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Abstract

Abstract

Breast cancer is one of the most common forms of cancer worldwide with 11.6% of all cancer
incidence in 2018. One in every eight women will be diagnosed with breast cancer during their
lifetime and approximately 70% of all patients are oestrogen receptor (ER) positive depending
upon oestrogen for their growth. Oestrogens are synthesised from androgens through three steps,
the last of which is catalysed by aromatase enzyme (CYP19A1), accounting for third generation
aromatase inhibitors being the mainstay in the treatment of ER-positive breast cancer. Despite the
success of current aromatase inhibitors, acquired resistance occurs after prolonged therapy.
Although the precise mechanisms of resistance are not known, lack of cross resistance among
aromatase inhibitors drives the need for a newer generation of inhibitors to overcome this resistance
alongside minimising toxicity and adverse effects.

Novel inhibitors including 22 triazole-based compounds and 12 pyridine-based compounds
were designed based on previously published parent compounds (6a, 6d, 36a and 36b) by our
group, making use of the now available crystal structure of CYP19A1 (PDB 3S79), to make
modifications at specific sites to explore the potential of dual binding of both the active site and
the access channel. Modifications included adding long chain substituents e.g. but-2-ynyloxy and
pent-2-ynyloxy at different positions. The designed compounds were synthesised through various
synthetic pathways and were fully characterised to ensure the effectiveness of the methods and
quality of the products including the most active compound 23c with 1Cso value in the picomolar
range (0.09 nM). Aromatase inhibition results paired with the molecular dynamics studies provided
a clear structure activity relationship and favourable dual binding mode was verified.

Also, 11 sulfamate-based compounds were designed by the incorporation of the sulfamate
group into the aromatase inhibitors to explore the aromatase/sulfatase dual inhibition. Six of these
compounds (47-51) were based on the triazole scaffold, however biological evaluation revealed no
sulfatase inhibitory activity despite the potent aromatase inhibition. Modifications led to the
synthesis of the other five compounds (56) to achieve a balanced aromatase/sulfatase inhibition.
However, the synthetic scheme for these compounds was not optimal either owing to poor
reactivity of starting material and/or questionable purity of the products. This requires more
investigation by working with larger scale and/or modifications to the structural design to overcome
the low yield produced and the extensive purification process.

Proliferation assays and CYP selectivity profile studies for the most active compounds will be
performed to select the best candidate for further development and investigations.
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Introduction

Chapter 1: General introduction

1.1. Incidence of breast cancer

Breast cancer is a heterogenous complex collection of neoplastic diseases originating from the
epithelial cells lining the milk ducts rather than one single disease (Vargo-Gogola and Rosen 2007;
Polyak 2011). Breast cancer is the most common form of cancer in women worldwide with more than
1.68 million women diagnosed in 2012 (Ferlay et al., 2015; Cancer Research UK, 2017). Even more
tragic, about 2.1 million women were estimated to be newly diagnosed with breast cancer in 2018
representing 11.6% of all cancer cases worldwide, the second most common cancer after lung cancer
(Figure 1.1a) (Bray et al. 2018). On narrowing the comparison to only female cancer cases, this
percentage changes into more than 24%, putting breast cancer above all cancers, with the second most
common, colorectal cancer, with 9.5% (Figure 1.1b) (Bray et al. 2018). Breast cancer incidence rates
shows intergender variations with 1 in 8 women and 1 in 870 men diagnosed with breast cancer during
their lifetime (Ferlay et al. 2015; Cancer Research UK 2017). In most countries (154 out of 185),
breast cancer is the highest diagnosed cancer e.g.; in the UK, breast cancer has the highest incidence
(26.7%) and mortality rates (14.3%) among all female cancer cases (Bray et al. 2018; Ferlay et al.
2018).

Both Gender  Lyng Female only Lung
11.6% 8.4%

"Breast
— 11.6%

Colorectum Other
10.2% Cancers
57.9%

‘rBreast-
< 'i,‘ 24.2% |

Other
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OLlung MBreast MColorectum M@ Other Cancers

Figure (1.1a): Incidence of different cancer
types worldwide (2018).

1.2. Risk factors of breast cancer

OLlung MBreast M Colorectum [ Other Cancers

Figure (1.1b): Incidence of different cancer
types worldwide (2018) (Female only cases).

Aetiology of breast cancer includes both genetic and non-genetic factors. While genetic

factors, demonstrated by the tendency to cluster in some families attributed to high percentage
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mutations e.g. BRCA1 or BRCA2 mutation (Mavaddat et al. 2010), underpin only a small
proportion of breast cancer, most breast cancers are sporadic with non-genetic factors including
age, smoking, alcohol consumption, physical inactivity, early menarche or late menopause
(Mojaddami et al. 2017). Many of the risk factors are thought to be linked to the female hormone
oestrogen (Mavaddat et al. 2010; Mojaddami et al. 2017). There is also a large difference in
breast cancer susceptibility among different populations, for example, breast cancer shows a
higher incidence rate in European women than African Americans, but the disease is more
aggressive and hits at a younger age in the African American group (Mavaddat et al. 2010).
Collectively risk factors can be categorised into modifiable and non-modifiable risk factors. Non-
modifiable includes all genetic factors, age, race and menstrual history, while modifiable
includes lifestyle elements such as external hormone administration, physical inactivity,

smoking, alcohol and food consumption (Maas et al. 2019).
1.3. Classification of breast cancer

Different classification and staging systems have been addressed to organise the
heterogenicity of breast cancer. Histologically, breast cancers can be either in situ or invasive,
ductal or lobular (Figure 1.2) (Malhotra et al. 2010).

Breast Cancer
—_—
VRS S
In Situ Carcinoma Invasive Carcinoma

~— ~_ ~—
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Ductal Tubular
N ~—
N N
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N ~—

N
Invasive
Lobular

S~
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Ductal
~—
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S

VRS
Medullary
~—

Figure (1.2): Histological classification of breast cancer subtypes (adapted from Malhotra et al.
2010).
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For staging, the American Joint Committee on Cancer (AJCC) and the International
Union for Cancer Control (UICC) maintains a coding system called TNM indicating the extent
and size of the tumour (T), lymph nodes involved (N) and distant metastases (M) (Edge and
Compton 2010). Stage | anatomically represents tumours smaller than 2 cm without the

involvement of lymph nodes, while distant metastases is stage IV (Waks and Winer 2019).

With respect to molecular or clinical criteria, oestrogen receptor-alpha (ERa),
progesterone receptor (PR) and human epidermal growth factor receptor 2 (HER2) are well-
established immunohistochemical markers and provide the basis for traditional clinical
classification of breast cancer (Figure 1.3) into (i) ER-positive, (ii) HER2-positive and (iii) triple
negative (ER/PR/HERZ2) (De Abreu et al. 2014).

Breast cancer %

15%

15%

Treatment:
Treatment:
Herceptin + Hormonal
Chemotherapy
therapy

70%

m ER-Positive  m HER2-Positive Triple-negative

Figure (1.3): ER+, HER2+ and triple negative breast cancer percentage and first line treatment.
1.3.1. ER-positive breast cancer

Approximately 70% of all breast cancer patients are ER positive and commonly show
dependence on oestrogen/ER signalling for their growth (Kang et al. 2018). Also most breast
cancers affect postmenopausal women with 80% of them ER positive (Hiscox et al. 2009; Di
Matteo et al. 2016). Oestrogens are synthesised from androgens by the act of aromatase enzyme.
The ER is then activated by these steroidal oestrogenic sex hormones, which upon binding
triggers ER conformational changes. The ligand-bound ER forms a dimer, which is able to bind

DNA to activate the oestrogen response element sequence, with resultant ER regulated gene
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expression (Figure 1.4). Such genes not only include the progesterone receptor (PR), but also
other genes such as MYC, cyclin D1 and bcl-2 that lead to oestrogenic effects in breast cancer
including proliferation and cell survival (Tokunaga et al. 2014; De Abreu et al. 2014; Hayashi
and Kimura 2015).

There are two isoforms of ER; ER-a and ER-B, both are expressed in normal healthy
mammary gland. In pathological conditions such as breast cancer, ER-a is often directly involved
in tumour growth providing the basis for two different classes of antihormonal therapy (Figure
1.4); selective oestrogen receptor modulators (SERMs) that are competitive inhibitors of the ER
e.g. tamoxifen, and oestrogen deprivation using aromatase inhibitors (Als) e.g. anastrozole and

exemestane (De Abreu et al. 2014).

Aromatase Enzyme \
Androgens  ——————— Qestrogens \
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Figure (1.4): Oestrogen signalling pathway indicating treatment options for ER-positive breast

cancer.

In premenopausal women, oestrogen is synthesised in the ovaries. In postmenopausal
women, the main source is peripheral conversion of androgens to oestrogens by the action of
aromatase enzyme. In total, this makes aromatase inhibitors the standard oestrogen deprivation

treatment for ER positive breast cancer in postmenopausal women (Chumsri et al. 2011).
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1.3.2. HERZ2-positive breast cancer

The human epidermal growth factor receptor (HER) family includes HER1, HER2,
HER3 and HER4. HER2 (now known as ErbB2) is a transmembrane receptor tyrosine kinase,
which has an important role in regulation of cell proliferation and survival in some breast cancers
(Waks and Winer 2019). HER2 can be expressed in ER+ or in ER- disease. HER2 overexpression
is found in 15-20 % of all breast cancer cases. In this type of breast cancer, targeting HER?2
causes inhibition of cancer cell growth and apoptosis (De Abreu et al. 2014). One of the main
agents used is trastuzumab (Herceptin), which is a monoclonal antibody for the HER2
extracellular domain causing HER2 downregulation (De Abreu et al. 2014). Apart from ErbB2
antibodies, small molecule tyrosine kinase inhibitors e.g. lapatinib and neratinib are another
targeted option for treating this subclass of breast cancer (Waks and Winer 2019).

1.3.3. Triple negative breast cancer

Triple negative breast cancer (TNBC), lacking ER, PR and HERZ2, is a more aggressive
class and has a poor prognosis and clinical outcome. This type of breast cancer partially responds
to chemotherapy with no clinically approved targeted therapy, however TNBC represents around
15-20 % of all breast cancer cases. (De Abreu et al. 2014).

1.4. Molecular profile of breast cancer

The immunohistochemical and histological features of breast cancer can now be
enhanced by the advances in molecular biology techniques such as microarrays, gene expression
and sequencing studies, which has resulted in an expansion of different subtypes of the disease.
In 2000, four subtypes of breast cancer were revealed based on their molecular profile (Perou et
al. 2000). This includes: (i) luminal (ER positive and PR Positive), (ii) HER2 overexpressing
(ER negative, PR negative, HER2 positive), (iii) basal-like (triple negative disease: ER negative,
PR negative, HER2 negative) and (iv) normal breast-like. In 2006, this classification was
extended to divide the luminal subclass into luminal A (HER2 negative) and luminal B (HER2
positive or highly proliferative as detected by Ki67 immunostaining) (Hu et al. 2006). More
recently in 2007, a further triple negative subtype (Claudin-low) was also reported

(Herschkowitz et al. 2007). Molecular profiling for breast cancer did not reach clinical
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implementation but it was able to identify to date at least five clinically important subtypes
(Table 1.1) (Cetin and Topcul 2014; De Abreu et al. 2014).

Table (1.1): Molecular subtypes of breast cancer with immunohistochemical markers

_ _ . TNBC
Subclass Luminal A Luminal B | HER2-positive
Basal-like | Claudin-low
Percentage 50 -60 % 10-20 % 15-20 % 10-20 % 12-14 %
+ +
Receptors ERUPR
Hormonal therapy (SERMs
& Als)
Therapy HER2-targeted therapy
Herceptin

1.5. Oestrogen synthesis through steroidogenesis

Oestrogen has a vital role in the pathological processes of ER-positive breast cancer (De
Abreu et al. 2014; Hayashi and Kimura 2015). Sex hormones including oestrogen are synthesised
via the steroidogenic pathway from cholesterol (Figure 1.5). Many of the enzymes involved in
steroid biosynthesis are cytochrome P450 enzymes (Miller and Auchus 2011).

Figure (1.5): Structure of cholesterol with numbering.

Each cytochrome P450 has the ability to metabolise multiple substrates, catalysing a
broad range of predominantly oxidation reactions. Six cytochrome P450s have roles in
steroidogenesis (Figure 1.6) three of which are mitochondrial (P450scc and the two isozymes
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of P450c11). P450scc (cholesterol side-chain cleavage enzyme) catalyses the series of reactions
known as 20,22-desmolase. P450 c11p (11B-hydroxylase) and c11AS (aldosterone synthase),
catalyse 11B-hydroxylase, 18-hydroxylase, and 18-methyl oxidase activities. The other three are
bound to the endoplasmic reticulum. P450c17 catalyses 17-hydroxylase and 17,20-lyase
activities, while P450c21 is responsible for 21-hydroxylation in the synthesis of glucocorticoids
and mineralocorticoids. Last but not least is the unique P450arom (aromatase enzyme) which
catalyses aromatisation of androgens to oestrogens i.e. androstenedione to oestrone and

testosterone to oestradiol (Miller and Auchus 2011).
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Figure (1.6): Steroidogenesis pathway of the human sex hormones with cytochrome P450 enzymes

denoted in red.




Introduction

1.6. Treatment options for breast cancer

Treatment options for breast cancer can be either local or systemic depending on whether
the tumour is metastatic or not. Local therapy includes surgery and radiotherapy, while systemic
therapy includes chemotherapy and antihormonal treatment or HER2 directed therapy (Figure
1.7).

Breast cancer treatment options

Local Systemic
Antihormonal HER2®
Surgery Radiotherapy Chemotherapy N therapy Targeted
P} therapy

Figure (1.7): Breast cancer treatment options.

In non-metastatic breast cancer, the main objectives are to eradicate the tumour from the
breast and the involved regional lymph nodes through surgery with or without postoperative
radiation and to prevent recurrence through systemic therapy. The adjuvant or neoadjuvant
systemic therapy component is guided by the subtype of breast cancer (Waks and Winer 2019).
Oestrogen dependant breast cancer requires antihormonal treatment, while HER2+ tumours
require trastuzumab. In an adjuvant setting, the antihormonal treatment can be either Als or
SERMs followed by Als for 5 years. Neoadjuvant setting refers to treatment applied before
surgery to down-stage the tumour including any chemotherapy, antihormonal therapy or even
radiation (Chumsri et al. 2011). TNBC systemic treatment is generally achieved by
chemotherapy, however some patients from other subtypes may require chemotherapy as well.
In metastatic tumours, systemic therapy is the mainstay to relieve some of the symptoms and to
prolong life as it is virtually incurable and local therapies have very little effect (Waks and Winer
2019).
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1.7. History of Hormonal therapy

The history of breast cancer antihormonal treatment starts with Sir George Beatson in the
1890s who reported response to oophorectomy highlighting the role of ovarian hormones in
breast cancer (Beatson 1896). Afterwards, other surgical interventions such as adrenalectomy
and hypophysectomy were also tried for the control of breast cancer (Chumstri et al. 2011). By

1937 diethylstilbestrol was synthesised demonstrating anti-cancer activity but was discontinued

OH
(7
HO

Diethylstilbestrol

owing to its severe side effects (Dixon 2014).

In the 1970s, there was a breakthrough with the approval of the first drug to target the
oestrogen signalling pathway, a triphenyl ethylene compound first synthesised in the 1960s,
known as Tamoxifen providing the backbone of breast cancer therapy for the following three
decades ahead (Cole et al. 1971). Competitively blocking the oestrogen receptor made the
nonsteroidal antioestrogen Tamoxifen the first member of a class called selective oestrogen
receptor modulators (SERMSs) (Chumsri et al. 2011; Dixon 2014; Begam et al. 2017).

Tamoxifen
(Trans isomer)

Around the same time an anti-epileptic non-steroidal drug, aminoglutethimide, gained
attention as a treatment for breast cancer owing to its ability to inhibit the aromatase enzyme as
part of its multiple cytochrome P450 enzyme inhibitory action and became the first known potent
aromatase inhibitor (Al). Although aminoglutethimide use for treatment of breast cancer was not
favoured because of a lack of aromatase selectivity and significant side effects, it paved the way
for subsequent generations of Als (Chumsri et al. 2011; Ghosh et al. 2016).

10
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In the 1980s, a by-product, 4-hydroxy-4-androstene-3,17-dione, from a synthetic pathway
for 2-hydroxy-steroid-4-en-3-ones at Angela Brodie’s laboratory at the University of Maryland
gained attention and underwent clinical trials for the treatment of breast cancer (Brodie et al.
1981). Being one of the most promising second generation Als, it was renamed formestane and
was found to be the first selective steroidal Al (Chumsri et al. 2011; Ghosh et al. 2016). Another
Al, fadrozole, was approved in Japan as a more potent and specific nonsteroidal Al compared
with the parent aminoglutethimide. Despite being the leading second generation Al, fadrozole

was never approved in the USA as a drug (Ghosh et al. 2016).

OH
Formestane Fadrozole

In the late 1990s, third generation Als stepped into the forefront after the FDA approval of
three drugs, namely; Anastrozole (Arimidex), Letrozole (Femara) and Exemestane (Aromasin)
(Ghosh et al. 2016; Brodie and Njar 1998; Miller 1999). Based upon the difference in their
structural skeleton, current Als can be categorised into two distinct subclasses, namely androgen-
like steroidal (e.g. Exemestane) and non-steroidal inhibitors (e.g. Anastrozole and Letrozole)
(Chumsri et al. 2011; Kang et al. 2018).

11



Introduction

N\\ //N
>N N
N | SN
\=N
N
- N
N
Anastrozole Letrozole

Exemestane

The 3" generation steroidal and non-steroidal Als, after a long history of development of

the antihormonal therapy (Figure 1.8), constitute the current front line treatment for ER positive

postmenopausal breast cancer in women (Miller and Larionov 2012; Kang et al. 2018).

Non-Steroidal Als

o

Figure (1.8): Timeline of development of aromatase inhibitors.
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Being more potent than previous generation Als and also SERMs (e.g. Tamoxifen), all three

third generation Als were found to be equally effective in head to head trials with no evidence

of superiority of either steroidal or non-steroidal over the other (Ghosh et al. 2016; Goss et al.

12
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2013; Murray et al. 2009). Despite high efficacy and selectivity, some cross-activity to other
cytochrome P450 family members (e.g. Anastrozole’s inhibition of CYP1A2, Letrozole’s
inhibition of CYP2A6) and some androgenic along with weak ERa agonistic activity are two
drawbacks of the current third generation Als (Ghosh et al. 2016).

1.8. The need for a new generation of aromatase inhibitors

Despite the success of currently available aromatase inhibitors in ER+ postmenopausal
breast cancer, acquired resistance to aromatase inhibitors eventually occurs after prolonged
therapy (Hiscox et al. 2009; Dixon 2014). Although the precise mechanisms of aromatase
inhibitor resistance are not known, and many mechanisms have been implicated and are being
studied, of particular note are three major mechanistic categories comprising (Figure 1.9): (i)
aromatase-independent supply of oestrogens e.g. the action of sulfatase enzyme as described in
steroidogenesis (Figure 1.6) (ii) oestrogen-independent activation of ER, and (iii) ER-

independent cancer cell proliferation (Hayashi and Kimura 2015).

Aromatase Enzyme
-\ndro‘gens‘ —Q »—> Oestrogens

3- ER-
independent
proliferation

1- Aromatase
independent
supply of
Oestrogen

SRR

ER | —— | 1| 1 Phosphorylation
signal cascade

2- Oestrogen
independent
activation

Figure (1.9): The three categories of aromatase inhibitor resistance (adapted from Hayashi and
Kimura 2015).

The mechanisms of this resistance are versatile and differ from one Al to another, however
they are usually related to crosstalk between oestrogen signalling and pathways of one of the

growth factors (Figure 1.10). For example, in relation to resistance mechanisms involving

13
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deregulated growth factor pathways that can activate ER independent of oestrogen levels, in
Letrozole resistant breast cancer, significant upregulation of the HER2/mitogen activated protein
kinase (MAPK) signalling pathway has been observed leading to ligand-independent
phosphorylation and thus activation of oestrogen receptor (Chumsri et al. 2011). However, in
the case of anastrozole resistance, upregulation of insulin-like growth factor 1 (IGF-1) receptor
and the phosphatidylinositol 3-kinase (PI3K)/ protein kinase B (AKt)/mammalian target of
rapamycin (mTOR) pathway leading to oestrogen independent activation of ER has been
reported (Macedo et al. 2008). Other resistance mechanisms include mutation or truncation of
ERa (Chumsri et al. 2011). Moreover, hypersensitivity of ER to residual amounts of oestrogen

has been suggested to cause resistance to aromatase inhibitors (Dixon 2014).

Aromatase
_—
Enzyme

Androgen © @ Oestrogen

IGF-1R HER2

Cell MEK

MAPK

Q T Qb

NS

Figure (1.10): Crosstalk between ER signalling pathway, IGF-1 and HER2 pathways (adapted

ER target gene transcription Breast cancer

cell proliferation

Nucleus

from Hayashi and Kimura 2015).
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Interestingly, evidence also indicates that resistance can emerge to one aromatase inhibitor
while the tumour remains responsive to another as there is a lack of cross resistance among
aromatase inhibitors (Miller and Larionov 2012; Chumsri et al. 2011).

Therefore the design and synthesis of a new generation of inhibitors is needed to widen the
therapeutic options facing the risk of resistance towards available drugs, minimise toxicity and
reduce the non-specific and adverse effects by increasing aromatase selectivity (Mojaddami et
al. 2017; Kang et al. 2018; Ghosh et al. 2016).

Great efforts have been made to date in relation to the design of further compounds, some
with improved ICso values compared with the clinically-approved reference compounds and so
with promising Al activity. This is the case either for steroidal or nonsteroidal Als especially
after the crystal structure of aromatase (PDB 3EQM) was published (Ghosh et al. 2009). There
is chemical diversity among the reported compounds e.g. azole derivatives, quinoline, flavone,
coumarins and other compounds with different chemical structures. Some of the steroidal and

non-steroidal reported compounds are summarised in Table 1.2.

Table (1.2): Some of the previously reported compounds with promising Al activity with
ICso data

IC Reference

Compound >0 Type of assay compound | Reference
(il (ICs0)
Cl
HsCO O
° AN Placental microsomes
o N 44 aromatase inhibitory | Anastrozole | (Saberi et
N A\ measuring produced (0.6 uM) al. 2006)
N tritiated water

1-((4-chlorophenyl)(5-
methoxybenzofuran-2-yl)methyl)-
1H-1,2,4-triazole

O s O Placental microsomes

398 aromatase inhibitory | Fadrozole (52 | (Gobbi et
N/\§ ' measuring produced nM) al. 2010)
\QN tritiated water

4-((1H-imidazol-1-yl)methyl)-
9H-thioxanthen-9-one
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ICso Reference
Compound Type of assay compound | Reference
(nM)
(1Cs0)
NO,
©\s Placental microsomes
559 aromatase inhibitory | Fadrozole (52 | (Gobbi et
N/\B ' measuring produced nM) al. 2010)
< tritiated water
1-(4-nitro-2-(phenylthio)benzyl)-
1H-imidazole
’ii
i
Placental microsomes
118 aromatase inhibitory | Exemestane | (Ghosh et
' measuring produced (50.1 nM) al. 2012)
| | tritiated water
(6R,8R,95,10R,13S,14S)-10,13-dimethyl-6-
(pent-2-yn-1-yloxy)-
7,8,9,10,11,12,13,14,15,16-decahydro-3 H-
cyclopentalalphenanthrene-3,17(6H)-dione
O Fluorometric substrate
H,CO - -
’ 0.26 tri fluc(JZonr:littri]w?/)l(goumar Ketoconazole | (Bonfield et
UM in) and human CYP19 (1.3 uM) al. 2012)
6-methoxy-3-phenylchroman-4-one aromatase
C\ MG 0 Recombinant human
aromatase and a :
\@ 6 fluorometric substrate, Letrozole (Dle?/laa:tteo
7-methoxy-4- (4 nM) :
OCH
3 trifluoromethyl cou- 2016)
3-((1H-imidazol-1-yl)methyl)-1-((3-bromo- marin (MFC)
4- methoxyphenyl)suIfonyl)plperld|ne
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ICso Reference
Compound Type of assay compound | Reference
() (1Cs0)
N
<Y
N—N
Placental microsomes
O A\ O OCH 141 | aromatase inhibitory Letrozole (Kang et
. N ° ' using ELISA estrone | (49.5nM) | al. 2018)
H kit
3-((1H-1,2,4-triazol-1-yl)methyl)-6-
fluoro-2-(4-methoxyphenyl)-1H-
indole

1.9. Gaps and new concepts for future designs to target oestrogen synthesis

There is an absence of experimentally determined structural data on binding modes of the
non-steroidal Als, which makes the widely reported docking studies to the aromatase active site
provisional. This represents a major limitation to the design of novel Als. There is experimental
evidence that the non-steroidal agent anastrozole binding mode to the active site of aromatase
does not include any interaction between the triazole and Asp309 of the enzyme, which in
contrast is thought to be a crucial residue for steroidal Al binding (Ghosh et al. 2016). Hyperfine
sublevel correlation spectroscopy studies (HYSCORE) showed that the N4 atom of the triazole
in anastrozole directly coordinates with the iron of the haem as the sixth ligand displacing the
water molecule (Maurelli et al. 2011). This means that anastrozole is suggested to bind as a

pseudo-substrate of the aromatase enzyme (Figure 1.11) (Gilardi and Di Nardo 2017).

Asp309

anastrozole

Figure (1.11): Binding of anastrozole vs exemestane.
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Another aspect is a dual-binding mode for some of the recently reported compounds (Ghosh
et al. 2012). Computational studies for these compounds has shown that for steroidal inhibitors,
a C6 substitution with a methyl or longer derivatives e.g. pent-2-ynyl, gave the compounds an
ability to bind in the access channel as an allosteric binding site as well as the active site pocket

in the enzyme introducing a new insight into aromatase inhibition (Ghosh et al. 2016).

A totally different area is the study of sulfatase enzyme (STS) inhibition. STS is an enzyme
that catalyses the hydrolysis of steroid sulfates to the biologically active forms, so the steroid
sulfates can act as a reservoir for oestrogens as indicated in the steroidogenesis pathway (Figure
1.6). In breast cancer, STS activity is at least 50 times greater when compared with normal breast
tissues making it a possible target in the fight against hormone dependant breast cancer (Begam
et al. 2017). In this regard, oestrone-O-sulfamate (EMATE) was designed by replacing the
oestrogen sulfate OH group with an amino group to provide a potent STS inhibitor (Purohit and
Foster 2012).

EMATE

More interestingly, dual aromatase-sulfatase inhibition is a rising concept in the field of
hormone dependent breast cancer. Comparing dual inhibition to a multi-drug approach shows
some advantages in terms of avoiding drug-drug interactions or as a way to circumvent resistance
that may arise for either one of the two enzyme targets. The initial idea of dual aromatase-
sulfatase inhibitor design is based on sulfomylation of compounds with initial aromatase
inhibitor properties (Wood et al. 2011).
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1.10. Aim and Objectives

Resistance towards available Als as antihormonal treatment for oestrogen dependant
breast cancer, with the side effects produced due to cross reactivity of current Als towards other
CYP enzymes drives an urgent need for developing new generation of Als to overcome these
problems. The absence of experimentally determined structural data on binding modes of the
non-steroidal Als represents a knowledge gap facing the design of new Als, however new
insights represented in the dual binding concept of both the active site and its access channel
may present the molecular basis for the design of a 4™ generation of aromatase inhibitors with
the aim of filling this knowledge gap. Also, dual aromatase-sulfatase inhibition as a rising
concept in the field of hormone dependent breast cancer provides another dimension in the
attempts to circumvent the hormonal treatment resistance, leading to a clear research question

or hypothesis for the thesis.

Aims: To design and synthesise new chemical molecules that will function as aromatase
(CYP19A1) inhibitors or dual aromatase-sulfatase inhibitors with potential as anti-breast cancer

agents.

Objectives:

1- To understand the binding requirements of the androgen specific active site and
potential allosteric binding sites of aromatase and use of the knowledge gained to design
selective non-steroidal aromatase inhibitors with the aid of computational tools;
docking and molecular dynamics (MD).

2- To design novel compounds having the structural requirements for acting as dual
aromatase-sulfatase inhibitors (DASI).

3- To develop synthetic routes to synthesise the novel inhibitors.

4- To perform biological assays (aromatase inhibitory activity and sulfatase inhibitory
activity) to assess the efficacy of novel inhibitors.

5- To perform toxicological studies (MTT assays) to evaluate the safety index of the novel

inhibitors.
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Chapter 2: triazole-based dual binding aromatase inhibitors

2.1. Background
2.1.1. Aromatase (CYP19A1) as part of the cytochrome P450 family

The aromatase enzyme (CYP19A1) is a member of the cytochrome P450 family also
known as oestrogen synthase. Aromatase is a class 11 P450, which is expressed by the CYP19A1
gene. Aromatase is an endoplasmic reticulum membrane-bound enzyme, which can be found in
many tissues and organs including gonads, brain, adipose tissue, placenta, blood vessels, skin,
muscles, bone and endometrium (Chumsri et al. 2011). Aromatase catalyses with a high degree
of substrate specificity the final and rate limiting step of oestrogen biosynthesis, that is the
conversion of androgens to oestrogens. Aromatase has an important role in sex dimorphism,
development and reproduction besides being crucial in some oestrogen dependant pathologies
such as breast cancer and endometriosis (Chumsri et al. 2011; Gilardi and Di Nardo 2017; Di
Nardo and Gilardi 2013). Interestingly the wide expression in many organs e.g., brain, accounts
for aromatase involvement in other physiological and behavioural processes including
neuroplasticity, cell growth, influence learning, memory, sexual behaviour, mood and a central
role in neuroprotection in brain stroke, Alzheimer’s and Parkinson’s diseases (Gilardi and Di
Nardo 2017; Di Nardo and Gilardi 2013).

2.1.2. Cytochrome P450 enzyme family

Cytochrome P450s were first reported in the 1960s (Omura and Sato 1962). Their
catalytic activity is of great importance in fields such as drug-drug interactions and
endocrinology as they are involved in the metabolism of drugs, steroids, fat soluble vitamins,
carcinogens and other types of chemicals (Guengerich et al. 2016). Cytochrome P450 enzymes
are responsible for around 75% of the enzymatic reactions that occur in drug metabolism and
growing interest in this field of research led to the discovery of 57 P450s in humans, five of
which alone play a significant role in the metabolism of around 90% of the small-molecule drugs
to date (Guengerich et al. 2016).

Cytochrome P450s are generally oxygenases transferring electrons to oxygen and

catalysing the oxidation of organic chemicals (Guengerich et al. 2016). The cytochrome P450
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enzyme family is characterised by their spectral properties with the unique absorption band
around 450 nm when complexed with carbon monoxide (Omura and Sato 1962).

Cytochrome P450 enzymes are widely spread throughout nature as they are found
ubiquitously in animals, plants, fungi and bacteria (Guengerich et al. 2016; Manikandan and
Nagini 2018). The total number of P450 enzymes identified to date is more than 40 thousand
(Mak and Denisov 2018; Manikandan and Nagini 2018). All human P450s discovered are
membrane-bound proteins. Of the 57 human cytochrome P450s, 50 are bound in the endoplasmic
reticulum while only 7 are in the mitochondrial membrane. Human P450s can be classified based

on their substrate as shown in Table 2.1 (Guengerich et al. 2016).

Table (2.1): Classification of discovered human cytochrome P450 enzymes based upon
their substrate (Guengerich 2015).

Xenobiotics | Sterols Fatty acids | Vitamins Eicosanoids | Unknown
1A1 1B1 2J2 2R1 4F2 2A7
1A2 7Al 2U1 24A1 4F3 251
2A6 7B1 4A11 26A1 4F8 2W1
2A13 8B1 4B1 26B1 5A1 4A22
2B6 11A1 4F11 26C1 8Al 4F22
2C8 11B1 4F12 27B1 4X1
2C9 11B2 4V2 27C1 471
2C18 17A1 20A1
2C19 19A1

2D6 21A2

2E1 27A1

2F1 39A1

3A4 46A1

3A5 51A1

3A7

3A43
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Cytochrome P450s can be classified according to the interactions with redox partners
into four different classes illustrating the way electrons are delivered from NADPH to the
catalytic site. Class | needs a FAD (flavin adenine dinucleotide)-containing reductase and an iron
sulfur redoxin. Class 1l enzymes, which are the most common among eukaryotes, only require
P450 reductase containing FAD and FMN (Flavin mononucleotide) for electron transfer e.g.
aromatase enzyme (Figure 2.1). Class Il are self-sufficient requiring no electron donor, while
in class 1V electrons transfer directly from NADPH (Werck-Reichhart and Feyereisen 2000).

NADPH @
\ Reductase \\-’e
@ <
S @ P450 aromatase

CEO00OEEAOGEEAOGEEANCHRNO,  O0CHINEEDS oo

REONCHRCOREONE N CDREONEOREIDRAIREOREEHRLINEORENY M**ééc‘c‘u‘bou

Figure (2.1): Schematic diagram of aromatase enzyme complex with the redox partner cytochrome P450
oxidoreductase (reductase) anchored on microsomal membrane (adapted from Conley and Hinshelwood
2001).

2.1.3. Nomenclature of cytochrome P450s

The nomenclature of cytochrome P450 enzymes follows a general rule. The name starts
with letters “CYP” as abbreviation for the cytochrome P450 superfamily followed by Arabic
numerals indicating the CYP family e.g., CYP1, CYP2, CYP3. The subfamily is designated after
that by a letter e.g., CYP1A followed by another Arabic numeral representing the individual
gene/isoenzyme/isoform e.g., CYP1AL. This nomenclature system should be written in italics
(CYP1A1) when representing the gene or cDNA but it is used in regular uppercase (CYP1A1)
when denoting the encoded mRNA or the protein itself. (Manikandan and Nagini 2018).
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2.1.4. General structure of cytochrome P450s

Cytochrome P450s share a common structure containing around 400-500 amino acid
residues bound to a single haem prosthetic group (Fe — protoporphyrin 1X) (Figure 2.2). The
amino acid sequences show 55% identity within the same subfamily and 40% homology within

the same family. The iron atom is coordinated with a cysteine residue forming a haem-thiolate

ligand and a water molecule represents the sixth ligand of the iron in the substrate free state
(Gilardi and Di Nardo 2017; Manikandan and Nagini 2018).
HOH

HoOC R—~  COOH
Figure (2.2): Structure of protoporphyrin IX.
2.1.5. General considerations of cytochrome P450s catalysis

Cytochrome P450 enzymes catalyse a wide range of oxidation-reduction reactions
including hydroxylation, dealkylation, epoxidation, desaturation and other reactions. The typical

P450 catalysed general carbon hydroxylation reaction is:

NADPH + H* + RH + O, NADP* + H,0 + ROH

where RH is the substrate of the enzyme and NADPH is the source of electrons.

Generally, cytochrome P450 chemistry is similar, with some exceptions, but still
catalytically specific. This specificity is driven by a number of factors such as the size, shape of
the active site and how the enzyme positions the substrate in the pocket of the active site
(Guengerich et al. 2016). The sizes vary considerably, some of them may be as small as 190 A3
as seen in human CYP2E1 (PDB 3E61) (Porubsky et al. 2008) and some larger such as in human
CYP2C8 (PDB 2NNI) (Schoch et al. 2008) with an active site volume of 1438 A3. A bacterial
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P450 was even found to have an active site size of 2446 A® (Takahashi et al. 2014). The active
site shape of CYP3A4 (PDB 1TQN) (Yano et al. 2004), which is wider and more open compared
to the L-shape of CYP2C8 (PDB 2NNI) (Schoch et al. 2008), may account for the wider catalytic
specificity. P450s involved in steroid reactions have key residues, which make hydrogen and
ionic bonds to assure the appropriate positioning of the substrate, for example Asp309 in
CYP19A1 and Asn202 in CYP17AL1 can hydrogen bond the 3-keto group of the steroid structure
(Guengerich et al. 2016).

2.1.6. Catalytic cycle of cytochrome P450 enzymes

Cytochrome P450s are extraordinary catalysts with great ability to perform a versatile
range of reactions with high regio and stereoselectivity. This is carried out through a
sophisticated catalytic cycle (Figure 2.3). In the first step, binding of the substrate (RH) displaces
the water molecule as the sixth ligand converting the haem to the five coordinated conformation.
The change in the iron electronic state towards the five coordination results in more positive
reduction potential. In the second step, reduction by an electron from NADPH transforms the
iron from ferric (Fe®*) state to ferrous (Fe®*) state. The third step involves binding of an oxygen
molecule as the sixth ligand forming the hexa-coordinated ferric peroxide (Fe**-OO-). The
reduction by a second electron in the fourth step results in the ferric peroxo anion (Fe3**-O0?%).
The fifth step is formation of hydroperoxide intermediate (Fe**-OOH") by the entrance of a
proton. Entrance of a second proton during the sixth step leads to elimination of a molecule of
water producing the highly reactive oxoferryl species (Fe**=0), which abstracts a proton from
the substrate in step 7 to give hydroxyferryl (Fe**-OH) which hydroxylates the substrate. Finally,
the product is released with a water molecule coordinating as the sixth ligand to regenerate the
resting state of the enzyme (Gilardi and Di Nardo 2017; Mak and Denisov 2018).
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Figure (2.3): Schematic presentation of cytochrome P450 catalytic cycle showing the different

intermediates and the uncoupling routes (dashed arrows).
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2.1.7. Structure of human aromatase

Structural knowledge of cytochrome P450 enzymes is extremely important because
besides being involved in predicting drug metabolism, several cytochrome P450 enzymes are
drug targets themselves e.g., aromatase (CYP19A1). Although structures of important human
P450s involved in drug metabolism began to be reported in 2004, it was not until 2009 that a
crystal structure for the aromatase enzyme was published (Guengerich et al. 2016; Ghosh et al.
2009). Research was greatly hindered by the absence of a crystal structure for aromatase enzyme
until 2009 and, as a result, many homology modelling studies were carried out based on other
P450s structures. Unfortunately, none of them could explain the unique nature of aromatase
catalysed reactions (Ghosh et al. 2016; Chumsri et al. 2011).

The crystal structure of aromatase complexed with its natural substrate androst-4-ene-
3,17-dione (PDB 3EQM) was originally determined at a resolution of 2.9 A (Ghosh et al. 2009),
which was later extended to 2.75 A (PDB 3S79) (Figure 2.4). These recent crystal structures
have provided extraordinary insights into the molecular basis for its substrate specificity
revolutionising novel aromatase inhibitor research (Ghosh et al. 2012).

Figure (2.4): Aromatase crystal structure (PDB 3S79): Helices (red), strands (gold), haem
molecule (Cyan) and natural substrate androstenedione (black).
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Aromatase follows the typical fold of cytochrome P450s as the 503 amino acids
constituting the polypeptide chain are organised in 12 a-helices (A —L) and 10 B-strands (1 -10).
Aromatase contains a unique residue among other P450s (Pro308), which causes a distortion in
helix | creating a relatively small substrate-binding pocket (400 A%) when compared with other
human cytochrome P450s such as CYP3A4 (530 A%) (Williams 2004) and CYP2D6 (540 A%)
(Rowland et al. 2006). A haem cofactor is accommodated inside this active site (Figure 2.5)
with the iron atom bound to Cys437 as the fifth ligand. Arg192, Val313 and Glu483 line the
access channel to the active site. The Met374 residue forms a hydrogen bond with the 17-keto
oxygen of androstenedione while the 3-keto oxygen forms a hydrogen bond with Asp309. These
two residues with other residues such as Arg115, 11e133, Phel34, Val370, Val373 and Leu477
constitute the tight boundaries of the active site, but more interestingly Ala306 and Thr310 form
a pair which is involved in all three catalytic steps of aromatase (Ghosh et al. 2009; Gilardi and
Di Nardo 2017; Di Nardo and Gilardi 2013).

Met374

Figure (2.5): Active site of aromatase showing the haem molecule (Cyan) and some of the main

residues of the active site with androstenedione inside (purple).
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2.1.8. The catalytic mechanism of human aromatase

Human aromatase shows a complicated multi-step reaction mechanism catalysing the
conversion of androstenedione, testosterone and 160-hydroxytestosterone into oestrone, 17f3-
oestradiol and 17p,16a-0estriol respectively. The overall reaction happens in three steps (Figure
2.6), requiring one oxygen molecule and electrons provided by NADPH for each step (Ghosh et
al. 2016; Gilardi and Di Nardo 2017).

0 o) O 0
Q@ﬁ— ﬁ&%—» ﬁéﬂ—»
0, O, O,
o) NADPH O NADPH O NADPH HO

Androstenedione 19-hydroxyandrostenedione 19-oxoandrostenedione Estrone

Figure (2.6): Three steps for conversion of androstenedione into estrone showing the two
intermediates.

Aromatase is known to be the only vertebrate enzyme capable of catalysing aromatisation
of a six-membered ring, however the mechanism of action of this enzyme is still not completely
understood (Chumsri et al. 2011). The first two steps of this reaction are hydroxylation at C19 of
the androgen producing two stable intermediates; 19-hydroxy and 19-oxo respectively. After a first
oxidation reaction at C19 to give the first intermediate 19-hydroxyandrogen, a second
hydroxylation at C19 produces 19-gem-diol as an unstable intermediate which spontaneously
produces the 19-oxo-androgen by the loss of one mole of H.O (Gilardi and Di Nardo 2017). The
biochemistry behind the third step is still unclear and several mechanisms have been proposed. One
proposal (Figure 2.7) is that the ferric peroxide (Fe3*-O0") acts as a nucleophile and attacks the
C19 carbonyl group. Then peroxide fragmentation with the 1B proton causes aromatisation of ring

A and one oxygen atom is incorporated into formic acid (Akhtar et al. 1982).

00O
e O Y
Fe (6] (¢] fe) H O
\ o +3Fe\ _— O
H / H O +3Fe/OH
JE—— w
_—
HO

HO
HO Estrone

Figure (2.7): Proposed mechanism by Akhtar and co-workers for the third step using ferric
peroxide intermediate (Akhtar et al. 1982).
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Another proposed mechanism (Figure 2.8) is that the highly reactive oxoferryl species
(Fe**=0) abstracts the 1B proton from the gem-diol intermediate then one electron is transferred
to the iron from ring A. A second hydrogen from the gem-diol is abstracted releasing C19 as a
formic acid (Hackett et al. 2005).

*Fe=0

Estrone

Figure (2.8): Second proposed mechanism by Hackett and co-workers for the third step

using oxoferryl species (Hackett et al. 2005).

