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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 17β-hydroxysteroid dehydrogenase type 1 

(17β-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 17β-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 17β-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-abhängige Erkrankung  für die bislang keine 

zufriedenstellende Therapieoption existiert. Zum Einsatz kommen hauptsächlich endokrine 

Behandlungen, die systemisch zu stark hypoestrogenen Zuständen und damit 

zusammenhängenden, ernsthaften Nebenwirkungen führen. Die Enzyme Steroid Sulfatase 

(STS) and 17β-Hydroxysteroid Dehydrogenase Typ 1 (17β-HSD1) sind attraktive, neuartige 

Targets zur Behandlung Estrogen-abhängiger Erkrankung. Ihre Inhibierung führt 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 

17β-HSD1 (DSHIs). Solche Wirkstoffe sind  eine  neuartige Therapieoption für 

Endometriose, die nicht zu den erwähnten Nebenwirkungen führt. Unter Anwendung eines 

Ansatzes zum gezielten Design von Liganden mehrerer biologischer Targets wurden die 

ersten DSHIs identifiziert. Anschließende Strukturoptimierungen führten zu Wirkstoffen, die 

in Zell-freien und zellbasierten Assays beide Targetenzyme hochpotent hemmten. 

Darüberhinaus waren die DSHIs in der Lage, die Estronsulfat- und Estron-induzierte 

Proliferation von T47D Zellen vollständig aufzuheben. Die vielversprechendste Verbindung 

zeigt hohe metabolische Stabilität in den S9-Lebermikrosomenfraktionen von Mensch und 

Maus, vorteilhafte physiko-chemische Eigenschaften und geringe Cytotoxizität. 

Darüberhinaus zeigte sie günstige pharmakokinetische Eigenschaften in der Maus, was sie zu 

einem geeigneten Kandidaten für eine proof-of-principle Studie macht. 

  



XV 

 

Table of content 

Acknowledgements ......................................................................................................................... V 

Papers included in the thesis ......................................................................................................... VI 

Contribution Report ..................................................................................................................... VIII 

Further work of the author not included in the thesis ..................................................................... X 

Abbreviations ................................................................................................................................ XI 

Summary ..................................................................................................................................... XIII 

Zusammenfassung ....................................................................................................................... XIV 

1. Introduction ............................................................................................................................... 1 

1.1 Estrogen ............................................................................................................................. 1 

1.1.I Estrogen as a steroid hormone ....................................................................................... 1 

1.1.II Biosynthesis and regulation ....................................................................................... 1 

1.1.III Mechanism of action and physiological roles ............................................................ 5 

1.2 Endometriosis .................................................................................................................... 6 

1.2.I General aspects .............................................................................................................. 6 

1.2.II Etiology and pathogenesis .......................................................................................... 6 

1.2.III Current treatment interventions .................................................................................. 7 

1.3 Local biosynthesis of estrogen in endometriosis ............................................................... 9 

1.3.I Sources of estrogen in endometriosis ............................................................................ 9 

1.3.II Steroid sulfatases (STS) ........................................................................................... 10 

1.3.III 17β-Hydroxysteroid dehydrogenase type 1 (17β-HSD1) ......................................... 12 

1.4 Novel treatment approaches for endometriosis ............................................................... 16 

1.4.I STS inhibitors .............................................................................................................. 16 

1.4.II 17β-HSD1 inhibitors ................................................................................................ 17 

1.4.III Designed multiple ligands ........................................................................................ 19 

2. Aim of the thesis ..................................................................................................................... 21 

3. Results ..................................................................................................................................... 24 

3.1 Dual STS and 17β-HSD1 inhibitors (DSHIs) .................................................................. 24 

3.1.I First Dual Inhibitors of Steroid Sulfatase (STS) and 17β-Hydroxysteroid 

Dehydrogenase Type 1 (17β-HSD1): Designed Multiple Ligands as Novel Potential 

Therapeutics for Estrogen-Dependent Diseases ..................................................................... 24 

3.1.II Potent Dual Inhibitors of Steroid Sulfatase (STS) and 17β-Hydroxysteroid 

Dehydrogenase Type 1 (17β-HSD1) with a Suitable Pharmacokinetic Profile for an 

in Vivo Proof-of-Principle Study in an Endometriosis Mouse Model ................................... 32 



XVI 

 

3.2 Selective inhibitors of 17β-HSD1, 2 and 14 .................................................................... 53 

3.2.I Treatment of estrogen-dependent diseases: Design, synthesis and profiling of a 

selective 17β-HSD1 inhibitor with sub-nanomolar IC50 for a proof-of-principle study ......... 53 

3.2.II Targeted Endocrine Therapy: Design, Synthesis, and Proof-of-Principle of 

17β-Hydroxysteroid Dehydrogenase Type 2 Inhibitors in Bone Fracture Healing ................ 68 

3.2.III First Structure Activity Relationship of 17β-Hydroxysteroid Dehydrogenase 

Type 14 Nonsteroidal Inhibitors and Crystal Structures in Complex with the Enzyme ......... 80 

3.2.IV Inhibitors of 17β-hydroxysteroid dehydrogenase type 1, 2 and 14: Structures, 

biological activities and future challenges ............................................................................ 100 

4. Final Discussion .................................................................................................................... 119 

4.1 Design rationale of DSHIs ............................................................................................. 119 

4.2 Biological profiling of DSHIs ....................................................................................... 120 

4.3 Effect of DSHIs on estrogen-stimulated growth ........................................................... 122 

4.4 Further in vitro biological evaluation of DSHIs ............................................................ 122 

4.5 In vivo evaluation of pharmacokinetic profile of DSHIs .............................................. 123 

4.6 Conclusion ..................................................................................................................... 124 

4.7 Outlook .......................................................................................................................... 125 

5. Supporting information ......................................................................................................... 126 

5.1. Supporting information for publication A ..................................................................... 126 

5.1.I Chemistry ................................................................................................................... 126 

5.1.II Biological methods ................................................................................................. 158 

5.1.III Further results ......................................................................................................... 162 

5.1.IV References .............................................................................................................. 166 

5.2 Supporting information for Monograph B ..................................................................... 167 

5.2.I Chemistry ................................................................................................................... 167 

5.2.II Biological methods ................................................................................................. 195 

5.2.III Oral bioavailability ................................................................................................. 200 

6. References ............................................................................................................................. 201 

7. Additional publications of the author ................................................................................... 213 

7.1 Design and synthesis of conformationally constraint Dyrk1A inhibitors by creating 

an intramolecular H-bond involving a benzothiazole core ....................................................... 213 

7.2 Development of novel 2,4-bispyridyl thiophene-based compounds as highly potent 

and selective Dyrk1A inhibitors. Part I: Benzamide and benzylamide derivatives ................. 223 

7.3 Development of novel amide-derivatized 2,4-bispyridyl thiophenes as highly potent 

and selective Dyrk1A inhibitors. Part II: Identification of the cyclopropylamide moiety as a 

key modification ....................................................................................................................... 244 



XVII 

 

8. Appendix ............................................................................................................................... 261 

8.1 Curriculum Vitae ........................................................................................................... 261 

8.2 Publications ................................................................................................................... 262 

8.3 Conference Contributions .............................................................................................. 263 

 

  



Introduction  1 

 
 

1. Introduction 

1.1 Estrogen  

1.1.I 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 
1,2

. 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 
3
. 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.II 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) 
4
. The biosynthesis (see figure 1) starts in the mitochondria in which the 

cholesterol side chain is cleaved by the action of CYP11A1 (side-chain cleavage enzyme 

SCC) to give pregnenolone. In the smooth endoplasmic reticulum, 3β-hydroxysteroid 

dehydrogenase/δ5→4-isomerase type 2 (3β-HSD2) converts pregnenolone into progesterone 

by oxidizing the 3β-hydroxy function and shifting the double bond position. The bifunctional 

17α-hydroxylase/17,20 lyase (CYP17A1) transforms the produced progestogens by oxidation 

at the 17α position  followed by lysis reaction at position 20 to give the corresponding 
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androgens DHEA and A4 
5
. 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 17β-hydroxysteroid dehydrogenase (17β-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 3β-HSD2, followed by aromatization with 

CYP19A1 to give E1. The latter is subsequently reduced to E2 mainly by the action of 17β-

HSD 7 and 12 
6,7

. 

Estrogen production from the ovaries is regulated through an endocrine mechanism that 

involves hypothalamus-pituitary-gonadal glands 
8
. 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 
8–10

. 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 
4,11,12

. 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 17β-HSD1 enzyme in a pathway 

known as the “sulfatase pathway” 
13

. The androgens are transformed into testosterone which 

will be subsequently aromatized by CYP19A1 to give E2 “aromatase pathway” 
14

. These 

tissues mainly utilize the E2 produced intracellularly via the intracrine mechanism, in which 



Introduction  3 

 
 

the active steroids are directly biosynthesized in the target cells without release into the 

extracellular matrix 
15

. 

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 
4,16

. Additionally, all the 

peripheral tissues become dependent on the intracellularly biosynthesized steroids which are 

utilized by intracrine fashion 
17

. 

Estrogens are metabolized mainly in the liver; this involves the conversion of E2 into less 

active E1 by the action of 17β-HSD2. E1 can be further sulfated by estrogen sulfotransferase 

enzyme (SULTE1) to give E1-S (inactive) 
4,18

.  
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Figure 1  Estrogen biosynthesis from cholesterol E1-S, DHEA-S and Adiol-S.  

17β-HSD, 17β-hydroxysteroid dehydrogenase; 3β-HSD2, 3β-hydroxysteroid 

dehydrogenase/δ5→4-isomerase type 2; CYP19A1, aromatase; CYP11A1, Cholesterol 

desmolase; SULT, sulfotransferase; SULT1E1, estrogen sulfotransferase; STS, steroid 

sulfatase. 
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1.1.III Mechanism of action and physiological roles 

Estrogens exert their effects mainly by binding to the widely spread estrogen receptors (ER) 

19,20
. Currently, two subtypes of the ER are known: ERα and ERβ, having different isoforms 

with distinct tissue expression 
21

. 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 
20

.  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 
8,22

. The 

endometrial growth is stimulated by estrogen
23

, where the menstrual cycle is closely 

controlled by E2 and progesterone 
24

.  Additionally, E2 and progesterone are essential for the 

maintenance of the pregnancy and the fetal development 
25

. In the breast, the E2 stimulates 

the proliferation of the normal breast epithelium 
26,27

. In addition to its classical roles, E2 has 

a wide range of physiological roles in extra-gonadal systems 
20

. 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 
28,29

. 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 
20,30

. Moreover, they 

exert a neuroprotective effect in the central nervous system by decreasing the inflammation in 

cases of stress and enhancing the memory 
31,32

.  

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 
33

. These diseases are 

known as estrogen dependent diseases (EDDs), that include various kinds of female cancers 

34
: breast 

35,36
, ovarian 

37,38
 and endometrial cancers 

39,40
. Endometriosis 

41,42
 and osteoporosis 

43–45
 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. 
20

. 

1.2 Endometriosis  

1.2.I 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) 
46,47

.  

Symptoms of endometriosis include chronic pelvic pain, dysmenorrhea, dyspareunia, irregular 

uterine bleeding, and in many cases infertility 
48,49

. Thus, endometriosis significantly impair 

the quality of life 
49,50

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

reproductive age, while the frequency rises to 50–60% within women suffering from pain 
51

. 

1.2.II 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 
41

. 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) 
52,53

. 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) 
54

. 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 
48,51

. 

At the molecular level, there is a positive-feedback mechanism between E2 and prostaglandin 

type 2 (PGE2) productions in endometriotic tissues which induce both pain and further tissue 

growth (see figure 3) 
55

. 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) 
56

. The induction of COX-2 results in 

increased biosynthesis of PGE2 which is the primary cause of inflammation and pain 
56

. PGE2 

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 3β-HSD2 are 

enhanced by PGE2 
57,58

. In the stromal cells of the endometriotic lesions, CYP19A1 -which is 

also induced by the PGE2- will aromatize A4 (from intracellular and extracellular origins) into 

E1. The latter is reduced by 17β-HSD1 which is overexpressed in the lesions to  give E2 
59

. 

This establishes a strong positive-feedback cycle that guarantees continuous biosynthesis of 

E2 and PGE2 in the endometriosis that results in continuous pain and tissue progression 
55

. 

1.2.III Current treatment interventions 

Current treatment interventions include surgical removal of the endometriotic lesions and/or 

medical therapy
51,60,61

. 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 
61

. 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 
63,64

.  

The first line therapy includes NSAIDs co-administered with either combined oral 

contraceptives or progestins which decrease the GnRH release from the hypothalamus. The 

second line therapy includes GnRH (ant)agonists or aromatase inhibitors 
51,61,63,64

.  

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 
51,60

. 

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 
51

.  

 

Figure 3 Schematic representation of the positive-feedback cycle for E2 and PGE2 in 

endometriotic lesions. Revised from Bulun et al. 
55

. 

AA: arachidonic acid; A4, androsterone; COX-2, cyclooxegenase-2; CYP19A1, aromatase; 

E2, estradiol; PGE2: prostaglandin E2; 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 
65

. Moreover, the enzymes involved in the 

de novo estrogen biosynthesis were found to be overexpressed inside the lesions 
66,67

. These 

findings suggest that E2 inside the endometriotic tissue is actively controlled by the local 
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biosynthesis of estrogen 
68

. 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.I 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) 
69

:  

 The classical de novo steroidogenesis from cholesterol 

 The aromatase pathway from the circulating sulfated androgens 

 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 
57

. Moreover, the mRNAs of CYP11A1, CYP17A1 and 3β-HSD2 were 

found to be overexpressed 
58,70

. 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 
59,71

, and the 

relatively high STS activity was found to be correlated with the disease severity 
72

.  CYP19A1 

upregulation accelerates the conversion of the androgens into E1 (aromatase pathway) 
73–76

. 

E1 can also be synthesized by desulfatation of the circulating E1-S with STS enzyme 

(sulfatase pathway) 
71

. The final crucial step in E2 synthesis involves the reduction of E1 

produced from sulfatase pathway and aromatase pathway via the action of 17β-HSD1 enzyme 

which is also overexpressed in endometriosis 
59,66,70

. E2 deactivation into E1 in the 

endometriotic lesions is impaired as a consequence of reduced expression of 17β-HSD2 

66,77,78
.  

Obviously, STS and 17β-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. 



Introduction  10 

 
 

 

Figure 4 Sources of estradiol in endometriosis. Revised from Huhtinen et al. 
69

. 

DHEA(-S), Dehydroepiandrosterone (sulfate); A4, androsterone; E1(-S), estrone (sulfate); E2, 

estradiol; StAR, steroidogenic acute regulatory protein 17β-HSD, 17β-hydroxysteroid 

dehydrogenase; 3β-HSD2, 3β-hydroxysteroid dehydrogenase/δ5→4-isomerase type 2; 

CYP19A1, aromatase; CYP11A1, Cholesterol desmolase; STS, steroid sulfatase. 

1.3.II Steroid sulfatases (STS) 

1.3.II.1 Sulfation and desulfatation of steroids 

The steroid sulfation and desulfatation are fundamental biological processes that regulate 

steroidogenesis in the human body 
79

. 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) 
80

. 

The sulfatase action involves the hydrolysis of the above mentioned sulfate group to 

regenerate the corresponding steroid 
81

. The sulfated steroids are highly water soluble and 

more abundant in the circulation compared to their precursors (see Table 1 taken from 
79

). 

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 
79,81,82

.  
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Table 1. Approximate estimates of plasma concentrations of steroids and their sulfated 

conjugates in females taken from Mueller et al. 
79

 

Steroid 
Premenopausal  

females 

Postmenopausal  

females 

DHEA 5-30 nmol/L 2-20 nmol/L 

DHEA-S 1-8 µmol/L 1-6 µmol/L 

A4 2-4 nmol/L not available 

A4-S 0.5-1 µmol/L not available 

E1 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.II.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) 
80

. 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 
81

.   

STS (EC 3.1.6.2) is a membrane-bound protein with a molecular weight of 63 KDa, primarily 

localized to the endoplasmic reticulum 
81,83

. The native crystal structure of STS was published 

in 2003 
84

. 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 
81

.  

1.3.II.3 STS is a potential drug target 

The dysregulation of estrogen sulfation and desulfatation is associated with various EDDs 

79,85,86
. The local E1 production in hormone-dependent breast cancers is strongly linked to the 
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STS enzyme which shows higher activity and expression in the tumors 
87–90

. In endometriosis, 

the STS activity is elevated and so is its expression, to which the level of disease severity was 

correlated 
66,72,91

. The STS up regulation is also associated with other EDDs for e.g. 

endometrial carcinoma 
92,93

. Obviously, the ability to inhibit STS will serve as a highly 

desirable pharmacological approach for the treatment of many EDDs. 

1.3.III 17β-Hydroxysteroid dehydrogenase type 1 (17β-HSD1) 

1.3.III.1 17β-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 
94

. 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 
95

, which enable a pre-receptor modulation of the 

hormonal activity 
96,97

.  

17β-HSDs are a group of enzymes that catalyze the oxido/reduction reactions of the 

17β-hydroxy/keto group of androgens and estrogens backbone 
98

,  however, 17β-HSDs can 

also metabolize non-steroidal substrates 
99,100

. 15 mammalian 17β-HSDs have been 

discovered so far, 12 of them from the human tissues 
101

. They all belong to the short chain 

dehydrogenase/reductase (SDR) family with the exception of 17β-HSD5 which belongs to the 

aldo-keto reductase (AKR) family 
102

. Their nomenclature follows their chronological order 

of discovery, but later the international SDR-initiative proposed a new gene-based 

nomenclature 
103,104

. These enzymes have diverse tissue distributions, subcellular 

localizations, substrate affinities and catalytic preferences (oxidation or reduction).  

The reducing 17β-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 

E1, 17β-HSD1 besides 17β-HSD12 and 7 which are the main enzymes expressed in the 

ovaries 
6
.  

On the other hand, the oxidizing 17β-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. 17β-HSD2 is the most important steroid deactivator enzyme, which is down 

regulated or deficient in many pathophysiological disorders 
105,106

. 
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1.3.III.2 Biological characteristics of 17β-HSD1 

17β-HSD1 (EC1.1.1.62) was originally described by Langer and Engel in 1958 
107

.  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 
108

. The crystal structure of 17β-HSD1 is known either 

in native form 
109

 or in complex with estrogenic ligands 
110

 and steroidal based inhibitors 
111

. 

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 
112

. 17β-HSD1 can also reduce some forms of androgens e.g. DHEA, but only to a 

minor extent with 100 fold lower Km relative to E1, this androgen discrimination was 

attributed to the steric hindrance of the 19β-methyl group with the Leu149 amino acid of the 

enzyme 
113

. 

