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Abstract

1-Phenylsulfinyl-3-(pyridin-3-yl)naphthalen-2-ols and  related  compounds  were  synthesized  and 

evaluated  for  inhibition  of  aldosterone  synthase  (CYP11B2),  a  potential  target  for  cardiovascular 

diseases associated with elevated plasma aldosterone levels like congestive heart failure and myocardial 

fibrosis. Introduction of substituents at the phenylsulfinyl moiety and changes of the substitution pattern 

at the naphthalene core were examined. Potent compounds were further examined for selectivity versus 

other important steroidogenic CYP enzymes, i.e. the highly homologous 11β-hydroxylase (CYP11B1), 

CYP17  and  CYP19.  The  most  potent  compound  (IC50 =  14  nM)  discovered  was  the  meta-

trifluoromethoxy derivative 11, which also exhibited excellent selectivity toward CYP11B1 (SF = 415), 

and showed no inhibition of CYP17 and CYP19.

Keywords: Aldosterone,  aldosterone  synthase,  1-Phenylsulfinyl-3-(pyridin-3-yl)naphthalen-2-ols, 

11β-hydroxylase, selectivity.
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1. Introduction

The mineralocorticoid aldosterone plays a crucial role in the salt and water homeostasis. Its release is 

mainly  controlled  by  angiotensin-II  via  the  renin-angiotensin-aldosterone  system  (RAAS)  and 

potassium plasma levels. Chronically elevated plasma aldosterone levels are linked to the development 

and progression of certain cardiovascular diseases such as hypertension, congestive heart failure, and 

myocardial  fibrosis.  [1]  In  clinical  studies,  the  mineralocorticoid  receptor  (MR)  antagonists  like 

spironolactone and eplerenone reduce mortality in patients with congestive heart failure and post acute 

myocardial infarction, [2] thereby showing the detrimental role of aldosterone in the pathophysiology of 

cardiovascular diseases and the therapeutic benefit of blocking its action. However, the influence of the 

unaffected elevated plasma aldosterone levels leading to an up-regulation of mineralocorticoid receptor 

expression  [3]  and  to  nongenomic  aldosterone  effects  is  not  yet  fully  explained.  [4]  Therefore,  the 

mitochondrial  cytochrome  P450  enzyme  aldosterone  synthase  has  been  highlighted  as  a  potential 

pharmacological  target,  and it  was proposed that  CYP11B2 inhibitors  could serve as drugs  for the 

aforementioned  cardiovascular  diseases. [5,6,7]  CYP11B2 is  located  in  the  zona  glomerulosa  of  the 

adrenal cortex. It catalyzes the last steps in aldosterone biosynthesis, i.e. in humans the conversion of 

11-deoxycorticosterone  to  aldosterone  via  corticosterone  and  18-hydroxycorticosterone.  [8]  The 

inhibition of CYP11B2 reduces the production of aldosterone and  is therefore a treatment option for 

related diseases. 

In the development of CYP inhibitors, a crucial  point is the selectivity over other CYP enzymes, 

especially steroidogenic and hepatic CYPs. The most challenging task is to achieve selectivity versus 

the  highly  homologous  (>  93%)  [9]  11-hydroxylase  (CYP11B1),  which  plays  a  key  role  in 

glucocorticoid  biosynthesis  by  catalyzing  the  formation  of  cortisol  from 11-deoxycortisol.  [Fehler:

Referenz  nicht  gefunden] Despite  of  these  difficulties,  selective  inhibitors  of  CYP11B1 [10] and 

CYP11B2 have been successfully identified.  Several classes of CYP11B2 inhibitors were derived from 

the anaesthetic  R-etomidate or  unselective  CYP19 inhibitor  fadrozole.  For example,  Hermans  et al. 

describe  a  class  of  N-benzyl-1H-imidazoles,  [11]  and  several  patents  disclose,  for  example, 
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imidazo[1,5]pyridine, [12] 4-imidazolyl-1,2,3,4-tetrahydroquinoline [13] derivatives or heterocyclic spiro-

compounds  [14]  as  aldosterone  synthase  inhibitors.  One  of  these  inhibitors,  LCI699,  has  been 

investigated  in  clinical  trials  for  the  treatment  of  primary  hyperaldosteronism  and  hypertension. 

However,  in order  to avoid the potential  impairment of cortisol  biosynthesis  that  could result  from 

CYP11B1 inhibition by this compound, low doses (< 1.3 mg daily)  were applied, and  consequently 

only moderate curative effects were observed. [15]

In our group, in 2003 a drug discovery program based on a biological  screening of known CYP 

inhibitors had been performed. [Fehler: Referenz nicht gefunden] Utilizing the broad experience gained 

in the development of inhibitors of other CYP enzymes, such as aromatase (CYP19) [16] or CYP17, [17] 

several  classes  of  nonsteroidal  highly  potent  and selective  hCYP11B2 inhibitors  were  obtained  by 

subsequent  optimization  strategies,  i.e.  imidazolyl-  and pyridylmethylenetetrahydronaphthalenes  and 

-indanes, [18,19] heterocycle substituted naphthalenes, dihydronaphthalenes [20-22] and 3,4-dihydro-1H-

quinolin-2-ones. [23]

In this  study,  we describe  the synthesis  and biological  properties  of a series  of  1-phenylsulfinyl-

2-hydroxy-3-pyridyl substituted naphthalenes and structurally related compounds (Chart 1). This class 

of  compounds  was  obtained  by  oxidation  of  1-(phenylthio)-3-(pyridin-3-yl)naphthalen-2-ols, which 

were readily accessible by a new SN,Ar reaction recently described by us. [24] The novel compounds 

revealed  themselves  as  potent  and selective  CYP11B2 inhibitors.  Structure  activity  relationships  of 

different  substituents  on the phenylsulfinyl  moiety were established considering the potency toward 

human and the selectivity versus human CYP11B1, CYP17 and CYP19. Compound  11 was further 

investigated in a pharmacokinetic study in male Wistar rats.

