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ABSTRACT

3-Pyridine substituted naphthalenes constitute assclof potent inhibitors of
aldosterone synthase (CYP11B2), an innovative tafge the treatment of
aldosterone-mediated disorders such as congestiad failure and myocardial
fibrosis. However, these early leads exhibit sdvergor pharmacological draw-
backs, above all undesirable hepatic CYP interastand lackingn vivo activity.

In order to overcome these obstacles, a drug desiggram toward a develop-
ment candidate was launched following a combingdniil- and structure-based
approach. The optimization process yielded 110 cempounds, classified into
four main molecular scaffolds, most of which arghty potent CYP11B2 inhibi-
tors with 1G, values in the low nanomolar to picomolar rangesi@e a striking
selectivity toward the highly homologousgthydroxylase (CYP11B1), the most
promising compounds of the present study showalistino inhibition of the six
most important hepatic CYP enzymes as well as CYanti’CYP19, both crucial
enzymes for the metabolism of steroid hormonesuBsst of the investigated
inhibitors reaches excellent plasma-levels in taege of the marketed drug
fadrozole after peroral application to rats. Fumthere, a derivative of the
dihydro-1H-quinolin-2-one series exerts potent aldosteromesting effectsin
vivo using ACTH stimulated rats. In conclusion, thereaot work might give rise

to a development candidate after further optimaratind biological testing.



ZUSAMMENFASSUNG

3-Pyridinsubstituierte Naphthalene sind potente metoffe der Aldosteron-
synthase (CYP11B2), einem innovativen Target zunaBelung von Herzinsuffi-
zienz und Myokardfibrose. Die entwickelten Leitvadungen weisen jedoch uner-
winschte Wechselwirkungen mit hepatischen CYP Eezyauf und kénnen die
Aldosteronbiosynthesi vivo nicht hemmen. In der vorliegenden Arbeit wurden
110 neuartige Hemmstoffe, entwickelt durch Ligamdd Struktur-basiertes Design,
synthetisiert und auf biologische Aktivitat getésten diese Hindernisse auf dem
Weg zu einem Entwicklungskandidaten zu Uberwind@® meisten der hierin
vorgestellten Verbindungen sind nicht nur hochpiete@YP11B2 Inhibitoren mit
ICs-Werten im nano- bis picomolaren Bereich, sondarchabesonders selektiv
gegenltber CYP11B1 (BiHydroxylase), einem Enzym mit hoher Homolgie zu
dem eigentlichen Target. Au3erdem weisen die visprechenden Hemmstoffe ein
deutlich verbessertes pharmakologisches Gesanitgegeniiber den entsprechen-
den Naphthalenderivaten auf: Keine oder nur geridgenmung der sechs wich-
tigsten hepatischen CYP-Enzyme sowie den steroaoésierenden Enzymen
CYP17 und CYP19, keine Zytotoxizitdt, niedrige Riaproteinbindung, eine
exzellente Bioverflgbarkeit und eine starke Hemmdag Aldosteronbiosynthese
in viva. Nach erweiterten pharmakologischen Untersuchungehgegebenenfalls
erforderlichen strukturellen Optimierungen sollars alen vorgestellten Substanz-

klassen Entwicklungskandidaten hervorgehen.

Vi



PAPERSINCLUDED IN THISTHESIS

This thesis divided into four publications, whiate aeferred to in the text by their Roman numerals.

I Overcoming Undesirable CYP1A2 I nhibition of Pyridylnaphthalene Type Aldoster one
Synthase I nhibitors: I nfluence of Heter oaryl Derivatization on Potency and Selectivity
Ralf Heim, Simon Lucg<Cornelia M. Grombein, Christina Ries, Katarzyné&Ehewe,
Matthias Negri, Ursula Muller-Vieira, Barbara Bind Rolf W. Hartmann
J. Med. Chenm2008, 51, 5064-5074

I Novel Aldoster one Synthase I nhibitorswith Extended Carbocyclic Skeleton by a
Combined Ligand-Based and Structure-Based Drug Design Approach
Simon LucasRalf Heim, Matthias Negri, Iris Antes, ChristiRées, Katarzyna E. Schewe,
Alessandra Bisi, Silvia Gobbi, and Rolf W. Hartmann
J. Med. Chen2008, in press

11 Nonsteroidal Aldosterone Synthase I nhibitorswith Improved Selectivity: Lead
Optimization Providing a Series of Pyridine Substituted 3,4-Dihydro-1H-quinolin-2-one
Derivatives
Simon LucasRalf Heim, Christina Ries, Katarzyna E. Schewarbara Birk, and Rolf W.
Hartmann
J. Med. Chem2008, submitted

IV Fine-Tuning the Selectivity of Aldosterone Synthase I nhibitors: SAR Insightsfrom
Studies of Heter oaryl Substituted 1,2,5,6-Tetrahydropyrrolo[3,2,1-ij]jquinolin-4-one
Derivatives
Simon LucasRalf Heim, Christina Ries, and Rolf W. Hartmann
J. Med. Chen2008, manuscript

VIl



CONTRIBUTION REPORT

The author wishes to clarify his contributionstie paper$—V in the thesis.

Significantly contributed to the inhibitor desigancept. Planned, synthesized and characterized
most of the new compounds. CompouBga—g, 5, 12, 13, 29 and30 were synthesized by
Cornelia M. Grombein as part of a Diploma thesismpounds, 6a—b, 8, 8a and27 were
synthesized by Dr. Ralf Heim. Significantly contribd to the interpretation of the results.

Wrote the manuscript.

Significantly contributed to the inhibitor desigancept. Planned, synthesized and characterized
all new compounds. Significantly contributed to thierpretation of the results. Wrote the

manuscript.

Significantly contributed to the inhibitor desigancept. Planned, synthesized and characterized
all new compounds except of compounsynthesized by Dr. Ralf Heim). Significantly

contributed to the interpretation of the resultsoW the manuscript.

Significantly contributed to the inhibitor desigancept. Planned, synthesized and characterized
all new compounds. Significantly contributed to thierpretation of the results. Wrote the

manuscript.



ABBREVIATIONS

11pHSD2
18-EP
18-vDOC
18-VP
3pHSD
ACE
ACTH
Ang |

Ang Il
AUC
cAMP
CGS 16949A
CHF

CNS
CONSENSUS
CRH

CYP
CYP11A1
CYP11B1
CYP11B2
CYP17
CYP19
ENaC
EPHESUS

ER

Et

FAD 286A
HPA

Het

ICso

iPr

kB

1P-Hydroxysteroid dehydrogenase type 2
18-Ethynylprogesterone
18-Vinyldeoxycorticosterone
18-Vinylprogesterone
3-Hydroxysteroid dehydrogenase
Angiotensin-converting enzyme
Adrenocorticotrophic hormone
Angiotensin |

Angiotensin Il

Area under the curve

Cyclic adenosine monophosphate
Fadrozole (racemic)

Congestive heart failure

Central nervous system

Cooperative north scandinavian enalsprilival study

Corticotrophin-releasing hormone
Cytochrome P450

Cholesterol desmolase
1B-Hydroxylase

Aldosterone synthase
14-Hydroxylase-17,20-lyase
Aromatase

Epithelial sodium channel

Eplerenone post-acute myocardial infardteart failure efficacy and

survival study
Endoplasmatic reticulum
Ethyl
R(+)-Enantiomer of fadrozole
Hypothalamic-pituitary-adrenal
Heteroaryl
Concentration required for 50 % inhibition

Isopropyl
Kilobase



kDa
Me
MMP1
MR
MRNA
“g
uM
NADP
nm
nM
Ph
PK
pM
QSAR
RAAS
RALES
SAR
SEM

Kilodalton

Methyl

Matrix metalloproteinase 1
Mineralocorticoid receptor

Messenger ribonucleic acid

Microgram

Micromolar

Nicotinamide adenine dinucleotide phosphate
Nanometer

Nanomolar

Phenyl

Pharmacokinetic

Picomolar

Quantitative structure activity relationship
Renin-angiotensin-aldosterone system
Randomized aldactone evaluation study
Structure activity relationship

Standard error of the mean

Angstrom

Xl



CONTENTS

1 Introduction

1.1 Adrenal corticosteroids
1.1.1 Mineralocorticoid physiology: The role of alerone
1.1.2 Glucocorticoid physiology: The role of cootis
1.1.3 Cytochrome P450 enzymes in the biosynthésisreeralo- and glucocorticoids
1.1.4 Aldosterone synthase (CYP11B2) anfl-iydroxylase (CYP11B1), the key
enzymes in corticosteroid biosynthesis
1.2 Aldoster one synthase as dr ug tar get
1.2.1 Congestive heart failure, myocardial fibrpaisd the role of aldosterone
1.2.2 Significance of aldosterone receptor antagysim cardiovascular therapy
1.2.3 Inhibition of CYP11B2 as promising cardiovaat therapy concept
1.3 State of knowledge: I nhibitorsof CYP11B2
1.3.1 Compounds with inhibitory effect on aldosterdiosynthesis
1.3.2 Further developments of the aromatase imnifadrozole
1.3.3 Development of heteroaryl substituted metigitedanes and -tetrahydro-
naphthalenes
1.3.4 Development of heteroaryl substituted napéties and structurally modified

derivatives

2 Aim of the present study

2.1 Scientific objective
2.2 Working strategy: Inhibitor design concept

3 Results

3.1 Overcoming Undesirable CYP1A2 Inhibition of Pyridylnaphthalene Type
Aldoster one Synthase I nhibitors: I nfluence of Heter oaryl Derivatization on

Potency and Selectivity

3.2 Novel Aldosterone Synthase Inhibitorswith Extended Carbocyclic Skeleton by a
Combined Ligand-Based and Structure-Based Drug Design Approach

3.3 Nonsteroidal Aldosterone Synthase Inhibitorswith Improved Selectivity: Lead
Optimization Providing a Series of Pyridine Substituted 3,4-Dihydro-1H-

guinolin-2-one Derivatives

Xl

11
11
12

13

14

16

16
17

21

21

45

72



3.4 Fine-Tuning the Selectivity of Aldosterone Synthase Inhibitors: SAR Insights
from Studies of Heter oaryl Substituted 1,2,5,6-Tetrahydropyrrolo[3,2,1-ij]

quinolin-4-one Derivatives 97
4 Summary and conclusion 119
5 References 131
6 Acknowledgements 140

X1l



XV



1 Introduction

1.1 Adrenal corticosteroids

1.1.1 Mineralocorticoid physiology: Therole of aldosterone

The most important circulating mineralocorticoiddasterone, is mainly secreted by the zona
glomerulosa of the adrenal gland and plays a drucia in the electrolyte and fluid homeostasis. It
biosynthesis is accomplished by the mitochondndabchrome P450 enzyme aldosterone synthase
(CYP11B2) and proceeds via oxidation of the substtd -deoxycorticosterone to corticosterone and
subsequently to aldosteroh8ince its isolation and characterization by Eaial. some 50 years ado,
the traditional view of aldosterone action has b#eat the hormone binds to specific mineralo-
corticoid receptors (MR) located in the cytosotafyet epithelial celld The steroid receptor complex
translocates to the nucleus upon ligand bindingreviteacts as a transcription factor modulatingegen
expression and translation of proteins. The prewdieal effectors of aldosterone action are thieap
amiloride-sensitive epithelial sodium channel (Elzgid the basolateral NK*-ATPase’ As a con-
sequence, renal sodium reabsorption and potassiaration are promoted in the distal tubule and the
collecting duct of the nephrdrElevated blood volume and thus blood pressurdtrsm water that
follows the sodium movement via osmosis. Mineratticoid receptors have also been localized in
nonepithelial tissues, particularly in the centnarvous system (CNSand in the cardiovascular

systerfi where they mediate diverse effects.

Various factors control the aldosterone productiwhereof the principal regulator is the renin-
angiotensin-aldosterone system (RAASJhis compensatory mechanism reacts in responsede
creased blood pressure or a decreased sodiunbigvelease of renin, a proteolytic enzyme, from the
juxtaglomerular cells of the kidney. Renin cleaitegylycoprotein substrate angiotensinogen between
Leul0 and Vall1l to form the biologically inert dpeptide angiotensin | (Ang I) which is thereupon
converted to angiotensin Il (Ang Il) by the angigm-converting enzyme (ACE), present in the vas-
cular endothelium. Angiotensin Il is a highly paterasoconstrictor agent and can elevate the blood
pressure. Furthermore, it stimulates the adrengéxdo secrete aldosterone, leading to sodium and
water retention. The biosynthesis of renin is imtunder control of the RAAS in a negative feedback
loop by direct action of Ang Il on the juxtaglomimuapparatus. Other key regulators of aldosterone
release are the plasma potassium concentratiortcaadminor extent the adrenocorticotrophic hor-

mone (corticotrophin, ACTH).



Recent studies, mostly of nonepithelial cells, edee that some aldosterone effects are not mediated
by classical MR binding’ These rapid actions that are referred to as namgieneffects are inde-
pendent of gene transcription and translation aedewirst identified in erythrocytes which lack
nuclei Further insight has been gained by experimentsguskin fibroblasts from MR knockout
micel? Therein, treatment with aldosterone excited aigalcand cAMP increase within minutes. In
most cases, the induced nongenomic effects pravbed tnsensitive to specific MR antagonists which
are contrariwise capable of blocking the genomitdoas™® The latter findings gave reason to the
suggestion that a distinct, novel receptor is rasjmbe for the nongenomic aldosterone effects,
presumably associated with the cell membrane andisly high affinity for aldosterone. Although
Eisenet al. have isolated a putative nongenomic aldosterotepter, an approximately 50 kDa mem-
brane protein with high affinity for aldosteronet mot for glucocorticoids, its structure and fundati
have not yet been fully characteriZédzurthermore, there are suggestions that thesali@ssterone

effects may also be mediated by the classical M& @osely related protein.

Beside the classical adrenal biosynthetic pathwatya-adrenal sites of aldosterone production have
been identified® The aldosterone biosynthesis in the CNS is wetkdtented and aldosterone syn-
thase mMRNA was found in whole brain and cortexelsellum, brain stem, hippocampus and amyg-
dale homogenateé8.Whether aldosterone is also synthesized locallhencardiovascular system is
controversially discussed.Silvestreet al. observed aldosterone formation in both homogeaate
perfusate of isolated rat hearts which was incitdaday Ang Il and the measured aldosterone concen-
trations in the heart were found to be 17-fold kigthan in plasm&. By contrast, other studies

suggest that cardiac aldosterone derives fromleiion'®

1.1.2 Glucocorticoid physiology: Therole of cortisol

Glucocorticoids stimulate processes, suchi@asovosynthesis and uptake of glucose, that serve to
control the glucose levef8.They typically exert anti-inflammatory, immune-maating as well as
bone-catabolizing functiorfs. The major glucocorticoid in humans, cortisol, isithesized by the
enzyme 1f8-hydroxylase (CYP11B1) which is located in the zdasciculata of the adrenal glahd.
The production of cortisol is under control of ttmgpothalamic-pituitary-adrenal (HPA) axis, an ex-
tremely sensitive signaling pathway which reactsruphysical, psychological or inflammatory stimu-
lation by expressing the corticotrophin-releasimgnmone (CRH) in the hypothalamus. This, in turn,
acts on the pituitary to release the effector plepCTH into the circulation which stimulates the-b
synthesis of glucocorticoids in the adrenal corithe HPA axis is self-regulated by the negativelfee

back exerted by cortisol on the pituitary and tipdthalamus to suppress further CRH release.

Interestingly, cortisol showis vitro a similar high affinity to the mineralocorticoidaeptor as aldo-
steron€?? On the other hand, several mechanisms triggerifgpigcfor aldosteronein vivo although

cortisol is present at 1000-fold higher level ire thlasma. These mechanisms include a different



binding to plasma proteifisand a different dissociation rate from the FfRvost attention has yet
been attracted by the role oftthydroxysteroid dehydrogenase type 2/$D2), an enzyme that
converts cortisol to its inactive metabolite cartis and colocalizes with MRs in aldosterone target
tissues” Analogously metabolizing aldosterone bysHBD2 can not be accomplished because the
hydroxy group in 18-position is protected by cyclization. Under norroahditions, with these speci-
ficity mechanisms operating, approximately 90 %haf epithelial MR and 99 % of the nonepithelial
MRs are still occupied by cortisol. However, thiscopancy can turn into an agonistic mode when
11pHSD2 is blocked as it is in the case of tissue dmmahanged redox state by reactive oxygen

species, or inappropriate salt status, leading/petiension and hypokalenfia.

1.1.3 Cytochrome P450 enzymesin the biosynthesis of mineralo- and glucocorticoids

The adrenal corticosteroids are produced by mtdfi-syntheses with participation of cytochrome
P450 (CYP) enzymes. These enzymes belong to afaradiy of cysteinato-heme enzymes that are
present in all forms of life (plants, bacteria, andmmals) and ‘activate’ molecular oxygen for the
metabolism of both endogenous and exogenous stes$tra\ main structural feature of all CYP
enzymes is the prosthetic group, that is constitatean iron(lll)porphyrin, covalently linked todh
protein by a proximal cysteine ligand. The namiRg50’ can be traced back to studies of Garffiikel
and Klingenberg in 1958 who identified a carbon monoxide-bindipigment’ in the microsomal
fraction of rat liver cells. Omura and Sato chagdzed the responsible ‘pigment’ as a hemoprotein
with a characteristic shift of the absorption pe&akhe carbon monoxide adduct to approximately
450 nm¥°

The cytochromes P450 are potent oxidation catatistisuse molecular oxygen as oxidant. Specifi-
cally, they are monooxygenases or mixed functiodases because only one oxygen atom is inserted
into the substrate while the second oxygen atoredsiced to a water molecule. The catalytic cycle
starts with entropy driven substrate binding arldase of an axial water molecule from the low spin
resting staté (Figure 1)** This event displaces the iron out of the porphpiame and changes to a
pentacoordinated high spin state in the substratmd complexB. The so changed redox potential
makes the heme a better electron acceptor anctsigdectron transfer from NADPH via a reductase
protein, giving rise to the iron(ll)porphyrin conel C which is an efficient reducing agent. Triplet
dioxygen binds im*-mode by accepting an electron from iron(ll), fongnithe relatively stable inter-
mediateD. The formally negatively charged iron(lll)peroxonaplex E results from the rate-deter-
mining second reduction step. Once at this stagepaork of specific amino acids affords a fast-pro
tonation to the hydroperoxo speckesand subsequently to the iron(IV)oxo-porphyrinradlicationG
under release of a water molecule. Insertion ofjeryinto a carbon—hydrogen bond finally affords the
hydroxylation product. By this or closely relate@chanisms CYP enzymes can carry out a wide va-
riety of oxidative biotransformations such as epgakons, dehalogenations, dealkylations or cleavage

of carbon—carbon bonds.



Figure 1. Catalytic cycle of cytochrome P450 mediated oxadet
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Depending on the electron providing system, CYR/ges are classified into two main biochemical
classes. Type | enzymes (including CYP11B2 and (¥R]) which are present in the mitochondrial
membrane receive their electrons from NADPH viaraeidoxin reductase and ferredoxin. Microsomal
type Il enzymes, found in the endoplasmatic reticul(ER), receive their electrons from NADPH

through the intermediacy of a P450-oxidoreductssmetimes under assistance of cytochrogi@ b

Aldosterone and cortisol are synthesized startingnfcholesterol by a cascade of several enzymes,
many of which belong to the P450 superfamily (Feg@)>® The initial step is the conversion of
cholesterol to pregnenolone, mediated by choldstdesmolase CYP11A1l (side chain cleavage
enzyme) at the inner mitochondrial membrane. Tieyrae catalyzes three reactions including-20
hydroxylation, 22-hydroxylation, and cleavage oé tbarbon—carbon bond betweeg, @nd G,.**
Pregnenolone returns to the cytosolic compartmedtuendergoes dehydrogenation of tigen§droxy
group and subsequent isomerization of the doubhel lad G to afford progesterone. These reactions
are carried out by the enzymg-Bydroxysteroid dehydrogenasefk8SD), located on the membrane
of the smooth endoplasmatic reticulum. Alternagrygregnenolone can be hydroxylated at position
17 by 1'&-hydroxylase (CYP17) and subsequently transfeweldd-hydroxyprogesterone byBISD,
initiating the cortisol synthesis. Progesterone #@sdlL7-hydroxylated derivative, which can also be
synthesized from progesterone by CYP17, undergbydtexylation by CYP21A on the smooth ER
cytoplasmic surface, giving rise either to 11-demyicosterone or 11-deoxycortisol. The synthesis o
aldosterone takes place in the zona glomerulogheofidrenal gland and involves three consecutive
reactions. Aldosterone synthase (CYP11B2) initiljroxylates 11-deoxycorticosterone apfib-
sition to yield corticosterone. Finally, two subgeqt CYP11B2 catalyzed oxidations ag @nd water
release yield the mineralocorticoid aldosteronethim zona fasciculata of the adrenal glanghk-tyl-

droxylase (CYP11B1) oxidizes its substrate 11-deorysol, giving rise to the glucocorticoid corti-



sol. A major difference of CYP11B1 compared to CYB2 is the lacking 18-hydroxylase activity.
CYP11B1 can only introduce a hydroxy group igf-pbsition in both 11-deoxycortisol and 11-deoxy-

corticosterone whereas CYP11B2 can also carryxidations in 18-position.