1.3.III.3 17β-HSD1 is a potential drug target 

In EDDs, increased levels of expression for 17β-HSD1 are always observed on the mRNA 

and protein levels, accompanied by down regulation of 17β-HSD2 which ultimately leads to 

an increase in the E2/E1 ratio 
114

. In ER
+
 breast cancer patients, the 17β-HSD1/17β-HSD2 

ratio is increased 
115–117

.  In endometriotic patients, the lesions are characterized by up 

regulation of 17β-HSD1 and decrease in the 17β-HSD2 expression when compared to normal 

endometrium tissue 
55,59,66,71

. In other EDDs, 17β-HSD1 is highly expressed, e.g. in ovarian 

cancer 
118

 and endometrial hyperplasia 
119

. Therapeutic approaches aiming to selectively 

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

considered an innovative treatment option for many EDDs 
114

. 
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Table 2. Characteristics of the human reductive 17β-HSDs 

Enzyme 

SDR 

(AKR) 

nomencl-

ature 

Localization Substrate 
Physiological 

role 

Disease-

association 
Ref. 

17β-HSD1 SDR28C1 

(Cytosol) 

Breast, 

endometrium,

Ovary, 

placenta 

Estrogens, 

(androgens) 

High 

concentration of 

active steroids 

(E2 and T) in 

target tissues 

Endometriosis, 

breast and prostate 

cancer 

105,106,130
 

17β-HSD3 SDR12C2 
(Microsomes) 

Testis 
Androgens T synthesis 

Pseudohermaphro-

ditism in man  
131

 

17β-HSD5 AKR1C3 

(Cytosol) 

Breast, liver, 

prostate 

Androgens 

and 

estrogens 

T and E2 

synthesis 

Breast and prostate 

cancer 
132–134

 

17β-HSD7 SDR37C1 

(Membrane) 

Ovary, breast, 

placenta, liver 

 

Estrogens, 

(cholester-

one) 

E2 synthesis, 

cholesterol 

synthesis 

Breast cancer, 

malformation as 

CHILD syndrome 

6,135–137
 

17β-HSD12 SDR12C1 

(Microsomes)

Ovary, breast, 

kidney, liver, 

placenta 

Estrogens, 

(long chain 

fatty acids) 

E2 synthesis, 

regulation of 

lipid 

biosynthesis 

- 
6,138,139

 

17β-HSD15 - Prostate Androgens - Prostate cancer 
140
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Table 3. Characteristics of the human oxidative 17β-HSDs 

Enzyme 

SDR 

nomencl-

ature 

Localization Substrate 
Physiological 

role 

Disease-

association 
Ref. 

17β-HSD2 SDR9C2 

(Microsomes) 

Breast, 

endometrium, 

ovary, placenta 

Estrogens, 

androgens 

Steroid 

inactivation 

Endometriosis, 

breast and 

prostate cancer 

105,106,141
 

17β-HSD4 SDR8C1 

(Peroxisomes) 

Breast, liver, 

lung, placenta 

Estrogens, 

androgens, 

bile acids, 

fatty acids 

Steroid 

inactivation, 

bile acid 

metabolism, 

β-oxidation of 

fatty acids 

Prostate cancer 
142

 

17β-HSD8 SDR30C1 
(Microsomes) 

Liver, ovary 

Estrogens, 

androgens 

Steroid 

inactivation, 

fatty acid 

elongation 

- 
98,143

 

17β-HSD10 SDR5C1 

(Mitochondria) 

Central nervous 

system 

Estrogens, 

androgens, 

bile acids, 

fatty acids 

Steroid 

inactivation, 

bile acid and 

fatty acids 

metabolism 

Alzheimer’s 

disease 
144,145

 

17β-HSD11 SDR6C2 

(Microsomes) 

Kidney, liver, 

lung 

Estrogens, 

androgens 

Steroid 

inactivation, 

fatty acid 

metabolism 

- 
146,147

 

17β-HSD14 SDR47C1 

(Cytosol) 

Liver, placenta, 

kidney, breast 

cancer tissue 

Estrogens, 

androgens 
- 

Breast cancer 

(prognostic 

marker) 

148–150
 

 

  



Introduction  16 

 
 

1.4 Novel treatment approaches for endometriosis  

1.4.I STS inhibitors 

The development of STS inhibitors as novel endocrine therapeutics for the treatment of EDDs 

has been initiated since the early 90s 
120

. 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 
86,121

. 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 
122

. 

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) 
123,124

. The steroidal backbone of EMATE and E2MATE, however, resulted in considerable 

estrogenic effect, which contradict with its principal therapeutic goal 
125

. 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) 
126

. STX64 (also known as 667 Coumate or Irosustat) was the most 

important candidate in the Coumate class with one digit nM IC50 values in both cell free and 

cellular assays 
127

. STX64 was orally very active (95% orally bioavailable) as it can evade the 

liver first-pass metabolism via binding reversibly to carbonic anhydrase II enzyme in red 

blood cells 
128,129

.  

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 
151

. Similarly, in a phase I 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 
152

. Currently, 

phase II  clinical trials are in progress to evaluate the efficacy, safety , pharmacokinetics and 

pharmacodynamics of STS inhibitors in endometriotic patients 
85,153

.  

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

for e.g. breast cancer 
154–157

 and endometrial cancer 
158

. Generally, the drugs significantly 

decreased the STS activity in the tumor tissue while being well-tolerated by the patients.  
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Figure 5 Structures of selected STS inhibitors 

1.4.II 17β-HSD1 inhibitors 

Salah et al. recently reviewed the efforts that have been dedicated over the last 35 years to 

develop 17β-HSD1 inhibitors that have acceptable selectivity over the counterpart enzyme 

17β-HSD2 
159

. 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 17β-HSD1 inhibitors that is considered a bifunctional 

hybrid inhibitor binding to both the substrate and the cofactor binding sites 
160

. An example 

for C15-substituted derivatives of E1 is compound A (see figure 6), which displayed strong 

and selective inhibition of 17β-HSD1 in cell-free and in cellular assays 
161,162

. Moreover, 

compound A showed strong reduction of E2 levels inside human endometriotic lesions in an 

ex vivo proof-of-principle study 
163

. 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 
164–166

.  

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 17β-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) 
167

, bis(hydroxyphenyl) substituted arenes 

(e.g. compound C) 
168

 and the bicyclic substituted hydroxyphenyl methanones (e.g. compound 

D) 
169

 which is the most active class of non-steroidal 17β-HSD1 inhibitors. 

Thiophenepyrimidinone derivatives (e.g. compound E, see figure 6) were reported by other 

group to be potent 17β-HSD1 inhibitors 
170

. 
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Figure 6 Structures and biological data of selected 17β-HSD1 inhibitors 
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1.4.III Designed multiple ligands 

As previously mentioned, STS and 17β-HSD1 activities are upregulated in endometriosis, 

playing crucial roles in controlling the intracellular E2 concentration inside the lesions 
69

. 

Moreover, it was shown that the administration of aromatase inhibitors in breast cancer 

patients led to increase in the levels of STS and 17β-HSD1, which re-elevated the local E2 

levels in these patients (estradiol escape) 
171

. This estradiol escape may also play a role in 

endometriosis if only one of the 2 enzymes (STS or 17β-HSD1) is blocked (e.g. increased 

STS expression to counteract the 17β-HSD1 inhibition and vice versa). As a result, the idea of 

inhibiting both STS and 17β-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 17β-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 
172

, 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 
172

. 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 

17β-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 
173

. In preclinical studies, 

STX681 was able to inhibit in vivo the growth of human breast cancer induced in a xenograft 

nude mouse model 
174

, 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 
157

. 

 

Figure 7 Structure of selected DASI 
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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 17β-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 17β-HSD1 into E2. This biosynthesis sequence is known as sulfatase pathway. 

E2 is the most potent activator of ER α/β that induces cell proliferation and pain inside the 

lesion. 17β-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 17β-HSD1 

inhibition in endometriotic models. In endometriotic mouse model, STS inhibition led to 

significant decrease in the lesion size. Moreover, in a phase I clinical trial effective STS 

inhibition was found to have no significant effect on E2 levels in premenopausal women. On 

the other hand, 17β-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 17β-HSD1 inhibitor. Since the inhibition of STS or 17β-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 17β-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 
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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 17β-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 17β-HSD1 in cell-free assays, but also their selectivity towards 17β-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 17β-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.I. 

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 17β-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 



Aim of the thesis  23 

 
 

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.II. 

 

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

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

3.1.I First Dual Inhibitors of Steroid Sulfatase (STS) and 

17β-Hydroxysteroid Dehydrogenase Type 1 (17β-HSD1): 

Designed Multiple Ligands as Novel Potential 

Therapeutics for Estrogen-Dependent Diseases 

Mohamed Salah, Ahmed S. Abdelsamie, and Martin Frotscher 

Reprinted with permission J. Med. Chem. 2017, 60 (9), 4086–4092. 

DOI: 10.1021/acs.jmedchem.7b00062 

Copyright (2017) American Chemical Society 

Publication A 

Contribution Report 

The author contributed significantly to the rational design concept. He planned, synthesized 

and characterized all the compounds. He further performed the cell-free and cellular activity 

assays. Additionally, he established and performed the stimulated growth assays. He 

conceived and wrote the manuscript. 
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3.1.II Potent Dual Inhibitors of Steroid Sulfatase (STS) and 

17β-Hydroxysteroid Dehydrogenase Type 1 (17β-HSD1) 

with a Suitable Pharmacokinetic Profile for an in Vivo 

Proof-of-Principle Study in an Endometriosis Mouse 

Model 

The following people contributed experimentally to this chapter: 

Mohamed Salah: performed the synthesis and characterization of the 

compounds, the in vitro cell-free and cellular inhibition assays, and the in vitro 

toxicity assays. 

Prof. Dr. Matthias W. Laschke and Dr. Claudia Scheuer: performed the in 

vivo pharmacokinetic studies in mice.  

Mariam Tahoun: performed the metabolic stability studies, and the 

quantification of the compounds in the plasma samples of the pharmacokinetic 

studies. 

Monograph B 
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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 17β-estradiol (E2) is the most potent one. They exert proliferative and 

antiapoptotic effects that are beneficial to many organs 
1
. However, they are also involved in 

the onset and progression of many estrogen-dependent diseases (EDDs) such as endometriosis 

2,3
 and a high percentage of breast cancers 

4
.  

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) 
5,6

. Symptoms of endometriosis include 

chronic pelvic pain, dysmenorrhea, dyspareunia, irregular uterine bleeding, and/or infertility 

7,8
 which significantly impair the quality of life of these women 

8,9
. Endometriosis is estimated 

to be affecting 10% of women in reproductive age, while the incidence rises to 50–60% 

within women suffering from pain 
10

. Current treatment interventions include surgical 

removal of the endometriotic lesions and/or medical therapy 
10,11

. 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 
10,11

. 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 
10

. 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 
12

; especially via the 

sulfatase pathway (see figure 1) in which steroid sulfatase (STS) and 17β-hydroxysteroid 

dehydrogenase type 1 (17β-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 
13,14

. In addition, the activity of 17β-hydroxysteroid dehydrogenase type 2 (17β-

HSD2) which has a protective role by converting E2 to the less active form E1 is down-

regulated 
14

.  

Thus, STS and 17β-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 17β-HSD1 inhibitor normalized the increased E2 synthesis in endometriotic 

tissue of endometriosis patients 
15

. 17β-HSD1 inhibition was found to reverse the estrogen-

induced endometrial hyperplasia in transgenic mice
 16

. On the other hand, the growth of 

endometriotic lesions was significantly reduced after the inhibition of STS in a mouse 

endometriosis model 
17

.  In a randomized phase I proof-of-principle clinical study it was 

found that the STS inhibition has no effect on the levels of systemic E2
 18

.  

In a recent work, our group introduced the idea of simultaneous inhibition of both STS and 

17β-HSD1 by a dual inhibitor (designed multiple ligand) as a novel approach for the 

treatment of EDDs e.g. endometriosis 
19

. Compound 1 (Table 1) had a promising profile, as it 

showed well-balanced intracellular activity against both target proteins, with IC50 values of 

about 20 nM and an irreversible mode of action towards STS. Moreover, it displayed good 

selectivity over 17β-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 h17β-HSD1 in cellular assays and metabolic 

stability human and mouse hepatic S9 fraction 

 

Cpd 

IC50 [nM]
a
 

SF
d
 

t1/2 [min]
e,f 

hSTS
b
 h17β-HSD1

c
 Human

g
 
 

Mouse
h 

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 

a
 Mean value of at least two independent experiments each conducted in triplicates using intact T47D cells, 

standard deviation less than 15%; 
b
 Substrate [

3
H]-E1-S + E1-S [5 nM]; 

c
 Substrate [

3
H]-E1 + E1 [50 nM];

 d
 SF 

(selectivity factor): IC50(17β-HSD2) / IC50(17β-HSD1); 
e
 Mean value of three independent experiments, standard 

deviation less than 15%; 
f
 t1/2: half-life; 

g
 Human liver S9 fraction;

 h
 Mouse liver S9 fraction;  ni: no inhibition (< 

10% inhibition at 1 µM); 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 I only. This concludes that the metabolic instability of 1 is linked to phase II 

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 17β-HSD1 enzyme 
20,21

. 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 17β-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 17β-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 17β-HSD1 inhibitors based on the newly discovered 



Results  36 

 
 

17β-HSD1 class (see figure 2), which would probably bear a higher degree of metabolic 

stability and enhanced selectivity over the 17β-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 17β-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) 
19

.  The structure activity relationship of the 

recently discovered furan carboxamide 17β-HSD1 inhibitors (e.g. compound 3) deploys that 

the substituents of ring A (Figure 2) are the main driving factors for the enhanced 17β-HSD1 

inhibitory activity, metabolic stability and selectivity over 17β-HSD2. On the other hand, the 

SAR of ring B reveals that it could bear structural modifications without losing the 17β-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 17β-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 SOCl2 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(CH3)2 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(CH3)2 in dichloromethane gave the final compounds 4-12. 
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Cpd R1 R2 
Position  

-OSO2NH2 
Cpd R1 R2 

Position  

-OSO2NH2 

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 17β-HSD1 inhibitors (DSHIs).  



Results  38 

 
 

 

Scheme 1:  a) method A, SOCl2, DMF cat., toluene, reflux 4h. b) method B, Et3N, CH2Cl2, 

room temperature, overnight. c) method C, NaH, DMF, MeI, 0°C to rt, 0.5h. d) method D, 

BF3.S(CH3)2, CH2Cl2, -20°C to rt, overnight. e) method E, Cs2CO3, Pd(PPh3)4, 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 17β-HSD1 

Cellular inhibitory potencies of all final compounds were evaluated using intact human breast 

cancer cells (T47D) expressing both STS and 17β-HSD1. 4-12 were pre-incubated with the 

cells for 1 hour. Subsequently, the corresponding radiolabeled substrate (E1-S or E1) of STS 

or 17β-HSD1 was added 
19

. After incubation (24 h in case of STS and 40 minutes in case of 

17β-HSD1), the radiolabeled estrogens were separated and quantified using HPLC coupled to 

a radio detector. Inhibitory activities are expressed as IC50 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 17β-HSD1 

inhibitory activity, where compounds 5 and 6 showed the most potent IC50 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 IC50 values in 

the range of 400 nM . 

Table 2: Inhibitory activities of compounds 1, 2-12 towards hSTS and h17β-HSD1 in cellular 

assays 

 

Cpd 
Position 

OSO2NH2 
R1 R2 

IC50 [nM]
a
 

hSTS
b 

h17β-HSD1
c 

1 - - - 15.4 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 148.5 106.5 

9  5 H H 92.5 78.5 

10  4 H 5-F 83.2 138.5 

11  4 H 5-Cl 38.3 87.5 

12  4 Me 5-Cl 76.1 53.3 

a
 Mean value of at least two independent experiments each conducted in triplicates using intact T47D cells, 

standard deviation less than 15%; 
b
 Substrate [

3
H]-E1-S + E1-S [5 nM]; 

c
 Substrate [

3
H]-E1 + E1 [50 nM]; ni: no 

inhibition (< 10% inhibition at 1 µM). 
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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 
22-24

. 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 17β-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 
19,24,25

. 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 17β-HSD1 inhibition.  Compound 11 turned out to be the most potent STS 

inhibitor of this class with an IC50 value of 38.3 nM, showing similarly potent 17β-HSD1 

inhibition compared to compound 8. 

At that point it was clear that the presence of the methyl group at position R1 (Table 2) 

revealed the highest 17β-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 17β-

HSD1 inhibitory activity. Indeed, compound 12 showed strongly enhanced STS inhibitory 

activity compared to its non-chlorinated analog 5 (IC50 76.1 nM vs 400.3 nM) and also a 

stronger inhibition of 17β-HSD1 compared to its demethylated form 11 (IC50 53.3 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:  

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

(compounds 8-12) 

 The second group consists of highly potent 17β-HSD1 inhibitors with moderate STS 

inhibitory activity (compounds 5 and 6).  

Selectivity for 17β-HSD1 over 17β-HSD2 

The beneficial role of 17β-HSD2 in lowering the intracellular levels of E2 makes its inhibition 

unfavorable. However, this is a challenging characteristic in 17β-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 17β-HSD1 over its counter partner enzyme 17β-HSD2 

(results are shown in Table 3). Inhibition of 17β-HSD1 and 17β-HSD2 was evaluated using 

the respective radiolabeled steroid (E1 or E2) and human placental 17β-HSD1 (cytosolic 

fraction) or 17β-HSD2 (microsomal fraction).  

Compound 12 was the only compound from the first group of the promising DSHIs to show  

significantly better selectivity for 17β-HSD1 over 17β-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 17β-HSD1 

over 17β-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 h17β-HSD1 and 2 in 

cell-free assays and the corresponding selectivity factors 

 

Cpd 
Position 

OSO2NH2 
R1 R2 

IC50 [nM]
a 

SF
d 

h17β-HSD1
b 

h17β-HSD2
c 

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 15.5 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-Cl 405.7 2396.4 6 

12  4 Me 5-Cl 67.6 7420.2 110 

a
 Mean value of at least two independent experiments each conducted in duplicates , standard deviation less than 

15%; 
b
 Human placenta, cytosolic fraction, substrate [

3
H]-E1 + E1 [500 nM], cofactor NADH [0.5 mM]; 

c
 

Human placenta, microsomal fraction, substrate [
3
H]-E2 + E2 [500 nM], cofactor NAD

+ 
[1.5 mM]; 

d
 SF 

(selectivity factor): IC50(17β-HSD2) / IC50(17β-HSD1).  
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The selectivity towards 17β-HSD1 (over 17β-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 17β-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 
24,26

 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 
19

. 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 IC50 

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 

 

Cmpd 
Position 

OSO2NH2 
R1 

IC50 [nM]
a
 

hSTS
b hSTS

b 

irreversible 

1 - - 15.4 16.4 

5  4 H 400.3 421.8 

6  5 H 448.1 454.4 

12  4 5-Cl 76.1 78.8 

a
 Mean value of at least two independent experiments each conducted in triplicates using intact T47D cells, 

standard deviation less than 15%; 
b
 Substrate [

3
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 or17β-HSD1 inhibitor developed by our group. In human  hepatic S9 

fraction, t1/2= 85.2 min and intrinsic clearance of 8.2 μL/min/mg protein, while in mouse 

hepatic S9 fraction it had a t1/2 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 (LC20 values) was observed up to 31 µM, 38µM and 

27 µM 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 LC20 values were 23 µM, 

28µM and 31 µM 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 
27

. At a concentration of 3.16 µM, compounds 5, 6 

and 12 did not show any activation of the AhR in HepG2 cells.  