2. Results

2.1 Chemistry.  Recently, the synthesis of sulfides  1a-4a was described by us (Scheme 1). [Fehler:

Referenz nicht gefunden] 2-Methoxynaphthalene is converted into the boronic acid via ortho-lithiation 

[25] and subsequently transferred into 3-(3-methoxynaphthalen-2-yl)-pyridine by a Suzuki reaction. [20, 

26] Cleavage of the methyl ether by refluxing in aqueous hydrobromic acid and reaction of the obtained 
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alcohol with triflate anhydride led to intermediate 1b. [Fehler: Referenz nicht gefunden] Reaction of the 

triflate  1b with substituted thiophenols or thiophene-2-thiol under aromatic  nucleophilic substitution 

conditions afforded 1-arylthio-2-hydroxy-3-pyridyl naphthalenes 1a-22a in 34-90% yield. Oxidation to 

the  sulfoxides  1-22 was  carried  out  using  one  equivalent  of  m-CPBA.  The  3-  and  4-

mercaptobenzonitriles were prepared from 3- [27] and 4-cyanophenol [28]  with the method of Newman 

and Karnes. [29] 

As for the synthesis of compounds  23-24 (Scheme 2), 1-Fluoronaphthalene was  first  brominated  at 

3-position in two steps as previously described. [30]  Suzuki reaction with 3-pyridine boronic acid and 

subsequent  microwave  facilitated  nucleophilic  substitution  of  the  fluorine  by  thiophenol  yielded 

compound 23. Oxidation with one equivalent m-CPBA at room temperature afforded 24.

Compound 25 was prepared as depicted in Scheme 3. Based on a route described by Li et al., 25b was 

synthesized from 2-methoxynaphthalene via  ortho-lithiation, followed by  in situ addition of benzene-

sulfonyl fluoride [31] and subsequent cleavage of the methyl  ether in refluxing aqueous hydrobromic 

acid. Reaction of the obtained alcohol with triflate anhydride afforded 25a. Despite applying different 

Suzuki reaction protocols, cross coupling was not successful with 3-pyridine boronic acid. However, 

Negishi reaction  [32]  with pyridin-3-ylmagnesium chloride -  prepared from 3-bromopyridine  with  i-

PrMgCl·LiCl solution [33] - led to  25 in moderate yield. Attempts to reduce the sulfone moiety with 

LiAlH4 [34] or diisobutylaluminium hydride [35] failed and resulted in the decomposition of the molecule.

2.2 Biological Results. The inhibition of human adrenal corticoid producing enzymes CYP11B2 and 

CYP11B1  was determined in V79MZ cells, stably expressing either human CYP11B2 or CYP11B1 

(Table 1). [6,36] The V79MZ cells were incubated with [3H]-11-deoxycorticosterone as substrate and 

products formations were monitored by HPLC using a radio flow detector. Fadrozole, an  unselective 

suppresser of  adrenal corticoid  formation,  [37] was used as  a  reference  (CYP11B2,  IC50 =  0.8 nM; 

CYP11B1, IC50 = 6.3 nM).

Table 1. Inhibition of human CYP11B2 and CYP11B1 in vitro. 
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% inhibitiona IC50 (nM)b

compd R X
V79MZ 

hCYP11B2c V79MZ hCYP11B2c V79MZ hCYP11B1d Selectivity 
factore

1a H 22 nd nd nd

2a 4-OMe 22 nd nd nd

3a 3-OMe 20 nd nd nd

4a 2-OMe 18 nd nd nd

1 H 85 33 6712 203

2 4-OMe 80 48 4196 87

3 3-OMe 87 27 7315 271

4 2-OMe 86 64 1096 17

5 4-Cl 84 22 8947 407

6 3-Cl 90 60 4797 80

7 2-Cl 90 22 4487 204

8 4-F 84 33 5549 168

9 3-F 85 39 6548 168

10 4-OCF3 88 32 7427 232

11 3-OCF3 83 14 5812 415

12 2-OCF3 77 56 4710 84

13 4-CF3 81 25 6189 248

14 3-CF3 88 43 6674 155

15 2-CF3 86 53 5076 96

16 4-CN 47 nd nd nd

17 3-CN 84 46 8550 186

18 3,4-di-Cl 90 33 8333 253

19 3,5-di-CF3 78 33 9346 283

20 3,5-di-Cl 87 47 4717 100

21 3-Cl-4-F 91 53 6534 123

22 79 192 6164 32

23 S 15 nd nd nd

24 SO 33 nd nd nd

25 16 nd nd nd

fadrozole 0.8 6.3 8
a Mean value of at least two experiments; inhibitor concentration, 500 nM. b Mean value of at least 

three experiments, standard deviation usually less than 25%, nd = not determined. c Hamster fibroblasts 
expressing human CYP11B2; substrate deoxycorticosterone, 100 nM. d Hamster fibroblasts expressing 
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human  CYP11B1;  substrate  deoxycorticosterone,  100  nM.  e IC50 CYP11B1  /  IC50 CYP11B2,  nd  =  not 
determined. f Mean value of at least two experiments; inhibitor concentration, 2 µM. 

The 1-phenylthiol-3-(pyridin-3-yl)naphthalen-2-ols 1a-4a  show only low inhibition of CYP11B2 (< 

25 %), whereas the corresponding sulfoxides are potent inhibitors of CYP11B2 (1-4, IC50 = 27-64 nM). 

Other  sulfoxide derivatives with Cl, F, OCF3, and CN substituted on the phenylsulfinyl moiety (5-21) 

also exhibit strong CYP11B2 inhibition (IC50 values ranging 14 to 60 nM). Exceptions are the p-cyano-

phenylsulfinyl substituted compound  16 (47 % inhibition, c = 500 nM) and thiophen-2-ylsulfinyl  22 

(IC50 = 192 nM), which turn out to be only moderate CYP11B2 inhibitors. The selectivity factors (SF = 

IC50 CYP11B1  /  IC50 CYP11B1) toward CYP11B1 range from low for  compounds 4 and 22 (SF = 17 and 32, 

respectively) to good for compounds 2, 6, 12, 15, 20 and 21 (SF = 80-123). Other sulfoxides (1, 3, 7-10, 

13,  14,  17-19)  exhibit  rather  high selectivity  (SF = 155-283). Compounds  5 and  11 even show SF of 

more than 400. Taking together, the 3-trifluoromethoxy compound 11 is the most potent (IC50 = 14 nM) 

and selective (SF = 415) CYP11B2 inhibitor within this series.

