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Summary

Endometriosis is an estrogen dependent disease (EDD) that has no satisfying treatment option,
as the existing ones mainly comprise endocrine treatments that lead to severe systemic hypo-
estrogenic side effects. Steroid sulfatase (STS) and 17B-hydroxysteroid dehydrogenase type 1
(17B-HSD1) are attractive new targets for the treatment of EDDs. Their inhibition leads to
blockage of the local biosynthesis of estrogen without significantly affecting the circulating
estrogen. The simultaneous inhibition of both enzymes appears to be more promising than the

blockage of only one protein.

The main aim of this study is the development of dual inhibitors of STS and 17B-HSD1
(DSHIs) that offers a novel treatment option for endometriosis without severe side effects.
Using a designed multiple ligand (DML) approach, the first DSHIs were identified. Upon
structural optimizations, highly potent inhibitors in cell-free and cellular assays were achieved
that are characterized by high selectivity over 178-HSD2 which plays a protective role in
endometriosis. The DSHIs were able to efficiently reverse the E1-S and E1- induced T47D
cell proliferation. The most interesting inhibitor described in this work is characterized by
high metabolic stability in human and mouse hepatic S9 fraction, along with good
physicochemical properties and high safety margins in cytotoxicity assays. Furthermore, this
DSHI is considered a suitable candidate for in vivo proof-of-principle studies based on its

pharmacokinetic profile.
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Zusammenfassung

Endometriose ist eine Estrogen-abhéngige Erkrankung fur die bislang keine
zufriedenstellende Therapieoption existiert. Zum Einsatz kommen hauptséchlich endokrine
Behandlungen, die systemisch zu stark hypoestrogenen Zustanden und damit
zusammenhangenden, ernsthaften Nebenwirkungen fiihren. Die Enzyme Steroid Sulfatase
(STS) and 17B-Hydroxysteroid Dehydrogenase Typ 1 (178-HSD1) sind attraktive, neuartige
Targets zur Behandlung Estrogen-abhangiger Erkrankung. lhre Inhibierung flhrt zur
Hemmung lokaler Estrogen-Biosynthese, ohne starke Beeinflussung systemischer Estrogen-
Konzentrationen. Die gleichzeitige Hemmung beider Enzyme erscheint vielversprechender als

die Blockade eines einzelnen Proteins.

Ein Gegenstand der vorliegenden Arbeit ist die Entwicklung dualer Inhibitoren von STS und
17B-HSD1 (DSHIs). Solche Wirkstoffe sind  eine  neuartige Therapieoption fir
Endometriose, die nicht zu den erwdhnten Nebenwirkungen fihrt. Unter Anwendung eines
Ansatzes zum gezielten Design von Liganden mehrerer biologischer Targets wurden die
ersten DSHIs identifiziert. AnschlieBende Strukturoptimierungen fiihrten zu Wirkstoffen, die
in Zell-freien und zellbasierten Assays beide Targetenzyme hochpotent hemmten.
Dariiberhinaus waren die DSHIs in der Lage, die Estronsulfat- und Estron-induzierte
Proliferation von T47D Zellen vollstdndig aufzuheben. Die vielversprechendste Verbindung
zeigt hohe metabolische Stabilitat in den S9-Lebermikrosomenfraktionen von Mensch und
Maus, vorteilhafte physiko-chemische Eigenschaften und geringe Cytotoxizitét.
Dartiberhinaus zeigte sie gunstige pharmakokinetische Eigenschaften in der Maus, was sie zu

einem geeigneten Kandidaten fiir eine proof-of-principle Studie macht.
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Introduction

1. Introduction
1.1 Estrogen

1.1.1  Estrogen as a steroid hormone

Steroid hormones are cholesterol-derived chemical messengers that exert transient
physiological effects as well as permanent developmental actions on the body from fetal life
to adulthood *?. They can be categorized into two groups according to the main sites of
production in the body: corticosteroids which are mainly biosynthesized in the adrenal cortex
and the sex steroids which are typically biosynthesized in the reproductive organs of males
and females 2. The corticosteroids are further subdivided into mineralocorticoids which
control the balance of water and minerals in the body, and glucocorticoids which control the
glucose homeostasis and play a role in the feedback mechanism of the immune system. The
sex steroids can be subcategorized into progestogens (C21 steroids), androgens (C19 steroids)
and estrogens (C18 steroids). Progesterone is the most important progestogen in the human
body which binds to the progesterone receptor and plays an important role in the female
reproductive system during pregnancy and menstrual cycle. The main representatives of
androgens are testosterone (T), dihydrotestosterone (DHT) which are the main sex steroid
hormones in men. Dihydroepiandrosterone (DHEA) which is mainly secreted by the adrenal
cortex and androstenedione (A4) are crucial androgens in the steroidogenesis pathway.
Androstenediol (Adiol) is also a C21 steroid; however, it has an estrogenic effect . Estrogens
are the major sex steroid in females which arise from the aromatization of androgens steroidal
A- ring. Estradiol (E2) is the most active form of the estrogen family, while estrone (E1) and

estriol (E3) are less estrogenic.
1.1.11  Biosynthesis and regulation

In women of reproductive age, circulating estrogens are biosynthesized mainly in the ovaries
and released to the systemic circulation to act on target cells or tissues (endocrine
mechanism) . The biosynthesis (see figure 1) starts in the mitochondria in which the
cholesterol side chain is cleaved by the action of CYP11Al (side-chain cleavage enzyme
SCC) to give pregnenolone. In the smooth endoplasmic reticulum, 3B-hydroxysteroid
dehydrogenase/65—4-isomerase type 2 (3p-HSD2) converts pregnenolone into progesterone
by oxidizing the 3p-hydroxy function and shifting the double bond position. The bifunctional
17a-hydroxylase/17,20 lyase (CYP17A1) transforms the produced progestogens by oxidation

at the 17a position followed by lysis reaction at position 20 to give the corresponding
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androgens DHEA and A4 °. In principle, there are 2 pathways for estrogen formation. The
first is through the irreversible aromatization of the steroidal A-ring of A4 by the action of the
microsomal aromatase enzyme (CYP19A1), followed by the reversible reduction of the C-17
keto group by the action of 17p-hydroxysteroid dehydrogenase (17B-HSD) enzymes (will be
discussed in details in section 1.3.3). Alternatively, the reduction step can be initially
performed to give testosterone from DHEA via Adiol, followed by subsequent aromatization
to give E2. In the ovaries the main pathway for estrogen biosynthesis consists of the
conversion of DHEA to A4 by the action of 33-HSD2, followed by aromatization with
CYP19A1 to give E1. The latter is subsequently reduced to E2 mainly by the action of 17p3-
HSD 7 and 12 *7.

Estrogen production from the ovaries is regulated through an endocrine mechanism that
involves hypothalamus-pituitary-gonadal glands . Gonadotropin-releasing hormone (GnRH)
is secreted by the hypothalamus to stimulate the anterior pituitary gland to produce follicle-
stimulating hormone (FSH) and luteinizing hormone (LH). FSH triggers the follicle
maturation, while LH stimulates the ovulation process and the corpus luteum formation. In the
thecal cells of the mature follicle, LH stimulates the formation of androgens which will be
converted into estrogens in the granulosa cells under the stimulation of FSH through the
abovementioned biosynthetic pathway ®°. The levels of circulating E2 in premenopausal
women are subjected to fluctuations during the menstrual cycle. In the follicular phase (the
first half of the cycle), the E2 in the plasma comes mainly from the mature follicle cells, E2
increases gradually, reaching its highest level at ovulation time. After ovulation, the E2 level
decreases temporarily until the corpus luteum is formed (luteal phase) which elevates the
estrogen levels as well as the progesterone. At the end of the cycle basal levels are reached
again which lead to the menses bleeding.

Estrogens are also produced by other peripheral tissues but to lower extent e.g. placenta,
endometrium, liver, adipose tissue, brain and skin *''2. These tissues use the inactive
circulating sulfated forms of E1 (E1-S) and androgens which are secreted by the adrenal
cortex (DHEA-S and Adiol-S), and convert them into their free parents by the action of the
steroid sulfatase enzyme (STS) (will be discussed in further details in section 1.3.2). The
formed E1 will then be converted into E2 by the reductive 17p-HSD1 enzyme in a pathway
known as the “sulfatase pathway” **. The androgens are transformed into testosterone which
will be subsequently aromatized by CYPI9A1 to give E2 “aromatase pathway” 1 These

tissues mainly utilize the E2 produced intracellularly via the intracrine mechanism, in which
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the active steroids are directly biosynthesized in the target cells without release into the
extracellular matrix .

In postmenopausal women, ovarian estrogen production is stopped and the plasma E2 levels
drop significantly to one tenth of the premenopausal levels. The peripheral estrogens become
the dominating one in the plasma without observed fluctuation *°. Additionally, all the
peripheral tissues become dependent on the intracellularly biosynthesized steroids which are
utilized by intracrine fashion *'.

Estrogens are metabolized mainly in the liver; this involves the conversion of E2 into less
active E1 by the action of 178-HSD2. E1 can be further sulfated by estrogen sulfotransferase
enzyme (SULTEL) to give E1-S (inactive) **.
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Figure 1 Estrogen biosynthesis from cholesterol E1-S, DHEA-S and Adiol-S.

17B-HSD, 17B-hydroxysteroid dehydrogenase; 3p-HSD2, 3B-hydroxysteroid
dehydrogenase/65—4-isomerase type 2; CYP19Al, aromatase; CYP11A1l1, Cholesterol
desmolase; SULT, sulfotransferase; SULTL1EL, estrogen sulfotransferase; STS, steroid
sulfatase.
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1.1.111  Mechanism of action and physiological roles

Estrogens exert their effects mainly by binding to the widely spread estrogen receptors (ER)
1920 Currently, two subtypes of the ER are known: ERa and ERB, having different isoforms
with distinct tissue expression #. ERs located in the cytoplasm are activated upon binding to
E2, and then this complex is translocated into the nucleus after dimerization. In the nucleus,
these activated ER dimers activate or repress target genes either directly or via binding to
estrogen-responsive elements (EREs) and other DNA-bound transcription factors ?°. This
pathway is known as the genomic signaling pathway of ERs (see figure 2).

The physiological actions that result from ER activation are dependent on the organ where the
ERs are located. Classical roles of estrogens in females are the development of secondary sex
characters and reproduction. In the female reproductive system, E2 helps in stimulating the
proliferation of the granulosa cells and the development of the follicles in the ovaries %. The
endometrial growth is stimulated by estrogen®®, where the menstrual cycle is closely
controlled by E2 and progesterone **. Additionally, E2 and progesterone are essential for the
maintenance of the pregnancy and the fetal development %°. In the breast, the E2 stimulates
the proliferation of the normal breast epithelium %2, In addition to its classical roles, E2 has
a wide range of physiological roles in extra-gonadal systems °. In the skeletal system, E2
regulates the bone turnover by keeping balance between osteoblasts and the osteoclasts thus
maintaining the bone density and preventing osteoporosis %*?°. Estrogens are also linked to
the cardiovascular system, in which they have a cardio-protective effect through preventing
the dysfunction of the myocytes in cases of ischemia and hypertension 2>*°. Moreover, they
exert a neuroprotective effect in the central nervous system by decreasing the inflammation in
cases of stress and enhancing the memory 3%,

These diverse crucial physiological roles of estrogens in the female body, especially the
proliferative anti-apoptotic effects are closely linked to the initiation and the progression of
many diseases whenever a misbalance in the estrogen levels occurs *. These diseases are
known as estrogen dependent diseases (EDDs), that include various kinds of female cancers

35,36 37,38 41,42

3 preast *>*, ovarian and endometrial cancers 3**°. Endometriosis

43-45

and osteoporosis

are frequent disorders that are strongly linked to estrogens in females.
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Figure 2 Genomic signaling pathway of estrogen receptor. ER, estrogen receptor; ERE,
estrogen-responsive elements. Taken from Morselli et al. %.

1.2 Endometriosis

1.2.1  General aspects

Endometriosis is a chronic, inflammatory, estrogen dependent disease. This gynecological
disorder is characterized by the presence of endometrial glands and stroma in ectopic
locations outside the uterine cavity, typically in the ovaries (ovarian endometriosis), the pelvic
peritoneum (peritoneal endometriosis), the rectovaginal septum (deep endometriotic nodules
of the rectovaginal septum) and other pelvic sites (fallopian tubes, vagina, cervix and
uterosacral ligaments) “®*7,

Symptoms of endometriosis include chronic pelvic pain, dysmenorrhea, dyspareunia, irregular
uterine bleeding, and in many cases infertility “®*°. Thus, endometriosis significantly impair

49,50

the quality of life . Endometriosis is estimated to be affecting 10% of women in

reproductive age, while the frequency rises to 50-60% within women suffering from pain .
1.2.11  Etiology and pathogenesis

Although endometriosis is histologically a benign disorder, it has a malignant-like character
as it can grow and develop in the surrounding tissues **. Despite years of research, the
etiology of this disease is not fully understood. However, there are two main theories that
explain the pathogenesis of endometriosis. The first theory postulates that the endometriotic
lesions originate from the uterine endometrium cells which reach the pelvic sites through
retrograde menstruation through the fallopian tubes (retrograde theory) °>°3. The second
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theory hypothesizes that the implants arise from non-endometrium origin, via transformation
of the pelvic cells into endometriosis (metaplasia theory) >*. After the estrogen-sensitive
endometriotic lesion is implanted on the surface of the peritoneum or ovaries, an
inflammatory response is initiated which is accompanied by angiogenesis, adhesion to tissues,
fibrosis, neuronal infiltration, and anatomical distortion resulting in pain and infertility *3>.
At the molecular level, there is a positive-feedback mechanism between E2 and prostaglandin
type 2 (PGE,) productions in endometriotic tissues which induce both pain and further tissue
growth (see figure 3) *°. The high levels of E2 in the endometriotic lesion on the one hand
enhance the cellular proliferation and invasion of the endometriotic tissue (growth), and on
the other induce cyclooxygenase type 2 (COX-2) *°. The induction of COX-2 results in
increased biosynthesis of PGE, which is the primary cause of inflammation and pain *°. PGE;
stimulates the de novo androgen synthesis from cholesterol via enhancing the expression of
the steroid acute regulatory (StAR) proteins which transfer the cholesterol from the cytoplasm
to the mitochondria. Moreover, the expressions of CYP11A1, CYP17A1 and 3B-HSD2 are
enhanced by PGE; °"*2. In the stromal cells of the endometriotic lesions, CYP19A1 -which is
also induced by the PGE,- will aromatize A4 (from intracellular and extracellular origins) into
E1. The latter is reduced by 17p-HSD1 which is overexpressed in the lesions to give E2 *°.
This establishes a strong positive-feedback cycle that guarantees continuous biosynthesis of
E2 and PGE; in the endometriosis that results in continuous pain and tissue progression .

1.2.111 Current treatment interventions

Current treatment interventions include surgical removal of the endometriotic lesions and/or
medical therapy®-®*®1. The surgical procedure, if possible at all, is only a temporary solution,
since the endometriosis usually forms again after a while, even with subsequent drug therapy
62_

As shown in the previous section, E2 has a vital role in progression of the disease. Therefore,
all current hormonal treatment options aim at decreasing the circulating estrogens ®. This
makes the drug treatment challenging due to the need of tolerable chronic regimen, since it
aims at reduction of pain symptoms and progression without definitely curing the disease
which may persist and even progress after the termination of the therapy %%,

The first line therapy includes NSAIDs co-administered with either combined oral
contraceptives or progestins which decrease the GnRH release from the hypothalamus. The
51,61,63,64

second line therapy includes GnRH (ant)agonists or aromatase inhibitors

Generally, all the systemic endocrine therapies result in the suppression of the ovulation and
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radical non-selective reduction of circulating estrogen levels leading to severe
postmenopausal-like side effects (e.g. loss of bone mineral density) that restrict its use to 6-9
months >+,

Danazol, an anterior pituitary suppressant that inhibits the production of gonadotropins, is
applied when all other options are ineffective as it has severe hyper androgenic side effects

that limit its use >

Inflammation

Cholesterol

) PGE COX-2

@ | StAR 2" AA
v ‘

™. CYP19A1

| oM

Adrenal / 17[3 HSD1
cortex
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Figure 3 Schematic representation of the positive-feedback cycle for E2 and PGE; in
endometriotic lesions. Revised from Bulun et al. >°.

AA: arachidonic acid; A4, androsterone; COX-2, cyclooxegenase-2; CYP19A1, aromatase;
E2, estradiol; PGE,: prostaglandin E,; StAR, steroidogenic acute regulatory protein.

In summary, the existing medical treatments for endometriosis are not satisfying as they
suffer from severe side effects which are linked to the suppression of the systemic estrogen
levels. Thus, there is a medical need for a novel treatment approach for endometriosis that
could efficiently regress it, without affecting the circulating E2 levels possibly offering a
better safety profile and longer treatment window.

Intriguingly, the intra-endometriotic tissue levels of E2 and E1 were found to be 8-10 folds
higher than the corresponding serum estrogens ®°. Moreover, the enzymes involved in the
de novo estrogen biosynthesis were found to be overexpressed inside the lesions ®®®’. These
findings suggest that E2 inside the endometriotic tissue is actively controlled by the local
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biosynthesis of estrogen . In the following section, the local biosynthesis of estrogen in

endometriosis and the main enzymes involved will be discussed in detail.

1.3 Local biosynthesis of estrogen in endometriosis

1.3.1  Sources of estrogen in endometriosis

Endometriotic lesions are among the tissues that (over)express all the essential enzymes that
enable the synthesis of estrogen via (see figure 4) *°:

e The classical de novo steroidogenesis from cholesterol

e The aromatase pathway from the circulating sulfated androgens

e The sulfatase pathway from circulating E1-S
For the de novo steroidogenesis, the StAR protein was found to be overexpressed in all types
of endometriosis °’. Moreover, the mMRNAs of CYP11Al, CYP17Al and 3p-HSD2 were
found to be overexpressed **"°. This enhances the conversion of cholesterol into androgens
(DHEA and A4). The endometriotic lesion has the ability to locally produce DHEA from its
circulating sulfate conjugate as the STS enzyme was found to be overexpressed **™, and the
relatively high STS activity was found to be correlated with the disease severity ">. CYP19A1
upregulation accelerates the conversion of the androgens into E1 (aromatase pathway) *®,
E1l can also be synthesized by desulfatation of the circulating E1-S with STS enzyme
(sulfatase pathway) "*. The final crucial step in E2 synthesis involves the reduction of E1
produced from sulfatase pathway and aromatase pathway via the action of 178-HSD1 enzyme

59,66,70

which is also overexpressed in endometriosis . E2 deactivation into E1 in the

endometriotic lesions is impaired as a consequence of reduced expression of 17B-HSD2
66,77,78.

Obviously, STS and 17B-HSD1 play crucial roles in the elevation of E2 levels inside the
endometriotic lesions. Consequently the inhibition of both enzymes can be considered a novel
softer treatment approach for endometriosis. This approach on one hand does not completely
cut the systemic biosynthesis of estrogen and on the other one it decreases significantly the
peripheral biosynthesis of E2 in the endometriotic lesions as further demonstrated in the

following chapters.
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Figure 4 Sources of estradiol in endometriosis. Revised from Huhtinen et al. ®.

DHEAC(-S), Dehydroepiandrosterone (sulfate); A4, androsterone; E1(-S), estrone (sulfate); E2,
estradiol; StAR, steroidogenic acute regulatory protein 17p-HSD, 17B-hydroxysteroid
dehydrogenase; 3B-HSD2, 3B-hydroxysteroid dehydrogenase/65—4-isomerase type 2;
CYP19A1, aromatase; CYP11A1, Cholesterol desmolase; STS, steroid sulfatase.

1.3.11  Steroid sulfatases (STS)

1.3.11.1 Sulfation and desulfatation of steroids

The steroid sulfation and desulfatation are fundamental biological processes that regulate

steroidogenesis in the human body .

Two families of enzymes control them, the
sulfotransferases (SULTS) and the sulfatases. The sulfation process involves the esterification
of sulfate groups with alkyl (e.g. androgens and progestins) and aromatic rings (estrogens) .
The sulfatase action involves the hydrolysis of the above mentioned sulfate group to
regenerate the corresponding steroid ®. The sulfated steroids are highly water soluble and
more abundant in the circulation compared to their precursors (see Table 1 taken from ™).
They represent inactive forms of steroids that are considered as circulating reservoirs for the

peripheral formation of bioactive steroids that can be used in an intracrine fashion "%,

10
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Table 1. Approximate estimates of plasma concentrations of steroids and their sulfated
conjugates in females taken from Mueller et al. ™

Steroid Premenopausal Postmenopausal
females females

DHEA 5-30 nmol/L 2-20 nmol/L
DHEA-S 1-8 umol/L 1-6 pumol/L
Ad 2-4 nmol/L not available
A4-S 0.5-1 pumol/L not available
El 15-500 pmol/L 10-120 pmol/L
E1-S 2-5 nmol/L 0.5-2 nmol/L
E2 5-1000 pmol/L 5-80 pmol/L

1.3.11.2 Biological characteristics of steroid sulfatase (STS)

The sulfatase family of enzymes contains 3 main subtypes: aryl sulfatase A, B and C, in
which subtype C is also known as steroid sulfatase (STS). The STS enzyme - not aryl
sulfatases A or B- has been proven to be the primary enzyme to catalyze the hydrolysis of the
sulfate ester bond from the steroid sulfates e.g. E1-S and DHEA-S (see figure 1) . Cells
actively take up the hydrophilic circulating steroids (E1-S and DHEA-S) via organic anion
transporting polypeptides (OATPs). Intracellularly, desulfatation is performed by STS,
offering a crucial pathway in regenerating the active steroids (E1 and DHEA) from the
predominant, circulating, inactive sulfated conjugates at steroidogenic and nonsteroidogenic
tissues .

STS (EC 3.1.6.2) is a membrane-bound protein with a molecular weight of 63 KDa, primarily
localized to the endoplasmic reticulum %%, The native crystal structure of STS was published
in 2003 8. The STS enzyme has a wide tissue distribution which includes placenta (the richest
source of STS), endometrium, ovary, liver, testis, skin, bone, brain, kidney, prostate, aorta and
fetal lung .

1.3.11.3 STS is a potential drug target

The dysregulation of estrogen sulfation and desulfatation is associated with various EDDs
79858 The local E1 production in hormone-dependent breast cancers is strongly linked to the

11
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STS enzyme which shows higher activity and expression in the tumors &%, In endometriosis,
the STS activity is elevated and so is its expression, to which the level of disease severity was

correlated %729

. The STS up regulation is also associated with other EDDs for e.g.
endometrial carcinoma %%, Obviously, the ability to inhibit STS will serve as a highly

desirable pharmacological approach for the treatment of many EDDs.

1.3.111 17p-Hydroxysteroid dehydrogenase type 1 (17p-HSD1)

1.3.111.L1  178-HSDs

Hydroxysteroid dehydrogenases (HSDs) are a family of NADPH/NAD®-dependent
oxidoreductase, which catalyze regio- and stereo-selective interconversion of ketones and
their corresponding secondary alcohol **. HSDs play crucial role in the endocrine as well as
the intracrine mechanism of steroid hormone actions by transforming inactive hormones to

their active analogues and vice versa *

96,97

, Which enable a pre-receptor modulation of the
hormonal activity
17B-HSDs are a group of enzymes that catalyze the oxido/reduction reactions of the
17p-hydroxy/keto group of androgens and estrogens backbone %, however, 178-HSDs can

also metabolize non-steroidal substrates 991%.

15 mammalian 17B-HSDs have been
discovered so far, 12 of them from the human tissues . They all belong to the short chain
dehydrogenase/reductase (SDR) family with the exception of 17p-HSD5 which belongs to the
aldo-keto reductase (AKR) family *°2. Their nomenclature follows their chronological order
of discovery, but later the international SDR-initiative proposed a new gene-based

nomenclature 103104,

These enzymes have diverse tissue distributions, subcellular
localizations, substrate affinities and catalytic preferences (oxidation or reduction).

The reducing 17p-HSDs are mainly distributed among the steroidogenic tissues as shown in
Table 2. Their primary physiological role is the synthesis of high levels of sex steroid
hormones in the target tissues. Only 3 subtypes are involved in the biosynthesis of E2 from
El, 17B-HSD1 besides 178-HSD12 and 7 which are the main enzymes expressed in the

ovaries °.

On the other hand, the oxidizing 17B-HSDs are widely spread in the whole body tissues and
not confined to the gonadal tissues (Table 3). In principle, they play protective roles by the
inactivation of the active steroids, leading to the decrease in levels of the active steroids in the
target tissues. 173-HSD?2 is the most important steroid deactivator enzyme, which is down

regulated or deficient in many pathophysiological disorders 1°>*%.
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1.3.111.2  Biological characteristics of 17-HSD1

17p-HSD1 (EC1.1.1.62) was originally described by Langer and Engel in 1958 %7, It exists
in a soluble homodimer form in the cytosol, having a molecular weight of 34.9 KDa for both
dimers representing 327 amino acids '%. The crystal structure of 17p-HSD1 is known either

110 and steroidal based inhibitors .

in native form ' or in complex with estrogenic ligands
It catalyzes the final step of the E2 biosynthesis, via reducing the weakly active E1 into the
most potent estrogen E2 in the presence of NADPH as a cofactor (see Figure 1). In vivo, the
enzyme is only a unidirectional reductive enzyme, however, the purified enzyme or cell
homogenates can be forced to catalyze the opposite reaction if the oxidative cofactor (NAD")
is abundant **2. 17B-HSD1 can also reduce some forms of androgens e.g. DHEA, but only to a
minor extent with 100 fold lower K, relative to E1, this androgen discrimination was
attributed to the steric hindrance of the 19f3-methyl group with the Leul49 amino acid of the

enzyme 2,

1.3.111.3  17p-HSD1 is a potential drug target

In EDDs, increased levels of expression for 173-HSD1 are always observed on the mRNA
and protein levels, accompanied by down regulation of 178-HSD2 which ultimately leads to
an increase in the E2/E1 ratio "'*. In ER" breast cancer patients, the 173-HSD1/173-HSD2
ratio is increased >, In endometriotic patients, the lesions are characterized by up
regulation of 17B-HSD1 and decrease in the 17B-HSD2 expression when compared to normal

endometrium tissue >°°966.71

cancer ™ and endometrial hyperplasia **°. Therapeutic approaches aiming to selectively

. In other EDDs, 17B-HSDL1 is highly expressed, e.g. in ovarian

inhibiting 17B-HSD1 enzyme without affecting the activity of 178-HSD2, consequently, is

considered an innovative treatment option for many EDDs .
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1.4 Novel treatment approaches for endometriosis
1.4.1  STSinhibitors

The development of STS inhibitors as novel endocrine therapeutics for the treatment of EDDs
has been initiated since the early 90s *?°. The vast majority of these inhibitors are based on the
aryl-O-sulfamate pharmacophore, and considered to be active-site directed, time and
concentration dependent, irreversible inhibitors 2%, It is assumed that the sulfamate group is
covalently transferred to the post-translationally modified formyl-glycine moiety in the
catalytic center of STS enzyme, irreversibly blocking its activity *%.

Estrone-3-O-sulfamate (EMATE) and estradiol-3-O-sulfamate (E2MATE) were among the
early highly potent (both in vitro and in vivo) STS inhibitors that were discovered (see figure
5) 123124 The steroidal backbone of EMATE and E2MATE, however, resulted in considerable
estrogenic effect, which contradict with its principal therapeutic goal %. Research has
focused on the development of non-estrogenic and non-steroidal STS inhibitors, leading to the
discovery of a new class of STS inhibitors based on the coumarin-sulfamate scaffold
(Coumate, see figure 5) *%. STX64 (also known as 667 Coumate or Irosustat) was the most
important candidate in the Coumate class with one digit nM ICsg values in both cell free and
cellular assays . STX64 was orally very active (95% orally bioavailable) as it can evade the
liver first-pass metabolism via binding reversibly to carbonic anhydrase Il enzyme in red
blood cells 12217,

In vivo proof-of-principle studies of STS inhibitors in endometriosis have resulted in very
promising outcomes. Collete et al have demonstrated that STS inhibition in a mouse
endometriosis model led to significant regression in the development of the endometriotic
lesion manifested by reduction in the size and weight of the lesion, without affecting the
circulating estradiol levels **. Similarly, in a phase | proof-of-principle clinical trial Pohl et
al. found that irreversible STS inhibition in healthy premenopausal women has no significant
effect on E2 plasma levels and was generally well-tolerated by the patients *°2. Currently,
phase Il clinical trials are in progress to evaluate the efficacy, safety , pharmacokinetics and
pharmacodynamics of STS inhibitors in endometriotic patients 5%,

In other clinical trials STS inhibitors have been evaluated as therapeutics for various EDDs

154-157

for e.g. breast cancer and endometrial cancer **®. Generally, the drugs significantly

decreased the STS activity in the tumor tissue while being well-tolerated by the patients.
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R= -OH, Estradiol 3-O sulfamate, E2MATE n=5, STX64 (667 Coumate or Irosustat)

Figure 5 Structures of selected STS inhibitors
1.4.11 17p-HSDL1 inhibitors

Salah et al. recently reviewed the efforts that have been dedicated over the last 35 years to
develop 17B-HSDL1 inhibitors that have acceptable selectivity over the counterpart enzyme
17B-HSD2 ™°. Various steroidal and non-steroidal inhibitors were shown to be effective
in vitro and in vivo.

Steroidal inhibitors are usually derivatives of E1 or E2 that are substituted at one or more of
the following positions: C2, C6, C15 and C16. EM-1745 (C16 derivative of E2, see figure 6)
is one of the most potent steroidal 178-HSD1 inhibitors that is considered a bifunctional
hybrid inhibitor binding to both the substrate and the cofactor binding sites **°. An example
for C15-substituted derivatives of E1 is compound A (see figure 6), which displayed strong
and selective inhibition of 173-HSD1 in cell-free and in cellular assays ***'®2. Moreover,
compound A showed strong reduction of E2 levels inside human endometriotic lesions in an
ex vivo proof-of-principle study 3, FOR-6219 (exact structure not published) is a close
structural analog of compound A, is currently in phase I clinical trials. In preclinical studies
using non-human primates, it displayed the ability to act locally in the target tissues, without
impacting systemic hormone levels 6416,

Non-steroidal inhibitors were generally showing several advantages when compared to the
steroidal ones, such as low ER-affinity, good synthetic accessibility and drug-likeness. Our
research group developed the best non-steroidal 173-HSD1 inhibitors known in literature. In
general, they belong to 3 chemical classes developed by pharmacophore models (see figure
6): hydroxyphenyl naphthols (e.g. compound B) ', bis(hydroxyphenyl) substituted arenes

(e.g. compound C) 8

and the bicyclic substituted hydroxyphenyl methanones (e.g. compound
D) ' which is the most active class of non-steroidal 17B-HSD1 inhibitors.
Thiophenepyrimidinone derivatives (e.g. compound E, see figure 6) were reported by other

group to be potent 17p-HSD1 inhibitors *'°.
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Figure 6 Structures and biological data of selected 17p-HSD1 inhibitors
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1.4.111 Designed multiple ligands

As previously mentioned, STS and 17B-HSD1 activities are upregulated in endometriosis,
playing crucial roles in controlling the intracellular E2 concentration inside the lesions .
Moreover, it was shown that the administration of aromatase inhibitors in breast cancer
patients led to increase in the levels of STS and 17p-HSD1, which re-elevated the local E2
levels in these patients (estradiol escape) ™. This estradiol escape may also play a role in
endometriosis if only one of the 2 enzymes (STS or 178-HSD1) is blocked (e.g. increased
STS expression to counteract the 173-HSD1 inhibition and vice versa). As a result, the idea of
inhibiting both STS and 17B-HSD1 is a promising novel approach to decrease the local
estrogen biosynthesis in endometriotic lesions. The inhibition of additional pathways of E2
production should ultimately lead to stronger reduction of lesion proliferation and pain,
improving the patient’s quality of life. Moreover, this dual inhibition may block the estradiol
escape that could happen in single therapeutic options avoiding potential relapse of the
disease.

This dual inhibition approach could be achieved either by a multi-targeting fashion by
co-administration of selective STS inhibitor alongside with selective 173-HSD1 inhibitor or
via a designed multiple ligand (DML). In the latter approach, a single rationally designed
molecule has a multi-target mode of action. There are strong scientific arguments in favor of a
DML approach *’?, as it has several advantages when compared to the multi-component
therapy. In DML, complex pharmacokinetic/pharmacodynamics relationships that could occur
in multi-component therapy are avoided, more patient compliance, easier and less expensive
clinical development, no drug-drug interaction, and possible decrease in the overall dose
when compared to co-administration of 2 selective inhibitors 2. A drawback in DML
approach is the possible difficulty to adjust the ratio of activity at both targeted enzymes;
however, this complicated design optimization is thought to be minimal in case of STS and
17B-HSD1 inhibition as a result of the high structural similarity between the substrates of both
targeted enzymes (E1-S and E1).

In this context, STS inhibition has been successfully coupled to aromatase inhibition in a
DML fashion by using a merged pharmacophore strategy, in which potent aromatase inhibitor
was used to build in the aryl sulfamate pharmacophore (essential for STS activity) giving
potent dual aromatase and STS inhibitors (DASIs) see figure 7 *”. In preclinical studies,
STX681 was able to inhibit in vivo the growth of human breast cancer induced in a xenograft

nude mouse model **, however, it was shown that dual inhibition of STS and aromatase leads
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to significant drop in the circulating estrogens which is accompanied by severe hypo-

estrogenic side effects **.

Aromatase
binding motif
Aryl-O-Sulfamate
N=\ pharmacophore
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Br
STX681

Figure 7 Structure of selected DASI
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Aim of the thesis

2. Aim of the thesis

In endometriotic patients, the inhibition of the local biosynthesis of estrogen is currently
considered as a superior therapeutic option compared to the conventional endocrine therapy.
The latter treatment option aims at stopping the ovulation leading to severe drop in the
circulating estrogens accompanied by intolerable hypo-estrogenic side effects that limits the
duration of the treatment to 6-9 months. On the other hand, targeting the peripheral E2
synthesis is believed to decrease the progression of endometriosis without significantly
affecting E2 plasma levels.

STS and 17B-HSD1 are pivotal enzymes in the local biosynthesis of E2 in the endometriotic
lesions, as they were found to be overexpressed in all types of endometriosis where the levels
of STS expression were correlated to the severity of the disease. The most abundant form of
estrogen in the circulation (E1-S) is transformed by STS in the lesion to E1 which is further
activated by 17p-HSDL1 into E2. This biosynthesis sequence is known as sulfatase pathway.
E2 is the most potent activator of ER o/f that induces cell proliferation and pain inside the
lesion. 173-HSD2 activity inside the lesion is down regulated, weakening its beneficial action
in deactivating E2 into E1.

Recently, several proof-of-principle studies have shown the efficacy of STS or 17p8-HSD1
inhibition in endometriotic models. In endometriotic mouse model, STS inhibition led to
significant decrease in the lesion size. Moreover, in a phase | clinical trial effective STS
inhibition was found to have no significant effect on E2 levels in premenopausal women. On
the other hand, 17B-HSD1 inhibition in an ex vivo proof-of-principle study normalized the
increase in E2 synthesis in endometriotic tissue of patients. Additionally, no effect was
detected on the systemic E2 level in preclinical studies using non-human primates treated with
potent 17B-HSD1 inhibitor. Since the inhibition of STS or 17p-HSD1 was shown to be
effective in endometriosis, it was thought that their dual inhibition would even be more
effective. This dual inhibition could be achieved by multi-component therapy or designed
multiple ligands (DML). The DML approach has several advantages, e.g. less complicated
pharmacokinetic and pharmacodynamics relationship, easier clinical development, avoiding
drug-drug interaction and good patient compliance.

Accordingly, the aim of the thesis was to develop potent dual STS and 17B-HSD1
inhibitors (DSHIs) that are suitable for in vivo application. These inhibitors could be used as

scientific tools in proof-of-principle studies to elucidate the effect of the dual inhibition on the



Aim of the thesis

local biosynthesis of E2 regulation in endometriotic models, and also serve as lead
compounds for a novel therapeutic option for the treatment of endometriosis.

To achieve this purpose, the first DSHIs class shall be rationally designed via a combined
pharmacophore strategy (see figure 8), in which the aryl sulfamate moiety has to be
introduced to potent drug-like 17p-HSD1 inhibitors. This should be followed by optimizing
the position of the sulfamate group on the aryl system and evaluating the influence of adding
different substituents on the biological activities of the synthesized compounds. The
biological evaluation of the compounds should not be confined to their ability to inhibit STS
and 17B-HSDL1 in cell-free assays, but also their selectivity towards 17p-HSD2 should be
evaluated. Furthermore, T47D cells (ER™ breast cancer cell line) which express both enzymes
can be used to evaluate the intracellular potency of the promising DSHIs to have insights
regarding their cellular permeability. Generally, sulfamate group containing STS inhibitors
are irreversible active-site directed inhibitors, so the mode of STS inhibition by the most
promising DSHIs has to be examined using intracellular assay. Evaluation of the effect of
estrogen stimulation on the growth of T47D cells using E1-S or E1 or E2 should be done in
order to show that the cells can convert E1-S and E1 into E2 leading to stimulation in the
proliferation. Then the effect of the DSHIs on E1-S and E1 stimulated growth shall be
investigated to appraise the outcome of dual inhibition of STS and 17B-HSD1 on proliferation
and hence the local estrogen biosynthesis. In this context, possible estrogenic activity, ER
antagonism and cytotoxicity should also be evaluated for the most promising DSHIs. These
results of investigations are presented in paper A chapter 3.1.1.

In order to develop drug-like DSHIs that could be used as probes for in vivo
proof-of-principle studies, a new class of DSHIs has to be developed after the former class
showed poor metabolic stability (see figure 8). The same design approach shall be followed
but using a new 17B-HSD1 inhibitor class with a promising metabolic stability profile.
Initially, structural modifications have to be performed to optimize the sulfamate group
position and the influence of added substituents on the biological activity of the compounds in
cellular assays using T47D cells. The metabolic stabilities of the most interesting compounds
have to be evaluated using human and mouse hepatic S9 fraction. Cytotoxicity of the
metabolically stable compounds shall be evaluated using HEK293 and HepG2 cells. The latter
is a hepatocellular carcinoma cell line that assesses the cytotoxicity of the compounds as well
as their metabolites. The compounds with promising results in the aforementioned
experiments will enter candidate selection phase, in which their pharmacokinetic (PK)
profiles are examined in mice using subcutaneous route of application. Further PK
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assessments have to be performed to the candidate with the best plasma levels profile to
optimize the route of administration (per oral or subcutaneous), frequency of dosing (daily or
every second day) as well as evaluating its effect on the CYP metabolizing enzymes (either by
induction or inhibition) after multiple dosing regimens. This work is introduced in paper B
chapter 3.1.11.

173-HSD1 inhibitor General structure of DSHIs
% described in chapter 3.1.1
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17-HSD1 inhibitor General structure of DSHIs
described in chapter 3.1.11

R1 and R2 = H, C|, F, CH3

Figure 8 Proposed design and overview of the molecules described in this thesis
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3. Results

3.1 Dual STS and 17p-HSD1 inhibitors (DSHIs)

3.1.1 First Dual Inhibitors of Steroid Sulfatase (STS) and
17p-Hydroxysteroid Dehydrogenase Type 1 (17p-HSD1):
Designed Multiple Ligands as Novel Potential

Therapeutics for Estrogen-Dependent Diseases

Mohamed Salah, Ahmed S. Abdelsamie, and Martin Frotscher
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ABSTRACT: STS and 17-HSD1 are attractive targets for the treatment
of estrogen-dependent diseases like endometriosis and breast cancer. The
simultaneous inhibition of both enzymes appears more promising than
blockage of either protein alone. We describe a designed multiple ligand
approach resulting in highly potent dual inhibitors. The most interesting
compound 9 showed nanomolar ICg, values for both proteins, membrane
permeability, and no interference with estrogen receptors. It efficiently

reversed E1S- and El-induced T47D cell proliferation.

STS inhibitor

dual STS/17p-HSD1 inhibitor
ICsp(whole cell assays) STS: 15.9 nM; 178-HSD1: 22.2 nM
strongly reverses estrogen-induced T47D cell proliferation

B INTRODUCTION

Estrogens exert proliferative and antiapoptotic effects and are
involved in the etiology of estrogen-dependent diseases (EDD)
such as endometriosis and a high percentage of breast cancers.
Therapeutic interventions comprise endocrine treatment with
GnRH analogs, selective estrogen receptor modulators
(SERMs), or aromatase inhibitors. These options, however,
do not prevent relapses and often lead to severe side effects.
Thus, there is considerable unmet medical need for novel
treatments, and the exploration of novel biological targets is
required.

Intriguingly, the progression of EDD is in many cases
strongly coupled to the local estrogen biosynthesis, i.e., the
formation of active estrogen within the diseased tissue itself.
Normally, the activities of enzymes involved in local estrogen
activation (steroid sulfatase (STS), aromatase, 174-HSD1) and
deactivation (17-HSD2, sulfotransferase) are well balanced. In
the case of EDD, a mismatch between activation and
deactivation results in elevated local estrogen levels, leading
to increased cell proliferation and reduced apoptosis. This
mismatch is caused by aberrant expression of the involved
enzymes in situ.'”?

Therefore, the selective inhibition of local estrogen biosyn-
thesis is a promising therapeutic approach, with the prospect of
fewer side effects compared to existing therapies. In this
context, STS and 17-HSD1 play major roles as they catalyze
the final steps in estrogen biosynthesis within the target cell
(intracrinology): STS converts the inactive estrone 3-sulfate

<7 ACS Publications  © 2017 American Chemical Society
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(E1S), the main transport and storage form of estrogens, to the
weakly estrogenic estrone (E1). The latter is reduced to 174-
estradiol (E2), the most potent estrogen in humans,
predominantly by the action of 17-HSD1 (Figure 1).” This
route of estrogen biosynthesis has been termed “sulfatase
pathway”.* It also includes the STS catalyzed transformation of
androstenediol sulfate to the estrogenic androstenediol, whose
proliferative effect on estrogen-sensitive cells is known.® 17-
HSD2 catalyzes the reverse reaction, i.e., the inactivation of E2
by oxidation to El, and is the physiological adversary of the
type 1 enzyme. Both STS and 174-HSD1 are overexpressed in
endometriotic lesions,”” and there is strong evidence that
elevated local E2 levels are mainly due to estrogen activation via
the sulfatase pathway, whereas local E2 formation from
androgen precursors (“aromatase pathway”) is of considerably
less relevance.” The sulfatase pathway also plays a crucial role in
estrogen-dependent breast cancer, and STS expression is an
important prognostic factor in this disease.”'® Strikingly, the
tumor tissue of breast cancer patients who were treated with
aromatase inhibitors showed increased expression of STS and
17B-HSD1."" Thus, STS and 17f-HSD1 are key enzymes for
local estrogen activation in EDD. In conclusion, their inhibition
is a promising approach for therapeutic intervention. The
validity of this concept is supported by the observation that a
174-HSD1 inhibitor led to a decrease of E2 levels in
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Figure 1. Sulfatase pathway of local estrogen biosynthesis.
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endometriotic specimens.” In transgenic mice, 174-HSD1
inhibitors reversed estrogen-induced endometrial hyperplasia.'®
174-HSD1 inhibitors were shown to reduce the El-stimulated
tumor cell growth in vitro and in vivo, suggesting the suitability
of this target for the treatment of breast cancer.”"” In a mouse
model, STS inhibition significantly reduced the growth of
endometriotic lesions, while plasma E2 levels remained
unchanged."®

Selective inhibition of either enzyme, however, bears intrinsic
drawbacks: Selective 174-HSD1 inhibition does not prevent the
formation of the estrogenic agents E1 and androstenediol.
Selective STS inhibition, on the other hand, does not block E2
formation from E1, which is produced from testosterone via the
aromatase pathway. The latter should not be very distinct but
could be of relevance for the progression of EDD.

Consequently, the idea of simultaneous inhibition of STS
and 17f-HSD1 arises as a novel and attractive treatment
approach. This aim could be achieved by administration of two
single inhibitors, each selective for one of the two targets
(multicomponent therapy). Different patient-specific rates of
biotransformation, however, may result in complex PK/PD
correlations, leading to difficult predictability of pharmaco-
logical effects. Another drawback is the risk of drug—drug-
interactions.

An intriguing concept is the inhibition of both targets with a
single drug whose structure is rationally derived for this dual
mode of action (designed multiple ligand, DML)."” Preferably,
17f3-HSD2 should not be inhibited.

For 17f-HSD1 and STS, a number of steroidal and
nonsteroidal inhibitors have been described."®™** Examples
are compounds 13 (174-HSD1 inhibitor)* and 14 (STX-64)
which was the first STS inhibitor to enter clinical trials (Figure
2).** Interestingly, DML approaches have successfully been
applied for STS inhibitors, leading to the discovery of
compounds combining STS inhibition with estrogen receptor

Figure 2. Structures of 13 and 14 and general structure of dual STS/
174-HSD1 inhibitors (DSHIs). R = Cl, F, CH,.

modulation or inhibition of aromatase (dual aromatase sulfatase
inhibitors, DASIs).”” First described by Woo et al,”* the DASI
concept has been thoroughly investigated and led to the
discovery of many dual inhibitors from different compound
classes, described in a series of publications and summarized in
a recent review article.”” Selected DASIs showed favorable
properties in vitro and in vivo.””*® However, significant
reduction of plasma E2 levels was reported indicating a not
exclusively local mode of action.”

In this report we describe for the first time the rational
design, synthesis, and in vitro profilation of nonsteroidal dual
STS/17p-HSD1 inhibitors (DSHIs) as potential drugs for the
treatment of EDD, with the prospect of local action.

B RESULTS AND DISCUSSION

While STS inhibitors differ considerably regarding molecular
structure, most of them bear an unsubstituted aryl sulfamate
group (exemplified by 14, Figure 2) as a common feature which
serves as the main pharmacophore for target inhibition. This
structural motif was adopted for the design of dual inhibitors
and transferred to an appropriate position of a highly potent
inhibitor of 17-HSD1.

We reported on the discovery of bicyclic substituted
hydroxyphenylmethanones (BSHs) such as 13 (Figure 2) as
highly active 178-HSD1 inhibitors.”* Their scaffold consists of a
phenyl moiety and a benzoyl moiety which are linked by a
thiophene ring. Extensive SAR revealed that their 174-HSD1
inhibitory activity is maintained even if bulky substituents are
attached to the phenyl moiety (Figure 2, 13, dotted box). This
characteristic triggered the implementation of the envisaged
design strategy by attaching a sulfamate group essential for STS
inhibition to the phenyl group of the BSHs. A general structure
of the potential DSHIs based on the above-mentioned strategy
is shown in Figure 2. The potential dual inhibitors 1—12 were
synthesized using standard methods according to Scheme 1.

Inhibition of Human STS, 174-HSD1, and 174-HSD2 in
Cell-Free Assays. STS inhibition was determined by incubation
of human placental STS with E1S and inhibitor. E1 formation
was quantified by ELISA (see Supporting Information).
Inhibition of 174-HSD1 and 174-HSD2 was evaluated using
the respective radiolabeled steroid (E1 or E2) and human
placental 17-HSD1 (cytosolic fraction) or 174-HSD2 (micro-
somal fraction). The radiolabeled estrogens were separated and
quantified using HPLC with scintillation detection (see
Supporting Information). Inhibitory activities are expressed as
ICyo values (Table 1). 13 and 14 were used as reference
compounds.

Compounds 1—3 were highly active toward 174-HSD1 but
did not show inhibition of STS. Introduction of a fluorine atom
to 3 led to the dual inhibitor 4, whose inhibition of STS,
however, was clearly less pronounced than that of 174-HSDI.
Shifting the sulfamate group from position 3 to position 4
resulted in the highly active § which equipotently inhibited STS

DOI: 10.1021/acs.jmedchem.7b00062
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Scheme 1. Synthesis of Compounds 1—12“
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Position Position
Cpd R Cpd R
-OSO,NH, -OSO,NH,

1 H 4 7 2-Me 4

2 H 2 8 3-F 4

3 H 3 9 3-Cl 4

4 2-F 3 10 3-Me 4

5 2-F 4 n 2,3-diF 4

6 2-Cl 4 12 2-F 3-Cl 4

“Reagents and conditions: (a) 2,6-difluoro-3-methoxybenzoyl chlor-
ide, anhydrous AICl,, anhydrous CH,Cl,, 0 °C, 0.5 h, and then room
temperature, 3 h; (b) corresponding phenylboronic acid, Cs,COs,
Pd(PPh,),, DME /water (1:1), 110 °C, 4 h; (c) BBrs, CH,Cl,, —78 °C
to room temperature, overnight; (d) DMA, sulfamoyl chloride, 0 °C,
and then room temperature, overnight.

and 17f-HSD1. The STS inhibitory potency of 5 matched that
of the reference 14, one of the most potent STS inhibitors. The
fluorine atom of § could be replaced with chlorine, leading to 6
with practically identical inhibitory properties, whereas a methyl
group slightly decreased potency (7). Compounds § and 6 only
showed marginal selectivity over 174-HSD2. Relocation of the
substituents F, Cl, and methyl from position 2 to position 3
(8—10) on the one hand led to a decrease of STS inhibition.
On the other hand, in the case of the halogenated inhibitors 8
and 9 this modification further increased activity toward 17/-
HSD1 and selectivity over 174-HSD2. This finding prompted
us to synthesize 11 and 12, bearing halogen atoms in positions
2 and 3, thus possibly combining strong STS inhibition
(halogen in position 3) with strong 17-HSD1 inhibition and
selectivity over 174-HSD2 (halogen in position 2).

In fact, a strong 174-HSD1 inhibition was achieved,
comparable to that of 8 and 9. In addition, 11 and 12 showed
selectivity over 17-HSD2. There was, however, no improve-
ment concerning STS inhibition. Investigation of compound
stability in buffer (20 mM Tris-HCI, pH = 7.2, 37 °C) revealed
fast cleavage of the sulfamate moiety in the cases of 11 and 12,
under formation of the phenolic OH group (28% and 22% of
parent compound remaining after 30 min, respectively),
whereas the other compounds proved to be stable under
these conditions. The different stabilities can be correlated to
the pK, values of the formed phenolic OH groups which are
significantly lower in the cases of 11 and 12 compared to the
other compounds (see Supporting Information, Table S2),
making their phenolates better leaving groups in substitution
reactions. The loss of the sulfamate “warhead” is in agreement
with the comparably low STS inhibition by 11 and 12. The fact

Table 1. Inhibitory Activities of Compounds 1—14 toward hSTS, h174-HSD1, and h17-HSD2 in Cell-Free Assays

0\
R: Ry Q O:S\\‘NHZ Ry O—é)\
B @ SoNH, o M g N
N N Do U s
el A g
HO O
1,5-12 HO 2 He 3,4
1C4o [nM]
compd R, R, hSTS” h17p-HSD1° h17p-HSD2“ SE*
1 H H ni 34 28.0 8.2
2 ni 22.5 4.1 0.2
3 H ni 22 313 142
4 F 123.4 7.1 17.4 2.5
s H F 19.5 122 222 1.8
6 H Cl 194 10.2 19.1 19
7 H Me 350 43.5 40.0 0.9
8 F H 81.8 25 13.7 85
9 cl H 143.1 11 36.1 330
10 Me H 2208 32.4 312 1.0
11 F F 10S8.5 27 232 8.6
12 Cl F 244.5 14 18.4 13.2
13 ni 31 713 23.1
14 15.1 ni ni NA

“Mean value of at least two independent experiments each conducted in duplicate, with standard deviation less than 15%. ni: no inhibition (<10%
inhibition at 1 #M). NA: not applicable. “Human placenta, microsomal fraction, substrate E1S [300 nM]. “Human placenta, cytosolic fraction,
substrate [*H]-E1 + E1 [S00 nM], cofactor NADH [0.5 mM]. “Human placenta, microsomal fraction, substrate [*H]-E2 + E2 [500 nM], cofactor
NAD" [1.5§ mM]. “SF (selectivity factor): ICs,(17-HSD2)/IC5,(174-HSD1).
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that both compounds showed strong inhibition of 174-HSD1 is
not in conflict with their instability because the sulfamate group
is not relevant for 174-HSD1 inhibition.

Intracellular Inhibition of Human STS and 174-HSDI1.
Irreversible Inhibition of Human STS. The estrogen-depend-
ent human breast cancer cell line T47D expresses STS and 17/-
HSD1.”” Intact cells were incubated with S, 6, 8, and 9,
respectively, and the corresponding radiolabeled substrate E1S
or El. After incubation, the steroids were separated and
quantified using HPLC with radio-detection. Table 2 shows the
ICy, values of the cellular inhibition assays.

Table 2. Inhibitory Activities of Compounds §, 6, 8, 9, 13,
and 14 toward hSTS and h17-HSD1 in Cellular Assays

Ra Ry o}

B SoNH,
Q. S Q0
F i F

HO 5,6,8,9
ICq [nM]*
compd R, R, hSTS”  h17B-HSDI1* hSTS" irreversible

] H F 2.1 42.1 3.1

6 H Cl 3.4 60.9 3.9

8 F H 5.1 20.0 57

9 Cl H 15.6 22.2 16.4

13 ni 79 ni

14 1.9 ni 21

“Mean value of at least two independent experiments each conducted
in triplicate using intact T47D cells, with standard deviation less than
15%. ni: no inhibition (<5% inhibition at 1 zM). "Substrate [*H]-E1S
+ E1S [5 nM]. “Substrate [*H]-E1 + E1 [50 nM].

All compounds displayed strong inhibition of the target
enzymes with ICg, values in the nanomolar range, indicating
good cell penetration. The fact that the compounds were able
to strongly inhibit STS in spite of the long incubation time of
24 h suggested an irreversible mode of STS inhibition, as
described for other sulfamate-containing STS inhibitors, e.g.,
for 14.%°

For further support of this irreversible mode of action, T47D
cells were pretreated with S, 6, 8, 9, and the reference 14,
respectively. After removal of the compounds by extensive
washing, STS activity was evaluated by incubation with E1S. In
all cases, conversion to El was strongly inhibited with ICj,
values very similar to those obtained in the “regular” assay for
cellular STS inhibition (Table 2). In contrast, 174-HSD1
activity was fully restored after incubation with 9 (Table S3),
suggesting that the persisting STS inhibition is a result of
irreversible inhibition rather than of compound retention.

Estrogen Stimulation of T47D Cell Proliferation. The
proliferation of T47D cells in response to estrogen treatment
was evaluated by adding E1S, E1, or E2 to the culture medium
at concentrations ranging from 0.1 to 500 nM and evaluating
cell viability after 7 days of incubation (Figure 3). Stimulation
of proliferation was similar for E1S, E1, and E2. It was initially
observed at an estrogen concentration of 10 nM and reached a
maximum at 250 nM. In the following experiments, 100 nM
estrogen (50 nM EIS and S0 nM El, reflecting that both may
be present in vivo, or 100 nM E2) was used.

4089
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Figure 3. Concentration dependent stimulation of T47D cell
proliferation: black bars, E1S-stimulation; striped, E1 stimulation;
gray: E2 stimulation. The control (no estrogen stimulation) was
arbitrarily set to 100%. Cells were incubated with the respective
additives for 7 days without passage. Medium was changed every 2—3
days.

Effect of DSHIs on Estrogen Stimulated Cell Proliferation.
Compound 9 was applied to E1S/El-stimulated T47D cells at
100, 200, and 400 nM, approximately corresponding to S, 10,
and 20 times its ICgy of cellular 174-HSD1 inhibition. The
reference compounds 13 and 14 were applied in concentrations
of 50, 100, and 200 nM, approximately corresponding to the
same multiples of their ICs, values, in the case of 14 that of the
cell-free assay. The dual inhibitor 9 was able to decrease the
proliferative effect of E1S/E1 stimulation dose-dependently,
reaching control levels when applied in a concentration of 400
nM (Figure 4). Similar results were obtained for S, 6, and 8
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Figure 4. Concentration dependent inhibition of E1S- and El-
stimulated cell growth for 9, 13, and 14 on T47D cells. Cells were
grown in phenol red-free RPMI 1640 medium supplemented with 5%
stripped FCS. Control represents vehicle treated cells. EM (estrogenic
medium) represents E1S [SO nM] and E1 [S0 nM] treated cells. 9 was
tested at 100, 200, and 400 nM, respectively. 13 and 14 were tested at
50, 100, and 200 nM, respectively. Cells were incubated with the
respective additives for 7 days without passage. Medium was changed
every 2—3 days. Vehicle: ethanol. (s%) p < 0.01. (s3) p < 0.001.

(Figure S1). In contrast, the selective references 13 and 14 did
not decrease the stimulatory estrogen effect below 150% and
200% of the control, respectively.

The stronger antiproliferative effects of the dual inhibitors in
comparison to the selective ones were assumed to be attributed
to the differences in E2 and El levels in the medium after
feeding the cells with E1S and E1, depending on the presence
of the different types of inhibitors. This point was investigated
by incubating the cells with radiolabeled E1S and El in the
presence or absence of inhibitors, and quantification of
estrogen levels after 48 h using HPLC with radio-detection

DOI: 10.1021/acs.jmedchem.7b00062
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(Table 3). In the absence of inhibitor, almost complete
conversion of E1S and E1 to E2 was observed, whereas in the

Table 3. Percentages of Estrogens upon Incubating T47D
Cells with E1S and E1 (50 nM Each) for 48 h in the
Presence of Vehicle, 9, 13, and 14

R
compd E1S El E2
vehicle” 39 0.9 952

9° 50 489 1.1
134 35 88.4 7.9
14° 50 0.8 492

“Mean value of at least two independent experiments each conducted
in triplicate, with standard deviation less than 10%. bVehicle: ethanol.
“Compound 9 [400 nM]. “Compound 13 [200 nM]. “Compound 14
[200 nM].

presence of the dual inhibitor 9 no significant conversion of
E1S or El occurred. In the presence of 14 no conversion of
E1S occurred but all the E1 was transformed into E2. In case of
13, E1S was almost completely consumed and 88.4% E1 was
found besides a minor amount of E2 (7.9%). These results are
in agreement with the residual proliferation induction found in
the case of the selective inhibitors. In addition, they explain the
more pronounced residual cell proliferation after application of
14 compared to 13 (200% vs 150%), as in the first case the
amount of the strongly estrogenic E2 was high (49.2%) whereas
in the latter case the less estrogenic E1 was the predominant
estrogen.

As depicted in Figure 5, 9 has no effect on nonstimulated
cells at 400 nM, which was the highest concentration in which
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Figure 5. Effect of 9 on estrogen-stimulated cell proliferation of T47D.
Cells were grown in phenol red-free RPMI 1640 medium
supplemented with 5% stripped FCS. Proliferation was stimulated
with E1S and E1 at 50 nM each or E2 (100 nM). 9 (400 nM) was
added in the presence or absence of estrogens. Cells were incubated
with the respective additives for 7 days without passage. Medium was
changed every 2—3 days. Vehicle: ethanol. (s%) p < 0.001.

9 was applied in the antiproliferation assay. Thus, the dual
inhibitor 9 did not exert estrogenic or cytotoxic effects at this
concentration. The lack of unspecific cytotoxicity was also
confirmed using estrogen-independent cells: compound 9 did
not affect the viability of HEK293 cells, even in the highest
applied concentration of 1 uM (see Supporting Information).
Moreover, no influence of 9 on the proliferation of E2-
stimulated cells could be detected, indicating that the
compound did not deploy its antiproliferative effect by estrogen
receptor antagonism. These data clearly demonstrate that the
effect of 9 on E1S/E1-stimulated cells is caused by inhibition of

STS and 17f-HSD1, which results in the blockage of E2
formation.

B CONCLUSIONS

A designed multiple ligand approach was successfully applied,
leading to the discovery of potent dual inhibitors of STS and
174-HSD1. Inhibitor design was facilitated by combining
structural elements necessary for strong 174-HSD1 blockage,
identified using in-house SAR information, with a sulfamate
function which is the major pharmacophore for STS inhibition.
Twelve potential dual inhibitors were synthesized, all of which
proved to be highly active against 17-HSD1. Activity toward
STS required an additional substituent at the aromatic moiety
bearing the sulfamate group. An electron-withdrawing sub-
stituent is preferred; strong electron-withdrawing effects,
however, impaired STS inhibition by reducing the chemical
stability of the sulfamate function. Compound 9 turned out to
be the most interesting dual inhibitor. In cellular assays it
showed well-balanced activity against both target proteins, with
ICy, values of about 20 nM and an irreversible mode of action
toward STS. Moreover, it displayed the highest selectivity over
17-HSD2. At 400 nM it efficiently reversed the E1S and E1
stimulated proliferation of T47D cells, showing neither
cytotoxicity nor estrogen receptor interference.

In summary, 9 is the first rationally derived dual inhibitor of
STS and 174-HSDI. It may serve as a lead for the development
of novel therapeutics for EDD.

B EXPERIMENTAL SECTION

The purity of all tested compounds was >95%, as evaluated by LC/
MS. Purchased chemicals were reagent grade and used without
purification (Supporting Information).

Compound 9a was prepared according to method B by the reaction
of 2-bromothiophene (0.82 g, S mmol, 1 equiv) and (3-chloro-4-
methoxyphenyl)boronic acid (1.11 g, 6.00 mmol, 1.2 equiv) in the
presence of cesium carbonate (6.50 g, 20.00 mmol, 4 equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv)
in DME/water 1:1 (50 mL). The product was purified by column
chromatography (cyclohexane/dichloromethane 7:1) to give 1.01 g
(4.50 mmol/90%) of the analytically pure compound. C,;H,ClOS;
MW 224; '"H NMR (300 MHz, (CD,),SO) & 7.72 (d, ] = 2.3 Hz, 1H),
7.57 (dd, J = 8.6, 2.3 Hz, 1H), 7.50 (dd, J = 5.1, 12 Hz, 1H), 7.47 (dd,
J = 3.6, 1.2 Hz, 1H), 7.18 (d, ] = 8.6 Hz, 1H), 7.11 (dd, J = 5.1, 3.6 Hz,
1H), 3.88 (s, 3H). MS (ESI): 225.07 (M + H)".

Compound 9b was prepared according to method C by the reaction
of 9a (0.90 g, 4.00 mmol, 1 equiv) and boron tribromide (1 M) in
dichloromethane (12.00 mL, 12.00 mmol, 3 equiv) in anhydrous
dichloromethane (20 mL). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.65 g
(3.08 mmol/77%) of the analytically pure compound. C,,H,CIOS;
MW 210; 'H NMR (300 MHz, (CD,),SO) & 10.36 (s, 1H), 7.62 (d, ]
=2.3 Hz, 1H), 746 (dd, ] = 5.1, 1.2 Hz, 1H), 7.44—7.35 (m, 2H), 7.09
(dd, J = 5.1, 3.6 Hz, 1H), 7.00 (d, ] = 8.4 Hz, 1H). MS (ESI): 211.03
(M + H)*.

Compound 9¢ was prepared according to method D by the reaction
of 9b (0.63 g, 3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g,
15.00 mmol, S equiv) in DMA (20 mL). The product was purified by
column chromatography (cyclohexane/ethyl acetate 2:1) to give 0.45
g (1.56 mmol/52%) of the analytically pure compound.
C,oH;CINO,S,; MW 289; 'H NMR (300 MHz, (CD;),S0) & 8.29
(s, 2H), 7.88 (d, J = 2.2 Hz, 1H), 7.69 (dd, ] = 8.6, 2.3 Hz, 1H), 7.64—
7.59 (m, 2H), 7.52 (d, ] = 8.6 Hz, 1H), 7.16 (dd, ] = 49, 3.9 Hz, 1H).
MS (ESI): 290.01 (M + H)".

Compound 9d was prepared according to method A by the reaction
of 2,6-difluoro-3-methoxybenzoyl chloride (0.41 g 2.00 mmol, 1
equiv) and 9¢ (0.87 g 3.00 mmol, 1.5 equiv) in the presence of
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anhydrous aluminum chloride (0.53 g, 4.00 mmol, 2 equiv) in
anhydrous dichloromethane (10 mL). The product was purified by
column chromatography (cyclohexane/ethyl acetate 1:1) to give 0.59
g (1.30 mmol/65%) of the analytically pure compound.
C,4H,,CIE,NOS,; MW 459; 'H NMR (300 MHz, (CD),50) &
837 (s, 2H), 8.11 (d, J = 2.3 Hz, 1H), 7.88 (dd, ] = 8.6, 2.3 Hz, 1H),
779 (d, J = 4.1 Hz, 1H), 7.70 (d, ] = 4.1 Hz, 1H), 7.59 (d, ] = 8.6 Hz,
1H), 7.48—7.37 (m, 1H), 7.32—7.20 (m, 1H), 3.90 (s, 3H). MS (ESI):
459.99 (M + H)".

Compound 9 was prepared according to method C by the reaction
of 9d (0.23 g, 0.50 mmol, 1 equiv) and boron tribromide (1 M) in
dichloromethane (1.50 mL, 1.50 mmol, 3 equiv) in anhydrous
dichloromethane (10 mL). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 60.00
mg (0.13 mmol/27%) of the analytically pure compound.
CH,,CIE;NOS,; MW 445; mp 172-173 °C; 'H NMR (500
MHz, (CD5),CO) & 9.00 (s, 1H), 7.97 (d, ] = 2.3 Hz, 1H), 7.80 (dd, ]
= 86,2.3 Hz, 1H), 7.67 (d, ] = 4.1 Hz, 1H), 7.64—7.62 (m, 1H), 7.62
(d, ] = 8.5 Hz, 1H), 7.47 (s, 2H), 7.21=7.14 (m, 1H), 7.03—6.96 (m,
1H); *C NMR (126 MHz, (CD,),CO) 6 180.76, 152.52 (dd, | =
2406, 5.9 Hz), 152.31, 14841 (dd, ] = 246.0, 7.6 Hz), 148.06, 144.15,
142.67 (dd, ] = 12.8, 3.2 Hz), 138.18, 133.45, 129.05, 129.03, 127.25,
127.04, 125.62, 120.44 (dd, ] = 9.1, 3.9 Hz), 117.89 (dd, ] = 23.9, 19.6
Hz), 112.45 (dd, ] = 22.8, 3.9 Hz). MS (ESI): 446.12 (M + H)".
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3.1.11 Potent Dual Inhibitors of Steroid Sulfatase (STS) and
17p-Hydroxysteroid Dehydrogenase Type 1 (17p-HSD1)
with a Suitable Pharmacokinetic Profile for an in Vivo
Proof-of-Principle Study in an Endometriosis Mouse
Model
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Introduction

Steroids play fundamental physiological roles as hormones. Generally, their action is
mediated by intracellular nuclear receptors. Estrogens are among the major steroid hormones
in humans, where 17B-estradiol (E2) is the most potent one. They exert proliferative and
antiapoptotic effects that are beneficial to many organs *. However, they are also involved in
the onset and progression of many estrogen-dependent diseases (EDDs) such as endometriosis
23 and a high percentage of breast cancers *.

Endometriosis is a chronic gynecological disorder characterized by the presence of
endometrial glands and stroma outside the uterine cavity, typically in the ovaries (ovarian
endometriosis), the pelvic peritoneum (peritoneal endometriosis), the rectovaginal septum
(deep endometriotic nodules of the rectovaginal septum) and other pelvic sites (fallopian
tubes, vagina, cervix and uterosacral ligaments) >°. Symptoms of endometriosis include
chronic pelvic pain, dysmenorrhea, dyspareunia, irregular uterine bleeding, and/or infertility
"8 which significantly impair the quality of life of these women ®°. Endometriosis is estimated
to be affecting 10% of women in reproductive age, while the incidence rises to 50-60%

1 Current treatment interventions include surgical

within women suffering from pain
removal of the endometriotic lesions and/or medical therapy '®**. The surgical procedure, if
possible at all, is only a temporary solution, since the endometriosis usually forms again after
a while, even with subsequent drug therapy. Drug treatment aims at reduction of symptoms
(NSAIDs, combined oral contraceptives, progestins) or consists of systemic endocrine therapy
with GnRH receptor desensitizers or aromatase inhibitors. Generally, all the systemic
endocrine therapies result in a radical non-selective reduction of circulating estrogen levels
leading to severe postmenopausal-like side effects (e.g. loss of bone mineral density) that
restrict its use to 6-9 months ****. Danazol, an anterior pituitary suppressant that inhibits the
production of gonadotropins, is applied when all other options are ineffective as it has severe
hyperandrogenic side effects that limit its use '°. In summary, the existing medical treatments
for endometriosis are not satisfying as they suffer from severe side effects which are linked to
the suppression of the systemic estrogen levels. Thus, there is a medical need for a novel
treatment approach for endometriosis, without strongly affecting the circulating E2 levels that

could offer better safety profile and longer treatment window.
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Figure 1: The sulfatase pathway of local estrogen biosynthesis

Interestingly, the progression of endometriosis is closely linked to the local biosynthesis of
E2, i.e. the formation of active estrogen in the endometriotic tissue itself *; especially via the
sulfatase pathway (see figure 1) in which steroid sulfatase (STS) and 17B-hydroxysteroid
dehydrogenase type 1 (178-HSD1) play major roles and are found to be over-expressed in the
endometriotic tissue, and the amount of STS over-expression correlates with the severity of
the disease ****. In addition, the activity of 17p-hydroxysteroid dehydrogenase type 2 (17p-
HSD2) which has a protective role by converting E2 to the less active form E1 is down-
regulated ™.

Thus, STS and 17B-HSD1 are crucial enzymes for the local estrogen biosynthesis in
endometriosis, so their inhibition offers a promising approach for the treatment of the disease.
This concept is supported by various findings in the literature. In an ex vivo study, it was
observed that a 17p-HSD1 inhibitor normalized the increased E2 synthesis in endometriotic
tissue of endometriosis patients *°. 17p-HSD1 inhibition was found to reverse the estrogen-
induced endometrial hyperplasia in transgenic mice ®. On the other hand, the growth of
endometriotic lesions was significantly reduced after the inhibition of STS in a mouse
endometriosis model *. In a randomized phase | proof-of-principle clinical study it was
found that the STS inhibition has no effect on the levels of systemic E2 8,

In a recent work, our group introduced the idea of simultaneous inhibition of both STS and
178-HSD1 by a dual inhibitor (designed multiple ligand) as a novel approach for the
treatment of EDDs e.g. endometriosis *°. Compound 1 (Table 1) had a promising profile, as it
showed well-balanced intracellular activity against both target proteins, with 1Csy values of
about 20 nM and an irreversible mode of action towards STS. Moreover, it displayed good
selectivity over 17p3-HSD2 (SF=33). At 400 nM it efficiently reversed the E1-S and E1
stimulated proliferation of T47D cells, showing neither cytotoxicity nor estrogen receptor

interference.
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Table 1: Inhibitory activities towards hSTS and h17B-HSD1 in cellular assays and metabolic
stability human and mouse hepatic S9 fraction

F O cl F o \
HO S O 0sO,NH, HO s O OH B
|/ | o 0
F F
HO
3

1 2

ICso [NM]? ty, [min]®f
Cpd ) . SF A
hSTS® h17p-HSD1 Human® Mouse
1 15.4 22.2 33 <5 <5
2 n.i 7.9 24 <5 n.d
3 n.i 2.9 563 38.1 19.1
STX64 2.1 n.i n.a n.d n.d

% Mean value of at least two independent experiments each conducted in triplicates using intact T47D cells,
standard deviation less than 15%; ° Substrate [*H]-E1-S + E1-S [5 nM]; ¢ Substrate [*H]-E1 + E1 [50 nM]; ¢ SF
(selectivity factor): ICso(17p-HSD2) / 1Cs0(17B-HSD1); ¢ Mean value of three independent experiments, standard
deviation less than 15%; ftl,zz half-life;  Human liver S9 fraction; " Mouse liver S9 fraction; ni: no inhibition (<
10% inhibition at 1 uM); n.d: not determined; n.a: not applicable.

Unfortunately, compound 1 turned out to be metabolically unstable when tested using human
liver S9 fraction (see table 1). Further metabolic stability investigations showed that the core
structure (without the sulfamate moiety) e.g. compound 2 (see table 1) is also metabolically
unstable. However, compound 1 showed relative metabolic stability when evaluated against
phase | only. This concludes that the metabolic instability of 1 is linked to phase Il
metabolism. This can be strongly attributed to the free hydroxyl function on the benzoyl
moiety. This group additionally plays an essential role in the inhibition and selectivity profiles
towards 17p-HSD1 enzyme 2021 Consequently, any further structural optimization on 1 like
the omission or protection of the hydroxy group to enhance the metabolic stability will
negatively affect the activity and selectivity.

Fortunately, another class of 173-HSD1 inhibitors has been recently discovered by our group
seems to be more promising from the metabolic stability point of view. This class is based on
a hydroxy phenyl furan carboxamide scaffold. The most potent member in this class
compound 3 (see Table 1) has exceptionally high selectivity over 17B-HSD2, and a very
promising metabolic stability data.

In this report we will describe the design, synthesis and biological evaluation (in vitro and

in vivo) of a new class of dual STS and 17B3-HSD1 inhibitors based on the newly discovered
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17B-HSD1 class (see figure 2), which would probably bear a higher degree of metabolic
stability and enhanced selectivity over the 17p-HSD2 enzyme compared to the thiophene
based class (e.g. compound 1). This class could be potentially used for an in vivo proof a

principle study in a mouse endometriosis model.

Design

The new class of dual STS and 17p-HSD1 inhibitors (DSHIs) was rationally designed based
on the successful approach which has been previously implemented by our group and led to
the development of the first DSHI class (e.g. 1) *°. The structure activity relationship of the
recently discovered furan carboxamide 17B-HSD1 inhibitors (e.g. compound 3) deploys that
the substituents of ring A (Figure 2) are the main driving factors for the enhanced 17p8-HSD1
inhibitory activity, metabolic stability and selectivity over 173-HSD2. On the other hand, the
SAR of ring B reveals that it could bear structural modifications without losing the 17p-HSD1
inhibitory activity. Therefore, the essential feature of STS inhibition (sulfamate group) was
combined to ring B of compound 3, resulting in a hybrid structure that appropriately include
the essential features for the simultaneous inhibition of both STS and 178-HSD1. Additional
substituents were inserted to enhance the inhibitory profile of the DSHIs. The general

structure of the potential DSHIs (compounds 4-12) are shown in Figure 2.

Chemistry

The synthesis of compounds 4-12 was achieved in seven steps for each compound (scheme 1).
5-Bromofuran-2-carbonic acid chloride was obtained from the corresponding carboxylic acid
by reaction with SOCI, according to method A. It was subsequently reacted with the
corresponding aniline according to method B yielding intermediates 4a-12a. N-methylation
was attained by the reaction with methyl iodide according to method C affording
intermediates 4b-12b. The latter was subjected to ether cleavage (method D) with
BF3.S(CHjs), to achieve the phenols 4c-12c. Subsequently, Suzuki coupling reaction (method
E) with (4-methoxy-3,5-dimethylphenyl)boronic acid gave intermediates 4d-12d.
Sulfamoylation (method F) was achieved by the reaction with freshly prepared sulfamoyl
chloride (method G) in DMA to obtain intermediates 4e-12e. Ether cleavage (method D) with
BF3.S(CHs3); in dichloromethane gave the final compounds 4-12.
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| A\
(0] @]
@ HO Designed DSHIs
HO 4-12
Compound 3
Cod R Position Cod R Position
P ! > _0SO,NH, | P ! ?  _0SO,NH,
4 Me H 3 9 H H 5
5 Me H 4 10 H 5-F 4
6 Me H 5 11 H 5-Cl 4
7 Me H 6 12 Me 5-Cl 4
8 H H 4

Figure 2. Structure of compounds STX64, 3-12 and the general structure of designed dual
STS and 17B-HSD1 inhibitors (DSHISs).
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Scheme 1: a) method A, SOCI,, DMF cat., toluene, reflux 4h. b) method B, EtsN, CH,Cl,,
room temperature, overnight. ¢) method C, NaH, DMF, Mel, 0°C to rt, 0.5h. d) method D,
BF3.S(CH3),, CH,Cl,, -20°C to rt, overnight. €) method E, Cs,COs, Pd(PPhs)s, DME/water
(1:1), reflux, 4h. f) method F, DMA, sulfamoyl chloride, rt, overnight.

In vitro biological results and discussion

Intracellular inhibition of human STS and 175-HSD1

Cellular inhibitory potencies of all final compounds were evaluated using intact human breast
cancer cells (T47D) expressing both STS and 173-HSD1. 4-12 were pre-incubated with the
cells for 1 hour. Subsequently, the corresponding radiolabeled substrate (E1-S or E1) of STS
or 17p-HSD1 was added *°. After incubation (24 h in case of STS and 40 minutes in case of
17B-HSD1), the radiolabeled estrogens were separated and quantified using HPLC coupled to

a radio detector. Inhibitory activities are expressed as ICs, values (Table 2).
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In our initial attempts to develop a new DSHI class based on compound 3, we synthesized

compounds 4-7 to optimize the position of the sulfamate moiety on the phenyl ring of the lead

compound 3 (ring B in figure 2). All the 4 compounds showed high intracellular 178-HSD1

inhibitory activity, where compounds 5 and 6 showed the most potent I1Csq values of this new

class (10.7 nM and 3.2 nM, respectively) compared to the lead compound 3 (2.9 nM).

Moreover, compounds 5 and 6 also showed intracellular inhibition of STS with ICsq values in

the range of 400 nM .

Table 2: Inhibitory activities of compounds 1, 2-12 towards hSTS and h17p-HSD1 in cellular

assays

F O
HO S O 0SO,NH,
|
F cl

6 5

_/>R2

N )4

\ 7°0SO,NH,
3

O R4
1 HO 3-12
Positi ICso [NM]*
osItion
Cpd R, R
PA osoNH, ™ ? hSTS®  h17p-HSD1®
1 i i - 154 22.2
3 - Me H ni 2.9
4 3 Me  H ni 58.2
5 4 Me  H 400.3 10.7
6 5 Me  H 448.1 3.2
7 6 Me  H ni 137.3
8 4 H H 1485 106.5
9 5 H H 92.5 78.5
10 4 H  5F 83.2 1385
11 4 H  5cCl 38.3 87.5
12 4 Me 5-Cl 76.1 53.3

% Mean value of at least two independent experiments each conducted in triplicates using intact T47D cells,
standard deviation less than 15%; ° Substrate [°H]-E1-S + E1-S [5 nM]; © Substrate [*H]-E1 + E1 [50 nM]; ni: no
inhibition (< 10% inhibition at 1 pM).
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The STS inhibitory activity of compounds 5 and 6 was aimed to be enhanced. For this
purpose the removal of the methyl group on ring B was thought to be beneficial as it was
previously found in other compound classes that alkyl substituents on the sulfamate ring lead
to a decrease of STS inhibition **®*. In agreement with this, compounds 8 and 9 showed
higher potency against
STS compared to their methylated analogues (Table 2). On the other hand, the removal of the
methyl function dramatically decreased the 173-HSD1 inhibitory activities by a factor of 10 to
25.
The presence of an electron withdrawing group e.g. (F or Cl) was found in several occasions
to enhance the STS inhibition which can be attributed to the enhanced sulfamoyl transfer
potential resulting from the increased leaving group ability of the corresponding phenol
precursors of sulfamates **?*?. Therefore, compounds 10 and 11 were synthesized which are
the fluorinated and the chlorinated form of compound 8, respectively. Compound 10 indeed
showed better STS inhibition compared to 8, however this was accompanied by a slight
decrease in the 17B-HSD1 inhibition. Compound 11 turned out to be the most potent STS
inhibitor of this class with an ICsy value of 38.3 nM, showing similarly potent 178-HSD1
inhibition compared to compound 8.
At that point it was clear that the presence of the methyl group at position R; (Table 2)
revealed the highest 17p-HSD1 activity (compounds 5 and 6) and the presence of the 5-chloro
(compound 11) resulted in the most potent STS inhibitor of this chemical class. Compound 12
was then rationally designed to combine both features aiming to achieve good STS and 17p-
HSD1 inhibitory activity. Indeed, compound 12 showed strongly enhanced STS inhibitory
activity compared to its non-chlorinated analog 5 (ICso 76.1 nM vs 400.3 nM) and also a
stronger inhibition of 178-HSD1 compared to its demethylated form 11 (ICsp53.3 vs 87.5).
From the aforementioned results, the promising compounds that show dual inhibitory activity
against both target enzymes (promising DSHIs) could be categorized into 2 groups:

e The first group shows balanced intracellular activities between the 2 target enzymes

(compounds 8-12)
e The second group consists of highly potent 178-HSD1 inhibitors with moderate STS
inhibitory activity (compounds 5 and 6).

Selectivity for 17p-HSD1 over 17-HSD2

The beneficial role of 173-HSD2 in lowering the intracellular levels of E2 makes its inhibition

unfavorable. However, this is a challenging characteristic in 173-HSD1 inhibitors as the two
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enzymes have relatively similar substrates (E1 and E2). Thus, all the promising DSHIs were
evaluated for their selectivity for 17B-HSD1 over its counter partner enzyme 173-HSD2
(results are shown in Table 3). Inhibition of 173-HSD1 and 17B-HSD2 was evaluated using
the respective radiolabeled steroid (E1 or E2) and human placental 178-HSD1 (cytosolic
fraction) or 17p-HSD2 (microsomal fraction).

Compound 12 was the only compound from the first group of the promising DSHIs to show
significantly better selectivity for 173-HSD1 over 17B8-HSD2 compared to our former lead
DSHI compound 1 (SF= 110 vs 33). Other candidates from this group, either showed weaker
selectivity e.g. 8, 10 and 11, or they showed no advantage over compound 1 (compound 9).
The second group of the promising DSHIs displayed the highest selectivity for 17p-HSD1
over 17B-HSD2 of any other DSHI reported so far. Compounds 5 and 6 showed selectivity
factors of 145 and 280, respectively.

Table 3: Inhibitory activities of compounds 1, 3, 5, 6 and 8-12 towards h173-HSD1 and 2 in
cell-free assays and the corresponding selectivity factors

F (@] \ 6 5 R
HO S Y%
O,NH N )4
Lo NS o
F ol 0 ©0 R °
1 HO 3-12
Positi ICso [NM]?
osItion d
Cpd R R SF
P¢ osoNH, T *  h17B-HSD1®  h17-HSD2"
1 - - - 1.1 36.1 33
3 - Me H 5.6 3155.2 563
5 4 Me H 42.7 6158.2 145
6 5 Me H 155 4347 280
8 4 H H 425.2 7644.6 18
9 5 H H 175.2 6352.8 36
10 4 H 5-F 496.7 3196.6 6
11 4 H 5-ClI 405.7 2396.4 6
12 4 Me 5-ClI 67.6 7420.2 110

& Mean value of at least two independent experiments each conducted in duplicates , standard deviation less than
15%; ® Human placenta, cytosolic fraction, substrate [*H]-E1 + E1 [500 nM], cofactor NADH [0.5 mM]; ©
Human placenta, microsomal fraction, substrate [*H]-E2 + E2 [500 nM], cofactor NAD" [1.5 mM]; ¢ SF
(selectivity factor): 1Cso(17B-HSD2) / I1Csp(17B-HSD1).
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The selectivity towards 17B-HSD1 (over 173-HSD2) clearly narrowed down the candidate
selection for in vivo evaluation to compounds 5, 6 and 12. On one hand, compounds 5 and 6
are highly potent 178-HSD1 inhibitors with moderate inhibitory activity towards STS, but
taken that they might be irreversible STS inhibitors (which seems to be a common
characteristic of sulfamate containing STS inhibitors %*?® e.g. compound 1 and STX64) this
could compensate the unbalanced dual inhibition. On the other one, compound 12 is
considered an ideal classic dual inhibitor as it displayed balanced action towards both targets.
Therefore, all further biological evaluations will be performed on these compounds (5, 6 and
12).

Irreversible inhibition of human STS

The irreversible mode of inhibition was examined for compounds 5, 6 and 12 as previously
reported *°. T47D cells were pre-incubated with the compounds as described for cellular
assays. After the removal of the compounds by extensive washing with PBS, E1-S was
incubated with the cells for 24 h and then the STS activity was evaluated. In all cases, the 1Cs
values of this assay were similar to those acquired from the normal assay for intracellular STS
inhibition, demonstrating irreversible inhibition of the STS enzyme by compounds 5, 6 and 12
(Table 4).

Table 4: Irreversible inhibitory activities of compounds 1, 5, 6 and 12 towards hSTS in
cellular assays

5

F O . <
=\ R,
HO s O OSO,NH, A WA
|/ | OSO,NH,
F cl o ©

1 HO 5,6 and 12
Positi ICso [NM]?
osition
Cmpd R1 hSTS®
OSO,NH b
ane hSTS irreversible

1 - - 154 16.4

5 4 H 400.3 421.8

6 5 H 448.1 454 .4

12 4 5-Cl 76.1 78.8

 Mean value of at least two independent experiments each conducted in triplicates using intact T47D cells,
standard deviation less than 15%; ® Substrate [*H]-E1-S + E1-S [5 nM].
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In vitro metabolic stability studies

The metabolic stability is an important parameter to achieve low in vivo clearance of the
drugs, which helps in reaching sufficient plasma concentrations for an adequate time interval
after the in vivo application of the compounds. Thus, the in vitro metabolic half-lives of
compounds 5, 6 and 12 were determined using human and mouse hepatic S9 fractions. The
half-lives and the intrinsic body clearances are shown in Table 5. It is noted that compound 5
showed the highest metabolic stabilities in both human and mouse liver S9 fraction detected
so far for any DSHI or17p-HSD1 inhibitor developed by our group. In human hepatic S9
fraction, ty,= 85.2 min and intrinsic clearance of 8.2 puL/min/mg protein, while in mouse
hepatic S9 fraction it had a ty, of 52.1 min. Compound 12 showed a similar metabolic
stability profile compared to lead compound 3. Compound 6 was the least metabolically
stable candidate in human hepatic S9 fraction, but it had a better stability than compound 12
in mouse hepatic S9 fraction. Obviously, the new compounds pose better metabolic stability

than the previously discovered DSHI (exemplified by compound 1).

In vitro toxicity evaluation
Cytotoxicity

Compounds 5, 6 and 12 were evaluated in cellular MTT cytotoxicity assay using HEK293
cells over 72 h. No effect on cell viability (LC,, values) was observed up to 31 uM, 38uM and
27 uM for compounds 5, 6 and 12, respectively. As the Derek-Nexus software (an expert
knowledge-based software which gives predictions for a variety of toxicological endpoints)
provided a plausible hepatotoxicity alert for compounds 5, 6 and 12, the toxicity of the
compounds and their metabolites were also evaluated using the hepatocellular carcinoma
HepG2 cell line in cellular MTT cytotoxicity assay over 48 h. The LCy values were 23 UM,
28uM and 31 puM for compounds 5, 6 and 12, respectively. These values show acceptable

safety profiles for these compounds.

Aryl hydrocarbon receptor activation

The aryl hydrocarbon receptor (AhR) assay evaluates the activation of the AhR which can
lead to carcinogenicity. AhR activation is an initial event that triggers several toxic
biochemical responses, including the induction of CYP1A1 and CYP1A2. These enzymes are
responsible for the metabolic activation of many promutagens for e.g. polynuclear aromatic
hydrocarbons to carcinogenic arene oxides 2’. At a concentration of 3.16 pM, compounds 5, 6

and 12 did not show any activation of the AhR in HepG2 cells.
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Table 5: Metabolic stability of compounds 3, 5, 6 and 12 using human and mouse hepatic S9
fraction

F O \ =R
N )4
HO S O 0SO,NH, B \_*0s0,NH,
L/ J o
F cl

; HO 3,5,6and 12
s 1a.b
Ccmpd Position R tyz [min] Clint
OSO2NH> ! human® moused [pL/min/mg protein]ayC

1 - - <5 <5 n.a

3 - H 38.1 19.1 18.2

5 4 H 85.2 56.1 8.2

6 5 H 19.3 28.5 35.9

12 4 5-Cl 35.6 22.5 194
7-Hydroxycoumarin® - - 5.2 7.4 138.6
Testosterone® - - 9.3 24.4 74.5

 Mean value of three independent experiments, standard deviation less than 15%; b t1/2: half-life; © Human liver
S9 fraction; ¢ Mouse liver S9 fraction; ® Reference compounds for the metabolic stability assays.

In vivo evaluation of plasma concentration

Single dose pharmacokinetic studies in mice

On the basis of the in vitro results, compounds 5, 6 and 12 are considered to be possible
candidates for a proof-of-principle study in a xenograft mouse model for endometriosis. Thus,
their PK profiles after administration to female C57BI1/6 mice were investigated. The plasma
concentrations of the compounds were evaluated after subcutaneous administration of a single
dose (50 mg/kg body weight, n=3) as a suspension in 0.5%gelatin|5%mannitol in water.
Plasma samples were collected and concentrations of the compounds were analyzed using LC
MS/MS.

As shown in figure 3a, the plasma concentration of compound 5 was always above the in vitro
cellular 1Cg values for both target enzymes (STS and 173-HSD1) even after 24 h, with a total
area under the curve (AUC) of 11619 ng.h/mL. Compound 6 showed plasma concentrations
exceeding the cellular I1Cg of 17B-HSD1 all over the duration of the experiment (figure 3b).
However, these plasma concentrations were not sufficient to reach the cellular STS ICg of the
compound. The compound showed an AUC of 1923 ng.h/mL which is much lower than that

of compound 5. Similarly, compound 12 showed a low AUC value (1883 ng.h/mL) with
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Figure 3. Mean profile (£SD) of plasma concentration [nM] in C57B1/6 mice vs time after
subcutaneous (50 mg/kg) application of compounds 5 (a), 6 (b) and 12 (c) in single dosing
experiments (n=3). Dotted lines represent the cellular 1Cgy values of STS and 17B-HSD1
values for the corresponding compound.
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plasma levels above the cellular ICgg of both target enzymes (STS and 178-HSD1) up to 7 h as
shown in figure 3c. The fact that compound 5 demonstrated higher plasma concentrations
than 6 and 12 could be a result of various parameters, among them its higher metabolic
stability (shown in table 5), and its physiochemical properties in which the calculated log D
(pH=7.4) and the aqueous solubility of compound 5 is better than compounds 6 and 12
(values shown in table 6). Based on these promising data for compound 5, an additional
pharmacokinetic study was performed with per oral application of a single dose using the

same dose and vehicle.

Table 6: Cellular 1Cgy values of compounds 5, 6 and 12 and their LogD and aqueous solubility

'Ceo [nMJ” Aqueous

Cmpd LogD? )
P hSTS® h17p-HSD1¢ : Solubility®
5 542 24 2.20 40-60 UM
6 711 10 2.68 20-40 pM
12 156 213 2.75 20-40 pM

# Mean value of at least two independent experiments each conducted in triplicates using intact T47D cells,
standard deviation less than 15%; P Substrate [*H]-E1-S + E1-S [5 nM]; ¢ Substrate [*H]-E1 + E1 [50 nM]; d Log

D of the cpd, determined by ACD/Labs software; ¢ Aqueous solubility of the compounds determined in PBS
(Phosphate-buffered saline) with 1% DMSO.

As shown in figure 4, in the first eight hours after application there is no significant difference
between the plasma concentrations of compound 5 after either subcutaneous or per oral
administration. The main difference is observed after eight hours in which the plasma level in
case of the oral route declined continuously reaching very low levels that were not sufficient
for the inhibition of any of the target enzymes at 24 h. On the other hand, the subcutaneous
route offered steady plasma levels with sufficient concentrations for fulfilling the 1Cg of both
target enzymes up to 24 h. This can be a result of the extended release of the drug from the
suspension formulation. Moreover, compound 5 showed poor oral bioavailability of about
1.5% (see Supporting information). Therefore, the subcutaneous route was selected for

multiple dose pharmacokinetic studies.
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Figure 4. Mean profile (xSD) of plasma concentration [nM] in C57B1/6 mice vs time after oral (50
mg/kg) and subcutaneous (50 mg/kg) application of compounds 5 in single dosing experiments (n=3).
Dotted lines represent the cellular 1Cgy values of STS and 17p-HSD1 values for compound 5.

Multiple dose pharmacokinetic studies in mice

In order to develop a dosage regimen that could be used for compound 5 in a proof of
principle study, the frequency of the subcutaneous drug administration was aimed to be
optimized. Compound 5 was administered either every day or every second day
subcutaneously (50 mg/Kg) for 5 days as a suspension in 0.5%gelatin|5%mannitol in water.
Plasma samples were collected at 2 h and 24 h post-dosing (in addition after 48 h in case of
every second day regimen). As shown in figure 5, the plasma concentrations of 5 in the daily
dose regimen were -as expected- always above the cellular 1Cgy values of both target
enzymes. Interestingly, the compound has a steady state behavior from the third dose in which
the plasma concentration fluctuate between constant Cnax Which is measured 2 h post dosing
(2350-2450 nM) and Cpin measured 24 h post dosing (800-900 nM). This shows that the
pharmacokinetic profile of compound 5 is not altered after taking multiple doses. This comes
in accordance to the principle of superposition, which assumes that early doses do not affect
the pharmacokinetics of subsequent doses 2. The constancy of the pharmacokinetics suggests
that compound 5 does not alter the metabolizing enzymes, neither by inhibition nor induction.
In the every second day dose regimen, the plasma levels at 48 h post dosing were sufficient
for the 17B-HSDL1 inhibition but below the levels needed for the STS inhibition, however, if
we take into consideration the irreversible mode of inhibition of the STS enzyme, these
amounts might be sufficient. Obviously, the subcutaneous single daily dose regimen
(50mg/kg) of compound 5 could be used in an in vivo xenograft model for endometriosis

offering an easy dosing frequency with a steady state plasma levels.
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Figure 5. Mean profile (#SD) of plasma concentration [nM] in C57B1/6 mice vs time after
subcutaneous (50 mg/kg) application of compounds 5 in multiple dosing experiments (n=3). Arrows
represent the administration of compound 5. Dotted lines represent the cellular 1Cg, values of STS and
17B-HSD1 values for compound 5.

Conclusion

Dual inhibition of STS and 17p-HSD1 is considered a novel promising therapeutic approach
for EDDs especially endometriosis. The recently developed dual inhibitor 1 has a very
promising well-balanced inhibitory profile for both target enzymes. However, it is not
considered a suitable candidate to be evaluated in a proof-of-principle endometriosis model as
it was found to be metabolically unstable. The aim of the current work was to develop potent
dual inhibitors of STS and 17B-HSD1 with increased metabolic stability that can be used for
in vivo proof-of-principle studies. A designed multiple ligand approach using the merged
pharmacophore strategy -that was previously reported '°- was successfully applied. A newly
developed metabolically stable 178-HSD1 inhibitor class (e.g. compound 3) was used to build
the aryl sulfamate pharmacophore which is essential for STS inhibition. In a first step, the
position of the sulfamate moiety on the benzoyl ring (ring B, see figure 2) was aimed to be
optimized, resulting in compounds 5 and 6 which were the first dual inhibitors of this class. In
cellular assays, they showed weaker inhibition of STS compared to compound 1, but stronger
17B-HSDI1 inhibition, higher selectivity over 173-HSD2 and enhanced metabolic stability
using human and mouse S9 fractions. The decreased inhibitory potency towards STS led to
the synthesis of compounds 8-12 which aimed at the removal of the methyl group and/or the
addition of electron withdrawing groups while maintaining the optimum position of the
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sulfamate moiety. In deed these modifications enhanced the STS inhibitory activity but on the
cost of 17B-HSDI1 inhibitory activity and selectivity over 173-HSD2 compared to compounds
5 and 6. Compound 12 showed exceptionally high selectivity over 173-HSD2. Moreover, the
compound has displayed good metabolic stability in human and mouse S9 fractions.
Compounds 5, 6 and 12 showed irreversible STS inhibition like other sulfamate-containing
STS inhibitors. They also displayed acceptable safety profiles in cytotoxicity assays using
HEK293 and HepG2 cell lines. The PK profiles of these compounds were evaluated in mice
after single subcutaneous application. Compound 5 showed a 6-7 fold higher AUC values
compared to 6 and 12, maintaining the plasma levels above the cellular 1Cgy of both target
enzymes up to 24 h post dosing. The oral application of compound 5 resulted in plasma
concentrations sufficient for strong inhibition of both target enzymes up to 8 h post dosing. In
a multiple dose PK study, the plasma levels of compound 5 were sufficiently high for strong
inhibition of 17B-HSD1 even after 48 h post dosing. However, these plasma levels were not
sufficient for STS inhibition after 24 h post dosing. In this PK study, compound 5 plasma
levels showed steady state behavior up to 6 days after first dose, showing no signs of
alteration of the CYP metabolizing enzymes neither by inhibition nor by induction.

In summary, compound 5 was found to be a potent dual inhibitor of STS and 17p-HSD1 with
a suitable pharmacokinetic profile for an in vivo proof-of-principle study in a xenograft

mouse endometriosis model.
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ABSTRACT

Current endocrine therapeutics for the estrogen-dependent disease endometriosis often lead to
considerable side-effects as they act by reducing estrogen action systemically. A more recent approach
takes advantage of the fact that the weak estrogen estrone (E1) which is abundant in the plasma, is
activated in the target cell to the highly estrogenic estradiol (E2) by 178-hydroxysteroid dehydrogenase
type 1 (17p-HSD1). 173-HSD1 is overexpressed in endometriosis and thus a promising target for the
treatment of this disease, with the prospect of less target-associated side-effects. Potent inhibitors from
the class of bicyclic substituted hydroxyphenylmethanones with sulfonamide moiety recently described
by us suffered from high molecular weight and low selectivity over 178HSD2, the physiological adversary
of 17B-HSD1. We describe the structural optimizations leading to the discovery of (5-(3,5-dichloro-4-
methoxyphenyl)thiophen-2-yl1)(2,6-difluoro-3-hydroxyphenyl)methanone 20, which displayed a sub-
nanomolar ICsp towards 173-HSD1 as well as high selectivity over the type 2 enzyme, the estrogen re-
ceptors o and B and a range of hepatic CYP enzymes. The compound did neither show cellular toxicity,
nor PXR activation nor mutagenicity in the AMES II assay. Additional favourable pharmacokinetic
properties (rat) make 20 a suitable candidate for proof-of-principle studies using xenotransplanted
immunodeficient rats.