From the crystal structure data a key catalytic role was assigned to the Thr310-Ala306
carbonyl pair, which could be responsible for the 2,3-enolisation in the aromatisation step
through a nucleophilic attack on H2-C along with an electrophilic attack on the C3-carbonyl by
a protonated Asp309 promoting H2p-C subtraction, however the 1 proton is directed closely to
the haem Fe (4.2 A) indicating it may be subtracted by ferric peroxide (Fe3*-O0") nucleophilic
attack as previously reported by Akhtar and co-workers (Akhtar et al. 1982) on the formed
carbonyl at C19 (Ghosh et al. 2009).

One of the more recent studies using molecular dynamics and hybrid quantum
mechanics/molecular mechanics (QM/MM) simulations proposed that the most kinetically
advantageous mechanism (Figure 2.9) is through cleavage of the C10-C19 bond by the act of
peroxide species. A peroxohemiacetal intermediate is first formed then a peroxoformate. The
cleavage of the bond between the two oxygens produces the highly reactive oxoferryl species

(Fe**=0), which abstracts a proton on C1 followed by electron transfer mediated by
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hydroxyferryl (Fe**-OH). The produced carbocation then loses a proton to Asp309 at C3 to
produce the keto group. Finally, enolisation and aromatisation happens on abstraction of the 23-

proton (Sen and Hackett 2012).
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Figure (2.9): Recent mechanism proposed by molecular dynamics and hybrid quantum
mechanics/molecular mechanics simulations for the third catalytic step of aromatase enzyme (Sen
and Hackett 2012).

Another aspect of the aromatase mechanism of catalysis as a multi-step enzyme is
whether it has the ability to retain the substrate and following intermediates in the active site for
processing in order and to only release the final product, a manner known as processive reaction
or follow the distributive reaction in which the intermediates can freely dissociate and re-bind to

be further processed (Gilardi and Di Nardo 2017). Pulse-chase experiments using radiolabelled
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androstenedione were performed and on addition of 19-hydroxyandrostenedione and 19-
oxoandrostenedione to the reaction mixture, showed a decrease in radiolabelled estrone. These
results suggest a distributive mechanism rather than processive (Sohl and Guengerich 2010). In
2015, similar results were obtained from bio-electrochemical studies in which electrode driven
catalysis for immobilised enzyme on glassy carbon electrodes was conducted at both high
concentrations of substrate (excess) and low concentrations (non-saturating). With the substrate
in excess, the enzyme only produced the first intermediate. At lower concentrations, the final
product was detected. This indicates that aromatase has higher affinity to the substrate and if its
concentrations are high, aromatase prefers to process the substrate. Only when the substrate
concentrations are low, the first intermediate starts to compete for enzyme binding. This provides
evidence for a distributive mechanism of reaction for aromatase three-step catalysis (Di Nardo
et al. 2015).

2.1.9. Allosteric inhibition of human aromatase

Letrozole and one of the metabolites of tamoxifen; namely endoxifen, was reported to
have the potential of non-competitive/ mixed inhibition for aromatase (Jessie et al. 2012; Egbuta
et al. 2014). This type of inhibition indicates the presence and identification of allosteric sites in
the aromatase enzyme. Three potential allosteric sites were identified through computational
studies including the haem proximal site along with two access channels connected to the active
site (Spinello et al. 2019; Magistrato et al. 2017; Sgrignani et al. 2014). The front door access
channel gated by Asp309 was identified in the crystal structure published in 2009 (Ghosh et al.
2009). On the other side of the active site, a backdoor channel gated with ser314 was discovered
through the crystal structure published in 2018, which is postulated to be involved in the passage
of catalytic water (Ghosh et al. 2009; Ghosh et al. 2018).

/

NH
o~/

O

Endoxifen

H
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Allosteric non-competitive inhibition of the aromatase enzyme offers major advantages
over conventional inhibitors in terms of reaching maximum inhibition without the complete
blockage of oestrogen production, which causes reduction in side effects and delaying or
avoidance of the onset of resistance along with better selectivity being less conserved across
other enzymes. Also, they are not outcompeted by high concentrations of androgens as natural
substrate, making this approach appealing for rational drug discovery (Spinello et al. 2019). Even
though there is no reported effective allosteric inhibitor of the aromatase enzyme, some novel
compounds with a dual-binding ability for the access channel and the active site were reported
in 2012 (Figure 2.10). These potent inhibitors were characterised by a long alkyne side chain at
C6 of the steroidal scaffold to be able to fit through the narrow hydrophobic access channel
giving rise to the concept of 4™ generation steroidal aromatase inhibitors with dual binding
capacity. This may be extendable to the non-steroidal Al class and so may present the molecular
basis for the design of 4" generation non-steroidal aromatase inhibitors (Spinello et al. 2019;
Ghosh et al. 2012).

Figure (2.10): Example of novel dual-binding steroidal aromatase inhibitors:
(6R,8S,9S,10R,13S,14S)-10,13-dimethyl-6-(pent-2-yn-1-yloxy)-7,8,9,10,11,12,13,14,15,16-decahydro-3H-
cyclopenta-[a]phenanthrene-3,17(6H)-dione
(ICs5=11.8 nM).
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2.2. Objectives of this chapter

In order to design novel dual-binding non-steroidal compounds in the absence of a crystal

structure for aromatase enzyme co-crystallised with a non-steroidal compound, proper

understanding of the binding requirements and establishment of clear SAR for the non-steroidal

compounds is very challenging. This requires an iterative design process with feedback through

the design/synthesis/enzyme inhibition cycle to optimise the novel inhibitors (Figure 2.11).

2
Drug

synthesis

Figure (2.11): Iterative design cycle.

Objectives to be fulfilled by the end of this chapter:

1-

To understand the binding requirements of the androgen specific active site and the
access channel of aromatase and use of the knowledge gained to design dual-binding
selective non-steroidal aromatase inhibitors, with the aid of computational tools;
docking and MD studies.

To develop synthetic routes to synthesise the novel inhibitors.

To perform aromatase inhibitory assays to assess the efficacy of novel inhibitors.

To establish a clear SAR for the compounds in this study to help further development
of novel inhibitors.

To perform toxicological studies (MTT assays) to evaluate the safety index of the

prepared inhibitors.
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From previous published work in our lab (Saberi et al. 2006), the main lead compounds
having a benzofuran scaffold were identified based on their CYP19A1 activity and toxicity profile
(Figure 2.12). Further modifications and substitutions will be investigated in order to optimise
activity, selectivity and toxicity profiles for the prepared compounds to constitute the 4" generation

of non-steroidal aromatase inhibitors.

3-secondary substitution

- IC,, (uM) = 0.044

LC,, (uM) =50

1-Position

2-length SN Le e, = 1136

Figure (2.12): Parent compound with benzofuran/triazole scaffold showing the variants of these
studies (Saberi et al. 2006), 1Cso evaluated using placental microsomes aromatase inhibitory assay
measuring tritiated water, LCso evaluated using lactate dehydrogenase retention in rat liver hepatocytes.

In the quest for optimising the lead compound, modifications for these variants ought to be
studied to address answers for three major criteria: 1) the position of substituent needed to fill the
access channel, 2) the required nature of that substituent, and 3) optimal substituents on other possible
sites. Proper understanding of the binding requirements was needed with the underlying SAR of the
compounds to show optimal activity. Different compounds were designed to answer each question

separately.

A series of 12 compounds, divided into three categories, were designed to compare the
optimal position of the substituent required for access channel binding. The three categories are 6-
substituted benzofuran, 5- substituted benzofuran and 4- substituted phenyl (Figure 2.13). Each
category contained four compounds with different substituent nature to exploit the full possibilities
of binding. Hydroxy and methoxy derivatives represented the short substituents to show binding to
the active site only. A pent-2-yne substituent was investigated as a starting point of long chain
substituents required for binding the access channel. A morpholine 4-carboxylate substituent was

designed to check the possibility of bulkier and more hydrophilic substituent.
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6-substitued benzofuran  5-substituted benzofuran 4-substituted phenyl
Cl Cl O-R;

2\ A\ A\
N%/N N%/N N%/N
R1 =CHs3 6a 6b 6C
Ri=H 11 12 17

Ry = N 27a 30 32
(o]

‘i{*w@ 29a 31 33

Figure (2.13): Members of the preliminary series addressing the position and nature of the

substituent required for access channel binding.

For the second question about the length of the substituent, three more compounds were
prepared to fill the gap between the methoxy and the pentyne, with the substituent varying from ethyl
to propyne and butyne to form a series of compounds covering the full range from hydroxy to
pentynyloxy (Figure 2.14). All compounds of this series belonged to the 6-substituted benzofuran

category and all had a constant secondary substituent on the phenyl side which was a chloro group.

Cl
\/o \/o \/
5 Y N— / - O /

\
(19a) NN (21a) N\/N (23a) N\

Cl

Figure (2.14): A series of varying length of the alkyl chain on the 6-benzofuran position.
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To approach the question about the nature of the secondary substituent on the phenyl group,
a series of six compounds were prepared. Three of them were fluoro derivatives and the other three
were nitrile derivatives. These six compounds constituted the required comparison to the chloro

analogues to determine the optimal group(s) for activity. (Figure 2.15).

F CN

5 O -

0 0
R1\o 6 o N R1\o 6 o] /N\\\
No NON

N

N
R1=CHs 6d 6e
Ri=H 13 14
R1 = pent-2-ynyl 27b 27¢c

Figure (2.15): Varying substituents on the phenyl side of the compounds.

Finally, based on the biological results obtained, it was found that the butyne chain on the 6-
benzofuran position is optimal for activity and the benzonitrile derivatives were proposed to be
superior. As a result, Compound 23c, having these two features, was synthesised, and evaluated for

biological activity.

CN
S o o
O /
S N
A
23c) NN

Figure (2.16): 4-((6-(But-2-yn-1-yloxy)benzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)benzonitrile

(23c) with the two important structural features (but-2-ynyl and nitrile groups) labelled in blue.

2.3. Results & discussion
2.3.1. Computational Studies

Preparation of protein: The crystal structure of human placental aromatase, (CYP19A1) refined
at 2.75 A (PDB 3S79) (Ghosh et al. 2012), was downloaded from the protein data bank
(https://www.rcsh.org). Missing hydrogens were added, and the charge and geometry of the iron
atom were adjusted. Using the site finder tool in molecular operating environment software (MOE),
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the active site was chosen to contain the main amino acid residues and the haem molecule. The
amino acids constituting the wall of the active site contained Arg115, 11e133, Phel34, Phe221,
Trp224, 11e305, Ala306, Asp309, Thr310, Val370, Leu372, Val373, Met374, Leud77, Ser478.

Preparation of ligands: The 3D structures of compounds (R and S enantiomers) were generated

using MOE builder, energy minimised and saved in a dataset ready for docking studies.

Molecular Dynamics: The complexes for MD studies were prepared by docking the compounds
using MOE. The best poses were selected based upon the 3D visual inspection and the score value

of the complex and subjected to 150 ns MD simulations using Desmond.

Regarding the position of the substituent, it was obvious that 6-substituted benzofurans e.g. 27a
formed more stable complexes than the 5-substituted analogues e.g. 30 (figure 2.17), however the
4-substituted phenyl derivatives were comparable to the 6-substituted benzofurans.
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Figure (2.17): Comparing the complexes stability through protein-ligand RMSD over 150 ns MD
simulation for (a) S-enantiomer of 27a (b) R-enantiomer of 27a (c) S-enantiomer of 30 (d) R-enantiomer of
30, ligand RMSD in red and protein RMSD in blue.

Studying the binding profile through the simulation time indicated that the S-enantiomer had

reasonable interactions with the key amino acid residues and more importantly formed a robust
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interaction with the haem iron through the N4 of the triazole ring. On the other hand, the R-
enantiomer shifted the interaction with the haem iron towards the N2 of the triazole ring either in
part or all of the simulation time (figure 2.18). These results comply with literature findings for
the structurally similar compound (vorozole) indicating that the S-enantiomer is the active form
(Wouters et al. 1994), this will need to be further verified by separating the two enantiomers and

testing each separately to reach a final conclusion.

PHE
134

ILE
133

A A
GLN CYS
225 437

437

Figure (2.18): Comparing the binding profile showing haem binding over 150 ns MD simulation for (a)
S-enantiomer of 27a (b) R-enantiomer of 27a (c) S-enantiomer of 6a (d) R-enantiomer of 6a.

Varying the length of the alkyl chain substituent did not show a significant difference in the
stability of the complex and all compounds showed adequate 3D fitting, with the methoxy
derivatives fitting in the active site pocket e.g. 6a, and the long chain substituted derivatives fitting

both the active site and the access channel e.g. 23a (figure 2.19).
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Figure (2.19): 3D fitting of the final frame after 150 ns MD simulations in the active site of the aromatase
enzyme for (a) S-enantiomer of 6a (b) S-enantiomer of 23a.

Comparing the secondary substituent on the phenyl ring showed that the nitrile group (27c) had
the potential to form a hydrogen bond with the key amino acid residue Met374 for the whole
simulation time, however the chloro (27a) and fluoro (27b) derivatives showed moderate potential
of interactions with a variety of key amino acid residues e.g. GIn225 for the chloro and Ser478 for

the fluoro (figure 2.20).
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Figure (2.20): Comparing the protein-ligand contact through 150 ns MD simulation for (a) S-enantiomer
of 27a (b) S-enantiomer of 27b (c) S-enantiomer of 27c.

2.3.2. Chemistry

In this part, different synthetic routes for the target compounds as well as unsuccessful
attempts to prepare synthetically inaccessible target compounds will be discussed in detail. Apart
from the classification of compounds into three series based on the position of substituent,
chemically these compounds were divided into four classes based on the similarity and

differences in the synthetic procedure followed to prepare them namely:

» Class 1: (methoxy-substituted compounds).

» Class 2: (hydroxybenzofuran compounds).

» Class 3: (hydroxyphenyl compound).

» Class 4: (all the extended compounds regardless of the position of substituent).
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2.3.2.1. Synthetic pathway for Class 1 (methoxy-substituted benzofurans):

This synthetic pathway follows the published preparation of the lead compound (6a) (Saberi
et al. 2006) with modifications discussed where applicable. The scheme consists of three steps; the
first of which is the formation of benzofuran ketone species followed by reduction of the carbonyl
group into a secondary alcohol in the second step. The final step is the substitution of the alcohol
group with the triazole ring leading to the successful preparation of the lead compound (6a) along
with the 5-methoxy analogue (6b) and the methoxyphenyl analogue (6¢).

* 0
a R,;=4-0CH, R H Br R,=4-Cl
b R,=5-OCH, 1 + R, = 4-OCH,
OH R
2

a
b
¢ Ry=5-Cl ¢ R,=4-F
(1a,b,c) (2a,b,c,d) e
(i)
R
a R;=6-0CH; R,=4-Cl
O b R;=5-0CH; R,=4-Cl
0 ¢ R;=6-Cl R, = 4-OCH,
R, O y, d R;=6-OCH; R,=4-F
0] e R;,=6-OCH; R,=4-CN
(3a,b,c,d,e)
]
W R a R;=6-OCH; R,=4-Cl
Q b R;=5-OCH; R,=4-Cl
o ¢ R;=6-Cl R, = 4-OCH,
Rq O / d R;=6-OCH; R,=4-F
OH e R;=6-OCH; R,=4-CN
(4a,b,c,d,e)
(iii), (iv) R,
O a Ry=6-OCH; R,=4-Cl
b R;=5-0OCH; R,=4-Cl
R, O A\ ¢ R,=6Cl  R,=4-OCH,
(0] /N\\\ d R;=6-OCH; R,=4-F
NVN e R;=6-OCH; R,=4-CN
(6a,b,c,d,e)

Scheme (2.1): (i) K.COs, CH3CN, 70 °C, 3 h (ii) NaBH., dioxane, 2h (iii) SOCI,, triazole, CHsCN,
0°C, 1 h (iv) KoCOs, r.t, 5 days.
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2.3.2.1.1. First step: synthesis of (4-substitutedphenyl)(5- or 6-substitutedbenzofuran-2-
yl) methanone (3a,b,c,d,e)

R2
0] (0]
H + + _— >
R CH3CN 0O
OH R, R, / S
(1a,b,c) (2a,b,c,d)
" T (3a,b,c,d,e)
a R;=4-OCH, a R,=4-Cl a Ry;=6-OCH; R,=4-Cl
b R,=5-OCH, b R,=4-OCH, b R,=5-OCH; R,=4-Cl
¢ R,=5Cl ¢ Ry=4F c  R;=6-Cl R, =4-OCH,
d R.=4-CN d R;=6-OCH; R,=4-F
2=
e R;=6-OCH; R,=4-CN

This reaction is a Rap-Stoermer reaction (Pestellini et al. 1988; Mahboobi et al. 2007) (Figure
2.21) where potassium carbonate is used as a base to deprotonate the phenolic OH group of 2-hydroxy
substituted benzaldehyde (1a,b,c), which then makes a nucleophilic attack towards the methylene
group of 2-bromo-4'-substituted acetophenone (2a,b,c,d). Under the basic conditions of the reaction

an intramolecular cyclisation occurs to produce the desired benzofuran moiety.

KHCO3 0 o
ﬁ
N H / N y + Br
RiC e /—\ R1_!
O-H Z o Rz
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(OH _ -
H o 2
/ \
y | R /0
\\ —
Ry O.H
‘ \ :
K"+ HCOs" R, KOH + H,CO3 —— KHCOj3 + H,0

Figure (2.21): Mechanism for the synthesis of (phenyl)(benzofuran-2-yl)methanone derivatives.
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This reaction was monitored by TLC, however it was not conclusive as the starting materials
had the same Rsas the product. Five compounds were successfully prepared with yield and melting

points indicated in table 2.2.

Table (2.2): Yield and melting points of compounds 3a-e

Compound | Yield Melting point (°C)
3a 95% | 184-186 (lit. m.p. = 174-176) (Saberi et al. 2006)
3b 87% | 141-143
3c 80% | 140-142 (lit. m.p. = 147-148) (Yoshizawa et al. 2003)
3d 96% | 164-166 (lit. m.p. = 156-158) (Saberi et al. 2006)
3e 90% | 192-194 (lit. m.p. = 192-194) (Saberi et al. 2006)

H NMR showed the two doublets of the para-substituted phenyl ring with separate peaks for
each of the four protons of the benzofuran ring (Figure 2.22). Regardless of the shifts in the relative
position of each of these peaks, depending on the environment of the compound, this fingerprint *H
NMR was consistent throughout except for the fluoro-substituted compounds, with a more complex
peak profile in the aromatic area. *3C NMR for 3b and 3c confirmed the correct number of carbon

atoms

795 790 785 780 775 770 765 760 755 750 7?5( 740 735 730 725 720 715 710 705 700 695 690 ¢
PD'”

Figure (2.22): Magnification of the aromatic area of the *H NMR for (4-chlorophenyl)(6-
methoxybenzofuran-2-yl)methanone (3a) showing the peaks of phenyl ring circled in blue and

benzofuran peaks circled in black.
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This reaction was attempted at first using NaH as base instead of K-COs conforming with the
literature method of preparation (Pestellini et al. 1988; Saberi et al. 2006), however this provided the
5-methoxy derivative in a less pure form, which needed recrystallisation using ethanol lowering the

yield to around 60%.

2.3.2.1.2. Second step: synthesis of (4-substitutedphenyl)(5- or 6-substituted
benzofuran-2-yl)methanol (4a,b,c,d,e)

R Ra

@ g &
_—
R O 0 Dioxane R O O
1
! 7 Ny 7 “oH

(3a,b,c,d,e) (4a,b,c,d,e)

R,=6-OCH; R,=4-Cl
R,=5-OCH; R,=4-Cl
R, = 6-Cl R, = 4-OCH,
R,=6-OCH; R,=4-F
R,=6-OCH;, R,=4-CN

T o 0o T o

This reaction is a sodium borohydride reduction of ketone compounds to carbinols (Figure
2.23) in which ideally each mole of sodium borohydride reacts with four moles of ketone, however
excess sodium borohydride was used to push the reaction to completion to avoid any purification
complications.

© —F— BH;

3 x Ketone

H,O

I\ A OH
Rio—
Z 0

R
Figure (2.23): Mechanism for the preparation of (4-substituted phenyl)(substituted benzofuran-2-

yDmethanol.
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The identity of the compounds was confirmed by *H NMR, which showed the appearance of a
singlet signal at around 5.8 ppm indicating the benzylic proton and a broad singlet at around 3.1 ppm
indicating the formation of alcoholic OH. Also **C NMR performed for compound 4b as an example
showed the disappearance of one quaternary carbon with the formation of a new CH peak for the
benzylic carbon at around 70.0 ppm (Figure 2.24). The oily carbinols were usually obtained in
quantitative yield and used directly in the next step without any further characterisation owing to their
poor stability.
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Figure (2.24): Magnification of the *C NMR for (4-chlorophenyl)(5-methoxybenzofuran-2-
yl)methanol (4a) indicating the appearance of the CH signal.

2.3.2.1.3. Third step: synthesis of 1-((4-substituted phenyl)(5- or 6-substituted
benzofuran-2-yl) methyl)-1H-1,2,4-triazole (6a,b,c,d,e)

R
R, 2

Q SOCl, / Triazole O
= O = K,CO4 / CHsCN R1 N
1

Y OH o) N/N\\\

(4a,b,c,d,e) N
(6a,b,c,d,e)

R,=6-0CH; R,=4-Cl
R,=5-OCH; R,=4-Cl
R,=6-Cl R, = 4-OCH,
R,=6-OCH; R,=4-F
R,=6-OCH; R,=4-CN

T o o o W
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In this reaction (Figure 2.25) thionyl chloride reacts with triazole forming the activated
electrophile in situ and then K>COs increases the nucleophilicity of the hydroxyl group of the
carbinols to form a racemic mixture of the final compound (6). This reaction is very slow taking 5
days and never goes to completion and in the attempts to overcome this, 1,1'-carbonyl-di(1,2,4-
triazole) was used instead of using SOCI./triazole mixture to produce the activated triazole in situ.
Unfortunately, it was not successful with a very complex mixture observed by TLC. However, later
during the course of this work due to complications in the formation of other derivatives, several
modifications to the method (discussed later) were attempted and found that raising the equivalents

of thionyl chloride from 1 to 1.6 led to the completion of the reaction in 16 hours only.

R, R,
//\
XxO N °
Ry KCOj O s
,\/\\
-S0O, _
N
o o

Ry
TN O
N Ry P

A\

Figure (2.25): Mechanism for the synthesis of 1-((4-substituted phenyl)(5- or 6-substituted benzofuran-2-
yl)methyl)-1H-1,2,4-triazole.

The identity of the compounds was indicated by two new aromatic signals of the triazole CH at
around 8.0 and 8.1 ppm in *H NMR and at around 152.6 and 143.3 ppm in *C NMR. The 3C signals
of the triazole ring had lower intensity when compared to other signals even during longer experiment
times (Figure 2.26). In some cases, one or both did not appear in the 3C NMR but the *H signals
were always consistent confirming with high degree of confidence the identity of the formed

compounds.

46



Triazole-based dual binding aromatase inhibitors

2200

Triazole carbon signals" 1800

Figure (2.26): Magnification of the 3C NMR for 1-((4-chlorophenyl)(5-methoxybenzofuran-2-
yl) methyl)-1H-1,2,4-triazole (6b) showing the low intensity of the triazole carbon signal.

2.3.2.2. Synthetic pathway for Class 2 (hydroxybenzofuran compounds):

This synthetic pathway followed the published preparation of 2-((4-chlorophenyl)(1H-
1,2,4-triazol-1-yl)methyl)benzofuran-6-ol (11) and 4-((6-hydroxybenzofuran-2-yl)(1H-1,2,4-
triazol-1-yl)methyl)benzonitrile (14) (Saberi et al. 2006) with modifications discussed where
applicable. The scheme consists of four steps starting with the selective pyran protection of one of
the phenolic hydroxy groups of the dihydroxybenzaldehyde (1) then applying the same three steps
of the scheme under class 1; 1) benzofuran ketone species formation, 2) reduction to carbinols, 3)
substitution of the hydroxy group by triazole. This scheme resulted in successful preparation of

four compounds (11-14) (scheme 2.2).

47



Triazole-based dual binding aromatase inhibitors

1d 4-OH Q 2 Ry=4d
le 5-OH CALL
d R,=4-CN

(1d, e) (8a, b) (2a,c,d)
8a 4-OPy
8b 5-OPy
ii
(i) R,
a R=6-0Py R,=4-Cl O
b R,=5-0Py R,=4-Cl O
¢ R;=6-OPy R,=4-F R40 Y 5
d R,=6-OPy R,=4-CN (9a,b,c,d)
(iii)
R
a R,=6-OPy R2 = 4-Cl O
b R,=5-0Py R,=4-Cl o
C R]_: 6-0Py RZ 4-F R1O O / oH
d R,=6-OPy R,=4-CN
(10a,b,c,d)
(iv), (v)
Ro
11 R,=6-OH R,=4-Cl Q
12 R,=5-OH R,=4-Cl
1= 2 R,O AN
13 R,=6-OH  R,=4-F G N
14 R;,=6-OH R,=4-CN N A
N
(11-14)

Scheme (2.2): (i) 3,4-dihydro-2H-pyran, p-toluenesulfonic acid, Et,0, r.t, 3h (ii) K.COs, CH3sCN, 70 °C,
3 h (iii) NaBHj4, dioxane, 2 h (iv) SOCI,, triazole, CH3CN, 0 °C, 1 h (v) KxCOs, r.t, 16h.
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2.3.2.2.1. First step: synthesis of 2-hydroxy-4/5-((tetrahydro-2H-pyran-2-
yl)oxy)benzaldehyde (8a,b)

p-toluenesulfonic acid o

©\* Q = e
O

OH

(1d,e) (8a,b)
1d 4-OH 8a 4-OPy
le 5-OH 8b 5-OPy

This is a selective pyran protection of the para- or meta- phenolic OH in which p-
toluenesulfonic acid is used as the acid catalyst. In this reaction (Figure 2.27) the ortho position is
less reactive owing to intramolecular hydrogen bond formation with the adjacent aldehyde group

leading to reaction on the para or meta position only.

o5
( H
on| 0
e

Figure (2.27): Mechanism for the acid catalysed pyran protection of 2,4-dihydroxybenzaldehyde.

The produced colourless oil (8a,b) was obtained with yield range (40-50%) and was of pure
enough quality as indicated by *H NMR, which showed the appearance of the pyran peaks, which
are a triplet at 5.5 ppm for the CH-pyran that is directly attached to the phenolic oxygen and
multiplets at around 3.8, 3.6 and 2.0 to represent the CH> groups.
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2.3.2.2.2. Second step: synthesis of (4-substituted phenyl)(((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone derivatives (9a,b,c,d)

R,
Q 8
O
CH3CN R;O O p
(@]

(8a, b) (2a,c,d) (9a,b,c,d)
8a 4-OPy a R,=4-C a =6-0OPy R,=4-Cl
8b 5-OPy ¢ Ry=4-F b R1 5-0Py  R,=4-Cl
d R;=4-CN ¢ R;=6-0Py R,=4-F
d R;=6-OPy R,=4-CN

This reaction is a Rap-Stoermer formation (Figure 2.21) as described for preparation of (3)
but this time the product purity was not sufficient and purification by recrystallisation from methanol
was needed to afford (4-chlorophenyl)(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone
(9a) with a yield of 52 %, and from ethanol to afford both (4-chlorophenyl)(5-((tetrahydro-2H-pyran-
2-yl)oxy)benzofuran-2-yl)methanone (9b) and 4-(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
carbonyl)benzonitrile (9d) with a yield of 68% and 70% respectively. Only (4-fluorophenyl)(6-
((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone (9c) was obtained in 95% yield pure
enough to be used directly in the next step.

2.3.2.2.3. Third step: synthesis of (4-substituted-phenyl)(5-/6-((tetrahydro-2H-pyran-2-
yl)oxy) benzofuran-2-yl)methanol (10a,b,c,d)
Ry R2

O 0 O NaBH, O o O
—_—
R,0O . R,0O Y/
YV o) Dioxane OH

(9a,b,c,d) (10a,b,c,d)

R,=6-OPy R,=4-Cl
R,=5-OPy R,=4-Cl
R,=6-OPy R,=4-F
R,=6-OPy R,=4-CN

o o T w

This reaction is a sodium borohydride reduction of ketone compounds to carbinols as described

under synthesis of (4) (Figure 2.23). The identity of the compounds was confirmed by H NMR,
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which showed the appearance of a singlet signal at around 5.8 ppm indicating the benzylic proton and
a broad signal at around 2.7 ppm indicating the formation of alcoholic OH. The oily colourless
carbinols were obtained in quantitative yield. These compounds suffered from extreme instability
indicated by fast degradation and formation of colourful oils ranging from pink to blue or purple

(Figure 2.28) and therefore needed to be used directly in the next step.

Figure (2.28): Pink and blue colours of the degradation products of (4-chloropheny!)(6-((tetrahydro-
2H-pyran-2-yl)oxy)benzofuran-2-yl)methanol (10a).

2.3.2.2.4. Fourth step: synthesis of 2-((4-substituted phenyl)(1H-1,2,4-triazol-1-
yl)methyl) benzofuranol (11-14)

' (D

SOCI, / Triazole N\
(@) > R4.0
R.O O K,COg / CH5CN O N
1 7" o N :\\N

%
(10a,b,c,d) (11-14)

a R,=6-OPy R,=4-Cl 11 R,=6-0H R,=4-Cl

b R,=5-0Py R,=4-Cl 12 R,=5-0H R,=4-Cl

¢ R,=6-0Py R,=4-F 13 R,=6-0H R,=4-F

d R,=6-0Py R,=4-CN 14 R,=6-OH  R,=4-CN

This reaction follows the same mechanism as described for the preparation of (6) in the addition
of triazole but it has a totally new aspect, that is the deprotection of the pyran moiety under the reaction
conditions providing a racemic mixture of the final compounds (11-14). At first, this reaction suffered
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from two drawbacks; the slow progress and poor yield with the major side product produced found
to be 2-((4-substituted-phenyl)(hydroxy)methyl)benzofuranol as identified by *H NMR by the

absence of triazole protons and the presence of phenolic OH peak (Figure 2.29).

HO e}
PhenolicOH  Absence of O Y/
enolic OH

triazole protons

Cl
O
Phenolic OH .Absence of /
triazole protons HO OH
P — ——e
95 90 85 8.0 75 7.0 65 6.0 5.5
f1 (pom)

Figure (2.29): Magnification of *H NMR for two different 2-((4-substituted-
phenyl)(hydroxy)methyl)benzofuranol separated as the side products.

Modifications to the method, including changing the order of addition or the equivalents of
reactants, one at a time, revealed that raising the equivalent of thionyl chloride from 1 to 1.6 led to
complete reaction in 16 hours only and significantly improved the yield to 70-90% without the
formation of the side product. The identity of the compound was confirmed by two new aromatic
signals of the triazole CH at around 8.0 and 8.1 ppm in *H NMR and at around 151.7 and 143.1 ppm
in 13C NMR.
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2.3.2.3. Synthetic pathway for Class 3 (hydroxyphenyl compound):

This synthetic pathway used (4-chlorophenyl) (5-methoxybenzofuran-2-yl) methanone (3c)
previously prepared in scheme one. Demethylation to form free phenolic hydroxy group then
protection with pyran represent the first two steps. The final two steps are typically the same in the
previous schemes; one and two, which are reduction of the ketone to carbinol then triazole
substitution of the alcoholic hydroxy group providing 4-((5-chlorobenzofuran-2-yl)(1H-1,2,4-
triazol-1-yl)methyl)phenol (17).

Scheme (2.3): (i) HBr, CH3sCOOH, 110 °C, 16 h (ii) 3,4-dihydro-2H-pyran, p-toluenesulfonic acid,
Et,0, r.t, 3h (iii) NaBH4, dioxane, 2 h (iv) SOCI,, triazole, CHsCN, 0 °C, 1 h (v) K,CQsg, r.t, 16h.
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2.3.2.3.1. First Step: synthesis of (5-chlorobenzofuran-2-yl)(4-hydroxyphenyl)
methanone (3f)

OCH,4 OH
(D (D
0 CH3COOH 0
/ /
Cl O Cl O

(3¢c)

(3f)

Several methods were tried to prepare this compound (Table 2.3). At first a mixture of BCls
and tetrabutylammonium iodide (Brooks et al. 1999) was used but no reaction was observed. Then
the common demethylation protocol with BBr3 (Salomé et al. 2014) was employed but was shown
to be unsuccessful. Finally, a method refluxing for 6 h with HBr in acetic acid (Plattner et al. 1985)
was used to provide the desired product in a poor yield (around 10 %) suggesting that the reaction
needed more time. Increasing the reflux time to 16 h significantly raised the yield to 55-75%.
Although, crystallisation from CHsCN provided the compound as brown crystals, column
chromatography was the ideal choice providing the product as a white solid in a purer form
indicated by HPLC analysis. The identity of the compound was confirmed through the
disappearance of the methyl group signals from both *H and **C NMR and the presence of a new
singlet signal in the *H NMR representing the phenolic group.

Table (2.3): Different methods for preparing (5-chlorobenzofuran-2-yl)(4-hydroxyphenyl)

methanone (3f)

Reagent Yield
BCl; No reaction
BBr; No reaction

HBr/CHsCOOH/110°C/6 h 10%

HBr/CHsCOOH/110 °C/16 h 55-75%
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2.3.2.3.2. Second step: synthesis of (5-chlorobenzofuran-2-yl)(4-((tetrahydro-2H-pyran-

<)
()

@)
(15)

2-yl)oxy)phenyl)methanone (15)

OH
Q @ p-toluenesulfonic acid
+ L.
O CL
o] /
Cl cl

(3) (7

This is a pyran protection of phenolic OH as discussed before (Figure 2.27). Following the
same conditions using Et.O resulted in poor reactivity owing to limited solubility in this solvent.
The solvent was switched to EtOAc, which completely solubilised the reactants, and provided the
product in significantly better yield (70-80%). Purification using column chromatography provided
the required product as a white solid confirmed by *H NMR, which showed the appearance of the
pyran peaks which are a triplet at 5.5 ppm for the CH-pyran that is directly attached to the phenolic
oxygen and multiplets at around 3.8, 3.6 and 2.0 to represent the CH. groups.

2.3.2.3.3. Third step: synthesis of (5-chlorobenzofuran-2-yl)(4-((tetrahydro-2H-pyran-
2-yl)oxy)phenyl)methanone (16)

O O
o~ o~_)
- -
(o) Dioxane o)
L W
Cl o) Cl OH

(15) (16)

This reaction is a sodium borohydride reduction of ketone compounds to carbinols as described
under synthesis of (4) (Figure 2.23). The identity of the compound was confirmed by *H NMR, which
showed the appearance of a singlet signal at around 5.8 ppm indicating the benzylic proton and a
broad signal at around 2.9 ppm indicating the formation of alcoholic OH. The oily colourless carbinol

was obtained in quantitative yield and was used without any further purification.
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2.3.2.3.4. Fourth step: synthesis of 4-((5-chlorobenzofuran-2-yl)(1H-1,2,4-triazol-1-
yl)methyl) phenol (17)

O
a¥,
Q SOCl, / Triazole Q

0
L o "
Cl

OH N

(16) (17)

This reaction follows the same mechanism as described for compounds (11-14) with
deprotection of the pyran moiety under the reaction conditions providing a racemic mixture of the final
compound (17). The only difference was the solubility of the produced compound. Being poorly
soluble in CH3CN, the formed compound precipitated from the reaction mixture. The work-up and
purification was simpler as it only needed stepwise filtration. At first, filtering to remove of any
remaining impurities in the solvent leaving the residue, which was composed of K>COs, triazole and
the product, further washing with EtOAc gave the product in fairly good yield (45%) by collecting
the filtrate and evaporating the solvent. The identity of the compound was confirmed by two new
aromatic signals of the triazole CH at around 8.0 and 8.1 ppm in *H NMR and at around 151.7 and
143.1 ppm in *C NMR.

2.3.2.4. Class 4 (all the extended compounds regardless of the position of substituent):

Class four simply encompass using the free phenolic hydroxy group of compounds from
Class two and three to make different substitutions whether morpholino-carboxyl group or a whole
range of aliphatic chains (ethyl, propynyl, butynyl and pentynyl) in a one step reaction. Although
the simple nucleophilic reaction was used to prepare all the compounds in this class, they can be
divided into three distinct subclasses based on the position of this substitution (6-substituted

benzofuran, 5-substituted benzofuran and 4-substituted phenyl).
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2.3.2.4.1. Sub-class A (6-substituted benzofuran compounds):

Cl
s O

PV
(28) (19a) Q\N)

N (18)
~Br

(i,ii) (i,ii)

Cl
§ (D
Q (26) HO (20) O
/

Co .
i,ii ! (' i)
<N\§ ( ) (11,13,14) <\N) (21a) <\ )
N
Z :2: j’f: (27a,b,c) N 11 R,=4-Cl (22) "
=4 (24)
¢ Ry=4CN S~gr ii 22 :EN \%\Br
(i,ii) . (i1i)
. Cl
N -
o) Q \O 0
%\/ O ° O /
2N N
(252) <\N» (23a) <\N)

Scheme (2.4): (i) K2COs, CH3CN, 40 °C, 1h (ii)RX, r.t, 16h (where X = Cl or Br).

2.3.2.4.1.1. Synthesis of 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-
1,2,4-triazole (19a)

HO ~_©
Y O

\ )
(1) KZCO3/CH3CN (19a) N
In this reaction the acidic phenolic OH of compound 11 is deprotonated by a base, which can
then make a nucleophilic attack and substitute the bromide of ethyl bromide (18). The choice of

K2COs as the base will be discussed later under the synthesis of 1-((4-chlorophenyl)(6-(pent-2-yn-1-
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yloxy)benzofuran-2-yl)methyl)-1H-1,2,4-triazole (27). Although this reaction is an equimolar
reaction, excess of the alkyl halide was needed due to its volatility. The identity of the compound was
confirmed by *H NMR as indicated by the appearance of two peaks at around 1.4 and 4.0 ppm for the
methyl and methylene groups respectively. **C NMR also showed the appearance of the two peaks

corresponding to the ethyl group at around 15 and 64 ppm.

2.3.2.4.1.2. Synthesis of 1-((4-chlorophenyl)(6-(prop-2-yn-1-yloxy)benzofuran-2-
yl)methyl)-1H-1,2 4-triazole (21a)

Cl Cl

o s 8 S
U~ S UL
N— N—N

1) Q\N) K,CO4/CH5CN (21a) QN)

The same method described for compound (19a) was used with excess of the propargyl bromide
(20) (solution in toluene) due to its volatility. *H NMR indicated the formation of the required
compound by the appearance of two peaks at around 2.4 ppm as triplet and 4.6 ppm as doublet for
the terminal CH and methylene groups respectively due to long range coupling across the triple bond
(Figure 2.30).

CH

cH . AN Il ,‘ }*’5‘

Figure (2.30): Magnification of *H NMR for (21a) showing the splitting of the peaks involved in long

range coupling.

58



Triazole-based dual binding aromatase inhibitors

In APT 3C NMR, all signals were in place except the terminal CH, that appeared in the negative
side of the chart. Using DEPT135 showed the CH peak in the positive side as would normally be
excepted, however the quaternary alkyne carbon was surprisingly observed and in the positive side
of the chart. This confusing and unexcepted behaviour is attributed to the exceptionally large coupling
constant of the alkyne carbons (240-250 Hz) (Claridge 2009). HSQC experiment was used to indicate
the correlation between the proton peak of the CH group at 2.4 ppm and the carbon peaks at 76 and
78 ppm corresponding to the CH and quaternary carbon of the triple bond (Figure 2.31).

-~ CH

100 q
120

140

3 2 1 0 -1 ppm
Figure (2.31): Magnification of HSQC for (21a) showing the correlation of the two carbons of the
terminal alkyne.

2.3.2.4.1.3. Synthesis of 1-((6-(but-2-yn-1-yloxy)benzofuran-2-yl)(4-
substitutedphenyl)methyl)-1H-1,2,4-triazole (23a, ¢)

N— _
(11, 14) & N K,CO4/CHCN (233, ¢) <\N B
11 R=Cl R=Cl
14 R=CN c R=CN
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This was a straightforward reaction using the same method described for compound (19a) but
a much lower excess of the butyne bromide was required due to having lower volatility when
compared to lower molecular weight alkyl halides. The structure of the prepared compound was
confirmed by *H and 3C NMR. The nitrile derivative (23c) was obtained in a very poor yield (7%)
compared to the good yield of the chloro analogue (23a) (76%) as a result of a very complex reaction

as reflected by the numerous spots in TLC.

2.3.2.4.1.4. Synthesis of 1-((6-(but-3-yn-1-yloxy)benzofuran-2-yl)(4-
chlorophenyl)methyl)-1H-1,2,4-triazole (25a)

Cl Cl

HO 0 o 0
Br //\/
Q\N) K2CO3/CH5CN (253) Q\Nj

(1)

Although this reaction was expected to follow the rest of the series, the compound was not
obtained no matter what conditions were used. Trying the usual conditions with room temperature
stirring overnight in CH3CN showed no progress in the reaction. Shifting to heating at different
temperature ranging from 40-70 °C in an attempt to push the reaction forward was not successful.
This poor reactivity may be attributed to the flexibility of the 4-bromo-1-butyne (24), which may

hinder nucleophilic substitution for the halide atom.

60



Triazole-based dual binding aromatase inhibitors

2.3.2.4.1.5. Synthesis of 1-((4-substituted phenyl)(6-(pent-2-yn-1-yloxy)
benzofuran-2-yl)methyl)-1H-1,2,4-triazole (27a, b, c)

R R

HO 0 Q K2CO4/ CHCN /\O 0 O
O / N—N Br ” O 7
g

N

N—N

(11,13,14)

(27a,b,c)

NaH/ DMF

(27di)
a R=CI
b R=F
c R=CN
di R=CI

This reaction followed the exact same method for preparing the other members of the series as
described for compound (19a), however it was actually the first reaction to be done in this series. At
first, NaH was tried as the base in this reaction and after a complex column to separate the major
product it was found to form a di-substitution owing to the acidity of the furan proton to form 1-((4-
chlorophenyl)(3-(pent-2-yn-1-yl)-6-(pent-2-yn-1-yloxy)benzofuran-2-yl)methyl)-1H-1,2 4-triazole
(27di). The identity of the formed compound was revealed by the duplication of signals of pentyne
in 'H NMR at around 4.6, 3.6, 2.2 and 1.9 ppm for the four CHz groups and 0.9 and 1.1 for the CHs
groups along with the absence of one singlet signal from the aromatic region to prove the di-
substitution assumption. As a result, a milder base e.g., potassium carbonate was suggested to
selectively deprotonate the more acidic phenolic OH alone and was then applied to all the series

members. *H and 3C NMR confirmed the structure of the products.
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2.3.2.4.1.6. Synthesis of 2-((4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)
benzofuran-6-yl morpholine-4-carboxylate (29a)

C :
N__O
(D) o 7Y &
HO 0 0
P e O
/ N—-N 0] / N—

N
—_—

\
(1) <\N) K,CO3/CH3CN (29a) <\N»

This compound was prepared also through nucleophilic substitution reaction using 4-
morpholinecarbonyl chloride (28). The product was confirmed by *H and **C NMR with 2 multiplet
peaks each for two of the morpholine CH: in the *H NMR and 4 distinct signals at around 66 and 44
ppm in the °C NMR.