Results  44 

 
 

Table 5: Metabolic stability of compounds 3, 5, 6 and 12 using human and mouse hepatic S9 

fraction 

 

Cmpd 
Position 

OSO2NH2 
R1 

t1/2 [min]
a,b 

Clint  

[μL/min/mg protein]
a,c 

human
c
 
 

mouse
d 

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 19.4 

7-Hydroxycoumarin
e 

- - 5.2 7.4 138.6 

Testosterone
e
 - - 9.3 24.4 74.5 

a
 Mean value of three independent experiments, standard deviation less than 15%; 

b
 t1/2: half-life; 

c
 Human liver 

S9 fraction; 
d
 Mouse liver S9 fraction; 

e
 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 C57BI/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 IC80 values for both target enzymes (STS and 17β-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 IC80 of 17β-HSD1 all over the duration of the experiment (figure 3b). 

However, these plasma concentrations were not sufficient to reach the cellular STS IC80 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 IC80 values of STS and 17β-HSD1 

values for the corresponding compound. 
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plasma levels above the cellular IC80 of both target enzymes (STS and 17β-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 IC80 values of compounds 5, 6 and 12 and their LogD and aqueous solubility  

Cmpd 

IC80 [nM]
a
 

LogD
d Aqueous 

Solubility
e 

hSTS
b 

h17β-HSD1
c 

5  542 24 2.20 40-60 µM 

6  711 10 2.68 20-40 µM 

12  156 213 2.75 20-40 µM 

a
 Mean value of at least two independent experiments each conducted in triplicates using intact T47D cells, 

standard deviation less than 15%; 
b
 Substrate [

3
H]-E1-S + E1-S [5 nM]; 

c
 Substrate [

3
H]-E1 + E1 [50 nM]; 

d 
Log 

D of the cpd, determined by ACD/Labs software; 
e 

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 IC80 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 (±SD) 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 IC80 values of STS and 17β-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 IC80 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 Cmax which is measured 2 h post dosing 

(2350-2450 nM) and Cmin 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
 28

. 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 17β-HSD1 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 IC80 values of STS and 

17β-HSD1 values for compound 5. 

Conclusion 

Dual inhibition of STS and 17β-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 17β-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 
19

- was successfully applied. A newly 

developed metabolically stable 17β-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 

17β-HSD1 inhibition, higher selectivity over 17β-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 17β-HSD1 inhibitory activity and selectivity over 17β-HSD2 compared to compounds 

5 and 6. Compound 12 showed exceptionally high selectivity over 17β-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 IC80 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 17β-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 17β-HSD1 with 

a suitable pharmacokinetic profile for an in vivo proof-of-principle study in a xenograft 

mouse endometriosis model. 
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3.2 Selective inhibitors of 17β-HSD1, 2 and 14 

3.2.I Treatment of estrogen-dependent diseases: Design, 

synthesis and profiling of a selective 17β-HSD1 inhibitor 

with sub-nanomolar IC50 for a proof-of-principle study 

Ahmed S. Abdelsamie, Chris J. van Koppen, Emmanuel Bey, Mohamed Salah, 

Carsten Borger, Lorenz Siebenbürger, Matthias W. Laschke, Michael D. Menger, 

Martin Frotscher 

 
Reprinted with permission Eur. J. Med. Chem. 2017, 127, 944–957. 

DOI: 10.1016/j.ejmech.2016.11.004 

Copyright (2017) ELSEVIER 

Publication C  

Contribution Report 

The author contributed to the design, synthesis and characterization of the compounds. He 

further contributed in the biological assays and the interpretation of the results.  
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3.2.II Targeted Endocrine Therapy: Design, Synthesis, and 

Proof-of-Principle of 17β-Hydroxysteroid Dehydrogenase 

Type 2 Inhibitors in Bone Fracture Healing 

Ahmed S. Abdelsamie, Steven Herath, Yannik Biskupek, Carsten Borger, Lorenz 

Siebenburger, Mohamed Salah,  Claudia Scheuer, Sandrine Marchais-Oberwinkler, Martin 

Frotscher, Tim Pohlemann, Michael D. Menger, Rolf W. Hartmann, Matthias W. Laschke, 

and Chris J. van Koppen 

 
Reprinted with permission J. Med. Chem. 2019, 62 (3), 1362–1372. 
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Copyright (2019) American Chemical Society 

Publication D 

Contribution Report 

The author contributed significantly to the in vitro biological evaluation of the synthesized 

compounds. Furthermore, He contributed in the interpretation of the results and writing the 

manuscript. 
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3.2.III First Structure Activity Relationship of 

17β-Hydroxysteroid Dehydrogenase Type 14 Nonsteroidal 

Inhibitors and Crystal Structures in Complex with the 

Enzyme 

Florian Braun, Nicole Bertoletti, Gabriele Möller, Jerzy Adamski, Torsten 

Steinmetzer, Mohamed Salah, Ahmed S. Abdelsamie, Chris J. van Koppen, Andreas 

Heine, Gerhard Klebe, and Sandrine Marchais-Oberwinkler 
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Publication E 

Contribution Report 

The author planned, performed and interpreted the radiolabeled biological assays. 
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3.2.IV Inhibitors of 17β-hydroxysteroid dehydrogenase type 1, 2 

and 14: Structures, biological activities and future 

challenges 

Mohamed Salah*, Ahmed S. Abdelsamie*, and Martin Frotscher 

 
Reprinted with permission Mol. Cell. Endocrinol. 2018. 

DOI: 10.1016/j.mce.2018.10.001 

Copyright (2018) ELSEVIER 

* These authors contributed equally 

Publication F 

Contribution Report 

The author collected the data for all 17β-HSD1 inhibitors from literature, and significantly 

contributed in the selection of the represented candidates of each class. He wrote this part in 

the review and contributed in the other parts. 
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4. Final Discussion 

The superior goal of this thesis was the development of the first dual inhibitors of STS and 

17β-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 17β-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 17β-HSD1 dual inhibitory activity 

by taking a potent 17β-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 17β-HSD1 inhibitor classes (see figure 9). In the first class of 

DSHIs, compound C15 a potent 17β-HSD1 inhibitor was used as a starting point for building 

the STS pharmacophore. Extensive structure activity relationship (SAR) studies have been 

performed on this 17β-HSD1 inhibitor class which is presented in chapter 3.2.I. These SAR 

studies show that the appropriate place to introduce modifications without significantly 

affecting the 17β-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.I). Similarly, 

the second class of the DSHIs (results shown in chapter 3.1.II) 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 17β-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 (A1 

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 17β-HSD1 inhibitory activity while maintaining moderate STS 

inhibitory activity.  

17β-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 

17β-HSD1 inhibitors as the two enzymes have very similar substrates, namely E1 and E2. 

Therefore, the selectivity over 17β-HSD2 of the above mentioned dual inhibitors was 

evaluated. Generally, the second class displayed higher selectivity over 17β-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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Figure 9 Design rational of DSHIs classes, with the biological data of the most potent 

representatives  

  



Final Discussion  122 

 
 

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 17β-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 

17β-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 A14 (17β-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 A14, 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 17β-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 t1/2 less than 5 minutes. Upon 

investigation, it was found that phase II 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 17β-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 17β-HSD1 inhibitor 

developed by our group, with t1/2 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 in vivo 

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 IC80 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 17β-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 

17β-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 17β-HSD1 in cellular assays along with high selectivity over 

17β-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.II, a novel targeted 

intracrine therapy for bone fracture was successfully introduced in a proof-of-principle study 

using a potent and selective 17β-HSD2 inhibitor (compound D15) in mouse bone fracture 

model. Moreover, in chapter 3.2.III the first SAR of 17β-HSD14 non-steroidal inhibitors was 

introduced. This will provide the basis for future development of highly potent and selective 

17β-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 17β-HSD1, 2 and 14 is included in chapter 3.2.IV. 
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4.7 Outlook 

The results of the potent dual inhibitor of STS and 17β-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: 

 Determination of lesion size by ultrasound  

 Histological examination of the lesions (incl. neovascularization) 

 Determination of STS and 17β-HSD1 activity in the lesions 

 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: 

 Plasma E1-S, E1 and E2 

 Ovulation and menstrual cycle disrubtion 

 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.I Chemistry 

5.1.I.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.
 

1
H and 

13
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 δ (parts per 

million: ppm), using residual peaks of the deuterated solvents as internal standard: (CD3)2SO 

(DMSO-d6): 2.50 ppm (
1
H NMR), 39.52 ppm (

13
C NMR); (CD3)2CO (acetone-d6): 2.05 ppm 

(
1
H NMR), 29.84 ppm and 206.26 ppm (

13
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, 

Dühren, 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 µL and flow rate was set to 700 µL/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.I.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 HCl. 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 
o
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 
o
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 
o
C. Then formic acid 99% (1 equiv) was then added dropwise to the isocyanate 

slowly over 10 min. Slow, steady evolution of CO2 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.  

5.1.I.3 Detailed synthesis procedure and compound characterization 

(5-Bromothiophen-2-yl)(2,6-difluoro-3-methoxyphenyl)methanone (1a). 

 

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. C12H7BrF2O2S; MW 333;
 1

H NMR (300 MHz, (CD3)2SO) δ 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 1a (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. C18H12F2O3S; MW 346; 
1
H NMR (300 MHz, (CD3)2SO) δ 

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 = 2.3, 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. C18H13F2NO5S2; MW 425; 1H 

NMR (300 MHz, (CD3)2SO) δ 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, 

3 equiv) 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. C17H11F2NO5S2; MW 411; mp: 176-177;
 1

H NMR (500 MHz, 

(CD3)2CO) δ 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);
 

13
C NMR (126 MHz, (CD3)2CO) δ 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 1a (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. C18H12F2O3S; MW 346;
 1

H NMR (500 MHz, 

(CD3)2SO) δ 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). 

 

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. C18H13F2NO5S2; MW 425;
 1

H 

NMR (500 MHz, (CD3)2SO) δ 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). 

 

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. C17H11F2NO5S2; MW 411; mp: 164-165;
  1

H NMR (500 

MHz, (CD3)2CO) δ 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); 
13

C NMR (126 MHz, (CD3)2CO) δ 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). 

 

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. C11H10OS; MW 

190; 
1
H NMR (300 MHz, (CD3)2SO) δ 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). 

 

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. C10H8OS; MW 176; 
1
H NMR (300 MHz(CD3)2SO) δ 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). 

 

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. C10H9NO3S2; MW 255; 
1
H 



Supporting information  132 

 
 

NMR (300 MHz, (CD3)2SO) δ 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). 

      

The title compound was prepared according to method by the reaction of 2,6-difluoro-3-

methoxybenzoyl 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. C18H13F2NO5S2; MW 425;
 1

H NMR (300 MHz, (CD3)2SO) δ 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. C17H11F2NO5S2; MW 411; mp: 174-175;
 
 

1
H NMR (500 

MHz, (CD3)2CO) δ 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); 
13

C NMR (126 MHz, (CD3)2CO) δ 

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, 5.00 mmol, 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. C11H9FOS; MW 208;
 1

H NMR (300 MHz, (CD3)2SO) δ 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). 

 

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, 

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/ 97%) of the 

analytically pure compound. C10H7FOS; MW 194;
 1

H NMR (300 MHz, (CD3)2SO) δ 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). 

 

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. C10H8FNO3S2; MW 273;
 1

H 

NMR (300 MHz, (CD3)2SO) δ 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. C18H12F3NO5S2; MW 443; 
1
H NMR (500 MHz, (CD3)2CO) δ 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). 

 

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, 

3 equiv) 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. C17H10F3NO5S2; MW 429; mp: 176-177;
 
 

1
H NMR (500 

MHz, (CD3)2CO) δ 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);
 13

C NMR (126 MHz, (CD3)2CO) δ 

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). 
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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-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. C11H9FOS; MW 208;
 1

H NMR (300 MHz, CD3)2SO) δ 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). 

 

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. C10H7FOS; MW 194;
 1

H NMR (300 MHz, CD3)2SO) δ 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). 

 

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. C10H8FNO3S2; 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. C18H12F3NO5S2; MW 443; 
1
H NMR (500 MHz, (CD3)2CO) δ 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 

= 9.13, 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. C17H10F3NO5S2; MW 429; mp: 172-173;
 
 

1
H NMR (500 

MHz, (CD3)2CO) δ 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);
 

13
C NMR (126 MHz, (CD3)2CO) δ 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). 

                     

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. C11H9ClOS; MW 224;
 1

H NMR (300 MHz, (CD3)2SO) δ 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, 

3 equiv) 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;
 1

H NMR (300 MHz, (CD3)2SO) δ 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). 

           

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. C10H8ClNO3S2; 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. C18H12ClF2NO5S2; MW 459; 
1
H NMR (500 MHz, (CD3)2CO) δ 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. C17H10ClF2NO5S2; MW 445; mp: 160-161;
 
 

1
H NMR (500 

MHz, (CD3)2CO) δ 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);
 13

C NMR (126 MHz, (CD3)2CO) 

δ 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). 

  

The title compound was prepared according to method B by the reaction of 2-bromothiophene 

(0.82 g, 5.00 mmol, 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. C12H12OS; MW 204; 
1
H NMR (500 MHz, (CD3)2CO) δ 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). 

 

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. C11H10OS; MW 190; 
1
H NMR (500 MHz, (CD3)2CO) δ 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. C11H11NO3S2; 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. C19H15F2NO5S2; MW 439;
 1

H NMR (500 MHz, (CD3)2SO) δ 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. C18H13F2NO5S2; MW 425; mp: 166-167;
  1

H NMR (500 

MHz, (CD3)2SO) δ 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);
 13

C NMR (126 MHz, (CD3)2SO) δ 

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). 

 

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. C11H9FOS; MW 208; 
1
H NMR (300 MHz, (CD3)2SO) δ 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). 

 

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. C10H7FOS; MW 194;
 1

H NMR (300 MHz, (CD3)2SO) δ 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). 

 

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. C10H8FNO3S2; MW 273; 
1
H 

NMR (300 MHz, (CD3)2SO) δ 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. C18H12F3NO5S2; MW 443; 
1
H NMR (300 MHz, (CD3)2SO) δ 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, 

3 equiv) 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. C17H10F3NO5S2; MW 429; mp: 180-181;
 
 

1
H NMR (500 

MHz, (CD3)2CO) δ 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);
 13

C NMR (126 MHz, (CD3)2CO) δ 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). 

 

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. C11H9ClOS; MW 224; 
1
H NMR (300 MHz, (CD3)2SO) δ 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). 

 

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, 

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. C10H7ClOS; MW 210; 
1
H NMR (300 MHz, (CD3)2SO) δ 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). 

 

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. C10H8ClNO3S2; MW 289; 
1
H 

NMR (300 MHz, (CD3)2SO) δ 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 
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compound. C18H12ClF2NO5S2; MW 459; 
1
H NMR (300 MHz, (CD3)2SO) δ 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, 

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. C17H10ClF2NO5S2; MW 445; mp: 172-173;
 
 

1
H NMR (500 

MHz, (CD3)2CO) δ 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);
 13

C NMR (126 MHz, (CD3)2CO) δ 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). 

 

The title compound was prepared according to method B by the reaction of 2-bromothiophene 

(0.82 g, 5 mmol, 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, 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 0.99 g (4.85 mmol/ 97%) of the analytically pure 

compound. C12H12OS; MW 204; 1H NMR (500 MHz, (CD3)2CO) δ 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. C11H10OS; MW 190; 
1
H NMR (500 MHz, (CD3)2CO) δ 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). 

 

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. C11H11NO3S2; MW 269; 
1
H 

NMR (500 MHz, (CD3)2CO) δ 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.C19H15F2NO5S2; 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. C18H13F2NO5S2; MW 425; mp: 190-191;
 
 

1
H NMR (500 

MHz, (CD3)2CO) δ 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);
 13

C NMR (126 MHz, 

(CD3)2CO) δ 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. C11H8F2OS; MW 

226; MS (ESI): 227.01 (M+H)
+
. 

2,3-Difluoro-4-(thiophen-2-yl)phenol (11b). 

 

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. C10H6F2OS; MW 212;
 1

H NMR (300 MHz, (CD3)2CO) δ 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). 

 

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. C10H7F2NO3S2; MW 291;
 1

H 

NMR (300 MHz, (CD3)2SO) δ 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. 

C18H11F4NO5S2; MW 461; MS (ESI): 462.03 (M+H)
+
. 

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

             

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. C17H9F4NO5S2; MW 447; mp: 186-187;
 
 
1
H NMR (500 MHz, 

(CD3)2CO) δ 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);
 13

C NMR (126 MHz, (CD3)2CO) δ 
13

C NMR (126 MHz, (CD3)2CO) δ 

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. C11H8ClFOS; MW 242; 
1
H NMR (300 MHz, (CD3)2CO) δ 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). 

 

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, 

3 equiv) 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. C10H6ClFOS; MW 228; 
1
H NMR (300 MHz, (CD3)2CO) δ 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). 

 

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. C10H7ClFNO3S2; MW 307;
 1

H 

NMR (300 MHz, (CD3)2SO) δ 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. C18H11ClF3NO5S2; MW 477; 
1
H NMR (300 MHz, (CD3)2CO) δ 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). 