© 2016 Elsevier Masson SAS. All rights reserved.

1. Introduction

178-Hydroxysteroid-dehydrogenase type 1 (17f-HSD1) is a

Abbreviations: (h)17p-HSD1, (human) 178-hydroxysteroid dehydrogenase type
1; (h)17B-HSD2, (human) 17p-hydroxysteroid dehydrogenase type 2; ADME, ab-
sorption, distribution, metabolism, and excretion; BSHs, bicyclic substituted
hydroxyphenylmethanones; CC, column chromatography; DBPO, dibenzoyl
peroxide; DCM, dichloromethane; DME, dimethoxyethane; E1, estrone; E2, 178-
estradiol; EDD, estrogen-dependent disease; ER, estrogen receptor; GnRH, gonad-
otropin-releasing hormone; HPLC, high performance liquid chromatography; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NAD(H), nicotin-
amide adenine dinucleotide; NADP(H), nicotinamide adenine dinucleotide phos-
phate; NBS, N-bromosuccinimide; PXR, pregnane X receptor; RBA, relative binding
affinity; SEM, standard error of the mean; SERM, selective estrogen receptor
modulator; SF, selectivity factor over 17p-HSD2; TLC, thin layer chromatography.

* Corresponding author.
E-mail address: m.frotscher@mx.uni-saarland.de (M. Frotscher).

http://dx.doi.org/10.1016/j.ejmech.2016.11.004
0223-5234/© 2016 Elsevier Masson SAS. All rights reserved.

member of the NADPH/NAD"-dependent oxidoreductases. It ca-
talyses the activation of estrone (E1) to the most potent estrogen
estradiol (E2; Fig. 1) within the target cell. Besides its beneficial
physiological effects, E2 is also known to play crucial roles in the
development of estrogen-dependent diseases (EDD). Thus, endo-
metriosis [ 1], breast cancer [2,3], ovarian tumor [4]| and other EDD
are typically attended by locally increased E2/E1-ratios and high
levels of 173-HSD1 mRNA in the diseased tissue. Therefore, inhi-
bition of 178-HSD1 is considered to be a valuable treatment option
for EDD: The tissue-selective expression of 17-HSD1 and its
intracrine mode of action [5] offer the prospect of a therapy which
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Fig. 1. Interconversion of E1 and E2.

is associated with less side-effects compared to established (but
unsatisfactory) treatments with GnRH-analogues, [6,7], aromatase-
inhibitors [8—13], anti-estrogens [14| and selective estrogen-
receptor modulators (SERMs) [14]. The validity of this concept is
supported by the observation that a 17-HSD1 inhibitor led to a
decrease of E2-levels in endometriotic specimens [15]. In addition,
17B-HSD1 inhibitors were shown to reduce the E1-stimulated tu-
mor cell growth in vitro and in animal models, suggesting the
suitability of this target for the treatment of breast cancer [16—18].
17B-HSD1 inhibitors should be selective over 178-HSD2, the phys-
iological adversary of 173-HSD1 which inactivates E2 by oxidation
to E1 (Fig. 1). Moreover, they should not bind to estrogen receptors
in order to keep systemic interference with estrogenic pathways to
a minimum.

A number of 173-HSD1 inhibitors are described in the literature,
many of them with a steroidal scaffold [19—-25]. Our group reported
on several classes of non-steroidal 17f-HSD1 inhibitors, [26—30],
among them the bicyclic substituted hydroxyphenylmethanones
(BSHs) which displayed very strong inhibition of the target protein
[26,29]. Previous studies in this compound class revealed that in-
hibition of the target enzyme strongly depends on the substitution
pattern of the benzoyl ring (Fig. 2, ring A) [26,29]. Here, already
minor structural modifications were found to induce dramatic
changes in activity. Thus, bulky substituents led to a loss of activity
whereas the introduction of fluorine atoms resulted in considerably
more active compounds [26,29]. In contrast, it was rather selec-
tivity (towards 17B-HSD2) than inhibitory potency which was
influenced by substituents at the phenyl ring (ring C) [26].

The majority of these SAR data was derived from inhibitors
bearing a bulky aromatic sulfonamide moiety. There was evidence,
however, that - in terms of biological activities towards human 17f-
HSD1 and 2 - the sulfonamides do not have substantial advantages
compared to compounds devoid of the sulfonamide group (Fig. 2)
[29]. Consequently, the design and synthesis of novel potential
inhibitors lacking this group was aimed at, thus lowering molecular
weight while preserving or increasing inhibitory potency and

selectivity.

2. Design

As a starting point, structural modifications of lead compound A
(Chart 1) were carried out focussing on the substitution patterns of
rings A and C (compounds 1-25, Chart 1), taking into account the
following previous SAR data:

e The possibilities for variations of ring A-substitution are very
restricted: An OH-group in position 3 of ring A is important for
inhibitory activity towards 17B-HSD1 and should be retained. In
addition, the target enzyme only tolerates small additional
substituents on ring A.

e Much more flexibility exists concerning the substitution pattern
of ring C: here, even bulky substituents should be tolerated, and
the OH-group can be omitted — albeit its presence can be ex-
pected to lead to increased selectivity over 17p3-HSD2.

First, based upon a simplified analogue of lead A (compound 1,
Chart 1), the synthesis of a couple of compounds bearing small
substituents, especially fluorine, on ring A was envisaged in order
to identify a beneficial substitution pattern (compounds 2—5)
which should be maintained in the further design process. Subse-
quent structural modifications aimed at the optimization of ring C
and its substitution pattern. To this purpose, electron-donating and
—withdrawing groups of different sizes were introduced. In addi-
tion, the effect of a replacement of benzene with pyridine was
evaluated (compounds 6—25).

Moreover, compounds 26 and 27 as non-fluorinated analogues
of 20 and 21 were synthesized to re-evaluate the effect of the
fluorine atoms on ring A on activity and selectivity. Finally, the
phenyl ring C of the most interesting compounds 20 and 21 was
decorated with heterocyclic moieties in order to increase solubility
(compounds 28—32, Chart 2).

ICso (NM1)
compound R 17B-HSD1 17B-HSD2 M (g/mol)
F5C0
A — 2 > 8 199 598
B OH 22 109 296

Fig. 2. Comparison of compound A with sulfonamide moiety and compound B, lacking this group.
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F
F
HO' Compound 1
Br
Lead compound A ]
human 178-HSDI: IC55 = 8 nM
human 178-HSD2: ICso = 199 nM Optimization of ring A
ring A: only small substituents allowed;
3-OH-group important for activity
ring C: target enzyme tolerates even bulky
substituents
A4

Optimization of ring C

Ry-R3: e.g. H, OH, OCHj3,
Cl, Me, CN, SO,NH, R: mono-, di-, tri-F, CH3

Compounds 6-25 Compounds 2-5

Chart 1. Design of synthesized compounds 1-25.

3. Chemistry Friedel-Crafts conditions (method A). Subsequent ether cleavage of
intermediates I and IV (method B) yielded VI and VII, respectively,

The key intermediates I-V were synthesized in good yield from in a quantitative yield (Scheme 1).
the appropriate benzoyl chlorides and 2-bromothiophene using For the preparation of compounds 1-7 the key intermediates

Cl
R
E F
OO
HO

R:CH; H

Compound 20 (R = CH;3)
Compound 21 (R = H)

Ny
Ring D = [Nj [N:N
R

R": COCH;, H

Compounds 28-32

R: CH; H

Compounds 26-27

Chart 2. Design of synthesized compounds 26—32.
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Ry R, + Br —-> ©) o)
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I(R = OCHj, R1 =R;=R3=H) VI(R; =R, =H)
(R = OCOCH3, R1=CH3, R, =Ry =H) VII(R{=Ry,=F)
(R =0CH,;, R{=F, R, =R3 =H)

IV(R = OCH,CH3, Ry =

R;=F)

V(R = OCH,, Ry =R,=R;3=F)

Scheme 1. Synthesis of intermediates I-VIL a) method A, AlCl3, anhydrous CH,Cl,, 0 °C, 0.5 h and then rt, 3 h. b) method B, BBr3, CH,Cl,, -78 °C to rt, overnight.

I-V were submitted to a Suzuki reaction (method C1 or C2) with
the appropriate boronic acid to give 1a-7a. The latter were sub-
mitted to ether cleavage with BBr3 in dichloromethane to afford the
final compounds (1, 3—7) or hydrolysis using 10% NaOH in ethanol
to give compound 2, respectively (Schemes 2 and 3).

The compounds 8—21 and 24—27 were obtained from the in-
termediates VI or VII by standard methods (either Suzuki reaction
(method C1) alone or followed by ether cleavage (method B))
(Scheme 4).

The synthesis of compound 23 was accomplished as shown in
Scheme 5: Bromination of 2-chloro-6-methylphenol with NBS in
acetic acid selectively gave the ring-brominated compound 22c,
which underwent methylation upon treatment with methyl iodide.
The resulting compound 22b was transformed to the boronic acid
ester 22a. Finally, Suzuki cross coupling reaction of the latter with
VII yielded compound 22, which was submitted to ether cleavage
with BBr3, resulting in 23.

The boronic acid ester 22a was also used as starting material for
the syntheses leading to compounds 28—30 (Scheme 5). By using
NBS and DBPO in CCly, 22a was converted to the brominated in-
termediate 28b. Nucleophilic substitution of the bromine atom
with 1-piperazine-1-ylethanone yielded 28a. The latter was reac-
ted with VII in a Suzuki reaction (method C1) to afford compound
28, which gave access to 29 (via ether cleavage) and 30 (via amide
hydrolysis under acidic conditions).

The azide intermediate 31c was prepared by reaction of 28b
with NaN3 in DMF (Scheme 6). The subsequent Suzuki cross-
coupling reaction with VII yielded 31b, which was submitted to a
cycloaddition reaction with acetic acid vinyl ester [31] to give the
1,2,3-triazole substituted compound. Interestingly, the latter was
exclusively isolated as acetic acid ester 31a. Saponification with
2M-NaOH gave the phenol 31, which was transformed to the diol 32
by reaction with BBr; (method B).

| N—pr a
O S _—
R R
R
R3
I(R = OCH,, Ry = Ry = Ry = H) 1a(R = OCH,, R; =

IR = OCOCH3, R; = CHy, R, = Ry = H)
(R = OCHs, Ry = F, Ry = R, = H)
IV(R = OCH,CHj, Ry = R, = F)

V(R = OCHj, Ry=R,=R3=F)

2a(R = OCOCHs, R =
3a(R = OCHy, Ry = F, R, = Ry = H)
4a(R = OCH,CHj,, Ry =
5a(R = OCHj,, Ry =

4. Biological results and discussion

4.1. Inhibition of human 173-HSD1 and selectivity towards 17(-
HSD2, ERq, and ERB

Human placental enzymes were used for both 17p-HSD assays
and were obtained according to described methods [32—34]. In the
17B-HSD1 assay, incubations were run with cytosolic fractions,
tritiated E1, cofactor and inhibitor. The separation of substrate and
product was accomplished by HPLC. The 17B-HSD2 assay was
performed similarly using tritiated E2 as substrate and the micro-
somal fraction. Activities are given as ICsp-values (Tables 1—4).

As expected, 173-HSD1 inhibition of the synthesized com-
pounds was strongly dependent on the substitution pattern of the
benzoyl moiety (ring A, see Chart 1): Whereas compound 1 showed
moderate activity (ICso = 105 nM, Table 1), the presence of a methyl
group was detrimental for inhibitory potency (compound 2). A very
strong inhibition of the target enzyme, however, could be achieved
by the introduction of one or more fluorine atoms (compounds
3-5). The most interesting properties in terms of activity towards
17B-HSD1 and selectivity over 17p3-HSD2 was detected for the 2,6-
difluorinated compound 4. Therefore, this substitution pattern of
the benzoyl moiety was maintained in the subsequent optimization
of ring C.

The replacement of the phenyl ring C with pyridine (compounds
6 and 7) or omission of the fluorine substituents (8) led to a more or
less pronounced drop in activity, compared to compound 4
(Table 2). For the sulfonamides 9—11 this effect was also observed.
The introduction of a nitrile group proved to be beneficial for ac-
tivity (compounds 12 and 13), but led to low selectivity over h17-
HSD2.

Starting from 13, the nitrile group was omitted or replaced by
chlorine while maintaining an oxygen-function of ring C, in order to

R, =Ry =H) 1Ry =

Ry, =Ry =H)
CHs, R, = Rs = H)
3(R;=F, Ry = Ry = H)
Ry=F) 4(R1=Ry=F)
Ry=R;3=F) 5(Ri=R;=R3=F)

CHs,R;=Ry=H)  2(R;=

Scheme 2. Synthesis of compounds 1-5. a) method C1, 2,4-difluorophenylboronic acid, Cs,CO3, Pd(PPh;);, DME/water (1:1), reflux, 4 h. b) method B, BBr3, CH,Cl,, -78 °C to rt,

overnight. ¢) 10% NaOH, ethanol, reflux, 2 h.
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=R, =R,
B <k | :
2 R2
®) S a o g \ / b o s \ /
F
F ¢ F F g
7o N0 HO
v 6a(R; =N, R, = CH) 6(R; =N, R, = CH)

7a(R, = CH, R, = N)

7(R; = CH, R, = N)

Scheme 3. Synthesis of compounds 6 and 7. a) method C2, 3- pyridinylboronic acid pinacol ester or 4-pyridinylboronic acid for 6a and 7a, respectively, Na;COs, Pd(PPhs ), toluene/

ethanol (1:1), reflux, overnight. b) method B, BBr3, CH,Cl,, -78 °C to rt, overnight.

enhance selectivity (compounds 14, 15, 17—19). Compound 16 lacks
this oxygen function and was synthesized for comparison reasons.
An OH-group in 4-position of ring C proved to be beneficial (see e.g.
compound 15: ICsp = 3 nM, SF = 24 and compound 18:
ICs0 = 0.5 nM, SF = 40) whereas the removal of the OH-group
(compound 16) or shifting its position from para to ortho (com-
pound 19), led to a decrease or a complete loss of selectivity,
respectively (Table 2). From this optimization step, compound 18
emerged as the most active and selective inhibitor.

It was striking that compounds bearing an additional substitu-
enton ring C in ortho-position to the oxygen-functionality (hydroxy
or methoxy) stand out in terms activity and selectivity (compounds
13,17 and 18, Table 2). This prompted us to investigate compounds
with two ortho-substituents (compounds 20—25, Table 3). In fact,
this structural modification resulted in highly active compounds,
generally displaying sub-nanomolar ICsg-values for h178-HSD1
inhibition. Interestingly, compounds bearing chloro- and methyl-
substituents showed similarly strong inhibition of the target
enzyme. In terms of selectivity towards the type 2 enzyme it is
noteworthy that generally the phenols were superior compared to
their methoxy-analogs. An exception was compound 20 which was
not only one of the most active but also the most selective com-
pound of its class (ICso(h17p-HSD1) = 0.5 nM; SF = 82). To get an
evidence for the importance of fluorine atoms on the benzoyl part
on the inhibitory activity issue of this compound class, compounds
26 and 27 were synthesized. Comparison with the inhibition data of
compound 20 and its analog non-fluorinated compound 26 high-
lights again the beneficial impact of the fluorine atoms at the
benzoyl moiety. The same dependence of activity on benzoyl
fluorination can be seen when comparing compounds 21 and 27
(Table 3).

The dichlorinated inhibitor 20 showed favourable properties
concerning activity and selectivity, but exhibited high lipophilicity
(clogD (pH = 7.4): 4.9, as determined using the ACD-Labs Percepta
software). In order to render the compound more hydrophilic, one
of the chlorine atoms was replaced by heterocyclic substituents
(compounds 28—32, Table 4). The synthesized compounds showed
greatly reduced lipophilicities (clogD range (pH = 7.4): 1.7 (30) —
3.3 (31)) and were highly active towards the target enzyme: apart
from the dihydroxy compound 32, all compounds displayed [Cso-
values in the one-digit nanomolar range (Table 4). Selectivity over
the type 2 enzyme, however, was in most cases less favourable than
for compounds 20—25.

The affinities of selected compounds to the recombinant human
estrogen receptors o and B were determined by incubation of
tritiated E2 with the respective receptor and compound in 1000-
fold excess, based on E2 concentration. Receptor affinities are
expressed as the percentage of E2 replaced by a compound. ER-
binding of 50% is equal to a relative binding affinity (RBA) of 0.1%
of that of E2 [35].

The determined estrogen receptor affinities are given in Table 5.
The data suggest that fluorination of the benzoyl moiety increases
ER-affinity (cf. compound 20 vs. 26). Increasing the number or size
of substituents adjacent to the oxygen-function of the phenyl ring
(ring C) decreases ER-affinity (cf. compound 18 vs. 11, 13, 20, 21, 24,
and 25).

Compounds 20 and 25, which were highly active towards the
target enzyme and selective over 173-HSD2, displayed very low
affinities towards ER « and B, in particular in view of their sub-
nanomolar activity towards 17p-HSD1.

We next profiled the most interesting compound 20 in several
relevant toxicity assays. First, compound 20 did not affect cell
viability up to a concentration of 5.6 uM, as measured in the MTT
cytotoxicity assay in HEK293 cells after an incubation period of
66 h, yielding a safety margin of 11,160-fold (i.e., ICyo in the MTT
assay divided by the ICso value in the human 173-HSD1 assay).
Secondly, for determination of the mutagenic potential of com-
pound 20, an AMES II test was performed using TA98 (frameshift
mutation) or TAMix (base-pair substitution, TA7001-TA7006)
strains of Salmonella typhimurium in the presence or absence of rat
liver S9 fraction. Compound 20 did not show mutagenic potential
up to the highest tested concentration of 100 uM in the absence or
presence of rat liver S9 fraction. We next investigated whether
compound 20 has the potential of CYP3A4 induction. For this,
compound 20 was tested for activation of the pregnane X receptor
(PXR), which is responsible for the induction of CYP3A4, and other
members of the CYP3 subfamily of hepatic CYP450 enzymes,
respectively. Compound 20 tested at a concentration of 3.16 uM did
not stimulate the PXR receptor (effect < 5% activation, data not
shown). Compound 20 was also profiled for inhibition of several
hepatic CYP450 enzymes at a compound concentration of 1 pM,
which is 2000-fold higher than the ICsg value for 173-HSD1 inhi-
bition. Compound 20 only moderately inhibited CYP1A2, 2B6, 2C9,
2C19, 2D6, and 3A4 by 11%, 4%, 0%, 27%, 0% and 36%, respectively.
We next investigated whether our best current compound 20 can
be administered to rodents to allow proof-of-principle testing of a
potent 17B-HSD1 inhibitor in a rodent model of endometriosis. For
this, we subcutaneously administered compound 20 at a dose of
150 pumol/kg body weight once-a-day for four consecutive days,
during which we determined plasma levels of 20, and measured
also the plasma level of compound 20 four days after the last
dosing. As shown in Fig. 3, compound 20 subcutaneously admin-
istered as suspension in 0.5% gelatin/5% mannitol in water led to a
gradual increase in the plasma concentration from 24 nM measured
at day 2, 42 nM at day 4, and to 72 nM at day 8, 4 days after the last
dosing at day 4. These in vivo plasma concentrations are 10-fold
higher than the concentrations required in vitro in the 178-HSD1
assay to block 17p-HSD1by 80—100% (data not shown).
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Scheme 4. Synthesis of compounds 8—21 and 24—-27. a) method C1, corresponding boronic acid, Cs,CO3, Pd(PPh;)4, DME/water (1:1), reflux, 4 h. b) method B, BBr3, CH,Cl,, -78 °C to

rt, overnight.

5. Conclusions

The aim of the present study was the design of potent and se-
lective, low molecular weight inhibitors of human 178-HSD1, which
can be used to conduct a proof of principle study in an animal
disease model for EDD. Starting point were sulfonamide-
substituted bicyclic substituted hydroxyphenylmethanones previ-
ously described by us. Structural modifications focused on the
substitution patterns of the benzoyl- and the phenyl-moieties.

To our knowledge, the 173-HSD1 inhibitors identified in this
study are the most active ones ever described for this enzyme. The
most interesting compounds were 20, 21, and 25 as their high
potency towards the target protein was accompanied by good se-
lectivities over the human type 2 enzyme and the estrogen re-
ceptors o and .

We profiled compound 20 in several ADME and toxicity assays.
Compound 20 did not activate PXR at the tested concentration of
3.16 uM and did not show mutagenicity in the AMES II assay up to
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Scheme 5. Synthesis of compounds 22—23, and 28—-30. a) NBS, AcOH, rt, overnight. b) CHsl, K,CO3, DMF, rt, overnight. c) bispinacolato diborane, Pd(dppf)Cl,, KOAc/DMSO, 2 h. d)
method C1, VII, Cs,CO3, Pd(PPhs),, DME/water (1:1), reflux, overnight. e) method B, BBr3, CH,Cl,, -78 °C to rt, overnight. f) NBS, DBPO, CCly, reflux, 2 h. g) NEts, 1-piperazin-1-yl-

ethanone. h) HCI 3 M, reflux, 3 h.

the highest tested concentration of 100 pM. Compound 20 also did
not show cellular toxicity up to a concentration of 5.6 uM, as
measured after 66 h of incubation in the MTT cell viability assay.
Given the very potency of compound 20 towards 178-HSD1 (ICsq of
0.5 nM), it is therefore to be expected that no cytotoxic effects will
be observed in therapeutic doses. In addition, compound 20
showed only moderate CYP450 enzyme inhibition at the relatively
high concentration of 1 uM. Immunocompromised rodents such as
athymic nude and severe-compromised immunodeficient (SCID)
mice and rats are frequently utilized to determine in vivo efficacy of
preclinical drug candidates towards implanted human cells,
including breast cancer cells and human endometriotic tissue
samples. The very promising pharmacokinetic profile of compound
20 in rat after repetitive subcutaneous administration will allow for
the first time proof-of-principle studies in rodent models of breast
cancer and endometriosis, in which inhibition of 178-HSD1 is
considered to be therapeutically highly beneficial.

6. Experimental section
6.1. Chemical methods

Chemical names follow [UPAC nomenclature. Starting materials
were purchased from Aldrich, Acros, Lancaster, Maybridge, Combi
Blocks, Merck, or Fluka and were used without purification.

Column chromatography (CC) was performed on silica gel
(70—200 pm), reaction progress was monitored by thin layer
chromatography (TLC) on Alugram SIL G UV354 (Macherey-Nagel).

All microwave irradiation experiments were carried out in a
CEM-Discover monomode microwave apparatus.

'H NMR and '3C NMR spectra were measured on a Bruker
AM500 spectrometer (500 MHz) at 300 K. Chemical shifts are re-
ported in & (parts per million: ppm), by reference to the hydroge-
nated residues of deuteriated solvent as internal standard (CDCls:
d = 724 ppm (*H NMR) and & = 77 ppm (*C NMR), CD30D:
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Scheme 6. Synthesis of compounds 31 and 32. a) DMF, rt, overnight. b) method C1, VII, Cs,COs, Pd(PPhs)s, DME/water (1:1), reflux, overnight. ¢) CH3COOCH=CH,, microwave,

120 °C, 10 h.d) 2 M NaOH, THF, rt, 2 h. e) method B, BBr3, CHxCly, -78 °C to rt, overnight.

Table 1

Optimization of A-ring-substitution: Activities of compounds 1-5 towards h178-HSD1 and 2.

Cmpd Ring A ICso [nM]* SF! Cmpd Ring A ICs0 [NM]* SF!
h17B-HSD Type h17B-HSD Type
lb 2¢ ll) 2¢

140 1.3 3400 300 0.1

1 U/é 110
Hi

HO F
F

4 Mean value of three determinations, standard deviation less than 15%.

 Human placenta, cytosolic fraction, substrate [*H]-E1, 500 nM, cofactor NADH, 500 M.
€ Human placenta, microsomal fraction, substrate [*H]-E2, 500 nM, cofactor NAD*, 1500 uM.

9 SF (selectivity factor): ICso(17B-HSD2)/ICso(178-HSD1).

3 = 3.35 ppm ("H NMR) and & = 49.3 ppm (*C NMR), CD3COCD3:
3 = 2.05 ppm ('H NMR) and & = 29.9 ppm (**C NMR), CD3SOCD3
3 = 2.50 ppm ('H NMR) and & = 39.5 ppm (>C NMR)). Signals are
described as s, d, t, dd, ddd, m, dt, q, sep, br. for singlet, doublet,
triplet, doublet of doublets, doublet of doublets of doublets,
multiplet, doublet of triplets, quadruplet, septet, and broad,
respectively. All coupling constants (J) are given in hertz (Hz).

Mass spectra (ESI) were recorded on a TSQ Quantum (Thermo
Finnigan) instrument.

Tested compounds are >95% chemical purity as measured by
HPLC. The methods for HPLC analysis and a table of data for all
tested compounds are provided in the supporting information.

The following compounds were prepared according to previ-
ously  described procedures:  (5-bromo-thiophen-2-yl)(3-
methoxyphenyl)methanone (I), [26], (5-bromo-thiophen-2-yl)(3-
hydroxy-phenyl)methanone (IV), [29], (5-bromo-thiophen-2-
yl)(3-hydroxy-phenyl)methanone (VI), [26], (5-Bromo-thiophen-
2-yl)-(2,6-difluoro-3-hydroxy-phenyl)-methanone (VII), [29], 4-
bromo-2-chloro-6-methyl-phenol (22c), [36], 5-bromo-1-chloro-
2-methoxy-3-methyl-benzene (22b) [37].

The Supplementary Data section reports the synthesis of
compounds II, V, 1a-5a, 7a, 3—7, 929, 31b and 32. For each
general synthetic procedure, one representative example is given
below.
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Table 2
Optimization of C-ring-substitution: Activities of compounds 6—19 towards h173-HSD1 and 2.
AN
B
oS
B
HO 6-19
Cmpd Ring C ICso [nM]? SFd Cmpd Ring C ICs [nM]? N
h17B-HSD Type h17B-HSD Type
1° 2¢ 1> 2°
6 — 27 47 1.7 7 ~N; 150 39 0.7
/
\_/ \ 7
8 F@ 11 35 32 9 '_Q 55 86 1.6
¥eo
HoN

10 q‘s"o 150 85 06
l C NH,

12 8.0 19 24
°>_
i\
\N

11 / 130 180 14
o
13 33 29 838
‘—QOH
\
\N

14 18 38 2.1 15 3 71 24
H >—o |—< >—on
\
16 ‘_Q 12 10 8.3 17 l Q & 13 1 8.5
cl cl
18 0.5 20 40 19 27 29 1
e 2
cl HO ©l
ad gee Table 1.
6.1.1. General procedure for Friedel-Crafts acylation. Method A. (1.2 equiv), cesium carbonate (4 equiv) and tetrakis(-

(1-v)

An ice-cooled mixture of monosubstituted thiophene derivative
(1.5 equiv), arylcarbonyl chloride (1 equiv), and aluminumtri-
chloride (1 equiv) in anhydrous dichloromethane was warmed to
room temperature and stirred for 2—4 h 1 M HCl was used to
quench the reaction. The aqueous layer was extracted with ethyl
acetate. The combined organic layers were washed with brine,
dried over magnesium sulfate, filtered, and concentrated to dry-
ness. The product was purified by CC.

6.1.2. General procedure for ether cleavage. Method B. (VI, VII,
13-7, 13, 15, 18, 19, 21, 23, 25, 27, 29, and 32)

To a solution of methoxybenzene derivative (1 equiv) in anhy-
drous dichloromethane at —78 °C (dry ice/acetone bath), boron
tribromide in dichloromethane (1 M, 5 equiv per methoxy func-
tion) was added dropwise. The reaction mixture was stirred over-
night at room temperature under nitrogen atmosphere. Water was
added to quench the reaction, and the aqueous layer was extracted
with ethyl acetate. The combined organic layers were washed with
brine, dried over magnesium sulfate, filtered, and concentrated to
dryness. The product was purified by CC.

6.1.3. General procedure for Suzuki coupling
6.1.3.1. Method C1. (1a-5a, 8—12, 14, 16, 17, 20, 22, 24, 26, 28, and
31b). A mixture of arylbromide (1 equiv), boronic acid derivative

triphenylphosphine) palladium (0.05 equiv) was suspended in an
oxygen-free DME/water (1:1) solution and refluxed under nitrogen
atmosphere. The reaction mixture was cooled to room tempera-
ture. The aqueous layer was extracted with ethyl acetate. The
combined organic layers were washed with brine, dried over
magnesium sulfate, filtered and concentrated to dryness. The
product was purified by CC.

6.1.3.2. Method C2. (6a and 7a). A mixture of arylbromide (1
equiv), boronic acid derivative (1.2 equiv), Na;CO3 (2 equiv) and
tetrakis(triphenylphosphine) palladium (0.05 equiv) was sus-
pended in an oxygen-free toluene/ethanol (1:1) solution was
refluxed overnight under nitrogen atmosphere. The aqueous layer
was extracted with ethyl acetate. The combined organic layers were
washed with brine, dried over magnesium sulfate, filtered and
concentrated to dryness. The product was purified by CC.

6.1.4. (5-Bromo-thiophen-2-yl)-(2-fluoro-3-methoxy-phenyl)-
methanone (III)

The title compound was prepared by reaction of 2-
bromothiophene (1297 mg, 795 mmol), 2-fluoro-4-
methoxybenzoyl chloride (1000 mg, 5.30 mmol) and aluminum
chloride (707 mg, 5.30 mmol) according to method A. The product
was purified by CC (hexane/ethyl acetate 96:4); yield: 57%
(1000 mg). "H NMR (500 MHz, acetone-dg) d 7.32 (d, ] = 7.4 Hz, 1H),
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Table 3
Optimization of C-ring-substitution: Activities of compounds 20—27 towards h173-HSD1 and 2.

a2 (s) o S

F

G Q
HO' 20-25 HO 26-27
Cmpd Ring C ICso [nM]* SFd Cmpd Ring C ICso [NM]* SFd
h17(-HSD Type h178-HSD Type
1° 2¢ 1° 2
20 Cl 0.5 41 82 21 Cl 24 39 16
cl cl
22 0.3 7.2 21 23 0.2 6.5 30
Cl cl
24 0.9 18 20 25 04 7.0 18
26 cl 6.0 250 42 27 cl 73 540 7.4
H :>—o/ H :>—OH
cl cl
ad See Table 1.
Table 4
Introduction of hydrophilic moieties: Activities of compounds 28—32 towards h173-HSD1 and 2.
/
DO (e
O S O S
Cl Cl
el F BG F
HO' 28, 30, 31 HO' 29, 32
Cmpd Ring D ICs0 [nM]? SFd Cmpd Ring D ICso [NMJ? SFd
h17-HSD Type h17-HSD Type
y L2 % 1° 2¢
28 /\ o 14 21 15 29 7\ o 21 11 5
[N N—< N N—<
I 4 N7
30 4.7 26 6 31 21 9 4
'—N/_\NH )
\_./ n=N
32 18 26 1
[—Nﬁ

N=N

ad See Table 1.

7.33 (ddd, J = 7.3, 4.9, 1.4 Hz, 1H), 7.12 (d, ] = 7.4 Hz, 1H), 7.09 (t, 6.1.5. (5-(2,4-Difluoro-phenyl)-thiophen-2-yl)-(3-hydroxy-

J = 74 Hz, 1H), 6.92—6.87 (m, 1H), 3.82 (s, 3H); '*C NMR (125 MHz, phenyl)-methanone (1)

acetone-ds) 0 184.05,151.12 (d, / = 246.0 Hz), 149.54, 143.29, 136.87, The title compound was prepared by reaction of (5-(2,4-
128.24 (dd, ] = 9.9, 44 Hz), 126.67 (d, ] = 13.0 Hz), 122.18 (d, difluoro-phenyl)-thiophen-2-yl)-(3-methoxy-phenyl)-methanone
J=4.3 Hz),117.46 (d, ] = 3.0 Hz), 116.52 (d, ] = 1.3 Hz), 115.94 (dd, (1a) (417 mg, 1.26 mmol) and boron tribromide (3.8 mmol)
J =128, 4.1 Hz), 54.21; MS (ESI): 316.41 (M+H)". according to method B. The product was purified by CC
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Table 5 6.1.7. (3-Ethoxy-2,6-difluoro-phenyl)-(5-pyridin-4-yl-thiophen-2-
Binding affinities of selected compounds for the estrogen receptors « and . yl)-methanone (6a)
Cmpd. % Binding® Cmpd. % Binding® The title compound was prepared by reaction of (5-bromo-thi-
ERa" ERBS ERa" ER" ophen—2-yl)-(3—ethoxy-2,6-diﬂL{oro-phenyl):mett)anor:le (1)
(300 mg, 0.86 mmol), pyridine-3-boronic acid pinacol ester
:; 24 g ;; gz é; (355 mg, 1.73 mmol), sodium carbonate (2.5 mL, 2 M) and tetra-
18 73 55 25 17 2 kis(triphenylphosphine) palladium (5 pmol) according to method
20 27 8 26 8 0 C2. The product was purified by CC (dichloromethane/methanol

4 Mean value of three determinations, standard deviation less than 15%.
b ¢(ERz) = 1 nM, c(E2) = 3 nM, c(test compound) = 3 uM.
€ c(ERB) = 4 nM, c(E2) = 10 nM, c(test compound) = 10 uM.
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Fig. 3. Pharmacokinetic profile of compound 20 in Sprague-Dawley rats following
repetitive subcutaneous administration. Compound 20 was subcutaneously adminis-
tered once-a-day at a dose of 150 pmol/kg body weight in 0.5% gelatin/5% mannitol in
water to three female Sprague-Dawley rats. Plasma samples were taken at 24 h, 48 h,
72 h and 168 h. Arrows indicate the administration of compound 20 during the first
four days, immediately after plasma sampling. Data shown are the mean + SEM of
three animals.

(dichloromethane/methanol 99.75:0.25); yield: 41% (330 mg). 'H
NMR (500 MHz, acetone-dg) & 8.77 (s, 1H), 7.94 (td, ] = 8.8, 6.3 Hz,
1H), 7.75 (dd, ] = 4.0, 1.1 Hz, 1H), 7.63 (dd, ] = 4.0, 1.0 Hz, 1H),
743-7.40 (m, 1H), 7.39-7.37 (m, 1H), 7.35 (ddd, J = 2.5, 1.5, 0.5 Hz,
1H), 7.27—7.21 (m, 1H), 7.20—7.15 (m, 1H), 7.14 (ddd, J = 7.7, 2.6,
1.5 Hz, 1H); >C NMR (125 MHz, acetone-ds) & 187.84, 163.90 (dd,
J=1250.2,12.1 Hz),160.35 (dd, ] = 254.0,13.3 Hz), 158.45, 144.41 (dd,
J =911, 3.7 Hz), 140.16, 136.06, 131.44 (dd, ] = 9.9, 4.4 Hz), 130.63,
128.25—127.77 (m), 121.15, 120.39, 118.70 (dd, ] = 12.9, 4.1 Hz),
116.32,113.36 (dd, J = 21.8, 3.6 Hz), 105.70 (t, ] = 26.4 Hz); MS (ESI):
317.63 (M+H)™.

6.1.6. (5-(24-Difluoro-phenyl)-thiophen-2-yl)-(3-hydroxy-2-
methyl-phenyl)-methanone (2)

Compound 2a (430 mg, 1.16 mmol) in ethanol (5 ml) was
refluxed in 10% NaOH (15 mL) for 2 h on a water bath. The reaction
mixture was cooled, diluted with water and neutralized with acetic
acid. The product was purified by CC (dichloromethane/methanol
99.5:0.5); yield: 58% (220 mg). 'H NMR (500 MHz, acetone-dg)
89.51 (s, 1H, OH), 8.83 (dd, ] = 15.1, 8.5 Hz, 1H), 8.49 (d, ] = 3.4 Hz,
1H), 8.37 (d, ] = 3.4 Hz, 1H), 8.24—-8.02 (m, 3H), 7.95 (d, ] = 7.9 Hz,
1H), 7.89 (d, J = 7.3 Hz, 1H), 3.1 (s, 3H); *C NMR (125 MHz,
acetone-dg) & 189.56, 163.02 (dd, J = 251.3, 12.8 Hz), 159.45 (dd,
J = 253.4, 12.4 Hz), 155.85, 144.44 (dd, ] = 10.1, 4.1 Hz), 140.21,
135.70, 130.55 (dd, J = 9.9, 4.4 Hz), 127.34, 127.28, 126.11, 122.33,
118.97, 117.80 (dd, J] = 12.8, 4.0 Hz), 116.62, 112.45 (dd, | = 21.8,
3.6 Hz), 104.79 (t, ] = 26.4 Hz), 11.99; MS (ESI): 331.04 (M+H)".

99.5:0.5); yield: 91% (450 mg). The product was used in the next
step without any characterization.

6.1.8. (5-(3-Chloro-phenyl)-thiophen-2-yl)-(2,6-difluoro-3-
hydroxy-phenyl)-methanone (8)

The title compound was prepared by reaction of (5-bromo-thi-
ophen-2-yl)-(2,6-difluoro-3-hydroxy-phenyl)-methanone (Vi)
(430 mg, 135 mmol), 3-chlorophenylboronic acid (253 mg,
1.62 mmol), cesium carbonate (1756 mg, 5.39 mmol) and tetra-
kis(triphenylphosphine) palladium (5 pmol) according to method
C1. The product was purified by CC (hexane/ethyl acetate 90:10);
yield: 74% (350 mg). 'H NMR (500 MHz, acetone-dg) & 9.02 (s, 1H,
OH), 7.84 (tt, | = 2.4, 1.2 Hz, 1H), 7.78—7.76 (m, 1H), 7.69 (d,
J = 4.1 Hz, 1H), 7.66 (dt, ] = 4.1, 0.9 Hz, 1H), 7.52 (td, ] = 7.9, 0.5 Hz,
1H), 7.47 (ddd, ] = 8.0, 2.0, 1.1 Hz, 1H), 7.23—7.21 (m, 1H), 7.06—7.04
(m, 1H); C NMR (125 MHz, acetone-dg) & 180.77, 153.31, 152.56
(dd, J = 240.6, 5.8 Hz), 148.44 (dd, ] = 245.9, 7.7 Hz), 143.92, 142.68
(dd,J = 12.9, 3.2 Hz), 138.12, 135.80, 135.69, 131.92, 130.20, 126.96,
126.90, 125.81, 120.42 (dd, J = 9.1, 3.9 Hz), 117.97 (dd, J = 23.9,
19.7 Hz), 112.47 (d, J = 22.8 Hz); MS (ESI): 351.63 (M+H)".

6.1.9. 2-(3-Chloro-4-methoxy-5-methyl-phenyl)-4,4,5,5-
tetramethyl-(1,3,2)dioxaborolane (22a)

5-Bromo-1-chloro-2-methoxy-3-methylbenzene (22b) (5,00 g,
20,2 mmol, 1,00 equiv), bis(pinacolato)diboron (8,09 g, 31,8 mmol,
1,50 equiv), potassium acetate (5,95 g, 60,6 mmol, 3,00 equiv) and
1,1’-Bis(diphenylphosphino)ferrocene-palladium(Il)dichloride
(739 mg, 1,01 mmol, 0,05 equiv) were dissolved under N3 in 40 ml
dry DMSO and the mixture was stirred at 80 °C for 2 h. The reaction
was quenched with water, diluted with diethyl ether and filtered
over celite. The phases were separated and the aqueous layer was
extracted two times with diethyl ether. The combined organic
layers were washed three times with water; one time with brine,
dried over MgSQy, filtered and concentrated under reduces pres-
sure. The crude product was purified by CC (hexane/ethyl acetate
85:15); yield: 88% (4.71 g). 'H NMR (500 MHz, acetone-dg)
8 7.54-756 (m, 1H), 7.48—7.50 (m, 1H), 3.82 (s, 3H), 2.31 (t,
J = 0.6 Hz, 3H), 1.33 (s, 12H).

6.1.10. 2-(3-Bromomethyl-5-chloro-4-methoxy-phenyl)-4,4,5,5-
tetramethyl-(1,3,2)dioxaborolane (28b)
2-(3-Chloro-4-methoxy-5-methylphenyl)-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane (22a) (200 mg, 0,71 mmol, 1,00 equiv) and N-
bromosuccinimide (113 mg, 0,63 mmol, 0,90 equiv) were dissolved
under N3 in 17 ml CCly, followed by a catalytic amount of dibenzoyl
peroxide. The mixture was stirred under reflux for 1 h. The reaction
was quenched with water and extracted three times with
dichloromethane. The combined organic layers were washed two
times with water, one time with brine, dried over Na,SOy, filtered
and concentrated under reduced pressure. The crude product was
purified by CC (hexane/ethyl acetate 85:15); yield: 70% (180 mg). 'H
NMR (500 MHz, acetone-dg) & 7.75 (d, J = 1.5 Hz, 1H), 7.68 (d,
J = 15 Hz, 1H), 4.71 (s, 2H), 4.00 (s, 3H), 1.33—1.35 (m, 12H).

6.1.11. 1-(4-(3-Chloro-2-methoxy-5-(4,4,5,5-tetramethyl-(1,3,2)
dioxaborolan-2-yl)-benzyl)-piperazin-1-yl)-ethanone (28a)
2-(3-(Bromomethyl)-5-chloro-4-methoxyphenyl)-4,4,5,5-
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tetramethyl-1,3,2-dioxaborolane (28b) (180 mg, 0,50 mmo, 1,00
equiv) was dissolved under N in 1 ml dry THF and 1-
acetylpiperazine was added. The mixture was stirred for 1 h un-
der reflux. The reaction was quenched with water and extracted
three times with ethyl acetate. The combined organic layers were
washed two times with water, one time with brine, dried over
MgSO0y, filtered and concentrated under reduced pressure. The
crude product was purified by CC (ethyl acetate/ethanol 8:2), to
give the desired product as yellow solid; yield: 70% (198 mg). 'H
NMR (500 MHz, acetone-dg) & 7.69 (d, ] = 1.5 Hz, 1H), 7.65 (d,
J =1.5Hz, 1H),3.90 (s, 3H), 3.57 (s, 3H), 2.77 (t,] = 5.2 Hz, 2H), 2.70
(t,J=5.2 Hz, 2H), 2.47 (t,] = 5.2 Hz, 2H), 2.42 (t,] = 5.2 Hz, 2H), 2.00
(s, 3H), 1.34 (s, 12H).

6.1.12. (5-(3-Chloro-4-methoxy-5-piperazin-1-ylmethyl-phenyl)-
thiophen-2-yl)-(2,6-difluoro-3-hydroxy-phenyl)-methanone (30)

1-(4-(3-Chloro-5-(5-(2,6-difluoro-3-hydroxybenzoyl)-thio-
phen-2-yl)-2-methoxybenzyl)piperazin-1-yl)ethanone (28)
(150 mg, 0.29 mmol, 1.00 equiv) was dissolved in 20 ml 3 M
aqueous HCl and heated to 80 °C for 3 h. The reaction was washed
two times with ethyl acetate, the aqueous layer was basified to pH
10 with 2 M NaOH and washed two times with ethyl acetate. The
aqueous layer was neutralized with 2 M HCI and extracted three
times with ethyl acetate. The combined organic layers were washed
one time with water, one time with brine, dried over MgSQOjy,
filtered and concentrated under reduced pressure to give the
desired pure product in 40% yield as pale yellow solid. '"H NMR
(500 MHz, acetone-dg) 6 7.83—7.79 (m, 2H), 7.67—7.60 (m, 2H), 7.19
(m, 1H), 7.00 (td, J = 9.0, 1.9 Hz, 1H), 3.92 (s, 3H), 3.59 (s, 2H),
2.89—2.81(m, 4H), 2.53—2.45 (m, 4H); >C NMR (125 MHz, acetone-
ds) 5 180.8,156.8,153.3, 151.5, 149.4, 147.5, 143.6, 142.9, 142.7,138.2,
135.4,130.7,129.6,128.4,127.9,126.7,120.5, 118.1, 112.3, 112.2, 62.0,
56.9, 50.4, 44.3; MS (ESI): 479.22 (M+H)".

6.1.13. 2-(3-Azidomethyl-5-chloro-4-methoxy-phenyl)-4,4,5,5-
tetramethyl-(1,3,2)dioxaborolane (31c)

2-(3-(Bromomethyl)-5-chloro-4-methoxyphenyl)-4,4,5,5-tetra-
methyl-1,3,2-dioxaborolane (28b) (800 mg, 2.19 mmol, 1.00 equiv)
was dissolved under N in 8 ml dry DMF and sodium azide (143 mg,
2.19 mmol, 1.00 equiv) was added. The mixture was stirred at room
temperature overnight. The mixture was quenched with water and
extracted three times with ethyl acetate. The combined organic
layers were washed two times with water, one time with brine,
dried over MgSQy, filtered and concentrated under reduced pres-
sure. The crude product was purified by CC (hexane/ethyl acetate
8:2); yield: 71% (503 mg). 'H NMR (500 MHz, acetone-dg) d 7.72 (d,
J =16 Hz, 1H), 7.69 (d,] = 1.6 Hz, 1H), 4.55 (s, 2H), 3.93 (s, 3H), 1.34
(s, 12H).

6.1.14. Acetic acid 3-(5-(3-chloro-4-methoxy-5-(1,2,3)triazol-1-
ylmethyl-phenyl)-thiophene-2-carbonyl)-2,4-difluoro-phenylester
(31a)

(5-(3-(Azidomethyl)-5-chloro-4-methoxyphenyl)-thiophen-2-
yl)(2,6-difluoro-3-hydroxyphenyl)methanone (31b) (50 mg,
0.11 mmol, 1.00 equiv), was dissolved in 106 pl vinyl acetate and the
reaction was heated at 120 °C under microwave for 10 h. The re-
action was concentrated under reduced pressure and purified by CC
using ethyl acetate as eluent; yield: 27% (15 mg). "H NMR (500 MHz,
DMSO-dg) d 8.11 (d, J = 0.9 Hz, 1H), 7.92 (d, ] = 2.5 Hz, 1H), 7.70 (d,
J = 0.9 Hz, 1H), 7.68—7.66 (m, 1H), 7.64—7.61 (m, 2H), 7.53 (td,
J=8.9,5.5Hz,1H), 7.26 (td, ] = 8.8, 1.9 Hz, 1H), 5.78 (s, 2H), 3.89 (s,
3H), 2.34 (s, 3H); MS (ESI): 504.12 (M+H)".

6.1.15. (5-(3-Chloro-4-methoxy-5-(1,2,3)triazol-1-ylmethyl-
phenyl)-thiophen-2-yl)-(2,6-difluoro-3-hydroxy-phenyl )-
methanone (31)

Acetic  acid 3-(5-(3-chloro-4-methoxy-5-(1,2,3)triazol-1-
ylmethyl-phenyl)-thiophene-2-carbonyl)-2,4-difluoro-phenylester
(31a) (110 mg, 0.24 mmol, 1.00 equiv) was dissolved under N3 in a
degased mixture of 5 ml THF and 600 pl of 2 M NaOH. The mixture
was stirred for 2 h at room temperature. The reaction was acidified
to pH 6 with 1 M HCI and extracted three times with ethyl acetate.
The combined organic layers were washed two times with water,
one time with brine, dried over MgSQy, filtered and concentrated
under reduced pressure to give the desired product; yield: 95%
(90 mg). '"H NMR (500 MHz, acetone-dg) & 9.05 (br. s, 1H), 8.1 (d,
J=0.9Hz,1H),7.91(d,] = 2.2 Hz,1H), 7.70 (d,] = 0.9 Hz, 1H), 7.67 (d,
J=22Hz,1H),7.65—-7.62 (m, 1H), 7.61-7.58 (m, 1H), 7.21 (td, ] = 8.9,
5.5Hz,1H), 7.03 (td, ] = 8.8,1.9 Hz, 1H), 5.78 (s, 2H), 3.89 (s, 3H); MS
(ESI): 462.15 (M+H)".

6.2. Biological methods

[2,4,6,7->H]-E1 and [2.4,6,7->H]-E2 were bought from Perkin-
Elmer, Boston. Quickszint Flow 302 scintillator fluid was bought
from Zinsser Analytic, Frankfurt.

6.2.1. Preparation of human 178-HSD1 and 173-HSD2

Human 178-HSD1 and 17B-HSD2 were obtained from human
placenta according to previously described procedures [32]. Fresh
human placenta was homogenized, and cytosolic fraction and mi-
crosomes were separated by fractional centrifugation. For the
partial purification of 17p-HSD1, the cytosolic fraction was precip-
itated with ammonium sulfate. 17B-HSD2 was obtained from the
microsomal fraction.

6.2.2. Inhibition of human 173-HSD1

Inhibitory activities were evaluated by an established method
with minor modifications [32]. Briefly, the enzyme preparation was
incubated with NADPH (500 uM) in the presence of potential in-
hibitors at 37 °C in a phosphate buffer (50 mM) supplemented with
20% of glycerol and EDTA (1 mM). Inhibitor stock solutions were
prepared in DMSO. The final concentration of DMSO was adjusted
to 1% in all samples. The enzymatic reaction was started by addition
of a mixture of unlabeled- and [2, 4, 6, 7->H]-E1 (final concentra-
tion: 500 nM, 0.15 pCi). After 10 min, the incubation was stopped
with HgCl, and the mixture was extracted with diethylether. After
evaporation, the steroids were dissolved in acetonitrile. E1 and E2
were separated using acetonitrile/water (45:55) as mobile phase in
a C18 reverse phase chromatography column (Nucleodur C18 125/
3100-5, Macherey-Nagel) connected to a HPLC-system (Agilent
1200 Series, Agilent Technologies). Detection and quantification of
the steroids were performed using a radioflow detector (Ramona,
raytest). The conversion rate was calculated after analysis of the
resulting chromatograms according to the following equation:

%conversion = [%E2/(%E2 + %E1)] x 100

Each value was calculated from at least three independent
experiments.

6.2.3. Inhibition of human 17(3-HSD2

The h17p-HSD2 inhibition assay was performed similarly to the
h17p-HSD1 procedure. The microsomal fraction was incubated with
NAD™ [1500 uM], test compound and a mixture of unlabeled- and
[2.4,6,7—3H]-E2 (final concentration: 500 nM, 0.11 pCi) for 20 min at
37 °C. Further treatment of the samples and HPLC separation was
carried out as mentioned above.
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The conversion rate was calculated after analysis of the resulting
chromatograms according to the following equation:

%conversion = [%E1/(%E1 + %E2)]x100

6.2.4. ER affinity

The binding affinity of selected compounds to ERz and ERf was
determined according to the recommendations of the US Envi-
ronmental Protection Agency (EPA) by their Endocrine Disruptor
Screening Program (EDSP) using recombinant human proteins.
Briefly, 1 nM of ERz and 4 nM of ERS, respectively, were incubated
with [3H]—E2 (3 nM for ERa. and 10 nM for ERB) and test compound
for 16—20 h at 4 °C.

The inhibitors were dissolved in DMSO (5% final concentration).
Evaluation of non-specific [*H]-E2 binding was performed with
unlabeled E2 at concentrations 100-fold of [3H]-E2 (300 nM for ERx
and 1000 nM for ERB). After incubation, ligand-receptor complexes
were selectively bound to hydroxyapatite (83.5 g/l in TE-buffer).
The bound complex was washed three times and resuspended in
ethanol. For radiodetection, scintillator cocktail (Quickszint 212,
Zinsser Analytic, Frankfurt) was added and samples were measured
in a liquid scintillation counter (1450 LSC & Luminescence Counter,
Perkin Elmer).

From these results the percentage of [*HJ-E2 displacement by
the compounds and unlabeled E2 was calculated. The plot of %
displacement versus unlabeled E2 concentration resulted in
sigmoidal binding curves. The E2 concentrations to displace 50% of
the receptor bound [H]-E2 were determined in each experiment
and E2 IC50 values were used as reference. The E2 ICsg values
accepted were 3 + 20% nM for ERz and 10 + 20% nM for ERS.

Compounds were tested at concentrations of 1000 - ICsq (E2).
Compounds with less than 50% displacement of [*H]-E2 at a con-
centration of 1000 - ICsq (E2) were classified as RBA <0.1%.

6.2.5. MTT cell viability assay

Evidence of cell viability by the MTT assay is based on the
reduction of the yellow, water-soluble dye 3-(4,5-dimethyl-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) to a blue-violet, water
insoluble formazane. HEK293 cells (2 x 105 cells per well) were
seeded in 24-well flat-bottom plates. Culturing of cells, incubations
and absorbance measurements were performed as described pre-
viously [38] with minor modifications. 3 h after seeding the cells in
Dulbecco's minimal essential medium with 5% fetal calf serum and
penicillin G (100 units/ml)/streptomycin (100 pg/ml), the incuba-
tion was started by the addition of compound 20 at 10, 5, 2.5, 1.25
and 0.625 uM in a total volume of 1 ml with a final DMSO con-
centration of 1%. After 66 h, 50 pul of a 5 mg/ml MTT in phosphate-
buffered saline, pH 7.4 (PBS) was added to the medium, and incu-
bated in a CO; incubator at 37 °C. After 30 min, medium was
removed and 250 pul of DMSO containing 10% SDS and 0.5% acetic
acid were added to dissolve the cells and MTT crystals. Absorbance
of formazane was measured at 570 nm in an Omega plate reader
spectrometer. The decrease in fluorescence at 570 nm after incu-
bation in the presence of compound 20 compared with the fluo-
rescence measured in the presence of the vehicle control alone (1%
DMSO) was determined, followed by the calculation of the ICy
value using GraphpadPrism 3. Arbitrarily, below ICyq cell viability is
not considered to be affected.

6.2.6. Mutagenicity testing

Mutagenic potential of compound 20 was evaluated at 100, 33,
11, 3.7, 1.2 and 0.4 puM using Xenometrix AMES II mutagenicity
assay kit with TA98 and TA7001-TA7006 strains of Salmonella

typhimurium in the presence or absence of rat liver S9 fraction ac-
cording to the manufacturer's instructions.

6.2.7. Hepatic CYP450 inhibition and PXR assays

The inhibition of hepatic CYP enzymes CYP1A2, CYP2B6,
CYP2C9, CYP2C19, CYP2D6 and CYP3A4 by 1 uM of compound 20
was determined in microsomes of baculovirus-infected insect cells
expressing the recombinant human enzyme according to the
manufacturer's instruction (BD Gentest/Corning). Agonist activity
of compound 20 on the pregnane X receptor (PXR) was performed
at CEREP (now Eurofins) in a cofactor recruitment cell-free assay.

6.2.8. Rat pharmacokinetics

All animal procedures were performed in accordance with the
Guide for the Care and Use of Laboratory Animals. Experiments
were conducted on female Sprague-Dawley rats (body weight
255—-274 g) purchased from Charles River Laboratory (Sulzfeld,
Germany). After an acclimatization period of 1 week, compound 20
was subcutaneously administered at a dose of 150 pmol/kg (66 mg/
kg) body weight (n = 3) per animal. Suspensions of compound 20 in
0.5% porcine gelatine/5% mannitol (w/w) in demineralized water
were prepared every day following 10 min in an ultrasonic bath,
30 min before administration. Before application of suspension
(4 mL/kg body weight) at 0 h, 24 h, 48 h and 72 h, rats were
anesthetized with 2% isoflurane. At 24 h, 48 h, 72 h, 96 h and 168 h,
blood samples of 50 ul were taken from the tail vein (always before
renewed subcutaneous administration of compound 20) and
collected in 0.2 ml Eppendorf tubes containing 5 pl of 106 mM
sodium citrate buffer. After centrifugation at 5000 rpm at 4 °C, the
plasma samples were first frozen at —20 °C and within 24 h, stored
at —80 °C. For bioanalysis, plasma samples were thawed and 10 pL
of plasma were added to 50 pL acetonitrile containing diphenhy-
dramine (750 nM) as internal standard. Samples and calibration
standards (in rat plasma) were centrifuged at 15,000 rpm for
5 min at 4 °C. The solutions were transferred to fresh vials for HPLC-
MS/MS analysis (Accucore RP-MS, TSQ Quantum triple quadrupole
mass spectrometer, APCI interface). After injection of 10 pL (per-
formed in duplicate), data were analyzed based on the ratio of the
peak areas of compound 20 and internal standard. Detection limit
of compound 20 in plasma was 10 nM.
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Mouse bone fracture model
Compound15

ABSTRACT: Current therapies of steroid hormone-dependent diseases
predominantly alter steroid hormone concentrations (or their actions) in o D
plasma, in target and nontarget tissues alike, rather than in target organs only. , | =~ o
Targeted therapy through the inhibition of steroidogenic enzymes may posean o+ /'~
attractive alternative with much less side effects. Here, we describe the design
of a nanomolar potent 17/-hydroxysteroid dehydrogenase type 2 (174-HSD2)
inhibitor (compound 15) and successful targeted intracrine therapy in a mouse
bone fracture model. Blockade of 174-HSD2 in bone is thought to increase
intracellular estradiol (E2) and testosterone (T), which thereby inhibits bone
resorption by osteoclasts and stimulates bone formation by osteoblasts,
respectively. Administration of compound 15 in the mouse fracture model
strongly increases the mechanical stability of the healing fractured bone
because of a larger periosteal callus with newly formed bone without changing
the plasma E2 and T concentrations. Steroidogenic 174-HSD2 inhibition thus
enables targeted intracrine therapy.

Vehicle

Callus
(28 days)

IC5shuman 176-HSD2= 2.0nM
1C s, mouse 176-HSD2=24.5 M

Bonearea
(28 days)
P=0.025

Bone bending stiffness
(28 days)

B P=0.005

ul

Vehice  Compound 15 Vehicle

Bending stiftness
% of intact femur)

Compound 15

H INTRODUCTION

Current therapies of steroid hormone-dependent diseases, like
osteoporosis and endometriosis, involve primarily treatment
with drugs that alter the steroid hormone concentrations (or
their actions) in plasma, in target and nontarget tissues alike,
rather than in the target organs only. As a consequence, these
treatments most often are accompanied with highly undesir-
able side effects." Local intracrine inhibition of steroidogenic
enzymes, affecting the intracellular concentrations in the target
organs only, represents an attractive, alternative therapeutic

to treat patients with benign prostatic hyperplasia,” 11-HSD1
inhibitors,” and 174-HSD1 inhibitors in an endometrial
hyperplasia animal model.” In the present study, we have
developed novel nanomolar potent 174-HSD2 inhibitors and
successfully performed a proof-of-principle study in a mouse
bone fracture healing model. Approximately 10% of the
patients with bone fractures suffer from serious nonunion or
delayed/impaired bone fracture healing’ Inadequate bone
healing is not only difficult to treat, with the therapeutic
options being very limited,” " but the demand for novel drugs

paradigm with much less side effects and disturbances of the
hypothalamus—pituitary organ axes. Unfortunately, successful
proof-of-principle studies with steroidogenic enzyme inhibitors,
which do not change systemic hormone concentrations, have
been rather infrequent. These include Sa-reductase inhibitors

<7 ACS Publications  © 2019 American Chemical Society
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with fewer side effects is also increasing rapidly because of the
relatively high prevalence of bone fractures, the anticipated
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worldwide increase in postmenopausal osteoporosis-related
bone fractures, and the growing elderly population. 173-HSD2
in bone tissue converts the biologically active steroid
hormones, estradiol (E2) and T, into the much less active
estrone and androstenedione. The blockade of 174-HSD2 in
bone thus increases intracellular E2 and T, and, through
estrogen and androgen receptor stimulation, inhibits bone
resorption by osteoclasts and stimulates bone formation by
osteoblasts,” "' respectively. The expression and activity of
17p-HSD2 in human bone tissue are superior over that of 17/-
HSD1, 174-HSD3, and 17ﬂ-HSD4,]2_14 the enzymes that
catalyze the synthesis and degradation of E2 and T. A previous
study in ovariectomized cynomolgus monkeys showed that a
17-HSD2 inhibitor increases the so-called ultimate bone
strength, that is, the maximum stress that an intact bone
specimen can sustain.'” Here, we developed a nanomolar
potent, metabolically sufficiently stable, nontoxic 174-HSD2
inhibitor and tested this compound for activity in an
established mouse bone fracture healing model'® during a
proof-of-principle study of 28 days. Mouse bone cells express
active 17-HSD2 as demonstrated by 174-HSD2 immunobhis-
tochemistry, using a validated antimouse 17/-HSD2 antibody
(Figure S1, Supp_orting Information), and shown by enzymatic
determination, * together with androgen and estrogen
receptors (ERs)."””"*

B RESULTS AND DISCUSSION

As bicyclic substituted hydroxyphenylmethanones (BSHs)
bearing a sulfonamide moiety were originally designed as
inhibitors of human 17f-HSD1, most members show
selectivity toward 174-HSD1 over 174-HSD2.'® In addition,
BSHs display low metabolic stability, precluding their use in an
in vivo proof-of-principle study. Thus, a rational two-stage drug
design strategy focusing on rings A and D (Charts 1 and 2, see

Chart 1. Lead Compound A and Designed Compounds 1-8

1(X=2-CH;) 5(X=2,6-F)

Lead compound A 2 (X=2-F) 6 (X=2-F, 6-C)
IX=2-Cl) 7 (X=2-Cl, 6-F)
4 (X=4-Cl) 8 (X=2,4,5-F)

Chart 2. Lead Compound 8 and Designed Compounds 9—
16

Compound 8

9(Y=4F)  13(Y=3-CHy)

10 (Y=4-Cl) 14 (Y=2-CFj)

11 (Y=4-CHy) 15 (Y=2-OCFy)
12(Y=3-Cl) 16 (Y=2-OCF; 4-Br)

also Supporting Information for details) was applied that, on
the one hand, aimed at improving the metabolic stability and,
on the other, at enhancing the potency and selectivity for
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human and murine 17-HSD2 (h + m17f-HSD2), resulting in
a small library of 16 compounds. As a starting point, the
nonsubstituted scaffold structure (compound A) was chosen.

Previous investigations revealed that the low metabolic
stability of the BSHs was primarily due to phase II
biotransformation of the phenolic OH group, which is essential
for activity.'” Therefore, stage 1 of the design strategy, aiming
at the improvement of metabolic stability, consisted in the
introduction of small substituents on the hydroxyphenyl
moiety (ring A) of compound A. These groups could protect
the OH functionality from biotransformation by the electron
withdrawal effect and/or steric hindrance (Chart 1, com-
pounds 1-8).

Compound 8 showed an enhanced metabolic stability and
was chosen as a starting point for the optimization of the
substitution pattern of the D-ring (stage 2 of the design
strategy). Only such groups were selected to be introduced
that were likely to maintain potency toward both human and
mouse 174-HSD2.'"® We aimed for a slight (three- to —
fourfold) selectivity over the h173-HSD1 enzyme (Chart 2, 9—
16). On the one hand, a highly selective 174-HSD2 inhibitor
would induce an undesirable increase in intracellular E2 in
tissues that express similar levels of 178-HSD2 and 174-HSD1
and prone to E2-dependent proliferation (i.e., breast"”*' and
endometrium®?), whereas on the other hand, a nonselective
17-HSD2/1 inhibitor would likely affect the role of 17/-
HSD1 in regulating the endometrium cyclicity in women of
childbearing age.”

The starting point for the syntheses of compounds 1-16
was a Friedel—Crafts reaction of 2-bromothiophene with the
appropriate benzoyl chloride, which in case of the chlorinated
3b and 4b had to be prepared from the corresponding benzoic
acids. The obtained intermediates 1b—8b were subjected to
Suzuki cross-coupling reactions with 3-aminophenylboronic
acid to afford anilines 1a—8a. The latter were reacted with the
sulfonamides using the appropriately substituted sulfonic acid
chloride, giving direct access to compound 1. Ether cleavage
using BBr; in dichloromethane yielded the final compounds
2—16 (Scheme 1).

The introduction of an electron-donating methyl group on
ring A (Table 1, 1) led to a twofold decrease in inhibitory
potency toward h17-HSD2 compared to lead A. In contrast,
the presence of an electron-withdrawing fluorine or chlorine
atom in the same position strongly increased the activity; see 1
versus 2 and 3.

The beneficial effect of electron-withdrawing substituents on
the inhibitory activity was also apparent for 4—8, in agreement
with the observations made recently for the BSHs lacking the
sulfonamide moiety.”> Metabolic stability was determined for
3, 7, and 8 as these compounds displayed selectivity over 17/-
HSD1 and nanomolar potency toward ml74-HSD2. The
trifluoro substitution pattern of 8 resulted in an improved
metabolic stability and was therefore maintained in the
subsequent optimization of ring D. All eight compounds of
this second series (9—16) showed a strong inhibition of human
and mouse 173-HSD2 as well as a low activity toward m17f-
HSD1. Compounds 14 and 15 were especially interesting as
they displayed moderate h174-HSD2 selectivity, which was
aimed at, as well as improved metabolic stability.

Because of their favorable potency, selectivity, and metabolic
stability properties, 14 and 15 were selected for testing for
potential cytotoxicity. Both 14 and 15 were not toxic in the
MTT assay with HEK293 cells (i.e., <20% reduction in cell
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Scheme 1. Synthetic Route to 1-16
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viability over 66 h) up to concentrations that were
approximately 11 000-fold over the respective h174-HSD2
IC; value.

We also checked whether 14 and 15 do not bind to ERs at
relevant concentrations to avoid E2 being blocked from
activating ER receptors in bone. Compound 15 displayed
negligible ERa and ERf binding, whereas 14 showed a higher
ER binding (i.e, 28 and 21% inhibition of E2 binding in the
presence of a 1000-fold excess of 15 over E2 vs 64 and 49%
inhibition in the presence of 1000-fold excess of 14,
respectively). Compound 15 was able to inhibit endogenously
expressed 17-HSD2 in the cellular assay (human MDA-MB
231 cells) with an IC; of 2.4 nM, which is very similar to the
ICs of 2.0 nM in the 17-HSD2 cell-free assay (Table 1). This
indicates that compound 15 readily enters cells at pharmaco-
logically relevant concentrations.

We thus selected 15 for further profiling and investigated in
vitro whether 15 does not induce the expression of hepatic
CYP450 enzymes, which otherwise may reduce the plasma
concentrations of 15 during repetitive dosing in the bone
fracture healing study. At 3.16 uM, 15 did neither activate the
aryl hydrocarbon receptor, constitutive androstane receptor,
nor the pregnane X receptor (<5% activation). These nuclear
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receptors are the transcription factors of the CYP1, CYP2, and
CYP3 families of CYP450 hepatic enzymes, respectively. We
next investigated whether or not the pharmacokinetic profile of
15 would allow proof-of-principle testing in a well-established,
reproducible bone fracture model in mice.'”**** For this, 15
was administered subcutaneously in C57BL/6 mice (50 mg/kg
body weight) as a suspension in 0.5% gelatine/5% mannitol in
water. Compound 15 showed a stable plasma concentration
over 24 h after a single-dose administration: 264 nM at 2 h,
175 nM at 18 h, and 191 nM at 24 h, all ~10-fold higher than
the m174-HSD2 ICg, of 25 nM and thus sufficiently high to
block m174-HSD2 by >90% in vitro during 24 h. This
corresponds to the fairly high metabolic stability measured in
mouse liver S9 fraction (t,/, of 46 min).

Next, to analyze bone fracture repair, C57BL/6 male mice
received 15 subcutaneously once daily (50 mg/kg) or vehicle
(0.5% gelatine/5% mannitol in water) for 14 or 28 days,
starting immediately following fracturing of the femur under
anesthesia. Bending stiffness of fractured bones, relative to the
contralateral unfractured bones in the same animal, is the
upmost important functional recovery parameter at the site of
the fracture in bone fracture healing.'***** After 14 and 28
days, the bending stiffness of the fractured femurs of the
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Table 1. Inhibition of 174-HSD2 and 176-HSD1 by A and 1-16

ICy, (nM)*
Cmpd X Y h176-HSD2  h17B-HSDI1

A 111 21

1 2-CH, -H 231 306
2 2F -H 6.9 72
3 2-Cl -H 0.9 203
4 4-Cl -H 138 82
5 2,6-di-F -H 5.6 1.4
6 2-F,6-Cl -H 8.5 17
7 2-CL6-F —-H 6.7 156
9 2,4,5-tri-F 4-F 12 12
10 2,4,5-tri-F 4l 0.4 07
11 2,4,5-tri-F 4-CH, 02 0.1
12 2,4,5-tri-F 3-cl 0.4 0.8
13 2,4,5-tri-F 3-CH, 02 0.1
14 2,4,5-tri-F 2-CF, 1.4 48
15 2,4,5-tri-F 2-OCF, 2.0 6.0
16 2,4,5-tri-F 2-OCE;,4-Br 1.8 24

IC4 (nM)* % inh.@500 nM“ metabolic stability t,,, (min)
s£P m174-HSD2 ml7p-HSD1 human liver S9
0.2 n.i. n.i. <5
1.3 ni. ni nd.?

1 81.6 12 nd.?
225 2.7 26 <5
0.6 303.5 22 nd.?
0.3 30.5 43 nd.?
0.2 8.9 54 nd.?
23 2.7 25 <s
1 27.3 24 32
1.8 6.2 31 40
0.5 9.9 30 32
2 5.6 28 2
0.5 7.9 49 28
3.4 11.6 30 51
3 24.5 25 (1764 nM)“ 60
1.3 14.0 30 nd.d

“Mean value of at least two determinations, standard deviation less than 20%. “s.f: selectivity factor = hICyo(17-HSD1)/hIC4,(174-HSD2). “nii.:
no inhibition@1 #M. “n.d.: not determined. “mICso(174-HSD1). Final concentration of E1 and E2 in h174-HSD1 and h17-HSD2 assay: 500 and
500 nM, respectively. Final concentration of E1 and E2 in m17f-HSD1 and m17f-HSD2 assay: 10 and 10 nM, respectively.

vehicle-treated animals was 27.6 and 40.9% of the stiffness
determined in the nonfractured femurs of the same animal,
respectively. These values are similar to those reported
previously in CS7BL/6 mice.”* After 14 days, no difference
in bending stiffness could be discerned between the 15- and
vehicle-treated animals (Figure 1 and Table S1) or in the

vehicle compound 15

*k
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(% of intact fe
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14 days 28 days

28 days

14 days

Figure 1. Effect of compound 15 on the bending stiffness of the
fractured femurs of C57BL/6 male mice after 14 and 28 days of
treatment. **indicates P < 0.01 in bone bending stiffness between the
vehicle- and 15-treated animals at 28 days (Student’s t test).

periosteal area of the callus (ie., the area that represents the
newly formed tissue around the fracture) (Figure 2A and Table
S1). However, after 28 days, the bending stiffness of the
fractured bones in animals treated with 15 was almost twice as
high as the bending stiffness of the fractured bones of vehicle-
treated animals (P = 0.00S) (Figure 1 and Table S1). The
strong increase in bending stiffness was accompanied with a
61% larger periosteal area of the callus (P = 0.026) in 15-
treated animals at 28 days (Figure 2A and Table S1).
Representative photographs of the callus of healing fractured
femurs after 28 days of treatment with 15 and vehicle are
shown in Figure 2B.

The periosteal area in the callus of 15-treated animals
consisted of a larger bone area than in the vehicle-treated

1365

animals after 28 days (Figure 2C and Table S2, P = 0.025),
whereas the cartilage and fibrous tissue areas in the periosteal
callus area were not different (Table S2). Bone mineralization,
that is, the rise in the so-called high-density bone (from ~7%
at 14 days to ~18% at 28 days), and increase in bone mineral
density (from ~0.24 g/cm® at 14 days to ~0.32 g/cm® at 28
days) proceeded normally (Tables S3 and S4). The same holds
true for the trabecular number, trabecular thickness, and
trabecular separation in the callus (Table S4). Compound 15
does not affect bone mineral density, trabecular number,
trabecular thickness, and trabecular separation in the non-
fractured (intact) femurs of the animals (Table SS).
Compound 15 also does not influence the normal cortical
bone distant from the fracture: the diameter measurements of
the femurs demonstrate comparable values in the 15-treated
animals and vehicle controls (Table S6). These results indicate
that 17f-HSD2 inhibition stimulates bone formation in the
callus. As resorption of “old” bone at the fracture site precedes
new bone formation, we also investigated whether or not 15
increases the expression of osteoprotegerin (OPG), a
biomarker of the inhibition of bone resorption. OPG is an
E2-inducible, antiresorptive decoy receptor for the receptor
activator of nuclear factor kB ligand (RANKL), which in turn
promotes bone resorption.”® Indeed, treatment with 15 for 14
days increased the expression of OPG in callus by 55% (P =
0.048) compared to vehicle treatment, whereas the expression
of RANKL in callus did not differ (—1% change). These data
are consistent with our working hypothesis that 174-HSD2
inhibition leads to both E2-mediated suppression of bone
resorption and T-mediated stimulation of bone formation and
demonstrate the target engagement of the 17-HSD2 inhibitor.
These data also demonstrate that despite a lack of change in
the bending stiffness of the fractured bone after 14 days
(Figure 1), biochemical changes do occur (ie., increase in
OPG expression) within the first 14 days of treatment with 15.
The process of remodeling in the 15 group is apparently not
completed at day 28 (compared to the vehicle group), as
indicated by the still larger callus, which might be because of
both these underlying E2- and T-mediated processes.
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Figure 2. Effect of compound 15 on the periosteal callus area (A),
callus size (B), and bone area (C) of the fractured femurs of C57BL/6
male mice after 14 and 28 days of treatment. * indicates P < 0.05
regarding the difference in the periosteal callus area and bone area
between the vehicle- and 15-treated animals at 28 days (Student’s ¢
test).

Notwithstanding the incomplete remodeling at day 28, this
target engagement results in a markedly higher biomechanical
stability of the healing fracture without affecting the bone
quality. Importantly, 28 days of treatment with 15 did not
change the plasma concentrations of E2 and T (Table S7).
This is in full accordance with the working hypothesis that
174-HSD2 regulates predominantly intracellular concentra-
tions of E2 and T. In support, the weight of seminal vesicles,
which is known to be highly sensitive to the changes in plasma
testosterone,'”” was not different between 15- and vehicle-
treated animals after 14 or 28 days (Table S8). We cannot
exclude completely that 15 acts via another unknown
mechanism, independent of 174-HSD2, or inhibits an
unknown 17f-HSD2 function which is independent of E2
and T. However, this seems highly unlikely. First, our data are
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commensurate with 17#-HSD2 inhibition: the plasma
concentrations of 15 are sufficiently high (and not too high)
to block mouse 174-HSD2, and our bone E2-inducible
biomarker OPG is upregulated in the callus of 15-treated
animals. Second, 17-HSD2 expression in bone tissue is
superior over that of 174-HSD1, 17-HSD3, and 17-HSD4:
the enzymes that are structurally and functionally the most
similar to 17-HSDS2 and which catalyze the synthesis and
degradation of E2 and T. Third, 15 does not markedly bind to
E2 receptors, ruling out that 15 acts by stimulating E2
receptors. Fourth, no effects on (control) bone parameters
(bone strength and diameter, trabecular number, separation,
and thickness), no change in plasma E2 and T, no effect on
liver, testicles, seminal vesicles, or body weight (Table S9), and
no change in animal behavior during the 28 days of treatment
were observed.

Bl CONCLUSIONS

In summary, this study provides for the first time proof-of-
principle of a 17-HSD2 inhibitor: inhibition of 174-HSD2
strongly increases the mechanical stability of the fractured
bone because of a larger callus with a newly formed bone
without changing the plasma E2 and T concentrations and
disturbance of the hypothalamus—pituitary—testes axis. In
follow-up studies toward Proof of Concept in human patients,
compound 15 should be tested for in vivo safety and
pharmacokinetic properties in nonrodents, including nonhu-
man primates (monkeys), and for confirmation of its bone
fracture healing efficacy in larger animals. As low-molecular-
weight 174-HSD2 inhibitors shorten the period of immobility
during bone fracture healing, 17-HSD2 inhibitors thus
represent a highly attractive, targeted endocrine therapy to
treat fractures of fragile bones in patients with osteoporosis and
in the elderly.

M EXPERIMENTAL SECTION

Chemical Methods. Chemical names follow IUPAC nomencla-
ture. The starting materials were purchased from Aldrich, Acros,
Combi-Blocks, or Fluorochem and were used without purification.
Gravity-flow column chromatography (CC) was performed on silica
gel (70—200 pm), and the reaction progress was monitored by TLC
on Alugram SIL G/UV254 (Macherey-Nagel). Visualization was
accomplished with UV light. The 'H nuclear magnetic resonance
(NMR), '*C NMR, and '’F NMR spectra were measured on a Bruker
AMS00 spectrometer (at 500 MHz, 125, and 470 MHz, respectively)
at 300 K and on a Bruker Fourier 300 (at 300 and 75 MHz,
respectively) at 300 K. Chemical shifts are reported in & (parts per
million: ppm), by reference to the hydrogenated residues of
deuterated solvents as internal standards: 2.05 ppm (‘H NMR) and
29.8 and 206.3 ppm ("*C NMR) for acetone-dg, 2.50 ppm ("H NMR)
and 39.52 ppm ('*C NMR) for dimethyl sulfoxide (DMSO)-d,. In
case of "’F NMR, trifluoroacetic acid (TFA) was added as an internal
standard: 6 —76.5 ppm (CFjygs). The signals are described as br
(broad), s (singlet), d (doublet), t (triplet), dd (doublet of doublets),
ddd (doublet of doublet of doublets), dt (doublet of triplets), and m
(multiplet). All coupling constants (J) are given in Hertz (Hz). Mass
spectrometry was performed on a TSQ Quantum (Thermo Fisher,
Dreieich, Germany). The triple quadrupole mass spectrometer was
equipped with an electrospray interface. The purity of compounds
was determined by liquid chromatography—mass spectrometry
(LCMS) using the area percentage method on the UV trace,
recorded at a wavelength of 254 nm, and found to be >95%. The
Surveyor LC system consisted of a pump, an autosampler, and a PDA
detector. The system was operated by the standard software Xcalibur.
An RP C18 NUCLEODUR 100-5 (3 mm) column (Macherey-Nagel
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GmbH, Diiren, Germany) was used as the stationary phase. All
solvents were high-pressure liquid chromatography (HPLC) grade. In
a gradient run, using acetonitrile and water, the percentage of
acetonitrile (containing 0.1% trifluoroacetic acid) was increased from
an initial concentration of 0% at 0 min to 100% at 13 min and kept at
100% for 2 min. The injection volume was 15 uL and the flow rate
was set to 800 xL/min. MS analysis was carried out at a needle
voltage of 3000 V and a capillary temperature of 350 °C. Mass spectra
were acquired in positive mode, using the electron spray ionization
(ESI) method, from 100 to 1000 m/z, and the UV spectra were
recorded at the wavelength of 254 nm and in some cases at 360 nm.
High-resolution mass spectrometry (HRMS) measurements were
recorded on a SpectraSystems-MSQ LCMS system (Thermo Fisher,
Dreieich, Germany).

Method A: General Procedure for Friedel—Crafts Acylation. An
ice-cooled mixture of arylcarbonyl chloride (1 equiv), monosub-
stituted thiophene derivative (1.5 equiv), and aluminum trichloride (1
equiv) in anhydrous dichloromethane (10 mL/mmol of arylcarbonyl
chloride) was warmed to room temperature and stirred for 2—4 h. A
10 mL of HCI (1 M) was used to quench the reaction. The aqueous
layer was extracted with dichloromethane (3 X SO mL). The
combined organic layers were washed with brine, dried over
magnesium sulfate, filtered, and concentrated to dryness. The product
was used directly in the subsequent reaction without further
purification.

Method B: General Procedure for Suzuki—Miyaura Coupling. A
mixture of arylbromide (1 equiv), boronic acid derivative (1.2 equiv),
cesium carbonate (4 equiv) and tetrakis(triphenylphosphine)
palladium (0.05 equiv) was suspended in an oxygen-free dimethyl
ether/water (1:1, v/v, 15 mL/mmol of arylbromide) solution and
refluxed under a nitrogen atmosphere. The reaction mixture was
cooled to room temperature. The aqueous layer was extracted with
ethyl acetate (3 X 50 mL). The organic layer was washed once with
brine and once with water, dried over MgSO,, filtered, and the
solution was concentrated under reduced pressure. The product was
purified by CC.

Method C: General Procedure for Sulfonamide Coupling. The
amino phenyl derivative (1 equiv) was dissolved in absolute pyridine
(10 mL/mmol of reactant), and sulfonyl chloride (1.2 equiv) was
added. The reaction mixture was stirred overnight at room
temperature. The reaction was quenched by adding 10 mL of 2 M
HCI and extracted with ethyl acetate (3 X S0 mL). The organic layers
were washed with saturated NaHCO; and brine, dried over
magnesium sulfate, filtered, and concentrated to dryness. The product
was used directly in the subsequent reaction without further
purification.

Method D: General Procedure for Ether Cleavage. To a solution
of respective methoxyaryl compound (1 equiv) in dry dichloro-
methane (20 mL/mmol of reactant), boron tribromide, 1 M solution
in dichloromethane (3 equiv), was added dropwise at 0 °C and stirred
overnight at room temperature. After the completion of the reaction,
the mixture was diluted with water. The aqueous layer was extracted
with dichloromethane (3 X S0 mL). The combined organic layers
were washed with brine, dried over magnesium sulfate, and
evaporated to dryness under reduced pressure. The product was
purified by CC.

Acetic Acid 3-(5-Bromo-thiophene-2-carbonyl)-2-methyl-phenyl
Ester (1b). The title compound was prepared by the reaction of 2-
bromothiophene (1150 mg, 7.05 mmol), 3-acetyloxy-2-methylbenzoyl
chloride (1000 mg, 4.70 mmol), and aluminum chloride (627 mg,
4.70 mmol) according to method A. The crude product was used
directly in the subsequent reaction without further purification [750
mg; MS (ESI) m/z: 338.9 (M + H)", C,,H,,BrO,S" calcd 338.90].

[5-(3-Aminophenyl)thiophen-2-yl](3-hydroxy-2-methylphenyl)-
methanone (1a). The title compound was prepared by the reaction
of acetic acid 3-(S-bromo-thiophene-2-carbonyl)-2-methyl-phenyl
ester (1b) (750 mg, 2.21 mmol), 3-aminophenylboronic acid (365
mg, 2.65 mmol), cesium carbonate (2875 mg, 8.84 mmol), and
tetrakis(triphenylphosphine) palladium (128 mg, 111 gmol) accord-
ing to method B. The product was purified by CC (petroleum ether/
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ethyl acetate 1:1); yield: 33% (230 mg). 'H NMR (500 MHz,
acetone-dg): & 8.72 (s, 1H), 7.70 (ddd, J = 11.8, 5.2, 3.2 Hz, 1H),
7.65—7.60 (m, 2H), 7.42 (t, ] = 3.9 Hz, 1H), 7.39 (t, ] = 3.5 Hz, 1H),
7.19-7.11 (m, 1H), 6.96—6.93 (m, 1H), 6.78—6.68 (m, 1H), 4.89 (s,
2H), 2.17 (s, 3H). MS (ESI) m/z: 310.1 (M + H)*, C;4H,;(,NO,S"
caled 310.0.
N-{3-[5-(3-Hydroxy-2-methylbenzoyl)thiophen-2-yl]phenyl}-
benzenesulfonamide (1). The title compound was prepared by the
reaction of [S5-(3-aminophenyl)thiophen-2-yl](3-hydroxy-2-
methylphenyl)methanone (1a) (230 mg, 0.74 mmol) and benzene-
sulfonyl chloride (156 mg, 0.88 mmol) according to method C. The
product was purified by CC (dichloromethane/methanol 99:1); yield:
25% (85 mg). "H NMR (500 MHz, acetone-d,): 8 9.24 (s, 1H), 8.67
(s, 1H), 7.93=7.79 (m, 2H), 7.61 (m, 2H), 7.57—7.52 (m, 2H),
7.51=7.47 (m, 1H), 7.45 (d, J = 4.0 Hz, 1H), 7.41 (d, J = 4.0 Hz,
1H), 7.36 (t, ] = 7.9 Hz, 1H), 728 (ddt, ] = 8.1, 2.0, 0.9 Hz, 1H),
7.19-7.13 (m, 1H), 7.06—7.02 (m, 1H), 6.96 (dd, J = 7.5, 1.1 Hz,
1H), 2.18 (s, 3H). 3C NMR (125 MHz, acetone-d,): 8 190.3, 156.7,
152.9, 144.7, 141.1, 139.7, 137.3, 135.0, 133.9, 133.9, 131.1, 130.0,
1280, 127.0, 125.7, 123.0, 121.9, 119.8, 118.7, 117.4, 117.3, 12.9. MS
(ESI) tg 8.31 min, m/z: 450.0 (M + H)*, C,,H,,NO,S," calcd 450.0;
HRMS m/z: 45008099 ([M + H]*, C,,H,,NO,S," calcd 450.08280).
N-{3-[5-(2-Fluoro-3-hydroxy-benzoyl)-thiophen-2-yl]-phenyl}-
benzenesulfonamide (2). The title compound was prepared by the
reaction of [5-(3-aminophenyl)thiophen-2-yl](2-fluoro-3-
methoxyphenyl)methanone (2a) (400 mg, 1.22 mmol) and
benzenesulfonyl chloride (259 mg, 1.46 mmol) according to method
C. The crude product was reacted with boron tribromide (3 equiv)
according to method D. The product was purified by CC
(dichloromethane/methanol 99:1); yield over two steps: 14% (80
mg). '"H NMR (500 MHz, acetone-dg): § 9.27 (s, 1H), 9.13 (s, 1H),
7.93-7.82 (m, 2H), 7.60 (dd, J = 10.5, 4.2 Hz, 2H), 7.55 (dt, ] = 147,
4.4 Hz, 3H), 7.49 (t, ] = 6.2 Hz, 2H), 7.37 (t, ] = 7.9 Hz, 1H), 7.32—
727 (m, 1H), 7.23 (td, J = 8.1, 1.7 Hz, 1H), 7.18 (t, ] = 7.8 Hz, 1H),
7.09-7.03 (m, 1H). *C NMR (125 MHz, acetone-dg): & 184.9,
153.4, 149.3 (d, J = 245.9 Hz), 146.3 (d, ] = 12.9 Hz), 143.7, 140.6,
139.8, 137.6, 134.9, 133.9, 131.1, 130.0, 128.7 (d, ] = 13.0 Hz), 128.0,
1259, 1254 (d, J = 42 Hz), 123.0, 122.0, 1213 (d, J = 2.9 Hz),
1206, 118.7. MS (ESI) t, 831 min, m/z: 4540 (M + H)’,
C,3H,ENO,S," caled 454.0; HRMS m/z: 454.05588 (M + H)*,
Cy3H-ENO,S," caled 454.05775.
(5-Bromothiophen-2-yl)(2-chloro-3-methoxyphenyl)methanone
(3b). 2-Chloro-3-methoxy-benzoic acid (400 mg, 2.14 mmol, 1 equiv)
was dissolved in thionyl chloride (4320 mg, 36.4 mmol, 17 equiv) and
stirred under reflux for 1 h. The solution was concentrated in vacuum,
and the crude product was reacted with 2-bromothiophene (523 mg,
3.21 mmol) and aluminum chloride (285 mg, 2.14 mmol) according
to method A. In slight variation, the mixture was stirred at room
temperature overnight. The crude product was used directly in the
subsequent reaction without further purification [S00 mg; MS (ESI)
m/z: 33096 (M + H)*, C,H,BrClO,S" caled 330.9].
N-{3-[5-(2-Chloro-3-hydroxy-benzoyl)-thiophen-2-yl]-phenyl}-
benzenesulfonamide (3). The title compound was prepared by the
reaction of [5-(3-aminophenyl)thiophen-2-yl](2-chloro-3-
methoxyphenyl)methanone (3a) (450 mg, 1.30 mmol) and
benzenesulfonyl chloride (277 mg, 1.57 mmol) according to method
C. The crude product was reacted with boron tribromide (3 equiv)
according to method D. The product was purified by CC
(dichloromethane/methanol 99:1); yield over two steps: 19% (100
mg). '"H NMR (500 MHz, acetone-dg): 6 9.26 (s, 1H), 9.22 (s, 1H),
7.87 (ddd, ] = 7.0, 3.2, 1.8 Hz, 2H), 7.64—7.58 (m, 2H), 7.57—7.52
(m, 2H), 7.50 (ddd, J = 7.7, 1.7, 1.0 Hz, 1H), 7.47 (d, J = 4.0 Hz,
1H), 7.42 (d, ] = 40 Hz, 1H), 7.37 (t, ] = 7.9 Hz, 1H), 7.33 (dd, ] =
8.1, 7.5 Hz, 1H), 7.29 (ddd, ] = 8.1, 2.1, 0.9 Hz, 1H), 7.20 (dd, J =
82, 1.5 Hz, 1H), 7.03 (dd, ] = 7.5, 1.5 Hz, 1H). 3C NMR (125 MHz,
acetone-dg): 5 187.0, 154.4, 153.6, 143.3, 140.6, 140.5, 139.8, 137.8,
134.9, 133.9, 131.1, 130.0, 128.7, 128.0, 125.9, 123.0, 122.0, 1204,
1189, 118.7, 117.9. MS (ESI) t; 8.30 min, m/z: 4700 (M + H)*,
C,3H,,CINO,S," calcd 470.0; HRMS m/z: 470.02643 ([M + HJ,
Cy3H,,CINO,S,* caled 470.02820).
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N-{3-[5-(4-Chloro-3-hydroxybenzoyl)thiophen-2-yllphenyl}-
benzenesulfonamide (4). The title compound was prepared by the
reaction of [S-(3-aminophenyl)thiophen-2-yl](4-chloro-3-
methoxyphenyl)methanone (4a) (450 mg, 1.30 mmol) and
benzenesulfonyl chloride (277 mg, 1.57 mmol) according to method
C. The crude product was reacted with boron tribromide (3 equiv)
according to method D. The product was purified by CC
(dichloromethane/methanol 99:1); yield over two steps: 23% (120
mg). 'H NMR (500 MHz, acetone-ds): & 9.36 (s, 1H), 9.28 (s, 1H),
7.90-7.85 (m, 2H), 7.72 (d, J = 4.0 Hz, 1H), 7.64—7.59 (m, 2H),
7.57—7.53 (m, 3H), 7.52=7.49 (m, 3H), 7.41-7.35 (m, 2H), 7.28
(ddd, J = 8.1, 2.1, 1.0 Hz, 1H). *C NMR (125 MHz, acetone-d;): &
186.6, 154.0, 152.6, 143.1, 140.6, 139.7, 138.5, 137.0, 134.9, 133.9,
131.1, 131.0, 130.0, 128.0, 125.7, 125.6, 123.0, 122.0, 121.9, 1187,
117.6. MS (ESI) tg 8.74 min, m/z: 470.0 (M + H)*, C,3H,,CINO,S,*
caled 470.0; HRMS m/z: 470.02631 ([M + HJ*, C,3H,,CINO,S,*
caled 470.02820).

N-{3-[5-(2,6-Difluoro-3-hydroxybenzoyl)thiophen-2-yl]phenyl}-
benzenesulfonamide (5). The title compound was prepared by the
reaction of [$-(3-aminophenyl)thiophene-2-yl](3-methoxy-2,6-
difluorophenyl)methanone (Sa) (390 mg, 0.83 mmol) and
benzenesulfonyl chloride (177 mg, 0.99 mmol) according to method
C. The crude product was reacted with boron tribromide (3 equiv)
according to method D. The product was purified by CC
(dichloromethane/methanol 99:1) followed by washing with
petroleum ether/diethyl ether 2:1; yield over two steps: 28% (150
mg). '"H NMR (500 MHz, acetone-dy): & 9.26 (s, 1H), 9.06 (s, 1H),
7.91-7.84 (m, 2H), 7.65-7.58 (m, 3H), 7.58—7.50 (m, 4H), 7.41—
736 (m, 1H), 7.30 (ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.25—7.18 (m,
1H), 7.07—7.00 (m, 1H). *C NMR (125 MHz, acetone-d;): 5 180.6,
154.5, 152.5 (dd, J = 240.5, 5.8 Hz), 148.4 (dd, ] = 245.8, 7.7 Hz),
143.4, 142.6 (dd, ] = 12.9, 3.1 Hz), 140.6, 139.8, 138.2, 134.7, 133.9,
1312, 130.0, 128.0, 1262, 123.1, 122.2, 120.3 (dd, J = 9.1, 3.8 Hz),
118.8,118.0 (dd, J = 23.9, 19.7 Hz), 112.4 (dd, ] = 22.8, 3.9 Hz). MS
(ESI) tg 8.37 min, m/z: 4720 (M + H)*, C,;H(F,NO,S," calcd
472.0; HRMS m/z: 472.04626 ([M + H]*, C,3H,F,NO,S," calcd
472.04833).

N-{3-[5-(6-Chloro-2-fluoro-3-hydroxybenzoyl)thiophen-2-yl]-
phenyl}benzenesulfonamide (6). The title compound was prepared
by the reaction of [S-(3-aminophenyl)thiophen-2-yl](6-chloro-2-
fluoro-3-methoxyphenyl)methanone (6a) (380 mg, 1.05 mmol) and
benzenesulfonyl chloride (223 mg, 1.26 mmol) according to method
C. The crude product was reacted with boron tribromide (3 equiv)
according to method D. The product was purified by CC
(dichloromethane/methanol 99:1) followed by washing with
petroleum ether/diethyl ether 2:1; yield over two steps: 22% (115
mg). '"H NMR (500 MHz, acetone-dy): § 9.38 (s, 1H), 9.27 (s, 1H),
7.91-7.82 (m, 2H), 7.64—7.59 (m, 2H), 7.57—7.50 (m, SH), 7.38
(dd, J = 12.0, 42 Hz, 1H), 7.30 (ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.25
(dd, J = 8.8, 1.4 Hz, 1H), 7.19 (t, ] = 8.9 Hz, 1H). 3C NMR (125
MHz, acetone-dg): & 182.5, 154.5, 149.0 (d, ] = 244.9 Hz), 1452 (d, ]
= 12.9 Hz), 1429, 140.6, 139.8, 138.1, 134.7, 133.9, 1312, 130.0,
1284 (d, J = 19.6 Hz), 128.0, 126.6 (d, ] = 3.7 Hz), 126.3, 123.1,
122.2,120.8 (d, ] = 4.2 Hz), 1205 (d, J = 3.5 Hz), 118.8. MS (ESI) t,
8.65 min, m/z: 488.0 (M + H)*, C,3;H(CIFNO,S," calcd 488.0;
HRMS m/z: 488.01669 ([M + HJ*, C,HCIENO,S," calcd
488.01878).

N-{3-[5-(2-Chloro-6-fluoro-3-hydroxybenzoyl)thiophen-2-yl]-
phenyl}benzenesulfonamide (7). The title compound was prepared
by the reaction of [S-(3-aminophenyl)thiophen-2-yl](2-chloro-6-
fluoro-3-methoxyphenyl)methanone (7b) (450 mg, 1.24 mmol) and
benzenesulfonyl chloride (264 mg, 1.49 mmol) according to method
C. The crude product was reacted with boron tribromide (3 equiv)
according to method D. The product was purified by CC
(dichloromethane/methanol 99:1) followed by washing with
petroleum ether/diethyl ether 2:1; yield: 25% (150 mg). '"H NMR
(500 MHz, acetone-dy): 5 9.28 (s, 1H), 7.91-7.80 (m, 2H), 7.65—
7.59 (m, 2H), 7.57—7.49 (m, SH), 7.38 (t, ] = 7.9 Hz, 1H), 7.30 (d,
= 7.5 Hz, 1H), 7.23=7.15 (m, 2H). *C NMR (125 MHz, acetone-
d): 5 182.6, 1544, 153.1 (d, J = 239.4 Hz), 1510 (d, J = 13.5 Hz),
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142.9, 1406 (d, J = 7.5 Hz), 139.8 (d, J = 9.6 Hz), 137.9, 134.7,
133.9, 1312, 130.0, 128.3 (d, ] = 23.6 Hz), 128.0, 12622, 123.1 (d, ] =
1.5 Hz), 122.2 (d, J = 3.7 Hz), 1189 (d, J = 11.4 Hz), 118.8 (d, ] =
3.3 Hz), 116.1, 115.9. MS (ESI) t, 8.44 min, m/z: 488.0 (M + H)",
C,3H,4CIENO,S," calcd 488.0; HRMS m/z: 488.01669 ([M + HJ*,
Cy3H,(CIFNO,S," calcd 488.01878).