Removal of the hydroxyl group in 2-position (compound 24) leads to a strong decrease in inhibitory 

potency (33 % inhibition), and the exchange of sulfoxide to sulfide (compound 23) also only results in 

15 % inhibition.  Shift of the linker from position 1 to position 2 and oxidation, as accomplished in 

sulfone 25, also results in a strong loss of inhibitory potency toward CYP11B2 (16 % inhibition).

The sulfoxides 1-15 and 17-22 were evaluated for their selectivity versus the steroidogenic enzymes 

CYP17 and CYP19. Inhibition of CYP17 was determined using the 50,000  g sediment of an  E. coli 

homogenate recombinantly expressing human CYP17 with progesterone as substrate.38 All compounds 

demonstrate  almost  no inhibition  (< 5 %)  at  an inhibitor  concentration  of  2  μM.  The inhibition of 

CYP19  was  evaluated  in  vitro with  human  placental  microsomes  using  [1β-3H]androstenedione 

(500 nM) as substrate39 All compounds show hardly any aromatase inhibition (< 5 %) at an inhibitor 

concentration of 500 nM.

The pharmacokinetic profile of compound 11 was determined by intravenous and per-oral application 

in a dosage of 1 mg/kg bodyweight to male Wistar rats (3 animals). Plasma samples were collected 
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during 24 h and compound concentrations were determined using HPLC-MS/MS. The compound was 

fast  absorbed  after  oral  application  reaching  the  maximal  concentration  (cmax =  40.4  ng/ml)  after 

0.5 hours. Terminal half lives were calculated to be 4 hours for intravenous and 7 hours for per-oral 

application, respectively. Areas under the curve were shown as 1776 and 335 ng·h/ml for intravenous 

and per-oral application, respectively. Accordingly, bioavailability of 19 % was observed.

2.3 Docking study. Compound 11 as the most potent and selective CYP11B2 inhibitor in this series 

was docked into  the  crystal  structure  of  CYP11B2 (PDB ID:  4DVQ) [40] to  further  investigate  its 

binding to the enzyme. This compound coordinated to the heme iron with its pyridyl  N in a nearly 

perpendicular manner (Figure 1); while the hydrophobic core pointed to β2-sheet in a mode similar to 

that of the natural substrate deoxycorticosterone. The naphthalenyl moiety formed π-π interactions with 

Phe381 and Phe487 in perpendicular and parallel ways, respectively. An intra-molecular hydrogen bond 

between the sulfoxide oxygen and the hydroxyl group  was observed, which can also be found in the 

crystal of compound  1  (Figure 2). [24] With this intra-molecular hydrogen bond, the compound was 

folded into a twisted shape, in which the phenyl sulfoxide stretched out perpendicularly with regard to 

the naphthalenyl core (Figure 1). Such a conformation not only avoided steric clashes with the enzyme, 

but also facilitated the forming of a π-π interaction between phenyl sulfoxide moiety and Phe130. This 

observation  is  in  accordance  with and well  explains  the  facts  that  analogues  unable  to  form  intra-

molecular hydrogen bonds (1a-4a, 23 and 24) exhibited low inhibitory potency. Substituents on phenyl 

sulfoxide  moiety  were  accommodated  in  a  small  hydrophobic  pocket  confined  by  Met111-Ile112-

Leu113-Val117-Leu131, however, no further interactions can be identified, which could be the reason 

for the observation that compounds with different substituents showed similar potency.

3. Discussion and conclusion

This paper describes  1-phenylsulfinyl-3-(pyridin-3-yl)naphthalen-2-ols as a new class of potent and 

selective human CYP11B2 inhibitors. 
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3-(Pyridin-3-yl)naphthalene as the common sub-structure of all synthesized compounds has already 

been shown to be a potent  CYP11B2 inhibitor.  [20] This fact  together  with the comparison of the 

biological results of sulfides 1a-4a (18-22 % inhibition, c = 500 nM) with sulfoxides 1-4 (IC50 = 27-64 

nM) exhibits the importance of the oxygen for CYP11B2 inhibition. Moreover, the hydroxyl group in 2-

position  seems to  be fundamental  for  the  binding  affinity.  Omission  of  the  hydroxyl  group,  as 

accomplished in compound  24, results in a significantly reduced CYP11B2 inhibition of only 33 %. 

Both facts could indicate that the intra-molecular hydrogen bridge between the sulfoxide oxygen and the 

hydroxyl  group, as observed in the crystal  structure of compound  1  (Figure 2), [24] still  exist after 

binding to the protein. This hydrogen bond limits steric flexibility and thereby improves the inhibitory 

potency towards CYP11B2 but not towards other CYP enzymes. In the sulfoxide series the effects of 

the  substituents  on  the  phenyl  moiety  were  investigated  (compounds  1-22).  Surprisingly, all  tested 

substituents were found to exhibit strong CYP11B2 inhibition. Only in case of para-cyano substitution, 

as accomplished in 16 and bioisosteric exchange of phenyl by thiophene (compound 22), there is a sharp 

loss of inhibitory potency. For the other compounds, no clear structure activity relationship is observed. 

The introduction of the electron donating methoxy substituent into the meta-position leads to one of the 

best compounds of this series (3, IC50 = 27 nM, SF = 271), whereas a methoxy in para or ortho position 

results in a significant decrease in selectivity versus CYP11B1 (2, SF = 87 and 4, SF = 17). The same 

trend was observed after replacing methoxy by trifluoromethoxy, which led to the best compound of this 

series, i.e. the  meta-trifluoromethoxy derivative  11 (IC50 = 14 nM,  SF = 415). Several other electron 

withdrawing  substituents  (e.g.  ortho-  and  para-chloro)  lead  to  almost  equally  potent  CYP11B2 

inhibitors (7, IC50 = 22 nM,  SF = 204;  5, IC50 = 22 nM,  SF = 407) with excellent selectivities over 

CYP11B1. 