Figure 2. Steroidogenic pathway to aldosterone and cortisol
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1.1.4 Aldosterone synthase (CYP11B2) and 11p-hydroxylase (CYP11B1), the key

enzymesin corticosteroid biosynthesis

The corticosteroid synthesizing enzymes CYP11B2 @NéP11B1 are not coexpressed within the
adrenal cortex. Aldosterone synthase is found amlthe zona glomerulosa, A-hydroxylase in the
zona fasciculata. The genes encoding both enzyreeareanged in a tandem on human chromosome
8q, approximately 45 kB from each other, and therleotide sequences are 95 % identical in coding
regions and about 90 % identical in intrén3he primary protein sequences differ only in 32 @fu
503 amino acid positions and in the mature enzywmieish are bound to the inner mitochondrial
membrane, only 29 out of 479 residues are not ictif?’ This high sequence identity (approxi-
mately 93 %) is reflected in the shareg-tiydroxylase function of both CYP11B isoforms. Hweg
CYP11B1 is a pure JBthydroxylase catalyst without 18-hydroxylase atyivand can not even g1
hydroxylate 18-hydroxy-11-deoxycorticostercfi®y contrast, CYP11B2 catalyzes also oxidations at
the steroidal 18-position, mainly in the coursecofiverting corticosterone to 18-hydroxycortico-
sterone and subsequently to aldosterone, but ials@n18-hydroxylate cortisol. An interesting faatu
is the interspecies differences of these enzymesuiinan and mouse, the corticoid synthesis involves
two CYP11B isoforms, CYP11B1 and CYP11B2, as exgdiabove. Bovine, pig and frog possess
only a single enzyme CYP1IB.Four isoforms are present in the rat, whereof CM31 and
CYP11B2 are the most important. CYP11B3, expressadusively in neonatal rat, has the same
activity as CYP11B2 and CYP11B4 encodes a pseuddgen



In order to spot the amino acids responsible fer ¢htalytic specificity, a series of site-directed
mutagenesis experiments was performed attractiegpiitative I-helix. It was demonstrated by
Bottneret al. that the aldosterone synthase activity decreasapgroximately 10 % compared to the
CYP11B2 wild type in the case of modifying the piosis 301 (leucine to proline), 302 (glutamic to
aspartic acid), and 320 (alanine to valine) whetbas1p-hydroxylase activity simultaneously in-
creases. Vice versa swapping the aldosterone smtbpecific amino acid at position 320 of
CYP11B1 from valine to alanine induced aldostersyigthase activity without significant impact on

the 1B-hydroxylase efficacy:

A 3D structure of either CYP11B2 or CYP11B1 is &y not at hand which is referable to the
common difficulties with crystallizing membrane lmoliproteins. However, recently established ho-
mology models provide elementary insight into thetgin structures and inhibitor binding mod&¥
It has been shown by our group that docking ineoltbmology models of CYP11B2 and CYP11B1
built on the X-ray structure of human CYP2C9 isseful tool to explain differences in activity and
selectivity of nonsteroidal aldosterone synthadebitors*** The binding affinity to either enzyme
was found to be highly dependent to the geometrthefcoordinative interaction between the heme
iron and the heterocyclic nitrogen. An angle of ee-N straight line with the porphyrin plane close
90° (i.e., when the heterocyclic nitrogen lone pairanges in perpendicular position to the heme
group) provides an optimal orbital overlap and esponds with a high inhibitory potency. Any distor-

tion of this geometry weakens the coordinative band hence the inhibitory potency.

1.2 Aldosterone synthase as drug target

1.2.1 Congestive heart failure, myocardial fibrosis, and therole of aldosterone

Congestive heart failure (CHF) is a condition ofufficient cardiac output and reduced systemic
blood flow, most frequently provoked by arterialpleytension and coronary artery disease, and goes
along with dispnoea, fatigue and edema. The prognsgoor: 30 % of the patients die within one
year and the mortality rises to 60—70 % after fyears® The progressive nature of the disease is a
conseqguence of a neurohormonal imbalance and ies@\chronic activation of the renin-angiotensin-
aldosterone system (RAAS) in response to the retloaediac output and the reduced renal perfusion.
Aldosterone and Ang Il are released excessivelgdifey to increased blood volume and blood
pressure as a consequence of epithelial sodiumtiateas well as Ang Il mediated vasoconstriction
and finally to a further reduction of cardiac outplhe RAAS is pathophysiologically stimulated in a
vicious circle of neurohormonal activation that otaracts the normal negative feedback loop
regulation (Figure 3). As a consequence, the addosé plasma levels may reach 300 ng/dL in CHF
patients compared to 515 ng/ in normal subjecisselsodium intake is nornfdlA decreased meta-

bolic clearance due to reduced hepatic perfusiotribaites to further aldosterone accumulafion.
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In addition to these indirect effects on the h&amttion, aldosterone exerts direct effects onhiart
by binding to and activating nonepithelial MRs ardiomyocytes, fibroblasts, and endothelial c8lls.
In response, aldosterone increases the expres$iendothelin 1 in cardiac fibroblasts which is a
growth factor stimulating collagen synthesis. Asoasequence, collagen type | and type Il are pro-
duced in the fibroblasts as procollagen, contai@ngmino-terminal and a carboxy-terminal propep-
tide” Upon release in the extracellular space, the pidgm are cleaved by specific proteinases and
the rigid collagen triple helix integrates into ging fibrils. Aldosterone may also act by increasin
the endothelin receptor numbers which in turn iases the collagen synthe¥idn addition, Ang I,
the other main effector hormone of the RAAS casgddereases the activity of matrix metalloprotein-
ase 1 (MMP 1) which is the key enzyme for inteiedticollagen degradatioll. The progressive syn-
thesis and deposition of fibrillar collagens in fiteoblasts results in myocardial fibrosis. Relaty
inelastic collagen fibers stiffen the heart musgtdch deteriorates the myocardial function and as a
consequence enforces the neurohormonal imbalancgtifylating the RAAS. In addition to the
effects of circulating aldosterone deriving fromrexthl secretion, Satat al. reported that aldosterone
produced locally in the heart can trigger myocdrtizosis, t0o® In endomyocardial tissue from
CHF patients, the CYP11B2 mRNA expression was Bamitly increased compared to the control
group, particularly in the case of advanced cardiggfunction. The mRNA levels correlated posi-
tively with the measured collagen volume fractisnggesting that cardiac CYP11B2 activity has

pathophysiological importance in the progressiomgbcardial fibrosis.

Figure 3. Pathophysiology of the renin-angiotensin-aldostersystem
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¥
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¥

reduction of cardiac output and deterioration of disease

1.2.2 Significance of aldoster onereceptor antagonistsin cardiovascular therapy

Until today, various drug classes targeting the RA#ave been developed, acting either by inhibi-
tion of the key regulator enzymes or by blocking #ttions of the effector hormones by functional
antagonism, affording a successful treatment oftHaéure and hypertension. The beneficial effefct
inhibiting the biosynthesis of Ang Il by the anginsin converting enzyme inhibitor enalapril (Figure
4) has been shown in the CONSENSUS trial in theD498he risk of mortality turned out to be re-
duced by 50 % within 6 months and by 46 % withinmi@nths upon enalapril treatméhiHowever,
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undesirable effects such as dry cough are obselwedo potentiation of endogenous kinins. In addi-
tion, ACE independent pathways to Ang Il are naicked. Moreover, ACE inhibitors can indeed
trigger an initial downregulation of circulatingdalsterone, but increased levels of aldosteronelbaay
seen after several months of therapy, presumalgytalpotassium stimulated secretfdiThis pheno-
menon termed ‘aldosterone escape’ is a limitingotaof ACE inhibitors and shows that novel thera-
peutic concepts combating the effects of elevakdolsterone levels are needed. Angiotensin Il type 1
receptor blockers such as losartan (Figure 1),weaé developed in the 1990s, antagonize the Ang |l
effects independent of their source and clearlyweguoto reduce mortality in heart failure but under
long-term treatment, the Ang Il levels are chroliycalevated®® Very recently, aliskiren, the first mar-
keted orally active renin inhibitor, co-developed NOVARTIS and SPEEDEL, received regulatory
approval by the U. S. Food and Drug Administration the treatment of hypertensidhAliskiren
binds tightly and selectively to the active site@rfin (IG, = 0.6 nM) with a half-life of 20—45 h in the
plasma and its efficacy and safety have been etealin several clinical triaf$. Other drugs for the
treatment of heart failure are beta-blockers, dicseand digoxin. However, these drugs can not re-

verse cardiac fibrosis.

Figure 4. The RAAS targeting drugs enalapril, losartan aigkeen

O O ~
Enalapril Losartan Aliskiren
ACE inhibitor Ang |l receptor blocker Renin inhibitor

The persistence of aldosterone secretion desgiééntient with ACE inhibitors and the evidence of
the deleterious effects of aldosterone on cardimwas function led to the hypothesis that blockihg
mineralocorticoid receptor might provide additiobahefit. In the Randomized Aldactone Evaluation
Study (RALES), published in 1999, patients with miadely severe or severe congestive heart failure
were treated with a 25 mg daily dose of the MR gmést spironolactone (Figure 5) in addition to the
standard therapy (ACE inhibitor, loop diuretic, akgn) and compared to patients who received a
placeba?® The trial was discontinued early, when the inteenalysis demonstrated a reduction of
mortality by 30 % and a reduction of hospitalizatiby 35 % compared to the placebo group. In
addition, follow-up studies suggested that spiraatane treatment can not only prevent but also
reverse cardiac fibrosi$,as reflected by reduced levels of serum procofiatype Ill peptides?
However, severe progestational and antiandrogede& effects such as gynecomastia or menstrual
disturbances were observéal.vitro studies revealed, that spironolactone posses$gsigfold selec-
tivity against the androgen receptor and also atdiv the progesterone recepgtoMoreover, the
publication of RALES was accompanied with increagethe rate of prescriptions for spironolactone

and in hyperkalemia-associated morbidity and mitytz
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In 2003, the cardioprotective effect of epleren@figure 5), a more selective MR antagonist, was
shown in the Eplerenone Post-acute Myocardial ¢tifam Heart Failure Efficacy and Survival Study
(EPHESUSY? In the group of patients who received eplerendi®enig average dose daily) in addi-
tion to the standard therapy within two weeks aftemte myocardial infarction, the overall mortality
decreased by 15 % compared to the placebo grougenRéndings in animal models suggest that
eplerenone can induse a reversal of cardiac fibfbsis it has been described for spironolactone.
Since eplerenone has greater selectivity for theeralocorticoid receptor, the rate of observed endo
crine side effects during the EPHESUS trial was, lalthough there was an increased incidence of
hyperkalemia. Very recently, Bedl al. from ELI LiLLY described the development of a series of indole
analogues as MR antagoni$tJ.heir research culminated in the discovery ofrtie¢hanesulfonamide
derivativel (Figure 5) that shows picomolar binding affinitpdain vivo blood pressure lowering
superior to eplerenone at pharmaceutically relegtanés. Moreover, the selectivity profileldigainst

the androgen and progesterone receptor exceedsf thaitonolactone and eplerenone.

Figure5. Themineralocorticoid receptor antagonists spironolaet@plerenone and compound

Spironolactone Eplerenone |

1.2.3 Inhibition of CYP11B2 as promising cardiovascular therapy concept

The clinical studies with MR antagonists gave enadefor the pivotal role of aldosterone in the pro-
gression of cardiovascular diseases. Blocking ttesterone action by functional antagonism of its
receptor reduced the mortality and significantlgueed the symptoms of heart failure. Furthermore,
cardiac fibrosis could not only be prevented bgbaleversed by use of spironolactone. However,
several issues remain unsolved by this therapstritegy. Spironolactone binds rather unselectively
to the aldosterone receptor and also has sometwgftinother steroid receptors. This often resuits
adverse side effects during MR antagonistic therAfihough eplerenone is more selective, clinically
relevant hyperkalemia remains a principal theragly. rAnother crucial point is the high concentratio
of circulating aldosterone which is not loweredMRR antagonists and raises several issues. Fiest, th
elevated aldosterone plasma levels do not indde®r®logous downregulation but an upregulation of
the aldosterone receptrThis fact complicates a long-term therapy as aniisgs are likely to be-
come ineffective. Furthermore, the high concerdretipromote nongenomic actions of aldosterone
which are in general not blocked by receptor amege. Pathological aldosterone concentrations have

been identified to induce a negative inotropic @ffa human trabeculae and to potentiate the vasoco



strictor effect of Ang Il in coronary arteries iapid, nongenomic mann&rThus, aldosterone is in-

trinsically capable to further deteriorate the héamction by acting nongenomically.

A novel therapy option, targeting cardiovasculasedses by interruption of the RAAS, is the
blockade of aldosterone production, preferablyrisyhiting CYP11B2, the key enzyme of its biosyn-
thesis. Aldosterone synthase was proposed as atbigharmacological target by our group as early
as 19947 followed soon thereafter by the hypothesis, thhititors of CYP11B2 could serve as drugs
for the treatment of hyperaldosteronism, congestigart failure, and myocardial fibro§f’ This
therapeutic strategy has two main advantages c@ugarreceptor antagonism. Foremost, there is no
nonsteroidal inhibitor of a steroidogenic CYP eneykmown to have affinity for a steroid receptor
which is why fewer side effects on the endocrinstay can be expected. Furthermore, CYP11B2
inhibition can reduce the pathologically elevatétbsaterone levels, whereas interfering one stegy lat
at the receptor level leaves them unaffected. éndigvelopment process toward aldosterone synthase
inhibitors, investigating the selectivity profilevtard other cytochrome P450 enzymes at an early
stage is a crucial point. It is known that the a@ptcof heme-iron complexation (e.g., by nitrogen-
containing heterocycles) is an appropriate strategjiscover highly potent and selective inhibitrs
Due to this binding mechanism, however, a puta@¥P11B2 inhibitor is potentially capable of
interacting with other CYP enzymes by similarly diimy to the heme co-factor with its metal binding
moiety. Taking into consideration that the key aneyof glucocorticoid biosynthesis, Ahydroxy-
lase (CYP11B1), and CYP11B2 have a sequence homalbgpproximately 93 %, the selectivity

issue is especially critical for the design of CYB2 inhibitors®®

Recent experimental data presented by Fiebstleal. point at the potential therapeutic utility of
aldosterone synthase inhibitibh Their studies revealed, that tH&+)-enantiomer of fadrozole,
FAD 286A, ameliorates angiotensin Il induced orgamage in transgenic rats. Fadrozole, an aroma-
tase (CYP19) inhibitor which is used for the thgrap breast cancer, is the first described compound
with ability to reduce corticoid formatioft.”* In their studies, Fiebeleet al. demonstrated, that
untreated transgenic rats overexpressing bothuheh renin and angiotensinogen genes had a 40 %
mortality rate (5/13) after 7 weeks and developgpentension and cardiac and renal damage. FAD
286A reduced the mortality to 10 % (1/10) and aseliorated cardiac hypertrophy. In week seven, a
slight decrease of blood pressure was observeatdition, it was shown very recently, that fadrezol
reverses cardiac fibrosis in spontaneously hypsitenheart failure rat€. Whether MR blockade
should be preferred rather than lowering the altose synthesis is a moot question and contro-
versially debated in the literatufeThe preliminary studies toward aldosterone-longraifects in
disease-oriented models, however, underline thengtiat therapeutic utility of aldosterone synthase
inhibition. Thus, the approach to reduce aldosteraction by CYP11B2 blockade and thus tackling
mineralocorticoid mediated pathologies is a prongigpharmacological concept, although its clinical

value still has to be proven.
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In addition to the potential therapeutic utility @ardiovascular diseases, radiolabeled ligands of
CYP11B enzymes might be a useful tool for molecut@aging of CYP11B expression in adreno-
cortical tissue and thus for the diagnosis of aalreumors’* Due to selectively binding to CYP11B2,
these compounds are also interesting for the ingaginConn adenomas which are characterized by
high expression of CYP11B2.

1.3 State of knowledge: Inhibitorsof CYP11B2

1.3.1 Compoundswith inhibitory effect on aldosterone biosynthesis

Several compounds are known to suppress the atdostéormation. In the course of an evaluation
of MR antagonists, the spironolactone derivativespirenone (Figure 6) was found to exert an inhi-
bitory effect on the adrenal corticosteroid synthefhe aldosterone formation was inhibited by 40 %
at a concentration of 1M in rat adrenal gland$. Among the class of steroidal compounds,
progesterone and deoxycorticosterone derivativéls wisaturated {g-substituents such as 18-vinyl-
progesterone (18-VP), 18-ethynylprogesterone (18‘EBnd 18-vinyldeoxycorticosterone (18-
VDOC)"® bind covalently to the bovine CYP11B enzyme. F8fVP it was shown by difference
spectroscopy that the inactivation proceeds viaibagnto the prosthetic heme. Catalytic oxidative
activation generates a reactive intermediate whigtkylates the porphyrin and as a result induces a
destruction of the P450 chromophore. By this ‘sl@éainechanism’ they block the 18-hydroxylation of

corticosterone to aldosterone with\lues in the low micromolar range.

Figure 6. Steroidal compounds with inhibitory effect on adtirone formation
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Few nonsteroidal compounds have been identifiedC#®11B2 inhibitors. Moderately potent
inhibitors were discovered by screening azole tigpagicides’® The most active compound of this
screening turned out to be ketoconazole (Figureai@)unspecific inhibitor of many CYP enzymes
(ICso = 81 nM)?* Staurosporine, a very potent broad-range kindsigitor, significantly reduces the
aldosterone synthase activity in V79MZh cells espieg human CYP11B2 (i¢= 11 nM)® Other
compounds with well-known inhibitory action on CYEB2 are metyrapone (¥ = 208 nM), a
CYP11B1 inhibitor which is used in the diagnosisCafshing’s syndrom®&, R-etomidate (IG, = 1.7

nM), a clinically used anesthefitand fadrozole which is used for the therapy oabreancer.
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Amongst the latter compounds, fadrozole is cenyaihk best investigated relating to aldosterone
synthase inhibition. Its racemic form, CGS 16949was originally designed to selectively inhibit
aromatase (CYP19), the key enzyme for the conwersicadrenal androgen substrates to estrogens,
for the treatment of hormone dependent breast cAh@YP19 is closely related to CYP11B2 as it
oxidizes steroids at ;¢ and fadrozole was accordingly found to inhibitcagtrone synthase with
considerable potendy vitro as well’® Furthermore, treatment with a 16 mg daily dosetted sig-
nificant suppression of both basal ad@TH-stimulated aldosterone production in postmeusal
patients with metastatic breast can¢efFhe R(+)-enantiomer (Figure 7), FAD 286A, proved to be a
potent and relatively specific aldosterone synthakiitor (CYP11B2, I1G = 6 nM; CYP11B1, IG,
= 119 nM)° and often serves as a prototype to investigasetsfiof aldosterone synthase inhibition

Vivo'19,72,84

Figure 7. Nonsteroidal aldosterone synthase inhibitors

CN
Cl HN\

Ketoconazole Staurosporine Metyrapone R-Etomidate R-Fadrozole

1.3.2 Further developments of the aromatase inhibitor fadrozole

Several fused heterocycles, primarily fused imitzzmompounds, have been described as aldo-
sterone synthase inhibitors in recently filed petdsy SPEEDEL®® and NovARTIS®® From Figure 8 it
becomes apparent, that most of these compoundsaréier developments of the aromatase inhibitor
fadrozole (Figure 8a), consisting of a heterocyitlanost cases imidazole, condensed to a derivhtize
carbocycle. The carbocyclic moiety of the presemtechpounds has been extensively modified, for
example by introduction of heteroatoms or variatirring-size. Thepara-cyanophenyl motive of
fadrozole can also be found in most of the denegtishown in Figure 8 and is generally represented
by the substituents'Rand/or B or by a spirocyclic connection to the bicyclic eqiv02006128852
and W02006128851). However, some structures domabusly derive from fadrozole. This particu-
larly applies to recent patents MOVARTIS(WO2008076862, WO2008076860, W0O2008076336, and
WO02007117982), that focus on dihydroisochromen-é4-and dihydroisoquinoline-1-one type inhi-
bitors.
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Figure 8. General structures with international publicatianmber of nonsteroidal CYP11B2 inhibitors derived
from fadrozole 4): Patents o8PEEDEL (b) andNOVARTIS(C)
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1.3.3 Development of heteroaryl substituted methyleneindanes and -tetrahydronaph-

thalenes

In our effort to identify a lead structure, thainche optimized as selective aldosterone synthase
inhibitor, we performed a screening of our in-hoasempound library consisting of cytochrome P450
inhibitors. This search resulted in several hitenohgst them, the hydroxylated indane derivative
HBG60 (Figure 9) turned out to be of particular interéseé to its strong inhibition of CYP11B2 @&

59 nM) together with slight selectivity versus CYIBL (IG, = 273 nM) and no inhibition of CYP5,
CYP11A1, CYP17, and CYP19.Structural optimization led to imidazolyl substiéd methylene-
indanes and -tetrahydronaphthalenes as potentathérrunselective aldosterone synthase inhibitors
such asViMZ41 andMMZ43 (Figure 9)%* The latter compounds have also been shown to ecthec
aldosterone plasma levals vivo by approximately 35-50 % in adult male rats. Hosvevhe poor
selectivity makes them unsuitable drug candidaiée best compound within this serigdM 243
displays only 5-fold selectivity versus CYP11B1 aislo strongly inhibits aromatase £4G 39 nM).
Consecutive studies revealed that exchange of muldaby pyridine or pyrimidine as heme com-

plexing heterocycle clearly increases the inhilifpotency and especially the selectivity.
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Figure 9. Heteroaryl (Het) substituted methyleneindanes égtdahydronaphthalenes (general structlye
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I HB60 MMZ41 MMZ43 SU11A SU20A
hCYP11B2 ICsy: 59 nM 11 nM 3.7 nM 6.8 nM 27 nM
hCYP11B1 ICsy: 273 nM 6.0 "M 20 nM 311 nM 3179 nM

The 5-fluoro substitute@&-methyleneindaneSU11A and SU20A (Figure 9) inhibit CYP11B2 46-
and 118-fold stronger than CYP11B1. However, altjiothe compounds are more selective toward
CYP11B1 and also CYP19, several issues remain waolFirst, compounds of the pyridyl-
methyleneindane type turned out to be inhibitorseferal hepatic drug-metabolizing CYP enzymes,
above all CYP1A2, but also CYP2B6 and CYP2C19. epaYP enzymes are the most important
catalysts for the oxidative metabolism of exogensubstrates such as drfddnhibition of these
enzymes by concomitant administration of other drcgn lead to adverse drug-drug interactions and
therefore has to be avoided in either case. Furtbier, no significant lowering of aldosterone plasma
levelsin vivo could be observed in the previously used rat mdlajht variation of the lead structure
which has subsequently been performed to furtterease the selectivity resulted in the discovery of
heteroaryl substituted naphthalenes and dihydrdhafgnes as potent and selective aldosterone

synthase inhibitors.