N-{3-[5-(2,4,5-Trifluoro-3-hydroxy-benzoyl)-thiophen-2-yl]-phe-
nyl}-benzenesulfonamide (8). The title compound was prepared by
the reaction of [S-(3-aminophenyl)thiophen-2-yl](2,4,5-trifluoro-3-
methoxyphenyl)methanone (8a) (300 mg, 0.82 mmol) and
benzenesulfonyl chloride (177 mg, 0.99 mmol) according to method
C. The crude product was reacted with boron tribromide (3 equiv)
according to method D. The product was purified by CC
(dichloromethane/methanol 99:1) followed by washing with
petroleum ether/diethyl ether 2:1; yield over two steps: 25% (100
mg). 'H NMR (500 MHz, acetone-dy):  10.02 (s, 1H), 9.24 (s, 1H),
7.87-7.81 (m, 2H), 7.64 (dd, J = 4.0, 1.7 Hz, 1H), 7.61-7.56 (m,
2H), 7.52 (t, ] = 7.6 Hz, 2H), 7.50—7.46 (m, 2H), 7.35 (t, ] = 7.9 Hz,
1H), 7.25 (dd, J = 8.1, 1.3 Hz, 1H), 7.09 (ddd, ] = 9.9, 82, 5.7 Hz,
1H). 13C NMR (125 MHz, acetone-d): & 182.8, 154.0, 148.0 (ddd, J
= 2442, 11.1, 3.1 Hz), 147.0 (ddd, ] = 245.1, 12.3, 3.7 Hz), 143.6
(ddd, J = 2483, 15.8, 5.8 Hz), 142.9, 140.6, 139.8, 138.3 (d, J = 1.9
Hz), 137.1 (ddd, ] = 15.8, 12.8, 2.3 Hz), 134.7, 133.9, 131.2, 130.0,
1280, 1260, 123.1, 123.2—122.8 (m), 122.1, 118.7, 1069 (dd, J =
21.1, 2.9 Hz). MS (ESI) t, 8.64 min, m/z: 490.0 (M + H),
C,3H sFsNO,S," caled 490.0; HRMS m/z: 490.03586 ([M + HJ*,
CoyH s FsNO,S," caled 490.03891).

4-Fluoro-N-{3-[5-(2,4,5-trifluoro-3-hydroxy-benzoyl)-thiophen-2-
yll-phenyl}-benzenesulfonamide (9). The title compound was
prepared by the reaction of [S-(3-aminophenyl)thiophen-2-yl]-
(2,4,5-trifluoro-3-methoxyphenyl)methanone (8a) (300 mg, 0.82
mmol) and 4-fluorobenzene-1-sulfonyl chloride (194 mg, 0.99
mmol) according to method C. The crude product was reacted
with boron tribromide (3 equiv) according to method D. The product
was purified by CC (dichloromethane/methanol 97:3) followed by
washing with petroleum ether/diethyl ether 2:1; yield over two steps:
12% (50 mg). "H NMR (500 MHz, acetone-dy): 6 10.00 (s, 1H), 9.27
(s, 1H), 7.97—7.89 (m, 2H), 7.67 (dd, ] = 4.1, 1.8 Hz, 1H), 7.63 (t, |
= 1.8 Hz, 1H), 7.53 (ddd, J = 5.4, 2.9, 1.9 Hz, 2H), 7.39 (t, ] = 7.9 Hz,
1H), 7.35—7.30 (m, 2H), 7.29 (ddd, J = 8.1, 2.1, 0.9 Hz, 1H), 7.12
(ddd, ] = 9.9, 8.1, 5.6 Hz, 1H). *C NMR (125 MHz, acetone-dg): &
181.9, 165.1 (d, ] = 252.6 Hz), 153.0, 147.1 (ddd, J = 244.1, 11.0, 3.1
Hz), 146.1 (ddd, ] = 244.1, 4.1, 2.9 Hz), 1427 (ddd, ] = 248.5, 15.8,
5.8 Hz), 142.1, 138.7, 137.4 (d, J = 2.1 Hz), 136.1 (ddd, ] = 182,
12.8, 3.0 Hz), 135.9 (d, ] = 3.1 Hz), 133.9, 1303, 130.1 (d, ] = 9.6
Hz), 125.2, 122.4, 122.1 (ddd, ] = 15.4, 6.5, 3.8 Hz), 121.4, 118.1,
1162 (d, J = 22.9 Hz), 106.0 (dd, J = 21.1, 3.0 Hz). MS (ESI) t; 8.78
min, m/z: 508.0 (M + H)*, C,3H,F,NO,S," calcd 508.0; HRMS m/
2: 508.02756 ([M + H]*, C,3H,,F,NO,S," caled 508.02949).

4-Chloro-N-{3-[5-(2,4,5-trifluoro-3-hydroxy-benzoyl)-thiophen-
2-yll-phenyl}-benzenesulfonamide (10). The title compound was
prepared by the reaction of [S-(3-aminophenyl)-thiophen-2-yl](2,4,5-
trifluoro-3-methoxyphenyl)methanone (8a) (400 mg, 1.1 mmol) and
4-chlorobenzene-1-sulfonyl chloride (279 mg, 1.32 mmol) according
to method C. The crude product was reacted with boron tribromide
(3 equiv) according to method D. The product was purified by CC
(dichloromethane/methanol 99:1); yield over two steps: 13% (75
mg). "H NMR (500 MHz, acetone-d;): & 9.40 (s, 1H), 7.89—7.84 (m,
2H), 7.66 (dd, ] = 4.1, 1.8 Hz, 1H), 7.64 (t, ] = 1.8 Hz, 1H), 7.60—
7.56 (m, 2H), 7.54—=7.50 (m, 2H), 7.39 (t, J = 7.9 Hz, 1H), 7.30
(ddd, J = 8.1, 2.1, 1.0 Hz, 1H), 7.11 (ddd, J = 9.9, 8.1, 5.6 Hz, 1H).
13C NMR (125 MHz, acetone-dg): & 182.8, 153.9, 148.0 (ddd, J =
244.1, 110, 3.2 Hz), 147.0 (ddd, ] = 244.2, 4.2, 2.9 Hz), 143.6 (ddd, |
= 248.6, 15.8, 5.8 Hz), 143.0, 139.6, 139.5, 139.4, 1382 (d, J = 2.0
Hz), 137.1 (ddd, J = 18.0, 12.7, 3.0 Hz), 134.8, 131.2, 130.2, 129.8,
126.1, 123.4, 123.0 (ddd, ] = 154, 6.5, 3.8 Hz), 122.4, 119.0, 106.9
(dd, J = 21.1, 3.0 Hz). MS (ESI) t; 9.10 min, m/z: 523.9 (M + H)*,
Cy;H,CIF;NO,S,* caled 523.9; HRMS m/z: 523.99725 ([M + H",
Cy3H,,CIF;NO,S," caled 523.99994).

DOL: 10.1021/acs.jmedchem.8b01493
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4-Methyl-N-{3-[5-(2,4,5-trifluoro-3-hydroxy-benzoyl)-thiophen-
2-yll-phenyl}-benzenesulfonamide (11). The title compound was
prepared by the reaction of [S-(3-aminophenyl)thiophen-2-y1](2,4,5-
trifluoro-3-methoxyphenyl) methanone (8a) (400 mg, 1.1 mmol) and
4-methylbenzene-1-sulfonyl chloride (252 mg, 1.32 mmol) according
to method C. The crude product was reacted with boron tribromide
(3 equiv) according to method D. The product was purified by CC
(dichloromethane/methanol 99:1) followed by washing with
petroleum ether/diethyl ether 2:1; yield over two steps: 22% (120
mg). '"H NMR (500 MHz, acetone-dg): & 10.04 (s, 1H), 9.19 (s, 1H),
7.77-7.73 (m, 2H), 7.67 (dd, ] = 4.1, 1.8 Hz, 1H), 7.63 (dd, ] = 2.9,
1.0 Hz, 1H), 7.53=7.49 (m, 2H), 7.40-7.33 (m, 3H), 7.29 (ddd, ] =
8.1, 2.1, 1.0 Hz, 1H), 7.13 (ddd, ] = 9.9, 8.1, 5.6 Hz, 1H), 2.35 (s,
3H). *C NMR (125 MHz, acetone-dy): 6 182.8, 154.1, 148.1 (ddd, J
= 2439, 11.0, 2.9 Hz), 147.0 (ddd, ] = 244.1, 4.1, 3.1 Hz), 1447,
143.6 (ddd, J = 248.5, 15.8, 5.9 Hz), 142.9, 1400, 1382 (d, ] = 1.9
Hz), 137.82, 137.0 (ddd, J = 18.3, 12.8, 3.1 Hz), 134.7, 131.1, 130.5,
128.0, 126.0, 123.0 (ddd, ] = 15.9, 6.7, 4.1 Hz), 1229, 1219, 1185,
1069 (dd, J = 21.0, 3.0 Hz), 21.3. MS (ESI) t; 8.90 min, m/z: 503.9
(M + H)*, Cp,H,;FsNO,S," caled 504.0; HRMS m/2: 504.05258 ([M
+ H]", C,4H,,F;NO,S," caled 504.05456).
3-Chloro-N-{3-[5-(2,4,5-trifluoro-3-hydroxy-benzoyl)-thiophen-
2-yll-phenyl}-benzenesulfonamide (12). The title compound was
prepared by the reaction of [S-(3-aminophenyl)thiophen-2-y1](2,4,5-
trifluoro-3-methoxyphenyl) methanone (8a) (300 mg, 0.82 mmol)
and 3-chlorobenzene-1-sulfonyl chloride (211 mg, 1.00 mmol)
according to method C. The crude product was reacted with boron
tribromide (3 equiv) according to method D. The product was
purified by CC (dichloromethane/methanol 99:1) followed by
washing with petroleum ether/diethyl ether 2:1; yield over two
steps: 42% (180 mg). 'H NMR (500 MHz, acetone-d6): 5 '"H NMR
(500 MHz, acetone-dg): 6 10.10 (s, 1H), 9.35 (s, 1H), 7.70—7.64 (m,
2H), 7.63 (m, 2H), 7.63 (m, 1H), 7.59 (t, ] = 7.9 Hz, 1H), 7.56 (dd,
=7.8,0.7 Hz, 1H), 7.53 (d, ] = 4.0 Hz, 1H), 7.42 (t, ] = 7.9 Hz, 1H),
730 (dd, J = 8.1, 1.2 Hz, 1H), 7.13 (ddd, ] = 9.8, 8.2, 5.7 Hz, 1H).
13C NMR (125 MHz, acetone-dg): & 182.8, 153.8, 148.1 (ddd, J =
2444, 11.1, 3.1 Hz), 148.1-145.9 (m), 144.9-142.5 (m), 143.0,
1424, 139.3, 1382 (d, J = 2.0 Hz), 137.4—136.7 (m), 135.5, 134.9,
1339, 1319, 1313, 127.7, 126.5, 126.1, 123.5, 123.0 (ddd, J = 15.3,
6.6, 3.8 Hz), 122.5, 119.1, 106.9 (dd, J = 21.1, 3.0 Hz). MS (ESI) t,
9.07 min, m/z: 523.8 (M + H)*, C,3H,,CIF;NO,S," calcd 523.9;
HRMS m/z: 52399823 ([M + HJ', C,H,CIF;NO,S," calcd
523.99994).
3-Methyl-N-{3-[5-(2,4,5-trifluoro-3-hydroxy-benzoyl)-thiophen-
2-yl]-phenyl}-benzenesulfonamide (13). The title compound was
prepared by the reaction of [S-(3-aminophenyl)-thiophen-2-y1](2,4,5-
trifluoro-3-methoxyphenyl)methanone (8a) (250 mg, 0.68 mmol)
and 3-methylbenzene-1-sulfonyl chloride (157 mg, 0.82 mmol)
according to method C. The crude product was reacted with boron
tribromide (3 equiv) according to method D. The product was
purified by CC (dichloromethane/methanol 99:1) followed by
washing with petroleum ether/diethyl ether 2:1; yield over two
steps: 26% (90 mg). 'H NMR (500 MHz, acetone-ds): 5 10.00 (s,
1H), 9.21 (s, 1H), 7.70 (s, 1H), 7.69—7.64 (m, 2H), 7.62 (t, ] = 1.8
Hz, 1H), 7.54—7.49 (m, 2H), 7.45—7.40 (m, 2H), 7.38 (t, ] = 7.9 Hz,
1H), 7.28 (ddd, ] = 8.1, 2.1, 09 Hz, 1H), 7.16—7.09 (m, 1H), 2.37 (s,
3H). '*C NMR (125 MHz, acetone-dg): 5 182.8, 154.1, 149.1—-146.9
(m), 1482—145.9 (m), 143.6 (ddd, J = 248.5, 15.8, 5.8 Hz), 142.9,
140.6, 1402, 139.9, 138.2 (d, J = 2.0 Hz), 137.0 (ddd, ] = 18.1, 12.8,
3.0 Hz), 134.7, 134.5, 131.1, 129.9, 128.3, 126.0, 125.1, 123.3—123.0
(m), 122.98, 122.04, 118.61, 106.9 (dd, J = 21.1, 3.0 Hz), 21.24. MS
(ESI) t, 8.89 min, m/z: 5039 (M + H)*, C,,H,,E;NO,S," calcd
504.0; HRMS m/z: 504.05252 ([M + HJ*, C,;H,;F;NO,S,"* caled
504.05456).
N-{3-[5-(2,4,5-Trifluoro-3-hydroxybenzoyl)thiophen-2-yl]-
phenyl}-2-trifluoro-methylbenzenesulfonamide (14). The title
compound was prepared by the reaction of [S-(3-aminophenyl)-
thiophen-2-yl](2,4,5-trifluoro-3-methoxyphenyl)methanone (8a)
(260 mg, 0.72 mmol) and 2-trifluoromethylbenzenesulfonyl chloride
(177 mg, 0.72 mmol) according to method C. The crude product was
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reacted with boron tribromide (3 equiv) according to method D. The
product was purified by CC (dichloromethane/methanol 99.5:0.5);
yield over two steps: 19% (75 mg); 'H NMR (500 MHz, acetone-d,):
5997 (s, 1H), 9.40 (s, 1H), 8.30—8.23 (m, 1H), 8.04—7.98 (m, 1H),
7.89-7.82 (m, 2H), 7.67 (dd, ] = 4.1, 1.8 Hz, 1H), 7.66 (t, ] = 1.8 Hz,
1H), 7.53 (ddd, J = 7.8, 1.8, 1.0 Hz, 1H), 7.51 (d, J = 4.1 Hz, 1H),
740 (t, J = 7.9 Hz, 1H), 7.31 (ddd, J = 8.1, 2.2, 1.0 Hz, 1H), 7.12
(ddd, J = 99, 8.1, 5.6 Hz, 1H); *C NMR (125 MHz, acetone-dg): &
182.8, 153.9, 148.0 (ddd, J = 243.6, 11.1, 3.4 Hz), 148.3—145.5 (m),
144.8—142.3 (m), 143.0, 139.1, 1382 (d, J = 2.1 Hz), 137.0 (ddd, ] =
10.1, 8.0, 5.8 Hz), 134.9, 134.4, 133.8, 132.7, 131.3, 129.5 (q, ] = 6.4
Hz), 128.4, 128.1, 126.1, 125.0, 123.3, 122.8, 122.0, 118.6, 106.9 (dd,
J = 21.1, 3.0 Hz). MS (ESI) ty 8.39 min, m/z: $58.0 (M + H)",
C, H,,FiNO,S," caled 558.0; HRMS m/z: $58.02411 ([M + HJ*,
CysH,,ENO,S," caled 558.02629).

N-{3-[5-(2,4,5-Trifluoro-3-hydroxybenzoyl)thiophen-2-yl]-
phenyl}-2-trifluoromethoxybenzenesulfonamide (15). The title
compound was prepared by the reaction of [S-(3-aminophenyl)-
thiophen-2-y1](2,4,5-trifluoro-3-methoxyphenyl )methanone (8a)
(260 mg, 0.72 mmol) and 2-trifluoromethoxybenzenesulfonyl
chloride (189 mg, 0.72 mmol) according to method C. The crude
product was reacted with boron tribromide (3 equiv) according to
method D. The product was purified by CC (dichloromethane/
methanol 99.5:0.5); yield over two steps: 38% (154 mg); 'H NMR
(500 MHz, acetone-dg): 5 9.98 (s, 1H), 9.52 (s, 1H), 8.13—8.09 (m,
1H), 7.78 (ddd, ] = 8.4, 7.5, 1.7 Hz, 1H), 7.66 (ddd, J = 4.3, 3.1, 1.1
Hz, 2H), 7.58—7.53 (m, 2H), 7.52—7.50 (m, 2H), 7.38 (td, ] = 7.9,
0.4 Hz, 1H), 7.31 (ddd, J = 8.1, 2.2, 1.0 Hz, 1H), 7.12 (ddd, ] = 9.9,
8.1, 5.6 Hz, 1H). “C NMR (125 MHz, acetone-dy): & 181.9, 153.0,
147.1 (ddd, J = 2442, 11.1, 2.9 Hz), 147.0 (ddd, ] = 244.3, 4.1, 2.9
Hz), 1459, 142.7 (ddd, ] = 2483, 157, 5.9 Hz), 142.1, 1382, 137.3
(d, J = 1.5 Hz), 136.1 (ddd, J = 17.5, 12.9, 2.8 Hz), 135.4, 1339,
1316, 131.3, 1303, 127.1, 125.1, 122.3, 122.1 (ddd, J = 15.6, 6.6, 4.1
Hz), 1209, 1206 (d, J = 1.3 Hz), 120.3 (q, J = 259.2 Hz), 117.5,
106.0 (dd, J = 21.1, 2.8 Hz). 'F NMR (470 MHz, acetone-d6): &
—56.4, =765 (CEyppy), —138.6, —142.0 to —142.3 (m), —152.5 to
—153.5 (m). MS (ESI) t; 1040 min, m/z: 5740 (M + H),
Co,H,FNOSS," caled 574.0; HRMS m/z: 574.01880 ([M + HJ*,
C,4H,FNOS," caled 574.02121).

4-Bromo-N-{3-[5-(2,4,5-trifluoro-3-hydroxybenzoyl)thiophen-2-
yllphenyl}-2-trifluoromethoxybenzenesulfonamide (16). The title
compound was prepared by the reaction of [S-(3-aminophenyl)-
thiophen-2-y1](2,4,5-trifluoro-3-methoxyphenyl )methanone (8a)
(260 mg, 0.72 mmol) and 4-bromo-2-trifluoromethoxybenzenesul-
fonyl chloride (243 mg, 0.72 mmol) according to method C. The
crude product was reacted with boron tribromide (3 equiv) according
to method D. The product was purified by CC (dichloromethane/
methanol 99.5:0.5); yield over two steps: 41% (190 mg); '"H NMR
(500 MHz, acetone-d,): 5 9.97 (s, 1H), 9.61 (s, 1H), 8.03 (d, ] = 8.5
Hz, 1H), 7.77 (dd, ] = 8.5, 1.8 Hz, 1H), 7.74 (d, ] = 1.6 Hz, 1H), 7.67
(dd, J = 4.1, 1.8 Hz, 1H), 7.67—7.65 (m, 1H), 7.54 (ddd, ] = 7.8, 1.8,
1.0 Hz, 1H), 7.52 (d, ] = 4.1 Hz, 1H), 7.42-7.37 (m, 1H), 7.31 (ddd,
J = 8.1, 2.2, 1.0 Hz, 1H), 7.12 (ddd, J = 9.9, 8.1, 5.6 Hz, 1H); °C
NMR (125 MHz, acetone-d): & 182.85, 153.86, 148.10 (ddd, J =
2442, 109, 3.2 Hz), 1482314593 (m), 14695 (d, J = 1.8 Hz),
143.65 (ddd, ] = 248.6, 15.8, 5.8 Hz), 143.09, 138.84, 138.25, 138.23,
137.08 (ddd, ] = 18.3, 12.9, 3.0 Hz), 134.94, 133.83, 131.82, 131.46,
131.32, 129.11, 126.14, 124.91 (d, ] = 1.9 Hz), 123.53, 123.07 (ddd, J
=15.7,6.8, 3.9 Hz), 122.07, 118.76, 106.96 (dd, ] = 21.1, 3.0 Hz). MS
(ESI) ty 9.70 min, m/z: 651.9 (M + H)*, C,,H,;BrF,NO,S," calcd
651.9; HRMS m/z: 65192902 ([M + H]*, C,4H,;BrENOS," caled
651.93172).

Biochemical Assays. Human and mouse 17/-HSD2 preparations
were obtained by isolating the microsomal fractions of human
placenta and mouse liver homogenates, respectively, according to the
described methods.'” Incubations were run with [*H]-E2 (human:
500 nM; mouse: 10 nM), cofactor NAD", and inhibitor. Human 17/-
HSD1 was prepared from the cytosolic fractions of human placenta,
whereas recombinant mouse 174-HSD1 c¢cDNA (Origene, USA) was
transiently expressed in HEK293 cells and prepared by ammonium
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sulfate precipitation essentially as described for human 174-HSD1
preparation.”” The enzyme preparations were incubated with [*H]-E1
(human: 500 nM; mouse: 10 nM), cofactor, and inhibitor.'” The
separation and measurement of the substrate and product were
accomplished by radio-HPLC. The cellular h173-HSD2 inhibitory
activity was measured using the breast cancer cell line MDA-MB-231
(17B-HSD1 activity negligible) with 200 nM [*H]-E2 as the substrate
and incubated with 15 for 6 h at 37 °C.”” After ether extraction, the
substrate and product were separated and measured as described
above. ERa/ERf binding affinity assays, and MTT cell wablllty assays
in HEK293 cells, were performed as described previously.'”** The
metabolic stabilities in human and mouse liver S9 fractions were
determined in the presence of the cofactors NADPH, UDPGA, and
PAPS, as described earlier.”” Aryl hydrocarbon receptor agonist assays
were performed as described earlier.”® Agonist activity on the
pregnane X receptor and constitutive androstane receptors were
performed at CEREP (now Eurofins) in a cofactor recruitment cell-
free assay.

Immunohistochemistry. The expression of 17-HSD2 in mouse
bone was investigated in 6 ym longitudinal cryosections of CS7BL/6
mouse femur fixed in 4% paraformaldehyde. Immunohistochemistry
was performed with the rabbit polyclonal antimouse 174-HSD2
antibody M-165 (sc-135042; Santa Cruz Biotechnology, Heidelberg,
Germany; 1:50 dilution) as the primary antibody and an Alexa 555-
conjugated goat antirabbit IgG (Thermo Fisher, Kandel, Germany;
1:200 dilution) as the secondary antibody. Negative control
represents incubation with secondary antibody only. The cell nuclei
were stained with 4',6-diamidino-2-phenylindole.

Western Blot Analysis of Biomarkers in Callus Protein. The
expression of OPG and RANKL in callus was analyzed in five animals
per group after 28 days of treatment following sodium dodecyl sulfate
polyacrylamide gel electrophoresis and western blotting using rabbit
polyclonal antimouse OPG (1:100, Santa Cruz Biotechnology Inc.)
and rabbit polyclonal antimouse RANKL (l 100, Abcam, Cambridge,
UK), as described in detail previously.”* The signals were densito-
metrically assessed and normalized to f-actin signals to correct for
unequal loading.”* Comparison between the groups was performed
using the Student’s t test. P values were calculated using GraphPad
Prism QuickCalcs.

E2 and T Plasma Analysis. To determine the effect of 17-HSD2
inhibition on the plasma levels of E2 and T, at day 28 after fracture,
100 uL of plasma was collected from the vena cava for the
determination of the plasma levels of E2 and T by ELISA after the
extraction of the steroids from the plasma, according to the
manufacturer’s protocol (DRG, Marburg, Germany).

Animal Procedures. All animal experiments in C57BL/6 mice
were approved by the local governmental animal care committee and
were conducted in accordance with the European legislation on
protection of animals and the NIH Guidelines for the Care and Use of
Laboratory Animals (NIH Publication #85-23 Rev. 1985). Experi-
ments were conducted on mature C57BL/6 mice (body weight 27 +
3 g mean + SD).

Mouse Subcutaneous Pharmacokinetics. Compound 15 was
subcutaneously administered at a dose of 50 mg/kg body weight per
animal (n = 3). Thirty minutes before administration, suspensions of
15 were freshly prepared in an ultrasonic water bath for 10 minutes.
Before the application of the suspension (4 mL/kg body weight),
female C57BL/6 mice were anesthetized with 2% isoflurane. At 2, 18,
and 24 h, blood samples of 50 uL were taken from the tail vein and
collected in 0.2 mL Eppendorf tubes containing 5 uL of 106 mM
sodium citrate buffer as an anticoagulant. After centrifugation at 5000
rpm at 4 °C, the plasma samples were immediately frozen at —20 °C,
and within 24 h, all were stored at —80 °C. For bioanalysis, the plasma
samples were thawed, and 10 pL of plasma was added to S50 uL of
acetonitrile containing diphenhydramine (500 nM) as the internal
standard. The samples and calibration standards (in mouse plasma)
were centrifuged at 15 000 rpm for 5 min at 4 °C. The solutions were
transferred to fresh vials for HPLC-MS/MS analysis (Accucore RP-
MS, TSQ Quantum triple quadrupole mass spectrometer, ESI
interface). After injection of 10 uL (performed in duplicate), the
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data were analyzed based on the ratio of the peak areas of compound
15 and the internal standard. The detection limit of 15 in plasma was
1.2 nM. In the bone fracture study, the plasma level of 15 was also
determined in nine animals at day 28 of treatment (i.e., 24 h after the
last dosing at day 27), at sacrifice under anesthetics: the plasma levels
of 15 were 498 + 81 nM (mean + SEM).

Surgical Procedures. Male mice were anesthetized by an
intraperitoneal injection of xylazine (15 mg/kg body weight) and
ketamine (75 mg/kg body weight) before fracture and surgery. The
surgical procedure was performed as described in detail earlier.”* For
analgesia, the mice received tramadol hydrochloride in the drinking
water (2.5 mg/100 mL) from day 1 before surgery until day 3 after
surgery. The suspensions of 15 in vehicle were made fresh each time
during the treatment period of 14 or 28 days. A treatment period of
28 days was chosen because this period covers the most critical (and
sensitive) phases in bone fracture healing (i.e., initial inflammation
because of tissue injury, callus formation, neovascularization,
restoration of bending stiffness, and start of bone remodeling).

Histomorphometrical Analysis. To determine the influence of
15 on the course of bone healing, histomorphometric analysis of the
callus was performed at 14 and 28 days of fracture healing after
resection of the healed femora and removal of the implant, fixation of
the femur in formaldehyde, bone decalcification in ethylene-
diaminetetraacetic acid, trichrome staining (Masson—Goldner), and
light microscopy according to the nomenclature and units of the
recommendations of the American Society of Bone and Mineral
Research (ASBMR), as described in detail previously."

Biomechanical Analysis. For biomechanical analysis, the
resected femora were freed from the soft tissue. After removing the
implants, the bending stiffness of the callus was measured with a
nondestructive bending test usmg a 3-point bending device, as
described in detail previously.'” To account for the differences in
bone stiffness of the individual animals, the nonfractured femora were
also analyzed, serving as internal control. All values of the fractured
femora are given as percentage of the corresponding nonfractured
femora.

Radiological Analysis. At the end of the bone healing period of
14 and 28 days, the complete callus area of the fractured femurs was
analyzed using a hlgh—resolutlon micro-CT imaging system, as
described in detail previously.” By this method, the following
parameters were determined: tissue volume, bone volume, the ratio of
bone volume to tissue volume, trabecular thickness, trabecular
number, and trabecular separation.
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ABSTRACT: 174-HSD14 belongs to the SDR family and oxidizes the hydroxyl group at position 17 of estradiol and 5-
androstenediol using NAD" as cofactor. The goal of this study was to identify and optimize 17-HSD14 nonsteroidal inhibitors
as well as to disclose their structure—activity relationship. In a first screen, a library of 174-HSD1 and 174-HSD2 inhibitors,
selected with respect to scaffold diversity, was tested for 17-HSD14 inhibition. The most interesting hit was taken as starting
point for chemical modification applying a ligand-based approach. The designed compounds were synthesized and tested for
17p-HSD14 inhibitory activity. The two best inhibitors identified in this study have a very high affinity to the enzyme with a K;
equal to 7 nM. The strong affinity of these inhibitors to the enzyme active site could be explained by crystallographic structure
analysis, which highlighted the role of an extended H-bonding network in the stabilization process. The selectivity of the most
potent compounds with respect to 174-HSD1 and 17-HSD2 is also addressed.

-'(AsnBB
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B INTRODUCTION

Human 17f-hydroxysteroid dehydrogenase type 14 (17f-
HSD14), also called DHRS10 and retSDR3, is an oxido-
reductase belonging to the short-chain dehydrogenase-reduc-
tase (SDR) family."” In vitro, the enzyme oxidizes the hydroxyl
group at position 17 of estradiol (E2) and S-androsten-3/3,17-
diol (5-diol) in the presence of the cofactor NAD", however, in
vivo, its natural substrate is still unknown.

While Sivik et al.* described a broad distribution pattern of
17p-HSD 14 across various tissues based on immunohistochem-
istry studies, Northern blotting experiments showed that the
enzyme is predominantly expressed in the brain, liver, and

A 4 ACS Publications  © 2016 American Chemical Society
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placenta” as well as in the kidney." Furthermore, immuno-
fluorescence studies revealed cytosolic localization.”

To understand the function of 174-HSD14, the enzyme
needs to be further characterized. Inhibitors are useful chemical
tools, which can be used not only to characterize the binding
site of an enzyme but also to get insight into the physiological
role of the latter upon in vivo administration. With the
exception of compound 1, which we recently presented,” no

inhibitor has been reported for this enzyme.
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The crystal structure of the human 174-HSD14 has been
determined recently as the holo protein (PDB 5]JS6 and SJSF)
and as the ternary complex with the nonsteroidal inhibitor 1
(PDB SICM). 174-HSD14 is a tetramer.” The binding cavity
was shown to be rather lipophilic with a conical shape. The
substrate active site is narrow in the vicinity of the catalytic triad
and is solvent exposed at the other end. Tyr253’ from the C-
terminal chain of the adjacent unit in the tetramer reduces the
size of the active site.

Up to now, 14 different 174-HSD subtypes have been
reported.” 174-HSD1 and 178-HSD2, the two best charac-
terized subtypes, predominantly catalyze the oxidation and
reduction of estrogens and androgens. Inhibitors of these two
enzymes have already been reported.” >’ While 174-HSD1 is a
cytosolic enzyme and shows a reductive activity in vivo
(activation of estrogens), 17-HSD2 is membrane-bound and
catalyzes the oxidation of estrogens and androgens to their less
potent analogues similarly to 174-HSD14. However, 17/-
HSD2 and 17-HSD14 differ in their tissue distribution pattern
because, contrary to 174-HSD14, 174-HSD2 is not present in
the human brain temporal lobe.”" The presence of 174-HSD14
in the brain might indicate that this enzyme is involved in the
regulation of active estrogens and androgens in this organ.”

The goal of this work was to identify 178-HSD14
nonsteroidal inhibitors and to optimize their structures, which
led to highly active compounds. The inhibitor optimization was
performed following a ligand-based approach. The synthesis
and biological evaluation of highly active compounds with a
nonsteroidal scaffold together with four new crystal structures
of the ternary complexes are reported. Analysis of the crystal
structures of the ternary complexes revealed the location of the
inhibitor binding sites as well as the resulting protein—inhibitor
interactions and a complex pattern of hydrogen bonds (H-
bonds) contributing to the strong affinity of these compounds
to the enzyme. The physicochemical properties of the new
inhibitors as well as selectivity considerations were also
addressed.

M RESULTS

Design of 174-HSD14 Inhibitor Candidates. Although
17p-HSDs belong to the same superfamily, they share a low
overall sequence identity. Nonetheless, considering the fact that
17p-HSD1 and 174-HSD2 catalyze the same reaction as 17/-
HSD14, the substrate binding site of the three enzymes should
exhibit a high structural similarity. On the basis of this idea, it
was assumed that some inhibitors developed for 174-HSD1 and
17f-HSD2 should also bind to 17-HSD 14 and that a common
scaffold could be used as starting point to optimize them for
17-HSD 14 binding. In a first screen, a small library of 34 17/-
HSD1 and 174-HSD2 inhibitors, chosen on the basis of
structural diversity (Figure 1), was tested for 174-HSD14
inhibitory activity using a radioactive displacement assay. This
assay was performed with the recombinantly expressed enzyme
in a bacterial suspension because the pure protein was not
available at that time. Thereby sets of active and inactive
compounds were identified.

While the series of tested naphthalenes A and thiophene
amides B contained mostly inactive compounds, the dihydroxy-
phenylbenzenes C, -thiophenes and -thiazoles D showed
examples of low to moderate inhibitory activity against 17/-
HSD14 (between 10% and 45% inhibition at 1 uM). In
addition, some of the latter derivatives were also reported to
possess very high potency for 174-HSD1 and/or 174-HSD2

0>

3

h_<~x OH
7

\ Fon =R

Ry  X=C\N
E

Figure 1. Scaffold of inhibitors from a 174-HSD1 and 17-HSD2
library tested for 17-HSD14 inhibitory activity.

(ICyp in the low nM range), which might lead to difficulties
achieving high selectivity for 174-HSD14. These parent
scaffolds were therefore not considered for further optimiza-
tion. Some members of the pyridine ketone class E also showed
remarkable inhibitory activity for 174-HSD14, paralleled by
rather low or moderate activity against 17-HSD1 (Table 1,
compound 2), which rendered this class as promising scaffold
for further investigations. They were therefore chosen as a
starting point for the development of new 174-HSD14
inhibitors.

Table 1. Most Interesting Compounds Identified in a First
Screen

HO.

Me

inhibition of 17/-
HSD14 % Inh @ 1

inhibition of 17-  inhibition of 17/-

compd UM HSDI1 ICq, (uM)”  HSD2 ICq, (uM)*
2 62% 1.27 0.10
3 0% 548 026
4 19% 0.29 0.04
5 32% 19.65 0.26

“Recombinant 174-HSD14 enzyme, bacterial suspension, substrate
[*H]-E2 [18.3 nM], NAD® [7.5 mM], mean value of three
determinations; standard deviation <10%. PPlacental 17-HSD1
enzyme, cytosolic fraction, substrate [*H]-E1 + E1 [500 nM],
NADH [0.5 mM], mean value of at least three determinations;
standard deviation <20%. “Placental 17/-HSD2 enzyme, microsomal
fraction, substrate [*H]-E2 + E2 [500 nM], NAD* [1.5 mM], mean
value of at least three determinations; standard deviation <20%.
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Scheme 1. Synthesis of Compounds 1, 6, 8, 9, 11-23, 2§, 29, and 33“
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1d, 29d, 33d / 1c, 11c-15¢, 23c, 29¢, 33¢ 1b, 11b-15b, 23b, 29b, 33b
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idore
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| Br OMe X OH X oM
0 e
23d 23e 0o
1,6,8,9,11-23, 25,29, 33 1a,6a, 8a, 9a, 11a-23a, 253, 293, 33a
compd Ry, X R, R, R, OH-Pos
1 6+(3,4-dihydroxyphenyl) N H 4F H 3
6 6+{4-hydroxy-3-methylphenyl) N H 4F H 3
8 6-(3-fluoro-4-hydroxyphenyl) N H 4F H 3
9 6-{2-fluoro-3-hydroxyphenyl) N H 4F H 3
1" 6-{2-fluoro-3-hydroxyphenyl) N H 2-F 4F 3
12 6-{2-fluoro-3-hydroxyphenyl) N H 20HH 3
13 6+(2-fluoro-3-hydroxyphenyl) N H H H 2
14 6-(2-fluoro-3-hydroxyphenyl) N H 30H4OH 2
15 6-{2-fluoro-3-hydroxyphenyl) N H 3-OH6-OH 2
16 6-phenyl N H 4F H 3
17 6-(3-N,N-dimethylamino)-phenyl) N H 4F H 3
18 6-(3-hydroxyphenyl) N H 4F H 3
19 6-{3-hydroxyphenyl) N H 2-0HH 3
20 6-{3-hydroxy-4-methylphenyl) N H 4F H 3
21 6+{4-fluorophenyl) N H 4F H 3
22 6-(3-chloro-4-fluorophenyl) N H 4F H 3
23 5+{3-fluoro-4-hydroxyphenyl) N H 4F H 3
25 6-{thiophen-3-yl) N H 4F H 3
29 3-(2-fluoro-3-hydroxyphenyl) CH H 2-0HH 3
33 6-{2-fluoro-3-hydroxyphenyl) N CHOH 4F H 3

“Reagents and conditions: (a) n-BuLi, anhydrous THF, —80 °C to room temperature, 1 h; (b) Mg, anhydrous THF, 60 °C, 2 h, 80 °C, 5 h; (c) 2-
iodoxybenzoic acid, anhydrous THEF, 60 °C, 2—4 h; (d) Cs,CO;, Pd(PPh;),, R, B(OH),, DME/water (2:1), 80 °C, overnight, for compounds 1a,
6a, 8a, 9a, 12a—15a, 17a—204a, 22a, 23a, 25a, 29a, and 33a; (e) Na,CO;, Pd(PPh;),, R, B(OH),, DME/water (2:1), microwave irradiation (60 min,
150 W, 150 °C), for compounds 11a, 16a, and 21a; (f), BBr;, CH,Cl,, —80 °C to room temperature, overnight.

The most interesting hits identified in the preliminary screen
are listed in Table 1. The compounds can be categorized into
2,5-(2,3) and 2,6-substituted (S) pyridine ketones and the 1,4-
substituted phenyl (4). In the 2,5-compound class, 2 and 3
(62% inhibition at 1 uM vs 0%) differ by the presence/absence
of a fluorine atom in ortho position to the OH group of the C-
ring, suggesting the importance of this atom for inhibitory
activity. Furthermore, comparison of 2 with 4 (62% inhibition
at 1 uM vs 19%) shows that the pyridine core B is more potent
than the phenyl analogue, pointing toward the importance of
the nitrogen atom in the B-ring for activity. Concerning the 2,6-
compound class, comparison of § with 2,5-substituted 3 (32%
inhibition at 1 M vs 0%) shows that moving the A-ring from
S- to 6-position leads to a gain in activity.

Furthermore, considering the selectivity aspect, the poor
inhibitory activity of the 2,6-substituted § toward 174-HSD1
(ICo = 19.65 uM), compared to the 2,5-substituted analogue 3
(ICs, = 548 uM) suggests that the 2,6-substitution pattern
might improve selectivity for 174-HSD14 over 174-HSDI.
Selectivity against 17-HSD2 does not become obvious with
the set of studied test compounds. Consequently, the 2,6-
pyridine ketone class was selected for optimization and the
derivatives, with modification at the A-ring as well as at the C-
ring by substituents with different properties were synthesized.
Special attention was paid to the physicochemical properties of
the designed compounds in order to focus on compounds
which should have a promising bioavailability profile according
to the Veber Rules’ and the Lipinski Rules of 5.

Chemistry. The synthesis of compounds 1, 6, 8, 9, 11-23,
25, 29, and 33 was achieved in four steps starting from the

10721

dibromopyridine derivatives 1d and 33d and analogous
benzene 29d, respectively (Scheme 1). Lithiation with n-butyl
lithium”* and nucleophilic addition to the appropriate aldehyde
provided the alcohol intermediates 1c, 11c—15¢, 29¢, and 33c.
For the synthesis of compound 23 (Scheme 1), aryl bromide
23e was used to prepare the corresponding Grignard reagent.
Nucleophilic addition to the carbaldehyde 23d afforded the
alcohol intermediate 23c. Oxidation with 2-iodoxybenzoic acid
resulted in the corresponding ketones 1b, 11b—15b, 23b, 29b,
and 33b. Subsequently, Suzuki couplings™ with different
arylboronic acids afforded compounds 1a, 6a, 8a, 9a, 11a—
23a, 25a, 29a, and 33a using either standard conditions
(Cs,CO;, 80 °C, overnight) or microwave irradiations
(Na,CO4, 150 °C, 60 min, 150 W). Cleavage of the methoxy
groups with boron tribromide gave the final compounds 1, 6, 8,
9, 11-23, 25, 29, and 33.

The precursor 33d was prepared starting from citrazinic acid,
which was first brominated with commercial phosphorus
oxybromide and then reacted with methanol. Reduction of
the formed ester”® and protection of the primary alcohol 33e
with TBSCI afforded compound 33d (Scheme 2).

The synthesis of the pyridine N-oxide 30 was achieved in
four steps starting from the previously described alcohol
intermediate 12¢. The Suzuki coupling reaction with 2-fluoro-3-
methoxyphenylboronic acid under standard conditions afforded
compound 30c. Oxidation into the pyridine N-oxide 30b was
performed by means of meta-chloroperoxybenzoic acid and
further oxidation with 2-iodoxybenzoic acid, resulting in ketone
30a. Cleavage of the methoxy groups with boron trifluoride
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J. Med. Chem. 2016, 59, 10719-10737

83



Results

Journal of Medicinal Chemistry

Scheme 2. Synthesis of Precursor 33d“

Oy _OH OH
S ab B
I —
P> pZ
HO™ °N OH Br' °N Br

33e

OTBS
c
— I X
P
Br °N Br
33d

“Reagents and conditions: (a) (i) POBr;, 130 °C, 0.5 h, 150 °C, 1.5 h,
(ii) MeOH, room temperature, overnight; (b) NaBH,, EtOH, 85 °C, 3
h; (c) TBSCI, imidazole, DMF, room temperature, 18 h.

dimethylsulfide complex afforded the final pyridine N-oxide 30
(Scheme 3).

Scheme 3. Synthesis of N-oxide 30

F
“Reagents and conditions: (a) Cs,CO; Pd(PPh;), 2-fluoro-3-
methoxyphenylboronic acid, DME/water (2:1), 80 °C, overnight;
(b) m-CPBA (77%), CH,Cl,, 0 °C to room temperature, overnight;
(c) 2-iodoxybenzoic acid, anhydrous THF, 60 °C, 2 h; (d) BF;-SMe,,
CH,Cl,, room temperature, overnight.

The synthesis of compound 24, lacking the A-ring, was
performed by coupling of the pyridine carbaldehyde 24c with
the aryl bromide 23e followed by the oxidation to ketone 24a
as previously described (Scheme 4). The synthesis of
compounds 26 and 27 was realized by amination of 1b with
different nonaromatic N-heterocycles following the procedure
described by Bollinger et al.”’ to obtain compounds 26a and
27a. Compound 28, with the A-ring linked via an ether bridge
to the pyridine moiety, was synthesized by reacting the 6-

bromopyridine derivative 1b in a copper-catalyzed O-arylation
using picolinic acid as ligand,”® resulting in compound 28a. All
methoxy groups were cleaved with boron tribromide to provide
compounds 24 and 26—28 (Scheme 4).

The synthesis of the trisubstituted C-ring derivative 10 was
achieved in four steps starting from the 6-bromopyridine-2-
carbaldehyde 10d (Scheme 5). Suzuki coupling with 2-fluoro-3-
methoxyphenylboronic acid afforded the 6-substitued carbalde-
hyde 10c. Nucleophilic addition of the in situ formed Grignard
reagent of aryl bromide 10e, oxidation of the formed alcohol
with 2-iodoxybenzoic acid, and cleavage of the methoxy groups
with boron tribromide resulted in the desired compound 10.

The aryl bromide 10e was obtained following a three-step
procedure starting from 2-bromo-S-fluorophenol 10h. First, a
modified Casiraghi-formylation reaction using paraformalde-
hyde in the presence of magnesium chloride and triethylamine
gave the intermediate 10g.”” Subsequent Dakin reaction with
hydrogen peroxide and sodium hydroxide®® followed by
protection of the formed dihydroxy compound 10f with methyl
iodide afforded compound 10e.

The synthesis of trisubstituted pyridines 31 and 32 was
achieved in seven and eight steps, respectively, starting from
compound 10d (Scheme 5). Protection of the aldehyde group
with trimethyl orthoformate gave the 2-dimethoxy derivative
31f. Todination with lithium diisopropylamide and iodine™
afforded the S-iodo-6-bromo derivative 31e in moderate yield.
For compound 31, subsequent Suzuki coupling with 2.4 equiv
of 4-methoxy-3-methylphenylboronic acid provided the $,6-
bisubstituted pyridine 31d. The reaction with 2-fluoro-3-
methoxyphenylboronic acid resulted, under the same con-
ditions, selectively in the monocoupled derivative 32e, still
brominated in 6-position. Further, a second Suzuki coupling
with 4-methoxy-3-methylphenylboronic acid performed on 32e
yielded the asymmetric pyridine 32d. Both, 31d and 32d were
deprotected with acetic acid to form the aldehydes 31c and
32c. For 31, a nucleophilic reaction with the in situ formed
Grignard reagent of compound 23e resulted in the alcohol
intermediate 31b. For 32, the corresponding alcohol 32b was
obtained after lithiation of aryl bromide 23e with butyl lithium
and subsequent nucleophilic reaction. Oxidation with 2-
iodoxybenzoic acid and ether cleavage with boron tribromide
gave the final compounds 31 and 32.

Scheme 4. Synthesis of Compounds 24 and 26—28

z
<
Br °N
o]
Z 1b
< |
N

lcﬂfd
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BrQOMe

23e

24a, 26a-28a

F
24c o y F ° z
+ - | —_— |
NS
8 R7ON OMe RN OH
3 o}

24R=H

26 R = piperidin-1-yl

27 R = 4-methylpiperazin-1-yl
28 R= 0-Ph

“Reagents and conditions: (a) Mg, anhydrous THF, 60 °C, 2 h, 80 °C, 5 h; (b) 2-iodoxybenzoic acid, anhydrous THF, 60 °C, 3—4 h; (c) N-
heterocycles, K;PO,, 1,4-dioxane, 100 °C, 2—4 d, for compounds 26a and 27a; (d) Cu(I)], picolinic acid, K;PO,, DMSO, 80 °C, 3 d, for compound

28a; (e) BBr3, CH,Cl,, —80 °C to room temperature, overnight.
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Scheme S. Synthesis of Compounds 10, 31, and 32“

31 R,=4-OH,R,=3-Me
32 R,=3.0H,R,=2-F

31d R,=4-OMe, R, = 3-Me, R, = CH(OMe), 2
31c R, =4-OMe, R,= 3-Me, R, = CHO -
32d R,=3-OMe, R,= 2-F, R, = CH(OMe),

32c R,=3-OMe, R,=2-F, R, = CHO Al L
b (for 31b),
R, m (for 32b)
F cd 1 F
-
OH OMe

31b R,=4-OMe, R,= 3-Me
32b R,=3-OMe,R,=2.F

“Reagents and conditions: (a) Cs,COj, Pd(PPh,),, R, B(OH),, DME/water (2:1), 80 °C, overnight; (b) Mg, anhydrous THF, 60 °C, 2 h, 80 °C, §
h; (c) 2-iodoxybenzoic acid, anhydrous THF, 60 °C, 3—4 h; (d) BBr;, CH,Cl,, =80 °C to room temperature, overnight; (¢) (CHO),, MgCl,, Et;N,
anhydrous THF, 80 °C, S h; (f) 1 M NaOH, H,0,, THF, room temperature, 4 h; (g) Mel, K,CO;, DMF, room temperature, overnight; (h)
HC(OMe);, p-TsOH, anhydrous MeOH, reflux, 4 h; (j) LDA, anhydrous THF —80 °C, 3 h, I,, anhydrous THF, —80 °C to room temperature; (k)
acetic acid/water (2:3), reflux, 2 h; (m) n-BuLi, anhydrous THF, —80 °C to room temperature, 1 h.

Calculation of Physicochemical Parameters. For each
synthesized compound, the molecular weight (MW) was
calculated to be in the range of 300—400 g/mol, aside from
the trisubstituted compounds 31—33 with a slightly higher
MW. The log P was calculated in silico (using Molinspira-
tion®”) and turned out to be below S except for 31—33. The
total polar surface area (TPSA), the number of rotational bonds
as well as the number of H-bond donors and acceptors fulfill
the Veber Rules’ and the Lipinski Rules of 5. In addition,
considering the potential role of the enzyme in the brain, the
capability of the inhibitors to cross the BBB should also be
taken into account. The physicochemical properties to be met
by compounds showing a good BBB penetration are described
by Pajouhesh and Lenz.>® These criteria are matched for most
of the synthesized compounds especially for 17 and 28 as
examples. The solubility range of most of the compounds was
also determined by mixing several concentrations of the studied
inhibitors in 100 mM phosphate buffer at pH 7.4 and analyzing
its precipitation status at different time points (0, 1, 2, and 24
h). A table summarizing the physicochemical parameters can be
found in the Supporting Information (Table S3). The pK,
values of the OH groups at the A- and at the C-ring were
determined in silico for all compounds (using Marvin Sketch),
showing that the introduction of a fluorine group in ortho
position to a OH group decreases the pK, value by about one
unit (e.g., pK, OH/C-ring: 7.8 for 8, 8.8 for 7).

Biological Evaluation. Inhibition of 17-HSD14 Deter-
mined with a Fluorimetric Assay. A fluorimetric assay,
quantifying the NADH fluorescence built up during the
catalytic reaction, was used to evaluate the inhibitory activity
of the synthesized compounds. In the assay, the purified

recombinantly expressed human enzyme, E2 as substrate,
NAD" as cofactor, and the inhibitor were used as already
reported.” Because of the low sensitivity of the assay, a high
enzyme concentration (between 3.0 and 3.5 M) and a high
concentration of substrate E2 (32 uM) was necessary. The
results are expressed as percent of inhibition measured at an
inhibitor concentration of 2 M. The inhibition constant K; was
experimentally determined using an inhibitor concentration
ranging from 2.6 to 100 #M or 260 nM to 10 uM, depending
on the inhibitor potency. As the inhibitor and protein
concentrations were in the same range, no classical kinetic
analysis could be applied.”*** The results were analyzed by
applying the quadratic Morrison equation for tight binding (see
Supporting Information).”® When the inhibitor was not
sufficiently soluble at the required concentration, no K; could
be determined and the results were expressed as percent
inhibition at the highest soluble concentration of the inhibitor.
The results are shown in Tables 2—5. Compounds showing less
than 10% inhibition at a concentration of 100 uM were
considered to be inactive.

Aggregation. It was verified that the compounds did not
aggregate or induce aggregation of the protein by testing the
compounds with and without detergent (0.5% v/v Tween 20).
No significant changes in the inhibitor activity could be noticed
at the different conditions.

17p-HSD14 Inhibitory Activity. Starting from the hit
pyridine ketone S, modifications were undertaken at the C-
ring and A-ring by introduction of different substituents (R, R/,
Chart 1). These substituents were selected to represent
different electronic properties: electron donating or electron
withdrawing, H-bond donor, H-bond acceptor, lipophilic, and
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hydrophilic. Changes were also performed at the central B-ring
by replacement of the nitrogen by a carbon or a N-oxide
moiety. An additional phenyl ring (D) with various substituents
(R") were introduced in S-position as well as a hydroxymethyl
group (R”) in 4-position, leading to trisubstituted derivatives.

Chart 1. Modifications Undertaken on the Hit Compound 5

Substituent Variations on the C-Ring. In the first inhibitor
screen, it could be shown that in the 2,5-pyridine class (Table
1) the addition of a fluorine atom in ortho position to the
hydroxyl group at the C-ring (2 compared to 3) resulted in a
notable increase in potency of the inhibitor. The analogous
fluorinated compound 6 (2,6-substituted pyridine) was there-
fore synthesized and proved to bind 10 times more potent than
the reference compound § (K; = 245 nM for 6 vs 26 nM for S,
Table 2). The affinity enhancement caused by the 4-F
substituent at the C-ring could also be observed using another
substitution pattern at the A-ring: 3-F/4-OH (K; = 467 nM for
7 vs 36 nM for 8, Table 2).

The influence of the substituent pattern used for the C-ring
was subsequently studied in more detail with compounds
containing a 2-F/3-OH phenyl A-ring motif (compounds 9—
15, Table 2). Addition of a 2-OH or a 2-F to the 3-OH/4-F at
the C-ring resulted in equipotent compounds (K; = 13, 11, and
9 nM, respectively, for 9, 10, and 11). Replacing the 3-OH/4-F
at the C-ring (9) by a 2-OH/3-OH motif (12; K; = 64 nM) led
to a slight decrease in affinity. Addition of a 4-OH group (14, K;
=405 nM) or of a 6-OH group at the C-ring (15, K; = 796 nM)
resulted in a strong decrease in activity.

The presence of the 3-OMe group at the C-ring (16a,
inactive at a concentration of 100 M) was detrimental for the
inhibitory activity compared to the 3-OH analogue (16, K; = 63
nM).

Substituent Variations on the A-Ring. 2,6-Pyridine
derivatives containing the C-ring motif (3-OH/4-F or 2-OH/
3-OH) were synthesized with different substituents at varying
positions of the A-ring (Table 3).

Compounds with one substituent in the 3- or 4-position (17,
3-NMe,, K; = 7 nM; 18, 3-OH, K; = 7 nM; 19, 3-OH, K, = 44
nM; and 21, 4-F, K; = 221 nM) showed that their substitution
with a polar moiety at 3-position (17, 18, 19) led to stronger
binding compared to the one with a lipophilic group at 4-
position (21). This effect was confirmed in case the A-ring was
disubstituted (22) with the 3-Cl and 4-F substituents, which led
to a compound with a similar binding constant as the mono 4-F
derivative 21 (K; = 190 and 221 nM for 22 and 21,
respectively). These lipophilic groups exerted a detrimental
effect on the binding affinity, which was lower compared to the
unsubstituted phenyl (16, K; = 63 nM).

The compounds with two substituents in 2/3- or in 3/4-
positions of the A-ring (1, 3-OH/4-OH, K, = 7 nM; 6, 3-Me/4-
OH, K, = 26 nM; 8, 3-F/4-OH, K, = 36 nM; 9, 2-F/3-OH, K, =
13 nM) had similar binding constants with the exception of 20
(3-OH/4-Me, K; = 47 nM) with a slightly decreased affinity.
No significant difference in activity could be observed between
mono- and disubstituted compounds at the A-ring as long as a
3-OH or a 4-OH moiety was present. In summary, the best
affinities were achieved in the presence of a 3-OH or a 3-NMe,
moiety at the A-ring.

In the 2,5-pyridine class, the affinity of 23 (K; = 17 nM) with
a 3-F/4-OH substitution pattern at the A-ring was similar to
that of compound 2 (K; = 24 nM) with a 3-Me/4-OH
substitution pattern at the A-ring and fell into the same range of
compounds in the 2,6-class. Furthermore, the methoxy

Table 2. 174-HSD14 Inhibitory Activity and Binding Constant (K;) of 2,6-Pyridine Derivatives with Different Substituents at

the C-Ring
compd R, R, Ry Ry

5 3-Me 4-OH H 3-OH
6 3-Me 4-OH H 3-OH
7 3-F 4-OH H 3-OH
8 3-F 4-OH H 3-OH
9 2-F 3-OH H 3-OH
10 2-F 3-OH 2-OH 3-OH
11 2-F 3-OH 2-F 3-OH
12 2-F 3-OH 2-OH 3-OH
13 2-F 3-OH 2-OH H

14 2-F 3-OH 2-OH 3-OH
15 2-F 3-OH 2-OH 3-OH
16a H H H 3-OMe
16 H H H 3-OH

Ry 17f-HSD14 % inhibition @ 2 uM“ K; (nM)“
H 34 245 + 21
4-F 60 26+ 3
H 16 467 + 91
4-F 67 36+5
4-F 72 13+5
4-F 76 11+3
4F 72 9+3
H 65 64 + 4
H 66 135 + 2
4-OH 25 405 + 177
6-OH 11 796 + 122
4-F ni nd
4-F 57 63+3

“Recombinantly expressed purified 174-HSD14 enzyme, fluorimetric assay, substrate E2 [32 uM], NAD"* [1.2 mM], 25 °C, mean value of at least
two independent experiments each with three technical repeats; ni: no inhibition (<10% inhibition at 100 #M), nd: not determined.
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Table 3. 174-HSD14 Inhibitory Activity and Binding Constant (K;) of Pyridine Derivatives with Different Substituents at the A-

Ring

compd
1 6

position A-ring

-
~1
hN AN NN NN NN

23 S

R,
3-OH
3-Me
3-Me
3-F
2-F
2-F
H

3-NMe,

3-OH
H
3-OH
H
3-Cl
3-F
3-F

1,6,8,9,12, 16-22
R, Ry
4-OH 3-OH
4-OH 3-OH
4-OH 3-OH
4-OH 3-OH
3-OH 3-OH
3-OH 2-OH
H 3-OH
H 3-OH
H 3-OH
3-OH 2-OH
4-Me 3-OH
4-F 3-OH
4-F 3-OH
4-OMe 3-OMe
4-OH 3-OH

2,23a,23
R, 176-HSD14 % inhibition @ 2 gM“ K (nM)*
4-F 69 7+1
4-F 60 24+9
4-F 60 26+ 3
4F 67 36+5
4-F 72 13+5
3-OH 65 64 + 4
4-F 57 63+3
4-F 57 7+1
4-F 65 7+2
3-OH 51 4+3
4-F 64 4747
4-F 37 221 + 46
4-F 44 190 + 45
4-F 12 57% + 6"
4-F 61 17+5

“Recombinantly expressed purified 174-HSD14 enzyme, fluorimetric assay, substrate E2 [32 uM], NAD* [1.2 mM], 25 °C mean value of at least

two independent experiments each with three technical repeats; YPercent inhibition @ 22.2 uM

derivative 23a was less active compared to the hydroxylated
analogue 23 as similarly observed for compound 16a.

Variation of the A-Ring. To investigate the role of the
phenyl A-ring, pyridine derivatives lacking the A-ring (24) or
derivatives decorated with different heterocycles in 6-position
of the B-ring (25—28) were designed (Table 4). Comparison of
compound 24 (K; = 1541 nM) with 16 (K; = 63 nM) showed a
decrease in activity. The nonaromatic piperidine 26 (K; = 407
nM) was also a weaker binder, while the 4-methylpiperazine 27
(K; = 190 nM) showed a similar inhibitory activity, both
compared to 16.

Table 4. 174-HSD14 Inhibitory Activity and Binding
Constant (K;) of 2,6-Pyridine Derivatives with Different
Substituents in 6-Position of the Pyridine Ring (Different A-
Rings)

N F
sl 8 .
R N OH
(¢]
16, 24-28
17-HSD14 % inhibition
compd R @ 2 uM* K, (nM)*

16 phenyl 57 63 +3
24 H 13 1541 + 146
25 thiophen-3-yl 50 97 +28
26 piperidin-1-yl 43 407 + 16
27 4-methylpiperazin-1-yl 31 190 + 21
28 -O-phenyl S5 S0+0

“Recombinantly expressed purified 174-HSD14 enzyme, fluorimetric
assay, substrate E2 [32 yM], NAD" [1.2 mM], 25 °C mean value of at
least two independent experiments each with three technical repeats
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Variations on the B-Ring. In the design section, it was
reported that in the 2,5-pyridine class the central ring played a
crucial role in affinity. This aspect was also investigated in the
2,6-class by the synthesis of the phenyl analogue 29 and the
corresponding N-oxide 30 (Table 5). Comparison of the
biological data of these compounds with the pyridine analogue
12 (K; = 64 nM) showed that both the phenyl derivative 29 (K;
=21 nM) and the N-oxide derivative 30 (K, = 132 nM) had a
similar affinity as the pyridine 12.

Table S. 178-HSD14 Inhibitory Activity and Binding
Constant (K;) for Compounds with Different B-Rings

12, 29, 30
compd X 17-HSD14 % inhibition @ 2 uM“ K, (nM)“
12 N 77 64 + 4
29 C 60 21 +2
30 N*-O~ 47 132 + 13

“Recombinantly expressed purified 17-HSD14 enzyme, fluorimetric
assay, substrate E2 [32 uM], NAD* [1.2 mM], mean value of at least
two independent experiments each with three technical repeats

Trisubstituted Pyridines. On the basis of the hypothesis that
the C-ring and the carbonyl group of both the 2,5- and 2,6-
pyridines achieve the same interaction as a consequence of
binding in the same area, the similarity in affinity of the 2,5-
derivative 23 (K; = 17 nM) and the 2,6-derivative 8 (K; = 36
nM, Table 3) suggested that the available space for binding the
additional ring must be large, even tolerating an A-ring attached
to the 5- or 6-position. Trisubstituted pyridines combining
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substitutions at the S- and 6-positions were therefore
synthesized (31 and 32, Table 6). These trisubstituted
compounds turned out to be equipotent (31, K; = 9 nM; 32,
K, = 15 nM) with a similar affinity compared to the

disubstituted derivatives 6 and 23.

Table 6. 178-HSD14 Inhibitory Activity and Binding
Constant (K;) of Pyridine Derivatives with an Additional D-
Ring or a Substituent in 4-Position

33

compd R, R, 17-HSD14 % inhibition @ 2 uM“ K; (nM)“
6 60 26+3
23 61 L7#5
31 3-Me 4-OH 71 9+ 4
32 2-F 3-OH 63 15+ 4
33 47 86 + 7

“Recombinantly expressed purified 17-HSD14 enzyme, fluorimetric
assay, substrate E2 [32 yM], NAD" [1.2 mM], mean value of at least
two independent experiments each with three technical repeats

Introducing a hydroxymethyl group at the 4-position of the
B-ring led to a slight decrease in activity (33 K; = 86 nM
compared to 9 K; = 13 nM, Table 6).

Pan Assay Interference Compounds.®” All the biologically
evaluated compounds were tested in silico for nonspecific
binding in order to identify false positives using the Pains-
remover computer tool.”® From the compounds analyzed,
seven did not pass the filter, including 10, 12, 14, 19, 20, 29,

and 30, suggested as nonspecific binders. They all share as
common characteristic a catechol moiety. It is known that
catechols can be toxic,”” however, the inhibitory data of these
compounds are presented as they are useful to establish a better
structure—activity relationship comprehension. In case these
compounds turn out to be highly interesting, further assays
should be performed to characterize their toxicity.

Crystal Structures Determination. The inhibitors with the
highest binding affinity were selected for crystal structure
determination in order to get insight into their binding mode.
Crystal structures could be obtained for four different inhibitors
by co-crystallization of the protein in complex with cofactor and
ligands (6, PDB SL7T; 9, PDB SL7Y; 10, PDB SL7W; 12, PDB
SEN4). The data collection, processing, and refinement
statistics details are reported in the Supporting Information.
The crystals were obtained by two different conditions,
however, all crystal structures show the same tetragonal space
group (I422) with only one monomer present in the
asymmetric unit. The crystal structures disclosed that the
protein is a homotetramer, in accordance with a previous
study.” The structures obtained have a resolution ranging from
1.52 to 2.02 A. The conformation of the protein in complex
with inhibitor 1 (PDB SICM) has already been published® and
will not be the focus here. It will however be included in the
structural comparison.

Description of the Inhibitor Binding Site. The super-
imposition of all five ternary complexes reveals that binding of
the different ligands does not induce conformational changes of
the overall geometry of the protein (Figure 2), showing a mean
RMSD of 0.15 + 0.04 A between the alignment of the Ca
atoms of the structures, as calculated with COOT.* The
cofactor interacts with the Rossman fold region and experiences
similar interactions as already observed for the 174-HSD14
holo structure and in complex with inhibitor 1.° The inhibitor
binds into the substrate binding site, which is restricted by two
a-helixes from the flexible loop (aFG1 and aFG2, residues

Figure 2. Superimposition of the crystal structures of 17-HSD14 obtained in ternary complexes with five inhibitors: 1, 6, 9, 10, and 12. (A) The
enzyme 174-HSD14 is shown as ribbon model (SICM in orange, SL7T in pink, SL7Y in purple—blue, SL7W in ocher, and SEN4 in green);
inhibitors are shown as stick models. The cofactor NAD" is shown as thin line. (B) Close-up view on the binding pocket. The protein 174-HSD14 is
displayed by use of the solvent accessible surface. The carbon atoms of the inhibitors are shown for 1 in orange 6 in pink, 9 in purple—blue, 10 in
ocher, and 12 in green. Inhibitors are shown as stick models and cofactor as a thin line. The water molecules W1 and W2 are represented in the same
color as the corresponding inhibitor of the individual structures. W1 corresponds to water molecule 472 in SICM, 518 in SL7T, 508 in SL7Y, 496 in
SL7W, and 450 in SEN4; W2 corresponds to water molecule 530 in SICM and 502 in SL7T in the respective crystal structure. All structural

representations were prepared with PyMOL."!
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Figure 3. Ribbon representation of inhibitor 6 in complex with the protein 17-HSD14 and cofactor NAD". The inhibitor binding site is delimited
by aFG1 and aFG2 (orange), aF (the helix containing the catalytic Tyr154 and Lys1S8, yellow), aEF (cyan), aE and fiD (green), and C-terminal
tail (red). Inhibitor 6 is shown as stick model, and its carbon atoms are colored in pink. The symmetry equivalent molecule containing Tyr253’ is
shown in gray on the right-hand side. The cofactor and Tyr253" are shown as thin lines.

189—212, in orange), a portion of the aF helix (containing the
catalytic Tyr1S4, Lys1S8, in yellow), the short aEF helix
(residue 142—146, in cyan), the segment that connects aE with
pD (from Asn89 to Arg98, in green), and the C-terminal tail
(in red, Figure 3). Furthermore, Tyr253’ from the adjacent
monomer (in gray on the right-hand side, Figure 3) is pointing
toward the inhibitor binding site, reducing the volume of the
active site cleft. The annotation of the different helices and /-
sheets follows the nomenclature described by Lukacik et al?
The flexible loop is in a conformation that closes the binding
pocket, reducing the size of the substrate binding site.
Furthermore, the inhibitor binding site is predominantly
hydrophobic, with two main hydrophilic regions: the first one
corresponds to the two residues of the catalytic triad Tyr154
and Serl4l, and the second one is formed by His93 and
Gln148 (Figure 4). This second region shapes the binding site
in a peculiar form and could be relevant for the achievement of
selectivity considering that no other human SDR 174-HSDs
presents a histidine at this position.

Description of the Binding Mode of Inhibitors in Complex
with 174-HSD14. In the surface representation, it is obvious
that the V-shape of the inhibitor scaffold matches well with the
geometry of the active site (Figure 2B). For all five crystallized
inhibitors, additional water molecules are observed in the
binding pockets: Water W1 is found for all inhibitors in the
same position. W1 is localized between the B- and C-ring at an
approximate 4 A distance from the B-ring. W1 establishes an H-
bond interaction with the side chain of Asn186 (d ~ 2.7 A).
Water W2 is only observed for 1 and 6 (Figure 2B) and found
above the plane of the A-ring. W2 interacts with W1 (H-bond
contact d & 2.6 A). In the case of the other three inhibitors, the

Ser141

Tyr253°
Glin148

Figure 4. Surface representation of 174-HSD14; color coded
according to the Eisenberg hydrophobicity scale (from dark-red for
highly hydrophobic amino acids to white for highly hydrophilic amino
acids).”” The cofactor NAD* and amino acids are shown as stick
models. The amino acid of the symmetry equivalent molecule is
referred as prime ().

orientation of the A-ring plane is shifted, inducing the
displacement of W2.

Because of close similarity, only the interactions of 6 and 12,
as representatives of the series, will be described in detail. The
structures and details of the interactions of all inhibitors are
shown in Figure 5 (A, 6; B, 12; C, 9; D, 10). Inhibitors 6 and
12 have the same B-ring scaffold (2,6-pyridine) differing in the
nature of their A- and C-ring substituents. At the C-ring, the
keto group and the pyridine ring of 6 and 12 bind exactly at the
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A

NAD*

NAD*

Figure S. Crystal structures of 17/-HSD14 in complex with cofactor NAD* and inhibitors 6 (in pink, A), 12 (in green, B), 9 (in purple blue, C) and
10 (in ocher, D). The inhibitors are shown as stick models. The amino acids, within a distance of 5 A, and the cofactor are shown as thin lines. H-

bonds are depicted as dotted lines. Distances are given in A.

same position. The angle between the keto group and the
phenyl C-ring is identical in 6 and 12 independent of the
presence or absence of the 2-OH group at the C-ring.

The 3-OH groups at the C-ring of 6 and 12 interact via
remarkably short H-bond interactions with the side chain of
Tyr154 (6, d = 24 A, 12, d = 2.5 A) and the side chain of
Serl41 (6, d = 2.5 A, 12, d = 2.5 A) from the catalytic triad.
The 4-F group at the C-ring of 6 is not involved in any specific
interaction.

The phenyl C-ring of 6 and 12 is stabilized by van der Waals
contacts with the nicotinamide moiety of NAD". The carbonyl
group is not involved in any direct interaction. The central
pyridine B-ring is anchored by van der Waals contacts with

Trpl92 and Leul95, which wrap around the top part of the
pyridine ring. No close contacts are observed with His93.

For 6, an H-bond interaction is formed between the 4-OH at
the A-ring with the carbonyl backbone of Ala149 (d = 2.7 A).
The 3-Me group at the A-ring is not involved in any interaction.
The aromatic A-ring is not stabilized by any z-stacking
interactions, however, van der Waals interactions with Pro96
are observed. No water mediated H-bond interactions are
observed; nonetheless, it is remarkable that W1 remains present
in this lipophilic environment. In total, 91 van der Waals
contacts are achieved by the ligand and its surface is buried to
94.0% (considering only one monomer of the protein, the
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A

Tyr128’
N

Figure 6. (A) Overall view of the crystal structure of two 174-HSD14 tetramers in complex with 9. The protein monomers are shown as ribbon
models and colored in gray. The inhibitors are shown as sphere models. The inhibitors located in the substrate binding site are colored in purple—
blue, while the inhibitors located between the interfaces of the tetramers are shown in yellow. (B) Close-up view of the second ligand binding site of
9 located at the interface between two tetramers. The enzyme is displayed by use of the solvent accessible surface. Inhibitor 9 is shown as stick
model. The amino acids are shown as thin lines. The amino acids of the symmetry equivalent molecule are referred to prime (). H-bonds are

depicted as black dotted lines. Distances are given in A.

number of van der Waals contacts achieved are summed up to
86 and the buried surface is 87.4%).

In 12, a rotation of the A-ring plane is observed.
Nevertheless, the altered orientation still allows the 3-OH
group at the A-ring to be at H-bond distance to Ala149-CO (d
= 2.8 A, as observed with 6). The aromatic A-ring can also
establish a van der Waals interaction with the amino acid
Pro96. In summary, 82 van der Waals contacts are observed for
12, with 93.0% of its surface buried in the protein binding
pocket (considering only one protein monomer, the ligand
achieves 80 van der Waals contacts and its surface is buried to
88.2%).

Interestingly, the crystal structure of 9 in ternary complex
with 174-HSD14 shows the presence of a second inhibitor
molecule at the interface between two tetramers (Figure 6A).
Close inspection of this interface binding site (Figure 6B)
highlights that the inhibitor is stabilized through an H-bond
interaction between the 3-OH group at the A-ring to the
hydroxyl group of Ser44 side chain (d = 3.2 A) and with a water
molecule W405S (d = 2.6 A), which is stabilized by Argl9 (d =
3.0 A). The keto group interacts with the other tetramer
through a water molecule W434 (d = 2.7 A), which is also
bound to the NH from the backbone of Leu83’ (d = 3.0 A) and
the carbonyl group of the backbone of Tyr128' (d = 2.9 A).
The copy of 9 binding to the interface is placed in a rather
hydrophilic environment. The overall geometry of the interface
ligand differs from that of the active site ligand: the dihedral
angles, for the ligand in the active site and for the ligand
binding at the interface, between the keto group and C-ring are
—29° and 4° respectively and between the keto group and the
B-ring are 129° and —133°, respectively (considering the plane
through the keto group as 0°). The dihedral angle between C,
at the A-ring and the nitrogen at the B-ring is 131° for the
ligand in the binding pocket and —60° for the ligand present at
the interface. A superimposition of the interface and active site
compounds can be seen on Figure 7.

Comparison of the 173-HSD1, 17-HSD2, and 173-HSD14
Structures. The existing crystal structure of 174-HSDI in
ternary complex with the cofactor NADP* and E2 (PDB

Figure 7. Superimposition of compound 9 based on the pyridine B-
rings of the ligand at the interface (in yellow) and active site (in
purple—blue).

IFDT) allows the direct comparison with the 174-HSD14
structure in complex with the cofactor NAD* and estrone (El,
PDB S5HS6). The superimposition reveals a structural
conservation of the enzymes only in some regions (22% of
sequence identity calculated with COOT,*" Figure 8). Small
differences in the NAD*/NADP* binding site can be observed
between type 14 and type 1 (RMSD of 1.6 A calculated with
COOT™ based on Ca alignment). This result was expected
because both enzymes bind a different cofactor (NAD" for 174-
HSD14 vs NADP' for 174-HSD1). The flexible loop in 17/-
HSDI1 restricts the end of the binding cavity, while the
corresponding loop in 174-HSD14 is shifted upward, leaving
the binding site widely open. This results in a smaller binding
pocket for the type 1 enzyme. Furthermore, while the catalytic
triad is conserved in both enzymes, the steroids accommodate
in the binding sites with different orientations and achieve
distinct interactions.

As no crystal structure is available for 174-HSD2, the
comparison between the structures of type 2 and type 14 is not
possible.

Selectivity. Taking into account that the parent scaffold of
the new 174-HSD14 inhibitors was derived from 174-HSD1
and 174-HSD2 inhibitors, it was of utmost importance to study
their selectivity profile with respect to 174-HSD1 and 17p-
HSD2 binding.

The 176-HSD1 and 17f-HSD2 inhibition assay was
performed using a radioactive assay, quantifying the amount
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Figure 8. (A) Superimposition of 174-HSD1 (yellow, PDB 1FDT)
and 178-HSD14 (light blue, PDB SHS6) structures as ternary
complexes. (B) Close-up view of the superimposed substrate binding
pocket. The proteins are shown as ribbon model. The steroids are
shown as stick models. The amino acids, involved in binding of the
steroids (Tyr154 for 17-HSD14; TyrlSS, Serl42 and His 221 for
17f-HSD1), and the cofactors are shown as thin lines. The carbon
atoms of E1 in complex with 17//-HSD14 are colored in light-blue, and
the carbon atoms of (E2) in complex with 17-HSD1 are colored in
yellow. H-bonds are depicted as black dotted lines. Distances are given
in A.

of [*H]-labeled E2 (for type 1) and [*H]-labeled E1 (for type
2) formed after incubation with protein, cofactor, and the
inhibitor as previously described.’ The results are shown in
Table 7, expressed as percent inhibition when tested at an
inhibitor concentration of 1 yuM.

As expected, the 2,5-pyridine 23 showed the highest affinity
for 17-HSD1 (47% inhibition) compared to the 2,6-pyridines
(6—20, 9—23% inhibition), which were all nearly inactive in
174-HSD1.

Inhibition of 174-HSD2 was slightly higher than that of 17/-
HSD1 for the compounds with a 2,6-substitution pattern
(between 30% and 62% inhibition at 1 M concentration for
6—20) and much higher for the 2,5-pyridine ketones (64% and
85% when tested at 1 uM concentration for 23 and 2,
respectively).

A direct comparison of the 174-HSD1 and 178-HSD2
inhibitory activities with those of 174-HSD14 is however
problematic as different conditions were used in the assays.

However, under the applied condition in the 174-HSD2
inhibition assay, using the Cheng—Prusoff equation for
competitive inhibition, a calculated K; (cK;) could be estimated:

Table 7. 17f-HSD14 Binding Constant (K;) and 17f-HSD1/
17f-HSD2 Inhibitory Activities (% Inhibition) of the Most
Interesting Compounds

17p-HSD14  174-HSD1 % inhibition 174-HSD2 % inhibition
compd K, (nM)“ @ 1 uM” @ 1 uM*®
2 24 +9 47 85
N 245 + 21 6 85
6 26+ 3 9 62
9 13+5 23 43
10 11 +3 12 48
12 64 + 4 13 30
18 7+2 13 34
20 47 + 7 14 37
23 174§ 47 64

“Recombinant purified 174-HSD14 enzyme, fluorimetric assay,
substrate E2 [32 yuM], NAD* [1.2 mM], 25 °C, mean value of at
least two independent experiments each with three technical repeats.
“Placental 174-HSD1 enzyme, cytosolic fraction, substrate [*H]-E1 +
E1 [500 nM], NADH [ 0.5 mM], mean value of two determinations;
standard deviation <20%. “Placental 17/-HSD2 enzyme, microsomal
fraction, substrate [*H]-E2 + E2 [500 nM], NAD" [1.5 mM], mean
value of two determinations; standard deviation <20%

for a compound with an ICy; of around 1 M (50% inhibition
at 1 uM), a cK; of about 450 nM was expected (with K, 17/
HSD2 = 400 nM in this assay** and [S] = 500 nM).

With 48% and 43% inhibition of 174-HSD2, compounds 9
and 10 showed a cK; > 450 nM. Comparison of their K; values
for 17-HSD2 and 17-HSD 14 binding allowed calculation of a
selectivity factor (ratio of K;(HSD2)/K,(HSD14)), which could
be estimated to be around 35 for 9 and >41 for 10.
Compounds 9 and 10 are relatively selective 174-HSD14
inhibitors. The selectivity profile of 12 toward 174-HSD2 (with
only 30% inhibition at 1 #M) should be even better.

As steroidomimetics, the synthesized compounds might
show undesired binding affinity to the estrogen receptors (ERs)
a and . Wetzel et al. reported that the most interesting
compounds 2—S, identified in the first screen, showed very low
affinities to both ER subtypes (<0.1%, taking E2 as 100%
reference).”® It is therefore assumed that the synthesized
compounds, which bear the same scaffold, do not bind tightly
to the ERs.

B DISCUSSION

The combination of the biological results, the crystal structures
of the five ligands in ternary complex with the protein and the
physicochemical properties provide the basis for the under-
standing of the structure—activity relationship study of the 2,5-
and 2,6-substituted pyridine derivatives.

Focus on the C-Ring Part. The 3-OH group at the C-ring
achieves important H-bond interactions with TyrlS$4 and
Ser141, which stabilize the inhibitor in the enzyme binding site.
The increase in acidity of this OH moiety, enhanced by the
addition of a fluorine atom in ortho position to the OH group,
correlates with a gain in binding affinity. The crystal structures
indicate that the H-bond length between the 3-OH group at the
C-ring and Tyr154 is rather short (d = 2.3—2.5 A). This result
supports the hypothesis of Hwang et al,,** which describes that
in SDR enzymes, the pK, of the OH group from the catalytic
tyrosine is decreased (through electrostatic interaction with the
protonated catalytic Lys-NH;" and NAD") and that this Tyr-
OH is present as deprotonated species in the active site. In our
structures, the negatively charged (or at least highly polarized)
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Tyr154-O” can interact via H-bond interactions with 3-OH
groups at the C-ring of the inhibitors, leading to a strong
contact between the inhibitor and the protein. This interaction
becomes even more stable in the presence of an increasingly
acidic OH group at 3-position, once it is more strongly
polarized O(57)—H(5").

In addition, it can be seen in the crystal structures that the
inhibitors are involved in a more complex H-bonding network
via the interaction with Tyr154, also including the ribose-OH
groups of the cofactor, Lys158, Asn88, Asn89, and two to three
water molecules (Figure 9). The highlighted H-bonding
network reinforces the strength of the interaction between
Tyr154 and the OH group at the C-ring of the inhibitor,"
thereby strongly stabilizing the ligand in the binding pocket.

Asn88

Lys158

Figure 9. H-bonding network stabilizing the inhibitor 12 in the 17/-
HSD14 binding site. The carbon atoms of 12 are colored in green and
shown as a stick model. The amino acids, involved in the H-bonding
network, and the cofactor NAD* (beige) are shown as thin lines. H-
bond interactions are depicted as dotted lines. Distances are given in
A. Water molecules are shown as spheres. The water molecules
present in all protein—inhibitor complex structures are colored in red,
an additional water molecule is visible in the case of the complexes
with 1 and 12 (higher resolution crystal structures) and is colored in
green.

The H-bond donor/acceptor profile involved in the
interaction between the 3-OH group at the C-ring and
Tyr154/Ser141 can be interpreted in more detail: a
deprotonated Tyr154 implies that the 3-OH group at the C-
ring of the inhibitor interacts with Tyr154-O~ as H-bond donor
and with the hydroxyl group of Ser141 as H-bond acceptor. For
the inhibitors also bearing a 2-OH group at the C-ring moiety,
an intramolecular H-bond with their keto groups can be formed
and no interaction with Tyr154 is expected (the OH group of
Tyr 154 is already involved in a contact with the ribose-OH and
the 3-OH group at the C-ring inhibitor and is not available for
an additional interaction). In addition, it can be remarked that
the rigidification induced by the intramolecular H-bond does
not correlate with an increase in binding affinity (comparison of
compounds 9 and 10).

Replacing the 3-OH group at the C-ring by a 3-OMe moiety
was shown to be detrimental for inhibitory activity (16a, no
inhibition @100 #M compared to 16, K; = 63 nM). When
compound 16a was modeled into the crystal structure of 17/-
HSD14 (Supporting Information, Figure S1A), it resulted in a
shift of the binding pose (compared to the compounds
observed in the crystal structures, see Figure S), which could
allow an H-bond interaction between the oxygen of the 3-OMe
group and the OH group of Tyr1S4 of the catalytic triad,
however, the H-bond contact is only possible when the 3-OMe

group acts as an acceptor (Supporting Information, Figure
S1A). The inactivity of this compound confirms the hypothesis
that an H-bond donor in 3-position of the C-ring is necessary
for the inhibitory activity of the compound. In addition, no
interaction with Ser141 could be observed in the presence of
the 3-OMe group in the model structure.

Focus on the A-Ring Part. On the basis of the biological
results, it is evident that the removal of the A-ring leads to a
strong decrease in activity (16, K; = 63 nM compared to 24 K,
= 1541 nM), indicating an important interaction of the A-ring
with the protein. The crystal structures show that no amino
acid is able to achieve a 7-stacking interaction in the vicinity of
the aromatic A-ring. This result suggests that the aromatic A-
ring must be stabilized by hydrophobic interactions with Pro96.

Furthermore, it can be observed that the introduction of a 3-
OH or 4-OH group on the A-ring induces a slight increase in
affinity compared to the unsubstituted A-ring. Either these
hydroxyl moieties interact with the carbonyl backbone of
Alal49 via a weak H-bond interaction or the benefit of a strong
interaction with Ala149 is decreased by the desolvation cost. It
is also striking that neither an electron donating nor an electron
withdrawing group has an influence on the potency.

The significant affinity enhancement of the dimethylamino
derivative 17 was investigated using the modeled structure
(Supporting Information, Figure S1B). Here, the NMe, moiety
comes into close contact with the carbonyl group of Ala149. A
strong interaction would only be possible between the NMe,
group and the carbonyl oxygen when the tertiary amine is
protonated. However, taking into account the pK, value of the
NMe, group, it is unlikely that this group is charged. The gain
in affinity might come from additional hydrophobic interactions
between the latter group and Pro96.

In the complex structure with 6, the 3-Me group at the A-
ring interacts neither with the protein nor with the solvent.
Instead, it is pointing toward an empty cavity, while the 3-OH
group of 12 is oriented in the opposite direction, interacting
with Ala149. The swapped orientation of the 3-Me group at the
A-ring of 6 might result from electrostatic repulsions between
the methyl group and the carbonyl moiety of Alal49.

Regarding the equipotent 2,5- 23 (K; = 17 nM) and the 2,6-
substituted derivative 8 (K; = 36 nM), it was previously
suggested that the C-rings of both compounds achieve the same
interaction and that the space available for accommodating the
A-ring at either 5- or 6-position must be large to host a ring at
both positions. From the modeled structure of 23 (Supporting
Information, Figure S1C), it can be assumed that the A-ring in
S-position fits well into the binding pocket, interacting through
hydrophobic contacts with Met199. Furthermore, the modeled
2,5,6-trisubstituted derivative 31 (K; = 9 nM) also suggests that
compounds bearing rings at S- and 6-position can fit in the
cavity and may achieve an intramolecular 7-stacking interaction
(d = 4 A, Supporting Information, Figure S1D).

Focus on the B-Ring Part. Investigating the importance of
the nitrogen at the B-ring indicates that inhibitor 12 (K; = 64
nM) and its phenyl analogue 29 (K, = 21 nM) show similar
affinities. Obviously, the nitrogen does not achieve any specific
interaction with the protein, as confirmed by the crystal
structure. However, the pyridine moiety enhances the solubility
for the compounds of this inhibitor class. Concerning the N-
oxide derivative 30 (K; = 132 nM), the previously observed
interaction between the 3-OH group at the A-ring of
compound 12 with Alal49 can no longer be accomplished,
however, this OH-group can now address the backbone
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carbonyl group of GInl1S0, as observed in the modeled
structure (Supporting Information, Figure S1E). An additional
H-bond interaction of N*-O~ with GIn148 could be gained, but
the high desolvation penalty induced by the introduction of the
charges might not be compensated, overall resulting in no
increase in affinity.

Second Binding Site for Compound 9. For compound 9,
a second binding pose at the tetramer interface was observed.
The inhibitor was refined to an occupancy of 80% at this
additional binding site, suggesting that this ligand exhibits a
lower affinity for this region compared to the active site. The
binding of the inhibitor in this position might be irrelevant for
the inhibitory process. The presence of compound 9 in this
place might be an artifact resulting from crystal packing as the
binding at the interface does not induce any conformational
change of the ternary structure and of the ligand binding site.
However, it is striking that Michiels et al.** reported in their
NMR studies that phytoestrogens might also bind at the dimer
interface of 174-HSD1.

Comparison of the 17-HSD1, 174-HSD2, and 17p-
HSD14 Structures. A positive influence of a fluorine atom in
ortho position to a phenolic hydroxyl group was already
reported during the development of 174-HSD1 dihydroxyphe-
nylthiophenes inhibitors*” and 174-HSD2 ‘hydroxyphenyl-N-
methylsulfonamide thiophenes inhibitors.”” As no crystal
structures of 174-HSD1 and 174-HSD2 in complex with
these nonsteroidal compounds are available, their binding
modes remain unclear. As 17-HSD type 1, type 2, and type 14
belong to the SDR superfamily, they share similarities in the
region in the vicinity of the catalytic triad. The presence of the
complex H-bonding network was also identified in the type 1
enzyme after analysis of its crystal structure (PDB ID 1FDT). It
could be expected that the 174-HSD1 and 17p-HSD2
inhibitors with an acidic OH-phenyl group have a similar
binding mode, interacting with the catalytic triad as observed in
the crystal structure of type 14. Therefore, these new 17/-
HSD14 structures in complex with nonsteroidal inhibitors can
represent a useful comparative data for 174-HSD1 docking
studies and 17-HSD2 homology modeling.

Basis for Structure-Based Drug Design. On the basis of
these results, it should be possible to optimize the current
ligands using structure-based drug design. In this compound
class, the interactions with the catalytic Tyr154 and Ser141 as
well as with Alal49 are very important to anchor the ligand
scaffold in the correct position. Specific interactions involving
His93 and GInl48 in inhibitor binding should result in an
improved activity and selectivity, particularly as His93 is not
present in other human SDR 17/-HSDs. Addressing the water
molecule W1 should also lead to an additional interaction with
the protein. As the active site is open and solvent exposed, the
polar amino acids which are in a close neighborhood to the
active site next to the surface could also be targeted by specific
interactions.

B CONCLUSION

Nonsteroidal 17-HSD14 inhibitors have been identified. The
initial hits identified in a preliminary screen in the 2,6-
susbtituted pyridine class showed a K; around 250 nM/300 nM,
which was optimized to result in six highly active compounds
with K; < 15 nM and two with a K; of 7 nM. The considerations
of substituent effects applied during optimization were
successful. It appears that at the C-ring, an acidic 3-OH
group is essential to achieve high potency, interacting via strong

H-bond contacts to Tyr154 and Ser141, thereby stabilizing the
interaction through an extensive H-bonding network. The
structure—activity relationship found for the A-ring shows that
a 3-OH or a 4-OH group increases the potency of the
inhibition by interacting with Alal49. The crystal structures in
complex with the inhibitors confirm the rather large active site,
reduced by the C-terminal chain from an adjacent monomer.
The new 17f-HSD14 inhibitors show good physicochemical
properties, which should be associated with a good
bioavailability profile. They also present a good selectivity
profile toward both closely related subtypes 174-HSD1 and
17p-HSD2. The determined crystal structures give important
insights not only to characterize the novel protein target but
also to understand the binding poses of these nonsteroidal
inhibitors and provide the basis for their further structure-based
optimization.

B EXPERIMENTAL SECTION

1. Chemistry. 1.1. Chemical Methods. Chemical names follow
TUPAC nomenclature.

Starting materials were purchased from Acros Organics, Alfa Aesar,
Combi-Blocks, Roth, and Sigma-Aldrich and were used without further
purification. Anhydrous THF was freshly distilled from sodium
benzophenone ketyl.

Microwave irradiation experiments were carried out in a CEM-
Discover apparatus.

Column chromatography was performed on silica gel (0.04—0.063
mm, Macherey-Nagel), and reaction progress was monitored by TLC
on aluminum sheets (Silicagel 60 F254, Merck). Visualization was
accomplished with UV light at 254 and 366 nm, respectively.

Preparative HPLC was performed with a Varian PrepStar 218
gradient system using a ProStar 320 detector. A ProntoSIL C18
column (5.0 um, 120 A, 250—32 mm) was used as stationary phase
with an acetonitrile/water gradient containing 0.1% TFA at a flow rate
of 20 mL/min. All solvents were HPLC grade. Detection was
performed at a wavelength of 254 nm.

Mass spectrometry was performed on a Q-Trap 2000 (Applied
Biosystems) equipped with an electrospray interface (ESI).

'H and C NMR spectra were measured on a JEOL ECX-400
spectrometer (at 400 and 100 MHz, respectively). Chemical shifts are
reported in & (parts per million: ppm), using residual peaks for the
deuterated solvents as internal standard:>' 2.05 ppm ('"H NMR), 29.8
and 206.3 ppm (**C NMR), acetone-dg; 7.26 ppm (‘H NMR), 77.2
ppm (®C NMR), CDCly; 2.50 ppm (‘H NMR), 39.5 ppm ("*C
NMR), DMSO-d. Signals are described as s, bs, d, t, q, dd, ddd, dt,
and m for singlet, broad signal, doublet, triplet, doublet of doublets,
doublet of doublet of doublets, doublet of triplets, and multiplet,
respectively. All coupling constants (J) are given in hertz (Hz).

Infrared spectroscopy was performed on a Bruker ALPHA FT-IR
spectrometer as neat sample.

All tested compounds have >95% chemical purity as evaluated by
HPLC. The Shimadzu system consisted of a LC-20AT pump, an SIL-
20A autosampler, and a SPD-M20A PDA detector. The system was
operated by the standard software LCsolution. A RP C18
NUCLEODUR (125 mm X 4 mm, S um) column (Macherey-
Nagel) was used as stationary phase. All solvents were HPLC grade. In
a gradient run, the percentage of acetonitrile was increased from initial
concentration of 30% at 0 min to 90% at 15 min and kept at 90% for S
min. The injection volume was 20 uL at a flow rate of 1.00 mL/min.
UV spectra were recorded at a wavelength of 254 nm.

Marvin sketch was used for the calculation of the pK, data (Marvin
15.9.14, 2015, Chemaxon http://www.chemaxon.com).

The following compounds were prepared according to previously
described procedures: (1a),” (1),” (10g),”* (10f), (15d),”* (31f),”
(33f)*° (using commercial POBr;, max temp 150 °C), and (33e).”

1.2. General Chemical Procedures. 1.2.1. General Procedures for
Alcohol Formation. Method Al: A solution of n-BuLi (1.0 eq, 2.5 M
in hexane) was diluted with anhydrous THF (0.8 M), and aryl
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bromide (1.0 equiv) in anhydrous THF was slowly added at —80 °C
under argon. The resulting solution was stirred for 15 min at =80 °C,
then the appropriate aldehyde (1.0 equiv) was added and the reaction
solution was stirred for additional 15 min at —80 °C followed by room
temperature for 2 h. The mixture was quenched with saturated NH,ClI
and extracted with ethyl acetate. The combined organic layer was
washed with brine, dried over magnesium sulfate, filtered, and
evaporated to dryness under reduced pressure. The product was
purified by column chromatography.

Method A2: A mixture of aryl bromide (1.0 equiv), magnesium
turnings (1.1 equiv), and a catalytic amount of iodine in anhydrous
THF was stirred for 2 h at 60 °C under argon. A solution of the
appropriate aldehyde in anhydrous THF was added, and the reaction
mixture was stirred at 80 °C. The end of the reaction was monitored
by TLC. The mixture was quenched with brine and extracted with
ethyl acetate. The combined organic layer was dried over magnesium
sulfate, filtered, and evaporated to dryness under reduced pressure.
The product was purified by column chromatography.

1.2.2. General Procedure for Alcohol Oxidation: Method B. 2-
Iodoxybenzoic acid (1.2 equiv) was added to a solution of alcohol
derivative (1.0 equiv) in THF, and the reaction mixture was stirred at
60 °C. After the end of the reaction (monitored by TLC), the mixture
was cooled to room temperature, quenched with saturated Na,$,0;,
and extracted with ethyl acetate. The combined organic layer was
washed with water and saturated sodium bicarbonate, dried over
magnesium sulfate, filtered, and evaporated to dryness under reduced
pressure. The product was purified by column chromatography.

1.2.3. General Procedures for Suzuki Coupling. Method C1: A
mixture of aryl bromide (1.0 equiv), boronic acid (1.2 equiv), cesium
carbonate (4.0 equiv), and tetrakis(triphenylphosphine)palladium
(0.02 equiv) was solved in DME/water (2:1) and degassed with
argon. The mixture was stirred overnight at 80 °C. The reaction
mixture was cooled down to room temperature, quenched with water,
and extracted with ethyl acetate. The combined organic layer was
washed with brine, dried over magnesium sulfate, filtered, and
evaporated to dryness under reduced pressure. The product was
purified by column chromatography.

Method C2: A mixture of aryl bromide (1.0 equiv), boronic acid
(1.2 equiv), sodium carbonate (2.0 equiv), and tetrakis-
(triphenylphosphine)palladium (0.02 equiv) was solved in DME/
water (2:1) and degassed with argon. The mixture was exposed to
microwave irradiation (60 min, 150 W, 150 °C) and quenched with
water after reaching room temperature. The mixture was extracted
with ethyl acetate, and the combined organic layer was washed with
brine, dried over magnesium sulfate, filtered, and evaporated to
dryness under reduced pressure. The product was purified by column
chromatography.

1.2.4. General Procedure for Amination of Bromopyridine:
Method D. A mixture of bromopyridine (1.0 equiv), appropriate N-
heterocycle (1.1 equiv), and potassium phosphate (4.0 equiv) in 1,4-
dioxane was stirred at 100 °C. At the end of the reaction (monitored
by TLC), the mixture was cooled to room temperature, quenched with
1 M sodium hydroxide, and extracted with ethyl acetate. The
combined organic layer was dried over magnesium sulfate, filtered, and
evaporated to dryness under reduced pressure. The product was
purified by column chromatography.

1.2.5. General Procedure for Ether Cleavage: Method E. A
solution of methoxy derivative (1.0 equiv) in dry dichloromethane was
cooled to —80 °C, and boron tribromide (1 M in dichloromethane, §
eq per methoxy function) was slowly added under argon. The reaction
mixture was stirred at —80 °C for 1 h and then allowed to warm to
room temperature overnight. The mixture was cooled in an ice bath,
quenched with water, and extracted with ethyl acetate. The combined
organic layer was washed with brine, dried over magnesium sulfate,
filtered, and evaporated to dryness under reduced pressure. The
product was purified by column chromatography.

