophores of both drug classes.

Previous work by the Gleason laboratory found tamoxifen/HDACi hybrids to exhibit
potent biological activity, but further exploration of these would be laborious due to their
inherent instability. As a result, a synthesis of raloxifene/HDACi hybrids was developed.
Significant synthetic challenges resulted from the comparatively electron-deficient nature
of key intermediates, making known methods used for raloxifene inapplicable towards
these targets. After notable route scouting and reaction optimization, these challenges
were resolved and a small library of seven hybrid drug molecules were successfully
synthesized and purified prior to biological evaluation.

Fluorogenic HDACi assays determined the ICso values of the raloxifene/HDACi
hybrids against HDAC1 and HDACS6. All hybrids demonstrated sub-micromolar 1Cso
values for HDAC1. For HDACSG, one hybrid showed low micromolar potency for HDACS,
while all others had sub-micromolar values. Generally, carbon-linked hybrids were more

potent than oxygen-linked hybrids against HDAC1, while the reverse was true for HDACS6.



Preliminary biological assays performed by the Mader lab at the Université de
Montréal demonstrate all hybrids antagonize the ER at a low micromolar dose, both in
the presence and in the absence of E2. A more conclusive result of the SERM/HDACI
hybrids can be drawn once further biological testing has been completed by the Mader
lab.



Resumé

Le pronostic pour les personnes diagnostiquées avec un cancer du sein s'est
considérablement amélioré depuis les années 1980, principalement en raison de
I'amélioration des méthodes de diagnostic et de traitement. Un de ces traitements est une
classe de médicaments appelés modulateurs sélectifs des récepteurs aux cestrogenes
(MSROs). Les MSROs sont une option de traitement populaire pour le cancer du sein,
couramment utilisée comme thérapie adjuvante. Des exemples prototypes de MSROs
sont le tamoxifene et le raloxifene.

Malgré leur succes généralisé, les cancers du sein peuvent souvent développer une
résistance aux MSROs. En conséquence, d'autres cibles biologiques susceptibles
d'atténuer cette résistance ont été identifiées. Un intérét récent dans le domaine est
apparu autour des histones désacétylases (HDACs), qui sont une classe d'enzymes qui
ont été impliquées dans la promotion de la résistance au cancer du sein. Des études ont
démontré que le traitement combiné des MSROs et des inhibiteurs de HDAC (iHDAC)
induit un effet coopératif pour augmenter la cytotoxicité et resensibiliser les cancers du
sein résistants. Dans un effort pour maximiser les effets coopératifs des SERM et des
iHDAC, le projet détaillé dans cette thése décrit la conception, la synthése et I'évaluation
biologique d'une série de molécules hybrides raloxiféne / IHDAC qui combinent les
pharmacophores des deux classes de médicaments.

Des travaux antérieurs du laboratoire Gleason ont révélé que les hybrides tamoxiféne
/ iIHDAC présentent une activité biologique puissante, mais une exploration plus
approfondie de ceux-ci serait laborieuse en raison de leur instabilité inhérente. En
conséquence, une synthése d'hybrides raloxifene / iHDAC a été développée. Des défis
de synthése importants ont résulté de la nature relativement déficiente en électrons des
intermédiaires clés, rendant les méthodes connues utilisées pour le raloxifene
inapplicables a ces cibles. Aprés un repérage notable des routes et une optimisation de
la réaction, ces défis ont été résolus et une petite bibliothéque de sept molécules de
médicaments hybrides a été synthétisée et purifiée avec succés avant I'évaluation

biologique.



Les tests fluorogénes iHDAC ont déterminé les valeurs ICso des hybrides raloxiféne /
HDACi contre HDAC1 et HDACSG. Tous les hybrides ont démontré des valeurs ICso sous-
micromolaires pour HDAC1. Pour HDACS6, un hybride a montré une faible puissance
micromolaire pour HDACS6, tandis que tous les autres avaient des valeurs sous-
micromolaires. En général, les hybrides liés au carbone étaient plus puissants que les
hybrides liés a l'oxygene contre HDAC1, tandis que l'inverse était vrai pour HDACSG.

Les résultats préliminaires du laboratoire Mader de ['Université de Montréal
démontrent que tous les hybrides antagonisent le récepteur d'oestrogene a la faible dose
micromolaire, a la fois en présence et en I'absence d'estradiol. Un résultat plus concluant
des hybrides SERM / HDACi peut étre tiré une fois que d'autres tests biologiques ont été

effectués par le laboratoire Mader.
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Chapter 1: Introduction

Since 1989, the prognosis for those diagnosed with breast cancer has improved
dramatically, with the death rate having dropped by 40% as of 2016, primarily as a
function of improved diagnostic and treatment methods. Despite this, the lifetime risk of
a woman in the United States being diagnosed with breast cancer has risen from 1-in-11
to 1-in-8 since the 1970’s,%2 and continues to increase incrementally as of 2019'. This
results in part from an increase in life expectancy, but also from an overall increase in
breast cancer incidence. In the female population, breast cancer alone represents 30%
of all new cancer diagnoses and is the second-largest cause of cancer-related deaths.
While the 5-year survival rate is 98% for women diagnosed with localized disease, and
84% for those with regionally spread breast cancer, the rate drops to only 23% for those
with distant metastases.®

Our understanding of the biology of breast cancer has largely been shaped by our
discovery of sex hormones and their proliferative effects in breast tissue mediated by
estrogen receptor (ER) signalling.* In turn, these discoveries have led to the development
of synthetic estrogen antagonists as therapeutics in breast cancer, including selective
estrogen receptor modulators (SERMs) and selective estrogen receptor downregulators
(SERDs). Commonly, SERMs are used in combination with radio- or chemotherapy in
breast cancers that express the estrogen receptor (ER+) and are endocrine-responsive.
Since the introduction of SERM co-therapy in endocrine-responsive breast cancers,
significant reductions in both recurrence and death in those diagnosed with breast cancer
has been observed.® Despite the widespread success of adjuvant therapy, resistance is
known to develop in many cases, in which the tumour no longer responds to endocrine
treatment and tumour growth becomes hormone-independent. In these cases, treatment
options become very limited, and often involves the use of SERDs, which act in a fully
antiestrogenic fashion distinct from SERMs. Unfortunately, resistance to SERDs can also
develop. As a result, other biological targets have been identified for breast cancer
therapy, including histone deacetylases (HDACs), which are a class of enzymes

responsible for deacetylating the chromatin around DNA, thereby facilitating the



expression of specific genes. There are many hypotheses for their exact role in mediating
endocrine resistance in breast cancer, but it has been shown that combining histone
deacetylase inhibitors (HDACi’s) with SERMs is effective in resensitizing endocrine-
resistant breast cancers towards endocrine-based therapy.®

Briefly, this chapter will discuss: 1) our current understanding of the fundamental
role of estrogen signalling in endocrine-responsive breast cancer, 2) breast cancer
treatments targeting estrogen-dependency, 3) the ability of tumours to acquire resistance
to endocrine treatments, 4) the potential role of histone deacetylases in treating
endocrine-resistant breast cancers, and 5) the rationale behind the design of hybrid
SERM/HDACi drug molecules that are hypothesized to combine the cooperative

behaviour of these two distinct drug classes.

1.1 Breast Cancer and the Estrogen Receptor

1.1.1 Estrogen Receptor a

The link between breast cancer and sex hormones was first suggested almost 120
years ago, when Schinzinger first proposed the idea of removing the ovaries for the
treatment of breast cancer.* The surgery itself was not actually performed until 1895,
when George Beatson performed the operation on three menopausal patients diagnosed
with breast cancer.” Unfortunately, only one of three women seemed to benefit,® but he
has since been considered the father of the anti-hormonal treatment of breast cancer.
Subsequent work in animal models confirmed the importance of ovarian hormones to
breast cancer development.®

A major advancement came 1966 when the estrogen receptor was isolated by Toft
et al., during their efforts to produce a cell-free method for studying the proliferative effects
of estrogens.’® In spite of this, investigations in the field remained slow due to the
laborious methods used to extract the ER from tissue samples. The ER was sequenced
and successfully cloned by Green et al. in 1986,'" leading to rapid advances in our
understanding of the mechanism by which the ER regulates gene expression. In 1997,

the crystal structures of the ERa ligand binding domain (LBD) bound to an agonist (17f3-



estradiol) and an antagonist (raloxifene), respectively, was resolved by Brzozowski et
al.,*? allowing for the first molecular understanding of ER activation and deactivation.

A second isoform of the ER, ERpB was identified in 1996.1°* ERB has structural
similarities to ERa in the LBD and DNA-binding domain (DBD), and can also bind 17§-
estradiol (E2). The exact role of the ERp is not well-studied, but one hypothesis is that
unbound ERp regulates ERa-mediated gene transcription in the presence of E2, with
varying relative levels of ER isoforms thereby providing a more fine-tuned local control of
ER signalling.

The GPR30 is another receptor which is responsive to E2 signalling. It is a
transmembrane G-protein coupled receptor (GPCR) located on the nuclear envelope,
Golgi body, and the endoplasmic reticulum. It is thought to mediate the rapid non-genomic
actions attributed to E2 signalling,' and likely has an independent influence on E2
responsiveness in breast carcinoma.’® While the existence of the ERB and the GPR30
introduces additional complexity to our understanding of ER signaling, this thesis will limit
the discussion of the ER to the better-understood ERa, although there are several

excellent reviews on both the ERB'3 1617 and the GPR30.4 1819

1.1.2 Structure of the Estrogen Receptor

The ER is expressed throughout the body in various tissues. The function of the
ER varies depending on the tissue it is expressed in. Its endocrine function arises from
its expression in the hypothalamus-pituitary-gonadotropic axis,?°-2! thereby regulating the
endogenous production of E2. More locally, the ER plays a key role in the regulation of:
adipocytes in fat tissues,?? osteoblasts and chondrocytes of bone, vascular endothelium
and aortic smooth muscle cells, and numerous sites in the brain.23

The ER is a 595 amino-acid residue nuclear receptor protein consisting of 6
domains (Figure 1.1). The A/B domain at the amino terminus houses the Transcription
Activation Factor 1 (AF-1), which mediates ligand-independent activity and is regulated
by phosphorylation. Domain C contains a highly-conserved DBD and houses two zinc-
fingers that are responsible for recognizing the estrogen response element (ERE), a

promoter gene sequence, upon ER activation.?* Domain D contains the hinge region and



is where dimerization of activated ER monomers occurs. The carboxy terminus, domains
E and F, houses the LBD and Transcription Activation Factor 2 (AF-2) which are directly
involved in ligand-induced activation and transcription regulation.?* AF-1 and AF-2 are
able to function independently or synergistically, depending on cell type and target

promoter.25-26

AF1 DBD  dimerization LBD and AF2

A/B m D | E/F 595aa  ERa-66 (wild-type)

184 263 302 595

Figure 1.1 Domains of the ER.?”

The LBD (Figure 1.2) is a three-layered antiparallel a-helical sandwich with a
central core composed of H5/6, H9 and H10 (yellow). Two additional layers of helices H1-
4 (purple), and H7, H8, and H11 (red) flank the sides of the core. The front and the back
of the binding pocket are blocked off by a two-stranded antiparallel B-sheet (orange), and

H12 (pink) seals the opening of the ligand-binding cavity.

Figure 1.2. Crystal structure of the LBD of ER bound to E2 (PDB: 1ERE). Left:
ER monomer bound to E2. H7, H8, H11 are shown in red. H5/6, H9, and H10 shown in
yellow. H1-4 shown in purple. H12 shown in pink. Right: active ER dimer, with the key

H12 of each monomer shown in pink.28



This helical arrangement of the LBD creates a “wedge-shaped” scaffold. Even at
the more narrow end of the domain, the ligand binding cavity remains quite large. In fact,
the ER is described as being quite promiscuous, since its ligand binding pocket is almost
twice the size (450 A) of its endogenous ligand (245 A). The LBD is able to receive non-
steroidal compounds, but the A-ring of these compounds must contain an aromatic moiety

due to the “pincer-like” arrangement of the LBD.28

1.1.3 Mechanism of Estrogen Receptor Signalling

In the absence of any ligands, the ER exists as a monomer, stabilized by heat
shock proteins Hsp56, Hsp70, and Hsp90, which dissociate once a ligand has been
bound.?? In healthy breast cells, endogenous E2 enters the cytosol and binds the inactive,
monomeric ER (Figure 1.3). Upon E2 binding, a conformation change is elicited which
allows the monomers to dimerize at the H8/H11 interface. This conformational change
reveals a nuclear localization signal (NLS) locating the ER complex to the cell nucleus.3°
The active dimeric ER then associates with the estrogen response elements (ERE), which
are 13 bp palindromic inverted repeat sequences (5-GGTCAnnnTGACC-3’) in the
promoters of ER-regulated genes.?'-32 Once assembled, the ER-coregulator complex
then recognizes and binds the ERE using the pair of zinc-fingers found within the DBD33.
Transcription activation requires association with a large number of transcriptional
coregulators,3 among which include SRC1 and SRC3 (steroid receptor coactivators),3®
and chromatin remodelling proteins such as histone acetyl transferases (HAT) or histone
deacetylases (HDAC).36-37 The formation of the ER-coregulator complex is then followed
by recruitment of the general transcription machinery to the promoter site, where DNA
transcription is initiated.

In healthy breast tissue, ER signalling leads to the transcription of genes that
maintain regular tissue growth and function. In ER+ breast carcinoma, notable nuclear
targets of ER signalling consist of several notorious oncogenes including: c-MYC (a cell
apoptosis regulator),38 cyclin D1 (a cell-cycle check protein),3%-40 CDC6 (a cell-cycle check

protein),*! HER2 (a breast cancer biomarker), and the ER itself.#?



Figure 1.3 A simplified version of classical ER signalling: 1) E2 freely diffuses
across plasma membrane, 2) binds monomeric ER, causing dimerization, 3)
translocation into the nucleus, 4) ER-complex binds ERE’s and activates transcriptional

activation.

1.2 Agonists and Antagonists of the Estrogen Receptor

1.2.1 Agonists

The endogenous agonist of the ER is E2, the predominant sex hormone involved
in regulating normal tissue function throughout the body. E2 levels are tightly controlled
by a set of feedback and feedforward loops within the hypothalamus-pituitary-
gonadotropin axis. Briefly, gonadotropin release hormone (GnRH) is secreted by the
hypothalamus (Figure 1.4). GnRH signals to the anterior pituitary, which releases follicle
stimulating hormone (FSH) and lutenizing hormone (LH). FSH and LH promote the
secretion of androgens from the theca cells of the ovaries, and simultaneously inhibit the
secretion of GnRH from the hypothalamus. Within the ovaries, the local enzyme
aromatase then converts the androgens into E2, which feedback inhibits the secretion of
GnRH and LH. This complex set of feedback and feedforward loops helps regulate

homeostatic levels of estrogen present in the body. In premenopausal women, the ovaries



are the main source of estrogens. In post-menopausal women, ovarian production of E2
slows to a halt, and adipose tissues become the primary source of E2 until death.?2 Other
endogenous estrogens include estrone and estriol (Figure 1.5), but these bind to ER with
far less potency than E2.43 There are several hormonal breast cancer treatments which
target the hypothalamus-pituitary-gonadotropin axis, but these will not be discussed in

great detail.
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Figure 1.4 A diagram representation of the hypothalamus-pituitary-gonadotropin axis

with feedback and feedforward loops.4

The ER recognizes E2 within a hydrophobic pocket inside the LBD. The phenolic
moiety of E2 (highlighted in red in Figure 1.5) makes a key hydrogen bonding network
between E2 and Glu353, Arg394, and a molecule of water within the hydrophobic cleft
(Figure 1.6). Another important hydrogen bonding interaction occurs between the 17f3-
hydroxyl of E2 with His 524. The lipophilic hormone core is stabilized by hydrophobic
interactions with the rest of the binding pocket. Once bound to E2, H12 folds over the
ligand binding pocket,?® like a container lid, with its hydrophobic residues projecting

perpendicular to the receptor dimerization surface. This conformational change allows



AF-2 to interact with various coactivators, allowing nuclear translocation and DNA
transcription to begin. It would appear that H12 adopting this conformation over ligand
binding cavity is both necessary and sufficient for AF-2 activation, and mutations of H12
can cause the ER the become estrogen-insensitive.*®* The mechanism of ER activation is
well-conserved amongst other members of the nuclear hormone receptor superfamily.46-
48 Our molecular understanding of ER activation has shaped the way we design synthetic

compounds which aim to modulate it.
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Figure 1.5 A selection of common ER agonists. The key phenolic moiety required in ER

agonist pharmacophores for ER binding is highlighted in red.

Synthetic ER agonists possess a similar pharmacophore to E2 (Figure 1.5), and
activate the ER in a similar fashion. Of the synthetic ER agonists, diethylstilbestrol (DES)
is most well-known, due to its notorious history as a potent endocrine disruptor. Initially
prescribed during the 1940-1970’s as a therapeutic for the prevention of adverse
pregnancy outcomes, it was later revealed to increase the risk of a rare vaginal clear cell
carcinoma in females who had been exposed to it in utero.*%-50 Unfortunately, it was also
later discovered that diethylstilbestrol had no real therapeutic value for treating adverse
pregnancies.5'-52 Since these discoveries, prescription and marketing of DES has been

largely discontinued.
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Figure 1.6 PDB: 1ERE Left: E2 bound to the LBD of the ER, with H12 (pink)
folded over the cavity.?® Right: E2 binds to residues inside the ER.53

DES is a trans-stilbene derivative containing two ethyl groups bound to tetra-
substituted olefin core. The phenolic moieties of DES make similar contacts with the ER
ligand binding pocket as seen with E2 (Figure 1.7), including that with His524, Glu353,
and Arg394. The rest of the molecule is stabilized by hydrophobic interactions with the
rest of the pocket. Importantly, DES is held within the ligand binding cavity, and H12 is

able to fold over the opening, leading to the activation of the ER.
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Figure 1.7 PDB: 4ZN7 Left: DES bound to the ligand binding pocket of the ER,
with H12 (pink) folded over the cavity.5* Right: DES binds to residues inside the ER.53



1.2.2 Selective Estrogen Receptor Modulators

Tamoxifen is the most well-known SERM, and is currently the first-in-line treatment
used in conjunction with chemo- or radio-therapy in ER+ breast cancer, with typical
treatment lasting five years.>® It has been used for ER+ breast cancer since the 1970’s,
and gained approval as a preventative treatment in 1977.56-57

Several well-characterized metabolites of tamoxifen are formed by CYP enzymes
in the liver.%8 Of these, the most notable is 4-hydroxytamoxifen (4-OHT). 4-OHT has a
much higher affinity for the ER than the parent molecule with a Ko of 0.15 nM, compared
to the tamoxifen Kp of 8 nM.5°® As a result, 4-OHT is 100 times more potent than
tamoxifen,80-61 which has an ICso of 400 nM (in MCF-7 cells).62 This difference in affinity
and potency for the ER is due to the critical phenolic residue, which is key for good
recognition of the ER ligand binding cavity. As such, tamoxifen can be considered as a
prodrug for 4-OHT.

o CYP3A4/
CYP2D6

HO S

Tamoxifen 4-OHT Raloxifene

Scheme 1.1. Prototypical SERMs, tamoxifen and raloxifene. Tamoxifen becomes

converted in vivo to the more potent metabolite 4-OHT.

Tamoxifen acts as a ER antagonist in breast tissues, but possess estrogenic
properties in bone® and endometrial tissue. Its agonist effects in endometrial tissue are
significant because administration of tamoxifen can increase the risk of uterine cancers
by 3-4 fold.6465 The increased risk of endometrial cancer eventually led to the
development of second- and third-generation SERMs.

One well-known second-generation SERMs is raloxifene. Raloxifene was originally
developed with the specific goal of enhancing ER antagonism while minimizing the

inherent estrogenicity that tamoxifen suffers from.¢ In rats, raloxifene is able to prevent
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the development and growth of induced mammary carcinomas®’-6¢ while maintaining
bone density in ovariectomized subjects.®® In humans, raloxifene is able to significantly
reduce the risk of invasive breast cancer,®® increase bone mineral density, lower serum
LDL cholesterol, and does not stimulate the endometrium.”0 Interestingly, the endometrial
stimulation effects observed with estrogen and tamoxifen are blocked by treatment with
raloxifene.®® Data from the Study of Tamoxifen and Raloxifene (STAR) clinical trial, which
directly compared raloxifene to tamoxifen, indicated raloxifene has equal
chemopreventative properties as tamoxifen but with a better safety profile.”! Metabolic
studies of raloxifene show that it suffers from poor oral bioavailability owing to its high
first-pass metabolism, which results in glucuronidation at the two phenols.”? Despite this,
the proportion of ingested raloxifene that does manage to enter the bloodstream is

effective, likely owing to its incredibly potent ICso of 0.2 nM (in MCF-7 cells).5?
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Figure 1.8 PDB: 1ERR. Left: raloxifene’s piperazine tail inhibits H12 (pink) from
folding over the LBD. Right: raloxifene binds to residues inside the LBD.53

Both raloxifene and tamoxifen bind to the ER ligand binding pocket in a manner
that mimics the binding mode of E2. The benzothiophene phenol of raloxifene mimics the
E2 phenol by making H-bonds with Glu353, Arg 394, and a molecule of water (Figure
1.8). Raloxifene’s distal phenol makes a H-bonding contact with His524, mimicking the

17B-hydroxyl of E2. Hydrophobic residues stabilize the binding conformation of the rest
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of the relatively lipophilic molecule. Tamoxifen makes similar contacts within the ligand
binding cavity, with the exception of the H-bond with His524, because it lacks a H-bonding
moiety at that position (Figure 1.9).
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Figure 1.9 PDB: 1ERT. Left: tamoxifen’s N,N-dimethylamino tail inhibits H12
(pink) from folding over the LBD. Right: tamoxifen binds to residues inside the LBD.53

On a molecular scale, both tamoxifen and raloxifene antagonize the ER in a
comparable fashion. While they both recognize and bind the LBD of the ER, they inhibit
the critical H12 folding event, which is required for ER dimerization and activation. In both
raloxifene and tamoxifen’s binding modes, the amino-containing side chains form a salt
bridge with Asp351 and protrude from the binding cavity (Figure 1.7 and 1.8). The
protrusion of the aminoalkoxy tails force H12 to adopt a conformation where the
hydrophobic inner residues of H12 complement the hydrophobic residues of a groove
between H3 and H5,? and prevents AF-2 from interacting with various coactivators to
initial nuclear translocation and DNA transcription. In fact, the aminoalkoxy chain is
essential for antiestrogenic activity’® — changes in the distance between the oxygen and
nitrogen,”* restriction of the side chain conformation,”® decreasing the basicity of the
nitrogen,”® or replacing the basic nitrogen with a carbon’” all decrease the antiestrogenic

properties of their respective analogues.
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There are two  predominant hypotheses regarding the  dual
antiestrogenic/estrogenic nature of SERMs. One idea is that they are able to differentially
recruit a variety of coregulators in a tissue-dependent manner.”® In turn, the recruited
coregulators either abrogate or promote the activity of the ER.7°-80 The other hypothesis
suggests that variation in the relative levels of ERa vs ERp expression in different tissues

lead to distinct ER responses in a tissue-dependent manner.”8

1.2.3 Selective Estrogen Receptor Downregulators

SERDs act as anti-estrogens in all tissues, which can lead to undesirable side effects
as estrogen is required for maintain a variety of bodily functions. Owing to their global
antiestrogenic nature, they are typically used as last resort, reserved for patients with
breast cancers that are either non-responsive to SERMs or become resistant to them.*
The steroidal core of SERDs are modelled after E2, with a long alkyl chain, which is
required for antiestrogenic activity. Two prominent examples of SERDs are fulvestrant
and ICI-164,384 (Figure 1.10).

Me OH Me OH

HO HO

Fulvestrant ICI-164,384

Figure 1.10 SERDs fulvestrant and ICI-164,384. Steroid core shown in black and

antiestrogenic alkyl chain shown in pink.

Fulvestrant was derived from ICI-164,384,8' and has an in vivo potency an order of
magnitude greater in MCF-7 cells and in mice.8? It was approved for express purpose of
treating advanced breast cancer in patients who were unresponsive to endocrine
therapy.83

The binding mode of SERDs to the ER was revealed by the crystal structure of ICI-
164,384 bound to the ERp (Figure 1.11).28 The complex was resolved as a homodimer
with the ligand bound within the binding cavity. A set of antiparallel helices analogous to

those seen in ER surround the binding cavity. Within the ligand binding cavity, the
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steroidal core is flipped 180° relative to E2 bound in the ER cavity in order to
accommodate the long alkyl chain. Resemblances to the E2 binding mode include the H-
bonding interactions between the phenol of ICI-164,384 with Glu260 and Arg301, and the
17B-hydroxyl makes a contact with His430. In contrast to SERM binding, there is no salt
bridge formation with Asp258. The most striking difference between the SERM and the
SERD binding modes is the position of H12. The long alkyl chain of ICI-164,384 protrudes
from the binding cavity and occupies the hydrophobic groove that H12 normally occupies
when the receptor is antagonized by a SERM. It is unclear from the crystal structure where
H12 is located. This appears to be highly disordered and completely deregulates the
protein, and likely accounts for the differences observed in the biological activities of
SERMs and SERDs.