1.3.4 Development of heteroaryl substituted naphthalenes and structurally modified

derivatives

By keeping two pharmacophore points of the pyridstimyleneindanesl| (i.e., the aromatic ring
centroid and the heterocyclic nitrogen) pyridylndgattenes and -dihydronaphthaleriés were de-
signed (Figure 10). The exocyclic double bond pregelll was incorporated into a carbocycle or
heterocycle (not shown) condensed to the conseavaohatic ring and the partly saturated 5-mem-
bered ring was removed to afford a naphthaleneilyyddonaphthalene skelet8#2° In the corres-
ponding acenaphthene derivatives sucklad3, three ring centroids are present by conservieghth

membered ring’

Figure 10. Development of pyridylnaphthalenes and -dihydrotiaglened V' by variation of pyridyl-
methyleneindaneld |
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Structural optimization of this new lead (genetaligureV in Figure 11) revealed clear SAR. A 3-
pyridine moiety as heme complexing heterocycle @doio be of high importance for a strong inhi-
bitory potency and high selectivity toward CYP11Eubstituents in 6-position of the naphthalene
core, preferably cyano and small alkoxy residussac@omplished in compountitV23 andM V55
(Figure 11) were shown to further improve the delgg. Some other substituents were also tolerated
in terms of both activity and selectivity, e.g.ptethyl in compoundV51. The indene derivative
MV49 turned out to be the most selective CYP11B2 imbibwith a striking selectivity factor of
1500. However, these compounds exhibited no irdrpi¢ffect on the aldosterone productiarnvivo.
Another major drawback of the naphthalene and dinaphthalene type CYP11B2 inhibitors is a
strong inhibition of the hepatic CYP1A2 enzyme thaikes up approximately 10 % of the overall
cytochrome P450 content in the liver and contributethe metabolism of aromatic and heterocyclic
amines as well as polycyclic aromatic hydrocarbonst a concentration of 2M, CYP1A2 was
inhibited by more than 95 %, with only a few exdep$ displaying approximately 80 % inhibition

which is not tolerable for a drug candidate.

Figure 11. Heteroaryl (Het) substituted naphthalenes, dihydpbithalenes and indenes (general strudtyre
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2 Aim of the present study

2.1 Scientific objective

Pyridine substituted naphthalenes (eMyy/23) and structurally related compounds constitutéaasc
of potent inhibitors of aldosterone synthase (CYBZ)1lthat affect the highly homologous ft1
hydroxylase CYP11B1 only to a minor degree (selégtifactors up to 1500). In addition, exami-
nation of availability in plasma following peroratiministration of these compounds to rats showed
good half-lifes and reasonable to excellent plaseva&ls. However, these nonsteroidal inhibitors
revealed two major pharmacological drawbacks: Argjrinhibition of the hepatic drug metabolizing

enzyme CYP1A2 and no inhibitory effect on the atdamne productioin vivo by using a rat model.

Hepatic CYP enzymes are the most important catafgstthe oxidative metabolism of xenobiotics,
and approximately 80 % of all Phase | reactionscarded out by the CYP families 1-3. Amongst the
latter, CYP1A2 makes up approximately 10 % of therall cytochrome P450 content in the liver and
mainly metabolizes amines and aromatic hydrocarbimimgbition of these enzymes by concomitant
administration of other drugs can lead to advensgy-drug interactions and therefore has to be
avoided in either case. Hence, one major goal ®@fptlesent thesis was the optimization of the selec-
tivity profile mainly by overcoming the unwantechihition of hepatic CYP enzymes and CYP1A2 in
particular. To achieve this goal, novel aldoster@yathase inhibitors have been designed using

several rational drug design approaches.

Some highly potent and selective CYP11B2 inhibitmir¢he naphthalene type were investigated for
their ability to reduce aldosterone levéisvivo using the animal model of Hausler al®* However,
none of the investigated compounds displayed #sttally significant lowering of the aldosterone
plasma levels, although being highly availableha plasma (e.gMV23 displays an AUC of 1753
ng-h/mL following a 5 mg/kg peroral dose). In tleggel, it has been shown in our laboratories that
the lackingin vivo efficacy is due to species differences of the CMEZL enzymes (Riest al,
unpublished results). The investigated moleculewgat to exhibit no blockade of the aldosterone
biosynthesis in V79 MZh cells expressireg CYP11B2. Therefore, the present study aimed togbri
forth a proof of concept by showing that a nonstitoin vitro potent CYP11B2 inhibitor has also
aldosterone-lowering effecta vivo. To achieve this goal, the new inhibitors weretirmly investi-

gated for their ability to inhibit aldosterone faation catalyzed by the rat CYP11B2 enzyme in a
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recently established assay using V79 MZh cellsesging rat CYP11B2 (unpublished) prioiitiorivo
experiments in the modified rat model of Haugeal In parallel, initial studies towarid vivo trials

in other species were performed (eex. vivoand pharmacokinetic investigations, unpublished).

Apart from this rather ‘pragmatic’ approach of opitiing an early lead into an vivo active drug
candidate, the present thesis aims to elucidateralesther issues that are of major relevanceher t
understanding of structure activity relationshiB®\R) as well as for the future design of CYP11B
inhibitors. First, an extended pharmacophore moslats generated following the discovery of
structurally diverse molecules with inhibitory astion CYP11B2 by a compound library screening.
The present work was intended to point out the saofpand thus validate the model following a
pharmacophore-based synthesis project. Furtherrdooking studies in our CYP11B2 protein model
were performed in order to check for consistenay wie pharmacophore hypothesis. In addition, the
influence of certain structural modifications oe thls-hydroxylase (CYP11B1) activity is of particu-
lar interest. On the one hand, CYP11B1 inhibitisram important selectivity criterion for aldostezon
synthase inhibitors. On the other hand, selectiv®T1B1 inhibitors could be used for the treatment
of Cushing’s syndrome and metabolic syndrome. Algioseveral potent CYP11B1 inhibitors have
been described previously, in-depth SAR studiesessentially absent. In the present work, these

issues were scrutinized in detail.

2.2 Working strategy: Inhibitor design concept

The preliminary studies of Voett al. aiming at the design of nonsteroidal aldosteromghsise
inhibitors have demonstrated, that 3-pyridine sulied naphthalenes provide an ideal molecular
scaffold for a strong inhibition of the target emmy CYP11B2 as well as high selectivity versus
several other CYP enzymes (e.g., CYP11B1, CYP1R I These molecules can be considered to
be ABD-ring mimetics of aldosterone, imitating tAB-moiety by a naphthalene molecular scaffold

and the D-ring by a 3-pyridine that binds to thenkecofactor (Figure 12).

Figure 12. Chemical structures of aldosterone and the ABD-nmigneticM V26

aldosterone MVv23

The previous structural optimization was focusedta carbocyclic skeleton (AB-moiety) and
revealed that residues in 6-position, which obJipimitate the keto-group in the steroidal 3-pamsiti

significantly increase both activity and selectivitf the compounds. Rationalizing the obtained SAR
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from the preliminary work, a potent aldosteronetkgse inhibitor should at least exploit the follogi
pharmacophoric features: A bicyclic core structwigh a substituent in 6-position mimicking the
steroidal AB-moiety and a derivative of 3-pyridimethe naphthalene 2-position imitating the D-ring
to provide the appropriate molecular geometry fodimg to the heme-cofactor. In the present work,
pyridylnaphthalenéd/V23 serves as a lead structure for further structypéimization. The particular
variations of theM V23 core are outlined in Figure 13: Variation of thetdrocyclic (D-ring) substi-
tution pattern¥Y1), extension of the carbocycle by introduction ehbylic substituents into the B-ring

(VI1) and A-ring modifications giving rise to compounwigh the general structurdd11-X11.

Figure 13. Inhibitor design concept
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In the preliminary work, the substitution patterintioe AB-moiety ofMV23 has been extensively
modified. The influence of substituents in the hatgclic moiety on potency and selectivity, how-
ever, was not investigated in detail. In one sujgotoof the present thesis, a series of moleciWés (
Figure 13) bearing various substituents in thedige D-ring and with retainelll V23-backbone (i.e.,
6-methoxy-2-napthyl) has been prepared followingyathesis-based strategy (Paper ). The sub-
project was rooted in and clearly benefited from fhicile and quick synthesis, affording a consider-
able number of compounds over a relatively shoriog€® The key synthetic transformation was a
microwave enhanced Suzuki coupling, starting fratimee commercially available or easily accessible

building blocks (Figure 14). The results of theseestigations are presented in Chapter 3.1.

Figure 14. Synthesis of compounds with the general structlire

/N] Pd
uw B N
N (OH), 2
T = A
MeO MeO Br R

Vi ¢ commercially accessible with
ast available synthetic ease

In another subproject, novel aldosterone synthasibitors with extended carbocyclic skelet®1 |,
Figure 13) were designed by a combined ligand- stnacture-based approach (Paper“ijn our
search for new lead compounds as CYP11B2 inhibitmigdazolylmethylene-substituted flavones

were found to be aldosterone synthase inhibitorth wmoderate to high inhibitory potency by
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compound library screening (for structures see @meé2). These molecules that originally have been
described as aromatase inhibitdmisplay a considerable CYP11B2 inhibition, albeithout being
selective toward the highly homologous CYP11B1. Temical structures of the most potent
inhibitors of this series were used for the gemanabf an extended pharmacophore model. The
pharmacophore hypothesis led to the design of sampollecules that exploit the newly discovered
pharmacophoric features (i.e., a voluminous hydobpharea next to the heterocycle, along with two
acceptor atom features) by modifying te/23 lead structure. Subsequently, docking studiesum o
CYP11B2 protein mod&iwere performed in order to check for spatial cstesicy with the pharma-
cophore hypothesis. It was found that 3-benzyl stwitsd derivatives oMV 23 such asVII (Figure

13) adequately fit into the binding site by explaita previously unexplored sub-pocket (for detafls
the pharmacophore modeling and docking see Ch&8®grUpon hit identification, a series of com-
pounds was synthesized with the benzyl moiety béiegsite of major chemical modification and
evaluated in several assays for biological activithe typical synthetic procedure toward the title
compounds is outlined in Figure 15 as retrosynthsktietch. The heterocycle was introduced to the
naphthalene skeleton via Pd-catalyzed cross cayptarting from a 3-benzoyl-2-naphthol derivative.
This key intermediate was obtained eitherdstho-lithiation of a 2-methoxynaphthalene derivative
and subsequent addition to a Weinreb amide or bgn@rd-addition of a functionalized phenyl-

magnesium reagent to a 2-naphthalene-carbaldelerdeative.

Figure 15. Synthesiof compounds with the general structiid
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As mentioned above, naphthalene and to a minoredegitso methyleneindane type CYP11B2
inhibitors proved to be highly potent inhibitors tbie hepatic drug-metabolizing enzyme CYP1A2 in
en extended selectivity screening. A survey ofdhemical structures revealed that these molecules
largely consist of aromatic carbon atoms, thus d@iresent in rather planar conformations. Interes-
tingly, aromaticity has been identified to correlgbsitively with CYP1AZ2 inhibition in recent QSAR
studies’® Furthermore, both CYP1A2 substrates and inhibitoes usually small-volume molecules
with a planar shape (e.g., caffelhand furafylliné€®). Rationalizing these findings, our design strateg
aimed at reducing the aromaticity and disturbing fianarity of the molecules while keeping the
pharmacophoric points of the naphthalene molecstaffold of MV23 in order to reduce the
CYP1A2 potency. The above considerations led taléwelopment of pyridine substituted tetrahydro-
naphthalene (e.gV/l11, Figure 13) and tetralon&X) derivatives with (partly) saturated A-ring moiety

(Paper l11). Bioisosteric exchange due to cytotoside effects of tetraloneX afforded a series of
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highly potent and selective 3,4-dihydrbl-huinolin-2-one derivativesX(, Paper I1)*° Rigidification
of these molecules by incorporation of the lactasidue into a 5- or 6-membered ring afforded
compounds with a pyrroloquinolinone or pyridoquinohe (not shown) molecular scaffoleI(
Figure 13, Paper IVY° Introduction of an additional benzene moiety itite heterocycleXIl) was
accomplished with the aid of the SAR of the presgdstudies (Paper | and Paper Il). Figure 16
outlines the typical synthetic procedure towardivdgives with the general structuréd and Xl1
comprising Suzuki coupling reactions to form tharpi bonds and Friedel Crafts cyclization reactions

to synthesize the tricyclic molecular backbone@stkansformations.

Figure 16. Synthesi®of compounds with the general structuxdsandX11
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3 Results

3.1 Overcoming Undesirable CYP1A2 Inhibition of Pyridyl-
naphthalene Type Aldosterone Synthase | nhibitors: Influence

of Heteroaryl Derivatization on Potency and Selectivity

Ralf Heim, Simon Lucas, Cornelia M. Grombein, Ctinig Ries, Katarzyna E. Schewe,
Matthias Negri, Ursula Miiller-Vieira, Barbara Bidknd Rolf W. Hartmann

This manuscript has been published as an artidleein

Journal of Medicinal Chemistr8008, 51, 5064-5074

Paper |

Abstract: Recently, we reported on the development of patedtselective inhibitors of aldosterone
synthase (CYP11B2) for the treatment of congedtimart failure and myocardial fibrosis. A major
drawback of these non-steroidal compounds wasoaginhibition of the hepatic drug-metabolizing
enzyme CYP1AZ2. In the present study, we examinedntffuence of substituents in the heterocycle of
lead structures with a naphthalene molecular sicatio overcome this unwanted side effect. With
respect to CYP11B2 inhibition, some substituentiio@d a dramatic increase in inhibitory potency.
The methoxyalkyl derivative®2 and26 are the most potent CYP11B2 inhibitors up to né®@y =

0.2 nM). Most compounds also clearly discriminateetween CYP11B2 and CYP11B1 and the
CYP1A2 potency significantly decreased in some £dgeg., isoquinoline derivativ@0 displayed
only 6 % CYP1A2 inhibition at ZM concentration). Furthermore, isoquinoline detiw@®8 proved

to be capable of passing the gastrointestinal @acdt reached the general circulation after peroral

administration to male Wistar rats.
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I ntroduction

The most important circulating mineralocorticoid@sterone is secreted by the zona glomerulosa of
the adrenal gland and is to a minor extent alsthegized in the cardiovascular systefthe hormone
plays a key role in the electrolyte and fluid hostesis and thus for the regulation of blood pressur
Its biosynthesis is accomplished by the mitoch@ldiytochrome P450 enzyme aldosterone synthase
(CYP11B2) and proceeds via catalytic oxidation ¢ tsubstrate 11-deoxycorticosterone to
corticosterone and subsequently to aldostefofiee adrenal aldosterone synthesis is regulated by
several physiological parameters such as the @mgmtensin-aldosterone system (RAAS) and the
plasma potassium concentration. Chronically elel/gl@esma aldosterone levels increase the blood
pressure and are closely associated with certamsf@f myocardial fibrosis and congestive heart
failure® An insufficient renal flow chronically activateket RAAS and aldosterone is excessively
released. The therapeutic benefit of reducing &ddose effects by use of the mineralocorticoid
receptor (MR) antagonists spironolactone and eptere has been reported in two recent clinical
studies (RALES and EPHESU®) The studies showed that treatment with these anisig reduces
mortality in patients with chronic congestive hefaiture and in patients after myocardial infaraotio
respectively. Spironolactone, however, showed segate effects presumably due to its steroidal
structure*® Although the development of non-steroidal aldaster receptor antagonists has been
reported recently,several issues associated with the unaffectedpatitophysiologically elevated
plasma aldosterone levels remain unsolved by igisapeutic strategy such as the up-regulationeof th
mineralocorticoid receptor expressioand non-genomic aldosterone effec#s.novel approach for
the treatment of diseases affected by elevateds@dmme levels is the blockade of aldosterone
biosynthesis by inhibition of CYP11B2! Aldosterone synthase has previously been propasex
potential pharmacological targétand preliminary work focused on the developmenstefoidal
inhibitors, i.e., progesterotieand deoxycorticosterotederivatives with unsaturated &ubstituents.
These compounds were found to be mechanism-bakégtans binding covalently to the active site
of bovine CYP11B, however, data on inhibitory astiowards human enzyme are essentially absent
in these studies. The strategy of inhibiting thdoaterone formation has two main advantages
compared to MR antagonism. First, there is no nersglal inhibitor of a steroidogenic CYP enzyme
known to have affinity to a steroid receptor. Fbistreason, fewer side effects on the endocrine
system should be expected. Furthermore, CYP11BRiiidm can reduce the pathologically elevated
aldosterone levels whereas the latter remain uctaffieby interfering one step later at the receptor
level. By this approach, however, it is a challengeaeach selectivity versus other CYP enzymes.
Taking into consideration that the key enzyme dficgtorticoid biosynthesis, fdhydroxylase
(CYP11B1), and CYP11B2 have a sequence homologyare than 93 9% the selectivity issue
becomes especially critical for the design of CYBZ Inhibitors.

The aromatase (CYP19) inhibitor fadrozdle@hart 1) which is used in the therapy of breaster

was found to significantly reduce the corticoidrfation’® This compound is a potent inhibitor of
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CYP11B2 displaying an g value of 1 nM (Table 1). The R(+)-enantiomer adrfzzole (FAD 286)
was recently shown to reduce mortality and to avn&ie angiotensin Il-induced organ damage in
transgenic rats overexpressing both the human ranih angiotensinogen geriésThese findings
underline the potential therapeutic utility of adtierone synthase inhibition, and up to now, several
structurally modified fadrozole derivatives areéstigated as CYP11B2 inhibito¥s.’ Recently, the
development of imidazolyl- and pyridylmethylenedétydronaphthalenes and -indanes as highly
active and in some cases selective CYP11B2 inmitms been described by our gréif.By
keeping the pharmacophore and rigidization of e structure, pyridine substituted naphthal&nes
Il and dihydronaphthalerfé$!l were shown to be potent and selective CYP11Bditdts (Chart 1).
Combining the structural features of these substatesseso a hybrid core structure led to pyridine
substituted acenaphthenes as potent CYP11B2 iatsbitith remarkable selectivify.Furthermore,
most of the naphthalene and dihydronaphthalene ¢gpepounds exhibited a favorable selectivity
profile versus selected hepatic CYP enzymes. Howeéliey turned out to be potent inhibitors of the
hepatic CYP1A2 enzyme (see examde8, and4 in Table 1). CYP1A2 makes up about 10 % of the
overall cytochrome P450 content in the liver andabelizes aromatic and heterocyclic amines as
well as polycyclic aromatic hydrocarbofisThis experimental result turned these naphthatgpe
aldosterone synthase inhibitors into unsuitableg drandidates since adverse drug-drug interactions
are mainly caused by inhibition of hepatic cytocheoP450 enzymes and have to be avoided in either
case. In our preceding studies, the attention wassked on the optimization of the naphthalene
skeleton, the substitution pattern of the heme dexnpg 3-pyridine moiety, however, was not
investigated in detail. Herein, we describe thetlsysis of a series of naphthalenes and dihydro-
naphthalenes with various substituents in the pwicheterocycle to examine their influence on
potency and selectivity (Table 1). The biologicatiaty of the synthesized compounds was deter-
minedin vitro on human CYP11B2 for potency and human CYP11B1CGYE1A2 for selectivity. In
addition, selected compounds were tested for itdnypiactivity at human CYP17 (&7hydroxylase-
C17,20-lyase), CYP19, and selected hepatic CYPreegy(CYP2B6, CYP2C9, CYP2C19, CYP2D6,
CYP3A4). Thein vivo pharmacokinetic profile of two promising compounsas determined in a

cassette dosing experiment using male Wistar rats.

Chart 1. Non-steroidal inhibitors of CYP11B2
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Results
Chemistry

The key step for the synthesis of pyridine subsidunaphthalenes was a Suzuki cross coupling
(Scheme 15° A microwave enhanced method developed by van yeken et al. was chosen for this
purpos€’ By applying this method, various substituted brpgraines were coupled with 6-
methoxy-2-naphthaleneboronic acid to afford compgisuf 9-11, 14, 15, 17-19, 21, 23, 27, and28.
CompoundB was obtained by coupling of 4-methyl-3-pyridinetiac acid with triflate8a which was
accessible by treating 6-cyano-2-naphthol withNFh and KCO; in THF under microwave
irradiation?® The bromopyridines could be derivatized prior ta&i coupling according to Scheme 2
to provide heterocycles bearing a hydroxy, ethoxyyaroxymethyl substituentlQa, 14a, 21a, and
23a).%

Scheme 17

N /N

B(OH) “ - g
2 1 '
L OORS;
~o Ra b ~o Rey?

7,9-11, 14,15, 1719,

2123 27,28
- ”%)
+
o8 99
NC (HO) NC

R=H
i R=Tf 8a
& Reagents and conditions: i) Pd(RRhDMF, ag. NaHC@ pw, 150 °C; ii) TENPh,
K,CO;, THF, uw, 120 °C; iii) Pd(dppf)Gl, toluene/acetone, ag. p&Os, uw, 150 °C.

Scheme 2°
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21a, 23a
& Reagents and conditions: i) conc. HBr,
reflux; i) EtBr, K,CO; DMF, rt; iii)
NaBH,, methanol, 0 °C.