    

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. C17H9ClF3NO5S2; MW 463; mp: 179-180;
 
 
1
H NMR (500 

MHz, (CD3)2CO) δ 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);
 13

C NMR (126 

MHz, (CD3)2CO) δ 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 = 12.9 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 Rt (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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5.1.I.4 Representative 1HNMR and 13CNMR spectra
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5.1.I.5 Representative MS spectra 

Compound 5: 
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Compound 6: 
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Compound 8: 
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Compound 9: 
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5.1.II Biological methods 

5.1.II.1 Chemicals 

E1-S, E1, E2 and MTT were obtained from Sigma. Radioactively labeled [6,7-
3
H(N)]-E1-S 

(40-60 Ci/mmol), [2,4,6,7-
3
H]-E1 (50-100 Ci/mmol) and [2,4,6,7-

3
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.II.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.
s1

 The 

enzyme preparation was pre-incubated in Tris-HCl 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 µM, 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 µM) 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.
s2

 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.
s3

 For IC50 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 IC50 value of 15.1 nM, comparable to the value 

reported in the literature 8 nM.
s4 

5.1.II.3 h17β-HSD1 and h17β-HSD2 cell free inhibition assays 

The human enzymes were partially purified from human placental tissue according to 

previously described procedures.
s1

 Fresh human placenta was homogenized and by fractional 

centrifugation the cytosolic and microsomal fractions were separated. In case of the h17β-

HSD1 assay the cytosolic fraction was incubated with NADH (500 µM), while in the case of 

the h17β-HSD2 assay the microsomal fraction was incubated with NAD
+
 (1500 µM) 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), [
3
H]-E1 in the case of h17β-HSD1 assay 

for 10 min or with [
3
H]-E2 in the case of h17β-HSD2 assay for 20 min.

s1
 HgCl2 (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 C18 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: 

%𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = [
%𝑝𝑟𝑜𝑑𝑢𝑐𝑡

%𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + % 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
] ∗ 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: 

%𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = [1 − (
%𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟

%𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (𝐷𝑀𝑆𝑂)
)] ∗ 100 

At least three different concentrations of each inhibitor leading to inhibitions ranging from 

30% to 80% were chosen to deduce the IC50 of each inhibitor. The IC50 of each inhibitor was 

calculated from at least two independent experiments.  

5.1.II.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% CO2. The medium was changed every 2-3 days, and the cells were passed every 9-10 

days. 

5.1.II.5 hSTS and h17β-HSD1 cellular inhibition assays 

The T47D cells were seeded into a 24-well flat-bottom plate at 5 * 10
5
 cells/well in DMEM 

supplemented with 10% FCS and 100 IU/ml penicillin-streptomycin according to previously 

described procedures.
s5,6

 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 [
3
H]-
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E1-S (5 nM) for 24 h or [
3
H]-E1 (50 nM) for 30 min at 37 °C in case of hSTS or h17β-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 h17β-HSD1 and h17β-HSD2 cell free inhibition 

assays and the IC50s are calculated as described. 

5.1.II.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.
s7

 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 [
3
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 IC50s are calculated as described. 

5.1.II.7 Proliferation assay 

In 24-well plates, according to previously described procedures
s5

 the T47D cells were grown 

for 2 days in RPMI (without phenol red) serum-free medium supplemented with 100 IU/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 µl of MTT-solution (5mg/ml in PBS) was added to the 

medium. After 2 h, the medium was removed and 215 µl of DMSO containing 10% Sodium 

dodecyl sulphate (SDS) and 0.01 N HCl 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.
s5

 Proliferation in the presence of the vehicle was always 

arbitrary set to 100%. 

5.1.II.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 ([
3
H]-E1-S 
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or [
3
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.II.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 µM 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. 

  



Supporting information  162 

 
 

5.1.III Further results 

5.1.III.1 Table S2 

Calculated pKa of the phenolic parents of the final compounds and the stability of sulfamate moiety in 

test buffer 

 

Compound cpKa
a 

% 
b 

1 9.1 100 

2 9.0 100 

3 9.4 100 

4 8.2 90 

5 8.2 100 

6 8.2 100 

7 9.3 100 

8 7.9 90 

9 7.8 94 

10 9.5 100 

11 6.9 28 

12 6.7 20 

a 
cpKa values of phenolic parent cpd (RO

-
), determined by ACD/Labs Software; 

b
 % 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-HCl buffer pH=7.2 for 30min @ 37°C. 
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5.1.III.2 Table S3 

Percentages of remaining STS and h17β-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 

Cmpd 

%
 a
 

STS activity
b h17β-HSD1 

activity
c 

24 h 48h 24h 48h 

Vehicle
 d

 47.4%  98.5%  100%  100%  

9
 e
 0% 0%  100%  100%  

a
 Mean value of at least two independent experiments each conducted in triplicates, standard deviation less than 

10%; 
b 

remaining STS activity was assayed by incubating the cells with [
3
H]-E1-S [5nM] for 24 h and 48 h then 

quantifying the amount of [
3
H]-E1 produced relative to the amount of [

3
H]-E1-S remaining ; 

c
 remaining h17β-

HSD1 activity was assayed by incubating the cells with [
3
H]-E1 [50nM] for 24 h and 48 h then quantifying the 

amount of [
3
H]-E2 produced relative to the amount of [

3
H]-E1 remaining; 

d
 vehicle: ethanol; 

e
 cmpd 9 [50 nM]. 

5.1.III.3 Table S2 

Inhibitory activities of compounds 9 and 14 towards hSTS in cell-free assay using ELISA kit and 

radiolabeled [3H]-E1-S  

Cmpd 

IC50 [nM]
 a
 

ELISA detection 
b 

Radiolabeled detection 
c 

9
 
 143.1  138.8 

14  15.1 12.2 

a
 Mean value of at least two independent experiments each conducted in duplicates, standard deviation less than 

5%; 
b
 substrate E1-S [300 nM];

 c
 exactly the same biochemical steps were followed however the substrate was 

[
3
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 h17β-HSD1 and h17β-HSD2 cell free inhibition 

assays.  
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5.1.III.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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5.1.III.5 Figure S2 

MTT cell viability assay using HEK293 for compound 9. The cells 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 four different concentrations: 0.1, 0.2, 0.4 and 1 µM 

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.III.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.I Chemistry 

5.2.I.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.
 

1
H and 

13
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 δ (parts per 

million: ppm), using residual peaks of the deuterated solvents as internal standard: (CD3)2SO 

(DMSO-d6): 2.50 ppm (
1
H NMR), 39.52 ppm (

13
C NMR); (CD3)2CO (acetone-d6): 2.05 ppm 

(
1
H NMR), 29.84 ppm and 206.26 ppm (

13
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, 

Dühren, 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 µL and flow rate was set to 700 µL/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)-II 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 μM 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. 

5.2.I.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 Et3N (7.5 mmol, 1.5 equiv) in CH2Cl2 (25 

mL) was added at 0 °C under N2 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 MgSO4, 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 CO2 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. 

5.2.I.3 Detailed synthesis procedure and compound characterization 

5-bromofuran-2-carbonyl chloride 

 

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 Et3N (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH2Cl2 (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%). C13H12BrNO3; MW 310.14;
 1

H NMR (500 MHz, DMSO-d6) δ 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) 

 

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% yield) of the analytically pure 

compound (purity: 99%). C14H14BrNO3; MW 324.17;
 1

H NMR (500 MHz, DMSO-d6) δ 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)
+
. 

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 CH2Cl2 (30 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 400 mg (1.30 mmol/ 65% yield) of 

the analytically pure compound (purity: 98%). C13H12BrNO3; MW 310.14;
 1

H NMR (500 

MHz, DMSO-d6) δ 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) 
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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 (CH2Cl2/Methanol, 0 - 5 % methanol 

in 30 min), to give 225 mg (0.62 mmol/ 62% yield) of the analytically pure compound (purity: 

95%). C22H23NO4; MW 365.43;
 1

H NMR (500 MHz, DMSO-d6) δ 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 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 200 mg (0.45 mmol/ 75% yield) of 

the analytically pure compound (purity: 98%). C22H24N2O6S; MW 444.50;
 1

H NMR (500 

MHz, DMSO-d6) δ 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) 

 

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 CH2Cl2 (20 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 100 mg (0.23 mmol/ 51% yield) of 

the analytically pure compound (purity: 97%). C21H22N2O6S; MW 430.47; mp 138-140 ̊C; 
1
H 

NMR (500 MHz, DMSO-d6) δ 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); 
13

C NMR (126 MHz, DMSO-d6) δ 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) 

 

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 Et3N (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH2Cl2 (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%). C13H12BrNO3; MW 310.14;
 1

H NMR (300 MHz, DMSO-d6) δ 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) 

 

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, 4.5 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 529 mg (1.63 mmol/ 73% yield) of the analytically pure 

compound (purity: 99%). C14H14BrNO3; MW 324.17;
 1

H NMR (300 MHz, DMSO-d6) δ 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) 

 

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 CH2Cl2 (30 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 350 mg (1.13 mmol/ 70% yield) of 

the analytically pure compound (purity: 99%). C13H12BrNO3; MW 310.14;
 
MS (ESI): 310.05, 

312.07 (M+H)
+
. 



Supporting information  173 

 
 

N-(4-hydroxy-2-methylphenyl)-5-(4-methoxy-3,5-dimethylphenyl)-N-methylfuran-2-

carboxamide (5d) 

 

The title compound was prepared by reaction of 5c (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%). C22H23NO4; MW 365.43;
 1

H NMR (300 MHz, DMSO-d6) δ 9.62 (s, 1H), 7.06 

(d, J = 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) 

 

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 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 250 mg (0.56 mmol/ 60% yield) of 

the analytically pure compound (purity: 95%). C22H24N2O6S; MW 444.50; 
1
H NMR (300 

MHz, DMSO-d6) δ 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) 
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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 CH2Cl2 (20 ml) according 

to method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 95 mg (0.22 mmol/ 45% yield) of the 

analytically pure compound (purity: 98%). C21H22N2O6S; MW 430.47; mp 192-194 ̊C;
 1

H 

NMR (500 MHz, DMSO-d6) δ 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); 
13

C NMR (75 MHz, Acetone-d6) δ 

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) 

 

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 Et3N (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH2Cl2 (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%). C13H12BrNO3; MW 310.14;
 1

H NMR (500 MHz, Acetone-d6) δ 8.94 

(s, 1H), δ 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) 

 

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, 6.5 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 730 mg (2.25 mmol/ 70% yield) of the analytically pure 

compound (purity: 95%). C14H14BrNO3; MW 324.17;
 1

H NMR (500 MHz, Acetone-d6) δ 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 CH2Cl2 (30 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 280 mg (0.90 mmol/ 73% yield) of 

the analytically pure compound (purity: 95%). C13H12BrNO3; MW 310.14;
 1

H NMR (500 

MHz, DMSO-d6) δ 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) 

 

The title compound was prepared by reaction of 6c (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%). C22H23NO4; MW 365.43;
 1

H NMR (500 MHz, DMSO-d6) δ 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) 

 

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 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 130 mg (0.30 mmol/ 60% yield) of 
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the analytically pure compound (purity: 98%). C22H24N2O6S; MW 444.50;
 1

H NMR (500 

MHz, DMSO-d6) δ 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) 

 

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 CH2Cl2 (20 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 80 mg (0.18 mmol/ 66% yield) of the 

analytically pure compound (purity: 97%). C21H22N2O6S; MW 430.47; mp 142-144 ̊C; 
1
H 

NMR (500 MHz, DMSO-d6) δ 8.58 (s, 1H), 8.05 (s, 2H), 7.45 (d, J = 8.3 Hz, 1H), 7.29 (dd, J 

= 8.2, 2.5 Hz, 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); 
13

C NMR (126 MHz, DMSO-d6) δ 

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)
+
. 

5-bromo-N-(2-methoxy-6-methylphenyl)furan-2-carboxamide (7a) 

 

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 Et3N (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH2Cl2 (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%). C13H12BrNO3; MW 310.14;
 1

H NMR (500 MHz, DMSO-d6) δ 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)

 

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% yield) of the analytically pure 

compound (purity: 99%). C14H14BrNO3; MW 324.17;
 1

H NMR (500 MHz, DMSO-d6) δ 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) 

 

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 CH2Cl2 (30 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 10 % methanol in 30 min), to give 500 mg (1.61 mmol/ 72% yield) of 

the analytically pure compound (purity: 98%). C13H12BrNO3; MW 310.14;
 1

H NMR (500 

MHz, DMSO-d6) δ 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) 

 

The title compound was prepared by reaction of 7c (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 (CH2Cl2/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%). C22H23NO4; MW 365.43;
 1

H NMR (500 MHz, DMSO-d6) δ 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) 

 

The title compound was prepared by reaction of 7d (190 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 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 140 mg (0.32 mmol/ 64% yield) of 

the analytically pure compound (purity: 97%). C22H24N2O6S; MW 444.50;
 1

H NMR (500 

MHz, DMSO-d6) δ 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) 

 

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 CH2Cl2 (20 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 30 mg (0.07 mmol/ 24% yield) of the 

analytically pure compound (purity: 98%). C21H22N2O6S; MW 430.47; mp 178-180 ̊C; 
1
H 

NMR (500 MHz, DMSO-d6) δ 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);
13

C NMR (126 MHz, DMSO) δ 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 Et3N (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH2Cl2 (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%). C13H12BrNO3; MW 310.14;
 1

H NMR (300 MHz, DMSO-d6) δ 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) 

 

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 CH2Cl2 (30 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 10 % methanol in 30 min), to give 780 mg (2.63 mmol/ 85% yield) of 

the analytically pure compound (purity: 95%). C12H10BrNO3; MW 296.12;
 1

H NMR (300 

MHz, DMSO-d6) δ 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) 

 

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 (CH2Cl2/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;
 1

H NMR (300 MHz, DMSO-d6) δ 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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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 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 80 mg (0.18 mmol/ 60% yield) of the 

analytically pure compound (purity: 95%). C21H22N2O6S; MW 430.47;
 1

H NMR (300 MHz, 

DMSO-d6) δ 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) 

  

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 CH2Cl2 (20 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 35 mg (0.08 mmol/ 46% yield) of the 

analytically pure compound (purity: 98%). C20H20N2O6S; MW 416.44; mp 186-188 ̊C; 
1
H 

NMR (300 MHz, Acetone-d6) δ 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); 
13

C NMR (75 MHz, Acetone-d6) δ 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 

(ESI): calculated 417.111, found 417.107 (M+H)
+
. 

5-bromo-N-(3-methoxyphenyl)-N-methylfuran-2-carboxamide (9ab) 

 

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 Et3N (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH2Cl2 (25 

ml). The product was purified by flash column chromatography (Petrolum ether/Etyl acetate, 

0 - 30 % EtOAc in 30 min), to give 1100 mg (3.60 mmol/ 72% yield) of the analytically pure 

compound (purity: 99%). C13H12BrNO3; MW 310.14;
 1

H NMR (300 MHz, DMSO-d6) δ 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) 

 

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 CH2Cl2 (30 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 10 % methanol in 30 min), to give 800 mg (2.70 mmol/ 77% yield) of 

the analytically pure compound (purity: 99%). C12H10BrNO3; MW 296.12;
 1

H NMR (300 

MHz, DMSO-d6) δ 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 9c (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 (CH2Cl2/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;
 1

H NMR (300 MHz, DMSO-d6) δ 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 

(9e) 

 



Supporting information  182 

 
 

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 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 190 mg (0.44 mmol/ 73% yield) of 

the analytically pure compound (purity: 99%). C21H22N2O6S; MW 430.47;
 1

H NMR (300 

MHz, DMSO-d6) δ 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) 

 

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 CH2Cl2 (20 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 35 mg (0.08 mmol/ 39% yield) of the 

analytically pure compound (purity: 98%). C20H20N2O6S; MW 416.44; mp 198-200 ̊C; 
1
H 

NMR (300 MHz, Acetone-d6) δ 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); 
13

C NMR (75 MHz, Acetone-d6) δ 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) 

 

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 Et3N (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH2Cl2 (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% yield) of the analytically pure 

compound (purity: 97%). C12H9BrFNO3; MW 314.11; 
1
H NMR (300 MHz, DMSO-d6) δ 

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) 

 

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% yield) of the analytically pure 

compound (purity: 99%). C13H11BrFNO3; MW 328.14;
 1

H NMR (300 MHz, DMSO-d6) δ 

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 CH2Cl2 (30 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 10 % methanol in 30 min), to give 460 mg (1.46 mmol/ 86% yield) of 

the analytically pure compound (purity: 98%). C12H9BrFNO3; MW 314.11;
 1

H NMR (300 

MHz, DMSO-d6) δ 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) 

 

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 

(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 (CH2Cl2/Methanol, 0 - 5 % 

methanol in 30 min), to give 270 mg (0.73 mmol/ 48% yield) of the analytically pure 

compound (purity: 99%). C21H20FNO4; MW 369.39;
 1

H NMR (300 MHz, DMSO-d6) δ 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), 
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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) 

 

The title compound was prepared by reaction of 10d (270 mg, 0.70 mmol, 1 equiv) and 

sulfamoyl 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 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 183 mg (0.41 mmol/ 58% yield) of 

the analytically pure compound (purity: 99%). C21H21FN2O6S; MW 448.46;
 1

H NMR (300 

MHz, DMSO-d6) δ 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) 

 

The title compound was prepared by reaction of SN04 (175 mg, 0.40 mmol, 1 equiv) and 

boron trifluoride dimethyl sulfide (0.80 ml, 8 mmol, 20 equiv) in CH2Cl2 (20 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 73 mg (0.17 mmol/ 42% yield) of the 

analytically pure compound (purity: 98%). C20H19FN2O6S; MW 434.43; mp 186-188 ̊C; 
1
H 

NMR (300 MHz, DMSO-d6) δ 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); 
13

C NMR (126 MHz, Acetone-d6) δ 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 Et3N (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in CH2Cl2 (25 

ml). The product was purified by flash column chromatography (Petrolum ether/Etyl acetate, 

0 - 30 % EtOAc in 30 min), to give 1400 mg (4.25 mmol/ 85% yield) of the analytically pure 

compound (purity: 97%). C12H9BrClNO3; MW 330.56; 
1
H NMR (300 MHz, DMSO-d6) δ 

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 

(0.35 mL, 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% yield) of the analytically pure 

compound (purity: 97%). C13H11BrClNO3; MW 344.58;
 1

H NMR (300 MHz, DMSO-d6) δ 

7.53 (d, J = 2.5 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) 

 

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 CH2Cl2 (30 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 10 % methanol in 30 min), to give 614 mg (1.86 mmol/ 81% yield) of 

the analytically pure compound (purity: 99%). C12H9BrClNO3; MW 330.56;
 1

H NMR (300 

MHz, DMSO-d6) δ 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 (CH2Cl2/Methanol, 0 - 5 % 

methanol in 30 min), to give 500 mg (1.29 mmol/ 86% yield) of the analytically pure 

compound (purity: 99%). C21H20ClNO4; MW 385.84;
 
; 

1
H NMR (300 MHz, DMSO-d6) δ 

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) 

 

The title compound was prepared by reaction of 11d (500 mg, 1.29 mmol, 1 equiv) and 

sulfamoyl 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 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 482 mg (1.04 mmol/ 80% yield) of 

the analytically pure compound (purity: 99%). C21H21ClN2O6S; MW 464.91;
 1

H NMR (300 

MHz, DMSO-d6) δ 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) 

 

The title compound was prepared by reaction of SN07 (235 mg, 0.50 mmol, 1 equiv) and 

boron trifluoride dimethyl sulfide (1.00 ml, 10 mmol, 20 equiv) in CH2Cl2 (20 ml) according 

to method D. The resulting product was purified by flash column chromatography 
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(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 95 mg (0.21 mmol/ 42% yield) of the 

analytically pure compound (purity: 98%). C20H19ClN2O6S; MW 450.89; mp 174-176 ̊C; 
1
H 

NMR (500 MHz, Acetone-d6) δ 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); 
13

C NMR (126 MHz, Acetone-d6) δ 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) 

 

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 Et3N (1.05 ml, 0.76 g, 7.5 mmol, 1.5 equiv) in 

CH2Cl2 (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% yield) of the 

analytically pure compound (purity: 97%). C13H11BrClNO3; MW 344.59; 
1
H NMR (500 

MHz, DMSO-d6) δ 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)
+
. 