Figure 1.11 PDB: 1HJ1. Left: crystal structure of ICI-164,384 bound to ERp, with the
location of H12 unresolved.?® Right: ICI-164,384 making critical contacts within the

ligand binding cavity.

While SERMs nullify AF-2 mediated ER signalling, SERDs completely antagonize the
ER in a number of ways that are distinct from SERMs. SERDs act as full anti-estrogens
by blocking the activation of both AF-1 and AF-2, as well as by reducing the half-life of

the ER.8 This likely occurs via promotion of ER degradation® and turnover8 because
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binding of anti-estrogens to the ER marks the protein via SUMO-ylation or ubiquitination

for proteasomal degradation.87-89

1.3 Endocrine Resistance in Breast Cancer

Despite the wide variety of breast cancer therapies targeting the ER, resistance often
occurs. Only 30% of patients undergoing endocrine therapy experience tumour
regression, and 20% stabilize over a prolonged period of time. The remainder are
unresponsive or develop resistance to endocrine therapy. Of the 30-40% of ER+ breast
cancers who do not respond to endocrine therapy, 2/3 of patients will respond to
fulvestrant. However, response rates to full antiestrogens are only slightly better than
those of SERMs® and acquired resistance after an initial response is common.

Acquired resistance to SERMs occurs after long-term treatment, and is subdivided
into three phases.®! During phase |, a dual signal transduction process develops, in which
both SERMs and (once administration of SERMs has been stopped) endogenous
estrogen stimulates tumour growth. Aromatase inhibitors and fulvestrant are both
effective during this phase of resistance. The transition into phase Il is marked by a
striking mechanism that causes apoptosis rather than growth in response to physiologic
levels of estrogen. Continued exposure to SERMs will then lead to phase 1l of resistance,
in which the tumor achieves autonomous growth, and becomes unresponsive to
fulvestrant or aromatase inhibitors.

There are several mechanisms which underlie acquired resistance. Mutations in
ER structure and function can lead to the ER being constitutively active.®?%4 Changes in
post-receptor interactions can dissociate growth from receptor response. There can be
changes in paracrine interactions. Pharmacological changes, such as increases in
estrogen-like metabolite production or biological mechanisms which lead to decreases in
intracellular drug concentrations, can occur.95-% Often it is a combination of several

factors that play into hormone resistance.®”
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Due to the high prevalence of hormone therapy resistance and the difficulty with
which it is to overcome, several biological targets involved in this process have been

identified and investigated.

1.4 Histone Deacetylase and Breast Cancer

1.4.1 Structure and Function of Histone Deacetylases

One target class that has attracted recent attention for its potential role in cancer
are the HDACs. Amongst their many functions, HDACs are most well known as epigenetic
factors which work in cooperative opposition to histone acetyltransferases (HATS).
HDACSs are metalloproteins that condense chromatin by deacetylating lysine residues on
histone proteins in order to restrict access of general transcription machinery to DNA.
Typically, HDACs are recruited at the end of DNA transcription cycle, to zip the chromatin
back up around a gene that has just been transcribed, while HATs are associated with
the beginning of DNA transcription (Figure 1.12). HDACs and HATs are catalytic units

that make up larger protein complexes.®®

Relaxed Chromatin o v
Transcription activation complex

containing HAT

Condensed Chromatin

Transcription repression complex
containing HDAC

Figure 1.12 Transcription is promoted HATs and repressed by HDACs.®°
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There are two main types of HDACs: zinc-dependent and sirtuins.'® These are
further organized into four different classes, organized mostly by their function and tissue
and cellular localization. The sirtuins, which are not zinc-dependent, compose class lIl.
They are structurally, mechanistically, and functionally very different from the zinc-
dependent HDACs,™! and will be excluded from further discussion. Within the zinc-
dependent HDACs, there are three classes of enzymes: class |, Il, and IV. Class |
comprises HDAC1, 2, 3, and 8, and are typically found in the cell nucleus. They form a
variety of important DNA transcription repression complexes.'9>193 Class Il is further
divided into class lla and llb. Class lla contains HDAC4, 5, 7, and 9. They are considered
as signal transducers because they can move freely between the nucleus and the
cytoplasm. In addition to their ability to deacetylate histone, they can deacetylate other
proteins,'%3 and bind transcription factor enhancer MEF-2.1%4 HDAC 6 and 10 are located
in the cytoplasm only, and thus are considered Class llIb. The only enzyme in class IV is
HDAC11, whose function is largely unknown. 05

From a clinical standpoint, HDAC inhibitors (HDACi’s) have garnered the most
interest for their potential application in the treatment of a variety of cancers. Prototypical
HDAC:I’s include suberoylanilide hydroxamic acid (SAHA) and trichostatin A (TSA) (Figure
1.13).106 SAHA is currently on the market as a treatment for cutaneous T-cell

lymphoma.'%7
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suberoylanilide hydroxamic acid (SAHA) trichostatin A (TSA)

Figure 1.13 Structure of SAHA and TSA with key pharmacophore feature highlighted:
aryl cap (red), aliphatic linker (black), and Zn?*-binding group (blue).

The typical pharmacophore of a HDACi consists of an aryl cap, an aliphatic linker,
and a Zn?* binding group (Figure 1.13).%8 The aryl cap is thought to bind to the rim of a
substrate channel, conveying inhibitor specificity. The long aliphatic linker spans the long

and narrow substrate binding channel in the enzyme. A large variety of capping groups
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and aliphatic linkers are tolerated by HDACs, and variations can help to induce HDAC
isoform selectivity.' The Zn?* binding group binds the Zn?* atom coordinated at the base
of the catalytic channel, rendering the enzyme inactive. Zn?* binding moieties can include
hydroxamic acids, benzamides, thiols, electrophilic ketones, and silanediols,0°-112
although the most clinically-relevant groups are hydroxamic acids or benzamides. Due to
their relatively simple structures, a variety of compounds can act as HDACi’s, even though
they may not have been originally made for that purpose (e.g. valproic acid). A commonly-
encountered problem is non-specificity of HDACi’s, which can result in toxic side-effects.
Unfortunately, HDACi’s have had limited clinical applications and (apart from lymphomas)
have performed underwhelmingly in cancer treatment as monotherapies.

A bacterial acetylase HDAC1 homologue was co-crystallized with SAHA and TSA
in 1999,'3 giving insight into the structure of HDACs (Figure 1.14). While there is
considerable structural variation amongst the zinc-dependent metalloproteases, they
share a common catalytic domain. The catalytic pocket is composed of 7 loops which
extend and form a deep narrow channel leading to the Zn?* atom. The channel is
predominantly composed of hydrophobic residues and has a depth of 11 A and is 7.5 A
at its narrowest point. The Zn?* is coordinated at the base by Asp168, His170, Asp258,
and a molecule of water in a tetrahedral coordination environment. SAHA and TSA
coordinate Zn?+ by displacing the water molecule to give pentacoordinated Zn?+. Their
aliphatic linkers are stabilized by Van der Waals interactions, and their aryl groups give

specificity by interacting with the protein surface.
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Figure 1.14 Left: space-filling model of the HDAC catalytic channel occupied by
TSA. Right: coordination of zinc by TSA.

1.4.2 Histone Deacetylase Inhibitors and Breast Cancer

The exact relationship between HDACs and tumorigenesis is unclear. It has been
suggested that inhibition of HDAC'’s (leading to increased open forms of chromatin) would
drive the transcription of specific genes that result in cell growth arrest, differentiation,
and/or apoptotic cell death, culminating in tumor shrinkage (Figure 1.15).% While there is
no direct link between HDAC overexpression and tumorigenesis, aberrant expression and
activity seem to play a role. While Class | HDACs are suggested to be the most clinically

relevant in cancer therapy, HDACSG is also emerging as a potential target of interest.''4
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Figure 1.15 Working hypothesis for HDAC inhibition leading to tumor death.* TFC=

transcription factor coactivators.

While inhibition of ER signalling prevents the growth of ER+ tumors, the loss of ER
expression appears to be paradoxically critical for tumor progression and endocrine-
resistance. In endocrine-unresponsive tumours, the ER gene silencing does not appear
to be not due to mutations within the ER gene itself, but is rather attributed (at least in
part) to epigenetic regulation of the ER gene promoter. This is supported by the
observation that methylation of ER promoters occurs commonly in ER- breast cancers,
but is not seen in ER+ or healthy breast tissue.''> The activation of the ER occurs
concomitantly with partial demethylation of the ER promoter, and increased acetylation
of both histone 3 and histone 4, suggesting both DNA methyltransferase 1 (DNMT1) and
HDAC may play a role in ER gene silencing.''® The first study directly linking epigenetic
ER silencing in ER- genes was demonstrated by Sharma et al. In ER- cells, they showed
that silenced genes associated with endocrine resistance, including the gene encoding
the ER, could be turned back on by treatment with a combination of TSA and 5-aza-dC
(a DMNT1 inhibitor). These previously endocrine-resistant cells then became resensitized
to tamoxifen treatment.

Other studies have shown a similar concomitant link in HDAC inhibition with either re-
expression of ER and/or resensitization to endocrine therapy. In MCF-7 cells which were

made to overexpress HDAC1, a loss of ER with an accompanying increase in cell
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proliferation were observed. Treatment with TSA restored ER levels, and decreased
cellular proliferation, suggesting HDAC1 may increase tumor cell proliferation and
suppress ER transcription.’'” Both HDAC1 and HDAC2 have been linked to deacetylation
and downregulation of the tumor suppressor gene p53, which in turn decrease its ability
to modulate cell growth and induce tumor apoptosis.’®11® Treatment of MDA-MD-468
cells (an ER- breast cancer cell line) with SAHA led to a decrease in cell proliferation and
an increase in tumour cell differentiation. In cell samples collected from breast cancer
patients, HDAC1 served as a potential marker for endocrine-responsive patients in cells
that co-expressed HDAC1 and ER, with higher levels associated with prolonged disease-
free survival.'?!-122 The most promising link between HDAC inhibition and hormone
resensitization comes from a Phase Il clinical trial.® The subjects were patients who had
previously undergone endocrine and chemotherapies for breast cancer, and had
developed resistance to them. A SERM/HDACi combination therapy was found to be
beneficial in 40% of these patients, with benefit being either tumour regression or
prolonged disease stabilization.

Taken together, these studies point towards combination therapy of SERM and HDACi

being a very promising solution to endocrine resistance in breast cancer.

1.5 Hybrid Molecules

Combination therapy is a classic method of combatting resistance in many diseases.
However, it is associated with several well-known issues, including decreased patient
compliance, increased pharmacokinetic interactions, difficulties associated with dose
optimization, and increased drug manufacturing costs. These problems can be addressed
with hybrid drugs.

Hybrid molecules are small molecules whose structure is an overlap of the distinct
domains of two biologically active molecules and can modulate two different protein
targets.'?3 In addition to the aforementioned issues, hybrid drugs are able to exploit the
inherent uptake capacity of one parent molecule to improve the uptake of the added
pharmacophore.'2® Hybrid drug designs tend to be maximally beneficial when exploiting

a 1:1 relationship in the combination of drugs.
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1.5.1 Previous Examples of Hybrid Drugs

The use of HDACIi in hybrid drug molecules have become more popular in recent
history. One clinical example is CUDC-101, a multi-targeted inhibitor of HDACI, epidermal
growth factor receptor (EGFR), and human epidermal growth factor receptor 2 (HER2).124
They have also been explored in many academic publications. In the Gleason lab, the
main theme of the medicinal chemistry program is the incorporation of HDACi functionality
into nuclear receptor-targeting drug scaffolds.

An early successful example of

Me,
Me

a hybrid drug molecule published by the
Gleason lab was triceferol. Triceferol |
was made by combining the scaffolds
of 1a,25-dihydroxy-vitamin Ds (1,25D)
and TSA (Figure 1.16). 1,25D is an
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agonist at the vitamin D receptor, which W o ricefero
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. . . H
attenuates cell proliferation in a number ™
trichostatin A (TSA)

of cancers. Previous studies showed

combination treatment with TSA and Figure 1.16 Triceferol is made by

1.25D was effective in treating cancer incorporating 1,25D and TSA scaffolds.
cells which had become resistant to 1,25D. Compared to combination treatment of the
two drugs, the hybrid molecule triceferol demonstrated greater cytotoxicity in poorly
differentiated breast and squamous carcinoma lines. This project was not only a proof of
concept for the hybrid drug paradigm, but gave valuable insight into molecule design.'?>

Another example published by the Gleason lab more relevant to this thesis was
the synthesis of SERD/HDACI hybrid inhibitors derived from ICI-164,384 in 2015.126 All
the hybrids had low micromolar to high nanomolar activity against both ER+ MCF-7 and
ER- MDA-MB-231 breast cancer cell lines. While all the hybrids performed well in
cytotoxic assays, it was noteworthy that the most successful compounds did not
necessarily exhibit the most potent activity in single-target assays (Table 1.1). RMS-70

was the most potent synthesized hybrid in enzymatic HDACi assays, with an 1Cso= 0.96
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uM against HDAC3 and was within one order of magnitude of the SAHA 1Cso against
HDAC6. Remarkably, in BRET (Bioluminescence Resonance Energy Transfer) and
luciferase assays measuring ER activity, the most successful of the synthesized hybrids
was RMS-575, which was a hybrid of ICI164,384 and entinostat, a benzamide HDACI.
RMS-575 possessed an ICso of 0.34 uM against ER+ MCF-7, which was similar to those
of SAHA, entinostat, ICI-164,384, and 4-OHT. In ER— MDA-MB-231 cells, RMS-575 had

an ICso value within one order of magnitude of SAHA.

Table 1.1 SERD/HDACI hybrids derived from ICI-164,384 and their summarized
biological activities compared to SAHA, entinostat, and ICI-164,384.

Compound ER ER HDAC3 HDACG6 MCF7
BRET Luciferase (ICs0in (ICs0in  (ICs0in
(ICso0in (ICs0in pM) puM) puM) pM)
pM)

SAHA ND ND 0.17 0.35 0.32
entinostat ND ND 0.31 ND 0.35
ICI-164,384 0.34 0.05 ND ND 0.93

Me PH 0.51 1.06 0.96 1.15 2.93

H,, - o

Ho ~.!:|,(/\)B\)LH,OH
RMS-70
Me PH 0.21 0.72 3.18 >50.0 1.90
H, H o
HO H/(’\);)LN/@
H NH,
RMS-162
e PH 2.55 2.10 >5.0 >50.0 9.11

H
H
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1.5.2 Hybrid SERM/HDACi Molecules

There has been one previous example of raloxifene/HDACi hybrids, which was
published by Patel et al. in 2014,'27 where they attached multiple HDACi functionalities to
the 3-position of the benzothiophene core. These hybrid molecules were termed
“SERMostats” by the authors. The most successful of SERMostat showed ICso values of
1-3 uM in HDACs 1-3 and was capable of inducing apoptosis in an ER- cell line (Figure
1.17). The extend of cytotoxicity was comparable to the cytotoxicity induced by
combination treatments of 4-OHT, raloxifene, or DMA. The authors also demonstrated
cytotoxic cargo could be conjugated onto the benzothiophene scaffold and localized to

the nucleus of ER+ breast cancer cell lines.

o Biological Target ICso (LM)
HDACH 1.03 +0.08

o HDAC2 1.82 20.11
§ B HDAC3 5.74 +0.034
0 HDACS8 29.9 +29.9

Figure 1.17 Most successful SERMostat published by Patel et al.’>” and its

associated biological data.

Previous published work in the Gleason lab on SERM/HDACi hybrids incorporated
the SAHA alkyl chain and hydroxamic acid into the 4-OHT scaffold.'?® Initial efforts by
former Gleason lab graduate students Laurie Lim'?® and Benjamin Williams'3© were

focused on constructing C-ring analogues (Figure 1.18). These analogues replaced the

24



antiestrogenic side chain of tamoxifen with alkyl chain of varying chain lengths bearing a
terminal hydroxamic acid. It was hoped that this aliphatic linker would mimic the
antiestrogenic character of the N,N-dimethylaminoethyl side chain due to the polarity of
the hydroxamic acid and the retention of the ether functionality. While some of these
hybrids demonstrated sub-micromolar binding of the ER and of HDACS6, they
demonstrated incomplete ER inhibition and many failed to act as antagonists at all
concentrations. Next, a series of A-ring substituted analogues were made. These were
largely unsuccessful in binding the ER due to the removal of the phenolic moiety, which
is required for a key interaction within the ER ligand binding cavity. Finally, a B-ring
substituted analogue was synthesized and showed modest micromolar affinities for both
the ER and HDACB6, and demonstrated full antiestrogenicity, in contrast to the A-ring
hybrids.
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Figure 1.18 Previous 4-OHT/HDACI C- and A-ring hybrids by the Gleason lab.129-130

Biological results were mostly unfruitful, but one B-ring analogue promising.

Further exploration of the B-ring substituted analogues ensued with Anthony
Palermo (Figure 1.19), another former Gleason lab graduate student. The B-ring hybrids
demonstrated ICso values ranging 0.69-5.64 uM against HDACS, 0.25-0.37 uM against
HDACS®6, and 0.802-1.94 uM against the ER. Of these, AFP-477 demonstrated the most
potent cytotoxicity in cell-based assays, outcompeting both SAHA and 4-OHT in

suppressing four- and seven-day growth in MCF-7 cells.'?® The potent antiproliferative
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effects of AFP-477 was satisfying, given the 60% difference in ICso values (0.502 uM for
4-OHT vs. 0.818 uM for AFP-477). While gratifying, these observations were not entirely
surprising, because they were in keeping with the expected outcome of a functional dual

inhibitor capable of acting on several different pathways of MCF-7 cells.

1

IC50 (uM) o 1C50 (uM)
HDAC3 564 HDAC3  1.87
HDAG6 037 LOH HDAC6  0.38
ERBRET 1.85 N ERBRET 1.94
NS
HO
AFP-458 AFP-345
|
ICso (uM) (o ICso (uM)
HDAC3  0.69 HDAC3 3.1
HDACE  0.25 ) o HDAC6  1.83
ERBRET 0.812 O SN ERBRET 0.802
HN,
o .
HO
AFP-477 AFP-277

Figure 1.19 Potent B-ring substituted analogues made by Anthony Palermo.!28

While these compounds were very promising, there is still room for improvement
to their cytotoxicity. One strategy for this could be the addition of a long SERD aliphatic
chain in place of the N,N-dimethylaminoethyl moiety on the 4-OHT scaffold.
Unfortunately, all three former graduate students had difficulties controlling the E/Z
isomerization of the central olefin in both the synthetic intermediates and the final
compounds themselves, even under the most stringent acid-free conditions. The
tendency for the central olefin to isomerize is likely due to the additional electron-donating
groups on the hybrids, which are not present on the parent tamoxifen structure. So while
the 4-OHT/HDACi hybrids were encouraging, further investigations into the 4-
OHT/HDACI hybrids (e.g. incorporating SERD activity) would be extremely laborious.

With this in mind, efforts were turned towards making raloxifene/HDACi hybrids
that could effect the same potent biological activity as the 4-OHT/HDACI hybrids, with

hopefully better inherent stability. These hybrids could eventually be made into analogues
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incorporating the SERD side chains to maximize cytotoxic properties. In the raloxifene
scaffold, the problematic tamoxifen alkene is locked in place by a sulfur atom, via the
benzothiophene core, which has added stability owing to its aromaticity (Figure 1.20). The
research described in this thesis will describe the design, synthesis, and biological
evaluation of a series of these raloxifene/HDACi hybrid molecules. These hybrids will be
used to test the hypothesis that drug molecules incorporating dual inhibitory activity are
beneficial in the treatment of breast cancers that have become resistant to traditional

hormone-based therapies.

HO

Figure 1.20 Left: A 4-OHT/HDACI hybrid,'?® unfortunately highly unstable and prone to

alkene isomerization. Right: proposed raloxifene analogue of the same hybrid.
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Chapter 2: Design, Synthesis, and Biology of Hybrid Molecules

2.1 Strategies for Bifunctional Hybrid Molecules

The incorporation of a HDACi hydroxamic acid side chain into 4-OHT was
investigated by three former graduate students in the Gleason lab: Anthony Palermo, Ben
Williams, and Laurie Lim. To summarize these efforts (which are covered in more depth
in Chapter 1), a series of analogues were initially synthesized, which incorporated
aliphatic side chains (with varying chain lengths), terminating in a hydroxamic acid into
the C-ring of 4-OHT."2 The rationale for the C-ring analogues was that the aliphatic
hydroxamic acid would resemble the antiestrogenic character of the N,N-dimethylamino
ethyl side chain. Unfortunately, most of the hybrids failed to act as antagonists at any
concentration tested. Anthony Palermo was able to make a more promising B-ring series,
of which the most potent contained a four-carbon linker with a terminal hydroxamic acid.?
The impressive antiproliferative potency of the B-ring analogues was attributed to its dual-
nature design, and its ability to inhibit multiple biological pathways. While these hybrids
were potent, their cytotoxicity could be improved upon by further modification of their
structures, such as in the incorporation of the antiestrogenic long aliphatic chain of
SERDs.

Unfortunately, all three former graduate students had difficulties controlling the E/Z
isomerization of the intermediates involved in the synthesis and the final compounds
themselves. So while their findings were encouraging, further investigation of the 4-
OHT/HDACI hybrids would be extremely laborious.

Given this, efforts were redirected into designing a synthesis of raloxifene/HDACi
hybrids that could effect the same potent biological activity as the 4-OHT/HDACi hybrids,
with hopefully better inherent stability. The first goal of this project was to make a series
of raloxifene/HDACi hybrids analogous to the successful B-ring 4-OHT/HDACi hybrids. A
second goal was to develop and optimize a synthesis for these raloxifene/HDACi hybrids

that could be easily amenable to further incorporation of more potent biological activity
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(e.g. SERD pharmacophore) for a set of 2" generation molecules to be made in the
future.

The design of these molecules would build upon the findings from previous studies
on the 4-OHT/HDACI hybrids. Several structural parallels are immediately obvious when
comparing the 4-OHT and raloxifene structures (Figure 2.1). The A-ring of 4-OHT is
translated into the phenolic ring of raloxifene’s central benzothiophene. The C-ring of both
4-OHT and raloxifene is the ring which bears the critical aminoalkyl side chain responsible
for antiestrogenic activity. The central alkene in 4-OHT is locked in place by the sulfur of
the thiophene in raloxifene. Finally, the phenyl B-ring of 4-OHT is mirrored by the phenol

ring of raloxifene.

|
N, 0,
| C,NI .

o o< Ho°“

4-OHT Raloxifene

Figure 2.1 Comparison of the 4-OHT and raloxifene scaffold.

Since the primary goal of this project was to translate the successful B-ring 4-
OHT/HDACI hybrids into raloxifene/HDACi hybrids, it was decided that the HDACI
functionality would be introduced onto the raloxifene phenol ring, which is analogous to
the 4-OHT B-ring. These bi-functional inhibitors would be made by combining or replacing
the aryl cap of the HDACi pharmacophore with the aryl scaffold of raloxifene (Figure 2.2),
while retaining the alkyl chain and HDACi moiety. The phenolic oxygen of raloxifene
would be either removed or retained, giving rise to a set of C-linked hybrids and a set of
O- linked hybrids.
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Figure 2.2 Raloxifene/HDACi hybrids made by replacing the aryl cap of HDACi’s with

raloxifene.

A main concern in designing hybrids was whether the modified scaffolds of the
bifunctional molecules would still fit into the binding cavity of their intended biological
targets. Given that the ER ligand binding cavity is 450 A, almost twice the volume of its
endogenous ligand E2, it was expected that adding an aliphatic side chain to raloxifene
would be well-tolerated. This is supported by the success with the 4-OHT/HDACi B-ring
series hybrids that incorporate the aliphatic side chain and hydroxamic acid at an
analogous position on the raloxifene scaffold. More supporting evidence for this came in
the form of computational docking of a series of proposed hybrids in the ER and HDAC
binding pockets.

In silico techniques have been used extensively to discover and optimize drug
pharmacophores in medicinal chemistry, leading to the discovery of several inhibitors
across many drug classes. In the Department of Chemistry at McGill, the Moitessier lab
has developed the molecular docking software platform called FITTED (Flexibility Induced
Through Targeted Evolutionary Description). FITTED has played an important role in the
development of prolyl oligopeptidase inhibitors from the Moitessier group,*> and has
aided in the design of bifunctional drug molecules in the Gleason lab.® FITTED uses a
genetic algorithm to optimize the lowest energy conformation of a given ligand within a
binding site, then outputs a score. The score is a measure of how well the docked ligand

binds in the protein. It is calculated by taking into account a number of parameters
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including London dispersion forces, van der Waals interactions, and H-bonding

interactions.”