In summary, eight compounds for the 6-substituted extended class were prepared and with yield

and physical characteristics indicated in table 2.4.

Table (2.4): Yield and physical characteristics of 6-substituted extended compounds (Class

4A)
Compound | Yield | Physical characteristics
19a 67% | Yellow oil
2la 90% | Yellow oil
23a 76% | Yellow oil
23c 7% Yellow oil
25a 0% Not obtained
27a 75% | Yellow oil
27b 50% | Yellow oil
27¢ 17% | Yellow oil
29a 65% | White solid (m.p. = 150-154 °C)
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2.3.2.4.2. Sub-class B (5-substituted benzofuran compounds) and sub-class C (4-
substituted phenyl):

=
/
N—
N\N \/\O <\ ’;l
(31) «J OON 5 (30) N
(i,ii) (i,ii)
Cl

Subclass B 02
Subclass C OH
O
Y,
o™ cl N—N
N0 an &Y _Z Br

- ° @ )
y,
N cl N—N

°N
N—~/ (32) <\N»

Scheme (2.5): (i) K2COs, CHsCN, 40 °C, 1h (ii)RX, r.t, 16h.

The members of these two subclasses were prepared by the method described for compound
(19a). All the four compounds were confirmed by *H and *C NMR.
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In total, four compounds were prepared and with yield and physical characteristics indicated in

table 2.5.

Table (2.5): Yield and physical characteristics of class 4B and class 4C compounds

Compound | Yield | Physical characteristics

30 50% | Yellow oil

31 81% | White solid (m.p. = 158-162 °C)
32 44% | Yellow oil

33 60% | Yellow oil

2.3.3. Aromatase enzyme inhibition

As an iterative process, twelve compounds divided into three series were evaluated for
CYP19A1 inhibitory activity, performed by Dr. Paul Foster of Birmingham University. Each of the

three series contained four members as shown in figure 2.32.
Series 1 Series 2 Series 3

6-substituted benzofuran  5-substituted benzofuran 4-substituted phenyl

5 ! HO. 5 O 5 !
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Figure (2.32): The members of the three series.
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All compounds were first tested at a single concentration (1 M) to narrow down the selection

to the most active compounds (Figure 2.33). Seven of the twelve compounds were found to have

promising activity and proceeded to I1Cso determination.
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Figure (2.33): Aromatase activity at 1uM concentration of the twelve compounds.

Testing the compounds at different concentrations provided the 1Cso for the seven compounds

(Figure 2.34). Head to head comparisons indicated that 6-substituted series was a clear winner.

Series 1

6-substituted benzofuran

g

ICs0 = 0.76nM
(95% C1=0.724-0.857)

@
S

@
S

n
S

10000 1000 100 10 1 01
Dose (nM)

Arom activity (% of control)
IS
&

g

ICs0 = 0.47nM
(95% Cl = 0.449-0.494)

Arom activity (% of control)
o
=

5

™ * T d
00 100 10 1 0.1
Dose (nM)

=]

8

)7

ICs0 = 2.76nM
(95% Cl = 2.296-3.314)

B 8 8 8

10000 1000 100 10 1 01
Dose (nM)

Arom activity (% of control)

Series 3

4-substituted phenyl

3 100 = 7
H 12 g L7
5 c
§ g w
5 ICs0 = 5.67nM 5 ICs0 = 30.25nM
s 609(95% Cl = 4,965 - 6.468) s 007 (95%Cl=2552—
> = 35.86)
g w : v
g % 8 20
E E
o o
4 0+ " v v - | a o0+ T . >
10000 1000 100 10 1 0.1 1000 100 10 1
Dose (nM) Dose (nM)
3 100 |
£ ob
g 80
5 ICa = 2.01nM
52 601 (95% (I = 1.646 - 2.452)
b
4
9
s 20
& 0
10000 1000 100 10 1 01
Dose (nM)
100
80
ICs0 = 21.05nM

(95% CI = 16.35-27.11)

¥ & 8

Arom activity (% of control)
>

100 10 1
Dose (nM)

‘g.

Figure (2.34): 1Cso values of the most active compounds of the basic three series (nM) with 95%
confidence intervals (95% CI) (letrozole 1Cso = 0.5 nM).
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Testing the rest of the compounds to compare the length of the hydrophobic tail at different

concentrations provided the I1Cso indicating that the butyne group was the optimal length for activity

among the extended substituents required for the dual binding as indicated from head to head

comparison of compounds 19a, 21a, 23a, 25a and 27a (Table 2.6).

Table (2.6): 1Cso values of the compounds 19a, 21a, 23a and 27a.

Compound R ICs0 (NM) | 95% Confidence interval (nM)
19a ethyl 0.46 0.378 - 0.562
21a Prop-3-yne 1.03 0.674 - 1.573
23a but-2-yne 0.53 0.479 - 0.589
27a pent-2-yne 2.76 2.296 - 3.314

Also comparing the secondary substituent on the 4-phenyl position indicated that the nitrile

and fluoro groups showed better activity compared with the chloro as indicated by head to head

comparison of the methoxy derivatives (compounds 6a, d, e) (Table 2.7).

Table (2.7): 1Cso values of the compounds 6a, d, e.

Compound R ICs0 (NM) | 95% Confidence interval (nM)
6a Cl 0.47 0.449 - 0.494
6d F 0.15 0.101 - 0.215
6e CN 0.11 0.092 - 0.126

These results led to the decision to prepare compound 23c with both the butyne and nitrile

substituents (figure 2.35) and testing showed activity of 0.09 nM.
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2
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Figure (2.35): 4-((6-(But-2-yn-1-yloxy)benzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)benzonitrile
(23c) with ICso.

Subsequent biological results of the other fluoro and nitrile substituted compounds (table
2.8) lead to a conclusion that, even with an extended substitution e.g. pent-2-ynyloxy or but-2-
ynyloxy, a fluoro derivatives still showed comparable inhibitory activity to nitrile analogues and

therefore, compound 23b should be prepared as future work.

Table (2.8): 1Cso values of the compounds 13, 14, 27b and 27c.

Compound R: R. | ICs (nM) | 95% Confidence interval (nM)
13 OH F 0.39 0.359-0.431 Rz
14 OH CN 0.56 0.504 - 0.612 R Q
1 0]
27b Pent-2-yloxy | F 0.51 0.419 - 0.619 O % Non
\

27c¢ Pent-2-yloxy | CN 0.72 0.677 - 0.759 <\N)
23b But-2-yloxy F TBD TBD

2.3.4. Drug toxicity

Examples of the compounds, namely 13, 6d, 23c, and 27b, were tested at 1 uM over 48 hours
along with doxorubicin as positive control by bromodeoxyuridine (BrdU) proliferation assay,
performed by Dr. Paul Foster of Birmingham University, to evaluate the toxicity against non-
oestrogen dependent cells (MDA-MB-231). Statistics using one-way ANOVA followed by a Tukey’s
Multiple Comparison test comparing all compounds against control showed no significant difference
between the tested compounds and the negative control indicating that the compounds had no impact

on MDA-MB-231 growth (Figure 2.36). These results suggest possible limited off-target effects.
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Figure (2.36): Toxicity of final compounds tested at 1 M for 48 hours treatment followed by BrdU
proliferation assay. Stats are one-way ANOVA followed by a Tukey’s Multiple Comparison test
comparing all compounds against control. Data represents n = 6 technical replicates £ SEM. *** p <

0.001 compared to control. NS — Non-significant compared to control.
2.4. Conclusion and future work

Studying the CYP19A1 crystal structure (PDB 3S79) (Ghosh et al. 2012) and the binding
interactions of the natural substrate showed that hydrogen bonds for the 3- and 17-keto oxygen
with Asp309 and Met374 respectively are key ligand interactions along with the other
hydrophobic interactions of the ligand with the boundaries of the active site constituted by other
residues including Arg115, 1le133, Phe134, Val370, VVal373 and Leu477. Docking studies using
MOE generated ligand-protein complexes that showed a good fit within the active site pocket.
More interestingly, the long chain substitutions with but-2-ynyloxy or pent-2-ynyloxy groups on
either the benzofuran or phenyl side were able to theoretically fit in the access channel of the
active site, which is lined with Arg192, Val313 and Glu483. MD simulations for the generated
complexes showed that generally the 6-position of the benzofuran ring was optimal for long
chain substitution to target the access channel. Also, the S-enantiomer of the compounds showed
better binding than the R-enantiomer in terms of binding to the haem through N4 of the triazole

ring.

Synthetic pathways were developed for the designed compounds and modified when
needed. Synthesis of class 1 compounds, with simple changing of the position of substitutions
on the benzofuran side of the parent compound (6a) and also the nature of the secondary
substitution on the phenyl ring, was found to be successful providing five final compounds (6a-
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e). Synthesis of class 2 compounds with the hydroxy group on the benzofuran ring was very
successful in all the steps in good yields, providing the required compounds (11-14). Class 3
only included one compound (17), which was prepared successfully with minor modifications
in the work-up steps. Three subclasses of class 4 containing in total 12 compounds were
successfully prepared through a one-step scheme starting from the compounds obtained from
class 2 and 3, however the reaction required modification due to the formation of a di-substitution
as in compound 27di upon using NaH as base. Changing NaH to a milder base, K>COg, proved

to be optimal for this reaction avoiding the di-substitution and providing the required products.

In general, 22 final compounds were successfully prepared and fully characterised. The
aromatase inhibitory activity of the tested compounds ranged from low nanomolar range to
picomolar active compounds with the dual binding capacity e.g. 4-((6-(But-2-yn-1-
yloxy)benzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)benzonitrile (23c). A clear SAR could be
concluded from the biological results with the alkyl chain substituent on the 6-position of the
benzofuran ring optimal for activity. The secondary substituent on the phenyl side showed
comparable aromatase inhibitory activity for the nitrile and fluoro, which is better than the chloro
analogues. For the length of the alkynyl chain, it was found that the butyne is the optimal length

for dual binding compounds.

®,

% Future work:

1- Representative examples of the compounds will be tested for selectivity (CYP panel e.g.
1A2, 2C9, 2C19, 2D6 and 3A4).

2- Aromatase inhibitors that ‘pass’ these assays will be subject to more detailed cell/molecular
biology investigations to investigate the antiproliferative activity (using aromatase-
transfected breast cancer cell line MCF7-AROM (Macaulay et al. 1994)).

3- Resistant Cell lines for known Als based on MCF7-AROM will be developed and the
compounds evaluated against these resistant cell lines to determine whether they are effective
against the resistant cell lines of clinically used Als.

4- Resistance for the synthesised compounds will be studied to identify the course and

mechanism of resistance (if any).
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2.5. Experimental
2.5.1. General considerations:

All reagents and solvents were of general purpose or analytical grade and purchased from
Sigma-Aldrich, Alfa Aesar, VWR or Acros. Solvents were appropriately dried over molecular
sieves (4 A).

'H and ®C-NMR spectra were recorded on a Bruker Advance DP500 spectrometer
operating at 500 MHz and 125 MHz, respectively. NMR solvents were chloroform-d (CDClIs),
DMSO-d6 ((CD3)2SO). Chemical shifts are given in parts per million (ppm) relative to the
internal standard tetramethylsilane (MesSi). Coupling constants (J-value) were calculated in
hertz (Hz). The following abbreviations were used in describing the splitting of the peaks in the
'H NMR spectra as shown in the table:

Abbreviation Meaning

S Singlet

bs Broad singlet

d Doublet

t Triplet

q Quartet

dd Doublet of doublet
m Multiplet

All NMR characterisations were made by comparison with previous NMR spectra of the

appropriate structure class and/or predictions from ChemDraw ™,

Melting points were determined using a Gallenkamp melting point apparatus and were
uncorrected. HPLC/MS were either performed by Shaun Reeksting, Department of Pharmacy &
Pharmacology, University of Bath, Bath, UK on a zobrax Eclipse plus C18 Rapid resolution 2.1
x 50 mm, 1.8 um particle size using gradient (methanol: H>O) with 0.1% formic acid (method
A) or in house on a Shimadzu LC-2030C Plus C18 Rapid resolution 250 x 4.6mm, 5 um particle
size using isocratic 80:20 (methanol: H>O) (method B). For column chromatography, a glass
column was slurry packed in the appropriate eluent with silica gel (Fluka Kieselgel 60), flash

column chromatography was performed with the aid of a bellow. Analytical thin layer
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chromatography (TLC) was carried out on precoated silica plates (ALUGRAM® SIL G/UV254)
with visualisation via UV light (254 nm).

2.5.2. Computational studies

Preparation of protein and ligands: The crystal structure of human placental aromatase
cytochrome P450 (CYP19A1) refined at 2.75 A (PDB 3S79) (Ghosh et al. 2012) was
downloaded from the protein data bank (https://www.rcsb.org). Missing hydrogens were added,
and the charge and geometry of the iron atom were adjusted to Fe* and d.sps respectively. The
3D structures of compounds were generated using MOE (Molecular Operating Environment

(MOE), 2019.01) builder then energy minimised and saved in a dataset ready for docking studies.

MOE Docking: The docking process was performed with the amino acid sequence and
haem chain selected as the receptor atoms and the active site was selected using the site finder
tool in MOE. The resulting databases were inspected visually for 3D fitting and the distance
between the iron of the haem and the nitrogen of the triazole ring were measured using MOE to

make sure that only poses with distances of around < 3 A were considered as a viable result.

Molecular Dynamics: Using the pdb files containing the selected docking poses, the
structures were optimised with protein preparation wizard (Sastry et al. 2013). The volume of
space in which the simulation takes place, the global cell, is built up by regular 3D simulation
boxes. The orthorhombic water box allowed for a 10 A buffer region between protein atoms and
box sides. Overlapping water molecules were deleted, and the systems were neutralised with
Na+ ions and salt concentration 0.15 M. Molecular dynamics (150 ns simulations) were
performed using OPLS_2005 forcefield at 300 K and constant pressure (1 bar) using Schrédinger
Desmond programme (Bowers et al. 2006).
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2.5.3. Chemistry:
2.5.3.1.  General procedure for the synthesis of benzofuran-2-
yl(phenyl)methanone derivatives (3a-e) (Mahboobi et al. 2007)

R,

_'\O
R1|/ Y/ 5

(3a-e)

R,=6-OCH; R,=4-Cl
R,=5-OCH; R,=4-Cl
R, = 6-Cl R, = 4-OCH,
R,=6-OCH; R,=4-F
R,=6-OCH; R,=4-CN

T o o o w

To a solution of salicylaldehyde derivatives (1a,b,c) (1 m.eq.) in dry CH3CN (3 mL/mmol of
salicylaldehyde) was added K>COs (2.2 m.eq.) and 2-bromo acetophenone derivatves (2a-d) (1
m.eq.). The reaction mixture was stirred at 70 °C for 3 h. The solvent was then evaporated under
reduced pressure and the residue dissolved in EtOAc (100 mL) and washed with H20 (3 x 50 mL).
The organic layer was dried (MgSOs) and concentrated under reduced pressure to afford benzofuran-

2-yl(phenyl)methanone derivatives (3a-e) as white to pale yellow solids.

253.1.1. (4-Chlorophenyl)(6-methoxybenzofuran-2-yl)methanone (3a)
Chemical formula: C16H11ClO3, molecular Weight: 286.71

Prepared using 2-hydroxy-4-methoxybenzaldehyde (1a) (0.5 g, 3.28 mmol) and 2-bromo-4'-
chloroacetophenone (2a) (0.77 g, 3.29 mmol) to provide the product as a white solid. Yield = 0.9
g (95%).

Melting Point: 184-186 °C (lit. m.p. = 174-176 °C) (Saberi et al. 2006).
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.5

IH NMR (CDCls) &: 7.92 (d, J = 8.6 Hz, 2H, Ar), 7.52 (d, J = 8.6 Hz, 1H, Ar), 7.44 (d, J = 8.6
Hz, 2H, Ar), 7.41 (d, J = 1.1 Hz, 1H, Ar), 7.03 (d, J = 2.3 Hz, 1H, Ar), 6.91 (dd, J = 2.2, 8.7 Hz,
1H, Ar), 3.82 (s, 3H, OCHs),
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13C NMR (CDCls) 8: 182.45 (C), 161.41 (C), 157.73 (C), 151.70 (C), 139.10 (C), 135.76 (C),
130.78 (2 x CH), 128.84 (2 x CH), 123.71 (CH), 120.29 (C), 117.26 (CH), 114.74 (CH), 95.61
(CH), 55.78 (CHs).

2.5.3.1.2. (4-Chlorophenyl)(5-methoxybenzofuran-2-yl)methanone (3b)
Chemical formula: C16H11ClO3, molecular Weight: 286.71

Prepared using 2-hydroxy-5-methoxybenzaldehyde (1b) (0.41 mL, 3.29 mmol) and 2-bromo-
4'-chloroacetophenone (2a) (0.77 g, 3.29 mmol) to provide the product as a pale yellow solid. Yield
=0.88 g (87%).

Melting Point: 141-143 °C.
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.52

IH NMR (DMSO-ds) &: 8.02 (d, J = 8.6 Hz, 2H, Ar), 7.73 (s, 1H, Ar), 7.69 (m, 3H, Ar), 7.31 (d,
J=26Hz, 1H, Ar), 7.19 (dd, J = 2.7, 9.1 Hz, 1H, Ar), 3.82 (s, 3H, OCHs).

13C NMR (DMSO-ds) &: 182.61 (C), 156.77 (C), 152.40 (C), 150.98 (C), 138.45 (C), 135.89 (C),
13155 (2 x CH), 129.33 (2 x CH), 127.88 (C), 119.15 (CH), 117.71 (CH), 113.56 (CH), 104.97
(CH), 56.12 (CHa).

HPLC (method A): 97.78 % at R.T.= 4.74 min
HRMS (ESI): Calculated 287.0474 [M+H]", Found 287.0472 [M+H]".

2.5.3.1.3. (5-Chlorobenzofuran-2-yl)(4-methoxyphenyl)methanone (3c)
Chemical formula: C16H11ClO3, molecular Weight: 286.71

Prepared using 5-chloro-2-hydroxybenzaldehyde (1c) (0.5 mL, 3.19 mmol) and 2-bromo-4'-
methoxyacetophenone (2b) (0.73 g, 3.19 mmol) to provide the product as a pale yellow solid. Yield
=0.73 g (80%).

Melting Point: 140-142 °C (lit. m.p. = 147-148 °C) (Yoshizawa et al. 2003).

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.47
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IH NMR (CDCl3) §: 8.14 (d, J = 9.0 Hz, 2H, Ar), 7.72 (d, J = 2.2 Hz, 1H, Ar), 7.59 (d, J = 8.8
Hz ,1H, Ar), 7.48 (d, J = 0.9 Hz, 1H, Ar), 7.47 (dd, J = 2.1, 8.8 Hz, 1H, Ar), 7.06 (d, J = 9.0 Hz,
2H, Ar), 3.94 (s, 3H, OCHa).

13C NMR (CDCl3) &: 182.49 (C), 163.83 (C), 154.08 (C), 153.90 (C), 132.05 (2 x CH), 129.53
(C), 129.51 (C), 128.31 (C), 128.29 (CH), 122.47 (CH), 114.46 (CH), 113.95 (2 x CH), 113.58
(CH), 55.59 (CHs).

2.5.3.1.4. (4-Fluorophenyl)(6-methoxybenzofuran-2-yl)methanone (3d)
Chemical formula: C16H11FO3, molecular Weight: 270.26

Prepared using 2-hydroxy-6-methoxybenzaldehyde (1a) (0.35 g, 2.3 mmol) and 2-bromo-4'-
fluoroacetophenone (2c) (0.5 g, 2.3 mmol) to provide the product as a white solid. Yield = 0.6 ¢
(96%).

Melting Point: 164-166 °C (lit. m.p. = 156-158 °C) (Saberi et al. 2006).
TLC: Petroleum ether — EtOAc 3:1 v/v, Rs = 0.57

IH NMR (CDCls) &: 8.09 (m, 2H, Ar), 7.75 (d, J = 0.9 Hz, 1H, Ar), 7.74 (d, J = 8.6 Hz, 1H, Ar),
7.44 (t,J = 8.8 Hz, 2H, Ar), 7.37 (d, J = 2.5 Hz, 1H, Ar) 7.04 (dd, J = 2.2, 8.7 Hz, 1H, Ar), 3.87
(s, 3H, OCHb).

13C NMR (CDCls) : 181.85 (C), 166.24 (d, WJcr = 250 Hz, CF), 161.51 (C), 157.56 (C), 151.37
(C), 134.08 (d, “Jcr = 2.5 Hz, C), 132.47 (d, 3Jcr = 10 Hz, 2 x CH), 124.71 (CH), 120.50 (C),
118.27 (CH), 116.33 (d, 2Jc = 21.25 Hz, 2 x CH), 114.98 (CH), 96.23 (CH), 56.32 (CHs).

2.5.3.1.5. 4-(6-Methoxybenzofuran-2-carbonyl)benzonitrile (3e)
Chemical formula: C17H11NOs, molecular Weight: 277.28

Prepared using 2-hydroxy-6-methoxybenzaldehyde (1a) (0.5 g, 3.3 mmol) and 2-bromo-4'-
cyanoacetophenone (2d) (0.74 g, 3.3 mmol) to provide the product as a white solid. Yield = 0.82 g
(90%).

Melting Point: 192-194 °C (lit. m.p. =192-194 °C ) (Saberi et al. 2006)

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.47
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IH NMR (CDCls) &: 8.11 (m, 4H, Ar), 7.78 (d, J = 0.8 Hz, 1H, Ar), 7.74 (d, J = 8.7 Hz, 1H, Ar),
7.38(d, J = 1.7 Hz, 1H, Ar), 7.04 (dd, J = 2.2, 8.7 Hz, 1H, Ar), 3.87 (s, 3H, OCHs).

2.5.3.2.  General procedure for the synthesis of benzofuran-2-

yl(phenyl)methanol derivatives (4a-e) (Saberi et al. 2006)

R,

. O
L
OH

(4a-e)

R,=6-0CH; R,=4-Cl
R;=5-OCH, R,=4-Cl
R,=6-Cl R,=4-OCH,
R,=6-OCH, R,=4-F
R,=6-OCH, R,=4-CN

T o 0o o w

To a cooled solution of benzofuran-2-yl(phenyl)methanone derivatives (3a-e) (1 m.eq.) in
dry dioxane (3 mL/mmol) at 0 °C was added sodium borohydride (1.2 m.eq.). The reaction
mixture was then stirred at r.t. for 2 h. The solvent was evaporated under reduced pressure, ag.
HCI (1M, 10 mL) was added to the residue and extracted with Et2O (2 x 50 mL). The combined
organic layer was washed with H,O (2 x 50 mL) then dried (MgSOs) and concentrated under
reduced pressure to afford benzofuran-2-yl(phenyl)methanol derivatives (4a-e) as colourless to
yellow oils in quantitative yield. The products were used immediately in the next step without further
purification.

2.5.3.2.1. (4-Chlorophenyl)(6-methoxybenzofuran-2-yl)methanol (4a)
Chemical formula: C16H13ClO3, molecular Weight: 288.73

Prepared using (4-chlorophenyl)(6-methoxybenzofuran-2-yl)methanone (3a) (0.9 g, 3.14
mmol) to provide a colourless oil.

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.32

IH NMR (CDCls) &: 7.46 (d, J = 8.2 Hz, 2H, Ar), 7.40 (m, 3H, Ar), 7.00 (d, J = 2.3 Hz, 1H, Ar),
6.88 (dd, J = 2.3, 8.5 Hz, 1H, Ar), 6.45 (t, J = 0.8 Hz, 1H, Ar), 5.92 (s, 1H, CH), 3.85 (s, 3H,
OCHs), 2.56 (bs,1H, OH).
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25.3.2.2. (4-Chlorophenyl)(5-methoxybenzofuran-2-yl)methanol (4b)
Chemical formula: C16H13ClO3, molecular Weight: 288.73

Prepared using (4-chlorophenyl)(5-methoxybenzofuran-2-yl)methanone (3b) (0.79 g, 2.75

mmol) to provide the product as a pale yellow oil.
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.32

IH NMR (CDCl3) §: 7.28 (m, 4H, Ar), 6.83 (d, J = 2.7 Hz, 1H, Ar), 6.75 (dd, J = 2.6, 9.0 Hz, 1H,
Ar), 6.31 (s, 1H, Ar), 5.72 (s, 1H, CH), 3.69 (s, 3H, OCHs3), 3.12 (bs,1H, OH).

13C NMR (CDCls) 8: 158.75 (C), 156.05 (C), 150.10 (C), 138.71 (C), 134.16 (C), 128.77 (2 X
CH), 128.44 (C), 128.16 (2 x CH), 113.21 (CH), 111.80 (CH), 104.36 (CH), 103.71 (CH), 70.00
(CH), 56.12 (CHa).

2.5.3.2.3. (5-Chlorobenzofuran-2-yl)(4-methoxyphenyl)methanol (4c)
Chemical formula: C16H13CIlO3, molecular Weight: 288.73

Prepared using (5-chlorobenzofuran-2-yl)(4-methoxyphenyl)methanone (3c) (0.5 g, 1.74

mmol) to provide the product as a yellow oil.
TLC: Petroleum ether — EtOACc 3:1 v/v, Rf = 0.32

IH NMR (CDCl3) §: 7.40 (d, J = 2.1 Hz, 1H, Ar), 7.32 (d, J = 8.4 Hz, 2H, Ar), 7.27 (d, J = 8.7
Hz ,1H, Ar), 7.13 (dd, J = 2.1, 8.7 Hz, 1H, Ar), 6.85 (d, J = 8.5 Hz, 2H, Ar), 6.42 (s, 1H, Ar), 5.80
(s, 1H, CH), 3.74 (s, 3H, OCHs), 2.41 (bs, 1H, OH).

2.5.3.2.4. (4-Fluorophenyl)(6-methoxybenzofuran-2-yl)methanol (4d)
Chemical formula: C16H13FO3, molecular Weight: 272.28

Prepared using (4-fluorophenyl)(6-methoxybenzofuran-2-yl)methanone (3d) (0.5 g, 1.85
mmol) to provide the product as a pale yellow oil which changed quickly into a brown sticky oil,

which was used immediately without any further characterisation.

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.32
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2.5.3.25. 4-(Hydroxy(6-methoxybenzofuran-2-yl)methyl)benzonitrile (4e)
Chemical formula: C17H11NOs, molecular Weight: 279.30

Prepared using 4-(6-methoxybenzofuran-2-carbonyl)benzonitrile (3e) (0.5 g, 1.8 mmol) to

provide the product as a colourless oil.
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.22

IH NMR (CDCls) 8: 7.70 (d, J = 8.5 Hz, 2H, Ar), 7.64 (d, J = 8.1 Hz, 2H, Ar), 7.41 (d, J = 8.6
Hz ,1H, Ar), 6.98 (d, J = 2.04 Hz, 1H, Ar), 6.89 (dd, J = 2.3, 8.6 Hz, 1H, Ar), 6.49 (app. s, 1H,
Ar), 5.99 (s, 1H, CH), 3.84 (s, 3H, OCHs), 2.77 (bs, 1H, OH).

2.5.3.3.  General procedure for synthesis of 1-(benzofuran-2-yl(phenyl)methyl)-
1H-1,2,4-triazole (6a-e) (Saberi et al. 2006)
R2

. 0
N

N-N

(6a-e) <\N)

R,=6-0CH; R,=4-Cl
R,=5-OCH, R,=4-Cl
R, = 6-Cl R, = 4-OCH,
R,=6-OCH; R,=4-F
R,=6-OCH, R,=4-CN

T o 0o T o

To a cooled suspension of triazole (5) (4 m.eq.) in dry CH3CN (3 mL/mmol of benzofuran-
2-yl(phenyl)methanol (4a-e)) was added a solution of thionyl chloride (1.6 m.eq.) in dry CH3CN
(2 mL/mmol of 4a-e). The mixture was stirred at 0 °C for 1 h then K>COs (1 m.eq.) was added
followed by a solution of benzofuran-2-yl(phenyl)methanol (4a-e) (1 m.eq.) in dry CHsCN (3
mL/mmol of 4a-e) and the reaction stirred at room temperature for 16 h. The reaction mixture was
then filtered to remove any insoluble substances. The filtrate was diluted with EtOAc (100 mL)
and washed with H2O (3 x 50 mL). The organic layer was dried (MgSOs) and concentrated under
reduced pressure. The residue was purified by gradient column chromatography to give 1-(benzofuran-
2-yl(phenyl)methyl)-1H-1,2,4-triazole (6a-e) at 60% EtOAC in petroleum ether (v/v) as a yellow oil.
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2.5.3.3.1. 1-((4-Chlorophenyl)(6-methoxybenzofuran-2-yl)methyl)-1H-
1,2,4-triazole (6a)
Chemical formula: C1sH14CIN3O2, molecular Weight: 339.78

Prepared using (4-chlorophenyl)(6-methoxybenzofuran-2-yl)methanol (4a) (0.9 g, 3.14
mmol) to provide the product as a yellow oil. Yield = 0.6 g (56%).

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.25

'H NMR (CDClz) 8: 8.24 (s, 1H, CH-triazole), 7.99 (s, 1H, CH-triazole), 7.33 (m, 3H, Ar), 7.18
(m, 2H, Ar), 6.90 (d, J = 2.1 Hz, 1H, Ar), 6.82 (dd, J = 2.2, 8.5 Hz, 1H, Ar), 6.74 (s, 1H, Ar), 6.45
(t, J=0.8 Hz, 1H, CH), 3.76 (s, 3H, OCH3).

13C NMR (CDCl3) §: 158.84 (C), 156.52 (C), 151.75 (CH), 150.57 (C), 143.06 (CH), 135.26 (C),
134.20 (C), 129.33 (2 x CH), 129.97 (2 x CH), 121.74 (CH), 120.44 (C), 112.82 (CH), 108.21
(CH), 95.92 (CH), 61.71 (CH), 55.73 (CHs).

HPLC (method B): 96.6% at R.T.= 6.35 min

2.5.3.3.2. 1-((4-Chlorophenyl)(5-methoxybenzofuran-2-yl)methyl)-1H-
1,2,4-triazole (6b)
Chemical formula: C1gH14CIN3O2, molecular Weight: 339.78

Prepared using (4-chlorophenyl)(5-methoxybenzofuran-2-yl)methanol (4b) (0.3 g, 1.04
mmol) to provide the product as a yellow oil. Yield = 0.26 g (63%).

TLC: Petroleum ether — EtOAc 2:1 v/v, Rf=0.1

'H NMR (CDCls) 6: 8.16 (s, 1H, CH-triazole), 8.05 (s, 1H, CH-triazole), 7.41 (d, J = 8.6 Hz, 2H,
Ar), 7.37 (d, J = 8.9 Hz, 1H, Ar), 7.25 (d, J = 8.4 Hz, 2H, Ar), 7.01 (d, J = 2.6 Hz, 1H, Ar), 6.96
(dd, J = 2.6, 8.9 Hz, 1H, Ar), 6.81 (s, 1H, Ar), 6.55 (s, 1H, CH), 3.84 (s, 3H, OCH3).

13C NMR (CDCls) 8: 156.38 (C), 152.66 (C), 152.36 (CH), 150.35 (C), 143.26 (CH), 135.25 (C),
134.22 (C), 129.33 (2 x CH), 129.02 (2 x CH), 127.92 (C), 114.33 (CH), 112.08 (CH), 108.14
(CH), 103.82 (CH), 61.57 (CH), 55.93 (CHs).

HPLC (method A): 99.91 % at R.T.= 8.9 min
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HRMS (ESI): Calculated 362.0672 [M+Na]", Found 362.0681 [M+Na]".

2.5.3.3.3. 1-((5-Chlorobenzofuran-2-yl)(4-methoxyphenyl)methyl)-1H-
1,2,4-triazole (6c)
Chemical formula: C1sH14CIN3O2, molecular Weight: 339.78

Prepared using (5-chlorobenzofuran-2-yl)(4-methoxyphenyl)methanol (4c) (0.5 g, 1.74
mmol) to provide the product as a yellow oil. Yield = 0.18 g (31%).

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.25

'H NMR (CDCls) &: 8.30 (s, 1H, CH-triazole), 8.01 (s, 1H, CH-triazole), 7.43 (d, J = 1.7 Hz, 1H,
Ar), 7.30 (d, J = 8.6 Hz, 1H, Ar), 7.23 (d, J = 8.7 Hz, 2H, Ar), 7.20 (dd, obscured by CDCl3, 1H,
Ar), 6.88 (d, J = 8.7 Hz, 2H, Ar), 6.75 (s, 1H, Ar), 6.45 (s, 1H, CH), 3.75 (s, 3H, OCHa).

13C NMR (CDCls) &: 160.47 (C), 154.29 (C), 153.66 (C), 151.06 (CH), 129.35 (2 x CH), 128.99
(C), 128.84 (C), 126.64 (C), 125.51 (CH), 121.08 (CH), 114.66 (2 x CH), 112.56 (CH), 107.08
(CH), 62.02 (CH), 56.35 (CHs).

HPLC (method B): 97.8% at R.T.=6.33 min

2.5.3.3.4. 1-((4-Fluorophenyl)(6-methoxybenzofuran-2-yl)methyl)-1H-
1,2,4-triazole (6d)
Chemical formula: C1sH14FN3O2, molecular Weight: 323.33

Prepared using (4-fluorophenyl)(6-methoxybenzofuran-2-yl)methanol (4d) (0.5 g, 1.84
mmol) to provide the product as a yellow oil. Yield = 0.37 g (62%).

TLC: Petroleum ether — EtOAc 3:1 v/v, R = 0.42

'H NMR (DMSO-dg) 6: 8.71 (s, 1H, CH-triazole), 8.08 (s, 1H, CH-triazole), 7.53 (m, 2H, Ar),
7.49 (d, J=8.5Hz, 1H, Ar), 7.32 (s, 1H, Ar), 7.30 (t, I = 8.9 Hz, 2H, Ar), 7.19 (d, J = 2.1 Hz, 1H,
Ar), 6.88 (dd, J =2.2,8.6 Hz, 1H, Ar), 6.56 (t, J = 1.1 Hz, 1H, CH), 3.77 (s, 3H, OCHy).

13C NMR (DMSO-ds) &: 163.56 (d, Lcr = 243.75 Hz, CF), 158.52 (C), 156.19 (C), 152.95 (C),
152.47 (CH), 144.68 (CH), 133.19 (d, “Jcr = 2.5 Hz, C), 130.66 (d, 3Jcr = 7.5 Hz, 2 X CH), 122.18

79



Triazole-based dual binding aromatase inhibitors

(CH), 120.88 (C), 116.25 (d, 2Jcr = 22.5 Hz, 2 x CH), 112.72 (CH), 107.34 (CH), 96.44 (CH),
59.82 (CH), 56.05 (CHs).

HPLC (method B): 100 % at R.T.=5.22 min

2.5.3.35. 4-((6-Methoxybenzofuran-2-yl)(1H-1,2,4-triazol-1-
yl)methyl)benzonitrile (6e)
Chemical formula: C19H14N4O2, molecular Weight: 330.35

Prepared using 4-(hydroxy(5-methoxybenzofuran-2-yl)methyl)benzonitrile (4e) (0.5 g, 1.8
mmol) to provide the product as yellow oil.

TLC: Petroleum ether — EtOAc 3:1 v/v, R = 0.27

'H NMR (CDCls) 6: 8.19 (s, 1H, CH-triazole), 8.06 (s, 1H, CH-triazole), 7.73 (d, J = 8.5 Hz, 2H,
Ar), 7.44 (d, J = 8.5 Hz, 1H, Ar), 7.39 (d, J = 8.3 Hz, 2H, Ar), 7.00 (d, J = 2.1 Hz, 1H, Ar), 6.93
(dd, J=2.2,8.6 Hz, 1H, Ar), 6.87 (s, 1H, Ar), 6.58 (s, 1H, CH), 3.86 (s, 3H, OCHj).

13C NMR (CDCl3) §: 159.03 (C), 156.59 (C), 152.60 (CH), 149.61 (C), 143.40 (CH), 141.01 (C),
132.81 (2 x CH), 128.22 (2 x CH), 121.85 (CH), 120.26 (C), 118.08 (C), 113.03(C), 113.03 (CH),
108.62 (CH), 95.92 (CH), 61.57 (CH), 55.74 (CHa).

HPLC (method B): 100 % at R.T.= 4.35 min.

2.5.3.4.  General procedure for the synthesis of 2-hydroxy-4/5-((tetrahydro-2H-
pyran-2-yl)oxy)benzaldehyde (8a,b) (Saberi et al. 2006)

(8a,b)
8a 4-OPy

8b 5-OPy

To asolution of 2,4/5-dihydroxybenzaldehyde (1d,e) (1 m.eq.) in dry Et2O (1 mL/mmol) was
added 3,4-dihydro-2H-pyran (7) (1 m.eq.) and p-toluenesulfonic acid (0.1 m.eq.). The reaction was
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stirred for 3 h at room temperature then quenched by 2 % aqueous KOH solution (50 mL). The
ether layer was separated, washed with H>O (2 x 50 mL), dried (MgSOs) and concentrated under
reduced pressure to provide the crude product. The residue was purified by gradient column
chromatography to afford 2-hydroxy-4/5-((tetranydro-2H-pyran-2-yl)oxy) benzaldehyde (8a,b) at
20% EtOAC in petroleum ether (v/v).

2.5.3.4.1. 2-Hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)benzaldehyde
(8a) (Saberi et al. 2006)
Chemical Formula: C12H1404, molecular Weight: 222.24

Prepared using 2,4-dihydroxybenzaldehyde (1d) (5g, 36.20 mmol) to provide the product as a
colourless oil. Yield = 4.15 g (51%).

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf= 0.6

'H NMR (CDClg) 8: 11.38 (s, 1H, OH), 9.74 (s, 1H, CHO), 7.46 (d, J = 8.6 Hz, 1H, Ar), 6.68 (dd,
J=2.3,8.5Hz, 1H, Ar), 6.64 (d, J = 2.3 Hz, 1H, Ar), 5.52 (t, J = 3.1 Hz, 1H, CH-pyran), 3.87 (m,
1H, CH»-pyran), 3.67 (m, 1H, CH2-pyran), 2.06 (m, 6H, 3 x CH»>-pyran).

2.5.3.4.2. 2-Hydroxy-5-((tetrahydro-2H-pyran-2-yl)oxy)benzaldehyde
(8b) (Schmidt et al. 2014)
Chemical Formula: C12H1404, molecular Weight: 222.24

Prepared using 2,5-dihydroxybenzaldehyde (1e) (1.24g, 9 mmol) to provide the product as
yellow solid. Yield = 0.83 g (41%).

TLC: Petroleum ether — EtOAc 3:1 v/v, R = 0.57
Melting point: 72-76 °C (no lit. m.p.)

'H NMR (CDCls) 8: 10.61 (s, 1H, CHO), 9.77 (d, J = 0.6 Hz, 1H, OH), 7.20 (m, 2H, Ar), 6.86
(m, 1H, Ar), 5.27 (t, J = 3.3 Hz, 1H, CH-pyran), 3.86 (m, 1H, CH-pyran), 3.57 (m, 1H, CH>-
pyran), 1.95 (m, 3H, CHz-pyran), 1.66 (m, 3H, CH.-pyran).

13C NMR (CDCls) &: 196.31 (CHO), 156.65 (C), 150.08 (C), 127.37 (CH), 120.24 (C), 119.52
(CH), 118.45 (CH), 97.42 (CH-pyran), 62.05 (CH), 30.35 (CHy), 25.15 (CHy), 18.67 (CHy).
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HPLC (method B): 96.5 % at R.T.= 5.20 min.

2.5.3.5.  Synthesis of phenyl(5/6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
yl)methanone derivatives (9a-d) (Saberi et al. 2006)

R,

e
(@]

(ga5bscsd)
R,=6-OPy R,=4-Cl
R,=5-OPy R,=4-Cl
R,=6-OPy R,=4-F
R,=6-OPy R,=4-CN

o o o

2.5.3.5.1. (4-Chlorophenyl)(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone (9a) (Saberi et al. 2006)
Chemical Formula: C29H17Cl04, molecular Weight: 356.80

Prepared as described for (3a-e) using 2-hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)
benzaldehyde (8a) (2 g, 9.00 mmol) and 2-bromo-4'-chloroacetophenone (2a) (2.10 g, 9.00 mmol).
The formed solid was purified by recrystallisation from MeOH to afford (4-chlorophenyl)(6-
((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone (9a) as a white solid. Yield = 1.66 g
(52%).

Melting Point: 174-177 °C (lit m.p. = 142-146 °C) (Saberi et al. 2006).
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.57

'H NMR (CDCls) 6: 8.03 (d, J = 8.7 Hz, 2H, Ar), 7.62 (d, J = 8.8 Hz, 1H, Ar), 7.53 (m, 3H, Ar),
7.36 (s,1H, Ar), 7.10 (dd, J = 2.1, 8.7 Hz, 1H, Ar), 5.52 (t, J = 3.1 Hz, 1H, CH-pyran), 3.95 (m,
1H, CHz-pyran), 3.69 (m, 1H, CHz-pyran), 2.08 (m, 6H, 3 x CHz-pyran).
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2.5.3.5.2. (4-Chlorophenyl)(5-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone (9b)
Chemical Formula: C2oH17ClO4, molecular Weight: 356.80

Prepared as described for (3a-e) using 2-hydroxy-5-((tetrahydro-2H-pyran-2-yl)oxy)
benzaldehyde (8b) (0.67 g, 3.01 mmol) and 2-bromo-4'-chloroacetophenone (2a) (0.70 g, 3.01
mmol). The formed solid was purified by recrystallisation from EtOH to afford (4-chlorophenyl)(5-
((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone (9b) as a yellow solid. Yield = 0.83 g
(77%).

Melting Point: 138-142 °C.
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf= 0.6

'H NMR (CDCls) 8: 7.95 (d, J = 8.7 Hz, 2H, Ar), 7.46 (m, 3H, Ar), 7.41 (d, J = 0.7 Hz, 1H, Ar),
7.31(d, J=2.3Hz, 1H, Ar), 7.17 (dd, J= 2.5, 9.0 Hz, 1H, Ar), 5.36 (t, J = 3.2 Hz, 1H, CH-pyran),
3.89 (m, 1H, CH>-pyran), 3.58 (m, 1H, CHz-pyran), 1.98 (m, 1H, CH»-pyran), 1.84 (m, 2H, CHa-
pyran), 1.67 (m, 3H, CHz-pyran).