5-bromo-N-(5-chloro-4-methoxy-2-methylphenyl)-N-methylfuran-2-carboxamide (12b) 

 

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 

(0.45 mL, 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% yield) of the analytically pure 

compound (purity: 96%). C14H13BrClNO3; MW 358.61;
 1

H NMR (500 MHz, DMSO-d6) δ 

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) 
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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 CH2Cl2 (30 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 10 % methanol in 30 min), to give 800 mg (2.32 mmol/ 89% yield) of 

the analytically pure compound (purity: 99%). C13H11BrClNO3; MW 344.58;
 1

H NMR (500 

MHz, DMSO-d6) δ 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) 

 

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 (CH2Cl2/Methanol, 0 - 5 % methanol 

in 30 min), to give 300 mg (0.75 mmol/ 75% yield) of the analytically pure compound (purity: 

99%). C22H22ClNO4; MW 399.87; 
1
H NMR (500 MHz, DMSO-d6) δ 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 (12e) 

 

 

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 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 210 mg (0.43 mmol/ 59% yield) of 

the analytically pure compound (purity: 98%). C22H23ClN2O6S; MW 478.94;
 1

H NMR (500 

MHz, DMSO-d6) δ 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) 

 

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 CH2Cl2 (20 ml) according to 

method D. The resulting product was purified by flash column chromatography 

(CH2Cl2/Methanol, 0 - 5 % methanol in 30 min), to give 98 mg (0.21 mmol/ 50% yield) of the 

analytically pure compound (purity: 98%). C21H21ClN2O6S; MW 464.91; mp 202-204 ̊C; 
1
H 

NMR (500 MHz, DMSO-d6) δ 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);
13

C NMR (126 MHz, DMSO) δ 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.I.4 Representative 
1
HNMR and 

13
CNMR spectra
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5.2.I.5 Representative MS spectra 

 

Compound 5: 

 

Compound 6: 
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Compound 12: 
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5.2.II Biological methods  

5.2.II.1 Chemicals 

E1-S, E1, E2 and MTT were obtained from Sigma. Radioactively labeled [6,7-
3
H(N)]-E1-S 

(40-60 Ci/mmol), [2,4,6,7-
3
H]-E1 (50-100 Ci/mmol) and [2,4,6,7-

3
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.II.2 h17β-HSD1 and h17β-HSD2 cell free inhibition assays 

The human enzymes were partially purified from human placental tissue according to 

previously described procedures.
1

 Fresh human placenta was homogenized and by fractional 

centrifugation the cytosolic and microsomal fractions were separated. In case of the h17β-

HSD1 assay the cytosolic fraction was incubated with NADH (500 µM), while in the case of 

the h17β-HSD2 assay the microsomal fraction was incubated with NAD
+
 (1500 µM) 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), [
3
H]-E1 in the case of h17β-HSD1 assay 

for 10 min or with [
3
H]-E2 in the case of h17β-HSD2 assay for 20 min.

1
 HgCl2 (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 C18 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: 

%𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = [
%𝑝𝑟𝑜𝑑𝑢𝑐𝑡

%𝑝𝑟𝑜𝑑𝑢𝑐𝑡 + % 𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
] ∗ 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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%𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛 = [1 − (
%𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟

%𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 (𝐷𝑀𝑆𝑂)
)] ∗ 100 

At least three different concentrations of each inhibitor leading to inhibitions ranging from 

30% to 80% were chosen to deduce the IC50 of each inhibitor. The IC50 of each inhibitor was 

calculated from at least two independent experiments.  

5.2.II.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 IU/ml penicillin-streptomycin, and incubated at 37 °C under humidified atmosphere of 

5% CO2. The medium was changed every 2-3 days, and the cells were passed every 9-10 

days. 

5.2.II.4 hSTS and h17β-HSD1 cellular inhibition assays 

The T47D cells were seeded into a 24-well flat-bottom plate at 5 * 10
5
 cells/well in DMEM 

supplemented with 10% FCS and 100 IU/ml penicillin-streptomycin according to previously 

described procedures.
2,3

 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 [
3
H]-

E1-S (5 nM) for 24 h or [
3
H]-E1 (50 nM) for 40 min at 37 °C in case of hSTS or h17β-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 h17β-HSD1 and h17β-HSD2 cell free inhibition 

assays and the IC50s are calculated as described. 

5.2.II.5 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.
4
 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 [
3
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 IC50s are calculated as described. 
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5.2.II.6 Metabolic stability in a cell-free assay 

For evaluation of phase I and II metabolic stability 1 µM 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 MgCl2 and 0.1 mM 

PAPS at 37°C for 0, 5, 15 and 60 minutes at a final volume of 100 µL 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 (t1/2) was determined using the following equation: 

𝑡1
2

=
ln(2)

−𝐾
 

Where K (decay rate) is the slope of the linear regression from log [test compound] versus 

time: 

𝐾 =
𝑙𝑛(𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛)

𝑇𝑖𝑚𝑒
 

Then the intrinsic clearance (Clint) [μL/min/mg protein] estimates of the compounds were 

determined using the following equation: 

𝐶𝑙𝑖𝑛𝑡 = 𝐾 ∗ 𝑉 ∗ 𝑓𝑢 

 

Where: 𝑉 =
𝑖𝑛𝑐𝑢𝑏𝑎𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑛𝑒 [μL]

microsomal protein [mg]
 = 1000 [μL /mg protein] 

 𝑓𝑢 = unbound fraction of the tested compounds (unknown)= 1 

5.2.II.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 µl suspension/gram body weight). For iv administration (4 µl 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 µl 

volume were collected from the tail vein into 0.2 mL PCR-tubes containing 10 µl 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 µl samples were stored frozen at 

-80◦C until analysis. For bioanalysis, 5 µl of plasma aliquot was added to 25 µl 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.II.8 Aqeous soluibility assay 

Final concentrations of 5, 10, 20, 40, 60, 100 and 200 µM 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.II.9 MTT cell viability assay 

In 24-well plates, HEK293 or HepG2 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 the 

tested compound at 100, 50, 40, 25, 20, 12.5, 10 and 5 µM 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 µl of MTT-solution 

(5mg/ml in PBS) was added to the medium. After 30 min, the medium was removed and 250 

µl of DMSO containing 10% Sodium dodecyl sulphate (SDS) and 0.01 N HCl 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.II.10 Aryl hydrocarbon receptor assay 

The AhR activity was evaluated as described before.
5
 The aryl hydrocarbon receptor agonistic 

activity of compounds was determined in a human hepatocellular carcinoma cell line (HepG2) 

by measuring the CYP1A1 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 μM) or vehicle, 

cells were washed with 1 mL of warm PBS (37 °C). Then, 500 μL 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 μM 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 μM).  
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5.2.III Oral bioavailability  

 

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 IC80 values of STS and 17β-HSD1 values for compound 5. 

 

Oral bioavailability (%F) of compound 5 

 

 

  
%𝐹 =  

𝐴𝑈𝐶𝑝𝑜 ∗  𝐷𝑜𝑠𝑒𝑖𝑣

𝐴𝑈𝐶𝑖𝑣 ∗ 𝐷𝑜𝑠𝑒𝑝𝑜
∗ 100 =

10350 ∗ 5

69933 ∗ 50
∗ 100 = 1.47% 



References  201 

 
 

6. References 

(1)  Zubeldia-Brenner, L.; Roselli, C. E.; Recabarren, S. E.; Gonzalez Deniselle, M. C.; Lara, H. E. 
Developmental and Functional Effects of Steroid Hormones on the Neuroendocrine Axis and 
Spinal Cord. J. Neuroendocrinol. 2016, 28 (7). 

(2)  Miller, W. L.; Auchus, R. J. The Molecular Biology, Biochemistry, and Physiology of Human 
Steroidogenesis and Its Disorders. Endocr. Rev. 2011, 32 (1), 81–151. 

(3)  Sugiyama, N.; Barros, R. P. A.; Warner, M.; Gustafsson, J. Å. ERβ: Recent Understanding of 
Estrogen Signaling. Trends Endocrinol. Metab. 2010, 21 (9), 545–552. 

(4)  Cui, J.; Shen, Y.; Li, R. Estrogen Synthesis and Signaling Pathways during Aging: From Periphery 
to Brain. Trends Mol. Med. 2013, 19 (3), 197–209. 

(5)  Hall, P. F. Cytochrome P-450 C21scc: One Enzyme with Two Actions: Hydroxylase and Lyase. J. 
Steroid Biochem. Mol. Biol. 1991, 40 (4–6), 527–532. 

(6)  Luu-The, V.; Tremblay, P.; Labrie, F. Characterization of Type 12 17β-Hydroxysteroid 
Dehydrogenase, an Isoform of Type 3 17β-Hydroxysteroid Dehydrogenase Responsible for 
Estradiol Formation in Women. Mol. Endocrinol. 2006, 20 (2), 437–443. 

(7)  Chumsri, S.; Howes, T.; Bao, T.; Sabnis, G.; Brodie, A. Aromatase, Aromatase Inhibitors, and 
Breast Cancer. J. Steroid Biochem. Mol. Biol. 2011, 125 (1–2), 13–22. 

(8)  Robker, R. L.; Richards, J. S. Hormonal Control of the Cell Cycle in Ovarian Cells: Proliferation 
vs Differentiation. Biol. Reprod. 1998, 59 (3), 476–482. 

(9)  Rao, M. C.; Midgley,  a R.; Richards, J. S. Proliferation of Ovarian Cellular. Cell 1978, 14 (May), 
71–78. 

(10)  Richards, J. S. Maturation of Ovarian Follicles: Actions and Interactions of Pituitary and 
Ovarian Hormones on Follicular Cell Differentiation. Physiol. Rev. 1980, 60 (1). 

(11)  Simpson, E. R. Sources of Estrogen and Their Importance. J. Steroid Biochem. Mol. Biol. 2003, 
86 (3–5), 225–230. 

(12)  Sasano, H.; Okamoto, M.; Mason, J. I.; Simpson, E. R.; Mendelson, C. R.; Sasano, N.; Silverberg, 
S. G. Immunolocalization of Aromatase, 17 -Hydroxylase and Side-Chain-Cleavage 
Cytochromes P-450 in the Human Ovary. Reproduction 1989, 85 (1), 163–169. 

(13)  Secky, L.; Svoboda, M.; Klameth, L.; Bajna, E.; Hamilton, G.; Zeillinger, R.; Jäger, W.; 
Thalhammer, T. The Sulfatase Pathway for Estrogen Formation: Targets for the Treatment and 
Diagnosis of Hormone-Associated Tumors. J. Drug Deliv. 2013, 2013, 1–13. 

(14)  Konings, G.; Brentjens, L.; Delvoux, B.; Linnanen, T.; Cornel, K.; Koskimies, P.; Bongers, M.; 
Kruitwagen, R.; Xanthoulea, S.; Romano, A. Intracrine Regulation of Estrogen and Other Sex 
Steroid Levels in Endometrium and Non-Gynecological Tissues; Pathology, Physiology, and 
Drug Discovery. Front. Pharmacol. 2018, 9. 

(15)  Suzuki, T.; Miki, Y.; Nakamura, Y.; Moriya, T.; Ito, K.; Ohuchi, N.; Sasano, H. Sex Steroid-
Producing Enzymes in Human Breast Cancer. Endocr. Relat. Cancer 2005, 12 (4), 701–720. 

(16)  Stricker, R.; Eberhart, R.; Chevailler, M. C.; Quinn, F. A.; Bischof, P.; Stricker, R. Establishment 
of Detailed Reference Values for Luteinizing Hormone, Follicle Stimulating Hormone, 



References  202 

 
 

Estradiol, and Progesterone during Different Phases of the Menstrual Cycle on the Abbott 
ARCHITECT® Analyzer. Clin. Chem. Lab. Med. 2006, 44 (7), 883–887. 

(17)  Labrie, F. All Sex Steroids Are Made Intracellularly in Peripheral Tissues by the Mechanisms of 
Intracrinology after Menopause. J. Steroid Biochem. Mol. Biol. 2015, 145, 133–138. 

(18)  Kotov, A.; Falany, J. L.; Wang, J.; Falany, C. N. Regulation of Estrogen Activity by Sulfation in 
Human Ishikawa Endometrial Adenocarcinoma Cells. J. Steroid Biochem. Mol. Biol. 1999, 68 
(3–4), 137–144. 

(19)  Nilsson, S.; Mäkelä, S.; Treuter, E.; Tujague, M.; Thomsen, J.; Andersson, G.; Enmark, E.; 
Pettersson, K.; Warner, M.; Gustafsson, J.-Å. Mechanisms of Estrogen Action. Physiol. Rev. 
2001, 81 (4), 1535–1565. 

(20)  Morselli, E.; Santos, R. S.; Criollo, A.; Nelson, M. D.; Palmer, B. F.; Clegg, D. J. The Effects of 
Oestrogens and Their Receptors on Cardiometabolic Health. Nat. Rev. Endocrinol. 2017, 13 
(6), 352–364. 

(21)  Jia, M.; Dahlman-Wright, K.; Gustafsson, J.-Å. Estrogen Receptor Alpha and Beta in Health and 
Disease. Best Pract. Res. Clin. Endocrinol. Metab. 2015, 29 (4), 557–568. 

(22)  Drummond, A. E.; Findlay, J. K. The Role of Estrogen in Folliculogenesis. Mol. Cell. Endocrinol. 
1999, 151 (November 1998), 57–64. 

(23)  Groothuis, P. G.; Dassen, H. H. N. M.; Romano, A.; Punyadeera, C. Estrogen and the 
Endometrium : Lessons Learned from Gene Expression Profiling in Rodents and Human. 2007, 
13 (4), 405–417. 

(24)  Mertens, H. J. M. M.; Heineman, M. J.; Theunissen, P. H. M. H. Androgen , Estrogen and 
Progesterone Receptor Expression in the Human Uterus during the Menstrual Cycle. Eur. J. 
Obstet. Gynecol. Reprod. Biol. 2001, 98 (1), 58–65. 

(25)  Albrecht, E. D.; Aberdeen, G. W.; Pepe, G. J. The Role of Estrogen in the Maintenance of 
Primate Pregnancy. Am. J. Obstet. Gynecol. 2000, 182 (2), 432–438. 

(26)  Dickson, R. B.; Stancel, G. M. Estrogen Receptor-Mediated Processes in Normal and Cancer 
Cells. J. Natl. Cancer Inst. Monogr. 2000, 2000 (27), 135–145. 

(27)  Gustafsson, J.-Å.; Warner, M. Estrogen Receptor β in the Breast : Role in Estrogen 
Responsiveness and Development of Breast Cancer. J. Steroid Biochem. Mol. Biol. 2000, 74 (5), 
245–248. 

(28)  Cauley, J. A.; Robbins, J.; Chen, Z.; Cummings, S. R.; Jackson, R. D.; Lacroix, A. Z.; Leboff, M.; 
Lewis, C. E.; Mcgowan, J.; Neuner, J.; Pettinger, M.; Stefanick, M. L.; Wactawski-wende, J. 
Effects of Estrogen Plus Progestin on Risk of Fracture and Bone Mineral Density. Jama 2003, 
290 (13), 1729–1738. 

(29)  Turner, R. T.; Riggs, B. L.; Spelsberg, T. C. Skeletal Effects of Estrogen. Endocr. Rev. 1994, 15 
(3), 275–300. 

(30)  Karas, M. E. M. and R. H. The Protective Effects of Estrogen on the Cardiovascular System. N. 
Engl. J. Med. 1999, 340 (23), 1801–1811. 

(31)  Roof, R. L.; Hall, E. D. Gender Differences in Acute CNS Trauma and Stroke : Neuroprotective 
Effects of Estrogen and Progesterone. J. Neurotrauma 2000, 17 (5), 367–388. 



References  203 

 
 

(32)  Sherwin, B. B. Estrogen and Memory in Women : How Can We Reconcile the Findings ? Horm. 
Behav. 2005, 47 (3), 371–375. 

(33)  Deroo, B. J. Estrogen Receptors and Human Disease. J. Clin. Invest. 2006, 116 (3), 561–570. 

(34)  Brown, S. B.; Hankinson, S. E. Endogenous Estrogens and the Risk of Breast, Endometrial, and 
Ovarian Cancers. Steroids 2015, 99, 8–10. 

(35)  Travis, R. C.; Key, T. J. Oestrogen Exposure and Breast Cancer Risk. Breast Cancer Res. 2003, 5 
(5), 239. 

(36)  Yager, J. D.; Davidson, N. E. Estrogen Carcinogenesis in Breast Cancer. N. Engl. J. Med. 2006, 
354 (3), 270–282. 

(37)  Cunat, S.; Hoffmann, P.; Pujol, P. Estrogens and Epithelial Ovarian Cancer. Gynecol. Oncol. 
2004, 94 (1), 25–32. 

(38)  Rodriguez, C.; Calle, E. E.; Jacob, E. J.; Thun, M. J. And Ovarian Cancer Mortality in a Large 
Prospective Study of US Women. Jama 2013, 285 (11), 1460–1465. 

(39)  GRADY, D.; GEBRETSADIK, T.; KERLIKOWSKE, K.; ERNSTER, V.; PETITTI, D. Hormone 
Replacement Therapy and Endometrial Cancer Risk: A Meta-Analysis. Obstet. Gynecol. 1995, 
85 (2), 304–313. 

(40)  Chlebowski, R. T.; Anderson, G. L.; Sarto, G. E.; Haque, R.; Runowicz, C. D.; Aragaki, A. K.; 
Thomson, C. A.; Howard, B. V.; Wactawski-Wende, J.; Chen, C.; Rohan, T. E.; Simon, M. S.; 
Reed, S. D.; Manson, J. E. Continuous Combined Estrogen Plus Progestin and Endometrial 
Cancer: The Women’s Health Initiative Randomized Trial. J. Natl. Cancer Inst. 2016, 108 (3). 

(41)  Kitawaki, J.; Kado, N.; Ishihara, H.; Koshiba, H.; Kitaoka, Y.; Honjo, H. Endometriosis: The 
Pathophysiology as an Estrogen-Dependent Disease. J. Steroid Biochem. Mol. Biol. 2002, 83 
(1–5), 149–155. 