2.2 Hybrid Design and Molecular Docking Using FITTED

A small virtual library of hybrid raloxifene/HDACi hybrids was prepared for virtual
docking (Figure 2.3). The library consisted of both carbon- and oxygen-linked hydroxamic
acids with alkyl chain lengths of varying lengths. The molecules YW1-PhO-1, YW2-PhO-
2, and YW3-PhO-3 all retained the raloxifene phenolic oxygen and built on either a one-,
two-, or three- carbon aliphatic linker with a terminal hydroxamic acid. The molecules
YW4-Ph-1, YW5-Ph-2, YW6-Ph-3 all discarded the phenolic oxygen, and respectively
had either a one-, two-, or three- carbon aliphatic linker with a terminal hydroxamic acid.
YW8-Ph had a hydroxamic acid directly attached to the phenyl ring without any alkyl
linker. The scaffold of YW7-Ph-cin had the hydroxamic acid attached to the phenyl ring
via a cinnamate. YW13-Ben was included as a benzamide analogue for variety in the
HDACi moiety. YW12-Alkyl-3, YW10-Alkyl-1, YW11-Alkyl-2, and YW9-Alkyl were a final
set of analogues with the alkyl chain attached directly to the raloxifene core, with the 2-
phenyl ring missing. The rationale behind the final set of analogues being that the 2-
phenyl ring with alkyl and cycloalkyl groups does not appear to alter the SERM profile of

raloxifene both in vivo or in vitro.8
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Figure 2.3 A virtual library of hybrid compounds for screening in FITTED.

Once uploaded, the hybrid library 2D file was converted to 3D structures. These
were then docked into protein crystal structure PDB files. The PDB file 1ERa was chosen
for docking into the ER because it is the crystal structure of raloxifene bound to the ER.®
Raloxifene itself was docked back into the 1ERa PDB file for comparison. The results of

this computational comparison are represented in Figure 2.4, where the more negative a
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score is, the better ligand-protein interaction there is predicted to be. Raloxifene itself
scored the best at —25.038, but the YW10-Alkyl-1 came at a close second, scoring —
24.266. Another hybrid that showed promise was YW6-Ph-3, which generated a rank
score of —22.337.

Fitted Rank Score PDB: 1ERA
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I YW8-Ph
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I Y\W5-Ph-2
I YW6-Ph-3
I YW 7-Ph-cin
I YW 12-Alkyl-3
I YW 13-Ben
I YWO-Alky!
I YW 11-Alkyl-2

o
I Raloxifene
I YW 10-Alkyl-1
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Figure 2.4 The FITTED-generated rank scores for raloxifene/HDACi hybrids docked
into the ER (PDB: 1ERA).

While raloxifene was docked correctly back into the ER, many of the hybrids did
not fit properly inside the ligand binding pocket of the ER. In many of these cases, the
lipophilic cores of these molecules extended outside of the ER binding pocket with the
piperidine side chain instead making contacts within the ligand binding cavity. These
illogical docking poses were obtained from YW4-Ph-1, YW7-Ph-cin, YW8-Ph, and YW-
13-Ben. A general feature of hybrids with illogical 1ERA docking poses is that they contain
either short alkyl chains (YW4-Ph-1 and YW7-Ph-cin) or no alkyl chain (YW8-Ph and YW-
13-Ben). The docking pose of YW13-Ben is shown as an example in Figure 2.5, where
its lipophilic core of is extended outside of the ER ligand binding domain, while the

piperidine side chain is extended into the protein core.
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Figure 2.5 FITTED-generated non-sensical docking pose of YW13-Ben with
PDB:1ERa.

In contrast, all other molecules in the virtual library generated sensical docking
poses (YW1-Ph-O-1, YW2-Ph-O-2, YW3-Ph-O-3, YW5-Ph-2, YW6-Ph-3, YW12-AlkyI-3,
YW10-Alkyl-1, YW9-Alkyl, YW11-Alkyl-2). Sensical docking poses were defined as
molecules whose raloxifene cores were extended into the ER ligand binding cavity, where
the same or similar H-bonding contacts were made as raloxifene. Generally, the
benzothiophene phenolic ring of these molecules made at least two hydrogen-binding
interactions to protein residues within the ligand binding domain. Of these, the docking
poses of YW10-Alkyl-1 and YW1-PhO-1 are shown in Figure 2.6. The raloxifene core of
YW10-Alkyl-1 is clearly extended into the ER ligand binding cavity, and the A-ring
phenolic residue makes H-bonding interactions with Arg3-306, Glu3-265, and Phe4-337.
Another example demonstrating proper ligand conformation inside ER is YW1-PhO-1,
where H-bonding interactions are made between its A-ring phenol and residues inside
the ER ligand binding pocket (Glu3-265 and Arg3-306).
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Figure 2.6 FITTED-generated sensical docking poses with PDB:1ERa. Left: YW10-
Alkyl-1. Right: YW1-PhO-1.

The PDB file 4LX was used for docking the virtual library into HDAC2. 4LXZ is a
X-ray crystal structure of HDAC2 in a complex with SAHA.'® All the hybrids, except for
YW10-Alkyl-1 scored around -30 or lower (Figure 2.7). The best-scoring hybrids were
YW?7-Ph-cin, YW8-Ph, YW13-Ben, and YW11-Alkyl-2. There was no clear correlation

between alkyl chain length and rank score.
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Figure 2.7 The FITTED-generated rank scores for raloxifene/HDACi hybrids docked
into HDAC2 (PDB: 4LXZ).
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Molecules missing the raloxifene B-ring (YW9-Alkyl, YW10-Alkyl-1, YW11-Alkyl-2,
YW12-Alkyl-3) tended to exhibit poor docking poses, where the hydroxamic acid did not
extend into the HDAC substrate binding pore. YW11-Alkyl-2, which had one of the best
rank scores, did not in fact bind the HDAC substrate binding channel in a sensical manner
(Figure 2.8). The benzamide-containing molecule (YW-13-Ben) also did not dock into
4LXZ in a sensical manner, where its Zn?+-binding benzamide extended exterior to the
substrate binding channel (Figure 2.8). All other hybrids (YW1-Ph-O-1,YW2-Ph-O-2,
YW3-Ph-0O-3, YW4-Ph-1, YW5-Ph-2, YW6-Ph-3, YW7-Ph-cin, YW8-Ph) demonstrated
the expected binding conformation, where the HDACi moiety extends into the HDAC
substrate binding pore. Two examples (YW2-Ph-O-2, YW5-Ph-2) are shown in Figure
2.8. These data suggest that the B-ring is required for binding to HDAC2.

Figure 2.8 FITTED-generated docking poses with PDB:4LXZ. Top: non-sensical

docking poses (left: YW11-Alkyl-2, right: YW13-Ben). Bottom: sensical docking poses
(left: YW2-Ph-O-2, right: YW5-Ph-2).
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The PDB file 5EDU was used for docking into HDAC6. 5EDU is a X-ray crystal
structure of HDACG6 in complex with Trichostatin A.'" All the hybrids, except YW13-Ben,
had rank scores lower than -30. As shown in Figure 2.9, hybrids with the best rank scores
were YW1-Ph-O-1, YW7-Ph-cin, and YW8-Ph. More generally, hybrids retaining the B-
ring tended to score the best, whether they retained (YW1-Ph-O-1, YW2-Ph-O-2, YW3-
Ph-O-3) or omitted (YW4-Ph-1, YW5-Ph-2, YW6-Ph-3) the phenolic oxygen, including the
cinnamate-containing hybrid (YW7-Ph-cin). Within the sets of similar hybrids, there was

no clear pattern of correlation between alkyl chain lengths and rank scores.
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Figure 2.9 The FITTED-generated rank scores for raloxifene/HDACi hybrids docked
into HDACG6 (PDB: 5EDU).

Despite many of the molecules missing the raloxifene B-ring (YW9-Alkyl, YW10-
Alkyl-1, YW11-Alkyl-2, YW12-Alkyl-3) generating good rank scores, they tended to exhibit
poor docking poses, where the hydroxamic acid did not extend into the HDAC substrate
binding pore (Figure 2.10). The benzamide-containing molecule (YW-13-Ben) also did
not dock into 5SEDU in a promising manner (Figure 2.10). This is unsurprising, given the

low rank score generated for this compound.
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Figure 2.10 FITTED-generated non-sensical docking poses with PDB:5EDU. Left:
docking pose for YW10-Alkyl-1. Right: docking pose for YW12-Alkyl-3.

All other hybrids demonstrated the expected binding conformation when docked
into 5EDU, where the HDACi moiety extends into the HDAC substrate binding pore. The
hybrids with sensical docking poses all retain the B-ring of raloxifene, and are all
hydroxamic acid-based HDACI’s, suggesting these are important features for binding

HDACG6. Two examples are illustrated in Figure 2.11.

Figure 2.11 FITTED-generated sensical docking poses with PDB:5EDU. Left:
YW2-Ph-O-1. Right: YW4-Ph-1.

While computational methods are fast and convenient, the results they generate

must be interpreted carefully. Many hybrids which scored well had nonsensical binding

poses or poses that contradicted the known raloxifene binding mode. While the rank
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scores and binding modes generated by FITTED were taken into consideration when
selecting hybrids for synthesis, greater weight was placed on the rationale developed
from the extensive work done by previous graduate students who had worked on 4-
OHT/HDACI hybrid molecules. The molecules that ended up being selected for synthesis
are shown in Figure 2.12. They were chosen strategically in order to maximize the
potential for discovering a high affinity molecule based on docking results, and also for
their synthetic similarity to each other in order to maximize the size of the library and
minimize synthetic effort required to make them. The analogues with one phenyl ring
missing (YW12-Alkyl-3, YW10-Alkyl-1, YW9-Alkyl, YW11-Alkyl-2) were discarded, due to
their inconsistent irrational binding conformations when docked to HDACS3. The
ineffectiveness of shorter alkyl chain hydroxamic acids were observed previously by Ben
Williams, so with the exception of compound 1, the chosen molecules contained at least
4-atom alkyl linkers. The oxygen-linked analogues would have the same number of atoms
in the alkyl linker as those in the carbon-linked molecules, with one carbon being replaced
with oxygen. The remainder of this thesis will focus on the synthesis and biological
evaluation of the hybrid candidates shown in Figure 2.12. However, further investigations
into other hybrids (e.g. those incorporating SERD pharmacophores) will be considered

for future projects.
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Figure 2.12 Hybrids selected for synthesis.

2.3 Design of SERM/HDACi hybrids

A plethora of raloxifene and raloxifene analogue syntheses have been published,

with several representative examples.® 228 |n general, there are two commonly-

employed strategies to construct raloxifene and related analogues (Figure 2.13). The first

approach uses either acylation, or nucleophilic aromatic substitution, or both as key

step(s). The second approach uses a Grignard addition on to a condensed dialkylamine

unit on the benzothiophene. Given that the former has greater literature precedent, the

initial retrosynthetic analysis was based on the first approach.
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Figure 2.13 Common retrosynthetic strategies towards the raloxifene.2®

2.4 Synthesis of SERM/HDACI hybrids

Retrosynthetic analysis revealed both the carbon-linked and oxygen-linked hybrids
could be made from a similar synthetic route (Scheme 2.1). Given the practical difficulty
with which hydroxamic acids are to manipulate due to their high polarity, it was anticipated
that the hydroxamic acid formation from the corresponding ester would have to occur last.
For the oxygen-linked hybrids, the ester could be attached directly via alkylation with
different electrophiles with varying chain length. For the carbon-linked hybrids, the
requisite ester could come from olefin metathesis with the appropriate alkene esters.
Hydrogenation of the resulting olefin would give access to the desired alkyl side chain.
The piperidine side chain could be attached to the main raloxifene triaryl core via a
nucleophilic aromatic substitution (SnAr), bringing the retrosynthetic analysis back to a

key synthetic intermediate 9.

Q E
° N
CNI O hydroxamic acid d ~ SyAr O
formation e
o (o]

O OH >
/_}.NH — O —
if Y= C: hydrogenation, A\ O
O N O Y olefin metathesis o O s X
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HO s

Target raloxifene/HDACI hybrids 8
Y=CorO Key synthetic intermediate
X=Br or OH

HO

Scheme 2.1 The retrosynthetic analysis to key intermediate 9.
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In our first strategy, it was conceived the key intermediate 9 could come easily from
its methyl-protected equivalent 10 (with X= Br, shown in Scheme 2.2). Friedel-Crafts
acylation could be used to install the ketone from the aryl bromide 11. The
benzothiophene was envisioned to come from an acid-catalyzed cyclization of an

alkylated 3-methoxythiophenol (13), which is commercially-available.

Friedel-Crafts acid-catalyzed
acylatlon cyclization alkylatlon
Br
Br m — /©\ SH

Scheme 2.2 Retrosynthetic analysis of the synthetic intermediate 10.

The acid-catalyzed cyclization, which was reported to occur with a concomitant
phenyl shift, had been well-documented in various syntheses of raloxifene, including in
one of the original publications from Eli-Lilly."® This cyclization and phenyl shift appeared
to work well on both electron-rich substrates®® and electron-poor substrates (Figure
2.14).78 In fact, this phenyl-shift was reported to occur so easily on the original methoxy-
substituted substrate’® 3! that methods were expressly developed for the cyclization while
avoiding the accompanying phenyl shift.32 Additionally, this strategy was appealing

because there had been one previous report of the exact substrate of interest.!#

X
oj/© PPA, heat O N\ O X
~o ~o S

S

X= OMe, 63% (ChemMedChem 2012, 7, 1909- 1914)
X=F, 53% (Chem. Res. Toxicol. 2005, 18, 162-173)
X=Br, 30% (J. Med. Chem. 2007, 50, 2682-2692)

Figure 2.14 Select literature examples of the desired polyphosphoric acid (PPA)-

mediated cyclization and phenyl-shift on electron-rich and electron poor substrates.

Our synthesis proceeded in the forward sense via the alkylation of commercially-

available 3-methoxythiophenol with 2-bromo-1-(4-bromophenyl)ethan-1-one, which
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proceed easily (Scheme 2.3). With the alkylated 12 in hand, the ring closure was effected
with polyphosphoric acid (PPA) in refluxing toluene. This gave both the ortho and para
ring closure products 14 and 15. Unfortunately, neither product seemed to have
undergone the desired phenyl shift. More forcing conditions were then used, in which 12
was refluxed in neat polyphosphoric acid, at a higher temperature. Even after extensive
reaction optimization, only a small amount of the desired 2-aryl isomer was ever formed,
giving a 5:1 mixture in favour of the unrearranged 3-aryl product. Not only was the desired
product formed in exceedingly low yields, the two isomers were inseparable by standard
techniques. Subjecting 3-aryl benzothiophene 14 to the reaction did not improve the yield
of the phenyl-shifted product. The desired phenyl shift was not influenced by Lewis acids,

nor was it promoted by more acidic Bronsted acids (e.g. TFA).

Br

%
g
O

/@\ - PPA, toluene N

————
~ KOH, MeCN reflux, o/n O
o SH rt., o/n \O/©\S ~o s
93%
13 12 14 6:1 15
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PPA (neat),
BF3.OEt,, 130 °C, o/n
DCM, r.t., o/n
87%
Br Br

PPA (neat), O
130 °C, o/n + O N O Br
—_— ~o S

14 1
undesired isomer desired isomer
(major product)
60% (5:1 inseperable mixture)

Scheme 2.3 PPA-catalyzed cyclization and phenyl shift approach towards the aryl core.

At this point, the phenyl-shift strategy was abandoned and the construction of the
benzothiophene core was redesigned. The second strategy relied on a Suzuki cross-
coupling to access to the 2-(para-bromo)-phenyl ring (Scheme 2.4). The aryl iodide cross-
coupling partner 16 would come from lithiation and iodination of the benzothiophene core
17, which in turn could come from an acid-catalyzed cyclization of alkylated thiophenol

18, a well-documented reaction in the literature.33
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Scheme 2.4 A second strategy into aryl bromide 11 via a Suzuki cross-coupling.

In the forward direction (Scheme 2.5), alkylation and acid-catalyzed cyclization of
3-methoxythiophenol gave a mixture of the 4-methoxybenzothiophene and 6-
methoxybenzothiphene regioisomers in a 1:4 ratio, with the 6-methoxybenzothiophene
being favoured to form due to sterics. The 6-methoxybenzothiophene smoothly
underwent a lithiation/iodination sequence in 91% yield. Originally, the iodination was
carried out with NIS, but this was later switched to |2 which gave a cleaner reaction and
higher yield. The resulting aryl iodide 16 underwent a Suzuki cross-coupling with 4-
bromophenyl boronic acid to give the desired 2-(para-bromophenyl)-6-
methoxybenzothiophene in 41% yield. A large part of the theoretical yield was lost to
undesired polymerization side reactions, where the palladium catalyst would insert into
the product aryl bromide bond and proceed to cross-couple with excess equivalents of

boronic acid.

Br 0— o

0— > K;CO; - J@\ o PPA A A
- (] s7Y —_— R + o o
(o) SH DMF, reflux, 2 h O\ (o]
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B(OH), i. nBuLi, THF, -10°C, 30 min.
ii. I, THF, -10°C - r.t,,
Br , Pd(PPh3), (5 mol%), 30 min.
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D
K,COj3, dioxane/H,0, 80°C, o/n \om_
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olymerization
\0 S

1 Br i. nBuLi, THF, -78°C, 30 min.
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Scheme 2.5 Successful synthesis of 11.
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This route was optimized by taking the 6-methoxybenzothiophene and
transforming it into the 2-boronic acid by a lithiation/boration sequence in quantitative
yield. The aryl boronic acid was then Suzuki cross-coupled to 1,4-dibromobenzene to give
2-(para-bromophenyl)-6-methoxybenzothiophene. This change in route more than
doubled the yield over two steps, and was more economical, given the large price
difference between 4-bromophenyl boronic acid and 1,4-dibromobenzene.

With the biaryl intermediate in hand, attaching the raloxifene C-ring via a Friedel-
Crafts acylation was explored. A literature review of this Friedel-Crafts acylation on similar
substrates suggested that substitution of the acyl chloride electrophile had a large effect
on the overall yield of the reaction (entries 1-3, Table 2.1). Literature precedent revealed
the acylation of the electron-rich aryl system 21 would readily give the desired ketone in
good yield (entries 4-7, Table 2.1). This method could also be applied towards acylating
electron-neutral (entry 10-12, Table 2.1) and electron-poor substrates (entries 8-9, 13-15,
Table 2.1). Interestingly, some procedures described the use of excess Lewis acid could
be used in conjunction with ethanethiol to effect a one-pot acylation and methyl

deprotection (entry 7, 12 Table 2.1), a method first reported by Fuijita in 1980.34
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Table 2.1 Select literature examples of Friedel-Crafts acylations en route to raloxifene

and related compounds.

Y,
“CL &
Y (o]
oAt {
R S AICl3, DCM, conditions O O X
R S
22

21

ENTRYREF | Equiv Conditions R X Y Yield
AICls (%)

127 1 5-23 °C, 3-24h OMe OMe F 74

227 1 5-23 °C, 3-24h OMe OMe NO:2 18

327 1 5-23 °C, 3-24h OMe OMe Br 65

422 1.3 0°C, 1h OMe OMe OMe 100

520 1.25 50°C OMe OMe OR** 95

63° 1.5 r.t., 24h OMe OMe I 60

733 1.1 0°C —>r.t., o/n OMe OMe F 88*

824 3 r.t. OMe F CFs 37

98 2.7 reflux, 48h OMs F OR** 64

108 2.7 reflux, 48h Me OMs OR** 89

118 2.7 reflux, 48h H H OR** 36

128 2.7 reflux, 48h OMe Me OR** 62*

138 2.7 reflux, 48h H Cl OR** 52

148 3 0°C, 1.5h OMs Cl OR** 12

158 3 0°C, 1.5h Cl OMs OR** 15

*with one-pot methyl deprotection

e

Unfortunately, when actually attempting the Friedel-Crafts acylation on the aryl

bromide 11, extremely poor regioselectivity was observed (Scheme 2.6). While there was
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full conversion of the starting material, the desired 3-substituted regioisomer 10 was
formed as the minor product in a 1:6:5 regioisomeric mixture, which favoured instead the
products 23 and 24 resulting from acylation on the anisole ring of the benzothiophene
core. This unacceptably low-yielding reaction severely limited material throughput and
became a major bottleneck in the synthetic route. Efforts were then made towards either

correcting or circumventing the problematic Friedel-Crafts acylation.

o
F.
cl
ge! Q "
F
~o s AICI;, DCM, 0°C —>r.t.,, 1.5 h O A O
~N,
1 o

99% yield (1:6:5 r.r.) R

10 23
desired isomer undesired isomer undesued isomer

Scheme 2.6. Poor regioselectivity observed in Friedel-Crafts acylation of 11.

The most obvious adjustment was to deactivate the anisole ring, which was done
by replacing the methyl protecting group with an acetyl protecting group (Scheme 2.7). It
was hoped that conjugation to the carbonyl group would sufficiently deactivate the anisole
ring to favour acylation at the 3-position of the thiophene. Unfortunately, this change
seemed to deactivate the whole system, and the substrate did not undergo the desired

Friedel-Crafts acylation.

F.
AIClj,
p-fluorobenzoyl chloride O

DCM, 0°C, 1 h
2O 0
(o) )
YOS
% )j\o s
26

Scheme 2.7. Acetyl-protected aryl bromide does not undergo acylation.

It was suspected that the aryl bromide in 11 was dampening the nucleophilicity of
the thiophene ring. It was hoped that its electron-withdrawing effects could be neutralized

by replacing the para-bromophenyl ring with a styrene. This styrene was seen as a
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synthetic equivalent to the bromide, because the olefin was required at that position for
the late-stage Grubbs cross-metathesis. The styrene intermediate could be accessed via
Suzuki cross-coupling of 4-vinylphenylboronic acid in lieu of 4-bromophenylboronic acid.
Initial attempts to effect this cross-coupling with Pd(PPhs)4 gave solely a mixture
of starting material and dehalogenated starting material. Recovery of dehalogenated
starting material suggested issues with either transmetalation or reductive elimination. As
a result, a variety of bulkier and/or more electron-rich ligands were screened on test-scale
(Table 2.2), with Pd(dba)z (5 mol%) and XPhos (5 mol%) giving acceptably high yields.

Table 2.2 Screening Suzuki cross-coupling conditions towards intermediate 28.

o
s Lo C-0O
~o S o S

Pd souce (Xmol%),
27 base, solvent, conditions 28

ligand (X mol%),

ENTRY Pd source ligand base solvent temp. time vyield

%

1 Pd(PPhs)4 - Ko=COs DME:H20 80°C  o/n nd
(5 mol%) (3:1)

2 Pd(dba)2 (5 XPhos (5 KoCOsz dioxane:H20 80°C o/n 86
mol%) mol%) (7:3)

3 Pd(dba)2 (5 PCys (10  KoCOs dioxane:H20 80°C  o/n 55
mol%) mol%) (7:3)

4 Pd(dppf)Cl2 - K2COs dioxane:H20 80°C o/n 55
(5 mol%) (7:3)

With the styrene in hand, it was discovered that this substrate was not amenable
to Friedel-Crafts conditions, giving instead starting material and a complex mixture of
inseparable products (Scheme 2.8). Wishing to understand this more, the double bond of
the styrene was hydrogenated to the ethyl, and subjected to Friedel-Crafts. This too gave

back recovered starting material, along with a complex mixture of products, none of which
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appeared to be the desired product. The incorporation of styrene 29 in the synthetic route

was abandoned, and other strategies then explored.

o ;
(HO),B o F
Pd(dba), (2 mol%),
XPhos (2 mol%) N / F 0
b . O —o y
~o s K,CO, dioxane/H,0 o s AICI,, DCM, Q N\ O
% o S

0°C ->r.t., 5h
27 99% 28

Scheme 2.8 Styrene intermediate not amenable to Friedel-Crafts acylation.

As shown in Scheme 2.9, the acylation of 27 was prohibited by electronic
deactivation of the thiophene ring by the bromide. However, the acylation of the C2-
unfuntionalized benzothiophene 17 promisingly gave the desired regioisomer 31 as the
sole product (albeit in 45% yield). Unfortunately, the intermediate 31 was not amenable
to introduction of functional groups at the 2-position. A lithiation/iodination, which would
have given a synthetic handle to cross-couple in the desired raloxifene B-ring, failed to
give any discernably useful products. A promising method of selectively functionalizing at
the 2-position of benzothiophenes using a dual palladium/silver catalyst system3¢ was

unfortunately also not fruitful.

AICl;,
p-fluorobenzoyl chloride o E
DCM,0°C, 16 h
o S recovered SM only O N—pr
\o S

27

30
o F
i) nBuLi, THF, -10 °C, 10 min O
ii) I, THF, -10 °C to r.t., 30 min

N
complex mixture of products o O S

AICl3, F
p-fluorobenzoyl chloride 0 O 32
/©f\> DCM, 0 °C, 30 min
o S 45% (1 regioisomer) ~ O D /©/I
6 o s F
31 Br

17

Pd(OAc), (0.4 mol%), Ag,0 O
N

NaOAc, HFIP, 30°C, 16 h O N\ O
Br

Scheme 2.9 Acylation of 27 (top) and 17 and attempts to functionalize 31 (bottom).
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It was thought perhaps an oxygen-containing substituent on the para-position of
the B-ring would better mimic the electronics of the original raloxifene scaffold, and
increase the nucleophilicity of the 3-position (Scheme 2.10). This strategy was
additionally attractive because an oxygen-containing substituent could potentially give

way into both the oxygen- and carbon-linked hybrids, via alkylation and triflation/cross-

coupling, respectively. As a result, methods of putting more electron rich substituents on
the B-ring were considered.
k4
\OOH <~

F
o X-couple
....... > C-linked hybrids
N
O-er
~o S
34
33 RN F
O o alkylate
R S > O-linked hybrids
e O
~o S H
35

33
Scheme 2.10 Oxygen-containing functionality at the para position of the B-ring would
confer nucleophilic character to thiophene and can be manipulated into both C- and O-
linked hybrids.