13C NMR (CDCls) : 182.86 (C), 154.04 (C), 152.78 (C), 151.74 (C), 139.39 (C), 135.46 (C),
130.96 (2 x CH), 128.88 (2 x CH), 127.48 (C), 120.12 (CH), 116.65 (CH), 113.01 (CH), 108.50
(CH), 97.35 (CH), 62.14 (CHy), 30.45 (CHy), 25.20 (CHy), 18.79 (CH>).

2.5.3.5.3. (4-Fluorophenyl)(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone (9c)
Chemical Formula: C2oH17FO4, molecular Weight: 340.35

Prepared as described for (3a-e) using 2-hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)
benzaldehyde (8a) (2 g, 9.00 mmol) and 2-bromo-4'-chloroacetophenone (2c) (2.10 g, 9.00 mmol)
to afford (4-fluorophenyl)(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone (9c) as a
white solid. Yield = 0.64 g (95%).

Melting Point: 136-138 °C

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf= 0.6
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IH NMR (CDCls) 8: 8.09 (m, 2H, Ar), 7.76 (m, 2H, Ar), 7.45 (m, 3H, Ar), 7.12 (dd, J = 2.1, 8.7
Hz, 1H, Ar), 5.63 (t, J = 2.9 Hz, 1H, CH-pyran), 3.80 (m, 1H, CH-pyran), 3.62 (m, 1H, CHa-
pyran), 1.93 (m, 3H, CHz-pyran), 1.67 (m, 3H, CH2-pyran).

13C NMR (CDCls) 6: 181.95 (C), 166.27 (d, Jcr = 252.5 Hz, CF), 158.32 (C), 157.06 (C), 151.64
(C), 134.00 (C), 132.52 (d, 3Jcr = 10 Hz, 2 x CH), 124.70 (CH), 121.35 (C), 118.07 (CH), 116.35
(d, 2Jcr = 22.5 Hz, 2 x CH), 115.96 (CH), 99.48 (CH), 96.60 (CH), 62.14 (CH2), 30.13 (CHy),
25.07 (CH,), 18.98 (CHy).

HPLC (method B): 97.8 % at R.T.= 10.42 min.

2.5.3.5.4. 4-(6-((Tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
carbonyl)benzonitrile (9d) (Saberi et al. 2006)
Chemical Formula: C2:H17NO4, molecular Weight: 347.37

Prepared as described for (3a-e) using 2-hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)
benzaldehyde (8a) (0.99 g, 4.46 mmol) and 2-bromo-4'-chloroacetophenone (2d) (1 g, 4.46 mmol).
The formed solid was purified by recrystallisation from EtOH to afford 4-(6-((tetrahydro-2H-pyran-
2-yl)oxy)benzofuran-2-carbonyl)benzonitrile (9d) as a white solid. Yield = 1.1 g (70%).

Melting Point: 203-206 °C (lit m.p. = 158-160 °C) (Saberi et al. 2006).
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.38

'H NMR (CDClz) 8: 8.05 (d, J = 8.6 Hz, 2H, Ar), 7.62 (d, J = 8.5 Hz, 1H, Ar), 7.53 (d, J = 8.6
Hz, 1H, Ar), 7.45 (d, J = 0.9 Hz, 1H, Ar), 7.18 (s, 1H, Ar), 7.02 (dd, J = 2.1, 8.6 Hz, 1H, Ar), 5.43
(t, J = 3.1 Hz, 1H, CH-pyran), 3.84 (m, 1H, CH»>-pyran), 3.59 (m, 1H, CH2-pyran), 1.98 (m, 1H,
CHa-pyran), 1.85 (m, 2H, CH»-pyran), 1.68 (m, 3H, CH-pyran).
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2.5.3.6.  Synthesis of phenyl (6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
yl)methanol (10a-d) (Saberi et al. 2006)

R,

e
OH

(10a,b,c,d)
R,=6-OPy R,=4-Cl
R,=5-0Py R,=4-Cl
R,=6-OPy R,=4-F
R,=6-OPy R,=4-CN

o o T W

2.5.3.6.1. (4-Chlorophenyl)(6-((tetrahydro-2H-pyran-2-
yloxy)benzofuran-2-yl)methanol (10a) (Saberi et al. 2006)
Chemical Formula: C20H19Cl04, molecular Weight: 358.82

Prepared as described for (4a-e) using (4-chlorophenyl)(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone (9a) (0.88 g, 2.46 mmol) to afford (4-chlorophenyl)(6-
((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanol (10a) as a colourless oil in quantitative

yield.
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.35

'H NMR (CDClg) 8: 7.45 (m, 5H, Ar), 7.21 (s, 1H, Ar), 6.98 (dd, J = 2.1, 8.5 Hz, 1H, Ar), 6.44
(d, J=2.6 Hz, 1H, CH), 5.89 (s, 1H, CH), 5.41 (app. s, 1H, CH-pyran), 3.96 (m, 1H, CH2-pyran),
3.64 (m, 1H, CH2-pyran), 2.75 (bs, 1H, OH), 2.06 (m, 6H, 3 x CH2-pyran).

2.5.3.6.2. (4-Chlorophenyl)(5-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanol (10b)
Chemical Formula: C20H19CIO4, molecular Weight: 358.82

Prepared as described for (4a-e) using (4-chlorophenyl)(5-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone (9b) (0.72 g, 2.01 mmol) to afford (4-chlorophenyl)(5-
((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanol (10b) as a yellow oil in quantitative yield.

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.35
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IH NMR (CDCls) &: 7.33 (d, J = 8.3 Hz, 2H, Ar), 7.27 (d, J = 8.3 Hz, 2H, Ar), 7.23 (d, J = 9.0
Hz, 1H, Ar), 7.11 (d, J = 2.27 Hz, 1H, Ar), 6.91 (dd, J = 2.4, 8.9 Hz, 1H, Ar), 6.36 (s, 1H, CH),
5.79 (s, 1H, CH), 5.28 (t, J = 3.3 Hz, 1H, CH-pyran), 3.88 (m, 1H, CH-pyran), 3.53 (m, 1H, CH»-
pyran), 2.68 (bs, 1H, OH), 1.96 (m, 1H, CHz-pyran), 1.80 (m, 2H, CH»-pyran), 1.96 (m, 3H, CH.-
pyran).

2.5.3.6.3. (4-Fluorophenyl)(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanol (10c)
Chemical Formula: C2oH19FO4, molecular Weight: 342.37

Prepared as described for (4a-e) using (4-chlorophenyl)(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone (9¢) (0.6 g, 1.76 mmol) to afford (4-fluorophenyl)(6-((tetrahydro-
2H-pyran-2-yl)oxy)benzofuran-2-yl)methanol (10c) as a yellow oil in quantitative yield.

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf= 0.4

IH NMR (CDCls) &: 7.40 (m, 2H, Ar), 7.30 (d, J = 8.5 Hz, 1H, Ar), 7.12 (d, J = 1.9 Hz, 1H, Ar),
7.01 (t, J=8.7 Hz, 1H, Ar), 6.89 (dd, J = 2.1, 8.5 Hz, 1H, Ar), 6.35 (m, 1H, CH), 5.82 (s, 1H, CH),
5.32 (t, J = 3.3 Hz, 1H, CH-pyran), 3.87 (m, 1H, CHz-pyran), 3.54 (m, 1H, CH»2-pyran), 2.46 (bs,
1H, OH), 1.97 (m, 1H, CH-pyran), 1.81 (m, 2H, CH2-pyran), 1.65 (m, 3H, CHz-pyran).

2.5.3.6.4. 4-(Hydroxy(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
yl)methyl)benzonitrile (10d) (Saberi et al. 2006)
Chemical Formula: C2:H19NO4, molecular Weight: 349.39

Prepared as described for (4a-€) using 4-(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
carbonyl)benzonitrile (9d) (0.88 g, 2.46 mmol) to afford 4-(hydroxy(6-((tetranydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methyl)benzonitrile (10d) as a white foam in quantitative yield.

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.32

IH NMR (CDCls) &: 7.59 (d, J = 8.4 Hz, 2H, Ar), 7.53 (d, J = 8.1 Hz, 2H, Ar), 7.30 (d, J = 8.6
Hz, 1H, Ar), 7.10 (m, 1H, Ar), 6.89 (dd, J = 2.1, 8.4 Hz, 1H, Ar), 6.38 (s, 1H, CH, Ar), 5.88 (s,
1H, CH), 5.32 (t, J = 3.3 Hz, 1H, CH-pyran), 3.85 (m, 1H, CH»2-pyran), 3.54 (m, 1H, CH»-pyran),
2.70 (bs, 1H, OH), 1.97 (m, 1H, CH»-pyran), 1.81 (m, 2H, CHz-pyran), 1.64 (m, 3H, CH.-pyran).
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2.5.3.7.  Synthesis of phenyl(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-ol (11-
14) (Saberi et al. 2006)

11 R,=6-OH  R,=4-Cl
12 R,=5-OH R,=4-Cl
13 R,=6-OH  R,=4-F
14 R,=6-OH R,=4-CN

2.5.3.7.1. 2-((4-Chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-
6-ol (11) (Saberi et al. 2006)
Chemical Formula: C17H12CIN30O2, molecular Weight: 325.75

Prepared as described for (6a-e) using (4-chlorophenyl)(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanol (10a) (0.88 g, 2.45 mmol). Purification by gradient column
chromatography afforded 2-((4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-ol (11) at
90% EtOAC in petroleum ether (v/v) as a yellow waxy solid. Yield = 0.35 g (44%).

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf = 0.25

'H NMR (CDCls) 8: 8.11 (s, 1H, CH-triazole), 8.00 (s, 1H, CH-triazole), 7.81 (bs, 1H, OH), 7.32
(d, J=8.6 Hz, 2H, Ar), 7.28 (d, J = 8.4 Hz, 1H, Ar), 7.14 (d, J = 8.5 Hz, 2H, Ar), 6.83 (d, J = 2.2
Hz, 1H, Ar), 6.76 (dd, J = 2.2, 8.4 Hz, 1H, Ar), 6.70 (s, 1H, Ar), 6.43 (s, 1H, CH).

13C NMR (CDCl3) §: 156.44 (C), 155.68 (C), 151.75 (CH), 149.98 (C), 143.07 (CH), 135.28 (C),
134.12 (C), 129.34 (2 x CH), 128.88 (2 x CH), 121.99 (CH), 120.06 (C), 113.36 (CH), 108.55
(CH), 98.20 (CH), 61.80 (CH).

HPLC (method B): 93.7 % at R.T.= 4.56 min.
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25.3.7.2. 2-((4-Chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-
5-ol (12)
Chemical Formula: C17H12CIN3O2, molecular Weight: 325.75

Prepared as described for (6a-e) using (4-chlorophenyl)(5-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanol (10b) (0.71 g, 1.97 mmol). Purification by gradient column
chromatography afforded 2-((4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-5-ol (12) at
70% EtOAC in petroleum ether (v/v) as a yellow sticky oil. Yield = 0.5 g (78%).

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.2

'H NMR (DMSO-dg) 8: 9.22 (bs, 1H, OH), 8.72 (s, 1H, CH-triazole), 8.09 (s, 1H, CH-triazole),
7.52 (d, J = 8.6 Hz, 2H, Ar), 7.47 (d, J = 8.5 Hz, 2H, Ar), 7.33 (m, 2H, Ar), 6.92 (d, J = 2.46 Hz,
1H, Ar), 6.75 (dd, J = 2.5, 8.7 Hz, 1H, Ar), 6.51 (t, J = 0.95 Hz, 1H, CH).

13C NMR (DMSO-ds) 8: 154.20 (C), 153.97 (C), 152.53 (CH), 149.23 (C), 144.82 (CH), 135.83
(C), 133.94 (C), 130.30 (2 x CH), 129.32 (2 x CH), 128.62 (C), 114.19 (CH), 111.94 (CH), 107.47
(CH), 106.32 (CH), 59.86 (CH).

HPLC (method B): 95.6 % at R.T.= 4.36 min.

2.5.3.7.3. 2-((4-Fluorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-
ol (13) (Saberi et al. 2006)
Chemical Formula: C17H12FN3O2, molecular Weight: 309.30

Prepared as described for (6a-e) using (4-fluorophenyl)(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanol (10c) (0.71 g, 1.97 mmol). Purification by gradient column
chromatography afforded 2-((4-fluorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-ol (13) at
70% EtOAC in petroleum ether (v/v) as a yellow sticky wax. Yield = 0.46 g (86%).

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.22

'H NMR (DMSO-dg) 8: 9.61 (bs, 1H, OH), 8.70 (s, 1H, CH-triazole), 8.08 (s, 1H, CH-triazole),
7.52 (m, 2H, Ar), 7.38 (d, J = 8.5 Hz, 1H, Ar), 7.29 (t, J = 8.9 Hz, 3H, Ar), 6.75 (d, J = 1.9 Hz,
1H, Ar), 6.75 (dd, J=2.1, 8.4 Hz, 1H, Ar), 6.49 (t, J = 1.0 Hz, 1H, CH).
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13C NMR (DMSO-de) 8: 161.42 (d, Xcr = 243.75 Hz, C), 154.34 (C), 154.18 (C), 150.32 (CH),
150.08 (C), 142.53 (CH), 131.17 (d, “Jcr = 3.75 Hz, C), 128.49 (d, 3Jcr = 8.75 Hz, 2 x CH), 120.01
(CH), 117.60 (C), 114.10 (d, ZJcf = 21.25 Hz, 2 x CH), 110.90 (CH), 105.35 (CH), 95.91 (CH),
57.77 (CH).

HPLC (method B): 98.3 % at R.T.= 4.04 min.

2.5.3.7.4. 4-((6-Hydroxybenzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)
benzonitrile (14) (Saberi et al. 2006)
Chemical Formula: C1gsH12N4O2, molecular Weight: 316.32

Prepared as described for (6a-e) using 4-(hydroxy(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methyl)benzonitrile (10d) (0.85 g, 2.43 mmol). Purification by gradient
column chromatography afforded 4-((6-hydroxybenzofuran-2-yl)(1H-1,2,4-triazol-1-
yl)methyl)benzonitrile (14) at 80% EtOAc in petroleum ether (v/v) as a yellow solid. Yield = 0.6 g
(78%).

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.2
Melting point: 80-84 °C

'H NMR (CDCls) 8: 8.25 (s, 1H, CH-triazole), 8.12 (s, 1H, CH-triazole), 7.96 (bs, 1H, OH), 7.73
(d, J=8.5Hz, 2H, Ar), 7.40 (m, 3H, Ar), 6.93 (d, J = 1.9 Hz, 1H, Ar), 6.88 (s, 1H, Ar), 6.87 (dd,
J=21,85Hz 1H, Ar), 6.56 (s, 1H, CH).

13C NMR (CDCl3) §: 156.53 (C), 155.94 (C), 151.98 (CH), 148.84 (C), 143.27 (CH), 140.70 (C),
132.86 (2 x CH), 128.20 (2 x CH), 122.16 (CH), 119.86 (C), 118.02 (C), 113.62 (CH), 113.20 (C),
109.08 (CH), 98.20 (CH), 61.83 (CH).

HPLC (method B): 96.6 % at R.T.= 3.66 min.
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2.5.3.8.  (5-Chlorobenzofuran-2-yl)(4-hydroxyphenyl)methanone (3f)
Chemical Formula: C1sHeCIO3, molecular Weight: 272.68

OH

O
/
Cl o

(31)

To a solution of (5-chlorobenzofuran-2-yl)(4-methoxyphenyl)methanone (3c) (0.23 g, 0.8
mmol) in acetic acid (7 mL) was added HBr (48% w/w aqg. solution, 14 mL). The reaction mixture
was stirred at 110 °C for 16 h. The solvent was evaporated under reduced pressure to about half the
original volume. The residue was diluted with H,O (30 mL) and extracted with EtOAc (2 x 100
mL). The organic layer was washed with sat. ag. NaHCOs (3 x 75 mL), dried (MgSQOas) and
concentrated under reduced pressure and purified by gradient column chromatography to afford (5-
chlorobenzofuran-2-yl)(4-hydroxyphenyl)methanone (3f) at 40% EtOAc in petroleum ether (v/v) as
a white solid. Yield = 0.12 g (57%).

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.25
Melting point: 198-200 °C

IH NMR (DMSO-dg) &: 10.57 (bs, 1H, OH), 7.98 (d, J = 8.8 Hz, 2H, Ar), 7.92 (d, J = 2.1 Hz, 1H,
Ar), 7.82 (d, J = 8.8 Hz, 1H, Ar), 7.70 (d, J = 0.9 Hz, 1H, Ar), 7.58 (dd, J = 2.3, 8.8 Hz, 1H, Ar),
6.96 (d, J = 8.8 Hz, 1H, Ar).

13C NMR (DMSO-ds) 8: 181.91 (C), 163.06 (C), 153.95 (C), 153.60 (C), 132.57 (2 x CH), 128.90
(C), 128.74 (C), 128.52 (CH), 127.93 (C), 123.23 (CH), 116.01 (2 x CH), 115.23 (CH), 114.46
(CH).

HPLC (method B): 100 % at R.T.=6.10 min.
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2.5.3.9. (5-Chlorobenzofuran-2-yl)(4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl)
methanone (15)
Chemical Formula: C2oH17ClO4, Molecular Weight: 356.80

0
o)
O
oW
Cl 0o

(15)

Prepared as described for preparation of (8a,b) using (5-chlorobenzofuran-2-yl)(4-
hydroxyphenyl)methanone (3f) (0.5 g, 1.83 mmol) to provide the crude product. The residue
was purified by gradient column chromatography to afford (5-chlorobenzofuran-2-yl)(4-
((tetrahydro-2H-pyran-2-yl)oxy)phenyl)methanone (15) at 30% EtOAc in petroleum ether (v/v)
as a white solid. Yield = 0.48 (73%).

Melting Point: 102-107 °C
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.65

IH NMR (CDCls) &: 8.04 (d, J = 8.9 Hz, 2H, Ar), 7.93 (d, J = 1.8 Hz, 1H, Ar), 7.84 (d, J = 8.8
Hz, 1H, Ar), 7.74(d, J = 0.92 Hz, 1H, Ar), 7.6 (dd, J = 2.3, 8.8 Hz, 1H, Ar), 7.23 (d, J = 8.9 Hz,
2H, Ar), 5.68 (t, J = 3.0 Hz, 1H, CH-pyran), 4.84 (m, 1H, CH2-pyran), 3.75 (m, 2H, CHz-pyran),
3.63 (m, 1H, CHz-pyran), 3.45 (m, 1H, CH2-pyran), 1.92 (m, 3H, CHz-pyran).

13C NMR (CDCl3) &: 182.25 (C), 161.18 (C), 154.06 (C), 153.36 (C), 132.05 (2 x CH), 130.11
(C), 128.89 (C), 128.81 (C), 128.74 (CH), 123.35 (CH), 116.70 (2 x CH), 115.82 (CH), 114.52
(CH), 93.71 (CH), 62.12 (CHy), 30.59 (CHy), 25.47 (CHy), 19.60 (CHy).

HPLC (method A): 100 % at R.T.= 5.04 min.
HRMS (ESI): Calculated 379.0713 [M+Na]*, Found 379.0708 [M+Na]".
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2.5.3.10. (5-Chlorobenzofuran-2-yl)(4-((tetrahydro-2H-pyran-2-yl)oxy)phenyl)
methanol (16)
Chemical Formula: C2oH17ClO4, Molecular Weight: 356.80

¢}
)
. (O
/ OH
Cl (16)
Prepared as described for (4a-e) using (5-chlorobenzofuran-2-yl)(4-((tetrahydro-2H-pyran-

2-yl)oxy)phenyl)methanone (15) (0.47 g, 1.32 mmol) to afford (5-chlorobenzofuran-2-yl)(4-
((tetrahydro-2H-pyran-2-yl)oxy)phenyl)methanol (16) as a pale yellow oil in quantitative yield.

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.34

'H NMR (CDClg) 6: 7.36 (d, J = 2.2 Hz, 1H, Ar), 7.27 (d, J = 8.6 Hz, 2H, Ar), 7.23 (d, J = 8.7
Hz, 1H, Ar), 7.1 (dd, J = 2.2, 8.8 Hz, 1H, Ar), 6.97 (d, J = 8.7 Hz, 2H, Ar), 6.38 (s, 1H, Ar), 5.74
(s, 1H, CH), 5.32 (m, 1H, CH-pyran), 3.82 (m, 1H, CH»-pyran), 3.51 (m, 1H, CH2-pyran), 2.97 (bs,
1H, OH), 1.94 (m, 1H, CH-pyran), 1.77 (m, 2H, CH2-pyran), 1.58 (m, 3H, CHz-pyran).

2.5.3.11. 4-((5-Chlorobenzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)phenol (17)
Chemical Formula: C17H12CIN3O2, molecular Weight: 325.75

OH

e,
W
Cl N

an N

N

Prepared as described for (6a-e) using (5-chlorobenzofuran-2-yl)(4-((tetrahydro-2H-pyran-
2-yl)oxy)phenyl)methanol (16) (0.47 g, 1.31 mmol) to afford 4-((5-chlorobenzofuran-2-yl)(1H-
1,2,4-triazol-1-yl)methyl)phenol (17) as a white solid. Yield = 0.19 g (45%).
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Melting Point: 240-242 °C
TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.17

'H NMR (DMSO-ds) 8: 9.69 (bs, 1H, OH), 8.68 (s, 1H, CH-triazole), 8.06 (s, 1H, CH-triazole),
7.71(d, J = 2.1 Hz, 1H, Ar), 7.59 (d, J = 8.7 Hz, 1H, Ar), 7.34 (dd, J = 2.2, 8.7 Hz, 1H, Ar), 7.31
(d, J =8.6 Hz, 2H, Ar), 7.20 (s, 1H, Ar), 6.81 (d, J = 8.6 Hz, 1H, Ar), 6.61 (t, J = 1.0 Hz, 1H, CH).

13C NMR (DMSO-ds) &: 158.36 (C), 156.80 (C), 153.49 (C), 152.37 (CH), 144.55 (CH), 129.91
(2 x CH), 129.67 (C), 127.96 (C), 126.68 (C), 125.21 (CH), 121.46 (CH), 115.97 (2 x CH), 113.31
(CH), 106.75 (CH), 60.15 (CH).

HPLC (method B): 100 % at R.T.= 4.69 min.

2.5.3.12. 1-((4-Chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-triazole
(19a)
Chemical Formula: C19H16CIN3O2, molecular Weight: 353.81

Cl

~.© 0 Q

(o,
(19a) <\N»

To a solution of 2-((4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-ol (11)
(0.2 g, 0.61 mmol) in dry CH3CN (8 mL), K2CO3 ( 0.1 g, 0.73 mmol) was added and the mixture
stirred for 1 h at 40 °C then ethylbromide (18) (0.25 mL, 3.4 mmol) was added and the reaction
mixture stirred at room temperature for 16 h. The reaction mixture was concentrated under reduced
pressure and the residue dissolved in EtOAc (100 mL). The organic layer was washed with H2O (3
x 50 mL), dried (MgSOs) and concentrated under reduced pressure. Purification by gradient column
chromatography afforded 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2 4-triazole
(19a) at 60% EtOAC in petroleum ether (v/v) as a yellow oil. Yield = 0.147 g (67%).

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf= 0.4
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!H NMR (CDCIls) é: 8.05 (s, 1H, CH-triazole), 7.94 (s, 1H, CH-triazole), 7.32 (m, 3H, Ar), 7.14
(d, J = 8.2 Hz, 2H, Ar), 6.89 (d, J = 2.1 Hz, 1H, Ar), 6.81 (dd, J = 2.2, 8.6 Hz, 1H, Ar), 6.70 (s,
1H, Ar), 6.42 (t, J = 0.9 Hz, 1H, CH), 3.99 (q, J = 6.9 Hz, 2H, CH>), 1.37 (t, J = 6.9 Hz, 3H, CH3).

13C NMR (CDCl3) §: 158.10 (C), 156.50 (C), 152.35 (CH), 150.68 (C), 143.22 (CH), 135.15 (C),
134.41 (C), 129.28 (2 x CH), 128.92 (2 x CH), 121.67 (CH), 120.36 (C), 113.24 (CH), 108.12
(CH), 96.56 (CH), 64.02 (CH;), 61.57 (CH), 14.77 (CHs).

HPLC (method B): 100 % at R.T.= 7.56 min.

2.5.3.13. 1-((4-Chlorophenyl)(6-(prop-2-yn-1-yloxy)benzofuran-2-yl)methyl)-1H-
1,2,4-triazole (21a)
Chemical Formula: C20H14CIN30O2, molecular Weight: 363.80

Cl
\o o O
O / N‘N
(21a) <\N»

Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 2-((4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-ol (11) (0.2 g,
0.61 mmol) and propargyl bromide (80 wt % in toluene) (20) (0.2 mL, 1.84 mmol) to afford 1-((4-
chlorophenyl)(6-(prop-2-yn-1-yloxy)benzofuran-2-yl)methyl)-1H-1,2,4-triazole (21a) as a yellow oil.
Yield = 0.2 g (90%).

TLC: Petroleum ether — EtOAc 1:1 v/v, R = 0.37

'H NMR (CDCls) 6: 8.06 (s, 1H, CH-triazole), 7.95 (s, 1H, CH-triazole), 7.36 (d, J = 8.6 Hz, 1H,
Ar), 7.32 (d, J = 8.5 Hz, 2H, Ar), 7.15 (d, J = 8.4 Hz, 2H, Ar), 7.02 (d, J = 2.1 Hz, 1H, Ar), 6.88
(dd, J = 2.3, 8.5 Hz, 1H, Ar), 6.71 (s, 1H, Ar), 6.45 (t, J = 0.9 Hz, 1H, CH), 4.65 (d, J = 2.4 Hz,
2H, CHy), 2.47 (t, J = 2.4 Hz, 1H, CH).
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13C NMR (CDCl3) §: 156.55 (C), 156.15 (C), 152.39 (CH), 151.29 (C), 143.23 (CH), 135.23 (C),
134.27 (C), 129.32 (2 x CH), 128.95 (2 x CH), 121.83 (CH), 121.36 (C), 113.35 (CH), 108.02
(CH), 97.52 (CH), 78.24 (C), 75.93 (CH), 61.53 (CH), 56.41 (CH2).

HPLC (method B): 100 % at R.T.=5.78 min.

2.5.3.14. 1-((6-(But-2-yn-1-yloxy)benzofuran-2-yl)(4-chlorophenyl)methyl)-1H-
1,2,4-triazole (23a)
Chemical Formula: C21H16CIN3O2, molecular Weight: 377.83

cl
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Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 2-((4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-ol (11) (0.22
g, 0.67 mmol) and 1-bromobut-2-yne (22) (0.12 mL, 1.35 mmol) to afford 1-((6-(but-2-yn-1-
yloxy)benzofuran-2-yl)(4-chlorophenyl)methyl)-1H-1,2,4-triazole (23a) as a yellow oil. Yield = 0.19
g (76%).

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.3

'H NMR (CDCls) 6: 8.15 (s, 1H, CH-triazole), 8.05 (s, 1H, CH-triazole), 7.44 (d, J = 8.6 Hz, 1H,
Ar), 7.41 (d, J = 8.5 Hz, 2H, Ar), 7.25 (d, J = 8.2 Hz, 2H, Ar), 7.10 (d, J = 2.1 Hz, 1H, Ar), 6.96
(dd, J = 2.2, 8.6 Hz, 1H, Ar), 6.81 (s, 1H, Ar), 6.54 (t, J = 0.8 Hz, 1H, CH), 4.70 (q, J = 2.2 Hz,
2H, CH>), 1.89 (t, J = 2.3 Hz, 3H, CHs).

13C NMR (CDCl3) §: 156.91 (C), 156.25 (C), 152.38 (CH), 151.05 (C), 143.26 (CH), 135.20 (C),
134.33 (C), 129.31 (2 x CH), 128.94 (2 x CH), 121.72 (CH), 121.01 (C), 113.39 (CH), 108.08
(CH), 97.29 (CH), 84.17 (C), 73.71 (C), 61.56 (CH), 57.01 (CH2), 3.74 (CHs).

HPLC (method B): 100 % at R.T.= 7.35 min.
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2.5.3.15. 4-((6-(But-2-yn-1-yloxy)benzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)
benzonitrile (23c)
Chemical Formula: C22H16N4O2, Molecular Weight: 368.40

N
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Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 4-((6-hydroxybenzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)benzonitrile (14)
(0.2 g, 0.63 mmol) and 1-bromobut-2-yne (22) (0.11 mL g, 1.26 mmol). Gradient column
chromatography  afforded 4-((6-(but-2-yn-1-yloxy)benzofuran-2-yl)(1H-1,2,4-triazol-1-
yl)methyl)benzonitrile (23c) at 70% EtOAc further purified by preparative TLC to afford the
product as a yellow oil. Yield = 0.017 g (7%).

TLC: Petroleum ether — EtOAc 1:1 v/v, R = 0.27

'H NMR (CDCls) 6: 8.11 (s, 1H, CH-triazole), 7.98 (s, 1H, CH-triazole), 7.64 (d, J = 8.5 Hz, 2H,
Ar), 7.36 (d, J = 8.6 Hz, 1H, Ar), 7.30 (d, J = 8.2 Hz, 2H, Ar), 7.02 (d, J = 2.2 Hz, 1H, Ar), 6.89
(dd, J = 2.3, 8.6 Hz, 1H, Ar), 6.78 (s, 1H, Ar), 6.49 (s, 1H, CH), 4.62 (q, J = 2.3 Hz, 2H, CH>),
1.80 (t, J = 2.3 Hz, 3H, CHj3).

13C NMR (CDCls) 8: 176.61 (C), 157.13 (C), 156.33 (C), 149.85 (C), 140.94 (C), 132.82 (2 X
CH), 128.23 (2 x CH), 121.86 (CH), 120.66 (C), 118.06 (C), 113.62 (CH), 113.15 (C), 108.62
(CH), 97.28 (CH), 84.27 (C), 73.57 (C), 61.60 (CH), 57.01 (CH2), 3.74 (CHs).

HPLC (method A): 98.58 % at R.T.= 4.60 min.
HRMS (ESI): Calculated 391.1170 [M+Na]*, Found 391.1159 [M+Na]"*.
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2.5.3.16. Synthesis of 1-((6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(phenyl)methyl)-
1H-1,2,4-triazole derivatives (27a, b, c)

R,
N o o Y
PV
<N\N
\
N
(27) N)
a R,=4C
b Ry=4F
¢ R,=4CN

2.5.3.16.1.1. 1-((4-Chlorophenyl)(6-(pent-2-yn-1-yloxy)benzofuran-2-
yl)methyl)-1H-1,2 4-triazole (27a)
Chemical Formula: C22H18CIN302, Molecular Weight: 391.86

Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 2-((4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-ol (11) (0.2 g,
0.61 mmol) and 1-bromopent-2-yne (26) (0.07 mL g, 0.67 mmol) to afford 1-((4-chlorophenyl)(6-
(pent-2-yn-1-yloxy)benzofuran-2-yl)methyl)-1H-1,2,4-triazole (27a) as a yellow oil. Yield = 0.18 g
(75%).

TLC: Petroleum ether — EtOAc 1:1 v/v, R = 0.55

'H NMR (CDClz) 8: 8.24 (s, 1H, CH-triazole), 7.98 (s, 1H, CH-triazole), 7.34 (m, 3H, Ar), 7.17
(d, J = 8.4 Hz, 2H, Ar), 7.00 (d, J = 2.0 Hz, 1H, Ar), 6.87 (dd, J = 2.1, 8.5 Hz, 1H, Ar), 6.75 (s,
1H, Ar), 6.45 (s, 1H, CH), 4.62 (t, J = 2.1 Hz, 2H, CHy), 2.16 (qt, J = 2.1, 7.5 Hz, 2H, CH>), 1.07
(t, J=7.5Hz, 3H, CHj).

13C NMR (CDCl3) §: 156.98 (C), 156.26 (C), 151.81 (CH), 150.87 (C), 143.19 (CH), 135.27 (C),
134.17 (C), 129.33 (2 x CH), 128.08 (2 x CH), 121.50 (CH), 120.98 (C), 113.44 (CH), 108.20
(CH), 97.37 (CH), 89.98 (C), 73.87 (C), 61.70 (CH), 57.11 (CH2), 13.59 (CH3), 12.51 (CHs).

HPLC (method A): 94.47 % at R.T.= 4.79 min.
HRMS (ESI): Calculated 392.1165 [M+H]", Found 392.1055 [M+H]".
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25.3.16.1.2. 1-((4-Fluorophenyl)(6-(pent-2-yn-1-yloxy)benzofuran-2-
yl)methyl)-1H-1,2,4-triazole (27b)
Chemical Formula: C22H18FN3O2, molecular Weight: 375.40

Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 2-((4-fluorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-ol (13) (0.2 g,
0.64 mmol) and 1-bromopent-2-yne (26) (0.13 mL g, 1.29 mmol) to afford 1-((4-fluorophenyl)(6-
(pent-2-yn-1-yloxy)benzofuran-2-yl)methyl)-1H-1,2,4-triazole (27b) as a yellow oil. Yield = 0.12 g
(50%).

TLC: Petroleum ether — EtOAc 1:1 v/v, R = 0.43

'H NMR (DMSO-ds) 8: 8.72 (s, 1H, CH-triazole), 8.08 (s, 1H, CH-triazole), 7.54 (m, 3H, Ar),
7.32 (s, 1H, Ar), 7.30 (t, J = 8.9 Hz, 2H, Ar), 7.21 (d, J = 1.9 Hz, 1H, Ar), 6.91 (dd, J = 2.2, 8.5
Hz, 1H, Ar), 6.56 (t, J = 0.9 Hz, 1H, CH), 4.77 (t, J = 2.1 Hz, 2H, CH»), 2.24 (qt, J = 2.2, 7.5 Hz,
2H, CHy), 1.06 (t, J = 7.5 Hz, 3H, CHs).

13C NMR (DMSO-ds) 8: 163.57 (d, Wcr = 243.75 Hz, C), 156.52 (C), 155.89 (C), 153.26 (C),
152.49 (CH), 144.71 (CH), 133.15 (d, “Jcr = 3.75 Hz, C), 130.67 (d, 3Jcr = 8.75 Hz, 2 x CH),
122.20 (CH), 121.40 (C), 116.26 (d, 2Jcr = 22.5 Hz, 2 x CH), 113.22 (CH), 107.33 (CH), 97.65
(CH), 89.58 (C), 75.27 (C), 59.79 (CH), 56.93 (CH,), 13.98 (CH3), 12.14 (CHy).

HPLC (method B): 100 % at R.T.= 6.70 min.

2.5.3.16.1.3. 4-((6-(Pent-2-yn-1-yloxy)benzofuran-2-yl)(1H-1,2,4-triazol-
1-yl)methyl)benzonitrile (27c)
Chemical Formula: C23H1sN4O2, molecular Weight: 382.42

Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 4-((6-hydroxybenzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)benzonitrile (14)
(0.1 g, 0.31 mmol) and 1-bromopent-2-yne (26) (0.07 mL g, 0.68 mmol). Gradient column
chromatography afforded 4-((6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(1H-1,2,4-triazol-1-
yl)methyl)benzonitrile (27c¢) at 70% EtOAc as a yellow oil. Yield = 0.02 g (17%).

TLC: Petroleum ether — EtOAc 1:1 v/v, R = 0.27
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IH NMR (CDCls) 6: 8.11 (s, 1H, CH-triazole), 7.98 (s, 1H, CH-triazole), 7.64 (d, J = 8.5 Hz, 2H,
Ar), 7.36 (d, J = 8.6 Hz, 1H, Ar), 7.30 (d, J = 8.2 Hz, 2H, Ar), 7.02 (d, J = 2.0 Hz, 1H, Ar), 6.89
(dd,J=2.1,8.5Hz, 1H, Ar), 6.78 (s, 1H, Ar), 6.49 (app. s, 1H, CH), 4.63 (t, J = 2.1 Hz, 2H, CH>),
2.19 (qt,J = 2.1, 7.5 Hz, 2H, CH), 1.08 (t, J = 7.5 Hz, 3H, CH3).

13C NMR (CDCls) §: 157.18 (C), 156.34 (C), 152.63 (CH), 149.86 (C), 140.95 (C), 132.82 (2 x
CH), 128.23 (2 x CH), 121.83 (CH), 120.78 (C), 118.06 (C), 113.65 (CH), 113.16 (C), 108.63
(CH), 97.35 (CH), 90.04 (C), 73.79 (C), 61.60 (CH), 57.11 (CH2), 13.58 (CHs), 12.51 (CH2).

HPLC (method B): 97.4 % at R.T.= 5.45 min.

2.5.3.17. 2-((4-Chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-yl
morpholine-4-carboxylate (29a)
Chemical Formula: C22H19CIN4O4, Molecular Weight: 438.87

Cl

N-N
\

&Y

07
L\V/N\ﬂ/o )
APV
(29a)

Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 2-((4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-ol (11) (0.15
g, 0.46 mmol) and 4-morpholinecarbonyl chloride (28) (0.06 mL g, 0.5 mmol) to afford 2-((4-
chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-yl morpholine-4-carboxylate (29a) as a
white solid. Yield = 0.13 g (65%).

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.2
Melting point: 150-154 °C

IH NMR (CDCls) : 8.23 (s, 1H, CH-triazole), 7.98 (s, 1H, CH-triazole), 7.42 (d, J = 8.1 Hz, 1H,
Ar), 7.31 (d, J = 5.8 Hz, 2H, Ar), 7.19 (m, 3H, Ar), 6.96 (d, J = 8.2 Hz, 1H, Ar), 6.76 (s, 1H, Ar),
6.49 (s, 1H, CH), 3.67 (m, 4H, CH), 3.61 (M, 4H, CHy).
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13C NMR (CDCls) 8: 155.24 (C), 153.73 (C), 152.70 (C), 149.35 (C), 135.40 (C), 133.88 (C),
129.39 (2 x CH), 129.20 (2 x CH), 124.87 (C), 121.54 (CH), 118.10 (CH), 108.02 (CH), 105.76
(CH), 66.64 (CH2), 66.50 (CHy), 61.64 (CH), 44.94 (CH2), 44.22 (CHy).

HPLC (method A): 100 % at R.T.= 4.44 min.
HRMS (ESI): Calculated 461.0992 [M+Na]*, Found 461.0987 [M+Na]".

2.5.3.18. 1-((4-Chlorophenyl)(5-(pent-2-yn-1-yloxy)benzofuran-2-yl)methyl)-1H-
1,2,4-triazole (30)
Chemical Formula: C22H1sCIN30O2, Molecular Weight: 391.86

Cl

D
7 O

(30) N
Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 2-((4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-5-ol (12) (0.2 g,
0.61 mmol) and 1-bromopent-2-yne (26) (0.07 mL g, 0.67 mmol) to afford 1-((4-chlorophenyl)(5-
(pent-2-yn-1-yloxy)benzofuran-2-yl)methyl)-1H-1,2,4-triazole (30) as a yellow oil. Yield = 0.12 g
(50%).

TLC: Petroleum ether — EtOAc 1:1 v/v, R = 0.42

'H NMR (CDCls) 6: 8.70 (s, 1H, CH-triazole), 8.08 (s, 1H, CH-triazole), 7.34 (d, J = 8.3 Hz, 2H,
Ar), 7.28 (d, J = 9.1 Hz, 1H, Ar), 7.25 (d, J = 8.3 Hz, 2H, Ar), 7.02 (d, J = 2.6 Hz, 1H, Ar), 6.94
(dd, J = 2.6, 9.0 Hz, 1H, Ar), 6.86 (s, 1H, Ar), 6.51 (s, 1H, CH), 4.60 (t, J = 2.2 Hz, 2H, CHy),
2.18 (qt, J = 2.1, 7.5 Hz, 2H, CHy), 1.07 (t, J = 7.5 Hz, 3H, CHs).

13C NMR (CDCls) 8: 156.62 (C), 151.90 (C), 150.72 (C), 135.66 (C), 133.38 (C), 129.46 (2 X
CH), 129.28 (2 x CH), 127.74 (C), 115.37 (CH), 112.11 (CH), 108.66 (CH), 105.64 (CH), 89.69
(C), 74.16 (C), 62.16 (CH), 57.38 (CH), 13.62 (CH3), 12.50 (CHy).

HPLC (method B): 92.1 % at R.T.=8.70 min.
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2.5.3.19. 2-((4-Chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-5-yl
morpholine-4-carboxylate (31)
Chemical Formula: C22H19CIN4O4, Molecular Weight: 438.87

/T o]
o\\/NN/{)

Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 2-((4-chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-5-ol (12) (0.2 g,
0.61 mmol) and 4-morpholinecarbonyl chloride (28) (0.08 mL g, 0.68 mmol) to afford 2-((4-
chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-5-yl morpholine-4-carboxylate (31) as a white
solid. Yield = 0.22 g (81%).

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.1
Melting point: 158-162 °C

'H NMR (CDCls) &: 8.11 (s, 1H, CH-triazole), 7.93 (s, 1H, CH-triazole), 7.30 (d, J = 8.9 Hz, 1H,
Ar), 7.26 (d, J = 8.1 Hz, 2H, Ar), 7.19 (d, J = 2.2 Hz, 1H, Ar), 7.13 (d, J = 8.1 Hz, 2H, Ar), 6.97
(dd, J =2.2,8.8 Hz, 1H, Ar), 6.73 (s, 1H, Ar), 6.43 (s, 1H, CH), 3.63 (m, 4H, CH>), 3.58 (m, 4H,
CH>).

13C NMR (CDCls) : 154.05 (C), 153.46 (C), 152.19 (C), 147.09 (C), 135.52 (C), 133.95 (C),
129.31 (2 x CH), 129.15 (2 x CH), 128.14 (C), 119.64 (CH), 114.35 (CH), 111.90 (CH), 108.04
(CH), 66.58 (CH2), 66.48 (CH,), 61.32 (CH), 44.86 (CH2), 44.18 (CHy).

HPLC (method B): 100 % at R.T.=4.76 min.
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2.5.3.20. 1-((5-Chlorobenzofuran-2-yl)(4-(pent-2-yn-1-yloxy)phenyl)methyl)-
1H-1,2,4-triazole (32)
Chemical Formula: C22H18CIN3O2, Molecular Weight: 391.86

/
O

. O
PV
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Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 4-((5-chlorobenzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)phenol (17) (0.15
g, 0.69 mmol) and 1-bromopent-2-yne (26) (0.07 mL g, 0.69 mmol) to afford 1-((5-
chlorobenzofuran-2-yl)(4-(pent-2-yn-1-yloxy)phenyl)methyl)-1H-1,2,4-triazole (32) as a yellow
oil. Yield = 0.08 g (44%).