1.3. Detailed Synthesis Procedures and Compound Character-
ization. (4-Fluoro-3-hydroxyphenyl)[6-(4-hydroxy-3-methylphenyl)-
pyridin-2-yllmethanone hydrochloride salt (6). According to method
E, the title compound was prepared by reaction of (4-fluoro-3-

methoxyphenyl)[6-(4-methoxy-3-methylphenyl)pyridin-2-yl]-
methanone (6a) (110 mg, 031 mmol, 1.0 equiv) with boron
tribromide (3.1 mL, 3.1 mmol, 10 equiv) in dichloromethane (6.0
mL). The crude product was purified by column chromatography
(cyclohexane/ethyl acetate 3:1), and the hydrochloride salt was
prepared by means of 2 M hydrogen chloride solution in ether to give
85 mg (0.24 mmol/75%) of the analytically pure compound
CoHFNO;-HCl, MW 360; mp 194—195 °C. 'H NMR (DMSO-
dg, 400 MHz): 5 1029 (bs, 1H), 9.71 (bs, 1H), 8.12=7.96 (m, 2H),
7.85—7.81 (m, 1H), 7.79-7.73 (m, 1H), 7.71 (dd, ] = 8.8 Hz, 2.2 Hz,
1H), 7.56 (ddd, ] = 8.4 Hz, 4.5 Hz, 2.1 Hz, 1H), 7.33 (dd, ] = 11.0 Hz,
8.5 Hz, 1H), 6.89 (d, J = 84 Hz, 1H), 2.18 (s, 3H). 3C NMR
(DMSO-d, 100 MHz): 5 191.9, 157.1, 155.4, 154.2 (d, ] = 2482 Hz),
154.1, 144.8 (d, J = 12.5 Hz), 1383, 132.7 (d, J = 3.1 Hz), 129.3,
128.5, 125.6, 1242, 1232 (d, ] = 7.8 Hz), 121.7, 121.3, 1200 (d, ] =
4.4 Hz), 1160 (d, J = 19.1 Hz), 114.9, 16.2. IR: 3390, 1661, 1611,
1597, 1583, 1526, 1510, 1427, 1235, 1119, 756 cm™". MS (ESI): 324
(M + H)*7 Hz), 115.8 (d, ] = 6.8 Hz), 56.4. MS (ESI): 310, 312 (M +
H)*. HPLC analysis: retention time = 12.29 min; peak area, 97.6%.
(4-Fluoro-3-hydroxyphenyl)[6-(3-fluoro-4-hydroxyphenyl)-
pyridin-2-yllmethanone Hydrochloride Salt (8). According to
method E, the title compound was prepared by reaction of (4-
fluoro-3-methoxyphenyl) [6-(3-fluoro-methoxyphenyl)pyridin-2-yl]-
methanone (8a) (148 mg, 042 mmol, 1.0 equiv) with boron
tribromide (4.2 mL, 4.2 mmol, 10 equiv) in dichloromethane (8.0
mL). The crude product was purified by column chromatography
(cyclohexane/ethyl acetate 2:1), and the hydrochloride salt was
prepared by means of 2 M hydrogen chloride solution in ether to give
92 mg (0.25 mmol/61%) of the analytically pure compound
C,sH,,F,NO;HCl; MW 364; mp 206—207 °C. 'H NMR (acetone-
dg 400 MHz): 8 8.16 (dd, J = 8.1 Hz, 1.2 Hz, 1H), 8.11 (dd, J = 8.0
Hz, 7.5 Hz, 1H), 7.93 (dd, J = 8.5 Hz, 1.7 Hz, 1H), 7.90 (dd, ] = 3.2
Hz, 1.7 Hz, 1H), 7.88—7.82 (m, 2H), 7.72 (ddd, J = 8.5 Hz, 4.5 Hz,
2.1 Hz, 1H), 7.31 (dd, J = 10.8 Hz, 8.5 Hz, 1H), 7.13 (t, ] = 8.7 Hz,
1H). *C NMR (acetone-d, 100 MHz): & 192.3, 155.6, 1554 (d, ] =
249.3 Hz), 155.2 (d, ] = 2.35 Hz), 152.6 (d, ] = 240.0 Hz), 1472 (d] =
12.9 Hz), 145.5 (d, J = 13.3 Hz), 139.3, 134.2 (d, ] = 3.3 Hz), 131.6 (d,
] =59 Hz), 124.8 (d, ] = 747 Hz), 124.11 (d, ] = 3.2 Hz), 123.0,
122.6, 1213 (d, ] = 42 Hz), 1189 (d, J = 3.0 Hz), 1166 (d, ] = 192
Hz), 115.3 (d, J = 20.0 Hz). IR: 3380, 1660, 1598, 1582, 1524, 1430,
1235, 754 cm™'. MS (ESI): 328 (M + H)*. HPLC analysis: retention
time = 1 1.63 min; peak area, 98.8%.
(4-Fluoro-3-hydroxyphenyl)[6-(2-fluoro-3-hydroxyphenyl)-
pyridin-2-yllmethanone Hydrochloride Salt (9). According to
method E, the title compound was prepared by reaction of (4-
fluoro-3-methoxyphenyl) [6-(2-fluoro-3-methoxyphenyl) pyridin-2-yl]-
methanone (9a) (126 mg, 035 mmol, 1.0 equiv) with boron
tribromide (3.5 mL, 3.5 mmol, 10 equiv) in dichloromethane (6.0
mL). The crude product was purified by column chromatography
(cyclohexane/ethyl acetate 2:1), and the hydrochloride salt was
prepared by means of 2 M hydrogen chloride solution in ether to give
117 mg (032 mmol/92%) of the analytically pure compound
CysH, F,NO,HCl; MW 364; mp 198—199 °C. 'H NMR (DMSO-
d,, 400 MHz): & 8.15 (t, ] = 7.8 Hz, 1H), 8.00 (ddd, J = 7.9 Hz, 2.1
Hz, 0.9 Hz, 1H), 7.92 (dd, J = 7.7 Hz, 1.0 Hz, 1H), 7.70-7.64 (m,
1H), 7.55 (ddd, J = 8.5 Hz, 4.5 Hz, 2.2 Hz, 1H), 7.31 (dd, J = 11.0 Hz,
8.5 Hz, 1H), 7.29-7.22 (m, 1H), 7.12-7.04 (m, 2H). *C NMR
(DMSO-d,, 100 MHz): & 191.7, 154.6, 154.3 (d, ] = 125.5 Hz), 151.9,
149.2 (d, ] = 146.2 Hz), 145.6 (d, ] = 12.6 Hz), 144.9 (d, ] = 12.4 Hz),
1384, 132.5, 127.3 (d, ] = 9.1 Hz), 1267 (d, ] = 8.1 Hz), 124.4 (d, ] =
4.1 Hz), 123.3 (d, J = 7.5 Hz), 122.9, 120.2, 1198 (d, J = 4.5 Hz),
1185 (d, J = 3.2 Hz), 1160 (d, J = 19.3 Hz). IR: 3155, 1655, 1593,
1481, 1293, 1225, 750 em™. MS (ESI): 328 (M + H)*. HPLC
analysis: retention time = 10.82 min; peak area, 98.4%.
[6-(3-(N,N-Dimethylamino)-phenyl)pyridin-2-yl](4-fluoro-3-
hydroxyphenyl)methanone Trifluoroacetate Salt (17). According to
method E, the title compound was prepared by reaction of [6-(3-
(N,N-dimethylamino)-phenyl)pyridin-2-yl] (4-fluoro-3-
methoxyphenyl)methanone (17a) (105 mg, 0.30 mmol, 1.0 equiv)
with boron tribromide (1.5 mL, 1.5 mmol, S equiv) in dichloro-
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methane (4.0 mL). The crude product was purified by column
chromatography (cyclohexane/ethyl acetate S5:1) and preparative
HPLC (gradient water/acetonitrile/trifluoroacetic acid 80:20:0.1 —
35:65:0.1, in 120 min) to give 7S mg (0.22 mmol/74%) of the
analytically pure compound C,oH,,FN,O,- TFA; MW 450; mp 146—
147 °C. '"H NMR (acetone-dg, 400 MHz [measured as base]): & 9.06
(s, 1H), 8.17 (dd, ] = 8.0 Hz, 1.0 Hz, 1H), 8.09 (t, J = 7.8 Hz, 1H),
8.00-7.92 (m, 2H), 7.82 (ddd, J = 8.5 Hz, 4.6 Hz, 2.1 Hz, 1H), 7.61
(dd, J = 2.5 Hz, 1.7 Hz, 1H), 7.40 (ddd, ] = 7.7 Hz, 1.5 Hz, 09 Hz,
1H), 7.35-7.26 (m, 2H), 6.85 (ddd, J = 8.2 Hz, 2.7 Hz, 0.8 Hz, 1H),
2.99 (s, 6H). '*C NMR (acetone-dg, 100 MHz [measured as base]): &
192.1, 157.1, 155.3, 155.3 (d, J = 2493 Hz), 152.1, 1454, (d, ] = 13.0
Hz), 139.6, 139.1, 134.3 (d, ] = 3.4 Hz), 1302, 124.9 (d, ] = 7.6 Hz),
123.5, 1233, 121.6 (d, J = 43 Hz), 116.5 (d, J = 192 Hz), 115.7,
114.5, 111.7, 40.6. IR: 3400, 1657, 1594, 1529, 1504, 1580, 1434, 764
cm™'. MS (ESI): 337 (M + H)*; HPLC analysis: retention time =
14.62 min; peak area, 98.9%.

2. Biological Methods. 2.1. 174-HSD14 Inhibition Assay. In a
preliminary study compounds 1—5 were tested using a radioactive
displacement assay (procedure A, % of inhibition at a concentration of
1 uM). The newly synthesized compounds were tested using a
fluorimetric assay (procedure B, as percent inhibition at 2 M, percent
inhibition at the concentration of highest solubility of the compound
and K;). Procedures A and B use the same enzyme source, obtained
from a bacterial culture. In procedure A, the assay was performed with
a bacterial suspension and in procedure B with the purified form of the
enzyme. Because of differences in assay conditions, only results within
the same assay can be compared.

2.1.1. Enzyme Expression. The pET-based plasmid containing the
coding sequences of the human gene HSD17B14 (using the T205
variant), with a N-terminal 6His-tag and a tobacco etch virus (TEV)
protease cleavage site was used for the transfection of Escherichia coli
BL21 (DE3) pLysS competent cells. The transformed bacteria cells
were grown overnight in 100 mL of Terrific Broth medium containing
100 pg/mL of ampicillin at 37 °C. Subsequently, 25 mL of the
overnight culture were transferred in 1 L of the aforementioned
medium and allowed to grow at 37 °C until an ODg, of 0.4 was
reached. Then the temperature was lowered to 15 °C. When the
culture reached the ODj, of 1.0 the cells were induced with 0.5 mM
of IPTG. The bacteria cells were harvested by centrifugation and
conserved at —80 °C overnight before proceeding with the
purification.

2.1.2. Radioactive Assay Using Procedure A. The bacterial pellet
obtained was resuspended in 100 mM phosphate buffer pH 7.7. The
bacterial suspension was incubated with [*H]-E2 (final concentration:
18.3 nM) in the presence of the potential inhibitor in DMSO (final
concentration in assay: 1 #M, final DMSO concentration: 1%) at 37
°C. The enzymatic reaction was started by addition of NAD" (7.5
mM) and incubated for 2 h. The reaction was stopped by addition of
0.21 M ascorbic acid in a methanol/acetic acid mixture (99:1, v/v).
Substrate and product were extracted from the reaction mixture by
SPE (Strata C18-E columns from Phenomenex on a vacuum device).
Separation and quantification of the radioactive steroids was
performed with HPLC (Luna S gm C18(2), 125 mm X 4.00 mm
from Phenomenex, with an acetonitrile/water mixture (43:57, v.v),
flow rate 1 mL/min). Substrate conversion in % was calculated after
integration of the product and substrate peaks. Inhibition was
calculated based on conversion without potential inhibitor (DMSO
only) which was set to 0% inhibition.

2.1.3. Enzyme Purification and Assay Using Procedure B. Enzyme
purification: The cell pellet, previously obtained after IPTG induction,
was resuspended in a buffer containing S0 mM Tris, 500 mM NaCl,
0.5 mM TCEP, 250 mM glucose, 1 mM NAD", 0.5% (v/v) Triton X-
100, and cOmplet Protease Inhibitor Cocktail Tablet (Roche,
Germany) adjusted at a pH of 8. The cells were disrupted with a
high pressure homogenizer (EmulsiFlex-CS, AVESTIN, Mannheim,
Germany) and the obtained homogenate was centrifuged at 17700g for
2 hat 4 °C. The supernatant was applied to a Ni-NTA column ($ mL
HisTrap FF, GE Healthcare Life Sciences, Freiburg, Germany). Two
washing steps were applied: in the first, to remove the DNA, a buffer

composed of 50 mM Tris and 1.5 M NaCl was run against the Ni-
column. The second washing step was then performed with a buffer
containing S0 mM Tris, 500 mM NaCl, 0.5 mM TCEP, 250 mM
glucose, 0.25 mM NAD’, and 21 mM imidazole to remove the
unspecific binding proteins. The target protein was eluted by
increasing the imidazole concentration in the buffer to 300 mM.
TEV protease was added to the protein mixture to cleave the N-6His-
tag, and the product solution was dialyzed overnight at 4 °C to reduce
the imidazole concentration in the sample (50 mM Tris, S00 mM
NaCl, 0.5 mM TCEP, 250 mM glucose, and 0.25 mM NAD). A
second Ni-NTA column was used for separation of the TEV protease
from the 17-HSD14. In this step, the protein was collected from the
flow through of the column, while the TEV protease remained on the
column. With the goal to increase the purity of the protein, an
additional purification step, using a size exclusion chromatography
(Superdex 75 26/60, GE Healtcare Life Sciences, Freiburg, Germany)
was performed with a running buffer comprising S0 mM Tris, S00 mM
NaCl, 0.5 mM TCEP, and 250 mM glucose. To the isolated target
protein, an NAD" solution 0.25 mM (batch for enzymatic assay) or 0.6
mM (batch for crystallization studies) was added. The protein solution
was flash-frozen in liquid nitrogen and stored at —80 °C.

Fluorimetric assay using procedure B: The potential inhibitor (in
DMSO, final DMSO concentration in assay: 1%) was added to a
mixture of NAD* (1.2 mM) and E2 (32 M) in 100 mM phosphate
buffer, pH 8. The enzymatic reaction was started by addition of the
purified enzyme (1 mg/mL), and the production of the fluorescent
NADH formed was measured continuously for 15 min at 25 °C. The
fluorimetric assays were recorded on a Tecan Saphire 2 (4, at 340 nm
and 4, at 496 nm). The slit width for excitation was 7 nm and for
emission 15 nm. Reactions were performed in 200 yL volumes. The
assay was run in 96-well plates in duplicate, each experiment resulting
from three technical repeats. A linear relationship between product
formation and reaction time was obtained. The slope of the progress
curves was calculated by linear regression. The inhibitors do not show
fluorescence at the concentrations used in the assay.

The K, values were calculated using the Morrison equation®® (see
Supporting Information). For calculation, three constants were
necessary: the substrate concentration (32 uM), the K,, for 175-
HSD14 with this substrate E2 (6.18 uM>), and the concentration in
active protein, which was determined experimentally for each
experiment (3.2 or 3.3 uM), using the procedure detailed by
Copeland.* The fitting and data analysis was performed using
GraphPad Prism 7.

2.2. 17p-HSD1 and 17p-HSD2 Inhibition Assay. 17-HSD1 and
17-HSD2 were partially purified from human placenta according to
previously described procedures.”’ The enzyme was incubated with
NADH (500 uM) in the 17-HSD1 assay and with NAD"* (1500 uM)
in the 174-HSD2 assay in the presence of the potential inhibitor in
DMSO (final concentration in assay: 1 xM, final DMSO
concentration: 1%) at 37 °C. The enzymatic reaction was started by
addition of the radioactive substrate (either [*H]-E1 (final
concentration: 500 nM) in the 174-HSDI assay or [*H]-E2 (final
concentration: 500 nM) in the 174-HSD2 assay following a previously
described procedure.”* Separation and quantification of the radioactive
steroids were performed by HPLC coupled to a radiodetector.

3. Protein Co-crystallization with Inhibitors 6, 9, 10, and 12.
Protein activity was verified before performing the crystallization
studies for each inhibitor. The cocrystallization of 174-HSD14 in
complex with the four inhibitors, 6, 9, 10, and 12, was performed by
sitting drop vapor diffusion technique.

For the crystallization of inhibitors 6 and 9 in complex with the
protein, an inhibitor stock solution in pure DMSO was added to the
protein solution (9.5 mg/mL) containing 0.6 mM NAD" with a final
inhibitor concentration of 0.8 mM and a DMSO concentration of 1%.
Then 2 uL of the mother liquor containing 0.1 M CHES, 1 M
trisodium citrate, pH 9.5, was mixed with 2 uL of the protein solution.
After growing for 4 weeks at 18 °C, the crystals were exposed to a cryo
buffer composed of the mother liquor with the addition of 20% (w/v)
glucose and 0.4 mM of either 6 or 9 and subsequently flash-frozen in
liquid nitrogen.
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The inhibitors 10 and 12 were crystallized under different
conditions. The same concentration of the protein containing 0.6
mM of NAD" was mixed with inhibitor and DMSO to the final
concentration of 4 mM of inhibitor and 5% DMSO. Afterward, 2 uL of
this protein—inhibitor solution were mixed with 2 L of mother liquor
composed of 0.1 M HEPES, 20% (w/v) PEG6000, and 5% (v/v)
DMSO, adjusted to pH 7.0. Crystals were grown at a temperature of
18 °C for 4 weeks. The crystals obtained with 10 were exposed to a
cryo buffer obtained by the combination of mother liquor with the
addition of 20% glucose and successively flash-frozen with liquid
nitrogen. The crystals resulting from the complex with 12 were kept at
room temperature.

Details about the crystallographic data collection, structure
determination, and refinement can be found in the Supporting
Information.
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During the past 25 years, the modulation of estrogen action by inhibition of 17f-hydroxysteroid dehydrogenase
types 1 and 2 (17p-HSD1 and 17p-HSD2), respectively, has been pursued intensively. In the search for novel
treatment options for estrogen-dependent diseases (EDD) and in order to explore estrogenic signaling pathways,
a large number of steroidal and nonsteroidal inhibitors of these enzymes has been described in the literature.

The present review gives a survey on the development of inhibitor classes as well as the structural formulas and
biological properties of their most interesting representatives. In addition, rationally designed dual inhibitors of
both 17p-HSD1 and steroid sulfatase (STS) as well as the first inhibitors of 17-HSD14 are covered.

1. Introduction

17p-Hydroxysteroid dehydrogenase type 1 and type 2 (178-HSD1
and 17p-HSD2; EC 1.1.1.62) are oxidoreductases belonging to the short
chain dehydrogenase-reductase (SDR) family which interconvert ke-
tones and their corresponding secondary alcohols. Their names are de-
rived from the fact that they catalyze oxidoreductions in the 17f-po-
sition of steroidal substrates, under consumption of the natural cosub-
strates NADPH (17p-HSD1) and NAD* (17p-HSD2). Thus, 17f-HSD1
(SDR nomenclature: SDR28C1) catalyzes the reduction of the weakly
estrogenic estrone (E1) to the most potent estrogen 17p-estradiol (E2,
Scheme 1) which plays a central role in the etiology of estrogen depen-
dent diseases (EDD). 17p-HSD2 (SDR2C9), on the other hand, catalyzes
the reverse reaction, namely the inactivation of E2 by oxidation to E1.
It can therefore be considered as a physiological adversary of the type
1 enzyme. Besides, 173-HSD2 is involved in the deactivation of andro-
gens (testosterone, T) and the activation of progestins. Both E1 and E2
exert their physiological effects predominantly by transactivation of the
nuclear estrogen receptors (ER) « and f, and the weaker estrogenicity of
E1 is due to its lower ER-affinity compared to that of E2.

17p-HSD1 and 2 display an intracrine mode of action, i.e. they in-
terconvert estrogens within the cells where the estrogenic effects are
exerted (Labrie, 1991). The interplay of these two enzymes modulates

* Corresponding author.
Email address: m.frotscher@mx.uni-saarland.de (M. Frotscher)
1 Authors contributed equally.

https://doi.org/10.1016/j.mce.2018.10.001
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estrogen action on a pre-receptor level (Penning, 1997; Duax et al.,
2000), depending on the requirements of the cell. 17-HSD1 and 2 may
therefore be seen as “molecular switches”, as they increase (switch on)
and decrease (switch off) ligand occupancy and concomitant transacti-
vation of the ER, respectively (Labrie et al., 2000; Penning, 2003).

In case of EDD, the interplay of 17p-HSD1 and 2 is disrupted, giv-
ing rise to an imbalance between estrogen activation and inactivation.
Thus, an increased E2/E1 ratio and high levels of 178-HSD1 mRNA are
indicative for a crucial role of 173-HSD1 e.g. in endometriosis (Smuc et
al., 2007; Huhtinen et al., 2012), endometrial hyperplasia (Saloniemi et
al., 2010), endometrial cancer (Cornel et al., 2012, 2017), breast can-
cer (Jansson, 2009), ovarian tumor (Blomquist et al., 2002) and uter-
ine leiomyoma (Kasai et al., 2004). Inhibition of 17p-HSD1 is there-
fore considered as a valuable therapeutic approach for the treatment
of these diseases. The validity of this concept is supported by several
observations: (1) 178-HSD1 inhibition resulted in a decrease of E2 lev-
els in endometriotic specimens (Delvoux et al., 2014); (2) 17p-HSD1
inhibitors reversed estrogen-induced endometrial hyperplasia in trans-
genic mice (Saloniemi et al., 2010); (3) Inhibition of 17p-HSD1 re-
sulted in the reduction of El-stimulated tumor cell growth in vitro and
in animal models, suggesting that this target is eligible for the treat-
ment of breast cancer (Husen et al., 2006; Kruchten et al., 2009). The
fact that the enzyme catalyzes the final step in estrogen activation
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Scheme 1. Steroid hormone conversions catalyzed by 173-HSD1, 17p-HSD2 and 17f-HS-
D14.

makes this approach particularly interesting as it may offer the prospect
of few side effects. Osteoporosis is an age-related disease which is con-
nected to decreasing amounts of E2 and T (Vanderschueren et al.,
2008). Estrogen replacement therapy proved to be an efficient treatment
but led to adverse effects and is no longer recommended. The fact that
17p-HSD2 is present in osteoblasts (Dong et al., 1998) and decreases
E2-and T-levels by oxidation to the ketones makes 173-HSD2 inhibition
a promising approach for the treatment of osteoporosis. In an in vivo
monkey model, a 173-HSD2 inhibitor led to a decrease of bone resorp-
tion and maintenance of bone formation, validating the therapeutic con-
cept (Bagi et al., 2008). As compared to established endocrine treat-
ments of EDD, inhibitors of 173-HSD1 and 17p-HSD2 should have the
advantage to exert little influence on systemic estrogen levels, offering
the prospect of fewer side effects.

17p-HSD14 (SDR47C19; synonymes: retSDR3, DHRS10) is another
member of the SDR family and the last 173-HSD that has been iden-
tified. In vitro, it NAD*-dependently oxidizes E2 to E1 (Lukacik et
al., 2007) - and thus shows analogy to 17p-HSD2. Moreover, it was
found to catalyze the formation of dehydroepiandrosterone and 4-an-
drostene-3,17-dione from 5-androstene-3f,17f-diol and testosterone, re-
spectively (Scheme 1). The physiological role and the native substrate(s)
of this enzyme, however, are yet unknown. Therefore, it is still unclear
whether this enzyme may serve as a drug target in the future. Recently,
the 3D-structures of the cytosolic protein as holo form and as ternary
complexes with E1 and with a nonsteroidal inhibitor have been de-
scribed (Bertoletti et al., 2016; Braun et al., 2016).

2. Inhibitors

Inhibitors of 17p-HSD1 and 2 have been reviewed previously
(Poirier, 2003, 2009; Deluca et al., 2005; Brozic et al., 2008; Day et al.,
2008, 2010; Marchais-Oberwinkler et al., 2011a). In the following we
give a comprehensive overview on inhibitors identified, including re-
cent developments.

¥
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2.1. Natural products and parabens as inhibitors of 17-HSDs

The literature covering effects of phytoestrogens on 17p-HSD en-
zymes has been reviewed previously (Deluca et al., 2005). In a more
recent publication, inhibitory activities of different flavones and related
compounds on 17p-HSD enzymes from the fungus Cochliobolus lunatus
(17p-HSDcl) were reported (Kristan et al., 2005). Flavones hydroxylated
at positions 3, 5 and 7 as well as 5-methoxyflavone (Fig. 1, compounds
1-5) led to the strongest inhibition of estradiol oxidation, showing ICs,
values in the range of 0.4-1 pM. Their ability to inhibit the reverse reac-
tion (reduction of estrone) was less pronounced (ICg, values from 1.2 yM
to 7.4 pM). Coumestrol and kaempferol (Fig. 1, compounds 6 and 7 a, re-
spectively) inhibited both reactions unselectively (ICs, values between
2.5uM and 3.9uM).

Vuorinen et al. applied a pharmacophore model based on 173-HSD2
inhibitors to a virtual screening of various databases containing natural
products in order to discover new lead structures from nature (Vuorinen
et al., 2017a). The work resulted in the identification of new 178-HSD2
inhibitors and provided information on the binding pocket of the en-
zyme. The structures and inhibitory data of the most potent compounds
7b and 8-11 are given in Fig. 1.

Parabens (p-hydroxybenzoic acid esters) are effective preservatives
with high human exposure. In order to investigate possible estrogenic
effects exerted by parabens and parabene-like compounds, Engeli et
al. addressed their potential interference with local estrogen metab-
olism by inhibiting 173-HSD1 and 178-HSD2 (Engeli et al., 2017).
All parabens under investigation moderately inhibited 17p-HSD2. In-
hibition of 17p-HSD1 was size-dependent, whereby hexyl- and heptyl-
paraben (Fig. 1, compounds 12d and 12e) were most active. The re-
sults suggest that depending on the tissue expression of 17p-HSD1 and
17p-HSD2, parabens might exert pro-estrogenic or anti-estrogenic ef-
fects. As smaller parabens (methyl-, ethyl-, propylparaben; compounds
12a-c) are more commonly used than larger parabens, disruption of es-
trogenic effects through inhibition of 17p-HSD2 is more likely to occur
than through inhibition of 173-HSD1. Regarding the rapid metabolism
of the compounds to the inactive p-hydroxybenzoic acid (compound 12,
R = H), it needs to be determined whether the low micromolar paraben
concentrations required for effective disturbance of estrogen action can
be reached in target cells in vivo.

2.2. Inhibitors of 17/-HSD1

2.2.1. Steroidal inhibitors of 17p-HSD1

C16 substituted E2 derivatives. Since the 1990s, the Poirier group
has been working on C16 substituted estradiol derivatives as inhibitors
of 17p-HSD1. First design approaches consisted in the introduction of
bromo-substituted aliphatic chains with various lengths (n = 1-7) and
stereochemistry (« or p; Fig. 2, structure 13) in the 16-position of the
steroidal skeleton (Tremblay et al., 1995; Tremblay and Poirier, 1998;
Rouillard et al., 2008). In a cell-free assay, the most potent compounds
13a and 13b displayed ICg, values of 1.3pM and 1.2pM, respectively
(Rouillard et al., 2008). However, the compounds were found to ex-
ert proliferative estrogenic-like effects on the human estrogen depen-
dent breast cancer cell lines ZR-75-1 (Tremblay et al., 1995) and T47D
(Rouillard et al., 2008). Two strategies were pursued to eliminate the
estrogenic effect: the first strategy consisted in exchanging the bromine
atom with chlorine or hydroxy and the introduction of a methoxy group
in position 2 (compounds not shown). These modifications, however,
reduced potency, and the compounds displayed estrogenic effects to-
wards T47D cells (Rouillard et al., 2008). The second strategy com-
prised the introduction of a bromopropyl-linker bearing a bulky alky-
lamide group in the 16« position of estradiol (Fig. 2, compound 14).
This modification eliminated estrogenic activity on ZR-75-1 cells but on
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2017a)
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12b  Ethylparaben 7 74
12¢  Propylparaben 37 37 (Engeli er al. 2017)
12d Hexylparaben 80 58
12¢ Heptylparaben 83 76

Fig. 1. Natural products and parabens showing inhibition of 17p-HSD1 and 17-HSD2.

the expense of inhibitory potency (ICs, under cell-free conditions:
10.4puM). Interestingly, compound 14 was found to have antiestro-
genic activity as it was able to neutralize the effect of estradiol on
ZR-75-1 cells, so it can be considered as a dual-action inhibitor (Pelletier
and Poirier, 1996).

In 2002 the same group successfully enhanced the inhibitory activ-
ity of Cl6-substituted E2 derivatives by designing and synthesizing a
bifunctional hybrid inhibitor, combining an E2-and an adenosine moi-
ety in a single compound (Fig. 2, EM-1745, compound 15) which al-
lows for simultaneous occupation of both the substrate and the co-
factor binding site (Qiu et al., 2002). Compound 15 showed high in-
hibitory activity against purified 173-HSD1 (ICs, value: 52nM) (Poirier

et al., 2005). However, two major drawbacks were reported for 15 when
used in intact cells or in vivo models, namely cell membrane perme-
ation problems and rapid metabolization, most probably at the ester
bond site (Fournier et al., 2008). To overcome the stability problem,
two strategies were pursued that focused on simplifying the complex
structure of 15. The first led to a series of compounds which contain
a meta-substituted aniline as a mimic of the adenosine moiety while
the ester bond was replaced by a carbon-carbon bond (Fig. 2, com-
pounds 16) (Bérubé and Poirier, 2004). The most active compound of
this structurally simplified series contained an alkyl chain with 13 car-
bon atoms (i.e. n = 13) and was slightly less active than compound 15
(Bérubé and Poirier, 2009). The second approach consisted in the par-
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(Rouillard er al. 2008)
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14 10.4 uM (Pelletier & Poirier 1996)
52nM (Poirier er al. 2005)
15°
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(Bérubé & Poirier 2009)
16a 56 nM
17a 44 nM in T47D cells
(Laplante er al. 2008)
17b 171 nM in T47D cells
17¢ 68 nM in T47D cells (Maltais er al. 2011)

"Different ICsq values reported in the cited references.

Fig. 2. Steroidal inhibitors of 17p-HSD1: C16 substituted E2 derivatives.

allel solid phase synthesis of diverse libraries of 16p-substituted E2 de-
rivatives (not shown) that could serve as bisubstrate inhibitors, how-
ever, none of these libraries resulted in compounds that could reach the
strong activity of compound 15 (Bérubé et al., 2010).

The introduction of an m-carbamoylbenzyl substituent at the 16f
positions of E2 and E1, respectively, led to the highly potent com-
pounds 17a and 17b (Fig. 2) with good cellular permeability, dis-
playing ICs, values of 44 and 171nM, respectively, in an assay us-
ing intact T47D cells. In cellular proliferation assays (T47D cells), 17a
was able to inhibit E1-mediated proliferation to a certain extent, with-
out returning to the basal levels of proliferation as 17a was found to
have estrogenic potency itself (Laplante et al., 2008; Mazumdar et al.,
2009). Compound 17¢, bearing a 2-bromoethyl side chain at position
3, was devoid of estrogenic properties. Moreover, it showed potent irre-

versible inhibition of 17p-HSD1 (ICs,: 68nM in intact T47D cells) and it
was found to have no effect on 178-HSD2, 17p-HSD7, 17p-HSD12 and
CYP3A4 (Maltais et al., 2011, 2014).

C6 and C2 substituted E2 derivatives. Another approach for the de-
sign of steroidal 17p-HSD1 inhibitors was reported by the Poirier group.
The authors described compounds that bear a butyl methyl alkylamide
side chain in the C6 position of E2 (Fig. 3, general structure 18)
(Poirier et al., 1998). The 6§ orientation of the thioether linked side
chain was found to be essential for activity as compound 18a (Fig. 3)
was 70 times more potent an inhibitor than its 6a-isomer (not shown;
ICso values 0.17pM and 12.0 uM, respectively) (Poirier et al., 1998).
In an attempt to eliminate the estrogen-like effect of this compound,
the C3 hydroxy group was replaced with a hydrogen atom (compound
18b). This modification, however, was not only inadequate to remove
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Fig. 3. Steroidal inhibitors of 17p-HSD1: C6 and C2 substituted E2 derivatives.

estrogenicity but also was clearly unfavorable in terms of 17p-HSD1 in-
hibition (Tremblay et al., 2005). Replacement of the thioether bond by
a C—C bond, as exemplified by compound 18c, led to less estrogenic
compounds without affecting inhibition of 173-HSD1 compared to 18a
(Cadot et al., 2007). The introduction of a 2-methoxy group (compound
18d) further decreased inhibitory activity without significantly reduc-
ing estrogenic effects (Cadot et al., 2007).

C15 substituted E1 derivatives. Messinger et al. introduced another
class of 17p-HSD1 inhibitors by synthesizing C15-substituted estrone de-
rivatives (Fig. 4, compounds 19 and 20) (Messinger et al., 2009). Com-
pound 19 displayed strong and selective inhibition of the target pro-
tein in cell-free assay. At a concentration of 1 uM, 19 inhibited recombi-
nant human 17p-HSD2 by 10%. The compound was also found to be cell
permeable, as evidenced by its cellular inhibition profile on MCF7 cells
(100% inhibition at 1pM). Moreover, it showed no estrogen receptor
mediated effect (Messinger et al., 2009). Compound 19 was shown to
strongly reduce E2 levels in human endometriotic specimens (decrease
of E2 by more than 85% in approx. 70% of the specimens) (Delvoux
et al., 2014). The 16p-diastereomer of compound 20 which showed an
ICs, value of 194nM in a cell-free assay (Messinger et al., 2009), was
found to inhibit human 17p-HSD1 in transgenic mice expressing hu-
man 17p-HSD1 by 85% and 33% in males and females, respectively
(Lamminen et al., 2009). Interestingly, the 16a-isomer of compound 20
completely reversed estrogen-induced endometrial hyperplasia in these
transgenic mice (Saloniemi et al., 2010).

C2, C6 and C16 substituted E1 derivatives. Potter's group pursued a
structure-based drug design strategy using the crystal structure of hu-
man 17p-HSD1 to discover new, selective and potent inhibitors (Fig. 4,
general structure 21), with a methyl amide extending from the 16f-po-
sition of E1 (Lawrence et al., 2005; Vicker et al., 2006). In this series of
compounds, 21a was the most potent inhibitor of 17p-HSD1 reported,
showing selectivity for 173-HSD1 over 173-HSD2 (Allan et al., 2006a).
The same group also investigated modifications at the 6 and/or 16 posi-
tion of the steroidal scaffold (Fig. 4, compounds 22a and 22b), but none
of the compounds showed higher activity than compound 21a (Allan et
al., 2006a).

D- and E-ring modified estrogens. Moller et al. used a computational
drug design approach to develop a set of potent 17p-HSD1 inhibitors
with a D-homo-E1 scaffold. The 2-phenylethyl derivative (compound
23, Fig. 5) was the most potent inhibitor of this set with an ICg, value
of 15nM in a cell-free assay (Méller et al., 2009).

Other groups modified the D-ring by annealing an additional ring
(E-ring): Poirier's group investigated fused substituted lactones and sub-
stituted oxazinone. In intact T47D cells the compounds 24 and 25
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(Fig. 5) showed ICs, values of 1 and 1.4uM, respectively, and no es-
trogenic activity. Compound 24 showed a dual action by inhibiting
17p-HSD1 and exerting an antiestrogenic effect on T47D cells (Ouellet
et al., 2014). Compound 25 was selective over the 173-HSD types 2 and
12 (Maltais et al., 2015).

In an extension of their work on the C16 substituted E1 derivatives,
the Potter group explored novel E-ring pyrazole derivatives. Compounds
26-28 (Fig. 5) inhibited 17p-HSD1 in T47D cells with ICs, values of
180, 530 and 300nM, respectively. In addition, they displayed selectiv-
ity over 17p-HSD2 and no estrogenic effects (Fischer et al., 2005; Allan
et al., 2006a; b).

2.3. Nonsteroidal inhibitors of 17/-HSD1

(HydroxyphenylDnaphthols. Frotscher et al. described potent and se-
lective 17p-HSD1 inhibitors with a (hydroxyphenyl)naphthol scaffold.
Starting point for inhibitor design was a pharmacophore model devel-
oped by the group. The model mimics the steroidal substrate with two
hydroxyl functions at a distance of about 12 A from each other, mounted
on a hydrophobic core structure (Frotscher et al., 2008).

In cell-free assays, compound 29 (Fig. 6) showed inhibitory activ-
ity towards 17p-HSD1, combined with good selectivity over the type
2 enzyme (selectivity factor SF 2/1=1Cs (17p-HSD2)/ICs,
(17p-HSD1) = 48), ERa and f. Thus, it was used as a lead in a further
drug design process of this class (Frotscher et al., 2008). The positions
of the two hydroxyl-groups were found to be optimum for target inhibi-
tion (Marchais-Oberwinkler et al., 2009). Various substituents were in-
troduced on the phenol- and the naphthol-moiety, and only substituents
at position 1 of the naphthol system led to more active compounds
(e.g. compound 30: IC5, = 20nM in cell-free assay) with good selectiv-
ity over the type 2 enzyme and ERs) and good pharmacokinetic pro-
file after oral application in rats (Marchais-Oberwinkler et al., 2008). To
obtain more drug-like compounds, further structural optimization was
performed at the 1-position of the naphthol moiety by introducing dif-
ferent heteroaromatic rings and substituted phenyl groups, and the in-
troduction of a methyl sulfonamide group (compound 31) was found
to be favorable for 173-HSD1 inhibition in both cell-free and T47D cell
assays (Marchais-Oberwinkler et al., 2011b). Further optimization led
to the creation of a combinatorial library of substituted sulfonamides.
Compound 32 was equiactive to compound 31 with respect to inhi-
bition of human 17p-HSD1 in a cell-free assay, but less potent in a
T47D cell assay. With regard to a possible in vivo application, the com-
pound was also tested against marmoset (Callithrix jacchus) 17p-HSD1
and showed an inhibition of 19% at 50 nM. Its rigidified analog 33 was
the strongest inhibitor of this series towards both marmoset (79% inhi-
bition at 50nM) and human 178-HSD1 in cell-free assays, but displayed
poor activity in a T47D whole cell assay (IC5, = 1100nM) (Henn et al.,
2012).

Bis(hydroxyphenyl) substituted arenes. Bey et al. introduced bis(hy-
droxyphenyl) arenes as another inhibitor class based on the above men-
tioned pharmacophore model (Bey et al., 2008a). Extensive structure
activity relationship (SAR) studies (Bey et al., 2008a; b; Al-Soud et al.,
2009) revealed that the proper choice of the central ring is crucial for
activity: while imidazole and pyrazole resulted in inactive compounds,
oxazole, thiazole and thiophene led to strong inhibition of purified hu-
man 17p-HSD1 (Fig. 7, compounds 34-36). In addition, also selectiv-
ity could be largely affected by the choice of the central ring: oxazole
34 (Fig. 7) showed selective inhibition of 17p-HSD1 over the type 2
enzyme, whereas the isomeric isoxazole reversed the selectivity (not
shown). Inhibitory potency was also dependent on the positions of the
two phenolic OH-groups (Bey et al., 2008a; b). In case of compounds
34-36 the favorable positions of the hydroxyl functions (para/meta) are
implemented. Further improvements in the activity and selectivity were
achieved when substituents were introduced to the
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Fig. 4. Steroidal inhibitors of 17p-HSD1: C2, C6, C15 and C16 substituted E1 derivatives.

p-hydroxy substituted ring (compounds 37a and 37b) (Bey et al., 2009).
Especially fluorination (compound 37a) proved to be beneficial, lead-
ing to strong target inhibition, pronounced selectivity over 173-HSD2
and excellent pharmacokinetic properties in rats after oral application
(Bey et al., 2009). Compounds 36 and 37b were found to neutralize the
El-induced stimulation of proliferation of T47D cells (Kruchten et al.,
2009). Some members of this inhibitor class, e.g. compounds 37a and
37b, were reported to exert direct antiproliferative activity in vitro in
cancer cell lines by influencing the cell cycle (Berenyi et al., 2013).
Bicyclic substituted hydroxyphenyl methanones. A structure- and lig-
and-based pharmacophore model was introduced by the Hartmann
group, resulting in novel 178-HSD1 inhibitors that were derivatives
of bicyclic substituted hydroxyphenylmethanone (Fig. 8, compounds
38a-c) (Oster et al., 2010a). The influence of changes of the hy-
droxy-group positions as well as the effects of small substituents intro-
duced at the phenyl ring and of central ring alternatives (thiophene
and thiazoles) on inhibitory potency were examined. Compounds 38a-c
were the

most potent inhibitors with ICs, values in the low nanomolar range
in both cell-free and T47D cellular assays, selectivity over 17p-HSD2,
no significant affinity to ERa and ERp, and metabolic stability in hu-
man liver microsomes (phase 1; t,,,>100min) (Oster et al., 2010a).
Structural modifications of the bicyclic system (ring A, Fig. 8) were
carried out, paying special attention to the possibility of exchanging
the hydroxy function (Oster et al., 2011). This work revealed that the
hydroxy function was not essential for activity and could be replaced
e.g. with a methylbenzenesulfonamide moiety (compound 39), result-
ing in high activity in cell-free and cellular assays at the expense, how-
ever, of decreased selectivity over 17p-HSD2 and metabolic stability (t,,
2= 12.8min).

More insight into the SAR of this class was gained by Abdelsamie
et al. who found that the hydroxyphenyl methanone moiety is im-
portant for activity and that its hydroxy function cannot be replaced
with possible bioisosteres without complete or significant loss of ac-
tivity (Abdelsamie et al., 2014). Further structural optimizations were
performed to enhance the inhibitory activity against rodent (rat and
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Fig. 6. Nonsteroidal inhibitors of 17p-HSD1: (Hydroxyphenyl)naphthols.

mouse) 17p-HSD1. This goal was achieved by the introduction of fluo-
rine atoms on the benzoyl moiety. Compound 40 (Fig. 8) is one of the
most potent inhibitors reported of both human and rat 17p-HSD1 en-
zymes with ICg, values (purified enzymes) of 2nM and 97 nM, respec-
tively (Abdelsamie et al., 2015). The main drawback of this compound

was its low selectivity over the type 2 enzymes of human and rat (SF2/
1 =3 and 0.5, respectively). Nevertheless, compound 40 was a lead
for further optimizations in order to obtain a suitable candidate for a
proof of principle study in a rodent endometriosis model. Thus, com-
pound 41 (Fig. 8) was discovered which is the most potent 17p-HSD1
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Fig. 8. Nonsteroidal inhibitors of 17p-HSD1: Bicyclic substituted hydroxyphenyl methanones.

inhibitor known so far, displaying high selectivity over 17p-HSD2, ER «
and p, and a range of hepatic CYP enzymes. A beneficial pharmacoki-
netic profile in rats makes the compound eligible for a proof of principle
study using xenografted immunodeficient rats (Abdelsamie et al., 2017).

Hydroxybenzothiazole and hydroxybenzothiophene derivatives. The
Hartmann group developed another pharmacophore model in an ap-
proach to design nonsteroidal 17p-HSD1 inhibitors. The model was
based on crystallographic data of the target protein and was used for
the virtual screening of a small library of compounds. The virtual hits
were experimentally verified, and subsequent structure modifications
and rigidification resulted in inhibitors bearing a benzothiazole ring
linked to a phenyl system via a keto or amide linker (Spadaro et al.,
2012a). In a functional assay using purified human 17p-HSD1, com-

pound 42 (Fig. 9) displayed an ICg, value of 44nM. It was selective
over the type 2 enzyme, but showed affinity towards the ERs. Inhibitor
optimization in terms of selectivity was achieved by introduction of
small substituents on the phenyl ring. The methylated benzoyl deriva-
tive 43a and difluoro benzamide derivative 43b (Fig. 9) were the most
selective 17p-HSD1 inhibitors over the type 2 protein. In addition, they
were highly potent inhibitors of 178-HSD1 in cell-free and T47D cel-
lular assays (ICg,: 258 and 37 nM, respectively), and showed favorable
selectivity profiles towards ERs and hepatic CYP enzymes (Spadaro et
al., 2012b). A systemic bioisosteric replacement of benzothiazole by
other heterocycles resulted in the identification of potent and selective
17p-HSD1 inhibitors bearing a benzothiophene moiety. Compound 44
(Fig. 9) is more active towards the target enzyme and displayed better
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Fig. 9. Nonsteroidal inhibitors of 17p-HSD1: Hydroxybenzothiazoles and hydroxybenzothiophenes

selectivity over 17p-HSD2 than its benzothiazole analog 42 (Miralinaghi
etal., 2014).

Thiophenepyrimidinones. Messinger et al. identified 173-HSD1 in-
hibitors by computer aided drug design starting from a unique nons-
teroidal pyrimidinone core (structure 45, Fig. 10) by optimizing R, and
R,. In protein-based inhibition assays compound 45a displayed an ICg,
value of 5nM against 17p-HSD1, and selectivity over the type 2 en-
zyme (8% inhibition at 100nM). In intact MCF-7 cells, 17p-HSD1 was
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48 560 nM (Oster et al. 2010b)

Fig. 10. Nonsteroidal inhibitors of 17p-HSD1: Thiophenepyrimidinones, biphenyl ketones
and biphenylols.

inhibited by 67% when 45 was applied in a concentration of 1 pM. The
compound significantly reduced 17p-HSD1-dependent tumor growth in
a nude mouse model (Messinger et al., 2006). Lilienkampf et al. also
reported a potent 173-HSD1 inhibitor class derivative of thienopyrim-
idinone that was identified by the screening of a small library of com-
mercially available compounds. Compound 46 (Fig. 10) was the most
potent inhibitor of this series with 94% inhibition at 100nM concen-
tration tested in a cell-free assay at low concentration of E1 (30nM)
(Lilienkampf et al., 2009).

Biphenyl ketones, biphenylols and imidazoles. Several phenylalkyl imi-
dazoles (structures are not shown) and biphenyl ketones were reported
as weakly active 17p-HSD1 inhibitors, showing 10-68% inhibition at a
concentration of 100puM (Lota et al., 2007; Olusanjo et al., 2008). Al-
lan et al. represented a promising biphenyl ethanone scaffold as a mimic
of the E1 template. Structural optimization led to compound 47 (Fig.
10), showing an ICs, value of 1.7 pM in an assay using T47D cells (Allan
et al., 2008). Oster et al. published heterocyclic substituted biphenylols
and their aza-analogs with 17p-HSD1 inhibitory activity (Oster et al.,
2010b). The most active compound 48 (Fig. 10) displayed ICs, values
of 560nM (17p-HSD1) and ICs, 2370nM (178-HSD2) in cell-free assays,
and low affinity for ERs a and .

Flavonoids, cinnamic acid and coumarin derivatives. The inhibitory ac-
tivity of various flavonoids and cinnamic acid derivatives towards hu-
man recombinant 178-HSD1 was investigated (BroZi¢ et al., 2009). Dios-
metin (Fig. 11, compound 49) was the most active flavonoid and com-
pound 50 was the most active cinnamic acid derivative with more than
90% and 70% inhibition at 6 uM, respectively. The same group reported
the synthesis of coumarin derivatives as selective nonsteroidal inhibitors
of 17p-HSD1. Compound 51a (Fig. 11) was the most potent inhibitor
in this series with an ICg, value of 270nM and selectivity towards
17p-HSD2 and ERs (Starcevié et al., 2011a). Recently, Niinivehmas et
al. reported on a series of 3-phenylcoumarin analogs as inhibitors of re-
combinant human 17p-HSD1 (Niinivehmas et al., 2018). The molecu-
lar basis of inhibition was determined by a docking-based SAR analysis,
and inhibition of 178-HSD2 as well as cross-reactivity against ERa, aro-
matase, CYP1A2 and monoamine oxidases was evaluated. The most ac-
tive compound in terms of 173-HSD1 inhibition was 51b (Fig. 11).
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51
51a: R, = acetyl, R, = 7-(4-hydroxyphenyl)
51b: R, = 3-hydroxyphenyl, R; = 6-CI
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Fig. 11. Nonsteroidal inhibitors of 17p-HSD1: Flavonoids, cinnamic acid, coumarin derivatives and virtual screening candidates 52a and 52b.

Virtual screening candidates. A structure-based high throughput com-
putational screening of a database containing 13 million drug-like mol-
ecules resulted in hits that were based on a 2-benzylidenbenzofuranone
scaffold. Compound 52a (Fig. 11) was the most potent compound iden-
tified, showing an ICs, value of 45nM for 173-HSD1 inhibition and se-
lectivity over 17p-HSD2 (Starcevi¢ et al., 2011b). Schuster et al. iden-
tified nonsteroidal 17p3-HSD1 inhibitors by a virtual screening using
pharmacophore models built from crystal structures containing steroidal
compounds (Schuster et al., 2008). After validation of the most promis-
ing model by comparing predicted and experimentally determined in-
hibitory activities of flavonoids, a virtual library of nonsteroidal com-
pounds was screened. 14 virtual hits were selected for biological testing.
Compound 52b (Fig. 11) was the most active one, showing an ICs, value
of 5.7 uM and selectivity over the related enzymes tested.

2.4. Dual inhibitors of 17-HSD1 and steroid sulfatase (STS)

In addition to 17p-HSD1, the local biosynthesis of estrogen involves
steroid sulfatase (STS), a key enzyme which converts the inactive es-
trone sulfate (E1S) - the main transport and storage form of estrogen
- into the weakly active E1. The latter in turn is transformed into E2
via action of 17p-HSD1. Recently, the first dual inhibitors of both STS
and 17p-HSD1 were reported. Their structures were rationally derived,
based on the combination of the SAR for 173-HSD1 inhibition in the
class of bicyclic substituted hydroxyphenyl methanones (e.g. compound
41, Fig. 8) and the sulfamate moiety which is the essential feature
for STS inhibition (Potter, 2018). The ICs, values of the dual inhibitor
53 (Fig. 12) in intact T47D cells were 15nM and 22nM for STS and
178-HSD1, respectively, and STS inhibition was found to be irreversible.
The compound did not interfere with ERs but efficiently reversed E1S-
and El-induced T47D cell proliferation, without affecting E2-induced
proliferation (Salah et al., 2017).

2.5. Inhibitors of 17p-HSD2

2.5.1. Steroidal inhibitors of 17p-HSD2

Spirolactones. In 1994, Auger et al. found that introducing a
spiro-Y-lactone at position 17 of E2 provokes a potent inhibition of
17p-HSD2. The first synthetic inhibitor of this type, compound 54

(Fig. 13),
F
£ 9
H,NO,SO s -
ci o F

53

Fig. 12. Dual inhibitor of 173-HSD1 and steroid sulfatase (STS).
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inhibited 178-HSD2 with an ICs, value of 0.27 pM. Its ICs, towards the
type 1 enzyme was reported to be more than 160 times higher, indicat-
ing a distinct selectivity (Auger et al., 1994).

The same group described the synthesis and biological evaluation of
eleven spiro-Y-lactone analogs containing a steroidal C-18 or C-19 scaf-
fold. Analysis of the inhibitory effect exerted by these compounds on
microsomal 17f-HSD activity indicated that compounds containing the
C-18 nucleus (exemplified by compound 55, Fig. 13) are more potent
17p-HSD2 inhibitors than C-19 analogs such as compounds 56 and 57
(results shown in figure) (Sam et al., 1995). No compound from this lat-
ter study, however, was more potent than compound 54, indicating that
combination of a phenolic group and a spiro-Y-lactone moiety was im-
portant for efficient 17p3-HSD2 inhibition.

In a continuation of this work and based on the obtained SAR, fur-
ther spirolactones and related compounds were described. Starting from
compound 54, structural optimizations were carried out. The resulting
17p-HSD2 inhibitors showed good selectivity over type 1 and type 3 en-
zymes (compounds 58-61, Fig. 13). Compound 58 was the most potent
17p-HSD2 inhibitor in this series (Poirier et al., 2001).

Starting from compound 58 as a lead, and as an extension of the pre-
vious work, Bydal et al. described further E2-based lactone derivatives,
aiming at increasing the knowledge on the SAR in this compound class.
The most potent compound was the enone 62 (Fig. 13), displaying 74%
inhibition of 17p-HSD2 at a concentration of 0.1 pM and 19% inhibition
at 0.01 pM (Bydal et al., 2004).

C7-substituted E2 derivatives. Combining the fact that decorating the
E2-scaffold with an appropriate lactone moiety provokes 17p-HSD2 in-
hibition and the finding that an N-butyl-N-methylundecanamide moiety
in 7a-position of E2 leads to anti-estrogenic compounds (63 and 64, Fig.
14) resulted in the design of compound 65 which displayed a selective
inhibition of 17p-HSD2. At a concentration of 1pM, the compound re-
versed the estrogenic effect induced by 0.1nM E2 by 87% (Sam et al.,
2000).

Fluorine-substituted estrogens. 17-fluorine substituted estratrienes
were identified as moderately active inhibitors of various h17p-HSDs.
Most of the tested compounds were nonselective inhibitors of
h17p-HSD1 and 2. Among them, compounds 66 and 67 (Fig. 14) were
shown to be the most potent h178-HSD2 inhibitors (Deluca et al., 2006).

2.6. Nonsteroidal 17-HSD2 inhibitors

Disubstituted cis-pyrrolidinones. From a screening effort for novel in-
hibitors of 17p-HSD2 as potential therapeutics for osteoporosis the
4,5-disubstituted cis-pyrrolidinones 68 and 69 (Fig. 15) were identified
as lead compounds. Further 4,5-disubstituted cis-pyrrolidinones were
designed and investigated for their ability to inhibit 17p-HSD2. It was
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C-18 steroidal scaffold

54: R = H (81% inhibition at 1pM, ICsy = 0.27uM)
55: R = CHj3 (55% inhibition at 1uM)

o

O
{(CHz)n

HO

58: n = 2 (99% inhibition at 1uM, IC5o = 6nM)
59: n = 3 (91% inhibition at 1uM, ICso = 150nM)

HO
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C-19 steroidal scaffold

56: X = CH; (25% inhibition at 1uM)
§7: X = CO (28% inhibition at 1uM)
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60: n = 2 (7% inhibition at 1uM)
61: n = 3 (80% inhibition at 1uM)

@

62: 74% inhibition at 0.1uM

Fig. 13. Steroidal inhibitors of 173-HSD2: Spirolactones and lactones.

"*(CHy)1oCONBuMe HO “(CHg)1oCONBuMe

65
178-HSD2: ICsp = 0.35 uM
178-HSD1: no inibition at 1uM

63 (IC1-164384): R = H
64 (EM-139): R=CI

O
AT

F

HO'

66
17p-HSD2: 90.6% inhibition at 2uM
17p-HSD1: 66.6% inhibition at 2uM

67
17p-HSD2: 95.2% inhibition at 2uM
17p-HSD1: 43.0% inhibition at 2uM

Fig. 14. Steroidal inhibitors of 17p-HSD2: C7-substituted E2 derivatives and fluorine-sub-
stituted estrogens.

found that the potency of the initial leads was improved by adding
a second aromatic group to the 5-[hydroxy (aryl)methyl] side chain
as exemplified by compound 70 (Fig. 15), which was the most po-
tent inhibitor identified in this work (Gunn et al., 2005). Further struc-
tural refinements in this compound class focused on the search for
an orally active compound eligible for in vivo studies (Wood et al.,
2006). Thus, a series of novel 4,5-disubstituted cis-pyrrolidinones was
synthesized and highly active compounds could be identified, and most
of them maintained activity in the cell E2 conversion functional as-
say. In addition, they did not show appreciable binding to the es-
trogen, androgen or other steroid receptors and no tangible activity
against 11p-HSD2, 178-HSD1 and 17f-HSD3. Selected enantiomerically
pure compounds (71-74, Fig. 15), which showed activity in osteoblast
MG63cells (IC5, = 0.03uM-0.48 uM), were tested for plasma exposure
in rats,
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and compounds 71-73 were also applied to macaques. Based on its
overall in vitro profile and the cynomolgus macaque exposure profile,
compound 73 was selected for a non-human primate proof-of-concept
study (Wood et al., 2006). Ovariectomized cynomolgus monkeys were
used as an osteoporosis model to evaluate the efficacy of 73. After oral
application, the compound led to a decrease in bone resorption while
bone formation was maintained (Bagi et al., 2008).

Spiro-5-lactones. Inspired by the molecular structures of steroidal
17p-HSD2 inhibitors described by the Poirier group, nonsteroidal
spiro-6-lactones were designed and tested for 173-HSD2 inhibition. The
compounds were either inactive or showed low activity. In addition,
they were chemically instable which was confirmed and quantified by
determination of their half-lives in buffer, precluding further develop-
ment. In Fig. 16 the most potent representative of this inhibitor class,
compound 75, is displayed (Xu et al., 2011a).

Hydroxyphenylnaphthols. This compound class is also described in the
section on nonsteroidal inhibitors of 17p3-HSD1 of this review. Inter-
estingly, the selectivity of these compounds can be shifted in favor of
17p-HSD2 inhibition, depending on the substitution pattern. Introduc-
tion of hydroxynaphthyl, hydroxyphenyl and (hydroxymethyl)phenyl
moieties resulted in inactive or moderately active compounds. The most
potent and selective member of this series was compound 76 (Fig. 16)
(Wetzel et al., 2011a).

In the further drug optimization process, 21 additional naphtha-
lene-derived compounds were synthesized and evaluated for 17p-HSD2
inhibition and selectivity toward the type 1 enzyme as well as affinity
for the estrogen receptors « and p. Compounds with clearly improved
properties could be obtained. In cell-free enzyme preparations com-
pound 77 (Fig. 16) showed strong and selective 173-HSD2 inhibition.
In intact T47D cells, 77 displayed an ICg, value of 31 nM for inhibition
of 17p-HSD2. In addition, the compound was selective over 173-HSD4
and 5 (40% and 21% inhibition at 1M, respectively) and had low
affinity to ERa: its relative binding affinity was less than 0.1% of that
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69: IC50 = 0.40 uM
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70: |C50 =0.10 HM

71:R=H
72:R=F

73:R=H
74.R=F

Fig. 15. Nonsteroidal inhibitors of 173-HSD2: Disubstituted cis-pyrrolidinones.

OH
75: 25% inhibition at 1uM

X=CH,N

Bicyclic substituted hydroxyphenylmethanone
general formula

Qe
S 0 ®

79: 40% inhibition at 1uM

Fig. 16. Nonsteroidal inhibitors of 17p-HSD2: Spiro-5-lactones, hydroxyphenyl
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76: ICsp = 0.70 pM, SF(1/2) = 12

77: ICso = 0.02 pM, SF(1/2) = 32

78: ICs0 = 0.10 pM, SF(1/2) = 13

80: 44% inhibition at 1pM

phthols, bicyclic substituted hyd

and (hydroxyphenyl)-1,2,4-triazoles.

1 1
pheny

of E2. The compound was tested for its inhibition of E1 and E2 for-
mation in rat, mouse and marmoset (Callithrix jacchus) tissue prepara-
tions (liver or placenta). At 1M, it inhibited E1 formation in a rat liver
preparation by 77% and E2 formation by 52%. The respective values
for the mouse were 72% (reduction of E1 formation) and 52% (reduc-
tion of E2 formation) and for the marmoset 99% and 75% (reduction
of E1 formation vs reduction of E2 formation). The values obtained for
marmoset coincided well with those measured using a human placental
preparation (98% and 60%, respectively) (Wetzel et al., 2011b).
Bicyclic substituted hydroxyphenylmethanones. Like the hydrox-
yphenylnaphthols, bicyclic substituted hydroxyphenylmethanones were
originally designed as inhibitors of 178-HSD1, but could be structurally
modified to render them more selective for the type 2 enzyme. This

shift of selectivity was achieved by replacing the thiophene moiety (see
Fig. 16) by a six-membered ring (benzene or pyridine). Benzene deriv-
atives were more potent but less selective than their pyridine analogs
while the latter showed more favorable combinations of activity and se-
lectivity. The most interesting compound in this work was compound
78 (Wetzel et al., 2012).

(Hydroxyphenyl)-1,2,4-triazoles. Hydroxyphenyl-1,2,4-triazoles con-
stitute a class of 17p-HSD2 inhibitors with moderate activity, display-
ing selectivity over the type 1 enzyme. Compounds 79 and 80 (Fig. 16)
were the most active inhibitors in this compound class (Al-Soud et al.,
2009, 2012).

Biphenyl amides and phenylthiophene amides. In 2011, Xu et al. dis-
covered N-benzyl-diphenyl-3 (or 4)-carboxamides and N-benzyl-thio-
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phene-2-carboxamides as potent nonsteroidal 17p-HSD2 inhibitors (Xu
et al., 2011b). Formally, these compounds were derived from the (hy-
droxyphenyl)-1,2,4-triazoles (see preceding chapter) by replacing the
triazole ring with a non-cyclic carboxamide moiety. In the design con-
cept it was hypothesized that the rigidity induced by the triazole ring
was responsible for the weak 173-HSD2 inhibitory activity. In a cell-free
assay, compound 81 (Fig. 17) was the most potent inhibitor in the
diphenyl carboxamide class. It is noteworthy that this compound
showed a strong selectivity for 173-HSD2 over the type 1 enzyme. In ad-
dition, it is one of the rare examples for 17p-HSD2 inhibitors devoid of a
phenolic OH-group. In terms of activity and selectivity, the phenylthio-
phene amide 82 (Fig. 17) was the most interesting compound identified
in this study. It showed no binding affinity to the estrogen receptors.

Due to favorable biological properties, the phenylthiophene scaf-
fold was used as a lead for drug optimization studies. In a first ap-
proach, the length of the linker between the nitrogen atom of the amide
group and the adjacent benzene moiety was varied (Fig. 17, n = 0 and
2) (Marchais-Oberwinkler et al., 2013). While none of the phenethy-
lamides (n = 2) were active, most of the anilides (n = 0) turned out to
be moderate or strong inhibitors of 17p-HSD2. Compounds 83 and 84
(Fig. 17) were the most potent and selective inhibitors in this study,
each with an ICs, value of 62nM in a cell-free assay, similarly strong
activities in whole cell assays (T47D) and selectivity over 178-HSD1.
SAR studies allowed a first characterization of the active site of human
17p-HSD2. It is quite large and certainly larger than that of 173-HSD1.
The most potent compounds were investigated regarding their ability to
inhibit 173-HSD2 from other species (mouse, rat and marmoset). At a
concentration of 1pM, the hydroxylated compound 82 showed 65% in-
hibition of E1 formation in mouse liver preparation.

Phenylthiazole amides and structurally modified phenylthiophene amides.
A second approach for the optimization of the phenylthiophene-based
carboxamides focused on the variation of substitution pattern of the
thiophene ring and its replacement with thiazole (Fig. 18). Moreover,
the effects of substitution of the amide group with a larger moiety
as well as the exchange of the N-methylamide group with possible
bioisosteres on the biological properties were investigated. The main
aim of this study was the development of novel active and selective
17p-HSD2 inhibitors with high potency towards both the human pro-
tein and its murine ortholog as well as selectivity over the type 1 en-
zymes of both species, in order to discover compounds eligible for in
vivo studies. Very sharp SAR could be observed in this class of com-
pounds. In general, the 2,5-disubstituted thiophene derivatives were
less active towards the murine enzyme than towards the human or-
tholog, except for compound 85 (Fig. 18), which in protein preparations
was four times more potent against murine 178-HSD2 (IC5, = 54nM)
than against the human enzyme (ICs, = 235nM) with a strong selec-
tivity over h17p-HSD1 (SF1/2 = 95) and low affinities to ERa and p
(Perspicace et al., 2014).

A major drawback of the aforementioned amides featuring a 2,5-dis-
ubstituted thiophene moiety, such as 85 (Fig. 18), was unsatisfactory
metabolic stability. Compounds with clearly improved stability towards
biotransformation were discovered by structural modifications
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81: IC5p = 265 nM, SF(1/2) > 375 82:n=1; R =OH (ICsy = 61 nM, SF(1/2) = 73)
83: n = 0; R = OCH; (IC5o = 62 nM, SF(1/2) > 800)

84: n = 0; R = CHj4 (ICsp = 62 nM, SF(1/2) = 132)

Fig. 17. Nonsteroidal inhibitors of 17§-HSD2: Biphenyl amides and phenylthiophene
amides.
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85: ICg = 235 nM, SF(1/2) = 95

Fig. 18. Nonsteroidal inhibitors of 17(-HSD2: Phenylthiazole amides and structurally
modified phenylthiophene amides. General formulas (upper part) and compound 85.

and changing lipophilicity (Fig. 19). In addition, an analysis of the main
routes of biotransformation of amide-based 2,5-disubstituted thiophenes
was performed. Compound 86 (Fig. 19) showed a half-life greater than
120 min in human liver microsomes (S9 fraction), moderate activity to-
wards 178-HSD2 and selectivity over 17p-HSD1 (SF1/2 = 10). In ad-
dition, the compound displayed no affinity for the estrogen receptors
(Gargano et al., 2014).

Gargano et al. aimed at identifying a compound which can be used
for a proof of concept study in a mouse model for osteoporosis beside
being a suitable potential therapeutic for treating osteoporosis in hu-
mans. For this purpose, 25 previously described inhibitors of human
17p-HSD2, belonging to the 2,5-thiophene amide, 1,3-phenylene amide
and 1,4-phenylene amide classes (Fig. 20), were tested for inhibition of
the murine enzyme. From the data obtained, a comparative SAR study
was elaborated which was then used to develop a drug optimization

OO

R, = CH; OCHy
N
N N X N\
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N N N
Ring A = Ry Ring B = | 3 I
"@\/ B 8 [ \8\}_‘

R, = CH, OCH; F

86: ICg = 1126 nM, SF(1/2) = 10

Fig. 19. Nonsteroidal inhibitors of 17(-HSD2: A- and B-ring modifications in the class of
carboxamides, part 1. General formula (upper part) and compound 86.
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87: ICy = 300 nM, SF(1/2) = 44

Fig. 20. Nonsteroidal inhibitors of 17(-HSD2: B-ring modifications in the class of carbox-
amides, part 2. General formulas (upper part) of the 2,5-thiophene amide (left), 1,3-pheny-
lene amide (middle) and 1,4-phenylene amide classes (right) and compound 87.

strategy. This rationale led to the discovery of compound 87 (Fig. 20),
which was the first 17p-HSD2 inhibitor to show an appropriate profile
for the purposes mentioned above, with strong inhibition of both hu-
man and murine 178-HSD2 (ICs5, = 300nM and 140nM, respectively)
and selectivity over the human type 1 enzyme (SF1/2 = 44) and ERs.
It also displayed strong inhibitory activity in intact T47D cells (66% in-
hibition at 250nM), a half-life of 107 min in human liver microsomes
(S9 fraction) and suitable physicochemical parameters (MW = 345 and
cLogP = 4.75) (Gargano et al., 2015).

Unfortunately, compound 87 showed cytotoxic effects in
HEK293cells (LDs5, < 6.25 uM). It was assumed that this property might
be attributed to the biphenyl moiety. A successful minimization of cy-
totoxicity was achieved by replacing the biphenyl system with non-aro-
matic or angulate moieties (Fig. 21, top). Compound 88 (Fig. 21, bot-
tom) displayed a significantly decreased cytotoxicity (LDg, & 25 M), im-
proved 17p-HSD2 inhibitory activity in a cell-free assay and enhanced
selectivity over 173-HSD1 when compared to 87 (Gargano et al., 2016).
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88: ICs = 160 nM, SF(1/2) = 168

Fig. 21. Nonsteroidal inhibitors of 17-HSD2: Replacing the biphenyl system with
non-aromatic or angulate moieties. Structural modifications (upper part) and compound
88.
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Thieno[3,2-d]pyrimidinones and related compounds. Rigidification of
inhibitors with amidothiophene scaffold (Fig. 17, compounds 83 and
84; Fig. 18, compound 85) led to a series of conformationally restricted
thieno [3,2-d]pyrimidinones, thieno [3,2-d]pyrimidines and quinazoli-
nones. The compounds showed no or little activity as 17p-HSD2 in-
hibitors. However, the two moderately active compounds 89 and 90
(Fig. 22) were discovered, allowing for conclusions concerning the
biologically active conformers of the non-rigidified predecessors
(Perspicace et al., 2013a).

Biphenyl- and phenylthiophene-sulfonamides. Starting from 178-HSD2
inhibitors bearing a biphenylcarboxamide moiety (Fig. 19, compound
86) another class of biphenyl derivatives was designed by exchang-
ing the carboxamide group with a sulfonamide or a retrosulfonamide
group, (Perspicace et al., 2013b). The main goal of this work was to de-
velop new active and selective 17p-HSD2 inhibitors with a good in vitro
ADME profile. Inhibitory activity of the retrosulfonamides (with the —
SO,-group linked to the hydroxyphenyl moiety, as seen in compound
91 (Fig. 22) was superior compared to that of the sulfonamides. This
property was attributed to the acidity of the phenolic OH-group which
is stronger in case of the retrosulfonamides. There was no correlation
between the inhibitory potencies of the carboxamides and the analog
sulfonamide classes. This fact was attributed to possible different bind-
ing modes of the two compound classes in the active site of the enzyme.
The most interesting compound identified in this study, compound
91, showed high inhibitory potency and selectivity over 178-HSD1.
Moreover, its calculated and experimentally determined ADME para-
meters (MW = 373g/mol, experimentally determined log P = 4.42,
tPSA = 86 ;\2, 4 rotatable bonds, 2HD, 4HA) predicted a good bioavail-
ability.

Phenylbenzenesulfonamides and -sulfonates. Vuorinen et al. developed
specific ligand-based pharmacophore models for 17p-HSD2 inhibitors.
Using these models as virtual screening filters, 7 novel 17p-HSD2 in-
hibitors were discovered. An additional search for structurally simi-
lar compounds resulted in the biological evaluation of 28 small mole-
cules. In total, 13 new 178-HSD2 inhibitors, from which 10 represented
phenylbenzene-sulfonamides and —sulfonates, were discovered (general
structure given in Fig. 23, left). These inhibitors aided in the devel-
opment of the SAR-model and -rules for this specific scaffold: in gen-
eral, 173-HSD2 inhibitors require a hydrogen bond donor functional-
ity on one benzene ring, and hydrophobic substituents on the other.
The most potent inhibitor discovered was compound 92 (Fig. 23). The
compound was selective over the type 1 enzyme (remaining activity of
17p-HSD1 > 70% at an inhibitor concentration of 20 pM). Compound 93
showed moderate inhibition of 17p-HSD2 and no inhibition of the type
1 enzyme (Vuorinen et al., 2014). In continuation of this work, twenty
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89: n = 0; 25% inhibition at 1M
90: n = 1; 36% inhibition at 1uM

91: ICso = 23 nM, SF(1/2) = 10

Fig. 22. Nonsteroidal inhibitors of 17(-HSD2: Thieno [3,2-d]pyrimidinones and biphenyl-
sulfonamide
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R = H, alkyl, halogen, OH, O-alkyl,
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93:1Cgp = 1 UM

Fig. 23. Nonsteroidal inhibitors of 178-HSD2: Phenylbenzenesulfonamides and-sul-
fonates.
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novel compounds representing the phenylbenzenesulfonamide and -sul-
fonate scaffold were synthesized and tested for their 17p-HSD2 in-
hibitory activity. Nine compounds showed ICgy-values in the low
nanomolar range. Although none of them was more active than 92 they
allowed the derivation of more comprehensive SAR-rules for this scaf-
fold (Vuorinen et al., 2017b).

2.7. Inhibitors of 17p-HSD14

The fact that 17p-HSD1 and 17p-HSD2 catalyze the same reaction
as 17p-HSD14 led to the idea that the substrate binding sites of the
three enzymes should exhibit a high structural similarity. A small li-
brary of 17p-HSD1 and 17p-HSD2 inhibitors was tested for 178-HSD14
inhibition. Most of the investigated hydroxyphenylnapthols (cf. Figs.
6 and 16) and thiopheneamides (cf. Figs. 17 and 18) were inactive
whereas bis(hydroxyphenylthiophenes and —thiazoles (Fig. 7) as well
as bicyclic substituted hydroxyphenylmethanones containing a pyridine
moiety (Fig. 16, general formula, X = N) showed examples of low to
moderate inhibitory activity against 173-HSD14. Active compounds pos-
sessing very high potency for 17p-HSD1 and/or 178-HSD2 were ne-
glected for the subsequent optimization as difficulties in achieving high
selectivity for 17p-HSD14 were anticipated. Starting from the hits 94
and 95 (Fig. 24), approximately thirty compounds were synthesized
and tested for 17p-HSD14 inhibition. In a fluorimetric assay, one of
the most active representatives (compound 96) exhibited a Ki value of
7nM (Braun et al., 2016). The crystal structure of 173-HSD14 in com-
plex with NAD* and 96 is the first to be obtained from a human SDR
17p-HSD enzyme with a nonsteroidal compound. The inhibitor is em-
bedded in an extended H-bonding network and adopts a V-shaped con-
formation which corresponds to the active site geometry (Bertoletti et
al., 2016).

Very recently, 17p-HSD14 inhibitors containing a quinoline moiety
have been published (Braun et al., 2018). Compound 97 (Fig. 24) is
the most interesting inhibitor in this series, showing high affinity to
the target protein combined with a good selectivity profile toward the
17p-HSD types 1, 2 and 10 as well as ERa. In addition, the compound
did not display cytotoxicity, good solubility and auspicious predicted
bioavailability.

3. Conclusion and outlook

In search of novel treatment options for EDD and in order to explore
estrogenic signaling pathways, the possibility to modulate estrogen ac-
tion by inhibition of 178-HSD1 and 17f-HSD2, respectively, has been
pursued intensively within the past 25 years. During this period of time,
a considerable number of inhibitors of 17p-HSD1 and 178-HSD2 have
been described in the literature. Some of them, such as natural com-
pounds, were discovered in screening approaches. The majority of the
inhibitors, however, result from rational drug design approaches, cov-
ering both steroidal and nonsteroidal compound classes. An interesting
recent evolution is the development of designed multiple ligands which
potently inhibit both STS and 178-HSD1. Such dual inhibitors could re-
duce intracellular E2 levels more effectively than selective inhibitors of
17p-HSD1 and may thus be superior potential therapeutics, for instance
for the treatment of endometriosis where these two proteins are overex-
pressed.
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Fig. 24. Inhibitors of 174-HSD14.
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In spite of the fact that a plethora of potent and selective inhibitors
of 17$-HSD1 and 17p-HSD2 have been identified in cell-free and cellu-
lar assays, only very few compounds have been applied in vivo in pre-
clinical studies. No compound has been reported to enter the clinical
phase. There are several reasons for this poor outcome. Interspecies dif-
ferences between the human enzymes and their orthologs from other
species, especially rodents, are a main factor that hampered preclini-
cal in vivo evaluation. The problem has been neglected for a long time
when research was almost exclusively focused on inhibiting the human
enzymes. Whereas the search for 17p-HSD2 inhibitors by now has gener-
ated compounds which provoke potent and selective inhibition of both
the human and the rodent enzyme, and may thus be candidates for in
vivo evaluation, the development of inhibitors of 17p-HSD1 was less
successful in this respect. In the latter case, transgenic mice expressing
the human enzyme have been established to solve this problem. Other
approaches relied on primate disease models or xenograft models using
immunodeficient mice or rats. Experiments using primates, however,
pose high ethical hurdles and are very expensive. Xenograft models bear
the drawback to give no information on possible changes of systemic
estrogen levels. Insufficient metabolic stability is another issue poten-
tially impeding (pre-)clinical trials, as many inhibitors bear a phenolic
OH-group which could entail phase II biotransformation.

It will be a future task to design novel inhibitors of 17p-HSD2 and
especially 178-HSD1, combining improved pharmacokinetic and selec-
tivity properties with enhanced inhibitory activities towards rodent or-
thologs in order to facilitate investigations of their effects in vivo and
eventually to accelerate the identification of compounds eligible for
clinical evaluation as novel therapeutics.

The situation is different when it comes to 173-HSD14 inhibition,
which is an emerging research field. As the native substrates of 178-HS-
D14 are unknown, it is presently unclear whether this enzyme may be
exploited as a drug target in the future. However, the potent and selec-
tive inhibitors which have become available recently could serve as sci-
entific tools, facilitating the elucidation of the physiological role of this
protein and allowing conclusions on its druggability.
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4. Final Discussion

The superior goal of this thesis was the development of the first dual inhibitors of STS and
173-HSD1 (DSHIs) that can be used for in vivo proof-of-principle studies using human
endometriotic tissues. As previously mentioned in the introduction, STS and 17p-HSD1
inhibitions play crucial roles in decreasing the local biosynthesis of estrogen inside the
endometriosis without affecting the circulating ovarian estrogen in premenopausal women.
This offers a novel therapeutic option for the treatment of endometriosis without the common
hypo-estrogenic side effects that characterize existing treatment options. In this thesis, two
different chemical classes of DSHIs have been introduced. The approach leading to their
design, their biological activities and metabolic stabilities will be discussed and compared -
whenever possible- in the following chapters. This is followed by a discussion of the
pharmacokinetic profiles of the most interesting candidates of the metabolically stable class.
For the sake of clarity, compounds mentioned in this section are identified by a capital letter
which stands for the respective paper, followed by an arabic number referring to the
compound numbering in the respective paper.

4.1 Design rationale of DSHIs

A rational design approach was pursed to imbue STS and 17B-HSD1 dual inhibitory activity
by taking a potent 173-HSD1 inhibitor and building the aryl sulfamate pharmacophore which
is essential for STS inhibition. This designed multiple ligand approach shall be facilitated by
the fact that both target enzymes have very similar natural ligands, E1-S and E1. This tactic
was applied successfully on two 17B-HSD1 inhibitor classes (see figure 9). In the first class of
DSHIs, compound C15 a potent 178-HSD1 inhibitor was used as a starting point for building
the STS pharmacophore. Extensive structure activity relationship (SAR) studies have been
performed on this 173-HSD1 inhibitor class which is presented in chapter 3.2.1. These SAR
studies show that the appropriate place to introduce modifications without significantly
affecting the 17p-HSD1 inhibitory activity is ring A as the other part of the scaffold is
essential for activity (see figure 9). Therefore, our strategy was to introduce the
aryl-O-sulfamate to ring A (results of the first class is presented in chapter 3.1.1). Similarly,
the second class of the DSHIs (results shown in chapter 3.1.11) was developed, in which
compound B3 was our starting point for the insertion of the sulfamate group on the
appropriate ring; in this case it was ring B as a consequence of an existing SAR studies.
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4.2 Biological profiling of DSHIs

In general, the introduction of the sulfamate group maintained the 17B-HSD1 inhibitory
activity as anticipated. On the other hand, the STS inhibitory activity was found to be closely
linked to the position of the sulfamate on the phenyl ring and the substituents on this ring. The
optimization of the sulfamate position on the aryl ring revealed that this group should be in
the meta or para position to the attachment point of the ring (position 3 and 4 on ring A and B
in figure 9). In contrast, compounds with ortho sulfamate group (position 2 on ring A and B in
figure 9) showed no STS inhibition e.g. compounds A2 and B7. In the first class of DSHIs,
the presence of an additional group on the phenyl ring was essential for STS inhibitory
activity. This was manifested by compounds that lack additional substituents on ring A (Al
and A3), showing no STS inhibition. On the other hand, the presence of electron withdrawing
groups (Cl or F) on the aryl system led to the most potent STS inhibition manifested in both
classes of inhibitors. This is probably attributed to the enhanced sulfamoyl transfer potential
resulting from the increased leaving group ability of the corresponding phenol precursors of
the sulfamates. The first class of DSHIs (A5, A6, A8 and A9) displayed a 3-20 fold higher
inhibitory potency against STS when compared to the second class (B10, B11 and B12). In
the second class, the presence of the methyl group in compounds B5 and B6 resulted in a
10-25 fold increase in the 17B-HSD1 inhibitory activity while maintaining moderate STS
inhibitory activity.

17B-HSD2 has a very beneficial protective role in EDDs by lowering the intracellular levels
of E2, making its inhibition undesirable. However, this is a challenging characteristic in
17B-HSD1 inhibitors as the two enzymes have very similar substrates, namely E1 and E2.
Therefore, the selectivity over 17p-HSD2 of the above mentioned dual inhibitors was
evaluated. Generally, the second class displayed higher selectivity over 173-HSD2 than the
first class. The most selective compounds of the second DSHIs class (B5, B6 and B12)
showed a 3-7 fold higher selectivity factors in the range of 110-280, compared to A9 the only
selective compound in the first DSHIs class (SF=33).
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The intracellular inhibitory activity of the most potent candidates from both DSHIs classes
using T47D cells which express both target enzymes revealed that the two classes possess
good cellular permeability shown by their potent intracellular inhibition for both enzymes.
The STS enzyme was found to be irreversibly inhibited by the developed DSHIs of both
classes, similar to other sulfamate-containing STS inhibitors.

The biological profiles of the developed DSHIs show that A9 is the most potent DSHIs from
the first class of compounds that poses selectivity over 17p-HSD2. On the other hand, B5, B6
and B12 are the most potent and selective candidates of the second class of compounds (see

figure 9).

4.3 Effect of DSHIs on estrogen-stimulated growth

After having in hands inhibitors with promising in vitro inhibitory activities towards STS and
17B-HSD1 even in cellular assays, it was of high interest to evaluate the impact of this
inhibition in a more complex assay system. Thus, the effect of A9 (DSHIs) on E1-S and E1
stimulated growth of T47D cells (ER" breast cancer cells) was evaluated in comparison to
single-target inhibitors A13 and Al4 (17B-HSD1 inhibitor and STS inhibitor, respectively).
A9 was able to decrease the proliferative effect of E1-S/E1 stimulation in a dose-dependent
manner, reaching control levels at concentration of 400 nM. In contrast, the single-target
inhibitors did not decrease the stimulated effect of estrogen below 150% and 200% of the
control (A13 and Al4, respectively). These differences in antiproliferative effects between
DSHIs and single-target inhibitors were attributed to the differences in E1 and E2 levels
produced in the presence of different inhibitors. It was shown experimentally that in the
absence of inhibitors the cells convert E1-S and E1 into E2, which strongly stimulates cell
growth. In case of A9, no significant conversion of E1-S or E1 was detected, while in case of
single-target inhibitors the residual cell proliferation was in agreement with the amounts of E1
and/or E2 produced. Moreover, A9 showed no influence on non-stimulated or E2-stimulated
cell proliferation, indicating that it exerts neither cytotoxic nor estrogenic effects nor estrogen
receptor antagonism. Therefore, A9 (DSHIs) deploys its antiproliferative effect through the
inhibition of STS and 173-HSD1 which results in the blockage of E2 formation.

4.4 Further in vitro biological evaluation of DSHIs

An important prerequisite for reaching sufficient plasma concentrations for an adequate time
interval after in vivo application of the compounds is achieving high in vitro metabolic

stability. Therefore, the metabolic stabilities of the compounds with the most beneficial
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biological profiles were evaluated. On one hand, compound A9 the representative of the first
class of DSHIs was found to be metabolically unstable with t, less than 5 minutes. Upon
investigation, it was found that phase Il metabolism is the major pathway, which can be
strongly linked to the conjugation of the free hydroxy group. Further development of this
class was stopped as this hydroxy group is essential for potent 173-HSD1 inhibition. On the
other hand, the second class of DSHIs was characterized by significantly higher metabolic
stability. B5 showed the best metabolic stability profile of any DSHIs or 173-HSD1 inhibitor
developed by our group, with ty;» 85 min and 56 min using human and mouse hepatic S9
fractions, respectively. B6 and B12 showed acceptable metabolic stability.

Along with their good physiochemical properties and their high safety in cytotoxicity assays
performed on selected human cell lines (HEK293 and HepG2 cells), these interesting results
of B5, B6 and B12 constitute important requirements to be eligible for invivo

pharmacokinetic profile evaluation.

4.5 In vivo evaluation of pharmacokinetic profile of
DSHIs

In order to select the best candidate from B5, B6 and B12 for a proof-of-principle study in a
xenograft mouse model for endometriosis, their PK profiles had to be evaluated. The plasma
levels of the three compounds after single subcutaneous dosing revealed that B5 had high
AUC value (11619 ng.h/mL) which was a 6 fold higher than that’s of B6 and B12. Moreover,
the plasma concentration of B5 remained higher than the cellular 1Cgy values of both target
enzymes up to 24 h. After oral application, B5 showed high plasma levels in first 8 h of the
study sufficient for both target enzymes. However, in the following intervals the
concentration of B5 continued declining to reach very low levels that were not sufficient for
the inhibition of any of the target enzymes at 24 h. A multiple dose PK study was performed
with B5 in which the compound was administered subcutaneously every day or every second
day. After 24 h, the plasma levels were sufficient for inhibition of both target enzymes. The
plasma concentrations of B5 48 h post-dosing was sufficient for 173-HSD1 inhibition but not
STS inhibition. However, taking in consideration the irreversible mode of inhibition of STS,
these levels could be sufficient but this has to be clinically evaluated. Additionally, a steady
state behavior in the plasma level of B5 was observed which strongly suggest that CYP

metabolizing enzymes aren’t altered by inhibition or by induction.
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4.6 Conclusion

Taken together, a successful design approach for the first DSHIs was implemented, followed
by good biological results which demonstrated that the in vitro inhibition of STS and
17B-HSD1 can be translated into significant anti-proliferative effect for estrogen stimulated
cell growth. Additionally, the second class of DSHIs especially compound B5, showed very
strong inhibition of STS and 17B-HSD1 in cellular assays along with high selectivity over
17B-HSD2. The high metabolic stability of B5 in human and mouse hepatic S9 fractions,
besides its good physiochemical properties resulted in admirable PK profile. These findings

obviously reflect the suitability of B5 for future proof-of-principle studies.

As previously shown in the introduction, the HSD enzyme family has a wide range of
physiological roles and it is often associated with diseases. In chapter 3.2.11, a novel targeted
intracrine therapy for bone fracture was successfully introduced in a proof-of-principle study
using a potent and selective 17B-HSD2 inhibitor (compound D15) in mouse bone fracture
model. Moreover, in chapter 3.2.111 the first SAR of 17p-HSD14 non-steroidal inhibitors was
introduced. This will provide the basis for future development of highly potent and selective
17B-HSD14 inhibitor that could serve as a chemical tool for proper understanding of the
enzyme physiological role upon in vivo administration. In this context, a comprehensive
review on the inhibitors of 17p-HSD1, 2 and 14 is included in chapter 3.2.1V.
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4.7 Outlook

The results of the potent dual inhibitor of STS and 17p-HSD1 B5, pave the way for its
rational use in future studies to evaluate the efficacy of the DSHIs in proof-of-principle
studies for the treatment of endometriosis. In the initial phase, the efficacy of B5 can be
evaluated in vivo using nude mice with xenograft endometrium tissue from endometriotic
patients. The parameters to be studied should include:

e Determination of lesion size by ultrasound

e Histological examination of the lesions (incl. neovascularization)

e Determination of STS and 17p3-HSD1 activity in the lesions

e Quantification of plasma steroid hormones (E1-S) and cellular E1-S, E1

and E2 in the lesions

In parallel, an ex vivo study can be performed to compare between the efficacy of the DSHIs
(B5) and the single inhibitors using human endometriotic tissues. In which the same
parameters mentioned in the previous experiment should be monitored.
In case B5 turned out to be effective in the abovementioned proof-of-principle studies, it
could be used as a tool for safety profiling of DSHIs in non-human primate (monkey). Among
the parameters that should be monitored:

e PlasmaEL1-S, E1 and E2

e Ovulation and menstrual cycle disrubtion

e Bone formation and resorption
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5. Supporting information

This section contains the supporting information of the studies presented in chapter 3.1. It
contains further experimental details, as well as additional figures and results.

5.1.  Supporting information for publication A
5.1.1  Chemistry

5.1.1.1 Chemical methods

Chemical names follow IUPAC nomenclature.

Starting materials were purchased from Acros Organics, Alfa Aesar, Combi-Blocks,
Fluorochem and Sigma Aldrich. Column chromatography was performed on silica gel (0.04-
0.063 mm, Macherey-Nagel) and reaction progress was monitored by TLC on aluminum
sheets (Silicagel 60 F254, Merck). Visualization was accomplished with UV light at 254 nm.
'H and *C NMR spectra were measured on a Bruker-500 (at 500 MHz and 125 MHz,
respectively) or Bruker-300 (at 300 MHz). Chemical shifts are reported in & (parts per
million: ppm), using residual peaks of the deuterated solvents as internal standard: (CD3),SO
(DMSO0-d6): 2.50 ppm (*H NMR), 39.52 ppm (*C NMR); (CD3),CO (acetone-d6): 2.05 ppm
(*H NMR), 29.84 ppm and 206.26 ppm (**C NMR). Signals are described as s, d, t, dd, ddd,
dt, td and m for singlet, doublet, triplet, doublet of doublets, doublet of doublet of doublets,
doublet of triplets, triplets of doublets and multiplet, respectively. All coupling constants (J)
are given in Hertz (Hz).

All tested compounds have > 95% chemical purity as evaluated by HPLC. The purity of the
compounds was evaluated by LC/MS. The Surveyor®-LC-system consisted of a pump, an
auto sampler, and a PDA detector. Mass spectrometry was performed by a TSQ® Quantum
(ThermoFisher, Dreieich, Germany). The triple quadrupole mass spectrometer was equipped
with an electrospray interface (ESI). The system was operated by the standard software
Xcalibur®. A RP C18 NUCLEODUR® 100-5 (3 mm) column (Macherey-Nagel GmbH,
Duhren, Germany) was used as stationary phase. All solvents were HPLC grade. In a gradient
run the percentage of acetonitrile (containing 0.1 % trifluoroacetic acid) was increased from
an initial concentration of 30% at 0 min to 100 % at 12 min and kept at 100 % for 3 min. The
injection volume was 25 pL and flow rate was set to 700 pL/min. MS analysis was carried out
at a needle voltage of 3000 V and a capillary temperature of 350 °C. Mass spectra were

acquired in positive mode from 100 to 1000 m/z and UV spectra were recorded at the wave
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length of 254 nm. The melting points were measured using Stuart™ melting point apparatus

SMP3.

5.1.1.2 General procedures
General procedure for Friedel-Crafts acylation (Method A)

An ice-cooled mixture of monosubstituted thiophene derivate (1.5 equiv), 2,6-difluoro-3-
methoxybenzoyl chloride (1 equiv), and anhydrous aluminum trichloride (2 equiv) in
anhydrous dichloromethane was left for 0.5 h, warmed to room temperature and stirred for 2-
4 h, then quenched with 1 M HCI. The aqueous layer was extracted with ethyl acetate. The
organic layers were combined, dried over magnesium sulfate and concentrated to dryness

under reduced pressure. The product was purified by column chromatography.

General procedure for Suzuki coupling (Method B)

Arylbromide (1 equiv), boronic acid derivative (1.2 equiv), cesium carbonate (4 equiv) and
tetrakis(triphenylphosphine) palladium (0.05 equiv) were added to an oxygen-free
DME/water (1:1) and refluxed under nitrogen atmosphere for 4 h. The reaction mixture was
cooled to room temperature. The aqueous layer was extracted with ethyl acetate. The organic
layers were combined, dried over magnesium sulfate and concentrated to dryness under

reduced pressure. The product was purified by column chromatography.

General procedure for ether cleavage (Method C)

To a solution of methoxybenzene derivative (1 equiv) in anhydrous dichloromethane at -78 °C
(dry ice/acetone bath), boron tribromide in dichloromethane (1 M, 3 equiv per methoxy
function) was added dropwise. The reaction mixture was stirred overnight at room
temperature under nitrogen atmosphere. The reaction was quenched with water, then the
aqueous layer was extracted with ethyl acetate and the combined organic layer was washed
with brine, dried over magnesium sulfate, filtered and concentrated to dryness under reduced

pressure. The product was purified by column chromatography.

General procedure for Sulfamoylation (Method D)

A solution of phenol derivative (1.0 equiv) in DMA was cooled to 0 °C. A freshly prepared
sulfamoyl chloride (5 equiv) was subsequently added over 5 min and the reaction mixture was
warmed to room temperature overnight. The reaction was quenched with water, then the

aqueous layer was extracted with ethyl acetate. The organic layers were combined, dried over
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magnesium sulfate and concentrated to dryness under reduced pressure. The product was

purified by column chromatography.

Preparation of sulfamoyl chloride (Method E)

A fresh solution was prepared for each reaction. Chlorosulfonyl isocyanate (1 equiv) was
cooled to 0 °C. Then formic acid 99% (1 equiv) was then added dropwise to the isocyanate
slowly over 10 min. Slow, steady evolution of CO, was observed; eventually a white solid
was formed. After 10 min, the ice bath was removed and the reaction mixture was warmed to

room temperature and then used in the next reaction without further workup.

51.1.3 Detailed synthesis procedure and compound characterization
(5-Bromothiophen-2-y1)(2,6-difluoro-3-methoxyphenyl)methanone (1a).

F O

B F
Br S 0

The title compound was prepared according to method A by the reaction of 2,6-difluoro-3-
methoxybenzoyl chloride (1.03 g, 5.00 mmol, 1 equiv) and 2-bromothiophene (1.22 g,
7.50 mmol, 1.5 equiv) in the presence of anhydrous aluminium chloride (1.33 g, 10.00 mmol,
2 equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/ethylacetate 4:1) to give 1.24 g (3.77 mmol/ 75%) of the
analytically pure compound. C1,H;BrF,0,S; MW 333;*H NMR (300 MHz, (CD3),S0) & 7.52
(dt, J = 4.1, 1.0 Hz, 1H), 7.47 — 7.37 (m, 2H), 7.25 (ddd, J = 9.3, 8.8, 1.9 Hz, 1H), 3.89 (s,
3H); MS (ESI): 333.03, 335.04 (M+H)".

(2,6-Difluoro-3-methoxyphenyl)(5-(4-hydroxyphenyl)thiophen-2-yl)methanone (1b).

The title compound was prepared according to method B by the reaction of la (0.45 g,
1.50 mmol, 1 equiv) and (4-hydroxyphenyl)boronic acid (0.24 g, 1.80 mmol, 1.2 equiv) in the
presence of ceasium carbonate (1.95 g, 6.00 mmol, 4 equiv) and tetrakis(triphenylphosphine)
palladium (87.00 mg, 0.08 mmol, 0.05 equiv) in DME/water 1:1 (20 ml). The product was
purified by column chromatography (dichloromethane) to give 0.39 g (1.12 mmol/ 75%) of
the analytically pure compound. CigH12F,0sS; MW 346; *H NMR (300 MHz, (CD3),SO) &
9.79 (s, 1H), 7.69 — 7.58 (m, 2H), 7.42 (td, J = 9.5, 5.3 Hz, 1H), 7.35 - 7.21 (m, 3H), 7.17 (dd,
J =23, 1.7 Hz, 1H), 6.88 (ddd, J = 7.8, 2.4, 1.4 Hz, 1H), 3.91 (s, 3H); MS (ESI): 347.00
(M+H)".
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4-(5-(2,6-Difluoro-3-methoxybenzoyl)thiophen-2-yl)phenyl sulfamate (1c).

The title compound was prepared according to Method D by the reaction of 1b (0.34 g,
1.00 mmol, 1 equiv) and sulfamoyl chloride (0.58 g, 5.00 mmol, 5 equiv) in DMA (10 ml).
The product was purified by column chromatography (cyclohexane/ethylacetate 1:1) to give
0.33 g (0.78 mmol/ 78%) of the analytically pure compound. CigH13F.NOsS,; MW 425; H
NMR (300 MHz, (CD3);S0) & 8.11 (s, 2H), 7.87 — 7.73 (m, 2H), 7.72 (dd, J = 3.7, 1.5 Hz,
2H), 7.61 (t, J = 8.0 Hz, 1H), 7.45 (dt, J = 9.5, 4.8 Hz, 1H), 7.39 (ddd, J = 8.2, 2.3, 1.0 Hz,
1H), 7.28 (td, J = 9.0, 1.9 Hz, 1H), 3.92 (s, 3H); MS (ESI): 426.03 (M+H)".

4-(5-(2,6-Difluoro-3-hydroxybenzoyl)thiophen-2-yl)phenyl sulfamate (1).

The title compound was prepared according to Method C by the reaction of 1c (0.21 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 0.10 g (0.25 mmol/ 50%) of the
analytically pure compound. Ci7H11FoNOsS,; MW 411; mp: 176-177; *H NMR (500 MHz,
(CD3)2C0O) 6 9.02 (s, 1H), 7.78 (ddd, J = 7.8, 1.8, 1.0 Hz, 1H), 7.75 (ddd, J = 2.2, 1.8, 0.4 Hz,
1H), 7.67 (dt, J = 4.1, 0.8 Hz, 1H), 7.66 (d, J = 4.0 Hz, 1H), 7.61 — 7.56 (m, 1H), 7.41 (ddd, J
=8.2,2.3, 1.0 Hz, 1H), 7.25 (s, 2H), 7.23 — 7.18 (m, 1H), 7.04 (ddd, J = 9.1, 8.6, 1.9 Hz, 1H);
3C NMR (126 MHz, (CDs),CO) & 180.73, 153.68, 152.53 (dd, J = 240.6, 5.7 Hz), 148.40
(dd, J =245.8, 7.7 Hz), 152.18, 143.75, 142.64 (dd, J = 12.9, 3.2 Hz), 138.13, 135.45, 131.66,
126.76, 125.46, 124.29, 121.02, 120.40 (dd, J = 9.1, 3.9 Hz), 117.95 (dd, J = 23.8, 19.6 Hz),
112.44 (dd, J = 22.8, 3.8 Hz); MS (ESI): 411.95 (M+H)".

(2,6-Difluoro-3-methoxyphenyl)(5-(2-hydroxyphenyl)thiophen-2-yl)methanone (2b).

The title compound was prepared according to method B by the reaction of la (0.45 g,
1.50 mmol, 1 equiv) and (2-hydroxyphenyl)boronic acid (0.24 g, 1.80 mmol, 1.2 equiv) in the
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presence of ceasium carbonate (1.95 g, 6.00 mmol, 4 equiv) and tetrakis(triphenylphosphine)
palladium (87 mg, 0.08 mmol, 0.05 equiv) in DME/water 1:1 (20 ml). The product was
purified by column chromatography (cyclohexane/ethylacetate 2:1) to give 0.44 g (1.29
mmol/ 86%) of the analytically pure compound. C1gH1,F203S; MW 346: *H NMR (500 MHz,
(CD3)2S0) 6 10.89 (s, 1H), 7.84 (dd, J = 8.0, 1.6 Hz, 1H), 7.77 (d, J = 4.3 Hz, 1H), 7.59 (dd, J
=4.2,0.9 Hz, 1H), 7.40 (td, J = 9.5, 5.3 Hz, 1H), 7.30 — 7.21 (m, 2H), 7.02 (dd, J = 8.2, 1.2
Hz, 1H), 6.93 (ddd, J = 8.3, 7.2, 1.2 Hz, 1H), 3.90 (s, 3H); MS (ESI): 347.01 (M+H)".

2-(5-(2,6-Difluoro-3-methoxybenzoyl)thiophen-2-yl)phenyl sulfamate (2c).
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0]
F

|
o:S:O

NH,

The title compound was prepared according to Method D by the reaction of 2b (0.34 g,
1.00 mmol, 1 equiv) and sulfamoyl chloride (0.58 g, 5.00 mmol, 5 equiv) in DMA (10 ml).
The product was purified by column chromatography (cyclohexane/ethylacetate 3:2) to give
0.38 g (0.90 mmol/ 90%) of the analytically pure compound. CigH13sFoNOsS,; MW 425; *H
NMR (500 MHz, (CD3),SO) 6 8.37 (s, 2H), 7.93 (dd, J = 7.9, 1.6 Hz, 1H), 7.72 (d, J = 4.2
Hz, 1H), 7.64 (dt, J = 4.3, 0.9 Hz, 1H), 7.61 (dd, J = 8.3, 1.3 Hz, 1H), 7.54 (ddd, J = 8.2, 7.3,
1.6 Hz, 1H), 7.46 — 7.39 (m, 2H), 7.26 (td, J = 9.0, 1.8 Hz, 1H), 3.90 (s, 3H); MS (ESI):
426.04 (M+H)".