Literature conditions to effect the Suzuki cross-coupling of 4-hydroxyphenylboronic
acid to 2-bromo-6-methoxybenzothiophene under standard cross-coupling conditions
were not fruitful (entry 1, Table 2.3). Another microwave-assisted small-scale procedure
gave encouraging results (entry 2, Table 2.3). However, this procedure faced problems
when scaling up, and could not be adapted using standard bench-top equipment (entries
3-4, Table 2.3). It became eventually clear that this strategy would not give synthetically
viable amounts of material, and a different approach was used to access 2-(4-

hydroxyphenyl)-6-methoxybenzothiophene.

57



Table 2.3 Screening conditions to effect the Suzuki cross-coupling of 27 with 4-

hydroxyphenylboronic acid.

o

HO),B

e e C—~O-or
~No 3 Pd source, ligand, o S

base, conditions

27 3
ENTRY | Pd source ligand base solvent temp. time yield
(°C) (%)
1 Pd(dba)2 XPhos KF THF 45 o/n -
(2 mol%) (2 mol%)
2* Pd(PPhs)2Cl2 - Na2COs DME/EtOH 150 20 min 68%
(3 mol%)
3 Pd(PPhs)2Cl2 - Na2COs DME/EtOH 105°C  o/n 5%
(3 mol%)
4 Pd(PPhs)2Cl2 - Na2COs DME/EtOH 150°C 30 min -
(3 mol%)

*microwave assisted, small-scale

The phenol 36 was accessed via a Buchwald-Hartwig cross-coupling with 11 and
KOH (Scheme 2.11). The resulting phenol underwent alkylation to give the ester 37,
which smoothly underwent Friedel-Crafts acylation, giving the exclusive formation of the
correct regioisomer in 50% yield. Unfortunately, deprotection of the methyl aryl ether
proved to be difficult with the ester in place, with BBrs preferentially cleaving the ester and

alkyl chain. Other protecting group strategies were then evaluated.
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Pd(dba), (10 mol%),
tBuXPhos (20 mol%), ethyl
KOH, dioxane/H,0 (1:1), 4-bromobutyrate,

o
80°C, o/n K,CO3, DMF, r.t., 2h /ﬁo
e ——= S NN
~o S 60% ~o S quant. N
(o) S
37

11 36
°'*©
F

AICl;, DCM, 0°C, 1h
10,

F.

50%
F
BBr;;, DCM,
J 0°C —g r.t.,, 48h J
o o
(o] <+ (o]
o} o
- -
HO s o s
38

39

Scheme 2.11 Regioselective acylation with oxygen-containing substituent on B-ring.

It was postulated that a benzyl protecting group would be more easily removed
than the methyl aryl ether of 38. The benzyl-protected intermediate 43 was made from 11
via demethylation, benzyl-protection, Buchwald-Hartwig cross-coupling, and alkylation
(Scheme 2.12). Interestingly, when intermediate 43 underwent Friedel-Crafts acylation,
other regioisomers were observed in the crude material, in contrast to the ether 37, which
had been more selective for C3-acylation. Nonetheless, the major product was the
desired regioisomer 44, which was isolated in 31% yield. Unfortunately, the benzyl group
was difficult to remove under standard hydrogenolysis conditions. More forcing conditions
were tested, but also failed to cleave the benzyl group. Ultimately, this strategy too was

abandoned, and the original Friedel-Crafts acylation was revisited.
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BBr3;, DCM, BnBr, NaH, THF,
A 0°C—>r.t., o/n A reflux, o/n A
C-Ors oo, s — e O
o S quant. HO S 80% BnO S

11 40
Pdy(dba); (3 mol%),
tBuXPhos (3 mol%),
KOH, dioxane/H,0 (1:1),
80°C, o/n
93%

ethyl 4-bromobutyrate,

o
/—/_<o KGO, DMIF, rt, 2 OH
BnO S
i 42
QL
F

AICl3, DCM, 0°C, 1h
31%

F.

F
O o oJ H,, Pd/C, MeOH, r.t., 24h O o OJ
/_/_<0 /—/_<O
O O
BnO S HO S

44 39

Scheme 2.12 Synthesis and acylation of benzyl-protected intermediate.

Finally, after these unfruitful attempts to circumvent the original Friedel-Crafts
acylation, the original acylation of 11 was revisited as it gave the most direct entry to the
desired key synthetic intermediate 9. A successful strategy for the selective acylation of
11 was inspired by the paper mentioned previously, published by Fujita and co-workers3*
which described the deprotection of methyl aryl ethers using excess equivalents of Lewis
acid. In this methyl aryl ether deprotection, the excess equivalents of a Lewis acid
coordinate the oxygen of the anisole ring, and renders it susceptible to nucleophilic attack
by the thiol, producing a free phenol upon workup.

An excess of Lewis acid was discovered to work in a similar manner when adapted
towards the Friedel-Crafts acylation of 11. The addition of excess equivalents of
aluminum chloride in the acylation of 11 formed the desired regioisomer as the sole
product in 73% yield (entry 3, Table 2.4). Presumably in the Friedel-Crafts acylation, the
excess aluminum chloride coordinates and deactivates the anisole ring oxygen, thereby

leaving the thiophene as the only nucleophilic location in the system. While this Friedel-
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Crafts is much slower than those reported in the literature, it is relatively high-yielding for
an electron-deficient system, giving the desired product in 74% vyield. Interestingly, it
would appear that the system is highly sensitive to exactly how much excess Lewis acid
is present. With 8 equivalents of aluminum chloride, the reaction goes to completion at
36 hours (entry 3, Table 2.4). When 10 equivalents of aluminum chloride are added, the
reaction does not reach completion after 5 days (entry 4, Table 2.4). In the latter case,
only 34% of the expected product is observed, and only 15% of starting material is
recovered. These observations suggest that the product was likely decomposing under

extended exposure to the reaction conditions.

Table 2.4 Effect of AICIs in Friedel-Crafts acylation.

o

)k@\ F,

i &

F o
-0

~o s AICI, (eq.), DCM, conditions O A O ar

10
desired isomer

1"

ENTRY EQUIV TEMP. TIME YIELD OBSERVATIONS
NO. ALCLs3
1 1.1-1.5 0°C 1.5h 14% undesired regioisomers

predominate

2 3 0°C 2h 36% reduced formation of 2 other

regioisomers, 30%
recovered S.M.

3 8 0°C ->r.t. 36 h 74% single regioisomer

4 10 0°C ->rt. 5days 34% 15% recovered S.M.

With adequate amounts of aryl fluoride 10 in hand, the rest of the synthesis could

be completed with relative ease (Scheme 2.13). For the carbon-linked molecules, the
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methyl aryl ether of 10 was deprotected with boron tribromide (BBrs). This is followed by
SNAr to install the piperidine side chain to give 45 in 70% yield over 2 steps. A vinylation
of 45 under Molander’s conditions®” for Suzuki cross-coupling of vinyl trifluoroborates
gave the styrene 46 in 88% yield. The styrene 46 then underwent Grubbs olefin

metathesis.

Pd(dppf)Cl; (5 mol%),
F N N potassium vinyltrifluoroborate,

0 N’\,o
O 1) BBry, DCM, 0°C -> rt, o/n K,CO,, dloxane Hzo (7:3) O
(o]
" O
O L
~o S s HO s
45

NaH, DMF, 50 °C, 3h HO
70% over 2 steps

10

Scheme 2.13 Synthesis of styrene 46.

The Grubbs olefin metathesis between the styrene and alkene esters was
complicated by the tertiary amine present on the styrene. Basic nitrogens are known for
displacing phosphine ligands on both the 1st and 2" generation Grubbs catalysts, and
thereby promoting their decomposition.3® Tertiary amines are more well-tolerated than
primary or secondary amines due to their steric bulk, preventing them from displacing
ligands on the ruthenium centre, but nonetheless require specialized metathesis
conditions. Formation of the corresponding ammonium salt has been reported to work
well generally,® and has been used successfully for similar substrates in previous work
from the Gleason lab.3

The Grubbs olefin metathesis of styrene 46 with methyl acrylate was completed
successfully in the presence of equimolar camphorsulfonic acid (CSA). This afforded the
desired methyl ester with a minor inseparable impurity of the corresponding carboxylic
acid, which was carried through the remainder of the synthesis. This mixture underwent
a subsequent hydrogenation of the olefin resulting from the Grubbs metathesis. The
hydrogenated ester was reacted with hydroxylamine to form the corresponding
hydroxamic acid 1 (YW359) in 27% yield over three steps. Styrene 46 also underwent
Grubbs olefin metathesis with methyl 4-pentenoate in the presence of CSA, again

affording the desired methyl ester with a minor inseparable impurity of the corresponding
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carboxylic acid, which was carried through the remainder of the synthesis. The mixture
underwent hydrogenation and hydroxamic acid formation to give 2 (YW471) in 19% yield

over three steps.

CN’\,O

1) i. CSA, DCM, r.t. ii. HG 1l (10 mol%), O
methyl acrylate, DCM, 40 °C for 24 h, o
then r.t. for 24 h
2) H,, 10% Pd/C, MeOH, HCOOH, r.t., 36h N O o
C/N’\,o 3) NH,0H, KOH, THF:MeOH (5:1), r.t., 36h HO &
O 27% over 3 steps HN-OH

] 1 (YW359)

-0
HO s CN’\,O
1) i. CSA, DCM, r.t. ii. HG Il (10 mol%),
methyl 4-pentenoate, DCM, 40 °C for 24 h, O
46 then r.t. for 24 h HN-OH

o
2) H,, 10% Pd/C, MeOH, HCOOH, r.t., 36h 0
3) NH,OH, KOH, THF:MeOH (5:1), r.t., 36h O N Q

HO S

19% over 3 steps

2 (YW471)

Scheme 2.14 Completion of 1 (YW359) and 2 (YW471).

The five- and six- carbon analogues were made in a similar fashion (Scheme 2.15).
Grubbs cross metathesis of styrene 46 with methyl 5-hexenoate or methyl 6-heptenoate
in the presence of CSA gave the corresponding methyl esters. Again, the products of both
reactions were contaminated with the inseparable carboxylic acid impurity, which was
carried through subsequent hydrogenation and hydroxamic acid formation to ultimately
give 3 (YW490) and 4 (YW466), respectively.

63



C,N’\,o )

o
A\
L0
3 (YW490)
O~

o
2) H,, 10% Pd/C, MeOH, HCOOH, r.t., 36h QA
3) NH,OH, KOH, THF:MeOH (5:1), r.t., 36h Ho S

6% over 3 steps [o)

1) i. CSA, DCM, r.t. ii. HG Il (10 mol%),
methyl 5-hexenoate, DCM, 40 °C for 24 h,

then r.t. for 24 h NH

2) Hp, 10% Pd/C, MeOH, HCOOH, r.t., 36h
3) NH,OH, KOH, THF:MeOH (5:1), r.t., 36h

7% over 3 steps

1) i. CSA, DCM, r.t. ii. HG Il (10 mol%),
methyl 6-heptenoate, DCM, 40 °C for 24 h,
thenr.t. for24 h

4 (YW466) HN-OH

Scheme 2.15 Completion of 3 (YW490) and 4 (YW466).

To prepare oxygen-linked hybrids, a BBrs deprotection of the methyl aryl ether in
10 was followed by methoxymethyl ether (MOM) protection of the free phenol 47 in 63%
yield over two steps (Scheme 2.16). Subsequent Buchwald-Hartwig cross-coupling with
KOH giving 48 in 68% yield. A SNAR of 47 installed the piperidine to give 49 in 88% yield.

The MOM-protected piperidine then underwent alkylation with various alkyl bromides with

terminal esters.

F
1) BBr3, DCM, 0°C—>r.t.
2) MOMCI, NaH, DMF, r.t.
—_——
o
63% over 2 steps
OO
~o s
10

Pd(dba), (5 mol%),
tBuXPhos (5 mol%),

F
F
,3h KOH, dioxane:H,0 (1:1) O
,1h O 80°C, o/n
—_— o
0 68%
\ CL-on
Q Br MOMO s
MOMO S
47 48

CN’\,OH

NaH, DMF, 50 °C, 3h
88%

CN’\,O o

MOMO S

49

Scheme 2.16 Synthesis of O-linked intermediate 49.
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The chain length of the alkyl bromide chosen for alkylation with 49 determined the
final chain length for each oxygen-linked hybrid (Scheme 2.17). Alkylation of 49 with ethyl
4-bromobutyrate gave ethyl ester 50 in 81% yield. Intermediate 50 underwent MOM
deprotection and hydroxamic acid formation to give 5 (YW472) in 32% yield over two
steps. Alkylation of phenol 49 with ethyl 5-bromocalerate gave ethyl ester 51 in 73% yield.
The ethyl ester 51 was treated with HCI in methanol to MOM deprotect, then
hydroxylamine to form 6 (YW486) in 29% yield over two steps. Finally, 49 underwent
alkylation with ethyl 6-bromohexanoate to give 52 in 91% yield. The ethyl ester 52 was
MOM deprotected, and transformed into the corresponding hydroxamic acid 7 (YW487)

in 66% yield over two steps.
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O o

NaH, DMF,
ethyl 4-bromobutyrate,
DMF, rt,1h
81%

N’\’

%4

50

1) HCI, MeOH, r.t., o/n
2) NH,OH, KOH,
THF:MeOH (5:1),

r.t., 36h

32% over 2 steps

N’\/o

MOMO
3 HN-OH

5 (YW472)

NaH, DMF, NaH, DMF,
ethyl 5-bromocalerate, ethyl 6-bromohexanoate,
DMF, r.t., 1 h DMF, r.t.,1h
73% 91%
”No N’\,o
:O ;I
MOMO S MOMO s

51 52

1) HCI, MeOH, r.t., o/n
2) NH,OH, KOH,
THF:MeOH (5:1),

r.t.,, 36h

1) HCI, MeOH, r.t., o/n
2) NH,OH, KOH,
THF:MeOH (5:1),

r.t., 36h

66% over 2 steps

N’\/o

5HN -OH

29% over 2 steps

N’\/o

MOMO
4 HN-OH

6 (YW486) 7 (YW487)

Scheme 2.17 Completion of O-linked targets 5 (YW472), 6 (YW486), 7 (YW487).

Following the synthesis of raloxifene/HDACi hybrids 1, 2, 3, 4, 5, 6, and 7, these

compounds underwent purification by either preparative or semi-preparative HPLC to give

the desired >95% purity. The purified compounds underwent testing to determine

biological activity, as detailed in the subsequent section.

2.5 Biological Assays

Fluorogenic HDACi assays of compounds 1, 2, 3, 4, 5, 6, and 7 were conducted

by the author of this thesis. Samples of these compound were also given to collaborators
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in the Mader Lab at the Université de Montréal for cell-based BRET (Bioluminescence
Resonance Energy Transfer) and luciferase transactivation assays in order to determine
ER affinity and antagonism, respectively. The ER assays have not yet been completed at

the time of the submission of this thesis.

2.5.1 Fluorogenic HDACi Assay

The fluorogenic in vitro HDACi assay developed by Schweinhorst et al.*° involves
a two-step enzymatic process (Figure 2.15). The peptide-derived substrate contains an
acetylated lysine residue (highlighted in red) and 7-amino-4-methylcoumarin (AMC). This
substrate is incubated with the HDAC of interest. Uninhibited HDAC will deacetylate the
lysine residue, which produces a compound that is recognized and digested by trypsin.
Trypsin cleaves the AMC-lysine bond, releasing Boc-protected lysine giving rise to free
AMC, a fluorescent molecule. The amount of free AMC is quantified by measuring
fluorescence using a standard 96-well plate reader (Aex = 390 nm and Aem = 460 nm). The
fluorescence emitted is directly proportional to the amount of substrate that has been
deacetylated by active HDAC, and thusly related to HDAC enzyme activity. The inhibition
concentration 50 (ICso0) can be derived from measuring the attenuation of fluorescence as

a result of enzyme inhibition, at different concentrations of the inhibitor.

0 NHBoc NHBoc
H H z H . H2N (o) (0]
)J\ A N 0._0 HDAC - N 0._0 trypsin
N /\/\/\I‘r H2N /\/\/\[r
: N 2
(0] = o =
Ac Boc-Lys
HDAC substrate Trypsin substrate AMC

Figure 2.15 Two-stage enzymatic HDAC assay to measure HDAC activity.

The peptide substrate originally used by Schweinhorst et al. was later modified by
Mazitschek et al.#! in order to improve HDAC affinity by replacing the Boc group with an
Ac-Leu-Gly dipeptide (Figure 2.16). This allows for less enzyme to be used per well, thus
lowering the cost of running the assay. The improved substrate was chosen for the
evaluation of previous SERM/HDACI hybrids for this reason, and will continue to be used

for the HDAC assays described (vide infra).
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HDAC substrate HDAC substrate
Schweinhorst et al. Mazitschek et al.

Figure 2.16 Original HDAC substrate (left) and modified HDAC substrate (right).

2.5.2 ER Assays

The hybrids will be tested in two cell-based assays to assess ER antagonism by
collaborators in the Mader lab at the Université de Montréal.

Bioluminescence Resonance Energy Transfer (BRET) is a cell-based assay for
studying protein-protein interactions. BRET is a naturally occurring phenomenon which
results from the non-radioactive energy transfer between a donor-acceptor protein pair in
close proximity to one another (less than 100 A apart).42 The donor protein is derived from
a luciferase that catalyzes the oxidation of coelenterazine, resulting in the emission at
480 nm. This light then excites the proximal acceptor protein, which emits a second
photon with a wavelength greater than the light emitted by the donor protein, resulting
from a phenomena called Stoke’s shift. This detectable change in emission wavelength
is thereby proximity-based and corresponds to the occurrence of a protein-protein
association.*® When the donor protein is fused to one protein of interest, and the acceptor
protein is fused to another protein of interest, their physical interaction can be detected
by the fluorescence emitted by the acceptor protein.

When activated, the ER must interact with various transcription coactivators in
order to effect DNA transcription of ER-responsive genes. One such coactivator is SRC1,
a LXXLL motif-containing nuclear coactivator known to interact with the ER upon
activation by agonists such as E2.4* To detect the activation of the ER, the interaction
between the ER and SRC1 can be evaluated via BRET. In this assay, HEK93 cells were
transfected with Renilla luciferase (RLucll) fused to ER and yellow fluorescent protein

(YFP) fused to SRCH1, respectively. RLucll emits at 480 nm upon oxidation of a molecule
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of coelenterazine which results in the excitation of YFP and the subsequent emission at
530 nm. The BRET ratio of emitted light at 530 nm vs. 480 nm directly corresponds to
the degree of which protein-protein interaction is occurring. Using BRET, a dose-
response analysis of ER affinity by the hybrid SERM/HDAC:’s in the presence of E2 will
be used to determine the 1Cso.

A second luciferase transactivation assay will determine ER transcription
antagonism. Reporter assays are used to track the transcription of (a) gene(s)
downstream of a promoter in question. In this assay, a cell line is engineered to
incorporate a reporter gene downstream of a response element of interest. Most
commonly, the reporter gene is luciferase, which catalyzes the oxidation of luciferins
leading to the emission of light following its transcriptional activation.#® This measured
light allows direct quantification of the activation of the promoter in question. With respect
to the specific ER system in question, T47DKBLuc human mammary epithelial carcinoma
cells will be transfected with an ER vector, a ERE3-TATA-Luc reporter vector, and a
cytomegalovirus (CMZ)-B-galactosidase vector which will serve as an internal control.
Competitive and non-competitive transcription activation assays involving the
raloxifene/HDACi hybrids and E2 will be conducted to determine whether or not the
hybrids exhibit antagonistic character. It is expected that potent antagonists will prevent
the activation of the ER whether in the absence or presence of E2, and thereby attenuate

fluorescence.

2.6 Biological Activity and Discussion

2.6.1 HDAC inhibition

All synthesized hybrids (1-7) were evaluated in enzymatic assays against HDAC1
and HDACG6 to determine their ICso values. SAHA and E2 were used as positive and
negative controls. Each hybrid was tested at 10 different concentrations ranging from 20
uM —1 nM in order to generate a dose-response curve. As expected, the bulky raloxifene
capping groups of these hybrids were well-tolerated by both HDAC1 and HDACSG. This is

unsurprising, given the wide variety of capping groups that HDACi’s are known to

69



posses,*6-47 and precedent from the Gleason lab® & 48 has shown that steroidal and SERM

pharmacophores are well-tolerated as HDACi capping groups.

HDAC1 IC50 C-linked Hybrids HDAC1 IC50 O-linked Hybrids

2.0+ 2.0
§ o 1 (YW359) § - 5(YW472)
Q [
7 1.54 = 2(YWart) o = 6 (YW486)
5 - 3 (YW490) £ - 7 (YW487)
£ 1.04 - 4(YW4EE) 2 1.0 v SAHA
E + SAHA 3
'S 0.54 5 0.5+
g 5 05
5 S
Z 0.0 Z 00

-4 -4
Log concentration (uM) Log concentration (uM)

Figure 2.17 Dose-response curves of C-linked hybrids (left) and O-linked hybrids (right)
against HDAC1. Values represent the means of three independent experiments and

error bars denote standard error.

In HDAC1 assays, all inhibitors except for 5 demonstrated sub-micromolar ICso
values. The dose-response curves of these molecules are shown in Figure 2.17. The
carbon-linked series were especially potent, with 3 having an 1Cso within one order of
magnitude as that of SAHA (Table 2.5). Interestingly, 3 also seemed to have an optimal
carbon chain length of five carbons; hybrids 2 (four carbon linker) and 4 (six carbon linker)
were both less potent. As expected, 1 (two carbon linker) was the least potent of these
hybrids, presumably resulting from the linker being too short to properly extend into the

hydrophobic tunnel of the HDAC enzyme.

70



Table 2.5 HDAC1 ICso values (+ standard error) of all inhibitors tested.

CN’\/O o
HO'; O *

General Structure

COMPOUND HDAC1 ICs0 (uM)
0
X= ;“/\)LN'OH 0464 (1031 1)
H
1 (YW359)
o)
X= »‘~f\/\)LN¢°H 0.257 (+0.0567)
H
2 (YW471)
o}
X= 7'W\)LN,OH 0.0115 (+0.0439)
3 (YW490) H
o]
Xe e~ ot 0.344 (+0.0424)
4 (YW466) H
o}
X= 3‘,0\/\/U\N,OH 5.99 (+x2.82E+30)
5 (YW472) "
o}
X= :"’lo/\/\)LN,OH 0.389 (+0.0536)
6 (YW486) "
o}
X= 2O~~A oH 0.132 (x0.0124)
7 (YW487) H
SAHA 0.0194 (+0.00719)
E2 n/a
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From previous work done on SERM/HDACI hybrid molecules by the Gleason lab,
weak inhibition of HDAC enzymes arises from hybrids possessing not only a short alkyl
linker, but also in compounds with oxygen in the alkyl linker.2 Ether bridges in the alkyl
chain are thought to participate in H-bonding interactions at the ridge of the hydrophobic
tunnel, stabilizing the molecules in a conformation such that the Zn?* binding moiety does
not reach into the tunnel to bind the Zn%* atom. Molecules possessing all-carbon linkers
lack polar functionality and thus cannot form H-bonds with residues at the apex of the
tunnel. These reasons may point towards why the with oxygen-containing series tested
against HDAC1 were far less potent than all-carbon alkyl linkers (Figure 2.17). The least
potent of all hybrids tested was 5, which had an ICso value of 5.992 uM. This low potency
may be attributed to the combination of its comparatively short chain and ether linkage.
Gratifyingly, an increase in potency was correlated to an increase in chain length between
the oxygen-linked molecules. 5 (five atom linker) was more potent than 6 (four atom

linker), and 7 (six atom linker) was more potent than either of them (Figure 2.17).

C-linked Hybrids O-linked Hybrids
HDACS6 IC50 HDACG6 IC50

g 207 o 207 "
8 o 1(YW359) 8 i I o 5 (YW472)
S 15 - 2 (YW471) S 154 E = 6 (YW486)
5 a- 3 (YW490) £ - 7 (YW487)
2 1.0 —— 4 (YW466) 2 1.0 v~ SAHA
° T
9 + SAHA @ 3
£ 0.5 £ 0.5 ¥
E i i E
2 0.0 2 0.0 i_i

] ] T T T 1 1 1 1 1 1 1

4 3 2 A 0 1 2 4 3 2 A 0 1 2
log concentrations (uM) log concentrations (uM)

Figure 2.18 Dose-response curves of C-linked hybrids (left) and O-linked hybrids (right)
against HDACSG. Values represent the means of three independent experiments and

error bars denote standard error.