For compound®1-26, the substitution pattern was modified after thess-coupling reaction as
shown in Scheme 3 by sodium borohydride reductimh @ptional methylation. Esterification of the

carboxylic acidsl5 and19 by refluxing in methanol under acid catalysis edtm the corresponding
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methyl estersl6 and 20. The synthesis of 6-cyanodihydronaphthaléneas accomplished by the
sequence shown in Scheme 4. Using 6-bromo-2-teafd-catalyzed cyanatiSied to intermediate
6b which was transformed into the alkenyltrifl&ia by deprotonation with KHMDS and subsequent
treatment with TANPh>' Compound6a underwent Suzuki coupling with 3-pyridineboronicicato
afford 6.

Scheme 3°

N
N R \R

o yesh
wes

’:R H 21,23, 25
R'= Me 22, 24, 26

N N
= - |
\ I coom i x COOMe
1 “ 90 "
~o ~o

15,19 16, 20
# Reagents and conditions: i) NagHnethanol, 0 °C; ii) Mel, NaH, THF, rt;
iii) methanol, HSQ,, reflux.

Scheme 4°

R=Br
IR
& Reagents and conditions: i) Zn(GNPd(PPh),, DMF, 100 °C; ii) TENPh,
KHMDS, THF/toluene, —78 °C; iii) 3-pyridineboronicid, Pd(PPk4, DMF,
ag. NaHCQ, pw, 150 °C.

The naphthaleneg, 12, 29 and the dihydronaphthalen&s 13, 30 were obtained as shown in
Scheme 5. The sequence for the synthesis of inthatee was described previously and was only
slightly modified by us (see supplementary matgffal Regioselective a-bromination was
accomplished by treatinge with CuBr, in refluxing ethyl acetate/CHEY After a subsequent
reduction/elimination stef, the intermediate alkenylbromid2b underwent Suzuki couplifiywith
the appropriate boronic acid to afford the dihya@mmthalenes, 13, and 30. The corresponding
naphthaleneg, 12, and29 were obtained by aromatization 26 with DDQ in refluxing toluen&
followed by Suzuki coupling’ The synthesis of compounds3, and4 has been reported previously

by our groug®®
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& Reagents and conditions: i) 3-methoxyphenylmagnegiwomide, THF, -5 °C; ii)
KOH, NaOH/water, reflux; iii) H, Pd/C, AcOH, 60 °C; iv) (COC)) CH.Cl,, rt, then
AICl 3, CH,Cl,, —10 °C; v) CuBy, ethyl acetate/CHG| reflux; vi) NaBH,, methanol, 0
°C; vii) p-toluenesulfonic acid, toluene, reflux; viii) boionacid, Pd(OAc), TBAB,

acetone, aq. N&EO;, pw, 150 °C; ix) DDQ, toluene, reflux; x) boronic aciEd(PPh),,

DMF, ag. NaHCQ, puw, 150 °C.

Biological Results

Inhibition of Human Adrenal Corticoid Producing CYP11B2 and CYP11B1 In Vitro (Table 1).
The inhibitory activities of the compounds were edatined in V79 MZh cells expressing either
human CYP11B2 or CYP11B%% The V79 MZzh cells were incubated with'¢]-deoxycortico-
sterone as substrate and the inhibitor at diffecententrations. The product formation was monétore
by HPTLC using a phosphoimager. Fadrozole, an aasagCYP19) inhibitor with proven ability to
reduce corticoid formatiom vitro andin vivowas used as a reference compound (CYP11B2=IC
nM; CYP11B1, IG, = 10 nM)*®

Most of the substituted pyridylnaphthalenes showadtgh inhibitory activity at the target enzyme
CYP11B2 with IG, values in the low nanomolar range (Table 1). Sofmae compounds displayed
subnanomolar potency (}¢< 1 nM) and turned out to be even stronger aldoste synthase
inhibitors than the reference substance fadroZdie. methoxyalkyl substituted compoursand26
exhibited IG, values of 0.2 nM each. Hence, they are 5-fold naateve than fadrozole (k= 1 nM)
and 30-fold more active than the unsubstituted rgacempoundl (ICso = 6.2 nM). However,
derivatization by polar and acidic residues in 85ijtion resulted in a decrease in potency. This
particularly applies to the carboxylic acitls and19 showing no or only low inhibitory activity and to
a minor extent also to the phenolic compodfdand the carboxamidg? with 1Cs, values of 94 nM

each.
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Table 1. Inhibition of human adrenal CYP11B2, CYP11B1 andhan CYP1Adn vitro

N N N N
/] /H = | = |
= NS\ = NS\ = A X
rseatrssaiiosaciieosqe
S 3 65X 3 6 3 \O
30

1-3,7-12, 14-27 46,13 28,29
ICso valué (nM)
V79 11B2 V79 11BT selectivity % inhibitior
compd R R, hCYP11B2 hCYP11B1 factor cypiaZ
19 6-OMe H 6.2 1577 254 98
2 6-OMe-3-Me H 7.0 1047 150 93
3 6-CN H 2.9 691 239 97
49 6-OMe H 2.1 578 275 98
5 6-OMe-3-Me H 3.3 248 79 73
6 6-CN H 45 461 103 91
7 6-OMe 4'-Me 0.8 114 143 98
8 6-CN 4'-Me 0.6 52 87 86
9 6-OMe 4'-NH, 13 1521 117 58
10 6-OMe 5-OH 94 8925 95 93
11 6-OMe 5-OMe 4.2 238 57 91
12 6-OMe-3-Me 5-OMe 3.8 875 230 91
13 6-OMe-3-Me 5-OMe 1.2 100 83 18
14 6-OMe 5-OEt 5.1 373 73 85
15 6-OMe 5'-COOH nd n.d. n.d. n.d.
16 6-OMe 5-COOMe 0.8 15 19 n.d.
17 6-OMe 5-CONH 94 41557 442 n.d.
18 6-OMe 5-COMe 2.1 255 121 80
19 6-OMe 5-CHCOOH 1216 37796 31 n.d.
20 6-OMe 5-CHCOOMe 6.9 199 29 n.d.
21 6-OMe 5-CHOH 9.1 614 68 93
22 6-OMe 5-CHOMe 0.2 31 155 83
23 6-OMe 4'-CHOH 22 1760 80 92
24 6-OMe 4'-CHOMe 2.2 435 198 97
25 6-OMe 5-CH(OH)Me 0.5 99 198 78
26 6-OMe 5'-CH(OMe)Me 0.2 10 50 n.d.
27 6-OMe 5-Ph 4.8 151 32 n.d.
28 6-OMe - 0.6 67 112 57
29 6-OMe-3-Me - 3.1 843 272 45
30 - - 0.5 64 128 6
fadrozole - - 1.0 10 10 8

3 Mean value of four experiments, standard deviatismally less than 25 %, n.d. = not determifiddamster fibroblasts expressing human
CYP11B2; substrate deoxycorticosterone, 100 hMamster fibroblasts expressing human CYP11B1;trtiesdeoxycorticosterone, 100
nM. ¢ ICs, CYP11B1/IG, CYP11B2.° Mean value of two experiments, standard deviatess Ithan 5 %; n.d. = not determinéd.
Recombinantly expressed enzyme from baculovirusebefl insect microsomes (Supersomes); inhibitocematnation, 2.QuM; furafylline,

55 % inhibition.? These compounds were described previotf$i/! n.a. = no acivity (7 % inhibition at an inhibitoorcentration of 500
nM).
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Beside introduction of small residues in 4'- angbbsition, an extension of the heterocyclic moiety
by a condensed phenyl ring afforded the extraorgipatent isoquinoline compoun@8-30 with 1Cs
values in the range of 0.5-3.1 nM. Even the stilyicemanding 5’-phenyl residue of compou?d
was still tolerated (I6p = 4.8 nM). In general, changing the carbocyclicecmaphthalene, 3-methyl-
or dihydro-derivative) while simultaneously keepitige substitution pattern of the heterocycle had
only little effect on the CYP11B2 inhibition as st by the seried1-13 (ICso = 1.2—4.2 nM) and
28-30 (ICs0 = 0.5-3.1 nM). With regard to the inhibitory adyvat the highly homologous CYP11B1,
most of the tested compounds were less active ah&iYP11B2. However, a noticeable inhibition
with ICs values in the range of 10-100 nM was observedomescases. In particular, the 5'-
methoxyalkylpyridine derivative®2 (IC5o = 31 nM) and26 (ICso = 10 nM) as well as the methyl ester
16 (ICs0 = 15 nM) turned out to be potent CYP11B1 inhitdtoAlthough introduction of substituents
in the heterocyclic moiety mostly resulted in a miade decrease in selectivity compared to the
unsubstituted derivatives, the selectivity factamsre still high for most of the tested compounds
(factor 100-200). In case of 6-methoxy-3-methylnhplene2, the introduction of substituents in the
heterocyclic moiety led to an enhanced selectivkymethoxy substituent in 5’-position as accom-
plished in compoundl2 increased the selectivity factor from 150 to 23@ ahe isoquinoline
derivative 29 proved to be one of the most selective CYP11BZbitdrs of the series with a
selectivity factor of 272, thus being 27-fold meedective than fadrozole (selectivity factor = 10).

Inhibition of Hepatic and Steroidogenic CYP Enzymes (Tables 1 and 2). In order to further
examine the influence of heteroaryl substitution seiectivity, the compounds were tested for
inhibition of the hepatic CYP1A2 enzyme. CYP1A2 veaiongly inhibited by all previous CYP11B2
inhibitors of the naphthalene and dihydronaphthaléype with unsubstituted heme-coordinating
heterocycle, e.gl—4 exhibited more than 90 % inhibition at an inhibitoncentration of 2M (Table
1). With regard to the potent CYP1A2 inhibitty derivatization of the heterocycle gave rise to
compounds with a slightly reduced inhibitory potgne.g., compound$4, 18, 22, and25 displaying
approximately 80 % inhibition. A pronounced deceeaECYP1AZ2 inhibition was observed in case of
compound®, 13, and29-30 (6 —57 %). However, the dihydronaphthale6e$3, and30 turned out to
be chemically unstable and decomposition in DMSIDt&m was observed after storage at 2 °C (~80
% purity after three days) yielding considerableoants of the aromatized analogues and traces of
unidentified degradation products. Therefore, tiveye not taken into account for further biological
evaluations despite their outstanding CYP1A2 siiiégt The CYPLA2 inhibition of some com-
pounds was not determined at all due to eitherva@'P11B2 potencylb, 17, and19) or low
CYP11B1 selectivity 16, 20, 26, and27).

For a set of four structurally diverse compour@sly, 18, and28), an extended selectivity profile
including inhibition of the steroidogenic enzyme¥R17 and CYP19 as well as inhibition of some
crucial hepatic CYP enzymes (CYP2B6, CYP2C9, CYPRQ1YP2D6, CYP3A4) was determined
(Table 2). The inhibition of CYP17 was determineidhvthe 50,000y sediment of thé&. coli homo-
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genate recombinantly expressing human CYP17, preges (25 uM) as substrate, and the inhibitors
at a concentration of @2M.*" The tested compounds turned out to be moderategnpinhibitors of
CYP17. The inhibition values ranked around 40 %esponding with IG values of approximately
2000 nM or higher. The inhibition of CYP19 at ahiliitor concentration of 500 nM was determined
in vitro by use of human placental microsomes afid®H]androstenedione as substrate as described
by Thompson and Siitéfi using our modificatioi? In this assay, no inhibition of CYP19 was
observed for compoundy, 18, and28. Only the amino substituted compouddisplayed a moderate
inhibition of 47 %. The Ig, values of the compounds for the inhibition of trepatic CYP enzymes
CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6, and CYP3kdre determined using recom-
binantly expressed enzymes from baculovirus-infe@tsect microsomes (Supersomes). The values
of the CYP1A2 inhibition matched well the previougletermined percental inhibition (Table 1).
Methoxy compound.l with 91 % inhibition at 500 nM turned out to bgatent CYP1A2 inhibitor
(ICso = 83 NM) whereas the inhibitory potency decreased88 nM in case of the ketone derivative
18. A pronounced selectivity regarding the CYP1A2iliition was observed in case of compoufds
and28 with ICsq values of approximately 1/8M. In most cases, the other investigated CYP engyme
were unaffected, e.g., ¥¢values ofd were greater than 1M versus CYP2B6, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4.

Table 2. Inhibition of selected steroidogenic and hepati®P&nzymesn vitro

% inhibitior? ICso valué (nM)
compd CYP1Y CYP1¢ CYP1AZT CYP2B6Y CYP2CY" CYP2C1$' CYP2D6! CYP3A£X
9 42 47 1420 > 50000 48970 45800 11100 21070
11 41 14 83 > 25000 1888 > 25000 > 25000 1913
18 36 <5 488 > 50000 >200000  >200000 > 200000 9070
28 39 7 1619 16540 1270 3540 33110 3540

@ Mean value of four experiments, standard deviages than 10 %.Mean value of two experiments, standard devidtiea than 5 9.
E. coli expressing human CYP17; substrate progesterongM2inhibitor concentration 2.QM; ketoconazole, 16 = 2780 nM. Human
placental CYP19; substrate androstenedione, 500imtNhitor concentration 500 nM; fadrozole,stG 30 nM.® Recombinantly expressed
enzymes from baculovirus-infected insect microsofSespersomes).Furafylline,|Cs, = 2419 nM.? Tranylcypromine, 16, = 6240 nM."
SulfaphenazoldCs, = 318 nM.' Tranylcypromine, 16 = 5950 nM! Quinidine, 1G, = 14 nM.* KetoconazolelCso = 57 nM.

Pharmacokinetic Profile of Compounds 1, 9, and 28 (Table 3). The pharmacokinetic profile of
compound® and28 was determined after peroral application to malst&V rats and compared to the
unsubstituted parent compouhdAfter administration of a 5 mg/kg dose in a cssgN = 5), plasma
samples were collected over 24 h and plasma caatiems were determined by HPUZS/MS.
Fadrozole which was used as a reference compowptaged the highest plasma levels (AUG
3575 ngh/mL), followed byl (1544 ngh/mL) and28 (762 ngh/mL). At all sampling points, the
amounts of9 detected were found below the limit of quantificat (1.5 ng per mL plasma). This
experimental result may be either due to a fasabmdism of the aromatic amine or due to a lacking
ability of this compound to permeate the cell meanlerunder physiological conditions. The half-lives

were between 2.2-5.4 h in which the eliminatiofiagirozole occurs faster than the elimination of the
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naphthaleneg and28. Compound28 is slowly absorbed as indicated by thg bf 6 h wheread is
absorbed as fast as fadrozolg,(t 1 h). Furthermore, no obvious sign of toxicitgsmoted in any

animal over the duration of the experiment (24 h).

Table 3. Pharmacokinetic profile of compoun@ls9, and28

compd ty2 2 (O tax ()° Cunax (Ng/mLY AUC,_, (ngh/mL)
1 5.4 1.0 222 1544
9 n.df n.d. <15 n.d/f
28 3.2 6.0 81 762
fadrozole 2.2 1.0 454 3575

& All compounds were applied perorally at a dosé ohg per kg body weight in four different cassette
dosing experiments using male Wistar raferminal half-life. Time of maximal concentratiofi Maximal
concentration® Area under the curvén.d. = not detectabléBelow the limit of quantification.

Discussion and Conclusion

The results obtained in the present study revekeioh variety of substituents in 4’- and 5’-pasiti
is tolerated with regard to the CYP11B2 potency.siMaf the tested compounds were more potent
than the unsubstituted parent compounds anrglu@lues less than 1 nM were observed in 7 cases
(e.g9.,22 and26, ICso = 0.2 nM). Some of the compounds were also pdiafR11B1 inhibitors (e.g.,
26, ICso = 10 nM). Interestingly, a precise relationshipween the inhibition of CYP11B2 and
CYP11B1 was observed: An increased or decreasea8itory activity at the one enzyme was
accompanied by an increased or decreased inhitatdiyity at the other enzyme. For instance, based
on the unsubstituted parent compodnéhtroduction of the methoxyalkyl substituent mngpound26
resulted in an enhanced inhibition of both CYP11EZ, = 0.2 nM) and CYP11B1 (kg = 10 nM),
whereas introduction of the hydroxy group in commblO resulted in a decreased inhibitory potency
at both CYP11B isoforms in a comparable order ofmitade (CYP11B2, I = 94 nM; CYP11B1,
ICsq = 8925 nM). This trend becomes particularly evideten plotting the CYP11B2 versus the
CYP11B1 plG, values of the compounds presented in Table 1 liegea reasonable linear
correlation (% = 0.86, n = 29). The finding that it is to somees possible to change the inhibitory
potency by the heteroaryl derivatization withowngficantly changing the selectivity versus either
CYP11B2 or CYP11B1 is an indication that the intdbibinding proceeds via similar protein-
inhibitor interactions of the heterocyclic moietjtlwboth CYP11B isoforms. Contrariwise, it has been
shown earlier by us that variation of the carbocydkeleton instead of the heterocycle can
significantly influence the selectivity. Therefore correlation is observed for a plot of the CYB21
and CYP11B1 plg values of the naphthaleriéand dihydronaphthalerfésiescribed previously by
us that are functionalized with an unsubstitutga/8dine as heme complexing heterocyafe= 0.30,
n = 20). Consistent with these findings, it can dssumed that both enzymes, CYP11B2 and
CYP11B1, are structurally more diverse in the nhpleine binding site than in the heterocyclic
binding site. Interesting structure-activity retmiships could also be observed with respect to elec

tronic properties. Compounds bearing protic sulstits in 5’-position rather poorly inhibited
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CYP11B2 whereas bioisosteric exchange by aprositlues gave rise to highly potent aldosterone
synthase inhibitors, e.g., the inhibitory potenegreased by a factor of 40 from carboxaniidgICs,

= 94 nM) to the ethanonB (ICso = 2.1 nM). A comparable increase of potency waseoled when
the protic hydroxy group was replaced by the apnoiethoxy group, e.g., the 4gvalue decreased by
a factor of 20 in case of compoudd compared to the phen@D or by a factor of 40 in case of
compound22 compared to the primary alcoh2l. Similarly, the methyl ester’6 and20 were more
active than the corresponding carboxylic adifisand19. However, a lack of membrane permeability
must be taken into consideration as an altern@kmanation. Figure 1 shows the molecular electro-
static potentials (MEP) mapped on the electronitiersarface of compounds/, 10, and21 and their
bioisosteric analoguek3, 11, and22. Both the shape and the geometry of the compoasdsell as
the electrostatic potential distribution in the hiéqalene moiety are very similar. In addition,@m-
pounds contain a region in which the nitrogen & gyridine ring presents a negative potential.
However, areas with a distinct positive potentiathe pyridine moiety are present in compoubgs

10, and21 showing low inhibitory potency. In case of thetiigpotent bioisosters, these areas display
less positive potential values with a more unifgrhistributed electron charge. Hence, the diffeeenc
in the electrostatic potential distribution is @genable explanation for the varying binding betravi

within this set of compounds.

Figure 12
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& MEP of compound47, 18, 10, 11, 21, and22 (front and back view). The electrostatic potensiatfaces were plotted with
GaussView 3.0 in a range of —18.83 kcal/mol (red}21.96 kcal/mol (blue).

The heteroaryl derivatization had also a noticedabfeuience on the CYP1A2 potency of the
compounds. Most of the substituted derivatives veéiteinhibiting CYP1A2 for more than 90 % at a
concentration of 21M. With respect to the compounds with a 6-methopyrnhalene core, a slight
decrease to approximately 80 % inhibition was olerin some cases. This effect was due to the
introduction of substituents in 5’-position of theterocycle. While no decrease of CYP1A2 inhibition
was observed in case of the rather small substguertompound40, 11, and21 (hydroxy, methoxy,
and hydroxymethyl), a slight increase of the strlmulk in compoundd44, 18, 22, and25 (ethoxy,
acetyl, methoxymethyl, and hydroxyethyl) resultadai decrease in CYP1A2 inhibition to 78-85 %.
On the other hand, some derivatives proved to ¢paifgiantly less active with approximately 50 %

inhibition of CYP1AZ2, including the 4’-amino-sulistied compoun® and the isoquinolin€8 with
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ICso values of 1420 nM and 1619 nM, respectively. Thiece of changing 3-pyridine by 4-
isoquinoline as heme-complexing heterocycle isi@agrly noteworthy. The three isoquinoline
derivatives28, 29, and 30 are considerably less active at CYP1A2 (6-57 %bition) than their
unsubstituted analoguels 2, and5 (73-98 % inhibition). An explanation might be falim the
geometry of these molecules. The isoquinoline cams the rotation around the carbon—carbon bond
between the heterocycle and the naphthalene, edlged presence of the additionattho-methyl
groups in29 and30. Thus, a coplanar conformation becomes energgtidisfavored compared to the
pyridine analogues and the sterically demandingrbeycle rotates out of the naphthalene plane. This
loss of planarity is a reasonable explanation ler teduced inhibitory potency since both CYP1A2
substrates and inhibitors are usually small-volunmecules with a planar shape (e.g., caff@inad
furafylline*). An even more drastic effect on the CYP1A2 pofem@s observed in case of the
dihydronaphthalene type compounds. While the ungutesd parent compoun8 exhibited 74 %
inhibition, introduction of the methoxy substituéntcompoundL3 led to a reduction to 18 % and the
isoquinoline derivative0 displayed only 6 % inhibition. The partly satuchtore structure becomes
flexible and disturbs the planarity. Factors othan steric might play an additional role for the
decreased CYP1A2 inhibition, e.g., disturbed-stacking contacts with aromatic amino acids in the
CYP1A2 binding pocket due to the reduced numberromatic carbons. Aromaticity has been identi-
fied to correlate positively with CYP1A2 inhibitidn recent QSAR studig€d As dihydronaphthalenes
13 and30 were found to be unstable in DMSO solution, the pptencies might be due to substance
degradation. However, the decomposition (~20 %r dfieee days) afforded mainly the aromatized
naphthalene analogues, iE,and29 both displaying higher CYP1A2 inhibition thAB8 and30.