(42)  Burney, R. O.; Giudice, L. C. Pathogenesis and Pathophysiology of Endometriosis. Fertil. Steril. 
2012, 98 (3), 511–519. 

(43)  Pacifici, R. Estrogen, Cytokines, and Pathogenesis of Postmenopausal Osteoporosis. J. Bone 
Miner. Res. 1996, 11 (8), 1043–1051. 

(44)  Riggs, B. L.; Khosla, S.; Melton, L. J. A Unitary Model for Involutional Osteoporosis: Estrogen 
Deficiency Causes Both Type I and Type II Osteoporosis in Postmenopausal Women and 
Contributes to Bone Loss in Aging Men. J. Bone Miner. Res. 1998, 13 (5), 763–773. 

(45)  Black, D. M.; Rosen, C. J. Postmenopausal Osteoporosis. N. Engl. J. Med. 2016, 374 (3), 254–
262. 

(46)  Giudice, L. C.; Kao, L. C. Endometriosis. Lancet 2004, 364 (9447), 1789–1799. 

(47)  Nap, A. W.; Groothuis, P. G.; Demir, A. Y.; Evers, J. L. H.; Dunselman, G. A. J. Pathogenesis of 
Endometriosis. Best Practice and Research: Clinical Obstetrics and Gynaecology. 2004, pp 
233–244. 

(48)  Berkley, K. J.; Berkley, K. J.; Rapkin, A. J.; Rapkin, A. J.; Papka, R. E.; Papka, R. E. The Pains of 
Endometriosis. Science 2005, 308 (5728), 1587–1589. 

(49)  Nnoaham, K. E.; Hummelshoj, L.; Webster, P.; D’Hooghe, T.; De Cicco Nardone, F.; De Cicco 
Nardone, C.; Jenkinson, C.; Kennedy, S. H.; Zondervan, K. T. Impact of Endometriosis on 



References  204 

 
 

Quality of Life and Work Productivity: A Multicenter Study across Ten Countries. Fertil. Steril. 
2011, 96 (2), 366–373.e8. 

(50)  Ferreira, A. L. L.; Bessa, M. M. M.; Drezett, J.; De Abreu, L. C. Quality of Life of the Woman 
Carrier of Endometriosis: Systematized Review. Reprod. e Clim. 2016, 31 (1), 48–54. 

(51)  Giudice, L. C. Endometriosis. N. Engl. J. Med. 2010, 362 (25), 2389–2398. 

(52)  Halme, J.; Hammond, M. G.; Hulka, J. F.; Raj, S. G.; Talbert, L. M. Retrograde Menstruation in 
Healthy Women and in Patients with Endometriosis. Obstet. Gynecol. 1984, 64 (2), 151—154. 

(53)  Sasson, I. E.; Taylor, H. S. Stem Cells and the Pathogenesis of Endometriosis. Ann. N. Y. Acad. 
Sci. 2008, 1127 (1), 106–115. 

(54)  Matsuura, K.; Ohtake, H.; Katabuchi, H.; Okamura, H. Coelomic Metaplasia Theory of 
Endometriosis: Evidence from in Vivo Studies and an in Vitro Experimental Model. Gynecol. 
Obstet. Invest. 1999, 47 (Suppl. 1), 18–22. 

(55)  Bulun, S. E.; Zeitoun, K. M.; Takayama, K.; Sasano, H. Estrogen Biosynthesis in Endometriosis: 
Molecular Basis and Clinical Relevance. J. Mol. Endocrinol. 2000, 25 (1), 35–42. 

(56)  Bulun, S. E. Regulation of Aromatase Expression in Estrogen-Responsive Breast and Uterine 
Disease: From Bench to Treatment. Pharmacol. Rev. 2005, 57 (3), 359–383. 

(57)  Tsai, S.-J.; Wu, M.-H.; Lin, C.-C.; Sun, H. S.; Chen, H.-M. Regulation of Steroidogenic Acute 
Regulatory Protein Expression and Progesterone Production in Endometriotic Stromal Cells. J. 
Clin. Endocrinol. Metab. 2001, 86 (12), 5765–5773. 

(58)  Attar, E.; Tokunaga, H.; Imir, G.; Yilmaz, M. B.; Redwine, D.; Putman, M.; Gurates, B.; Attar, R.; 
Yaegashi, N.; Hales, D. B.; Bulun, S. E. Prostaglandin E2 via Steroidogenic Factor-1 Coordinately 
Regulates Transcription of Steroidogenic Genes Necessary for Estrogen Synthesis in 
Endometriosis. J. Clin. Endocrinol. Metab. 2009, 94 (2), 623–631. 

(59)  Šmuc, T.; Pucelj, M. R.; Šinkovec, J.; Husen, B.; Thole, H.; Lanišnik Rižner, T. Expression Analysis 
of the Genes Involved in Estradiol and Progesterone Action in Human Ovarian Endometriosis. 
Gynecol. Endocrinol. 2007, 23 (2), 105–111. 

(60)  Dunselman, G. A. J.; Vermeulen, N.; Becker, C.; Calhaz-Jorge, C.; D’Hooghe, T.; De Bie, B.; 
Heikinheimo, O.; Horne, A. W.; Kiesel, L.; Nap, A.; Prentice, A.; Saridogan, E.; Soriano, D.; 
Nelen, W. ESHRE Guideline: Management of Women with Endometriosis. Hum. Reprod. 2014, 
29 (3), 400–412. 

(61)  Ferrero, S.; Evangelisti, G.; Barra, F. Current and Emerging Treatment Options for 
Endometriosis. Expert Opin. Pharmacother. 2018, 19 (10), 1109–1125. 

(62)  Shakiba, K.; Bena, J. F.; McGill, K. M.; Minger, J.; Falcone, T. Surgical Treatment of 
Endometriosis: A 7-Year Follow-up on the Requirement for Further Surgery. Obstet. Gynecol. 
2008, 111 (6), 1285–1292. 

(63)  Ferrero, S.; Alessandri, F.; Racca, A.; Leone Roberti Maggiore, U. Treatment of Pain Associated 
with Deep Endometriosis: Alternatives and Evidence. Fertil. Steril. 2015, 104 (4), 771–792. 

(64)  Barra, F.; Scala, C.; Mais, V.; Guerriero, S.; Ferrero, S. Investigational Drugs for the Treatment 
of Endometriosis, an Update on Recent Developments. Expert Opin. Investig. Drugs 2018, 27 
(5), 445–458. 



References  205 

 
 

(65)  Huhtinen, K.; Desai, R.; Ståhle, M.; Salminen, A.; Handelsman, D. J.; Perheentupa, A.; 
Poutanen, M. Endometrial and Endometriotic Concentrations of Estrone and Estradiol Are 
Determined by Local Metabolism Rather than Circulating Levels. J. Clin. Endocrinol. Metab. 
2012, 97 (11), 4228–4235. 

(66)  Dassen, H.; Punyadeera, C.; Kamps, R.; Delvoux, B.; Van Langendonckt, A.; Donnez, J.; Husen, 
B.; Thole, H.; Dunselman, G.; Groothuis, P. Estrogen Metabolizing Enzymes in Endometrium 
and Endometriosis. Hum. Reprod. 2007, 22 (12), 3148–3158. 

(67)  Rižner, T. L. Estrogen Metabolism and Action in Endometriosis. Mol. Cell. Endocrinol. 2009, 
307 (1–2), 8–18. 

(68)  Tosti, C.; Biscione, A.; Morgante, G.; Bifulco, G.; Luisi, S.; Petraglia, F. Hormonal Therapy for 
Endometriosis: From Molecular Research to Bedside. Eur. J. Obstet. Gynecol. Reprod. Biol. 
2017, 209, 61–66. 

(69)  Huhtinen, K.; Ståhle, M.; Perheentupa, A.; Poutanen, M. Estrogen Biosynthesis and Signaling 
in Endometriosis. Mol. Cell. Endocrinol. 2012, 358 (2), 146–154. 

(70)  Borghese, B.; Mondon, F.; Noël, J.-C.; Fayt, I.; Mignot, T.-M.; Vaiman, D.; Chapron, C. Research 
Resource: Gene Expression Profile for Ectopic Versus Eutopic Endometrium Provides New 
Insights into Endometriosis Oncogenic Potential. Mol. Endocrinol. 2008, 22 (11), 2557–2562. 

(71)  Šmuc, T.; Hevir, N.; Ribič-Pucelj, M.; Husen, B.; Thole, H.; Rižner, T. L. Disturbed Estrogen and 
Progesterone Action in Ovarian Endometriosis. Mol. Cell. Endocrinol. 2009, 301 (1–2), 59–64. 

(72)  Purohit, A.; Fusi, L.; Brosens, J.; Woo, L. W. L.; Potter, B. V. L.; Reed, M. J. Inhibition of Steroid 
Sulphatase Activity in Endometriotic Implants by 667 COUMATE: A Potential New Therapy. 
Hum. Reprod. 2008, 23 (2), 290–297. 

(73)  Hudelist, G.; Czerwenka, K.; Keckstein, J.; Haas, C.; Fink-Retter, A.; Gschwantler-Kaulich, D.; 
Kubista, E.; Singer, C. F. Expression of Aromatase and Estrogen Sulfotransferase in Eutopic and 
Ectopic Endometrium: Evidence for Unbalanced Estradiol Production in Endometriosis. 
Reprod. Sci. 2007, 14 (8), 798–805. 

(74)  Kitawaki, J.; Noguchi, T.; Amatsu, T.; Maeda, K.; Tsukamoto, K.; Yamamoto, T.; Fushiki, S.; 
Osawa, Y.; Honjo, H. Expression of Aromatase Cytochrome P450 Protein and Messenger 
Ribonucleic Acid in Human Endometriotic and Adenomyotic Tissues but Not in Normal 
Endometrium1. Biol. Reprod. 1997, 57 (3), 514–519. 

(75)  Velasco, I.; J.Rueda; P.Acién. Aromatase Expression in Endometriotic Tissues and Cell Cultures 
of Patients with Endometriosis. Mol. Hum. Reprod. 2006, 12 (6), 377–381. 

(76)  Bukulmez, O.; Hardy, D. B.; Carr, B. R.; Word, R. A.; Mendelson, C. R. Inflammatory Status 
Influences Aromatase and Steroid Receptor Expression in Endometriosis. Endocrinology 2008, 
149 (3), 1190–1204. 

(77)  Zeitoun, K.; Takayama, K.; Sasano, H.; Suzuki, T.; Moghrabi, N.; Andersson, S.; Johns, A.; Meng, 
L.; Putman, M.; Carr, B.; Bulun, S. E. Deficient 17β-Hydroxysteroid Dehydrogenase Type 2 
Expression in Endometriosis: Failure to Metabolize 17β-Estradiol 1. J. Clin. Endocrinol. Metab. 
1998, 83 (12), 4474–4480. 

(78)  Bulun, S.; Cheng, Y.-H.; Pavone, M.; Yin, P.; Imir, G.; Utsunomiya, H.; Thung, S.; Xue, Q.; Marsh, 
E.; Tokunaga, H.; Ishikawa, H.; Kurita, T.; Su, E. 17β-Hydroxysteroid Dehydrogenase-2 
Deficiency and Progesterone Resistance in Endometriosis. Semin. Reprod. Med. 2010, 28 (01), 
044–050. 



References  206 

 
 

(79)  Mueller, J. W.; Gilligan, L. C.; Idkowiak, J.; Arlt, W.; Foster, P. A. The Regulation of Steroid 
Action by Sulfation and Desulfation. Endocr. Rev. 2015, 36 (5), 526–563. 

(80)  Hobkirk, R. Steroid Sulfation. Trends Endocrinol. Metab. 1993, 4 (2), 69–74. 

(81)  Reed, M. J.; Purohit, A.; Woo, L. W. L.; Newman, S. P.; Potter, B. V. L. Steroid Sulfatase: 
Molecular Biology, Regulation, and Inhibition. Endocr. Rev. 2005, 26 (2), 171–202. 

(82)  Huang, H.; Zhao, M.; Ren, Q.; Yang, Y. Changes in Inhibitory Activity and Secondary 
Conformation of Soybean Trypsin Inhibitors Induced by Tea Polyphenol Complexation. J. Sci. 
Food Agric. 2009, 89 (14), 2435–2439. 

(83)  Thomas, M. P.; Potter, B. V. L. The Structural Biology of Oestrogen Metabolism. J. Steroid 
Biochem. Mol. Biol. 2013, 137, 27–49. 

(84)  Hernandez-Guzman, F. G.; Higashiyama, T.; Pangborn, W.; Osawa, Y.; Ghosh, D. Structure of 
Human Estrone Sulfatase Suggests Functional Roles of Membrane Association. J. Biol. Chem. 
2003, 278 (25), 22989–22997. 

(85)  Potter, B. V. L. SULFATION PATHWAYS: Steroid Sulphatase Inhibition via Aryl Sulphamates: 
Clinical Progress, Mechanism and Future Prospects. J. Mol. Endocrinol. 2018, 61 (2), T233–
T252. 

(86)  Thomas, M. P.; Potter, B. V. L. Discovery and Development of the Aryl O -Sulfamate 
Pharmacophore for Oncology and Women’s Health. J. Med. Chem. 2015, 58 (19), 7634–7658. 

(87)  Pasqualini, J. R.; Chetrite, G.; Blacker, C.; Feinstein, M. C.; Delalonde, L.; Talbi, M.; Maloche, C. 
Concentrations of Estrone, Estradiol, and Estrone Sulfate and Evaluation of Sulfatase and 
Aromatase Activities in Pre- and Postmenopausal Breast Cancer Patients. J. Clin. Endocrinol. 
Metab. 1996, 81 (4), 1460–1464. 

(88)  Suzuki, M.; Ishida, H.; Shiotsu, Y.; Nakata, T.; Akinaga, S.; Takashima, S.; Utsumi, T.; Saeki, T.; 
Harada, N. Expression Level of Enzymes Related to in Situ Estrogen Synthesis and 
Clinicopathological Parameters in Breast Cancer Patients. J. Steroid Biochem. Mol. Biol. 2009, 
113 (3–5), 195–201. 

(89)  SANTNER, S. J.; FEIL, P. D.; SANTEN, R. J. In Situ Estrogen Production via the Estrone Sulfatase 
Pathway in Breast Tumors: Relative Importance versus the Aromatase Pathway*. J. Clin. 
Endocrinol. Metab. 1984, 59 (1), 29–33. 

(90)  Utsumi, T.; Yoshimura, N.; Takeuchi, S.; Maruta, M.; Maeda, K.; Harada, N. Elevated Steroid 
Sulfatase Expression in Breast Cancers. J. Steroid Biochem. Mol. Biol. 2000, 73 (3–4), 141–145. 

(91)  Colette, S.; Defrère, S.; Van Kerk, O.; Van Langendonckt, A.; Dolmans, M.-M.; Donnez, J. 
Differential Expression of Steroidogenic Enzymes According to Endometriosis Type. Fertil. 
Steril. 2013, 100 (6), 1642–1649. 

(92)  Šmuc, T.; Rupreht, R.; Šinkovec, J.; Adamski, J.; Rižner, T. L. Expression Analysis of Estrogen-
Metabolizing Enzymes in Human Endometrial Cancer. Mol. Cell. Endocrinol. 2006, 248 (1–2), 
114–117. 

(93)  Utsunomiya, H.; Ito, K.; Suzuki, T.; Kitamura, T.; Kaneko, C.; Nakata, T.; Niikura, H.; Okamura, 
K.; Yaegashi, N.; Sasano, H. Steroid Sulfatase and Estrogen Sulfotransferase in Human 
Endometrial Carcinoma. Clin. Cancer Res. 2004, 10 (17), 5850–5856. 

(94)  Hoffmann, F.; Maser, E. Carbonyl Reductases and Pluripotent Hydroxysteroid Dehydrogenases 



References  207 

 
 

of the Short-Chain Dehydrogenase/Reductase Superfamily. Drug Metab. Rev. 2007, 39 (1), 
87–144. 

(95)  Duax, W. L.; Ghosh, D.; Pletnev, V. Steroid Dehydrogenase Structures, Mechanism of Action, 
and Disease. Vitam. Horm. 2000, 58, 121–148. 

(96)  Penning, T. M. Hydroxysteroid Dehydrogenases and Pre-Receptor Regulation of Steroid 
Hormone Action. Hum. Reprod. Update 2003, 9 (3), 193–205. 

(97)  Labrie, F.; Luu-The, V.; Lin, S.-X.; Simard, J.; Labrie, C.; El-Alfy, M.; Pelletier, G.; Bélanger, A. 
Intracrinology: Role of the Family of 17 Beta-Hydroxysteroid Dehydrogenases in Human 
Physiology and Disease. J. Mol. Endocrinol. 2000, 25 (1), 1–16. 

(98)  Moeller, G.; Adamski, J. Multifunctionality of Human 17β-Hydroxysteroid Dehydrogenases. 
Mol. Cell. Endocrinol. 2006, 248 (1–2), 47–55. 

(99)  Haller, F.; Moman, E.; Hartmann, R. W.; Adamski, J.; Mindnich, R. Molecular Framework of 
Steroid/Retinoid Discrimination in 17β-Hydroxysteroid Dehydrogenase Type 1 and 
Photoreceptor-Associated Retinol Dehydrogenase. J. Mol. Biol. 2010, 399 (2), 255–267. 

(100)  Zhongyi, S.; Rantakari, P.; Lamminen, T.; Toppari, J.; Poutanen, M. Transgenic Male Mice 
Expressing Human Hydroxysteroid Dehydrogenase 2 Indicate a Role for the Enzyme 
Independent of Its Action on Sex Steroids. Endocrinology 2007, 148 (8), 3827–3836. 

(101)  Lukacik, P.; Kavanagh, K. L.; Oppermann, U. Structure and Function of Human 17β-
Hydroxysteroid Dehydrogenases. Mol. Cell. Endocrinol. 2006, 248 (1–2), 61–71. 

(102)  Prehn, C.; Möller, G.; Adamski, J. Recent Advances in 17beta-Hydroxysteroid Dehydrogenases. 
J. Steroid Biochem. Mol. Biol. 2009, 114 (1–2), 72–77. 

(103)  Peltoketo, H.; Luu-The, V.; Simard, J.; Adamski, J. 17β-Hydroxysteroid Dehydrogenase 
(HSD)/17-Ketosteroid Reductase (KSR) Family; Nomenclature and Main Characteristics of the 
17HSD/KSR Enzymes. J. Mol. Endocrinol. 1999, 23 (1), 1–11. 