In HDACG6 assays, all inhibitors had sub-micromolar 1Cso values (Figure 2.18).
Interestingly, a reversal in HDAC inhibition trends relative to the HDAC1 data was
observed, with oxygen-linked molecules performing better than carbon-linked molecules.

The carbon-linked molecules had ICso values ranging from 0.202 uM to 0.333 uM, while
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the oxygen-linked molecules had ICso values ranging from 0.0211 uM to 0.123 uM (Table
2.6). This reversal in potency trends is surprising, but not improbable given the
observation that small modifications in the cap group can have elicit subtle changes in
HDAC isoform selectivity,*® and the inclusion of an oxygen may change the conformation
of these molecules at the apex of the hydrophobic tunnel.

Within the carbon-linked molecules, the most potent of the carbon-linked hybrids
was 1, with a two-carbon alkyl linker. The other two-, four-, and six-carbon linker hybrids
had somewhat similar ICso values. This observation was quite surprising, given the short

chain-length of 1.

Table 2.6 HDACS® ICso (+ standard error) values of all inhibitors tested.

General Structure

COMPOUND HDAC6 ICso (uM)
0 0.202 (+0.0280)
X= ;’.’\)LN'OH
H
1 (YW359)
0 0.221 (+0.0365)
X= ;(\/\/U\N,OH
H
2 (YW471)
o 0.297 (+0.0496)
X= ?'1/\/\/U\N—OH
3 (YW490) H
o 0.333 (+0.237)
X= ;q\/\/\)LN,OH
4 (YW466) H
0 0.0910 (+0.216)
X= ;;P\A)LN,OH
5 (Yw472) H
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o 0.123 (+x0.0166)
X= ;'.'0/\/\/U\N,0H
6 (YW486) H
o 0.0211 (x0.0104)
X= 3\0\/\/\)]\,\1'0“
7 (YW487) H
SAHA 0.0424 (+8.46e-3)
E2 n/a

Within the oxygen-linked series, no clear correlation between chain length and
potency was observed. While 7 (six atom linker) was more potent than both 6 (five atom
linker) and 5 (four atom linker), 6 appears to be less potent than 5. It is worth noting that
while 5 was not a very potent inhibitor of HDAC1, in HDACG6 it demonstrates potent
inhibition of HDACS6, with an ICso value within one order of magnitude of SAHA’s ICso.

2.6.2 ER antagonism

The hybrid drug molecules underwent a preliminary single-dose BRET assay to
determine their ability to antagonize the ER. The assay was conducted using 4-OHT and
raloxifene as positive controls, SAHA was used as negative control, and E2 as the
competitive agonist. The inhibitors were assayed at a single concentration of 10 uM, and
E2 was administered at 5 nM.

As shown in Figure 2.19, all the inhibitors showed antagonistic behaviour against
the ER, both in the absence and in the presence of E2. In the absence of E2, all the
inhibitors exhibited a similar ER inhibition, comparable to that of the parent molecule,
raloxifene. In the presence of E2, all hybrids demonstrated antiestrogenic behaviour
relative to the negative control, but some to a lesser extent than the positive controls.
These included 5, 1, and 4. The other hybrids, 2, 3, 6, and 7 remained antiestrogenic at
a level comparable to raloxifene, in the presence of E2. Most importantly, these results

indicate that the raloxifene/HDACi hybrids do bind and inhibit the ER. A more conclusive
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statement on the antiestrogenic ability of these hybrids relative to each other can only be

made once BRET dose-response curves have been obtained.

ER-Rlucll+YFP-CoA motif N=2

1.5
@l o

| | E2 5 nM

-
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o
&

& & Q- ~Z* o
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Figure 2.19 Single-dose BRET assay results for the hybrids either in the absence or
presence of E2. Veh was DMSO.

2.7 Summary and Conclusion

SERMs have played a significant role in mitigating and managing breast cancer,
but fall short once endocrine resistance develops, driving the development of other
strategies for combatting this problem. Several projects within the Gleason laboratory
have focused specifically on the development of SERM/HDACIi hybrid molecules that
target two distinct proteins which are implicated in endocrine resistant breast cancer.

Initial work on 4-OHT/HDACIi hybrids resulted in very promising compounds, but
further efforts towards their modification would be extremely laborious, as intermediates
and final compounds were prone to E/Z isomerization. As a result, a synthetic route
towards raloxifene/HDACi hybrids was developed, optimized, and successfully executed
to give seven novel hybrid molecules. The hybrids were made using a regioselective

Friedel-Crafts acylation to give a common synthetic intermediate which gave rise to a set
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of C-linked and O-linked hybrids. The C-linked molecules 1, 2, 3, and 4 were made
through a Grubbs olefin metathesis. The O-linked molecules 5, 6, and 7 were made
through O-alkylation with the respective alkyl halide.

Fluorogenic HDACi assays were conducted by the author within the Gleason
laboratory using the purified hybrids. In HDAC1 inhibition assays, C-linked molecules
tended to be more potent than O-linked hybrids, with 3 being the most potent inhibitor
(ICs0= 0.0115 +0.0439). In contrast, O-linked molecules were more potent than C-linked
molecules in HDAC6 assays, with 7 being the most potent inhibitor (ICso= 0.0211
+0.0104). These differences in hybrid potency between HDAC1 and HDAC6 is not
surprising, given the observation that small changes in cap groups can elicit subtle
differences in selectivity between HDAC isoforms.

BRET and luciferase transactivation assays for determining the antiestrogenic
activity of the hybrids are ongoing in the Mader lab at the Université de Montréal.
Preliminary findings in single-dose BRET assays suggest that all hybrids have
antiestrogenic properties at the low-micromolar level. All the inhibitors exhibited a similar
ER inhibition in the absence of E2, comparable to that of the parent molecule, raloxifene.
Conclusions about the potencies between hybrids can only be drawn once BRET dose-
response curves have been obtained. Taken together, these findings suggest promising
results will be obtained in further biological work.

Further modification of the raloxifene/HDACi hybrids to improve their potency
against endocrine-resistant breast cancer cells will be undertaken by future students in
the Gleason lab. Future goals of this ongoing project include: 1) obtain a dose-response
curve for antagonism of the ER, 2) observe the effects of these hybrids on a SERM-
resistant cell line, and 3) modification of the raloxifene/HDACi hybrids, including the
incorporation of a SERD long alkyl side chain (in place of the piperidine chain) to improve

cytotoxicity.
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Chapter 3: Experimental Procedures

3.1 Chemical Syntheses

Materials and Instruments

All reactions were performed using magnetic stirring. Reactions employing dry solvents
were conducted using oven or flame-dried round bottom flasks. Reactions requiring
controlled atmospheres were fitted with rubber septa unless otherwise stated. Oil baths
were used for reactions performed at temperatures in excess of room temperature. The
cooling of reactions below room temperature was accomplished using one of the following
techniques: ice/water bath (0 °C), ice/NaCl bath (-10 °C), or dry ice/acetone bath (—78 °C)
Liquids and solutions were transferred via glass syringe or stainless-steel cannula under
inert conditions. Thin-layer chromatography (TLC) was carried out on glass plates, coated
with 250 um of 230 — 400 mesh silica gel that had been saturated with F-254 indicator.
TLC plates were visualised using ultraviolet light and/or by exposure to an acidic solution
of cerium (IV) ammonium molybdate followed by heating, a basic solution of potassium
permanganate followed by heating, an acidic solution of p-anisaldehyde, or an acidic iron
(1) chloride solution, followed by heating. Flash column chromatography was carried out
using 230 — 400 mesh silica gel (Silicycle) with reagent grade solvents. Room
temperature (r.t.) indicates a temperature of 22 °C. THF and diethyl ether were purified
by distillation over Na metal and benzophenone under nitrogen atmosphere. Toluene and
DMF were purified by distillation over CaHz under an air atmosphere. DMF and methanol
were stored over 4.0 A molecular sieves and kept under argon atmosphere. All other
commercial solvents and reagents were used as received from Sigma-Aldrich, Fisher
Scientific, Chem Impex, CombiBlocks, Strem Chemicals, and Alfa Aesar unless otherwise
specified. Infrared (IR) spectra were obtained using a Perkin-Elmer Spectrum One FT-IR
spectrophotometer. NMR spectra were recorded on a 500 MHz Varian or 400, 500 MHz
Bruker spectrometers. Chemical shifts (8) were internally referenced to the residual
solvent resonance; CDCIs (&H 7.26 ppm, 8C 77.0 ppm), CD3OD (dH 3.31, 8C 49.00 ppm)
DMSO-d6 (6H 2.50 ppm, dC 39.5 ppm). The following abbreviations were used to
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describe NMR signal multiplicities: singlet (s), doublet (d), triplet (t), quartet (q), and
multiplet (m). Coupling constants (J) are reported in Hertz (Hz). High resolution mass
spectrometry (HRMS) was conducted by Dr. Alexander Wahba or Dr. Nadim Saadé in
the Mass Spectrometry Facility in the Department of Chemistry, McGill University. High
resolution, accurate mass measurements were made using the a Thermo Exactive Plus
Orbitrap-API or Bruker Maxis APl QqTOF mass spectrometer. Low resolution mass
spectrometry (LRMS) were measured on a Thermo Polaris Q Cl quadrupole in trap mass
spectrometer. Semi-preparative HPLC was performed using Agilent Zorbax SB-C18 and

Agilent Infinity 1260 system.

O Cpo
O NH20H, 3M KOH, O
THF:MeOH (5:1), r.t,, 36h

] > o
Oy O ¢
HO s HO s
o— HN-OH
59 1 (YW359)

N-hydroxy-3-(4-(6-hydroxy-3-(4-(2-(piperidin-1-

yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenyl)propenamide (1): Hydroxylamine
(50 % w/w in H20, 3.40 mL, 110.0 mmol, 500.0 equiv) was added to a 1 M solution of
methyl ester 59 (120 mg, 0.20 mmol, 1 equiv) in 5:1 THF:MeOH. Cold 3 M KOH (0.47

mL, 1.40 mmol, 7.0 equiv) was added dropwise to the mixture at 0 °C. The reaction was

then warmed to room temperature and stirred for 36 hours. The reaction was neutralized
with 1 M HCI solution, extracted with EtOAc (3 x 10 mL), dried over Na2SO4, filtered, and
concentrated in vacuo. The crude mixture was purified by chromatography on silica using
0-20% MeOH:DCM as eluent. The product was purified over C18-functionalized silica
using reverse-phase preparative HPLC using 20-100% ACN:H20 to give 60 mg (55%) of

the hydroxamic acid 1 as a yellow solid

1H NMR (500 MHz, CDsOD) & 8.53 (s, 1H), 7.77 — 7.72 (m, 2H), 7.42 (d, J = 8.7 Hz, 1H),
7.32-7.28 (m, 3H), 7.10 (d, J = 7.9 Hz, 2H), 6.93 — 6.87 (m, 3H), 4.31 (1, J= 5.0 Hz, 2H),
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3.31 (s, 2H), 3.10 (s, 4H), 2.85 (t, J= 7.5 Hz, 2H), 2.34 (t, J= 7.5 Hz, 2H), 1.81 (p, J= 5.7
Hz, 4H), 1.63 (d, J = 6.3 Hz, 2H).

13C NMR (126 MHz, CDsOD) 6 193.84, 170.18, 162.34, 155.72, 141.57, 141.14, 140.34,
132.72, 132.06, 131.48, 130.89, 130.86, 128.68, 128.34, 123.52, 114.89, 114.09, 106.52,
62.98, 56.06, 53.82, 33.63, 30.58, 23.30, 21.81.

HRMS (ESI) calc. for C31HasN20sS (M + H)*: 545.2093. Found: 545.2105.

IR (thin film) v = 3261, 2940, 2829, 1647, 1595, 1252, 1167, 1022, 907, 816 cm™'.
O s
NH20H, 3M KOH,
O o— THF:MeOH (5:1), r.t., 36h‘ O HN-OH
(o} (o]
o o
A\ A\

HO O s O HO O S O

60 2 (YW471)

N-hydroxy-5-(4-(6-hydroxy-3-(4-(2-(piperidin-1-

yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenyl)pentanamide (2): Hydroxylamine
(50 % w/w in H20, 1.13 mL, 37.0 mmol, 500 equiv) was added to a 1 M solution of methyl
ester 60 (42.0 mg, 0.0700 mmol, 1 equiv) in 5:1 THF:MeOH. Cold 3 M KOH (0.170 mL,
0.500 mmol, 7.00 equiv) was added dropwise to the mixture at 0 °C. The reaction was
then warmed to room temperature and stirred for 36 hours. The reaction was neutralized
with 1 M HCI solution, extracted with EtOAc (3 x 10.0 mL), dried over Na2SQOu, filtered,
and concentrated in vacuo. The crude mixture was purified by chromatography on silica
using 0-20% MeOH:DCM as eluent. The product was purified over C18-functionalized
silica using reverse-phase semi-preparative HPLC using 20-100% ACN:H20 to give 16.0

mg (22%) of the hydroxamic acid 2 as a yellow solid.

1H NMR (800 MHz, CDsOD) & 8.53 (s, 3H), 7.71 (d, J = 7.8 Hz, 2H), 7.46 (d, J = 8.7 Hz,
1H), 7.29 (d, J = 2.2 Hz, 1H), 7.26 (d, J = 7.6 Hz, 2H), 7.05 (d, J = 7.8 Hz, 2H), 6.89 (dt,
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J=12.8, 6.4 Hz, 3H), 4.31 (s, 2H), 3.44 — 3.37 (m, 2H), 3.28 — 3.12 (m, 4H), 2.55 (q, J =
6.9, 5.0 Hz, 2H), 2.04 (tdt, J = 8.2, 6.8, 1.4 Hz, 2H), 1.84 (s, 4H), 1.64 (s, 2H), 1.58 (s,
2H), 1.50 — 1.44 (m, 2H).

13C NMR (201 MHz, CDsOD) & 193.77, 168.41, 162.10, 155.70, 142.68, 142.23, 140.36,
132.73, 132.04, 131.06, 131.04, 130.70, 128.68, 128.36, 123.52, 114.87, 113.97, 106.51,
62.63, 55.91, 53.78, 39.03, 34.38, 31.66, 29.95, 22.98, 21.52.

HRMS (ESI) calc. for C33sH37N20sS (M + H)*: 573.2405. Found: 573.2418.

IR (thin film) v = 3190, 2928, 2853, 1595, 1379, 1357, 1252, 1167 cm™".

C/N’\,o

CN’\,O
NH20H, 3M KOH,
O Q J THF:MeOH (5:1), r.t., 36h O Q Nﬁ”

HOS\ HOS\

61 3 (YW490)

N-hydroxy-6-(4-(6-hydroxy-3-(4-(2-(piperidin-1-

yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenyl)hexanamide: Hydroxylamine (50 %
w/w in H20, 3.70 mL, 122 mmol, 500 equiv) was added to a 1 M solution of methyl ester
61 (143 mg, 0.200 mmol, 1 equiv) in 5:1 THF:MeOH. Cold 3 M KOH (0.470 mL, 1.40
mmol, 7.00 equiv) was added dropwise to the mixture at 0 °C. The reaction was then
warmed to room temperature and stirred for 36 hours. The reaction was neutralized with
1 M HCI solution, extracted with EtOAc (3 x 10.0 mL), dried over Na=SO, filtered, and
concentrated in vacuo. The crude mixture was purified by chromatography on silica using
0-20% MeOH:DCM as eluent. The product was purified over C18-functionalized silica
using reverse-phase semi-preparative HPLC using 20-100% ACN:H20 to give 13.0 mg

(11%) of the hydroxamic acid 3 as a yellow solid.
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1H NMR (500 MHz, CD3sOD)  8.49 (s, 3H), 7.75 — 7.71 (m, 2H), 7.43 (d, J = 8.8 Hz, 1H),
7.29 (d, J = 2.3 Hz, 1H), 7.28 — 7.26 (m, 2H), 7.05 (d, J = 8.1 Hz, 2H), 6.92 — 6.87 (m,
3H), 4.31 (t, J= 5.1 Hz, 2H), 3.36 (t, J = 5.2 Hz, 2H), 3.15 (d, J = 13.7 Hz, 4H), 2.53 (t, J
= 7.5 Hz, 2H), 2.04 (t, J= 7.4 Hz, 2H), 1.81 (p, J = 5.8 Hz, 4H), 1.58 (ddq, J = 24.3, 15.2,
7.4 Hz, 7H), 1.24 (p, J = 8.1 Hz, 2H).

13C NMR (201 MHz, CDsOD) & 193.89, 168.35, 162.19, 155.68, 143.10, 141.97, 140.34,
132.74, 132.06, 131.02, 130.95, 130.69, 128.56, 128.40, 123.45, 114.84, 114.02, 106.51,
62.75, 55.90, 53.72, 39.02, 34.74, 32.15, 30.44, 27.94, 25.03, 23.16.

HRMS (ESI) calc. for C3sH3a9N20sS (M + H)*: 587.2568. Found: 587.2574.

IR (thin film) v = 3226, 2932, 2857, 1597, 1466, 1353, 1252, 1020 cm™".

C/N’\,o C/N’\/O
O NH20H, 3M KOH, O

o THF:MeOH (5:1), r.t., 36h

A0 L0

(0] (o)

62 o— 4 (YW466) HN-OH
N-hydroxy-7-(4-(6-hydroxy-3-(4-(2-(piperidin-1-
yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenyl)heptanamide (4): Hydroxylamine
(50 % w/w in H20, 1.20 mL, 40.0 mmol, 500 equiv) was added to a 1 M solution of methyl
ester 62 (46.0 mg, 0.0800 mmol, 1 equiv) in 5:1 THF:MeOH. Cold 3 M KOH (0.190 mL,
0.560 mmol, 7.00 equiv) was added dropwise to the mixture at 0 °C. The reaction was
then warmed to room temperature and stirred for 36 hours. The reaction was neutralized
with 1 M HCI solution, extracted with EtOAc (3 x 10.0 mL), dried over Na2SOu, filtered,
and concentrated in vacuo. The crude mixture was purified by chromatography on silica
using 0-20% MeOH:DCM as eluent. The product was purified over C18-functionalized
silica using reverse-phase semi-preparative HPLC using 20-100% ACN:H20 to give 10.0

mg (21%) of the hydroxamic acid 4 as a yellow solid.
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1H NMR (500 MHz, Methanol-ds) & 8.51 (s, 3H), 7.74 (d, J = 8.3 Hz, 2H), 7.42 (d, J= 8.8
Hz, 1H), 7.31 — 7.24 (m, 3H), 7.05 (d, J = 7.8 Hz, 2H), 6.92 — 6.85 (m, 3H), 4.31 (s, 2H),
3.36 (d, J = 8.5 Hz, 2H), 3.15 (d, J = 10.7 Hz, 4H), 2.53 (t, J = 7.5 Hz, 2H), 2.05 (s, 2H),
1.81 (d, J = 5.9 Hz, 4H), 1.63 (s, 2H), 1.54 (t, J = 7.5 Hz, 4H), 1.23 (d, J = 7.8 Hz, 2H).

13C NMR (201 MHz, MeOD) & 193.96, 168.53, 162.22, 155.67, 143.19, 141.87, 140.34,
132.74, 132.06, 130.99, 130.90, 130.69, 128.52, 128.38, 123.42, 114.84, 114.04, 106.52,
62.75, 55.88, 53.69, 39.03, 34.80, 30.55, 28.43, 28.15, 25.24, 23.15, 21.66.

HRMS (ESI) calc. for C35H41N205S (M + H)+: 601.2732. Found: 601.2731.

IR (thin film) v = 3186.50, 2928.57, 2857.14, 1597.57, 1466.74, 1353.74, 1252.64,
1167.40, 1036.36 cm-".

N N
C o NH20H, 3M KOH, C 0

o THF:MeOH (5:1), r.t., 36h _ o

HOS\O Hos\o\—\_/(o

o— HN-OH
63 YW472 (5)

N-hydroxy-4-(4-(6-hydroxy-3-(4-(2-(piperidin-1-

yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenoxy)butanamide (5): Hydroxylamine
(50 % w/w in H20, 0.960 mL, 31.0 mmol, 500 equiv) was added to a 1 M solution of methyl
ester 63 (36.0 mg, 0.0600 mmol, 1 equiv) in 5:1 THF:MeOH. Cold 3 M KOH (0.15 mL,

0.400 mmol, 7.00 equiv) was added dropwise to the mixture at 0 °C. The reaction was

then warmed to room temperature and stirred for 36 hours. The reaction was neutralized
with 1 M HCI solution, extracted with EtOAc (3 x 10 mL), dried over Na2SO4, filtered, and
concentrated in vacuo. The crude mixture was purified by chromatography on silica using

0-20% MeOH:DCM as eluent. The product was purified over C18-functionalized silica
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using reverse-phase semi-preparative HPLC using 20-100% ACN:H20 to give 11.0 mg

(32%) of the hydroxamic acid 5 as a yellow solid.

1H NMR (500 MHz, CDsOD) 5 8.39 (s, 1H), 7.72 (d, J = 7.2 Hz, 2H), 7.45 (d, J = 7.6 Hz,
1H), 7.26 (d, J = 8.0 Hz, 3H), 6.89 (s, 3H), 6.77 (d, J = 7.9 Hz, 2H), 4.34 (s, 2H), 3.94 (s,
2H), 3.49 (s, 2H), 3.26 (s, 4H), 2.24 (s, 2H), 1.99 (s, 2H), 1.86 (s, 4H), 1.66 (s, 2H).

13C NMR (201 MHz, (CDs)2SO) & 193.03, 168.97, 163.39, 159.16, 156.02, 139.89,
139.82, 132.66, 132.29, 130.73, 130.04, 130.03, 125.81, 123.85, 115.78, 115.34, 115.09,
107.61, 67.38, 66.36, 57.50, 54.75, 29.10, 25.91, 25.14, 24.28.

HRMS (ESI) calc. for C32HasN206S (M + H)*: 575.2195. Found: 575.2210.

IR (thin film) v = 3412, 2940, 2253, 1659, 1050, 1022, 1000, 822, 761 cm™'.

) (o
(o B o on
O o/ NHzOH, 3M KOH, o /_/_}‘N“
o /_/_}—0 THF:MeOH (5:1), r.t., 36h
: \;I o
HO S

64 6 (YWase)
N-hydroxy-5-(4-(6-hydroxy-3-(4-(2-(piperidin-1-

yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenoxy)pentanamide (6): Hydroxylamine
(50 % w/w in H20, 1.00 mL, 33.0 mmol, 500 equiv) was added to a 1 M solution of methyl
ester 64 (39.0 mg, 0.0700 mmol, 1 equiv) in 5:1 THF:MeOH. Cold 3 M KOH (0.150 mL,

0.500 mmol, 7.00 equiv) was added dropwise to the mixture at 0 °C. The reaction was
then warmed to room temperature and stirred for 36 hours. The reaction was neutralized
with 1 M HCI solution, extracted with EtOAc (3 x 10.0 mL), dried over Na2SQOu, filtered,
and concentrated in vacuo. The crude mixture was purified by chromatography on silica

using 0-20% MeOH:DCM as eluent. The product was purified over C18-functionalized
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silica using reverse-phase semi-preparative HPLC using 20-100% ACN:H20 to give 12.0

mg (29%) of the hydroxamic acid 6 as a yellow solid.

1H NMR (500 MHz, (CD3)2S0) & 10.38 (s, 1H), 8.39 (s, 2H), 7.69 — 7.65 (m, 2H), 7.36 (d,
J=2.3 Hz, 1H), 7.30 — 7.26 (m, 2H), 7.22 (d, J = 8.7 Hz, 1H), 6.96 — 6.92 (m, 2H), 6.89
—6.84 (m, 3H), 4.09 (t, J = 5.9 Hz, 2H), 3.91 (1, J = 6.0 Hz, 2H), 2.61 (t, J = 5.9 Hz, 2H),
2.39 (s, 4H), 1.99 (t, J = 7.0 Hz, 2H), 1.63 (dtt, J= 16.4, 8.2, 5.3 Hz, 4H), 1.46 (p, J=5.6
Hz, 4H), 1.36 (q, J = 6.8, 6.3 Hz, 2H).

13C NMR (201 MHz, (CDs)2SO) & 193.06, 169.27, 165.51, 163.41, 159.23, 156.23,
139.81, 132.56, 132.28, 130.73, 130.04, 130.00, 125.74, 123.81, 115.84, 115.31, 115.08,
107.61, 67.62, 66.44, 57.56, 54.79, 32.30, 28.50, 25.99, 24.35, 22.17.

HRMS (ESI) calc. for Ca3sH37N206S (M + H)*: 589.2374. Found: 589.2367.

IR (thin film) v = 3373, 2940, 2908, 2817, 2250, 1054, 1024, 1004, 820, 757 cm-".