In conclusion, we have shown that modifying thedlemmpoundd and Il by introduction of
substituents in the heterocyclic moiety has a ob$fact on the activity and selectivity profile. i8e
substituents induced a significant increase inbimdiy potency versus CYP11B2. Compoui2@sand
26 with subnanomolar 1§ values are the most potent aldosterone synthdskitors so far. The
undesirable high CYP1A2 inhibition that is presenthe previously investigated derivatives could be
overcome by certain residues, giving rise to compguwith an advantageous overall selectivity
profile. It was also demonstrated that the napbtialtype aldosterone synthase inhibitbrand 28
were able to cross the gastrointestinal tract agatlred the general circulation. Presently, the
elucidated concepts are used to systematically fnadher lead structures whereof some are under

investigation for their ability to reduce aldosteedeveldn vivo.

Experimental Section

Chemical and Analytical Methods. Melting points were measured on a Mettler FP1 imglpoint
apparatus and are uncorrectéd. NMR and **C spectra were recorded on a Bruker DRX-500
instrument. Chemical shifts are given in parts pdtion (ppm), and tetramethylsilane (TMS) was

used as internal standard for spectra obtainedsO-dg and CDC{. All coupling constants]j are
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given in hertz. Mass spectra (LC/MS) were measwada TSQ Quantum (Thermo Electron
Corporation) instrument with a RP18 100-3 columna¢ilerey Nagel) and with water/acetonitrile
mixtures as eluents. Elemental analyses were daoué at the Department of Chemistry, University
of Saarbricken. Reagents were used as obtained &mmmercial suppliers without further
purification. Solvents were distilled before usery Bolvents were obtained by distillation from
appropriate drying reagents and stored over maeaiéves. Flash chromatography was performed
on silica gel 40 (35/40-63/70 uM) with hexane/ethgktate mixtures as eluents, and the reaction
progress was determined by thin-layer chromatographalyses on Alugram SIL G/UV254
(Macherey Nagel). Visualization was accomplishedhwiJV light and KMnQ solution. All
microwave irradiation experiments were carried outa CEM-Discover monomode microwave
apparatus.

The following compounds were prepared accordingréwiously described procedures: 6-Methoxy-
3-methyl-3,4-dihydronaphthalen-H-one @e),** (2E)-4-hydroxy-4-(3-methoxyphenyl)-3-methyl-2-
butenoic acidZg),** 5-bromopyridin-3-ol {0a).*

Synthesis of the Target Compounds

Procedure A.?’ Pyridine boronic acid (0.75 mmol, 1 equivalentyldromide or -triflate (0.9-1.3
equivalents), and tetrakis(triphenylphosphane)dalla(0) (43 mg, 37.5umol, 5 mol %) were
suspended in 1.5 mL DMF in a 10 mL septum-cappbd tiontaining a stirring magnet. To this was
added a solution of NaHG@189 mg, 2.25 mmol, 3 equivalents) in 1.5 mL wated the vial was
sealed with a Teflon cap. The mixture was irradiatéth microwaves for 15 min at a temperature of
150 °C with an initial irradiation power of 100 \After the reaction, the vial was cooled to 40 & t
crude mixture was partitioned between ethyl acetatd water and the aqueous layer was extracted
three times with ethyl acetate. The combined ox&yers were dried over MgQ@nd the solvents
were removed in vacuo. The coupling products wétained after flash chromatography on silica gel
(petroleum ether/ethyl acetate mixtures) and/orstafiization. If an oil was obtained, it was
transferred into the hydrochloride salt by 1N H@lusion in diethyl ether.

Procedure B.** In a microwave tube alkenyl bromide(1 equivalent), pyridine boronic acid (1.3
equivalent), tetrabutylammonium bromide (1 equimglesodium carbonate (3.5 equivalents) and
palladium acetate (1.5 mol %) were suspended irenaatetone 3.5/3 to give a 0.15 M solution of
bromide7 under an atmosphere of nitrogen. The septum sgaks®l was irradiated under stirring and
simultaneous cooling for 15 min at 150 °C with aitial irradiation power of 150 W. The reaction
mixture was cooled to room temperature, dilutechveitsaturated ammonium chloride solution and
extracted several times with diethyl ether. The loimed extracts were washed with brine, dried over
MgSQ,, concentrated and purified by flash chromatographysilica gel. The resulting oil was
transferred into the hydrochloride salt by a 5-618I solution in 2-propanol and crystallized from

ethanol.
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Procedure C. To a suspension of NaH (1.15 equivalents, 60 %ed#spn in oil) in 5 mL dry THF
at was added dropwise a solution of alcohol (1\vedent) in 5 mL THF at room temperature under an
atmosphere of nitrogen. After hydrogen evolutioasesl, a solution of methyliodide (3.3 equivalents)
in 5 mL THF was added dropwise, and the resultimgure was stirred for 5 h at room temperature.
The mixture was then treated with saturated aquétii€l solution and extracted three times with
ethyl acetate. The combined organic layers werénedhsvith water and brine, dried over MgSahd
the solvent was evaporated in vacuo. The crudeuptodas flash chromatographed on silica gel
(petroleum ether/ethyl acetate mixtures) to affinel pure methylether. If an oil was obtained, iswa
transferred into the hydrochloride salt by 1N H@lusion in diethyl ether.

Procedure D. To a 0.05 M solution of carbonyl compound in drgthanol was added sodium
borohydride (2 equivalents). The reaction mixturasvetirred for 1 h, diluted with diehtylether and
treated with saturated agqueous NaHQ@®Ilution. The mixture was then extracted threeesinwith
ethyl acetate, washed twice with saturated aqudlad$CQ; solution and once with brine and dried
over MgSQ. The filtrate was concentrated in vacuo, and #sdue was filtered through a short pad
of silica gel or flash chromatographed on silich (@etroleum ether/ethyl acetate mixtures) to affor
the corresponding alcohols.

3-(6-Methoxy-3-methylnaphthalen-2-yl)pyridine (2) was obtained according to procedure A
starting from2a (377 mg, 1.50 mmol) and 3-pyridineboronic acidQ24dg, 1.95 mmol) after flash
chromatography on silica gel (petroleum ether/ettodtate, 4/1R = 0.16) as a white solid (304 mg,
1.22 mmol, 81 %), mp 106-107 °C. M8z250.06 (MH). Anal. (G/H:sNO) C, H, N.

3-(6-Methoxy-3-methyl-3,4-dihydr onaphthalen-2-yl)pyridine (5) was obtained according to
procedure B starting fror@b (127 mg, 0.50 mmol) and 3-pyridineboronic acid (8§, 0.65 mmol)
after flash chromatography on silica gel (petroleatirer/ethyl acetate, 4/& = 0.20), precipitation as
HCI salt and crystallization from ethanol as a wtsblid (50 mg, 0.17 mmol, 35 %), mp (HCI salt)
186-187 °C. MSn/z252.02 (MH). Anal. (G7H1;NO-HCI-0.2HO) C, H, N.

6-(Pyridin-3-yl)-7,8-dihydronaphthalene-2-car bonitrile (6) was prepared according to procedure
A starting from 3-pyridineboronic acid (107 mg, D.8&mol) andéa (189 mg, 0.62 mmol). After flash
chromatography on silica gel (petroleum ether/etingtate, 2/1R = 0.10) pures was obtained as a
white, crystalline solid (100 mg, 0.43 mmol, 69 %jeatment with hydrochloride acid (0.1 N in@}
yielded the hydrochloride salt 6f(110 mg, 0.41 mmol, 66 %) as a white solid, mp [(H&it) 264—
268 °C. MSm/z223.23 (MH). Anal. (GeH1,N2-HCI-0.4HO) C, H, N.

3-(6-Methoxynaphthalen-2-yl)-4-methylpyridine (7) was prepared according to procedure A
starting from 6-methoxy-2-naphthaleneboronic acitB1( mg, 0.65 mmol) and 3-bromo-4-
methylpyridine (86 mg, 0.50 mmol). After flash chratography on silica gel (petroleum ether/ethyl
acetate, 7/3R = 0.10) pure7 was obtained as a white solid (65 mg, 0.26 mnd, mp (HCI salt)
172-174 °C. MSn/z250.30 (MH). Anal. (G7H;sNO-HCI-0.1HO) C, H, N.
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6-(4-Methylpyridin-3-yl)-2-naphthonitrile (8). Triflate 8a (151 mg, 0.50 mmol), 4-methyl-3-
pyridineboronic acid (89 mg, 0.65 mmol),®0; (138 mg, 1.0 mmol) and Pd(dppf&B7 mg, 0.05
mmol) were suspended in 4.0 mL of a 4:4:1 mixtufdotuene/acetone/water. This mixture was
heated to 125 °C by microwave irradiation for 15uates (initial irradiation power 150 W). After
cooling to room temperature, 15 mL of distilled eratvere added and the reaction mixture was
extracted four times with 10 mL of /8. After washing the combined organic fractionshwitater
(twice) and brine, drying over MgQ@nd evaporation of the solvent crude produstas obtained as
a yellow solid (127 mg). Further purification byash chromatography on silica gel (petroleum
ether/ethyl acetate, 2/B = 0.20) and subsequent crystallization of the biage as hydrochloride salt
gave 52 mg (0.19 mmol, 37 %) of pB&HCI salt) as an yellowish solid, mp (HCI salt}cdenpo-
sition above 210 °C. M81/z245.30 (MH). Anal. (G/H1,N,-HCI-0.5H0) C, H, N.

3-(6-Methoxynaphthalen-2-yl)pyridin-4-amine (9) was prepared according to procedure A
starting from 6-methoxy-2-naphthaleneboronic acd@1( mg, 0.65 mmol) and 3-bromopyridin-4-
amine (86 mg, 0.50 mmol). After crystallizationrfiacetone pur@ was obtained as a white solid (39
mg, 0.16 mmol, 31 %), mp 155-156 °C. M®z251.28 (MH). Anal. (G¢H14N,0) C, H, N.

5-(6-Methoxynaphthalen-2-yl)pyridin-3-ol (10) was prepared according to procedure A starting
from 6-methoxy-2-naphthaleneboronic acid (131 m§50nmol) andlOa (87 mg, 0.50 mmol). After
crystallization from acetone/diethyl ether puf@ was obtained as an off-white solid (86 mg, 0.34
mmol, 68 %), mp 172-175 °C. M®/z 252.02 (MH). Anal. (G¢H1sNO,-0.7H0) C, H, N: calcd,
5.31, found, 5.79.

3-M ethoxy-5-(6-methoxynaphthalen-2-yl)pyridine (11) was prepared according to procedure A
starting from 6-methoxy-2-naphthaleneboronic acitB1( mg, 0.65 mmol) and 3-bromo-5-
methoxypyridine (94 mg, 0.50 mmol). After flash eahlmatography on silica gel (petroleum ether/ethyl
acetate, 7/3% = 0.10) purell was obtained as a white solid (80 mg, 0.30 mn®@F®, mp (HCI salt)
211-214 °C'H-NMR (500 MHz, CROD): § = 3.96 (s, 3H), 4.15 (s, 3H), 7.23 (dd,= 9.1 Hz,J =
2.5 Hz, 1H), 7.32 (dlJ = 2.2 Hz, 1H), 7.85 (ddJ = 8.5 Hz,"J = 1.9 Hz, 1H), 7.92 (dJ = 8.8 Hz,
1H), 7.97 (d2J = 8.5 Hz, 1H), 8.29 (d)J = 1.5 Hz, 1H), 8.52 (s, 1H), 8.54 (s, 1H), 8.861(d). **C-
NMR (125 MHz, CROD): § = 57.9, 58.3, 108.5, 120.9, 121.9, 128.1, 1283).2, 131.4, 132.5,
1345, 136.7, 138.9, 139.1, 142.6, 158.4, 160.4. M&z 266.26 (MH). Anal
(C1H1sNO,-HCI-0.3HO) C, H, N.

3-M ethoxy-5-(6-methoxy-3-methylnaphthalen-2-yl)pyridine (12) was obtained according to
procedure A starting frorla (377 mg, 1.50 mmol) and 5-methoxy-3-pyridinebocoacid (298 mg,
1.95 mmol) after flash chromatography on silica(getroleum ether/ethyl acetate, 3R = 0.16) as a
white solid (328 mg, 1.17 mmol, 78 %), mp 106-107 *H-NMR (500 MHz, CDC)): & = 2.40 (s,
3H), 3.91 (s, 3H), 3.94 (s, 3H), 7.12 (m, 2H), 7(88,"J = 2.8 Hz,"J = 1.9 Hz, 1H), 7.62 (s, 1H), 7.64
(s, 1H), 7.71 (d®) = 8.8 Hz, 1H), 8.28 (dJ = 1.9 Hz, 1H), 8.33 (dJ = 2.8 Hz, 1H)*C-NMR (125
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MHz, CDCk): & = 21.0, 55.3, 55.6, 104.9, 118.6, 121.5, 127.4,3,2128.6, 129.2, 134.1, 134.4,
134.5, 135.8, 138.0, 142.6, 155.2, 158.1. ¥3280.08 (MH). Anal. (GgH;:7NO,) C, H, N.

3-M ethoxy-5-(6-methoxy-3-methyl-3,4-dihydronaphthalen-2-yl)pyridine (13) was obtained
according to procedure B starting frd?h (253 mg, 1.00 mmol) and 5-methoxy-3-pyridineboconi
acid (199 mg, 1.30 mmol) after flash chromatographysilica gel (petroleum ether/ethyl acetate, 4/1,
R: = 0.14), precipitation as HCI salt and crystalii@a from ethanol as a yellow solid (84 mg, 0.26
mmol, 26 %), mp (HCI salt) 181-182 °t-NMR (500 MHz, CRROD): & = 0.94 (dJ = 7.0 Hz, 3H),
2.71 (dd,2) = 15.3 HzJ = 1.2 Hz, 1H), 3.02 (m, 1H), 3.13 (dd,= 15.5 HzJ = 6.4 Hz, 1H), 3.74
(s, 3H), 4.01 (s, 3H), 6.72 (m, 2H), 7.15{d= 8.2 Hz, 1H), 7.19 (s, 1H), 8.22 (m, 1H), 8.34%)cE
2.4 Hz, 1H), 8.59 (d}J = 1.5 Hz, 1H)*C-NMR (125 MHz, CROD): & = 17.8, 30.6, 36.7, 55.8, 57.9,
112.9, 115.6, 116.6, 127.0, 127.2, 127.8, 129.8,313132.3, 137.1, 137.2, 150.9, 160.1. kh¥
281.96 (MH). Anal. (GgH;dNO,-HCI-0.2HO) C, H, N.

3-Ethoxy-5-(6-methoxynaphthalen-2-yl)pyridine (14) was prepared according to procedure A
starting from 6-methoxy-2-naphthaleneboronic adid1( mg, 0.65 mmol) and4a (101 mg, 0.50
mmol). After crystallization from ethyl acetate/p#éeum ether puré4 was obtained as a white solid
(33 mg, 0.17 mmol, 23 %), mp decomposition abov€® 18. MS m/z 280.05 (MH). Anal.
(C1gH17NO,-0.2H0) C, H, N.

5-(6-Methoxynaphthalen-2-yl)pyridine-3-carboxylic acid (15) was prepared according to
procedure A starting from 6-methoxy-2-naphthalemebiec acid (131 mg, 0.65 mmol) and 5-
bromonicotinic acid (101 mg, 0.50 mmol). After dglization from methanol/water purks was
obtained as an off-white solid (74 mg, 0.26 mm@l,%), mp decomposition above 300 °C. k&
279.98 (MH). Anal. (G7H13NO3-HCI-0.3H0) C, H, N.

Methyl 5-(6-methoxynaphthalen-2-yl)pyridine-3-carboxylate (16). Carboxylic acid15 (45 mg,
0.16 mmol) was dissolved in 20 mL dry methanol @riib mL concentrated 80, (98%) was added.
The whole mixture was refluxed for 10 h and theae¥afhe excess methanol was distilled off. The
residue was taken up in 50 mL ethyl acetate anati@nic layer was washed several times with 5 %
agueous N#&LO; solution, water and brine. After drying over MgS@he solvent was evaporated in
vacuo. After flash chromatography on silica gelt@eum ether/ethyl acetate, 7R,= 0.34) purel6
was obtained as an off-white solid (28 mg, 0.10 M@ %), mp 150-151 °C. M®/z293.97 (MH).
Anal. (CgH1sNO3) C, H, N.

5-(6-M ethoxynaphthalen-2-yl)pyridine-3-car boxamide (17) was prepared according to procedure
A starting from 6-methoxy-2-naphthaleneboronic &8l mg, 0.65 mmol) and 5-bromonicotinamide
(92 mg, 0.50 mmol). After crystallization from ageé/diethyl ether pur&é7 was obtained as a white
solid (55 mg, 0.20 mmol, 40 %), mp 245-247 °C. MR279.07 (MH). Anal. (G7H14N,O,) C, H, N.

1-[5-(6-M ethoxynaphthalen-2-yl)pyridin-3-yl]Jethanone (18) was prepared according to pro-
cedure A starting from 6-methoxy-2-naphthalenebigraid (131 mg, 0.65 mmol) and 3-acetyl-5-

bromopyridine (100 mg, 0.50 mmol). After crystadlion from acetone/diethyl ether put8 was
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obtained as a white solid (75 mg, 0.27 mmol, 54 §4),159-160 °C. M®/z278.09 (MH). Anal.
(C1gH1sNO,-0.1HO) C, H, N.

[5-(6-M ethoxynaphthalen-2-yl)pyridin-3-yl]acetic acid (19) was prepared according to procedure
A starting from 6-methoxy-2-naphthaleneboronic gdi81 mg, 0.65 mmol) and 5-bromo-3-pyridine-
acetic acid (108 mg, 0.50 mmol). After crystallinatfrom methanol/water pur was obtained as a
white solid (70 mg, 0.24 mmol, 48 %), mp decomposiabove 210 °C. M&/z293.97 (MH). Anal.
(C1gH1sNO5-0.5H0) C, H, N.

M ethyl [5-(6-methoxynaphthalen-2-yl)pyridin-3-yl]acetate (20) was prepared as described 16r
starting from19 (145 mg, 0.49 mmol). After flash chromatographysdita gel (petroleum ether/ethyl
acetate, 1/1R = 0.18) pure20 was obtained as a white solid (81 mg, 0.26 mn®K4d), mp 145-146
°C. MSm/z308.04 (MH). Anal. (GgH:/NO;) C: calcd, 74.25, found, 74.72, H, N.

[5-(6-M ethoxynaphthalen-2-yl)pyridin-3-ylJmethanol (21) was prepared according to procedure
A starting from 6-methoxy-2-naphthaleneboronic adi8l1 mg, 0.65 mmol) andla (94 mg, 0.50
mmol). After crystallization from acetone/diethyher pure2l was obtained as a white solid (86 mg,
0.32 mmol, 65 %), mp 193-194 °C. M8z266.05 (MH). Anal. (G/H1sNO,-0.1H0) C, H, N.

3-(Methoxymethyl)-5-(6-methoxynaphthalen-2-yl)pyridine (22) was prepared according to
procedure C starting frorl (150 mg, 0.57 mmol) using methyl iodide (BB, 1.32 mmol). After
flash chromatography on silica gel (petroleum e#tbyl acetate, 1/ = 0.22) pur22 was obtained
as an off-white solid (80 mg, 0.29 mmol, 50 %), a@1-122 °C. MSm/z 279.91 (MH). Anal.
(C1gH17NO,) C, H, N.

[4-(6-M ethoxynaphthalen-2-yl)pyridin-3-ylmethanol (23) was prepared according to procedure
A starting from 6-methoxy-2-naphthaleneboronic ad81 mg, 0.65 mmol) ané3a (94 mg, 0.50
mmol). After crystallization from acetone/diethyher pure23 was obtained as a white solid (90 mg,
0.34 mmol, 68 %), mp decomposition above 240 °C. M8z 266.05 (MH). Anal.
(C17H1sNO,-0.2H0) C, H, N.

4-(M ethoxymethyl)-3-(6-methoxynaphthalen-2-yl)pyridine (24) was prepared according to
procedure C starting fror3 (150 mg, 0.57 mmol) using methyl iodide (BR, 1.32 mmol). After
flash chromatography on silica gel (petroleum éd#thyl acetate, 1/ = 0.23) pure24 was obtained
as an off-white solid (74 mg, 0.26 mmol, 46 %), (RCI salt) 174177 °C. M$/z279.91 (MH).
Anal. (CgH;7NO,-0.2H0) C, H, N.

1-[5-(6-M ethoxynaphthalen-2-yl)-pyridin-3-yl]ethanol (25) was prepared according to procedure
D starting from 18 (50 mg, 0.18 mmol) using NaBH(8.0 mg, 0.21 mmol). After flash
chromatography on silica gel (petroleum ether/etivdtate, 1/1R = 0.24) pure25 was obtained as a
white solid (28 mg, 0.10 mmol, 56 %), mp 154—155 MS m/z280.05 (MH). Anal. (GgH:;NO,) C,

H, N.

3-(1-Methoxyethyl)-5-(6-methoxynaphthalen-2-yl)pyridine (26) was prepared according to

procedure C starting fro2b (70 mg, 0.25 mmol) using methyl iodide (41, 0.66 mmol). After flash
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chromatography on silica gel (petroleum ether/etivgtate, 1/1R = 0.23) pure26 was obtained as an
yellowish solid (26 mg, 0.08 mmol, 35 %), mp 124512C. MS m/z 294.11 (MH). Anal.
(C1gH1NO,) C, H, N.