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf = 0.42

IH NMR (CDCls) : 8.21 (s, 1H, CH-triazole), 7.99 (s, 1H, CH-triazole), 7.43 (d, J = 1.9 Hz, 1H,
Ar), 7.30 (d, J = 8.7 Hz, 1H, Ar), 7.22 (m, 3H, Ar), 6.95 (d, J = 8.8 Hz, 2H, Ar), 6.73 (s, 1H, Ar),
6.45 (s, 1H, CH), 4.61 (t, J = 2.1 Hz, 2H, CHy), 2.18 (qt, J = 2.1, 7.5 Hz, 2H, CH), 1.07 (t, J =
7.5 Hz, 3H, CHa).

13C NMR (CDCl3) §: 158.71 (C), 154.33 (C), 153.66 (C), 151.39 (CH), 142.96 (CH), 129.24 (2 X
CH), 128.99 (C), 128.84 (C), 127.26 (C), 125.50 (CH), 121.08 (CH), 115.57 (2 x CH), 112.56
(CH), 107.07 (CH), 90.06 (C), 73.71 (C), 61.91 (CH), 56.63 (CH2), 13.57 (CH3), 12.49 (CHs).

HPLC (method B): 96.1 % at R.T.=9.17 min.
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2.5.3.21. 4-((5-Chlorobenzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)phenyl
morpholine-4-carboxylate (33)
Chemical Formula: C22H19CIN4O4, Molecular Weight: 438.87

. N
E (33)

Prepared as described for 1-((4-chlorophenyl)(6-ethoxybenzofuran-2-yl)methyl)-1H-1,2,4-
triazole (19a) using 4-((5-chlorobenzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)phenol (17) (0.04
g, 0.12 mmol) and 4-morpholinecarbonyl chloride (28) (0.02 mL g, 0.18 mmol) to afford 4-((5-
chlorobenzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)phenyl morpholine-4-carboxylate (33) as a
yellow oil. Yield = 0.03 g (60%).

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.1

'H NMR (CDCls) 6: 8.48 (s, 1H, CH-triazole), 8.05 (s, 1H, CH-triazole), 7.43 (d, J = 1.8 Hz, 1H,
Ar), 7.30 (m, 3H, Ar), 7.22 (dd, J = 2.1, 8.7 Hz, 1H, Ar), 7.13 (d, J = 8.7 Hz, 2H, Ar), 6.83 (s, 1H,
Ar), 6.50 (s, 1H, CH), 3.68 (m, 4H, CH2), 3.59 (m, 4H, CH>).

13C NMR (CDCls) 8: 153.71 (C), 153.31 (C), 153.19 (C), 152.11 (C), 131.58 (C), 129.13 (C),
129.04 (2 x CH), 128.68 (C), 125.78 (CH), 122.58 (2 x CH), 121.19 (CH), 112.62 (CH), 107.75
(CH), 66.61 (CHy), 66.45 (CHy), 61.01 (CH), 44.93 (CHy), 44.18 (CHo).

HPLC (method B): 97.9 % at R.T.= 5.03 min.

2.5.4. Cell culture

JEG-3 cells were purchased from ATCC and grown in Eagle’s Minimal Essential Medium
(EMEM) supplemented with 10% fetal calf serum (FCS). MDA-MB-231 cells were grown in
Roswell park Memorial Institute medium (RPMI1690) supplemented with 10% FCS. All cells

were cultured at 37 °C under 5% CO- in a humidified incubator.

103



Triazole-based dual binding aromatase inhibitors

2.5.5. Aromatase Activity assay

Aromatase activity was assayed using a modified method previous reported (Foster et al.
2008). JEG-3 cells were grown to approximately 80% confluence in six-well cell culture plates.
Androst-4-ene-3,17-dione[1B-3H] was dissolved in serum-free cell culture medium and added
into each well. After a 1 h incubation at 37 °C followed by a 5-min incubation on ice, 500 pL of
culture medium was taken from each well. Medium was vortexed with 2% dextran-treated
charcoal (Sigma-Aldrich) in PBS and centrifuged at 4000 rpm. The supernatant containing the
product, [®H] H20, was quantified by scintillation counting. Cell protein concentrations were
determined using Pierce BCA assay kit (Thermo Fisher Scientific). Aromatase activity results
were determined as a concentration of product formed per mg of protein per hour (pmol/mg/h).
Results were shown as a % change in activity compared to control. Each data point was measured

in triplicates and the error in the 1Cso calculations represented as 95% confidence interval.
2.5.6. BrdU-based cell proliferation assay to assess drug toxicity

MDA-MB-231 cells were plated onto 96-well microtiter tissue culture plates in RPMI11690
medium at a density of 5 x 103 cells/well. Groups were treated with either DMSO alone (at no
greater than 0.01%) as a vehicle control, or at a dose of 1 uM. Effects of drug treatment on cell
growth were detected using the BrdU cell proliferation assay (Roche) according to the
manufacturer's recommendations. The BrdU colorimetric immunoassay is a quantitative cell
proliferation assay based on the measurement of BrdU incorporation during DNA synthesis.
After treatments 20 uL/well of BrdU were added to each well, followed by an incubation of 2 h
at 37°C. The cells were subsequently fixed, and the DNA denatured. Anti-BrdU-peroxidase
immune complexes were detected by substrate reaction and quantified in an ELISA reader at
370 nm.
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Chapter three: Pyridine-based dual binding aromatase inhibitors
3.1.Background

Non-steroidal aromatase inhibitors bind to the enzyme active site through coordination of a
heterocyclic nitrogen lone pair with the haem iron. Imidazole was reported to be more efficient
in respect to the coordination potential followed by triazole then tetrazole. However, triazole
compounds were found to be more selective (Vinh et al. 1999). Pyridine nitrogen shows
availability of a lone pair with the potential to coordinate the haem iron and the activity was
found to fall between triazole and tetrazole moieties making pyridine an interesting heterocycle
for the aromatase inhibition due to the increased size, which may lead to a more close interaction
with the haem (Saberi et al. 2005). A number of studies focused on the ability of pyridine
compounds to bind to and inhibit the aromatase enzyme (Kim et al. 2004; Stauffer et al. 2012;
Ertas et al. 2018). In a previous study on benzofuran derivatives, the aromatase inhibitory activity
was found to be directly proportional to the heterocyclic nitrogen basicity (pKa: imidazole, 14.5;
triazole, 10; pyridine, 5.2; tetrazole, 4.8) (Figure 3.1) (Saberi et al. 2005).

HN—\ NH NH

\

N > /_ > | > /\_,N

1H-imidazole 1H- 1,2,4 triazole pyrldme 1H- tetrazole
pKa 14.5 pKa 10 pKa 5.2 pKa 4.8

Figure (3.1): Order of basicity of the heterocyclic nitrogen containing compounds.

3.2.Aim of this chapter

To find the right balance between the inhibitory activity against the aromatase enzyme and
the toxicity and selectivity of the compounds, it is important to explore other possibilities for
optimal aromatase dual binding molecules. This includes replacing the triazole group with
another heterocycle i.e. pyridine to investigate the biological consequences of such a structure
alteration with respect to the enzyme inhibitory activity, toxicity, and the selectivity over other

cytochrome superfamily enzymes.
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Objectives to be fulfilled by the end of this chapter:

1. To investigate the possibility of applying the dual binding concept to pyridine-based
compounds.

2. To develop synthetic routes to prepare the novel inhibitors.

3. To perform aromatase inhibitory assays to assess the efficacy of novel inhibitors.

4. To establish a clear SAR for the compounds in this study to help further development of
novel inhibitors.

5. To perform toxicological studies (MTT assays) to evaluate the safety index of the prepared

inhibitors.

A series of pyridine-based benzofuran compounds was designed depending on the parent
scaffold previously reported by our research group (Figure 3.2) (Saberi et al. 2006). Two main
modifications were studied, the first of which was varying the substituent on the phenyl ring, 4-
bromo and 2,4-dichloro as well as the parent 4-fluoro and 4-chloro, producing four different
derivatives to provide better understanding of the SAR. The second modification was achieved by
changing the methoxy group on the benzofuran ring with longer chain substituents, namely but-2-
ynyloxy and pent-2-ynyloxy, to investigate the binding potential in the access channel of the

enzyme active site to provide dual binding aromatase inhibitors.

_0 o OH
10

7
x~ _N
R ICs (UM)
Cl 0.049
F 0.044

Figure (3.2): Parent pyridine-based aromatase inhibitors with 1Cs, values based on a CYP19 placental
assay (Saberi et al. 2006).
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3.3.Results and discussion
3.3.1. Computational Studies

Protein-ligand complexes were prepared applying the same methods in chapter 2 and MD
simulations were performed for 150 ns. Studying the binding profile through the simulation time
indicated that the S-enantiomer formed interactions with some of the key amino acid residues e.g.
Phe221, Met374, Leu477, Ser478 and more importantly formed a robust interaction with the haem
iron through the nitrogen of the pyridine ring. On the other hand, the R-enantiomer shifted the

interaction with the haem iron towards the tertiary alcohol group (figure 3.3).

a b

;\‘ca\ -
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437

369
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Figure (3.3): Comparing the binding profile showing haem binding over 150 ns MD simulation for (a) S-

enantiomer of 36a (b) R-enantiomer of 36a (c) S-enantiomer of 43a (d) R-enantiomer of 43a.

Comparing the secondary substituent on the phenyl ring e.g. compounds 42a-d showed that all
the compounds had comparable binding mode and interactions with the key amino acid residues
e.g. Phe221, Met374, Leud77 and Ser478 along with the interaction between the nitrogen of the

pyridine ring and the haem iron except 42a, which theoretically directed the nitrogen away from
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the haem (figure 3.4). There was no obvious reason for this difference in binding behaviour
between the 4-chloro derivative (42a) and the closely related analogues (4-fluoro, 4-bromo and
2,4-dichloro (42b-d)).

a b
c d

Figure (3.4): Comparing the binding profile after 150 ns MD simulation for (a) S-enantiomer of 42a (b)

S-enantiomer of 42b (c) S-enantiomer of 42c (d) S-enantiomer of 42d.

3.3.2. Chemistry

In this part, different synthetic routes for the target compounds will be discussed in detail.
The designed compounds were divided into two classes based on the substitution on the 6-

position of the benzofuran ring:

» Class 1: methoxy-substituted compounds.

» Class 2: long chain-substituted compounds.

108



Pyridine-based dual binding aromatase inhibitors

A two-step synthetic pathway as originally reported was used to prepare the required parent
compounds with the 6-methoxy substitution on the benzofuran ring (Saberi et al. 2006) (scheme
3.1). The first step involved the formation of the benzofuran ketone derivatives (3), which were
then used in a Grignard reaction with pyridine 3-magnesium bromide, prepared in situ, to produce
the final compounds (36).

O O R, R,
W Br 2a cl H
- + 2¢ F H
0 OH Ry R, Ze Br H
(1) (2a, c, e, f) 2f Cl Cl
(i)
R4
W, a
3a cl H
0]
- 0 3d F H
/ Rz
N 3f Br H
(3a,d, f, g) 32 cl cl
(i)
Ro R R
(0] OH L Z
/ ! 36b F H
= | 36¢ Br H
N 36d Cl Cl
(36a-d)

Scheme (3.1): The synthetic pathway for (6-methoxybenzofuran-2-yl)(phenyl)(pyridin-3-yl)methanol
derivatives, (i) KoCOs, CH3sCN, 70 °C, 3 h (ii) Pyridine 3-magnesium bromide, THF, 16 h.

Preparation of the longer chain substituted compounds required a different approach with a
four-step synthetic pathway. The original suggested pathway (scheme 3.2) started with formation
of the pyran protected 6-benzofuranol ketone derivative (9) followed by Grignard reaction then
pyran deprotection to produce 2-(hydroxy(phenyl)(pyridin-3-yl)methyl)benzofuran-6-ol
derivatives (38), which was meant to provide the required products through a nucleophilic
substitution reaction with the corresponding alkynyl halide in a divergent manner. The presence of
the free alcoholic OH and the acidity of the benzofuran proton complicated the last step with
multiple products produced.
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R, R, R,
42a Cl H -
2
42b F H =8
<3
42¢ Br H =
a

42d Cl Cl

Scheme (3.2): The synthetic pathway for (6-alkynyloxy benzofuran-2-yl)(phenyl)(pyridin-3-yl)methanol
derivatives, (i) K.COs, CH3CN, 70°C, 3 h, (ii) pyridine 3-magnesium bromide, THF, 16 h, (iii) HCl/dioxane,

i Q R R
Br : g
/E;fj\ H 2a Cl o
p +
y\o OH 2c F H
R R 2 B H
(8a) (2a, c, e, f) ¢ n
) 2f Cl Cl
()
R4
&) o
Py/o o 9a cl H
p R, 9¢ F H
9e Br H
(9a, c, e, f)
of Cl Cl
(ii)
37a Cl H
37b F H
37c Br H
37d Cl cl
R, R,
38a Cl H
38¢ F H
38d Br H
38e Cl Cl
R, R, R,
43a cl H B
43b F H g
ol
43c Br H =
fa)
43d Cl Cl

1h, (iv) alkynyl bromide, KoCOs3, CHsCN, 70 °C, 16 h.
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To overcome this problem, another less divergent pathway (scheme 3.3) was implemented
by changing the order of the last three steps to the pyran deprotection followed by the reaction with

the alkynyl halide and finally Grignard reaction to prepare the required compounds.

O e} R, R,

H Br 2a cl H

b + 2¢ F H

o OH R R 2e Br H
2 1

(8a) (2a,c,e,f) 2f cl cl

o E W,
9a Cl H 0 o
9¢ F H Py
/ Ra
9e Br H 0

9f Cl Cl

W o
39b F H

0 5
O (39a-d) 39¢ Br H

39d Cl Cl

R
40a-d ! -
(40a-d) ) ol (41a-d)
. b F .
(iv) . B (iv)
d Cl Cl

Scheme (3.3): The synthetic pathway for (6-alkynyloxy benzofuran-2-yl)(phenyl)(pyridin-3-yl)methanol
derivatives, (i) K.COs, CH3CN, 70 °C, 3 h (ii) HCl/dioxane, 1h, (iii) alkynyl bromide, KoCOs3;, CH3;CN, 70
°C, 16 h, (iv) pyridine 3-magnesium bromide, THF, 16 h.
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3.3.2.1. Preparation of the 6-methoxy derivatives: (6-methoxybenzofuran-2-
yl)(phenyl)(pyridin-3-yl)methanol derivatives (36a-d) (Saberi et al. 2006)

MgBr
R
| X _0 o OH
O O
THF 7
N
R, R, R, R,
3a Cl H 36a Cl H
3d F H 36b F H
3f Br H 36¢ Br H
3g Cl Cl 36d Cl Cl

This reaction is a Grignard reaction in which pyridin-3-yl magnesium bromide, prepared in
situ from the reaction of 3-bromopyridine and magnesium turnings in the presence of a few crystals
of iodine, adds to the ketone group through formation of a carbon-carbon bond to form a tertiary

alcohol (Figure 3.5). The proper ketone starting compounds (3) were prepared as described in
chapter two.

Formation of Grignard reagent

N

Grignard addition to ketone

MgBr
@ @MgHBrH
* s o o o@/—\ /g O o OH
Ll R 5 R
O / 7 g
@ SN MgOHBr ~ N
3) (36)

Figure (3.3): Schematic representation of Grignard reaction mechanism.
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The yields varied from 25% to 92% (table 3.1), which can be attributed to the extent of
formation of the Grignard reagent or the time allowed for the reaction. The reaction was monitored

by TLC with the addition of excess Grignard reagent until the disappearance of the starting material.

Table (3.1): Yield of compounds 36a-d

Compound Yield
36a 92%
36b 83%
36¢C 25%
36d 32%

The products were identified by *H and *3C NMR with the appearance of the additional signals
downfield in the aromatic area of the spectrum indicating the pyridine ring and a broad singlet
corresponding to the tertiary alcohol group. The identity of the products was confirmed by
HPLC/HRMS analysis providing the exact molecular weight for each product and with HPLC purity

not less than 95%.

3.3.2.2. The divergent synthetic pathway
3.3.2.2.1. Grignard reaction: preparation of (4-chlorophenyl)(pyridin-3-yl)(6-

((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanol (37a) (Saberi et al.
2006)

MgBr
Cl X 0.__0O
a @ (T U
0.0 o T A
U/ N
o)
(9a)

(37a)

o OH

This reaction is a Grignard reaction as described under the preparation of the 6-methoxy
derivatives in which the ketone starting compounds (9) were prepared from the pyran protected

salicylaldehyde derivative (8a) as described in chapter two.
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The reaction was monitored by TLC with the addition of excess Grignard reagent until the
disappearance of the starting material. However, the yield after column chromatography purification

was around 30%.

3.3.2.2.2. Pyran deprotection: preparation of 2-((4-chlorophenyl)(hydroxy)(pyridin-
3-yl)methyl)benzofuran-6-ol (38a)

0.__0O o OH HO o OH
Cl Dioxane/HCI Cl
Y4 /
“ i “
x_N N
(37a) (38a)
CH3OH/HCI

HO o OH HO o O
/I * /|
)

(38a (38b)

The reaction is acid-catalysed pyran deprotection (Jepsen et al. 2011) performed as described in
chapter two using HCI and dioxane as the reaction solvent instead of methanol. TLC monitoring
showed complete disappearance of the starting material and appearance of a lower spot indicating the

formation of the free phenolic OH group.

The identity of the compound was confirmed by *H NMR, which showed the disappearance of
all pyran signals in the aliphatic region of the spectrum and the appearance of a broad singlet signal

corresponding to the phenolic OH at around 10.0 ppm.

This reaction was initially attempted using HCI and methanol as the reaction solvent as
described (Jepsen et al. 2011). However, on monitoring TLC, the intensity of the spot corresponding
to the starting material R¢ was found to increase over time indicating the formation of a side product.
The side product was isolated and analysed to indicate the formation of 2-((4-

chlorophenyl)(methoxy)(pyridin-3-yl)methyl)benzofuran-6-ol (38b) through acid catalysed ether
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formation of the original product 2-((4-chlorophenyl)(hydroxy)(pyridin-3-yl)methyl)benzofuran-6-ol
(38a) at the tertiary alcoholic OH. The identity of the side product was confirmed by *H NMR, which
showed the disappearance of all pyran signals in the aliphatic region of the spectrum and the
appearance of a broad singlet signal corresponding to the phenolic OH at around 10.0 ppm. The only
difference between the side product and the product was the disappearance of the broad singlet of the
tertiary alcohol at around 7.1 ppm and the appearance of a singlet at around 3.2 ppm representing the
methoxy group in the HNMR (figure 3.6) and the appearance of an extra carbon peak in the
BCNMR.

38a
2 JL 38b 2
/ } 1
7.2 7.1 7.0 6.9 3.40 3.30 3.20
f1 (ppm) f1 (ppm)

Figure (3.6): Magnification of the difference in *H NMR for compounds 38a in green and 38b in red.

3.3.2.2.3. Preparation of the 6-pentyloxy compounds (42)

HO o) OH /\/O o OH
O Yy O Cl 1-bromopent-2-ynfz O p O Cl
Z
I = |
N <N
) )

K,CO3 / CH5CN

(38a (42a

This reaction is a nucleophilic substitution reaction as described earlier in chapter two,
where K>COg acts as a base to deprotonate the acidic phenolic group. However, the presence of the
tertiary alcohol and the acidic benzofuran proton complicated the reaction. The presence of more
than one reactive centre led to the formation of multiple products with all sort of combinations
(Figure 3.7). The complexity of the TLC made it inevitable to shift the synthetic pathway to a less
divergent way by changing the order of the reactions to perform this nucleophilic substitution step

before the formation of the tertiary alcohol.
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Figure (3.7): The proposed possible multiple products of the nucleophilic substitution reaction for

compound 38a with three reactive centres.

3.3.2.3. The non-divergent synthetic pathway
3.3.2.3.1. Pyran deprotection (Jepsen et al. 2011)

R4

O HCI/ CH;OH

0__0O o g
Y. Rz

(T U~

R, R, R; R,
9a Cl H 39a Cl H
9¢ F H 39b F H
9e Br H 39¢ Br H
of Cl Cl 39d Cl Cl

116



Pyridine-based dual binding aromatase inhibitors

The acid catalysed pyran deprotection reaction was performed as described in chapter two.
The identity of the compound was confirmed by *H NMR, which showed the disappearance of all
pyran signals in the aliphatic region of the spectrum and the appearance of a broad singlet signal
corresponding to the phenolic OH at around 10.0 ppm. The yield for this reaction and the melting

points for the products are indicated in table 3.2.

Table (3.2): Yield and melting points for compounds 39a-d

Compound Yield Melting point

39a 64% 208-210 °C (lit. m.p. = 222-224 °C) (Meshram et al. 2012)
39%b 66% 196-198 °C

39c 71% 202-206 °C (lit. m.p. = 212-214 °C) (Meshram et al. 2012)
39d 66% 192-194 °C

3.3.2.3.2. Preparation of (6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(phenyl)methanone
derivatives (40a-d) and (6-(but-2-yn-1-yloxy)benzofuran-2-yl)(phenyl)methanone
derivatives (41a-d)

R3Br

K,COj3 / CHZCN RS/O

R, R R, R R,
39a cl H 40a cl H
39 F H =
39¢ Br H 40b L = g
[an]
39d Cl Cl 40¢ Br H =
&
40d cl cl
41a cl H
41b F H =
>
q
41c Br H =]
=]
41d cl cl
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The nucleophilic substitution reaction as described earlier in chapter two, where K>CO3 acts
as a base to deprotonate the acidic phenolic group. H and 3C NMR confirmed the identity of the
produced white solids by the appearance of the signals representing the alkyne chain in the aliphatic
region upfield of the spectrum. The yield for this reaction and the melting points for the products are
indicated in table 3.3.

Table (3.3): Yield and melting points for compounds 40a-d and 41a-d

Compound Yield Melting point
40a 35% 106-110°C
40b 76% 106-108 °C
40c 40% 116-118 °C
40d 75% QOil
41a 34% 132-134°C
41b 61% 162-164 °C
41c 43% 143-145°C
41d 86% Oil
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3.3.2.3.3. Grignard reaction: preparation of (6-(pent-2-yn-1-yloxy)benzofuran-2-
yl)(phenyl)(pyridin-3-yl)methanol derivatives (42a-d) and (6-(but-2-yn-1-
yloxy)benzofuran-2-yl)(phenyl)(pyridin-3-yl)methanol derivatives (43a-d)

MgBr
R
AN 2
| _O o OH
R
N 3 R
-~ 5 Y/ 1
THF 2
x~_N

R, k; Rs RI R2 R3

40a cl H a7a ol "
e —
40b 5 = g, 42b F o 2
e &
40¢ Br H E 42¢ Br H Ei
5]
A &

40d cl cl 42d cl cl

41a Cl H 43a cl H
= 43b F 1 =
41b F H = g
& ph
41c Br H E e Br H i3

43d cl cl

41d cl cl

The Grignard reaction (Saberi et al. 2006) was performed as described for the preparation of
the (6-methoxybenzofuran-2-yl)(phenyl)(pyridin-3-yl)methanol derivatives (36a-d). The yield for
this reaction is indicated in table 3.4.The products were identified by *H and **C NMR with the
appearance of the signals of the pyridine ring in the aromatic area downfield of the spectrum and a

broad singlet corresponding to the tertiary alcohol group.

Table (3.4): Yield for compounds 42a-d and 43a-d

Compound Yield Compound Yield
42a 91% 43a 94%
42b 20% 43b 80%
42c 50% 43c 70%
42d 15% 43d 34%
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3.3.3. Biological evaluation

The twelve prepared compounds were tested for their aromatase inhibitory activity as previously
described in chapter 2 at a single concentration (10 nM). Six compounds, namely 36a, 36¢, 42a,

42c, 43a and 43c, were selected for more detailed 1Csg determination (figure 3.8).

1504

1004

50+

% Aromatase Activity

Control 36a 36b 36¢ 36d 42a 42b 42c 42d 43a 43b 43c 43d

Figure (3.8): Biological results for aromatase activity assay at single concentration (10 nM), compounds

selected for ICso indicated by *.

The ICso values indicated in table 3.5 shows that all compounds except 42¢ showed activity at
< 1 nM. The methoxy derivatives was generally more potent than the extended compounds with
but-2-ynyloxy or pent-2-yn-yloxy groups having the potential of binding the access channel along
with the active site. With a chloro group on the phenyl ring, no significant difference was observed
between the but-2-ynyloxy (43a) or pent-2-ynyloxy (42a), however with a bromo group, compound
43c with a but-2-ynloxy group proved to be better than the pent-2-ynyloxy analogue (42c). These

results suggest that variation in inhibitory activity could be subjected to size limitations.
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Table (3.5): ICso values for the selected compounds (36a, 36¢, 42a, 42c, 43a and 43c)

1Cso0 95-%
Compound M) | Confidence R1 R2
interval (nM)
36a 0.46 0.375-0.567 OCHs Cl
36¢ 0.40 | 0.352-0.456 OCHs Br
42a 0.92 ' 0.744-1.133 @ Pent-2-ynyloxy | ClI
42c 4.9 4.093-5971 @ Pent-2-ynyloxy | Br
43a 1.05  0.763-1.446 @ But-2-ynyloxy Cl
43c 0.83 0.665 - 1.038 But-2-ynyloxy Br

Examples of the compounds, namely 36a, 36¢, 42a, 42c, 43a, 43c, and 43d, were tested at 1

1M over 48 hours along with doxorubicin as positive control by BrdU proliferation assay to evaluate

the toxicity against non-oestrogen dependent cells (MDA-MB-231). Statistics using one-way

ANOVA followed by a Tukey’s Multiple Comparison test comparing all compounds against control

showed no significant difference between the tested compounds and the negative control indicating

that the compounds had no impact on MDA-MB-231 growth (Figure 3.9). These results suggest

possible limited off-target effects.

Absorption (370nm)
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Figure (3.9): Toxicity of pyridine compounds tested at 1 UM for 48 hours treatment followed by BrdU

proliferation assay. Stats are one-way ANOVA followed by a Tukey’s Multiple Comparison test

comparing all compounds against control. Data represents n = 6 technical replicates £ SEM. *** p <

0.001 compared to control. NS — Non-significant compared to control.
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3.4.Conclusion and future work

Studying the CYP19A1 crystal structure (PDB 3S79) (Ghosh et al. 2012) and the binding
interactions of the natural substrate showed that hydrogen bonds for the 3- and 17-keto oxygen
with Asp309 and Met374 respectively are key ligand interactions along with the other
hydrophobic interactions of the ligand with the boundaries of the active site constituted by other
residues including Arg115, 11e133, Phel134, Val370, Val373 and Leu477. Docking studies using
MOE generated ligand-protein complexes that showed a good fit within the active site pocket.
More interestingly, the long chain substitutions with but-2-ynyloxy or pent-2-ynyloxy groups on
either the benzofuran or phenyl side were able to theoretically fit in the access channel of the
active site, which is lined with Arg192, Val313 and Glu483. MD simulations for the generated
complexes showed that generally the 6-position of the benzofuran ring was optimal for long
chain substitution to target the access channel. Also, the S-enantiomer of the compounds showed
better binding than the R-enantiomer in terms of binding to the haem through the nitrogen of the

pyridine ring.

Synthetic pathways were developed for the designed compounds and modified when
needed. Synthesis of class 1 compounds with simple changing of the secondary substituent on
the phenyl ring of the parent compounds (36a, b) was found to be successful providing four final
compounds (36a-d). Synthesis of class 2 compounds with the long chain substitutions (but-2-
ynyloxy and pent-2-ynyloxy) on the benzofuran ring was found to be more challenging than their
triazole analogues prepared in chapter 2 due to the presence of the pyridine ring which
complicated the last step with complex multiple substitution products. This required a less
divergent synthetic pathway that was successful in all the steps in varying yields, providing the
required compounds (42 and 43).

Twelve final compounds were successfully prepared, fully characterised and evaluated for
aromatase inhibitory activity, which was in nanomolar range for all 12 compounds. Compounds
with bromo or chloro substituents were found to be more active than their fluoro or dichloro
analogues. Pyridine-based compounds proved to have the dual binding potential, however the
results suggest a size limitation for compound 42c with 4-bromophenyl and pent-2-ynyloxy
groups. Compounds 42a (4-chlorophenyl/pent-2-ynyloxy) and 43c (4-bromophenyl/but-2-

ynyloxy) were found to be of adequate size and low nanomolar 1Csg values.
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% Future work:

1. Representative examples of the compounds will be tested for selectivity (CYP panel
e.g. 1A2, 2C9, 2C19, 2D6 and 3A4).

2. Aromatase inhibitors that ‘pass’ these assays will be subject to more detailed
cell/molecular biology investigations to determine the antiproliferative activity (using
aromatase-transfected breast cancer cell line MCF7-AROM (Macaulay et al. 1994)).

3. Resistant cell lines for known Als based on MCF7-AROM will be developed and the
compounds evaluated against these resistant cell lines to determine whether they are
effective against the resistant cell lines of clinically used Als.

4. Resistance for the synthesised compounds will be studied to identify the course and

mechanism of resistance (if any).

3.5.Experimental

3.5.1. General considerations:
As previously described in section 2.5.1
3.5.2. Computational studies
As previously described in section 2.5.2

3.5.3. Chemistry
3.5.3.1.(4-Bromophenyl)(6-methoxybenzofuran-2-yl)methanone (3f)
Chemical Formula: C16H11BrOs, Molecular Weight: 331.17

Br

oo o)
L
O

Prepared following the general procedure for the synthesis of benzofuran-2-
yl(phenyl)methanone derivatives (3a-e) in chapter 2, using 2-hydroxy-4-methoxybenzaldehyde
(1a) (0.5 g, 3.28 mmol) and 2,4’-dibromoacetophenone (2e) (0.91 g, 3.28 mmol) to provide the
product as a white solid. Yield = 0.8 g (74%).
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Melting Point: 206-208 °C (lit. m.p. = 176-178 °C) (Meshram et al. 2012)

TLC: Petroleum ether — EtOAc 3:1 v/v, R = 0.75

'H NMR (CDClz) 8: 7.84 (d, J = 8.6 Hz, 2H, Ar), 8.60 (d, J = 8.6 Hz, 2H, Ar), 7.52 (d, J =
8.7 Hz, 1H, Ar), 7.40 (d, J=0.9 Hz, 1H, Ar), 7.02 (d, J = 1.9 Hz, 1H, Ar), 6.91 (dd, J = 2.2,
8.7 Hz, 1H, Ar), 3.82 (s, 3H, OCHya).

13C NMR (CDCls) 6: 182.60 (C), 161.43 (C), 157.74 (C), 151.65 (C), 136.20 (C), 131.81 (2
x CH), 130.88 (2 x CH), 127.70 (C), 123.72 (CH), 120.28 (C), 117.31 (CH), 114.75 (CH),
95.60 (CH), 55.78 (CH3).

3.5.3.2.(2,4-Dichlorophenyl)(6-methoxybenzofuran-2-yl)methanone (3g)
Chemical Formula: C16H10Cl203, Molecular Weight: 321.15
Cl

o
O
O

Prepared following the general procedure for the synthesis of benzofuran-2-
yl(phenyl)methanone derivatives (3a-e) in chapter 2, using 2-hydroxy-4-methoxybenzaldehyde
(1a) (0.5 g, 3.28 mmol) and 2-bromo-2,4'-dichloroacetophenone (2f) (0.87 g, 3.28 mmol) to
provide the product as a white solid. Yield = 0.93 g (88%).

Melting Point: 156 -158 °C

TLC: Petroleum ether — EtOAc 3:1 v/v, R =0.6

'H NMR (CDClg) 8: 7.57 (d, J = 8.7 Hz, 1H, Ar), 7.54 (d, J = 1.9 Hz, 1H, Ar), 7.50 (d, J =
8.2 Hz, 1H, Ar), 7.40 (dd, J = 1.9, 8.2 Hz, 1H, Ar), 7.30 (d, J = 0.9 Hz, 1H, Ar), 7.08 (d, J =
1.8 Hz, 1H, Ar), 6.99 (dd, J = 2.4, 8.7 Hz, 1H, Ar), 3.90 (s, 3H, OCHa).

13C NMR (CDCls) 8: 182.00 (C), 161.85 (C), 158.24 (C), 151.37 (C), 137.13 (C), 136.00
(C), 132.90 (C), 130.28 (2 x CH), 127.02 (CH), 123.95 (CH), 120.30 (C), 118.52 (CH),
115.04 (CH), 95.55 (CH), 55.80 (CHs).

HPLC (method A): 98.15 % at R.T.= 4.90 min.

HRMS (ESI): Calculated 321.0085 [M+H]*, Found 321.0079 [M+H]".
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3.5.3.3.General procedure for the synthesis of pyridine-3-yl magnesium bromide
(Grignard reagent) (35)

To a suspension of dry Mg turnings (0.83 g, 34mmol) in THF (34 mL) was added a few crystals
of I followed by 3-bromo pyridine (34) (3.3 mL, 34 mmol). The reaction mixture was heated at
70 °C for 5 h to produce the required pyridin-3-yl magnesium bromide (35), which was used

immediately without any further characterisation.

3.5.3.4.General procedure for the synthesis of (6-methoxybenzofuran-2-
yD(phenyl)(pyridin-3-yl)methanol derivatives (36a-d) (Saberi et al. 2006)

MgBr
R Ro
1 |\ _0O o OH
RSy g
THF /|
N
(36)

To a solution of (6-methoxybenzofuran-2-yl)(phenyl)methanone derivatives (3a, d, f, g) (1
m.eqg.) in THF (10 mL/mmol) was added pyridin-3-yl magnesium bromide (35) (7 m.eq.). The
reaction mixture was heated at 70 °C overnight. The reaction mixture was then concentrated under
vacuum. The residue was dissolved in H20 (50 mL) and extracted with EtOAc (2 x 100 mL). The
combined organic layer was dried (MgSOas) and concentrated under vacuum. The product was
purified by gradient column chromatography to give (6-methoxybenzofuran-2-yl)(phenyl)(pyridin-3-
yl)methanol (36a-d) at 60% EtOAc in petroleum ether (v/v) as a colourless or white oil.

3.5.3.4.1. (4-Chloroophenyl)(6-methoxybenzofuran-2-yl)(pyridin-3-yl)methanol
(36a) (Saberi et al. 2006)
Chemical Formula: C21H16CINO3, Molecular Weight: 365.81

e o OH
7

x~_N

Yield: 0.5 g (92%)
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TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.4

!H NMR (CDClz) 8: 8.57 (d, J = 1.7 Hz, 1H, Ar), 8.52 (d, J = 4.7 Hz, 1H, Ar), 7.78 (dt, J
=2.15, 8.1 Hz, 1H, Ar), 7.38 (d, J = 8.6 Hz, 1H, Ar), 7.34 (m, 5H, Ar), 6.96 (d, J = 2.0 Hz,
1H, Ar), 6.90 (dd, J = 2.3, 8.6 Hz, 1H, Ar), 6.27 (d, J = 0.8 Hz, 1H, Ar), 3.84 (s, 3H, OCH3),
2.37 (bs, 1H, OH).

13C NMR (CDCls) 6: 158.42 (C), 157.61 (C), 156.28 (C), 148.32 (CH), 148.11 (CH), 141.89
(C), 139.97 (C), 135.55 (CH), 134.22 (C), 128.67 (2 x CH), 128.51 (2 x CH), 123.21 (CH),
121.58 (CH), 120.69 (C), 112.37 (CH), 106.82 (CH), 96.04 (CH), 76.51 (C), 55.72 (CHa).
HPLC (method A): 100 % at R.T.= 4.73 min.

HRMS (ESI): Calculated 366.0896 [M+H]", Found 366.0891 [M+H]".

3.5.3.4.2. (4-Fluorophenyl)(6-methoxybenzofuran-2-yl)(pyridin-3-yl)methanol
(36b) (Saberi et al. 2006)
Chemical Formula: C21H16FNO3, Molecular Weight: 349.36

e o OH
(4=

7

N
Yield: 0.2 g (83%)
TLC: Petroleum ether — EtOAc 1:1 v/v, R = 0.42
'H NMR (DMSO-dg) &: 8.52 (m, 2H, Ar), 7.71 (m, 1H, Ar), 7.49 (d, J = 8.6 1H, Ar), 7.41
(m, 3H, Ar), 7.21 (m, 3H, Ar), 7.16 (bs, 1H, OH), 6.88 (dd, J = 2.3, 8.6 Hz, 1H, Ar), 6.47 (d,
J=0.9 Hz, 1H, Ar), 3.77 (s, 3H, OCHj).
13C NMR (DMSO-dg) &: 162.86 (d, *Jcr = 243.75 Hz, C), 156.63 (C), 158.23 (C), 156.17
(C), 148.93 (CH), 148.61 (CH), 141.22 (d, “JcF = 2.5 Hz, C), 141.00 (C), 135.00 (CH),
129.52 (d, *Jcr = 8.75 Hz, 2 x CH), 123.56 (CH), 122.05 (CH), 120.96 (C), 115.36 (d, 2JcF
= 21.25 Hz, 2 x CH), 112.50 (CH), 106.10 (CH), 96.44 (CH), 75.86 (C), 56.02 (CHs3).
HPLC (method A): 100 % at R.T.= 4.61 min.
HRMS (ESI): Calculated 350.1187 [M+H]", Found 350.1189 [M+H]".
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3.5.3.4.3. (4-Bromophenyl)(6-methoxybenzofuran-2-yl)(pyridin-3-yl)methanol
(36¢)
Chemical Formula: C21H16BrNO3, Molecular Weight: 410.27

_0 o OH
O / O Br

7
N

Yield: 0.13 g (25%)

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf = 0.47

'H NMR (DMSO-d6) &: 8.52 (m, 2H, Ar), 7.71 (m, 1H, Ar), 7.58 (d, J = 8.7 Hz, 2H, Ar),

7.49 (d, J = 8.5 Hz, 1H, Ar), 7.41 (m, 1H, Ar), 7.30 (d, J = 8.7 Hz, 2H, Ar), 7.16 (m, 2H, Ar

+ OH), 6.88 (dd, J = 2.3, 8.5 Hz, 1H, Ar), 6.48 (d, J = 0.9 Hz, 1H, Ar), 3.77 (s, 3H, OCHjs).

13C NMR (DMSO-d6) 8: 159.26 (C), 158.26 (C), 156.18 (C), 149.01 (CH), 148.58 (CH),

144.38 (C), 140.71 (C), 135.01 (CH), 131.46 (2 x CH), 129.63 (2 x CH), 123.60 (CH), 122.08

(CH), 121.36 (C), 120.94 (C), 112.53 (CH), 106.25 (CH), 96.44 (CH), 75.92 (C), 56.03

(CHp).

HPLC (method A): 98.93 % at R.T.= 4.76 min.

HRMS (ESI): Calculated 410.0391 [M+H]*, Found 410.0387 [M+H]".

3.5.3.4.4. (2,4-Dichlorophenyl)(6-methoxybenzofuran-2-yl)(pyridin-3-yl)methanol
(36d)
Chemical Formula: C21H15CI2NOs, Molecular Weight: 400.26

Yield: 0.18 (32%)

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf= 0.5

IH NMR (CDCls) 8: 8.49 (m, 2H, Ar), 7.69 (m, 1H, Ar), 7.34 (d, J = 2.1 Hz, 1H, Ar), 7.30
(d, J = 8.6 Hz, 1H, Ar), 7.23 (m, 1H, Ar), 7.14 (dd, J = 2.1, 8.5 Hz, 1H, Ar), 7.01 (d, J = 8.5
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Hz, 1H, Ar), 6.91 (d, J = 2.1 Hz, 1H, Ar), 6.81 (dd, J = 2.3, 8.6 Hz, 1H, Ar), 6.22 (d, J = 0.9
Hz, 1H, Ar), 4.39 (bs, 1H, OH), 3.75 (s, 3H, OCHy).

13C NMR (CDCls) 8: 158.42 (C), 156.35 (C), 156.19 (C), 148.99 (CH), 148.56 (CH), 139.06
(C), 138.38 (C), 135.21 (C), 134.82 (CH), 133.89 (C), 131.43 (CH), 131.09 (CH), 127.02
(CH), 123.02 (CH), 121.63 (CH), 120.76 (C), 112.48 (CH), 106.99 (CH), 96.09 (CH), 77.18
(C), 55.72 (CHy).

HPLC (method A): 100 % at R.T.= 4.78 min.

HRMS (ESI): Calculated 422.0326 [M+Na]*, Found 422.0313 [M+Na]".

3.5.3.5.(4-Bromophenyl)(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
yl)methanone (9e)
Chemical Formula: C2oH17BrO4, Molecular Weight: 401.26

Br

ooy S
L
o)
Prepared as described for (3a-€) in chapter 2, using 2-hydroxy-4-((tetrahydro-2H-pyran-2-
yloxy) benzaldehyde (8a) (0.64 g, 2.88 mmol) and 2, 4’-dibromoacetophenone (2e) (0.8 g, 2.88

mmol). The formed solid was purified by recrystallisation from ethanol to afford (4-bromophenyl)(6-

((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone (9e) as a white solid. Yield =1 g (86%).

Melting Point: 180-184 °C.

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.67

'H NMR (CDCls) : 7.85 (d, J = 8.5 Hz, 2H, Ar), 7.60 (d, J = 8.5 Hz, 2H, Ar), 7.52 (d, J =
8.6 Hz, 1H, Ar), 7.41 (d, J = 0.85 Hz, 1H, Ar), 7.26 (s, 1H, Ar), 7.01 (dd, J = 2.1, 8.6 Hz,
1H, Ar), 5.42 (t, J = 3.2 Hz, 1H, CH-pyran), 3.85 (m, 1H, CHz-pyran), 3.58 (m, 1H, CH>-
pyran), 1.95 (m, 3H, CHz-pyran), 1.66 (m, 3H, CH-pyran).

13C NMR (CDCls) 6: 182.71 (C), 158.62 (C), 157.47 (C), 151.91 (C), 136.10 (C), 131.82 (2
x CH), 130.96 (2 x CH), 127.80 (C), 123.57 (CH), 121.03 (C), 117.16 (CH), 115.72 (CH),
99.34 (CH), 96.95 (CH), 62.22 (CH>), 30.24 (CH2), 25.08 (CH), 18.71 (CH>).

HPLC (method A): 100 % at R.T.=5.17 min.

HRMS (ESI): Calculated 401.0382 [M+H]*, Found 401.0388 [M+H]".
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3.5.3.6.(2,4-Dichlorophenyl)(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
yl)methanone (9f)
Chemical Formula: C2H16Cl204, Molecular Weight: 391.24
Cl

o~
O (0] e)
GRoY
o)
Prepared as described for (3a-€) in chapter 2, using 2-hydroxy-4-((tetranydro-2H-pyran-2-
yl)oxy) benzaldehyde (8a) (0.64 g, 2.88 mmol) and 2-bromo-2’,4'-dichloroacetophenone (2f) (0.77
g, 2.88 mmol). The formed solid was purified by recrystallisation from ethanol to afford (2,4-

dichlorophenyl)(6-((tetranydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone  (9f) as yellow
crystals. Yield = 0.95 g (85%).