Cre s
O o— NH20H, 3M KOH, O
THF:MeOH (5:1), r.t., 36h
o r/ﬁo o
- 0O
HO S HO s

65 7 (YW487)

N-hydroxy-6-(4-(6-hydroxy-3-(4-(2-(piperidin-1-

HN-OH

yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenoxy)hexanamide (7): Hydroxylamine
(50 % w/w in H20, 0.760 mL, 25.0 mmol, 500 equiv) was added to a 1 M solution of methyl
ester 65 (30 mg, 0.0500 mmol, 1 equiv) in 5:1 THF:MeOH. Cold 3 M KOH (0.100 mL,
0.30 mmol, 7.0 equiv) was added dropwise to the mixture at 0 °C. The reaction was then
warmed to room temperature and stirred for 36 hours. The reaction was neutralized with
1 M HCI solution, extracted with EtOAc (3 x 10.0 mL), dried over Na=SO, filtered, and

concentrated in vacuo. The crude mixture was purified by chromatography on silica using
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0-20% MeOH:DCM as eluent. The product was purified over C18-functionalized silica
using reverse-phase semi-preparative HPLC using 20-100% ACN:H20 to give 20.0 mg

(66%) of the hydroxamic acid 7 as a yellow solid.

1H NMR (500 MHz, (CD3)2S0) & 10.34 (s, 1H), 8.32 (s, 1H), 7.69 — 7.63 (m, 2H), 7.35 (d,
J=2.2 Hz, 1H), 7.30 — 7.25 (m, 2H), 7.23 (d, J = 8.7 Hz, 1H), 6.95 — 6.91 (m, 2H), 6.86
(dg, J=8.8, 2.7, 2.2 Hz, 3H), 4.08 (t, J = 5.9 Hz, 2H), 3.89 (t, J = 6.5 Hz, 2H), 2.61 (t, J =
5.8 Hz, 2H), 2.42 — 2.35 (m, 4H), 1.94 (t, J = 7.3 Hz, 2H), 1.65 (p, J = 6.6 Hz, 2H), 1.52
(0, J= 7.5 Hz, 2H), 1.48 (s, 4H), 1.34 (dtt, J = 15.2, 9.5, 4.9 Hz, 4H).

13C NMR (201 MHz, (CDs)2SO) & 193.03, 169.41, 164.97, 163.39, 159.27, 156.12,
139.90, 139.81, 132.61, 132.28, 130.70, 130.03 (d), 125.70, 123.83, 115.80, 115.30,
115.07, 107.61, 67.92, 66.43, 57.55, 54.79, 32.66, 28.76, 25.99, 25.56, 25.32, 24.35.

HRMS (ESI) calc. for C3sH3a9N206S (M + H)*: 603.2523. Found: 603.2523.

IR (thin film) v = 3373, 2940, 2908, 2817, 2250, 1054, 1024, 1004, 820, 757 cm-".

(o]

CI)K©\ F,
F &
O A O o AICls, DCM, 0°C —>1t., 36 h o
~o0 S O A O Br
~o S

1 10

(2-(4-bromophenyl)-6-methoxybenzo[b]thiophen-3-yl)(4-fluorophenyl)methanone

(10): AICIs (960 mg, 7.20 mmol, 8.00 equiv) was added to a stirring solution of aryl
bromide 11 (285 mg, 0.900 mmol, 1 equiv) in anhydrous DCM (9 mL) at 0 °C. 4-
fluorobenzoyl chloride (0.120 mL, 1.00 mmol, 1.10 equiv) was added dropwise at 0 °C.
The reaction was allowed to gradually reach room temperature, and was stirred for 36 h,
at which point TLC analysis indicated the complete consumption of starting material. The

reaction was quenched by dropwise addition of 30.0 mL 1 M HCI at 0°C. The organic
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layer was separated from the aqueous layer, and the product was extracted with DCM (3
x 10.0 mL). The combined organic layers were washed with brine, dried over MgSQa,
filtered, and concentrated to give a yellow oil. The crude material was purified via
chromatography on silica using 5% EtOAc:hexanes as eluent to afford 281 mg of the aryl

fluoride 10 as a yellow foam.

1H NMR (500 MHz, CDCls) & 7.82 — 7.76 (m, 2H), 7.59 (d, J = 8.9 Hz, 1H), 7.37 — 7.33
(m, 2H), 7.32 (d, J = 2.4 Hz, 1H), 7.26 — 7.22 (m, 2H), 7.00 (dd, J = 8.9, 2.4 Hz, 1H), 6.98
—6.93 (m, 2H), 3.88 (s, 3H).

13C NMR (126 MHz, CDCls) & 192.44, 166.90, 164.87, 158.13, 142.03, 140.43, 133.72,
133.70, 133.51, 132.58, 132.50, 132.25, 131.83, 131.28, 130.51, 124.37, 123.01, 115.80,
115.62, 115.38, 104.48, 55.66.

HRMS (ESI) m/z calc. for C22H14BrFNaO2S (M + Na)*: 462.9759. Found: 462.9774.

IR (thin film) v = 3067, 3003, 2960, 2936, 2837, 1649, 1595, 1522, 1472, 1437, 1409,
1349, 1324, 1228, 1254, 1212, 1151, 1072, 1044, 1010, 893, 826, 816, 755, 729, 683

cm .

o
Br

Pd(PPhs),(3 mol%), KsCOj,

A dioxane/H,0, 80°C, o/n A
B(OH), - O Br
~o 3 o S

20 "

2-(4-bromophenyl)-6-methoxybenzo[b]thiophene (11): Boronic acid 20 (301 mg, 1.40
mmol, 1 equiv), 1,4-dibromobenzene (1.01 g, 4.30 mmol, 3.00 equiv), Pd(PPhs)4 (32.0
mg, 0.0200 mmol, 0.0200 equiv), and K2COs (60.0 mg, 4.30 mmol, 3.00 equiv) were
suspended in 7:3 dioxane:H20 (14.0 mL). The mixture was stirred at 80 °C overnight. In
the morning, TLC analysis indicated the complete consumption of the starting material.

The reaction was cooled to room temperature and 30 mL H20 was added, followed by
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10.0 mL DCM. The organic layer was separated from the aqueous layer and DCM was
used to extract the product (5 x 10.0 mL). The combined organic layers were washed with
brine, dried over MgSOQys, filtered, and concentrated in vacuo to give an orange solid. The
crude material was purified by trituration from EtOAc:hexanes and filtered to afford 337
mg of the aryl bromide 11 as a white solid, which was sufficiently pure for use without

further purification.

H NMR (500 MHz, CDCls) 5 7.65 (d, J = 8.7 Hz, 1H), 7.53 (s, 4H), 7.44 (s, 1H), 7.30 (d,
J=2.4 Hz, 1H), 6.99 (dd, J = 8.7, 2.3 Hz, 1H), 3.89 (s, 3H).

13C NMR (126 MHz, CDCls) & 157.67, 141.02, 140.18, 134.60, 133.47, 132.00, 127.58,
124.34, 121.67, 119.51, 114.75, 104.84, 55.64.

HRMS (APCI) m/z calc. for C1sH11OBrS (M + H)*+: 318.9785. Found: 318.9787.

IR (thin film) v = 3019, 1601, 1478, 1262, 1214 cm".

Br
Br
~o SH KOH, MeCN /@\
o

r.t., o/n

13 12
1-(4-bromophenyl)-2-((3-methoxyphenyl)thio)ethan-1-one (12): 2-bromo-1-(4-
bromophenyl)-ethanone (218 mg, 0.790 mmol, 1.00 equiv) was added dropwise to a 10.0-
mL solution of 3-methoxythiophenol (100 mg, 0.790 mmol, 1.00 equiv) and KOH (44.0
mg, 0.790 mmol, 1.00 equiv) in EtOH:H20 (7:3) at 0 °C. The reaction was brought to room
temperature and stirred overnight. In the morning, TLC analysis indicated the complete
consumption of starting material and the reaction was quenched by addition of 10.0 mL
H20 and the product was extracted with EtOAc (5 x 10.0 mL). The combined organic
layers were washed with brine, dried over Na2SQOu, filtered, and concentrated to give a

yellow oil. The crude material was purified by chromatography on silica using 10%
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EtOAc:hexanes as eluent to afford 248 mg (93%) of the alkylated product 12 as a yellow

solid.

1H NMR (400 MHz, CDCls) & 7.81 — 7.77 (m, 2H), 7.61 — 7.57 (m, 2H), 7.19 (t, J = 8.0
Hz, 1H), 6.94 (ddd, J = 7.6, 1.8, 0.9 Hz, 1H), 6.91 (dd, J = 2.5, 1.8 Hz, 1H), 6.77 (ddd, J
= 8.3, 2.5, 0.9 Hz, 1H), 4.22 (s, 2H), 3.77 (s, 3H).

i. nBuLi, THF, -10°C, 30 min.
ii.. Iy, THF, -10°C - r.t.,

~o s o s

17 16

2-iodo-6-methoxybenzo[b]thiophene (16): nBuLi (2.55 M in hexanes, 2.20 mL, 5.70

mmol, 1.20 equiv) was added dropwise to a 40.0-mL solution of 17 (0.782 g, 4.70 mmol,
1 equiv) in anhydrous THF at —78 °C. The dark red solution was stirred for 30 min, then
l2 (1.45 g, 5.70 mmol, 1.20 equiv) was added via cannula as a 15.0-mL solution in
anhydrous THF. The mixture turned yellow, then dark red, and was stirred for 30 min
before quenching with 10% Na=S203. The product was extracted with EtOAc (5 x 10.0
mL), and the combined organic layers were washed with sat. NaHCOs3, dried over MgSQOa,
filtered, and evaporated. The crude was purified by chromatography on silica using 5%

EtOAc:hexanes to give 1.26 g (92%) of the aryl iodide 16 as a white solid.

1H NMR (500 MHz, CDCls) & 7.58 (d, J = 8.7 Hz, 1H), 7.42 (d, J = 0.7 Hz, 1H), 7.24 (d, J
= 2.3 Hz, 1H), 6.93 (dd, J = 8.7, 2.4 Hz, 1H), 3.86 (s, 3H).

13C NMR (126 MHz, CDCls) & 157.44, 145.70, 134.97, 133.26, 122.83, 114.43, 103.94,
74.10, 55.62.

/©\ o PPA, PhMe, 111°C, 3 h A
~N ® ot
0TS ~ s
o 0
~N

18 17
6-methoxybenzothiophene (17): Polyphosphoric acid (3.59 g, 36.7 mmol, 1.00 equiv)

was added to a stirring solution of acetal 18 (10.6 g, 36.7 mmol, 1 equiv) in toluene (200
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mL). The mixture was stirred at reflux for 3 h, at which point TLC analysis indicated the
complete consumption of the starting material. The reaction was cooled to room
temperature before the mixture was neutralized with 2.67 M KOH. The organic layer was
separated from the aqueous layer, and EtOAc (3 x 50.0 mL) was used to extract the
product from the aqueous layer. The combined organic layers were washed with brine,
dried over MgSOQOs., filtered, and concentrated to give an orange oil. The crude was
chromatographed over silica using 100% hexanes as eluent to afford 4.30 g (71%) of the
desired benzothiophene 17 as a clear oil, and 1.43 g (24%) of the minor 4-
methoxybenzothiophene was also isolated as a clear oil. The spectroscopic data is in

agreement with that published in literature.?

Br, o—

O SN O
~ ~
~o SH MeCN, 82 °C, 3h o Y
o\

13 18

(2,2-dimethoxyethyl)(3-methoxyphenyl)sulfane (18): Potassium carbonate (7.04 g,
51.0 mmol, 3.00 equiv.) was added in one portion to a stirring solution of 3-
methoxythiophenol (1.50 mL, 17.0 mmol, 1 equiv) and bromoacetaldehyde
dimethylacetal (2.32 mL, 17.0 mmol, 1.00 equiv) in ACN (170 mL). The mixture was
stirred at reflux for 3 h, at which point TLC analysis indicated the complete consumption
of the starting material. The reaction mixture was cooled to room temperature and filtered
through celite. The filtrate was washed with 60.0 mL brine, dried over MgSOQs, filtered,
and concentrated to give the crude as a brown oil. The crude material was purified by
chromatography on silica using 5% EtOAc:hexanes as eluent to give 3.20 g (88%) of the
acetal 18 as a clear oil. The spectroscopic data is in agreement with that published in the

literature.!
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i. nBuLi, THF, -78°C, 30 min.
ii. B(OMe)3, =78 °C —>r.t., o/n

ii. 1M HCI, H,O
\o S \0 S

17 20
(6-methoxybenzo[b]thiophen-2-yl)boronic acid (20): nBuLi (2.4 M in hexanes, 3.90
mL, 9.40 mmol, 1.10 equiv) was added dropwise to a stirring solution of 6-
methoxybenzothiophene (1.40 g, 8.50 mmol, 1 equiv) in THF (85.0 mL) at —78°C. The

mixture was stirred at —78 °C for 30 min before trimethyl borate (1.90 mL, 17.0 mmol, 2.00
equiv) was added dropwise, turning the solution from dark red to clear light yellow. The
reaction was allowed to reach room temperature gradually overnight. In the morning, 20.0
mL 1 M HCI was added. The organic layer was separated from the aqueous layer, and
EtOAc (3 x 50.0 mL) was used to extract the product from the aqueous layer. The
combined organic layers were washed with brine, dried over MgSOs, filtered, and
concentrated in vacuo to give a white solid. The crude material was purified by trituration
from Et20:hexanes and filtered to provide 1.76 g (89%) of boronic acid 20 as a white solid
which was used without further purification. The spectroscopic data is in agreement with

that published in literature.3

i. nBuLi, THF, -10°C

m ii. 1,2- dibromoethane . msr
\0 [ \0 3

17 27

2-bromo-6-methoxybenzo[b]thiophene (27): nBuLi (2.5 M in hexanes, 3.56 mL, 8.90

mmol, 1.70 equiv) was added dropwise to a solution of 17 (0.857 g, 5.20 mmol, 1 equiv)
in anhydrous THF (50-mL) at —10 °C. The dark red solution was stirred for five minutes,
then 1,2-dibromoethane (2.93 g, 15.6 mmol, 3.00 equiv) was added dropwise. The orange
mixture was stirred for 1 h before quenching with sat. NH4Cl. The product was extracted
with Et20 (3 x 50.0 mL), and the combined organic layers were washed with sat. NaHCOs,
dried over Na=SQq, filtered, and evaporated to give a brown oil. The crude was purified
by chromatography on silica using hexanes to give 0.756 g (60%) of the aryl bromide 27

as a white solid.
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1H NMR (400 MHz, CDCls) & 7.56 (d, J = 8.7 Hz, 1H), 7.22 (d, J = 0.7 Hz, 1H), 7.20 (d, J
= 2.4 Hz, 1H), 6.95 (dd, J = 8.7, 2.4 Hz, 1H), 3.86 (s, 3H).

13C NMR (101 MHz, CDCls) & 157.38, 141.17, 133.65, 124.09, 123.66, 123.39, 114.40,
104.80, 55.61.

o
(HO),B

Pd(dba), (5 mol%), ,
XPhos (5 mol%)
Jost - 00
o s K,COs, dioxane/H,0 (o) s
27 28

6-methoxy-2-(4-vinylphenyl)benzo[b]thiophene (28): Aryl bromide 27 (54.0 mg, 0.220

mmol, 1 equiv), 4-vinylphenylboronic acid (56.0 mg, 0.370 mmol, 1.70 equiv), Pd(dba):
(10.0 mg, 0.011 mmol, 0.050 equiv), XPhos (5.00 mg, 0.0110 mmol, 1.70 equiv), K2COs
(61.0 mg, 0.440 mmol, 2.00 equiv) were suspended in 2.00 mL dioxane:H20 (7:3). The
mixture was stirred at 80 °C overnight. In the morning, TLC analysis indicated the
complete consumption of starting material, and the reaction was diluted at room
temperature with 1.00 mL EtOAc and 1.00 mL H20. The product was extracted with
EtOAc (3 x 10.0 mL), and the combined organic layers were washed with brine, dried
over Na2S0u, filtered, and evaporated to give an orange oil. The crude material was
purified by chromatography on silica using 5% EtOAc:hexanes to give 62.0 mg (quant.)

of the styrene 28 as a white solid.
TH NMR (400 MHz, CDClsz) & 7.67 — 7.61 (m, 3H), 7.46 (d, J=2.2 Hz, 2H), 7.44 (d, J =

1.9 Hz, 1H), 7.30 (d, J = 2.3 Hz, 1H), 6.98 (dd, J = 8.7, 2.4 Hz, 1H), 6.74 (dd, J = 17.6,
10.9 Hz, 1H), 5.79 (dd, J= 17.6, 0.9 Hz, 1H), 5.28 (dd, J= 10.9, 0.9 Hz, 1H), 3.89 (s, 3H).
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AICI;,
p-fluorobenzoyl chloride o O F

m DCM, 0 °C, 30 min
ot s
~o

S

17 at
(4-fluorophenyl)(6-methoxybenzo[b]thiophen-3-yl)methanone (31): AIClz (320 mg,
2.40 mmol, 1.10 equiv) was added to a 20.0-mL solution of 17 (368 mg, 2.19 mmol, 1
equiv) in anhydrous DCM at 0 °C, followed by the dropwise addition of 4-
fluorobenzoylchloride (0.29 mL, 2.40 mmol, 1.10 equiv). The mixture was stirred at 0 °C
for 30 min, at which point TLC analysis indicated the complete consumption of starting
material. The reaction was quenched by dropwise addition of 3.00 mL 1 M HCI, which
turned the mixture from green to yellow. The product was extracted with DCM (3 x 10.0
mL), and the combined organic layers were washed with sat. NaHCOg, brine, dried over
Na=S0, filtered, and evaporated to give a yellow solid. The crude was purified by
chromatography on silica using 5-10% EtOAc:hexanes to give 291 mg (46%) of the aryl

fluoride 31 as a yellow solid.

1H NMR (500 MHz, CDCls) & 7.96 — 7.91 (m, 2H), 7.75 (dd, J = 4.8, 4.0 Hz, 2H), 7.34 (d,
J=2.3Hz, 1H), 7.23 — 7.18 (m, 2H), 7.04 (dd, J = 8.8, 2.3 Hz, 1H), 3.92 (s, 3H).

Pd,(dba); (10 mol%),
tBuXPhos (20 mol%),
KOH, dioxane/H,0 (1:1),

SO — OO
1 36
4-(6-methoxybenzo[b]thiophen-2-yl)phenol (36): Aryl bromide 11 (23.0 mg, 0.100
mmol, 1 equiv), Pd2(dba)s (9.00 mg, 0.01 mmol, 0.100 equiv), tBuXPhos (8.00 mg, 0.020
mmol, 0.200 equiv), and KOH (36.0 mg, 0.110 mmol, 1.10 equiv) were suspended in 1.00

mL dioxane:H20 (1:1). The mixture was stirred at 80 °C overnight. In the morning, TLC
analysis indicated the complete consumption of starting material, and the mixture was
diluted at room temperature with 1.00 mL EtOAc and 1.00 mL H20. The product was
extracted with EtOAc (3 x 10.0 mL) and the combined organic layers were washed with

brine, dried over MgSO, filtered, and evaporated to give a beige solid. The crude material
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was purified by chromatography on silica using 20% EtOAc:hexanes to give 16.0 mg
(60%) of the phenol 36 as a white solid.

1H NMR (500 MHz, CDCls) & 7.62 (d, J = 8.6 Hz, 1H), 7.54 — 7.50 (m, 2H), 7.31 (s, 1H),
7.29 (d, J= 2.5 Hz, 1H), 6.96 (dd, J = 8.6, 2.4 Hz, 1H), 6.84 — 6.80 (m, 2H), 3.88 (s, 3H).

ethyl 4-bromobutyrate,

o/
K,CO3, DMF, r.t., 2h /—/_<o
Y )-oH 2 > \
(o] \o S
37

36

ethyl 4-(4-(6-methoxybenzo[b]thiophen-2-yl)phenoxy)butanoate (37): Ethyl 4-
bromobutyrate (0.010 mL, 0.0700 mmol, 1.10 equiv) was added to a 2.0-mL solution of
phenol 36 (16.0 mg, 0.0600 mmol, 1 equiv) and K2COs (17.0 mg, 0.120 mmol, 2.00 equiv)
in anhydrous DMF. The mixture was stirred at room temperature for 2 hours, at which
point TLC analysis indicated the complete consumption of starting material. The mixture
was washed with 20.0 mL H20, and the product was extracted with EtOAc (3 x 5.00 mL).
The combined organic layers were washed with brine, dried over MgSOQ, filtered, and
evaporated to give a white solid and a yellow oil. The crude material was purified by
washing with hexanes (3 x 5.00 mL) to give 23.0 mg (quant.) of the alkylated product 37

as a white solid.

1H NMR (500 MHz, CDCls) & 7.61 (d, J = 8.7 Hz, 1H), 7.60 — 7.56 (m, 2H), 7.33 (d, J =
0.7 Hz, 1H), 7.29 (d, J = 2.4 Hz, 1H), 6.96 (dd, J = 8.7, 2.4 Hz, 1H), 6.94 — 6.90 (m, 2H),
416 (q, J = 7.2 Hz, 2H), 4.05 (1, J = 6.1 Hz, 2H), 3.88 (s, 3H), 2.53 (t, J = 7.3 Hz, 2H),
2.14 (tt, J= 7.3, 6.1 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCls) & 173.18, 158.74, 157.19, 141.52, 140.62, 134.91, 127.41,
127.33,123.89,117.76, 114.87, 114.35, 104.92, 66.88, 60.49, 55.64, 30.79, 24.63, 14.26.
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37 38

ethyl 4-(4-(3-(4-fluorobenzoyl)-6-methoxybenzo[b]thiophen-2-
yl)phenoxy)butanoate (38): AICI3 (23.0 mg, 0.180 mmol, 2.20 equiv) was added to a 2-
mL solution of benzothiophene 37 (30.0 mg, 0.0800 mmol, 1 equiv) in anhydrous DCM at
0 °C. 4-fluorobenzoyl chloride (0.0100 mL, 0.0900 mmol, 1.10 equiv) was added to the
dark red solution. The reaction was stirred at 0 °C for 1 hour, at which point TLC analysis
indicated the complete consumption of starting material. The reaction was quenched by
dropwise addition of 5.00 mL 1 M HCI at 0 °C. The product was extracted with DCM (3 x
10.0 mL) and the combined organic layers were washed with brine, dried over MgSOs4,
filtered, and evaporated to give a yellow oil. The crude material was purified by
chromatography on silica using 20% EtOAc:hexanes to give 20.0 mg (50%) of the aryl

fluoride 38 as a gold oil.

1H NMR (500 MHz, CDCls) & 7.82 — 7.77 (m, 2H), 7.63 (d, J = 8.9 Hz, 1H), 7.34 (d, J =
2.4 Hz, 1H), 7.31 — 7.27 (m, 2H), 7.01 (dd, J = 8.9, 2.4 Hz, 1H), 6.97 — 6.91 (m, 2H), 6.75
—6.71 (m, 2H), 4.15 (q, J = 7.1 Hz, 2H), 3.95 (t, J = 6.1 Hz, 2H), 3.91 (s, 3H), 2.49 (t, J =
7.3 Hz, 2H), 2.11 — 2.05 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H).

13C NMR (101 MHz, CDCls) & 192.77, 173.09, 159.18, 157.77, 144.19, 140.10, 132.57,
132.47, 130.46, 129.87,127.42,125.81, 124.10, 115.56, 115.35, 114.99, 114.58, 104.50,
66.77,60.47, 55.66, 30.68, 24.48, 14.22.

BBr;, DCM,
0°C—>r.t., o/n
C-Ors = IO
~o s HO s

1" 40
2-(4-bromophenyl)benzo[b]thiophen-6-ol (40): BBrz (1.29 mL, 13.4 mmol, 1.10 equiv.)
was added dropwise at 0 °C to a 120-mL solution of methyl aryl ether 11 (3.90 g, 12.2

mmol, 1 equiv) in anhydrous DCM. The reaction was stirred at 0 °C for 2 hours before
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being allowed to warm gradually to room temperature overnight. In the morning, TLC
analysis indicated the complete consumption of starting material. The reaction was
quenched by addition of 50.0 mL sat. NaHCOs, and stirred until the formation of a
biphase. The product was extracted with THF (3 x 50.0 mL), and the combined organic
layers were washed with brine, dried over MgSQs, filtered, and evaporated to give a grey
solid. The crude material was purified by recrystallization with minimal hot EtOAc to give

3.72 g (quant.) of the phenol 40 as a white solid.

H NMR (500 MHz, CDCls) & 7.63 (d, J = 8.5 Hz, 1H), 7.53 (s, 4H), 7.44 (d, J = 0.7 Hz,
1H), 6.90 (dd, J = 8.5, 2.4 Hz, 1H).