3-(6-Methoxynaphthalen-2-yl)-5-phenylpyridine (27) was prepared according to procedure A
starting from 6-methoxy-2-naphthaleneboronic aci@94( mg, 1.95 mmol) and 3-bromo-5-
phenylpyridine (351 mg, 1.50 mmol). After flash ematography on silica gel (petroleum ether/ethyl
acetate, 2/1R = 0.23) pure27 was obtained as a white, crystalline solid (455 ing6 mmol, 97 %),
mp 216-217 °C. M®/z312.09 (MH). Anal. (G;H;/NO-0.4H0) C, H, N.

4-(6-M ethoxynaphthalen-2-yl)isoquinoline (28) was prepared according to procedure A starting
from 6-methoxy-2-naphthaleneboronic acid (131 mgs0nmol) and 4-bromoisoquinoline (104 mg,
0.50 mmol). After flash chromatography on silicd ¢metroleum ether/ethyl acetate, 7i,= 0.21)
pure 28 was obtained as a white solid (44 mg, 0.16 mmbl%g3, mp 185-186 °C. M#&/z 286.07
(MH"). Anal. (GeH1sNO-0.1HO) C, H, N.

4-(6-M ethoxy-3-methylnaphthalen-2-yl)isoquinoline (29) was obtained according to procedure A
starting from2a (377 mg, 1.50 mmol) and 4-isoquinolineboronic g&87 mg, 1.95 mmol) after flash
chromatography on silica gel (dichloromethane/methe09/1, Ry = 0.26) as yellow oil which
solidified with diethyl ether as a pale yellow sb{iLl78 mg, 0.59 mmol, 40 %), mp 156-157 °C. MS
m/z300.10 (MH). Anal. (G;H;:NO) C, H, N.

4-(6-M ethoxy-3-methyl-3,4-dihydr onaphthalen-2-yl)isoquinoline (30) was obtained according to
procedure B starting fror@b (253 mg, 1.00 mmol) and 4-isoquinolineboronic a@&5 mg, 1.30
mmol) after two flash chromatographical separationssilica gel (petroleum ether/ethyl acetate, 5/1,
R = 0.20 and dichloromethane/methanol 99/1=F.27) and precipitation as HCI salt as a yellow
solid (112 mg, 0.33 mmol, 17 %), mp 149-150 °C. M&z 302.18 (MH). Anal.
(C21H1gNO-HCI-0.2HO) C, H, N.

Biological Methods. 1. Enzyme Preparations. CYP17 and CYP19 preparations were obtained by
described methods: the 50,0§8ediment oE. coli expressing human CYP¥7nd microsomes from
human placenta for CYP®2. Enzyme Assays. The following enzyme assays were performed as
previously described: CY#7and CYP19? 3. Activity and Selectivity Assay Using V79 Cells. V79
Mzh 11B1 and V79 Mzh 11B2 ceffs were incubated with [4'C]-11-deoxycorticosterone as
substrate and inhibitor in at least three differ@mcentrations. The enzyme reactions were stopped
addition of ethyl acetate. After vigorous shakimydaa centrifugation step (10,0@) 2 min), the
steroids were extracted into the organic phasectwhias then separated. The conversion of the
substrate was analyzed by HPTLC and a phosphoimanjistem as describéd 4. Inhibition of
Human Hepatic CYP Enzymes. The recombinantly expressed enzymes from bacuisvirfected
insect microsomes (Supersomes) were used and thefacturer’s instructions (www.gentest.com)
were followed.5. In Vivo Pharmacokinetics. Animal trials were conducted in accordance with

institutional and international ethical guidelinis the use of laboratory animals. Male Wistar rats
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weighing 317-322 g (Janvier, France) were housedtamperature-controlled room (20-22 °C) and
maintained in a 12 h light/12 h dark cycle. Food aater were availablad libitum The animals
were anaesthetised with a ketamine (135mg/kg)/xy#az10mg/kg) mixture, and cannulated with
silicone tubing via the right jugular vein. Priarthe first blood sampling, animals were connettedl
counterbalanced system and tubing, to perform bkampling in the freely moving rat. Separate
stock solutions (5 mg/mL) were prepared for thaescompounds in Labrasol/Water (1:1; v/v),
leading to a clear solution. Immediately beforelimpfion, the cassette dosing mixture was prepared
by adding equal volumes of the 5 stock solutionsrtd up with a final concentration of 1 mg/mL for
each compound. The mixture was applied perorall tats with an injection volume of 5 mL/kg
(Time 0). 400 pL of blood were taken via jugular&heter 1 hour before application and then 1 and 2
hours after application. Immediately, equal volu@@0 pL) of 0.9 % NaCl (37 °C) was re-injected
intravenously to keep the blood volume stable.,48,610 and 24 hours after application 250 pL of
blood were sampled without balancing the blood n&uBlood samples were centrifuged at 3§00
for 10 minutes at 4 °C. Plasma was harvested apddte-20 °C until analysis. The mean of absolute
plasma concentrations (+SEM) was calculated for3hmats and the regression was performed on
group mean values. The pharmacokinetic analysispeefermed using a honcompartment model (PK
Solutions 2.0, Summit Research Services). HRLE/MS analysis and quantification of the samples
was carried out on a Surveyor-HPLC-system coupléd &v TSQ Quantum (ThermoFinnigan) triple
quadrupole mass spectrometer equipped with arredpeay interface (ESI).

Computational Methods. MEP. For each docked compound geometry optimizationpea®rmed
at the B3LYP/6-31G* density functional levels by ans of the Gaussian03 software and the
molecular electrostatic potential (MEP) maps wel@t@gd using GaussView3, the 3-D molecular
graphics package of Gaussfdhese electrostatic potential surfaces were geetkiay mapping 6-
31G* electrostatic potentials onto surfaces of mal@ electron density (isovalue = 0.002

electron/A)*
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Abstract: Pharmacophore modeling of a series of aldostergmthase (CYP11B2) inhibitors
triggered the design of compound$ and 12 by extending a previously established naphthalene
molecular scaffold (e.g., present in moleculeand?2) via introduction of a phenyl or benzyl residue
in 3-position. These additional aromatic moietiessén been hypothesized to fit into the newly
identified hydrophobic pharmacophore feature HY8bs®quent docking studies in our refined
CYP11B2 protein model have been performed prigytathesis to estimate the inhibitory properties
of the proposed molecules. While phenyl-substitutechpound1l (ICs, > 500 nM) did not dock
under the given pharmacophore constraint (i.e., Be¢heme)-N(ligand) interaction), benzyl-
substituted compount®? (ICso = 154 nM) was found to exploit a previously unexpd sub-pocket of
the inhibitor binding site. By structural optimizat based on the pharmacophore hypothesis, 25 novel
compounds were synthesized, amongst them highlnp@YP11B2 inhibitors (e.gl7, ICso = 2.7

nM) with pronounced selectivity toward the most ortant steroidogenic and hepatic CYP enzymes.
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I ntroduction

Aldosterone synthase (CYP11B2), a mitochondrialodytome P450 enzyme that is localized
mainly in the adrenal cortex, is the key enzymamifieralocorticoid biosynthesis. It catalyzes the
terminal three oxidation steps in the biogenesialdbsterone in humansThis hormone is the most
important circulating mineralocorticoid and playsracial role in the electrolyte and fluid homeassta
mainly by binding to epithelial mineralocorticoidaeptors (MR) promoting sodium reabsorption and
potassium secretion. Since the sodium movemerdllewied by water via osmosis, aldosterone is a
key regulator of blood volume and blood pressutandgkmally increased plasma levels of aldosterone
have been diagnosed in different cardiovasculaFadiss such as elevated blood pressure, congestive
heart failure, and myocardial fibrogignhibitors of the angiotensin-converting enzymeCg& which
are in use for the treatment of hypertension am@jestive heart failure can initially induce a down-
regulation of circulating aldosterone. However r@ased levels of aldosterone are frequently obderve
after several months of therapyhis phenomenon termed ‘aldosterone escape’iisitirlg factor of
ACE inhibitors and shows that novel therapeutic cepis combating the effects of elevated
aldosterone levels are needed. Two recent clistcalies (RALES and EPHESUS) demonstrated that
treatment with mineralocorticoid receptor antagenis addition to the standard therapy resulted in
decrease of mortality in patients with chronic cestiye heart failure and in patients after myogrdi
infarction, respectively® The use of spironolactone, however, is accompartigd severe
progestational and antiandrogenic side effectstdues affinity to other steroid receptors. Moregve
the elevated plasma aldosterone concentrationefaeaffected on a pathological level which raise
several issues. First, the elevated aldosteronempalalevels do not induce a homologous down-
regulation but an up-regulation of the aldostenmweptor’ This fact complicates a long-term therapy
as MR antagonists are likely to become ineffectiwerthermore, the high concentrations promote
nongenomic actions of aldosterone which are in ggneot blocked by receptor antagoniSts.
Pathological aldosterone concentrations have baemiified to induce a negative inotropic effect in
human trabeculae and to potentiate the vasocamsteffect of angiotensin Il in coronary arteries i
rapid, nongenomic mann&rThus, aldosterone is intrinsically capable to Hart deteriorate heart
function by acting nongenomically.

A novel therapeutic strategy with potential to axene the drawbacks of MR antagonists is the
blockade of aldosterone formation, preferably Wyikiting CYP11B2, the key enzyme of its biosyn-
thesis. Aldosterone synthase has been proposegatetial pharmacological target by our group as
early as 1994 followed soon thereafter by the hypothesis thhihitors of CYP11B2 could serve as
drugs for the treatment of hyperaldosteronism, estige heart failure and myocardial fibro§is!
Consequent structural optimization of a hit disecedeby a compound library screening led to a series
of nonsteroidal aldosterone synthase inhibitor$ wigh selectivity toward other cytochrome P450

enzymes?™*®
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In the present study, we describe the design amthasis of a series of 3-benzyl-substituted
pyridylnaphthalenes and structurally related conmaisu(Chart 1) by a combined ligand-based and
structure-based drug design approach as well edetieemination of their biological activity regandi
human CYP11B2 for potency. Selectivity is a prersitel for a CYP11B2 inhibitor, especially with
regard to other cytochrome P450 enzymes as theljkahg to interact with other CYP enzymes in a
similar way (e.g., by complexation of the heme jrdraking into consideration that the key enzyme of
glucocorticoid biosynthesis, fdhydroxylase (CYP11B1), and CYP11B2 have a sequanalogy
of approximately 93 % the selectivity issue becomes especially critioalthe design of CYP11B2
inhibitors. On that account, all compounds weré&estd$or their inhibitory potency versus CYP11B1 to
determine their selectivity. A set of compounds \additionally tested for inhibitory activity versus
the steroidogenic enzymes CYP17 &% droxylase-C17,20-lyase) and CYP19 (aromatase)etisas
selected hepatic drug-metabolizing CYP enzymes @R CYP2B6, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4).

Chart 1. Title Compounds

R4 =H, 6-OMe, 7-OMe
24,25 O R2 =H, o-OMe, m-OMe,
p-OMe, p-CN, p-OCF3
R; = H, OMe

R =OH, OMe
R, = H, p-OMe, p-CN,
p-OCF3, m-F-p-OMe

R4 =H, OMe
R, = H, p-OMe, p-CN,
p-OCF3, m-F-p-OMe

Results
Inhibitor Design Concept

In our search for new lead compounds as CYP11Bitohs structurally differing from the
previously discovered pyridylnaphthalenes suchlaand 2, we identified imidazolylmethylene-
substituted flavones (e.®+-10) to be aldosterone synthase inhibitors with maet@ high inhibitory
potency by compound library screening (Table 1)esEnh compounds that originally have been

described as aromatase inhibitérdisplay CYP11B2 inhibition in a range of 73-94 %aacon-
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centration of 500 nM with methoxy-functionalizécteing most active (l§g = 11 nM), albeit without
showing selectivity versus the highly homologous RAYB1 (see supplementary material for
selectivity data).

Table 1. Inhibition of Human Adrenal CYP11B2
In Vitro (Compound4-10)

[N

N
- | O N
™
0 98
R (0]
1,2
3-6

P
2,

N N
o} /N> 0 A/_N»
JUR®
O NO,
10
% inhibitiorf CYP11B2
compd R [1Go (nM)9]
1 H 92 [29]
2 OMe 91 [6.2]
3 H 88 [29]
4 NO, 81 [95]
5 Br 90 [25]
6 OMe 94 [11]
7 H 86 [124]
8 Br 80 [n.d.]
9 NO, 73 [n.d]
10 77 [187]

# Mean value of at least two experiments, standardation usually
less than 10 %; inhibitor concentration, 500 fNHamster fibroblasts
expressing human CYP11B2; substrate deoxycorticoste 100 nM¢
Mean value of at least four experiments, standawdation usually
less than 25 %, n.d. = not determined; fadroz@g,+ 1 nM.

Recently, a pharmacophore model for aldosteronthaga inhibitors was built by superimposition
of a series of heteroaryl-substituted methylenaieda’® and naphthalen&s® synthesized in our
laboratory and subsequently validated by pyridimestituted acenaphthenes as hybrid structures that
fit into the four identified pharmacophoric poinise., a heterocyclic nitrogen and three ring cen-
troids)!® The most potent compounds of the latter substatasses together with the most potent
flavone type inhibitors were used as training setthe generation of an extended pharmacophore
model by applying the GALAHAE pharmacophore generation module of SYBYL molecular
modeling software. In the top ranked pharmacophooelel, best in three of the most indicative

ranking criteria of this software (Pareto rankiigSpecificity, and Mol-query), the earlier pharma-
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cophoric point® were confirmed, namely the hydrophobic featureDHMY1, HY2a, HY2b as well
as the acceptor atom features AA1, AA2a, and AAZ2gure 1).

Figure 1°

& Compoundl mapped to the pharmacophore model. The
newly identified hydrophobic feature HY3 as well #we
acceptor atom features AA3a and AA3b are not etgdoby
inhibitors with a naphthalene molecular scaffolthafmaco-
phoric features are color-coded: Cyan for hydrophobgions
(HYO-HY3) and green for acceptor atom features (AML

A novel and voluminous hydrophobic area HY3 wasiified next to HY1, along with the acceptor
atom features AA3a and AA3b (see supplementary mahtor exact pharmacophore geometric
properties) as well as an additional acceptor deature AA4. Rationalizing the given information,
the two sample compound& and12 (Chart 2) were designed by modifying our previguslported
naphthalene derivatives and 2 to exploit the newly discovered pharmacophoriduea HY3. As
suggested by the model and visualized in Figurmttoduction of a hydrophobic substituent in 3-
position of the naphthalene skeleton should beréble to exploit the voluminous hydrophobic
feature HY3 of the pharmacophore. The phenyl residwectly bound to the naphthalene core in
compoundll creates a conformationally constrained structareviich both rotational degrees of
freedom of the two aryl-aryl bonds are limited sittisey are locatedrtho to each other. The benzyl
motive in compound? leads to an increased flexibility of the spatiadgerty distribution by rotation
around the two benzylic carbon—carbon bonds. Furtbee, the aromatic ring moves apart from the

naphthalene core by one methylene unit.

Chart 2. Proposed Lead Structurgs and12

In order to elucidate the role of conformationalxfbility and the exact position of the aryl moiety

for optimal inhibitor binding, docking studies weperformed (Figure 2). For this purpose, we used
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the CYP11B2 protein model that has been Bulihd subsequently validatéd®by our group as well
as the same docking calculations that have bedorpesd in these studies.

Figure2?

&”,
(

\szz-w"

b

A (_"

& Structure of the CYP11B2—inhibitor complexes
of 3 (a),2 (b) and12 (c). Surface of the binding
pocket (grey) surrounding the inhibitor and the
heme co-factor (light blue). The inhibitors are
presented in yellow; nitrogen atoms are colored
in blue and oxygen atoms are in red. Unkke¢he
inhibitors 3 and 12 exploit an additional sub-
pocket of the inhibitor binding site.

Previous investigations have identified the bindeffjnity to the target enzyme to be highly
dependent on the geometry of the coordinative boetsveen the heme iron and the heterocyclic
nitrogen. An angle of the Fe—N straight line wilte tporphyrin plane close to 90° (i.e., the hetero-
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cyclic nitrogen lone pair arranges perpendiculartite heme group) provides an optimal orbital
overlap corresponding to a high inhibitory potefity. The analysis of the docking mode of
compound3 led to the identification of a new sub-pocket whinteracts with the aryl moiety (Figure
2a). This sub-pocket was not considered as potdsitiding site during our previous design efforts
due to the fact that the formerly investigated couomas such a did not occupy this binding site
(Figure 2b). The above considerations led to tregdeof compound41 and12. Both compounds
combine the pyridylnaphthalene skeleton of compdlumgth an additional aryl motive which should
be able to interact with the newly identified sudzket. However, compourid proved to be too rigid

to fit into the binding site and could thus notdmeked successfully into the binding pocket unter t
given pharmacophore constraint, that is the Fe(h(legand) interaction. A directed heme-Fe—N
interaction was defined perpendicular to the hefaag This pharmacophore constraint was applied
to ensure the right binding mode of the inhibitavith the heme-cofactor. The constraint requires the
existence of an inhibitor-nitrogen-atom on the acef of an interaction cone with a 20 degree radius,
which has its origin at the Fe-atom and points @edicular to the heme-plane (with a length of 2.2
A). Obviously, the conformationally restricted pemoiety of compoundll undergoes repulsive
interaction with amino acids of the binding pocket with the heme-cofactor under the above
mentioned constraint (i.e., when the pyridine mofetms a coordinative bond to the heme iron), thus
preventing that the molecule successfully docks the CYP11B2 protein model. Contrariwise, the 3-
benzyl substituted analdif is more flexible due to an additional methylenacgy between the two
ring systems and thus fitted adequately into timelibhg site (Figure 2c). From these docking results
we concluded that the methylene group of the piatlemhibitor should provide the flexibility

necessary to adapt to the binding site geometry.

Chemistry

The phenyl-substituted pyridylnaphthaled@ was obtained as shown in Scheme 1 by two
subsequent Suzuki couplfigsteps, whereof the first proceeded between 3-bpgnittine and 3-
methoxy-2-naphthaleneboronic aditid. The boronic acidld was accessible bgrtho-lithiation of
2-methoxynaphthalene and in situ addition of tring#iorate as described previou$ly After
demethylation ofllc by refluxing in concentrated hydrobromic acid, theermediate naphthol was
transferred into the triflatéla by a microwave-enhanced method described by Bengts a”® A
second Suzuki coupling using controlled microwagating afforded compourid..*

The benzyl-substituted derivativé2-16, 19, and21-25 were synthesized by the route shown in
Scheme 2. Starting from a 3-hydroxy-2-naphtoic aéédv functional group inversions led to the
carbaldehyded&2e-14e. These transformations were performed by a 4-stepience starting with an
esterificatio® and subsequent introduction of a protection grouihe naphthalene hydroxy group of
12h and 13h (i.e., methyl in12g or benzyl in13g and 14g).?° Lithium borohydride reductidh
followed by TEMPO oxidatioff (of primary alcoholl2f) or Parik-Doehring oxidatidn (of 13f and
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14f) afforded the corresponding carbaldehyd2e-14e. Grignard reaction with various substituted
phenylmagnesium halogenides afforded the phenyhthgfalcohols 12d-16d, and 19d. Hydro-
genolytic removal of the hydroxy group was accost@d by treatment with NaBHand AICE in
refluxing THF® After deprotection using BBr(for de-methylation ofl2c) or ammonium formate
under Pd-catalysi§ (for de-benzylation ol3c-16¢, and19c) and subsequent triflate formatittthe
heterocycle was introduced by microwave-enhancezliSucoupling” giving rise to the benzyl-
substituted pyridylnaphthalen#&2-16, 19, and21-25.

Scheme 17

‘BW
(L

S

R=Me 11c
III IVER_Tf 11a

& Reagents and conditions:niBuLi, B(OMe);, THF, —78 °C, then
HCl/water; ii) 3-bromopyridine, Pd(PB), toluene/ethanol, aq.
Na,CO;, reflux; iii) conc. HBr, reflux; iv) TINPh, KCO,, THF,
uw, 120 °C; v) phenylboronic acid, Pd(Rfh aq. NaHCQ,
DMF, uw, 150 °C.