2-(5-(2,6-Difluoro-3-hydroxybenzoyl)thiophen-2-yl)phenyl sulfamate (2).

|
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The title compound was prepared according to Method C by the reaction of 2c (0.21 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3 equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 61.00 mg (0.15 mmol/ 30%) of
the analytically pure compound. Ci7H11FoNOsSy; MW 411; mp: 164-165; *H NMR (500
MHz, (CD3).CO) 6 9.06 (d, J = 1.1 Hz, 1H), 7.89 (dd, J = 7.8, 1.7 Hz, 1H), 7.70 (d, J = 4.1
Hz, 1H), 7.68 (dd, J = 8.3, 1.3 Hz, 1H), 7.61 (dt, J = 4.1, 1.0 Hz, 1H), 7.52 (ddd, J = 8.2, 7.4,
1.7 Hz, 1H), 7.48 (s, 2H), 7.44 (td, J = 7.6, 1.3 Hz, 1H), 7.21 (ddd, J = 9.7, 9.1, 5.5 Hz, 1H),
7.04 (ddd, J = 9.1, 8.6, 1.9 Hz, 1H); **C NMR (126 MHz, (CD3);CO) & 180.99, 152.52 (dd, J
=240.4,5.9 Hz), 148.40 (dd, J = 245.7, 7.9 Hz), 149.65, 148.28, 144.30, 142.64 (dd, J = 12.9,
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3.2 Hz), 137.32, 131.32, 130.80, 129.13, 127.91, 127.24, 123.56, 120.28 (dd, J = 9.1, 3.9 Hz),
118.18 (dd, J = 24.0, 19.6 Hz), 112.43 (dd, J = 22.8, 4.0 Hz):; MS (ESI): 411.95 (M+H)".

2-(3-Methoxyphenyl)thiophene (3a).
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The title compound was prepared according to method B by the reaction of 2-bromothiophene
(0.82 g, 5.00 mmol, 1 equiv) and (3-methoxyphenyl)boronic acid (0.91 g, 6.00 mmol, 1.2
equiv) in the presence of ceasium carbonate (6.50 g, 20.00 mmol, 4 equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv) in DME/water 1:1
(50 ml). The product was purified by column chromatography (cyclohexane/dichloromethane
5:1) to give 0.87 g (4.60 mmol/ 92%) of the analytically pure compound. C1;H100S; MW
190; *H NMR (300 MHz, (CD3);S0) & 7.57 — 7.53 (m, 1H), 7.53 — 7.51 (m, 1H), 7.33 (t, J =
7.9 Hz, 1H), 7.24 — 7.20 (m, 1H), 7.19 — 7.17 (m, 1H), 7.13 (dd, J = 5.0, 3.7 Hz, 1H), 6.89
(ddd, J =8.2, 2.5, 1.0 Hz, 1H), 3.81 (s, 3H); MS (ESI): 191.02 (M+H)".

3-(Thiophen-2-yl)phenol (3b).
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S
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The title compound was prepared according to Method C by the reaction of 3a (0.76 g,
4.00 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (12.00 ml, 12.00 mmol,
3 equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.56 g (3.20 mmol/ 80%) of the
analytically pure compound. C1oHgOS; MW 176; *H NMR (300 MHz(CD3),SO) & 9.55 (s,
1H), 7.51 (dd, J = 5.1, 1.2 Hz, 1H), 7.42 (dd, J = 3.6, 1.2 Hz, 1H), 7.20 (t, J = 7.8 Hz, 1H),
7.11 (dd, J = 5.1, 3.6 Hz, 1H), 7.10 — 7.05 (m, 1H), 7.04 — 7.00 (m, 1H), 6.71 (ddd, J = 8.0,
2.4,1.0 Hz, 1H); MS (ESI): 176.98 (M+H)".

3-(Thiophen-2-yl)phenyl sulfamate (3c).
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The title compound was prepared according to Method D by the reaction of 3b (0.53 g,
3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g, 15.00 mmol, 5 equiv) in DMA (20 ml).

The product was purified by column chromatography (cyclohexane/ethylacetate 3:2) to give
0.61 g (2.40 mmol/ 80%) of the analytically pure compound. C1oHgNO3S,; MW 255; *H
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NMR (300 MHz, (CD3),SO) & 8.05 (s, 2H), 7.65 — 7.58 (m, 2H), 7.56 (dd, J = 3.6, 1.2 Hz,
1H), 7.54 — 7.46 (m, 2H), 7.22 (ddd, J = 8.1, 2.3, 1.0 Hz, 1H), 7.17 (dd, J = 5.1, 3.6 Hz, 1H);
MS (ESI): 256.01 (M+H)".

3-(5-(2,6-Difluoro-3-methoxybenzoyl)thiophen-2-yl)phenyl sulfamate (3d).

0.
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The title compound was prepared according to method by the reaction of 2,6-difluoro-3-
methoxybenzoy! chloride (0.41 g, 2.00 mmol, 1 equiv) and 3c (0.76 g, 3.00 mmol, 1.5 equiv)
in the presence of anhydrous aluminium chloride (0.53 g, 4.00 mmol, 2 equiv) in anhydrous
dichloromethane (10 ml). The product was purified by column chromatography
(cyclohexane/ethylacetate 3:2) to give 0.49 g (1.16 mmol/ 58%) of the analytically pure
compound. C1gH13F2NOsS,; MW 425: *H NMR (300 MHz, (CD3),S0) & 8.10 (s, 2H), 7.85 —
7.76 (m, 1H), 7.76 — 7.68 (m, 3H), 7.60 (t, J = 8.0 Hz, 1H), 7.44 (dt, J = 9.5, 4.7 Hz, 1H), 7.40
—7.34 (m, 1H), 7.27 (td, J = 9.0, 1.9 Hz, 1H), 3.91 (s, 3H); MS (ESI): 426.00 (M+H)".

3-(5-(2,6-Difluoro-3-hydroxybenzoyl)thiophen-2-yl)phenyl sulfamate (3).

The title compound was prepared according to Method C by the reaction of 3d (0.21 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3 equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 123.00 mg (0.29 mmol/ 58%)
of the analytically pure compound. C17H11F2NOsS,; MW 411; mp: 174-175; 'H NMR (500
MHz, (CDj3),CO) 6 9.01 (s, 1H), 7.78 (ddd, J = 7.8, 1.8, 1.0 Hz, 1H), 7.76 — 7.74 (m, 1H),
7.68 — 7.64 (m, 2H), 7.58 (t, J = 8.0 Hz, 1H), 7.41 (ddd, J = 8.2, 2.3, 1.0 Hz, 1H), 7.25 (s,
2H), 7.23 — 7.18 (m, 1H), 7.04 (td, J = 8.9, 1.9 Hz, 1H); *C NMR (126 MHz, (CD3),CO) &
180.74, 153.69, 152.54 (dd, J = 240.5, 5.8 Hz), 152.20, 148.41 (dd, J = 246.0, 7.7 Hz),
143.77, 142.66 (dd, J = 12.8, 3.2 Hz), 138.14, 135.46, 131.67, 126.78, 125.48, 124.30,
121.04, 120.41 (dd, J = 9.1, 3.9 Hz), 117.97 (dd, J = 23.9, 19.7 Hz), 112.45 (dd, J = 22.8, 3.9
Hz); MS (ESI): 411.95 (M+H)".

2-(2-Fluoro-3-methoxyphenyl)thiophene (4a).
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The title compound was prepared according to method B the reaction of 2-bromothiophene
(0.82 g, 5.00mmol, 1 equiv) and (2-fluoro-3-methoxyphenyl)boronic acid (1.02 g,
6.00 mmol, 1.2 equiv) in the presence of ceasium carbonate (6.50 g, 20.00 mmol, 4 equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv) in DME/water 1:1
(50 ml). The product  was purified by column chromatography
(cyclohexane/dichloromethane 7:1) to give 1.00 g (4.80 mmol/ 96%) of the analytically pure
compound. C11HgFOS; MW 208; *H NMR (300 MHz, (CD3),;S0) & 7.32 — 7.20 (m, 2H), 7.16
(dt, J = 3.7, 1.2 Hz, 1H), 6.94 (ddd, J = 8.0, 7.1, 1.9 Hz, 1H), 6.86 (td, J = 8.0, 1.1 Hz, 1H),
6.76 (ddd, J = 5.2, 3.7, 1.2 Hz, 1H), 3.89 (s, 3H); MS (ESI): 209.03 (M+H)".

2-Fluoro-3-(thiophen-2-yl)phenol (4b).
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The title compound was prepared according to Method C by the reaction of 4a (0.83 g,
4.00 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (12.00 ml, 12.00 mmol,
3equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.73 g (3.76 mmol/ 97%) of the
analytically pure compound. C1oH;FOS; MW 194; *H NMR (300 MHz, (CD3),S0) & 10.36 (s,
1H), 7.33 — 7.22 (m, 2H), 7.17 (dt, J = 3.7, 1.1 Hz, 1H), 6.95 (ddd, J = 8.0, 7.1, 1.7 Hz, 1H),
6.87 (td, J=7.9, 1.1 Hz, 1H), 6.77 (ddd, J = 5.1, 3.8, 1.1 Hz, 1H); MS (ESI): 195.01 (M+H)".

2-Fluoro-3-(thiophen-2-yl)phenyl sulfamate (4c).
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The title compound was prepared according to Method D by the reaction of 4b (0.58 g,
3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g, 15.00 mmol, 5 equiv) in DMA (20 ml).
The product was purified by column chromatography (cyclohexane/ethylacetate 3:1) to give
0.44 g (1.60 mmol/ 53%) of the analytically pure compound. C1oHsFNO3S,; MW 273; 'H
NMR (300 MHz, (CD3),SO) 6 8.30 (s, 2H), 7.78 — 7.66 (m, 2H), 7.61 (dt, J = 3.7, 1.1 Hz,
1H), 7.39 (ddd, J =8.1, 7.1, 1.8 Hz, 1H), 7.32 (td, J = 7.9, 1.1 Hz, 1H), 7.22 (ddd, J = 5.0, 3.7,
1.2 Hz, 1H); MS (ESI): 274.00 (M+H)".

3-(5-(2,6-Difluoro-3-methoxybenzoyl)thiophen-2-yl)-2-fluorophenyl sulfamate (4d).
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The title compound was prepared according to method A by the reaction of 2,6-difluoro-3-
methoxybenzoyl chloride (0.41 g, 2.00 mmol, 1 equiv) and 4c (0.82 g, 3.00 mmol, 1.5 equiv)
in the presence of anhydrous aluminium chloride (0.53 g, 4.00 mmol, 2 equiv) in anhydrous
dichloromethane (10 ml). The product was purified by column chromatography
(cyclohexane/ethylacetate 3:2) to give 0.60 g (1.35 mmol/ 67%) of the analytically pure
compound. C1gH1:F3sNOsS,; MW 443; *H NMR (500 MHz, (CD3),CO) & 8.37 (s, 2H), 7.85
(ddd, J=8.2,6.7, 1.6 Hz, 1H), 7.76 — 7.69 (m, 2H), 7.57 (ddd, J = 8.2, 7.4, 1.6 Hz, 1H), 7.40
(td, J =8.1, 1.4 Hz, 1H), 7.28 — 7.17 (m, 1H), 7.06 (ddd, J = 9.1, 8.5, 1.9 Hz, 1H), 3.91 (s,
3H); MS (ESI): 444.08 (M+H)".

3-(5-(2,6-Difluoro-3-hydroxybenzoyl)thiophen-2-yl)-2-fluorophenyl sulfamate (4).
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The title compound was prepared according to Method C by the reaction of 4d (0.22 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 140.00 mg (0.33 mmol/ 66%)
of the analytically pure compound. C17H10FsNOsS,; MW 429; mp: 176-177; *H NMR (500
MHz, (CD3),CO) 6 9.14 (s, 1H), 7.84 (ddd, J = 8.2, 6.7, 1.6 Hz, 1H), 7.75 — 7.68 (m, 2H),
7.56 (ddd, J =8.2, 7.4, 1.6 Hz, 1H), 7.52 (s, 2H), 7.39 (td, J = 8.1, 1.4 Hz, 1H), 7.22 (ddd, J =
9.7,9.2, 5.4 Hz, 1H), 7.05 (ddd, J = 9.1, 8.5, 1.9 Hz, 1H); *C NMR (126 MHz, (CD3)>CO) &
180.99, 152.76 (d, J = 256.1 Hz), 152.51 (dd, J = 240.7, 5.7 Hz), 148.41 (dd, J = 245.9, 7.7
Hz), 146.60 (d, J = 3.5 Hz), 144.54 (d, J = 4.5 Hz), 142.70 (dd, J = 12.8, 3.2 Hz), 139.72 (d, J
=12.8 Hz), 137.37, 129.42 (d, J = 5.3 Hz), 127.84 (d, J = 2.1 Hz), 126.55, 126.04 (d, J = 4.7
Hz), 123.43 (d, J = 10.6 Hz), 120.50 (dd, J = 9.1, 4.0 Hz), 117.94 (dd, J = 23.8, 19.6 Hz),
112.49 (dd, J = 22.7, 3.9 Hz); MS (ESI): 430.09 (M+H)".

2-(2-Fluoro-4-methoxyphenyl)thiophene (5a).



Supporting information 135

The title compound was prepared according to method B by the reaction of 2-bromothiophene
(0.82 g, 5.00 mmol, 1 equiv) and (2-fluoro-4-methoxyphenyl)boronic acid (1.02 g,
6.00 mmol, 1.2 equiv) in the presence of ceasium carbonate (6.50 g, 20.00 mmol, 4 equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv) in DME/water 1:1
(50 ml). The product  was purified by  column chromatography
(cyclohexane/dichloromethane 7:1) to give 0.84 g (4.05 mmol/ 81%) of the analytically pure
compound. C1;HgFOS; MW 208; *H NMR (300 MHz, CD5),S0) & 7.11 (dd, J = 12.8, 2.4 Hz,
1H), 7.06 (dd, J = 5.2, 1.1 Hz, 1H), 7.01 (dd, J = 3.7, 1.1 Hz, 1H), 6.99 — 6.93 (m, 1H), 6.75
(t, J=8.8 Hz, 1H), 6.67 (dd, J = 5.2, 3.7 Hz, 1H), 3.42 (s, 3H); MS (ESI): 209.04 (M+H)".

3-Fluoro-4-(thiophen-2-yl)phenol (5b).
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The title compound was prepared according to Method C by the reaction of 5a (0.83 g,
4.00 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (12.00 ml, 12.00 mmol,
3 equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.73 g (3.76 mmol/ 94%) of the
analytically pure compound. C1gH;FOS; MW 194; *H NMR (300 MHz, CD5),SO) & 9.55 (s,
1H), 7.13 (dd, J = 12.6, 2.3 Hz, 1H), 7.07 (dd, J = 5.1, 1.2 Hz, 1H), 7.03 (dd, J = 3.8, 1.2 Hz,
1H), 7.00 — 6.90 (m, 1H), 6.85 (t, J = 8.7 Hz, 1H), 6.69 (dd, J = 5.1, 3.8 Hz, 1H); MS (ESI):
195.03 (M+H)".

3-Fluoro-4-(thiophen-2-yl)phenyl sulfamate (5c).
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The title compound was prepared according to Method D by the reaction of 5b (0.58 g,
3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g, 15.00 mmol, 5 equiv) in DMA (20 ml).
The product was used in the next step without further purification. C1oHgFNO3S,; MW 273;
MS (ESI): 274.01 (M+H)".

4-(5-(2,6-Difluoro-3-methoxybenzoyl)thiophen-2-yl)-3-fluorophenyl sulfamate (5d).

The title compound was prepared according to method A by the reaction of 2,6-difluoro-3-
methoxybenzoyl chloride (0.41 g, 2.00 mmol, 1 equiv) and 5c (0.82 g, 3.00 mmol, 1.5 equiv)
in the presence of anhydrous aluminium chloride (0.53 g, 4.00 mmol, 2 equiv) in anhydrous
dichloromethane (10 ml). The product was purified by column chromatography
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(cyclohexane/ethylacetate 3:2) to give 0.68 g (1.54 mmol/ 77%) of the analytically pure
Compound. C18H12F3NO582; MW 443; lH NMR (500 MHz, (CD3)2CO) 0 7.99 (t, J=8.6 Hz,
1H), 7.71 — 7.66 (m, 2H), 7.40 (s, 2H), 7.37 — 7.33 (m, 2H), 7.32 — 7.30 (m, 1H), 7.15 (ddd, J
=0.13, 8.6, 2.0 Hz, 1H), 3.92 (s, 3H); MS (ESI): 444.10 (M+H)".

4-(5-(2,6-Difluoro-3-hydroxybenzoyl)thiophen-2-yl)-3-fluorophenyl sulfamate (5).

The title compound was prepared according to Method C by the reaction of 5d (0.22 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3 equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 94.00 mg (0.22 mmol/ 44%) of
the analytically pure compound. Ci7H1oFsNOsS,; MW 429; mp: 172-173; 'H NMR (500
MHz, (CDj3),CO) 8 9.06 (d, J = 1.3 Hz, 1H), 8.00 (t, J = 8.6 Hz, 1H), 7.73 — 7.67 (m, 2H),
7.42 (s, 2H), 7.37 — 7.31 (m, 2H), 7.25 — 7.18 (m, 1H), 7.05 (ddd, J = 9.1, 8.6, 1.9 Hz, 1H);
3C NMR (126 MHz, (CD3),CO) & 180.91, 159.94 (d, J = 252.6 Hz), 152.63 (d, J = 11.4 Hz),
152.51 (dd, J = 240.7, 5.7 Hz), 148.38 (dd, J = 246.0, 7.8 Hz), 146.70 (d, J = 4.2 Hz), 144.26
(d, J = 4.6 Hz), 142.64 (dd, J = 12.9, 3.2 Hz), 137.45, 130.88 (d, J = 4.0 Hz), 128.90 (d, J =
5.0 Hz), 120.43 (dd, J = 9.1, 3.9 Hz), 120.18 (d, J = 3.7 Hz), 120.05, 117.95 (dd, J = 23.9,
19.4 Hz), 112.46 (dd, J = 22.8, 4.0 Hz), 111.93 (d, J = 25.7 Hz); MS (ESI): 430.12 (M+H)".

2-(2-Chloro-4-methoxyphenyl)thiophene (6a).
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The title compound was prepared according to method B by the reaction of 2-bromothiophene
(0.82 g, 5.00 mmol, 1 equiv) and (2-chloro-4-methoxyphenyl)boronic acid (1.11 g,
6.00 mmol, 1.2 equiv) in the presence of ceasium carbonate (6.50 g, 20.00 mmol, 4 equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv) in DME/water 1:1
(50 ml). The product was purified by column chromatography
(cyclohexane/dichloromethane 7:1) to give 1.01 g (4.55 mmol/ 91%) of the analytically pure
compound. C11HsCIOS; MW 224; *H NMR (300 MHz, (CD5),S0) & 7.28 (d, J = 2.4 Hz, 1H),
7.15 (dd, J =8.7, 2.4 Hz, 1H), 7.08 (dd, J = 5.1, 1.1 Hz, 1H), 7.03 (dd, J = 3.7, 1.1 Hz, 1H),
6.74 (d, J = 8.7 Hz, 1H), 6.67 (dd, J = 5.1, 3.7 Hz, 1H), 3.45 (s, 3H); MS (ESI): 225.03
(M+H)".

3-Chloro-4-(thiophen-2-yl)phenol (6b).
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The title compound was prepared according to Method C by the reaction of 6a (0.90 g,
4.00 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (12.00 ml, 12.00 mmol,
3equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.66 g (3.16 mmol/ 79%) of the
analytically pure compound. C10H7ClOS; MW 210; *H NMR (300 MHz, (CD5),SO) & 9.59 (s,
1H), 7.63 (d, J = 2.3 Hz, 1H), 7.47 (dd, J = 5.1, 1.2 Hz, 1H), 7.43 (dd, J = 8.4, 2.3 Hz, 1H),
7.40 (dd, J = 3.6, 1.2 Hz, 1H), 7.10 (dd, J = 5.1, 3.6 Hz, 1H), 7.01 (d, J = 8.4 Hz, 1H); MS
(ESI): 211.05 (M+H)".

3-Chloro-4-(thiophen-2-yl)phenyl sulfamate (6c).
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The title compound was prepared according to Method D by the reaction of 6b (0.63 g,
3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g, 15.00 mmol, 5 equiv) in DMA (20 ml).
The product was used in the next step without further purification. C1oHgCINO3S,; MW 289;
MS (ESI): 290.03 (M+H)".

3-Chloro-4-(5-(2,6-difluoro-3-methoxybenzoyl)thiophen-2-yl)phenyl sulfamate (6d).

The title compound was prepared according to method A by the reaction of 2,6-difluoro-3-
methoxybenzoyl chloride (0.41 g, 2.00 mmol, 1 equiv) and 6c (0.87 g, 3.00 mmol, 1.5 equiv)
in the presence of anhydrous aluminium chloride (0.53 g, 4.00 mmol, 2 equiv) in anhydrous
dichloromethane (10 ml). The product was purified by column chromatography
(cyclohexane/ethylacetate 1:1) to give 0.62 g (1.36 mmol/ 68%) of the analytically pure
compound. CigH1,CIFaNOsS2; MW 459; *H NMR (500 MHz, (CD5),CO) & 7.84 (d, J = 8.5
Hz, 1H), 7.68 (dt, J = 4.1, 1.0 Hz, 1H), 7.59 (d, J = 2.4 Hz, 1H), 7.57 (d, J = 4.1 Hz, 1H), 7.45
(dd, J = 8.6, 2.4 Hz, 1H), 7.43 (s, 2H), 7.38 (td, J = 9.4, 5.2 Hz, 1H), 7.16 (ddd, J = 9.2, 8.6,
2.0 Hz, 1H), 3.96 (s, 3H); MS (ESI): 460.01 (M+H)".

3-Chloro-4-(5-(2,6-difluoro-3-hydroxybenzoyl)thiophen-2-yl)phenyl sulfamate (6).

The title compound was prepared according to Method C by the reaction of 6d (0.23 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
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3 equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 71.00 mg (0.16 mmol/ 32%) of
the analytically pure compound. C17H1oCIF;NOsS,; MW 445; mp: 160-161; *H NMR (500
MHz, (CD3),CO) & 9.07 (s, 1H), 7.84 (d, J = 8.5 Hz, 1H), 7.69 (dt, J = 4.0, 1.0 Hz, 1H), 7.59
(d, J = 2.4 Hz, 1H), 7.57 (d, J = 4.1 Hz, 1H), 7.45 (dd, J = 8.6, 2.4 Hz, 1H), 7.43 (s, 2H), 7.22
(ddd, J=9.7, 9.1, 5.4 Hz, 1H), 7.05 (td, J = 8.9, 1.9 Hz, 1H); *C NMR (126 MHz, (CD5),CO)
5 181.03, 152.50 (dd, J = 240.8, 5.8 Hz), 152.10, 149.86, 148.39 (dd, J = 246.0, 7.8 Hz),
144.89, 142.68 (dd, J = 12.9, 3.4 Hz), 136.99, 133.47, 133.29, 131.04, 130.78, 125.29,
122.74,120.44 (dd, J = 9.1, 3.9 Hz), 117.89 (dd, J = 23.8, 19.8 Hz), 112.46 (dd, J = 22.8, 4.0
Hz); MS (ESI): 446.10 (M+H)".

2-(4-Methoxy-2-methylphenyl)thiophene (7a).
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The title compound was prepared according to method B by the reaction of 2-bromothiophene
(0.82 g, 5.00mmol, 1 equiv) and (4-methoxy-2-methylphenyl)boronic acid (0.99 g,
6.00 mmol, 1.2 equiv) in the presence of ceasium carbonate (6.50 g, 20.00 mmol, 4 equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv) in DME/water 1:1
(50 ml). The product  was purified by column chromatography
(cyclohexane/dichloromethane 7:1) to give 0.92 g (4.50 mmol/ 90%) of the analytically pure
compound. C1H1,0S; MW 204; *H NMR (500 MHz, (CD3),CO) & 7.43 (dd, J = 5.2, 1.2 Hz,
1H), 7.30 (d, J = 8.4 Hz, 1H), 7.10 (dd, J = 5.2, 3.5 Hz, 1H), 7.05 (dd, J = 3.5, 1.2 Hz, 1H),
6.88 (d, J = 2.8 Hz, 1H), 6.81 (dd, J = 8.5, 2.7 Hz, 1H), 3.81 (s, 3H), 2.37 (s, 3H); MS (ESI):
205.09 (M+H)".

3-Methyl-4-(thiophen-2-yl)phenol (7b).
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The title compound was prepared according to Method C by the reaction of 7a (0.82 g,
4.00 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (12.00 ml, 12.00 mmol,
3 equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.61 g (3.24 mmol/ 81%) of the
analytically pure compound. C11H1,0S; MW 190; *H NMR (500 MHz, (CDs),CO) & 8.45 (s,
1H), 7.41 (dd, J = 5.2, 1.2 Hz, 1H), 7.21 (d, J = 8.3 Hz, 1H), 7.08 (dd, J = 5.2, 3.5 Hz, 1H),
7.02 (dd, J=3.5, 1.2 Hz, 1H), 6.79 (d, J = 2.5 Hz, 1H), 6.72 (dd, J = 8.3, 2.6 Hz, 1H), 2.32 (s,
3H); MS (ESI): 191.10 (M+H)".

3-Methyl-4-(thiophen-2-yl)phenyl sulfamate (7c).
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The title compound was prepared according to Method D by the reaction of 7b (0.57 g,
3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g, 15.00 mmol, 5 equiv) in DMA (20 ml).
The product was used in the next step without further purification. C;1H;:NO3S,; MW 269;
MS (ESI): 270.05 (M+H)".

4-(5-(2,6-Difluoro-3-methoxybenzoyl)thiophen-2-yl)-3-methylphenyl sulfamate (7d).

The title compound was prepared according to method A by the reaction of 2,6-difluoro-3-
methoxybenzoyl chloride (0.41 g, 2.00 mmol, 1 equiv) and 7c (0.81 g, 3.00 mmol, 1.5 equiv)
in the presence of anhydrous aluminium chloride (0.53 g, 4.00 mmol, 2 equiv) in anhydrous
dichloromethane (10 ml). The product was purified by column chromatography
(cyclohexane/ethylacetate 2:1) to give 0.65 g (1.48 mmol/ 74%) of the analytically pure
compound. CigH15F2NOsS;; MW 439; 'H NMR (500 MHz, (CD3),SO) & 8.18 (s, 2H), 7.79
(dd, J = 2.5, 0.9 Hz, 1H), 7.71 (ddd, J = 8.5, 2.5, 0.6 Hz, 1H), 7.65 (d, J = 4.1 Hz, 1H), 7.62
(d, J = 4.1 Hz, 1H), 7.49 (d, J = 8.5 Hz, 1H), 7.26 — 7.18 (m, 1H), 7.05 (td, J = 8.9, 1.9 Hz,
1H), 3.89 (s, 3H), 2.43 (s, 3H); MS (ESI): 440.03 (M+H)".

4-(5-(2,6-Difluoro-3-hydroxybenzoyl)thiophen-2-yl)-3-methylphenyl sulfamate (7).

The title compound was prepared according to Method C by the reaction of 7d (0.22 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3 equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 93.00 mg (0.22 mmol/ 44%) of
the analytically pure compound. CigH13F.NOsS,; MW 425; mp: 166-167; *H NMR (500
MHz, (CD3),S0) 6 10.29 (s, 1H), 8.12 (s, 2H), 7.66 (d, J = 4.0 Hz, 1H), 7.62 (d, J = 8.5 Hz,
1H), 7.40 (d, J = 4.0 Hz, 1H), 7.31 (d, J = 2.4 Hz, 1H), 7.24 (ddd, J = 8.5, 2.5, 0.6 Hz, 1H),
7.20 — 7.13 (m, 1H), 7.13 — 7.07 (m, 1H), 2.45 (s, 3H); *C NMR (126 MHz, (CD3),SO) &
180.14, 152.44, 150.56, 150.54 (dd, J = 239.4, 5.6 Hz), 146.92 (dd, J = 246.3, 7.7 Hz),
142.30, 141.91 (dd, J = 11.9, 2.8 Hz), 137.86, 137.25, 131.52, 130.50, 129.34, 124.51,
120.14, 119.56 (dd, J = 9.2, 3.8 Hz), 116.58 (dd, J = 23.6, 19.5 Hz), 111.73 (dd, J = 22.4, 3.7
Hz), 20.85; MS (ESI): 426.01 (M+H)".
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2-(3-Fluoro-4-methoxyphenyl)thiophene (8a).
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The title compound was prepared according to method B by the reaction of 2-bromothiophene
(0.82 g, 5.00 mmol, 1 equiv) and (3-fluoro-4-methoxyphenyl)boronic acid (1.02 g,
6.00 mmol, 1.2 equiv) in the presence of ceasium carbonate (6.50 g, 20.00 mmol, 4 equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv) in DME/water 1:1
(50 ml). The product  was purified by column chromatography
(cyclohexane/dichloromethane 7:1) to give 0.94 g (4.50 mmol/ 90%) of the analytically pure
compound. C1:HoFOS; MW 208; *H NMR (300 MHz, (CDs),SO) & 7.55 (dd, J = 12.7, 2.3
Hz, 1H), 7.49 (dd, J = 5.1, 1.2 Hz, 1H), 7.45 (dd, J = 3.6, 1.2 Hz, 1H), 7.43 — 7.37 (m, 1H),
7.19 (t, J = 8.8 Hz, 1H), 7.10 (dd, J = 5.1, 3.6 Hz, 1H), 3.86 (s, 3H); MS (ESI): 209.03
(M+H)".

2-Fluoro-4-(thiophen-2-yl)phenol (8b).
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The title compound was prepared according to Method C by the reaction of 8a (0.83 g,

4.00 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (12.00 ml, 12.00 mmol,
3 equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.60 g (3.12 mmol/ 78%) of the
analytically pure compound. C1oH;FOS; MW 194; *H NMR (300 MHz, (CD5),S0) & 10.32 (s,
1H), 7.56 (dd, J = 12.8, 2.4 Hz, 1H), 7.51 (dd, J = 5.2, 1.3 Hz, 1H), 7.46 (dd, J = 3.6, 1.3 Hz,
1H), 7.42 — 7.38 (m, 1H), 7.20 (t, J = 8.8 Hz, 1H), 7.12 (dd, J = 5.1, 3.6 Hz, 1H); MS (ESI):
195.04 (M+H)".

2-Fluoro-4-(thiophen-2-yl)phenyl sulfamate (8c).
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The title compound was prepared according to Method D by the reaction of 8b (0.58 g,
3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g, 15.00 mmol, 5 equiv) in DMA (20 ml).
The product was purified by column chromatography (cyclohexane/dichloromethane 1:1) to
give 0.49 g (1.8 mmol/ 60%) of the analytically pure compound. C10HsFNOsS,; MW 273 *H
NMR (300 MHz, (CD3),S0) & 8.27 (s, 2H), 7.74 (dd, J = 11.6, 2.1 Hz, 1H), 7.66 — 7.59 (m,
2H), 7.57 — 7.51 (m, 1H), 7.47 (t, J = 7.9 Hz, 1H), 7.17 (dd, J = 5.0, 3.7 Hz, 1H); MS (ESI):
273.98 (M+H)".

4-(5-(2,6-Difluoro-3-methoxybenzoyl)thiophen-2-yl)-2-fluorophenyl sulfamate (8d).
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The title compound was prepared according to method A by the reaction of 2,6-difluoro-3-
methoxybenzoyl chloride (0.41 g, 2.00 mmol, 1 equiv) and 8c (0.82 g, 3.00 mmol, 1.5 equiv)
in the presence of anhydrous aluminium chloride (0.53 g, 4.00 mmol, 2 equiv) in anhydrous
dichloromethane (10 ml). The product was purified by column chromatography
(cyclohexane/ethylacetate 1:1) to give 0.69 g (1.56 mmol/ 78%) of the analytically pure
compound. CigH15FsNOsSy; MW 443; *H NMR (300 MHz, (CD5),SO) & 8.35 (s, 2H), 7.97
(dd, J = 11.3, 2.2 Hz, 1H), 7.81 — 7.68 (m, 3H), 7.54 (t, J = 8.3 Hz, 1H), 7.43 (td, J = 9.5, 5.3
Hz, 1H), 7.26 (td, J = 9.1, 1.9 Hz, 1H), 3.90 (s, 3H); MS (ESI): 444.09 (M+H)".

4-(5-(2,6-Difluoro-3-hydroxybenzoyl)thiophen-2-yl)-2-fluorophenyl sulfamate (8).

The title compound was prepared according to Method C by the reaction of 8d (0.22 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 124.00 mg (0.29 mmol/ 56%)
of the analytically pure compound. C17H10FsNOsS,; MW 429: mp: 180-181; *H NMR (500
MHz, (CD3),CO) & 9.00 (d, J = 1.4 Hz, 1H), 7.80 (dd, J = 11.1, 2.2 Hz, 1H), 7.72 — 7.68 (m,
2H), 7.67 (dt, J = 4.1, 0.9 Hz, 1H), 7.60 (t, J = 8.2 Hz, 1H), 7.48 (s, 2H), 7.21 (ddd, J = 9.6,
9.2, 5.4 Hz, 1H), 7.07 — 7.01 (m, 1H); *C NMR (126 MHz, (CDs),CO) & 180.77, 155.96 (d, J
= 251.3 Hz), 152.58 (d, J = 2.4 Hz), 152.54 (dd, J = 240.6, 5.8 Hz), 148.41 (dd, J = 245.9, 7.6
Hz), 144.12, 142.65 (dd, J = 13.0, 3.2 Hz), 139.36 (d, J = 12.4 Hz), 138.18,133.84(d,J=7.4
Hz), 127.23, 126.64, 123.73 (d, J = 3.6 Hz), 120.45 (dd, J = 9.1, 3.9 Hz), 117.89 (dd, J = 23.9,
19.6 Hz), 115.78 (d, J = 20.7 Hz), 112.46 (dd, J = 22.8, 4.0 Hz); MS (ESI): 430.11 (M+H)".

2-(3-Chloro-4-methoxyphenyl)thiophene (9a).
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The title compound was prepared according to method B by the reaction of 2-bromothiophene
(0.82 g, 5 mmol, 1 equiv) and (3-chloro-4-methoxyphenyl)boronic acid (1.11 g, 6.00 mmol,
1.2 equiv) in the presence of ceasium carbonate (6.50 g, 20.00 mmol, 4 equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv) in DME/water 1:1
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(50 ml). The product  was purified by column chromatography
(cyclohexane/dichloromethane 7:1) to give 1.01 g (4.50 mmol/ 90%) of the analytically pure
compound. C1:HsCIOS; MW 224; *H NMR (300 MHz, (CD3),SO) & 7.72 (d, J = 2.3 Hz, 1H),
7.57 (dd, J = 8.6, 2.3 Hz, 1H), 7.50 (dd, J = 5.1, 1.2 Hz, 1H), 7.47 (dd, J = 3.6, 1.2 Hz, 1H),
7.18 (d, J = 8.6 Hz, 1H), 7.11 (dd, J = 5.1, 3.6 Hz, 1H), 3.88 (s, 3H); MS (ESI): 225.07
(M+H)".

2-Chloro-4-(thiophen-2-yl)phenol (9b).
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The title compound was prepared according to Method C by the reaction of 9a (0.90 g,
4.00 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (12.00 ml, 12.00 mmol,
3equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.65 g (3.08 mmol/ 77%) of the
analytically pure compound. CyH,CIOS; MW 210; *H NMR (300 MHz, (CD3);S0) & 10.36
(s, 1H), 7.62 (d, J = 2.3 Hz, 1H), 7.46 (dd, J = 5.1, 1.2 Hz, 1H), 7.44 — 7.35 (m, 2H), 7.09 (dd,
J=5.1, 3.6 Hz, 1H), 7.00 (d, J = 8.4 Hz, 1H); MS (ESI): 211.03 (M+H)".

2-Chloro-4-(thiophen-2-yl)phenyl sulfamate (9c).
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The title compound was prepared according to Method D by the reaction of 9b (0.63 g,
3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g, 15.00 mmol, 5 equiv) in DMA (20 ml).
The product was purified by column chromatography (cyclohexane/ethylacetate 2:1) to give
0.45 g (1.56 mmol/ 52%) of the analytically pure compound. C1oHgCINO3S,; MW 289; *H
NMR (300 MHz, (CD3),SO) 6 8.29 (s, 2H), 7.88 (d, J = 2.2 Hz, 1H), 7.69 (dd, J = 8.6, 2.3
Hz, 1H), 7.64 — 7.59 (m, 2H), 7.52 (d, J = 8.6 Hz, 1H), 7.16 (dd, J = 4.9, 3.9 Hz, 1H); MS
(ESI): 290.01 (M+H)".

2-Chloro-4-(5-(2,6-difluoro-3-methoxybenzoyl)thiophen-2-yl)phenyl sulfamate (9d).

The title compound was prepared according to method A by the reaction of 2,6-difluoro-3-
methoxybenzoyl chloride (0.41 g, 2.00 mmol, 1 equiv) and 9c (0.87 g, 3.00 mmol, 1.5 equiv)
in the presence of anhydrous aluminium chloride (0.53 g, 4.00 mmol, 2 equiv) in anhydrous
dichloromethane (10 ml). The product was purified by column chromatography
(cyclohexane/ethylacetate 1:1) to give 0.59 g (1.30 mmol/ 65%) of the analytically pure



Supporting information 143

compound. C1gH1,CIF,NOsS,; MW 459; *H NMR (300 MHz, (CD3),SO) § 8.37 (s, 2H), 8.11
(d, J = 2.3 Hz, 1H), 7.88 (dd, J = 8.6, 2.3 Hz, 1H), 7.79 (d, J = 4.1 Hz, 1H), 7.70 (d, J = 4.1
Hz, 1H), 7.59 (d, J = 8.6 Hz, 1H), 7.48 — 7.37 (m, 1H), 7.32 — 7.20 (m, 1H), 3.90 (s, 3H); MS
(ESI): 459.99 (M+H)".

2-Chloro-4-(5-(2,6-difluoro-3-hydroxybenzoyl)thiophen-2-yl)phenyl sulfamate (9).

The title compound was prepared according to Method C by the reaction of 9d (0.23 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 60.00 mg (0.13 mmol/ 27%) of
the analytically pure compound. C17H1oCIF.NOsS,; MW 445; mp: 172-173; *H NMR (500
MHz, (CDs),CO) 6 9.00 (s, 1H), 7.97 (d, J = 2.3 Hz, 1H), 7.80 (dd, J = 8.6, 2.3 Hz, 1H), 7.67
(d, J = 4.1 Hz, 1H), 7.64 — 7.62 (m, 1H), 7.62 (d, J = 8.5 Hz, 1H), 7.47 (s, 2H), 7.21 — 7.14
(m, 1H), 7.03 — 6.96 (m, 1H); *C NMR (126 MHz, (CD3),CO) & 180.76, 152.52 (dd, J =
240.6, 5.9 Hz), 152.31, 148.41 (dd, J = 246.0, 7.6 Hz), 148.06, 144.15, 142.67 (dd, J = 12.8,
3.2 Hz), 138.18, 133.45, 129.05, 129.03, 127.25, 127.04, 125.62, 120.44 (dd, J = 9.1, 3.9 Hz),
117.89 (dd, J = 23.9, 19.6 Hz), 112.45 (dd, J = 22.8, 3.9 Hz); MS (ESI): 446.12 (M+H)".

2-(4-Methoxy-3-methylphenyl)thiophene (10a).
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The title compound was prepared according to method B by the reaction of 2-bromothiophene
(0.82 g, 5mmol, 1 equiv) and (4-methoxy-3-methylphenyl)boronic acid (0.99 g, 6 mmol,
1.2 equiv) in the presence of ceasium carbonate (6.5 g, 20 mmol, 4equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv) in DME/water 1:1
(50 ml). The product  was purified by column chromatography
(cyclohexane/dichloromethane 7:1) to give 0.99 g (4.85 mmol/ 97%) of the analytically pure
compound. C1,H1,0S; MW 204; *H NMR (500 MHz, (CDs),CO) & 7.46 — 7.43 (m, 2H), 7.34
(dd,J=5.1, 1.2 Hz, 1H), 7.30 (dd, J = 3.6, 1.1 Hz, 1H), 7.06 (dd, J = 5.1, 3.6 Hz, 1H), 6.95 —
6.92 (m, 1H), 3.85 (s, 3H), 2.21 (s, 3H); MS (ESI): 347 (M+H); MS (ESI): 205.06 (M+H)".

2-Methyl-4-(thiophen-2-yl)phenol (10b).
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The title compound was prepared according to Method C by the reaction of 10a (0.82 g,
4.00 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (12.00 ml, 12.00 mmol,
3 equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.66 g (3.48 mmol/ 87%) of the
analytically pure compound. C13H10,0S; MW 190; *H NMR (500 MHz, (CDs),CO) & 8.41 (s,
1H), 7.41 (d, J = 2.3 Hz, 1H), 7.33 — 7.29 (m, 2H), 7.25 (dd, J = 3.6, 1.2 Hz, 1H), 7.05 (dd, J
=5.1, 3.6 Hz, 1H), 6.86 (d, J = 8.3 Hz, 1H), 2.24 (s, 3H); MS (ESI): 191.08 (M+H)".

2-Methyl-4-(thiophen-2-yl)phenyl sulfamate (10c).

[
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The title compound was prepared according to Method D by the reaction of 10b (0.57 g,
3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g, 15.00 mmol, 5 equiv) in DMA (20 ml).
The product was purified by column chromatography (cyclohexane/ethylacetate 4:1) to give
0.72 g (2.67 mmol/ 89%) of the analytically pure compound. C1:H11NOsS,; MW 269; *H
NMR (500 MHz, (CD3),CO) 6 7.61 (d, J = 2.4 Hz, 1H), 7.53 (dd, J = 8.4, 2.4 Hz, 1H), 7.49 —
7.44 (m, 2H), 7.40 (d, J = 8.4 Hz, 1H), 7.26 (s, 2H), 7.13 (dd, J = 5.1, 3.6 Hz, 1H), 2.38 (s,
3H); MS (ESI): 270.09 (M+H)".

4-(5-(2,6-Difluoro-3-methoxybenzoyl)thiophen-2-yl)-2-methylphenyl sulfamate (10d).

The title compound was prepared according to method A by the reaction of 2,6-difluoro-3-
methoxybenzoyl chloride (0.41 g, 2.00 mmol, 1 equiv) and 10c (0.81 g, 3.00 mmol, 1.5 equiv)
in the presence of anhydrous aluminium chloride (0.53 g, 4.00 mmol, 2 equiv) in anhydrous
dichloromethane (10 ml). The product was used in the next step without further
purification.C19H1sF2NOsS,; MW 439; MS (ESI): 440.04 (M+H)".

4-(5-(2,6-Difluoro-3-hydroxybenzoyl)thiophen-2-yl)-2-methylphenyl sulfamate (10).

The title compound was prepared according to Method C by the reaction of 10d (0.22 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3 equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
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chromatography (dichloromethane/methanol 98.5:1.5) to give 72.00 mg (0.17 mmol/ 34%) of
the analytically pure compound. CigH13FoNOsS,; MW 425; mp: 190-191; ‘H NMR (500
MHz, (CD3),CO) & 9.03 (s, 1H), 7.78 (dd, J = 2.5, 0.9 Hz, 1H), 7.70 (ddd, J = 8.5, 2.5, 0.6
Hz, 1H), 7.64 (d, J = 4.1 Hz, 1H), 7.61 (d, J = 4.1 Hz, 1H), 7.49 (d, J = 8.5 Hz, 1H), 7.34 (s,
2H), 7.25 — 7.17 (m, 1H), 7.04 (td, J = 8.9, 1.9 Hz, 1H), 2.42 (s, 3H); *C NMR (126 MHz,
(CD3),CO) 6 180.63, 154.35, 152.49 (dd, J = 240.3, 5.8 Hz), 150.93, 148.36 (dd, J = 245.6,
7.8 Hz), 143.34, 142.61 (dd, J = 13.0, 3.4 Hz), 138.27, 133.68, 132.08, 130.21, 126.25,
125.90, 123.97, 120.28 (dd, J = 9.1, 3.9 Hz), 118.02 (dd, J = 24.2, 19.7 Hz), 112.41 (dd, J =
22.8, 3.9 Hz), 16.59; MS (ESI): 426.03 (M+H)".

2-(2,3-Difluoro-4-methoxyphenyl)thiophene (11a).

The title compound was prepared according to method B by the reaction of 2-bromothiophene
(0.82 g, 5.00 mmol, 1 equiv) and (2,3-difluoro-4-methoxyphenyl)boronic acid (1.13 g,
6.00 mmol, 1.2 equiv) in the presence of ceasium carbonate (6.50 g, 20.00 mmol, 4 equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv) in DME/water 1:1
(50 ml). The product was used in the next step without further purification. C,;HgF,0S; MW
226; MS (ESI): 227.01 (M+H)".

2,3-Difluoro-4-(thiophen-2-yl)phenol (11b).
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The title compound was prepared according to Method C by the reaction of 11a (0.80 g,
3.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (10.50 ml, 10.50 mmol,
3 equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.66 g (3.15 mmol/ 90%) of the
analytically pure compound. C1oHgF,0S; MW 212; *H NMR (300 MHz, (CD5),CO) & 9.46 (s,
1H), 7.58 — 7.49 (m, 2H), 7.46 — 7.40 (m, 1H), 7.19 — 7.12 (m, 1H), 6.96 (dd, J = 8.8, 1.7 Hz,
1H); MS (ESI): 213.04 (M+H)".

2,3-Difluoro-4-(thiophen-2-yl)phenyl sulfamate (11c).

| N\

s
H2N\S//O

g o F
F
The title compound was prepared according to Method D by the reaction of 11b (0.64 g,
3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g, 15.00 mmol, 5 equiv) in DMA (20 ml).
The product was purified by column chromatography (cyclohexane/ethylacetate 4:1) to give
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0.50 g (1.74 mmol/ 58%) of the analytically pure compound. C1oH;FoNOsS,; MW 291; *H
NMR (300 MHz, (CD3),S0) & 8.42 (s, 2H), 7.89 (t, J = 8.6 Hz, 1H), 7.74 (dd, J = 5.0, 1.2 Hz,
1H), 7.63 (dt, J = 3.7, 1.2 Hz, 1H), 7.44 (dd, J = 8.6, 1.2 Hz, 1H), 7.24 (ddd, J = 5.0, 3.7, 1.2
Hz, 1H); MS (ESI): 292.05 (M+H)".

4-(5-(2,6-Difluoro-3-methoxybenzoyl)thiophen-2-yl)-2,3-difluorophenyl sulfamate (11d).

The title compound was prepared according to method A by the reaction of 2,6-difluoro-3-
methoxybenzoyl chloride (0.41 g, 2.00 mmol, 1 equiv) and 11c (0.87 g, 3.00 mmol, 1.5 equiv)
in the presence of anhydrous aluminium chloride (0.53 g, 4.00 mmol, 2 equiv) in anhydrous
dichloromethane (10 ml). The product was used in the next step without further purification.
C1sH11F4sNOsS,; MW 461; MS (ESI): 462.03 (M+H)".

4-(5-(2,6-Difluoro-3-hydroxybenzoyl)thiophen-2-yl)-2,3-difluorophenyl sulfamate (11).

|
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The title compound was prepared according to Method C by the reaction of 11d (0.23 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3 equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 62.00 mg (0.14 mmol/ 28%) of
the analytically pure compound. C17HgF4sNOsS,; MW 447; mp: 186-187; *H NMR (500 MHz,
(CD3),CO) 6 9.15 (s, 1H), 7.77 (ddd, J = 8.9, 7.8, 2.4 Hz, 1H), 7.74 — 7.71 (m, 2H), 7.66 (s,
2H), 7.45 (ddd, J = 9.0, 7.1, 2.1 Hz, 1H), 7.22 (ddd, J = 9.7, 9.1, 5.4 Hz, 1H), 7.04 (ddd, J =
9.1, 8.5, 1.8 Hz, 1H); *C NMR (126 MHz, (CD3);CO) & *C NMR (126 MHz, (CD5),CO) &
180.99, 152.47 (dd, J = 240.8, 5.7 Hz), 148.37 (dd, J = 246.1, 7.7 Hz), 149.10 (dd, J = 253.6,
12.4 Hz), 145.50, 145.41 (dd, J = 252.9, 14.6 Hz), 144.78 (d, J = 4.2 Hz), 142.67 (dd, J =
12.6, 3.3 Hz), 140.16 (dd, J = 9.7, 2.2 Hz), 137.42 , 129.60 (d, J = 5.3 Hz), 124.00 (dd, J =
7.1, 2.4 Hz), 121.84 (d, J = 9.6 Hz), 121.32 (d, J = 3.7 Hz), 120.52 (dd, J = 9.2, 3.9 Hz),
117.78 (dd, J = 23.7, 19.5 Hz), 112.46 (dd, J = 22.7, 3.9 Hz); MS (ESI): 448.01 (M+H)".

2-(3-Chloro-2-fluoro-4-methoxyphenyl)thiophene (12a).
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The title compound was prepared according to method B by the reaction of 2-bromothiophene
(0.82 g, 5.00 mmol, 1 equiv) and (3-chloro-2-fluoro-4-methoxyphenyl)boronic acid (1.22 g,
6.00 mmol, 1.2 equiv) in the presence of ceasium carbonate (6.50 g, 20.00 mmol, 4 equiv) and
tetrakis(triphenylphosphine) palladium (0.29 g, 0.25 mmol, 0.05 equiv) in DME/water 1:1
(50 ml). The product  was purified by column chromatography
(cyclohexane/dichloromethane 7:1) to give 1.10 g (4.55 mmol/ 91%) of the analytically pure
compound. C11HsCIFOS; MW 242; *H NMR (300 MHz, (CD3),CO) & 7.62 (t, J = 8.8 Hz,
1H), 7.53 (dd, J = 5.2, 1.2 Hz, 1H), 7.48 — 7.42 (m, 1H), 7.16 (ddd, J = 5.2, 3.7, 1.0 Hz, 1H),
7.03 (dd, J=8.9, 1.7 Hz, 1H), 3.90 (s, 3H); MS (ESI): 243.03 (M+H)".

2-Chloro-3-fluoro-4-(thiophen-2-yl)phenol (12b).
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The title compound was prepared according to Method C by the reaction of 12a (1.00 g,
4.00 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (12.00 ml, 12.00 mmol,
3equiv) in anhydrous dichloromethane (20 ml). The product was purified by column
chromatography (cyclohexane/dichloromethane 4:1) to give 0.87 g (3.80 mmol/ 95%) of the
analytically pure compound. C1oHgCIFOS; MW 228: *H NMR (300 MHz, (CD3),CO) & 9.44
(s, 1H), 7.56 — 7.47 (m, 2H), 7.44 — 7.40 (m, 1H), 7.14 (ddd, J = 5.2, 3.7, 1.0 Hz, 1H), 6.94
(dd, J = 8.8, 1.7 Hz, 1H); MS (ESI): 229.05 (M+H)".

2-Chloro-3-fluoro-4-(thiophen-2-yl)phenyl sulfamate (12c).
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The title compound was prepared according to Method D by the reaction of 12b (0.68 g,
3.00 mmol, 1 equiv) and sulfamoyl chloride (1.73 g, 15.00 mmol, 5 equiv) in DMA (20 ml).
The product was purified by column chromatography (cyclohexane/ethylacetate 4:1) to give
0.90 g (2.94 mmol/ 98%) of the analytically pure compound. C1oH;CIFNO5S,; MW 307; *H
NMR (300 MHz, (CD3),SO) ¢ 8.44 (s, 2H), 7.86 (t, J = 8.7 Hz, 1H), 7.76 (dd, J = 5.1, 1.2 Hz,
1H), 7.64 (dt, J = 3.7, 1.1 Hz, 1H), 7.43 (dd, J = 8.9, 1.7 Hz, 1H), 7.23 (ddd, J = 5.0, 3.7, 1.2
Hz, 1H); MS (ESI): 308.00 (M+H)".

2-Chloro-4-(5-(2,6-difluoro-3-methoxybenzoyl)thiophen-2-yl)-3-fluorophenyl
sulfamate (12d).
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The title compound was prepared according to method A by the reaction of 2,6-difluoro-3-
methoxybenzoyl chloride (0.41 g, 2.00 mmol, 1 equiv) and 12c (0.92 g, 3.00 mmol, 1.5 equiv)
in the presence of anhydrous aluminium chloride (0.53 g, 4.00 mmol, 2 equiv) in anhydrous
dichloromethane (10 ml). The product was purified by column chromatography
(cyclohexane/ethylacetate 3:2) to give 0.89 g (1.88 mmol/ 94%) of the analytically pure
compound. CigH1:CIFsNOsS,; MW 477; *H NMR (300 MHz, (CDs3),CO) & 7.94 (t, J =
8.8 Hz, 1H), 7.77 — 7.68 (m, 2H), 7.61 (s, 2H), 7.55 (dd, J = 8.9, 1.8 Hz, 1H), 7.38 (td, J =
9.4,5.2 Hz, 1H), 7.15 (ddd, J = 9.3, 8.6, 2.0 Hz, 1H), 3.96 (s, 3H); MS (ESI): 477.99 (M+H)".

2-Chloro-4-(5-(2,6-difluoro-3-hydroxybenzoyl)thiophen-2-yl)-3-fluorophenyl
sulfamate (12).

0=5=0 Cl
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The title compound was prepared according to Method C by the reaction of 12d (0.24 g,
0.50 mmol, 1 equiv) and boron tribromide (1 M) in dichloromethane (1.50 ml, 1.50 mmol,
3 equiv) in anhydrous dichloromethane (10 ml). The product was purified by column
chromatography (dichloromethane/methanol 98.5:1.5) to give 122.00 mg (0.26 mmol/ 53%)
of the analytically pure compound. C17HsCIFsNOsS,; MW 463; mp: 179-180; *H NMR (500
MHz, (CD3),CO) ¢ 9.11 (s, 1H), 7.94 (t, 8.8 Hz, 1H), 7.77 — 7.70 (m, 2H), 7.66 (s, 2H), 7.55
(dd, J = 8.9, 1.8 Hz, 1H), 7.27 — 7.18 (m, 1H), 7.05 (td, J = 8.9, 1.9 Hz, 1H); *C NMR (126
MHz, (CD3),CO) & 181.02 , 156.17 (d, J = 253.5 Hz), 152.51 (dd, J = 240.7, 5.7 Hz), 148.91
(d, J=1.8 Hz), 148.40 (dd, J = 246.1, 7.7 Hz), 145.77 (d, J = 4.4 Hz), 144.75 (d, J = 4.4 Hz),
142.70 (dd, J = 12.8, 3.2 Hz), 137.46 , 129.64 (d, J = 5.2 Hz), 128.21 (d, J = 3.7 Hz), 121.18
(d, J =129 Hz), 120.77 (d, J = 3.8 Hz), 120.54 (dd, J = 9.1, 3.8 Hz), 117.84 (dd, J = 23.7,
19.5 Hz), 117.57 (d, J = 19.9 Hz), 112.51 (dd, J = 22.7, 3.9 Hz); MS (ESI): 464.01 (M+H)".
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Table S1. Purity of final compounds as evaluated by HPLC

Compound R¢(min) Purity (%)

1 7.49 99.5
2 7.51 96.5
3 7.52 97.5
4 7.63 98.5
5 8.14 99.0
6 8.32 99.4
7 7.51 99.2
8 8.11 96.6
9 8.32 95.8
10 7.52 99.2
11 7.95 96.7
12 8.01 98.6
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5114  Repnresentative IHNMR and 13CNMR spectra
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5.1.1.5 Representative MS spectra
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Compound 6:
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Compound 8:
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Compound 9:
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5.1.11 Biological methods

51.11.1 Chemicals

E1-S, E1, E2 and MTT were obtained from Sigma. Radioactively labeled [6,7-*H(N)]-E1-S
(40-60 Ci/mmol), [2,4,6,7-*H]-E1 (50-100 Ci/mmol) and [2,4,6,7-*H]-E2 ( >110 Ci/mmol)
were obtained from Perkin Elmer, Boston. Quickszint Flow 302 scintillator fluid was bought
from Zinsser Analytic, Frankfurt. Charcoal-stripped FCS was received from Biowest. Other

chemicals were purchased from Sigma, Merck or Gibco.

5.1.11.2 hSTS cell free inhibition assay

The human enzyme was partially purified from the microsomal fraction of freshly
homogenized human placental tissue according to previously described procedures.®® The
enzyme preparation was pre-incubated in Tris-HCI buffer (20 mM, pH= 7.4) for 30 min at
37 °C with DMSO stocks of potential inhibitors (final DMSO concentration in the assay was
1%). Negative and positive controls (vehicle only and 14 at 2 uM, resp.) were present in each
assay. Incubation was started by the addition of E1-S (final concentration: 300 nM) for 20
min at 37 °C. Compounds 8 or 14 was added (final concentration: 2 uM) to quench the
reaction. The amount of E1 produced was quantified using the competitive Estrone ELISA
Kit from DRG Instruments GmbH (Marburg, Germany) according to the instructions of the
manufacturer.®® The assay did not show cross-sensitivity for E1-S and E2 in the relevant
concentration range. Optical densities were measured with a Polarstar Omega plate reader
(BMG Labtech, Ortenberg, Germany) at 450 nm.*® For ICs, determinations, at least two
independent measurements were carried out using three different inhibitor concentrations
(leading to inhibitions in the range from 30-70%, relative to the uninhibited control). In this
assay, the reference compound 14 shows an 1Csy value of 15.1 nM, comparable to the value

reported in the literature 8 nM.%*

5.1.11.3 h17p-HSDI1 and h17$-HSD2 cell free inhibition assays

The human enzymes were partially purified from human placental tissue according to
previously described procedures.®! Fresh human placenta was homogenized and by fractional
centrifugation the cytosolic and microsomal fractions were separated. In case of the h17p-
HSD1 assay the cytosolic fraction was incubated with NADH (500 pM), while in the case of
the h17p-HSD2 assay the microsomal fraction was incubated with NAD" (1500 pM) at 37 °C
in a phosphate buffer (50 mM) with 20% of glycerol and EDTA (1 mM) in the presence of
potential inhibitors which were prepared in DMSO (final DMSO concentration in the assay
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was 1%). The enzymatic reaction was started by the addition of a mixture of unlabeled and
radiolabeled substrate (final concentration: 500 nM), [*H]-E1 in the case of h17p-HSD1 assay
for 10 min or with [°H]-E2 in the case of h17p-HSD2 assay for 20 min.*! HgCl, (10mM) was
used to stop the enzymatic reactions and the steroids were extracted with diethylether. After
evaporation, they were dissolved in acetonitrile/water (45:55). E1 and E2 were separated on a
C18 reverse phase chromatography column (Nucleodur Cyg Isis, Macherey-Nagel) connected
to an Agilent 1200 Series (Agilent Technologies) HPLC-system using acetonitrile/water
(45:55) as mobile phase. A radioflow detector (Ramona, raytest) was coupled to the HPLC-
system for the detection and quantification of the steroids. After the analysis of the resulting
chromatograms, the conversion rates were calculated according to the following equation:

%product

100
Y%product + % Substrate ’

%conversion =

Each value was calculated from at least two independent experiments.
Then the percentage inhibition corresponding to each inhibitor concentration was calculated

according to the following equation:

%conversion of the inhibitor >] 100
*

osinhibition = [1 - (
foinhibition %conversion of the control (DMSO)

At least three different concentrations of each inhibitor leading to inhibitions ranging from
30% to 80% were chosen to deduce the ICsy of each inhibitor. The ICsq of each inhibitor was

calculated from at least two independent experiments.

5.1.11.4 Cell culture

T47D human mammary cancer cell line was purchased from ECACC, Salisburry. The cells
were routinely cultivated in DMEM (Sigma) supplemented with 10% FCS (Sigma) and
100 IU/ml penicillin-streptomycin, and incubated at 37 °C under humidified atmosphere of
5% CO,. The medium was changed every 2-3 days, and the cells were passed every 9-10

days.

5.1.115 hSTS and h17p-HSD1 cellular inhibition assays

The T47D cells were seeded into a 24-well flat-bottom plate at 5 * 10° cells/well in DMEM
supplemented with 10% FCS and 100 1U/ml penicillin-streptomycin according to previously
described procedures.®>® After incubation for 24 h of adaptation at 37 °C, the medium was
exchanged by a fresh FCS-free DMEM and the test compound dissolved in DMSO was added
(final concentration of DMSO was adjusted to 1% in all samples). After 1 h the incubation

period was started by the addition of a mixture of unlabeled and radioactive substrate [*H]-
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E1-S (5 nM) for 24 h or [*H]-E1 (50 nM) for 30 min at 37 °C in case of hSTS or h17p-HSD1
cellular inhibition assays, respectively. The reaction was stopped by the removal of the
supernatant. The supernatant was injected directly (without any further workup) into the same
radio-HPLC system mentioned above for h17p-HSD1 and h17B-HSD2 cell free inhibition
assays and the ICsgs are calculated as described.

5.1.11.6 Nature of inhibition of STS activity

In order to investigate the mode of inhibition of STS activity, T47D cells were cultivated as
mentioned above but with some changes described by Purohit et al., 1995." The cells were
pre-incubated with the inhibitors for 2 h at 37 °C, then the medium was removed and the cells
were washed 3-4 times with PBS (phosphate buffer saline). The remaining STS activity was
assayed as described in the recent procedure by incubating the cells with using [*H]-E1-S for
24 h at 37 °C, then subsequent quantification of the steroids in the supernatant using HPLC
coupled to radiodetector and the 1Csos are calculated as described.

51.11.7 Proliferation assay

In 24-well plates, according to previously described procedures™ the T47D cells were grown
for 2 days in RPMI (without phenol red) serum-free medium supplemented with 100 1U/ml
penicillin-streptomycin, sodium pyruvate (1 mM) and L-glutamine (2 mM). Then
charcoal-stripped FCS 5% (v/v), estrogens and/or the compounds were added after the
dilution in ethanol (the final concentration of ethanol was set to 1% of the medium). Every
2-3 days the medium was exchanged with fresh medium containing the same additives. Then
the cell viability is evaluated by MTT assay based on the ability of viable cells to convert the
yellow water soluble dye 3-(4,5-dimethyl-2-yl)-2,5-diphenyltetrazolium bromide (MTT) to a
violet water insoluble formazane. After 7 days of culturing (without passage) in the presence
of the respective additives, 100 ul of MTT-solution (5mg/ml in PBS) was added to the
medium. After 2 h, the medium was removed and 215 pl of DMSO containing 10% Sodium
dodecyl sulphate (SDS) and 0.01 N HCI was added to start the cell lysis and dissolve the blue
formazan which was quantified spectrophotometrically at 590 nM using an Omega plate
reader spectrometer as described.” Proliferation in the presence of the vehicle was always
arbitrary set to 100%.

5.1.11.8 Monitoring of estrogens during proliferation assay

The levels of conversion of the estrogens were monitored by treating the cells as described

above in the proliferation assay with some modifications. Radiolabeled estrogens ([°*H]-E1-S
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or [*H]-E1) were used. After 2 days of incubation the supernatant were removed and injected

to the radio HPLC for the separation and quantification of the radioactive steroids.

5.1.11.9 MTT cell viability assay

In 24-well plates, HEK293 were seeded in DMEM supplemented with 5% FKS and
100 IU/ml penicillin-streptomycin. After 3 h, the incubation was started by the addition of
compound 9 at 0.1, 0.2, 0.4 and 1 pM dissolved in ethanol with a final ethanol concentration
of 1%. After 48 h, the MTT dye was added and the same procedure as described before was
followed. Viability in the presence of the vehicle was arbitrarily set to 100%. For results, see
Figure S2.
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5.1.111 Further results

51111 Table S2

Calculated pKa of the phenolic parents of the final compounds and the stability of sulfamate moiety in
test buffer

Compound  cpKa® % P
1 9.1 100
2 9.0 100
3 94 100
4 8.2 90
5 8.2 100
6 8.2 100
7 9.3 100
8 7.9 90
9 7.8 9
10 9.5 100
11 6.9 28
12 6.7 20

2 cpKa values of phenolic parent cpd (RO"), determined by ACD/Labs Software; ® % of sulfamated cmpd relative
to unsulfamated phenolic parent cpd evaluated at least 2 times (standard deviation less than 10%) using LC-MS
after incubating the sulfamated cmpds in 20mM Tris-HCI buffer pH=7.2 for 30min @ 37°C.
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51.11.2 TableS3

Percentages of remaining STS and h173-HSD1 activities within the T47D cells in the presence of

vehicle or cmpd 9 after treating it according to the procedure proposed for the determination of the
nature of inhibition of STS activity

%a
. h17p-HSD1
Cmpd b -
mp STS activity activity®
24 h 48h 24h 48h

Vehicle®  47.4% 98.5% 100% 100%

9° 0% 0% 100% 100%

 Mean value of at least two independent experiments each conducted in triplicates, standard deviation less than
10%; ° remaining STS activity was assayed by incubating the cells with [*H]-E1-S [5nM] for 24 h and 48 h then
quantifying the amount of [*°H]-E1 produced relative to the amount of [*H]-E1-S remaining ; ¢ remaining h17p-
HSD1 activity was assayed by incubating the cells with [*H]-E1 [50nM] for 24 h and 48 h then quantifying the
amount of [*H]-E2 produced relative to the amount of [*H]-E1 remaining; ¢ vehicle: ethanol; ¢ cmpd 9 [50 nM].

51.111.3  Table S2

Inhibitory activities of compounds 9 and 14 towards hSTS in cell-free assay using ELISA kit and
radiolabeled [3H]-E1-S

ICxq [nM] a
Cmpd
ELISA detection ® Radiolabeled detection ©
9 143.1 138.8
14 15.1 12.2

& Mean value of at least two independent experiments each conducted in duplicates, standard deviation less than
5%:; ® substrate E1-S [300 nM]; © exactly the same biochemical steps were followed however the substrate was
[*H]-E1-S + E1-S [300 nM], after the quenching step the reaction mixture (without any further workup) was
injected into the same radio-HPLC system mentioned above for h173-HSD1 and h173-HSD2 cell free inhibition
assays.
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51.111.4  Figure S1

Concentration dependent inhibition of E1-S- and E1-stimulated cell growth for compounds 5, 6, 8, 9,
13 and 14 on T47D cells. Cells were grown in phenol red-free RPMI 1640 medium supplemented with
5% stripped FCS. Medium represents cells grown in non-estrogenic medium. EM (estrogenic medium)
represents E1-S [50 nM] and E1 [50 nM] treated cells. Compound 5 was tested at 3 different
concentrations [200, 400 and 800 nM]. Compound 6 was tested at 3 different concentrations [300, 600
and 1200 nM]. Compounds 8 and 9 were tested at 3 different concentrations [100, 200 and 400 nM].
Compounds 13 and 14 were tested at 3 different concentrations [50, 100 and 200 nM]. Cells were

incubated with the respective additives for 7 days without passage. Medium was changed every 2—-3
days. Vehicle is ethanol.
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51.111.,5  Figure S2

MTT cell viability assay using HEK293 for compound 9. The cells were seeded in DMEM
supplemented with 5% FKS and 100 1U/ml penicillin-streptomycin. After 3 h, the incubation was
started by the addition of compound 9 at four different concentrations: 0.1, 0.2, 0.4 and 1 uM
dissolved in ethanol with a final concentration 1%. After 48 h, the viability of the cells was evaluated
by the addition of MTT dye setting the viability in the presence of the vehicle arbitrary to 100%.
Vehicle is ethanol.

5.1.111.6  Determination of statistical significances

Statistical analyses of cell proliferation assays were carried using Student’s t-test (one-tailed,
two samples, same variance). Differences of the mean were classified as insignificant
(p>0.05), probable (p<0.05), significant (**, p<0.01) and highly significant (***, p<0.001).
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5.2 Supporting information for Monograph B
5.2.1  Chemistry

5.2.1.1 Chemical methods

Chemical names follow IUPAC nomenclature.

Starting materials were purchased from Acros Organics, Alfa Aesar, Combi-Blocks,
Fluorochem and Sigma Aldrich. Column chromatography was performed on silica gel (0.04-
0.063 mm, Macherey-Nagel) and reaction progress was monitored by TLC on aluminum
sheets (Silicagel 60 F254, Merck). Visualization was accomplished with UV light at 254 nm.
'H and *C NMR spectra were measured on a Bruker-500 (at 500 MHz and 125 MHz,
respectively) or Bruker-300 (at 300 MHz). Chemical shifts are reported in & (parts per
million: ppm), using residual peaks of the deuterated solvents as internal standard: (CD3),SO
(DMS0-d6): 2.50 ppm (*H NMR), 39.52 ppm (*C NMR); (CD3),CO (acetone-d6): 2.05 ppm
(*H NMR), 29.84 ppm and 206.26 ppm (**C NMR). Signals are described as s, d, t, dd, ddd,
dt, td and m for singlet, doublet, triplet, doublet of doublets, doublet of doublet of doublets,
doublet of triplets, triplets of doublets and multiplet, respectively. All coupling constants (J)
are given in Hertz (Hz).

All tested compounds have > 95% chemical purity as evaluated by HPLC. The purity of the
compounds was evaluated by LC/MS. The Surveyor®-LC-system consisted of a pump, an
auto sampler, and a PDA detector. Mass spectrometry was performed by a TSQ® Quantum
(ThermoFisher, Dreieich, Germany). The triple quadrupole mass spectrometer was equipped
with an electrospray interface (ESI). The system was operated by the standard software
Xcalibur®. A RP C18 NUCLEODUR® 100-5 (3 mm) column (Macherey-Nagel GmbH,
Duhren, Germany) was used as stationary phase. All solvents were HPLC grade. In a gradient
run the percentage of acetonitrile (containing 0.1 % trifluoroacetic acid) was increased from
an initial concentration of 30% at 0 min to 100 % at 12 min and kept at 100 % for 3 min. The
injection volume was 25 pL and flow rate was set to 700 pL/min. MS analysis was carried out
at a needle voltage of 3000 V and a capillary temperature of 350 °C. Mass spectra were
acquired in positive mode from 100 to 1000 m/z and UV spectra were recorded at the wave
length of 254 nm. High resolution precise mass spectra were recorded on ThermoFisher
Scientific (TF, Dreieich, Germany) Q Exactive Focus system equipped with heated
electrospray ionization (HESI)-Il source and Xcalibur (version 4.0.27.19) software. Before
analysis external mass calibration was done according to the manufacturer’s

recommendations. The samples were dissolved and diluted in methanol in a concentration of
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5 uM and directly injected onto the Q Exactive Focus using the integrated syringe pump. All
the data analyses were done in positive ion mode using voltage scans and the data collected in
continuous mode. The melting points were measured using Stuart™ melting point apparatus

SMP3.

52.1.2 General procedures
General procedure for Acyl Chloride formation. (Method A)

A mixture of 5-bromofuran-2-carboxylic acid (5 mmol, 1 equiv), thionylchloride (10 mmol, 2
equiv) and DMF (20 drops) in toluene (30 mL) was refluxed at 110 °C for 4 h. The reaction
mixture was cooled to room temperature; the solvent and the excess of thionyl chloride were
removed under reduced pressure. The crude product was used in the next step without any

further purification.

General procedure for Amide formation. (Method B)

The corresponding aniline (5 mmol, 1 equiv) and EtsN (7.5 mmol, 1.5 equiv) in CH,Cl, (25
mL) was added at 0 °C under N, atmosphere to the acyl chloride. After 30 min at 0 °C, the ice
bath was removed and the solution was warmed up and stirred at room temperature overnight.
The reaction mixture was extracted twice with ethyl acetate (2 x 15 mL); the organic layer
was dried over MgSQO,, filtered and the solution was concentrated under reduced pressure.

The residue was purified using flash column chromatography.

General procedure for N-Methylation. (Method C).

After 30 min of ice-cooled stirring for a mixture of benzamide derivatives (4 mmol, 1 equiv)
and NaH (60% suspension in mineral oil, 8 mmol, 2 equiv) in DMF (10 mL), iodomethane (8
mmol, 2 equiv) was added and the reaction was left overnight to stir at room temperature.
Then the reaction mixture was poured into water. The resulting precipitate was collected,

washed with water, dried, and purified by flash column chromatography.
General procedure for ether cleavage (Method D)

A solution of the methoxyaryl compound (1.5 mmol, 1 equiv) in dry DCM (20 mL) was
cooled on an ice/water bath. Boron trifluoride dimethyl sulfide complex (30 mmol, 20 equiv)
was added dropwise under continuous stirring. The mixture was left to stir overnight at room
temperature. After the reaction was finished, the mixture was quenched with methanol and the
solvents removed under reduced pressure. The product was purified by flash column
chromatography.
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General procedure for Suzuki coupling (Method E)

Arylbromide (1 mmol, 1 equiv), boronic acid derivative (1.2 mmol, 1.2 equiv), cesium
carbonate (4 mmol, 4 equiv) and tetrakis(triphenylphosphine) palladium (0.05 mmol, 0.05
equiv) were added to an oxygen-free DME/water (1:1) (30 mL) and refluxed at 110 'C under
nitrogen atmosphere for 4 h. The reaction mixture was cooled to room temperature. The
aqueous layer was extracted with ethyl acetate. The organic layers were combined, dried over
magnesium sulfate and concentrated to dryness under reduced pressure. The product was

purified by flash column chromatography.
General procedure for Sulfamoylation (Method F)

A solution of phenol derivative (0.5 mmol, 1 equiv) in DMA (10 mL) was cooled to 0 C. A
freshly prepared sulfamoyl chloride (5 mmol, 10 equiv) was subsequently added over 5 min
and the reaction mixture was warmed to room temperature overnight. The reaction was
quenched with water. The resulting precipitate was collected, washed with water, dried, and

purified by flash column chromatography.
Preparation of sulfamoyl chloride (Method G)

A fresh solution was prepared for each reaction. Chlorosulfonyl isocyanate (5 mmol, 1 equiv)
was cooled to 0 'C. Then formic acid 99% (5 mmol, 1 equiv) was then added dropwise to the
isocyanate slowly over 10 min. Slow, steady evolution of CO, was observed; eventually a
white solid was formed. After 20 min, the ice bath was removed and the reaction mixture was

warmed to room temperature and then used in the next reaction without further workup.

52.1.3 Detailed synthesis procedure and compound characterization

5-bromofuran-2-carbonyl chloride

C
0D
Br 0 o

The title compound was prepared according to method A by the reaction of 5-bromofuran-2-
carboxylic acid (0.95 g, 5 mmol, 1 equiv) and thionyl chloride (1.20 g, 10 mmol, 2 equiv) in
the presence of dimethyl formamide (20 drops) in toluene (20 ml). The crude product was
used in the next step without any further purification.

5-bromo-N-(3-methoxy-2-methylphenyl)furan-2-carboxamide (4a)
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The title compound was prepared according to method B by the reaction of 3-methoxy-2-
methylaniline (0.685 g, 5 mmol, 1 equiv) and 5-bromofuran-2-carbonyl chloride (1.05 g,
5 mmol, 1 equiv) in the presence of EtsN (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH,CI; (25
ml). The product was purified by flash column chromatography (Petrolum ether/Etyl acetate,
0 - 50 % EtOAc in 30 min), to give 780 mg (2.51 mmol/ 50% yield) of the analytically pure
compound (purity: 97%). C13H1,BrNO3; MW 310.14; *H NMR (500 MHz, DMSO-ds) & 9.91
(s, 1H), 7.32 (d, J = 3.6 Hz, 1H), 7.17 (t, J = 8.1 Hz, 1H), 6.88 (d, J = 8.1 Hz, 2H), 6.82 (d, J
=3.5 Hz, 1H), 3.80 (s, 3H), 2.01 (s, 3H); MS (ESI): 310.02, 312.03 (M+H)".

5-bromo-N-(3-methoxy-2-methylphenyl)-N-methylfuran-2-carboxamide (4b)

\
O 0 o—

The title compound was prepared by reaction of 4a (775 mg, 2.50 mmol, 1 equiv), sodium
hydride 60 % suspension in mineral oil (200 mg, 6.5 mmol, 2 equiv) and iodomethane
(0.31 mL, 5.0 mmol, 2 equiv) in DMF (10 ml) according to method C. The resulting
precipitate was purified by flash column chromatography (Petrolum ether/Etyl acetate, 0 - 50
% EtOAc in 30 min), to give 660 mg (2.03 mmol/ 82% vyield) of the analytically pure
compound (purity: 99%). C14H1,BrNOs; MW 324.17; *H NMR (500 MHz, DMSO-dg) & 7.27
(t, J = 8.1 Hz, 1H), 7.06 (d, J = 8.3 Hz, 1H), 6.88 (d, J = 7.8 Hz, 1H), 6.48 (d, J = 3.6 Hz, 1H),
5.52 (d, J = 3.6 Hz, 1H), 3.83 (s, 3H), 3.19 (s, 3H), 1.95 (s, 3H); MS (ESI): 324.03, 326.02
(M+H)".

Br

5-bromo-N-(3-hydroxy-2-methylphenyl)-N-methylfuran-2-carboxamide (4c)

The title compound was prepared by reaction of 4b (660 mg, 2.0 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (4.2 ml, 40 mmol, 20 equiv) in CH,Cl, (30 ml) according to
method D. The resulting product was purified by flash column chromatography
(CH,Cly/Methanol, 0 - 5 % methanol in 30 min), to give 400 mg (1.30 mmol/ 65% vyield) of
the analytically pure compound (purity: 98%). CisH1.BrNO3; MW 310.14; *H NMR (500
MHz, DMSO-dg) 6 9.70 (s, 1H), 7.09 (t, J = 8.0 Hz, 1H), 6.88 (d, J = 8.2 Hz, 1H), 6.71 (d, J =
7.8 Hz, 1H), 6.48 (d, J = 3.6 Hz, 1H), 5.48 (d, J = 3.6 Hz, 1H), 3.18 (s, 3H), 1.90 (s, 3H); MS
(ESI): 310.02, 312.03 (M+H)".

N-(3-hydroxy-2-methylphenyl)-5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-
carboxamide (4d)

\
B NQ
O o

OH
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The title compound was prepared by reaction of 4c (310 mg, 1.0 mmol, 1 equiv), (4-methoxy-
3,5-dimethylphenyl)boronic acid (220 mg, 1.2 mmol, 1.2 equiv), cesium carbonate (1300 mg,
4.0 mmol, 4 equiv) and tetrakis(triphenylphosphine)palladium (55 mg, 0.05 mmol, 0.05
equiv) in oxygen-free DME/water (1:1) (30 mL) according to method E. The resulting
product was purified by flash column chromatography (CH,Cl,/Methanol, 0 - 5 % methanol
in 30 min), to give 225 mg (0.62 mmol/ 62% yield) of the analytically pure compound (purity:
95%). CH2sNO4; MW 365.43; *H NMR (500 MHz, DMSO-dg) & 9.71 (s, 1H), 7.08 (t, J =
7.9 Hz, 1H), 6.96 (s, 2H), 6.90 (d, J = 8.2 Hz, 1H), 6.75 (d, J = 3.6 Hz, 1H), 6.70 (d, J = 7.8
Hz, 1H), 6.58 (d, J = 3.6 Hz, 1H), 3.63 (s, 3H), 3.20 (s, 3H), 2.20 (s, 6H), 1.97 (s, 3H); MS
(ESI): 366.20 (M+H)".

3-(5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)-2-methylphenyl
sulfamate (4e)

The title compound was prepared by reaction of 4d (220 mg, 0.60 mmol, 1 equiv) and
sulfamoyl chloride (600 mg, 6 mmol, 10 equiv) in water-free DMA (10 mL) according to
method E. The resulting precipitate was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 200 mg (0.45 mmol/ 75% vyield) of
the analytically pure compound (purity: 98%). CxH24N»0sS; MW 444.50; *H NMR (500
MHz, DMSO-dg) & 8.16 (s, 2H), 7.44 (d, J = 8.3 Hz, 1H), 7.39 (t, J = 8.0 Hz, 1H), 7.27 (d, J =
7.7 Hz, 1H), 6.92 (s, 2H), 6.76 (d, J = 3.6 Hz, 1H), 6.61 (d, J = 3.6 Hz, 1H), 3.63 (s, 3H), 3.24
(s, 3H), 2.20 (s, 6H), 2.16 (s, 3H); MS (ESI): 445.12 (M+H)".

3-(5-(4-hydroxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)-2-methylphenyl
sulfamate (4)

\
D~
o % Q

11
O=S-NH,
HO o)

The title compound was prepared by reaction of 4e (200 mg, 0.45 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (0.95 ml, 9.0 mmol, 20 equiv) in CH,Cl, (20 ml) according to
method D. The resulting product was purified by flash column chromatography
(CHCly/Methanol, 0 - 5 % methanol in 30 min), to give 100 mg (0.23 mmol/ 51% yield) of
the analytically pure compound (purity: 97%). C21H2,N,06S; MW 430.47; mp 138-140C; *H
NMR (500 MHz, DMSO-dg) & 8.58 (s, 1H), 8.15 (s, 2H), 7.43 (d, J = 8.3 Hz, 1H), 7.38 (t, J =
8.0 Hz, 1H), 7.26 (d, J = 7.7 Hz, 1H), 6.84 (s, 2H), 6.62 (d, J = 3.6 Hz, 1H), 6.55 (d, J = 3.6
Hz, 1H), 3.23 (s, 3H), 2.15 (s, 3H), 2.14 (s, 6H); *C NMR (126 MHz, DMSO-dg) & 157.87 ,
155.54 ,154.02 , 149.56 , 145.29 , 144.42 , 129.77 , 127.43 , 126.42 , 124.67 , 124.16 , 122.16
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, 120.34 , 119.05 , 104.70 , 37.11, 16.44 , 11.32 ; HRMS (ESI): calculated 431.127, found
431.123 (M+H)".

5-bromo-N-(4-methoxy-2-methylphenyl)furan-2-carboxamide (5a)

MN@O\

Br o 0

The title compound was prepared according to method B by the reaction of 4-methoxy-2-
methylaniline (0.7 g, 5 mmol, 1 equiv) and 5-bromofuran-2-carbonyl chloride (1.05 g,
5 mmol, 1 equiv) in the presence of EtzN (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH,CI; (25
ml). The product was purified by flash column chromatography (Petrolum ether/Etyl acetate,
0 - 30 % EtOAc in 30 min), to give 1.45 g (4.67 mmol/ 94% yield) of the analytically pure
compound (purity: 98%). C13H1,BrNOs; MW 310.14; *H NMR (300 MHz, DMSO-dg) & 9.74
(s, 1H), 7.29 (d, J = 3.6 Hz, 1H), 7.15 (d, J = 8.6 Hz, 1H), 6.84 (d, J = 2.9 Hz, 1H), 6.81 (d, J
= 3.6 Hz, 1H), 6.77 (dd, J = 8.6, 2.9 Hz, 1H), 3.74 (s, 3H), 2.16 (s, 3H); MS (ESI): 310.06,
312.07 (M+H)".

5-bromo-N-(4-methoxy-2-methylphenyl)-N-methylfuran-2-carboxamide (5b)

e

Br o O

The title compound was prepared by reaction of 5a (690 mg, 2.2 mmol, 1 equiv), sodium
hydride 60 % suspension in mineral oil (186 mg, 4.5 mmol, 2 equiv) and iodomethane
(0.28 mL, 4.5mmol, 2 equiv) in DMF (10 ml) according to method C. The resulting
precipitate was purified by flash column chromatography (Petrolum ether/Etyl acetate, 0 - 50
% EtOAc in 30 min), to give 529 mg (1.63 mmol/ 73% vyield) of the analytically pure
compound (purity: 99%). C14H1,BrNOs; MW 324.17; *H NMR (300 MHz, DMSO-dg) & 7.18
(d, J = 8.6 Hz, 1H), 6.93 (d, J = 2.9 Hz, 1H), 6.85 (dd, J = 8.6, 3.0 Hz, 1H), 6.48 (d, J = 3.6
Hz, 1H), 5.43 (d, J = 3.6 Hz, 1H), 3.77 (s, 3H), 3.18 (s, 3H), 2.08 (s, 3H); MS (ESI): 324.10,
326.10 (M+H)".

5-bromo-N-(4-hydroxy-2-methylphenyl)-N-methylfuran-2-carboxamide (5c)

ocas

Br O O

The title compound was prepared by reaction of 5b (520 mg, 1.6 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (3.15 ml, 30 mmol, 20 equiv) in CH,Cl, (30 ml) according to
method D. The resulting product was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 350 mg (1.13 mmol/ 70% vyield) of
the analytically pure compound (purity: 99%). C13H1,BrNO3; MW 310.14; MS (ESI): 310.05,
312.07 (M+H)".
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N-(4-hydroxy-2-methylphenyl)-5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-
carboxamide (5d)

The title compound was prepared by reaction of 5¢ (350 mg, 1.13 mmol, 1 equiv), (4-
methoxy-3,5-dimethylphenyl)boronic acid (250 mg, 1.4 mmol, 1.2 equiv), cesium carbonate
(1460 mg, 4.5 mmol, 4 equiv) and tetrakis(triphenylphosphine)palladium (60 mg, 0.06 mmol,
0.05 equiv) in oxygen-free DME/water (1:1) (30 mL) according to method E. The resulting
product was purified by flash column chromatography (Petrolum ether/Etyl acetate, 0 - 50 %
EtOAc in 30 min), to give 347 mg (0.95 mmol/ 84% yield) of the analytically pure compound
(purity: 95%). Ca:H23NO4; MW 365.43; *H NMR (300 MHz, DMSO-dg) 8 9.62 (s, 1H), 7.06
(d, 3 =8.4 Hz, 1H), 7.02 (s, 2H), 6.79 — 6.73 (m, 2H), 6.68 (dd, J = 8.5, 2.8 Hz, 1H), 6.46 (d,
J =3.6 Hz, 1H), 3.64 (s, 3H), 3.19 (s, 3H), 2.21 (s, 6H), 2.04 (s, 3H); MS (ESI): 366.25
(M+H)".

4-(5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)-3-methylphenyl
sulfamate (5e)

\ O\\ /N H2
N /S\\O
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The title compound was prepared by reaction of 5d (340 mg, 0.95 mmol, 1 equiv) and
sulfamoyl chloride (1100 mg, 9.5 mmol, 10 equiv) in water-free DMA (10 mL) according to
method E. The resulting precipitate was purified by flash column chromatography
(CH,Cly/Methanol, 0 - 5 % methanol in 30 min), to give 250 mg (0.56 mmol/ 60% vyield) of
the analytically pure compound (purity: 95%). CaoH24N»06S; MW 444.50; *H NMR (300
MHz, DMSO-dg) 6 8.1 (s, 2H), 7.41 (d, J = 8.4 Hz, 1H), 7.34 (d, J = 2.7 Hz, 1H), 7.25 (dd, J
= 8.5, 2.8 Hz, 1H), 6.95 (s, 2H), 6.79 (d, J = 3.6 Hz, 1H), 6.76 (d, J = 3.6 Hz, 1H), 3.64 (s,
3H), 3.19 (s, 3H), 2.21 (s, 6H), 2.0 (s, 3H); MS (ESI): 445.19 (M+H)".

4-(5-(4-hydroxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)-3-methylphenyl
sulfamate (5)

\ O\\ /NHZ
N Sy
I\ o ©
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HO
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The title compound was prepared by reaction of SN12 (235 mg, 0.52 mmol, 1 equiv) and
boron trifluoride dimethyl sulfide (1.05 ml, 10 mmol, 20 equiv) in CH,Cl, (20 ml) according
to method D. The resulting product was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 95 mg (0.22 mmol/ 45% yield) of the
analytically pure compound (purity: 98%). Ca1H2N206S; MW 430.47; mp 192-194C; 'H
NMR (500 MHz, DMSO-dg) 6 8.57 (s, 1H), 8.08 (s, 2H), 7.39 (d, J =8.5 Hz, 1H), 7.31 (d, J =
2.8 Hz, 1H), 7.23 (dd, J = 8.6, 2.8 Hz, 1H), 6.85 (s, 2H), 6.63 (d, J = 3.6 Hz, 1H), 6.56 (d, J =
3.7 Hz, 1H), 3.23 (s, 3H), 2.17 (s, 3H), 2.14 (s, 6H); *C NMR (75 MHz, Acetone-dg) 5
158.30, 156.09, 154.00, 149.95, 146.18, 141.85, 137.76, 129.47, 124.52, 124.39, 121.41,
121.36, 120.89, 118.68, 104.22, 36.56, 16.87, 15.63; HRMS (ESI): calculated 431.127, found
431.123 (M+H)",

5-bromo-N-(5-methoxy-2-methylphenyl)furan-2-carboxamide (6a)

\
0
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The title compound was prepared according to method B by the reaction of 5-methoxy-2-
methylaniline (0.685 g, 5 mmol, 1 equiv) and 5-bromofuran-2-carbonyl chloride (1.05 g,
5 mmol, 1 equiv) in the presence of EtzN (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH,CI; (25
ml). The product was purified by flash column chromatography (Petrolum ether/Etyl acetate,
0 - 50 % EtOAc in 30 min), to give 1.05 g (3.38 mmol/ 70% yield) of the analytically pure
compound (purity: 95%). C13H1,BrNOs; MW 310.14; *H NMR (500 MHz, Acetone-dg) & 8.94
(s, 1H), & 7.34 (dd, J = 8.4, 2.7 Hz, 1H), 7.22 (d, J = 2.7 Hz, 1H), 7.15 (d, J = 8.4 Hz, 1H),
6.73 (d, J = 3.7 Hz, 1H), 6.72 (d, J = 3.8 Hz, 1H), 3.77 (s, 3H), 2.26 (s, 3H); MS (ESI):
310.01, 312.02 (M+H)".

5-bromo-N-(5-methoxy-2-methylphenyl)-N-methylfuran-2-carboxamide (6b)
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The title compound was prepared by reaction of 6a (1000 mg, 3.25 mmol, 1 equiv), sodium
hydride 60 % suspension in mineral oil (260 mg, 6.5 mmol, 2 equiv) and iodomethane
(0.41 mL, 6.5mmol, 2 equiv) in DMF (10 ml) according to method C. The resulting
precipitate was purified by flash column chromatography (Petrolum ether/Etyl acetate, 0 - 50
% EtOAc in 30 min), to give 730 mg (2.25 mmol/ 70% vyield) of the analytically pure
compound (purity: 95%). C14H1,BrNOs; MW 324.17; *H NMR (500 MHz, Acetone-dg) & 7.25
(d, J =8.4 Hz, 1H), 6.95 (dd, J = 8.4, 2.7 Hz, 1H), 6.90 (d, J = 2.7 Hz, 1H), 6.35 (d, J = 3.6
Hz, 1H), 5.69 (d, J = 3.6 Hz, 1H), 3.79 (s, 3H), 3.26 (s, 3H), 2.09 (s, 3H); MS (ESI): 324.04,
326.04 (M+H)".

5-bromo-N-(5-hydroxy-2-methylphenyl)-N-methylfuran-2-carboxamide (6c)
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The title compound was prepared by reaction of 6b (400 mg, 1.25 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (2.7 ml, 25 mmol, 20 equiv) in CH,Cl, (30 ml) according to
method D. The resulting product was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 280 mg (0.90 mmol/ 73% vyield) of
the analytically pure compound (purity: 95%). Ci3H1,BrNOs; MW 310.14; *H NMR (500
MHz, DMSO-dg) 6 9.56 (s, 1H), 7.14 (d, J = 8.3 Hz, 1H), 6.77 (dd, J = 8.4, 2.5 Hz, 1H), 6.62
(d, J = 2.5 Hz, 1H), 6.50 (d, J = 3.6 Hz, 1H), 5.53 (d, J = 3.6 Hz, 1H), 3.17 (s, 3H), 1.98 (s,
3H); MS (ESI): 310.01, 312.02 (M+H)".

N-(5-hydroxy-2-methylphenyl)-5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-
carboxamide (6d)

OH

The title compound was prepared by reaction of 6¢ (280 mg, 0.90 mmol, 1 equiv), (4-
methoxy-3,5-dimethylphenyl)boronic acid (200 mg, 1.1 mmol, 1.2 equiv), cesium carbonate
(1170 mg, 3.6 mmol, 4 equiv) and tetrakis(triphenylphosphine)palladium (50 mg, 0.05 mmol,
0.05 equiv) in oxygen-free DME/water (1:1) (30 mL) according to method E. The resulting
product was purified by flash column chromatography (Petrolum ether/Etyl acetate, 0 - 50 %
EtOAc in 30 min), to give 180 mg (0.50 mmol/ 55% yield) of the analytically pure compound
(purity: 95%). CaH23NO4; MW 365.43; *H NMR (500 MHz, DMSO-dg) 8 9.52 (s, 1H), 7.16
(d, J =8.3 Hz, 1H), 6.98 (s, 2H), 6.79 (dd, J = 8.4, 2.4 Hz, 1H), 6.77 (d, J = 2.6 Hz, 1H), 6.67
(d, J =2.5 Hz, 1H), 6.60 (d, J = 3.6 Hz, 1H), 3.63 (s, 3H), 3.20 (s, 3H), 2.20 (s, 6H), 2.00 (s,
3H); MS (ESI): 366.20 (M+H)".

3-(5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)-4-methylphenyl
sulfamate (6e)

Q
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The title compound was prepared by reaction of 6d (180 mg, 0.50 mmol, 1 equiv) and
sulfamoyl chloride (500 mg, 5 mmol, 10 equiv) in water-free DMA (10 mL) according to
method E. The resulting precipitate was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 130 mg (0.30 mmol/ 60% vyield) of
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the analytically pure compound (purity: 98%). CxH»4N»0sS; MW 444.50; *H NMR (500
MHz, DMSO-ds) 6 8.06 (s, 2H), 7.47 (d, J = 8.3 Hz, 1H), 7.30 (dd, J = 8.1, 2.5 Hz, 1H), 7.28
(d, J =2.4 Hz, 1H), 6.92 (s, 2H), 6.78 (d, J = 3.6 Hz, 1H), 6.67 (d, J = 3.6 Hz, 1H), 3.63 (s,
3H), 3.26 (s, 3H), 2.20 (s, 6H), 2.12 (s, 3H); MS (ESI): 445.12 (M+H)".

3-(5-(4-hydroxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)-4-methylphenyl
sulfamate (6)

1
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The title compound was prepared by reaction of 6e (125 mg, 0.28 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (0.6 ml, 5.6 mmol, 20 equiv) in CH,Cl, (20 ml) according to
method D. The resulting product was purified by flash column chromatography
(CHCly/Methanol, 0 - 5 % methanol in 30 min), to give 80 mg (0.18 mmol/ 66% yield) of the
analytically pure compound (purity: 97%). Ca1H2N,06S; MW 430.47; mp 142-144C; 'H
NMR (500 MHz, DMSO-dg) & 8.58 (s, 1H), 8.05 (s, 2H), 7.45 (d, J = 8.3 Hz, 1H), 7.29 (dd, J
=8.2,2.5Hz, 1H), 7.27 (d, J = 2.4 Hz, 1H), 6.84 (s, 2H), 6.64 (d, J = 3.5 Hz, 1H), 6.60 (d, J =
3.7 Hz, 1H), 3.25 (s, 3H), 2.14 (s, 6H), 2.12 (s, 3H); *C NMR (126 MHz, DMSO-dg) &
157.82, 155.53, 154.03 , 148.93 , 145.35, 143.59, 133.66 , 131.88 , 124.66 , 124.21 , 121.70
, 121.66 , 120.34 , 119.07 , 104.69 , 36.96 , 16.53 , 16.45 ; HRMS (ESI): calculated 431.127,
found 431.123 (M+H)".

HO

5-bromo-N-(2-methoxy-6-methylphenyl)furan-2-carboxamide (7a)
—0

HN
P
Br o o

The title compound was prepared according to method B by the reaction of 2-methoxy-6-
methylaniline (0.685 g, 5 mmol, 1 equiv) and 5-bromofuran-2-carbonyl chloride (1.05 g,
5 mmol, 1 equiv) in the presence of EtsN (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH,Cl, (25
ml). The product was purified by flash column chromatography (Petrolum ether/Etyl acetate,
0 - 30 % EtOAc in 30 min), to give 1300 mg (4.21 mmol/ 84% yield) of the analytically pure
compound (purity: 97%). C13H1,BrNOs; MW 310.14; *H NMR (500 MHz, DMSO-ds) & 9.56
(s, 1H), 7.31 (d, J = 3.6 Hz, 1H), 7.19 (t, J = 7.9 Hz, 1H), 6.91 (d, J = 8.4 Hz, 1H), 6.86 (d, J
=7.6 Hz, 1H), 6.81 (d, J = 3.5 Hz, 1H), 3.73 (s, 3H), 2.13 (s, 3H); MS (ESI): 310.02, 312.04
(M+H)".
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5-bromo-N-(2-methoxy-6-methylphenyl)-N-methylfuran-2-carboxamide (7b)

/
o]

\

RS
Br O o
The title compound was prepared by reaction of 7a (1300 mg, 4.20 mmol, 1 equiv), sodium
hydride 60 % suspension in mineral oil (340 mg, 8.5 mmol, 2 equiv) and iodomethane
(0.31 mL, 5.0 mmol, 2 equiv) in DMF (10 ml) according to method C. The resulting
precipitate was purified by flash column chromatography (Petrolum ether/Etyl acetate, 0 - 50
% EtOAc in 30 min), to give 750 mg (2.31 mmol/ 55% vyield) of the analytically pure
compound (purity: 99%). C14H14BrNOs; MW 324.17; *H NMR (500 MHz, DMSO-ds) & 7.32
(t, J = 8.0 Hz, 1H), 6.98 (d, J = 8.4 Hz, 1H), 6.94 (d, J = 7.6 Hz, 1H), 6.46 (d, J = 3.6 Hz, 1H),

5.56 (d, J = 3.6 Hz, 1H), 3.71 (s, 3H), 3.11 (s, 3H), 2.11 (s, 3H); MS (ESI): 324.05, 326.06
(M+H)".