BnBr, NaH, THF,
reflux, o/n
C-Or-= - O
HO s BnO S

40 M

6-(benzyloxy)-2-(4-bromophenyl)benzo[b]thiophene (41): NaH (480 mg, 20.0 mmol,

2.00 equiv) was added to a 60.0-mL solution of phenol 40 (1.96 g, 6.00 mmol, 1 equiv) in
anhydrous THF. Benzyl bromide (0.840 mL, 7.10 mmol, 1.10 equiv) was added, and the
reaction was stirred at reflux overnight. In the morning, TLC analysis indicated the
complete consumption of starting material. The reaction was quenched at room
temperature by addition of 20.0 mL H20. The product was extracted with EtOAc (5 x 10.0
mL) and the combined organic layers were washed with brine, dried over MgSOzs, filtered,
and evaporated to give a red solid. The crude material purified by tritruation from
EtOAc:hexanes and filtered to give 1.84 g (78%) of the alkylated product 41 as a yellow

solid.
TH NMR (500 MHz, CDCls3) 5 7.66 (d, J= 8.8 Hz, 1H), 7.53 (s, 4H), 7.47 (ddt, J= 7.6, 1.5,

0.7 Hz, 2H), 7.45 (d, J = 0.8 Hz, 1H), 7.41 (ddd, J = 7.5, 6.7, 1.2 Hz, 2H), 7.37 (d, J= 2.3
Hz, 1H), 7.37 — 7.33 (m, 1H), 7.07 (dd, J = 8.7, 2.3 Hz, 1H), 5.14 (s, 2H).
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13C NMR (126 MHz, CDCls) d 156.81, 140.94, 140.39, 136.78, 134.82, 133.45, 132.01,
128.65, 128.08, 127.59, 127.51, 124.39, 121.71, 119.49, 115.34, 106.18, 77.27, 77.02,
76.77,70.48.

HRMS (ESI) calc. for C21H1sBrNaOS (M + Na)*: 416.9901. Found: 416.9919.

Pd,(dba)z (10 mol%),
tBuXPhos (20 mol%),
KOH, dioxane/H,0 (1:1),

. O S\ O Br 80°C, o/n . . O S\ O OH
M 42
4-(6-(benzyloxy)benzo[b]thiophen-2-yl)phenol (42): Aryl bromide 41 (1.84 g, 4.70
mmol, 1 equiv), Pd(dba)2 (80.0 mg, 0.140 mmol, 0.0300 equiv), tBuXPhos (60.0 mg,
0.140 mmol, 0.0300 equiv), and KOH (791 mg, 14.1 mmol, 3.00 equiv) were suspended

in 200 mL dioxane:H20 (1:1) and stirred at 80 °C overnight. In the morning, TLC analysis
indicated the complete consumption of starting material. The reaction was diluted with
50.0 mL H20 and 30.0 mL EtOAc. The product was extracted with EtOAc (5 x 10.0 mL)
and the combined organic layers were washed with brine, dried over MgSO, filtered, and
evaporated to give a peach solid. The crude material was purified by trituration from

EtOAc:hexanes and filtered to provide 1.45 g (93%) of the product as a yellow solid.
TH NMR (500 MHz, CDCls) 6 7.63 (d, J = 8.7 Hz, 1H), 7.57 — 7.53 (m, 2H), 7.49 — 7.45
(m, 2H), 7.43 — 7.33 (m, 5H), 7.33 (s, 1H), 7.05 (dd, J = 8.6, 2.4 Hz, 1H), 6.90 — 6.85 (m,

2H), 5.15 (d, J = 7.8 Hz, 2H).

HRMS (ESI) calc. for Ca1H1502S (M - H): 331.0814. Found: 331.0798.

ethyl 4-bromobutyrate, 0_/
K,CO3, DMF, r.t,, 2h
42 BnO S

43
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ethyl 4-(4-(6-(benzyloxy)benzo[b]thiophen-2-yl)phenoxy)butanoate (43): Ethyl 4-
bromobutyrate (0.390 mL, 2.70 mmol, 1.10 equiv) was added to a 25.0-mL solution of
phenol 42 (827 mg, 2.50 mmol, 1 equiv) and K2COs (1.04 g, 7.50 mmol, 3.00 equiv) in
anhydrous DMF. The mixture was stirred at room temperature for 24 hours, at which point
TLC analysis indicated the complete consumption of starting material. The mixture was
washed with 250 mL H20, and the product was extracted with EtOAc (5 x 10.0 mL). The
combined organic layers were washed with brine, dried over MgSOs, filtered, and
evaporated to give an orange solid. The crude material was purified by trituration from

EtOAc:hexanes and filtered to provide 942 mg (84%) of the product as an orange solid.

1H NMR (500 MHz, CDCls) & 7.62 (d, J = 8.7 Hz, 1H), 7.60 — 7.56 (m, 2H), 7.47 (d, J =
7.2 Hz, 2H), 7.44 — 7.31 (m, 5H), 7.05 (dd, J = 8.7, 2.3 Hz, 1H), 6.95 — 6.90 (m, 2H), 5.14
(s, 2H), 4.17 (q, J = 7.1 Hz, 2H), 4.05 (t, J = 6.1 Hz, 2H), 2.54 (t, J = 7.3 Hz, 2H), 2.18 —
2.10 (m, 2H), 1.28 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCls) & 173.19, 158.77, 156.36, 141.74, 140.54, 136.94, 135.16,
128.63, 128.03, 127.52, 127.43, 127.30, 123.93, 117.75, 114.98, 114.88, 106.29, 70.49,
66.88, 60.49, 30.80, 24.64, 14.27.

F. N
& O O
NaH, DMF, 50 °C, 3 h O
(o] - o

|-|oS\Br Hos\Br

50 45

(2-(4-bromophenyl)-6-hydroxybenzo[b]thiophen-3-yl)(4-(2-(piperidin-1-

yl)ethoxy)phenyl)methanone (45): 2-hydroxyethyl! piperidine (0.0700 mL, 0.530 mmol,
1.10 equiv) was added to a solution of NaH (60% in mineral oil, 100 mg, 2.50 mmol, 5.00
equiv) in anhydrous DMF (2.00 mL). H2 was allowed to evolve before the aryl fluoride 50
(206 mg, 0.480 mmol, 1 equiv) was added via cannula as a 1.00-mL solution in DMF. The
reaction was stirred at 50 °C for 3 h, at which point TLC analysis indicated the complete

consumption of the starting material. The mixture was cooled to room temperature and
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washed with 50.0 mL H20. The product was extracted with EtOAc (5 x 10.0 mL), and the
combined organic layers were washed with brine, dried over MgSOs, filtered, and
evaporated to give a brown oil. The crude material was purified by chromatography over
silica using 0-5% MeOH:DCM as eluent to give 256 mg (99%) of the piperidine 45 as a

yellow oil.

1H NMR (500 MHz, CDCls) & 7.66 — 7.62 (m, 2H), 7.35 (d, J = 8.8 Hz, 1H), 7.34 — 7.31
(m, 2H), 7.22 — 7.19 (m, 2H), 7.16 (d, J = 2.2 Hz, 1H), 6.77 (dd, J = 8.8, 2.3 Hz, 1H), 6.60
—6.57 (m, 2H), 4.12 (t, J = 5.6 Hz, 2H), 2.83 (t, J = 5.6 Hz, 2H), 2.61 (s, 4H), 1.67 (p, J =
5.6 Hz, 4H), 1.47 (s, 1H).

13C NMR (126 MHz, CDCls) & 193.01, 163.06, 154.51, 140.37, 140.19, 133.42, 132.42,
132.21, 131.94, 131.77, 130.30, 128.94, 124.43, 122.63, 115.44, 114.25, 107.37, 65.60,
57.75, 55.10, 25.48, 24.00.

HRMS (ESI) m/z calc. for C2sH27BrNOsS (M + H)*: 536.0871. Found: 536.0890.

IR (neat) v=3015, 2936, 1645, 1597, 1254, 1214, 1167, 1036, 1008, 848, 832, 816, 751,
667 cm™.

A BEK
52
CN’\,O Pd(dppf)Cl, (5 mol%), CN/\/O
K5>CO3, dioxane:H,0 (7:3),
80 °C, o/n
0 > 0
e 00
HO s HO s N

15 1
(6-hydroxy-2-(4-vinylphenyl)benzo[b]thiophen-3-yl)(4-(2-(piperidin-1-

yl)ethoxy)phenyl)methanone (46): Aryl bromide 45 (239 mg, 0.400 mmol, 1 equiv),
potassium vinyltrifluoroborate (101 mg, 0.700 mmol, 1.70 equiv), Pd(dppf)Cl2 (33.0 mg,
0.0400 mmol, 0.100 equiv), and K2CO3z (110 mg, 0.800 mmol, 2.00 equiv) were
suspended in 4.00 mL 7:3 dixoane:H20. The mixture was stirred at 80 °C overnight. In

the morning, the reaction was cooled to room temperature and diluted with 10.0 mL H20,
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followed by 5.00 mL EtOAc. The organic layer was separated from the aqueous layer and
the product was extracted with EtOAc (5 x 10.0 mL). The combined organic layers were
washed with 50.0 mL brine, dried over MgSOQeu, filtered, and evaporated to give a brown
oil. The crude material was purified by chromatography on silica using 0-5% MeOH:DCM

as eluent to give 170 mg (88%) of the styrene 46 as a brown oil.

1H NMR (500 MHz, CDCls) & 8.85 (s, 1H), 7.72 — 7.64 (m, 2H), 7.35 (d, J = 8.8 Hz, 1H),
7.33 — 7.29 (m, 2H), 7.25 — 7.20 (m, 2H), 7.18 (d, J = 2.3 Hz, 1H), 6.76 (dd, J = 8.8, 2.3
Hz, 1H), 6.63 — 6.56 (m, 3H), 5.68 (d, J = 17.6 Hz, 1H), 5.21 (d, J = 10.9 Hz, 1H), 4.10 (t,
J = 5.5 Hz, 2H), 2.83 (t, J = 5.6 Hz, 2H), 2.61 (s, 4H), 1.67 (p, J = 5.6 Hz, 4H), 1.47 (q, J
= 5.6 Hz, 2H).

13C NMR (126 MHz, CDCls) & 193.51, 162.72, 154.89, 141.19, 140.34, 137.37, 136.10,
133.24, 132.87, 132.28, 131.33, 130.46, 128.96, 126.41, 124.16, 115.50, 114.53, 114.17,
107.44, 65.13, 57.57, 54.95, 25.08, 23.73.

HRMS (ESI) calc. for C3oH2sNO3S (M — H)~: 482.1812. Found: 482.1795.

IR (thin film) v = 3019, 1597, 1254, 1214, 1167, 745, 667 cm™.

F F
O MOMCI, NaH, DMF, rt., 1 h O
o o
Oy Cy-O»
HO s MOMO S
50 a7

(2-(4-bromophenyl)-6-(methoxymethoxy)benzo[b]thiophen-3-yl)(4-

fluorophenyl)methanone (47): NaH (60% in mineral oil, 58.0 mg, 2.40 mmol, 2.00 equiv)
was added to a solution of phenol 47 (849 mg, 2.00 mmol, 1 equiv) in anhydrous DMF
(20.0 mL). Chloromethyl methyl ether (0.170 mL, 2.20 mmol, 1.10 equiv) was added, and
the mixture was stirred for 1 h at which point TLC analysis indicated the complete

consumption of the starting material. 10.0 mL MeOH was added and the mixture was
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stirred for 6 h. The reaction was washed with 200 mL H20 and the product was extracted
with EtOAc (4 x 10.0 mL). The combined organic layers were washed with brine, dried
over MgSQO., filtered, and concentrated to give a yellow solid. The crude was
chromatographed over silica using 15% EtOAc:hexanes as eluent to give 834 mg (90%)

of the ether 47 as a white solid.

1H NMR (500 MHz, CDCls) & 7.83 — 7.76 (m, 2H), 7.61 (d, J = 8.9 Hz, 1H), 7.57 (d, J =
2.3 Hz, 1H), 7.39 — 7.34 (m, 2H), 7.29 — 7.23 (m, 2H), 7.11 (dd, J= 8.9, 2.3 Hz, 1H), 6.97
(t, J = 8.6 Hz, 2H), 5.26 (s, 2H), 3.52 (s, 3H).

13C NMR (126 MHz, CDCls) & 192.38, 166.91, 164.87, 155.60, 142.76, 140.18, 134.38,
133.70, 133.68, 132.56, 132.49, 132.19, 131.84, 131.22, 130.53, 124.37, 123.11, 116.57,
115.80, 115.63, 107.92, 94.83, 56.13.

HRMS (ESI) calc. for C2sH1sBrFNaOsS (M + Na)*: 492.9879. Found: 492.9880.

IR (thin film) v=3067, 2932, 1637, 1597, 1504, 1468, 1242, 1149, 1072, 1038, 992, 846,
828, 792, 770 cm-.

F F
O Pd(dba), (5 mol%), tBuXPhos (5 mol%), O
KOH, dioxane:H,O (1:1), 80°C, o/n
) o
ey o
MOMO S MOMO s
47 48

(4-fluorophenyl)(2-(4-hydroxyphenyl)-6-(methoxymethoxy)benzo|[ b]thiophen-3-

yl)methanone (48): Aryl bromide 47 (734 mg, 1.60 mmol, 1 equiv), Pd(dba)2 (45.0 mg,
0.0800 mmol, 0.0500 equiv), tBuXPhos (33.0 mg, 0.0800 mmol, 0.0500 equiv), and KOH
(269 mg, 4.80 mmol, 3.00 equiv) were suspended in 1:1 dioxane:H20 (20.0 mL). The
mixture was brought to 80 °C and stirred overnight. In the morning, the mixture was cooled
to room temperature and diluted with 10.0 mL H20 followed by 5.0 mL EtOAc. The mixture

was neutralized with 1 M HCI, and the organic layer was separated from the aqueous
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layer. The product was extracted with EtOAc (8 x 10.0 mL) and the combined organic
layers were washed with brine, dried over MgSOs, filtered, and concentrated to give a
yellow oil. The crude material was chromatographed over silica using 20%

EtOAc:hexanes as eluent to afford 513 mg (68%) of the phenol 48 as a yellow solid.

1H NMR (500 MHz, CDCls) & 7.80 — 7.74 (m, 2H), 7.62 (d, J = 8.9 Hz, 1H), 7.54 (d, J =
2.3 Hz, 1H), 7.25 — 7.21 (m, 2H), 7.08 (dd, J = 8.8, 2.3 Hz, 1H), 6.96 — 6.90 (m, 2H), 6.68
—6.64 (m, 2H), 5.25 (s, 2H), 3.52 (s, 3H).

13C NMR (126 MHz, CDCls) d 192.81, 166.72, 164.69, 156.12, 155.25, 145.03, 139.87,
134.56, 133.88, 132.59, 132.51, 130.73, 129.86, 125.90, 124.13, 116.33, 115.60, 115.58,
115.41, 107.98, 94.88, 56.10.

HRMS (ESI) calc. for C2sH17FNaO4S (M + Na)*: 431.0711. Found: 431.0724.

IR (thin film) v = 3369, 3071, 3015, 2956, 2900, 2829, 1643, 1607, 1595, 1534, 1502,
1470, 1409, 1353, 1272, 1246, 1151, 1082, 1038, 1000, 834, 755 cm-".

o -
NaH, DMF, 50 °C, 3h

A\
e OO o
MOMO MOMO S

48 49

F (ron CN/\/O 0

(2-(4-hydroxyphenyl)-6-(methoxymethoxy)benzo[b]thiophen-3-yl)(4-(2-(piperidin-

1-yl)ethoxy)phenyl)methanone (49): 2-hydroxyethy! piperidine (0.150 mL, 1.20 mmol,
1.10 equiv) was added to a stirring solution of NaH (220 mg, 5.50 mmol, 5.00 equiv). Hz
gas was allowed to evolve before aryl fluoride 48 (496 mg, 1.10 mmol, 1 equiv) was added
via cannula as a 5.00-mL solution in anhydrous DMF. The resulting bright red solution
was stirred at 50 °C for 3 hours before TLC analysis indicated the complete consumption
of the starting material. The reaction was at room temperature by dropwise addition of

10.0 mL H20. The mixture was washed with 100 mL H20 and the product was extracted
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with EtOAc (5 x 10.0 mL). The combined organic layers were washed with brine, dried
over MgSOQs, filtered, and concentrated to give a yellow oil. The crude material was
purified chromatography on silica using 0-5% MeOH:DCM as eluent to give 501 mg (88%)

of the piperidine 49 as a yellow crystalline solid.

1H NMR (500 MHz, CDCls) & 8.46 (s, 1H), 7.71 — 7.64 (m, 2H), 7.20 — 7.09 (m, 2H), 7.05
(dd, J=8.9, 2.3 Hz, 1H), 6.64 — 6.59 (m, 2H), 6.59 — 6.54 (m, 2H), 5.24 (s, 2H), 4.06 (t, J
= 5.7 Hz, 2H), 3.51 (s, 3H), 2.76 (t, J= 5.7 Hz, 2H), 2.55 (s, 4H), 1.62 (p, J = 5.6 Hz, 4H),
1.45 (t, J = 7.9 Hz, 2H).

13C NMR (126 MHz, CDCls) 6 193.41, 162.53, 157.22, 155.08, 144.60, 139.74, 134.85,
132.36, 130.55, 130.53, 129.99, 125.01, 124.07, 116.10, 115.99, 114.20, 107.99, 94.91,
65.40, 57.40, 56.08, 54.86, 25.16, 23.76.

HRMS (ESI) calc. for CaoHs2NOsS (M + H)*: 518.1975. Found: 518.1996.

IR (thin film) v = 3353, 3019, 1645, 1597, 1532, 1502, 1468, 1214, 1000, 747, 667 cm™.

CN/\’O NaH, DMF, CNI\IO

O ethyl 4-bromobutyrate,
DMFrt, 1h o
j ] o
{ L o
oo O A O OH MOMO \_\_«o
49 50 A\
Ethyl 4-(4-(6-(methoxymethoxy)-3-(4-(2-(piperidin-1-

yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenoxy)butanoate (50): NaH (60% in
mineral oil, 10.0 mg, 0.400 mmol, 2.00 equiv) was added to a stirring solution of phenol
49 (61.0 mg, 0.120 mmol, 1 equiv) in anhydrous DMF (2.00 mL). Ethyl 4-bromobutyrate
(0.0200 mL, 0.140 mmol, 1.20 equiv) was added, and the mixture was stirred at room
temperature for 1 h at which point TLC analysis indicated the complete consumption of

the starting material. The mixture was washed with 50.0 mL H20 and the product was
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extracted with EtOAc (3 x 10.0 mL). The combined organic layers were washed with brine,
dried over MgSOQs., filtered, and concentrated to give a yellow oil. The crude material was
purified by chromatography on silica using 0-5% MeOH:DCM as eluent to afford 51.0 mg
(67%) of the ethyl ester 50 as a yellow oil.

1H NMR (500 MHz, CDCls) & 7.78 — 7.73 (m, 2H), 7.54 — 7.49 (m, 2H), 7.36 — 7.31 (m,
2H), 7.04 (dd, J = 8.8, 2.3 Hz, 1H), 6.79 — 6.75 (m, 2H), 6.75 — 6.72 (m, 2H), 5.24 (s, 2H),
417 — 4.07 (m, 4H), 3.94 (t, J = 6.2 Hz, 2H), 3.51 (s, 3H), 2.77 (s, 2H), 2.48 (g, J = 9.2,
7.1 Hz, 6H), 2.11 — 2.02 (m, 1H), 1.61 (s, 4H), 1.45 (s, 2H), 1.24 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCls) & 193.18, 173.11, 162.94, 159.06, 155.09, 143.08, 139.83,
134.90, 132.32, 130.49, 130.42, 130.25, 125.99, 124.02, 116.05, 114.60, 114.24, 107.98,
94.91, 66.75, 66.08, 60.46, 57.61, 56.07, 55.05, 30.74, 25.73, 24.54, 24.01, 14.23.

HRMS (ESI) calc. for C3sH42NO7S (M + H)*: 632.2688. Found: 632.2677.

IR (thin film) v = 3023, 2944, 1730, 1595, 1470, 1248, 1214, 749, 567 cm™'.

N N
C o NaH, DMF, C/ -0
ethyl 5-bromocalerate,
O DMF, r.t., 1 h O Q 0/
o > o /_/_>L
o -
MOMO S MOMO S
49

ethyl 5-(4-(6-(methoxymethoxy)-3-(4-(2-(piperidin-1-
yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenoxy)pentanoate (51): NaH (60% in
mineral oil, 9.00 mg, 0.220 mmol, 2.00 equiv) was added to a stirring solution of phenol
49 (58.0 mg, 0.110 mmol, 1 equiv) in anhydrous DMF. Ethyl 5-bromovalerate (0.0200 mL,
0.120 mmol, 1.10 equiv) was added, and the mixture was stirred at room temperature for
1 h at which point TLC analysis indicated the complete consumption of the starting

material. The mixture was washed with 50.0 mL H20 and the product was extracted with
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EtOAc (3 x 10.0 mL). The combined organic layers were washed with brine, dried over
MgSO, filtered, and concentrated to give a yellow oil. The crude material was purified by
chromatography on silica using 0-5% MeOH:DCM as eluent to afford 52.0 mg (73%) of

the ethyl ester 51 as a yellow oil.

1H NMR (500 MHz, Chloroform-d) & 7.75 (dd, J = 8.7, 1.0 Hz, 2H), 7.55 — 7.49 (m, 2H),
7.35—7.31 (m, 2H), 7.03 (ddd, J = 8.8, 2.4, 1.0 Hz, 1H), 6.78 — 6.75 (m, 2H), 6.75 — 6.71
(m, 2H), 5.23 (d, J = 1.9 Hz, 2H), 4.16 — 4.04 (m, 3H), 3.90 (dt, J = 5.9, 2.7 Hz, 2H), 3.51
(d, J = 2.0 Hz, 3H), 2.76 (t, J = 5.8 Hz, 2H), 2.50 (s, 4H), 2.35 (td, J = 5.7, 2.9 Hz, 2H),
1.82 — 1.73 (m, 4H), 1.60 (p, J = 5.6 Hz, 4H), 1.44 (d, J = 6.7 Hz, 2H), 1.24 (t, J = 7.1,
3H).

13C NMR (126 MHz, Chloroform-d) & 193.18, 173.37, 162.94, 159.18, 155.08, 143.15,
139.82, 134.91, 132.31, 130.44, 130.41, 130.24, 125.86, 124.01, 116.04, 114.58, 114.23,
107.98, 94.90, 67.39, 66.09, 60.32, 57.62, 56.06, 55.05, 33.92, 28.58, 25.75, 24.01,
21.59, 14.26.

HRMS (ESI) calc. for C37H44NO7S (M + H)+: 646.2856. Found: 646.2833.

IR (thin film) v = 3063, 3035, 2936,1730, 1595, 1468, 1244, 1161, 996, 830 cm™.

N N
(::; o NaH, DMF, (::D o
ethyl 6-bromohexanoate, O—/
DMF,rt, 1h
° ° /_/_/_« 0

MOMO s MOMO s
49

Ethyl 6-(4-(6-(methoxymethoxy)-3-(4-(2-(piperidin-1-
yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenoxy)hexanoate (52): NaH (60% in
mineral oil, 8.00 mg, 0.200 mmol, 2.00 equiv) was added to a stirring solution of phenol
49 (51.0 mg, 0.100 mmol, 1 equiv) in anhydrous DMF. Ethyl 6-bromohexanoate (0.0200

mL, 0.110 mmol, 1.10 equiv) was added, and the mixture was stirred at room temperature

107



for 1 h at which point TLC analysis indicated the complete consumption of the starting
material. The mixture was washed with 50 mL H20 and the product was extracted with
EtOAc (3 x 10.0 mL). The combined organic layers were washed with brine, dried over
MgSOs, filtered, and concentrated to give a yellow oil. The crude material was purified by
chromatography on silica using 0-5% MeOH:DCM as eluent to afford 60.0 mg (60%) of

the ethyl ester 52 as a yellow oil.

1H NMR (500 MHz, CDCls) & 7.78 — 7.73 (m, 2H), 7.54 — 7.50 (m, 2H), 7.36 — 7.29 (m,
2H), 7.04 (dd, J = 8.8, 2.4 Hz, 1H), 6.78 — 6.74 (m, 2H), 6.74 — 6.71 (m, 2H), 5.23 (s, 2H),
412 (q, J=7.1 Hz, 4H), 3.89 (t, J = 6.4 Hz, 2H), 3.51 (s, 3H), 2.76 (s, 2H), 2.50 (s, 4H),
2.31 (t, J=7.5 Hz, 2H), 1.76 (p, J = 6.6 Hz, 2H), 1.68 (p, J = 7.5 Hz, 3H), 1.60 (t, J= 5.9
Hz, 4H), 1.47 (tt, J = 9.8, 6.3 Hz, 4H), 1.25 (t, J = 7.1 Hz, 3H).

13C NMR (126 MHz, CDCls) & 193.19, 173.58, 162.94, 159.27, 155.08, 139.82, 134.92,
132.31, 130.42 (d), 130.24, 125.80, 124.01, 116.03, 114.58, 114.23, 107.98, 94.91,
67.66, 66.13, 60.25, 57.63, 56.07, 55.05, 34.22, 28.86, 25.78, 25.61, 24.70, 24.03, 14.26.

HRMS (ESI) calc. for CasH4sNO7S (M + H)*: 660.2986. Found: 660.2990.

IR (thin film) v = 3067, 2936, 1732, 1587, 1468, 1248, 1165, 1038, 1000 cm-".