It is no doubt that the inhibition of CYP11B2 is a promising treatment for  primary aldosteronism, 

hypertension, congestive heart failure, myocardial fibrosis and diabetic nephropathy. [7] The application 

of  CYP11B2 inhibition  can also be expanded to other  indications  because  elevation  of aldosterone 

levels is suspected as a side effect in breast cancer patients receiving aromatase (CYP19) inhibitors as 
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well  as  prostate  cancer  patients  under  androgen  deprivation  therapy.  Therefore,  administration  of 

CYP11B2 inhibitors as adjuvant agents to these therapies or the employment of selective dual inhibitors 

of  CYP19/CYP11B2 [41] and  CYP17/CYP11B2 [42] should  be superior treatments  for  breast  and 

prostate cancer patients as they reduce the risks of cardiovascular diseases.  

In this study, we have shown that 1-phenylsulfinyl-3-(pyridin-3-yl)naphthalen-2-ols are a new class of 

potent  and  selective  human  aldosterone  synthase  inhibitors.  The  most  active  compound,  the  meta-

trifluoromethoxy substituted derivative  11,  exhibits an IC50 value of 14 nM and excellent selectivity 

over the highly homologous CYP11B1 (SF = 415). It shows no inhibition of CYP17 (< 5 % inhibition, c 

= 2 µM) and CYP19 (< 5 % inhibition, c = 500 nM) and a bioavailability after peroral application of 

about 20 %. This compound was chosen as a new lead compound in order to optimize pharmacokinetic 

parameters for further pharmacodynamic investigations in vivo. 

4. Materials  and Methods

4.1 Chemical and Analytical Methods.  Melting points were measured on a Mettler FP1 melting 

point  apparatus  and  are  uncorrected.  1H-NMR  and  13C-NMR were  recorded  on  a  Bruker  AM500 

spectrometer 500 MHz and 125 MHz, respectively, at 300 K. Chemical shifts (δ) are reported in parts 

per  million  (ppm),  by reference  to  the  hydrogenated  residues  of  the  deuterated  solvent  as  internal 

standard.  All  coupling constants  (J)  are given in Hertz  (Hz).  Mass spectra  (LC/UV/MS: ESI) were 

recorded on a SpectraSystem/MSQ Plus (ThermoFinnigan) instrument with a RP18-100-3 or a RP18-

100-5  column  (Macherey-Nagel).  A  water/acetonitrile  gradient  was  used  as  eluent  system.  All 

compounds are > 95 % chemical pure as measured by LC/UV trace at 254 nm. Reagents were used as 

obtained from commercial suppliers without further purification. Solvents were distilled before use. Dry 

DMF was obtained by distillation from CaH2 prior to use. CH2Cl2 was dried over molecular  sieves 

(4 Å). Flash chromatography was performed on silica gel 40 (35/40–63/70 µM) and reaction progress 

was monitored by thin-layer chromatography on TLC Silica Gel 60 F254 (Merck KGaA). Visualization 

was  accomplished  with  UV light.  Microwave  irradiation  experiments  were  carried  out  in  a  CEM-

Discover monomode microwave apparatus.
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The  following  compounds  were  prepared  similar  to  previously  described  procedures:  1-(phenyl-

sulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (1),  [Fehler:  Referenz  nicht  gefunden]  1-(phenylthio)-3-

(pyridin-3-yl)naphthalen-2-ol  (1a),  [Fehler:  Referenz  nicht  gefunden]  1-(4-methoxyphenylthio)-3-

(pyridin-3-yl)naphthalen-2-ol  (2a),  [Fehler:  Referenz  nicht  gefunden]  1-(3-methoxyphenylthio)-3-

(pyridin-3-yl)naphthalen-2-ol  (3a),  [Fehler:  Referenz  nicht  gefunden]  1-(2-methoxyphenylthio)-3-

(pyridin-3-yl)naphthalen-2-ol (4a),  [Fehler:  Referenz nicht  gefunden] 3-(pyridin-3-yl)naphthalen-2-yl 

trifluoromethane  sulfonate  (1b),  [21]  3-methoxynaphthalen-2-yl)pyridine,  [20]  3-(pyridin-3-

yl)naphthalen-2-ol, [21] 3-methoxynaphthalen-2-ylboronic acid, [Fehler: Referenz nicht gefunden] 3-

bromo-1-fluoronaphthalene  (23b),  [Fehler:  Referenz  nicht  gefunden]  and  2-methoxy-3-

(phenylsulfonyl)naphthalene (25b). [Fehler: Referenz nicht gefunden] 

Synthesis of the target compounds. Procedure A. [Fehler: Referenz nicht gefunden] Dry K2CO3 (2 

eq.) and subsequently substituted thiophenol (1.2 eq.) was added to a solution of 1b (1 eq.) in dry DMF 

under an atmosphere of nitrogen. The mixture was stirred at 100 °C until the conversion was complete  

(0.5 to 3 h, monitored by TLC). After cooling to room temperature, the crude mixture was partitioned 

between ethyl acetate and water and the aqueous layer was exhaustingly extracted with ethyl acetate. 

The combined organic layers  were washed with brine and dried over anhydrous MgSO4.  Then, the 

solvents were removed under reduced pressure. The products were obtained after flash chromatography 

on silica gel (petroleum ether/ethyl acetate or CH2Cl2/methanol mixtures).

Procedure B. [Fehler: Referenz nicht gefunden] m-CPBA (1 eq.) was added in portions to a solution 

of the sulfide (1 eq.) in CH2Cl2. The mixture was stirred at room temperature until the conversion was 

complete (0.5 to 3 h, monitored by TLC). Then, it was washed with saturated aqueous Na2CO3 and 

subsequently with brine, before it was dried over anhydrous MgSO4. Evaporation of the solvents under 

reduced pressure and purification by flash chromatography on silica gel (CH2Cl2/methanol mixtures) 

afforded the sulfoxides.