Scheme 22
OO OO dioriii iv OR Vv or vi
OH
COOH COOMe COOMe Ry
12h, 13h R=Me 12¢g R=Me 12f
R=Bn 13g, 14g R=Bn 13f, 14f

O e - o
CHO

R=Me 12e /_
R=Bn 13e, 14¢

R2 | /— R2

R=Me 12d : R=Me 12c
iX, X
R=Bn 13d-16d, 19d R=Tf 12a

12-16, 19, 21-25

’ R=Bn 13c-16¢c, 19¢
Xi, X
R=Tf 13a-16a, 19a

# Reagents and conditions: i) methanolSB,, reflux; ii) Mel, K,CO;, 18-crown-6, acetone, reflux (for R = Me); iii) BnBr
K,CQO;, 18-crown-6, acetone, reflux (for R = Bn); iv) LiBHTHF/toluene, reflux; v) NCS, TEMPOBuU,NCI, aqg.
Na,COy/NaHCGQ;, CH,CI,; rt (for R = Me); vi) S@py, NEg, DMSO, rt (for R = Bn); vii) ArMgX, THF, 0 °C, theaq.
NH4CI; viii) NaBH,, AICIl3, THF, reflux; ix) BBg, CH,Cl,, —20 °C; x) TNPh, K,CO,, THF, uw, 120 °C; xi) ammonium
formate, Pd/C, THF/methanol, reflux; xii) heteroaagionic acid, Pd(PRJy, ag. NaHCQ, DMF, pw, 150 °C.
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Alternatively, the benzyl-substituted pyridylnapdlignesl?, 18, and20 were obtained by the route
shown in Scheme 3. Applying the presented transitioms afforded the benzoyl-substituted deri-
vatives 26-30 and the corresponding hydroxymethylene analo@ie84 as reaction intermediates.
The sequence toward the 3-benzoyl-substituted Bthafs26b—30b was reported previously by Li et
al. and starts with aartho-lithiation of 2-methoxy- or 2,7-dimethoxynaphthade followed by in situ
addition of a Weinreb amide. Regioselective dematton of the obtained methanori28c—30c at the
naphthalene-positioortho to the benzoyl residue was accomplished by treatmih BCL/nBusNI at
—78 °C%¥ After triflate formation, a 3-pyridyl residue wastroduced by Suzuki coupling to afford
compound=26-30. The corresponding alcohda and31-34 were obtained by sodium borohydride
reduction. The methyl eth&@5 was synthesized by treati®d with methyl iodide and NaH in THF.
The benzyl-substituted pyridylnaphthalerigs 18, and 20 were obtained by in situ iodotrimethyl-
silane mediated reductidi®* However, reduction by this method did not succeethe case 082,

neither by other commonly used hydrogenolysis a3

Scheme 3°
7
R OR
i O RO O
) o
= N v 0
Rz_\ | N
L AN
| _ R2 | _R2
c 26¢-30 26-30
) X=Cl o R=Me 26¢-30c )
L X = NMeOMe 26d-30d v, R=Tf 26a-30a

7
N R, N R, SN
seoinso o oo
O | AN | AN
-—R —R
22 2

35 OMe 20a, 31-34 17,18, 20

% Reagents and conditions:N)O-dimethylhydroxylamine hydrochloride, NSSICH,Cly, rt; i)
nBuLi, 2-methoxynaphthalene (for,R= H) or 2,7-dimethoxynaphthalene (for R OMe),
TMEDA, THF, —78 °C, then HCl/water; iii) Bgl nBusNI, CH,Cl,, =78 °C to rt; iv) TSO,
pyridine, CHCI,, 0 °C; v) pyridineboronic acid, Pd(P$h ag. NaCQ;, toluene/ethanol,
reflux; vi) NaBH,, methanol, 0 °C; vii) MgSiCl, Nal, CHCN, 55 °C; viii) Mel, NaH, THF, rt.

Biological Results

Inhibition of Human Adrenal Corticoid Producing CYP11B2 and CYP11B1 In Vitro (Table
2). The inhibitory activities of the compounds werealstined in V79 MZh cells expressing either
human CYP11B2 or CYP11B%% The V79 MZzh cells were incubated with'¢]-deoxycortico-

sterone as substrate and the inhibitor in diffecemnicentrations. The product formation was monéore

by HPTLC using a phosphoimager. Fadrozole, an aasagCYP19) inhibitor with proven ability to
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reduce corticoid formation in vittband in vivd® was used as a reference (CYP11B2, k€1 nM;
CYP11B1, IGy = 10 nM).

Table 2. Inhibition of Human Adrenal CYP11B2 and CYP11BMitro (Compoundd1-35)

|
O mXN

OMe » Re
11 12-23, 31-35 24,25 26-30
% inhibitior? ICs valué (nM)

V79 11B2 V79 11BZ V79 11BF selectivity
compd R R, Rs R hCYP11B2 hCYP11B2 hCYP11B1 factbr
11 8 n.d. n.d. n.d.

12 H H H H 76 154 953 6
13 6-OMe H H H 85 53 640 12
14 H 0-OMe H H 24 n.d. n.d. n.d.
15 H m-OMe H H 62 n.d. n.d. n.d.
16 H p-OMe H H 89 7.8 2804 359
17 H p-CN H H 93 2.7 1956 724
18 H p-OCR H H 95 3.9 3559 913
19 6-OMe  p-OMe H H 95 11 4329 394
20 7-OMe  p-OMe H H 35 n.d. n.d. n.d.
21 H p-OMe OMe H 93 7.7 1811 235
22 6-OMe  p-OMe OMe H 96 7.6 2452 322
23 6-OMe H OMe H 90 24 2936 122
24 H 98 3.0 785 262
25 OMe 94 5.0 735 147
26 H p-OMe H 79 119 24003 202
27 H m-F-p-OMe H 78 65 19816 305
28 H p-CN H 88 30 9639 321
29 H p-OCRK H 91 28 11307 404
30 OMe p-OMe H 25 n.d. n.d. n.d.
31 H p-OMe H OH 57 n.d. n.d. n.d.
32 H m-F-p-OMe H OH 51 n.d. n.d. n.d.
33 H p-CN H OH 59 n.d. n.d. n.d.
34 H p-OCR H OH 63 n.d. n.d. n.d.
35 H p-OMe H OMe 23 n.d. n.d. n.d.
fadrozole - 1 10 10

@ Mean value of at least two experiments, standavibtion usually less than 10 %; inhibitor concatitm, 500 nM? Mean value of at least
four experiments, standard deviation usually lésnt25 %, n.d. = not determinédHamster fibroblasts expressing human CYP11B2;
substrate deoxycorticosterone, 100 rfMHamster fibroblasts expressing human CYP11B1;tsatiesdeoxycorticosterone, 100 nflCs,
CYP11B1/IG, CYP11B2, n.d. = not determined.

Compoundll with a phenyl residue directly bound to the naplghe core shows no significant

activity at the target enzyme with only 8 % inhidsit at an inhibitor concentration of 500 nM (Table
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2). Insertion of a methylene linker into the biabgnd results in an increased inhibitory potency at
CYP11B2 in compound?2 (ICs = 154 nM). Introduction of a methoxy residuedrtho- or meta
position of the benzylic moiety as accomplisheccampoundsl4 and 15 results in a significantly
decreased inhibitory potency whereas the same iguegt in para-position gives rise to the highly
potent CYP11B2 inhibitofl6 (ICso = 7.8 nM) with pronounced selectivity versus CYB11(ICso =
2804). The cyano and trifluoromethoxy-substitutedlaguesl7 and 18 are highly potent as well and
about 700-fold and 900-fold more selective for CYB2. Derivatization of the naphthalene core by a
methoxy group is readily tolerated in 6-positioraasomplished in compounds, 19, 22, 23, and25.
The inhibitory profile of the 6-methoxy derivativesgarding the two CYP11B isoforms is thereby
comparable to the corresponding hydrogen analogissa slightly increased selectivity factor in
most cases. On the other hand, introduction of oxsthin 7-position results in a decrease of the
inhibition to less than 40 % at an inhibitor concation of 500 nM 20 and30). Modification of the
pyridine moiety which has recently been shown twease the activity and selectivity of naphthalene
type CYP11B2 inhibitor§ affords compound®1-25 with ICs, values in the range of 3-24 nM.
Replacing the methylene linker by a carbonyl grag@accomplished in compoun2i-29 results in a
slightly reduced inhibitory potency ((¢= 16-118 nM), albeit the high CYP11B1 selectivisy
retained (factor 200-500). Introducing hydroxyméthge @1-34) or methoxymethylenedp) as linker
between the aryls leads to a significant loss laibittory activity to approximately 60 % at an inhdr
concentration of 500 nM in the case of compousid$34 and to an almost complete loss in the case of
compound35.

Inhibition of Steroidogenic and Hepatic CYP Enzymes (Tables 3 and 4). A set of 12 compounds
was investigated for inhibition of the steroidogeminzymes CYP17 and CYP19 (Table 3). The
inhibition of CYP17 was investigated using the B0.@ sediment of theE. coli homogenate
recombinantly expressing human CYP17 and progeste(@5 pM) as substrat® The inhibition
values were measured at an inhibitor concentradfod uM. In general, the compounds show no or
only little inhibition of less than 25 %. As an eption, compoun@2 exhibits 51 % inhibition which
is in the range of the reference ketoconazole,(k£2780 nM). The inhibition of CYP19 at an
inhibitor concentration of 500 nM was determineditno with human placental microsomes anfi-[1
®H]androstenedione as substrate as described by fdmmand Siitett using our modificatiofi?
Most of the compounds display only a moderate ataseainhibition of less than 40 % whereof four
compounds do not inhibit CYP19 at alll( 24, 25, and28). Thepara-cyano-substituted derivativier
shows a pronounced activity (60 %) and introductbmethoxy in 6-position of the naphthalene core
as accomplished in compountd, 22, and23 results likewise in a remarkably increased iniohit
Most notably, compound?9 is a highly potent CYP19 inhibitor exhibiting a@s} value of 38 nM,

thus being almost as active as the reference falrgiCso = 30 nM).
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Table 3. Inhibition of Human CYP17 and CYP19 In Vitro

% inhibitiorf % inhibitiorf
compd CYP17 CYP1¢ compd CYP1? CYP1¢
16 <5 39 23 26 73
17 25 60 24 <5 <5
18 10 45 25 21 6
19 <5 92 26 5 19
21 28 6 28 7 <5
22 51 49 29 8 17

4 Mean value of three experiments, standard deviatimally less than 10 %E. coli expressing
human CYP17; substrate progesteroneu®b inhibitor concentration, 2.QM; ketoconazole,
ICso = 2.78 uM. © Human placental CYP19; substrate androstenedif@@, nM; inhibitor
concentration, 500 nM; fadrozole,si> 30 nM.% ICs = 38 nM.

A selectivity profile relating to inhibition of coial hepatic CYP enzymes (CYP1A2, CYP2B6,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4) was determioecdompoundd6, 17, 19, and28 by
use of recombinantly expressed enzymes from bacutinfected insect microsomes. Table 4 shows
the inhibition at a concentration of 1M and 1uM. It becomes apparent that some enzymes are
affected only to a minor degree by all compoundduiing CYB2B6 and CYP2D6. On the other
hand, CYP2C9 is strongly inhibited in most casdse bBenzoyl derivativ8 with less than 40 %
inhibition at 1uM concentration at all CYP enzymes is the mostcsi@ie compound within this series.
The worst selectivity profile is observed in theseaof 19 inhibiting CYP2C9, CYP2C19, and
CYP3A4 with pronounced potency.

Table 4. Inhibition of Selected Hepatic CYP Enzymes In Witr

% inhibitiorf
CYP1A2* CYP2B@* CYP2C9%* CYP2C19' CYP2D6¢ CYP3AST
compd 1M 1pM 10pM 1pyM 10pM  1pM 10pM 1pM 10pM 1pM 10pM  1uM
16 77 23 48 <5 92 51 32 <5 6 <5 79 30
17 83 41 69 24 96 78 87 62 62 23 17 9
19 59 13 61 8 o8 96 96 74 7 <5 89 60
28 a7 22 43 14 74 35 43 <5 51 23 62 23

3 Mean value of two experiments, standard deviatisumlly less than 10 % Recombinantly expressed enzymes from baculovirfessied
insect microsomes (Supersomés)urafylline,ICso = 2.42 M. ¢ Tranylcypromine, 16 = 6.24uM. © SulfaphenazoldCs, = 318 nM.f
Tranylcypromine, 16 = 5.95uM. ¢ Quinidine, 1G, = 14 nM." KetoconazoleCso = 57 nM.' ICso = 64 nM.

Discussion and Conclusion

The inhibitor design concept of the present stuidyggered the synthesis of compouridsand12 as
potential new lead structures by extending a preshoestablished naphthalene molecular scaffold via
introduction of a phenyl or benzyl residue in 3difios. Subsequently, docking studies in our
CYP11B2 protein model were performed in order tceadh for spatial consistency with the
pharmacophore hypothesis. It was found that whiknpgl-substituted 1 did not dock under the given

pharmacophore constraint (Fe(heme)-N(ligand) ictera), benzyl-substituted?2 adequately fits into
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the binding site by exploiting a previously unexplt sub-pocket. These findings were confirmed by
experimental results showing that 3-phenyl-subigtitpyridylnaphthalen&l exhibits no significant
CYP11B2 inhibition in vitro. In accordance with tecking results, benzyl analdg is a moderately
potent aldosterone synthase inhibitorsfl€ 154 nM). The selectivity versus CYP11B1, however
rather poor with an only 6-fold increasedsJ&alue compared to CYP11B2. The following lead
optimization was accomplished by considering theRS@sults obtained previously from the struc-
tures of the known inhibitors which have been usgdhe generation of the pharmacophore model
(e.g.,1-10). Methoxy substitution in compour@lafforded the most active compound of the flavone
series (IG, = 11 nM) and was therefore chosen as a model isudo#t to figure out the optimal
substituent position in the benzyl moiety 1. In case of the pyridylnaphthalenes, methoxy in 6-
position as accomplished i& proved to be favorable in terms of both inhibitgggtency and
selectivity™

Within the present set of compounds, interestingictlire-activity and structure-selectivity
relationships can be observed, particularly withard to the benzyl and the naphthalene moieties. Th
benzylic part of the investigated molecules reprtssa pivotal region for structural optimizationdan
is to a great extent dependent on the positiorub$tifuents in terms of both inhibitory activitydan
selectivity toward the highly homologous CYP11Bladhg methoxy inortho- or metaposition of
the benzyl residue significantly reduces the irtbilyi potency. Maost notably, the inhibition decresase
to 24 % at an inhibitor concentration of 500 nMcase ofortho-methoxy-derivatized compourid.
Contrariwise, methoxy irpara-position as accomplished in compoub@ increases the CYP11B2
activity by a factor of 20 compared to the hydrogemlogl2 and the selectivity toward CYP11B1
clearly improves (selectivity factor = 359). Thepexmental observations can be explained by the
docking results of compoundss and 19, both bearing gpara-methoxy group(Figure 3). The
introduction of this substituent into the benzylietg as accomplished 16 leads to interactions of
the compound with the residues of Pro452, Val384d, Bhr279, thus stabilizing the complex formed
by coordination of the heme iron by the heterocynlirogen considerably (Figure 3a). In compound
19, a second methoxy group was introduced at thes@ipo of the naphthalene scaffold (Figure 3b).
This leads to no additional stabilization of thenpdex, but to a slightly increased selectivity wers
CYP11B1. The same trend was observed previouslyther binding properties of a series of
substituted pyridylnaphthalen&s The para-cyano andara-trifluoromethoxy derivatived7 and18
are likewise highly potent and display sCvalues of 2.7 nM and 3.9 nM, respectively, which
corroborates the importance pdra-substitution for activity. Keeping in mind the higpomology of
the two CYP11B isoforms, the selectivity factordatieg to CYP11B1 inhibition of the latter
compounds are particularly noteworthy. Compoutl displays an approximately 700-fold and
compoundl8 a 900-fold stronger inhibition of CYP11B2 versusR11B1.
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Figure 3.

]

Figure 3. Structure of the CYP11B2 binding pocket
with the docked inhibitord6 (a) and19 (b). Details of
the active site, showing inhibitor, heme co-facémd
the interacting residues of Pro452, Val339, an®Tar

In the naphthalene molecular scaffold, introductibm methoxy substituent in 7-position results in
a decreased inhibitory poten@0( 30) whereas the same substituent is readily toleratédposition
and even slightly increases the CYP11B1 selectivitynost cases. Figure 4 shows the 6-methoxy
substituted derivativé9 mapped to the pharmacophore model. It is obvibasthis compound nearly
perfectly exploits both the well known (HYO, HY1,Yda, AAl, AA2a) and the newly identified
(HY3, AA3Db) interaction areas which is reflectedthg high inhibitory potency of this compound and
underlines the predictive power of our pharmacoplypothesis.

The para-methoxy group in the benzyl moiety &® which has been found to be responsible for
both high inhibitory activity at CYP11B2 and seleity versus CYP11B1 fits to the acceptor atom
feature AA3b. Hence, targeting this interactionaar® a promising strategy in the future design of
potent and selective aldosterone synthase inhgitlith respect to the selectivity profile relatiteg
inhibition of several other CYP enzymes, it becorag@parent that 6-methoxylation endows the
benzylnaphthalenes with an increased inhibitoryepoy at CYP19 as in the case of compoutfis
22, and 23, for example 6-methoxy derivativi9 is a highly potent CYP19 inhibitor displaying an
activity similar to fadrozole. In addition, the test compound strongly inhibits several hepatic CYP
enzymes (i.e., CYP2C9, CYP2C19, and CYP3A4).
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Figure4.

Compound19 shows an enhanced fit to the pharmacophore
hypothesis compared td by additionally exploiting the
features HY3 and AA3b. Pharmacophoric featurescater-
coded: Cyan for hydrophobic regions (HYO-HY3) andegr

for acceptor atom features (AA1-4).

Varying the substitution pattern of the pyridineesnduces no distinct changes of the CYP11B2
potency in case df1 and22. Again, 6-methoxylation in compour? increases the selectivity versus
CYP11B1 compared t2l. A slightly decreased selectivity versus CYP11Bblbservable in case of
the isoquinoline derivative®4 and25 due to a moderate increase in CYP11B1 potency €000
nM) which corresponds to previously observed resuithin the pyridylnaphthalene serf@ontrary
to the finding that 6-methoxylation effects a stlghimproved selectivity (as shown in previous
studies*** and observed in case of compour@s 19, and22 compared tdl2, 16, and21), the 6-
methoxynaphthalene compouf8 is less selective than the hydrogen an&bhdDerivatization of the
methylene linker in compound26-35 leads to a decrease in inhibitory potency. Theaayl
analogue<6, 28, and29 are slightly less active than their methylene agaés. On the other hand,
CYP11B1 inhibition is reduced to the same degrekthe high selectivity is maintained. Agapara-
trifluoromethoxy has the strongest effect on thaibiitory discrimination between the two CYP11B
isoforms and derivativ29 is approximately 400-fold less active at CYP11Binpared to CYP11B2.

In case of thgara-cyanobenzoyl compourizB, a decreased inhibition of the sex-hormone pradyci
CYP17, CYP19 as well as the hepatic CYP1A2, CYP2B&P2C9, CYP2C19, and CYP2D6
enzymes is found compared to the benzyl andlggthus providing an advantageous overall CYP
selectivity profile for this compound. Other vaitats of the methylene moiety as accomplished in the
hydroxy- and methoxymethylene derivativ88-35 lead to a pronounced decrease of inhibitory
activity compared to the unsubstituted analogueses& compounds display 51-63 % inhibition at an
inhibitor concentration of 500 nM in case of hydysubstitution 0-34) and only 23 % in case of
methoxy substitution 35). Obviously, the decrease in potency with incregssubstituent size
(hydrogen < carbonyl < hydroxy < methoxy) reflettts increase of steric repulsion between the aryl—
aryl spacer and the enzyme parts (i.e., Leu343anue co-factor) separating the naphthalene binding

site from the sub-pocket interacting with the bémegidue.
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In summary, it has been shown that our CYP11B2mheophore model has predictive power to
identify prospective lead structures. Based onréiselts of the pharmacophore model, a new class of
pyridylnaphthalene derivatives with extended cayibc skeleton was synthesized. Derivatives with
para-functionalized benzyl moiety in 3-position of tmaphthalene molecular scaffold thoroughly
satisfied the spatial constraints imposed by tharmphacophore model and turned out to be highly
potent aldosterone synthase inhibitors. The masteacompound para-cyanobenzyl derivativd?,
displayed nanomolar potency at the target enzy@g € 2.7 nM). In addition, docking studies using
our CYP11B2 protein model proved to be a useful tooestimate the inhibitory properties of
proposed new molecules and to explain structurigigctrelationships. The binding behavior of
compoundd1 and12 was adequately predicted by the docking resultghErmore, it was shown that
the high inhibitory potency of th@ara-substituted derivativel6 is the outcome of stabilizing
interactions with the residues of Pro452, Val33®] @hr279. The selectivity versus CYP11B1 (up to
a factor of 900) which is especially remarkablehwitspect to the high homology of the two CYP11B
isoforms was found to be a consequenceafa-substitution and hence of exploiting the AA3b
pharmacophoric feature as well. Currently, furtbrdies are underway to evaluate selected com-

pounds for their in vivo properties.

Experimental Section

Chemical and Analytical Methods. Melting points were measured on a Mettler FP1 imglpoint
apparatus and are uncorrectéd. NMR and **C spectra were recorded on a Bruker DRX-500
instrument. Chemical shifts are given in parts pdtion (ppm), and tetramethylsilane (TMS) was
used as internal standard for spectra obtainedM$0O-ds and CDC}. All coupling constantsJf are
given in Hertz. Mass spectra (LC/MS) were measureda TSQ Quantum (Thermo Electron
Corporation) instrument with a RP18 100-3 columna¢ilerey Nagel) and with water/acetonitrile
mixtures as eluents. Elemental analyses were daoué at the Department of Chemistry, University
of Saarbricken. Reagents were used as obtained &mmmercial suppliers without further
purification. Solvents were distilled before usery Bolvents were obtained by distillation from
appropriate drying reagents and stored over maeaiéves. Flash chromatography was performed
on silica gel 40 (35/40-63/70 uM) with petroleunhezfethyl acetate mixtures as eluents, and the
reaction progress was determined by thin-layer roatography analyses on Alugram SIL G/UV254
(Macherey Nagel). Visualization was accomplisheahwiJV light and KMnQ solution. All
microwave irradiation experiments were carried outa CEM-Discover monomode microwave
apparatus.

The following compounds were prepared accordingptteviously described procedures: 3-(3-
methoxynaphthalen-2-yl)pyridingic),* (3-methoxynaphtalene-2-yl)boronic acitlld),?? methyl 3-
methoxynaphthalene-2-carboxylate2g),?® methyl 3-hydroxynaphthalene-2-carboxylai®h),? (3-
hydroxynaphthalen-2-yl)(4-methoxyphenyl)methanone(26b),*>  (3-methoxynaphthalen-2-yl)(4-
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methoxyphenyl)methanone 26c),** N,4-DimethoxyN-methylbenzamide 26d),3? 4-[(3-hydroxy-
naphthalen-2-yl)carbonyl]benzonitrile 28b),*  4-[(3-mehoxynaphthalen-2-yl)carbonyl]benzonitrile
(28¢c),* 4-CyanoN-methoxyN-methylbenzamide2gd).>

Synthesis of the Target Compounds

Procedure A.?* Boronic acid (0.75 mmol, 1 equivalent), aryl bromiadr -triflate (0.9-1.3
equivalents), and tetrakis(triphenylphosphane)galfa(0) (43 mg, 37.5umol, 5 mol %) were sus-
pended in 1.5 mL DMF in a 10 mL septum-capped tedgtaining a stirring magnet. To this was
added a solution of NaHG@189 mg, 2.25 mmol, 3 equivalents) in 1.5 mL wated the vial was
sealed with an Teflon cap. The mixture was irradlatith microwaves for 15 min at a temperature of
150 °C with an initial irradiation power of 100 \After the reaction, the vial was cooled to 40 & t
crude mixture was partitioned between ethyl acetatd water and the aqueous layer was extracted
three times with ethyl acetate. The combined ohiers were dried over Mgg@nd the solvents
were removed in vacuo. The coupling products wétained after flash chromatography on silica gel
(petroleum ether/ethyl acetate mixtures) and/ostatlization. If an oil was obtained, it was dissal
in diethyl ether/methanol and tranferred into thalrbchloride salt by 1N HCI solution in iso-
propanol/diethyl ether, followed by filtration aogtional crystallization from acetone. Analyticaltd
refer to the free base unless otherwise noted.