(104)  Persson, B.; Kallberg, Y.; Bray, J. E.; Bruford, E.; Dellaporta, S. L.; Favia, A. D.; Duarte, R. G.; 
Jörnvall, H.; Kavanagh, K. L.; Kedishvili, N.; Kisiela, M.; Maser, E.; Mindnich, R.; Orchard, S.; 
Penning, T. M.; Thornton, J. M.; Adamski, J.; Oppermann, U. The SDR (Short-Chain 
Dehydrogenase/Reductase and Related Enzymes) Nomenclature Initiative. Chem. Biol. 
Interact. 2009, 178 (1–3), 94–98. 

(105)  Vihko, P.; Herrala, A.; Härkönen, P.; Isomaa, V.; Kaija, H.; Kurkela, R.; Pulkka, A. Control of Cell 
Proliferation by Steroids: The Role of 17HSDs. Mol. Cell. Endocrinol. 2006, 248 (1–2), 141–148. 

(106)  Vihko, P.; Herrala, A.; Härkönen, P.; Isomaa, V.; Kaija, H.; Kurkela, R.; Li, Y.; Patrikainen, L.; 
Pulkka, A.; Soronen, P.; Törn, S. Enzymes as Modulators in Malignant Transformation. J. 
Steroid Biochem. Mol. Biol. 2005, 93 (2–5), 277–283. 

(107)  Langer, L. J.; Engel, L. L. Human Placental Estradiol-17β Dehydrogenase. J. Biol. Chem. 1958, 
233, 583–588. 

(108)  Peltoketo, H.; Isomaa, V.; Mäentausta, O.; Vihko, R. Complete Amino Acid Sequence of Human 
Placental 17β-Hydroxysteroid Dehydrogenase Deduced from CDNA. FEBS Lett. 1988, 239 (1), 
73–77. 

(109)  Ghosh, D.; Pletnev, V. Z.; Zhu, D.-W.; Wawrzak, Z.; Duax, W. L.; Pangborn, W.; Labrie, F.; Lin, 
S.-X. Structure of Human Estrogenic 17β-Hydroxysteroid Dehydrogenase at 2.20 å Resolution. 



References  208 

 
 

Structure 1995, 3 (5), 503–513. 

(110)  Breton, R.; Housset, D.; Mazza, C.; Fontecilla-Camps, J. C. The Structure of a Complex of 
Human 17β-Hydroxysteroid Dehydrogenase with Estradiol and NADP+ Identifies Two Principal 
Targets for the Design of Inhibitors. Structure 1996, 4 (8), 905–915. 

(111)  Sawicki, M. W.; Erman, M.; Puranen, T.; Vihko, P.; Ghosh, D. Structure of the Ternary Complex 
of Human 17 -Hydroxysteroid Dehydrogenase Type 1 with 3-Hydroxyestra-1,3,5,7-Tetraen-17-
One (Equilin) and NADP+. Proc. Natl. Acad. Sci. 1999, 96 (3), 840–845. 

(112)  Sherbet, D. P.; Papari-Zareei, M.; Khan, N.; Sharma, K. K.; Brandmaier, A.; Rambally, S.; 
Chattopadhyay, A.; Andersson, S.; Agarwal, A. K.; Auchus, R. J. Cofactors, Redox State, and 
Directional Preferences of Hydroxysteroid Dehydrogenases. Mol. Cell. Endocrinol. 2007, 265–
266, 83–88. 

(113)  Han, Q.; Campbell, R. L.; Gangloff, A.; Huang, Y.-W.; Lin, S.-X. Dehydroepiandrosterone and 
Dihydrotestosterone Recognition by Human Estrogenic 17β-Hydroxysteroid Dehydrogenase: 
C-18/C-19 STEROID DISCRIMINATION AND ENZYME-INDUCED STRAIN. J. Biol. Chem. 2000, 275 
(2), 1105–1111. 

(114)  Marchais-Oberwinkler, S.; Henn, C.; Möller, G.; Klein, T.; Negri, M.; Oster, A.; Spadaro, A.; 
Werth, R.; Wetzel, M.; Xu, K.; Frotscher, M.; Hartmann, R. W.; Adamski, J. 17β-Hydroxysteroid 
Dehydrogenases (17β-HSDs) as Therapeutic Targets: Protein Structures, Functions, and Recent 
Progress in Inhibitor Development. J. Steroid Biochem. Mol. Biol. 2011, 125 (1–2), 66–82. 

(115)  Miyoshi, Y.; Ando, A.; Shiba, E.; Taguchi, T.; Tamaki, Y.; Noguchi, S. Involvement of Up-
Regulation of 17β-Hydroxysteroid Dehydrogenase Type 1 in Maintenance of Intratumoral 
High Estradiol Levels in Postmenopausal Breast Cancers. Int. J. Cancer 2001, 94 (5), 685–689. 

(116)  Jansson, A. 17Beta-Hydroxysteroid Dehydrogenase Enzymes and Breast Cancer. J. Steroid 
Biochem. Mol. Biol. 2009, 114 (1–2), 64–67. 

(117)  Day, J. M.; Foster, P. A.; Tutill, H. J.; Parsons, M. F. C.; Newman, S. P.; Chander, S. K.; Allan, G. 
M.; Lawrence, H. R.; Vicker, N.; Potter, B. V. L.; Reed, M. J.; Purohit, A. 17β-Hydroxysteroid 
Dehydrogenase Type 1, and Not Type 12, Is a Target for Endocrine Therapy of Hormone-
Dependent Breast Cancer. Int. J. Cancer 2008, 122 (9), 1931–1940. 

(118)  Blomquist, C. H.; Bonenfant, M.; McGinley, D. M.; Posalaky, Z.; Lakatua, D. J.; Tuli-Puri, S.; 
Bealka, D. G.; Tremblay, Y. Androgenic and Estrogenic 17beta-Hydroxysteroid 
Dehydrogenase/17-Ketosteroid Reductase in Human Ovarian Epithelial Tumors: Evidence for 
the Type 1, 2 and 5 Isoforms. J. Steroid Biochem. Mol. Biol. 2002, 81 (4–5), 343–351. 

(119)  Saloniemi, T.; Järvensivu, P.; Koskimies, P.; Jokela, H.; Lamminen, T.; Ghaem-Maghami, S.; 
Dina, R.; Damdimopoulou, P.; Mäkelä, S.; Perheentupa, A.; Kujari, H.; Brosens, J.; Poutanen, 
M. Novel Hydroxysteroid (17β) Dehydrogenase 1 Inhibitors Reverse Estrogen-Induced 
Endometrial Hyperplasia in Transgenic Mice. Am. J. Pathol. 2010, 176 (3), 1443–1451. 

(120)  Howarth, N. M.; Purohit, A.; Reed, M. J.; Potter, B. V. L. Estrone Sulfamates: Potent Inhibitors 
of Estrone Sulfatase with Therapeutic Potential. J. Med. Chem. 1994, 37 (2), 219–221. 

(121)  Maltais, R.; Poirier, D. Steroid Sulfatase Inhibitors: A Review Covering the Promising 2000-
2010 Decade. Steroids 2011, 76 (10–11), 929–948. 

(122)  Ahmed, S.; James, K.; Owen, C. P.; Patel, C. K.; Patel, M. Novel Inhibitors of the Enzyme 
Estrone Sulfatase (ES). Bioorg. Med. Chem. Lett. 2001, 11 (6), 841–844. 



References  209 

 
 

(123)  Purohit, A.; Williams, G. J.; Howarth, N. M.; Potter, B. V; Reed, M. J. Inactivation of Steroid 
Sulfatase by an Active Site-Directed Inhibitor, Estrone-3-O-Sulfamate. Biochemistry 1995, 34 
(36), 11508–11514. 

(124)  Purohit, A.; Williams, G. J.; Roberts, C. J.; Potter, B. V. L.; Reed, M. J. In Vivo Inhibition of 
Oestrone Sulphatase and Dehydroepiandrosterone Sulphatase by Oestrone-3-O-Sulphamate. 
Int. J. Cancer 1995, 63 (1), 106–111. 

(125)  Elger, W.; Schwarz, S.; Hedden, A.; Reddersen, G.; Schneider, B. Sulfamates of Various 
Estrogens Are Prodrugs with Increased Systemic and Reduced Hepatic Estrogenicity at Oral 
Application. J. Steroid Biochem. Mol. Biol. 1995, 55 (3–4), 395–403. 

(126)  Woo, L. W. L.; Purohit, A.; Reed, M. J.; Potter, B. V. L. Active Site Directed Inhibition of Estrone 
Sulfatase by Nonsteroidal Coumarin Sulfamates. J. Med. Chem. 1996, 39 (7), 1349–1351. 

(127)  Purohit, A.; Woo, L. W. L.; Potter, B. V. L.; Reed, M. J. In Vivo Inhibition of Estrone Sulfatase 
Activity and Growth of Nitrosomethylurea-Induced Mammary Tumors by 667 COUMATE. 
Cancer Res. 2000, 60 (13), 3394–3396. 

(128)  Ho, Y. T.; Purohit, A.; Vicker, N.; Newman, S. P.; Robinson, J. J.; Leese, M. P.; Ganeshapillai, D.; 
Woo, L. W. L.; Potter, B. V. L.; Reed, M. J. Inhibition of Carbonic Anhydrase II by Steroidal and 
Non-Steroidal Sulphamates. Biochem. Biophys. Res. Commun. 2003, 305 (4), 909–914. 

(129)  Ireson, C. R.; Chander, S. K.; Purohit, A.; Parish, D. C.; Woo, L. W. L.; Potter, B. V. L.; Reed, M. J. 
Pharmacokinetics of the Nonsteroidal Steroid Sulphatase Inhibitor 667 COUMATE and Its 
Sequestration into Red Blood Cells in Rats. Br. J. Cancer 2004, 91 (7), 1399–1404. 

(130)  Poutanen, M.; Miettinen, M.; Vihko, R. Differential Estrogen Substrate Specificities for 
Transiently Expressed Human Placental 17 Beta-Hydroxysteroid Dehydrogenase and an 
Endogenous Enzyme Expressed in Cultured COS-M6 Cells. Endocrinology 1993, 133 (6), 2639–
2644. 

(131)  Geissler, W. M.; Davis, D. L.; Wu, L.; Bradshaw, K. D.; Patel, S.; Mendonca, B. B.; Elliston, K. O.; 
Wilson, J. D.; Russell, D. W.; Andersson, S. Male Pseudohermaphroditism Caused by Mutations 
of Testicular 17β–hydroxysteroid Dehydrogenase 3. Nat. Genet. 1994, 7 (1), 34–39. 

(132)  Stanbrough, M.; Bubley, G. J.; Ross, K.; Golub, T. R.; Rubin, M. A.; Penning, T. M.; Febbo, P. G.; 
Balk, S. P. Increased Expression of Genes Converting Adrenal Androgens to Testosterone in 
Androgen-Independent Prostate Cancer. Cancer Res. 2006, 66 (5), 2815–2825. 

(133)  Jin, Y.; Penning, T. M. Aldo-Keto Reductases and Bioactivation/Detoxication. Annu. Rev. 
Pharmacol. Toxicol. 2007, 47 (1), 263–292. 

(134)  PENNING, T. M.; BURCZYNSKI, M. E.; JEZ, J. M.; HUNG, C.-F.; LIN, H.-K.; MA, H.; MOORE, M.; 
PALACKAL, N.; RATNAM, K. Human 3α-Hydroxysteroid Dehydrogenase Isoforms (AKR1C1‒
AKR1C4) of the Aldo-Keto Reductase Superfamily: Functional Plasticity and Tissue Distribution 
Reveals Roles in the Inactivation and Formation of Male and Female Sex Hormones. Biochem. 
J. 2000, 351 (1), 67. 

(135)  Haynes, B. P.; Straume, A. H.; Geisler, J.; A’Hern, R.; Helle, H.; Smith, I. E.; Lonning, P. E.; 
Dowsett, M. Intratumoral Estrogen Disposition in Breast Cancer. Clin. Cancer Res. 2010, 16 (6), 
1790–1801. 

(136)  Marijanovic, Z.; Laubner, D.; Möller, G.; Gege, C.; Husen, B.; Adamski, J.; Breitling, R. Closing 
the Gap: Identification of Human 3-Ketosteroid Reductase, the Last Unknown Enzyme of 
Mammalian Cholesterol Biosynthesis. Mol. Endocrinol. 2003, 17 (9), 1715–1725. 



References  210 

 
 

(137)  Krazeisen, A.; Breitling, R.; Imai, K.; Fritz, S.; Möller, G.; Adamski, J. Determination of CDNA, 
Gene Structure and Chromosomal Localization of the Novel Human 17β-Hydroxysteroid 
Dehydrogenase Type 7. FEBS Lett. 1999, 460 (2), 373–379. 

(138)  Blanchard, P.-G.; Luu-The, V. Differential Androgen and Estrogen Substrates Specificity in the 
Mouse and Primates Type 12 17 -Hydroxysteroid Dehydrogenase. J. Endocrinol. 2007, 194 (2), 
449–455. 

(139)  Moon, Y.-A.; Horton, J. D. Identification of Two Mammalian Reductases Involved in the Two-
Carbon Fatty Acyl Elongation Cascade. J. Biol. Chem. 2003, 278 (9), 7335–7343. 

(140)  Luu-The, V.; Bélanger, A.; Labrie, F. Androgen Biosynthetic Pathways in the Human Prostate. 
Best Pract. Res. Clin. Endocrinol. Metab. 2008, 22 (2), 207–221. 

(141)  Moghrabi, N.; Andersson, S. 17β-Hydroxysteroid Dehydrogenases: Physiological Roles in 
Health and Disease. Trends Endocrinol. Metab. 1998, 9 (7), 265–270. 

(142)  Rasiah, K. K.; Gardiner-Garden, M.; Padilla, E. J. D.; Möller, G.; Kench, J. G.; Alles, M. C.; 
Eggleton, S. A.; Stricker, P. D.; Adamski, J.; Sutherland, R. L.; Henshall, S. M.; Hayes, V. M. 
HSD17B4 Overexpression, an Independent Biomarker of Poor Patient Outcome in Prostate 
Cancer. Mol. Cell. Endocrinol. 2009, 301 (1–2), 89–96. 

(143)  Fomitcheva, J.; Baker, M. E.; Anderson, E.; Lee, G. Y.; Aziz, N. Characterization of Ke 6, a New 
17β-Hydroxysteroid Dehydrogenase, and Its Expression in Gonadal Tissues. J. Biol. Chem. 
1998, 273 (35), 22664–22671. 

(144)  He, X.-Y.; Schulz, H.; Yang, S.-Y. A Human Brain L-3-Hydroxyacyl-Coenzyme A Dehydrogenase 
Is Identical to an Amyloid β-Peptide-Binding Protein Involved in Alzheimer’s Disease. J. Biol. 
Chem. 1998, 273 (17), 10741–10746. 

(145)  He, X.-Y.; Merz, G.; Yang, Y.-Z.; Mehta, P.; Schulz, H.; Yang, S.-Y. Characterization and 
Localization of Human Type10 17β-Hydroxysteroid Dehydrogenase. Eur. J. Biochem. 2001, 268 
(18), 4899–4907. 

(146)  Brereton, P.; Suzuki, T.; Sasano, H.; Li, K.; Duarte, C.; Obeyesekere, V.; Haeseleer, F.; 
Palczewski, K.; Smith, I.; Komesaroff, P.; Krozowski, Z. Pan1b (17βHSD11)-Enzymatic Activity 
and Distribution in the Lung. Mol. Cell. Endocrinol. 2001, 171 (1–2), 111–117. 

(147)  Chai, Z.; Brereton, P.; Suzuki, T.; Sasano, H.; Obeyesekere, V.; Escher, G.; Saffery, R.; Fuller, P.; 
Enriquez, C.; Krozowski, Z. 17β-Hydroxysteroid Dehydrogenase Type XI Localizes to Human 
Steroidogenic Cells. Endocrinology 2003, 144 (5), 2084–2091. 

(148)  Sivik, T.; Vikingsson, S.; Gr\’e;en, H.; Jansson, A. Expression Patterns of 17β-Hydroxysteroid 
Dehydrogenase 14 in Human Tissues. Horm. Metab. Res. 2012, 44 (13), 949–956. 

(149)  Sivik, T.; Gunnarsson, C.; Fornander, T.; Nordenskjöld, B.; Skoog, L.; Stål, O.; Jansson, A. 17β-
Hydroxysteroid Dehydrogenase Type 14 Is a Predictive Marker for Tamoxifen Response in 
Oestrogen Receptor Positive Breast Cancer. PLoS One 2012, 7 (7), e40568. 

(150)  Lukacik, P.; Keller, B.; Bunkoczi, G.; Kavanagh, K. L.; Lee, W. H.; Hwa Lee, W.; Adamski, J.; 
Oppermann, U. Structural and Biochemical Characterization of Human Orphan DHRS10 
Reveals a Novel Cytosolic Enzyme with Steroid Dehydrogenase Activity. Biochem. J. 2007, 402 
(3), 419–427. 

(151)  Colette, S.; Defrère, S.; Lousse, J. C.; Van Langendonckt, A.; Gotteland, J. P.; Loumaye, E.; 
Donnez, J. Inhibition of Steroid Sulfatase Decreases Endometriosis in an in Vivo Murine Model. 



References  211 

 
 

Hum. Reprod. 2011, 26 (6), 1362–1370. 

(152)  Pohl, O.; Bestel, E.; Gotteland, J. P. Synergistic Effects of E2MATE and Norethindrone Acetate 
on Steroid Sulfatase Inhibition: A Randomized Phase i Proof-of-Principle Clinical Study in 
Women of Reproductive Age. Reprod. Sci. 2014, 21 (10), 1256–1265. 

(153)  PGL2001 Proof of Concept Study in Symptomatic Endometriosis (AMBER) 
https://clinicaltrials.gov/ct2/show/NCT01631981. 

(154)  Stanway, S. J.; Purohit, A.; Woo, L. W. L.; Sufi, S.; Vigushin, D.; Ward, R.; Wilson, R. H.; 
Stanczyk, F. Z.; Dobbs, N.; Kulinskaya, E.; Elliott, M.; Potter, B. V. L.; Reed, M. J.; Coombes, R. 
C. Phase I Study of STX 64 (667 Coumate) in Breast Cancer Patients: The First Study of a 
Steroid Sulfatase Inhibitor. Clin. Cancer Res. 2006, 12 (5), 1585–1592. 

(155)  Coombes, R. C.; Cardoso, F.; Isambert, N.; Lesimple, T.; Soulié, P.; Peraire, C.; Fohanno, V.; 
Kornowski, A.; Ali, T.; Schmid, P. A Phase I Dose Escalation Study to Determine the Optimal 
Biological Dose of Irosustat, an Oral Steroid Sulfatase Inhibitor, in Postmenopausal Women 
with Estrogen Receptor-Positive Breast Cancer. Breast Cancer Res. Treat. 2013, 140 (1), 73–
82. 