1-(Phenylthio)-3-(pyridin-3-yl)naphthalen-2-ol  (1a). Compound  1a was  obtained  according  to 

procedure A using 1b (530 mg, 1.50 mmol) and thiophenol (184 µl, 1.80 mmol) in DMF (15 ml) after 
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flash chromatography (petroleum ether/ethyl acetate 3/1) as colorless solid (425 mg, 1.29 mmol, 86 %), 

Anal. C21H15NOS (C, H, N, O), mp 105 °C. 1H NMR (500 MHz, CDCl3):  = 7.09 (dd, 3J = 7.3 Hz, 4J 

= 1.3 Hz, 2H), 7.13 (dd, 3J = 3J = 7.4 Hz, 1H), 7.20 (dd, 3J = 3J = 7.4 Hz, 2H), 7.38-7.44 (m,  2H), 7.53 

(ddd, 3J = 3J = 7.7 Hz, 4J = 1.4 Hz, 1H), 7.57 (s, 1H), 7.87 (d, 3J = 8.2 Hz, 1H), 7.97 (s, 1H), 8.06 (ddd, 

3J = 7.8 Hz, 4J = 4J = 2.0 Hz, 1H), 8.24 (d, 3J = 8.2 Hz, 1H), 8.64 (dd, 3J = 4.7 Hz, 4J = 1.6 Hz, 1H), 8.94 

(d, 4J = 1.9 Hz, 1H). 13C NMR (125 MHz, CDCl3):  = 122.9, 124.5, 124.8, 126.2, 126.6, 126.8, 128.3, 

128.8,  129.3,  129.3,  133.0,  133.5,  134.9,  135.2,  136.9,  148.7,  149.0,  150.1,  154.5.  MS  m/z 329.94 

(MH+).

1-(4-Methoxyphenylthio)-3-(pyridin-3-yl)naphthalen-2-ol  (2a). Compound  2a was  obtained 

according to procedure A using 1b (707 mg, 2.00 mmol) and 4-methoxythiophenol (295 µl, 2.40 mmol) 

in DMF (20 ml) after flash chromatography (petroleum ether/ethyl acetate 2/1) and crystallization from 

ethanol as colorless solid (303 mg, 0.48 mmol, 42 %), Anal. C22H17NO2S (C, H, N, O), mp 164 °C. 

MS m/z 360.02 (MH+).

1-(3-Methoxyphenylthio)-3-(pyridin-3-yl)naphthalen-2-ol  (3a). Compound  3a was  obtained 

according to procedure A using 1b (707 mg, 2.00 mmol) and 3-methoxythiophenol (297 µl, 2.40 mmol) 

in DMF (20 ml) after flash chromatography (petroleum ether/ethyl acetate 3/1) and crystallization from 

ethanol as colorless solid (446 mg, 1.24 mmol, 62 %), Anal. C22H17NO2S (C, H, N, O), mp 157 °C. 

MS m/z 360.01 (MH+).

1-(2-Methoxyphenylthio)-3-(pyridin-3-yl)naphthalen-2-ol  (4a). Compound  4a was  obtained 

according to procedure A using 1b (556 mg, 1.57 mmol) and 2-methoxythiophenol (230 µl, 1.89 mmol) 

in DMF (20 ml) after flash chromatography (CH2Cl2/methanol 99/1) and crystallization from ethanol as 

colorless solid (191 mg, 0.53 mmol, 34 %), Anal. C22H17NO2S (C, H, N, O), mp 167-168 °C. MS m/z 

359.99 (MH+).

1-(Phenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (1). Compound  1 was  obtained  according  to 

procedure B using 1a (165 mg, 0.50 mmol) and m-CPBA (123 mg, 0.50 mmol) in CH2Cl2 (10 ml) after 

flash  chromatography (CH2Cl2/methanol  99/1)  as  colorless  solid  (129 mg,  0.37 mmol,  75 %),  Anal. 
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C21H15NO2S (C, H, N, O), mp 142 °C. 1H NMR (500 MHz, CDCl3):  = 7.36 (ddd, 3J = 7.9 Hz, 3J = 

4.9 Hz, 5J = 0.8 Hz, 1H), 7.42-7.48 (m, 4H), 7.58 (ddd, 3J = 3J = 7.7 Hz, 4J = 1.3 Hz, 1H), 7.74-7.76 (m, 

2H), 7.83 (d, 3J = 8.2 Hz, 1H), 7.91 (s, 1H), 8.01 (ddd, 3J = 7.9 Hz, 4J = 4J = 2.1 Hz, 1H), 8.04 (dd, 3J = 

8.4 Hz, 4J = 0.8 Hz, 1H), 8.61 (dd, 3J = 4.9, 4J = 1.7 Hz, 1H), 8.83 (dd, 4J = 2.4 Hz, 4J = 0.8 Hz, 1 H), 

11.99 (s, 1H). 13C NMR (125 MHz, CDCl3):  = 113.9, 120.3, 122.8, 124.6, 125.2, 128.4, 129.1, 129.6, 

129.9, 130,8, 131.7, 132.3, 134.0, 137.1, 142.8, 148.8, 150.1, 158.0. MS m/z 346.01 (MH+).

1-(4-Methoxyphenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (2). Compound  2 was  obtained 

according to procedure B using 2a (145 mg, 0.40 mmol) and m-CPBA (100 mg, 0.40 mmol) in CH2Cl2 

(10 ml) after flash chromatography (CH2Cl2/methanol 99/1) and crystallization with HCl (2N in diethyl 

ether) as colorless solid (117 mg, 0.28 mmol, 71 %), Anal. C22H17NO3S (C, H, N, O), mp 161 °C. MS 

m/z 375.95 (MH+).

1-(3-Methoxyphenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (3). Compound  3 was  obtained 

according to procedure B using 3a (100 mg, 0.29 mmol) and m-CPBA (72 mg, 0.29 mmol) in CH2Cl2 

(5 ml) after flash chromatography (CH2Cl2/methanol 99/1) as colorless solid (70 mg, 0.19 mmol, 64 %), 

Anal. C22H17NO3S (C, H, N, O), mp 126 °C. MS m/z 376.12 (MH+).

1-(2-Methoxyphenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (4). Compound  4 was  obtained 

according to procedure B using 4a (100 mg, 0.29 mmol) and m-CPBA (72 mg, 0.29 mmol) in CH2Cl2 

(5 ml) after flash chromatography (CH2Cl2/methanol 99/1) as colorless solid (92 mg, 0.25 mmol, 84 %), 

Anal. C22H17NO3S (C, H, N, O), mp 138 °C. MS m/z 375.98 (MH+).