Melting Point: 118-122 °C

TLC: Petroleum ether — EtOACc 3:1 v/v, Rf= 0.7

IH NMR (CDCls) &: 7.58 (d, J = 8.7 Hz, 1H, Ar), 7.54 (d, J = 1.9 Hz, 1H, Ar), 7.49 (d, J =
8.2 Hz, 1H, Ar), 7.40 (dd, J = 1.9, 8.2 Hz, 1H, Ar), 7.33 (d, J = 1.9 Hz, 1H, Ar), 7.30 (d, J =
0.9 Hz, 1H, Ar), 7.09 (dd, J = 2.1, 8.7 Hz, 1H, Ar), 5.51 (t, J = 3.2 Hz, 1H, CH-pyran), 3.93
(m, 1H, CH2-pyran), 3.66 (m, 1H, CH»-pyran), 2.036 (m, 1H, CHz-pyran), 1.93 (m, 2H, CH»-
pyran), 1.75 (m, 3H, CHz-pyran).

13C NMR (CDClz) 8: 182.14 (C), 159.03 (C), 157.95 (C), 151.56 (C), 137.15 (C), 135.98
(C), 132.92 (C), 130.29 (CH), 127.01 (CH), 123.80 (CH), 121.03 (C), 118.34 (CH), 115.88
(CH), 99.35 (CH), 96.91 (CH), 62.19 (CHz2), 30.19 (CH), 25.05 (CH), 18.67 (CH>).

3.5.3.7.(4-Chlorophenyl)(pyridin-3-yl)(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-
2-yl)methanol (37)
Chemical Formula: C2sH22CINO4, Molecular Weight: 435.90
o OH

o._ 0O

T EO
7
~ _N
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Prepared as described for (36a-d) using (4-chlorophenyl)(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone (9a) (1.22 g, 3.4 mmol). The product was purified by gradient
column chromatography to give (6-methoxybenzofuran-2-yl)(phenyl)(pyridin-3-yl)methanol (37) at
70% EtOAC in petroleum ether (v/v) as a yellow oil. Yield = 0.47 g (31%).

TLC: Petroleum ether — EtOAc 1:1 v/v, R¢ = 0.55

IH NMR (DMSO-d6) &: : 8.51 (m, 2H, Ar), 7.70 (d, J = 8.0 Hz, 1H, Ar), 7.50 (d, J = 8.5
Hz, 1H, Ar), 7.45 (d, J = 8.6, 2H, Ar), 7.41 (m, 1H, Ar), 7.36 (d, J = 8.6 Hz, 2H, Ar), 7.21
(s, 1H, Ar), 7.1614 (bs, ex, 1H, OH), 6.96 (dd, J = 2.1, 8.5 Hz, 1H, Ar), 6.49 (d, J = 4.3 Hz,
1H, Ar), 3.76 (m, 1H, CHz-pyran), 3.56 (m, 1H, CH»-pyran), 1.86 (m, 3H, CH-pyran), 1.59
(m, 3H, CH2-pyran).

13C NMR (DMSO-d6) 8: 159.64 (C), 155.77 (C), 155.11 (C), 149.01 (CH), 148.45 (CH),
143.75 (C), 140.66 (C), 135.10 (CH), 132.80 (C), 129.25 (2 x CH), 128.57 (2 x CH), 123.70
(CH), 122.04 (CH), 121.94 (C), 114.25 (CH), 106.26 (CH), 99.71 (CH), 96.86 (CH), 75.79
(C), 62.11 (CHy), 30.29 (CHy), 25.11 (CH), 19.11 (CH>).

3.5.3.8.Deprotection of (4-chlorophenyl)(pyridin-3-yl)(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanol (37)

To a solution of (6-methoxybenzofuran-2-yl)(phenyl)(pyridin-3-yl)methanol (37) (0.47 g, 1.07
mmol)) in methanol (4 mL), conc. HCI (1 mL) was added and the reaction stirred for 1 h at room
temperature. The reaction mixture was concentrated under reduced pressure. The residue
neutralised by NaHCO3 and extracted with EtOAc (2 x 100 mL). The combined organic layer was

dried (MgSOs) and concentrated under reduced pressure. Purification by gradient column
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chromatography  afforded  2-((4-chlorophenyl)(methoxy)(pyridin-3-yl)methyl)benzofuran-6-ol
(38b) at 60% EtOAcC in petroleum ether (v/v) as a yellow oil. Yield = 0.15 g (39%) and 2-((4-
chlorophenyl)(hydroxy)(pyridin-3-yl)methyl)benzofuran-6-ol (38a) at 70% EtOAc in petroleum
ether (v/v) as a yellow oil. Yield = 0.1 g (37%).

3.5.3.8.1. 2-((4-Chlorophenyl)(hydroxy)(pyridin-3-yl)methyl)benzofuran-6-ol
(38a)
Chemical Formula: C20H14CINO3, Molecular Weight: 351.79

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf = 0.35

IH NMR (DMSO-d6) &: : 9.56 (bs, 1H, OH), 8.51 (m, 2H, Ar), 7.69 (dt, J = 1.8, 8.0 Hz,
1H, Ar), 7.44 (d, J = 8.6 Hz, 2H, Ar), 7.40 (m, 2H, Ar), 7.35 (d, J = 8.6 Hz, 2H, Ar), 7.10
(bs, ex, 1H, OH), 6.85 (s, 1H, Ar), 6.73 (dd, J = 2.1, 8.4 Hz, 1H, Ar), 6.36 (s, 1H, Ar).

13C NMR (DMSO-d6) &: 158.47 (C), 156.26 (C), 155.99 (C), 148.95 (CH), 148.44 (CH),
143.86 (C), 140.76 (C), 135.08 (CH), 132.73 (C), 129.24 (2 x CH), 128.52 (2 x CH), 123.66
(CH), 122.07 (CH), 119.80 (C), 112.72 (CH), 106.40 (CH), 97.97 (CH), 75.74 (C).

3.5.3.8.2. 2-((4-Chlorophenyl)(methoxy)(pyridin-3-yl)methyl)benzofuran-6-ol
(38b)
Chemical Formula: C21H16CINOs, Molecular Weight: 365.81

TLC: Petroleum ether — EtOAc 1:1 v/v, R =0.5

'H NMR (DMSO-d6) &: : 9.65 (bs, 1H, OH), 8.61 (d, J = 1.8 Hz, 1H, Ar), 8.52 (dd, J = 1.6,
4.7 Hz, 1H, Ar), 7.80 (m, 1H, Ar), 7.45 (m, 6H, Ar), 6.88 (d, J = 1.6, 1H, Ar), 6.77 (dd, J =
2.1,8.4 Hz, 1H, Ar), 6.72 (d, J = 0.75 Hz, 1H, Ar), 3.18 (s, 3H, CHs).

13C NMR (DMSO-d6) &: 156.45 (C), 156.36 (C), 154.25 (C), 149.14 (CH), 148.45 (CH),
141.26 (C), 138.53 (C), 135.21 (CH), 132.97 (C), 129.40 (2 x CH), 128.90 (2 x CH), 123.90
(CH), 122.39 (CH), 119.51 (C), 113.03 (CH), 109.88 (CH), 97.99 (CH), 81.95 (C), 52.96
(CHy).
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3.5.3.9.General procedure for the synthesis of (6-hydroxybenzofura-2-
yl)(phenyl)methanone derivatives (39a-d)

R1

O Dioxane/HCI
0__0 o g
(U =
o)
(9)

To a solution of (6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)(phenyl)methanone (9a,c,e,f)
in dioxane (4 mL), conc. HCI (1 mL) was added and the reaction stirred for 1 h at room temperature.
The reaction mixture was then concentrated under reduced pressure and the residue washed with

CH.Cl; to afford (6-hydroxybenzofura-2-yl)(phenyl)methanone derivatives (39a, b, c, d).

3.5.3.9.1. (4-Chlorophenyl)(6-hydroxybenzofura-2-yl)methanone (39a)
Chemical Formula: C15sHeCIO3, Molecular Weight: 272.68

Cl

oo S
Yield: 0.52 g (64%), white solid.
Melting Point: 208-210 °C (lit. m.p. = 222-224 °C) (Meshram et al. 2012)
TLC: Petroleum ether — EtOAc 3:1 v/v, Rs = 0.325
IH NMR (DMSO-d6) &: 10.26 (bs, 1H, OH), 7.98 (d, J = 8.6 Hz, 2H, Ar), 7.71 (d, J = 0.9
Hz, 1H, Ar), 7.66 (m, 3H), 7.04 (d, J = 1.1 Hz, 1H, Ar), 6.92 (dd, J = 2.1, 8.6 Hz, 1H, Ar).
13C NMR (DMSO0-d6) 8: 182.04 (C), 159.99 (C), 157.77 (C), 150.71 (C), 138.03 (C), 136.28

(C), 131.30 (2 x CH), 129.26 (2 x CH), 125.00 (CH), 119.49 (C), 119.01 (CH), 115.24 (CH),
97.92 (CH).
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3.5.3.9.2. (4-Fluorophenyl)(6-hydroxybenzofura-2-yl)methanone (39b)
Chemical Formula: C1sHgFO3, Molecular Weight: 256.23

F

oo &
(L~

Yield: 0.39 g (66%), white solid.
Melting Point: 196-198 °C.
TLC: Petroleum ether — EtOAc 3:1 v/v, R =0.3
'H NMR (DMSO-d6) 8: 10.23 (bs, 1H, OH), 8.06 (dd, J = 5.5, 8.8 Hz, 2H, Ar), 7.69 (d, J
= 0.8 Hz, 1H, Ar), 7.65 (d, J = 8.6 Hz, 1H, Ar), 7.43 (t, J = 8.8 Hz, 2H, Ar), 7.03 (s, 1H, Ar),
6.91 (dd, J = 2.1, 8.6 Hz, 1H, Ar).
13C NMR (DMSO-d6) &: 181.78 (C), 166.16 (d, *Jc,r = 250 Hz, C), 159.91 (C), 157.70 (C),
150.84 (C), 134.23 (d, “Jcr = 3.75 Hz, C), 132.37(d, 3JcF = 10 Hz, 2 x CH), 124.89 (CH),
119.49 (C), 118.70 (CH), 116.29 (d, ¢ = 21.25 Hz, 2 x CH), 115.17 (CH), 97.95 (CH).
HPLC (method A): 89.79 % at R.T.= 4.96 min.
HRMS (ESI): Calculated 279.0433 [M+Na]*, Found 279.0428 [M+Na]".

3.5.3.9.3. (4-Bromophenyl)(6-hydroxybenzofura-2-yl)methanone (39c)
Chemical Formula: C15sH9BrOs, Molecular Weight: 317.14

Br

oo &
o,
Yield: 0.56 g (71%), white solid.
Melting Point (°C): 202-206 °C (lit. m.p. = 212-214 °C) (Meshram et al. 2012)
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.32
'H NMR (DMSO-d6) &: 10.26 (bs, 1H, OH), 7.89 (d, J = 8.6 Hz, 2H, Ar), 7.80 (d, J = 8.6

Hz, 2H, Ar), 7.70 (d, J = 1.0 Hz, 1H, Ar), 7.65 (d, J = 8.6 Hz, 1H, Ar), 7.03 (d, J = 1.1 Hz,
1H, Ar), 6.91 (dd, J = 2.1, 8.6 Hz, 1H, Ar).
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13C NMR (DMSO-d6) &: 182.21 (C), 160.01 (C), 157.78 (C), 150.67 (C), 136.62 (C), 132.20
(2 x CH), 131.41 (2 x CH), 127.09 (C), 125.01 (CH), 119.49 (C), 119.05 (CH), 115.25 (CH),
97.91 (CH).

3.5.3.9.4. (2,4-Dichlorophenyl)(6-hydroxybenzofura-2-yl)methanone (39d)
Chemical Formula: C1sHsCl203, Molecular Weight: 307.13

Cl

o

Yield: 0.49 g (66%), yellow solid.

Melting Point: 192-194 °C

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf =0.35

'H NMR (DMSO-d6) 6: 10.35 (bs, 1H, OH), 7.83 (d, J = 1.9 Hz, 1H, Ar), 7.72 (d, J = 8.2
Hz, 1H, Ar), 7.62 (m, 2H), 7.51 (d, J = 1.0 Hz, 1H, Ar), 7.02 (m, 1H, Ar), 6.90 (dd, J = 2.0,
8.6 Hz, 1H, Ar).

13C NMR (DMSO0-d6) 8: 181.40 (C), 160.55 (C), 158.32 (C), 150.67 (C), 136.60 (C), 136.32
(C), 131.95 (C), 131.30 (CH), 130.09 (CH), 128.01 (CH), 125.25 (CH), 120.65 (CH), 119.47
(C), 115.52 (CH), 97.95 (CH).

HPLC (method A): 100 % at R.T.= 4.72 min.

HRMS (ESI): Calculated 306.9928 [M+H]", Found 306.9924 [M+H]".

3.5.3.10. General procedure for the synthesis of (6-(pent-2-yn-1-
yloxy)benzofuran-2-yl)(phenyl)methanone derivatives (40a-d)

1-bromopent-2-yne

K,CO3 / CH3CN
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To asolution of (6-hydroxybenzofura-2-yl)(phenyl)methanone derivatives (39a, b, ¢, d)(1 m.eq.)
in dry CH3CN (10 mL/mmol), K2CO3 ( 2.2 m.eq.) was added and the mixture stirred for 1 h at 40
°C then 1-bromopent-2-yne (26) (2 m.eq.) was added and the reaction mixture stirred at room
temperature for 16 h. The reaction mixture was concentrated under reduced pressure and the residue
dissolved in EtOACc (100 mL). The organic layer was washed with H20 (3 x 50 mL), dried (MgSOa)
and concentrated under reduced pressure. Purification by gradient column chromatography afforded
(6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(phenyl)methanone derivatives (40a, b, c, d) at 20% EtOAc

in petroleum ether (v/v).

3.5.3.10.1. (4-Chlorophenyl)(6-(pent-2-yn-1-yloxy)benzofuran-2-yl)methanone

(40a)
Chemical Formula: C2oH15CIO3, Molecular Weight: 338.79
of
/\/0 o) O
O / O

Yield: 0.17 g (35%), white solid.

Melting Point: 106-110 °C

TLC: Petroleum ether — EtOAc 3:1 v/v, R¢=0.72

IH NMR (CDCls) 8: 8.01 (d, J = 8.6 Hz, 2H, Ar), 7.62 (d, J = 8.7 Hz, 1H, Ar), 7.54 (d, J =
8.6 Hz, 2H, Ar), 7.49 (d, J = 0.9 Hz, 1H, Ar), 7.25 (d, J = 1.8 Hz, 1H, Ar), 7.05 (dd, J = 2.2,
8.7 Hz, 1H, Ar), 4.78 (t, J = 2.1 Hz, 2H, CH>), 2.29 (qt, J = 2.1, 7.5 Hz, 2H, CH2), 1.18 (t, J
= 7.5 Hz, 3H, CHz).

13C NMR (CDClzg) 8: 182.52 (C), 159.50 (C), 157.45 (C), 151.78 (C), 139.14 (C), 135.74
(C), 130.77 (2 x CH), 128.86 (2 x CH), 123.70 (CH), 120.70 (C), 117.24 (CH), 115.22 (CH),
97.07 (CH), 90.39 (C), 73.47 (C), 57.06 (CH3), 13.56 (CHs3), 12.51 (CH>).

HPLC (method A): 89.32 % at R.T.= 5.06 min.

HRMS (ESI): Calculated 339.0787 [M+H]", Found 339.0784 [M+H]".
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3.5.3.10.2. (4-Fluorophenyl)(6-(pent-2-yn-1-yloxy)benzofuran-2-yl)methanone

(40b)
Chemical Formula: C2oH15FO3, Molecular Weight: 322.34
F
/\/O o O
o~

Yield: 0.19 g (76%), white solid.

Melting Point: 106-108 °C

TLC: Petroleum ether — EtOAc 3:1 v/v, Rs = 0.62

IH NMR (CDCls) : 8.01 (dd, J = 5.4, 8.9 Hz, 2H, Ar), 7.52 (d, J = 8.7 Hz, 1H, Ar), 7.40
(d, J=0.9 Hz, 1H, Ar), 7.15 (m, 3H, Ar), 6.95 (dd, J = 2.2, 8.6 Hz, 1H, Ar), 4.68 (t, J=2.1
Hz, 2H, CH>), 2.20 (qt, J = 2.1, 7.5 Hz, 2H, CH>), 1.08 (t, J = 7.5 Hz, 3H, CH3).

13C NMR (CDCls) 8: 182.29 (C), 166.55 (d,'r = 252.5 Hz, C), 159.40 (C), 157.38 (C),
151.88 (C), 133.69 (d, “Jcr = 3.75 Hz, C), 131.98 (d, 3Jcr = 8.75 Hz, 2 x CH), 123.64 (CH),
120.72 (C), 117.03 (CH), 115.78 (d, ZJcr = 21.25 Hz, 2 x CH), 115.14 (CH), 97.07 (CH),
90.35 (C), 73.49 (C), 57.05 (CHz2), 13.56 (CHa), 12.50 (CH>).

HPLC (method A): 82.69 % at R.T.= 4.94 min.

HRMS (ESI): Calculated 323.1083 [M+H]", Found 323.1077 [M+H]".

3.5.3.10.3. (4-Bromophenyl)(6-(pent-2-yn-1-yloxy)benzofuran-2-yl)methanone
(40c)
Chemical Formula: C2oH15BrO3, Molecular Weight: 383.24
Br

N
L~
Yield: 0.1 g (40%), white solid.
Melting Point: 116-118 °C
TLC: Petroleum ether — EtOAc 3:1 v/v, Rs = 0.27

IH NMR (CDCls) &: 7.84 (d, J = 8.6 Hz, 2H, Ar), 7.61 (d, J = 8.6 Hz, 2H, Ar), 7.53 (d, J =
8.7 Hz, 1H, Ar), 7.40 (d, J = 0.9 Hz, 1H, Ar), 7.16 (d, J = 1.8 Hz, 1H, Ar), 6.95 (dd, J = 2.2,
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8.7 Hz, 1H, Ar), 4.69 (t, J = 2.1 Hz, 2H, CHy), 2.20 (qt, J = 2.1, 7.5 Hz, 2H, CH2), 1.09 (t, J
= 7.5 Hz, 3H, CHs).

13C NMR (CDCls) : 182.68 (C), 159.51 (C), 157.46 (C), 151.76 (C), 136.18 (C), 131.84 (2
x CH), 130.87 (2 x CH), 127.75 (C), 123.70 (CH), 120.70 (C), 117.29 (CH), 115.24 (CH),
97.06 (CH), 90.39 (C), 73.46 (C), 57.06 (CH>), 13.56 (CHz3), 12.50 (CHy).

HPLC (method A): 97.25 % at R.T.= 5.09 min.

HRMS (ESI): Calculated 383.0282 [M+H]", Found 383.0278 [M+H]".

3.5.3.10.4. (2,4-Dichlorophenyl)(6-(pent-2-yn-1-yloxy)benzofuran-2-
yl)methanone (40d)
Chemical Formula: C20H14Cl,03, Molecular Weight: 373.23

Cl
> RS,
@]

Yield: 0.18 g (75%), yellow oil.

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.25

IH NMR (CDCls) &: 7.49 (d, J = 8.8 Hz, 1H, Ar), 7.45 (d, J = 1.9 Hz, 1H, Ar), 7.40 (d, J =
8.2 Hz, 1H, Ar), 7.31 (dd, J = 1.9, 8.2 Hz, 1H, Ar), 7.20 (d, J = 0.9 Hz, 1H, Ar), 7.12 (d, J =
1.8 Hz, 1H, Ar), 6.94 (dd, J = 2.2, 8.8 Hz, 1H, Ar), 4.68 (t, J = 2.1 Hz, 2H, CH>), 2.19 (qt, J
=2.1,7.5Hz, 2H, CHy), 1.08 (t, J = 7.5 Hz, 3H, CHs3).

13C NMR (CDCls) 8: 182.05 (C), 159.51 (C), 157.96 (C), 151.47 (C), 137.18 (C), 135.95
(C), 132.91 (C), 130.31 (CH), 130.28 (CH), 127.03 (CH), 123.94 (CH), 120.69 (C), 118.53
(CH), 115.50 (CH), 97.02 (CH), 90.47 (C), 73.35 (C), 57.06 (CH2), 13.55 (CHz), 12.49
(CH2).

HPLC (method A): 96.52 % at R.T.= 5.06 min.

HRMS (ESI): Calculated 373.0398 [M+H]", Found 373.0394 [M+H]".
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3.5.3.11. General procedure for the synthesis of (6-(but-2-yn-1-yloxy)benzofuran-
2-yl)(phenyl)methanone derivatives (41a-d)

R1

1-bromobut-2-yne

\/0
K,COg / CHyCN

(39) 41)

Prepared as described for the synthesis of (6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(phenyl)
methanone derivatives (40a, b, ¢, d) using 1-bromobut-2-yne (22) (2 m.eq.). Purification by gradient
column chromatography afforded (6-(but-2-yn-1-yloxy)benzofuran-2-yl)(phenyl)methanone
derivatives (41a, b, c, d) at 20% EtOAc in petroleum ether (v/v).

3.5.3.11.1. (6-(But-2-yn-1-yloxy)benzofuran-2-yl)(4-chlorophenyl)methanone

(41a)
Chemical Formula: C19H13ClO3, Molecular Weight: 324.76
Cl
\/O O O
o~

Yield: 0.16 g (34%), white solid.

Melting Point: 132-134 °C

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf= 0.7

'H NMR (CDCls) 6: 7.90 (d, J = 8.6 Hz, 2H, Ar), 7.52 (d, J = 8.7 Hz, 1H, Ar), 7.43 (d, J =
8.6 Hz, 2H, Ar), 7.39 (d, J=0.9 Hz, 1H, Ar), 7.14 (d, J = 1.8 Hz, 1H, Ar), 6.94 (dd, J = 2.2,
8.7 Hz, 1H, Ar), 4.66 (q, J = 2.3 Hz, 2H, CH>), 1.79 (t, J = 2.3 Hz, 3H, CHa).

13C NMR (CDCls) &: 182.47 (C), 159.44 (C), 157.43 (C), 151.78 (C), 139.13 (C), 135.71
(C), 130.76 (2 x CH), 128.85 (2 x CH), 123.72 (CH), 120.70 (C), 117.20 (CH), 115.18 (CH),
97.03 (CH), 84.62 (C), 73.33 (C), 56.98 (CH>), 3.72 (CHa).

HPLC (method A): 85.73 % at R.T.= 4.97 min.

HRMS (ESI): Calculated 325.0631 [M+H]", Found 325.0623 [M+H]".
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3.5.3.11.2. (6-(But-2-yn-1-yloxy)benzofuran-2-yl)(4-fluorophenyl)methanone

(41b)
Chemical Formula: C19H13FO3, Molecular Weight: 308.31
F
\/0 o O
o~

Yield: 0.11 g (61%), white solid.

Melting Point: 162-164 °C

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf= 0.6

IH NMR (CDCls) 8: 8.12 (m, 2H, Ar), 7.62 (d, J = 8.7 Hz, 1H, Ar), 7.50 (d, J = 0.9 Hz, 1H,
Ar), 7.28 (m, 3H, Ar), 7.04 (dd, J = 2.2, 8.7 Hz, 1H, Ar), 4.76 (g, J = 2.3 Hz, 2H, CH>), 1.90
(t, J=2.3 Hz, 3H, CHa).

13C NMR (CDClg) &: 182.28 (C), 166.56 (d, Jcr = 252.5 Hz, C), 159.35 (C), 157.38 (C),
151.90 (C), 133.68 (d, “Jcr = 3.75 Hz, C), 131.99 (d, 3Jcr = 8.75 Hz, 2 x CH), 123.67 (CH),
120.73 (C), 117.01 (CH), 115.79 (d, ZJcr = 21.25 Hz, 2 x CH), 115.12 (CH), 97.06 (CH),
84.60 (C), 73.34 (C), 57.98 (CH>), 3.72 (CHa).

HPLC (method A): 94.35 % at R.T.= 4.90 min.

HRMS (ESI): Calculated 309.0926 [M+H]", Found 309.0919 [M+H]".

3.5.3.11.3. (6-(But-2-yn-1-yloxy)benzofuran-2-yl)(4-bromophenyl)methanone
(41c)
Chemical Formula: C19H13BrOs, Molecular Weight: 369.21
Br

oo &
(U
o]
Yield: 0.1 g (43%), white solid.

Melting Point: 143-145 °C
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.37
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IH NMR (CDCls) &: 7.84 (d, J = 8.6 Hz, 2H, Ar), 7.61 (d, J = 8.6 Hz, 2H, Ar), 7.53 (d, J =
8.7 Hz, 1H, Ar), 7.40 (d, J = 0.9 Hz, 1H, Ar), 7.16 (d, J = 1.8 Hz, 1H, Ar), 6.95 (dd, J = 2.2,
8.7 Hz, 1H, Ar), 4.67 (g, J = 2.3 Hz, 2H, CH»), 1.81 (t, J = 2.3 Hz, 3H, CH5).

13C NMR (CDCls) 6: 182.48 (C), 159.46 (C), 157.41 (C), 151.76 (C), 136.16 (C), 131.84 (2
x CH), 130.87 (2 x CH), 127.64 (C), 123.73 (CH), 120.71 (C), 117.26 (CH), 115.21 (CH),
97.05 (CH), 84.63 (C), 73.30 (C), 56.99 (CH>), 3.72 (CHa).

HPLC (method A): 94.12 % at R.T.= 5.00 min.

HRMS (ESI): Calculated 369.0126 [M+H]", Found 369.0119 [M+H]".

3.5.3.11.4. (6-(But-2-yn-1-yloxy)benzofuran-2-yl)(2,4-dichlorophenyl)methanone

(41d)
Chemical Formula: C19H12Cl203, Molecular Weight: 359.20
Cl
o o (D
Cl
% o)

Yield: 0.2 g (86%), yellow oil.

TLC: Petroleum ether — EtOAc 3:1 v/v, R¢ = 0.32

IH NMR (CDCls) &: 7.49 (d, J = 8.7 Hz, 1H, Ar), 7.45 (d, J = 1.9 Hz, 1H, Ar), 7.40 (d, J =
8.2 Hz, 1H, Ar), 7.32 (dd, J = 1.9, 8.2 Hz, 1H, Ar), 7.20 (d, J = 0.9 Hz, 1H, Ar), 7.13 (d, J =
1.9 Hz, 1H, Ar), 6.93 (dd, J = 2.2, 8.7 Hz, 1H, Ar), 4.66 (q, J = 2.3 Hz, 2H, CH>), 1.80 (t, J
= 2.3 Hz, 3H, CH3).

13C NMR (CDClg) 8: 182.03 (C), 159.86 (C), 157.95 (C), 151.54 (C), 137.18 (C), 135.94
(C), 132.91 (C), 130.31 (CH), 130.28 (CH), 127.03 (CH), 123.96 (CH), 120.70 (C), 118.50
(CH), 115.47 (CH), 97.01 (CH), 84.72 (C), 73.20 (C), 56.99 (CH>), 3.71 (CH3).

HPLC (method A): 100 % at R.T.= 4.98 min.

HRMS (ESI): Calculated 359.0241 [M+H]", Found 359.0238 [M+H]".
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3.5.3.12. General procedure for the synthesis of (6-(pent-2-yn-1-
yloxy)benzofuran-2-yl)(phenyl)(pyridin-3-yl)methanol derivatives (42a-d)

MgBr

Ra
i DU

THF _

I
N

(42)

Prepared as described for the synthesis of (6-methoxybenzofuran-2-yl)(phenyl)(pyridin-3-
yl)methanol (36a-d) using (6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(phenyl)methanone derivatives
(40a-d) (1 m.eq.) to give (6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(phenyl)(pyridin-3-yl)methanol
(42a-d) after purification using column chromatography at 60% EtOAc in petroleum ether (v/v) as a

colourless or white oil.

3.5.3.12.1. (4-Chlorophenyl)(6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(pyridin-3-
yl)methanol (42a)
Chemical Formula: C2sH20CINO3z, Molecular Weight: 417.89

(L))

“

N
Yield: 0.18 g (91%)
TLC: Petroleum ether — EtOAc 1:1 v/v, Rf = 0.32
'H NMR (CDCls) &: 8.49 (m, 2H, Ar), 7.64 (m, 1H, Ar), 7.30 (d, J = 8.6 Hz, 1H, Ar), 7.26
(m, 5H, Ar), 6.98 (d, J = 2.0 Hz, 1H, Ar), 6.86 (dd, J = 2.3, 8.6 Hz, 1H, Ar), 6.16 (d, J = 0.9
Hz, 1H, Ar), ), 4.61 (t, J = 2.1 Hz, 2H, CHy), 3.79 (bs, 1H, OH), 2.18 (qt, J = 2.1, 7.5 Hz,
2H, CHy), 1.07 (t, J = 7.5 Hz, 3H, CHy).
13C NMR (CDCls) 8: 157.90 (C), 156.61 (C), 156.04 (C), 149.02 (CH), 148.70 (CH), 141.87
(C), 139.46 (C), 134.96 (CH), 134.23 (C), 128.68 (2 x CH), 128.51 (2 x CH), 123.05 (CH),
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121.55 (CH), 121.24 (C), 113.05 (CH), 106.86 (CH), 97.48 (CH), 89.87 (C), 76.61 (C), 73.97
(C), 57.13 (CHy), 13.58 (CHa), 12.51 (CH>).

HPLC (method A): 100 % at R.T.= 4.87 min.

HRMS (ESI): Calculated 418.1209 [M+H]", Found 418.1204 [M+H]".

3.5.3.12.2. (4-Fluorophenyl)(6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(pyridin-3-
yl)methanol (42b)
Chemical Formula: C2sH20FNO3, Molecular Weight: 401.44

/\/O o OH
(1O

7

N
Yield: 0.04 g (20%)
TLC: Petroleum ether — EtOAc 1:1 v/v, Rf = 0.45
IH NMR (CDCls) &: 8.53 (m, 2H, Ar), 7.66 (d, J = 7.9 Hz, 1H, Ar), 7.31 (d, J = 8.6 Hz, 1H,
Ar), 7.28 (dd, J = 5.3, 8.9 Hz, 2H, Ar), 7.19 (obscured by CDCls, 1H, Ar), 7.00 (d, J = 2.1
Hz, 1H, Ar), 6.99 (t, J = 8.7 Hz, 2H, Ar), 6.86 (dd, J = 2.3, 8.6 Hz, 1H, Ar), 6.16 (d, J = 0.8
Hz, 1H, Ar), ), 4.62 (t, J = 2.1 Hz, 2H, CHy), 3.32 (bs, 1H, OH), 2.19 (qt, J = 2.1, 7.5 Hz,
2H, CHy), 1.08 (t, J = 7.5 Hz, 3H, CH3).
13C NMR (CDCls) &: 176.59 (C), 163.49 (d, Jcr = 247.5 Hz, C), 158.11 (C), 156.58 (C),
156.00 (C), 139.15 (d, “Jcr = 3.75 Hz, C), 134.83 (CH), 129.17 (d, 3Jcr = 8.75 Hz, 2 X CH),
121.54 (CH), 121.26 (C), 115.33 (d, ZJc g = 22.5 Hz, 2 x CH), 113.05 (CH), 106.83 (CH),
97.48 (CH), 89.83 (C), 76.76 (C, obscured by CDCI3), 73.94 (C), 57.13 (CH>), 13.58 (CH3),
12.51 (CH>).
“ Three CH peaks for Pyridine carbons are too small and require more scan time to be
detected.
HPLC (method A): 100 % at R.T.= 4.78 min.
HRMS (ESI): Calculated 402.1505 [M+H]*, Found 402.1501 [M+H]*.
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3.5.3.12.3. (4-Bromophenyl)(6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(pyridin-3-
yl)methanol (42c)
Chemical Formula: C2sH20BrNO3, Molecular Weight: 462.34

/\/O 5 OH
L))

7

N

Yield: 0.05 g (50%)

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.5

'H NMR (CDClz) 8: 8.48 (m, 2H, Ar), 7.64 (d, J = 8.0 Hz, 1H, Ar), 7.41 (d, J = 8.6 Hz, 2H,
Ar), 7.30 (d, J = 8.6 Hz, 1H, Ar), 7.20 (m, 3H, Ar), 6.98 (d, J = 2.1 Hz, 1H, Ar), 6.86 (dd, J
= 2.3, 8.6 Hz, 1H, Ar), 6.16 (d, J = 0.9 Hz, 1H, Ar), ), 4.61 (t, J = 2.1 Hz, 2H, CH>), 3.68
(bs, 1H, OH), 2.19 (qt, J = 2.1, 7.5 Hz, 2H, CH>), 1.07 (t, J = 7.5 Hz, 3H, CH3).

13C NMR (CDClz) 8: 157.79 (C), 156.62 (C), 156.04 (C), 148.97 (CH), 148.63 (CH), 142.39
(C), 139.49 (C), 135.00 (CH), 131.48 (2 x CH), 129.00 (2 x CH), 123.02 (CH), 122.47 (C),
121.55 (CH), 121.22 (C), 113.06 (CH), 106.90 (CH), 97.47 (CH), 89.87 (C), 76.67 (C), 73.97
(C), 57.13 (CHy), 13.58 (CH3), 12.51 (CH>).

HPLC (method A): 100 % at R.T.= 4.90 min.

HRMS (ESI): Calculated 462.0704 [M+H]", Found 462.0703 [M+H]".

3.5.3.12.4. (2,4-Dichlorophenyl)(6-(pent-2-yn-1-yloxy)benzofuran-2-yl)(pyridin-3-
yl)methanol (42d)
Chemical Formula: C2sH19CI2NO3, Molecular Weight: 452.33

Cl
/\/o o oH
7

N

Yield: 0.03 g (15 %)
TLC: Petroleum ether — EtOAc 1:1 v/v, R = 0.37
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IH NMR (CDCls) 8: 8.54 (m, 2H, Ar), 7.69 (d, J = 8.0 Hz, 1H, Ar), 7.36 (d, J = 2.2 Hz, 1H,
Ar), 7.32 (d, J = 8.6 Hz, 1H, Ar), 7.26 (m, 1H, Ar), 7.15 (dd, J = 2.2, 8.5 Hz, 1H, Ar), 7.03
(d,J=2.1Hz, 1H, Ar), 7.00 (d, J = 8.5 Hz, 1H, Ar), 6.87 (dd, J = 2.3, 8.6 Hz, 1H, Ar), 6.22
(d, J=0.8 Hz, 1H, Ar), 4.62 (t, J = 2.1 Hz, 2H, CH>), 4.06 (bs, 1H, OH), 2.19 (qt, J = 2.1,
7.5 Hz, 2H, CH>), 1.08 (t, J = 7.5 Hz, 3H, CHj).

13C NMR (CDCls) 8: 156.63 (C), 156.48 (C), 155.96 (C), 149.14 (CH), 148.61 (CH), 138.94
(C), 137.56 (C), 135.29 (C), 134.71 (CH), 133.84 (C), 131.45 (CH), 131.13 (CH), 130.68
(CH), 127.06 (CH), 121.62 (CH), 121.27 (C), 113.17 (CH), 107.10 (CH), 97.55 (CH), 89.89
(C), 76.77 (C, obscured by CDCls), 73.96 (C), 57.14 (CH2), 13.58 (CH3), 12.52 (CH>).
HPLC (method A): 100 % at R.T.= 4.92 min.

HRMS (ESI): Calculated 452.0820 [M+H]", Found 452.0816 [M+H]".

3.5.3.13. General procedure for the synthesis of (6-(but-2-yn-1-yloxy)benzofuran-

2-yl)(phenyl)(pyridin-3-yl)methanol derivatives (43a-d)

Prepared as described for the synthesis of (6-methoxybenzofuran-2-yl)(phenyl)(pyridin-3-
yl)methanol (36a-d) using (6-(but-2-yn-1-yloxy)benzofuran-2-yl)(phenyl)methanone derivatives
(41a-d) (1 m.eq.) to give (6-(but-2-yn-1-yloxy)benzofuran-2-yl)(phenyl)(pyridin-3-yl)methanol
(43a-d) after purification using column chromatography at 60% EtOAc in petroleum ether (v/v) as a
colourless or white oil.
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3.5.3.13.1. (6-(But-2-yn-1-yloxy)(4-chlorophenyl)benzofuran-2-yl)(pyridin-3-
yl)methanol (43a)
Chemical Formula: C24H1sCINO3, Molecular Weight: 403.86

\o o OH

Z

N

Yield: 0.16 g (94%)

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.4

'H NMR (CDCls) : 8.60 (m, 2H, Ar), 7.74 (dt, J = 1.6, 8.0 Hz, 1H, Ar), 7.40 (d, J = 8.6
Hz, 1H, Ar), 7.36 (m, 5H, Ar), 7.08 (s, 1H, Ar), 6.95 (dd, J = 2.2, 8.6 Hz, 1H, Ar), 6.26 (s,
1H, Ar), 4.69 (q, J = 2.2 Hz, 2H, CH?y), 3.74 (bs, 1H, OH), 1.88 (t, J = 2.2 Hz, 3H, CH3).
13C NMR (CDCls) 8: 157.84 (C), 156.55 (C), 156.05(C), 149.12 (CH), 148.76 (CH), 141.81
(C), 139.40 (C), 134.92 (CH), 134.27 (C), 128.68 (2 x CH), 128.52 (2 x CH), 123.05 (CH),
121.59 (CH), 121.24 (C), 113.04 (CH), 106.89 (CH), 97.40 (CH), 84.08 (C), 76.65 (C), 73.80
(C), 57.03 (CH2), 3.74 (CHs3).

HPLC (method A): 100 % at R.T.= 4.80 min.

HRMS (ESI): Calculated 404.1053 [M+H]*, Found 404.1050 [M+H]".

3.5.3.13.2. (6-(But-2-yn-1-yloxy)(4-fluorophenyl)benzofuran-2-yl)(pyridin-3-
yl)methanol (43b)
Chemical Formula: C24H1sFNO3, Molecular Weight: 387.41

\/0 o OH
10
a

N

Yield: 0.1 g (80 %)

TLC: Petroleum ether — EtOAc 1:1 v/v, R¢ = 0.37

IH NMR (CDCls) 8: 8.48 (m, 2H, Ar), 7.65 (m, 1H, Ar), 7.30 (d, J = 8.6 Hz, 1H, Ar), 7.26
(dd, J =5.3, 8.9 Hz, 2H, Ar), 7.20 (m, 1H, Ar), 6.98 (m, 3H, Ar), 6.85 (dd, J = 2.3, 8.6 Hz,
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1H, Ar), 6.15 (d, J = 0.8 Hz, 1H, Ar), ), 4.59 (g, J = 2.3 Hz, 2H, CH>), 3.90 (bs, 1H, OH),
1.78 (t, J = 2.3 Hz, 3H, CHy).

13C NMR (CDCls) &: 163.46 (d, YJcr = 246.25 Hz, C), 158.23 (C), 156.52 (C), 156.03 (C),
148.92 (CH), 148.73 (CH), 139.68 (C), 139.24 (d, “Jcr = 2.5 Hz, C), 134.98 (CH), 129.16
(d, 3JcF=8.75 Hz, 2 x CH), 123.02 (CH), 121.55 (CH), 121.29 (C), 115.29 (d, 2JcF = 21.25
Hz, 2 x CH), 112.96 (CH), 106.72 (CH), 97.41 (CH), 84.06 (C), 76.60 (C), 73.83 (C), 57.02
(CH2), 3.74 (CHs).

HPLC (method A): 100 % at R.T.= 4.70 min.

HRMS (ESI): Calculated 388.1348 [M+H]", Found 388.1351 [M+H]".

3.5.3.13.3. (4-Bromophenyl)(6-(but-2-yn-1-yloxy)benzofuran-2-yl)(pyridin-3-
yl)methanol (43c)
Chemical Formula: C24H1sBrNO3, Molecular Weight: 448.32

\/0 o OH
O / O Br

7

N
Yield: 0.07 g (70 %)
TLC: Petroleum ether — EtOAc 1:1 v/v, R = 0.42
IH NMR (CDCls) &: 8.47 (m, 2H, Ar), 7.64 (dt, J = 2.1, 8.1 Hz, 1H, Ar), 7.40 (d, J = 8.7
Hz, 2H, Ar), 7.30 (d, J = 8.6 Hz, 1H, Ar), 7.20 (m, 3H, Ar), 6.97 (d, J = 2.1 Hz, 1H, Ar),
6.85 (dd, J = 2.3, 8.6 Hz, 1H, Ar), 6.16 (d, J = 0.9 Hz, 1H, Ar), ), 4.59 (q, J = 2.3 Hz, 2H,
CHy), 3.97 (bs, 1H, OH), 1.78 (t, J = 2.3 Hz, 3H, CHj3).
13C NMR (CDClzs) 8: 157.87 (C), 156.56 (C), 156.04 (C), 148.98 (CH), 148.66 (CH), 142.43
(C), 139.36 (C), 134.98 (CH), 131.46 (2 x CH), 129.00 (2 x CH), 123.05 (CH), 122.44 (C),
121.58 (CH), 121.24 (C), 113.01 (CH), 106.85 (CH), 97.39 (CH), 84.07 (C), 76.64 (C), 73.82
(C), 57.02 (CH2), 3.75 (CHs3).
HPLC (method A): 100 % at R.T.= 4.83 min.
HRMS (ESI): Calculated 448.0548 [M+H]*, Found 448.0543 [M+H]".
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3.5.3.13.4. (6-(But-2-yn-1-yloxy)(2,4-dichlorophenyl)benzofuran-2-yl)(pyridin-3-
yl)methanol (43d)
Chemical Formula: C24H17CI2NOs, Molecular Weight: 438.30

cl
\/0 o OH
a
N

Yield: 0.08 (34 %)
TLC: Petroleum ether — EtOAc 1:1 v/v, Rf=0.4
'H NMR (CDCls) 8: 8.52 (m, 2H, Ar), 7.69 (dt, J = 1.8, 8.2 Hz, 1H, Ar), 7.36 (d, J = 2.2
Hz, 1H, Ar), 7.32 (d, J = 8.6 Hz, 1H, Ar), 7.25 (m, 1H, Ar), 7.15 (dd, J = 2.2, 8.6 Hz, 1H,
Ar), 7.03 (d, J = 2.1 Hz, 1H, Ar), 7.00 (d, J = 8.5 Hz, 1H, Ar), 6.87 (dd, J = 2.3, 8.6 Hz, 1H,
Ar), 6.23 (d, J = 0.9 Hz, 1H, Ar), 4.61 (g, J = 2.3 Hz, 2H, CH>), 4.06 (bs, 1H, OH), 1.80 {t,
J=2.3Hz, 3H, CHa).
13C NMR (CDClzg) 8: 156.60 (C), 156.47 (C), 155.97 (C), 149.16 (CH), 148.63 (CH), 138.92
(C), 138.24 (C), 135.29 (C), 134.78 (CH), 133.84 (C), 131.45 (CH), 131.13 (CH), 127.07
(CH), 123.06 (CH), 121.65 (CH), 121.28 (C), 113.13 (CH), 107.09 (CH), 97.47 (CH), 84.09
(C), 76.77 (C, obscured by CDCls), 73.80 (C), 57.04 (CH2), 3.75 (CHa).
HPLC (method A): 100 % at R.T.= 4.84 min.
HRMS (ESI): Calculated 438.0663 [M+H]", Found 438.0659 [M+H]".