5-bromo-N-(2-hydroxy-6-methylphenyl)-N-methylfuran-2-carboxamide (7c)

HO
\
L~
Br O o)

The title compound was prepared by reaction of 7b (730 mg, 2.25 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (4.75 ml, 45 mmol, 20 equiv) in CH,Cl, (30 ml) according to
method D. The resulting product was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 10 % methanol in 30 min), to give 500 mg (1.61 mmol/ 72% yield) of
the analytically pure compound (purity: 98%). Ci3H1,BrNOs; MW 310.14; *H NMR (500
MHz, DMSO-dg) 6 9.77 (s, 1H), 7.13 (t, J = 7.9 Hz, 1H), 6.78 (d, J = 8.3 Hz, 1H), 6.77 (d, J =
7.7 Hz, 1H),6.47 (d, J = 3.6 Hz, 1H), 5.54 (d, J = 3.6 Hz, 1H), 3.11 (s, 3H), 2.08 (s, 3H); MS
(ESI): 310.02, 312.03 (M+H)".

N-(2-hydroxy-6-methylphenyl)-5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-
carboxamide (7d)

HO
\
NN
O 0
o

The title compound was prepared by reaction of 7¢ (310 mg, 1.0 mmol, 1 equiv), (4-methoxy-
3,5-dimethylphenyl)boronic acid (220 mg, 1.2 mmol, 1.2 equiv), cesium carbonate (1300 mg,
4.0 mmol, 4 equiv) and tetrakis(triphenylphosphine)palladium (55 mg, 0.05 mmol, 0.05
equiv) in oxygen-free DME/water (1:1) (30 mL) according to method E. The resulting
product was purified by flash column chromatography (CH,Cl,/Methanol, 0 - 5 % methanol
in 30 min), to give 191 mg (0.52 mmol/ 52% yield) of the analytically pure compound (purity:
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95%). CaoH2sNOs; MW 365.43; 'H NMR (500 MHz, DMSO-dg) 5 9.67 (s, 1H), 7.15 (t, J =
7.8 Hz, 1H), 6.99 (s, 2H), 6.82 (t, J = 8.2 Hz, 2H), 6.75 (d, J = 3.6 Hz, 1H), 6.54 (d, J = 3.5
Hz, 1H), 3.63 (s, 3H), 3.14 (s, 3H), 2.20 (s, 6H), 2.10 (s, 3H); MS (ESI): 366.22 (M+H)".

2-(5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)-3-methylphenyl
sulfamate (7e)

H,NO,SO
\N
[N\
O 0
~o

The title compound was prepared by reaction of 7d (190 mg, 0.50 mmol, 1 equiv) and
sulfamoy! chloride (500 mg, 5 mmol, 10 equiv) in water-free DMA (10 mL) according to
method E. The resulting precipitate was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 140 mg (0.32 mmol/ 64% vyield) of
the analytically pure compound (purity: 97%). CH2N206S; MW 444.50; *H NMR (500
MHz, DMSO-dg) 6 8.25 (s, 2H), 7.50 — 7.40 (m, 2H), 7.38 — 7.31 (m, 1H), 6.90 (s, 2H), 6.77
(d, J = 3.6 Hz, 1H), 6.69 (d, J = 3.6 Hz, 1H), 3.63 (s, 3H), 3.23 (s, 3H), 2.19 (s, 9H); MS
(ESI): 445.13 (M+H)".

2-(5-(4-hydroxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)-3-methylphenyl
sulfamate (7)

H,NO,SO

\
NN
O 0

HO

The title compound was prepared by reaction of 7d (130 mg, 0.30 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (0.70 ml, 6.0 mmol, 20 equiv) in CH,Cl, (20 ml) according to
method D. The resulting product was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 30 mg (0.07 mmol/ 24% yield) of the
analytically pure compound (purity: 98%). Cy1H2:N,06S; MW 430.47; mp 178-180°C; *H
NMR (500 MHz, DMSO-dg) 4 8.56 (s, 1H), 8.25 (s, 2H), 7.51 — 7.40 (m, 2H), 7.33 (dd, J =
7.7, 1.7 Hz, 1H), 6.82 (s, 2H), 6.63 (d, J = 3.7 Hz, 1H), 6.61 (d, J = 3.6 Hz, 1H), 3.22 (s, 3H),
2.19 (s, 3H), 2.14 (s, 6H);**C NMR (126 MHz, DMSO) & 158.04, 155.34, 153.92, 147.32,
145.63, 137.88, 134.96, 128.73, 128.24, 124.58, 124.19, 120.39, 119.33, 118.53, 104.59,
36.33, 17.23, 16.43; HRMS (ESI): calculated 431.127, found 431.123 (M+H)".

5-bromo-N-(4-methoxyphenyl)-N-methylfuran-2-carboxamide (8ab)
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The title compound was prepared according to method B by the reaction of 4-methoxy-N-
methylaniline (0.685 g, 5 mmol, 1 equiv) and 5-bromofuran-2-carbonyl chloride (1.05 g,
5 mmol, 1 equiv) in the presence of EtsN (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH,CI; (25
ml). The product was purified by flash column chromatography (Petrolum ether/Etyl acetate,
0 - 30 % EtOAc in 30 min), to give 980 mg (3.16 mmol/ 63% yield) of the analytically pure
compound (purity: 95%). C13H1,BrNOs; MW 310.14; *H NMR (300 MHz, DMSO-ds) & 7.25
(d, J = 8.9 Hz, 2H), 6.99 (d, J = 8.9 Hz, 2H), 6.50 (d, J = 3.6 Hz, 1H), 5.67 (d, J = 3.6 Hz,
1H), 3.78 (s, 3H), 3.25 (s, 3H); MS (ESI): 310.01, 312.03 (M+H)".

5-bromo-N-(4-hydroxyphenyl)-N-methylfuran-2-carboxamide (8c)

M
0]

Br 0

The title compound was prepared by reaction of 8ab (960 mg, 3.1 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (6.0 ml, 60 mmol, 20 equiv) in CH,CI, (30 ml) according to
method D. The resulting product was purified by flash column chromatography
(CHCly/Methanol, 0 - 10 % methanol in 30 min), to give 780 mg (2.63 mmol/ 85% yield) of
the analytically pure compound (purity: 95%). C1,H1oBrNOs; MW 296.12; *H NMR (300
MHz, DMSO-dg) 6 9.74 (s, 1H), 7.11 (d, J = 8.7 Hz, 2H), 6.80 (d, J = 8.7 Hz, 2H), 6.50 (d, J
=3.6 Hz, 1H), 5.59 (d, J = 3.6 Hz, 1H), 3.23 (s, 3H); MS (ESI): 296.05, 298.05 (M+H)".

N-(4-hydroxyphenyl)-5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamide

(8d)
\
I\ N\Q\OH

O Do

~o

The title compound was prepared by reaction of 8c (220 mg, 0.75 mmol, 1 equiv), (4-
methoxy-3,5-dimethylphenyl)boronic acid (160 mg, 0.9 mmol, 1.2 equiv), cesium carbonate
(975 mg, 3.0 mmol, 4 equiv) and tetrakis(triphenylphosphine)palladium (45 mg, 0.04 mmol,
0.05 equiv) in oxygen-free DME/water (1:1) (30 mL) according to method E. The resulting
product was purified by flash column chromatography (CH,Cl,/Methanol, 0 - 5 % methanol
in 30 min), to give 110 mg (0.31 mmol/ 42% yield) of the analytically pure compound (purity:
96%). C21H21NO4; MW 351.40; *H NMR (300 MHz, DMSO-ds) & 9.69 (s, 1H), 7.13 (d, J =
8.7 Hz, 2H), 6.99 (s, 2H), 6.83 (d, J = 8.7 Hz, 2H), 6.75 (d, J = 3.6 Hz, 1H), 6.56 (d, J = 3.6
Hz, 1H), 3.63 (s, 3H), 3.26 (s, 3H), 2.20 (s, 6H); MS (ESI): 352.25 (M+H)".

4-(5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)phenyl sulfamate
(8e)
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O NH2

\ g
D)o

The title compound was prepared by reaction of 8d (110 mg, 0.31 mmol, 1 equiv) and
sulfamoyl chloride (300 mg, 3 mmol, 10 equiv) in water-free DMA (10 mL) according to
method E. The resulting precipitate was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 80 mg (0.18 mmol/ 60% yield) of the
analytically pure compound (purity: 95%). Ca1H2,N,06S; MW 430.47; *H NMR (300 MHz,
DMSO-ds) 6 8.09 (s, 2H), 7.46 (d, J = 8.9 Hz, 2H), 7.37 (d, J = 8.8 Hz, 2H), 6.93 (s, 2H), 6.79
(d, J = 3.6 Hz, 1H), 6.73 (d, J = 3.6 Hz, 1H), 3.64 (s, 3H), 3.34 (s, 3H), 2.19 (s, 6H); MS
(ESI): 431.19 (M+H)".

4-(5-(4-hydroxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)phenyl  sulfamate
(8)

\ O\\ /NH2
N /S\\O
I\ 0
O o

HO

The title compound was prepared by reaction of 8d (80 mg, 0.18 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (0.40 ml, 4 mmol, 20 equiv) in CH,Cl, (20 ml) according to
method D. The resulting product was purified by flash column chromatography
(CH2Cly/Methanol, 0 - 5 % methanol in 30 min), to give 35 mg (0.08 mmol/ 46% yield) of the
analytically pure compound (purity: 98%). CaoHz0N20sS; MW 416.44; mp 186-188°C; 'H
NMR (300 MHz, Acetone-dg) & 7.57 (s, 1H), 7.49 (d, J = 8.9 Hz, 2H), 7.39 (d, J = 8.8 Hz,
2H), 7.22 (s, 2H), 6.93 (s, 2H), 6.68 (d, J = 3.6 Hz, 1H), 6.57 (d, J = 3.6 Hz, 1H), 3.39 (s, 3H),
2.21 (s, 6H); *C NMR (75 MHz, Acetone-dg) & 159.19 , 156.80 , 154.87 , 150.39 , 146.94 ,
144.28 , 129.49 , 125.41 , 125.25, 124.06 , 122.24 , 119.94 , 105.07 , 38.61 , 16.52; HRMS
(ES): calculated 417.111, found 417.107 (M+H)".

5-bromo-N-(3-methoxyphenyl)-N-methylfuran-2-carboxamide (9ab)

o—
)
M :<
Br o 0

The title compound was prepared according to method B by the reaction of 3-methoxy-N-
methylaniline (0.685 g, 5 mmol, 1 equiv) and 5-bromofuran-2-carbonyl chloride (1.05 g,
5 mmol, 1 equiv) in the presence of EtsN (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH,CI; (25
ml). The product was purified by flash column chromatography (Petrolum ether/Etyl acetate,
0 - 30 % EtOACc in 30 min), to give 1100 mg (3.60 mmol/ 72% vyield) of the analytically pure
compound (purity: 99%). C13H1,BrNOs; MW 310.14; *H NMR (300 MHz, DMSO-ds) & 7.33
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(t, J = 8.0 Hz, 1H), 7.02 — 6.91 (m, 2H), 6.90 — 6.81 (m, 1H), 6.52 (d, J = 3.6 Hz, 1H), 5.89
(d, J = 3.6 Hz, 1H), 3.75 (s, 3H), 3.29 (s, 3H): MS (ESI): 310.05, 312.06 (M+H)".

5-bromo-N-(3-hydroxyphenyl)-N-methylfuran-2-carboxamide (9c)

OH
\
M C
Br O O

The title compound was prepared by reaction of 9ab (1100 mg, 3.5 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (7.0 ml, 70 mmol, 20 equiv) in CH,Cl, (30 ml) according to
method D. The resulting product was purified by flash column chromatography
(CH2Cly/Methanol, 0 - 10 % methanol in 30 min), to give 800 mg (2.70 mmol/ 77% yield) of
the analytically pure compound (purity: 99%). C1,H1oBrNOs; MW 296.12; *H NMR (300
MHz, DMSO-de) 6 9.73 (s, 1H), 7.23 (t, J = 8.0 Hz, 1H), 6.79 (ddd, J = 8.2, 2.4, 1.0 Hz, 1H),
6.72 (ddd, J=7.8, 2.0, 1.0 Hz, 1H), 6.66 (t, J = 2.2 Hz, 1H), 6.53 (d, J = 3.5 Hz, 1H), 5.85 (d,
J =3.6 Hz, 1H), 3.26 (s, 3H); MS (ESI): 296.03, 298.02 (M+H)".

N-(3-hydroxyphenyl)-5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamide
(9d)

The title compound was prepared by reaction of 9¢ (400 mg, 1.35 mmol, 1 equiv), (4-
methoxy-3,5-dimethylphenyl)boronic acid (290 mg, 1.62 mmol, 1.2 equiv), cesium carbonate
(1755 mg, 5.4 mmol, 4 equiv) and tetrakis(triphenylphosphine)palladium (75 mg, 0.07 mmol,
0.05 equiv) in oxygen-free DME/water (1:1) (30 mL) according to method E. The resulting
product was purified by flash column chromatography (CH,Cl,/Methanol, 0 - 5 % methanol
in 30 min), to give 270 mg (0.77 mmol/ 56% yield) of the analytically pure compound (purity:
96%). C21H21NO4; MW 351.40; *H NMR (300 MHz, DMSO-ds) & 9.70 (s, 1H), 7.24 (t, J =
8.3 Hz, 1H), 6.99 — 6.92 (m, 2H), 6.82 (ddd, J = 8.2, 2.2, 1.1 Hz, 1H), 6.77 (d, J = 3.6 Hz,
1H), 6.74 — 6.69 (m, 3H), 3.63 (s, 3H), 3.29 (s, 3H), 2.19 (s, 6H); MS (ESI): 352.26 (M+H)".

3-(5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)phenyl sulfamate
(%)
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The title compound was prepared by reaction of 9d (270 mg, 0.60 mmol, 1 equiv) and
sulfamoyl chloride (600 mg, 6 mmol, 10 equiv) in water-free DMA (10 mL) according to
method E. The resulting precipitate was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 190 mg (0.44 mmol/ 73% vyield) of
the analytically pure compound (purity: 99%). Ca1H2N»06S; MW 430.47; 'H NMR (300
MHz, DMSO-ds) 6 8.09 (s, 2H), 7.54 (t, J = 8.3 Hz, 1H), 7.36 — 7.29 (m, 2H), 6.96 (s, 1H),
6.92 (s, 2H), 6.77 (d, J = 3.5 Hz, 1H), 6.71 (d, J = 3.5 Hz, 1H), 3.36 (s, 3H), 2.20 (s, 3H),
2.19 (s, 6H); MS (ESI): 431.19 (M+H)".

3-(5-(4-hydroxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)phenyl  sulfamate
9)

HO

The title compound was prepared by reaction of 9e (90 mg, 0.21 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (0.40 ml, 4 mmol, 20 equiv) in CH,CI, (20 ml) according to
method D. The resulting product was purified by flash column chromatography
(CH2Cly/Methanol, 0 - 5 % methanol in 30 min), to give 35 mg (0.08 mmol/ 39% yield) of the
analytically pure compound (purity: 98%). CaoH20N20sS; MW 416.44; mp 198-200C; *H
NMR (300 MHz, Acetone-dg) & 7.57 (s, 1H), 7.54 (t, J = 8.3 Hz, 1H), 7.42 — 7.35 (m, 2H),
7.31 (ddd, J =7.9, 2.0, 1.1 Hz, 1H), 7.15 (s, 2H), 6.90 (s, 2H), 6.75 (d, J = 3.6 Hz, 1H), 6.57
(d, J = 3.6 Hz, 1H), 3.40 (s, 3H), 2.21 (s, 6H); *C NMR (75 MHz, Acetone-dg) 5 159.14 |,
156.83 , 154.87 , 152.10 , 147.11 , 146.81 , 131.14 , 126.40 , 125.40 , 125.24 , 122.17 ,
122.09, 121.89, 120.11, 105.12 , 38.51 , 16.47 ; HRMS (ESI): calculated 417.111, found
417.107 (M+H)".

5-bromo-N-(3-fluoro-4-methoxyphenyl)furan-2-carboxamide (MSR208-10a)

F
HN 0
md\
Br~ © O

The title compound was prepared according to method B by the reaction of 3-fluoro-4-
methoxyaniline (0.705 g, 5 mmol, 1 equiv) and 5-bromofuran-2-carbonyl chloride (1.05 g,
5 mmol, 1 equiv) in the presence of EtzN (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH,CI; (25
ml). The product was purified by flash column chromatography (Petrolum ether/Etyl acetate,
0 - 30 % EtOAc in 30 min), to give 1150 mg (3.66 mmol/ 74% vyield) of the analytically pure
compound (purity: 97%). C1,HoBrFNOs; MW 314.11; *H NMR (300 MHz, DMSO-dg) &
10.24 (s, 1H), 7.67 (dd, J = 12.5, 2.5 Hz, 1H), 7.46 (ddd, J = 9.0, 2.6, 1.5 Hz, 1H), 7.34 (d, J =
3.6 Hz, 1H), 7.16 (t, J = 9.4 Hz, 1H), 6.84 (d, J = 3.6 Hz, 1H), 3.82 (s, 3H); MS (ESI):
314.07, 316.06 (M+H)".
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5-bromo-N-(3-fluoro-4-methoxyphenyl)-N-methylfuran-2-carboxamide (10b)

Br ) e}

The title compound was prepared by reaction of 10a (630 mg, 2.0 mmol, 1 equiv), sodium
hydride 60 % suspension in mineral oil (167 mg, 4.0 mmol, 2 equiv) and iodomethane
(0.25 mL, 4.0 mmol, 2 equiv) in DMF (10 ml) according to method C. The resulting
precipitate was purified by flash column chromatography (Petrolum ether/Etyl acetate, 0 - 40
% EtOAc in 30 min), to give 550 mg (1.66 mmol/ 84% vyield) of the analytically pure
compound (purity: 99%). CisH1:BrFNO3; MW 328.14; *H NMR (300 MHz, DMSO-ds) &
7.36 (dd, J = 12.2, 2.5 Hz, 1H), 7.20 (t, J = 9.0 Hz, 1H), 7.11 (ddd, J = 9.0, 2.5, 1.2 Hz, 1H),
6.54 (d, J = 3.6 Hz, 1H), 5.93 (d, J = 3.6 Hz, 1H), 3.86 (s, 3H), 3.26 (s, 3H); MS (ESI):
328.08, 330.09 (M+H)".

5-bromo-N-(3-fluoro-4-hydroxyphenyl)-N-methylfuran-2-carboxamide (10c)

The title compound was prepared by reaction of 10b (550 mg, 1.7 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (3.5 ml, 35 mmol, 20 equiv) in CH,Cl, (30 ml) according to
method D. The resulting product was purified by flash column chromatography
(CHCly/Methanol, 0 - 10 % methanol in 30 min), to give 460 mg (1.46 mmol/ 86% yield) of
the analytically pure compound (purity: 98%). C1,HgBrFNOz; MW 314.11; *H NMR (300
MHz, DMSO-dg) & 10.18 (s, 1H), 7.39 — 7.12 (m, 1H), 7.12 — 6.82 (m, 2H), 6.53 (d, J = 3.6
Hz, 1H), 5.85 (d, J = 3.5 Hz, 1H), 3.24 (s, 3H); MS (ESI): 314.08, 316.07 (M+H)".

N-(3-fluoro-4-hydroxyphenyl)-5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-
carboxamide (10d)

\
N OH

The title compound was prepared by reaction of 10c (460 mg, 1.5 mmol, 1 equiv), (4-
methoxy-3,5-dimethylphenyl)boronic acid (300 mg, 1.8 mmol, 1.2 equiv), cesium carbonate
(2950 mg, 6.0 mmol, 4 equiv) and tetrakis(triphenylphosphine)palladium (85 mg, 0.075
mmol, 0.05 equiv) in oxygen-free DME/water (1:1) (30 mL) according to method E. The
resulting product was purified by flash column chromatography (CH,Cl,/Methanol, 0 - 5 %
methanol in 30 min), to give 270 mg (0.73 mmol/ 48% vyield) of the analytically pure
compound (purity: 99%). C,1HooFNO4; MW 369.39; *H NMR (300 MHz, DMSO-dg) & 10.13
(s, 1H), 7.35-7.23 (m, 1H), 7.01 (d, J = 8.5 Hz, 1H), 6.97 (s, 2H), 6.94 (d, J = 8.6 Hz, 1H),

~o
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6.79 (d, J = 3.6 Hz, 1H), 6.73 (d, J = 3.6 Hz, 1H), 3.64 (s, 3H), 3.27 (s, 3H), 2.20 (s, 6H); MS
(ESI): 370.21 (M+H)".

2-fluoro-4-(5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)phenyl
sulfamate (10e)

F
\ 0. NH;
N /S\\O
I N\ o

The title compound was prepared by reaction of 10d (270 mg, 0.70 mmol, 1 equiv) and
sulfamoy! chloride (700 mg, 7 mmol, 10 equiv) in water-free DMA (10 mL) according to
method E. The resulting precipitate was purified by flash column chromatography
(CHCly/Methanol, 0 - 5 % methanol in 30 min), to give 183 mg (0.41 mmol/ 58% yield) of
the analytically pure compound (purity: 99%). Ca1H21FN,O6S; MW 448.46; *H NMR (300
MHz, DMSO-ds) 6 8.32 (s, 2H), 7.63 (dd, J = 11.2, 2.5 Hz, 1H), 7.50 (t, J = 8.7 Hz, 1H), 7.26
(ddd, J =8.7, 2.5, 1.3 Hz, 1H), 6.95 (s, 2H), 6.86 (d, J = 3.6 Hz, 1H), 6.83 (d, J = 3.6 Hz, 1H),
3.64 (s, 3H), 3.35 (s, 3H), 2.20 (s, 6H); MS (ESI): 449.18 (M+H)".

2-fluoro-4-(5-(4-hydroxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)phenyl
sulfamate (10)

\ I Vi
N S=0
| N\ o

HO

The title compound was prepared by reaction of SNO4 (175 mg, 0.40 mmol, 1 equiv) and
boron trifluoride dimethyl sulfide (0.80 ml, 8 mmol, 20 equiv) in CH,Cl, (20 ml) according to
method D. The resulting product was purified by flash column chromatography
(CHCly/Methanol, 0 - 5 % methanol in 30 min), to give 73 mg (0.17 mmol/ 42% yield) of the
analytically pure compound (purity: 98%). CaoH1gFN2O6S; MW 434.43; mp 186-188C; *H
NMR (300 MHz, DMSO-ds) & 8.60 (s, 1H), 8.22 (s, 2H), 7.61 (dd, J = 11.2, 2.5 Hz, 1H), 7.49
(t, J=8.7 Hz, 1H), 7.33 - 7.15 (m, 1H), 6.85 (s, 2H), 6.83 (d, J = 3.7 Hz, 1H), 6.69 (d, J = 3.6
Hz, 1H), 3.34 (s, 3H), 2.14 (s, 6H); *C NMR (126 MHz, Acetone-dg) & 158.02 (d, J = 271.7
Hz), 156.66 , 154.82 (d, J = 37.6 Hz), 146.75, 145.26 (d, J = 8.5 Hz), 137.69 (d, J = 12.1 Hz),
125.95, 125.38 , 125.27 (d, J = 9.5 Hz), 124.67 (d, J = 3.5 Hz), 122.17 , 120.24 , 117.22 ,
117.06 , 105.21, 38.49 , 16.54 ; HRMS (ESI): calculated 435.102, found 435.098 (M+H)".

5-bromo-N-(3-chloro-4-methoxyphenyl)furan-2-carboxamide (11a)
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The title compound was prepared according to method B by the reaction of 3-chloro-4-
methoxyaniline (0.790 g, 5 mmol, 1 equiv) and 5-bromofuran-2-carbonyl chloride (1.05 g,
5 mmol, 1 equiv) in the presence of EtsN (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH,CI; (25
ml). The product was purified by flash column chromatography (Petrolum ether/Etyl acetate,
0 - 30 % EtOACc in 30 min), to give 1400 mg (4.25 mmol/ 85% yield) of the analytically pure
compound (purity: 97%). C1,HeBrCINOs;; MW 330.56; ‘H NMR (300 MHz, DMSO-dg) &
10.22 (s, 1H), 7.86 (d, J = 2.6 Hz, 1H), 7.63 (dd, J = 9.0, 2.6 Hz, 1H), 7.33 (d, J = 3.6 Hz,
1H), 7.14 (d, J = 9.0 Hz, 1H), 6.83 (d, J = 3.6 Hz, 1H), 3.84 (s, 3H); MS (ESI): 330.05,
332.05 (M+H)".

5-bromo-N-(3-chloro-4-methoxyphenyl)-N-methylfuran-2-carboxamide (11b)

The title compound was prepared by reaction of 11a (940 mg, 2.9 mmol, 1 equiv), sodium
hydride 60 % suspension in mineral oil (240 mg, 5.8 mmol, 2 equiv) and iodomethane
(0.35mL, 5.8 mmol, 2 equiv) in DMF (10 ml) according to method C. The resulting
precipitate was purified by flash column chromatography (Petrolum ether/Etyl acetate, 0 - 40
% EtOAc in 30 min), to give 780 mg (2.26 mmol/ 79% vyield) of the analytically pure
compound (purity: 97%). C13H11BrCINOz; MW 344.58; *H NMR (300 MHz, DMSO-dg) &
7.53 (d, J =25 Hz, 1H), 7.28 (dd, J = 8.7, 2.5 Hz, 1H), 7.18 (d, J = 8.8 Hz, 1H), 6.54 (d, J =
3.6 Hz, 1H), 5.92 (d, J = 3.5 Hz, 1H), 3.88 (s, 3H), 3.26 (s, 3H); MS (ESI): 344.06, 346.07
(M+H)".

5-bromo-N-(3-chloro-4-hydroxyphenyl)-N-methylfuran-2-carboxamide (11c)
Cl

The title compound was prepared by reaction of 11b (780 mg, 2.3 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (4.5 ml, 46 mmol, 20 equiv) in CH,Cl; (30 ml) according to
method D. The resulting product was purified by flash column chromatography
(CHCly/Methanol, 0 - 10 % methanol in 30 min), to give 614 mg (1.86 mmol/ 81% yield) of
the analytically pure compound (purity: 99%). C1,HeBrCINOs; MW 330.56; *H NMR (300
MHz, DMSO-dg) 6 10.48 (s, 1H), 7.41 (d, J = 2.5 Hz, 1H), 7.10 (dd, J = 8.6, 2.5 Hz, 1H),
6.98 (d, J = 8.6 Hz, 1H), 6.54 (d, J = 3.6 Hz, 1H), 5.85 (d, J = 3.5 Hz, 1H), 3.23 (s, 3H); MS
(ESI): 330.05, 332.05 (M+H)".

N-(3-chloro-4-hydroxyphenyl)-5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-
carboxamide (11d)
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The title compound was prepared by reaction of 11c (500 mg, 1.5 mmol, 1 equiv), (4-
methoxy-3,5-dimethylphenyl)boronic acid (300 mg, 1.8 mmol, 1.2 equiv), cesium carbonate
(1950 mg, 6.0 mmol, 4 equiv) and tetrakis(triphenylphosphine)palladium (85 mg, 0.075
mmol, 0.05 equiv) in oxygen-free DME/water (1:1) (30 mL) according to method E. The
resulting product was purified by flash column chromatography (CH,Cl,/Methanol, 0 - 5 %
methanol in 30 min), to give 500 mg (1.29 mmol/ 86% yield) of the analytically pure
compound (purity: 99%). C21H2CINO,; MW 385.84; ; *H NMR (300 MHz, DMSO-dg) &
10.46 (s, 1H), 7.47 (d, J = 2.5 Hz, 1H), 7.08 (dd, J = 8.6, 2.5 Hz, 1H), 6.99 (d, J = 8.6 Hz,
1H), 6.94 (s, 2H), 6.80 (d, J = 3.6 Hz, 1H), 6.78 (d, J = 3.6 Hz, 1H), 3.63 (s, 3H), 3.27 (s, 3H),
2.20 (s, 6H); MS (ESI): 386.12 (M+H)".

2-chloro-4-(5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)phenyl
sulfamate (11e)

Cl

\ O\\ /NHZ
N /S\\O
I N\ o

The title compound was prepared by reaction of 11d (500 mg, 1.29 mmol, 1 equiv) and
sulfamoy! chloride (1300 mg, 13 mmol, 10 equiv) in water-free DMA (10 mL) according to
method E. The resulting precipitate was purified by flash column chromatography
(CHCly/Methanol, 0 - 5 % methanol in 30 min), to give 482 mg (1.04 mmol/ 80% yield) of
the analytically pure compound (purity: 99%). C21H21CIN,OgS; MW 464.91; *H NMR (300
MHz, DMSO-ds) 6 8.35 (s, 2H), 7.79 (d, J = 2.5 Hz, 1H), 7.54 (d, J = 8.7 Hz, 1H), 7.39 (dd, J
= 8.7, 2.6 Hz, 1H), 6.92 (s, 2H), 6.90 (d, J = 3.6 Hz, 1H), 6.84 (d, J = 3.6 Hz, 1H), 3.64 (s,
3H), 3.34 (s, 3H), 2.20 (s, 6H); MS (ESI): 465.18 (M+H)".

2-chloro-4-(5-(4-hydroxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)phenyl
sulfamate (11)

Cl O NH,
\ \\ /
N S=0
I\ 0
© o

HO

The title compound was prepared by reaction of SNO7 (235 mg, 0.50 mmol, 1 equiv) and
boron trifluoride dimethyl sulfide (1.00 ml, 10 mmol, 20 equiv) in CH,Cl, (20 ml) according
to method D. The resulting product was purified by flash column chromatography
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(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 95 mg (0.21 mmol/ 42% yield) of the
analytically pure compound (purity: 98%). C2oH1oCIN20sS; MW 450.89; mp 174-176C; 'H
NMR (500 MHz, Acetone-dg) & 11.62 (s, 1H), 7.67 (d, J = 2.6 Hz, 1H), 7.63 (d, J = 8.6 Hz,
1H), 7.48 (s, 2H), 7.37 (dd, J = 8.7, 2.6 Hz, 1H), 6.91 (s, 2H), 6.85 (d, J = 3.7 Hz, 1H), 6.62
(d, J = 3.5 Hz, 1H), 3.41 (s, 3H), 2.22 (s, 6H); *C NMR (126 MHz, Acetone-dg) & 159.11
157.07 , 154.98 , 146.73 , 146.45 , 144.84 , 130.29 , 128.36 , 128.03 , 125.39 , 125.32 ,
125.17, 122.14 , 120.47 , 105.27 , 38.59 , 16.57; HRMS (ESI): calculated 451.072, found
451.068 (M+H)".

5-bromo-N-(5-chloro-4-methoxy-2-methylphenyl)furan-2-carboxamide (12a)
Cl

HN 0
0= =
o) o

The title compound was prepared according to method B by the reaction of 5-chloro-4-
methoxy-2-methylaniline (0.855 g, 5 mmol, 1 equiv) and 5-bromofuran-2-carbonyl chloride
(1.05 g, 5 mmol, 1 equiv) in the presence of EtzN (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in
CH.Cl, (25 ml). The product was purified by flash column chromatography (Petrolum
ether/Etyl acetate, 0 - 30 % EtOAc in 30 min), to give 1200 mg (3.48 mmol/ 70% vyield) of the
analytically pure compound (purity: 97%). Ci3H1:BrCINOs; MW 344.59; 'H NMR (500
MHz, DMSO-dg) 6 9.84 (s, 1H), 7.32 (s, 1H), 7.30 (d, J = 3.6 Hz, 1H), 7.07 (s, 1H), 6.83 (d, J
=3.5 Hz, 1H), 3.85 (s, 3H), 2.19 (s, 3H); MS (ESI): 344.06, 346.07 (M+H)".

Br

5-bromo-N-(5-chloro-4-methoxy-2-methylphenyl)-N-methylfuran-2-carboxamide (12b)

Cl
\

N )
IR Ut
Br o O

The title compound was prepared by reaction of 12a (1200 mg, 3.5 mmol, 1 equiv), sodium
hydride 60 % suspension in mineral oil (360 mg, 7.0 mmol, 2 equiv) and iodomethane
(0.45mL, 7.0 mmol, 2 equiv) in DMF (10 ml) according to method C. The resulting
precipitate was purified by flash column chromatography (Petrolum ether/Etyl acetate, 0 - 40
% EtOAc in 30 min), to give 920 mg (2.56 mmol/ 73% vyield) of the analytically pure
compound (purity: 96%). C1sH13sBrCINOs; MW 358.61; *H NMR (500 MHz, DMSO-dg) &
7.46 (s, 1H), 7.16 (s, 1H), 6.52 (d, J = 3.7 Hz, 1H), 5.64 (d, J = 3.7 Hz, 1H), 3.88 (s, 3H), 3.18
(s, 3H), 2.10 (s, 3H); MS (ESI): 358.08, 360.08 (M+H)".

5-bromo-N-(5-chloro-4-hydroxy-2-methylphenyl)-N-methylfuran-2-carboxamide (12c)
Cl

N OH
m
Br O 0
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The title compound was prepared by reaction of 12b (920 mg, 2.6 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (5.5 ml, 50 mmol, 20 equiv) in CH,Cl, (30 ml) according to
method D. The resulting product was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 10 % methanol in 30 min), to give 800 mg (2.32 mmol/ 89% yield) of
the analytically pure compound (purity: 99%). C13H1:BrCINO3; MW 344.58: *H NMR (500
MHz, DMSO-dg) 6 10.47 (s, 1H), 7.34 (s, 1H), 6.90 (s, 1H), 6.52 (d, J = 3.6 Hz, 1H), 5.60 (d,
J=3.6 Hz, 1H), 3.16 (s, 3H), 2.00 (s, 3H); MS (ESI): 344.04, 346.04 (M+H)",

N-(5-chloro-4-hydroxy-2-methylphenyl)-5-(4-methoxy-3,5-dimethylphenyl)-N-
methylfuran-2-carboxamide (MSR242-12d)

Cl
\
| A N OH
o} O

0

The title compound was prepared by reaction of 12c (340 mg, 1.0 mmol, 1 equiv), (4-
methoxy-3,5-dimethylphenyl)boronic acid (220 mg, 1.2 mmol, 1.2 equiv), cesium carbonate
(1300 mg, 4.0 mmol, 4 equiv) and tetrakis(triphenylphosphine)palladium (55 mg, 0.05 mmol,
0.05 equiv) in oxygen-free DME/water (1:1) (30 mL) according to method E. The resulting
product was purified by flash column chromatography (CH,Cl,/Methanol, 0 - 5 % methanol
in 30 min), to give 300 mg (0.75 mmol/ 75% yield) of the analytically pure compound (purity:
999%). C2H22CINO4; MW 399.87; 'H NMR (500 MHz, DMSO-dg) & 10.40 (s, 1H), 7.39 (s,
1H), 6.96 (s, 2H), 6.92 (s, 1H), 6.80 (d, J = 3.6 Hz, 1H), 6.72 (d, J = 3.6 Hz, 1H), 3.63 (s, 3H),
3.20 (s, 3H), 2.21 (s, 6H), 2.00 (s, 3H); MS (ESI): 400.14 (M+H)".

2-chloro-4-(5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)-5-
methylphenyl sulfamate (12¢e)

Cl
\N OSO,NH
| \ 2 2
O ©
o

The title compound was prepared by reaction of 12d (300 mg, 0.75 mmol, 1 equiv) and
sulfamoyl chloride (750 mg, 7.5 mmol, 10 equiv) in water-free DMA (10 mL) according to
method E. The resulting precipitate was purified by flash column chromatography
(CH.Cly/Methanol, 0 - 5 % methanol in 30 min), to give 210 mg (0.43 mmol/ 59% vyield) of
the analytically pure compound (purity: 98%). C2H23CIN,OgS; MW 478.94; *H NMR (500
MHz, DMSO-dg) 6 8.35 (s, 2H), 7.75 (s, 1H), 7.52 (s, 1H), 6.91 (s, 2H), 6.83 (d, J = 3.5 Hz,
1H), 6.81 (d, J = 3.8 Hz, 1H), 3.64 (s, 3H), 3.24 (s, 3H), 2.20 (s, 6H), 2.12 (s, 3H); MS (ESI):
479.20 (M+H)".
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2-chloro-4-(5-(4-hydroxy-3,5-dimethylphenyl)-N-methylfuran-2-carboxamido)-5-
methylphenyl sulfamate (12)

Cl
\N OSO,NH
|\ 2NA3
) O

HO

The title compound was prepared by reaction of 12e (200 mg, 0.42 mmol, 1 equiv) and boron
trifluoride dimethyl sulfide (0.90 ml, 8.5 mmol, 20 equiv) in CH,Cl, (20 ml) according to
method D. The resulting product was purified by flash column chromatography
(CH2Cly/Methanol, 0 - 5 % methanol in 30 min), to give 98 mg (0.21 mmol/ 50% yield) of the
analytically pure compound (purity: 98%). C21H21CIN2O6S; MW 464.91; mp 202-204C; *H
NMR (500 MHz, DMSO-dg) 6 8.59 (s, 1H), 8.34 (s, 2H), 7.72 (s, 1H), 7.50 (s, 1H), 6.82 (s,
2H), 6.77 (d, J = 3.9 Hz, 1H), 6.68 (d, J = 3.7 Hz, 1H), 3.24 (s, 3H), 2.14 (s, 6H), 2.12 (s,
3H);13C NMR (126 MHz, DMSOQ) 6 157.64, 155.64, 154.08, 145.42, 145.37, 141.61, 136.03,
130.05, 125.25, 124.73, 124.12, 124.08, 120.31, 119.39, 104.81, 36.97, 16.81, 16.49; HRMS
(ESI): calculated 465.088, found 465.084 (M+H)".
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5.2.1.4 Representa
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5.2.1.5 Representative MS spectra

Compound 5:
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Compound 12:

MSR-244-pure #464 RT:7.56 AV:1 NL: 2.41E6
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5.2.11 Biological methods

52111 Chemicals

E1-S, E1, E2 and MTT were obtained from Sigma. Radioactively labeled [6,7-*H(N)]-E1-S
(40-60 Ci/mmol), [2,4,6,7-*H]-E1 (50-100 Ci/mmol) and [2,4,6,7-*H]-E2 ( >110 Ci/mmol)
were obtained from Perkin Elmer, Boston. Quickszint Flow 302 scintillator fluid was bought
from Zinsser Analytic, Frankfurt. Charcoal-stripped FCS was received from Biowest. Other

chemicals were purchased from Sigma, Merck or Gibco.

5.2.11.2 h17p-HSDI and h17$-HSD2 cell free inhibition assays

The human enzymes were partially purified from human placental tissue according to
previously described procedures.! Fresh human placenta was homogenized and by fractional
centrifugation the cytosolic and microsomal fractions were separated. In case of the h17p-
HSD1 assay the cytosolic fraction was incubated with NADH (500 uM), while in the case of
the h17p-HSD2 assay the microsomal fraction was incubated with NAD" (1500 pM) at 37 °C
in a phosphate buffer (50 mM) with 20% of glycerol and EDTA (1 mM) in the presence of
potential inhibitors which were prepared in DMSO (final DMSO concentration in the assay
was 1%). The enzymatic reaction was started by the addition of a mixture of unlabeled and
radiolabeled substrate (final concentration: 500 nM), [*H]-E1 in the case of h17p-HSD1 assay
for 10 min or with [*H]-E2 in the case of h17p-HSD2 assay for 20 min.* HgCl, (10mM) was
used to stop the enzymatic reactions and the steroids were extracted with diethylether. After
evaporation, they were dissolved in acetonitrile/water (45:55). E1 and E2 were separated on a
C18 reverse phase chromatography column (Nucleodur Cyg Isis, Macherey-Nagel) connected
to an Agilent 1200 Series (Agilent Technologies) HPLC-system using acetonitrile/water
(45:55) as mobile phase. A radioflow detector (Ramona, raytest) was coupled to the HPLC-
system for the detection and quantification of the steroids. After the analysis of the resulting

chromatograms, the conversion rates were calculated according to the following equation:

%product
*
%product + % Substrate

%conversion = 100

Each value was calculated from at least two independent experiments.

Then the percentage inhibition corresponding to each inhibitor concentration was calculated
according to the following equation:
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%conversion of the inhibitor >] 100
k

sinhiiton = 1
Yoinhibition %conversion of the control (DMSO)

At least three different concentrations of each inhibitor leading to inhibitions ranging from
30% to 80% were chosen to deduce the ICsq of each inhibitor. The 1Csq of each inhibitor was

calculated from at least two independent experiments.

5.2.11.3 Cell culture

T47D human mammary cancer cell line was purchased from ECACC, Salisburry. The cells
were routinely cultivated in DMEM (Sigma) supplemented with 10% FCS (Sigma) and
100 1U/ml penicillin-streptomycin, and incubated at 37 °C under humidified atmosphere of
5% CO,. The medium was changed every 2-3 days, and the cells were passed every 9-10

days.

5.2.114 hSTS and h174-HSD1 cellular inhibition assays

The T47D cells were seeded into a 24-well flat-bottom plate at 5 * 10° cells/well in DMEM
supplemented with 10% FCS and 100 1U/ml penicillin-streptomycin according to previously
described procedures.>® After incubation for 24 h of adaptation at 37 °C, the medium was
exchanged by a fresh FCS-free DMEM and the test compound dissolved in DMSO was added
(final concentration of DMSO was adjusted to 1% in all samples). After 1 h the incubation
period was started by the addition of a mixture of unlabeled and radioactive substrate [*H]-
E1-S (5 nM) for 24 h or [*H]-E1 (50 nM) for 40 min at 37 °C in case of hSTS or h178-HSD1
cellular inhibition assays, respectively. The reaction was stopped by the removal of the
supernatant. The supernatant was injected directly (without any further workup) into the same
radio-HPLC system mentioned above for h17p-HSD1 and h17B-HSD2 cell free inhibition
assays and the ICsos are calculated as described.

52115 Nature of inhibition of STS activity

In order to investigate the mode of inhibition of STS activity, T47D cells were cultivated as
mentioned above but with some changes described by Purohit et al., 1995.* The cells were
pre-incubated with the inhibitors for 2 h at 37 °C, then the medium was removed and the cells
were washed 3-4 times with PBS (phosphate buffer saline). The remaining STS activity was
assayed as described in the recent procedure by incubating the cells with using [*H]-E1-S for
24 h at 37 °C, then subsequent quantification of the steroids in the supernatant using HPLC

coupled to radiodetector and the ICsps are calculated as described.
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5.2.11.6 Metabolic stability in a cell-free assay

For evaluation of phase | and Il metabolic stability 1 UM compound was incubated with 1
mg/ml pooled mammalian (human or mouse) liver S9 fraction (BD Gentest, Heidelberg,
Germany), 2 mM NADPH regenerating system, 1 mM UDPGA, 10mM MgCl; and 0.1 mM
PAPS at 37°C for 0, 5, 15 and 60 minutes at a final volume of 100 puL of 100 mM Potassium
hydrogen phosphate buffer pH=7.4. The incubation was stopped by precipitation of S9
enzymes with 2 volumes of cold acetonitrile containing internal standard, then centrifuged for
10 minutes at 4°C and 12500 rpm. For quantification, a calibration curve was developed for
each compound assayed by LC-MS/MS (Accucore RP-MS, TSQ Quantum triple quadrupole
mass spectrometer, ESI interface) using a serial dilution of 6 standards in the range 10-500
nM. Then, LC-MS/MS was used to analyze the remaining concentration of the test compound

at the different time points. The half-life (t12) was determined using the following equation:

In(2)
t1 =
5 —K
Where K (decay rate) is the slope of the linear regression from log [test compound] versus
time:
B In(Concentration)
a Time

Then the intrinsic clearance (Cliy) [uL/min/mg protein] estimates of the compounds were
determined using the following equation:
Cling =K *V x f

incubation volumne [uL]

Where: V =

= 1000 [pL /mg protein]

microsomal protein [mg]

fu = unbound fraction of the tested compounds (unknown)= 1

5.2.11.7 In vivo pharmacokinetic study

All animal procedures were approved by the local government animal care committee and
performed in accordance with the Guide for the Care and Use of Laboratory Animals. The
pharmacokinetic study was performed on C57B1/6 mice (body weight 20-25 g) in a group of
3 per compound. Compounds were administered subcutaneously and orally at a dose of 50
mg/kg body weight, and intravenously at a dose of 5 mg/kg body weight. For subcutaneous
and oral administrations, the compounds were prepared as a suspension in 0.5% gelatine/5%
mannitol (w/w) in water followed by 25 min in an ultrasonic bath 60-90 min before

administration (8 pl suspension/gram body weight). For iv administration (4 ul solution/gram
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body weight), the compound was dissolved in PEG400/ethanol/water (60/10/30). Before the
drug application, the mice were anesthetized with 2% isoflurane. Blood samples of 50 pl
volume were collected from the tail vein into 0.2 mL PCR-tubes containing 10 pl citrate
buffer as an anticoagulant at 0.25, 0.5, 1, 2, 6, 7 and 24 h post-dosing. Plasma was harvested
by centrifuging the blood for 5 min at 3000 rpm and 4-C. 10 ul samples were stored frozen at
-80°C until analysis. For bioanalysis, 5 ul of plasma aliquot was added to 25 pul of 500 nM
diphenhydramine as internal standard in ACN and vortexed for 1 minute using mini-
centrifuge. Samples and calibration standards (in mouse plasma) were centrifuged for 5 min at
14000 rpm and 4°C. The supernatant was then transferred into HPLC vial and quantified by
LC-MS/MS (Accucore RP-MS, TSQ Quantum triple quadrupole mass spectrometer, ESI
interface) as described in the previous section.

5.2.11.8 Ageous soluibility assay

Final concentrations of 5, 10, 20, 40, 60, 100 and 200 uM of the desired compound in
phosphate saline buffer (PBS) containing 1% DMSO were prepared, then the solution clarity
and potential perciptation of the compound were examined after 1 and 24 h at room

temperature (19-24 C).

5.2.11.9 MTT cell viability assay

In 24-well plates, HEK293 or HepG2 were seeded in DMEM supplemented with 5% FKS and
100 1U/ml penicillin-streptomycin. After 3 h, the incubation was started by the addition of the
tested compound at 100, 50, 40, 25, 20, 12.5, 10 and 5 uM dissolved in ethanol with a final
ethanol concentration of 1%. Then the cell viability is evaluated by MTT assay based on the
ability of viable cells to convert the yellow water soluble dye 3-(4,5-dimethyl-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to a violet water insoluble formazane. After incubation
time of 72 h in case of HEK293 and 48 h in case of HepG2 cells, 100 ul of MTT-solution
(5mg/ml in PBS) was added to the medium. After 30 min, the medium was removed and 250
ul of DMSO containing 10% Sodium dodecyl sulphate (SDS) and 0.01 N HCI was added to
start the cell lysis and dissolve the blue formazan which was then quantified
spectrophotometrically at 590 nM using an Omega plate reader spectrometer as described.

Proliferation in the presence of the vehicle was always arbitrary set to 100%.
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5.2.11.10  Aryl hydrocarbon receptor assay

The AhR activity was evaluated as described before.® The aryl hydrocarbon receptor agonistic
activity of compounds was determined in a human hepatocellular carcinoma cell line (HepG2)
by measuring the CYP1AL1 activity. Cells were split on a 24-well plate (each compound in
quadruplicate) and incubated for 16—24 h before compounds or vehicle was added to a final
DMSO concentration of 0.1%. After 48 h of incubation with compound (3.16 uM) or vehicle,
cells were washed with 1 mL of warm PBS (37 °C). Then, 500 pL of 3-cyano-7-
ethoxycoumarin (CEC, specific CYP1A1 substrate), which forms a fluorescent product, was
added to the cells at a final concentration of 40 uM in DME medium with 10% fetal calf
serum + 1% penicillin +streptomycin (37 °C). After an incubation of 30 min, the fluorescence
was measured in the BMG Labtech Clariostar reader (excitation, 409 nm; emission, 460 nm).
The increase in fluorescence induced by test compound was expressed relative to the increase

induced by the reference compound omeprazole (50 uM).
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5.2.111 Oral bioavailability

-~ PO (50 mg/kg)
= |V (5 mg/kg)

1000000
100000
10000

1000 Cellular STS ICgy

100

[Cpd 5] (M)

|cellular 17p-HSD1 ICg,

0 5 10 15 20 25
Time (hours)

Figure S1. Mean profile (£SD) of plasma concentration [nM] in C57B1/6 mice vs time after oral (50
mg/kg) and intravenous (5 mg/kg) application of compounds 5 in single dosing experiments (n=3).
Dotted lines represent the cellular ICgy values of STS and 17p-HSD1 values for compound 5.

Oral bioavailability (%F) of compound 5
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rsc.li/medchemcomm

Introduction

Dyrk1A (the dual-specificity tyrosine phosphorylation-regulated
kinase 1A) is a serine/threonine protein kinase that belongs to
the DYRK family. The other members in the family are Dyrk1B,
Dyrk2, Dyrk3, and Dyrk4. Together with the cyclin-dependent
kinases (CDKs), mitogen-activated protein kinases (MAP Kki-
nases), glycogen synthase kinases (GSK) and Cecd2-like kinases
(CLKs), they compose CMGC super family of kinases."

DYRK1A gene is allocated in the Down syndrome (DS) criti-
cal region of chromosome 21. The cognitive impairments and
neurofibrillary degeneration seen in DS as well as in
Alzheimer's disease (AD) have been found to be associated with
Dyrk1A overexpression.”” Additionally, Dyrk1A was reported
to be implicated in numerous biological processes such as T
cell regulation,’® cell cycle regulation and cell differentiation,®’
stabilization of cytoskeleton,® and brain neurodevelopment.’
Drug discovery efforts aim at the development of selective
Dyrk1A inhibitors, in particular in light of the putative tumor
suppressor activity of the homologous Dyrk2 isoform.'”

In this communication we present 6-hydroxybenzothiazol-
2yl urea as a promising new scaffold for Dyrk1A inhibition
that allows pre-organisation of the biologically active confor-
mation. We report some modifications for the scaffold explo-
ration as well as scaffold expansion using an in-house discov-
ered hit (AHS-211, Fig. 1) as a starting compound.
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pound b5 as a promising selective DyrklA inhibitor.

Results and discussion
Compound design

The benzothiazole scaffold was known to be a promising build-
ing block for the development of Dyrk1A inhibitors since the
discovery of the Dyrk1A/Clk1 inhibitors TG003 and INDY
(Fig. 1).""'* The binding mode of the benzothiazole core to the
ATP pocket of Dyr1A was determined by X-ray crystallography
for INDY;'* further Dyrk1A co-crystal structures were reported
later for acetylated 2-aminobenzothiazole fragments (Fig. 1,
structure B)."> Both INDY and our previously reported benzo-
thiophene Clk1/Dyrk1A inhibitor’* (Fig. 1, compound A)
contained a hydroxyl group which is important to maintain po-
tency against Dyrk1A. We thought of expanding the hydroxy-
benzothiazole scaffold to get potent and selective Dyrk1A inhib-
itors. To this end, we exploited the benzothiazole ring nitrogen
to design and synthesize new derivatives which are rigidized
via an internal H-bond, avoiding the need to synthesize polycy-
clic aromatic systems which may have toxicological issues. We
envisaged extending the benzothiazole fragment with a urea
linker to achieve the desired pseudo 6-membered ring structure

0,

RO, > H XL\ -y O
O»NO Y0 ={ N\ I
)\)k § su

s
A

INDY; R=H B
TG003; R=Me

&N H R HO N O

={ 4 i,
S N OH

S H/Ko NN

c AHS-211

Fig. 1 Previously published benzothiazole- and benzothiophene-
based Dyrk1A/Clkl inhibitors (INDY, TGOO3, A and B) and new benzo-
thiazole urea derivatives (C and AHS-211).
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Fig. 2 Lowest energy conformer (c1) and the higher energy linear
conformer (c2) of the benzothiazole urea scaffold, exemplified by hit
compound AHS-211, as calculated by the B3LYP density functional
method. Shown are the fully coplanar conformers with a mesh
displaying the electrostatic potential on an isoelectronic density
surface (0.025 e a ). The intramolecular H-bond that stabilizes a
pseudo 6-membered ring in cl is indicated by the overlapping electron
density in the center. The calculated energy difference between the
conformers is 59 kJ mol ™.

between the benzothiazole nitrogen (as HBA) and the distant
urea NH (as HBD) as shown in structure C Fig. 1. Using ab
initio calculations, it was corroborated that the suggested
benzothiazole urea scaffold showed the proposed pseudo-ring
formation in the most stable conformer (conformer c1, Fig. 2).
In contrast, a considerably higher energy content was calcu-
lated for the also coplanar rotamer ¢2 (AE = 59 kJ mol *, Fig. 2),
probably attributable to the lack of the energetically favourable
H-bond as well as to the unfavourable polar repulsion between
the endocyclic nitrogen and the urea oxygen (cf. ¢2, Fig. 2).

Searching in our in-house library for possible hits that
may overlap with the designed target urea derivatives re-
vealed the previously published compound AHS-211 as a
good candidate. AHS-211 (compound 23 in ref. 15) was previ-
ously published as an inactive compound against 17f3-
hydroxysteroid dehydrogenase type 1 (17BHSD1).'> Testing
AHS-211 against Dyrk1A greatly supported our design concept
as it inhibited the recombined enzyme with an ICs, of 0.134
uM. AHS-211 also inhibited Dyrk1B with an ICs, of 0.37 uM,
yielding a selectivity factor of 2.7 for Dyrk1A (Table 2). Fur-
thermore, AHS-211 showed 64.7% inhibition when screened
against Dyrk2 at 5 uM concentration (Table 2).

Chemistry

The synthesis of the designed urea derivatives was performed
mainly through the reaction of the aryl amine derivatives

H,3CO, R
H:«CO\(:[S Rl/= 2.
~ i s O |
)—NH, + @—NCO —z <
N P
H H
at:R'=H
a2: R' =4-COOEt
N=
N/
QL R
S Qo= 3 3 0
N-\ % N A U
NN N
H H
a3

Scheme 1 Synthesis of urea derivatives via isocyanates. Reagents and
conditions: (i) DMF, RT, overnight.
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with phenylisocyanates in DMF at room temperature
(Scheme 1), or alternatively through the reaction of 2-amino-
6-methoxy benzothiazole with phenylchloroformate in the
presence of pyridine as a base and dioxane as solvent to give
the carbamate compound a4 which is itself was isolated as
the oxygen isostere of urea or further reacted in situ with
amine derivatives in refluxing dioxane to give the urea com-
pounds (a5 and a6) as shown in Scheme 2. Acylation of
2-amino-6-methoxybenzothiazole was done in acetone in pres-
ence of K,CO; to yield the methylene isostere of urea
(Scheme 3). Scheme 4 shows the preparation of the amide de-
rivatives starting from the ester a2 which was hydrolysed to
the respective carboxylic acid a8 under alkaline conditions
followed by amide coupling with benzyl amine or
1-methylpiperazine using HBTU as coupling agent. Finally,
the methyl ether dealkylation was performed using BBr; in
dichloromethane (Scheme 5).

Biological evaluation

Table 1 shows the screening results of the synthesized
methoxy precursors against both Dyrk1A and DyrkiB while
Table 2 shows the screening results for the phenolic ana-
logues against Dyrk1A, DyrkiB and Dyrk2. As can be seen,
the 6-methoxy precursors showed a huge reduction of

H3CO,

HBCO\©: S, ©\ o} e o
D—NH, + B i /©
% 0" cl N/)\N/U\O
H
H4CO, ond
a5, R%= a6, R%=

—' Mo W

N’*u’U\NHR2 NN B~N
Scheme 2 Synthesis of urea derivatives via carbamates. Reagents and
conditions: (i) dioxane, pyridine, RT, 1 h (ii) 1.5 equiv. amine derivative,
dioxane, overnight, reflux.

HsCO OCH,
~ Q5.0
NP
H

a7

H3CQ

HaCO s 0
\CE />_ NHy + C
N cl

Scheme 3 Synthesis of benzothiazoleamide. Reagents and conditions:
(i) acetone, Na,COs, ice cooling then RT, 1 h.
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L3 5 3 Y
—
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H a2 H H a8
o
HsCO, /@)\x a9, X = a10, X =
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N N—
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Scheme 4 Synthesis of the benzamide derivatives. Reagents and
conditions: (i) aq. KOH, THF, RT, 14 h (ii) 4 equiv. amine derivative, 1.5
equiv. HBTU, TEA, RT, overnight.

]
—
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Scheme 5 Ether dealkylation. Reagents and conditions: (i) 15 equiv.
BBrs, CH,Cl,, =78 °C then room temperature, 20 h.

potency when compared to their 6-hydroxy analogues, indi-
cating that the 6-hydroxyl (born at the benzothiazole) in AHS-

Table 1 Inhibition of Dyrk1A and Dyrk1B by the methoxy precursors and
compound a3
H3CO -
] o Y
QS i Q\ms i
NH
Al L
H
a3
Dyrk1A Dyrk1B
% inhibition at % inhibition at
Cpd# X Y 0.5 M 0.5 uM“
al -NH- §’© 8 0
a3 -NH- §__© 19.6 12
a4 =0- §_@ 13.3 0
a5 ~-NH- K\O 13.8 0
NN
a6  -NH- N 203 0
%\/\/N\)
a7  -CH,- /@\ 21.2 25
% OCH,
a8 -NH- /©/COOH 25.5 0
%
a9 ~-NH- j\©\ 30.5 0
H\/@
(":,N
o
al0 28.1 0

-

“ values are mean values of at least two independent experiments
each was done in duplicates; standard deviation <10%. The ATP
concentration in the assay was 15 uM.
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211 has a crucial share in binding to Dyrk1A as HBD func-
tion; in fact, none of the 6-methoxy derivatives exhibited
more than 31% inhibition at 2 uM of the tested compounds
(Table 1). Likewise, compound a3, in which the
6-hydroxybenzothiazole moiety  was replaced by
5-pyridylthiadiazole, did not show significant activity. In this
analogue, the internal H-bond is expected to be conserved
and the pyridine nitrogen lies in a similar distance from the
urea linker as the 6-methoxy oxygen, thus enabling a similar
potential role as HBA; nevertheless, the lack of the HBD im-
peded the success of this modification.

In contrast, the deletion of the 3-hydroxyl (at the phenyl
ring) in AHS-211 almost did not influence the activity, as ob-
served with compound b1 (IC;, = 0.163 uM against Dyrk1A).
Of note, the latter change reduced the potency against
Dyrk1B, increasing the selectivity factor to 4.3 toward Dyrk1B,
and also reduced the off-target activity against Dyrk2 when
compared with the hit AHS-211 (Table 2).

Compounds b2-b3 were prepared to prove the importance
of the urea linker in maintaining the biologically active con-
former; in these compounds, the -NH- assumed to act as
HBD and help the pseudo ring formation was replaced by the
isosteric -O- and -CH,-, respectively. Compound b2 gave no
inhibition for Dyrk1A and Dyrk1B at 0.5 uM while its urea an-
alogue b1 showed more than 80% inhibition at the same con-
centration (Table 2). Since the carbamate-derivative b2 was
least likely to adopt a coplanar conformation similar to c1
(Fig. 2) because of the electronic repulsion between the oxy-
gen and the ring nitrogen, the complete loss of inhibitory ac-
tivity supported our hypothesis that the biological activity
was associated with a c1-like molecule shape. In further ac-
cordance, the more neutral electrostatic potential of the
methylene bridge in b3 led to a partial recovery of the inhibi-
tory potency, but failed to reach the potency of AHS-211 due
to the lack of the conformation-stabilizing H-bond. Of inter-
est, compound b3 showed its highest inhibitory potency
against Dyrk2 (IC5, =~ 5 uM, [ATP] = 100 uM), probably due to
the additional presence of the m-hydroxy function at the phe-
nyl, which also enhanced the Dyrk2 inhibitory activity of
AHS-211 (Table 2).

Having proven the crucial role of the urea motif, we envis-
aged some substantial modifications of compound b1 to im-
prove potency and selectivity for Dyrk1A; further attempts
aimed at optimization of the drug-like properties, such as wa-
ter solubility and logP. To achieve this, two main types of
modifications were planned: the first one was to replace the
phenyl ring in b1 with an alkyl chain linked to a basic alicy-
clic amine like morpholine and N-methyl piperazine. This is
represented by the 6-methoxy precursors a5 and a6, respec-
tively. Unfortunately, the unsuccessful O-demethylation of
both compounds hampered testing the effect of such a modi-
fication. However, the inhibition noted for these two precur-
sors at 0.5 uM did not indicate a potential advantage over the
other modifications presented in Table 1. The second ap-
proach was to extend compound b1 through amide deriva-
tives arising from the phenyl ring. Two amide derivatives

Med. Chem. Commun., 2018, 9, 1045-1053 | 1047
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Table 2 Inhibition of Dyrk1A, Dyrk1B and Dyrk2 by the phenolic analogues
HO
3 A
= _Ar
N™ N7 ~X
H
Dyrk1A Dyrk1B Dyrk2
% inhibition % inhibition Selectivity % inhibition
Cpdi#t X Ar at 0.5 uM*”? ICso uM“?  at 0.5 pM@? ICso uM®?  factor® at 5 pM@4
b1 -NH- §——® 80.8 0.163 43.6 0.710 4.3 40.4
b2 -0- §—© 0 ND 0 ND —_ 18.6
b3 ~-CH,- /@\ 37.8 ND 0 ND _ 50.1
'z,l OH
b4 -NH- ; 89.8 0.063 69 0.130 21 38.1
T O

c

1]

(0]
b5 -NH- r;' 99.1 0.095 21 1.513 16 34.5

\Q N =

(I?’N\/’

(0]
AHS-211 -NH- 74.4 0.134 54.6 0.370 2.8 64.7

% OH

“ Values are mean values of at least two independent experiments each was done in duplicates; standard deviation <10%. ” The assay was
carried out at ATP conc. of 15 uM. © Selectivity factor: IC5, (Dyrk1B)/ICs, (Dyrk1A). ¢ The assay was carried out at ATP conc. of 100 uM.

offering diverse possible interactions with the binding site
were prepared: the benzyl amide b4 and the methyl pipera-
zine amide b5. Although the extension with the 4-benzyl am-
ide in compound b4 enhanced the potency toward Dyrk1A
(IC50 = 0.063 uM) by more than 2-fold compared with b1 and
AHS-211, it did not show any improvement in selectivity over
Dyrk1B (Table 2). On the other hand, compound b5 was al-
most similar to AHS-211 in potency against Dyrk1A, yet, it
showed more than 15 fold selectivity for Dyrk1A over Dyrk1B.
Importantly, both b4 and b5 displayed superior selectivity for
Dyrk1A over Dyrk2 when compared with AHS-211.

As compound b5 was more selective over Dyrk1B, it was
selected for an extended selectivity profiling against all ki-
nases that were frequently reported as being co-inhibited by
previously published Dyrk1A inhibitor classes (Table 3).'°'®
This profiling revealed that our combination of modifications
led to a significant increase in selectivity compared with the
previously published benzothiazole-based Dyrk1A inhibitors
such as INDY, which strongly inhibited, among other ki-
nases, Dyrk2, PIM1 and CK15."?

Additionally, b5 displayed good selectivity for Dyrk1A over
Clk1, one of the most common off targets of many reported
Dyrk1A inhibitors, with a selectivity factor >7 (ICs;, of b5
against Clk1 = 730 nM, [ATP] = 15 uM).

1048 | Med. Chem. Commun., 2018, 9, 1045-1053

Because of its marked selectivity and good potency, we
aimed at analyzing the metabolic stability of b5 against hu-
man hepatic CYP enzymes. Compared to testosterone, which
was included as a reference known to be rapidly metabolized,
b5 showed a promising stability (half-life >60 min, Table 4).
It is worth mentioning that at 60 min incubation time, 88%
of the initial compound concentration could be still detected.

These data were encouraging, suggesting that b5 might
also be applicable in in vivo models. As it was expected, com-
pound b4 exhibited lower, yet, appreciable stability toward
hepatic CYP enzymes with a metabolic half-life of 33 min

Table 3 Selectivity profile of b5 vs. the related kinases”

% inhibition % inhibition

Kinase at 5 uM Kinase at 5 uM
CDKS5/p25 21 Haspin 1+1
CLK1 72 £ 0.5 PIM1 29+ 2.5
CK13 9+2 SRPK1 5+0.5
HIPK1 (Myak) 50 + 0.5 MLCK (MLCK2) 45+3
NTRK2 (TRKB) 13 +1 STK17A (DRAK1) 39+ 0
Dyrk1A 85+ 0.5

“ Values are mean values of at least two duplicates; testing was done
at an ATP concentration of 100 uM.

This journal is © The Royal Society of Chemistry 2018
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Table 4 Metabolic stability of compounds 4b and 5b against human
CYP enzymes

Cpd. Half-life [min]“
ba 33

b5 >60
Testosterone” 9.6

“ Incubation with pooled human liver S9 fraction at 37 °C; samples
taken at 0, 15, 30, 60 min, determination of the parent compound by
MS. ? Reference compound with low metabolic stability.

which is mostly attributed to
unsubstituted benzyl group (Table 4).

Next we aimed at identifying the putative binding mode of
b5 to Dyrk1A in order to explain its high potency and selectiv-
ity. To this end, we employed molecular docking to Dyrk1A
coordinates derived from a co-crystal structure with a 5-hy-
droxy benzothiazole fragment (PDB code: 5A3X). Thus, we
anticipated that any realistic docking pose should exhibit a
significant overlap with the original co-crystallized fragment;
this was the case with the docking pose showing the highest
score (depicted in Fig. 3). Another criterion for plausibility
was that b5 was binding in the H-bond-stabilized low energy
conformation, which was in full agreement with the observed
structure-activity relationships and the ab initio calculations.
The docking model predicts several classical and non-
classical H-bonds contributing to the binding affinity inside
the ATP pocket (Fig. 3A). Of note, because of the shifted posi-
tion, the 6-hydroxy function was only acting as an HBD, thus
explaining the loss of potency seen with the methoxy
precursors.

Noteworthy, Rothweiler et al. had identified an alternative
binding mode, inverted by 180°, with a 5-methoxy-
benzothiazole fragment in the ATP binding pocket of
Dyrk1A."* Using the corresponding crystal structure coordi-
nates (PDB: 5A4E) we also evaluated the possibility of an
inverted binding mode for our best compound b5. Indeed,
we found that theoretically, binding of b5 might also occur
in a flipped orientation, with the hydroxyl then forming an
H-bond with Asp307 (Fig. S1, ESI{). However, we considered
this inverted pose to be less likely, because it did not well ex-
plain the drop of potency observed with the methoxy precur-
sor al0 (28% inhibition at 0.5 pM, Table 1). With a10, the
H-bond interaction in the hypothetical flipped mode simply
switched from Asp307 to Lys188, now with the methoxy oxy-
gen as acceptor (not shown). Thus, the binding pose shown
in Fig. S1,} although it cannot be totally ruled out, would pre-
dict a comparable potency for b5 and a10, in contrast to our
experimental results.

An important structural feature enhancing the selectivity
over Dyrk1B was the amide-linked N-methyl piperazine exten-
sion, which was predicted to engage in an ionic interaction
with Asp287 in our model. Although this residue is conserved
in Dyrki1B, it could be speculated that its position is slightly
shifted in the DyrkiB 3D structure, thus causing a less effi-
cient ionic interaction. Such a shift in the spatial position of

the presence of the
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Fig. 3 Predicted binding mode of b5 in the ATP binding pocket of
DyrklA. Compound b5 was docked to the DyrklA coordinates derived
from the co-crystal structure with 2-acetamido-5-hydroxy benzo-
thiazole (PDB code: 5A3X) using MOE. The pose with the highest score
is depicted, showing binding of b5 (yellow) in the lowest energy con-
formation of the scaffold (cf. c1, Fig. 2). A. Inside the pocket, the ligand
is anchored via two crucial H-bonds involving the backbone carbonyl
of the hinge region residue Leu241, and the conserved Lys188 as a do-
nor. Several CH-n and an NH-n interaction (with Phe238) additionally
enhance the affinity. At the border of the pocket, the protonated pi-
perazine amine is predicted to form a salt bridge with Asp287.
H-bonds and ionic bonds are indicated by blue lines and H-n bonds by
brown lines. B. Top view on the ATP binding pocket visualized by a
transparent surface. The ligand is bound as in A; through the central
pseudo 6-membered ring, ideal shape complementarity to the pocket
is achieved.

the corresponding Asp257 can be observed in the X-ray struc-
tures of the homologous Dyrk2 (data not shown), however, it
cannot be verified with DyrkiB due to the lack of a published
3D structure.

Conclusion

Our design concept of attaching a urea linker to the benzo-
thiazole core, followed by a scaffold expansion, led to a new
class of potent and selective Dyrk1A inhibitors. Of note, the
best compound, b5, did not appreciably inhibit the homolo-
gous Dyrk2 isoform and even showed a remarkable 15 fold
selectivity over the most closely related isoform DyrkiB. In
addition, the activity toward the atypical kinase haspin that
was strongly inhibited by most of the previously reported
Dyrk1A inhibitors was completely abolished with b5.
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Together with the favorable balance of lipophilic/hydrophilic
functions, further testing of b5 as a potential agent for the
treatment of Dyrk1A-related neuropathological disorders can
be envisaged.

Experimental section
Chemistry

Solvents and reagents were obtained from commercial sup-
pliers and used as received. A Bruker DRX 500 spectrometer
was used to obtain 'H NMR and *C NMR spectra, in some
cases Bruker Fourier 300 was used. The chemical shifts are
referenced to the residual protonated solvent signals. At least
95% purity in all the tested compounds was obtained by
means of HPLC coupled with mass spectrometry. Mass spec-
tra (HPLC-ESI-MS) were obtained using a TSQ quantum
(Thermo Electron Corporation) instrument prepared with a
triple quadrupole mass detector (Thermo Finnigan) and an
ESI source. All samples were inserted using an autosampler
(Surveyor, Thermo Finnigan) by an injection volume of 10 pL.
The MS detection was determined using a source CID of 10 V
and carried out at a spray voltage of 4.2 kV, a nitrogen sheath
gas pressure of 4.0 x 10° Pa, a capillary temperature of 400
°C, a capillary voltage of 35 V and an auxiliary gas pressure of
1.0 x 10° Pa. The stationary phase used was a RP C18
NUCLEODUR 100-3 (125 x 3 mm) column (Macherey-Nagel).
The solvent system consisted of water containing 0.1% TFA
(A) and 0.1% TFA in acetonitrile (B). HPLC-method: flow rate
400 uL min~". The percentage of B started at an initial of 5%,
was increased up to 100% during 16 min, kept at 100% for 2
min, and flushed back to 5% in 2 min. High resolution pre-
cise mass spectra were recorded on Thermo Fisher Scientific
(TF, Dreieich, Germany) Q Exactive Focus system equipped
with heated electrospray ionization (HESI)-II source and
Xcalibur software (version 4.0.27.19). Before analysis external
mass calibration was done according to the manufacturer's
recommendations. The samples were dissolved and diluted
in methanol in a concentration of 3 uM and directly injected
into the Q Exactive Focus using the integrated syringe pump.
All the data analyses were done in positive ion mode using
voltage scans and the data collected in continuous mode.
Melting points were determined using a Mettler FP1 melting
point apparatus and are uncorrected.

General procedure for synthesis of urea derivatives

Method A. A solution of the aryl amine (2 mmol) and the
respective isocyanate derivative (2.4 mmol) in DMF (10 mL)
was left to stir at room temperature for 3 h. The product was
precipitated by adding a 50 mL of ice/water mixture then pu-
rified with column chromatography.

Method B. To a solution of 6-methoxy-2-
aminobenzothiazole (0.36 gm, 2 mmol) in dioxane (6 mL)
containing pyridine (179 pL, 2.22 mmol) phenyl chloro-
formate (0.25 mL, 2 mmol) was added dropwise at room tem-
perature. After 10 min, the carbamate derivative a4 precipi-
tated, then the corresponding amine derivative (2 mmol) was
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added and the reaction mixture was heated to 100 °C for 5 h.
After cooling to room temperature, the reaction mixture was
diluted with ethyl acetate and washed with water. The com-
bined organic layers were dried over anhydrous MgSO, and
concentrated under reduced pressure. The residue was puri-
fied with column chromatography to give the desired com-
pounds. Compound a4 was isolated by filtration in case of
the carbamate is needed as a product to be tested or for fur-
ther demethylation.

Phenyl (6-methoxybenzo[d|thiazol-2-yl)carbamate (a4). The
carbamate derivative was isolated by filtration as mentioned
above. White solid; yield: 88%; mp >300 °C; '"H NMR (500
MHz, DMSO) § 9.34 (s, 1H), 7.63 (d, J = 8.8 Hz, 1H), 7.58 (d, J
= 2.6 Hz, 1H), 7.49-7.43 (m, 2H), 7.40 (d, J = 8.8 Hz, 1H),
7.35-7.25 (m, 2H), 7.02 (td, J = 8.7, 2.6 Hz, 1H), 3.80 (s, 3H);
MS (ESI): m/z = 301.12 (M + H)".

1-(6-Methoxybenzo| d]thiazol-2-yl)-3-phenylurea (a1). The ti-
tle compound was prepared according to the general proce-
dure for synthesis of urea derivatives (method A) by the reac-
tion of 2-amino-6-methoxybenzothiazole and phenylisocynate.
White solid; yield: 78%; mp 201-202 °C; 'H NMR (500 MHz,
DMSO) § 10.64 (s, 1H), 9.12 (s, 1H), 7.55 (t, J = 9.2 Hz, 1H),
7.54-7.44 (m, 3H), 7.39-7.25 (m, 2H), 7.08-7.01 (m, 1H), 6.98
(dd, J = 8.8, 2.6 Hz, 1H), 3.80 (s, 3H); °C NMR (126 MHz,
DMSO) d 157.32, 155.67, 151.73, 142.83138.47, 132.48, 128.91,
122.88, 120.15, 118.75, 114.36, 104.92, 55.58; MS (ESI): m/z =
300.14 (M + H)".

Ethyl 4-(3-(6-methoxybenzo[d]thiazol-2-yl)ureido)benzoate
(a2). The title compound was prepared according to the gen-
eral procedure for synthesis of urea derivatives (method A) by
the reaction of 2-amino-6-methoxybenzothiazole and
4-(ethoxycarbonyl)phenylisocyanate. White solid; yield: 73%;
mp 290-291 °C; 'H NMR (500 MHz, DMSO) ¢ 10.73 (s, 1H),
9.51 (s, 1H), 8.02-7.87 (m, 2H), 7.76-7.62 (m, 2H), 7.66 (d, J =
8.5 Hz, 2H), 6.99 (dd, J = 8.8, 2.6 Hz, 1H), 4.29 (q, J = 7.1 Hz,
2H), 3.80 (s, 3H), 1.31 (t, J = 7.1 Hz, 3H); MS (ESI): m/z =
372.02 (M + H)".

1-Phenyl-3-(5-(pyridin-4-yl)-1,3,4-thiadiazol-2-yl)jurea  (a3).
The title compound was prepared according to the general
procedure for synthesis of urea derivatives (method A) by the
reaction of  5-(pyridin-4-yl)-1,3,4-thiadiazol-2-amine  and
phenylisocynate. White solid; yield: 88%; mp 153-154.5 °C;
'H NMR (500 MHz, DMSO) J 11.34 (s, 1H), 9.11 (s, 1H), 8.72
(dd, J = 4.4, 1.7 Hz, 2H), 7.88 (dd, J = 4.5, 1.7 Hz, 2H), 7.51 (d,
J = 7.6 Hz, 2H), 7.42-7.25 (m, 2H), 7.16-6.98 (m, 1H); °C
NMR (126 MHz, DMSO) J 161.25, 158.83, 151.37, 150.68,
138.21, 137.19, 128.94, 123.19, 120.53, 118.90; MS (ESI): m/z =
297.80 (M + H)".

1-(6-Methoxybenzo[d]thiazol-2-yl)-3-(2-morpholinoethyl)-
urea (a5). The title compound was prepared according to the
general procedure for synthesis of urea derivatives (method
B) using 4-(2-aminoethyl)morpholine. Beige solid; yield: 68%;
mp 179-181 °C; 'H NMR (500 MHz, DMSO) ¢ 10.64 (s, 1H),
7.52-7.48 (m, 1H), 7.47 (d, J = 2.6 Hz, 1H), 6.94 (dd, J = 8.8,
2.6 Hz, 1H), 6.77 (s, 1H), 3.78 (s, 3H), 3.64-3.54 (m, 4H), 3.28
(dd, J = 11.8, 6.1 Hz, 2H), 2.46-2.34 (m, 6H); "*C NMR (126
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MHz, DMSO) ¢ 157.87, 155.46, 153.77, 143.22, 132.56, 120.12,
114.07, 104.80, 66.17, 57.27, 55.55, 53.11, 36.15; MS (ESI): m/z
=337.04 (M + H)".

1-(6-Methoxybenzo[d]thiazol-2-yl)-3-(3-(4-methylpiperazin-
1-yl)propyl)urea (a6). The title compound was prepared
according to the general procedure for synthesis of urea de-
rivatives (method B) wusing 1-(3-aminopropyl)-4-methyl-
piperazine. White solid; yield: 61%; mp 192-194 °C; "H NMR
(500 MHz, DMSO) & 10.76 (s, 1H), 7.47 (dd, J = 15.2, 5.7 Hz,
2H), 7.12 (s, 1H), 6.94 (dd, J = 8.8, 2.6 Hz, 1H), 3.78 (s, 3H),
3.42-3.31 (m, 4H), 3.17 (dd, J = 12.6, 6.5 Hz, 2H), 2.48-2.39
(m, 4H), 2.34 (dd, J = 17.2, 10.0 Hz, 2H), 2.25 (s, 3H), 1.66~
1.56 (m, 2H); **C NMR (126 MHz, DMSO) § 157.78, 155.41,
150.70, 143.22, 132.59, 120.05, 114.01, 104.78, 62.59, 55.55,
54.89, 54.10, 52.01, 44.99, 26.44; MS (ESI): m/z = 363.99 (M +
H)".

N-(6-Methoxy-benzothiazol-2-yl)-2-(3-methoxy-phenyl)-acet-
amide (a7). 3-Methoxyphenylacetyl chloride (0.18 g, 1 mmol)
was added gradually to a stirred solution of 6-methoxy-2-
aminobenzothiazole (0.16 g, 1 mmol) and Na,CO; (0.16 g, 1.5
mmol) in acetone (20 mL) under ice cooling. The mixture
was stirred at room temperature under a nitrogen atmo-
sphere for 2 h then added to 100 mL of water/ice mixture,
the solid obtained was separated by filtration followed by col-
umn chromatogrpahy purification to give the title compound
as a white solid; yield: 82%; mp 151-152 °C; "H NMR (500
MHz, DMSO) § 12.44 (s, 1H), 7.63 (d, J = 8.8 Hz, 1H), 7.55 (d,
J = 2.5 Hz, 1H), 7.25 (t, J = 7.9 Hz, 1H), 7.02 (dd, J = 8.8, 2.6
Hz, 1H), 6.92 (dd, J = 9.4, 4.9 Hz, 2H), 6.84 (dd, J = 7.9, 2.2
Hz, 1H), 3.79 (s, 3H), 3.77 (s, 2H), 3.75 (s, 3H); *C NMR (126
MHz, DMSO) 6 169.72, 159.24, 156.11, 155.83, 142.57, 136.13,
132.71, 129.42, 121.47, 121.10, 115.11, 114.89, 112.23, 104.68,
55.57, 54.97, 41.83; MS (ESI): m/z = 329.19 (M + H)".

4-(3-(6-Methoxybenzo[d]thiazol-2-yl)ureido)benzoic  acid
(a8). The compound was prepared by alkaline ester hydrolysis
of compound a2 where 2 M aqueous potassium hydroxide so-
lution (10 mL) was added to a stirred solution of a2 (1 mmol)
in THF (50 ml). After stirring at room temperature for 14 h
the solvent was evaporated under reduced pressure. The resi-
due was diluted with water (20 mL) and the solution was
acidified using 2 M HCI. The product was extracted with
ethylacetate (3 x 15 ml). The organic layers were combined
and dried over MgSO, followed by evaporation of solvent un-
der reduced pressure to give the crude product that was used
directly for the next steps without further purification. White
solid; yield: 93%; mp 284-286 °C; 'H NMR (300 MHz,
DMSO) 6 11.10 (s, 1H), 10.41 (s, 1H), 7.93 (t, J = 6.0 Hz, 2H),
7.67 (d, ] = 8.8 Hz, 2H), 7.59 (d, J = 8.8 Hz, 1H), 7.52 (t, ] = 4.0
Hz, 1H), 6.99 (dd, J = 8.8, 2.6 Hz, 1H), 3.81 (s, 3H); MS (ESI):
m/z = 343.95 (M + H)".

General procedure for amide synthesis

The appropriate amine (4 equiv.) was added dropwise to the
solution of the benzoic acid derivative (a8) (0.34 g, 1 mmol),
HBTU (0.57 g, 1.5 mmol) and TEA (0.5 mL) in DCM (20 mL).
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The reaction mixture was stirred at room temperature over-
night. The solvent was evaporated under reduced pressure.
The residue was partitioned between 50 mL of ethyl acetate
and 20 mL of water, and the aqueous layer was extracted with
20 mL of ethyl acetate (over 3 times). The combined organic
extracts were dried over anhydrous MgSO,, the solvent was
removed under reduced pressure, and the product was puri-
fied by column chromatography to give the descried amide
derivative.

N-Benzyl-4-(3-(6-methoxybenzo[d|thiazol-2-yl)ureido)-
benzamide (a9). The title compound was prepared according
to the general procedure for amide synthesis using
benzylamine. White solid; yield: 64%; mp 284-286 °C; 'H
NMR (300 MHz, DMSO) 6 10.76 (s, 1H), 9.39 (s, 1H), 8.94 (t, J
= 5.9 Hz, 1H), 7.90 (d, J = 8.7 Hz, 2H), 7.67-7.50 (m, 4H),
7.36-7.30 (m, 4H), 7.25 (dq, J = 6.0, 4.1 Hz, 1H), 7.00 (dd, J =
8.8, 2.6 Hz, 1H), 4.49 (d, J = 6.0 Hz, 2H), 3.81 (s, 3H); MS
(ESI): m/z = 433.04 (M + H)".

1-(6-Methoxybenzo[d]thiazol-2-yl)-3-(4-(4-methylpiperazine-
1-carbonyl)phenyl)urea (a10). The title compound was pre-
pared according to the general procedure for amide synthesis
using N-methylpiperazine. White solid; yield: 72%; mp 284-
286 °C; '"H NMR (500 MHz, DMSO) 4 10.83 (s, 1H), 9.41 (s,
1H), 7.57 (ddd, J = 11.9, 6.6, 3.6 Hz, 3H), 7.52 (d, J = 2.6 Hz,
1H), 7.41-7.33 (m, 2H), 6.99 (dd, J = 8.8, 2.6 Hz, 1H), 3.79 (s,
3H), 3.48 (s, 4H), 2.35 (s, 4H), 2.22 (s, 3H); >*C NMR (126
MHz, DMSO) ¢ 168.74, 157.74, 155.71, 152.27, 141.75, 139.85,
132.25, 129.78, 128.19, 119.84, 118.11, 114.41, 104.98, 55.58,
54.41, 45.70, 45.43; MS (ESI): m/z = 426.03 (M + H)".

General procedure for ether dealkylation

1 M BBr; solution in CH,Cl, (15 equiv.) was added dropwise
via syringe under nitrogen to a stirred solution of the methyl
ether derivative (1 equiv.) in CH,Cl, at -=78 °C. Then the reac-
tion was maintained at -78 °C for 1 hour, after that allowed
to reach room temperature and stirred for an additional 20
h. The mixture was cooled to 0 °C and H,O was carefully
added (15-25 mL). The product was then repeatedly extracted
with EtOAc and the organic layers were dried over anhydrous
Na,SO,. Upon solvent removal the residue was purified by
column chromatography.

1-(6-Hydroxybenzo[d|thiazol-2-yl)-3-phenylurea (b1). The ti-
tle compound was prepared by demethylation of compound
al according to the general procedure for ether dealkylation.
Off-white solid; yield: 83%; mp 260-262 °C; "H NMR (500
MHz, CDCl;) d 10.57 (s, 1H), 9.44 (s, 1H), 9.12 (s, 1H), 7.54-
7.40 (m, 3H), 7.33 (t, J = 7.9 Hz, 2H), 7.23 (d, J = 2.2 Hz, 1H),
7.03 (dd, J = 17.6, 10.3 Hz, 1H), 6.84 (dd, J = 8.7, 2.4 Hz, 1H);
MS (ESI): m/z = 286.08 (M + H)'; HRMS m/z = 286.0627 (calcu-
lated = 286.0645).

Phenyl (6-hydroxybenzo[d]thiazol-2-yl)carbamate (b2). The
title compound was prepared by demethylation of compound
a4 according to the general procedure for ether dealkylation.
White solid; yield: 68%, mp 119-120 °C; 'H NMR (300 MHz,
DMSO) ¢ 12.36 (s, 1H), 9.52 (s, 1H), 7.53 (d, J = 8.7 Hz, 1H),
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7.45 (dt, J = 10.6, 2.2 Hz, 2H), 7.35-7.24 (m, 4H), 6.88 (dd, J =
8.7, 2.5 Hz, 1H); MS (ESI): m/z = 286.98 (M + H)"; HRMS m/z =
287.0466 (calculated = 287.0485).

N-(6-Hydroxybenzo[d]thiazol-2-yl)-2-(3-hydroxyphenyl)-
acetamide (b3). The title compound was prepared by demeth-
ylation of compound a7 according to the general procedure
for ether dealkylation. Beige powder; yield: 70%; mp 227-228
°C; 'H NMR (500 MHz, DMSO) d 12.36 (s, 1H), 9.52 (s, 1H),
9.37 (s, 1H), 7.54 (dd, J = 8.5, 5.9 Hz, 1H), 7.26 (q, J = 2.5 Hz,
1H), 7.09 (dt, J = 25.2, 12.8 Hz, 1H), 6.92-6.81 (m, 1H), 6.81-
6.71 (m, 2H), 6.65 (ddd, J = 8.1, 2.3, 1.1 Hz, 1H), 3.68 (s, 2H);
3C NMR (126 MHz, DMSO) ¢ 169.68, 157.32, 154.93, 154.15,
141.53, 136.04, 132.70, 129.34, 121.07, 119.80, 116.03, 115.19,
113.81, 106.45, 41.85; MS (ESI): m/z = 301.15 (M + H)'; HRMS
m/z = 301.0622 (calculated = 301.0641).

N-Benzyl-4-(3-(6-hydroxybenzo[d]thiazol-2-yl)ureido)-
benzamide (b4). The title compound was prepared by de-
methylation of compound a9 according to the general proce-
dure for ether dealkylation. Light brown solid; yield: 73%;
mp 200-201 °C; '"H NMR (500 MHz, DMSO) § 10.75 (s, 1H),
9.47 (s, 1H), 9.42 (s, 1H), 8.95 (t, J = 6.0 Hz, 1H), 7.89 (d, J =
8.8 Hz, 2H), 7.60 (d, J = 8.6 Hz, 2H), 7.53-7.40 (m, 1H), 7.36-
7.28 (m, 4H), 7.28-7.19 (m, 2H), 6.85 (dd, J = 8.7, 2.5 Hz, 1H),
4.48 (d, J = 6.0 Hz, 2H);'*C NMR (126 MHz, DMSO) 6 165.60,
154.88, 154.21, 147.81, 140.37, 139.82, 131.12, 128.30, 128.23,
127.17, 126.66, 122.55, 117.72, 115.32, 114.81, 112.70, 106.70,
42.53; MS (ESI): m/z = 418.97 (M + H)'; HRMS m/z = 419.1149
(calculated = 419.1172).

1-(6-Hydroxybenzo[d]thiazol-2-yl)-3-(4-(4-methylpiperazine-
1-carbonyl)phenyl)urea (b5). The title compound was pre-
pared by demethylation of compound a10 according to the
general procedure for ether dealkylation. White solid; yield:
48%; mp 153-155 °C; "H NMR (300 MHz, DMSO) & 10.80 (s,
1H), 9.46 (s, 1H), 9.39 (s, 1H), 7.57 (d, J = 8.4 Hz, 2H), 7.46
(d, J = 8.6 Hz, 1H), 7.37 (d, J = 8.5 Hz, 2H), 7.23 (d, ] = 2.3 Hz,
1H), 6.84 (dd, J = 8.6, 2.4 Hz, 1H), 3.51 (s, 4H), 2.36 (s, 4H),
2.22 (s, 3H); MS (ESI): m/z = 412.03 (M + H)'; HRMS m/z =
412.1415 (calculated = 412.1438).

Biological assays

Protein kinase assays were done exactly as described before,"*
except that the ATP concentration were varied as indicated in
the legends. Metabolic stability assay is described in the ESL}

Molecular modeling

Ab initio calculations of the equilibrium conformer of AHS-
211 and energy levels were carried out as previously de-
scribed.' Molecular docking simulations of the b5 binding
to human Dyrk1A (extracted from PDB entries 5A3X or 5A4E,
respectively) were performed as previously described.*
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ABSTRACT

The protein kinase Dyrk1A modulates several processes relevant to the development or progression of
Alzheimer's disease (AD), e. g. through phosphorylation of tau protein, amyloid precursor protein (APP)
as well as proteins involved in the regulation of alternative splicing of tau pre-mRNA. Therefore, Dyrk1A
has been proposed as a potential target for the treatment of AD. However, the co-inhibition of other
closely related kinases of the same family of protein kinases (e.g. Dyrk1B and Dyrk2) or kinases from
other families such as Clk1 limits the use of Dyrk1A inhibitors, as this may cause unpredictable side
effects especially over long treatment periods. Herein, we describe the design and synthesis of a series of
amide functionalized 2,4-bispyridyl thiophene compounds, of which the 4-fluorobenzyl amide derivative
(31b) displayed the highest potency against Dyrk1A and remarkable selectivity over closely related ki-
nases (ICsp: Dyrk1A =14.3 nM; Dyrk1B =383 nM, Clk1>2uM). This degree of selectivity over the
frequently hit off-targets has rarely been achieved to date. Additionally, 31b inhibited Dyrk1A in intact
cells with high efficacy (ICso = 79 nM). Furthermore, 31b displayed a high metabolic stability in vitro with
a half-life of 2 h. Altogether, the benzamide and benzylamide extension at the 2,4-bispyridyl thiophene

core improved several key properties, giving access to compound suitable for future in vivo studies.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

Dual-specificity tyrosine-regulated kinases (Dyrks) are a family
of eukaryotic kinases that belong to a larger super family known as
the CMGC group [1]. The Dyrk family consists of five mammalian
subtypes including Dyrk1A, 1B, 2, 3, and 4 [2]. Dyrk1B is highly
expressed in some types of cancers, where it is claimed to exert an
anti-apoptotic role in tumour cells by mediating some survival
signals [3]. For Dyrk2, several controversial roles were reported in
cancer biology: this isoenzyme was found to be amplified and
overexpressed in lung and esophageal adenocarcinoma as well as
gastrointestinal stromal tumours [4,5]. However, a previous study
proposed that Dyrk2 inactivation contributes to the invasiveness of
human tumours due to the decreased levels of phosphorylated c-

* Corresponding author.
E-mail address: ma.engel@mx.uni-saarland.de (M. Engel).

https://doi.org/10.1016/j.ejmech.2018.07.050
0223-5234/© 2018 Elsevier Masson SAS. All rights reserved.

Jun and c-Myc transcription factors as well as the lowered activa-
tion of the p53 tumour suppressor protein [6,7]. Comparably little
information exists on the remaining Dyrk isoforms. Dyrk3, which is
most closely related to Dyrk2 among the Dyrk family, was shown to
attenuate erythropoiesis by efficiently inhibiting NFAT transcrip-
tional activation [8]. Dyrk4, for which few reports exist, was found
expressed in human brain during neuronal differentiation [9].
Dyrk1A, the most studied isoform of this family, also has a well-
established neurodevelopmental role, as confirmed by the exami-
nation of Dyrk1A expression in the developing mouse brain [10]. In
humans, Dyrk1A was identified in the Down syndrome (DS) critical
region (DSCR) of chromosome 21 [11,12] as a potential candidate
gene causing the DS phenotype. DS individuals are characterized by
mental retardation, cognitive as well as cranio-facial characteris-
tics, congenital heart disease, an increased risk of childhood leu-
kemia, and an early onset of Alzheimer's Disease (AD) [13]. In DS
individuals, the 1.5-fold overexpression of Dyrk1A is believed to
cause an imbalance in the neurodevelopmental processes such as
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neurogenesis and neuronal differentiation [14—18], eventually
resulting in reduced brain size, neuronal deficits and altered
neuronal morphology. Especially the early onset of AD was attrib-
uted to an increased phosphorylation of the tau protein and
presenilin-1 by Dyrk1A [19].

Importantly, Dyrk1A was found to be involved in the regulation
of alternative splicing of pre-mRNA, which is crucial for controlling
embryonic development, cell growth and apoptosis [20]. The
splicing process is catalyzed by a macromolecular machine called
spliceosome which is controlled by protein phosphorylation [21].
Splice site recognition is determined mainly through the interac-
tion of serine-arginine-rich (SR) proteins and heterogeneous nu-
clear ribonucleoproteins with specific exonic and intronic pre-
mRNA sequences [22]. Dyrk1A was reported to phosphorylate
several SR proteins, thus modulating their activity [23,24]. In
addition, Dyrk1A is known to phosphorylate the non-SR protein
SF3b1 which plays an important role in the basic splicing reaction
since it is detected only in functional spliceosomes [25].

Among the important SR proteins phosphorylated by Dyrk1A
are SRp55, SC35 and ASF, which regulate the inclusion of exon 10 in
the tau mRNA in the brain [23,24,26]. Indeed, overexpression of
Dyrk1A led to the increase of 3R-tau with incorporated exon 10 in
the neonatal brains of Ts65Dn mice, a model of Down syndrome
[27]. In the same study, inhibition of Dyrk1A restored the balance of
3R/4R tau protein by preventing the inclusion of exon 10 in the tau
mRNA. The relatively increased amount of 3R-tau relative to 4R-tau
facilitates tau aggregation, one of the main hallmarks of AD [28].
Not surprisingly, increased Dyrk1A activity in DS brains and Dyrk1A
overdosage models was found to change further transcript com-
positions, e. g. in the mRNAs of neuroligin and of acetylcholines-
terase variants, thus producing key synaptic proteins with unusual
features [29].

In addition, Dyrk1A was reported to phosphorylate tau protein
and APP directly [1,13,30], thus promoting tau aggregation and
formation of amyloid plaques, the main molecular hallmarks of
sporadic as well as DS-linked AD neurodegeneration [31,32]. A
recent study proved that normalization of the gene dosage of
Dyrk1A could reduce several phenotypes of AD in a mouse model of
DS [33]. Another group showed that DyrklA inhibition could
improve AD pathologies in mouse model [34]. Altogether, there is
ample evidence that Dyrk1A is a promising target in AD [27,33,34]
and possibly in splicing—related disorders [35], although the latter
indication has scarcely been explored up to now.

Any therapeutic use of Dyrk1A inhibitors requires high selec-
tivity over closely related kinases in the Dyrk family, such as Dyrk1B
and Dyrk2, as well as frequently co-inhibited kinases from other
families, including Clks, to prevent unwanted adverse effects.
However, most of the previously published DyrklA inhibitors
affected other kinases known to maintain or promote cell prolif-
eration, mainly Clk1/4, haspin, and CK2 [31,36—39]. Indeed, several
Dyrk1A inhibitors, including harmine [40], meridianin derivatives
[41] and pyrido [2,3-d]pyrimidines [42], were reported to affect cell
growth at low pM concentrations, which could well be explained by
off-target activities. With respect to cancer, multi-targeted in-
hibitors might even have advantages over specific ones; for
instance, in a study by Zhou et al., 7-azaindole—based compounds
that simultaneously targeted Dyrk1A, Dyrk1B and Clk1, efficiently
blocked cell proliferation and migration of glioblastoma cells [43].
In contrast, potentially cytotoxic effects of Dyrk inhibitors are ex-
pected to limit the therapeutic applicability in neurodegenerative
diseases, where the cell viability is already affected by harmful
peptide and protein aggregates.

In a previous report, we introduced bispyridyl thiophenes as a
novel scaffold for the inhibition of Dyrk and Clk kinases [38]. While
the overall selectivity of these inhibitors was promising, they did

not show a pronounced preference among the close homologues
Dyrk1A/B, Dyrk2 or Clk1/4; only slight selectivity shifts could be
achieved by the introduction of different small substituents; the
most potent compound €29 (compound 29 in Ref. [38]) is depicted
in Fig. 1.

In the current study, we present new derivatives of the bispyr-
idyl thiophene scaffold with a crucial amide extension that greatly
enhanced the potency and selectivity of the compounds for Dyrk1A
as well as the metabolic stability in vitro.

2. Results and discussion
2.1. Compound design

We previously described the development of a series of ATP-
competitive, bisheterocyclic substituted thiophenes based on the
original hit compound C4 (compound 4 in Ref. [38]), depicted in
Fig. 1 (ICs0s: Dyrk1A = 300 nM; Dyrk1B = 300 nM; Dyrk2 = 300 nM).
The optimized compound €29 displayed higher potency against
Dyrk1A [38], however, still lacked selectivity for Dyrk1A over the
closely related kinases Dyrk1B and Dyrk2 as well as Clk1.

Small substituents at one of the pyridine rings of C4, such as
methyl, methoxy, cyano or halogens effected only a slight mod-
ulation of the Dyrk subtype selectivity; however, it was found
that particularly at the meta position, diverse substituents were
tolerated without affecting the potency. Hence we surmised that
an amino function, which would give access to a focused library
of amides, could also be installed on the pyridine ring. In light of
the good physicochemical properties and the low molecular
weight (238.31 g/mol) of the core structure C4, [38] the attach-
ment of benzamide, sulfonamide and benzylamide moieties was
deemed acceptable to enhance binding affinity and selectivity
whilst keeping molecular weight and lipophilicity in a drug-like
range.