1-(4-Chlorophenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (5). Compound  5 was  obtained 

according to procedure B using 5a (143 mg, 0.39 mmol) and m-CPBA (97 mg, 0.39 mmol) in CH2Cl2 

(5 ml)  after  flash  chromatography (CH2Cl2/methanol  99/1)  as  colorless  foam (101 mg,  0.27  mmol, 

68 %), Anal. C21H14ClNO2S (C, H, N, O), mp 144 °C. MS m/z 379.93 (M35ClH+), 381.66 (M37ClH+).

1-(3-Chlorophenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (6). Compound  6 was  obtained 

according to procedure B using 6a (272 mg, 0.75 mmol) and m-CPBA (184 mg, 0.75 mmol) in CH2Cl2 
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(15 ml)  after  flash  chromatography (CH2Cl2/methanol  98/2)  as  colorless  solid  (181 mg,  0.48 mmol, 

48 %), Anal. C21H14ClNO2S (C, H, N, O), mp 150 °C. MS m/z 379.83 (M35ClH+), 382.00 (M37ClH+).

1-(2-Chlorophenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (7). Compound  7 was  obtained 

according to procedure B using 7a (302 mg, 0.83 mmol) and m-CPBA (205 mg, 0.83 mmol) in CH2Cl2 

(15 ml) after flash chromatography (CH2Cl2/methanol 99/1 and petroleum ether/ethyl acetate 2/1) and 

crystallization with HCl as colorless solid (131 mg, 0.31 mmol, 38 %), Anal. C21H14ClNO2S (C, H, N, 

O), mp (HCl salt) 202 °C. MS m/z 379.91 (M35ClH+), 381.83 (M37ClH+). 

1-(4-Fluorophenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (8). Compound  8 was  obtained 

according to procedure B using 8a (192 mg, 0.55 mmol) and m-CPBA (136 mg, 0.55 mmol) in CH2Cl2 

(10 ml)  after  flash  chromatography (CH2Cl2/methanol  98/2)  as  colorless  foam (113 mg,  0.31 mmol, 

56 %), Anal. C21H14FNO2S (C, H, N, O), mp 132 °C. MS m/z 364.02 (MH+).

1-(3-Fluorophenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (9). Compound  9 was  obtained 

according to procedure B using 9a (241 mg, 0.69 mmol) and m-CPBA (171 mg, 0.69 mmol) in CH2Cl2 

(10 ml)  after  flash  chromatography (CH2Cl2/methanol  98/2)  as  colorless  foam (193 mg,  0.53 mmol, 

77 %), Anal. C21H14FNO2S (C, H, N, O), mp 141 °C. MS m/z 363.88 (MH+).

3-(Pyridin-3-yl)-1-(4-(trifluoromethoxy)phenylsulfinyl)naphthalen-2-ol  (10). Compound  10 was 

obtained according to procedure B using 10a (254 mg, 0.61 mmol) and m-CPBA (151 mg, 0.61 mmol) 

in  CH2Cl2 (12 ml)  after  flash  chromatography  (CH2Cl2/methanol  99/1)  as  yellow  foam  (144 mg, 

0.34 mmol, 55 %), Anal. C22H14F3NO3S (C, H, N, O), mp 106 °C, MS m/z 429.93 (MH+).

3-(Pyridin-3-yl)-1-(3-(trifluoromethoxy)phenylsulfinyl)naphthalen-2-ol  (11). Compound  11 was 

obtained according to procedure B using 11a (270 mg, 0.67 mmol) and m-CPBA (166 mg, 0.67 mmol) 

in  CH2Cl2 (7 ml)  after  flash  chromatography  (CH2Cl2/methanol  98/2)  as  off-white  solid  (155 mg, 

0.36 mmol, 54 %), Anal. C22H14F3NO3S (C, H, N, O), mp 101 °C. MS m/z 430.00 (MH+).

3-(Pyridin-3-yl)-1-(2-(trifluoromethoxy)phenylsulfinyl)naphthalen-2-ol  (12). Compound  12 was 

obtained according to procedure B using 12a (278 mg, 0.67 mmol) and m-CPBA (166 mg, 0.67 mmol) 
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in  CH2Cl2 (10 ml)  after  flash chromatography (CH2Cl2/methanol  98.5/1.5)  as yellow solid (102 mg, 

0.24 mmol, 38 %), Anal. C22H14F3NO3S (C, H, N, O), mp 118 °C. MS m/z 429.93 (MH+).

3-(Pyridin-3-yl)-1-(4-(trifluoromethyl)phenylsulfinyl)naphthalen-2-ol  (13). Compound  13 was 

obtained according to procedure B using 13a (238 mg, 0.60 mmol) and m-CPBA (148 mg, 0.60 mmol) 

in  CH2Cl2 (10 ml)  after  flash  chromatography  (CH2Cl2/methanol  99/1)  as  yellow  solid  (123 mg, 

0.30 mmol, 50 %), Anal. C22H14F3NO2S (C, H, N, O), mp 117 °C. MS m/z 413.98 (MH+).

3-(Pyridin-3-yl)-1-(3-(trifluoromethyl)phenylsulfinyl)naphthalen-2-ol  (14). Compound  14 was 

obtained according to procedure B using 14a (235 mg, 0.59 mmol) and m-CPBA (145 mg, 0.59 mmol) 

in  CH2Cl2 (10 ml)  after  flash  chromatography  (CH2Cl2/methanol  99/1)  as  off-white  solid  (99 mg, 

0.24 mmol, 41 %), Anal. C22H14F3NO2S (C, H, N, O), mp 124 °C. MS m/z 413.98 (MH+).

3-(Pyridin-3-yl)-1-(2-(trifluoromethyl)phenylsulfinyl)naphthalen-2-ol  (15). Compound  15 was 

obtained according to procedure B using 15a (178 mg, 0.45 mmol) and m-CPBA (110 mg, 0.45 mmol) 

in  CH2Cl2 (5 ml)  after  flash  chromatography  (CH2Cl2/methanol  99/1)  as  colorless  foam  (69 mg, 

0.17 mmol, 37 %), Anal. C22H14F3NO2S (C, H, N, O), mp 62 °C. MS m/z 413.85 (MH+).