(156)  Palmieri, C.; Szydlo, R.; Miller, M.; Barker, L.; Patel, N. H.; Sasano, H.; Barwick, T.; Tam, H.; 
Hadjiminas, D.; Lee, J.; Shaaban, A.; Nicholas, H.; Coombes, R. C.; Kenny, L. M. IPET Study: An 
FLT-PET Window Study to Assess the Activity of the Steroid Sulfatase Inhibitor Irosustat in 
Early Breast Cancer. Breast Cancer Res. Treat. 2017, 166 (2), 527–539. 

(157)  Palmieri, C.; Stein, R. C.; Liu, X.; Hudson, E.; Nicholas, H.; Sasano, H.; Guestini, F.; Holcombe, 
C.; Barrett, S.; Kenny, L.; Reed, S.; Lim, A.; Hayward, L.; Howell, S.; Charles Coombes, R. 
Correction to: IRIS Study: A Phase II Study of the Steroid Sulfatase Inhibitor Irosustat When 
Added to an Aromatase Inhibitor in ER-Positive Breast Cancer Patients. Breast Cancer Res. 
Treat. 2018, 167 (1), 407–407. 

(158)  Pautier, P.; Vergote, I.; Joly, F.; Melichar, B.; Kutarska, E.; Hall, G.; Lisyanskaya, A.; Reed, N.; 
Oaknin, A.; Ostapenko, V.; Zvirbule, Z.; Chetaille, E.; Geniaux, A.; Shoaib, M.; Green, J. A. A 
Phase 2, Randomized, Open-Label Study of Irosustat Versus Megestrol Acetate in Advanced 
Endometrial Cancer. Int. J. Gynecol. Cancer 2017, 27 (2), 258–266. 

(159)  Salah, M.; Abdelsamie, A. S.; Frotscher, M. Inhibitors of 17β-Hydroxysteroid Dehydrogenase 
Type 1, 2 and 14: Structures, Biological Activities and Future Challenges. Mol. Cell. Endocrinol. 
2018. 

(160)  Qiu, W.; Campbell, R. L.; Gangloff, A.; Dupuis, P.; Boivin, R. P.; Tremblay, M. R.; Poirier, D.; Lin, 
S.-X. A Concerted, Rational Design of Type 1 17beta-Hydroxysteroid Dehydrogenase 
Inhibitors: Estradiol-Adenosine Hybrids with High Affinity. FASEB J.  Off. Publ. Fed. Am. Soc.  
Exp. Biol. 2002, 16 (13), 1829–1831. 

(161)  Messinger, J.; Husen, B.; Koskimies, P.; Hirvel, L.; Kallio, L.; Saarenketo, P.; Thole, H. Estrone 
C15 Derivatives-A New Class of 17β-Hydroxysteroid Dehydrogenase Type 1 Inhibitors. Mol. 
Cell. Endocrinol. 2009, 301 (1–2), 216–224. 

(162)  Husen, B.; Huhtinen, K.; Poutanen, M.; Kangas, L.; Messinger, J.; Thole, H. Evaluation of 
Inhibitors for 17β-Hydroxysteroid Dehydrogenase Type 1 in Vivo in Immunodeficient Mice 
Inoculated with MCF-7 Cells Stably Expressing the Recombinant Human Enzyme. Mol. Cell. 
Endocrinol. 2006, 248, 109–113. 

(163)  Delvoux, B.; D’Hooghe, T.; Kyama, C.; Koskimies, P.; Hermans, R. J. J.; Dunselman, G. A.; 



References  212 

 
 

Romano, A. Inhibition of Type 1 17β-Hydroxysteroid Dehydrogenase Impairs the Synthesis of 
17β-Estradiol in Endometriosis Lesions. J. Clin. Endocrinol. Metab. 2014, 99 (1), 276–284. 

(164)  Company, F. A Study to Investigate the Safety, Tolerability, Food Effect and Pharmacokinetics 
of FOR-6219 https://clinicaltrials.gov/ct2/show/NCT03709420. 

(165)  Company, F. TARGETED TREATMENT – HSD17B1 INHIBITOR https://forendo.com/. 

(166)  HIRVELÄ, L.; Koskimies, P.; Lammintausta, R.; HAKOLA, M.; Eloranta, M. Prodrugs of 17.BETA.-
HSD1-Inhibitors, 2015. 

(167)  Marchais-Oberwinkler, S.; Wetzel, M.; Ziegler, E.; Kruchten, P.; Werth, R.; Henn, C.; Hartmann, 
R. W.; Frotscher, M. New Drug-like Hydroxyphenylnaphthol Steroidomimetics as Potent and 
Selective 17β-Hydroxysteroid Dehydrogenase Type 1 Inhibitors for the Treatment of Estrogen-
Dependent Diseases. J. Med. Chem. 2011, 54 (2), 534–547. 

(168)  Bey, E.; Marchais-Oberwinkler, S.; Negri, M.; Kruchten, P.; Oster, A.; Klein, T.; Spadaro, A.; 
Werth, R.; Frotscher, M.; Birk, B.; Hartmann, R. W. New Insights into the SAR and Binding 
Modes of Bis(Hydroxyphenyl)Thiophenes and -Benzenes: Influence of Additional Substituents 
on 17β-Hydroxysteroid Dehydrogenase Type 1 (17β-HSD1) Inhibitory Activity and Selectivity. 
J. Med. Chem 2009, 52, 6724–6743. 

(169)  Abdelsamie, A. S.; van Koppen, C. J.; Bey, E.; Salah, M.; Börger, C.; Siebenbürger, L.; Laschke, 
M. W.; Menger, M. D.; Frotscher, M. Treatment of Estrogen-Dependent Diseases: Design, 
Synthesis and Profiling of a Selective 17β-HSD1 Inhibitor with Sub-Nanomolar IC 50 for a 
Proof-of-Principle Study. Eur. J. Med. Chem. 2017, 127, 944–957. 

(170)  Messinger, J.; Hirvelä, L.; Husen, B.; Kangas, L.; Koskimies, P.; Pentikäinen, O.; Saarenketo, P.; 
Thole, H. New Inhibitors of 17β-Hydroxysteroid Dehydrogenase Type 1. Mol. Cell. Endocrinol. 
2006, 248 (1–2), 192–198. 

(171)  Chanplakorn, N.; Chanplakorn, P.; Suzuki, T.; Ono, K.; Chan, M. S. M.; Miki, Y.; Saji, S.; Ueno, T.; 
Toi, M.; Sasano, H. Increased Estrogen Sulfatase (STS) and 17βhydroxysteroid Dehydrogenase 
Type l(17β-HSD1) Following Neoadjuvant Aromatase Inhibitor Therapy in Breast Cancer 
Patients. Breast Cancer Res. Treat. 2010, 120 (3), 639–648. 

(172)  Morphy, R.; Rankovic, Z. Designed Multiple Ligands. An Emerging Drug Discovery Paradigm. J. 
Med. Chem. 2005, 48 (21), 6523–6543. 

(173)  Woo, L. W. L.; Bubert, C.; Sutcliffe, O. B.; Smith, A.; Chander, S. K.; Mahon, M. F.; Purohit, A.; 
Reed, M. J.; Potter, B. V. L. Dual Aromatase-Steroid Sulfatase Inhibitors. J. Med. Chem. 2007, 
50 (15), 3540–3560. 

(174)  Foster, P. A.; Chander, S. K.; Newman, S. P.; Woo, L. W. L.; Sutcliffe, O. B.; Bubert, C.; Zhou, D.; 
Chen, S.; Potter, B. V. L.; Reed, M. J.; Purohit, A. A New Therapeutic Strategy against 
Hormone-Dependent Breast Cancer: The Preclinical Development of a Dual Aromatase and 
Sulfatase Inhibitor. Clin. Cancer Res. 2008, 14 (20), 6469–6477. 

 

  



Additional publications of the author  213 

 
 

7. Additional publications of the author 

7.1 Design and synthesis of conformationally 

constraint Dyrk1A inhibitors by creating an 

intramolecular H-bond involving a benzothiazole 

core 

Mohamed Salah*, Mohammad Abdel-Halim* and Matthias Engel 

 
Reprinted with permission Medchemcomm 2018, 9 (6), 1045–1053. 

DOI: 10.1039/c8md00142a 

Copyright (2018) The Royal Chemical Society 

* These authors contributed equally 

Publication G  

Contribution Report 

The author contributed significantly to the design concept. He planned, synthesized and 

characterized all the compounds. He further performed the biological activity assays. The 

author conceived and wrote the manuscript together with Mohammad Abdel-Halim, who 

contributed equally. 



Additional publications of the author  214 

 
 



Additional publications of the author  215 

 
 



Additional publications of the author  216 

 
 



Additional publications of the author  217 

 
 



Additional publications of the author  218 

 
 



Additional publications of the author  219 

 
 



Additional publications of the author  220 

 
 



Additional publications of the author  221 

 
 



Additional publications of the author  222 

 
 

 



Additional publications of the author  223 

 
 

7.2 Development of novel 2,4-bispyridyl thiophene-

based compounds as highly potent and selective 

Dyrk1A inhibitors. Part I: Benzamide and 

benzylamide derivatives 

Sarah S. Darwish, Mohammad Abdel-Halim, Mohamed Salah, Ashraf H. Abadi, 

Walter Becker, Matthias Engel 

 
Reprinted with permission Eur. J. Med. Chem. 2018, 157, 1031–1050. 

DOI: 10.1016/j.ejmech.2018.07.050 

Copyright (2018) ELSEVIER 

Publication H 

Contribution Report 

The author performed the kinase inhibition assays as well as the cellular viability assays. He 

further carried out the in silico physiochemical characterization of the compounds. He 

contributed in the interpretation of the results.  



Additional publications of the author  224 

 
 



Additional publications of the author  225 

 
 



Additional publications of the author  226 

 
 



Additional publications of the author  227 

 
 



Additional publications of the author  228 

 
 



Additional publications of the author  229 

 
 



Additional publications of the author  230 

 
 



Additional publications of the author  231 

 
 



Additional publications of the author  232 

 
 



Additional publications of the author  233 

 
 



Additional publications of the author  234 

 
 



Additional publications of the author  235 

 
 



Additional publications of the author  236 

 
 



Additional publications of the author  237 

 
 



Additional publications of the author  238 

 
 



Additional publications of the author  239 

 
 



Additional publications of the author  240 

 
 



Additional publications of the author  241 

 
 



Additional publications of the author  242 

 
 



Additional publications of the author  243 

 
 

 

 



Additional publications of the author  244 

 
 

7.3 Development of novel amide-derivatized 2,4-

bispyridyl thiophenes as highly potent and selective 

Dyrk1A inhibitors. Part II: Identification of the 

cyclopropylamide moiety as a key modification 

Sarah S. Darwish, Mohammad Abdel-Halim, Ahmed K. ElHady, Mohamed Salah, 

Ashraf H. Abadi, Walter Becker, Matthias Engel 

 
Reprinted with permission Eur. J. Med. Chem. 2018, 158, 270–285. 

DOI: 10.1016/j.ejmech.2018.08.097 

Copyright (2018) ELSEVIER 

Publication I 

Contribution Report 

The author significantly contributed in the kinase inhibition assays as well as the cellular 

viability assays. He further carried out the in silico physiochemical characterization of the 

compounds. He contributed in the interpretation of the results.  



Additional publications of the author  245 

 
 



Additional publications of the author  246 

 
 



Additional publications of the author  247 

 
 



Additional publications of the author  248 

 
 



Additional publications of the author  249 

 
 



Additional publications of the author  250 

 
 



Additional publications of the author  251 

 
 



Additional publications of the author  252 

 
 



Additional publications of the author  253 

 
 



Additional publications of the author  254 

 
 



Additional publications of the author  255 

 
 



Additional publications of the author  256 

 
 



Additional publications of the author  257 

 
 



Additional publications of the author  258 

 
 



Additional publications of the author  259 

 
 



Additional publications of the author  260 

 
 

 

 

 

 



Appendix  261 

 
 

8. Appendix 

8.1 Curriculum Vitae 

Personal Information 

Name Mohamed Salah Rezk Abdelrahim 

Birth data 13 May 1987 in Cairo 

Marital status Married 

Nationality Egyptian 

Education and Research Experience 

  Post Graduate Studies  2014-till now  

Doctoral research, Pharmaceutical and Medicinal Chemistry department, Saarland University 

in Germany, Prof. Dr. R.W. Hartmann group under the supervision of PD Dr. Martin 

Frotscher 

 Post Graduate Studies  2010-2011 

 Master of Science in Pharmaceutical Analytical Chemistry, German University in Cairo 

(GUC) Thesis entitled: “Potentiometric Determination of Famciclovir under Batch and FIA 

Conditions”  

(Excellent with the highest honor) 

 Research Associate, Leiden university, Netherlands August 2010- January 2011, 

Drug Delivery Technology department Prof. Wim Jiskoot 

 Undergraduate  Study  2004 – 2009 

Bachelor of Science in Pharmacy and Biotechnology, German university in Cairo (GUC) 

 (Excellent with the highest honor)  

 Elementary, Middle  and High School 1992 - 2004 

Abitur (English), Modern Narmer language school (MNLS) 

Secondary school percentage: 99.3%  

Honors and Scholarships 

 LEXUS (Leiden Excellence Scholarship) granted by Leiden University in 

Netherlands, Winter 2010. 

 Drug Design Summer School in Tubingen University, (granted by federal ministry of 

education and research BMBF in cooperation with DAAD and GUC), summer 2008 

 Full scholarship for university study, (granted by German University in Cairo) 

 The 4
th

 place nationally in the Abitur, (honored by minister of education), summer 

2004 
  



Appendix  262 

 
 

8.2 Publications 

(1)  Abdelsamie, A. S.; Herath, S.; Biskupek, Y.; Börger, C.; Siebenbürger, L.; Salah, M.; Scheuer, 

C.; Marchais-Oberwinkler, S.; Frotscher, M.; Pohlemann, T.; Menger, M. D.; Hartmann, R. 

W.; Laschke, M. W.; van Koppen, C. J. Targeted Endocrine Therapy: Design, Synthesis, and 

Proof-of-Principle of 17β-Hydroxysteroid Dehydrogenase Type 2 Inhibitors in Bone Fracture 

Healing. J. Med. Chem. 2019, 62 (3), 1362–1372. 

(2)  Salah, M.; Abdelsamie, A. S.; Frotscher, M. Inhibitors of 17β-Hydroxysteroid Dehydrogenase 

Type 1, 2 and 14: Structures, Biological Activities and Future Challenges. Mol. Cell. 

Endocrinol. 2018. 

(3)  Salah, M.; Abdel-Halim, M.; Engel, M. Design and Synthesis of Conformationally Constraint 

Dyrk1A Inhibitors by Creating an Intramolecular H-Bond Involving a Benzothiazole Core. 

Medchemcomm 2018, 9 (6), 1045–1053. 

(4)  Darwish, S. S.; Abdel-Halim, M.; Salah, M.; Abadi, A. H.; Becker, W.; Engel, M. 

Development of Novel 2,4-Bispyridyl Thiophene–based Compounds as Highly Potent and 

Selective Dyrk1A Inhibitors. Part I: Benzamide and Benzylamide Derivatives. Eur. J. Med. 

Chem. 2018, 157, 1031–1050. 

(5)  Darwish, S. S.; Abdel-Halim, M.; ElHady, A. K.; Salah, M.; Abadi, A. H.; Becker, W.; Engel, 

M. Development of Novel Amide–derivatized 2,4-Bispyridyl Thiophenes as Highly Potent and 

Selective Dyrk1A Inhibitors. Part II: Identification of the Cyclopropylamide Moiety as a Key 

Modification. Eur. J. Med. Chem. 2018, 158, 270–285. 

(6)  Salah, M.; Abdelsamie, A. S.; Frotscher, M. First Dual Inhibitors of Steroid Sulfatase (STS) 

and 17β-Hydroxysteroid Dehydrogenase Type 1 (17β-HSD1): Designed Multiple Ligands as 

Novel Potential Therapeutics for Estrogen-Dependent Diseases. J. Med. Chem. 2017, 60 (9), 

4086–4092. 

(7)  Abdelsamie, A. S.; van Koppen, C. J.; Bey, E.; Salah, M.; Börger, C.; Siebenbürger, L.; 

Laschke, M. W.; Menger, M. D.; Frotscher, M. Treatment of Estrogen-Dependent Diseases: 

Design, Synthesis and Profiling of a Selective 17β-HSD1 Inhibitor with Sub-Nanomolar IC 50 

for a Proof-of-Principle Study. Eur. J. Med. Chem. 2017, 127, 944–957. 

(8)  Braun, F.; Bertoletti, N.; Möller, G.; Adamski, J.; Steinmetzer, T.; Salah, M.; Abdelsamie, A. 

S.; van Koppen, C. J.; Heine, A.; Klebe, G.; Marchais-Oberwinkler, S. First Structure–Activity 

Relationship of 17β-Hydroxysteroid Dehydrogenase Type 14 Nonsteroidal Inhibitors and 

Crystal Structures in Complex with the Enzyme. J. Med. Chem. 2016, 59 (23), 10719–10737. 

(9)  Salah, M.; Abdel-Halim, M.; Keeton, A.; Franklin, D.; Bauer, M.; Boeckler, F. M.; Engel, M.; 

Hartmann, R. W.; Zhang, Y.; Piazza, G. A.; Abadi, A. H. Synthesis and Optimization of New 

3,6-Disubstitutedindole Derivatives and Their Evaluation as Anticancer Agents Targeting the 

MDM2/MDMx Complex. Chem. Pharm. Bull. 2016, 64 (1), 34–41. 

(10)  Salah, M.; El Nashar, R. M. Dissolution Testing and Potentiometric Determination of 

Famciclovir in Pure, Dosage Forms and Biological Fluids. Bioelectrochemistry 2013, 89, 26–

33. 



Appendix  263 

 
 

8.3 Conference Contributions 

Topic:  “First Dual Inhibitors of Steroid Sulfatase and 17β-Hydroxysteroid 

Dehydrogenase Type 1: Designed Multiple Ligands as Novel Potential 

Therapeutics for Estrogen-Dependent Diseases” 

Poster presentations: 

Mohamed Salah, Ahmed S. Abdelsamie, Martin Frotscher. DPhG Jahrestagung, September 

2017, Saarbrücken, Germany 

Mohamed Salah, Ahmed S. Abdelsamie, Martin Frotscher. Doktorandentag der 

Naturwissenschaftlich-Technischen Fakultät der Universität des Saarlandes, November 2017, 

Saarbrücken, Germany 

Oral presentations: 

Mohamed Salah, Ahmed S. Abdelsamie, Martin Frotscher. DPhG Doktorandentagung, March 

2018, Bad Dürkheim, Germany 

Poster Prize: 

American Chemical Society (ACS) best poster prize in Medicinal Chemistry, DPhG 

Jahrestagung, September 2017, Saarbrücken, Germany 

 