Based on our docking simulation (Fig. 2), the two important
hydrogen bonds with the conserved Lys188 and the hinge region
residue Leu241 as well as the CH— interactions involving Lys188,
Leu241 and the Phe238 benzene ring were not expected to be
compromised by the probe amino function that was added to ring A
of C4. In accordance, the potency of the resulting compound 2 was
even somewhat higher than that of C4 (Table 1).

Firstly, further aminopyridine derivatives of C4 were synthe-
sized as probe compounds to identify the optimum position with
respect to potency and selectivity. Similar to what was observed
with other substituents, the amino function was best tolerated in
the 3-position of ring A (Compound 2, Table 1), however, it did not
improve the selectivity over Dyrk1B. Interestingly, the amino
function could be introduced at both pyridine rings (ring A and B)
with basically the same outcome (cf. compound 35, Table 1), indi-
cating that it was equally tolerated at each end of the ATP binding
pocket or, as also suggested by our docking simulation (Fig. 2), that
the inhibitor could flip in the binding site by 180° without loss of
affinity due to the rather symmetric shape of the 2,4-bispyridyl
scaffold. Shifting the pyridine nitrogen of ring B by incorporating
4-pyridyl (compound 3) almost abolished the potency, indicating
that the added 3-amino did not induce a new binding mode that

compound C29

compound C4

Fig. 1. Previously published Dyrk1A inhibitors.
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Phe170

Fig. 2. Extension strategy envisaging amide couplings to probe compound 2. The amino—functionalized compound 2 (cyan) was docked in the ATP binding pocket of Dyrk1A
(derived from PDB entry 3ANR) using MOE. As predicted for the scaffold before [38], 2 showed the crucial hydrogen bond interactions as well as CH— interactions with amino acid
residues Lys188, Leu241 and Phe238 (exemplarily indicated in A, red letters). Because of the rather symmetric shape of the bispyridyl thiophene scaffold, compound 2 and amide
derivatives thereof might bind in two different orientations, with the molecule extension being placed either at the hinge region (A) or at the opposite end of the ATP binding pocket
(B). As indicated by the yellow circles (a 4 A radius from probe amino function) in A and B, several H-bond donor/acceptor functions (e.g., from the peptide backbones of 1le165,
Ser242 and Tyr243) in addition to an acidic (Asp307), polar (Asn244), and an aromatic function (Phe170) are all located within reach of a putative amide—linked molecule extension.
Interactions are indicated by dashed lines. In the colour code of the ATP binding pocket surface, green denotes the most lipophilic and magenta the most hydrophilic areas. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

would favour or tolerate another position of the acceptor nitrogen
in pyridine ring B (cf. Fig. 1). Eventually, we selected probe com-
pound 2 as basis for further modifications.

Since in both possible binding orientations, the amino function
pointed to the borders of the ATP binding pocket, molecule ex-
tensions utilizing an amide linkage could potentially address
several side chains and/or backbone peptide functions of unex-
ploited residues located at the borders of the ATP binding pocket
(encircled in yellow, Fig. 2). These included the Ile165 and Tyr243
side chains at the hinge region side (Fig. 2A) as well as the Phe170
and Asp307 residues located at the opposite edge of the pocket
(Fig. 2B). Using a diversification strategy involving an extension of
probe compound 2 through amide and sulfonamide couplings, we

aimed at enhancing both the potency towards DyrklA and the
selectivity over other kinases, in particular Dyrk1B, Dyrk2, Clk1 and
haspin.

2.2. Chemistry

The synthesis of the planned amide functionalized bispyridyl
thiophene compounds was accomplished through a four-step
synthesis as summarized in Scheme 1. Firstly, a Miyaura reaction
was carried out on 2/3-amino-5-bromopyridine and bis(pinaco-
lato)diboron in presence of potassium acetate and Pd(dppf)Cl as a
catalyst to afford the corresponding boronic acid pinacol ester.
Next, the produced boronic acid derivative became accessible by a
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Table 1
Inhibition of Dyrk1A and Dyrk1B kinases (compounds 1-3, 35).
s A =X S A =N
N x \_ /¥ X \_/
R mN/ Rz l z
Compound C4
Cpd.No. R! X Y R2 Dyrk1A Dyrk1B
% inhibition at 250 nM? ICso (NM)? % inhibition at 250 nM?* ICso (NM)?
1 2-NH; N C H 30.5 614.3 59.5 251.4
2 3- NH2 N C H 64.7 101 65.1 154.3
3 3- NH, c N H 8.4 ND 21.7 ND
35 H N C NH» 60 ND 67 130
c4 300 300

“Values are mean values of at least two independent experiments, each done in duplicates; standard deviation < 9%; ND: not determined. The ATP concentration in the assay

was 15 M.
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Scheme 1. Reagents and conditions: (i) 4 equiv of CH3COOK, 4 equiv bis(pinacolato)diboron, 5 mmol% of Pd(dppf)Cl in dioxane, reflux 2 h; (ii) 4 equiv of Cs,CO3, 5 mmol% of
Pd(PPhs)s, 1.2 equiv of 2,4-dibromothiophene in dioxane/water, reflux 3.5 h; (iii) 1.5 equiv Et3N, 1.2 equiv of the appropriate acid chloride in acetone, room temperature, 2 h; or 2
equiv of benzenesulfonyl chloride in pyridine, 60 °C, overnight; (iv) 4 equiv of Na,CO3, 5 mmol% of Pd(dppf)Cl, 2 equiv of 3/4-pyridine boronic acid in dioxane/water, reflux, 2 h.

consecutive  Suzuki cross coupling reaction with 24-
dibromothiophene in the presence of CsyCO3 and palladium-
tetrakis(triphenylphosphine) to give 4-bromothiophen-2-yl pyri-
dine amines (compounds C-D). In the third step and starting from
compound D, a coupling reaction took place with diverse acid
chlorides or benzenesulfonyl chlorides to yield a series of amides in
addition to one sulfonamide derivative, respectively. The final re-
action was a second Suzuki reaction to synthesize the bispyridyl
thiophene functionalized amides (4b-34b). This was done using 3-
pyridine boronic acid and Pd(dppf)Cl; in presence of NayCO3 as a
base. It is worth mentioning that the poor yield of the later Suzuki
reaction hindered diversification via amide coupling as a last step.
Few compounds (1—3) were synthesized by direct coupling of the
4-bromothiophen-2-yl pyridine amine intermediates (C-D) with 3/
4-pyridine boronic acids (Scheme 1). To synthesize the inverted
positional isomer of compound 2, compound E was synthesized by
coupling 2,4-dibromothiophene with 3-pyridine boronic acid, fol-
lowed by coupling with compound B to yield compound 35
(Scheme 2).

2.3. Biological evaluation

The inhibitory activity of the synthesized compounds was
evaluated against recombinant Dyrk1A by screening at 250 nM. For

compounds showing more than 60% inhibition, the ICsy values
were determined (Tables 1 and 2). In order to obtain an early
indication of the selectivity, all new compounds were tested in
parallel against Dyrk1B, the most closely related isoenzyme.

In the present study, we generally focused on the installation of
an aromatic system, that could engage in several of the potential
interactions with the residues indicated in Fig. 2.

2.3.1. Structure-activity-relationships (SAR)

2.3.11. Evaluation of the carboxamide vs. sulfonamide extension.
We started with the attachment of a plain phenyl ring through an
amide linkage to obtain the benzamide derivative 4b. When
compared to the probe compound 2, 4b gave a slightly reduced
inhibition without enhancement of selectivity over Dyrk1B
(Tables 1 and 2). However, this did not argue for a poor steric fit of
the benzoyl moiety, because the amide coupling strongly decreased
the mesomeric effect of the amino function on the pyridyl, thus
weakening the acceptor strength of the ring nitrogen (cf. Fig. 3A).
Considering that this caused a partial loss of affinity, we concluded
that the benzoyl moiety was overall tolerated.

In contrast, the substitution of the amide function in 4b with a
sulfonamide moiety yielded a totally inactive analogue (5b), clearly
indicating that the carboxamide group was much more preferred
by the binding site (Table 2).
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Scheme 2. Reagents and conditions: (i) 4 equiv of Cs;CO3, 5 mmol% of Pd(PPhs)g, 1.2
equiv of 2,4-dibromothiophene in dioxane/water, reflux 3 h; (ii) 4 equiv of NayCOs;,
5 mmol% of Pd(dppf)Cly, 1.5 equiv of compound B in dioxane/water, reflux, 2 h.

2.3.1.2. Evaluation of electron—donating substituents. In an attempt
to improve the potency of compound 4b, different
electron—donating as well as electron—withdrawing groups were
tested as substituents on the phenyl ring. Firstly, mono-substitution

by electron—donating groups was investigated, starting with the
addition of the lipophilic methyl group in the ortho, meta and para
positions. The o- and m-toluoyl derivatives (compounds 6b and 7b)
showed slightly lower inhibitory activity than compound 4b while
the p-methyl substitution in 8b proved to be more favourable
(ICs0 = 51.4 nM), raising the potency over that of the probe com-
pound 2 (ICsp =101 nM, Table 2). In addition, 8b retained the
selectivity over Dyrk1B. To confirm the optimum substitution po-
sition, the more polar and stronger electron—donating methoxy
group was explored in the same manner. However, the methoxy
group effected leveling of potency between the ortho-, meta- and
para-regioisomers, as all of the compounds showed similar degrees
of inhibition (compounds 9b-11b, inhibition between 53.5 and
59.5%, Table 2). There was only a marginal preference for the para-
position. Altogether, it could be concluded that the para-position is
superior in case of electron—donating groups, but that the potential
activity—enhancing effect of the methoxy substituent might be
counteracted by steric clashes. To probe the available space sur-
rounding the para-position, the bulky, lipophilic and electron
donating tert-butyl group was introduced (12b); this modification
abolished the inhibitory activity against Dyrk1A, suggesting that
substituents which are essentially larger than methyl — such as
methoxy and particularly t-butyl — are likely to produce a steric
clash with the ATP binding pocket. Of note, the
methoxy—substituted congeners 9b and 10b exhibited diminished
activity toward Dyrk1B (Table 2), indicating that the variation of
substituents at the benzoyl moiety permits to modulate the
selectivity.

2.3.1.3. Evaluation of electron—withdrawing substituents. The pref-
erence of the benzoyl para position, as found with the
electron—donating substituents, was not observed when
electron—withdrawing groups were explored. In light of the finding
described above, we restricted to substituents that did not largely
exceed the size of a methyl group. First, we analyzed the effect of a
chloro substituent; among the three positional isomers, the o-
chlorobenzamide analogue 13b (ICso=90.5nM, Table 2) was
clearly more active than the m- or p-chloro isomers (14b and 15b,
respectively) and represented the most potent mono-substituted
benzamide analogue. By examining Dyrkl1B inhibition, 13b
showed considerable preference for Dyrk1A over Dyrk1B. Similarly,
the smaller fluoro substituent was also tested; on average, the three
positional isomers showed a higher activity than the chlorinated
analogues (cf. 16b—18b, Table 2), which might be attributable to the
lower steric demand of the fluorine, in particular at the meta- and
para-positions. Additionally, all fluoro derivatives possessed supe-
rior selectivity for Dyrk1A over Dyrk1B. However, the most active
o—fluorobenzamide derivative 16b (ICso = 106.7 nM) did not fully
reach the potency level of the chlorinated congener 13b. Finally, we
investigated whether the trifluoromethyl group could boost the
activity stronger than fluorine, which was, however, not the case
(compounds 19b-21b, Table 2); all three regioisomers displayed
lower inhibitory activity than compound 4b. Altogether, there was
no clear correlation between the inhibitory activity and the mod-
ulation of the electron density by the substituents in the benzamide
class. Most probably, the influence of the substituents on potency is
governed by more than one parameter, e. g. by direct interaction
with the binding site, modulation of the electron density, confor-
mational stabilizations, and potential steric interference. Various
substituents, in particular methyl, chlorine and fluorine, favourably
enhanced the selectivity for Dyrk1A over Dyrk1B, which had not
been observed with the unsubstituted benzamide 4b.

2.3.14. Effect of multiple substitutions. Assuming that some of the
favourable effects observed with different substituents at several
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able 2
1hibition of Dyrk1A and Dyrk1B kinases (4b-34b).
Cpd.No. R Dyrk1A Dyrk1B
% inhibition at 250 nM? 1C50 (NM)? % inhibition at 250 nM?* IC50 (NM)?
4b @W‘)\ 59.5 ND 57.6 ND
[e]
5b 9.9 ND 18.8 ND
o
§)\
(o]
6b @g‘)\ 50.1 ND 395 ND
(o]
7b 45.2 ND 60.5 ND
(o]
8b m 60.5 514 54.6 ND
(o]
9b | 57.3 ND 154 ND
: :0
]
10b ~o 53.5 ND 29 ND
(o]
11b /Q\Q\N)\ 59.5 ND 25.2 ND
o]
12b j@ 21 ND 34 ND
o]
13b : Cl 72 90.5 26.3 ND
[0}
14b cl 44.5 ND 59.8 ND
o]
15b m@\)\ 25.9 ND 52.2 ND
(o]
16b : F 65.1 106.7 30 ND
o}
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Table 2 (continued )
Cpd.No. R Dyrk1A Dyrk1B
% inhibition at 250 nM* ICso (NnM)? % inhibition at 250 nM?* I1Cs0 (NM)?
17b F 59.4 ND 26.2 ND
(e]
18b Fm 62.6 183.2 235 ND
o
19b : CF3 37.7 ND 26 ND
(e]
20b CFg 46.7 ND 36 ND
(o}
21b FaC. : 8.5 ND 32 ND
(o]
22b Cl 42 ND 32 ND
@;m(\
(o}
23b F\GQ‘:)\ 80.2 49 41 ND
o]
24b Fm 542 ND 33.6 ND
[o]
25b cl 233 ND 5.6 ND
Fﬁ\(\
o
26b F 85.2 373 43.8 ND
o’ : /\n/ \
o
27b Fj:;;':e\ 93.1 235 38.7 298.5
F O
28b F 955 ND 25.1 ND
F@ig\
(o]
29b N7 63.7 107 55.1 ND
el
30b 99.6 14.9 31.2 326.3

3.

(continued on next page)
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Table 2 (continued )
Cpd.No. R Dyrk1A Dyrk1B
% inhibition at 250 nM? 1Cs0 (NM)? % inhibition at 250 nM? ICso (NM)?
31b m 86.9 14.3 36.5 383
E o}
32b o 49.7 ND 48.7 ND
-
oY
33b 49.7 ND 49.5 ND
\o/©\/\”)\
o}
34b Z 10 ND 339 ND
Q\/\"A
(o]

“Values are mean values of at least two independent experiments, each performed in duplicates; S.D. < 10%; the assay was carried out at an ATP conc. of 15 uM; ND: not

determined.

ring positions could be additive, disubstitution patterns were
investigated using combinations of the substituents described
above. Initially, disubstitution using identical groups was investi-
gated, starting with the 2,3-dichlorobenzamide analogue (com-
pound 22b) which led to a decrease in the inhibitory activity
compared with the benzamide derivative 4b and with the o-chloro
derivative 13b, confirming the deleterious effect of the m-chloro on
potency. On the other hand, the 2,4-difluoro congener 23b showed
a great improvement in the inhibitory activity with an ICsg of
49 nM, indicating that the effect of combining two fluorine atoms is
indeed additive. However, changing the nature of substituents to 2-
chloro-4-fluoro (compound 24b) decreased the inhibitory activity
below that of the unsubstituted analogue 4b, again confirming that
the electron withdrawing properties of the halogens do not play a
major role, as they would have been additive. Similarly, the 3-
chloro-4-fluoro substitution was detrimental to the activity (com-
pound 25b). Consequently, the compound design was extended to
include a combination of the favourable 2-fluorine with an
electron—donating 5-methoxy group (26b). 26b showed a further
improved activity with an ICso of 37.3 nM, indicating that the 2-
fluoro substitution can favourably be combined with other sub-
stituents to enhance the potency. Fortunately, the resulting disub-
stituted compounds 23b and 26b also exhibited a good selectivity
towards Dyrk1A over its closely related isoform Dyrk1B. Prompted
by the favourable effects especially by the difluorination, we tested
whether a trifluorinated analogue, bearing another fluorine in
ortho, would even show higher activity. Indeed, compound 27b
with the 2,4,6-trifluoro substitution proved to be the most potent
inhibitor among the benzamide series (ICso = 23.5 nM). Moreover,
this improvement of potency of 27b was accompanied by a
remarkable 13-fold increase in selectivity over Dyrk1B. Somewhat
unexpectedly, the 3-fluoro in the 2,3 4-trifluoro—substituted iso-
mer (28b), completely neutralized the activity—enhancing effects
of the other fluorine substituents.

2.3.1.5. Changing the nature of the benzamide ring. To decouple
effects of electron withdrawing effects of substituents from po-
tential secondary effects such as steric clashes, we replaced the
benzamide phenyl by the electron deficient 4-pyridyl (29b), which
was supposed to mimic the 4-fluoro substitution in 18b. Indeed, the
inhibitory activity of 29b followed the same trend as 18b: Reaching
an ICsg of 107 nM, 29b was more active than the unsubstituted
benzamide 4b, but less active than the 4-methyl—substituted
analogue 8b (ICso = 51.4nM). However, since the absence of a p-

substituent in 29b diminished the selectivity toward Dyrkl1B
(compare with the 4-fluorobenzamide derivative 18b) no further 4-
pyridyl derivatives were synthesized. In many cases, placing sub-
stituents at the benzamide favourably reduced the inhibitory ac-
tivity against Dyrk1B, in particular methoxy (9b-11b), 2-chloro
(13b) and fluoro (16b-19b).

2.3.16. Insertion of a spacer in some benzamide derivatives (ho-
mologation). In our last set of modifications, alkyl spacers were
introduced between the amide group and the phenyl ring.
Compared with its direct benzamide homologue 4b, the benzyl
amide derivative 30b displayed a marked improvement in the
inhibitory activity to reach an ICsg of 14.9 nM, which was even
slightly superior to the most potent benzamide derivative 27b.
However, the introduction of a 4-fluoro substituent (analogous to
18b) did not further increase the potency toward Dyrk1A (31b,
ICso=14.3nM), and substitution of the benzyl by the
electron—donating 3-methoxy strongly diminished the activity.

The main advantage of the benzylamide vs. the benzamide
group was that it did not concomitantly enhance the activity to-
wards Dyrk1B, thus increasing the selectivity factor to almost 27 for
31b (ICsq ratio Dyrk1B/Dyrk1A). Further elongation of the spacer by
one methylene unit to afford compounds 33b and 34b did not give
any indication that further homologations could be beneficial for
the inhibitory activity.

2.3.2. Prediction of the binding mode of 31b to Dyrk1A

As described above, the addition of a benzamide and especially
of a benzylamide moiety to the basic bispyridyl thiophene scaffold
led to a boost of potency against Dyrk1A. In order to predict a po-
tential binding mode to the ATP pocket of Dyrk1A, the most potent
compound, 31b, was docked in the coordinates from PDB entry
5A3X [44]. As depicted in Fig. 3A, our docking study predicted two
new interactions that are brought about by the benzylamide group:
an H-bond between the amide NH and the Asp307 carboxylate, and
a CH—m interaction (edge-to-face) between the phenyl ring and
Phel70 at the Dyrk1A ATP binding pocket. Moreover, the latter
interaction forces the benzyl group to sterically occlude this part of
the pocket, thus shielding the H-bond between Asp307 and the
amide NH from competing water molecules (Fig. 3B). Taken
together, this ensemble of effects might explain the 21-fold in-
crease in potency resulting from the addition of the benzylamide
group to the basic scaffold (cf. Table 1).
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Fig. 3. Predicted binding mode of 31b in the ATP binding pocket of Dyrk1A. Compound 31b was docked to the Dyrk1A coordinates derived from the co-crystal structure with
harmine (PDB code: 3ANR) using MOE. (A) The pose with the highest score is depicted, showing binding of 31b (cyan) in the lowest energy conformation of the ligand. Inside the
pocket, 31b is anchored via two crucial H-bonds involving the backbone carbonyl of the hinge region residue Leu241, and the conserved Lys188 as a donor. An additional H-bond is
formed between the amide NH and Asp307 (H-bonds are indicated by dashed blue lines). Several CH—m interactions additionally enhance the affinity (indicated by brown dashed
lines). The assigned numbers denote the distances in A. (B) Through the interaction with Phe170, the 4-fluorobenzyl ring (shown with transparent Connolly surface) occludes the
right part of the binding pocket, thus shielding the H-bond between Asp307 and the amide NH from competing water molecules. Surface colours indicate lipophilic (green) and
hydrophilic (magenta) areas. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

2.3.3. Extended selectivity profiling of 31b

As mentioned earlier, one of our major objectives was to
improve the selectivity of the previous bispyridyl thiophene com-
pound class for Dyrk1A. After confirming its superior selectivity
over Dyrk1B, our most potent inhibitor 31b was further evaluated
for its selectivity against an extended panel of kinases that were
frequently reported as being co-inhibited by chemically diverse
classes of Dyrk1A inhibitors (Table 3). Of note, 31b showed only

negligible inhibition of Clk1, which was frequently hit by previous
Dyrk1A inhibitors published by us and others [37—-39,45—47]. In
addition, compound 31b showed no or only moderate inhibitory
activity towards the other frequently reported off-target kinases
such as CDK5/p25, CK1 delta, Dyrk2, HIPK1, TRKB, PIM1, MLCK2,
SRPK1 and STK17A (Table 3). Also considering the remarkable
selectivity towards the closest homologue, Dyrk1B, 31b was found
to be one the most selective Dyrk1A inhibitors described to date.
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Table 3
Selectivity profiling of compound 31b.

kinase % Inhibition at 2 pM? (1C50)°
CDK5/p25 0

Clk1 40

Clk2 19

CK1 delta 4

Dyrk1A 87 (14.3nM)
Dyrk2 40

Haspin 95 (36 nM)
HIPK1 0

MLCK2 9.8

TRKB 10

PIM1 8

SRPK1 2

STK17A 60

“The screening list was especially composed to include all kinases that
were frequently reported as off-targets for diverse chemical classes of
Dyrk inhibitors [38,45,57—61]. Screenings were performed as a service
at Thermo Fisher Scientific at an ATP concentration of 100 pM. Data
represent mean values of duplicates that differed by less than 12%. ©
1C50 values were determined for inhibition values > 60% (ATP concen-
tration: 15 puM) and represent mean values of at least two independent
experiments, each performed in duplicates; S.D. < 10%.

However, it still inhibited the known off-target haspin, with about
2.5-fold lower potency than Dyrk1A. Haspin is a histone H3 kinase
and required for cell proliferation; hence chemical inhibition of
intracellular haspin leads to cell growth arrest [48]. However, we
did not observe strong effects on HeLa cell proliferation with 31b
(see below for details).

How was selectivity over Clk1 achieved? Of note, while the
core compound €4 had shown the same affinity to both Dyrk1A and
Clk1 [38], the benzylamide extension decreased the potency of 31b
against Clk1 below that of the parent compound C4. Although all
residues except Leul67 (corresponds to Ile165 in Dyrkl1A) are
conserved in Clk1, small spatial shifts of the backbone and the side
chains are detectable in the published X-ray structures of the two
kinases and may account for the affinity difference. A docking
simulation revealed that the small topology differences translated
into a less efficient binding of 31b to Clk1 than to Dyrk1A, as re-
flected by the reduction in number of CH—7 bonds (6 vs. 8) and H-
bonds (2 vs. 3) (cf. Fig. S1, Supplementary Information). In accor-
dance with the observed structure—selectivity relationships, the
benzyl extension was predicted to have a key role in selectivity
tuning towards Dyrk1A: in contrast to that of Dyrk1A, the ATP
pocket of Clk1 did not allow favourable interaction of the 4-
fluorobenzyl ring with Phel72 (corresponding to Phel70 in
Dyrk1A, cf. Fig. 3A) inside the pocket; instead, the CH—m interaction
is only possible with Gly170 from the glycine—rich loop, which can
only occur at the expense of some interactions inside the pocket
(Fig. S1, Supplementary Information).

2.3.4. Inhibition of Dyrk1A by 31b in Hela cells

To assess the ability of our most potent analogue 31b to inhibit
Dyrk1A in intact cells, we tested its effect on the Dyrk1A-catalyzed
phosphorylation of splicing factor 3b1 (SF3b1). Phosphorylation of
SF3b1 onThr434 correlated with the cellular activity of endogenous
Dyrk1A [25]. HeLa cells were transiently transfected with a GFP-
SF3b1 expression vector and treated with 31b. As can be seen in
Fig. 4, 31b inhibited the Dyrk1A—catalyzed phosphorylation of
SF3b1 at Thr434 with high efficacy; a significant reduction of
phosphorylated SF3b1 was already noted at 30 nM (ICsp =79 nM,
Fig. 4).

2.3.5. Evaluation of cytotoxicity in HeLa cells
Selective Dyrk1A inhibitors are not expected to induce cell

growth arrest, since Dyrk1A activity was even reported to diminish
cell proliferation in several cell types [49—51]. Therefore, we eval-
uated our most potent compound, 31b, for cytotoxicity, which
would indicate potential off-target effects or non-specific toxicity.
The cell viability assay was performed using HeLa cells, in which the
inhibition of intracellular Dyrk1A had been quantified for the same
compound (see above). As shown in Table 4, 31b exerted minimal
cytotoxicity up to a concentration of 3 uM, at which almost full
inhibition of cellular Dyrk1A was observed before (cf. Fig. 4,
ICs0 =79 nM). A weak inhibition of cell proliferation was noted at
10 uM; this could be due to the inhibition of haspin, which might
become effective in the cells at this higher concentration. In
accordance, chemical inhibition of haspin in HeLa cells was previ-
ously shown to induce cell cycle arrest [48]. In the former study,
compound HSD972, possessing an ICso of 12 nM against purified
haspin, inhibited HeLa cell proliferation with an ICsg of 4.8 uM.

Altogether, our results corroborated that — at least in HeLa cells
— inhibition of Dyrk1A does not affect cell proliferation. It is
therefore likely that the effects of previously published Dyrk1A
inhibitors on cell growth of HeLa or other cell lines (e. g. harmine,
IC50 with HeLa cells: 8 uM [40]) were rather caused by co-inhibition
of Dyrk1B, haspin or other kinases.

2.4. Evaluation of the metabolic stability

We further assessed the suitability of two of the most potent
analogues (27b and 31b) for a potential application in vivo. To this
end, we tested their phase | and phase Il metabolic stability against
S9 fraction from human liver homogenate. Different samples were
taken at various time points, and the remaining fraction of parent
compound was determined by LC-MS/MS. As shown in Table 5,
both 27b and 31b exhibited a metabolic half-life of about 2 h. Even
considering that the metabolic stability assays with our previous
series were performed using rat liver microsomes, this was a sub-
stantial improvement to the non-amide extended precursor series;
for instance, C29 (Fig. 1) had shown a half-life of only 27 min [38].
Thus, both the benzamide and the benzylamide modification yiel-
ded compounds, 27b and 31b, respectively with promising meta-
bolic stability, permitting to test them in future in vivo studies.

2.5. Calculation of key physicochemical properties

In order to assess whether the most potent compound 31b
might be able to enter the CNS, we calculated some physico-
chemical parameters that were found to have a predictive value in
retrospective studies [52,53]. In our previous study, the calculated
values were found in good agreement with the corresponding
experimental values for this compound class [38]. It can be
concluded that the values for 31b (Table 6) are still in a good range
with respect to a potential application in the CNS, although the
clogP is above the average value found for CNS drugs. However, in
general, the lipophilicity reported for CNS drugs tends to be higher
than that of non-CNS drugs; for instance, in the survey from Mahar
Doan et al. the respective clogP median values were 3.43 for CNS
drugs (range 0.16—-6.59), and 278 for non-CNS drugs
(range: —2.81-6.09).

3. Conclusions

The current work presented a series of novel Dyrk1A inhibitors
bearing a crucial amide extension. Various benzamide derivatives
were synthesized by probing mono-, di- and tri-substitutions with
distinct electron—modulating properties. Finally, the insertion of a
spacer was tested, which resulted in a dramatic improvement in
potency as observed with compounds 30b and 31b (IC59 = 14.9 nM
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Fig. 4. Inhibition of Dyrk1A activity in cell culture. HelLa cells were transiently transfected with an expression vector for GFP-SF3b1-NT. Cells were treated with variable con-
centrations of 31b for 18 h before the phosphorylation of SF3b1 on T434 was measured by immunoblot analysis (left panels). The ICsq value for Dyrk1A inhibition was determined
from the concentration-response curve fitted to the results of three experiments (means + SEM). Dyrk1A activity is shown relative to that in vehicle-treated cells.

Table 4
Effect of 31b on Hela cell growth.
1M 3uM 10uM
31b 99+2 97+5 88+2
Staurosporine® 33+4

Viability of treated HeLa cells is given in percent relative to control cells treated with
vehicle (means of two experiments with duplicate measurement + S.D.). * Staur-
osporine is a known inducer of apoptosis and served as a positive control.

Table 5
Metabolic stability of 27b and 31b against human liver S9
fraction®.
Cpd No. Half-life [min]
27b 123
31b 118
Testosterone” 85

410 mg/mL, NADP* regenerating system, MgCl,, UDPGA,
PAPS, [inhibitor]=0.3 uM, incubation at 37°C, samples
taken at 0, 15, 30, 60, 90 and 120 min, determination of the
parent compound by LC-MS/MS. Pincluded as a positive
control for a rapidly metabolized compound.

Table 6
Calculated physicochemical properties of 31b.

CpdNo. MW [g/mol] logP  TPSA[A?] TPSA[A%® HBD HBA
31b 389.45 411 831 54.88 1 3
29° 24434 248 823 258 0 2

429 values are shown for comparison (taken from Ref. [38]) ® Sulphur was not
considered for the calculation of TPSA. Ideal ranges for CNS active drugs: MW:
181—-427 g/mol, logP: 0.4-5.1 (median: 2.8), TPSA <76 A%, HBD: 0—1; HBA: 2—3
[62].

and 14.3nM, respectively). Importantly, 31b also showed a
remarkable selectivity over the closely related kinases Dyrk1B and
Clk1, which has rarely been reported for previous Dyrk1A inhibitors
(IC50; Dyrk1B = 383 nM, Clk1 > 2 uM). Since Dyrk1A and Clk1 share
several splicing factors as substrates, including AF2/ASF, SC35, and
SRp55 [23,24,26], our selective inhibitor 31b will allow to dissect
Dyrk1A— from Clkl—mediated splicing regulations; moreover,
potential side effects due to a synergistic modulation of SR protein
activities through Dyrk1A/Clk1 co-inhibition will be avoided in
potential therapeutic trials.

Furthermore, 31b successfully inhibited Dyrkl1A—mediated
phosphorylation of SF3b1 in HelLa cells in the two-digit nanomolar
range (ICso = 79 nM) while no cytotoxic effects were noted at 3 pM,
and only marginal effects at 10 pM, thus providing an appropriate

toxicity window for in vivo applications. The absence of cytotoxic
side effects is especially important when a prolonged treatment of
neurodegenerative diseases is envisaged, where the cell viability is
already compromised by harmful peptide and protein aggregates.

The metabolic stability was also found to be significantly
improved by the new benzamide and benzylamide modification of
the previous scaffold. Altogether, the new modification led to an
optimization of the key parameters potency, selectivity and meta-
bolic stability, thus allowing to envisage in vivo studies in the next
step.

4. Experimental section
4.1. Chemistry

Solvents and reagents were obtained from commercial suppliers
and used as received. Melting points were determined on a Stuart
SMP3 melting point apparatus. All final compounds had a per-
centage purity of at least 95%, and this could be verified by means of
HPLC coupled with mass spectrometry. Mass spectra
(HPLC—ESIMS) were obtained using a TSQ quantum (Thermo
Electron Corp.) instrument prepared with a triple quadrupole mass
detector (Thermo Finnigan) and an ESI source. All samples were
injected using an autosampler (Surveyor, Thermo Finnigan) by an
injection volume of 10 pL. The MS detection was determined using a
source CID of 10V and carried out at a spray voltage of 4.2kV, a
nitrogen sheath gas pressure of 4.0 x 10° Pa, a capillary tempera-
ture of 400°C, a capillary voltage of 35V, and an auxiliary gas
pressure of 1.0 x 10° Pa. The stationary phase used was an RP C18
NUCLEODUR 100-3 (125mm x 3mm) column (Macherey &
Nagel). The solvent system consisted of water containing 0.1% TFA
(A) and 0.1% TFA in acetonitrile (B). The HPLC method used a flow
rate of 400 pL/min. The percentage of B started at 5%, was increased
up to 100% during 7 min, was kept at 100% for 2 min, and was
flushed back to 5% in 2 min and was kept at 5% for 2 min. A Bruker
DRX 500 spectrometer was used to obtain the 'H NMR and '>C NMR
spectra. The chemical shifts are referenced to the residual proton-
ated solvent signals.

4.1.1. General synthetic procedures and experimental details

4.1.1.1. Procedure A, procedure for synthesis of compounds A — D.
A mixture of 5mmol of the appropriate amino-5-bromo pyridine
and 196gm (20mmol) of potassium acetate and 0.18 gm
(0.25 mmol) of Pd(dppf)Cl; and 5.08 gm (20 mmol) of bis(pinaco-
lato)diboron in dioxane was heated to reflux under argon for 2 h to
yield compounds A and B. The mixture was left to attain room
temperature and then filtered under vacuum. Without further
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purification, a reaction flask containing the filtrate was charged
with 6.5gm (20mmol) of Cs;CO3, 0.29gm (0.25 mmol) of
palladium-tetrakis(triphenylphosphine) and 6mmol of 24-
dibromothiophene together with 30% water in a Suzuki coupling
reaction. The reaction was left to reflux under argon for 3.5 h. The
mixture was concentrated in vacuo. The residue was partitioned
between 150 mL ethyl acetate and 50 mL brine solution and then
the aqueous layer was re-extracted using 3 portions of 100 mL ethyl
acetate. The organic layers were collected and the volume was
reduced under reduced pressure. Afterwards the product was pu-
rified by CC to yield compounds C-D.

4.1.1.2. Procedure B, general procedure for amide synthesis (4a, 6a-
34a). A solution of 0.18 gm (0.7 mmol) of compound D dissolved in
acetone was treated with 0.84 mmol of the appropriate acid chlo-
ride followed by the addition of 0.12 gm (1.05 mmol) of TEA. The
reaction mixture was left to stir at room temperature for 2 h which
was followed by evaporation of solvent in vacuo and the product
was purified by CC.

4.1.1.3. Procedure C, general procedure for synthesis of compounds
1-3, 4b-34b, 35. The bromo derivative was added to a suspension
of 4 equiv of Na;CO3 and 5 mmol% of Pd(dppf)Cl, in dioxane/water
mixture. This was followed by the addition of the pyridine boronic
acid derivative. The reaction was heated to reflux for 2 h under
argon atmosphere. The solvent was removed in vacuo. Small
amount of brine solution was added and extraction was done using
ethyl acetate (3 x 50 mL). The ethyl acetate portions were collected
and the volume was reduced in vacuo. Afterwards the product was
purified by CC.

4.1.14. 5-(4-Bromothiophen-2-yl)pyridin-2-amine (C). The com-
pound was synthesized according to procedure A using 2-amino-5-
bromopyridine: yield: 42%. The product was purified by CC (ethyl
acetate/petroleum ether 7:3); 'H NMR (500 MHz, DMSO) 3 8.23 (d,
J=2.5Hz, 1H), 7.64 (dd, ] =8.6, 2.6 Hz, 1H), 7.51 (d, J= 1.4 Hz, 1H),
7.32(d, ] =1.4Hz, 1H), 6.47 (d, ] = 8.7 Hz, 1H), 6.27 (s, 2H).; >C NMR
(126 MHz, DMSO) & 159.71, 144.87, 143.27, 134.41, 123.36, 120.71,
117.24, 109.61, 107.94; MS (ESI) m/z = 254.79 (M + H)"

4.1.1.5. 5-(4-Bromothiophen-2-yl)pyridin-3-amine (D). The com-
pound was synthesized according to Procedure A using 3-amino-5-
bromopyridine: yield 80%. The product was purified by CC (ethyl
acetate); '"H NMR (500 MHz, DMSO) & 8.08 (d, J = 2.0 Hz, 1H), 7.91
(d, J=2.5Hz, 1H), 7.70 (d, ] = 1.4 Hz, 1H), 7.51 (d, J = 1.5Hz, 1H),
7.16—7.05 (m, 1H), 5.50 (s, 2H); >C NMR (126 MHz, DMSO) 5 144.98,
142.31, 136.28, 133.61, 128.34, 126.16, 123.47, 115.68, 109.89; MS
(ESI) m/z = 254.82 (M + H)*

4.1.1.6. 3-(4-Bromothiophen-2-yl)pyridine (E). The title compound
was synthesized by reacting 0.5 gm (4 mmol) 3-pyridine boronic
acid with 1.2 gm (4.8 mmol) 2,4-dibromothiophene in presence of
52gm (16 mmol) CspCO3 and 0.14gm (0.2 mmol) palladium-
tetrakis(triphenylphosphine) in dioxane/water. The mixture was
left to stir under reflux in inert conditions for 3 h. The solvent was
concentrated in vacuo, a small amount of brine solution was added
to the residue and extracted with ethyl acetate (3 x 50 mL). The
organic layers were collected and the solvent was evaporated in
vacuo: yield 77%. The product was purified by CC (ethyl acetate/
petroleum ether 6:4); 'H NMR (500 MHz, DMSO) 5 8.92 (dd, ] = 2.4,
0.8 Hz, 1H), 8.54 (dd, J=4.8, 1.5Hz, 1H), 8.06 (ddd, J=8.0, 2.4,
1.6 Hz, 1H), 7.78 (d, ] = 14 Hz, 1H), 7.72 (d, ] = 1.5 Hz, 1H), 7.46 (ddd,
J=8.0,4.8, 0.8 Hz, 1H); '*C NMR (126 MHz, DMSO) 5 149.17, 146.14,
141.14, 132.72, 128.55, 12715, 124.28, 124.08, 110.15; MS
(ESI) = 239.80 (M + H)"

4.1.1.7. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)benzamide (4a).
The compound was synthesized according to procedure B using
benzoyl chloride: yield 79%. The product was purified by CC (ethyl
acetate/petroleum ether 7:3):'H NMR (400 MHz, DMSO) & 10.59 (s,
1H),8.94(d,J = 2.0 Hz, 1H),8.71 (d,] = 1.9 Hz, 1H), 8.48 (t,] = 2.1 Hz,
1H), 8.05—7.98 (m, 2H), 7.70 (d, J = 1.2 Hz, 1H), 7.66—7.49 (m, 4H);
13C NMR (101 MHz, DMSO) $ 166.51, 141.67, 141.58, 136.57, 134.55,
132.49,129.50,129.16,128.96, 128.20, 127.54,124.85,123.73,110.67;
MS (ESI) m/z = 358.85 (M + H)*

4.1.1.8. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)benzenesulfona-
mide (5a). The title compound was synthesized through adding
1.4 mmol of the benzenesulfonyl chloride to a stirred solution of
0.18 gm (0.7 mmol) of compound B dissolved in pyridine. The re-
action was heated to 60 °C and left overnight. This was followed by
the removal of solvent in vacuo: yield 89%. The product was purified
by precipitation in ethyl acetate; 'H NMR (500 MHz, DMSO) 3 10.17
(s, 1H), 8.65 (d, J=2.0Hz, 1H), 8.28 (d, J=2.3Hz, 1H), 7.72 (t,
J=2.2Hz, 1H), 7.65 (d, ] = 1.5 Hz, 1H), 7.64—7.56 (m, 6H); '*C NMR
(126 MHz, DMSO) & 148.22, 141.33, 140.14, 138.86, 134.95, 133.40,
129.53, 127.67, 126.75, 125.48, 124.92, 123.51, 110.32; MS (ESI) m/
z=387.94 (M + H)"

4.1.1.9. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-
methylbenzamide (6a). The compound was synthesized according
to procedure B using o-toluoyl chloride: yield 96%. The product was
purified by CC (ethyl acetate/petroleum ether 2:3); 'H NMR
(400 MHz, DMSO) & 10.63 (s, 1H), 8.83 (d, J=2.1 Hz, 1H), 8.70 (d,
J=21Hz,1H),8.47 (s, 1H), 7.80 (d, /] = 1.4 Hz, 1H), 7.69 (d, ] = 1.3 Hz,
1H),7.53 (d,] = 7.6 Hz, 1H), 7.47—7.38 (m, 1H), 7.33 (t, ] = 7.4 Hz, 2H),
2.41 (s, 3H);"3C NMR (101 MHz, DMSO) 5 168.46, 141.13, 140.99,
140.63, 136.28, 136.19, 135.56, 130.69, 130.09, 128.37, 127.38, 127.12,
125.70,124.44,122.55,110.21,19.38; MS (ESI) m/z =372.9 (M + H)"

4.1.1.10. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-3-
methylbenzamide (7a). The compound was synthesized according
to procedure B using m-toluoyl chloride: yield 87%. The product
was purified by CC (ethyl acetate/petroleum ether 2:3); 'H NMR
(500 MHz, DMSO) & 10.53 (s, 1H), 8.93 (d, J=2.3 Hz, 1H), 8.71 (d,
J=2.1Hz, 1H), 846 (t,/]=2.2Hz,1H), 7.82 (s, 1H), 7.81 (d, /= 1.4 Hz,
1H), 7.80—-7.77 (m, 1H), 7.70 (d, J=1.4Hz, 1H), 745 (dd, J=3.9,
1.8 Hz, 2H), 2.42 (s, 3H); *C NMR (126 MHz, DMSO) 5 166.17, 141.22,
141.15, 141.01, 137.86, 136.15, 134.13, 132.62, 128.42, 128.28, 128.19,
127.09, 124.94, 124.41,123.28, 110.21, 20.96; MS (ESI) m/z = 372.96
(M + H)*

4.1.1.11. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-4-
methylbenzamide (8a). The compound was synthesized according
to procedure B using p-toluoyl chloride: yield 90%. The product was
purified by CC (ethyl acetate/petroleum ether 1:1); 'H NMR
(500 MHz, DMSO) & 10.48 (s, 1H), 8.93 (d, J = 2.3 Hz, 1H), 8.70 (d,
J=2.1Hz, 1H), 847 (t,] = 2.2 Hz, 1H), 7.93 (s, 1H), 7.91 (s, 1H), 7.81
(d,J=1.4Hz,1H),7.70 (d,] = 1.4 Hz,1H), 7.37 (d, ] = 7.9 Hz, 2H), 2.40
(s, 3H);"3C NMR (126 MHz, DMSO) 5 165.87, 142.19, 141.23, 141.18,
140.95, 136.20, 131.23,129.05, 128.27, 127.80, 127.09, 124.40, 123.29,
110.21, 21.05; MS (ESI) m/z = 372.89 (M + H)*

4.1.1.12. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-
methoxybenzamide (9a). The compound was synthesized accord-
ing to procedure B using 2-methoxybenzoyl chloride: yield 60%.
The product was purified by CC (ethyl acetate/petroleum ether
3:7); 'H NMR (500 MHz, DMSO) 5 10.43 (s, 1H), 8.84 (d, J = 2.2 Hz,
1H), 8.69 (d,J= 2.1 Hz, 1H), 8.47 (t,] = 2.1 Hz, 1H), 7.81 (d, ] = 1.4 Hz,
1H), 7.70 (d, J = 1.3 Hz, 1H), 7.68 (dd, J = 7.6, 1.7 Hz, 1H), 7.57—7.49
(m, 1H), 7.21 (d, J= 8.4 Hz, 1H), 7.09 (dd, = 7.7, 7.2 Hz, 1H), 3.92 (s,
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3H); 3C NMR (126 MHz, DMSO) & 165.26, 156.62, 141.11, 140.97,
140.83,135.94, 132.54,129.78, 128.38, 127.16, 124.43, 124.12, 122.68,
120.55, 112.08, 110.19, 55.96; MS (ESI) m/z = 388.95 (M + H)*

4.1.1.13. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-3-
methoxybenzamide (10a). The compound was synthesized ac-
cording to procedure B using 3-methoxybenzoyl chloride: yield
84%. The product was purified by CC (ethyl acetate/petroleum ether
3:2); '"H NMR (500 MHz, DMSO) & 10.53 (s, 1H), 8.92 (d, ] = 2.3 Hz,
1H),8.72(d,J=2.1 Hz,1H), 8.46 (t,] = 2.2 Hz,1H), 7.81 (d,] = 1.4 Hz,
1H), 7.70 (d, J = 1.4 Hz, 1H), 7.62—7.57 (m, 1H), 7.55—7.52 (m, 1H),
749 (t, J=7.9Hz, 1H), 7.24—7.14 (m, 1H), 3.85 (s, 3H); >C NMR
(126 MHz, DMSO) & 165.79, 159.26, 141.30, 141.12, 136.05, 135.50,
129.72,128.30, 127.13, 124.44, 123.39, 121.54, 119.93, 117.75, 113.06,
110.22, 55.40; MS (ESI) m/z = 388.89 (M + H)"

4.1.1.14. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-4-
methoxybenzamide (11a). The compound was synthesized accord-
ing to procedure B using 4-methoxybenzoyl chloride: yield 72%.
The product was purified by CC (ethyl acetate/petroleum ether 7:3);
'H NMR (500 MHz, DMSO) § 10.46 (s, 1H), 8.93 (d, = 2.3 Hz, TH),
8.68 (d, J=2.1Hz, 1H), 8.46 (t, = 2.2 Hz, 1H), 8.02 (s, 1H), 8.00 (s,
1H), 7.80 (d, /= 14 Hz, 1H), 7.69 (d, ] = 1.4 Hz, 1H), 7.10 (s, 1H), 7.09
(s, 1H), 3.85 (s, 3H); '*C NMR (126 MHz, DMSO) & 165.41, 162.26,
141.25, 141.23, 140.78, 136.36, 129.78, 128.25, 127.05, 126.12, 124.36,
123.25, 113.74, 110.20, 55.49; MS (ESI) m/z = 388.95 (M + H)"

4.1.1.15. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-4-(tert-butyl)
benzamide (12a). The compound was synthesized according to
procedure B using 4-tert-butylbenzoyl chloride: yield 79%. The
product was purified by CC (ethyl acetate/petroleum ether 1:1); 'H
NMR (500 MHz, DMSO)  10.49 (s, 1H), 8.92 (d, ] = 2.2 Hz, 1H), 8.70
(d,]=2.1Hz,1H),8.47 (t,] = 2.2 Hz,1H), 7.94 (d,] = 8.4 Hz, 2H), 7.81
(d,J = 1.4Hz, 1H), 7.70 (d, ] = 1.4 Hz, 1H), 7.58 (d, ] = 8.4 Hz, 2H), 1.33
(s, 9H); >C NMR (126 MHz, DMSO) & 165.97, 154.96, 141.15, 140.93,
136.19, 131.38, 129.16, 128.26, 127.61, 127.07, 126.43, 125.34, 125.28,
124.39,123.16, 110.19, 34.73, 30.89; MS (ESI) m/z = 414.92 (M + H)'

4.1.1.16. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-
chlorobenzamide (13a). The compound was synthesized according
to procedure B using 2-chlorobenzoyl chloride: yield 59%. The
product was purified by CC (ethyl acetate/petroleum ether 3:2); 'H
NMR (500 MHz, DMSO) 6 10.88 (s, 1H), 8.80 (d, ] = 2.2 Hz, 1H), 8.73
(d, J=2.0Hz, 1H), 8.44 (t, J=2.1Hz, 1H), 7.81 (d, J=14Hz, 1H),
7.74—7.66 (m, 1H), 7.66 (dd, | = 7.5, 1.6 Hz, 1H), 7.62—7.58 (m, 1H),
7.55 (td, J=7.7, 1.7 Hz, 1H), 7.49 (td, ] = 7.4, 1.2 Hz, 1H); *C NMR
(126 MHz, DMSO) 3 165.60, 141.34, 140.97, 140.44, 136.16, 135.85,
131.54,129.96, 129.79, 129.06, 128.47,127.35, 127.24, 124.54, 122.43,
110.25; MS (ESI) m/z = 392.9 (M + H)*

4.1.1.17. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-3-
chlorobenzamide (14a). The compound was synthesized according
to procedure B using 3-chlorobenzoyl chloride: yield 65%. The
product was purified by CC (ethyl acetate/petroleum ether 3:2); 'H
NMR (500 MHz, DMSO) 3 10.65 (s, 1H), 8.92 (d, ] = 2.3 Hz, 1H), 8.73
(d, J=2.1Hz, 1H), 8.44 (t, J=2.2Hz, 1H), 8.06 (t, J= 1.8 Hz, 1H),
7.98—7.92 (m, 1H), 7.81 (d, ] = 1.4 Hz, 1H), 7.71 (qd, J=2.2, 1.0 Hz,
2H), 7.61 (t, J =79 Hz, 1H); *C NMR (126 MHz, DMSO) 3 164.61,
141.32, 141.27, 141.04, 136.10, 135.85, 133.32, 131.86, 130.57, 128.33,
127.49,127.17,126.62,124.48, 123.43,110.24; MS (ESI) m/z = 392.81
(M + H)*

4.1.1.18. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-4-
chlorobenzamide (15a). The compound was synthesized according
to procedure B using 4-chlorobenzoyl chloride: yield 78%. The

product was purified by CC (ethyl acetate/petroleum ether 7:3); 'H
NMR (500 MHz, DMSO) 3 10.62 (s, 1H), 8.91 (d, ] = 2.2 Hz, 1H), 8.72
(d,J =2.0Hz, 1H), 8.44 (t,] = 2.2 Hz, 1H), 8.03 (d, ] = 1.9 Hz, 1H), 8.02
(s, 1H), 7.81 (d, J=13Hz, 1H), 7.70 (d, J=14Hz, 1H), 7.66 (d,
J=19Hz, 1H), 7.65 (s, 1H); *C NMR (126 MHz, DMSO) & 164.98,
141.28,141.24, 141.07, 136.92, 135.93, 132.82, 129.72, 128.63, 128.32,
127.15, 124.46, 123.42, 110.23; MS (ESI) m/z = 392.89 (M + H)"

4.1.1.19. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-
fluorobenzamide (16a). The compound was synthesized according
to procedure B using 2-fluorobenzoyl chloride: yield 68%. The
product was purified by CC (ethyl acetate/petroleum ether 7:3); 'H
NMR (500 MHz, DMSO) & 11.16 (s, 1H), 9.01 (d, J = 2.0 Hz, 1H), 8.91
(d, J=19Hz, 1H), 8.66 (s, 1H), 7.89 (d, J=1.4Hz, 1H), 7.83 (d,
J=14Hz, 1H), 7.77 (td, J= 7.5, 1.7 Hz, 1H), 7.69—7.62 (m, 1H), 7.39
(dt, J=12.0, 9.0Hz, 2H); C NMR (126 MHz, DMSO) & 163.58,
159.09 (d, Jcr = 250.4 Hz), 139.63, 138.12, 136.94, 136.79, 133.40 (d,
Je-p = 8.5 Hz), 130.10 (d, Jer = 2.2 Hz), 129.87, 128.32, 125.57, 125.51,
124.69 (d, Jer=3.5Hz), 123.62 (d, Jer=14.1Hz), 11638 (d, Jc
F=21.5 Hz), 110.41; MS (ESI) m/z = 376.89 (M + H)*

4.1.1.20. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-3-
fluorobenzamide (17a). The compound was synthesized according
to procedure B using 3-fluorobenzoyl chloride: yield 79%. The
product was purified by CC (ethyl acetate/petroleum ether 1:1); 'H
NMR (500 MHz, DMSO) § 10.63 (s, 1H), 8.92 (d, ] = 2.3 Hz, 1H), 8.73
(d,J=2.1Hz, 1H), 8.45 (s, 1H), 7.86 (d, ] = 7.8 Hz, 1H), 7.83—7.80 (m,
2H), 7.71 (d, ] = 1.4 Hz, 1H), 7.63 (td, ] = 8.0, 5.9 Hz, 1H), 7.50 (td,
J=8.1,2.2Hz, 1H); '3C NMR (126 MHz, DMSO)  164.67, 161.94 (d, J
cF=2445Hz), 141.29 (d, ] cr=44Hz), 141.04, 13640 (d, J c-
rF=7.0Hz), 135.85, 130.77 (d, | c.r = 8.0 Hz), 128.32, 127.16, 124.47,
124.01, 123.98, 123.43, 11897 (d, Jcr=21.2Hz), 11460 (d, Jc-
p=23.0Hz), 110.23; MS (ESI) m/z = 377 (M + H)"

4.1.1.21. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-4-
fluorobenzamide (18a). The compound was synthesized according
to procedure B using 4-fluorobenzoyl chloride: yield 98%. The
product was purified by CC (ethyl acetate/petroleum ether 3:2); 'H
NMR (500 MHz, DMSO) § 10.57 (s, 1H), 8.91 (d, J = 2.3 Hz, 1H), 8.72
(d,J=2.1Hz, 1H), 8.44 (t,] = 2.2 Hz, 1H), 8.12—8.05 (m, 2H), 7.81 (d,
J=14Hz, 1H), 7.70 (d, J=1.4Hz, 1H), 741 (t, J=8.9Hz, 2H); °C
NMR (126 MHz, DMSO) 5 164.96, 164.34 (d, Jc.r = 249.7 Hz), 141.26,
14112 (d, Jcg=5.1Hz), 136.03, 132.10 (d, Jcr=9.5Hz), 130.60,
127.13, 124.44, 123.37, 115.62 (d, Jc.r=22.0Hz), 115.61, 115.44,
110.23; MS (ESI) m/z = 376.98 (M + H)*

4.1.1.22. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-(tri-
fluoromethyl)benzamide fluorobenzamide (19a). The compound
was synthesized according to procedure B using 2-
trifluoromethylbenzoyl chloride: yield 86%. The product was puri-
fied by CC (ethyl acetate/petroleum ether 3:2); 'H NMR (500 MHz,
DMSO0) 8 10.96 (s,1H), 8.78 (d, ] = 2.3 Hz,1H), 8.74 (d,/ = 2.1 Hz, 1H),
8.40 (s, 1H), 7.89 (d, J= 7.8 Hz, 1H), 7.83—7.81 (m, 2H), 7.76 (ddd,
] =82, 7.4, 49Hz, 2H), 7.71 (d, ] = 1.4 Hz, 1H); >C NMR (126 MHz,
DMSO) & 166.24, 141.40, 140.90, 140.45, 135.80, 132.69, 132.62,
131.16, 130.46, 129.64, 128.61, 128.47, 127.23, 126.46 (q, Jc.r= 5.0,
2.2 Hz), 124.52,122.48, 110.23; MS (ESI) m/z = 426.93 (M + H)"

4.1.1.23. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-3-(tri-
fluoromethyl)benzamide fluorobenzamide (20a). The compound
was synthesized according to procedure B using 3-
trifluoromethylbenzoyl chloride: yield 84%. The product was puri-
fied by CC (ethyl acetate/petroleum ether 3:2); 'H NMR (500 MHz,
DMSO0) 8 10.78 (s, 1H), 8.93 (d,J = 2.3 Hz, 1H), 8.75 (d,J = 2.1 Hz, 1H),
8.44(t,J=2.2Hz,1H),8.30(d,/ =79 Hz, 1H), 8.23 (d,] = 7.8 Hz, 1H),
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8.18 (s, 1H), 7.81 (d, ] = 1.4 Hz, 1H), 7.77 (s, 1H), 7.72 (d, ] = 1.4 Hz,
1H); 3C NMR (126 MHz, DMSO) & 166.00, 141.02, 135.78, 135.03,
133.22, 130.10, 129.89, 129.40 (q, Jc.r = 3.5 Hz), 128.58 (q, Jc-r = 7.2,
3.6 Hz), 128.36, 127.20, 125.50 (q, Jc.r = 3.9 Hz), 124.50, 124.35 (q, Jc-
F=77, 3.9Hz), 123.60, 122.71, 110.25; MS (ESI) m/z = 426.88
(M + H)*

4.1.1.24. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-4-(tri-
fluoromethyl)benzamide fluorobenzamide (21a). The compound
was synthesized according to procedure B using 4-
trifluoromethylbenzoyl chloride: yield 80%. The product was puri-
fied by CC (ethyl acetate/petroleum ether 7:3); 'H NMR (500 MHz,
DMS0) 3 10.78 (s, 1H), 8.92 (d, = 2.3 Hz, 1H), 8.74 (d, ] = 2.1 Hz, 1H),
8.46 (t, /] =2.2Hz, 1H), 8.20 (s, 1H), 8.19 (s, 1H), 7.97 (s, 1H), 7.95 (s,
1H), 7.81 (d, J=14Hz, 1H), 771 (d, J=14Hz, 1H); *C NMR
(126 MHz, DMSO) & 164.93, 141.44, 141.31, 141.01, 137.93, 135.80,
131.87, 128.71, 128.36, 127.21, 126.95, 125.55 (q, Jc-r = 7.4, 3.7 Hz),
124.51,123.49, 110.25; MS (ESI) m/z = 426.93 (M + H)*

4.1.1.25. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2,3-
dichlorobenzamide (22a). The compound was synthesized accord-
ing to procedure B using 2,3-dichlorobenzoyl chloride: yield 78%.
The product was purified by CC (ethyl acetate/petroleum ether
1:1); "H NMR (500 MHz, DMSO) & 10.98 (s, 1H), 8.76 (dd, ] =13.1,
2.2 Hz, 2H), 8.42 (t, J= 2.2 Hz, 1H), 7.81 (td, ] = 4.1, 1.5 Hz, 2H), 7.72
(d,]J = 1.4 Hz, 1H), 7.64 (dd, ] = 7.6, 1.5 Hz, 1H), 7.52 (t, ] = 7.8 Hz, 1H);
13C NMR (126 MHz, DMSO) & 164.80, 141.52, 140.88, 140.42, 138.40,
135.65, 132.22, 131.75, 128.78, 128.51, 128.16, 127.51, 127.29, 124.57,
122.48,110.26; MS (ESI) m/z = 426.78 (M + H)*

4.1.1.26. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2,4-
difluorobenzamide (23a). The compound was synthesized accord-
ing to procedure B using 2,4-difluorobenzoyl chloride: yield 75%.
The product was purified by CC (ethyl acetate/petroleum ether
3:2); 'H NMR (500 MHz, DMSO) & 10.75 (s, 1H), 8.81 (d, J = 2.1 Hz,
1H), 8.73 (d, ] = 2.1 Hz, 1H), 8.41 (s, 1H), 7.91-7.78 (m, 2H), 7.71 (d,
J=1.4Hz, 1H), 7.54—7.40 (m, 1H), 7.28 (td, ] = 8.3, 2.3 Hz, 1H); 13C
NMR (126 MHz, DMSO) & 163.73 (dd, Jc.p = 251.1, 12.3 Hz), 162.54,
159.70 (dd, Jcr=253.1, 13.0Hz), 141.40, 140.96, 140.74, 135.70,
131.87 (dd, Jc.rp = 10.3,4.0 Hz), 128.42, 127.23, 124.52,122.84, 120.79
(dd, Jc-r = 14.6, 3.6 Hz), 112.01 (dd, Jc.r = 21.8, 3.5 Hz), 110.24, 104.83
(t, Je-r = 26.2 Hz); MS (ESI) m/z = 394.87 (M + H)"

4.1.1.27. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-chloro-4-
fluorobenzamide (24a). The compound was synthesized according
to procedure B using 2-chloro-4-fluorobenzoyl chloride: yield 81%.
The product was purified by CC (ethyl acetate/petroleum ether
3:2); 'H NMR (500 MHz, DMSO) & 10.90 (s, 1H), 8.78 (d, ] = 2.3 Hz,
1H),8.74(d, ] = 2.1 Hz, 1H), 8.42 (t,] = 2.2 Hz, 1H), 7.81 (d, ] = 1.4 Hz,
1H), 7.76 (dd, = 8.6, 6.1 Hz, 1H), 7.71 (d, ] = 1.4 Hz, 1H), 7.64 (dd,
]=9.0, 2.5 Hz, 1H), 7.40 (td, ] = 8.5, 2.5 Hz, 1H); >C NMR (126 MHz,
DMSO) d 164.81, 162.47 (d, Jc.r = 250.5 Hz), 141.40, 140.94, 140.46,
135.77, 132.81, 13153 (d, Jcr=10.9 Hz), 131.00 (d, Jc.r=9.4 Hz),
128.47,127.25,124.55,122.48,117.26 (d, Jc.r = 25.4 Hz), 114.62 (d, Jc.
£=21.7 Hz), 110.26; MS (ESI) m/z = 410.8(M + H)"

4.1.1.28. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-3-chloro-4-
fluorobenzamide (25a). The compound was synthesized according
to procedure B using 3-chloro-4-fluorobenzoyl chloride: yield 82%.
The product was purified by CC (ethyl acetate/petroleum ether
1:1); 'H NMR (500 MHz, DMSO) 5 10.64 (s, 1H), 8.90 (d, ] = 2.2 Hz,
1H), 8.73 (d, J = 2.1 Hz, 1H), 8.42 (t, ] = 2.2 Hz, 1H), 8.24 (dd, ] = 7.1,
2.2 Hz,1H), 8.03 (ddd, J = 7.0,4.4,1.9 Hz, 1H), 7.81 (d, ] = 1.4 Hz, 1H),
7.70 (d, J = 1.3 Hz, 1H), 7.64 (t, ] = 8.9 Hz, 1H); *C NMR (126 MHz,
DMSO0) 8 163.72,159.37 (d, Jc-r = 252.2 Hz), 14130 (d, Jc.r = 14.2 Hz),

141.02, 135.80, 131.73 (d, Jcr=3.5Hz), 130.28, 129.23 (d, Jc-
r=8.4Hz),128.34,127.18,124.49,123.42,119.91,119.76, 117.22 (d, J -
F=21.6 Hz), 110.25; MS (ESI) m/z = 410.82 (M + H)*

4.1.1.29. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-fluoro-5-
methoxybenzamide (26a). The compound was synthesized ac-
cording to procedure B using 2-fluoro-5-methoxybenzoyl chloride:
yield 68%. The product was purified by CC (ethyl acetate/petroleum
ether 3:2); 'H NMR (500 MHz, DMSO) & 10.72 (s, 1H), 8.83 (d,
J=22Hz 1H),8.73(d,J= 2.1 Hz,1H), 8.43 (t,] = 2.1 Hz, 1H), 7.81 (d,
J=14Hz, 1H), 7.70 (d, J= 1.4 Hz, 1H), 7.32 (t, = 9.3 Hz, 1H), 7.24
(dd,J=5.5, 3.2 Hz, 1H), 7.15 (dt, ] = 9.0, 3.7 Hz, 1H), 3.81 (s, 3H); 1*C
NMR (126 MHz, DMSO) & 163.17, 155.30, 155.28, 153.17 (d, Jc.
r=242.1Hz), 141.35, 140.86 (d, Jcr=33.1Hz), 135.75, 128.41,
127.22, 124.51,124.38, 122.79, 118.24 (d, Jc.r= 8.2 Hz), 117.21 (d, Jc.
F=23.8 Hz), 114.10 (d, Jc.r = 2.4 Hz), 110.24, 55.89.

4.1.1.30. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2,4,6-
trifluorobenzamide (27a). The compound was synthesized accord-
ing to procedure B using 2,4,6-trifluorobenzoyl chloride: yield 69%.
The product was purified by CC (ethyl acetate/petroleum ether
3:2); 'H NMR (500 MHz, DMSO) & 11.20 (s, 1H), 8.76 (dd, J = 4.8,
2.2 Hz, 2H), 8.38 (t,J=2.2 Hz, 1H), 7.82 (d, = 1.4 Hz, 1H), 7.73 (d,
J=14Hz, 1H), 744 (dd, J=9.3, 78Hz, 2H); MS (ESI) m/
z=412.81(M + H)"

4.1.1.31. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2,3,4-
trifluorobenzamide (28a). The compound was synthesized accord-
ing to procedure B using 2,3,4-trifluorobenzoyl chloride: yield 81%.
The product was purified by CC (ethyl acetate/petroleum ether
1:1); 'H NMR (500 MHz, DMSO) 3 11.03 (s, 1H), 8.83 (d, /= 2.2 Hz,
1H), 8.74 (d,]J = 2.1 Hz, 1H), 8.42 (t,J = 2.1 Hz, 1H), 7.81 (d, ] = 1.4 Hz,
1H), 7.71 (d, J=14Hz, 1H), 7.53-7.47 (m, 1H), 7.25 (td, ] =9.2,
1.8 Hz, 1H); MS (ESI) m/z = 412.80 (M + H)"

4.1.1.32. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)isonicotinamide
(29a). The compound was synthesized according to procedure B
using isonicotinyl chloride: yield 71%. The product was purified by
CC (ethyl acetate/MeOH 100:7); 'H NMR (500 MHz, DMSO) & 10.83
(s, 1H), 8.91 (d, ] =2.3 Hz, 1H), 8.83 (dd, = 4.4, 1.7 Hz, 2H), 8.76 (d,
J=2.1Hz, 1H), 8.45 (t, ] =2.2 Hz, 1H), 7.90 (dd, ] =4.4, 1.7 Hz, 2H),
7.82 (d, ] = 1.4Hz, 1H), 7.72 (d, ] = 1.4 Hz, 1H); >C NMR (126 MHz,
DMSO) & 164.61, 150.43, 141.61, 141.32, 141.16, 140.96, 135.59,
128.39,127.24,124.54,123.56, 121.56, 110.27; MS (ESI) m/z = 459.97
(M + H)*

4.1.1.33. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-
phenylacetamide (30a). The compound was synthesized according
to procedure B using phenylacetyl chloride: yield 81%. The product
was purified by CC (ethyl acetate/petroleum ether 3:2); 'H NMR
(500 MHz, DMS0) 4 10.53 (s, 1H), 8.66 (dd, ] = 14.6, 2.2 Hz, 2H), 8.32
(t, J=2.2Hz, 1H), 7.78 (d, J=1.4Hz, 1H), 7.66 (d, ]=14Hz, 1H),
7.37-7.31 (m, 4H), 7.26 (ddd, = 8.6, 5.6, 2.7 Hz, 1H), 3.70 (s, 2H);
13C NMR (126 MHz, DMSO) 3 170.01, 141.04, 140.71, 140.05, 136.05,
135.40, 129.21, 128.32, 127.09, 126.65, 124.38, 121.97, 115.90, 110.18,
43.09; MS (ESI) m/z = 372.98 (M + H)*

4.1.1.34. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-(4-
fluorophenyl)acetamide (31a). The compound was synthesized ac-
cording to procedure B using 4-fluorophenyl chloride: yield 84%.
The product was purified by CC (ethyl acetate/petroleum ether
3:2); 'H NMR (500 MHz, DMSO) & 10.34 (s, 1H), 8.48 (dd, ] = 10.4,
2.2 Hz, 2H), 8.13 (t, J=2.2 Hz, 1H), 7.60 (d, J = 1.4 Hz, 1H), 7.47 (d,
J=14Hz, 1H), 7.26—7.09 (m, 2H), 6.97 (ddd, = 14.7, 8.4, 5.2 Hz,
2H), 3.52 (s, 2H); '3C NMR (126 MHz, DMSO) & 164.59, 161.19 (d, Jc.
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F=242.3 Hz), 141.06, 140.76, 140.09, 136.04, 131.56 (d, Jc.r = 3.0 Hz),
13116 (d, Je.p = 8.1 Hz), 128.36, 127.12, 124.41, 122.02, 115.04 (d, Jc.
F=21.3 Hz), 110.21, 42.06; MS (ESI) m/z = 390.93 (M + H)*

4.1.1.35. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-(3-
methoxyphenyl)acetamide (32a). The compound was synthesized
according to procedure B using 3-methoxyphenyl acetyl chloride:
yield 97%. The product was purified by CC (ethyl acetate); "H NMR
(500 MHz, DMSO) & 10.52 (s, 1H), 8.68 (d, J = 2.2 Hz, 1H), 8.65 (d,
J=2.1Hz,1H), 8.32 (t,J = 2.1 Hz, 1H), 7.78 (d, ] = 1.2 Hz, 1H), 7.66 (d,
J=12Hz, 1H), 7.25 (t, ] = 8.0 Hz, 1H), 7.01—6.88 (m, 2H), 6.85—6.78
(m, 1H), 3.75 (s, 3H), 3.67 (s, 2H); '>C NMR (126 MHz, DMSO)
8170.39, 159.26, 141.10, 140.77, 140.10, 136.87,136.11,129.41, 128.39,
127.16, 124.45, 122.01, 121.46, 115.06, 112.09, 110.26, 59.80, 55.02;
MS (ESI) m/z = 404.84 (M + H)*

4.1.1.36. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-3-(3-
methoxyphenyl)propanamide (33a). The compound was synthe-
sized according to procedure B using 3-(3-methoxyphenyl)prop-
anoyl chloride: yield 92%. The product was purified by CC (ethyl
acetate/petroleum ether 3:2); "H NMR (500 MHz, DMS0)  10.29 (s,
1H), 8.65 (dd,J =3.8,2.2 Hz, 2H), 8.30 (s, 1H), 7.79 (d, ] = 1.3 Hz, 1H),
766 (d, J=13Hz, 1H), 719 (dd, J=13.3, 52 Hz, 1H), 6.83 (d,
J=6.7Hz, 2H), 6.76 (dd, J=8.1, 2.3 Hz, 1H), 3.72 (s, 3H), 2.91 (¢,
J=7.7Hz, 2H), 2.68 (t, ] =7.7 Hz, 2H); >C NMR (126 MHz, DMSO0)
8 171.35,159.31, 142.56, 141.14, 140.05, 136.07, 129.41, 128.37, 127.10,
124.43, 121.94, 120.48, 113.95, 113.91, 11147, 110.25, 54.91, 35.17,
30.64; MS (ESI) m/z = 416.9 (M + H)"

4.1.1.37. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-3-(pyridin-3-yl)
propanamide (34a). The compound was synthesized according to
procedure B using 3-(pyridin-3-yl)propanoyl chloride: yield 82%.
The product was purified by CC (DCM/MeOH 100:5);'"H NMR
(500 MHz, DMSO) 3 10.31 (s, 1H), 8.64 (d, J = 2.1 Hz, 2H), 8.49 (d,
J=1.7Hz, 1H), 8.41 (dd, ] = 4.8, 1.6 Hz, 1H), 8.28 (t, ] = 2.2 Hz, 1H),
7.79 (d, J=14Hz, 1H), 7.72—7.58 (m, 2H), 7.32 (ddd, J=7.8, 4.8,
0.8 Hz, 1H), 2.95 (t, ] = 7.5 Hz, 2H), 2.72 (t, ] = 7.6 Hz, 2H); 3C NMR
(126 MHz, DMSO) & 171.02, 149.59, 147.37, 141.09, 140.65, 140.04,
136.38, 135.96, 135.84, 128.36, 127.09, 124.40, 123.45, 121.97, 110.21,
37.25, 27.63; MS (ESI) m/z = 387.94 (M + H)*

4.1.1.38. 5-(4-(Pyridin-3-yl)thiophen-2-yl)pyridin-2-amine (1).
The compound was synthesized according to procedure C to give a
yellow solid: yield 12%. The product was purified by CC (DCM/
MeOH 100:3); mp161.8—162.8 °C; 'H NMR (500 MHz, DMSO0) 3 9.45
(d, J=1.7Hz, 1H), 8.96 (dd, J=4.7, 1.5Hz, 1H), 8.83 (d, J=2.1 Hz,
1H), 8.55 (ddd, ] = 7.9, 2.3, 1.6 Hz, 1H), 8.23—8.20 (m, 2H), 8.19 (d,
J=15Hz, 1H), 7.86 (ddd, J=7.9, 4.8, 0.8 Hz, 1H), 7.08 (dd, ] = 8.6,
0.7 Hz, 1H), 6.13 (s, 2H); >*C NMR (126 MHz, DMS0) 3 170.13, 158.84,
158.00, 155.85, 154.00, 150.13, 145.26, 143.55, 141.88, 134.19, 130.78,
130.03, 129.84, 118.52; MS (ESI) m/z = 253.93 (M + H)"

4.1.1.39. 5-(4-(Pyridin-3-yl)thiophen-2-yl)pyridin-3-amine (2).
The compound was synthesized according to procedure C to give a
dark brown solid: yield 32%. The product was purified by CC (DCM/
MeOH 100:5); mp134.7—135 °C; 'H NMR (500 MHz, DMSO) 3 9.04
(d, J=1.7Hz, 1H), 8.52 (dd, = 4.7, 1.5 Hz, 1H), 8.20—8.16 (m, 2H),
8.06(d,J=1.5Hz,1H),8.05(d, ] = 1.5 Hz,1H), 7.91 (d, ] = 2.3 Hz, 1H),
7.46 (ddd,J = 8.0,4.8,0.8 Hz, 1H), 7.20—7.17 (m, 1H), 5.51 (s, 2H); Be
NMR (126 MHz, DMSO) & 148.28, 147.17, 144.98, 142.00, 139.14,
135.91,133.85, 133.22, 130.55, 129.27, 123.88, 122.80, 122.06, 115.90;
MS (ESI) m/z = 253.94 (M + H)*

4.1.1.40. 5-(4-(Pyridin-4-yl)thiophen-2-yl)pyridin-3-amine (3).
The compound was synthesized according to procedure C to give a

light brown solid: yield 23%. The product was purified by CC (DCM/
MeOH 100:3); mp199.2—202 °C; 'H NMR (500 MHz, DMSO) & 8.62
(s, 2H), 8.23 (s, 1H), 8.20 (s, 1H), 8.09 (d, / = 1.0 Hz, 1H), 7.92 (s, TH),
7.80 (s, 2H), 7.19 (s, 1H), 5.52 (s, 2H); '°C NMR (126 MHz, DMSO)
d 150.28, 145.04, 142.19, 141.51, 139.69, 136.00, 133.83, 129.19,
124.12, 122.66, 120.51, 115.90; MS (ESI) m/z = 253.96 (M + H)"

4.1.1.41. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)benza-
mide (4b). The compound was synthesized according to procedure
C to give a red solid: yield 29%. The product was purified by CC
(DCM/MeOH 100:3); mp 88.2—90.5 °C; 'H NMR (500 MHz, DMSO)
810.59 (s, 1H), 9.08 (s, 1H), 8.87 (dd, ] =53.6, 1.9 Hz, 2H), 8.54 (dd,
J=5.1,2.9 Hz, 2H), 8.25—8.12 (m, 3H), 8.07—7.96 (m, 2H), 7.67—7.61
(m, 1H), 7.58 (ddt, J=8.2, 6.7, 1.3 Hz, 2H), 7.48 (dd, ] = 7.8, 4.7 Hz,
1H); '°C NMR (126 MHz, DMSO) 3 166.08, 148.39, 147.20, 141.19,
140.92, 140.82, 139.41, 136.12, 134.17, 133.28, 132.05, 130.43, 129.26,
128.54,127.77,123.92,123.74,123.49, 122.94; MS (ESI) m/z = 358.05
(M+H)*

4.1.1.42. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)benzene-
sulfonamide (5b). The compound was synthesized according to
procedure C to give a white solid: yield 29%. The product was pu-
rified by CC (DCM/MeOH 100:4); mp 213.4-214.7°C; 'H NMR
(500 MHz, DMSO) & 10.74 (s, 1H), 9.06 (s, 1H), 8.73 (s, 1H), 8.54 (s,
1H), 8.16 (dd, J=19.5, 8.3 Hz, 4H), 7.83 (d, ] =7.5Hz, 2H), 7.73 (s,
1H), 7.63 (d, J = 7.2 Hz, 1H), 7.58 (t, ] = 7.4 Hz, 2H), 7.48 (s, 1H); °>C
NMR (126 MHz, DMSO) & 148.41, 147.19, 141.94, 140.47, 140.00,
139.47,138.93, 134.71, 133.34, 133.27, 130.32, 129.64, 129.51, 126.73,
12412, 123.88, 123.28, 123.22; MS (ESI) m/z = 393.92 (M + H)"

4.1.1.43. 2-Methyl-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
benzamide (6b). The compound was synthesized according to
procedure C to give a brown solid: yield 47%. The product was
purified by CC (DCM/MeOH 100:2.5); mp 171.6—173.4°C;'"H NMR
(500 MHz, DMSO0) & 10.65 (s, 1H), 9.08 (d, J = 1.5 Hz, 1H), 8.83 (s,
1H), 8.81 (d, J = 1.7 Hz, 1H), 8.54 (d, J = 2.4 Hz, 2H), 8.27—8.20 (m,
2H), 8.16 (d, ] = 1.4 Hz, 1H), 7.55 (d, ] = 7.6 Hz, 1H), 7.49 (dd, ] = 7.7,
4.7Hz,1H), 7.43 (dd, ] = 10.7,4.3 Hz, 1H), 7.34 (t,] = 7.3 Hz, 2H), 2.43
(s, 3H); 13C NMR (126 MHz, DMSO) 3 168.45, 148.27, 147.09, 141.09,
140.82, 140.27,139.35, 136.34, 136.20, 135.56, 133.41, 130.69, 130.47,
130.07, 129.32, 127.39, 125.70, 123.95, 123.74, 122.99, 122.71, 19.39;
MS (ESI) m/z = 372.08 (M + H)*

4.1.1.44. 3-Methyl-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
benzamide (7b). The compound was synthesized according to
procedure C to give a dark grey solid: yield 26%. The product was
purified by CC (DCM/MeOH 100:3); mp 103—103.7°C;'"H NMR
(500 MHz, CDCl3) 8 9.19 (s, 1H), 8.96 (d, /= 10.0 Hz, 3H), 8.91 (s, 1H),
8.87 (s, 1H), 8.21 (d, J = 7.8 Hz, 1H), 8.06 (s, 1H), 8.04 (s, 1H), 7.95 (s,
1H), 7.84 (s, 1H), 7.69 (d, ] = 4.5 Hz, 2H), 7.67 (d, ] = 7.0 Hz, 1H), 2.73
(s, 3H); '>C NMR (126 MHz, CDCl3) & 166.78, 148.58, 147.57, 142.35,
141.59, 140.50, 139.95, 138.98, 135.52, 134.14, 133.72, 133.28, 131.37,
130.41, 128.90, 128.10, 124.39, 124.31, 123.91, 123.51, 122.28, 24.98;
MS (ESI) m/z = 372.08 (M + H)"

4.1.1.45. 4-Methyl-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
benzamide (8b). The compound was synthesized according to
procedure C to give a dark grey solid: yield 45%. The product was
purified by CC (DCM/MeOH 100:3); mp 185.9—186.9 °C; 'H NMR
(500 MHz, DMSO) 3 10.50 (s, 1H), 9.09 (s, 1H), 8.94 (s, 1H), 8.82 (s,
1H), 8.54 (s, 2H), 8.22 (d, J=13.0 Hz, 2H), 8.16 (s, 1H), 7.94 (d,
J=79Hz, 2H), 7.48 (s, 1H), 7.38 (d, ] = 7.8 Hz, 2H), 2.40 (s, 3H); 3C
NMR (126 MHz, DMSO) & 165.83, 148.33, 147.15, 142.12, 141.01,
140.87, 140.84, 139.39, 136.21, 134.38, 133.23, 131.24, 130.48, 129.01,
127.77,123.93, 123.68, 123.42, 122.88, 21.02; MS (ESI) m/z = 372.02
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(M + H)* procedure C to give a dark grey solid: yield 56%. The product was

4.1.1.46. 2-Methoxy-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-
yl)benzamide (9b). The compound was synthesized according to
procedure C to give a greyish white solid: yield 44%. The product
was purified by CC (DCM/MeOH 100:3); mp 185.9—-186.9°C;'H
NMR (500 MHz, DMSO) 3 10.44 (s, 1H), 9.10 (s, 1H), 8.81 (s, 2H), 8.55
(s, 2H), 8.22 (s, 2H), 8.15 (s, 1H), 7.69 (d, ] = 6.2 Hz, 1H), 7.54 (s, 1H),
749 (s, 1H), 7.21 (d, ] = 79 Hz, 1H), 7.10 (d, ] = 6.8 Hz, 1H), 3.93 (s,
3H); 3C NMR (126 MHz, DMSO) & 165.24, 156.59, 148.35, 147.17,
141.06, 140.78, 140.46, 139.37, 134.39, 133.25, 132.47, 130.44, 129.74,
129.33,124.19, 123.92, 123.76, 122.92, 122.80, 120.52, 112.04, 55.94;
MS (ESI) m/z = 388.03 (M + H)"

4.1.1.47. 3-Methoxy-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-
yl)benzamide (10b). The compound was synthesized according to
procedure C to give a white solid: yield 47%. The product was pu-
rified by CC (DCM/MeOH 100:2); mp 170.5-1713°C;'H NMR
(500 MHz, DMSO) § 10.54 (s, 1H), 9.07 (s, 1H), 8.92 (s, 1H), 8.82 (s,
1H), 8.53 (d, J= 1.9 Hz, 2H), 8.28—8.18 (m, 2H), 8.15 (s, 1H), 7.61 (d,
J=75Hz, 1H), 7.55 (s, 1H), 748 (dd, J=14.3, 6.4 Hz, 2H), 7.21 (d,
J=8.2Hz, 1H), 3.86 (s, 3H); >C NMR (126 MHz, DMSO) 3 165.77,
159.26, 148.39, 147.20, 141.22, 140.97, 140.80, 139.40, 136.04, 135.54,
133.27,130.42,129.71, 129.24,123.90, 123.74, 123.55, 122.93,119.94,
117.74, 113.06, 55.40; MS (ESI) m/z = 388.09 (M + H)"

4.1.1.48. 4-Methoxy-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-
yl)benzamide (11b). The compound was synthesized according to
procedure C to give a dark brown solid: yield 32%. The product was
purified by CC (DCM/MeOH 100:4); mp 210.5-210.8°C;'H NMR
(500 MHz, DMSO) 5 10.41 (s, 1H), 9.07 (s, 1H), 8.92 (s, 1H), 8.79 (s,
1H), 8.53 (s, 2H), 8.21 (d, J=9.4Hz, 2H), 8.15 (s, 1H), 8.02 (d,
J=8.5Hz, 2H), 7.50-7.37 (m, 1H), 7.10 (d, J= 8.5 Hz, 2H), 3.86 (s,
3H); '3C NMR (126 MHz, DMSO) 3 165.39, 162.25, 148.38, 147.19,
140.93, 140.89, 139.38, 136.29, 133.26, 130.62, 130.43,129.77,129.20,
126.14, 123.90, 123.67, 123.42, 122.88, 113.75, 55.49; MS (ESI) m/
z=3881 (M + H)"

4.1.1.49. 4-(tert-Butyl)-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-
3-yl)benzamide (12b). The compound was synthesized according to
procedure C to give a white solid: yield 51%. The product was pu-
rified by CC (DCM/MeOH 100:3); mp 205.4—205.9°C;'H NMR
(500 MHz, DMSO) 8 10.50 (s, 1H), 9.07 (d, J = 1.8 Hz, 1H), 8.92 (d,
J=2.3Hz,1H), 8.80 (d, ] = 2.1 Hz, 1H), 8.57—8.51 (m, 2H), 8.25-8.19
(m, 2H), 8.16 (d, J=1.4Hz, 1H), 7.96 (d, J=1.8 Hz, 1H), 7.95 (d,
J=18Hz, 1H), 7.59 (d, J=18Hz, 1H), 7.58 (d, J=1.8Hz, 1H),
7.51-7.44 (m, 1H), 1.33 (s, 9H); >C NMR (126 MHz, DMSO) 3 165.98,
154.95, 148.39, 147.20, 141.07, 140.84, 139.40, 136.20, 134.42, 133.27,
131.45,130.42,129.22,127.65, 125.30, 123.90, 123.71, 123.35, 122.91,
34.75, 30.91; MS (ESI) m/z = 414.04 (M + H)"

4.1.1.50. 2-Chloro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
benzamide (13b). The compound was synthesized according to
procedure C to give a brown solid: yield 53%. The product was
purified by CC (DCM/MeOH 100:3); mp 159—159.6 °C;'H NMR
(500 MHz, DMSO) 3 10.89 (s, 1H), 9.08 (s, 1H), 8.82 (d, ] = 17.7 Hz,
2H),8.53 (d,J = 12.2 Hz, 2H), 8.26—8.18 (m, 2H), 8.16 (s, 1H), 7.67 (d,
J=74Hz, 1H), 7.55 (t, ] =6.8 Hz, 2H), 7.49 (d, J=7.3 Hz, 2H); *C
NMR (126 MHz, DMSO) & 165.59, 149.14, 148.38, 147.78, 147.20,
141.43,140.66, 140.09, 139.44, 136.22, 134.41, 133.28, 131.50, 129.96,
129.78, 129.06, 127.34, 123.91, 123.86, 123.03, 122.56; MS (ESI) m/
zZ =391.96 (M + H)*

4.1.1.51. 3-Chloro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
benzamide (14b). The compound was synthesized according to

purified by CC (DCM/MeOH 100:3); mp 98.5—100.5°C;'"H NMR
(500 MHz, DMSO) 3 10.66 (s, 1H), 9.08 (s, 1H), 8.93 (s, 1H), 8.84 (s,
1H), 8.54 (s, 1H), 8.51 (s, 1H), 8.23 (s, 1H), 8.20 (d, = 8.0 Hz, 1H),
8.16 (s, 1H), 8.07 (s, 1H), 7.97 (d, J = 7.8 Hz, 1H), 7.71 (d, J = 8.0 Hz,
1H), 7.61 (t, J= 7.9 Hz, 1H), 7.48 (dd, J = 7.6, 4.8 Hz, 1H); *C NMR
(126 MHz, DMSO) 3 164.58, 148.36, 147.17, 141.40, 140.91, 140.72,
139.41, 136.12, 135.88, 133.31, 133.26, 131.83, 130.54, 130.44, 129.30,
127.49,126.61,123.92,123.77,123.55, 122.97; MS (ESI) m/z = 391.97
(M +H)*

4.1.1.52. 4-Chloro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
benzamide (15b). The compound was synthesized according to
procedure C to give a dark grey solid: yield 46%. The product was
purified by CC (DCM/MeOH 100:3); mp 196—196.4°C;'H NMR
(500 MHz, DMSO) 5 10.63 (s, 1H), 9.07 (s, 1H), 8.91 (s, 1H), 8.82 (s,
1H), 8.60—8.47 (m, 2H), 8.29—-8.17 (m, 2H), 8.15 (s, 1H), 8.04 (d,
J=8.4Hz, 2H), 7.65 (d, ] = 8.4 Hz, 2H), 7.48 (dd, J= 7.7, 48 Hz, 1H);
13C NMR (126 MHz, DMSO) 5 164.95, 148.37, 147.18, 141.33, 140.93,
140.74,139.41, 136.89, 135.93, 133.25, 132.85, 130.42, 129.72, 129.27,
128.61, 123.90, 123.76, 123.56, 122.95; MS (ESI) m/z = 392.02
(M + H)"

4.1.1.53. 2-Fluoro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
benzamide (16b). The compound was synthesized according to
procedure C to give a grey solid: yield 52%. The product was purified
by CC (DCM/MeOH 100:3); mp 169.3—169.6 °C;'H NMR (500 MHz,
DMSO0) 3 10.53 (s, 1H), 9.08 (s, 1H), 8.94 (s, 1H), 8.82 (s, 1H), 8.53 (t,
J=2.2Hz, 2H), 8.25—8.19 (m, 2H), 8.15 (d, = 1.4 Hz, 1H), 7.84 (s,
1H), 7.82—7.79 (m, 1H), 7.52—7.47 (m, 1H), 7.47—7.42 (m, 2H); °C
NMR (126 MHz, DMSO) & 163.44, 159.00 (d, Jc.r = 249.5 Hz), 149.15,
147.19, 141.45, 140.69, 140.35, 139.43, 135.82, 133.31, 133.07 (d, Jc-
F=8.4Hz),130.04 (d, Jc.r = 2.5 Hz),130.43, 129.39, 123.93,124.69 (d,
Jep=3.3Hz), 12420 (d, Jcr = 14.6 Hz), 123.86, 123.03, 122.90.16.32
(d, Je-p = 21.6 Hz); MS (ESI) m/z = 376.05 (M + H)*

4.1.1.54. 3-Fluoro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
benzamide (17b). The compound was synthesized according to
procedure C to give a dark brown solid: yield 41%. The product was
purified by CC (DCM/MeOH 100:3); mp 152.1-152.2°C;'H NMR
(500 MHz, DMSO) & 10.63 (s, 1H), 9.08 (s, 1H), 8.92 (s, 1H), 8.83 (s,
1H), 8.52 (s, 2H), 8.30—8.17 (m, 2H), 8.16 (s, 1H), 7.85 (dd, ] = 20.5,
8.6 Hz, 2H), 7.64 (dd, J = 13.8, 7.5Hz, 1H), 7.53—7.45 (m, 2H); °C
NMR (126 MHz, DMSO) 3 164.66, 161.94 (d, Jc.f = 244.5 Hz), 148.38,
147.18,141.40, 140.92, 140.71, 139.41, 136.44 (d, Jc.r = 6.9 Hz), 135.86,
133.26, 130.79, 130.75 (d, Jc.r=8.1Hz), 129.28, 124.00 (d, Jc-
F= 2.6 Hz), 123.90, 123.78, 123.57, 122.97, 118.94 (d, Jc.r = 21.1 Hz),
114.60 (d, Jc-r = 23.0 Hz); MS (ESI) m/z = 376.06 (M + H)"

4.1.1.55. 4-Fluoro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
benzamide (18b). The compound was synthesized according to
procedure C to give a brown solid: yield 34%. The product was
purified by CC (DCM/MeOH 100:3); mp 175.1-176°C;'H NMR
(500 MHz, DMSO) & 10.58 (s, 1H), 9.07 (d, J= 1.9 Hz, 1H), 8.91 (d,
J=2.2Hz, 1H), 8.81 (d, ] = 2.0 Hz, 1H), 8.53 (dd, ] = 4.7, 1.3 Hz, 1H),
8.51(t,J = 2.1 Hz, 1H), 8.21 (dd,J = 7.9, 4.7 Hz, 2H), 8.15 (d,] = 1.3 Hz,
1H), 8.10(dd, ] = 8.8, 5.5 Hz, 2H), 7.47 (dd, ] = 7.9, 4.7 Hz, 1H), 7.41 (t,
J=8.8Hz, 2H); °C NMR (126 MHz, DMSO) & 164.94, 164.32 (d, Jc.
F=249.8 Hz), 14837, 147.19, 14124, 140.85 (d, Jc.r= 19.3 Hz),
139.40, 136.01, 133.26, 130.62, 130.52 (d, J cr=26.4 Hz), 130.41,
129.24, 123.88, 123.73, 123.54, 122.92, 115.59, 115.41; MS (ESI) m/
z =376.08 (M + H)*

4.1.1.56. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)-2-(tri-
fluoromethyl)benzamide (19b). The compound was synthesized
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according to procedure C to give grey solid: yield 53%. The product
was purified by CC (DCM/MeOH 100:3); mp 81.4—83.1 °C;'H NMR
(500 MHz, DMSO) & 10.96 (s, 1H), 9.08 (d, J=2.0Hz, 1H), 8.84 (d,
J=19Hz, 1H), 8.78 (d, J= 2.1 Hz, 1H), 8.59—8.51 (m, 1H), 8.47 (t,
J=21Hz, 1H), 8.22 (dd, J= 7.1, 4.7 Hz, 2H), 8.16 (d, ] = 1.2 Hz, 1H),
7.90(d,]=79Hz,1H), 7.87—7.78 (m, 2H), 7.76 (t,] = 7.6 Hz, 1H), 7.48
(dd,J =7.9, 4.8 Hz, 1H); *C NMR (126 MHz, DMSO) & 166.23,148.34,
147.16, 141.50, 140.59, 140.09, 139.41, 135.81, 135.42, 133.31, 132.69,
130.45, 130.39, 129.43, 128.63, 126.45 (q,  c.r = 8.9, 4.1 Hz), 125.76,
124.79, 123.88, 123.86, 123.04, 122.61; MS (ESI) m/z = 425.97
(M + H)"

4.1.1.57. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)-3-(tri-
fluoromethyl)benzamide (20b). The compound was synthesized
according to procedure C to give light brown solid: yield 47%. The
product was purified by CC (DCM/MeOH 100:3); mp
185.6—186.4 °C;'H NMR (500 MHz, DMSO) & 10.79 (s, 1H), 9.08 (s,
1H), 8.93 (s, 1H), 8.85 (s, 1H), 8.54 (d, J=3.9Hz, 1H), 8.51 (s, 1H),
8.36 (s, 1H), 8.32 (d, ] = 79 Hz, 1H), 8.24 (s, 1H), 8.21 (d, ] = 8.1 Hz,
1H), 8.16 (s, 1H), 8.02 (d, J= 7.5 Hz, 1H), 7.83 (t, ] = 7.7 Hz, 1H), 7.48
(dd, J = 7.7, 4.8 Hz, 1H); '3C NMR (126 MHz, DMSO) 3 164.57, 141.28
(d, Jr=61.5Hz), 148.39, 147.19, 140.68, 139.42, 135.78, 135.06,
133.26, 131.96, 130.41, 129.89, 129.30, 129.28 (d, Jc.r=32.2Hz),
128.57 (d, Jc-r = 3.3 Hz), 125.02, 124.35 (q, Jc-r = 7.6, 3.8 Hz), 123.90,
123.81, 123.73, 122.99, 122.86; MS (ESI) m/z = 426.03 (M + H)"

4.1.1.58. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)-4-(tri-
fluoromethyl)benzamide (21b). The compound was synthesized
according to procedure C to give a greyish white solid: yield 34%.
The product was purified by CC (DCM/MeOH 100:3); mp
208.8—210.1 °C;'H NMR (500 MHz, DMSO)  10.78 (s, 1H), 9.07 (s,
1H), 8.92 (s,1H), 8.84 (s, 1H), 8.53 (s, 2H), 8.27—8.18 (m, 4H), 8.16 (s,
1H), 7.97 (s, 1H), 7.95 (s, 1H), 7.47 (dd, ] = 7.6, 4.8 Hz, 1H); '3C NMR
(126 MHz, DMSO) d 164.89, 148.38, 147.18, 141.52, 141.52, 140.95,
140.68, 139.41, 137.95, 135.77, 133.25, 131.85, 130.39, 129.29, 128.69,
125.52 (q, Jc.r= 3.7 Hz), 123.88, 123.80, 123.62, 122.97; MS (ESI) m/
z=426(M + H)"

4.1.1.59. 2,3-Dichloro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-
3-yl)benzamide (22b). The compound was synthesized according
to procedure C to give dark brown semi-solid: yield 58%. The
product was purified by CC (DCM/MeOH 100:3);'H NMR (500 MHz,
DMSO0) 3 11.01 (s, 1H), 9.18 (s, 1H), 8.92 (s, 2H), 8.64 (s, 1H), 8.51 (d,
J=9.2Hz, 1H), 8.25-8.20 (m, 2H), 8.17 (s, 1H), 7.82 (dd, J=8.1,
1.3 Hz, 1H), 7.66 (dd, J = 7.6, 1.2 Hz, 1H), 7.53 (t, ] = 7.8 Hz, 2H); 3C
NMR (126 MHz, DMSO) & 164.79, 148.30, 147.12, 141.51, 140.61,
140.01, 139.49, 138.45, 134.38, 133.24, 132.20, 131.82, 131.71, 130.53,
128.76, 128.15, 127.50, 126.60, 123.93, 123.08, 122.55; MS (ESI) m/
z=426.07 (M + H)"

4.1.1.60. 2,4-Difluoro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-
3-yl)benzamide (23b). The compound was synthesized according
to procedure C to give brown solid: yield 56%. The product was
purified by CC (DCM/MeOH 100:3); mp 210—212.8°C;'H NMR
(500 MHz, DMSO) & 10.77 (s, 1H), 9.08 (s, 1H), 8.83 (d, J = 11.0 Hz,
2H), 8.54 (s, 1H), 8.49 (s, 1H), 8.24 (d, J=1.3Hz, 1H), 8.21 (d,
J=8.0Hz, 1H), 8.16 (d, J = 1.3 Hz, 1H), 7.84 (dd, ] = 15.1, 8.4 Hz, 1H),
7.52—7.45 (m, 2H), 7.28 (td, ] = 8.5, 2.4 Hz, 1H); *C NMR (126 MHz,
DMSO0) & 163.70 (dd, Jc.r = 250.8, 12.2 Hz),159.70 (dd, Jc.p =252.7,
13.0 Hz), 162.52, 149.11, 148.36, 147.75, 147.17, 141.47, 140.62, 140.36,
139.42,134.39,133.25,131.85 (dd, Jc.r = 10.5, 4.1 Hz), 123.85, 123.00,
122.96,120.83 (dd, Jc.f = 14.5, 3.6 Hz), 111.98 (dd, Jc_r = 21.5, 3.5 Hz),
105.02, 104.81 (d, Jc.r = 52.5 Hz); MS (ESI) m/z = 394 (M + H)*