3.5.4. Cell culture

As previously described in section 2.5.4

3.5.5. Aromatase activity assay

As previously described in section 2.5.5

3.5.6. BrdU-based cell proliferation assay to assess drug toxicity

As previously described in section 2.5.6
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Chapter 4: Dual aromatase sulfatase inhibition
4.1. Background

4.1.1. One molecule — one target — one disease

Traditionally, the aim of drug discovery was the design of molecules that can target a single
biological entity with a high degree of selectivity (Ramsay et al. 2018). This target, usually a protein,
is believed to be crucial for a certain disease providing the basis of a principle dominating the
pharmaceutical industry and medicinal chemistry research for several decades in the twentieth
century (Ramsay et al. 2018; Alcaro et al. 2019; Zhou et al. 2019). The principle “one molecule —
one target — one disease” dictated a target-centric strategy categorising the pharmacological activity
of the molecule into desirable “on-target” and undesirable “off-target”. This strategy has led to the
discovery of many successful selective drugs for unmet medical needs (Bolognesi and Cavalli 2016;
Ramsay et al. 2018).

4.1.2. Paradigm shift from single target to multi-target therapeutics

Despite the successes of single-target treatments in prolonging lives and sometimes curing the
diseases, it was usually found to be inadequate in complex multifactorial diseases such as
neurodegenerative and CNS diseases, infections and cancer leading to unsatisfactory therapeutic
effect (Alcaro et al. 2019; Zhou et al. 2019). This resilience could be attributed to the robust nature
of cellular networks manifested by the activation of compensatory “back-up” mechanisms preventing
major changes in the overall outcome (Zhou et al. 2016; Skok et al. 2019). Building on these
accumulated findings, manipulating two or more targets leading to additive or synergistic effects,
known as polypharmacological treatment, has gained more interest with the hope of reduction of
resistance development (Bolognesi 2013; Skok et al. 2019; Zhou et al. 2019).

Polypharmacology includes two approaches; mixture of monotherapies and multi-target
directed ligands (MTDLs) (Figure 4.1). Mixture of monotherapies can be either a drug cocktail
(combination of different formulas each containing one active ingredient) or multicomponent drug
(combination drug i.e.: one formula containing multiple active ingredients) (Bolognesi 2013; Zhou et
al. 2019). In this combination therapy approach, smaller doses of the individual drugs would be
required leading to decreased side effects when compared with each individual drug alone (Mokhtari
et al. 2017; Skok et al. 2019). The downside of this strategy is always related to patient compliance,
potential drug-drug interactions and complex pharmacokinetic and pharmacodynamic profile
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(Proschak et al. 2019; Zhou et al. 2019). The second approach of polypharmacology i.e. MTDLs,
also commonly referred to as multimodal, multi-functional, dual and triple acting agents, designed
multitarget ligands or multitarget drugs, could avoid some of these pitfalls requiring only a single
molecule, triggering academic and industrial interest over the last couple of decades (Morphy et al.
2004; Morphy and Rankovic 2005; Youdim and Buccafusco 2005; Morphy and Rankovic 2007;
Millan 2009; Morphy and Rankovic 2009; Morphy and Rankovic 2003; Bolognesi 2013; Zhou et al.
2019).

Drug cocktails

Mixture of
monotherapies

Polypharmacolo ) ’
vP By W Multicomponent drug

Figure (4.1): Three scenarios of polypharmacology contained into two approaches, where mixture

of monotherapies is labelled in blue and multi-target directed ligands is labelled in orange.

The success of multi-target drugs can be clearly illustrated by the rise of their percentage in
the new molecular entities approved by the US Food and Drug Administration (FDA) (Figure 4.2)
from 16% (2000-2015) to 21% (2015-2017). Newly approved combinations also represented 10%,
while single-target drugs represented 34%. Adding the scores of the two polypharmacology
approaches together produces 31% of all approved new molecular entities approaching the percentage
of the single-target drugs (Ramsay et al. 2018).
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Multi-target drugs, 21%

Biotech drugs, 31%

Therapeutic combinations, 10%

Single-target drugs, 34%

m Multi-target drugs ® Therapeutic combinations ® Single-target drugs = Biotech drugs m Diagnostics ® Unknown target

Figure (4.2): New molecular entities approved from 2015 to 2017 by the FDA, data adapted from (Ramsay
et al. 2018).

4.1.3. Multi-target drugs history: from serendipity to rational design

Retrospective studies discovered that the high therapeutic efficacy of some of our oldest small
molecule drugs is due to their multi-target potential (Mei and Yang 2018; Proschak et al. 2019).
Paracetamol, metformin and even aspirin are three examples of long known drugs that interact with
multiple targets accounting for their additive or synergistic effects (Proschak et al. 2019). Statins, a
relatively newer drug class, also show some anti-inflammatory effects not mediated by their main
target of action but supporting their clinical efficacy (Proschak et al. 2019; Skok et al. 2019). From
the beginning of this century with the rise of polypharmacology and beneficial off-target activity,
multi-target drug discovery witnessed a shift towards a more rational design process (Mei and Yang
2018; Proschak et al. 2019; Zhou et al. 2019). However, rational multi-target drug design

encompasses two big challenges; selection of targets and ligand discovery (Ramsay et al. 2018).
4.1.4. Rational selection of multiple targets

Deciding the proper target combination is crucial for the rational discovery of MTDLs. This
requires an in-depth understanding of the disease related pathways and the relationship of the target
to the therapeutic and adverse events (Ramsay et al. 2018; Zhou et al. 2019). The additive or

synergistic effects is decided by the relation between the target pathways. Targets sharing the same
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pathway are expected to produce additive effects, while belonging to complementary pathways could
provide synergistic effects (Ramsay et al. 2018). Target combinations can be validated by clinical
observations of drug cocktails leading to MTDLs. Other rational approaches include phenotypic

screening or in silico techniques (Proschak et al. 2019; Zhou et al. 2019).
4.1.5. Multi-target ligand discovery

The multi-target ligand discovery process goes through ligand identification then
optimisation. Identification can be achieved by either screening approaches or by the predominant
method, which is the knowledge-based approach. This approach combines the essential
pharmacophores of different ligands for single targets into one single compound to form MTDL
(Proschak et al. 2019; Zhou et al. 2019). The ligands can be classified by the manner of their
combination into three distinct types: linked pharmacophores, fused pharmacophores, and merged
pharmacophores (Figure 4.3).

—@ ®
& & |

Linked Pharmacophore Fused Pharmacophore Merged Pharmacophore

Figure (4.3): Different types of multi-target designed ligands.

The linked type is simply achieved by conjugating the two active pharmacophores by a linker
that can be cleavable or non-cleavable (Morphy et al. 2004; Zhou et al. 2019). However, this usually
ends up with a large molecule, which can make them less favourable in terms of bioavailability or
can be associated with other drawbacks related to the position and composition of the linker in a way
that can hinder interactions with the required targets (Morphy and Rankovic 2005; Morphy and
Rankovic 2009; Zhou et al. 2019). This type is currently popular with antibody drug conjugates where
the antibody acts as a delivering agent for the small molecule to its target of action (Proschak et al.
2019).
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Conjugation of pharmacophores without a linker with partial pharmacophore overlapping
produces the second type; fused pharmacophores, which also may have large molecular weights and
may suffer from excessive lipophilicity (Proschak et al. 2019; Zhou et al. 2019). Raising the level of
pharmacophore overlapping provides the most advantageous merged pharmacophore type as it
possesses smaller molecular weights. Apart from being highly demanding in the design process, a
simpler structure increases their drug likeliness and usually fulfils Lipinski’s rule of five (Lipinski et
al. 1997; Proschak et al. 2019; Zhou et al. 2019).

Another huge challenge for multi-target designing is the optimisation of the ligand to keep the
balance of activity between the different required targets. Design-in and design-out are the two
approaches for optimisation. Design-in is the incorporation of the pharmacophore of one ligand into
the molecular architecture of a selective ligand to the other target enhancing the affinity for the new
target while keeping the other target activity optimal. Design-out is the opposite of the design-in
approach as it starts with unselective ligand acting on multiple targets and raising the selectivity to
the desired targets by reducing the affinity towards undesired ones (Zhou et al. 2016; Proschak et al.
2019; Zhou et al. 2019).

4.1.6. MTDL progress and applications

At this point, it is quite challenging to tell which multi-target drug was intended and which
was a matter of luck as in many cases the complex multi-targeting profile was detected in a
retrospective manner. Nevertheless, according to Proschak et al., we can only assume that luck only
meets excellent knowledge and hard work (Proschak et al. 2019). One good representative is aspirin.
Aspirin, one of the earliest described nonsteroidal anti-inflammatory drugs, started to reveal its
complexity of multiple activities around 23 centuries after it was first used. Beside its cyclooxygenase
(COX) inhibition, it was found to beneficially inhibit platelet thromboxane Az, NF-kB and regulate
MAPKSs along with other activities (Amin et al. 1999; Dzeshka et al. 2016; Proschak et al. 2019).
Although designing such a multi-target ligand against unrelated targets represents a challenging
scenario, the structural similarity between the COX-2 ligand, arachidonic acid, and thromboxane A2
(Figure 4.4) suggested that thromboxane A2 receptor and the COX-2 enzyme could accommodate a
multi-targeted ligand. Consequently, some derivatives of Lumiracoxib, a COX-2 selective inhibitor
(Figure 4.5), were rationally designed to act as dual inhibitors (Bertinaria et al. 2012; Proschak et al.
2019).
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Figure (4.4): Structural similarity between arachidonic acid and thromboxane A2.

A good example for serendipity followed by rational design of a dual acting molecule is CBS-
3595, a dual P38a/MAPK and phosphodiesterase inhibitor (Figure 4.5). During the testing of several
P38a/MAPK inhibitors, one candidate showed significantly better in vivo efficacy, which could not
be anticipated from in vitro studies. Another target was identified as phosphodiesterase and was found
to be responsible for the improvement of activity. SAR studies and rational modifications led to the
discovery of the dual inhibitor that synergistically affects the release of TNFa, which might be of
help in chronic inflammatory diseases (Albrecht et al. 2017; Proschak et al. 2019).

~
7 \N)%N
0] _
H OH \(
HN— \
N\
lumiracoxib CBS-3595

Figure (4.5): Anti-inflammatory compounds.

In the field of infectious diseases, the need for multi-target designed ligands is growing due
to antimicrobial resistance (Bolognesi and Cavalli 2016; Proschak et al. 2019). In the 1960s, a
combination protocol was adopted for the treatment of tuberculosis (Wang et al. 2007; Zhou et al.
2019) and later the same combination concept was extended to acquired immunodeficiency syndrome
(AIDS) (Zhou et al. 2019). Human immunodeficiency virus (HIV), the causative agent for AIDS, has
two crucial enzymes for its replication for which dual inhibitors were designed from selective single-
target inhibitors (Figure 4.6). These enzymes are integrase (IN), which integrates the pathogen DNA
into the host, and reverse transcriptase (RT), which transcribes RNA to double stranded DNA (Wang
et al. 2007; Wang and Vince 2008; Bolognesi 2013; Zhou et al. 2019).
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Figure (4.6): Derivatisation of a dual RT/IN inhibitor from selective single inhibitors.

A leading example of MTDL successes is in the arena of antipsychotics. Initially, targeting
dopamine D2-like receptors led to undeniable side effects especially extrapyramidal motor symptoms
(EPS). The combination with antiserotonergic 5-HT2a activity dramatically reduced the side effects.
Efforts on activity modulation led to the successful antipsychotics, aripiprazole and cariprazine
(Figure 4.7) (Proschak et al. 2019).
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|
Figure (4.7): Antipsychotic drugs with multi-target activity.

After a century now from the date of Ehrlich’s hypothesis that combination of two or more
chemotherapeutic agents would be superior to single treatments as it would help prevent resistance
(Ehrlich 1913), many attempts to design multi-target agents were performed against several targets
e.g. histone deacetylases (HDACs) (Bolognesi 2013; Ramsay et al. 2018). Although, the most

extensively investigated protocol of multi-targeting in cancer therapy are multi-kinase inhibitors e.g.
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sunitinib, sorafenib, lenvatinib and imatinib (Figure 4.8), as with all other fields of drug discovery
research, efforts were previously directed towards the development of more selective kinase
inhibitors. However, it is now widely believed that interacting with multiple kinases is crucial for
their anti-cancer activity as resistance is rising against single targets in most cancer diseases (Ramsay
et al. 2018; Skok et al. 2019).
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Figure (4.8): Examples of multi-kinase inhibitors.
4.1.7. MTDL in Breast cancer

In the breast cancer setting, multi-targeting is a very popular approach of study due to
resistance issues leading to a wide variety of multi-targeted drugs. Oestrogen receptor (ER), HER-2,
EGFR, VEGFR, PI3K, mTOR, 173-HSD1, aromatase enzyme and steroid sulfatase enzyme have all
been targets for development of dual acting inhibitors (Proschak et al. 2019; Tripathi et al. 2019;
Zhou et al. 2019; Salah et al. 2017). Each of the dual inhibitor target combinations was inspired by
the crucial role played by the target in the welfare of the tumour in different subclasses of breast
cancer. In HER-2+ breast cancer, lapatinib, a tyrosine kinase inhibitor (Figure 4.9a), possesses a
beneficial dual inhibitory activity against HER-2 and EGFR (Burris 2004). AZD-8055 and OSI-027
(Figure 4.9b) demonstrated dual inhibition of mMTOR1 and mTOR2 and promising activity in TNBC
(Chresta et al. 2010; Bhagwat et al. 2011). Various multi-kinase inhibitors against angiogenesis
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pathway receptors have been described, including axitinib, motesanib, pazopanib, vandetanib and
cediranib (Figure 4.9c).

lapatinib
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(c) Multikinase inhibitors against angiogenesis

Figure (4.9): Some of the MTDL examples in the breast cancer setting.
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Dual inhibitors of PI3K and mTOR e.g. GSK2126458 and VS-5584 (Figure 4.10a) are
effective in both TNBC and ER™ breast cancer (Knight et al. 2010; Kolev et al. 2015; Tripathi et al.
2019). A combination of a SERM (tamoxifen) and a VEGFR-2 inhibitor (brivanib alaninate) (Figure
4.10b) improved efficacy and helped to prevent SERM resistance inspiring some research to develop
a dual inhibitor against ERa and VEGFR-2 using a linked pharmacophore approach demonstrating
in vitro antiproliferative activity alongside in vivo antiangiogenetic activity (Patel et al. 2010; Tang
et al. 2014; Zhou et al. 2019). Also, combination between steroid sulfatase (STS) inhibitors and
aromatase inhibitors proved beneficial in a phase Il clinical trial, the IRIS study, using Irosustat with

aromatase inhibitors (Palmieri et al. 2017).
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Figure (4.10): Examples of compounds used in ER* breast cancer.

In oestrogen dependant breast cancer, dual inhibition of oestrogen synthesis from androgens
through the aromatase enzyme and oestrogen sulphate stores through the sulfatase enzyme

simultaneously, was an interesting approach leading to the development of several dual
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aromatase/sulfatase inhibitors (DASIs) (Begam et al. 2017). Merging the pharmacophores
responsible for inhibition of the two enzymes was achieved by incorporation of a phenol sulfamate
moiety responsible for sulfatase activity into an aromatase inhibitor scaffold depending upon X-ray
structures of enzyme-ligand complexes, docking and extensive SAR studies. Various DASIs were
developed over time with activity ranging between reasonable nanomolar range to outstanding
picomolar values (Figure 4.11) (Woo et al. 2003; Jackson et al. 2007; Woo et al. 2007; Woo et al.
2010; Woo et al. 2011; Wood et al. 2011; Proschak et al. 2019).

Ri Rz  Aromatase ICso (nM) STS ICso (NM)

Cl H 0.015 0.83
Br H 0.018 0.13
H OCHs 0.015 22

Figure (4.11): Picomolar active DASIs.
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4.2. Objectives of this chapter

In an attempt to circumvent the development of resistance in anti-hormonal treatment, a clear
research question was raised, whether it is possible to make use of the potent aromatase inhibitor

benzofuran/triazole scaffold to build dual aromatase-sulfatase inhibitors.

Objectives to be fulfilled by the end of this chapter:

1- To understand the binding requirements of the sulfatase enzyme and use of the
knowledge gained to design dual aromatase-sulfatase inhibitors.
2- To develop synthetic routes to synthesise the novel inhibitors.

3- To perform enzyme inhibitory experiments to assess the efficacy of novel inhibitors.

4.3. Design of dual aromatase sulfatase inhibitors

The natural substrates of aromatase and sulfatase enzymes (oestrogen and oestrogen
sulphate) share a high degree of structural similarity with just one extra group: the sulphate group
in the substrate of the sulfatase enzyme making the design-in technique an appropriate method to
build the DASIs. This involved the incorporation of the sulfamoyl group, required for sulfatase

activity, into the phenol scaffold of the aromatase inhibitors (Figure 4.12).

L > L

Figure (4.12): Incorporation of sulfamoyl group (orange) to the phenolic scaffold of aromatase inhibitors.

The general idea was to compare three different positions for the sulfamate group: the parent
C6 of the benzofuran ring, C5 of the benzofuran ring and C4 of the phenyl ring. Also, varying the
substituent on the C4 of the phenyl ring in the parent compound from chloro to fluoro or cyano

groups to help build a clearer SAR (Figure 4.13).
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Figure (4.13): Two sets of comparisons with the structure variations represented in bold; varying the

position of sulfamate indicated in orange and varying the phenyl substituent indicated in green.

4.4. Results and discussion

4.4.1. Computational Studies

Ligand complexes with the aromatase enzyme prepared in MOE as previously described in

chapter two were subjected to MD simulations for 150 ns. The results showed that the S-enantiomer
had the ability to bind the haem iron through the N4 of the triazole ring, however the R-enantiomer

interacted through the N2 of the triazole ring suggesting improved binding interactions of the S-

enantiomer for the haem (figure 4.14).
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Figure (4.14): Comparing the haem binding between the enantiomers of sulfamate compound 47 over the

course of 150 ns MD simulations (a) S-enantiomer of 47 (b) R-enantiomer of 47.

The ligand-protein complex formed between compound 47 (S-enantiomer) and aromatase
enzyme was generally stable during the simulation time with RMSD values ranging from (P/L

1.18/0.95 A) at the beginning to (P/L 1.87/1.12) towards the end of the simulation (figure 4.15).
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Figure (4.15): Protein-ligand RMSD plot for the S-enantiomer of compound 47 with aromatase enzyme
showing the stability of the complex through the simulation time, ligand RMSD in red and protein RMSD

in blue.

The results also revealed the potential for the sulfamate group to form hydrogen bond
interactions with some of the key amino acid residues, Arg 192, Asp 309 and Ser 478 as shown in
figure 4.16.
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Figure (4.16): Protein-ligand interactions through the whole simulation time showing amino acid residues
interactions, including Arg 192 (mainly through water bridges), Asp 309 and Ser 478 (through hydrogen
bonds).

Computational studies using the crystal structure of the human steroid sulfatase enzyme (PDB
1P49) were far less successful than the aromatase enzyme. The gem diol of formyl glycine residue
75 was obtained by manually deleting the sulphate group and the docking process was performed
for the well-known STS inhibitor (Irosustat) after the active site was selected by the site finder tool
in MOE to include Leu 74, Als 75, Arg 98, Thr 99, Gly 100, Val 101, Leu 103, Lys 134, His 136,
Thr 165, Asn 166, Leu 167, Arg 168, Val 177, Phe 178, Thr 179, Thr 180, Gly 181, His 290, Thr
291, His 346, Glu 349, Lys 368, Thr 484, His 485, Val 486 and Phe 488. MD simulations were
performed for the generated complex for 150 ns with the results showed impracticality of modelling
the STS inhibition positioning the sulfamate group far away from the gem diol group of formyl
glycine residue 75 which plays the main role in both the activity and inhibition of the enzyme
(figure 4.17) (Reed et al. 2005; Recksiek et al. 1998).
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Figure (4.17): Final frame after 150 ns MD simulations for Irosustat with the sulfatase enzyme showing
distance in A between sulfamate group and the gem diol of formyl glycine 75 residue.
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4.4.2. Chemistry

Starting with the phenol scaffold of the aromatase inhibitors, preparing the DASI involved
two consecutive steps. The first of which was the preparation of the sulfamoyl chloride (46), which
was then reacted with the phenolic compounds (11, 12, 13, 14, 17) in a nucleophilic substitution

reaction to produce the required sulfamate compounds (47-51).
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K,COs / CH5CN O /
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Compound | Ri R; Rs Compound R1 R> R3
11 OH H 47 OSO:NH> H Cl
12 H OH CI 48 H OSO:NH> Cl
17 H ClI OH 49 H Cl OSO:NH>
14 OH H CN 49b H Cl OCONH:
13 OH H F 50 OSO:NH> H CN
50b OCONH; H CN
51 OSO:NH> H F

Five different sulfamate derivatives were successfully prepared through this synthetic
pathway. A carbamate compound (49b, 50b) was formed as a side product with the sulfamate
compound in two different occasions. The interesting side product 50b was then intentionally
prepared through different reaction conditions and included for biological investigations raising
the number of biologically tested compounds against both aromatase and sulfatase enzymes to
seven compounds. The detailed aromatase activity will be discussed later however lack of sulfatase
activity for these seven compounds raised a question about the reason. To try to address the answer
to this question a truncated analogue (56a-f) was prepared based on the ketone species formed in
the first step (9a-k) of the aromatase inhibitors synthetic pathway, after pyran deprotection giving

compound 39a-j.
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4.4.2.1. Sulfamoylation of Phenolic compounds (Wood et al. 2011; Ahmed et al. 2002;
Appel and Berger 1958)

o)
. Cl _0 I
(i) \//S//\N//C/ + HO"No — CI=S-NH,
o)
(44) (45) (46)
Q
Cl—S—NH,
(i) ~ HO 5 Qo
HN S
K,CO3 / CH3CN 2N o
(11-14,17) (47-51)

The sulfamoyl chloride (46) prepared in situ from the reaction of chlorosulfonyl isocyanate (44)
and formic acid (45) (Wood et al. 2011; Ahmed et al. 2002; Appel and Berger 1958) was used without
purification or characterisation. This reaction is extremely sensitive to moisture. Using dry solvents
and freshly opened, well preserved chemicals were crucial to the formation of the required product
in relatively good yield. Sulfamoyl chloride was added to the phenolic compound (11-14, 17) in the
presence of K2COz as a base to deprotonate the phenolic group leading to a nucleophilic substitution
reaction to provide the required sulfamate compounds (47-51). The reaction was tracked by TLC to
monitor the progress. However, even with the addition of excess base and/or excess sulfamoyl

chloride, the reaction was not complete with yields ranging from 16% to 39%.

The identity of the compounds was confirmed by *H NMR, which showed the appearance of a
broad singlet signal integrating for two protons of the amine group at around 8.0 ppm, with the

disappearance of the broad singlet integrating for one proton of the phenolic OH in the range 9-10

ppm.

An unexpected carbamate side product (49b, 50b) was formed in two of the derivatives. This
may be attributed to the presence of moisture in the reaction. The carbamate side product was
identified by 'H NMR, which showed the appearance of two separate broad singlet signals each
integrating for one proton between 6.5 and 7.5 ppm (Figure 4.18). This may be attributed to the
tautomerism of the amidic group leading to the inequality between the two protons. Also, 3C NMR
supported this assumption by the presence of an extra quaternary carbon when compared with the $3C

NMR spectrum of the sulfamate compound.
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Figure (4.18): Comparison between the *H NMR spectra of the sulfamate and carbamate products indicating
the difference in the amino group signals.

Verification of the carbamate side product was performed by the intentional synthesis of the
carbamate compound (Singh et al. 2016) using chlorosulfonyl isocyanate/H»O instead of sulfamoyl
chloride and comparing the product from the two methods.

The identity of the sulfamate compound and the carbamate side product was confirmed by

HRMS with a difference of 36 between the weight of the sulfamate and the carbamate.
4.4.3. Biological evaluation

Seven compounds including two carbamate side products were investigated for their
aromatase and sulfatase enzymes inhibitory activity. Knowing that the parent compounds had
strong aromatase inhibitory activity, the compounds were preliminarily tested for aromatase
inhibitory activity at 10 nM to check that they retained aromatase inhibitory activity after the

incorporation of the sulfamoyl group. All compounds, except compound 48, showed more than
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50% aromatase inhibition and were further investigated for 1Cso confirming retention of aromatase

inhibitory activity at low nanomolar range (Table 4.1).

Table (4.1): Aromatase inhibitory activity of the compounds displayed in nM with the most active

compounds indicated by (*).

Compound Aromatase 1Cso (nM) 95% Confidence interval (nM)

47 1.4* 1.060 — 1.848
48 >10 -

49 5.49 -

49b 4.1 3.646 — 4.797
50 1.52* 1.427 - 1.628
50b 0.65* 0.603 — 0.696
51 8.4 6.672 — 10.620

The results not only provided some preliminary SAR in terms of position and nature of
substituents, but also showed that the carbamate side product (49b, 50b) was more active against
the aromatase enzyme. There was clear superiority for the 6- benzofuran for the sulfamate group
over the 5- benzofuran or the 4-phenyl positions. Also, the chloro and cyano derivatives were better

than the fluoro derivative (Figure 4.19).

Figure (4.19): Order of aromatase activity of the sulfamate compounds represented in 1Cso showing the
SAR.
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Despite this low nanomolar aromatase activity, when it came to the sulfatase enzyme, all

the compounds showed complete loss of activity at 10 uM (Figure 4.20).
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Figure (4.20): Sulfatase activity of the compounds showing the lack of activity for all test compounds

compared with the positive and negative control.

At first, these results were quite surprising and required further investigation to understand.
However, literature evidence allowed a rationale for the results obtained. A vorozole-derived
sulfamate having a similar geometry to the benzofuran derivatives described here showed the same
result of nanomolar aromatase activity and sulfatase activity more than 10 uM (Figure 4.21) (Wood
et al. 2011). Also Jackson et al. 2007 suggested that the presence of the triazole group in the
compounds reported in that publication may cause steric hinderance within the STS active site.

N

B
N/
- [T
g0 N
|

C50 arom — 29 nM
IC50 S™S > 10000nM

2'—\\

Figure (4.21): ICs against both aromatase and sulfatase for compound reported by (Wood et al. 2011).
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4.4.4. Design of the ketone sulfamate compounds

HoNT
o] /
¢

R Compound
4-Chlorophenyl 56a
4-Fluorophenyl 56b
4-Bromophenyl 56¢

2,4-Dichlorophenyl 56d
Thiophene 56e
Adamantane 56f

To investigate the relation between the lack of sulfatase activity and the geometric orientation
of the compounds (47-51), a series of truncated compounds (56a-f), lacking the triazole group but
retaining the benzofuran scaffold, were designed based on the STX64 (lrosustat) structural similarity
(Figure 4.22). These truncated compounds had the triazole group replaced by a carbonyl group to
offer some planarity and rigidity to the structure.

N 0
HoN 2 HaN . O N
S\ iy ‘O 0 0]
0 (0]

STX64 56a

Alignment of compound 56a and STX64

Figure (4.22): Structural similarity between compound 56a and STX64 through flexible alignment of the 3D

structure, where compound 56a is represented in green and lrosustat in pink.
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4.45. Synthesis of the ketone sulfamate compounds

A three-step synthetic pathway was used to prepare the final compounds (56). The first step
involved the benzofuran ketone derivative formation followed by a pyran deprotection step. The

produced phenolic compounds (39) were subjected to sulfamoylation step to produce the final

products (56). R
2a 4-Chlorophenyl
o 2b 4-Methoxyphenyl
O 2¢ 4-Fluorophenyl
H + B I’ 2d 4-benzonitrile
Py< 2e 4-Bromophenyl
o (2b 52-5 5) 2f 2.4-Dichlorophenyl
52 Phenyl
R 53 Pyridin-3-yl
9a 4-Chlorophenyl 54 Thiophen-3-yl
9¢ 4-Fluoropheny! 35 Adamantan-1-yl
9d 4-benzonitrile
9e 4-Bromophenyl m
9f 2.4-Dichlorophenyl
9g Phenyl 99 k
%h 4-Methoxyphenyl R
9 Pyridin-3-yl (i) 39%9a 4-Chlorophenyl
9j Thiophen-3-yl 39b 4-Fluorophenyl
9k Adamantan-1-yl 39¢ 4-Bromophenyl
0 39d 2 4-Dichlorophenyl
39e Phenyl
% 391 4-Methoxyphenyl
393_1) 39¢g 4-benzonitrile
3%h Pyridin-3-yl
(I ii ) 39i Thiophen-3-yl
39j Adamantan-1-yl
R
56a 4-Chlorophenyl
56b 4-Fluorophenyl
56¢ 4-Bromophenyl H 2 N~ m
56d 2. 4-Dichlorophenyl
56e Thiophen-3-yl
561 Adamantan-1-yl 568 -f

Scheme (4.1): The synthetic pathway for the sulfamate derivatives (56a-f), (i) K.COs, CHsCN, 70 °C, 3 h
(if) HCl/dioxane, 1h, (iii) sulfamoyl chloride, K.COs, CH3;CN, 16h.
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4451. Benzofuran ketone formation

O
O K2C03 P /O O R
y
H + S
P d Bryj\R CHSCN %o
VAN
@) OH
(8a) (2b, 52-55)
R Compound

Phenyl 99
4-Methoxyphenyl 9h
Pyridyl 9i
Thiophene 9j
Adamantane ok

This reaction is a Rap-Stoermer formation (Pestellini et al. 1988; Mahboobi et al. 2007) as
described in chapter 2 for the synthesis of (4-substitutedphenyl)(5- or 6-substitutedbenzofuran-2-
yl) methanone (3a-€). The adamantane and thiophene derivatives followed the same behaviour as
their phenyl analogues. The only exception was pyridin-3-yl(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone (9i), which had a more complex reaction as indicated by TLC
which required column chromatography to afford the product with a much lower yield than all other

family members (34%).

4.45.2. Pyran deprotection

0__0 o R HCI / CH3OH HO o R
0 0
(9)

R Compound
Phenyl 3%
4-methoxyphenyl 39f
4-cyanophenyl 399
Pyridyl 39h
Thiophene 39i
Adamantane 39j
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This reaction is a fast acid catalysed pyran deprotection reaction (Jepsen et al. 2011), which only
took 1h at room temperature as identified by TLC tracking, which showed complete disappearance
of the starting material and appearance of a lower spot indicating the formation of the free phenolic

OH group.

The identity of the compound was confirmed by *H NMR, which showed the disappearance of
all pyran signals in the aliphatic region of the spectrum and the appearance of a broad singlet signal
corresponding to the phenolic OH at around 10.0 ppm.

4.45.3. Preparation of the Sulfamate final compounds

HOWR CISO,NH, O\\S/o o R
Y HoN” 0 /
o o)

(39)

R Compound
4-Chlorophenyl 56a
4-Fluorophenyl 56b
4-Bromophenyl 56¢

2,4-Dichlorophenyl 56d
Thiophene 56e
Adamantane 56f

The general method for sulfamoylation of phenolic compounds used in this chapter included
the in situ formation of sulfamoyl chloride (Wood et al. 2011; Ahmed et al. 2002; Appel and Berger
1958). However, applying the exact same method in the preparation of the sulfamate analogues of
the benzofuran ketone compounds was not successful with a trace reaction detected by TLC. This
may be attributed to the general lower reactivity of the ketone species when compared to their triazole
analogues. The strength of the base used, which is K.COs, would also be expected to be a determining
factor in this reaction. The use of a stronger base, such as NaH, would have been expected to improve
the reactivity, however it is not an option with these compounds due to the acidity of the C3
benzofuran proton. The use of commercially available sulfamoyl chloride slightly improved the yield
in some derivatives especially those derivatives having electron withdrawing groups on the phenyl
group. However, it was not possible to separate the pyridyl, unsubstituted phenyl, methoxy phenyl,

or benzonitrile derivatives. The successful compounds suffered from extremely low yields (few
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milligrams) which complicated the purification process. This would suggest that the current method

IS not optimal for the preparation of the required compounds. Table 4.2 summarises the yield of the

obtained compounds and the status of other compounds which were not separated.

Obtained compounds Yield Other compounds Status
g -
oo e
H N IO o 6% i / very
5 O P 9 faint spot
O o) 2-benzoylbenzofuran-6-yl
56a sulfamate
\
F o)
0 (D
HoN .0 0 Q 3% 50 o) Very
S HoN" 3y P faint spot
0 7S o)
56b 2-(4-methoxybenzoyl)benzofuran-
6-yl sulfamate
N
Br 4
o} Q o Q Complex
H2N\§/O (@) 4% \\S/O (e) -
i O p HoN~ \b Y reaction
0 o @
56¢ 2-(4-cyanobenzoyl)benzofuran-6-
yl sulfamate
Cl / \N
. a2 NGO~ o )=
HoN__O o 4% o Y NO.
ﬁ O p Cl @) reaction
O o) 2-nicotinoylbenzofuran-6-yl
56d sulfamate
Z2
W _O 0] = .
H,N \b P S 7%
56e
(0)
H N’\\S\\/O © 4%
2% 0 Y/ 5

56f
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The percentage of purity suggested by HPLC analysis did not reflect the anticipated purity
from TLC and NMR for all these compounds (figure 4.23), showing another peak overlapped with

the peak of the compound with slightly higher retention time.

11000
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L3000 9000
~2000
8000
|’| ‘l ‘ P l ~1000 L
| . L_,hx_,lg__ __Jl" I I ,lt | -7000
T T T T T L S s T T
8.2 8.0 7.8 7.6 74 7.2
f1 (ppm) 6000

r3000
r4000
3000
r2000
r1000
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16 15 14 13 12 11 10 9 8 7 6
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Figure (4.23): 'H NMR for compound 56a as an example for the sulfamate compounds to indicate purity.

HPLC indicated a second peak very close to the main peak as indicated in figure 4.24. Even
compound 56e, with 100% purity indicated by HPLC, showed a shoulder peak suggesting the
presence of the same peak underneath but with lower difference in polarity so was not manually
separated (Figure 4.24(b))
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a *4.598 “4.478

- e — -

The peak shoulder

Figure (4.24): Magnified HPLC peaks of sulfamate compounds showing splitting of peaks (a) compounds
56a and 56b (b) compound 56e.

This pattern of overlap was thought to be either due to instability of the compounds in the conditions
of the HPLC or more probably due to tautomerism at the sulfamate group to sulfurimidate (figure
4.25). To validate the purity of these compounds, microanalysis for the available two compounds
(56a and 56e) were performed to find the exact CHN%. The results showed to be inconsistent with
HPLC data with compound 56a passed and 56e failed. These results showed that the structure identity
of the prepared compounds could be confirmed by NMR and HRMS, however the purity and stability
of the products were questionable leading to non-reliable biological data.
Cl

cl
coe O = oo O
HoN™™% O HN™™ O
0 Y o) Y
o} o)

Sulfamate form Hydrogen sulfurimidate form

Figure (4.25): The tautomerism of compound 56a between sulfamate and sulfurimidate forms.
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4.4.6. Biological evaluation of the ketone sulfamate compounds

Compound 56a was tested for both aromatase and sulfatase activity. As expected for aromatase,
there was a decrease in activity to between 1 uM and 10 nM due to the lack of the triazole group in
the compounds, which is important for haem interaction. However, the compound gained STS activity
with 1Cso around 400 nM (Figure 4.26) complying with the postulation of the steric hinderance. These
findings were interesting in terms of providing a new lead compound for dual aromatase sulfatase
inhibition. Further modifications and investigations are required to add to the SAR understanding of

this scaffold.

1504
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Figure (4.26): Aromatase and sulfatase activity of compound 56a.

4.5. Conclusion and future work

Five triazole based sulfamate compounds (47-51) were successfully prepared using the suggested
one step pathway from the analogous phenolic compound along with two carbamate side products
(49b, 50b). All the prepared compounds were biologically evaluated against aromatase and sulfatase

enzymes with 1Cso values ranging from low nanomolar to picomolar values for the aromatase
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inhibitory activity. However, none of the triazole derivatives showed any activity against the sulfatase
enzyme. The lack of sulfatase activity was attributed to the steric hindrance caused by the tetrahedral

geometry of the stereo-centric carbon atom.

Computational studies provided extra evidence for the biological results. MD simulations for
compound 49a with the aromatase enzyme showed good binding potential with the haem iron and
hydrogen bonding potential with key amino acid residues. However, computational modelling with
the sulfatase enzyme proved to be impractical using the current available techniques. As a result,

flexible alignment with the known inhibitor Irosustat was found to be a better approach.

Compounds 56a-f were prepared and evaluated against aromatase and sulfatase enzymes showing
promising nanomolar activity against both enzymes. However, the synthetic scheme for these
compounds was not optimal either owing to poor reactivity of starting material and/or questionable
purity of the products, however it provides a lead compound to build upon with different variations
on the phenyl side to add some heterocyclic moieties to investigate the possibility of optimising the

aromatase activity through interactions with the haem iron as future work.

4.6. Experimental

4.6.1. General considerations
As previously described in section 2.5.1
4.6.2. Computational studies

Docking for the sulfatase enzyme: The crystal structure of human placental oestrone
sulfatase (PDB 1P49) was downloaded from the protein data bank (https://www.rcsb.org). The gem
diol of formyl glycine residue 75 was obtained by manually deleting the sulphate group. The 3D
structures of compounds were generated using MOE builder, energy minimised and saved in a
dataset ready for docking studies. The docking process was performed after the active site was
selected by the site finder tool in MOE to include Leu74, FGly75, Arg98, Thr99, Gly100, Val101,
Leul03, Lys134, His136, Thrl65, Asnl66, Leul67, Argl68, Vall77, Phel78, Thrl79, Thrl80,
Gly181, His290, Thr291, His346, Glu349, Lys368, Thr484, His485, VVal486 and Phe488.

Docking for the aromatase enzyme: As previously described in section 2.5.2
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Molecular Dynamics: As previously described in section 2.5.2

4.6.3. Chemistry
4.6.3.1.  Sulfamoyl chloride (46) (Wood et al. 2011; Ahmed et al. 2002; Appel and
Berger 1958)

Q
CI—S=NH,

To chlorosulfonyl isocyanate (44) (2.31 mL, 26.5 mmol) cooled in an ice bath was added
dropwise formic acid (45) (1 mL, 26.5 mmol) leading to evolution of gas. After cessation of gas
evolution, the reaction mixture solidified, then dry toluene (20 mL) was added, and the reaction
mixture was stirred at room temperature for 1 h. The produced solution of sulfamoyl chloride (46)

was then used immediately without further purification or characterisation.

4.6.3.2.  General procedure for sulfamoylation of phenolic compounds (Wood
et al. 2011; Ahmed et al. 2002; Appel and Berger 1958)

To a solution of phenolic compound (11, 12, 13, 14, 17) (0.43 mmol) in dry CH3CN (5 mL),
K2COs (2.35 mmol) was added and the mixture stirred for 1 h at 40 °C, then a freshly prepared
solution of sulfamoyl chloride (46) (2.15 mmol) was added and the reaction mixture stirred at room
temperature for 16 h. The reaction mixture was concentrated under reduced pressure and the residue
dissolved in EtOAc (100 mL). The organic layer was washed with H20 (3 x 50 mL), dried (MgSOa)
and concentrated under reduced pressure. Purification by gradient column chromatography afforded

the required sulfamate at 80% EtOAc in petroleum ether (v/v) as a colourless oil.

4.6.3.2.1. 2-((4-Chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-yl
sulfamate (47) Chemical Formula: C17H13CIN4O4S, Molecular Weight:
404.83
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Yield: 40 mg (23%)

TLC: Petroleum ether — EtOAc 1:1 v/v, R¢ = 0.13

'H NMR (DMSO-d6) &: 8.77 (s, 1H, CH-triazole), 8.11 (s, 1H, CH-triazole), 7.99 (bs, 2H,
NH>), 7.69 (d, J = 8.5 Hz, 1H, Ar), 7.54 (d, J = 8.6 Hz, 2H, Ar), 7.51 (d, J = 1.6 Hz, 1H,
Ar), 7.49 (d, J = 8.6 Hz, 1H, Ar), 7.42 (s, 1H, CH), 7.21 (dd, J = 2.1, 8.5 Hz, 1H, Ar), 6.74
(s, 1H, Ar).

13C NMR (DMSO-d6) &: 155.25 (C), 154.64 (C), 152.63 (CH), 148.17 (C), 144.94 (CH),
135.59 (C), 134.09 (C), 130.29 (2 x CH), 129.40 (2 x CH), 126.33 (C), 122.45 (CH), 118.79
(CH), 107.50 (CH), 106.35 (CH), 59.62(CH).

HPLC (method B): 97.9 % at R.T.= 3.99 min.

4.6.3.2.2. 2-((4-Chlorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-5-yl
sulfamate (48) Chemical Formula: C17H13CIN4O4S, Molecular Weight:
404.83

Yield: 50 mg (29%)

TLC: Petroleum ether — EtOAc 1:1 v/v, R¢=0.13

'H NMR (DMSO-d6) 8: 8.76 (s, 1H, CH-triazole), 8.11 (s, 1H, CH-triazole), 7.92 (bs, 2H,
NH>), 7.65 (d, J = 8.9 Hz, 1H, Ar), 7.56 (d, J = 2.5 Hz, 1H, Ar), 7.54 (d, J = 8.6 Hz, 2H,
Ar), 7.49 (d, J = 8.6 Hz, 2H, Ar), 7.43 (s, 1H, CH), 7.23 (dd, J = 2.5, 8.9 Hz, 1H, Ar), 6.76
(s, 1H, Ar).

13C NMR (DMSO-d6) 8: 155.62 (C), 153.04 (C), 152.65 (CH), 146.52 (C), 135.55 (C),
134.09 (C), 130.31 (2 x CH), 129.40 (2 x CH), 128.58 (C), 120.25 (CH), 115.69 (CH), 112.53
(CH), 107.90 (CH), 59.65(CH).