4-(2-Hydroxy-3-(pyridin-3-yl)naphthalen-1-ylsulfinyl)benzonitrile  (16). Compound  16 was 

obtained according to procedure B using 16a (215 mg, 0.61 mmol) and m-CPBA (150 mg, 0.61 mmol) 

in  CH2Cl2 (5 ml)  after  flash  chromatography  (CH2Cl2/methanol  98/2)  as  off-white  solid  (103 mg, 

0.28 mmol, 46 %), Anal. C22H14N2O2S (C, H, N, O), mp 150 °C. MS m/z 370.87 (MH+).

3-(2-Hydroxy-3-(pyridin-3-yl)naphthalen-1-ylsulfinyl)benzonitrile  (17). Compound  17 was 

obtained according to procedure B using 17a (126 mg, 0.36 mmol) and m-CPBA (88 mg, 0.36 mmol) in 

CH2Cl2 (4 ml)  after  flash  chromatography  (CH2Cl2/methanol  98/2)  as  off-white  solid  (77 mg, 

0.21 mmol, 58 %), Anal. C22H14N2O2S (C, H, N, O), mp 155 °C. MS m/z 370.87 (MH+).

1-(3,4-Dichlorophenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol (18). Compound  18 was obtained 

according to procedure B using 18a (153 mg, 0.38 mmol) and m-CPBA (95 mg, 0.38 mmol) in CH2Cl2 

(8 ml) after flash chromatography (CH2Cl2/methanol 98/2) as yellow foam (86 mg, 0.19 mmol, 51 %), 

Anal. C21H13Cl2NO2S (C, H, N, O), mp 144 °C. MS m/z 413.84 (M35ClH+), 415.45 (M37ClH+).
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1-(3,5-Bis(trifluoromethyl)phenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (19). Compound  19 

was  obtained  according  to  procedure  B using  19a (169 mg,  0.36 mmol)  and  m-CPBA  (90 mg, 

0.36 mmol)  in  CH2Cl2 (13 ml)  after  flash  chromatography  (CH2Cl2/methanol  99/1)  as  yellow  solid 

(70 mg, 0.15 mmol, 40 %), Anal. C23H13F6NO2S (C, H, N, O), mp 118 °C. MS m/z 481.99 (MH+).

1-(3,5-Dichlorophenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol (20). Compound  20 was obtained 

according to procedure B using 20a (170 mg, 0.43 mmol) and m-CPBA (106 mg, 0.43 mmol) in CH2Cl2 

(7 ml) after flash chromatography (CH2Cl2/methanol 98/2) as colorless solid (97 mg, 0.24 mmol, 54 %), 

Anal. C21H13Cl2NO2S (C, H, N, O), mp 124 °C. MS m/z 413.91 (M35ClH+), 415.73 (M37ClH+).

1-(3-Chloro-4-fluorophenylsulfinyl)-3-(pyridin-3-yl)naphthalen-2-ol  (21). Compound  21 was 

obtained according to procedure B using 21a (170 mg, 0.43 mmol) and m-CPBA (106 mg, 0.43 mmol) 

in  CH2Cl2 (10 ml)  after  flash  chromatography  (CH2Cl2/methanol  99/1)  as  colorless  solid  (104 mg, 

0.26 mmol,  61 %),  Anal.  C21H13ClFNO2S (C,  H,  N,  O),  mp  123 °C.  MS  m/z 397.74 (M35ClH+), 

399.91(M37ClH+).

3-(Pyridin-3-yl)-1-(thiophen-2-ylsulfinyl)naphthalen-2-ol  (22). Compound  22 was  obtained 

according to procedure B using 22a (62 mg, 0.18 mmol) and m-CPBA (46 mg, 0.18 mmol) in CH2Cl2 

(4 ml) after flash chromatography (CH2Cl2/methanol 98.5/1.5) as off-white solid (36 mg, 0.10 mmol, 

57 %), C19H13NO2S2 (C, H, N, O), mp 107 °C. MS m/z 351.91 (MH+).

3-(4-(Phenylthio)naphthalen-2-yl)pyridine  hydrochloride  (23). Compound  23a (450 mg, 

2.02 mmol),  thiophenol (227 µl, 2.22 mmol) and K2CO3 (306 mg, 2.22 mmol) in DMF (5 ml) were 

suspended  in  a  10 ml  septum-capped  tube.  The  mixture  was  irradiated  in  the  microwave  at  a 

temperature of 150 °C and an initial irradiation power of 150 W for 40 min. After cooling to room 

temperature, the mixture was diluted with water and extracted with ethyl acetate. The combined extracts 

were  washed  with  brine,  dried  over  anhydrous  MgSO4,  and  concentrated  under  reduced  pressure. 

Purification by flash chromatography (CH2Cl2/methanol 99/1), crystallization with HCl (2N in diethyl 

ether) and recrystallization from ethanol yielded 23 as colorless solid (74 mg, 0.21 mmol, 9 %), Anal. 

Anal. C21H15NS (C, H, N, O), mp (HCl salt) 188 °C. MS m/z 314.10 (MH+).
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3-(4-(Phenylsulfinyl)naphthalen-2-yl)pyridine  (24). Compound  24 was  obtained  according  to 

procedure B using  23 (free base, 142 mg, 0.45 mmol) and  m-CPBA (112 mg, 0.45 mmol) in CH2Cl2 

(3 ml) after flash chromatography (CH2Cl2/methanol 99/1) as colorless solid (61 mg, 0.19 mmol, 41 %), 

Anal. C21H15NOS (C, H, N, O), mp 143 °C. MS m/z 330.06 (MH+).

3-(3-(Phenylsulfonyl)naphthalen-2-yl)pyridine  (25). A 0.5 M solution  of  ZnCl2 in  THF (6.8 ml, 

3.38 mmol) was added to a solution of  25a (1.28 g, 3.07 mmol) and Pd(PPh3)4 (178 mg, 0.15 mmol, 

5 mol  %) in  THF (10 ml).  After  stirring  for  1  h at  room temperature  a  Grignard  solution,  freshly 

prepared  from  3-bromopyridine  (390 µl,  4.00  mmol)  and  0.96  M  i-PrMgCl·LiCl  solution  (4.5 ml, 

4.3 mmol) at -10 °C, was added slowly at 50 °C. The resulting mixture was stirred at 50 °C for 5 h, then 

allowed to reach room temperature, before 2 M HCl was added. The organic layer was separated. Then, 

the  aqueous  solution  was  washed  with  n-hexane  and  afterwards  neutralised  with  aqueous  Na2CO3 

solution, before it was extracted with ethyl acetate. The combined organic extracts were washed with 

brine, dried over anhydrous MgSO4 and concentrated. Compound  25 (349 mg, 1.01 mmol, 33 %) was 

obtained after purification by flash chromatography (CH2Cl2/methanol 99/1) as off-white solid, Anal. 