4.1.1.61. 2-Chloro-4-fluoro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyr-
idin-3-yl)benzamide (24b). The compound was synthesized ac-
cording to procedure C to give dark grey solid: yield 50%. The
product was purified by CC (DCM/MeOH 100:3); mp
166.6—169 °C;'H NMR (500 MHz, DMSO) & 10.90 (s, 1H), 9.08 (s,
1H), 8.84 (s, 1H), 8.79 (s, 1H), 8.54 (s, 1H), 8.50 (d, J = 1.9 Hz, 1H),
8.22 (dd, J=12.9, 4.6Hz, 2H), 8.16 (d, J=12Hz, 1H), 7.77 (dd,
J=8.5, 6.1 Hz, 1H), 7.64 (dd, J=9.0, 2.4 Hz, 1H), 7.48 (dd, ] =77,
4.8 Hz, 1H), 7.40 (td, ] = 8.5, 2.4 Hz, 1H); '*C NMR (126 MHz, DMSO)
8 164.78, 162.43 (d, Jc-r = 250.5 Hz), 148.36, 147.17, 141.47, 140.60,
140.08, 139.42, 135.77, 134.40, 133.27, 132.87, 131.51 (d, Jc-
F=11.0 Hz), 130.98 (d, Jc.r = 9.3 Hz), 130.40, 123.91, 123.85, 123.03,
122.58, 117.24 (d, Jc.r = 25.2 Hz), 114.60 (d, Jc.F = 21.6 Hz); MS (ESI)
mfz = 409.95 (M + H)*

4.1.1.62. 3-Chloro-4-fluoro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyr-
idin-3-yl)benzamide (25b). The compound was synthesized ac-
cording to procedure C to give a brown solid: yield 44%. The product
was purified by CC (DCM/MeOH 100:3); mp 126.8—127.7°C;'H
NMR (500 MHz, DMSO) & 10.66 (s, 1H), 9.15 (s, 1H), 8.93 (d,
J=36.4Hz,2H),8.61 (s,1H), 8.49(s,1H), 8.26 (dd, /= 7.1,2.1 Hz, 1H),
8.21 (d, ] = 114 Hz, 2H), 8.15 (s, 1H), 8.05 (ddd, ] = 8.3, 4.6, 2.2 Hz,
1H), 7.64 (t, ] = 8.9 Hz, 1H), 7.51 (s, 1H); '*C NMR (126 MHz, DMSO)
8 163.64, 159.29 (d, Jc-r=252.4 Hz), 148.25, 147.07, 141.31, 141.30,
141.26, 140.80, 140.69, 140.68, 139.42, 133.17, 131.70, 131.69 (d, Jc-
F=3.4Hz), 129.19, 129.16 (d, Jc.r = 8.5 Hz), 123.75, 123.45, 122.94,
119.77 (d, Jcr=18.0Hz), 11714 (d, Jcr=21.5Hz); MS (ESI) m/
z=409.94 (M + H)"

4.1.1.63. 2-Fluoro-5-methoxy-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)
pyridin-3-yl)benzamide (26b). The compound was synthesized ac-
cording to procedure C to give white solid: yield 49%. The product
was purified by CC (DCM/MeOH 100:3); mp 181.6—182.9°C;'H
NMR (500 MHz, DMSO) 3 10.73 (s, 1H), 9.07 (d, J = 1.9 Hz, 1H), 8.83
(d, J=1.9Hz, 2H), 8.53 (dd, J=4.7, 1.4Hz, 1H), 8.50 (s, 1H), 8.22
(ddd, J=8.0,4.6,1.5 Hz, 2H), 8.16 (d, ] = 1.3 Hz, 1H), 748 (dd, ] = 7.9,
4.8Hz, 1H), 7.33 (t, J=9.3 Hz, 1H), 7.26 (dd, J=5.5, 3.2 Hz, 1H),
7.18—7.13 (m, 1H), 3.82 (s, 3H); >C NMR (126 MHz, DMSO0)  163.16,
153.19 (d, J c-r=242.2Hz), 149.14, 148.37, 147.78, 147.18, 141.46,
140.67, 140.39, 139.41, 135.75, 133.31, 130.41, 129.35, 124.50 (d, J -
F=16.5Hz), 123.91, 123.84, 122.98 (d, ] c.r= 111 Hz),118.22 (d, ] c-
F=8.0Hz),117.21 (d, J c.r = 23.8 Hz), 114.11 (d, ] c.r = 2.5 Hz), 55.87;
MS (ESI) m/z = 405.99 (M + H)™

4.1.1.64. 2,4,6-Trifluoro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-
3-yl)benzamide(27b). The compound was synthesized according to
procedure C to give dark grey solid: yield 59%. The product was
purified by CC (DCM/MeOH 100:3); mp 168.2—170.5°C;'H NMR
(500 MHz, DMSO) & 11.22 (s, 1H), 9.15 (s, 1H), 8.91 (s, 1H), 8.60 (s,
1H), 8.46 (s, 1H), 8.26 (s, 1H), 8.22 (d, J=7.7 Hz, 1H), 8.17 (s, 1H),
7.58—7.50 (m, 2H), 7.44 (t, ] = 8.7 Hz, 2H); MS (ESI) m/z = 411.95
(M + H)™

4.1.1.65. 2,34-Trifluoro-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-
3-yl)benzamide (28b). The compound was synthesized according
to procedure C to give a grey solid: yield 49%. The product was
purified by CC (DCM/MeOH 100:3); mp 161.6—161.9°C;'H NMR
(500 MHz, DMSO) 6 10.89 (s, 1H), 9.08 (s, 1H), 8.83 (d, /] = 23.4 Hz,
2H), 8.54 (s, 1H), 8.47 (s, 1H), 8.24 (d, J=12Hz, 1H), 8.21 (d,
J=8.0Hz, 1H), 8.16 (d, ] = 1.2 Hz, 1H), 7.66 (dd, ] = 13.5, 6.2 Hz, 1H),
757—751 (m, 1H), 748 (dd, J=7.7, 5.0Hz, 1H); MS (ESI) m/
z=41213 (M + H)*

4.1.1.66. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)iso-
nicotinamide (29b). The compound was synthesized according to
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procedure C to give a white solid: yield 35%. The product was pu-
rified by CC (DCM/MeOH 100:8); mp 152.1—-152.3°C;'H NMR
(500 MHz, DMSO) 6 10.87 (s, 1H), 8.53 (s, 1H), 8.36 (s, 1H), 8.25 (s,
1H), 8.22(d,J=7.9Hz,1H), 8.17 (s, 1H), 7.96 (s, 2H), 7.58 (s, 1H), 7.50
(s, 2H), 7.17 (s, 1H), 6.56 (s, 2H); *C NMR (126 MHz, DMSO)
8164.59, 150.34, 148.32, 148.18, 147.12, 147.07, 141.61, 141.49, 141.12,
140.93, 140.64, 139.45, 133.24, 123.86, 123.65, 123.04, 121.79,121.71;
MS (ESI) m/z = 359.09 (M + H)"

4.1.1.67. 2-Phenyl-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
acetamide (30b). The compound was synthesized according to
procedure C to give dark grey: yield 30%. The product was purified
by CC (DCM/MeOH 100:3); mp 90.5-91.8 °C;'H NMR (500 MHz,
DMSO0) & 10.58 (s, 1H), 9.11 (s, 1H), 8.76 (d, J = 27.7 Hz, 2H), 8.58 (s,
1H), 8.40 (s, 1H), 8.20 (dd, ] =12.7, 4.6 Hz, 2H), 8.14 (d, ] = 1.2 Hz,
1H), 7.49 (d, ] =71 Hz, 1H), 7.39-7.31 (m, 4H), 7.29—-7.18 (m, 1H),
3.72 (s, 2H); *C NMR (126 MHz, DMSO) & 170.00, 148.16, 146.99,
140.78, 140.74,139.65, 139.34, 135.46, 134.48, 133.39, 131.02, 130.71,
129.22,128.33,126.65, 124.14,123.72,122.97,122.10, 43.11; MS (ESI)
m/z = 372.04 (M + H)*

4.1.1.68. 2-(4-Fluorophenyl)-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)
pyridin-3-yl)acetamide (31b). The compound was synthesized ac-
cording to procedure C to give a yellowish white solid: yield 34%.
The product was purified by CC (DCM/MeOH 100:3.5); mp
172.5-175.1°C;'"H NMR (500 MHz, DMSO) & 10.54 (s, 1H), 9.06 (s,
1H), 8.75 (s, 1H), 8.68 (s, 1H), 8.53 (d, J=4.0Hz, 1H), 8.39 (t,
J=2.1Hz, 1H), 8.23—8.16 (m, 2H), 8.13 (d, J = 1.4 Hz, 1H), 7.47 (dd,
J=79, 48Hz, 1H), 7.43—-7.35 (m, 2H), 7.22—7.12 (m, 2H), 3.72 (s,
2H); '3C NMR (126 MHz, DMS0) & 169.92, 16119 (d, Jc.r = 242.3 Hz),
148.33, 147.15, 140.80 (d, Jc.r=14.6 Hz), 139.71, 139.38, 136.05,
133.30, 131.59. 131.62, 131.17 (d, Jc-r = 8.1 Hz), 130.41, 129.31, 123.91,
123.73,122.93, 122.14,115.04 (d, Jc.r = 21.2 Hz), 42.08; MS (ESI) m/
z=390.02 (M + H)"

4.1.1.69. 2-(3-Methoxyphenyl)-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)
pyridin-3-yl)acetamide (32b). The compound was synthesized ac-
cording to procedure C to give a white solid: yield 26%. The product
was purified by CC (DCM/MeOH 100:3); mp 156.9-157.4°C;'H
NMR (500 MHz, DMSO) 8 10.53 (s, 1H), 9.06 (d, ] = 1.7 Hz, 1H), 8.75
(d, J=19Hz, 1H), 8.68 (d, ] =2.0Hz, 1H), 8.52 (d, J=3.7 Hz, 1H),
839 (t, J=2.0Hz, 1H), 8.22—8.17 (m, 2H), 8.14 (d, /= 1.2 Hz, 1H),
746 (dd, J=79, 4.8 Hz, 1H), 7.25 (t, ] = 8.0 Hz, 1H), 7.00—6.88 (m,
2H), 6.88—6.79 (m, 1H), 3.75 (s, 3H), 3.68 (s, 2H); >C NMR
(126 MHz, DMSO) & 169.85, 159.20, 148.40, 147.16, 140.81, 140.71,
139.67,139.36, 136.85, 136.05, 133.24, 130.36, 129.36, 129.27,123.87,
123.70, 122.89, 122.07, 121.42, 115.03, 112.02, 54.96, 43.17; MS (ESI)
m/z = 402.02 (M + H)*

4.1.1.70. 2-(3-Methoxyphenyl)-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)
pyridin-3-yl)acetamide (33b). The compound was synthesized ac-
cording to procedure C to give a beige solid: yield 26%. The product
was purified by CC (DCM/MeOH 100:3); mp 154.3—155.7°C;'H
NMR (500 MHz, DMSO) 8 10.30 (s, 1H), 9.06 (d, ] = 2.1 Hz, 1H), 8.70
(dd, J=45.9, 2.1 Hz, 2H), 853 (dd, J=4.7, 1.4Hz, 1H), 8.37 (t,
J=2.1Hz, 1H), 8.22—8.18 (m, 2H), 8.14 (d, ] = 1.2 Hz, 1H), 7.47 (dd,
J=179, 48Hz, 1H), 7.20 (t, J=8.1 Hz, 1H), 6.84 (d, J= 6.8 Hz, 2H),
6.76 (dd,J = 8.3, 2.2 Hz, 1H), 3.72 (s, 3H), 2.92 (t,] = 7.7 Hz, 2H), 2.69
(t, J=7.7Hz, 2H); '3C NMR (126 MHz, DMSO0) & 171.27, 159.26,
148.36, 147.17, 142.54, 140.77, 140.67, 139.63, 139.37, 136.02, 133.25,
130.37,129.36, 129.26, 123.87, 123.66, 122.88, 122.05, 120.44, 113.87,
111.42, 54.86, 37.70, 30.61; MS (ESI) m/z = 415.96 (M + H)"

4.1.1.71. 3-(Pyridin-3-yl)-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyr-
idin-3-yl)propanamide (34b). The compound was synthesized

according to procedure C to give a brown solid: yield 10%. The
product was purified by CC (DCM/MeOH/TEA 100:3:1); mp
92.8-94.2 °C;'H NMR (500 MHz, DMSO0) 3 10.25 (s, 1H), 8.79 (s, 1H),
8.42 (d, J=30.0 Hz, 2H), 8.34 (s, 1H), 8.25 (dd, ] = 13.8, 4.6 Hz, 2H),
8.09 (s, 1H), 7.97 (d, J = 8.1 Hz, 1H), 7.89 (d, ] = 13.1 Hz, 2H), 7.67 (d,
J=7.7Hz, 1H), 7.24 (dd, ] = 12.8, 5.5 Hz, 2H), 2.21 (s, 4H); 13C NMR
(126 MHz, DMSO) & 170.94, 147.81, 147.15, 146.55, 145.05, 140.81,
140.64, 139.62, 139.13, 138.94, 137.85, 136.06, 134.00, 130.67, 129.35,
124.48, 12419, 123.74, 123.22, 122.23, 36.92, 27.55; MS (ESI) m/
z =387.03 (M + H)*

4.1.1.72. 5-(5-(Pyridin-3-yl)thiophen-3-yl)pyridin-3-amine (35).
The compound was synthesized according to procedure C using
compound B to give a brown solid: yield 19%. The product was
purified by CC (DCM/MeOH 100:4); mp 142.2—142.3°C; '"H NMR
(500 MHz, DMSO) 5 8.98 (dd, ] =2.4, 0.8 Hz, 1H), 8.53 (dd, ] =4.7,
1.5Hz, 1H), 8.19 (d,J = 1.9 Hz, 1H), 8.12 (ddd, /= 8.0, 2.4, 1.6 Hz, 1H),
8.06 (d, J=15Hz 1H), 7.91 (dd, J=3.9, 2.0Hz, 2H), 7.47 (ddd,
J=8.0,4.8,0.9Hz,1H), 7.23 (dd, ] = 2.5, 2.1 Hz, 1H), 5.39 (s, 2H); 1>C
NMR (126 MHz, DMSO) & 148.70, 146.20, 144.84, 140.48, 140.28,
135.62,135.03, 132.67,130.41, 129.58, 124.08, 123.81, 122.09, 116.71;
MS (ESI) mjz = 253.84 (M + H)'

4.2. Biological assays

4.2.1. Protein kinases and inhibition assays

Human Dyrk1A was expressed and purified as described earlier
[38]. Dyrk1B and Clk1 were purchased from Life Technologies (lot
no. 877059G, Catalog no. PV4649 and lot n0.1095729A, catalog no.
PV3315). Woodtide substrate peptide for Dyrk1A and DyrklB
(KKISGRLSPIMTEQ) and RS repeat substrate peptide for Clk1
(GRSRSRSRSRSRSRSR) were custom synthesized at the Department
of Medical Biochemistry and Molecular Biology, Saarland Univer-
sity, Homburg, Germany. Kinase inhibition assays for Dyrk1A,
Dyrk1B, Clk1 were performed as described previously, in the
presence of 15uM ATP [38]. The calculated ICso values are repre-
sentative of at least two independent determinations. The larger
panel of kinases shown in Table 3 was screened by the SelectScreen
Kinase Profiling Service, Thermo Fisher Scientific, Paisley, U.K.

4.2.2. Cell-based assays

Stock solutions of the inhibitors were prepared in dime-
thylsulfoxide (DMSO). All effects were compared to vehicle controls
which contained DMSO at the respective final concentration in
growth medium. Protein kinase activity of endogenous Dyrk1A in
Hela cells was assayed by measuring the phosphorylation of T434
in overexpressed GFP-SF3b1-NT as described previously [54].
Briefly, HeLa cells were transiently transfected in 6-well plates and
treated with test compounds for 18 h. Total cellular lysates were
subjected to Western blot analysis with the help of a custom-made
rabbit antibody for phosphorylated T434 in SF3b1 and a commer-
cial goat antibody for GFP (no. 600-101-215, Rockland Immuno-
chemicals, Gilbertsville, PA, USA). Blots were developed using
horseradish peroxidase (HRP)—conjugated secondary antibodies
and enhanced chemiluminescent substrates. Signals were quanti-
fied using the AIDA Image Analyzer 5.0 program (Raytest, Strau-
benhardt, Germany). pT434 signals were normalised to total
protein levels as determined from GFP immunoreactivity. Graph-
Pad Prism 5.0 (GraphPad Software, La Jolla, CA, USA) was used for
non-linear curve fitting (Hill slope —1).

Viability assays were performed using a 96-well pate format
(20,000—30,000 cells per well). Cells were cultivated for 3 days
before cell viability was assessed with the help of a tetrazolium dye
assay (XTT assay, AppliChem GmbH, Darmstadt, Germany).



Additional publications of the author 242
S.S. Darwish et al. / European Journal of Medicinal Chemistry 157 (2018) 1031—1050 1049
4.3. Molecular docking studies PIM1 Proviral integration site for Moloney murine leukemia
virus-1

Molecular docking was performed as previously described using TRKB Tropomyosin receptor kinase B

MOE [55]. SF3b1 Splicing factor 3b1
SRPK1 Serine/arginine-rich protein kinase 1

4.4. Metabolic stability in a cell free assay STK17A  Serine/threonine kinase 17A

Evaluation of metabolic stability and determination of half-lives References

was carried out using human S9 fraction as described previously
[56].

4.5. Physicochemical properties calculation

Calculation of key physicochemical properties was performed
using ACD/Labs software (ACD/Percepta, 2012, Advanced Chemistry
Development, Inc) as described previously [38].
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Abbreviations Used

AD Alzheimer's disease

APP Amyloid precursor protein

ASF Alternative splicing factor
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Dual-specificity tyrosine phosphorylation-regulated kinase 1A (Dyrkl1A) is a potential target in Alz-
heimer's disease (AD) because of the established correlation between its over-expression and generation
of neurofibrillary tangles (NFT) as well as the accumulation of amyloid plaques. However, the use of
Dyrk1A inhibitors requires a high degree of selectivity over closely related kinases. In addition, the
physicochemical properties of the Dyrk1A inhibitors need to be controlled to enable CNS permeability. In
the present study, we optimized our previously published 2,4-bispyridyl thiophene class of Dyrk1A in-
hibitors by the synthesis of a small library of amide derivatives, carrying alkyl, cycloalkyl, as well as acidic
and basic residues. Among this library, the cyclopropylamido modification (compound 4b) was identified
as being highly beneficial for several crucial properties. 4b displayed high potency and selectivity against
Dyrk1A over closely related kinases in cell-free assays (ICso: Dyrk1A = 3.2 nM; Dyrk1B =72.9 nM and
Clk1 =270 nM) and inhibited the Dyrk1A activity in HeLa cells with high efficacy (ICso: 43 nM), while no
significant cytotoxicity was observed. In addition, the cyclopropylamido group conferred high metabolic
stability and maintained the calculated physicochemical properties in a range compatible with a po-
tential CNS activity. Thus, based on its favourable properties, 4b can be considered as a candidate for
further in vivo testing in animal models of AD.

© 2018 Elsevier Masson SAS. All rights reserved.

1. Introduction

critical region on human chromosome 21, Dyrk1A is the most
studied isoform in its family [4—6]. During embryonic develop-

Dual-specificity tyrosine-regulated kinases (Dyrks) belong to
the larger human kinome family known as the CMGC group [1]
which includes cyclin-dependent kinases (CDKs), mitogen-
activated protein kinase (MAPKs), glycogen synthase kinases
(GSKs), and cdc-like kinases (Clks) [2]. The Dyrk family comprises
the mammalian subtypes 1A, 1B, 2, 3, and 4 [3]. As their name
implies, dual specificity kinases are capable of catalyzing their self-
activation by autophosphorylation at a conserved tyrosine residue,
whereas the resulting mature forms of the kinases can only phos-
phorylate exogenous protein substrates at serine or threonine
residues [1,2]. Due to its location in the Down Syndrome (DS)

* Corresponding author.
E-mail address: ma.engel@mx.uni-saarland.de (M. Engel).

https://doi.org/10.1016/j.ejmech.2018.08.097
0223-5234/© 2018 Elsevier Masson SAS. All rights reserved.

ment, Dyrk1A plays an important role in neurogenesis as well as
neuronal differentiation [7], hence its about 1.5 fold overexpression
in DS-affected individuals (trisomy 21) is believed to contribute to
the neurodevelopmental alterations associated with DS. Moreover,
dysregulated Dyrk1A activity was shown to play a pathogenic role
in the development of Alzheimer's disease (AD) in DS individuals
[1,8]. The main hallmarks of AD include neurofibrillary tangles
(NFT) as well as the accumulation of amyloid plaques [9]. In vitro
studies showed that Dyrk1A directly phosphorylates tau protein,
leading to the loss of tau biological function as well as sequestration
of normal tau and neurofibrillary degeneration [ 10—12]. Addition-
ally, Dyrk1A was found associated with NFTs in individuals with DS
in the age group of 38—51 years, suggesting that Dyrk1A contrib-
utes to the early onset of neurofibrillary degeneration [13].
Furthermore, over-expressed DyrklA hyperphosphorylates
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amyloid precursor protein (APP) which enhances the production of
amyloid-B, the main component of amyloid plaques [9,13,14].

More recently, evidence has accumulated that Dyrk1A can also
contribute to o-synuclein aggregation and fibrillization in Lewy
bodies in Parkinson's disease (PD) and Lewy body dementia
[15—19]. Dyrk1A binds to and phosphorylates a-synuclein at Ser87
[15]. In addition, Dyrk1A phosphorylates the neurodegeneration
—related septin 4 [16], and complexes of these proteins may
contribute to the cytoplasmic aggregation/fibrillization observed in
PD, Lewy body dementia and multiple-system atrophy [17,18].
Moreover, parkin was reported to co-localize and bind to Dyrk1A
[19]. Dyrk1A directly phosphorylates parkin at Ser-131, causing the
inhibition of its E3 ubiquitin ligase activity, which may also
contribute to the pathogenesis of PD.

Furthermore, both AD and PD are also driven by aberrant
splicing events which may be co-regulated by Dyrk1A, too [20-23].
Dyrk1A was reported to phosphorylate SR proteins which are
considered among the main determinants of splice site recognition
in pre-mRNA [24]. Dyrk1A is additionally known to catalyze the
phosphorylation of the non-SR protein SF3b1 which is an impor-
tant modulator of splicing reactions [25]. In AD, a misbalance of the
two splicing—dependent 3R and 4R tau isoforms was shown to be
caused by Dyrk1A in a mouse model [26]. This imbalance can be
linked to the ability of Dyrk1A to phosphorylate relevant SR pro-
teins such as SRp55, SC35 and ASF [20—22]. Besides the proven
influence on the 3R/4R tau protein ratio, Dyrk1A over-dosage
models also showed changes in the neuroligin mRNAs transcript
composition as well as changes in the splicing pattern of acetyl-
cholinesterase (AChE), leading to different AChE mRNA variants
[27].

Thus, pharmacological inhibition of Dyrk1A might not only
suppress the pathogenic hyperphosphorylation of neuroproteins, it
may also restore the normal pattern of splicing products of the
respective proteins. In light of these pleiotropic functions of
Dyrk1A, potential pharmacological inhibitors of Dyrk1A should be
highly selective to avoid the accumulation of adverse side effects
due to additional off target inhibitions. Although many published
Dyrk1A inhibitors, including harmine [28], INDY [29], leucettine
L41 [30], EHT 5372 [31], and 7-chloro-2-phenyl-1H-indole-3-
carbonitrile [32] exhibited a good overall selectivity in a larger ki-
nase screening panel, they still showed co-inhibition of at least one
of the off-targets Dyrk1B, Clk1 and/or haspin, all of which show a
high degree of similarity with Dyrk1A in their ATP binding site. The
catalytic domain of Dyrk1A and Dyrk1B possess a sequence identity
of 85%, and their ATP binding sites differ by only one amino acid
residue: Met240 of Dyrk1A is replaced by Leu192 in Dyrk1B [32].
Dyrk1B was proposed as an anticancer target [33—35], however, in
the CNS, it was shown to be implicated in the regulation of astro-
cyte activation [36] which can have pro-inflammatory and neuro-
toxic but also neuroprotective roles [37—39]. In addition, prolonged
inhibition of Dyrk1B may trigger or aggravate metabolic syndrome
as a side effect, since the loss of Dyrk1B activity due to a point
mutation that decreased the protein stability was shown to cause
an autosomal-dominant form of metabolic syndrome [40]. CIk1 is
involved in the regulation of alternative splicing [41], too, hence co-
inhibition of Dyrk1A and Clk1 might potentiate the effects on
alternative splicing of numerous pre-mRNAs, which could be
poorly tolerated during prolonged treatments. Finally, haspin is
indispensable for cell division [42], and its inhibition is expected to
interfere with normal cell proliferation.

In a previous study, we introduced the 2,4-bispyridyl thiophene
core as a favourable scaffold for Dyrk1A inhibition [43], The selec-
tivity of this scaffold over some of the common off target kinases
was increased in a subsequent study using an amide—linked
structural extension [44]. In the current work, we present new

derivatives of the 24-bispyridyl thiophene amides with further
improved selectivity profiles and physicochemical properties.

2. Results and discussion
2.1. Design strategy

In our previous attempt to improve the selectivity towards
Dyrk1A, we extended the bispyridyl thiophene scaffold by intro-
ducing an additional amino function on the pyridine at the
thiophene-2 position, yielding compound I (compound 2 in
Ref. [44], Fig. 1). Its increased potency prompted us to attach a
variety of side chains through amide linkage. In the library thus
generated, we had identified Compound Il (compound 31b in
Ref. [44]) as the most potent inhibitor of that series. It also showed a
great improvement in selectivity towards Dyrk1B and Clk1 (ICsq:
Dyrk1B=383nM, Clk1>2uM, [ATP]=15uM), however, we
noticed that II still showed significant cross reactivity with haspin
(ICs0 =36 nM). In addition, the clogP value of the benzylamide
derivative II (clogP =4.11) was above the optimal average range
reported for CNS active compounds, which is about 2.8 [45].

Therefore, it seemed straightforward to extend our diversifica-
tion strategy by including mainly non aromatic and polar amide
moieties, in order to enable alternative interactions with pocket
side chains and decrease the lipophilicity. We selected different
alkyl, cycloalkyl, as well as acidic and basic amide side chain ex-
tensions, which could potentially address pocket residues located
at the hinge region of the ATP binding site (e.g., Tyr243 and Ile165)
but also at the opposite side (e.g. Asp307, Phe170). We used the
previously reported compound I as our extendable hit (Fig. 1).

2.2. Chemistry

The main synthetic scheme for attaining the planned amide
functionalized 2,4-bispyridyl thiophenes amide derivatives con-
stitutes four steps (Scheme 1). Primarily, a Miyaura reaction was
carried out on 3-amino-5-bromopyridine and bis(pinacolato)
diboron in the presence of potassium acetate and Pd (dppf)Cl; as a
catalyst to yield the corresponding boronic acid pinacol ester
(Compound A). In the second step, Suzuki cross coupling reaction
with 2,4-dibromothiophene in the presence of Cs»CO3 and
palladium-tetrakis (triphenylphosphine) to give 4-bromothiophen-
2-yl pyridine amines takes place to yield compound B. Afterwards,
the amino group in compound B undergoes a coupling reaction
with diverse carboxylic acids and methylsulfonyl chloride to yield a
series of amides and sulfonamide, respectively. Finally, the free
bromo in the previous amides/sulfonamides make the compounds
accessible for a second Suzuki reaction with 3-pyridine boronic acid
to synthesize the bispyridyl thiophene functionalized amides (1b-
8b). Alkylation of the secondary amide of compound 4a was done
by deprotonation of the amide with KH followed by the reaction
with the respective alkyl iodide then the product was coupled with
3-pyridine boronic acid to yield compounds 9—10 (Scheme 1). To
have an amide with basic side chains, either an additional BOC
deprotection was performed on compound 7b using TFA to release
compound 11 (Scheme 2) or the chloroacetamide derivative
(compound E) was reacted with the appropriate alicyclic amines
followed by subsequent Suzuki coupling to yield compounds 12—13
(Scheme 3). In order to omit the terminal pyridyl of compound 4b,
compound B was coupled with 2-bromothiophene, followed by
amide coupling with cyclopropyl carboxylic acid to give compound
14 (Scheme 4). In addition to the compounds mentioned above, a
second unique cluster of compounds was synthesized by linking
the pyrazol-4-yl moiety to position 4 of the thiophene core of
compound 4a. In compounds 17—19, the 4-pyrazoleboronic acid
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ICs = 300 nM

ICSO =43 nM

IC50 =130 nM

Fig. 1. Previously published Dyrk1A inhibitors derived from the basic 2,4-bispyridyl thiophene scaffold C4. The ICsq values against Dyrk1A are indicated (determined at 15 uM ATP).
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Scheme 1. Reagents and conditions: (i) 4 equiv of potassium acetate, 4 equiv bis(pinacolato)diboron, 5 mmol% of Pd (dppf)Cl. in dioxane, reflux 2 h; (ii) 4 equiv of Cs,C0O3, 5 mmol%
of palladium-tetrakis (triphenylphosphine), 1.2 equiv of 2,4-dibromothiophene in dioxane/water, reflux 3.5 h; (iii) 1.5 equiv of HBTU (or HATU), 4 equiv of DIPEA, 3 equiv of the
appropriate acid in DCM, room temperature, overnight; or 2 equiv of the appropriate sulfonyl chloride in pyridine, 60 °C, overnight; (iv) 4 equiv of Na,C0O3, 5 mmol% of Pd (dppf)Cl,,
2 equiv of 3-pyridine boronic acid in dioxane/water, reflux, 2 h; (v) 10 equiv of KH, 1 equiv of the appropriate alkyl iodide in DMF, room temperature, 2 days.

pinacol ester was initially alkylated by its reaction with the corre-
sponding alkyl iodides in the presence of CsCOsas a base (Scheme
5).

2.3. Biological evaluation

2.3.1. Investigation of the amide linker

Firstly, we investigated which type of amide was preferred as
linking functionality with small alkyl groups. Comparing the
methyl amide and the methyl sulfonamide derivatives (compounds
1b and 2b, respectively) of precursor compound I (Fig. 1), we found
that the amide linkage was better tolerated (Table 1), although the
activity of 1b fell below that of I. However, an initial loss of potency

was not unexpected for the simple amide derivative, because the
mesomeric effect of the former amine was strongly diminished,
thus lowering the electron density and H-bond acceptor strength at
the pyridine nitrogen.

2.3.2. The effect of alkylamido extensions

Since the Dyrk1A inhibitory activity was totally abolished with
the methyl sulfonamide (2b, Table 1), further alkyl extensions were
subsequently introduced via the carboxamide linker, hoping to
over-compensate the drop of potency brought about this functional
group. While a simple homologation did not seem promising, as
indicated by the lack of potency gain with the ethyl amide deriva-
tive 3b (Table 1), the cyclopropyl substituent in compound 4b
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Scheme 3. Reagents and conditions: (i) 1.5 equiv of HBTU, 4 equiv of DIPEA, 3 equiv of chloroacetic acid, room temperature, overnight; (ii) 10 equiv of the appropriate alicycle in
methanol, reflux, 2 h; (iii) 4 equiv of Na,COs, 5mmol% of Pd (dppf)Cl,, 2 equiv of 3-pyridine boronic acid in dioxane/water, reflux, 2 h.
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Scheme 4. Reagents and conditions: (i) 4 equiv of Cs,C0O3, 5 mmol% of palladium-tetrakis (triphenylphosphine), 1.2 equiv of 2-bromothiophene in dioxane/water, reflux 3 h; (ii) 1.5
equiv of HBTU, 4 equiv of DIPEA, 3 equiv cyclopropanecarboxylic acid in DCM, room temperature, overnight.
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I1: R' = Ethyl
J: R" = Propyl

17: R' = Ethyl
18: R = Propyl
19: R = Isopropyl

Scheme 5. Reagents and conditions: (i) 4 equiv of Na,CO3, 5 mmol% of Pd (dppf)Cl,, 2
Cs,C03, 2 equiv of the appropriate alkyl iodide in acetone, reflux, overnight.

caused a dramatic and unexpected increase in activity, lowering the
ICs to 3.2 nM. Interestingly, a one-atom ring expansion through
the use of cyclobutyl in compound 5b reduced the inhibitory ac-
tivity by more than 18-fold (Table 1). This trend was confirmed with
larger cycloalkyl ring expansions, e. g., with the cyclohexyl deriv-
ative 6b (40.3% inhibition at 250 nM), indicating that the cyclo-
propyl amide moiety in 4b had the optimal size. It is likely that
larger cycloalkyl rings caused steric clashes with the predicted
binding site at the ATP binding pocket (cf. below and Fig. 2).

2.3.3. The effect of polar and ionizable amide extensions

Despite the large boost of potency observed with the cyclo-
propyl moiety, our further attempts focused on establishing polar
interactions with the hydrophilic amino acid residues at the pocket
border. Especially the introduction of basic moieties seemed
worthwhile with respect to a potential enhancement of the CNS
availability of our inhibitors — besides a general improvement of
drug-like characteristics. The pyrrolidine-3-carboxamide derivative
11, in which a secondary amine was integrated in the cyclo-
alkylamide moiety, indicated some degree of tolerance toward
basic functions, but did not reach by far the potency of the best
compound, 4b (Table 1). Shifting the position of the protonable
nitrogen and introducing a methylene spacer, as in the piper-
idinylacetamide 12, decreased the biological activity against
Dyrk1A to the level of the cyclohexane carboxamide 6b. The mor-
pholino analogue 13 exhibited a further drop of activity, indicating
that multiple polar atoms are not tolerated. A tetrazolyl acetamide
derivative with reversed, partially anionic charge was also syn-
thesized and tested (8b); its low inhibitory activity (24% at 250 nM)
suggested that an anionic charge cannot compensate for the
unfavourable influence of increased polarity (Table 1). Compound
7b, the protected synthetic precursor of 11, was also tested to probe

K: R' = Isopropy!

15:R'=H
16: R' = Methyl

s 0o
ii N B/
s
N=

equiv of the appropriate pyrazole boronic acid in dioxane/water, reflux, 2 h; (ii) 2 equiv of

whether a further structural extension by bulky side chains could
be promising; however, this was not the case, as indicated by the
total loss of activity with 7b.

2.3.4. The effect of N-alkylation of the cyclopropylamide moiety

Two more derivatives were synthesized by the N-alkylation of
our most potent compound 4b to afford the N-methyl and N-ethyl
derivatives (compounds 9 and 10, respectively). Both tertiary amide
derivatives almost lost the Dyrk1A inhibitory activity (Table 1). N-
alkylation of an amide function not only removes the H-bond
acceptor hydrogen, but also has a considerable impact on the
preferred conformation, hydrophobicity and rotational flexibility of
the respective molecule part. Most likely, the N-alkyl caused the
carboxamide function to rotate out of the pyridine ring plane, due
to steric hindrance between the alkyl and the ortho H atoms, thus
stabilizing a biologically less active conformation. In our binding
model, compound 4b bound with a coplanar
carboxamide—pyridine conformation (cf. Fig. 2). On the other hand,
the loss of the HBD function did not play a role, at least according to
our predicted binding model. Nevertheless, to exclude experi-
mentally that an alternative binding mode could be formed,
involving tandem H-bonding of the pyridine N and the amide
carbonyl or NH to the hinge region, we synthesized the truncated
derivative 14, which should adopt this hypothetical binding mode
more easily than the full length parent compound 4b. As indicated
by the complete loss of activity of 14, the compounds did not switch
to a new binding mode driven by tandem H-bonding to the hinge
region, rather the 4-pyridyl ring was still essential, probably
interacting with Lys188 as illustrated in Fig. 2.

2.3.5. Replacement of the 4-pyridyl in 4b by pyrazole
With the last set of compounds, we investigated whether the
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Table 1
Inhibition of Dyrk1A and Dyrk1B by the (bis)pyridine thiophene derivatives 1b-8b, 9—-14.
Cpd.No. R! R? Dyrk1A Dyrk1B
% inhibition at 250 nM* IC50 (nM)* % inhibition at 250 nM* 1Cs0 (NM)?
1b é H 17.6 ND 40.3 ND
(o]
2b o § H 0 ND 235 ND
N
R
o
3b % H 18.6 ND 493 ND
o
4b Aﬂ/g H 731 32 40 729
o
5b %/g H 65.7 578 81 2188
o
6b Om/ H 40.3 ND 51 ND
o}
7b H 0 ND 349 ND
-
SN
[e]
(o]
8b H 244 ND 385 ND
N
N-NH O
9 Z\"/% methyl 194 ND 0.9 ND
o
10 [kn/g ethyl 249 ND 14.6 ND
o
11 H 574 ND 62.7 131.7
WO
(o]
12 H 473 ND 51.8 ND
N/\rrg
(o]
13 H 218 ND 13.9 ND
(\N/\n/g
o J o
14 0 ND 0 ND

2 Values are mean values of at least two experiments; standard deviation < 9%; the assay was carried out at an ATP conc. of 15 uM; ND: not determined.

nitrogen in a heteroaromatic five-membered ring could further
increase the potency. In our previously reported series, the methyl
pyrazole moiety proved to be a good surrogate of ring B as shown in
compound €30 in Fig. 1 (compound 30 in Ref. [43]), since it medi-
ated a higher potency towards Dyrk1A than the 4-pyridyl in C4
(compound 4 in Ref. [43], Fig. 1) (ICs¢’s: 130 nM vs. 300 nM). Hence,
it was straightforward to combine the favourable cyclopropylamide
feature (this work) with the methyl pyrazolyl ring (previous work).

The resulting compound 16 was also potent against Dyrk1A
(ICs50=42.6 nM, Table 2), still exhibiting a 3-fold increase in po-
tency compared to compound €30 due to the cyclopropyl amide
extension. However, when compared to 4b, compound 16 was
almost 13-fold less potent, indicating that in the presence of the
cyclopropylamide extension, pyridine was preferred as ring B (cf.
Fig. 1) over N-methyl pyrazole. This was partially attributable to a
steric hindrance of the N-methyl group in 16, because the
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. Mlie165

Dyrk1A

Dyrk1B

Fig. 2. (A) Binding model for the interaction between compound 4b and the ATP binding pocket of Dyrk1A (PDB code: 3ANR). 4b (cyan) was docked into the ATP pocket of Dyrk1A
using MOE. In the binding model, compound 4b is anchored between the conserved Lys188 and the hinge region residue Leu241 through two hydrogen bonds with the two pyridine
rings. In addition, we found three CH— interactions involving Lys188, Phe238 and Ile165. The cyclopropyl extension was proven beneficial by performing an extra Van der Waals
interaction with the benzene ring of Tyr243. Interactions are indicated by dashed lines (blue; hydrogen bonds, red; CH— interactions), and distances between the heavy atoms are
given in A, In the color code of the ATP binding pocket surface, green denotes the most lipophilic and magenta the most hydrophilic areas. (B) Met240 in Dyrk1A is expected to
perform van der Waals interaction with the pyridine ring that is H-bonded to Leu241 in the Dyrk1A ATP pocket, possibly anchoring the pyridine ring at this position. Interactions
with 1le165 additionally stabilize the complex. In contrast, the van der Waals interaction surface to the corresponding Leu192 (right panel, Dyrk1B) is considerably smaller. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Inhibition of Dyrk1A and Dyrk1B by the pyrazol analogues 15—-19.

SN _ AN
A{rm VW)
I - R
Cpd.No. R Dyrk1A Dyrk1B
% inhibition at 250 nM* 1Cs0 (NM)? % inhibition at 250 nM* ICs0 (NM)?

15 H 85.7 18 58.1 138
16 methyl 70.4 426 78.6 67.1
17 ethyl 78.8 29.7 57 ND
18 propyl 68 76 65.7 98.8
19 isopropyl 10.1 ND 0.7 ND

¢ Values are mean values of at least two experiments; standard deviation < 10%; the assay was carried out at an ATP conc. of 15 utM; ND: not determined.

demethylated 1H-pyrazolyl derivative 15 was clearly more potent
(IC50 = 18 nM, Table 2).

Nevertheless, we aimed at exploring the possibility of utilizing
the pyrazole nitrogen as a convenient attachment point for further
molecule extensions. Therefore, we probed the effect of installing
ethyl, propyl and isopropyl groups at the pyrazole N1 (compounds
17, 18 and 19, respectively). Interestingly, placing an ethyl group
instead of the methyl in compound 16 slightly improved the
inhibitory potency (compound 17, ICsg = 29.7 nM), suggesting that
an enhancement of the hydrophobic effect partially compensated

for the steric hindrance. However, further elongation of the alkyl
chain to n-propyl (18) reduced the inhibitory activity again
(ICsp =76 nM). Moreover, the branched isopropyl derivative (19)
was almost inactive against Dyrk1A. These data suggested that
pyrazole N1 in 15 was not suitable for molecule extensions because
of the unfavourable vector, probably causing steric clashes of the
substituents inside the binding pocket. In addition, a further
disadvantage of the pyrazole containing scaffold was noted with
respect to the selectivity. In general, the scaffold was better toler-
ated by Dyrk1B, thus lowering the selectivity factor for Dyrk1A over
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Dyrk1B to 8 for 15 (compared with 24 for 4b), while the selectivity
was even lost with the N-alkylated derivatives 16—18. Fig. 3 sum-
marizes the structure activity relationships of the current series
toward Dyrk1A.

2.3.6. Predicted binding mode of 4b to Dyrk1A

4b showed a remarkable boost of potency, which was attribut-
able to the rather small cyclopropylamide moiety. To identify the
binding mode of 4b and the particular interactions of the cyclo-
propylamide extension, we performed docking simulations to the
ATP binding pocket using the coordinates from PDB entry 3ANR
(human Dyrk1A/harmine complex). While in theory, binding in two
different orientations was conceivable, each with the pyridine ni-
trogens forming H-bonds with Lys188 and the Leu241 NH, only one
of the binding orientations placed the key cyclopropylamide group
close to a pocket side chain with which it could interact (Fig. 2A). In
this binding model, a CH-7 interaction between the hinge region
residue Tyr243 and the cyclopropyl carbon in 4b was observed.
Furthermore, the cyclopropyl moiety showed packing against the
[le165 side chain, leading to additional hydrophobic interactions
(Fig. 2B). Thus, the notable impact of the cyclopropyl may arise from
a combination of CH—m and hydrophobic interactions with
different side chains, leading to a synergistic enhancement of
binding affinity. Such a cooperativity between different simulta-
neous interactions, also including hydrophobic interactions, is
common in protein—ligand binding and has been experimentally
confirmed [46]. Hence, if one of the specific interactions is weak-
ened, the total binding affinity is over-proportionally affected. This
might explain the low activity of 1b; according to our docking
model, the methyl at the amide function could also engage in CH—m
interaction with Tyr243 but cannot reach Ile165 (see Fig. S1, Sup-
plementary Information).

2.3.7. Selectivity against Dyrk1B and other selected kinases

The selectivity of all new compounds was initially evaluated
against Dyrk1B, the isoform most closely related to Dyrk1A, by
screening at 250 nM, as shown in Tables 1 and 2 All of the new
potent compounds were clearly more active against Dyrk1A,
similar to what we observed with the benzamide and benzylamide
derivatives [44]. The most potent cycloalkylamide derivatives of
bispyridyl thiophene, 4b and 5b, showed selectivity factors
(Dyrk1A over -1B) of approximately 24- and 4-fold, respectively.
While the pyrazole analogue 15 also exhibited a significant 8-fold
selectivity toward Dyrk1A, this was lost with the N1-alkylated
congeners (see above). Altogether, 4b possessed the greatest
selectivity for Dyrk1A in the present series, nearly approximating
the 27 fold selectivity observed with the previous 4-fluorobenzyl
amide derivative II (depicted in Fig. 1). To further examine the
selectivity of 4b, it was additionally tested against a panel of kinases
(Table 3) which are supposed to have structurally similar ATP

A sulfonamide linkage
abolished the
Cyclopropyl was optimum inhibition
for activity; further HN

expansion deteriorated
the inhibition

)i

O

Amide N-alkylation
caused loss of activity

Table 3
Selectivity profiling of compound 4b.

kinase % Inhibition at 1.25 uM* (ICs0)°”
CDK5/p25 1

Clk1 n.d. (270 nM)
Clk2 21

CK1 delta 4

Dyrk1A 89 (3.2nM)
Haspin 72 (76.3 nM)
HIPK1 1

MLCK2 121

TRKB 8

PIM1 n.i.

SRPK1 2

STK17A 51.3

@ The screening list was especially composed to include all kinases that
were frequently reported as off-targets for diverse chemical classes of
Dyrk inhibitors [30,43,54—58]. Screenings were performed as a service at
Thermo Fisher Scientific at an ATP concentration of 100 uM n. i., no in-
hibition. n. d. not determined. Data represent mean values of duplicates
that differed by less than 11%.

b ICsp value was determined for inhibition values>60% at an ATP
concentration of 15 uM.

binding pockets and were frequently reported to show cross reac-
tivity with diverse Dyrk1A inhibitors. As can be seen in Tables 3, 4b
displayed a remarkable selectivity in this crucial selection of ki-
nases, ranking 4b among the most selective Dyrk1A inhibitors
published so far. Even haspin, a kinase which was still slightly co-
inhibited by the previous compound II, was 24 times less
strongly inhibited by 4b than the target Dyrk1A.

How was the selectivity over the most closely related isoform
Dyrk1B achieved?

Despite the high sequence similarity between Dyrkl1A and
Dyrk1B, our most potent compound 4b showed a remarkable 24-
fold selectivity towards Dyrk1A. Indeed, the ATP binding sites of
two closely related homologues differ only by a single amino acid
(Met240 in Dyrk1A corresponds to Leu192 in Dyrk1B). Our docking
model gave a hint on how this difference might translate into
reduced affinity to Dyrk1B. Although the Met240 side chain in
Dyrk1A is not directly facing the ATP binding pocket, it could be
attracted by a hydrophobic patch created or enhanced upon bind-
ing of the inhibitor, thereby engaging in van der Waals and hy-
drophobic interactions with the pyridine ring in 4b which is H-
bonded to Leu241. The latter interactions could possibly contribute
to anchoring the pyridine ring at this position in Dyrk1A, and might
explain, at least partially, the lower potency of 4b against Dyrk1B,
where the van der Waals interaction surface to the corresponding
Leu192 is considerably smaller (see Fig. 2B). Concomitantly, the
essential H-bond of the pyridine N to the hinge region NH might be
less effectively shielded from water molecules in Dyrk1B. Further-
more, attractive interactions between aliphatic sulfur and pyridine

Omission of the pyridine
ring resulted in an
inactive analogue

V/
N
Replacement of the
pyridine with a

pyrazole was accepted

Fig. 3. Summary of the structure activity relationship for Dyrk1A inhibition.
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nitrogen are well documented [47] and might play a role with Table 4
Dyrk1A, but would be absent with Dyrk1B. Effect of 1b and 4b on Hela cell growth.
1uM 3uM 10uM

2.3.8. Inhibition of Dyrk1A in HeLa cells 4b 98+2 95+4 83+3

To evaluate the potency of 4b against Dyrk1A in intact cells, we 1b o 9 1023 98+3

Staurosporine’ 33+4

analyzed the effects on the intracellular phosphorylation of the
splicing factor 3b1 (SF3b1) using western blot analysis (Fig. 4). The
phosphorylation of Thr434 on SF3b1 was previously shown to be
solely dependent on Dyrk1A activity in HeLa cells [25]. The inactive
analogue 9 served as a negative control. In this assay, treatment of
Hela cells with 4b reduced the pT343-signal in a
concentration—dependent manner with an ICsg value of 43 nM
(Fig. 4). These results were in good agreement with the strong
Dyrk1A inhibition observed in the cell free assay.

In parallel, we assessed the potential cytotoxicity of our most
potent compound 4b with the same cell line. As can be seen in
Table 4, our test compounds showed minimal cytotoxicity on HeLa
cells up to a concentration of 3 uM, which ensures the safety of our
inhibitor in concentrations that fully inhibit Dyrk1A in cells.

2.4. Evaluation of CNS drug like properties

Since the major indication for Dyrk1A inhibitors is the treatment
of neurodegenerative diseases, it was straightforward to assess the
ability of our novel analogues to cross the BBB. A set of physico-
chemical properties has been previously reported in literature to be
associated with high probability of CNS penetration [45].
CNS—active drug candidates are assumed to have definite attributes
exemplified in molecular weight: 181—427, logP: 0.4—5.1 (median:
2.8) [45], HBA: 2—3, HBD: 0—1, and TPSA (topological polar surface
area)<76 A [48]. Accordingly, we calculated different physico-
chemical parameters using ACD/Labs software for our most potent
inhibitors (4b and 15b) to estimate the CNS drug-likeness of the
current series (Table 5). Most of the calculated parameters for both
inhibitors were in good agreement with the ideal ranges for brain
penetration as reported in literature. In comparison to the analogue
from the previous series, II, Compounds 4b and 15 showed more
favourable characteristics, such as reduced logP and molecular
weight, thus increasing the likeliness to penetrate the BBB. With
respect to the TPSA values which exceeded the limit of 76 A2, it
should be mentioned that this depends on whether the thiophene
sulphur is included in the calculation or not. Sulphur actually shows
little polarity in the aromatic ring system, and thiophene is there-
fore often employed as bioisosteric replacement for benzene.
Without counting the thiophene sulphur, the TPSA values for 4b

4b 9
00030103 13 3 uM
b pT434
Voo - - -
100 -
T wweww CFP

Values denote the viability of treated HeLa cells is given in percent relative to control
cells treated with vehicle (means of two separate experiments with duplicate
measurements + S.D.).

@ Staurosporine is a known inducer of apoptosis and served as a positive control.

Table 5

Calculated physicochemical properties of the most potent compounds 4b and 15.
Cpd.No. MW [gm/mol] logP TPSA[A?] TPSA[A?]" HBD HBA
4b 321.40 269 831 549 1 3
15 310.38 26 98.9 70.7 2 3
c29' 24434 248 823 25.8 0 2

@ (29 values are shown for comparison (taken from Ref. [43]).

b Sulphur was not considered for the calculation of TPSA. Ideal ranges for CNS
active drugs: MW: 181—427 g/mol, logP 0.4—5.1 (median: 2.8) [45], TPSA < 76 A2,
HBD: 0—1; HBA: 2—3 [48].

and 15 are 54.9 and 70.7 A2, respectively.

Interestingly, searching the literature for structurally similar
compounds that had shown high brain penetration in vivo, we
found a series of pyridine—containing glutamate receptor antago-
nists, e. g., 2-{2-[3-(pyridin-3-yloxy)phenyl]-2H-tetrazol-5-yl}pyr-
idine [49], that even showed a larger polar surface due to the
central tetrazole core. Altogether, our assessment suggested a high
probability of CNS penetration for our most potent compounds 4b
and 15.

2.5. Evaluation of metabolic stability

To further assess whether 4b and 15 are suitable for in vivo
studies, the phase I and phase Il metabolic stability were measured
using human hepatic liver S9 fractions. A definite set of samples
were taken at defined time points, and the remaining percentage of
parent compound was determined by LC-MS/MS. The calculated
half-life times almost reached 2.5 h for 4b and 15 (Table 6), indi-
cating a high metabolic stability, which exceeded that of the pre-
vious benzylamide—extended compound II (half-life against
human S9 fraction: 118 min [44], tested in parallel).
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Fig. 4. Inhibition of SF3b1 phosphorylation by Dyrk1A inhibition in HeLa cells using 4b. HeLa cells expressing GFP-SF3b1-NT were treated with the indicated compounds for 18 h at
the shown concentrations. Phosphorylation of SF3b1 was quantitated by immunoblotting with pT434 antibody (left panels). Compound 9 from present work was used as a negative
control as it did not inhibit Dyrk1A in the primary kinase screening. Quantitative evaluation of the results was performed to calculate the indicated ICsy which was deduced from the
dose-response curve fitted to the results of three experiments (means + SEM). All data were standardized to the level of phosphorylation in cells untreated with inhibitors.
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Table 6 4.1.1. General synthetic procedures and experimental details
Metabolic stability of 4b and 15 against human S9 fraction.". 4.1.1.1. Procedure A, procedure for synthesis of compounds A-B, H.
Cpd No. Half-life [min] A mixture of 5mmol of the 3-amino-5-bromo pyridine and
ab 144 1.96 g m (20 mmol) of potassium acetate and 0.18 gm (0.25 mmol)
15 147 of Pd (dppf)Cl; and 5.08 g m (20 mmol) of bis(pinacolato)diboron in
Testosterone” 85 dioxane was heated to reflux under argon for 2 h to yield com-

2 10mg/ml, NADP" regenerating system, MgCl,, UDPGA,
PAPS, [inhibitor] = 0.3 uM, incubation at 37 °C, samples taken
at 0, 15, 30, 60, 90 and 120 min, determination of the parent
compound by LC-MS/MS.

Y Included as a positive control for a rapidly metabolized
compound.

3. Conclusions

We developed a novel DyrklA inhibitor series of
amide—functionalized bispyridyl thiophenes carrying different
alkyl, cycloalkyl and polar side chains. In this series, the cyclo-
propyl amide in compound 4b was identified as a key modifica-
tion, which led to an enhancement of several essential properties.
Firstly, 4b exhibited the most potent Dyrk1A inhibition with an
IC50 of 3.2 nM. In addition, the cyclopropyl amide modification
effected a significant increase in selectivity over closely related
kinases including haspin (selectivity factor: 24), which was often
found to be co-inhibited even by some of the most selective
Dyrk1A inhibitors, such as TG003 and harmine [50,51]. Of note,
the benzylamide—modified previous inhibitor II had only ach-
ieved a moderate 2.5 fold selectivity over haspin [44]. The cyclo-
propylamide modification did not only increase potency and
selectivity, but moreover, it also enhanced the metabolic stability
against human liver S9 fractions, leading to a half-life of almost
2.5h.

As anticipated by the high cell free potency, 4b inhibited Dyrk1A
in Hela cells with an ICsq of only 43 nM. This cellular potency, in
combination with the high selectivity, low cytotoxicity and high
metabolic stability render 4b a promising candidate for in vivo
studies using models of neurodegenerative diseases.

4. Experimental section
4.1. Chemistry

Solvents and reagents were obtained from commercial suppliers
and used as received. Melting points were determined on a Stuart
SMP3 melting point apparatus. All final compounds had a percentage
purity of at least 95%, and this could be verified by means of HPLC
coupled with mass spectrometry. Mass spectra (HPLC—ESIMS) were
obtained using a TSQ quantum (Thermo Electron Corp.) instrument
prepared with a triple quadrupole mass detector (Thermo Finnigan)
and an ESI source. All samples were injected using an autosampler
(Surveyor, Thermo Finnigan) by an injection volume of 10 pL. The MS
detection was determined using a source CID of 10V and carried out
at a spray voltage of 4.2kV, a nitrogen sheath gas pressure of
4.0 x 10° Pa, a capillary temperature of 400 °C, a capillary voltage of
35V, and an auxiliary gas pressure of 1.0 x 10° Pa. The stationary
phase used was an RP C18 NUCLEODUR 100—3 (125 mm x 3 mm)
column (Macherey & Nagel). The solvent system consisted of water
containing 0.1% TFA (A) and 0.1% TFA in acetonitrile (B). The HPLC
method used a flow rate of 400 pL/min. The percentage of B started
at 5%, was increased up to 100% during 7 min, was kept at 100% for
2 min, and was flushed back to 5% in 2 min and was kept at 5% for
2 min. A Bruker DRX 500 spectrometer was used to obtain the 'H
NMR and ®C NMR spectra. The chemical shifts are referenced to the
residual protonated solvent signals.

pounds A. The mixture was left to attain room temperature and
then filtered under vacuum. Without further purification, a reac-
tion flask containing the filterate was charged with 6.5gm
(20 mmol) of Cs3C03, 0.29gm (0.25 mmol) of palladium-tetrakis
(triphenylphosphine) and 6 mmol of the appropriate bromothio-
phene together with 30% water in a Suzuki coupling reaction. The
reaction was left to reflux under argon for 3.5 h. The mixture was
concentrated in vacuo. The residue was partitioned between
150 mLs ethyl acetate and 50 mLs brine solution and then the
aqueous layer was re-extracted using 3 portions of 100 mLs ethyl
acetate. The organic layers were collected and the volume was
reduced under reduced pressure. Afterwards the product was pu-
rified by CC to yield compounds B, H.

4.1.1.2. Procedure B, general procedure for the amide synthesis of
compounds 1a, 3a - 8a, E, 14. 0.18 g m (0.7 mmol) of compound D
was added to a mixture of 0.4 gm (1.05 mmol) of HBTU (in com-
pounds 1a, 3a-7a, E, 14) or 0.4gm (1.05 mmol) HATU (in com-
pounds 8a) and 0.36gm (1.05mmol) of DIPEA together with
2.1 mmol of the appropriate acid in DCM. The mixture was left to
stir at room temperature overnight, and afterwards, the solvent
was evaporated in vacuo and the product was purified by CC.

4.1.1.3. Procedure C, general procedure for amide alkylation (C— D).
0.14gm (3.5 mmol) KH was added gradually to stirred solution of
0.23gm (0.35mmol) of compound 4a in 2mLs DMF under ice
cooling. The reaction mixture was left to stir for 1h and then 1
equiv of the appropriate alkyl iodide was added to the reaction
vessel and the mixture was left to stir for 2 days at room temper-
ature. The mixture was partitioned between aqueous brine solution
and ethyl acetate layers and the aqueous layer was extracted by
three 50-mL portions of ethyl acetate. The organic layers were
collected and the solvent was removed under vacuum, this was
followed by purification of the desired products using CC.

4.1.14. Procedure D, general procedure for synthesis of compounds F
— G. 0.27 gm (0.7 mmol) of compound E was added to a solution
of 7mmol of the appropriate alicyclic amine dissolved in methanol.
The reaction mixture was heated to refux for 1 h. Afterwards, the
solvent was removed in vacuo and the produced residue was pu-
rified using CC.

4.1.1.5. Procedure E, general procedure for synthesis of compounds
1b—8b, 9—10, 12—13, 15—19. The bromo derivative was added to a
suspension of 4 equiv of Na;CO3 and 5 mmol% of Pd (dppf)Cl, in
dioxane/water mixture. This was followed by the addition of the
pyridine/pyrazole boronic acid derivative. The reaction was heated
to reflux for 2 h under argon atmosphere. The solvent was removed
in vacuo. Small amount of brine solution was added and extraction
was done using ethyl acetate (3 x 50 mLs). The ethyl acetate por-
tions were collected and the volume was reduced in vacuo. After-
wards the product was purified by CC.

4.1.1.6. Procedure F, general procedure for pyrazole alkylation (com-
pounds 1, J, K). To a solution of 4-pyrazoleboronic acid pinacol ester
dissolved in acetone, 2 equiv of Cs,CO3 and 2 equiv of the appropriate
alkyl iodide were added. The reaction mixture was left to reflux
overnight. The solvent was evaporated in vacuo and the product
entered the following reaction without further purification.
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4.1.1.7. 5-(4-Bromothiophen-2-yl)pyridin-3-amine (B). The com-
pound was synthesized according to Procedure A: yield 80%. The
product was purified by CC (ethyl acetate); 'H NMR (500 MHz,
DMSO) & 8.08 (d, J=2.0Hz, 1H), 7.91 (d, J]=2.5Hz, 1H), 7.70 (d,
J=14Hz, 1H), 7.51 (d, J= 1.5 Hz, 1H), 7.16—7.05 (m, 1H), 5.50 (s,
2H); 3C NMR (126 MHz, DMSO) 5 144.98, 142.31, 136.28, 133.61,
128.34, 126.16, 123.47, 115.68, 109.89; MS (ESI) m/z = 254.82
(M + H)*

4.1.1.8. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)—N-methyl-
cyclopropanecarboxamide (C). The compound was synthesized ac-
cording to Procedure C using methyl iodide: yield 83%. The product
was purified by CC (DCM/MeOH 100:1.5); 'H NMR (500 MHz,
DMSO) 6 8.86 (s, 1H), 8.57 (d, J = 1.9 Hz, 1H), 8.19 (s, 1H), 7.83 (d,
J=14Hz,1H),7.81(d,J = 1.3 Hz, 1H), 3.34 (s, 3H), 1.54—1.37 (m, 1H),
0.86—0.82 (m, 2H), 0.69 (t, J=4.3Hz, 2H); '°C NMR (126 MHz,
DMSO) & 172.32, 147.61, 144.17, 140.69, 140.12, 130.89, 129.22,
127.99, 124.84, 110.20, 36.93, 12.39, 8.24; MS (ESI) m/z = 336.91
(M + H)'

4.1.1.9. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)—N-ethyl-
cyclopropanecarboxamide (D). The compound was synthesized ac-
cording to Procedure C using ethyl iodide: yield 79%. The product
was purified by CC (DCM/MeOH 100:1); 'H NMR (500 MHz, DMSO)
58.88 (s, 1H), 8.51 (s, 1H), 8.15 (s, 1H), 7.83 (t,] = 1.8 Hz, 2H), 3.75 (s,
2H), 1.25—-1.13 (m, 1H), 1.04 (t, 3H), 0.88—0.77 (m, 2H), 0.66 (s, 2H);
13C NMR (126 MHz, DMSO) 3 171.69, 148.59, 144.64, 140.00, 139.00,
131.89, 129.40, 128.11, 124.86, 110.22, 43.53, 12.98, 12.62, 8.17; MS
(ESI) m/z = 350.89 (M + H)*

4.1.1.10. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)acetamide (1a).
The compound was synthesized according to procedure B using
acetic acid: yield 98%.The product was purified by CC (ethyl ace-
tate); '"H NMR (500 MHz, DMSO) & 10.30 (s, 1H), 8.64 (dd, J= 3.1,
24 Hz, 2H), 8.29 (t, J=2.2 Hz, 1H), 7.79 (d, J = 1.4 Hz, 1H), 7.66 (d,
J=14Hz, 1H), 2.10 (s, 3H); '*C NMR (126 MHz, DMSO) 5 169.23,
141.17, 140.57, 140.02, 136.16, 128.35, 127.07, 124.41, 121.90, 110.23,
23.95; MS (ESI) m/z = 297.95 (M + H)*

4.1.1.11. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)meth-
anesulfonamide (2a). The title compound was synthesized through
adding 1.4 mmol of the methanesulfonyl chloride to a stirred so-
lution of 0.18 gm (0.7 mmol) of compound B dissolved in pyridine.
The reaction was heated to 60 °C and left overnight. This was fol-
lowed by the removal of solvent in vacuo: yield 69.1%. The product
was purified by CC (ethyl acetate); 'H NMR (500 MHz, DMSO)
810.16 (s,1H), 8.68 (d,] =2.0Hz,1H), 8.39 (d, ] = 2.4 Hz, 1H), 7.81 (d,
J=14Hz,1H), 7.77 (t,] = 2.2 Hz, 1H), 7.71 (d, ] = 1.5 Hz, 1H), 3.13 (s,
3H); C NMR (126 MHz, DMSO) & 141.43, 140.71, 135.35, 133.06,
128.82, 127.53, 124.65, 122.78, 110.19, 40.11; MS (ESI) m/z = 331.69
(m)*

4.1.1.12. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)propionamide
(3a). The compound was synthesized according to procedure B
using propionic acid: yield 64%. The product was purified by CC
(ethyl acetate/petroleum ether 8:2);'H NMR (500 MHz, DMSO)
810.36 (s, 1H), 8.69 (s, 1H), 8.63 (s, 1H), 8.34 (t, ] = 2.2 Hz, 1H), 7.79
(d,] =1.4Hz,1H), 7.66 (d, ] = 1.4 Hz, 1H), 2.39 (q, ] = 7.5 Hz, 2H), 1.10
(t,J=7.5Hz, 3H). MS (ESI) m/z = 310.99 (M + H)"

4.1.1.13. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)cyclo-
propanecarboxamide (4a). The compound was synthesized ac-
cording to procedure B using cyclopropanecarboxylic acid: yield
94%. The product was purified by CC (ethyl acetate/petroleum ether
6:4); 'TH NMR (500 MHz, DMSO) 3 10.57 (d, J = 1.2 Hz, 1H), 8.66 (d,

J=23Hz,1H),8.63 (d,] = 2.1 Hz,1H), 8.32 (t,] = 2.2 Hz, 1H), 7.79 (d,
J=1.4Hz, 1H), 7.66 (d, ] = 1.4 Hz, 1H), 1.80 (dd, ] = 12.4, 6.3 Hz, 1H),
1.46 (m, ] = 21.2, 15.9, 10.8, 6.4 Hz, 2H), 1.30—1.11 (m, 2H); *C NMR
(126 MHz, DMSO) & 175.51, 141.14, 140.41, 139.93, 136.13, 128.31,
127.02, 124.33, 121.86, 110.16, 14.56, 7.65; MS (ESI) m/z = 322.93
(M + H)*

4.1.1.14. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)cyclo-
butanecarboxamide (5a). The compound was synthesized accord-
ing to procedure B using cyclobutanecarboxylic acid: yield 94.6%.
The product was purified by CC (ethyl acetate/petroleum ether 7:3);
'H NMR (400 MHz, DMSO0) & 10.15 (s, 1H), 8.69 (d, J = 1.9 Hz, 1H),
8.63 (d, J=19Hz, 1H), 8.35 (s, 1H), 7.79 (d, J = 1.1 Hz, 1H), 7.66 (d,
J=12Hz, 1H), 3.09-2.99 (m, 1H), 1.10-1.00 (m, 2H), 0.97 (td,
J=7.0,1.7Hz, 2H),0.82 (dd, ] = 15.2, 7.5 Hz, 2H); >*C NMR (101 MHz,
DMSO) & 173.82, 141.21, 140.44, 140.13, 136.26, 128.30, 127.04,
121.99, 116.94, 110.22, 24.59, 17.73; MS (ESI) m/z = 337 (M + H)"

4.1.1.15. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)cyclo-
hexanecarboxamide (6a). The compound was synthesized accord-
ing to procedure B using cyclohexanecarboxylic acid: yield 51%. The
product was purified by CC (ethyl acetate/petroleum ether 6:4); 'H
NMR (500 MHz, DMSO) & 10.17 (s, 1H), 8.67 (d, J = 2.3 Hz, 1H), 8.62
(d,J=2.1Hz,1H), 835 (t,] = 2.2 Hz, 1H), 7.78 (d, ] = 1.4 Hz, 1H), 7.65
(d, J=15Hz, 1H), 2.36 (ddd, J=11.6, 8.1, 3.5Hz, 1H), 1.83 (d,
J=11.8Hz, 2H), 1.80—1.73 (m, 2H), 141 (m, J=12.4, 2.9 Hz, 2H),
1.34—1.11 (m, 4H); >C NMR (126 MHz, DMSO) & 175.14, 14121,
140.40, 140.07, 136.33, 128.28, 127.01, 124.34, 121.88, 110.19, 44.82,
29.01, 25.36, 25.16; MS (ESI) m/z = 364.97 (M + H)"

4.1.1.16. tert-Butyl 3-((5-(4-bromothiophen-2-yl)pyridin-3-yl)carba-
moyl)pyrrolidine-1-carboxylate (7a). The compound was synthe-
sized according to procedure B using N-Boc-pyrrolidine-3-
carboxylic acid: yield 88%. The product was purified by CC (DCM/
MeOH 100:3); 'H NMR (500 MHz, DMSO) & 10.40 (s, 1H), 8.66 (dd,
J=6.6, 2.2 Hz, 2H), 8.32 (t, J=2.2 Hz, 1H), 7.79 (d, = 14 Hz, 1H),
7.67 (d, J=14Hz, 1H), 3.03 (dd, /=164, 8.6Hz, 2H), 2.13 (d,
J=2.9Hz, 1H), 2.03 (s, 2H), 2.00—1.90 (m, 2H), 1.41 (s, 9H); 3C NMR
(126 MHz, DMSO) & 153.35, 141.06, 140.77, 140.20, 135.94, 132.94,
128.34, 127.11, 124.41, 122.19, 110.21, 78.34, 54.89, 53.55, 41.81,
28.16, 28.14; MS (ESI) m/z = 453.84 (M + H)"

4.1.1.17. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-(1H-tetrazol-
5-yl)acetamide (8a). The compound was synthesized according to
procedure B using 1H-Tetrazole-5-acetic acid: yield 97%. The
product was purified by extraction with 2 M NaOH and ethyl ace-
tate (3 x 50 mLs). The aqueous layer was normalised using 1 M HCI
and dried in vacuo; 'H NMR (500 MHz, DMSO) 3 10.78 (s, 1H), 8.68
(d,J=2.3Hz,1H), 8.61 (d,]=2.1Hz,1H), 8.33 (t,] = 2.2 Hz,1H), 7.77
(d,J=1.4Hz, 1H), 7.64 (d, ] = 1.4 Hz, 1H), 3.77 (s, 2H), 3.42 (s, 1H);
13C NMR (126 MHz, DMSO) 5 169.31, 155.55, 141.19, 140.54, 140.13,
136.22, 128.34, 127.08, 124.39, 121.97, 110.19, 34.83; MS (ESI) m/
z=364.90 (M + H)*

4.1.1.18. 2-(Piperidin-1-yl)—N-(5-(4-(pyridin-3-yl)thiophen-2-yl)
pyridin-3-yl)acetamide (F). The compound was synthesized ac-
cording to procedure D using piperidine: yield 83.8%. The product
was purified by CC (ethyl acetate/MeOH 100:1); 'H NMR (500 MHz,
DMSO0) 3 9.81 (s, 1H), 8.61 (d,J = 2.3 Hz, 1H), 8.46 (d, ] = 2.1 Hz, 1H),
8.16 (t,] = 2.2 Hz, 1H), 7.61 (d, ] = 1.4 Hz, 1H), 749 (d, ] = 1.4 Hz, 1H),
2.94 (s, 2H), 2.35-2.30 (m, 4H), 1.39 (m, ] = 11.1, 5.6 Hz, 4H), 1.22 (d,
J=4.2Hz, 2H); '>C NMR (126 MHz, DMSO) 3 164.59, 141.07, 140.84,
140.67, 135.52, 128.31, 127.14, 12440, 122.64, 110.17, 62.55, 54.11,
25.32, 23.51; MS (ESI) = 379.96 (M + H)*
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4.1.1.19. N-(5-(4-bromothiophen-2-yl)pyridin-3-yl)-2-
morpholinoacetamide (G). The compound was synthesized ac-
cording to procedure D using morpholine: yield 83.3%. The product
was purified by CC (ethyl acetate/MeOH 100:3); 'H NMR (500 MHz,
DMSO) 4 10.07 (s,1H), 8.78 (d,] = 2.2 Hz, 1H), 8.66 (d, ] = 2.1 Hz, 1H),
8.34(t,J]=2.2Hz,1H),7.79 (d,] = 1.4 Hz, 1H), 7.68 (d, ] = 1.4 Hz, 1H),
3.69-3.62 (m, 4H), 3.20 (d, J = 15.9 Hz, 2H), 2.52 (m, 4H); '*C NMR
(126 MHz, DMSO) & 169.13, 164.60, 141.06, 140.91, 135.51, 128.31,
127.14, 124.42, 122.73, 110.19, 66.02, 61.95, 53.18; MS (ESI) m/
z =383.86 (M + H)*

4.1.1.20. 5-(Thiophen-2-yl)pyridin-3-amine (H). The compound was
synthesized according to Procedure A using 2-bromothiophene:
yield 89%.The product was purified by CC (ethyl acetate/petroleum
ether 9:1); '"H NMR (500 MHz, DMS0) 5 8.07 (d, ] = 1.7 Hz, 1H), 7.87
(d, J=2.3Hz, 1H), 757 (d, J=5.0Hz, 1H), 7.46 (d, ] = 3.2 Hz, 1H),
7.20—-7.09 (m, 2H), 547 (s, 2H); *C NMR (126 MHz, DMSO)
d 144.95, 140.69, 135.61, 133.80, 129.50, 128.47, 126.03, 124.03,
115.94.

4.1.1.21. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)acetamide
(1b). The compound was synthesized according to procedure E to
give a brown solid: yield 13.8%. The product was purified by CC
(DCM/MeOH/TEA 100:5:1); mp151.3—153.2°C; 'H NMR (500 MHz,
DMSO0) 3 10.50 (s, 1H), 9.06 (d,J = 1.7 Hz, 1H), 8.74 (d, ] = 1.8 Hz, 1H),
8.69(d,J=2.0Hz, 1H), 8.53 (d,] = 3.6 Hz, 1H), 8.38 (s, 1H), 8.19 (dd,
J=8.3, 4.6 Hz, 2H), 8.15 (s, 1H), 7.47 (dd, J = 7.9, 4.8 Hz, TH), 2.11 (s,
3H); 3¢ NMR (126 MHz, DMSO) & 169.25, 148.41, 147.21, 140.87,
140.64, 139.70,139.39,136.23,133.31,130.43, 129.27, 123.94, 123.68,
122.93,122.09, 23.93; MS (ESI) m/z = 296.02 (M + H)™

4.1.1.22. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)meth-
anesulfonamide (2b). The compound was synthesized according to
procedure E to give a white solid: yield 45.4%. The product was
purified by extraction with water and ethyl acetate (3 x 50 mLs) the
organic layers were collected and the solvent was removed in
vacuo; mp > 280 °C; 'H NMR (500 MHz, DMSO0) & 10.37 (s, 1H), 9.06
(s, TH), 8.76 (d, J=1.9Hz, 1H), 8.53 (d, J=3.4Hz, 1H), 843 (d,
J=2.1Hz, 1H), 8.21 (s, 2H), 8.17 (s, 1H), 7.89 (s, 1H), 7.47 (dd, ] = 7.9,
4.6Hz, 1H), 3.11 (s, 3H);"*C NMR (126 MHz, DMSO) 3 148.40, 147.19,
141.33, 140.68, 140.40, 139.53, 139.36, 135.86, 133.30, 130.37,129.70,
124.06, 123.90, 123.17; MS (ESI) m/z = 331.79 (M + H)"

4.1.1.23. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)propiona-
mide (3b). The compound was synthesized according to procedure
E to give a beige solid: yield 9.1%. The product was purified by CC
(DCM/MeOH 100:5); mp 211.6—2124°C; 'H NMR (500 MHz,
DMSO0) $ 10.21 (s, 1H), 9.06 (d, ] = 1.7 Hz, 1H), 8.73 (d,] = 2.1 Hz, 1H),
8.67 (d, J=22Hz, 1H), 853 (dd, J=4.7, 1.5Hz, 1H), 8.39 (t,
J=2.2Hz, 1H), 8.19 (ddd, ] =8.0, 2.3, 1.6 Hz, 1H), 8.17 (d, = 1.5 Hz,
1H), 8.13(d,J = 1.4 Hz, 1H), 7.47 (ddd, ] = 7.9, 4.8, 0.8 Hz, 1H), 2.39 (q,
J=75Hz, 2H), 1.12 (t, ] = 7.5 Hz, 3H); >C NMR (126 MHz, DMSO)
d 172.79, 148.34, 14717, 140.85, 140.53, 139.68, 139.36, 136.16,
133.24, 130.39, 129.23, 123.85, 123.61, 122.82, 122.07, 29.39, 9.37;
MS (ESI) m/z = 310.08 (M + H)"

4.1.1.24. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)cyclo-
propanecarboxamide (4b). The compound was synthesized ac-
cording to procedure E to give a brick red solid: yield 8.5%. The
product was purified by CC (DCM/MeOH 100:5); mp 194—-195.8 °C;
'H NMR (500 MHz, DMSO) 5 10.58 (s, 1H), 9.06 (d, J = 1.9 Hz, 1H),
8.69 (dd, J = 37.5, 2.1 Hz, 2H), 8.52 (dd, ] =4.7, 1.4 Hz, 1H), 8.39 (t,
J=2.2Hz, 1H), 8.23—8.16 (m, 2H), 8.13 (d, = 1.4 Hz, 1H), 747 (dd,
J =179, 4.8Hz, 1H), 1.85—1.78 (m, 1H), 0.95—0.79 (m, 4H); °C NMR
(126 MHz, DMSO) & 172.53, 148.35, 147.15, 140.82, 140.52, 139.57,

139.35,136.13, 133.24, 130.38, 129.26, 123.87, 123.63, 122.85, 122.03,
14.56, 7.56; MS (ESI) m/z = 321.93 (M + H)'

4.1.1.25. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)cyclo-
butanecarboxamide (5b). The compound was synthesized accord-
ing to procedure E to give an off-white solid: yield 17%. The product
was purified by CC (DCM/MeOH 100:4); mp 213—214.2°C; 'H NMR
(500 MHz, DMSO) 3 10.09 (s, 1H), 9.06 (s, 1H), 8.73 (s, 1H), 8.68 (s,
1H), 8.53 (d, ] = 4.0 Hz, 1H), 8.41 (s, 1H), 8.20 (d, ] = 8.7 Hz, 2H), 8.14
(s, 1H), 7.47 (dd, J =77, 4.7 Hz, 1H), 3.31—-3.22 (m, 1H), 2.32—2.19
(m, 2H), 2.14 (d, ] = 8.6 Hz, 2H), 1.96 (dd, ] = 19.0, 9.3 Hz, 1H), 1.83 (d,
J=9.8Hz, 1H); '>C NMR (126 MHz, DMSO) §173.76, 148.38, 147.20,
140.87, 140.57, 139.78, 139.38, 136.21, 133.27, 130.42, 129.24, 123.89,
123.65,122.86,122.16, 24.58,17.71; MS (ESI) m/z = 336.08 (M + H)™

4.1.1.26. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)cyclo-
hexanecarboxamide (6b). The compound was synthesized accord-
ing to procedure E to give a beige solid: yield 14%. The product was
purified by CC (DCM/MeOH 100:3); mp 182—-184°C; 'H NMR
(500 MHz, DMSO) & 10.17 (s, 1H), 9.06 (s, 1H), 8.72 (s, 1H), 8.67 (s,
1H), 8.53 (d, J=3.7 Hz, 1H), 8.42 (s, 1H), 8.23—8.15 (m, 2H), 8.13 (s,
1H), 7.53-7.42 (m, 1H), 2.38 (t, ] = 11.4 Hz, 1H), 1.85 (d, ] = 12.2 Hz,
2H), 1.77 (d, J=11.9Hz, 2H), 1.66 (d, J=12.0Hz, 1H), 143 (d,
J=12.2 Hz, 2H),1.26 (dd, ] = 23.2,10.8 Hz, 2H), 1.22—1.16 (m, 1H) °C
NMR (126 MHz, DMSO) & 175.08, 148.33, 147.16, 140.87, 140.49,
139.70, 139.35, 136.30, 133.25, 130.40, 129.20, 123.86, 123.59,
122.82, 122.03, 44.79, 29.00, 25.35, 25.15; MS (ESI) m/z = 364.03
(M + H)"

4.1.1.27. tert-Butyl 3-((5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-
yl)carbamoyl)pyrrolidine-1-carboxylate (7b). The compound was
synthesized according to procedure E to give a yellow semi-solid:
yield 34%. The product was purified by CC (DCM/MeOH/TEA
100:4:1); '"H NMR (500 MHz, DMSO) & 10.49 (s, 1H), 9.08 (s, 1H),
8.73 (dd, J=32.1, 1.9Hz, 2H), 8.55 (d, J=3.5Hz, 1H), 841 (t,
J=2.1Hz, 1H), 8.27—8.21 (m, 1H), 8.20 (d, J= 1.4 Hz, 1H), 8.16 (d,
J=14Hz, 1H), 751 (dd, J=79, 48Hz 1H), 3.54 (dd, J=20.8,
11.7 Hz, 2H), 3.25—3.16 (m, 2H), 2.10 (dd, ] = 29.5, 14.7 Hz, 2H), 1.41
(s, 9H), 1.23 (d, ] = 1.2 Hz, 1H); *C NMR (126 MHz, DMSO) 3 177.88,
153.34, 147.97,146.77, 140.80, 139.80, 139.22, 133.72, 130.57, 129.47,
129.15, 128.07, 124.07, 123.74, 123.10, 122.35, 78.38, 61.17, 45.66,
45.59, 28.20, 28.17; MS (ESI) m/z = 451.35 (M + H)"

4.1.1.28. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)-2-(1H-
tetrazol-5-yl)acetamide (8b). The compound was synthesized ac-
cording to procedure E to give an off-white solid: yield 55.4%. The
product was purified by CC (DCM/MeOH/TEA 100:11:3); mp
1192-122.7°C; 'H NMR (500 MHz, DMSO) & 10.80 (s, 1H),
9.14—-8.99 (m, 1H), 8.73 (d, J= 2.1 Hz, 1H), 8.69 (d, ] = 2.2 Hz, 1H),
8.52 (dd, J=4.7, 1.6 Hz, 1H), 8.40 (t, = 2.2 Hz, 1H), 8.22—8.16 (m,
2H), 8.14 (d, J = 1.4 Hz, 1H), 7.50—7.43 (m, 1H), 5.32 (s, 1H), 3.86 (s,
2H); 3C NMR (126 MHz, DMSO) & 172.10, 168.73, 148.35, 147.19,
140.80, 140.73, 139.73, 139.37,136.12, 133.28, 130.42, 129.27, 123.89,
123.71, 122.89, 122.10, 34.34; MS (ESI) m/z = 364.02 (M + H)*

4.1.1.29. N-methyl-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
cyclopropanecarboxamide (9). The compound was synthesized ac-
cording to procedure E to give brown oil: yield 15.6%. The product
was purified by CC (DCM/MeOH 100:2); mp 142—142.7 °C; 'H NMR
(500 MHz, DMSO) 6 9.07 (s, 1H), 8.93 (s, 1H), 8.57 (s, 1H), 8.53 (d,
J=3.7Hz,1H), 8.34 (s, 1H), 8.25 (s, 1H), 8.20—8.16 (m, 2H), 7.48 (dd,
J=79,48Hz,1H),3.31 (s, 3H),1.22 (m, 1H), 0.89—-0.84 (m, 2H), 0.70
(m, 2H); '3C NMR (126 MHz, DMSO) 3 172.30, 149.12, 148.40, 147.76,
147.14,140.71, 139.67, 139.28, 134.40, 133.18, 130.32, 124.67, 123.96,
123.89, 123.31, 36.97, 12.35, 8.20; MS (ESI) m/z = 336.03 (M + H)"
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4.1.1.30. N-ethyl-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)
cyclopropanecarboxamide (10). The compound was synthesized
according to procedure E to give a beige solid: yield 21.2%. The
product was purified by CC (DCM/MeOH 100:3); mp 140—142.2 °C;
'"H NMR (500 MHz, DMSO) & 9.07 (d, J=1.9Hz, 1H), 8.94 (s, 1H),
8.58—8.44 (m, 2H), 8.36 (s, 1H), 8.24—8.19 (m, 2H), 8.18 (d,
J=13Hz, 1H), 7.48 (dd, J = 7.8, 4.8 Hz, 1H), 3.78 (q, ] = 6.3 Hz, 2H),
1.30 (m, 1H), 1.07 (t,] = 6.6 Hz, 3H), 0.88—0.81 (m, 2H), 0.67 (m, 2H);
13C NMR (126 MHz, DMSO) 5 171.81, 148.40, 148.17, 147.16, 144.66,
144.45,139.55,139.29, 139.02, 133.18, 131.82, 130.30, 124.79, 123.87,
123.32, 43.57,12.99, 12.63, 8.15; MS (ESI) m/z = 350.05 (M + H)"

4.1.1.31. N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-3-yl)pyrroli-
dine-3-carboxamide (11). The title compound was prepared by
adding compound 7b to a mixture of TFA and DCM. The reaction
mixture was stirred overnight at room temperature and then the
solvent was removed in vacuo and purified by crystallization from
ethanol to give yellow oil: yield 23.6%. '"H NMR (500 MHz, MeOD)
5 8.97 (s, 1H), 8.66 (dd, J = 7.3, 1.8 Hz, 2H), 8.52 (d, J =4.4 Hz, 1H),
8.47 (t, J=2.2Hz, 1H), 8.36—8.26 (m, 1H), 8.05 (s, 1H), 7.97 (dd,
J=3.7, 1.5Hz, 2H), 761 (dd, J=7.9, 5.1 Hz, 1H), 3.66 (dd, J=11.7,
5.0Hz, 1H), 3.49 (dd, J=11.7, 7.7 Hz, 1H), 3.45—-3.35 (m, 3H),
2.50—2.35 (m, 1H), 2.29 (m, J= 13.2, 5.9 Hz, 1H), 1.27 (dd, = 14.8,
7.8 Hz, 1H); >C NMR (126 MHz, MeOD) 3 173.24, 147.11, 146.14,
142.42,142.07,140.58, 140.04, 137.55, 137.47, 133.83, 132.00, 126.28,
125.31, 124.99, 124.79, 48.76, 46.56, 44.80, 30.38.; MS (ESI) m/
z =350.93 (M + H)*

4.1.1.32. 2-(Piperidin-1-yl)—N-(5-(4-(pyridin-3-yl)thiophen-2-yl)
pyridin-3-yl)acetamide (12). The compound was synthesized ac-
cording to procedure E to give brick red oil: yield 17.5%. The product
was purified by CC (DCM/MeOH 100:3); 'H NMR (500 MHz, DMSO)
d 1110 (s, 1H), 9.18 (s, 1H), 8.87 (s, 1H), 8.72 (s, 1H), 8.44 (d,
J=7.8Hz,1H), 8.37 (s, 1H), 8.27 (d, ] = 8.0 Hz, 2H), 7.70 (s, 1H), 7.54
(d,J=8.1Hz, 1H), 4.20 (s, 2H), 3.51 (s, 2H), 3.09 (s, 2H), 1.80 (s, 4H),
1.70 (s, 1H), 1.40 (s, TH); '>C NMR (126 MHz, DMSO) 3 163.87,145.98,
144.77,141.54, 140.51, 139.80, 138.44, 135.76, 130.95, 130.87, 128.49,
124.99, 124.05, 123.93, 122.75, 56.86, 53.09, 22.13, 20.97; MS (ESI)
mfz = 379.09 (M + H)*

4.1.1.33. 2-Morpholino-N-(5-(4-(pyridin-3-yl)thiophen-2-yl)pyridin-
3-yl)acetamide (13). The compound was synthesized according to
procedure E to give a buff yellow solid: yield 7.7%. The product was
purified by CC (DCM/MeOH 100:5); mp 174.3—175.8°C; 'H NMR
(500 MHz, DMSO) & 11.47 (s, 1H), 9.09 (d, J = 1.8 Hz, 1H), 8.81 (dd,
J=294, 2.0Hz, 2H), 8.56 (dd, ] = 4.8, 1.3 Hz, 1H), 8.42 (t, ] = 2.0 Hz,
1H), 8.28 (d, J = 8.2 Hz, 1H), 8.22 (dd, J = 17.6, 1.3 Hz, 2H), 7.54 (dd,
J =179, 48 Hz, 1H), 421 (s, 2H), 3.89 (s, 4H), 3.33 (s, 4H); °C NMR
(126 MHz, DMSO) & 174.82, 146.42, 141.55, 140.47, 139.97, 139.13,
135.13,134.09, 130.65, 129.39, 124.22, 123.91, 123.41, 122.76, 122.71,
51.99, 45.30, 8.39; MS (ESI) m/z = 381.07 (M + H)*

4.1.1.34. N-(5-(Thiophen-2-yl)pyridin-3-yl)cyclo-
propanecarboxamide (14). The compound was synthesized ac-
cording to procedure B using cyclopropanecarboxylic acid to give a
brown solid: yield 45.4%. The product was purified by CC (DCM/
MeOH 100:4); mp 149.8—151.1°C; 'H NMR (500 MHz, DMSO)
510.50 (s, 1H), 8.64(d,J = 2.3 Hz,1H), 8.60 (d,] = 2.1 Hz,1H), 8.32 (t,
J=2.2Hz, 1H), 7.65 (dd, J = 5.1, 1.1 Hz, 1H), 7.58 (dd, ] = 3.6, 1.2 Hz,
1H), 7.19 (dd, = 5.1, 3.6 Hz, 1H), 1.88—1.76 (m, 1H), 0.90—0.78 (m,
4H); 3¢ NMR (126 MHz, DMSO) & 172.46, 140.42, 139.55, 139.26,
136.12, 129.50, 128.70, 126.91, 124.88, 121.99, 14.55, 7.51; MS (ESI)
mjz = 244.99 (M + H)"

4.1.1.35. N-(5-(4-(1H-pyrazol-4-yl)thiophen-2-yl)pyridin-3-yl)cyclo-
propanecarboxamide (15). The compound was synthesized ac-
cording to procedure E using 4-Pyrazoleboronic acid pinacol ester
to give a white solid: yield 18.1%. The product was purified by CC
(DCM/MeOH 100:4); mp 250—-253.2; 'H NMR (500 MHz, DMSO)
d 1291 (s, 1H), 10.55 (s, 1H), 8.64 (t, J=2.2Hz, 2H), 8.36 (t,
J=2.0Hz,1H), 816 (s, 1H), 7.89 (d,] = 1.0 Hz, 2H), 7.64 (d, ] = 0.9 Hz,
1H), 1.82 (dd, J=6.8, 3.9Hz, 1H), 0.95-0.79 (m, 4H); *C NMR
(126 MHz, DMSO) & 172.50, 140.33, 139.68, 139.33, 136.58, 136.14,
135.16,129.53, 125.61, 124.01, 121.84, 118.48, 116.62, 14.56, 7.54; MS
(ESI) mfz = 311.02 (M + H)'

4.1.1.36. N-(5-(4-(1-methyl-1H-pyrazol-4-yl)thiophen-2-yl)pyridin-
3-yl)cyclopropanecarboxamide (16). The compound was synthe-
sized according to procedure E using 1-methyl-1H-pyrazole-4-
boronic acid to give a buff yellow solid: yield 17.3%. The product
was purified by CC (DCM/MeOH 100:3); mp 254.2—255.3; 'H NMR
(500 MHz, DMSO) & 10.52 (s, 1H), 8.63 (s, 2H), 8.36 (s, 1H), 8.08 (s,
1H), 7.86—7.80 (m, 2H), 7.61 (d, J=1.0Hz, 1H), 3.86 (s, 3H),
1.87—1.74 (m, 1H), 0.92—0.78 (m, 4H); *C NMR (126 MHz, DMSO)
8172.48,140.30,139.77,139.36, 136.38, 136.14,134.79, 129.47,127.91,
123.78, 121.85, 118.52, 117.38, 38.56, 14.54, 7.51; MS (ESI) m/
z=132510 (M + H)*

4.1.1.37. N-(5-(4-(1-ethyl-1H-pyrazol-4-yl)thiophen-2-yl)pyridine
yl)cyclopropanecarboxamide (17). The compound was synthesized
according to procedure E using compound I to give a light brown
solid: yield 17.3%. The product was purified by CC (DCM/MeOH
100:4); mp 240.3—242; 'H NMR (500 MHz, DMSO) 5 10.55 (s, 1H),
8.64 (s, 2H), 8.37 (s, 1H), 8.15 (s, 1H), 7.89—7.81 (m, 2H), 7.61 (d,
J=1.0Hz, 1H), 414 (q, /= 7.3 Hz, 2H), 1.88—1.72 (m, 1H), 1.40 (¢,
J=7.3Hz, 3H), 0.93-0.82 (m, 4H); C NMR (126 MHz, DMSO)
& 172.53, 140.31, 139.76, 139.35, 136.25, 134.94, 130.70, 129.54,
126.47, 123.84, 121.83, 118.48, 117.18, 46.31, 15.39, 14.58, 7.56; MS
(ESI) mjz = 339.07 (M + H)'

4.1.1.38. N-(5-(4-(1-propyl-1H-pyrazol-4-yl)thiophen-2-yl)pyridin-
3-yl)cyclopropanecarboxamide (18). The compound was synthe-
sized according to procedure E using compound ] to give a white
solid: yield 28.9%. The product was purified by CC (DCM/MeOH
100:3); mp 225.5—228.3; 'H NMR (500 MHz, DMS0) 3 10.57 (s, TH),
8.65 (s, 2H), 8.37 (s, 1H), 8.14 (s, 1H), 7.86 (d, ] = 1.2 Hz, 1H), 7.85 (s,
1H), 7.62 (d, J=1.2Hz, 1H), 4.07 (t, = 6.9 Hz, 2H), 1.84-1.78 (m,
3H), 0.86 (dd, ] =5.9, 2.9 Hz, 6H), 0.83 (s, 1H);]3C NMR (126 MHz,
DMSO) § 172.52, 140.22, 139.74, 139.28, 139.25, 136.31, 134.91,
129.61, 127.13, 123.85, 121.85, 118.48, 117.05, 52.95, 23.14, 14.56,
10.93, 7.55; MS (ESI) m/z = 353.04 (M + H)*

4.1.1.39. N-(5-(4-(1-isopropyl-1H-pyrazol-4-yl)thiophen-2-yl)pyr-
idin-3-yl)cyclopropanecarboxamide (19). The compound was syn-
thesized according to procedure E using compound K to give a
beige solid: yield 24.2%. The product was purified by CC (DCM/
MeOH 100:3); mp 198.1-200.6; 'H NMR (500 MHz, DMSO) 5 10.57
(s,1H), 8.66 (s, 2H), 8.38 (s, 1H), 8.20 (s, 1H), 7.86 (d, / = 18.6 Hz, 2H),
7.61 (s, 1H), 4.59—4.31 (m, 1H), 1.91-1.79 (m, 1H), 1.44 (d, ] = 6.6 Hz,
6H), 0.86 (d, ] = 4.6 Hz, 4H); °C NMR (126 MHz, DMSO) & 172.49,
140.25,139.69, 139.30, 136.21, 135.86, 135.04, 129.52, 124.78,123.85,
121.77, 118.33, 116.89, 53.00, 22.64, 14.54, 7.52; MS (ESI) m/
z=135326 (M + H)"

4.2. Biological assays
4.2.1. Protein kinases and inhibition assays

Human Dyrk1A was expressed and purified as described earlier
[43]. Dyrk1B and Clk1 were purchased from Life Technologies (lot
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no. 877059G, Catalog no. PV4649 and lot no.1095729A, catalog no.
PV3315). Woodtide substrate peptide for Dyrkl1A and DyrkiB
(KKISGRLSPIMTEQ) and RS repeat substrate peptide for Clk1
(GRSRSRSRSRSRSRSR) were custom synthesized at the Department
of Medical Biochemistry and Molecular Biology, Saarland Univer-
sity, Homburg, Germany. Kinase inhibition assays for Dyrk1A,
Dyrk1B and Clk1 were performed as described previously, in the
presence of 15 uM ATP [43]. The calculated ICsg values are repre-
sentative of at least two independent determinations. The larger
panel of kinases shown in Table 3 was screened by the SelectScreen
Kinase Profiling Service, Thermo Fisher Scientific, Paisley, U.K.

4.2.2. Cell-based assays

Stock solutions of the inhibitors were prepared in dime-
thylsulfoxide (DMSO). All effects were compared to vehicle controls
which contained DMSO at the respective final concentration in
growth medium. Protein kinase activity of endogenous Dyrk1A in
Hela cells was assayed by measuring the phosphorylation of T434
in overexpressed GFP-SF3b1-NT as described previously [52].
Briefly, HeLa cells were transiently transfected in 6-well plates and
treated with test compounds for 18 h. Total cellular lysates were
subjected to Western blot analysis with the help of a custom-made
rabbit antibody for phosphorylated T434 in SF3b1 and a commer-
cial goat antibody for GFP (no. 600-101-215, Rockland Immuno-
chemicals, Gilbertsville, PA, USA). Blots were developed using
horseradish peroxidase (HRP)—conjugated secondary antibodies
and enhanced chemiluminescent substrates. Signals were quanti-
fied using the AIDA Image Analyzer 5.0 program (Raytest, Strau-
benhardt, Germany). pT434 signals were normalised to total
protein levels as determined from GFP immunoreactivity. Graph-
Pad Prism 5.0 (GraphPad Software, La Jolla, CA, USA) was used for
non-linear curve fitting (Hill slope —1).

Viability assays were performed using a 96-well pate format
(20,000—30,000 cells per well). Cells were cultivated for 3 days
before cell viability was assessed with the help of a tetrazolium dye
assay (XTT assay, AppliChem GmbH, Darmstadt, Germany).

4.3. Physicochemical properties calculation

Calculation of key physicochemical properties was performed
using ACD/Labs software (ACD/Percepta, 2012, Advanced Chemistry
Development, Inc) as described previously [43].
4.4. Molecular docking studies

Molecular docking was performed as previously described using
MOE [53]. To model the ATP binding site of Dyrk1B, which has not
been crystallized, Met240 in the Dyrk1A crystal structure (PDB
entry: 3ANR) was mutated in silico to leucine, followed by an en-
ergy minimization of the side chain using the rotamer explorer
routine embedded in MOE.
4.5. Metabolic stability in a cell free assay

Evaluation of metabolic stability and determination of half-lives
were carried out using human S9 fraction as described previously
[44].
Notes
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Abbreviations

AChE Acetylcholine esterase

AD Alzheimer's disease

APP Amyloid precursor protein

ASF Alternative splicing factor

BBB Blood brain barier

GE Column chromatography

CDK Cyclin dependant kinases

CID collision induced dissociation

CK Casein kinase

Clk cdc like kinae

DS Down's syndrome

Dyrk Dual specificity tyrosine regulated kinase
GFP Green fluorescent protein

HATU 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo

[4,5-b]pyridinium 3-oxid hexafluorophosphate

HBA Hydrogen bond acceptor
HBD Hydrogen bond donor
HBTU N,N,N',N'-tetramethyl-O-(1H-benzotriazol-1-yl)

uronium hexafluorophosphate

HIPK1 Homeodomain-interacting protein kinase 1

ICs0 Half maximal inhibitory concentration, MLCK2, Myosin
light chain kinase 2

NFAT Nuclear factor of activated T cells

NFT Neurofibrillary tangles

Pd(dppf)Clz [1, 1'- Bis(diphenylphosphino)ferrocene]

dichloropalladium(II)

PD Parkinson's disease

PIM1 Proviral integration site for Moloney murine leukemia
virus-1

TPSA Topological polar surface area

TRKB Tropomyosin receptor kinase B
SF3b1 Splicing factor 3b1

SRPK1 Serine/arginine-rich protein kinase 1
STK17A  Serine/threonine kinase 17A
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