F, F,

O BBrs, DCM, 0°C —=>1t, 3 h O

o (0]

10 50

(2-(4-bromophenyl)-6-hydroxybenzo[b]thiophen-3-yl)(4-fluorophenyl)methanone

(50): BBrs (0.0700 mL, 0.750 mmol, 1.10 equiv) was added dropwise to a solution of
methyl aryl ether 10 (269 mg, 0.700 mmol, 1 equiv) in DCM (7.00 mL) at 0 °C. The mixture
was gradually allowed to reach r.t. over a 3 h period, at which TLC analysis indicated the

complete consumption of starting material. The reaction was cooled to 0 °C, and 5.00-mL
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of a saturated NaHCOs solution was added dropwise. The organic layer was separated
from the aqueous layer, and the product was extracted with DCM (3 x 10.0 mL). The
combined organic layers were washed with brine, dried over MgSOsa, filtered, and
evaporated to give 206 mg (70%) of the free phenol 50 as an orange solid, which was

used immediately in the subsequent reaction.

i) B(OMe)s, THF, =78°C —> r.t., 60 min
ii) KHF, H,0, 0°C > r.t., 30 min -
ZMgBr > ZOBFK

51 52
Potassium vinyltrifluoroborate (52): Vinylmagnesium bromide (1 M THF, 12.0 mL, 12.0
mmol, 1 equiv) was added at —78°C to a solution of trimethyl borate (1.61 mL, 14.4 mmol,
1.20 equiv) in THF (15.0 mL). The reaction was stirred at —78 °C for 20 min, then at room
temperature for 1 h. The reaction was then cooled to 0°C, and potassium difluoride (4.49
g, 60.0 mmol, 5.00 equiv) was added, followed by 7.00 mL H20 over 30 min using an
addition funnel. The mixture was brought to room temperature and stirred for 30 min. The
solution was then concentrated in vacuo and lyophilized overnight. The resulting yellow
solid was dissolved in acetone, filtered, and concentrated to give a cream solid. The
cream solid was purified by dissolving in hot acetone and precipitating with Et20,
obtaining 980 mg of the trifluoroborate 52 as a white solid (61%). The spectroscopic data

is in agreement with that published in literature.*

N\
N )
C o i. CSA, DCM, rt. C

ii. HG Il (10 mol%), methyl acrylate, O
DCM, 40 °C for 24 h then r.t. for 24 h

o
HOS\/ HOS\\O

o_

s 53
methyl (E)-3-(4-(6-hydroxy-3-(4-(2-(piperidin-1-
yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenyl)acrylate (53): CSA (95.0 mg, 0.400
mmol, 1.00 equiv) was added to a 1.00-mL solution of the styrene 46 (203 mg, 0.410
mmol, 1.00 equiv) in anhydrous DCM, and stirred for 10 minutes at room temperature.

The mixture was concentrated in vacuo to give the amine salt as a yellow foam. The
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freshly-distilled methyl acrylate (0.370 mL, 4.90 mmol, 10.0 equiv) was added to the
styrene via cannula as a 1.00-mL solution in anhydrous DCM. A half-portion of the HG Il
catalyst (33.0 mg, 0.0400 mmol, 0.100 equiv) was added via cannula to the solution of
olefins as a 1.00-mL solution in anhydrous DCM. The mixture was stirred at reflux for 24
hours, then cooled to room temperature. Another half-portion of the catalyst was added
to the reaction via cannula as a 0.500-mL solution in anhydrous DCM. The reaction was
stirred at room temperature for another 24 hours, before 5.00 mL of a saturated solution
of NaHCOs was added. The product was extracted with DCM (3 x 10.0 mL), dried over
MgSQ, filtered, and concentrated in vacuo to give 100 mg of the methyl ester 53 as a

green oil, which was used without further purification.

C/N’\/O i. CSA, DCM, rt. CN’\/O
ii. HG Il (10 mol%), methyl 4-pentenoate,
O DCM, 40 °C for 24 h then r.t. for 24 h O o—
(o]
/ / °

-0 A0

46 54
methyl (E)-5-(4-(6-hydroxy-3-(4-(2-(piperidin-1-
yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenyl)pent-4-enoate (54): CSA (37.0 mg,

0.160 mmol, 1.05 equiv) was added to a 1-mL solution of the styrene 46 (73.0 mg, 0.150
mmol, 1 equiv) in anhydrous DCM, and stirred for 10 minutes at room temperature. The
mixture was concentrated in vacuo to give the amine salt as a yellow foam. The freshly-
distilled methyl 4-pentenoate (168 mg, 1.50 mmol, 10.0 equiv) was added to the styrene
via cannula as a 1.00-mL solution in anhydrous DCM. A half-portion of the HG Il catalyst
(13.0 mg, 0.0150 mmol, 0.100 equiv) was added via cannula to the solution of olefins as
a 1.00-mL solution in anhydrous DCM. The mixture was stirred at reflux for 24 hours, then
cooled to room temperature. Another half-portion of the catalyst was added to the reaction
via cannula as a 0.500-mL solution in anhydrous DCM. The reaction was stirred at room
temperature for another 24 hours, then 5.00 mL of a saturated solution of NaHCO3 was
added, and the product was extracted with DCM (3 x 10.0 mL). The combined organic

layers were washed with 10.0 mL brine, dried over MgSOQys, filtered, and concentrated in
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vacuo to give 58 mg of the methyl ester 54 as a green oil, which was used without further

purification.

N N
C -0 i. CSA, DCM, 1. C o

ii. HG Il (10 mol%), methyl 5-hexenoate, o
DCM, 40 °C for 24 h then r.. for 24 h /

- (0]
SO -0

46 55
methyl (E)-6-(4-(6-hydroxy-3-(4-(2-(piperidin-1-
yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenyl)hex-5-enoate (55): CSA (70.0 mg,

0.300 mmol, 1.00 equiv) was added to a 1.00-mL solution of the styrene 46 (150 mg,
0.300 mmol, 1 equiv) in anhydrous DCM, and stirred for 10 minutes at room temperature.
The mixture was concentrated in vacuo to give the amine salt as a yellow foam. The
freshly-distilled methyl 5-hexenoate (385 mg, 3.00 mmol, 10.0 equiv) was added to the
styrene via cannula as a 1.00-mL solution in anhydrous DCM. A half-portion of the HG Il
catalyst (26.0 mg, 0.0300 mmol, 0.100 equiv) was added via cannula to the solution of
olefins as a 1.00-mL solution in anhydrous DCM. The mixture was stirred at reflux for 24
hours, then cooled to room temperature. Another half-portion of the catalyst was added
to the reaction via cannula as a 0.500-mL solution in anhydrous DCM. The reaction was
stirred at room temperature for another 24 hours, then 5.00 mL of a saturated solution of
NaHCOs was added, and the product was extracted with DCM (3 x 10.0 mL). The
combined organic layers were washed with 10.0 mL brine, dried over MgSQOsa, filtered,
and concentrated in vacuo to give 124 mg of the methyl ester 55 as a green oil, which

was used without further purification.
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CN’\/O i. CSA, DCM, r.t. Cl o

ii. HG 1l (10 mol%), methyl 6-heptenoate,
DCM, 40 °C for 24 h then r.t. for 24 h o

IO o

o_

26 56
methyl (E)-7-(4-(6-hydroxy-3-(4-(2-(piperidin-1-
yl)ethoxy)benzoyl)benzo[b]thiophen-2-yl)phenyl)hept-6-enoate (56): CSA (61.0 mg,
0.300 mmol, 1.00 equiv) was added to a 1.00-mL solution of the styrene 46 (131 mg,
0.300 mmol, 1 equiv) in anhydrous DCM, and stirred for 10 minutes at room temperature.
The mixture was concentrated in vacuo to give the amine salt as a yellow foam. The
freshly-distilled methyl 6-heptenoate (0.400 mL, 3.00 mmol, 10.0 equiv) was added to the
styrene via cannula as a 1.00-mL solution in anhydrous DCM. A half-portion of the catalyst
catalyst (25.0 mg, 0.0300 mmol, 0.100 equiv) was added via cannula to the solution of
olefins as a 1.00-mL solution in anhydrous DCM. The mixture was stirred at reflux for 24
hours, then cooled to room temperature. Another half-portion of the catalyst was added
to the reaction via cannula as a 0.500-mL solution in anhydrous DCM. The reaction was
stirred at room temperature for another 24 hours, then 5.00 mL of a saturated solution of
NaHCOs was added, and the product was extracted with DCM (3 x 10.0 mL). The
combined organic layers were washed with 10.0 mL brine, dried over MgSQOsa, filtered,
and concentrated in vacuo to give 53.0 mg of the methyl ester 56 as a green oil, which

was used without further purification.

o MeOH, H,SOy, reflux, 4h (0]
WOH WLO/

57 58

Methyl pent-4-enoate (58): Catalytic concentrated H2SO4 (5 drops) was added to a 15.0-
mL solution of pent-4-enoic acid 57 (5.10 mL, 50.0 mmol, 1.00 equiv) in anhydrous MeOH.
The reaction was stirred at reflux for 4 hours, after which full conversion of starting
material was revealed by "THNMR analysis. The reaction was cooled to room temperature,
and 5.00 mL of H20 was added directly to the reaction. The product separated into the

organic layer, and the top phase was passed through a small plug of MgSOa to afford
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3.63 g (64%) of the ester 58 as a clear oil. The spectroscopic data is in agreement with

that reported in the literature.®

O O
O 10% Pd/C, H, HCOOH, MeOH, O
rt., 36 h

(o] (o]
SO p OO

o— o—
53 59

methyl 3-(4-(6-hydroxy-3-(4-(2-(piperidin-1-yl)ethoxy)benzoyl)benzo[b]thiophen-2-
yl)phenyl)propanoate (59): 10% Pd/C (21.0 mg, 0.180 mmol, 0.100 equiv) was added
to a 1.00-mL solution of alkene 53 (100 mg, 0.180 mmol, 1 equiv) in MeOH. Three drops
of formic acid were added, and a balloon charged with H2 was inserted into the reaction.
The mixture was stirred at room temperature for 36 h, then filtered through celite and
concentrated in vacuo to give 99.0 mg (99%) of the hydrogenated product 59 as a yellow

oil, which was used without further purification.

Cro Cr o
10% Pd/C, H,, HCOOH, MeOH,

O o— . 36h O o—
o] o
Co-O -0 ’
HO s HO S
60

54

methyl 5-(4-(6-hydroxy-3-(4-(2-(piperidin-1-yl)ethoxy)benzoyl)benzo[b]thiophen-2-
yl)phenyl)pentanoate (60): 10% Pd/C (16.0 mg, 0.100 mmol, 0.100 equiv) was added
to a 1.00-mL solution of alkene 54 (58.0 mg, 0.100 mmol, 1 equiv) in MeOH. Three drops
of formic acid were added, and a balloon charged with H2 was inserted into the reaction.
The mixture was stirred at room temperature for 36 h, then filtered through celite and
concentrated in vacuo to give 42.0 mg (73%) of the hydrogenated product 60 as a brown

oil, which was used without further purification.
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55 61

methyl 6-(4-(6-hydroxy-3-(4-(2-(piperidin-1-yl)ethoxy)benzoyl)benzo[b]thiophen-2-
yl)phenyl)hexanoate (61): 10% Pd/C (21.0 mg, 0.200 mmol, 0.100 equiv) was added to
a 2.00-mL solution of alkene 55 (124 mg, 0.200 mmol, 1 equiv) in MeOH. Three drops of
formic acid were added, and a balloon charged with H2 was inserted into the reaction.
The mixture was stirred at room temperature for 36 h, then filtered through celite and
concentrated in vacuo to give 116 mg (99%) of the hydrogenated product 61 as a yellow

oil, which was used without further purification.

O 10% Pd/C, Hy, HCOOH, MeOH, O

o rt,36h o

\

56 62
methyl 7-(4-(6-hydroxy-3-(4-(2-(piperidin-1-yl)ethoxy)benzoyl)benzo[b]thiophen-2-
yl)phenyl)heptanoate (62): Prepared according to General Procedure C using alkene
(106 mg, 0.180 mmol, 1 equiv) and 10% Pd/C (20.0 mg, 0.180 mmol, 0.100 equiv) in 1.00
mL MeOH to give 46.0 mg (43%) of the hydrogenated product 62 as a yellow oil, which

was used without further purification.
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63

50
methyl 4-(4-(6-hydroxy-3-(4-(2-(piperidin-1-yl)ethoxy)benzoyl)benzo[b]thiophen-2-
yl)phenoxy)butanoate (63): Three drops of concentrated HCI was added to a 1.00-mL
solution of ether 50 (51.0 mg, 0.0800 mmol, 1 equiv) in MeOH. The reaction was stirred
at room temperature overnight. In the morning, 10.0 mL of H20 was added and the
product was extracted with EtOAc (3 x 5.00 mL). The combined organic layers were
washed with brine, dried over MgSOQOu, filtered, and concentrated to give the phenol 63

was isolated as a yellow oil and was used immediately without further purification.

1H NMR (500 MHz, CDCls) & 7.68 (d, J = 8.5 Hz, 2H), 7.35 (d, J = 8.7 Hz, 1H), 7.28 (s,
2H), 7.20 (d, J = 2.3 Hz, 1H), 6.78 (dd, J = 8.7, 2.3 Hz, 1H), 6.70 (d, J = 8.7 Hz, 2H), 6.62
(d, J= 8.5 Hz, 2H), 4.13 (t, J = 5.5 Hz, 2H), 3.92 (t, J = 6.1 Hz, 2H), 3.67 (s, 3H), 2.86 (t,
J = 5.6 Hz, 2H), 2.65 (s, 4H), 2.48 (t, J = 7.3 Hz, 2H), 2.06 (p, J = 6.7 Hz, 2H), 1.69 (p, J
= 5.7 Hz, 4H), 1.48 (s, 2H).

13C NMR (126 MHz, CDCls) & 193.54, 173.68, 162.52, 158.89, 154.51, 141.86, 140.09,
133.37, 132.29, 130.58, 130.43, 130.16, 126.07, 123.99, 115.27, 114.58, 114.13, 107.42,

66.69, 64.99, 57.51, 54.93, 51.69, 30.51, 24.92, 24.53, 23.60.

HRMS (ESI) calc. for Ca3sH3sNOsS (M + H)*: 574.2254. Found: 574.2258.
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51 64

methyl 5-(4-(6-hydroxy-3-(4-(2-(piperidin-1-yl)ethoxy)benzoyl)benzo[b]thiophen-2-
yl)phenoxy)pentanoate (64): Three drops of concentrated HCIl was added to a 1.00-mL
solution of ether 51 (49.0 mg, 0.0700 mmol, 1 equiv) in MeOH. The reaction was stirred
at room temperature overnight. In the morning, 10.0 mL of H20 was added and the
product was extracted with EtOAc (3 x 5.00 mL). The combined organic layers were
washed with brine, dried over MgSOQsu, filtered, and concentrated to give the phenol 64

was isolated as a yellow oil and was used immediately without further purification.

1H NMR (500 MHz, CDCls) & 7.75 — 7.71 (m, 2H), 7.41 (d, J = 8.7 Hz, 1H), 7.32 — 7.28
(m, 2H), 7.24 (d, J = 2.3 Hz, 1H), 6.84 (dd, J=8.8, 2.3 Hz, 1H), 6.74 — 6.66 (m, 4H), 4.13
(t, J=5.6 Hz, 2H), 3.92 — 3.88 (m, 2H), 3.66 (s, 3H), 2.80 (t, J = 5.8 Hz, 2H), 2.56 (s, 4H),
2.38 (dg, J=5.6, 3.0, 2.2 Hz, 2H), 1.78 (h, J = 2.8 Hz, 4H), 1.64 (p, J = 5.6 Hz, 4H), 1.46
(s, 2H).

13C NMR (126 MHz, CDCls) 8 193.17, 173.93, 161.01, 159.11, 154.30, 142.73, 140.08,
133.57, 132.43, 131.48, 130.25, 130.13, 125.87, 124.01, 115.13, 114.63, 114.19, 107.40,

67.43, 62.91, 56.22, 54.18, 51.60, 33.65, 28.57, 22.71, 21.80, 21.58.

HRMS (ESI) calc. for C3sH3asNOeS (M + H)*: 588.2394. Found: 588.2414.
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methyl 6-(4-(6-hydroxy-3-(4-(2-(piperidin-1-yl)ethoxy)benzoyl)benzo[b]thiophen-2-
yl)phenoxy)hexanoate (65): 3 drops of concentrated HCI was added to a 1.00-mL
solution of ether 52 (57.0 mg, 0.0800 mmol, 1 equiv) in MeOH. The reaction was stirred
at room temperature overnight. In the morning, 10.0 mL of H20 was added and the
product was extracted with EtOAc (3 x 5.00 mL). The combined organic layers were
washed with brine, dried over MgSOQOu, filtered, and concentrated to give the phenol 65

was isolated as a yellow oil and was used immediately without further purification.

1H NMR (500 MHz, CDCls) & 7.71 — 7.67 (m, 2H), 7.36 (d, J = 8.7 Hz, 1H), 7.26 (s, 2H),
7.19 (d, J = 2.3 Hz, 1H), 6.79 (dd, J = 8.7, 2.3 Hz, 1H), 6.71 — 6.68 (m, 2H), 6.65 — 6.62
(m, 2H), 3.86 (t, J = 6.4 Hz, 2H), 3.65 (s, 3H), 2.82 (t, J = 5.6 Hz, 2H), 2.59 (s, 4H), 2.32
(t, J= 7.5 Hz, 3H), 1.77 — 1.61 (m, 9H), 1.49 — 1.42 (m, 4H).

3.2 HDAC Assay Protocol

Assay materials

Human recombinant HDAC1 and HDAC6 were purchased from Cayman Chemical
Company with a SDS-PAGE purity of > 90% for both enzymes according to the supplier.
HDAC substrate Ac-Leu-Gly-Lys(Ac)-AMC was synthesized as previously described.” A
stock solution of the substrate was made by dissolving in DMSO to 8 mM. For the assay,
the stock solution was further diluted to with assay buffer (7.5 uM for HDAC1, 60 uM for
HDACS®). Trypsin from porcine pancreas (25 g/L in 0.9% NaCl from Sigma-Aldrich) was
diluted to 0.4 mg/mL with assay buffer for a stock solution. Assay buffer consisted of 50
mM Tris-OH,137 mM NaCl, 2.7 mM KCI, 1 mM MgCI2, and 1.7 vol% DMSO was brought

to pH 8.0 before adding 0.5 mg/mL of bovine serum albumin (cold ethanol precipitation,
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96-99% by gel electrophoresis, Sigma). The assay buffer was passed through a 0.45 um
filter by syringe and refrigerated. All inhibitors were purified by reverse-phase preparative
or semi-preparative HPLC (>95% purity at 254 nm). Stock solutions of inhibitors were
made by dissolving 1 mg of inhibitor in 1 mL 50 v%v DMSO: assay buffer. Dilution series

(10 concentrations) were prepared with assay buffer.

In Vitro HDAC Inhibition Assay Procedure

For inhibition of recombinant human HDAC1 and HDACG6, dose-response experiments
with internal controls were performed in black medium binding Fluorotrac 200 96-well
plates from Greiner Bio-One. The appropriate dilution of inhibitor (10 uL at 5x the desired
final concentration) was added to each well, followed by assay buffer (15 uL) with HDAC
enzyme (HDAC1, 7.5 ng/well; HDAC6, 40 ng/well). Finally, assay buffer (25 pL)
containing substrate Ac-Leu-Gly-Lys(Ac)-AMC (synthesized as previously described)
was added to each well (3.75 uM for HDAC1; 30 uM for HDACB). The plate was gently
tapped and then developed at room temperature for 30 mins, at which time 50 pL of
trypsin solution was added to all wells. The assay was developed for a further 30 mins.
HDAC1 assays were performed in triplicate, while HDAC6 assays were performed in
quadruplicate. Fluorescence emission was normalized using blanks, run in six replicates
per plate, containing substrate (25 uL), assay buffer (25 uL), and trypsin (50 ulL). Baseline
fluorescence emission was normalized using controls, run in six replicates on each plate
containing substrate (25 uL), HDAC (15 uL), assay buffer (10 uL), and trypsin (50 ulL).
Fluorescence measurements were taken on a Molecular Devices SpectraMax i3x plate
reader using 6 scans per well with respective excitation and emission wavelengths of 360
and 460 nm (15 nm bandwidth). IC50 values were calculated by nonlinear regression

using a sigmoidal 4PL analysis with GraphPad Prism 8.2.
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3.3 ER Assay Protocols

Cell lines, plasmids and reagents:

Cell lines were purchased from the American Type Culture Collection (ATCC) and
maintained in a humidified 37°C, 5% CO2 incubator. HEK293T cells were maintained in
Dulbecco’s modified Eagle’s Media (DMEM, Wisent) supplemented with 10% Fetal
Bovine Serum (FBS, Sigma) and 100 Ul/mL penicillin-streptomycin (Wisent).

The transfection reagent linear polyethylenimine (PEI) was ordered from Polysciences,
Inc. 17B-estradiol (E2) and suberoylanilide hydroxamic acid (SAHA) were purchased from
Sigma, 4-hydroxytamoxifen (4-OHT) and raloxifene were purchased from Tocris.
Vectors for Bioluminescence Resonnance Energy Transfer (BRET) assays were
generated by David Cotnoir-White at IRIC®. Donor pcDNAS3.1-ERa-RLucll was obtained
by cloning Renilla Luciferase Il (RLucll) to the C-terminus of human estrogen receptor a
(ERa). Acceptor pEYFP-N2- mVenus-(LXXLL)2-NLS2-mVenus was obtained by fusing
two copies of YFP (Venus) at the N- and C-termini of a tandem LXXLF motif from aa 641-
645 of human NCOA2 (Nuclear Receptor Coactivator 2) and of a tandem of the

glucocorticoid receptor nuclear localization signal (NLS, amino acids 467-503).

Cell transfection

Before each experiment, cells were switched for 48 h in DMEM without phenol red,
supplemented with 10% charcoal-dextran-stripted FBS and 4 mM L-glutamine. Cells were
seeded at 15 million of cells per 15 cm? plates and co-transfected with 150 ng of
pcDNA3.1-ERa-RLucll either alone (for background evaluation) or together with 6 ug of
PEYFP-N2- mVenus-(LXXLL)2-NLS2-mVenus in 1 ml of PBS and completed to 15 ug
with salmon sperm DNA. Transient transfections were performed using PEI (3 pg of linear
PEI for each pg of DNA diluted in PBS) that was mixed with DNA (1v/v, 2 mL total) and
left for 12 min at room temperature. The PEI:DNA mixture was added to attached cells
and changed after 16h. Cells were harvested 2 days after transfection in Hank’s Balanced

Salt Solution (HBSS) supplemented with 4.5 g/ L dextrose, seeded in a 96-well white plate
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(Costar, Corning) and immediately co-treated with 5 nM E2 and 10 puM of tested

compounds in triplicates for 45 min before BRET assays.

BRET Assays

Coelenterazine H (Coel-h, Nanolight Technology) was added to each well to a final
concentration of 5 yM and incubated for 5 min at room temperature protected from light.
Readings were then collected using a MITHRAS LB940 (Berthold Technology)
multidetector plate reader, allowing the sequential integration of the signals detected in
the 485/20 nm and 530/25 nm windows, for luciferase and YFP light emissions,
respectively. The BRET signal was determined by calculating the ratio of the light intensity
emitted by the YFP fusion over the light intensity emitted by the Luc fusion. The values
were corrected by subtracting the background BRET signal detected when the Luc fusion

construct was expressed alone.

120



References

1. Robertson, D. W.; Krushinski, J. H.; Beedle, E. E.; Wyss, V.; Pollock, G. D.;
Hayes, J. S., Eur. J. Med. Chem. 1986, 21 (3), 223-229.

2. Cerminara, |.; D'Alessio, L.; D'Auria, M.; Funicello, M.; Guarnaccio, A., Helv.
Chim. Acta 2016, 99 (5), 384-392.

3. Sall, D. J.; Bailey, D. L.; Bastian, J. A.; Buben, J. A.; Chirgadze, N. Y.; Clemens-
Smith, A. C.; Denney, M. L.; Fisher, M. J.; Giera, D. D.; Gifford-Moore, D. S.; Harper, R.
W.; Johnson, L. M.; Klimkowski, V. J.; Kohn, T. J.; Lin, H.-S.; McCowan, J. R.;
Palkowitz, A. D.; Richett, M. E.; Smith, G. F.; Snyder, D. W.; Takeuchi, K.; Toth, J. E.;
Zhang, M., The Journal of Medicinal Chemistry 2000, 43, 649-663.

4, Molander, G. A.; Felix, L. A., JOC 2005, 70, 3950-3956.

5. Lambert, J. D.; Rice, J. E.; Hong, J.; Hou, Z.; Yang, C. S., Bioorg Med Chem Lett
2005, 15 (4), 873-6.

6. Cotnoir-White, D.; El Ezzy, M.; Boulay, P. L.; Rozendaal, M.; Bouvier, M.;
Gagnon, E.; Mader, S., Proc Natl Acad Sci U S A 2018, 115(11), E2653-E2662.

7. Bradner, J. E.; West, N.; Grachan, M. L.; Greenberg, E. F.; Haggarty, S. J.; Warnow,
T.; Mazitschek, R., Nat Chem Biol 2010, 6 (3), 238-243.

121