C21H15NO2S (C, H, N, O), mp 152 °C. MS m/z 346.03 (MH+).

4.2 Biological test assays. 

Activity  and  selectivity  assays  using  V79  Cells. V79MZhCYP11B1,  V79MZhCYP11B2  or 

V79MZrCYP11B2 cells  [6,Fehler:  Referenz  nicht  gefunden,37] were preincubated  with 500 nM of 

inhibitor (hCYP11B) or 2 µM (rCYP11B2) at 37 °C for 1 h. For determination of IC50 values, at least 

three  different  inhibitor  concentrations  were used.  The reaction  was started  by addition  of  100 nM 

(hCYP11B)  or  500 nM (rCYP11B2)  [3H]-11-deoxycorticosterone  as  substrate.  After  incubation  for 

25 min (hCYP11B1), 45 min (hCYP11B2) or 7 h (rCYP11B2), the enzyme reactions were stopped by 

extracting the supernatant with ethyl acetate. Samples were centrifuged (10,000 x g, 5 min), and the 

ethyl  acetate  was separated.18 The steroids were separated by HPLC and analyzed with radio flow 

detection. 
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Selectivity  tests  versus  hCYP17 and  hCYP19. hCYP17 [Fehler:  Referenz  nicht  gefunden]  and 

hCYP19 [Fehler: Referenz nicht gefunden] enzyme preparations and assay procedures were performed 

as previously described.

In vivo pharmacokinetics. The animal  study was conducted  in  accordance  with German animal 

welfare guidelines. Adult male Wistar rats (243-275 g) were housed in a temperature-controlled room 

(20-24 °C) and maintained in a 12 h light/12 h dark cycle. The animals were catheterized in the jugular 

vein 2-3 days prior to the blood sampling. They were fasted ~14-16 h before application and fed again 6 

hours after application. Water was available ad libitum. Prior to the first blood sampling, the rats were 

connected to a counterbalanced system and tubing to perform blood sampling in the freely moving 

animal. Compound 11 was dissolved in PEG400/water (1:1), was administered intravenous (1 mg/kg, 2 

ml/kg, 3 rats) or peroral (1 mg/kg, 5 ml/kg, 3 rats). At time 0, 11 was applied and blood samples (250 

μl) were taken at different time points between 5 min and 24 h postdose. Plasma was harvested and kept 

at -20 °C until being assayed. HPLC-MS/MS analysis and quantification of the samples was carried out 

on a Surveyor  HPLC system coupled with a TSQ Quantum (ThermoFisher) triple quadrupole mass 

spectrometer  equipped  with  an  electrospray  ioninterface  (ESI).  The  mean  of  absolute  plasma 

concentrations (± SEM) was calculated for the three rats and the regression was performed on group 

mean values. The pharmacokinetic analysis was performed by applying a non-compartment model using 

the PK Solutions 2.0 software (Summit Research Services, Montrose, USA).

4.3 Docking study

The CYP11B2  crystal  (PDB ID:  4DVQ)  was processed as described previously,  [43] including the 

removal of redundant protein copies, substrate and water as well as the addition of hydrogens and partial 

charges. Ligand was built and its energy was minimized in the MMFF94s force field using MOE. The 

docking  study was performed with GOLD  in automatic  active-site  detection  mode.  Heme iron was 

defined as the origin of active-site with a radius of 19 Å. The distance between the sp2 hybrid N and the 

iron was constrained to 1.9 to 2.5 Å. 50 independent genetic algorithm iterations for each run were set. 

The resulted poses were further analyzed according to fitness in MOE.
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Chart  1. Title  compounds:  1-Phenylsulfinyl-2-hydroxy-3-heterocycle  substituted 

naphthalenes and related compounds. 

Scheme 1. Synthesis of compounds 1-22a

aReagents and conditions: (i)  n-BuLi, B(OMe)3, THF -78 °C, then HCl/water; (ii) 3-

bromopyridine, Pd(PPh3)4, aq. Na2CO3, toluene/ethanol, reflux; (iii) HBr (48 %) in water, 

reflux; (iv) Tf2O, pyridine, CH2Cl2, 0 °C to rt; (v) Procedure A: substituted thiophenol or 

thiophene-2-thiol, K2CO3, DMF, 100 °C; (vi) Procedure B: m-CPBA, CH2Cl2, rt.

Scheme 2. Synthesis of compounds 23,24a

aReagents  and  conditions:  (i)  s-BuLi,  hexane,  -78  °C,  then  Br2;  (ii)  n-BuLi,  2,2,6,6-

tetramethylpiperidine,  THF/hexane,  -78  °C;  (iii)  3-bromopyridine,  Pd(PPh3)4,  aq. 

Na2CO3,  toluene/ethanol  4/1,  reflux;  (iv)  thiophenol,  K2CO3,  DMF,  µw,  200  °C;  (v) 

Procedure B: m-CPBA, CH2Cl2, rt.

Scheme 3. Synthesis of compound 25a

aReagents and conditions: (i) n-BuLi, THF, 0 °C, then PhSO2F; (ii) HBr (48 %) in water, 

reflux;  (iii)  Tf2O,  pyridine,  CH2Cl2,  0  °C to  rt; (iv)  Pd(PPh3)4, ZnCl2,  THF,  rt,  then 

pyridin-3-ylmagnesium bromide, 50 °C.

Figure 1. The binding of compound 11 in the crystal of CYP11B2 (PDB ID: 4DVQ).

Figure 2. The hydrogen bridge between the sulfoxide oxygen and the hydroxyl group 

in compound 1 (CCDC 936617). [24]
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