HPLC (method B): 97.5 % at R.T.= 3.92 min.
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4.6.3.2.3. 4-((5-Chlorobenzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)phenyl
sulfamate (49) Chemical Formula: C17H13CIN4O4S, Molecular Weight:
404.83

Q
0-S—NH,

O (0]
o)
Cl O / N-N

&
Yield: sulfamate (49) 20 mg (16%) and carbamate (49b) 10 mg (9%)
TLC: Petroleum ether — EtOAc 1:3 v/v, Rf = 0.35
'H NMR (DMSO-d6) &: 8.77 (s, 1H, CH-triazole), 8.11 (s, 1H, CH-triazole), 8.05 (bs, 2H,
NH2), 7.73 (d, J = 2.3 Hz, 1H, Ar), 7.63 (d, J = 8.9 Hz, 1H, Ar), 7.58 (d, J = 8.6 Hz, 2H,
Ar), 7.43 (s, 1H, CH), 7.37 (m, 3H, Ar), 6.69 (t, J = 0.9 Hz, 1H, Ar).
13C NMR (DMSO-d6) 8: 155.85 (C), 153.56 (C), 152.65 (CH), 150.81 (C), 134.76 (C),
130.08 (2 x CH), 129.55 (C), 128.09 (C), 125.45 (CH), 123.17 (2 x CH), 121.56 (CH), 113.41
(CH), 107.22 (CH), 59.75(CH).
HPLC (method B): 100% at R.T.= 4.13 min.

4.6.3.2.4. 4-((5-Chlorobenzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)phenyl
carbamate (49b) Chemical Formula: C1gH13CIN4O3, Molecular Weight:
368.78

NH,
o~

(5
O 0
Cl / N-N
&

b

N

TLC: Petroleum ether — EtOAc 1:3 v/v, Rf=0.52
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'H NMR (CDCls) &: 8.16 (s, 1H, CH-triazole), 8.06 (s, 1H, CH-triazole), 7.54 (d, J = 2.1
Hz, 1H, Ar), 7.40 (d, J = 8.8 Hz, 1H, Ar), 7.36 (d, J = 8.7 Hz, 2H, Ar), 7.31 (dd, J = 2.1, 8.8
Hz, 1H, CH), 7.24 (d, J = 8.7 Hz, 2H, Ar), 6.84 (s, 1H), 6.58 (s, 1H, Ar), 5.02 (bs, 2H, NH>).
13C NMR (CDCls) 6: 154.32 (C), 153.94 (C), 153.68 (C), 152.36 (CH), 151.43 (C), 132.38
(C), 129.05 (C), 128.92 (2 x CH), 128.77 (C), 125.62 (CH), 122.42 (2 x CH), 121.14 (CH),
112.59 (CH), 107.37 (CH), 61.55 (CH).

HPLC (method A): 90% at R.T.= 4.44 min.

HRMS (EI): Calculated 391.0573 [M+Na]*, Found 391.0568 [M+Na]*.

4.6.3.2.5. 2-((4-Cyanophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-yl
sulfamate (50) Chemical Formula: C1gH13Ns04S, Molecular Weight:
395.39

O\\S/O e}
HzN/ v O
0] /
N—N

Yield: 60 mg (23%)

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf= 0.2

'H NMR (DMSO-d6) &: 8.79 (s, 1H, CH-triazole), 8.14 (s, 1H, CH-triazole), 7.99 (bs, 2H,
NH>), 7.95 (d, J = 8.5 Hz, 2H, Ar), 7.70 (d, J = 8.5 Hz, 1H, Ar), 7.63 (d, J = 8.2 Hz, 2H,
Ar), 7.56 (s, 1H, CH), 7.52 (d, J = 1.7 Hz, 1H, Ar), 7.22 (dd, J = 2.1, 8.5 Hz, 1H, Ar), 6.78
(t, J=0.9 Hz, 1H, Ar).

13C NMR (DMSO-d6) &: 154.68 (C), 154.52 (C), 152.79 (CH), 148.25 (C), 145.13 (CH),
141.73 (C), 133.38 (2 x CH), 129.29 (2 x CH), 126.25 (C), 122.54 (CH), 118.87 (CH), 112.18
(C), 107.89 (CH), 106.38 (CH), 60.22 (C), 59.75(CH).

HPLC (method A): 100% at R.T.= 3.94 min.

HRMS (EI): Calculated 396.0766 [M+H]*, Found 396.0761 [M+H]".
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4.6.3.2.6. 2-((4-Fluorophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-yl
sulfamate (51) Chemical Formula: C17H13FN4O4S, Molecular Weight:
388.37

O\\S/O e}
o T
N—

Yield: 70 mg (39%)

TLC: Petroleum ether — EtOAc 1:1 v/v, Rf = 0.15

'H NMR (DMSO-d6) &: 8.81 (s, 1H, CH-triazole), 8.16 (s, 1H, CH-triazole), 8.03 (bs, 2H,
NH2), 7.75 (d, J = 8.5 Hz, 1H, Ar), 7.61 (dd, J = 5.4, 8.8 Hz, 2H, Ar), 7.56 (d, J = 1.8 Hz,
1H, Ar), 7.46 (s, 1H), 7.37 (t, J = 8.9 Hz, 2H, Ar), 7.26 (dd, J = 2.1, 8.5 Hz, 1H, Ar), 6.77
(t, J=0.9 Hz, 1H, Ar).

13C NMR (DMSO-d6) &: 163.64 (d, 1Jcr = 243.75 Hz, C), 155.57 (C), 154.62 (C), 152.59
(CH), 148.13 (C), 144.85 (CH), 132.88 (d, “Jcr = 2.5 Hz, C), 130.74 (d, 3Jcr = 7.5 Hz, 2 x
CH), 126.35 (C), 122.42 (CH), 118.78 (CH), 116.35 (d, 2Jc £ = 22.5 Hz, 2 x CH), 107.33(CH),
106.34 (CH), 59.63 (CH).

HPLC (method B): 100% at R.T.= 3.69 min.

4.6.3.2.7. 2-((4-Cyanophenyl)(1H-1,2,4-triazol-1-yl)methyl)benzofuran-6-
yl carbamate (50b) Chemical Formula: C19H13NsO3, Molecular Weight:
359.35

CN

ona O
Y
) N=N

&Y

N

To a solution of phenolic compound (4.7) (0.1 g, 0.32 mmol)) in dry CH3CN (5 mL),

chlorosulfonyl isocyanate (1) (0.14 mL, 1.58 mmol) was added and the reaction stirred for 3 h at
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room temperature. The reaction mixture was then concentrated under reduced pressure and the
residue dissolved in ice-water (10 mL) containing crushed ice and stirred for 1 h. The mixture was
extracted with EtOAc (100 mL), washed with H20 (2 x 100 mL), dried (MgSOa4) and concentrated

under reduced pressure to afford the product as a white low melting point solid.

Yield: 90 mg (81%)

TLC: Petroleum ether — EtOAc 1:1 v/v, R¢ = 0.22

'H NMR (DMSO-d6) &: 8.79 (s, 1H, CH-triazole), 8.13 (s, 1H, CH-triazole), 7.95 (d, J =
8.5 Hz, 2H, Ar), 7.62 (d, J = 8.2 Hz, 2H, Ar), 7.60 (d, J = 8.7 Hz, 1H, Ar), 7.52 (s, 1H, CH),
7.38(d, J=1.6 1H, Ar), 7.23 (bs, 1H, NH>), 7.03 (dd, J = 2.1, 8.5 Hz, 1H, Ar), 6.93 (bs, 1H,
NHy), 6.71 (t, J = 1.0, 1H, Ar).

13C NMR (DMSO-d6) 8: 155.32 (C), 155.01 (C), 153.67 (C), 152.75 (CH), 149.45 (C),
145.13 (CH), 141.88 (C), 133.35 (2 x CH), 129.28 (2 x CH), 124.78 (C), 121.89 (CH), 118.88
(C), 118.70 (CH), 112.11 (C), 107.91 (CH), 106.09 (CH), 59.85 (CH).

HRMS (EI): Calculated 382.0916 [M+Na]", Found 382.0908 [M+Na]".

4.6.3.3.  Phenyl(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone
(9g) Chemical Formula: C2H1s04, Molecular Weight: 322.36

ooy S
J L
O
Prepared as described for (3a-e) using 2-hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)

benzaldehyde (8a) (0.25 g, 1.12 mmol) and 2-chlorooacetophenone (52) (0.17 g, 1.12 mmol) to
afford phenyl(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone (9g) as a white solid.

Yield: 0.35 g (97%).
Melting Point: 119-122 °C
TLC: Petroleum ether — EtOAc 3:1 v/v, R = 0.67

IH NMR (DMSO-d6) &: 7.98 (m, 2H, Ar), 7.76 (d, J = 8.7 Hz, 1H, Ar), 7.73 (m, 2H, Ar), 7.62 (t,
J=8.0Hz, 2H), 7.41 (d, J = 1.6 Hz, 1H, Ar), 7.11 (dd, J = 2.2, 8.7 Hz, 1H, Ar), 5.63 (t, J = 3.4
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Hz, 1H, CH-pyran), 3.80 (m, 1H, CH»-pyran), 3.62 (m, 1H, CH2-pyran), 1.92 (m, 3H, CH»-pyran),
1.67 (m, 3H, CHz-pyran).

13C NMR (DMSO-d6) 8: 183.43 (C), 158.31 (C), 157.07 (C), 151.73 (C), 137.49 (C), 133.32 (CH),
129.49 (2 x CH), 129.18 (2 x CH), 124.74 (CH), 121.39 (C), 118.16 (CH), 115.92 (CH), 99.50
(CH), 96.61 (CH), 62.15 (CH2), 30.14 (CHy), 25.07 (CH2), 18.99 (CHs).

HRMS (ESI): Calculated 345.1102 [M+Na]*, Found 345.1098 [M+Na]".

4.6.3.4. (4-Methoxyphenyl)(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
yl)methanone (9h) Chemical Formula: C21H200s, Molecular Weight: 352.39
OCH3

oo o $
D
0
Prepared as described for (3a-e) using 2-hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)
benzaldehyde (8a) (0.25 g, 1.12 mmol) and 2-bromo-4'-methoxyacetophenone (2b) (0.25 g, 1.12

mmol) to afford (4-methoxyphenyl)(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone
(9h) as a white solid.

Yield: 0.37 g (95%).
Melting Point: 108-112 °C
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.5

'H NMR (DMSO-d6) 8: 8.03 (d, J = 8.9 Hz, 2H, Ar), 7.75 (d, J = 8.7 Hz, 1H, Ar), 7.70 (d, J =
0.9 Hz, 1H, Ar), 7.40 (d, J = 1.8 Hz, 1H, Ar), 7.14 (d, J = 8.9 Hz, 2H, Ar), 7.11 (dd, J = 2.2, 8.7
Hz, 1H, Ar), 5.62 (t, J = 3.4 Hz, 1H, CH-pyran), 3.88 (s, 3H, OCHz3), 3.80 (m, 1H, CH2-pyran),
3.62 (m, 1H, CH2-pyran), 1.92 (m, 3H, CH-pyran), 1.66 (m, 3H, CH>-pyran).

13C NMR (DMSO-d6) &: 181.85 (C), 163.59 (C), 158.03 (C), 156.81 (C), 152.12 (C), 131.99 (2 X
CH), 129.87 (C), 124.49 (CH), 121.39 (C), 116.93 (CH), 115.79 (CH), 114.53 (2 x CH), 99.52
(CH), 96.64 (CH), 62.14 (CH>), 56.07 (CHs), 30.16 (CH), 25.08 (CH>), 19.00 (CHy).

HRMS (ESI): Calculated 353.1389 [M+H]*, Found 353.1384 [M+H]".
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4.6.3.5. Pyridin-3-yl(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
yl)methanone (9i) Chemical Formula: C19H17NO4, Molecular Weight: 323.35

7 N

6] O 0 —
T p
0]

Prepared as described for (3a-e) using 2-hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)
benzaldehyde (8a) (0.4 g, 1.80 mmol) and 3-bromoacetylpyridine HBr (53) (0.5 g, 1.80 mmol).
Purification by gradient column chromatography afforded pyridin-3-yl(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone (9i) at 70% EtOAc in petroleum ether (v/v) as a white solid.

Yield: 0.2 g (34%).
Melting Point: 114-116 °C
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.17

IH NMR (CDCls) : 9.30 (s, 1H, Ar), 8.86 (d, J = 3.6 Hz, 1H, Ar), 8.35 (dt, J = 1.9, 8.0 Hz, 1H,
Ar), 7.64 (d, J = 8.7 Hz, 1H, Ar), 7.58 (d, J = 0.9 Hz, 1H, Ar), 7.52 (dd, J = 4.8, 7.8 Hz, 1H, Ar),
7.37(d,J=1.8Hz, 1H, Ar), 7.11(dd, J= 2.1, 8.7 Hz, 1H, Ar), 5.52 (t, J = 3.2 Hz, 1H, CH-pyran),
3.94 (m, 1H, CH>-pyran), 3.68 (m, 1H, CHz-pyran), 2.12 (m, 3H, CH»-pyran), 1.76 (m, 3H, CHa-
pyran).

13C NMR (CDCls) §: 181.84 (C), 158.85 (C), 157.62 (C), 153.00 (CH), 151.82 (C), 150.30 (C),
136.82 (CH), 133.11 (C), 123.69 (CH), 123.55 (CH), 120.97 (C), 117.44 (CH), 115.89 (CH), 99.29
(CH), 96.95 (CH), 62.21 (CHy), 30.21 (CHy), 25.06 (CHz), 18.69 (CH>).

HPLC (method A): 96.07 % at R.T.= 4.72 min.
HRMS (ESI): Calculated 324.1235 [M+H]*, Found 324.1232 [M+H]".

4.6.3.6. (6-((Tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)(thiophen-3-
yl)methanone (9j) Chemical Formula: C1gH1604S, Molecular Weight: 328.38
Z

e

(@] (@] e}
T p
(@)

185



Dual aromatase sulfatase inhibition

Prepared as described for (3a-e) using 2-hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)
benzaldehyde (8a) (0.35 g, 1.57 mmol) and 3-bromoacetyl thiophene (54) (0.32 g, 1.57 mmol) to
afford (6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)(thiophen-3-yl)methanone (9j) as a yellow

solid.

Yield: 0.51 g (99 %).

Melting Point: 120-124 °C

TLC: Petroleum ether — EtOAc 3:1 v/v, Rs = 0.67

'H NMR (DMSO-d6) 6: 8.73 (dd, J = 1.3, 2.8 Hz, 1H, Ar), 7.85 (dd, J = 1.0 Hz, 1H, Ar), 7.75
(m, 2H, Ar), 7.69 (dd, J = 1.3,5.1 Hz, 1H, Ar), 7.43 (d, J = 1.8 Hz, 1H, Ar), 7.11 (dd, J = 2.2, 8.7
Hz, 1H, Ar), 5.62 (t, J = 3.4 Hz, 1H, CH-pyran), 3.80 (m, 1H, CH-pyran), 3.62 (m, 1H, CHa-
pyran), 1.92 (m, 3H, CHz-pyran), 1.68 (m, 3H, CH.-pyran).

13C NMR (DMSO-d6) 8: 176.37 (C), 158.14 (C), 156.89 (C), 152.32 (C), 140.10 (C), 135.10 (CH),
128.24 (CH), 127.97 (CH), 124.50 (CH), 121.13 (C), 116.45 (CH), 115.90 (CH), 99.58 (CH), 96.66
(CH), 62.15 (CHy), 30.17 (CH>), 25.08 (CH>), 18.99 (CH2).

HRMS (ESI): Calculated 351.0667 [M+Na]", Found 351.0662 [M+Na]".

4.6.3.7. Adamantan-1-yl(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
yl)methanone (9k) Chemical Formula: C2sH2804, Molecular Weight: 380.48

Prepared as described for (3a-e) using 2-hydroxy-4-((tetrahydro-2H-pyran-2-yl)oxy)
benzaldehyde (8a) (0.4 g, 1.80 mmol) and 1-adamantyl bromomethyl ketone (55) (0.46 g, 1.80
mmol) to afford adamantan-1-yl(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)methanone (9Kk)

as a white semisolid.
Yield: 0.68 g (99%).

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.75
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IH NMR (CDCls) &: 7.57 (d, J = 8.6 Hz, 1H, Ar), 7.50 (d, J = 0.9 Hz, 1H, Ar), 7.31 (d, J = 1.7
Hz, 1H, Ar), 7.05 (dd, J = 2.2, 8.6 Hz, 1H, Ar), 5.51 (t, J = 3.2 Hz, 1H, CH-pyran), 3.96 (m, 1H,
CHoa-pyran), 3.69 (m, 1H, CH»-pyran), 2.15 (m, 21H, 3 x CH»-pyran + 15H adamantane).

13C NMR (CDCls) 8: 196.00 (C), 157.87 (C), 156.11 (C), 152.82 (C), 123.07 (CH), 120.85 (C),
115.23 (CH), 113.91 (CH), 99.15 (CH), 96.83 (CH), 62.07 (CH2), 46.07 (C), 38.24 (3 X CH>), 36.74
(3 x CH>), 30.28 (CH), 28.16 (3 X CH), 25.14 (CH>), 18.64 (CH>).

HRMS (ESI): Calculated 403.1885 [M+Na]*, Found 403.1878 [M+Na]".

4.6.3.8. (6-Hydroxybenzofura-2-yl)(phenyl)methanone (39e) Chemical Formula:
C1sH1003, Molecular Weight: 238.24

o D
(L
O
Prepared as described for the synthesis of (6-hydroxybenzofura-2-yl)(phenyl)methanone
derivatives (39a-d) in chapter 3 using phenyl(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-

yl)methanone (9g) (0.34 g, 1.1 mmol) to provide (6-hydroxybenzofura-2-yl)(phenyl)methanone
(39e) as pale yellow solid.

Yield: 0.15 g (60 %).
Melting point: 214-216 °C (lit. m.p = 160.2-160.8 °C) (Zhao et al. 2013)
TLC: Petroleum ether — EtOACc 3:1 v/v, Rf=0.25

IH NMR (DMSO-d6) &: 10.23 (bs, 1H, OH), 7.95 (m,2H, Ar), 7.71 (m, 1H, Ar), 7.67 (d, J = 0.9
Hz, 1H, Ar), 7.65 (d, J = 8.5 Hz, 1H, Ar), 7.60 (t, = 7.9 Hz, 2H, Ar), 7.04 (m, 1H, Ar), 6.91 (dd,
J=2.1,8.6 Hz, 1H, Ar).

13C NMR (DMSO-d6) 8: 183.25 (C), 159.89 (C), 157.70 (C), 150.95 (C), 137.72 (C), 133.13 (CH),
129.38 (2 x CH), 129.13 (2 x CH), 124.91 (CH), 119.52 (C), 118.78 (CH), 115.13 (CH), 97.95
(CH).

187



Dual aromatase sulfatase inhibition

4.6.3.9. (6-Hydroxybenzofura-2-yl)(4-methoxyphenyl)methanone (39f)
Chemical Formula: C16H1204, Molecular Weight: 268.27

O_

o O
L
o)
Prepared as described for the synthesis of (6-hydroxybenzofura-2-yl)(phenyl)methanone
derivatives (39a-d) in chapter 3 using (4-methoxyphenyl)(6-((tetrahydro-2H-pyran-2-

yl)oxy)benzofuran-2-yl)methanone (9h) (0.36 g, 1.0 mmol) to provide 6-hydroxybenzofura-2-yl)(4-
methoxyphenyl)methanone (39f) as pale yellow solid.

Yield: 0.18 g (62 %).
Melting point: 196-198 °C (lit. m.p = 201-203 °C) (Meshram et al. 2012)
TLC: Petroleum ether — EtOACc 3:1 v/v, R = 0.17

IH NMR (DMSO-d6) &: 10.17 (bs, 1H, OH), 8.00 (d, J = 8.9 Hz, 2H, Ar), 7.65 (m, 1H, Ar), 7.13
(d, J = 8.9 Hz, 2H, Ar), 7.03 (m, 1H), 6.90 (dd, J = 2.1, 8.6 Hz, 1H, Ar), 3.88 (s, 3H, OCHs).

13C NMR (DMSO-d6) &: 181.73 (C), 163.44 (C), 159.56 (C), 157.43 (C), 151.30 (C), 131.85 (2 X
CH), 130.08 (C), 124.65 (CH), 119.50 (C), 117.51 (CH), 114.95 (CH), 114.48 (2 x CH), 97.96
(CH), 56.05 (CHs).

4.6.3.10. 4-(6-Hydroxybenzofura-2-carbonyl)benzonitrile (39g) Chemical
Formula: C16HoNOs3, Molecular Weight: 263.25

HO 0
(L
o)
Prepared as described for the synthesis of (6-hydroxybenzofura-2-yl)(phenyl)methanone
derivatives (39a-d) in chapter 3 using 4-(hydroxy(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-
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yl)methyl)benzonitrile  (9d) (0.3 g, 0.8 mmol) to provide 4-(6-hydroxybenzofura-2-
carbonyl)benzonitrile (39g) as white solid.

Yield: 0.17 g (75 %).
Melting point: 276-278 °C
TLC: Petroleum ether — EtOACc 3:1 v/v, Rf=0.2

IH NMR (DMSO-d6) &: 10.32 (bs, 1H, OH), 8.10 (m, 4H, Ar), 7.72 (d, J = 0.8 Hz, 1H, Ar), 7.66
(d, J = 8.6 Hz, 1H, Ar), 7.04 (d, J = 0.8 Hz, 1H, Ar), 6.92 (dd, J = 2.1, 8.6 Hz, 1H, Ar).

13C NMR (DMSO-d6) &: 183.03 (C), 160.32 (C), 158.00 (C), 150.49 (C), 141.41 (C), 133.11 (2 X
CH), 130.01 (2 x CH), 125.14 (CH), 119.90 (CH), 119.50 (C), 118.67 (C), 115.41 (CH), 115.04
(C), 97.94 (CH).

HPLC (method A): 100 % at R.T.= 4.42 min.
HRMS (ESI): Calculated 264.0660 [M+H]", Found 264.0654 [M+H]".

4.6.3.11. (6-Hydroxybenzofura-2-yl)(pyridin-3-yl)methanone (39h) Chemical
Formula: C14H9NO3, Molecular Weight: 239.23

\
7\
HO o) —

Y
0

Prepared as described for the synthesis of (6-hydroxybenzofura-2-yl)(phenyl)methanone
derivatives (39a-d) in chapter 3 using pyridin-3-yl(6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-
2-yl)methanone (9i) (0.19 g, 0.58 mmol) to provide (6-hydroxybenzofuran-2-yl)(pyridin-3-
yl)methanone (39h) as white solid.

Yield: 0.07 g (38 %).
Melting point: 262-264 °C

TLC: Petroleum ether — EtOAc 1:1 v/v, R = 0.27
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IH NMR (DMSO-d6) 8: 10.28 (bs, 1H, OH), 9.08 (d, J = 1.6 Hz, 1H, Ar), 8.85 (dd, J = 1.6, 4.8
Hz, 1H, Ar), 8.32 (m, 1H, Ar), 7.78 (d, J = 1.0 Hz, 1H, Ar), 7.67 (d, J = 8.6 Hz, 1H, Ar), 7.64 (ddd,
J=0.9, 4.8,3.1 Hz, 1H, Ar), 7.05 (m, 1H, Ar), 6.92 (dd, J = 2.1, 8.6 Hz, 1H, Ar).

13C NMR (DMSO-d6) &: 181.73 (C), 160.19 (C), 157.92 (C), 153.36 (CH), 150.74 (C), 149.87
(CH), 137.02 (CH), 133.47 (C), 125.09 (CH), 124.26 (CH), 119.55 (C), 119.48 (CH), 115.34 (CH),
97.96 (CH).

HPLC (method A): 100 % at R.T.= 4.18 min.
HRMS (ESI): Calculated 240.0660 [M+H]", Found 240.0657 [M+H]".

4.6.3.12. (6-Hydroxybenzofura-2-yl)(thiophen-3-yl)methanone (39i) Chemical
Formula: C13HsO3S, Molecular Weight: 244.26

7 S
HO o) —

Y
0

Prepared as described for the synthesis of (6-hydroxybenzofura-2-yl)(phenyl)methanone
derivatives (39a-d) in chapter 3 using (6-((tetrahydro-2H-pyran-2-yl)oxy)benzofuran-2-yl)(thiophen-
3-y)methanone (9j) (0.5 g, 1.5 mmol) to provide (6-hydroxybenzofuran-2-yl)(thiophen-3-

yl)methanone (39i) as yellow solid.

Yield: 0.2 g (54 %).

Melting point: 176-178 °C

TLC: Petroleum ether — EtOAc 3:1 v/v, Rs = 0.25

IH NMR (DMSO-d6) &: 10.20 (bs, 1H, OH), 8.67 (dd, J = 1.3, 2.8 Hz, 1H, Ar), 7.80 (d, J = 0.9
Hz, 1H, Ar), 7.73 (dd, J = 2.8, 5.1 Hz, 1H, Ar), 7.67 (dd, J = 1.3, 5.1 Hz, 1H, Ar), 7.65 (d, J = 8.6
Hz, 1H, Ar), 7.06 (d, J = 1.5 Hz, 1H, Ar), 6.91 (dd, J = 2.1, 8.6 Hz, 1H, Ar).

13C NMR (DMSO-d6) 8: 176.25 (C), 159.67 (C), 157.52 (C), 151.55 (C), 140.26 (C), 134.65 (CH),
128.24 (CH), 127.86 (CH), 124.66 (CH), 119.48 (C), 116.99 (CH), 115.07 (CH), 98.06 (CH).
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HPLC (method A): 98.84 % at R.T.= 4.47 min.
HRMS (ESI): Calculated 245.0272 [M+H]", Found 245.0271 [M+H]".

4.6.3.13. Adamantan-1-yl(6-hydroxybenzofuran-2-yl)methanone (39j) Chemical
Formula: C19H2003, Molecular Weight: 296.37

HO o

Y
0

Prepared as described for the synthesis of (6-hydroxybenzofura-2-yl)(phenyl)methanone
derivatives (39a-d) in chapter 3 using adamantan-1-yl(6-((tetrahydro-2H-pyran-2-
yl)oxy)benzofuran-2-yl)methanone (9k) (0.66 g, 1.73 mmol) to provide adamantan-1-yl(6-
hydroxybenzofuran-2-yl)methanone (39j) as white solid.

Yield: 0.15 g (29 %).
Melting point: 202-204 °C
TLC: Petroleum ether — EtOAc 3:1 v/v, Rf=0.25

'H NMR (CDCls) &: 7.55 (m,2H, Ar), 7.21 (d, J = 1.4 Hz, 1H, Ar), 6.92 (dd, J = 2.1, 8.5 Hz, 1H,
Ar), 6.20 (bs, 1H, OH), 2.16 (s, 9H, adamantane), 1.83 (s, 6H, adamantane).

13C NMR (CDCl3) 8: 196.43 (C), 157.12 (C), 156.26 (C), 151.86 (C), 123.63 (CH), 120.23 (C),
114,53 (CH), 113.99 (CH), 98.56 (CH), 46.14 (C), 38.63 (3 x CH,), 37.71 (3 X CHo), 20.16 (3 X
CH).

HPLC (method A): 87.18 % at R.T.= 4.96 min.

HRMS (ESI): Calculated 297.1490 [M+H]", Found 297.1490 [M+H]".
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4.6.3.14. 2-(4-Chlorobenzoyl)benzofuran-6-yl sulfamate (56a) Chemical
Formula: C15sH10CINOsS, Molecular Weight: 351.76

Cl

0 -
H2N\#/O (@)
o) O 7
Prepared as the described in the general procedure of sulfomylation of phenolic compounds using
(4-chlorophenyl)(6-hydroxybenzofura-2-yl)methanone (39a) (0.2 g, 0.74 mmol). Purification by

gradient column chromatography at 30% EtOAc in petroleum ether (v/v) followed by a preparative

TLC afforded the product as a white solid.

Yield:16 mg (6 %)

TLC: Petroleum ether — EtOAc 3:1 v/v, R =0.2

'H NMR (DMSO-d6) 8: 8.15 (bs, 2H, NH>), 8.05 (d, J = 8.7 Hz, 2H, Ar), 7.95 (d, J = 8.6
Hz, 1H, Ar), 7.89 (d, J = 1.0, 1H, Ar), 7.73 (d, J = 1.6 1H, Ar), 7.71 (d, J = 8.7 Hz, 2H, Ar),
7.35(dd, J = 2.1, 8.6 Hz, 1H, Ar).

13C NMR (DMSO0-d6) 8: 182.52 (C), 155.62 (C), 152.83 (C), 150.88 (C), 138.62 (C), 135.70
(C), 131.60 (2 x CH), 129.40 (2 x CH), 125.66 (C), 125.09 (CH), 119.93 (CH), 117.54 (CH),
106.93 (CH).

HPLC (method A): 78.07 % at R.T.= 4.60 min.

HRMS (ESI): Calculated 352.0046 [M+H]*, Found 352.0039 [M+H]".

4.6.3.15. 2-(4-Fluorobenzoyl)benzofuran-6-yl sulfamate (56b) Chemical
Formula: C15sH10FNOsS, Molecular Weight: 335.31

F

0 -
HN_11_O
2 ﬁ O (0]
Y
© o)

Prepared as the described in the general procedure of sulfomylation of phenolic compounds using
(4-fluorophenyl)(6-hydroxybenzofura-2-yl)methanone (39b) (0.13 g, 0.52 mmol). Purification by

192



Dual aromatase sulfatase inhibition

gradient column chromatography at 30% EtOAc in petroleum ether (v/v) followed by a preparative
TLC afforded the product as a white solid.

Yield: 6 mg (3 %)

TLC: Petroleum ether — EtOAc 3:1 v/v, Rf = 0.12

IH NMR (DMSO-d6) &: 8.13 (m, 4H, 2 x CH + NH>), 7.94 (d, J = 8.6 Hz, 1H, Ar), 7.87 (d,
J=1.0 Hz, 1H, Ar), 7.72 (m, 1H, Ar), 7.48 (d, J = 8.6 Hz, 2H, Ar), 7.35 (dd, J = 2.1, 8.6
Hz, 1H, Ar).

13C NMR (DMSO-d6) 8: 182.23 (C), 166.51 (d, ¢ = 251.25 Hz, C), 155.59 (C), 152.90
(C), 150.80 (C), 133.63 (d, *Jcr = 3.75 Hz, C), 132.75 (d, 3JcF = 8.75 Hz, 2 x CH), 125.67
(C), 125.02 (CH), 119.90 (CH), 117.30 (CH), 116.48 (d, 2Jcr = 21.25 Hz, 2 x CH), 106.93
(CH).

HPLC (method A): 87.07 % at R.T.= 4.60 min.

HRMS (ESI): Calculated 336.0341 [M+H]", Found 336.0338 [M+H]".

4.6.3.16. 2-(4-Bromobenzoyl)benzofuran-6-yl sulfamate (56¢) Chemical Formula:
C1sH10BrNOsS, Molecular Weight: 396.21

Br
0 -
HoN__O
2 % O O
Y
o 0

Prepared as the described in the general procedure of sulfomylation of phenolic compounds using
(4-bromophenyl)(6-hydroxybenzofura-2-yl)methanone (39¢) (0.13 g, 0.37 mmol). Purification by
gradient column chromatography at 30% EtOAc in petroleum ether (v/v) followed by a preparative
TLC afforded the product as a white solid.

Yield: 6 mg (4 %)

TLC: Petroleum ether — EtOAc 3:1 v/v, R¢ = 0.12

IH NMR (DMSO-d6) &: 8.13 (bs, 2H, NH2), 7.96 (m, 3H, Ar), 8.89 (d, J = 1.0 Hz, 1H, Ar),
7.85 (d, J=8.7 Hz, 2H, Ar), 7.72 (m, 1H, Ar), 7.35 (dd, J = 2.1, 8.6 Hz, 1H, Ar).
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13C NMR (DMSO-d6) 8: 182.69 (C), 155.62 (C), 152.80 (C), 150.89 (C), 138.03 (C), 132.34
(2x CH), 131.68 (2 x CH), 127.74 (C), 125.65 (C), 125.08 (CH), 119.93 (CH), 117.56 (CH),
106.93 (CH).

HPLC (method A): 58.35 % at R.T.= 4.63 min.

HRMS (ESI): Calculated 395.9541 [M+H]", Found 395.9533 [M+H]".

4.6.3.17. 2-(2,4-Dichlorobenzoyl)benzofuran-6-yl sulfamate (56d) Chemical
Formula: C15sHoCI2NOsS, Molecular Weight: 386.20

Cl
0 &,
H2N\§/O O 0
I Cl
/
o o

Prepared as the described in the general procedure of sulfomylation of phenolic compounds using
(2,4-dichlorophenyl)(6-hydroxybenzofura-2-yl)methanone (39d) (0.15 g, 0.48 mmol). Purification
by gradient column chromatography at 30% EtOAc in petroleum ether (v/v) followed by a preparative
TLC afforded the product as a white solid.

Yield: 8.5 mg (4 %)

TLC: Petroleum ether — EtOAc 3:1 v/v, R¢ = 0.15

IH NMR (DMSO-d6) &: 8.14 (bs, 2H, NH), 7.91 (d, J = 8.7 Hz, 1H, Ar), 7.87 (d, J = 1.9
Hz, 1H, Ar), 7.79 (d, J = 8.3 Hz, 1H, Ar), 7.73 (d, J = 1.0 Hz, 1H, Ar), 7.71 (m, 1H, Ar),
7.66 (dd, J = 2.0, 8.3 Hz, 1H, Ar), 7.34 (dd, J = 2.0, 8.6 Hz, 1H, Ar).

13C NMR (DMSO-d6) 8: 182.35 (C), 156.07 (C), 152.71 (C), 151.31 (C), 136.82 (C), 136.04
(C), 131.99 (C), 131.48 (CH), 130.23 (CH), 128.16 (CH), 125.59 (C), 125.35 (CH), 120.14
(CH), 119.07 (CH), 107.00 (CH).

HPLC (method A): 60.72 % at R.T.= 4.63 min.

HRMS (ESI): Calculated 385.9656 [M+H]*, Found 385.9646 [M+H]".
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4.6.3.18. 2-(Thiophene-3-carbonyl)benzofuran-6-yl sulfamate (56e) Chemical
Formula: C13H9NOsS,, Molecular Weight: 323.34

O\\S/O 0
H,oN \b /

Prepared as described in the general procedure of sulfomylation of phenolic compounds using
(6-hydroxybenzofuran-2-yl)(thiophen-3-yl)methanone (39i) (0.2 g, 0.82 mmol). Purification by
gradient column chromatography at 30% EtOAc in petroleum ether (v/v) followed by a preparative
TLC afforded the product as white solid.

Yield: 20 mg (7 %)

TLC: Petroleum ether — EtOAc 3:1 v/v, Rs = 0.67

'H NMR (DMSO-d6) &: 8.80 (dd, J = 1.3, 2.8 Hz, 1H, Ar), 8.13 (bs, 2H, NH>), 7.96 (d, J =
0.9 Hz, 1H, Ar), 7.94 (d, J = 8.6 Hz, 1H, Ar), 7.77 (dd, J = 2.8, 5.1 Hz, 1H, Ar), 7.74 (m,
1H, Ar), 7.72 (dd, J = 1.3, 5.1 Hz, 1H, Ar), 7.34 (dd, J = 2.1, 8.6 Hz, 1H, Ar).

13C NMR (DMSO-d6) 8: 176.51 (C), 155.41 (C), 153.64 (C), 150.60 (C), 139.82 (C),
135.89 (CH), 128.22 (CH), 128.19 (CH), 125.69 (C), 124.81 (CH), 119.86 (CH), 115.73
(CH), 107.03 (CH).

HPLC (method A): 100 % at R.T.= 4.38 min.

HRMS (ESI): Calculated 345.9819 [M+Na]", Found 345.9815 [M+Na]".

4.6.3.19. 2-(Adamantane-1-carbonyl)benzofuran-6-yl sulfamate (56f) Chemical
Formula: C19H2:NOsS, Molecular Weight: 375.44

0
e TS
o)

Prepared as described in the general procedure of sulfomylation of phenolic compounds using
adamantan-1-yl(6-hydroxybenzofuran-2-yl)methanone (39j) (0.15 g, 0.5 mmol). Purification by
gradient column chromatography at 30% EtOAc in petroleum ether (v/v) followed by a preparative
TLC afforded the product as a white solid.
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Yield: 7 mg (4 %)

TLC: Petroleum ether — EtOAc 3:1 v/v, R¢ = 0.25

'H NMR (CDClz) 8: 7.64 (d, J = 8.6 Hz, 1H, Ar), 7.55 (d, J = 1.5 Hz, 1H, Ar), 7.45 (d, J =
0.9 Hz, 1H, Ar), 7.22 (dd, J = 2.1, 8.6 Hz, 1H, Ar), 5.00 (bs, 2H, NH2), 2.05 (s, 9H,
adamantane), 1.75 (s, 6H, adamantane).

13C NMR (CDCls) 8: 196.12 (C), 154.58 (C), 154.52 (C), 149.47 (C), 125.78 (C), 123.64
(CH), 118.59 (CH), 113.16 (CH), 106.69 (CH), 46.27 (C), 38.02 (3 x CH>), 36.65 (3 x CH>),
28.03 (3 x CH).

HPLC (method A): 41.89 % at R.T.= 5.49 min.

HRMS (ESI): Calculated 376.1218 [M+H]", Found 376.1209 [M+H]".

4.6.4. Cell culture
As previously described in section 2.5.4

4.6.5. Aromatase activity assay
As previously described in section 2.5.6

4.6.6. Steroid sulfatase assay

STS inhibitory assays were performed as described previously (EI-Gamal et al. 2020; Purohit
et al. 1995). Briefly, the ability of a compound to inhibit STS activity was determined using the lysate
of JEG-3, a human placenta choriocarcinoma cell line which has high STS activity. To ascertain STS
inhibition, enzyme activity was measured in the absence and presence of the inhibitor (0.0001-1 uM)
using [3H] oestrone sulphate (E1S; 4 x 10° dpm, Perkin Elmer) adjusted to 20 pM with unlabelled
E1S substrate. After incubation of the substrate and inhibitor with JEG-3 lysate (125 pg of
protein/mL) for 1 h, the product formed, oestrone (E1), was separated from the mixture by extraction
with toluene. [4-4C] E1 (American Radiolabelled Chemicals) was also used throughout the assay to
monitor procedural losses. An organic phase aliquot was added to scintillation fluid and the *H and
14C content measured by scintillation spectrometry. The mass of E1S hydrolysed was calculated from
the ®H counts detected (corrected for the volume of medium and organic solvent used and for recovery

of C counts) and the specific activity of the substrate.
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Chapter 5: General conclusion

This thesis consists of five chapters; a general introduction, three results chapters and a
general conclusion. The general introduction discussed breast cancer as a common disease,
incidence, risk factors, different classes, the treatment options, and resistance suggesting the need
for a new generation of aromatase inhibitors. Each of the three results chapters represents an
attempt to answer the research question of the thesis investigating the possibility of developing
dual binding inhibitors to act as 4" generation aromatase inhibitors for the treatment of breast
cancer. An iterative design process of three main elements was used; Computational studies,

chemistry and aromatase inhibitory activity.

The computational component involved studying the CYP19AL1 crystal structure (PDB
3S79) (Ghosh et al. 2012) and the binding requirements indicating that hydrogen bonds for the
3- and 17-keto oxygen with Asp309 and Met374 respectively, the hydrophobic interactions of
other residues including Arg115, 1le133, Phel34, Val370, Val373 and Leu477 and haem iron
binding are key ligand interactions for the non-steroidal aromatase inhibitors. Docking studies
using MOE and MD simulations using Desmond provided theoretical evidence of the possibility
of dual binding of the active site and access channel, as shown by the ability of the long chain
substitutions, but-2-ynyloxy or pent-2-ynyloxy, to fit in the access channel of the active site,
which is lined with Arg192, Val313 and Glu483. This was accompanied by more favourable
results generated for the S-enantiomer of the compounds than the R-enantiomer in terms of
binding to the haem through N4 of the triazole ring (chapter two and four) or through the pyridine

nitrogen (chapter three).

In total, 45 compounds were prepared using various synthetic pathways. Chapter two,
triazole based compounds, which was based on the reported parent compound 6a, focused on
identifying the optimal nature, position, and length of the substitutions. After synthesis and
biological evaluation of 22 compounds, a clear SAR could be concluded with the alkynyl chain
substituent on the 6-position of the benzofuran ring optimal for activity and the but-2-ynyloxy
group provided the optimal length for dual binding compounds. The secondary substituent on
the phenyl side showed comparable aromatase inhibitory activity for the nitrile and fluoro, which

was better than their chloro analogues. The prepared compounds were found to be potent
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inhibitors with 4-((6-(but-2-yn-1-yloxy)benzofuran-2-yl)(1H-1,2,4-triazol-1-yl)methyl)benzonitrile
(23c) showing the best activity at picomolar level (0.09 nM =90 pM).

Expanding on the dual binding concept discussed in chapter two, a series of 12 pyridine-
based inhibitors with different chain length and secondary substituents was prepared and
biologically evaluated. Despite being generally less active than the triazole-based compounds,
the pyridine compounds with long chain substituents proved to be potent inhibitors with activity
in the low nanomolar range indicating the possibility of applying the same dual binding concept

implemented in chapter two.

In quite a different approach, eleven sulfamate-based compounds were prepared in chapter
four to investigate the dual aromatase/sulfatase inhibition potential. Six compounds were
derivatised from the parent compounds (11-14 and 17) by replacing the phenolic hydroxy group
with a sulfamate group, however these compounds were only active against the aromatase
enzyme. This lack of activity against the sulfatase enzyme was attributed to the steric hindrance
caused by the tetrahedral geometry of the stereo-centric carbon atom. As a result, the ketone
sulfamate compounds 56a-f were prepared and evaluated against aromatase and sulfatase
enzymes showing promising nanomolar activity against both enzymes. However, the synthetic
scheme for these compounds was not optimal either owing to poor reactivity of starting material

and/or questionable purity of the products.

% Future work:

1- Representative examples of the compounds will be tested for selectivity (CYP panel e.g.
1A2, 2C9, 2C19, 2D6 and 3A4).

2- Aromatase inhibitors that ‘pass’ these assays will be subject to more detailed cell/molecular
biology investigations to investigate the antiproliferative activity (using aromatase-
transfected breast cancer cell line MCF7-AROM (Macaulay et al. 1994)).

3- Resistant Cell lines for known Als based on MCF7-AROM will be developed and the
compounds evaluated against these resistant cell lines to determine whether they are effective
against the resistant cell lines of clinically used Als.

4- Resistance for the synthesised compounds will be studied to identify the course and
mechanism of resistance (if any).

5- Investigation and optimisation of the synthetic pathway for the sulfamate compounds.
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