Procedure B. Boronic acid (1 equivalent), aryl bromide or -wift (1.3-1.5 equivalents), and
tetrakis(triphenylphosphane)palladium(0) (5 mol W@re suspended in toluene/ethanol 4/1 to give a
0.07-0.1 M solution of boronic acid under an atesptof nitrogen. To this was added a 1 N aqueous
solution of NaCO; (6 equivalents). The mixture was then refluxed 1@18 h, cooled to room
temperature, diluted with water and extracted s#venes with ethyl acetate. The combined extracts
were dried over MgS§) concentrated and purified by flash chromatograpimsilica gel (petroleum
ether/ethyl acetate mixtures) and/or crystallizatid an oil was obtained, it was dissolved in gt
ether/methanol and tranferred into the hydrochtosdlt by 1N HCI solution in isopropanol/diethyl
ether, followed by filtration and optional crystafition from acetone. Analytical data refer to tree
base unless otherwise noted.

Procedure C.** To a 0.6 M solution of Nal (6 equivalents) in acetdle was added
chlorotrimethylsilane (6 equivalents) at room tenapare, and the mixture was stirred for 30 min
before cooling to 0 °C with an ice-water bath. Tharl M solution of the phenylnaphthylalcohol (1
equivalent) in acetonitrile was added dropwiseeAftomplete addition the mixture was heated at 55
°C for 3 h. After recooling to room temperatureg tleaction was quenched by addition of saturated
aqueous NaHCPsolution. The layers were separated, and the agukyer extracted twice with
ethyl acetate The combined organic layers were &hslith a solution of N&,0s, water and brine.
The extracts were dried over Mg§©@oncentrated and purified by flash chromatograpmigilica gel
(petroleum ether/ethyl acetate mixtures). If an wihs obtained, it was dissolved in diethyl

ether/methanol and tranferred into the hydrochiosdlt by 1N HCI solution in isopropanol/diethyl
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ether, followed by filtration and optional crystafition from acetone. Analytical data refer to tree
base unless otherwise noted.

Procedure D. To a 0.05 M solution of benzoylnaphthalene in drgthanol was added sodium
borohydride (2 equivalents) at such a rate as fotaia the internal reaction temperature below 5 °C
The reaction mixture was stirred for 1 h, dilutedhwdiehtylether and treated with saturated aqueous
NaHCG; solution. The mixture was then extracted threeesiwith ethyl acetate, washed twice with
saturated aqueous NaHg®olution and once with brine and dried over MgSThe filtrate was
concentrated in vacuo, and the residue was flasdn@tographed on silica gel (petroleum ether/ethyl
acetate mixtures) to afford the corresponding atoh

3-(3-Phenylnaphthalen-2-yl)pyridine (11) was obtained according to procedure A frbha (657
mg, 1.86 mmol) and phenylboronic acid (854 mg, 4r®fol) after flash chromatography on silica gel
(petroleum ether/ethyl acetate, 7/, = 0.22) as a colorless oil (195 mg, 0.69 mmol, %Y,
precipitation of the hydrochloride salt affordetighly hygroscopic solid, mp (HCI salt) 106-109 °C.
MS m/z282.70 (MH). Anal. (GiH1sN-HCIF1.5H0) C, H, N.

3-(3-Benzylnaphthalen-2-yl)pyridine (12) was obtained according to procedure A frb2a (433
mg, 1.18 mmol) and 3-pyridineboronic acid (105 @@5 mmol) after flash chromatography on silica
gel (petroleum ether/ethyl acetate, 4RL= 0.19) as a colorless oil (186 mg, 0.63 mmol2@¥ mp
(HCl salt) 197-198 °C. M8&/z296.14 (MH). Anal. (G.H;;N-HCI0.6H,0) C, H, N.

3-(3-Benzyl-6-methoxynaphthalen-2-yl)pyridine (13) was obtained according to procedure A
from 13a (462 mg, 1.17 mmol) and 3-pyridineboronic acid Q1og, 0.81 mmol) after flash
chromatography on silica gel (petroleum ether/ettrgdtate, 4/1R = 0.18) as a colorless oil (196 mg,
0.60 mmol, 74 %), mp (HCl salt) 170-172 °C. Mz 326.09 (MH). Anal. (GsH;sNO-HCI-0.6H,0)
C,H, N.

3-[3-(2-M ethoxybenzyl)naphthalen-2-yl]pyridine (14) was obtained according to procedure A
from 14a (462 mg, 1.17 mmol) and 3-pyridineboronic acid Q1thg, 0.81 mmol) after flash
chromatography on silica gel (petroleum ether/etiogtate, 7/3R = 0.26) as colorless oil (161 mg,
0.50 mmol, 61 %), mp (HCI salt) 214-216 °C. Mz 326.02 (MH). Anal. (GsH;sNO-HCI-0.6H,0)
C,H, N.

3-[3-(3-Methoxybenzyl)naphthalen-2-yl]pyridine (15) was obtained according to procedure A
from 15a (433 mg, 1.09 mmol) and 3-pyridineboronic acid (8%, 0.75 mmol) after flash
chromatography on silica gel (petroleum ether/ettvgtate, 4/1R = 0.13) as a colorless oil (162 mg,
0.50 mmol, 66 %), mp (HCI salt) 161-162 °C. M#326.02 (MH). Anal. (G3H:gNO-HCI-0.6H,0)

C, H, N.

3-[3-(4-M ethoxybenzyl)naphthalen-2-yl]pyridine (16) was obtained according to procedure A
from 16a (476 mg, 1.20 mmol) and 3-pyridineboronic acid (8%, 0.75 mmol) after flash
chromatography on silica gel (petroleum ether/ettvgtate, 4/1R = 0.14) as a colorless oil (199 mg,
0.56 mmol, 75 %), mp (HCI salt) 180-182 &-NMR (500 MHz, CDCJ): 5 = 3.75 (s, 3H), 4.00 (s,
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2H), 6.72 (d2J = 8.8 Hz, 2H), 6.82 (dJ = 8.8 Hz, 2H), 7.26 (ddd) = 7.9 Hz3 = 4.7 Hz>J = 0.9

Hz, 1H), 7.45-7.52 (m, 3H), 7.68 (s, 1H), 7.701(d), 7.79-7.83 (m, 2H), 8.55 (dt = 2.2 Hz,°J =

0.9 Hz, 1H), 8.59 (dd¥J = 4.7 Hz,"J = 1.9 Hz, 1H).*C-NMR (125 MHz, CDCJ): 5 = 39.0, 55.2,

113.7, 122.7, 126.0, 126.4, 127.3, 127.6, 128.9.412129.7, 132.0, 132.4, 133.1, 136.6, 137.06,

137.13, 148.2, 149.9, 157.9. M$z326.16 (MH). Anal. (GaH1o0NO-HCI-0.6H,0) C, H, N.
4-(3-Pyridin-3-yl-naphthalen-2-ylmethyl)benzonitrile (17) was obtained according to procedure

C from33 (841 mg, 2.50 mmol), sodium iodide (2.25 g, 15r@at) and chlorotrimethylsilane (1.63 g,

15.0 mmol) after flash chromatography on silica(@etroleum ether/ethyl acetate, /8= 0.15) as a

colorless oil (486 mg, 1.52 mmol, 61 %), mp (HClt)sa30-131 °C. MSn/z321.33 (MH). Anal.

(Ca3H16N2-HCI0.8H,0) C, H, N.

3-[3-(4-Trifluoromethoxybenzyl)naphthalen-2-yl]pyridine (18) was obtained according to
procedure C from34 (395 mg, 1.00 mmol), sodium iodide (899 mg, 6.0 amand
chlorotrimethylsilane (652 mg, 6.0 mmol) after flaghromatography on silica gel (petroleum
ether/ethyl acetate, 4/R: = 0.28) as a colorless oil (292 mg, 0.77 mmol%@)7 precipitation of the
hydrochloride salt afforded a highly hygroscopididsomp (HCI salt) 139-142 °QMS m/z 379.90
(MH"). Anal. (G4H;17F3NO-HCI-0.2HO) C, H, N.

3-[6-M ethoxy-3-(4-methoxybenzyl)naphthalen-2-yl|pyridine (19) was obtained according to
procedure A froni9a (512 mg, 1.20 mmol) and 3-pyridineboronic acid3xtg, 0.92 mmol) after
flash chromatography on silica gel (petroleum ddibyl acetate, 7/33 = 0.18) as a colorless oil (189
mg, 0.55 mmol, 60 %), mp (HCI salt) 114-115 *@-NMR (500 MHz, CDC}): 5 = 3.75 (s, 3H), 3.91
(s, 3H), 3.98 (s, 2H), 6.73 (&) = 8.5 Hz, 2H), 6.84 (J = 8.5 Hz, 2H), 7.09 (dJ = 2.5 Hz, 1H),
7.13 (dd,>J = 9.0 Hz,"J = 2.5 Hz, 1H), 7.25 (dd) = 8.0 Hz,%J = 4.8 Hz, 1H), 7.51 (m, 1H), 7.57 (s,
1H), 7.60 (s, 1H), 7.71 (d) = 8.9 Hz, 1H), 8.54 (d'J = 1.9 Hz, 1H), 8.56 (dd) = 4.8 Hz,"J =15
Hz, 1H).**C-NMR (125 MHz, CDC)): § = 38.9, 55.2, 55.3, 105.2, 113.7, 119.0, 122.8,53,2127.8,
129.1, 129.2, 129.8, 132.6, 134.4, 134.8, 136.9,3,3137.6, 148.1, 150.1, 157.9, 158.1. kh¥&
356.25 (MH). Anal. (G4H21:NO,-HCI-0.8H,0) C, H, N.

3-[7-M ethoxy-3-(4-methoxybenzyl)naphthalen-2-yl|pyridine (20) was obtained according to
procedure C from20a (400 mg, 1.08 mmol), sodium iodide (1.65 g, 11.0nal) and
chlorotrimethylsilane (1.20 g, 11.0 mmol) after stha chromatography on silica gel (petroleum
ether/ethyl acetate, 7/& = 0.11) as a colorless oil (148 mg, 0.42 mmol%39 mp (HCI salt) 101—-
103 °C. MSm/z356.04 (MH). Anal. (G4H2:NO»HCI-0.1H,0) C, H, N.

3-M ethoxy-5-[ 3-(4-methoxybenzyl)naphthalen-2-yl|pyridine (21) was obtained according to
procedure A fromi6a (396 mg, 1.00 mmol) and 5-methoxy-3-pyridinebocaeiid acid (130 mg, 0.85
mmol) after flash chromatography on silica gel {pletum ether/ethyl acetate, 7/, = 0.21) as a
colorless oil (149 mg, 0.42 mmol, 49 %), mp (HClt)s406-108 °C. M3n/z 356.09 (MH). Anal.
(C24H21NO,-HCI-0.5H,0) C, H, N.
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3-M ethoxy-5-[6-methoxy-3-(4-methoxybenzyl)naphthalen-2-yl]pyridine (22) was obtained
according to procedure A fro®a (426 mg, 1.00 mmol) and 5-methoxy-3-pyridinebocoscid acid
(130 mg, 0.85 mmol) after flash chromatography iboasgel (petroleum ether/ethyl acetate, #3+
0.18) as colorless plates (244 mg, 0.63 mmol, 75rfp) 129-130 °C. M®/z385.91 (MH). Anal.
(C2sH23NOs) C, H, N.

3-(3-Benzyl-6-methoxynaphthalen-2-yl)5-methoxypyridine (23) was obtained according to
procedure A froml3a (396 mg, 1.00 mmol) and 5-methoxy-3-pyridinebocaaeid acid (130 mg, 0.85
mmol) after flash chromatography on silica gel (pletum ether/ethyl acetate, 7K, = 0.21) as a
colorless oil (221 mg, 0.62 mmol, 73 %), mp (HClt)s&a19-121 °C. MSn/z356.09 (MH). Anal.
(C24H21NO,-HCI-0.2H,0) C, H, N.

4-[3-(4-M ethoxybenzyl)naphthalen-2-yl]isoquinoline (24) was obtained according to procedure A
from 16a (396 mg, 1.00 mmol) and 4-isoquinolineboronic a0 mg, 0.75 mmol) after flash
chromatography on silica gel (petroleum ether/ettvgtate, 7/3 = 0.20) as a colorless oil (178 mg,
0.47 mmol, 63 %), mp (HCI salt) 202-203 °C. M#z 376.12 (MH). Anal. (G/H2:NO-HCI-0.5H,0)

C, H, N.

4-[6-M ethoxy-3-(4-methoxybenzyl)naphthalen-2-yl]isoquinoline (25) was obtained according to
procedure A froml9a (456 mg, 1.07 mmol) and 4-isoquinolineboronic a@@0 mg, 0.75 mmol)
after flash chromatography on silica gel (petroleether/ethyl acetate, 7/3Qx = 0.18) and
crystallization from acetone/diethyl ether as deles plates (178 mg, 0.44 mmol, 59 %), mp 158-159
°C. MSm/z406.00 (MH). Anal. (GgH2sNO,) C, H, N.

(4-M ethoxyphenyl!)(3-pyridin-3-yl-naphthalen-2-yl)methanone (26) was obtained according to
procedure B fron26a (4.02 g, 9.80 mmol) and 3-pyridineboronic acid®lg, 8.33 mmol) after flash
chromatography on silica gel (petroleum ether/ettegdtate, 1/1R = 0.22) as an off-white solid (2.66
g, 7.84 mmol, 94 %), mp 69-72 °C. M8z340.07 (MH). Anal. (GsH;;NO,:0.2H,0) C, H, N.

(3-Fluor o-4-methoxyphenyl)(3-pyridin-3-yl-naphthalen-2-yl)methanone (27) was obtained
according to procedure B fro2ia (4.19 g, 9.78 mmol) and 3-pyridineboronic acidoglg, 8.33
mmol) after flash chromatography on silica gel {pletum ether/ethyl acetate, 1R, = 0.16) as an
off-white solid (2.52 g, 7.05 mmol, 85 %), mp 96-9C. MS m/z 358.00 (MH). Anal.
(C2sH16FNO,0.1H,0) C, H, N.

4-(3-Pyridin-3-yl-naphthalene-2-car bonyl)benzonitrile (28) was obtained according to procedure
B from 28a (3.0 g, 7.40 mmol) and 3-pyridineboronic acid (1g0 8.20 mmol) after flash
chromatography on silica gel (petroleum ether/ettegtate, 7/3% = 0.15) as yellowish needles (1.67
g, 5.0 mmol, 68 %), mp 135-136 °C. M8z335.05 (MH). Anal. (GsH14N,0-0.1H,0) C, H, N.

(3-Pyridin-3-yl-naphthalen-2-yl)(4-trifluor omethoxyphenyl)methanone (29) was obtained
according to procedure B fro@Pa (4.57 g, 9.84 mmol) and 3-pyridineboronic acidoglg, 8.33
mmol) after flash chromatography on silica gel {pletum ether/ethyl acetate, 7/, = 0.20) as a
colorless oil (3.20 g, 8.14 mmol, 98 %), precipitatof the hydrochloride salt afforded a highly
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hygroscopic solid, mp (HCI salt) 116-118 °RS m/z393.89 (MH). Anal. (GaH14FsNO,-HCI) C, H,
N.

(4-M ethoxyphenyl)(6-methoxy-3-pyridin-3-yl-naphthalen-2-yl)methanone (30) was obtained
according to procedure B frod0a (1.54 g, 3.50 mmol) and 3-pyridineboronic acid43vg, 3.0
mmol) after flash chromatography on silica gel (pletum ether/ethyl acetate, 1/&, = 0.08) and
crystallization from methanol as a white solid (488, 1.96 mmol, 65 %), mp 140-141 °C. Mtz
370.10 (MH). Anal. (G4H;sNO5-0.2H0) C, H, N.

(4-M ethoxyphenyl)(3-pyridin-3-yl-naphthalen-2-yl)methanol (31) was obtained according to
pocedure D from26 (1.02 g, 3.0 mmol) and sodium borohydride (226 ®@, mmol) after flash
chromatography on silica gel (petroleum ether/etiogtate, 1/1R = 0.18) as a colorless solid (597
mg, 1.75 mmol, 58 %), mp 77-78 °C. M8z342.10 (MH). Anal. (GsH;sNO,-0.3H,0) C, H, N.

(3-Fluor 0-4-methoxyphenyl)(3-pyridin-3-yl-naphthalen-2-yl)methanol  (32) was obtained
according to procedure D frogY (2.11 g, 5.91 mmol) and sodium borohydride (246 &§0 mmol)
after flash chromatography on silica gel (petrolegtimer/ethyl acetate, 1/R = 0.19) as a yellowish
solid (543 mg, 1.51 mmol, 26 %), mp 75-76 °C. M&359.96 (MH). Anal. (G3H:sFNO,-0.5H,0)
C,H, N.

4-[Hydr oxy-(3-pyridin-3-yl-naphthalen-2-yl)methyl]benzonitrile (33) was obtained according to
procedure D fron28 (1.46 g, 4.37 mmol) and sodium borohydride (182 t§0 mmol) after flash
chromatography on silica gel (petroleum ether/etivgtate, 1/1R = 0.16) as a colorless solid (1.22 g,
3.63 mmol, 83 %), mp 101-103 °C. M8z336.93 (MH). Anal. (GsH;¢N,0-0.5H,0) C, H, N.

(3-Pyridin-3-yl-naphthalen-2-yl)(4-trifluoromethoxyphenyl)methanol  (34) was obtained
according to Procedure D froB9 (2.80 g, 7.12 mmol) and sodium borohydride (295 m80 mmol)
after flash chromatography on silica gel (petroleettmer/ethyl acetate, 1/R; = 0.32) as a colorless
solid (1.86 g, 4.70 mmol, 66 %), mp 65-66 °C. M& 396.20 (MH). Anal. (GaH16FsNO,:0.2H,0)
C,H, N.

3-{3-[M ethoxy-(4-methoxyphenyl)methyl]naphthalen-2-yl}pyridine (35). To a suspension of
NaH (40 mg, 1.0 mmol, 60% dispersion in oil) in & dry THF at was added dropwise a solution of
31 (300 mg, 0.88 mmol) in 5 mL THF at room temperatunder an atmosphere of nitrogen. After
hydrogen evolution ceased, a solution of methytledi59uL, 0.95 mmol) in 5 mL THF was added
dropwise, and the resulting mixture was stirred=dr at room temperature. After 2 h an additiorgal 5
ul methyliodide was added. The mixture was thentéekavith saturated aqueous MH solution and
extracted three times with ethyl acetate. The cagtiorganic layers were washed with water and
brine, dried over MgSPand the solvent was evaporated in vacs®.was obtained after flash
chromatography on silica gel (petroleum ether/ettodtate, 1/1R = 0.39) as colorless oil (226 mg,
0.64 mmol, 72 %), mp (HCl salt) 113-114 °C. Mi& 356.11 (MH). Anal. (G4HNO,-HCI-0.7H,0)
C,H, N.
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Biological Methods. 1. Enzyme Preparations. CYP17 and CYP19 preparations were obtained by
described methods: the 50,0§8ediment oE. coli expressing human CYP¥znd microsomes from
human placenta for CYP182. Enzyme Assays. The following enzyme assays were performed as
previously described: CY17and CYP19? 3. Activity and Selectivity Assay Using V79 Cells. V79
Mzh 11B1 and V79 Mzh 11B2 ceffs were incubated with [4'C]-11-deoxycorticosterone as
substrate and inhibitor in at least three diffeimmcentrations. The enzyme reactions were stopped
addition of ethyl acetate. After vigorous shakingdaa centrifugation step (10,0@) 2 min), the
steroids were extracted into the organic phaseclwhias then separated. The conversion of the
substrate was analyzed by HPTLC and a phosphoimagjistem as describéd®® 4. Inhibition of
Human Hepatic CYP Enzymes. The recombinantly expressed enzymes from bacuisvnfected
insect microsomes (Supersomes) were used and thefacturer’s instructions (www.gentest.com)
were followed.

Computational Methods. 1. Pharmacophore Modeling. The most potent compounds of the
heteroaryl substituted methyleneindane and napdribaderivatives and the most potent flavones were
selected as training set (see supplementary rabferi composition of the training set) for the
generation of an extended pharmacophore model. GMIB,*° the pharmacophore generation
module of SYBYL 7.3.2 (Sybyl, Tripos Inc., St. LeuiMissouri, USA), was used to generate
pharmacophore hypotheses of the series of inhgbftorn hypermolecules incorporating the structural
information of the dataset and alignments from sétigand molecules. In the genetic algorithm,
default values were used. In the present case, ri6f8els were generated and the best 20
pharmacophore-hypotheses were saved. GALAHAD takesaccount energetics, steric similarity,
and pharmacophoric overlap, while accommodating faramational flexibility, ambiguous
stereochemistry, alternative ring configurationsjltiple partial match constraints, and alternative
feature mappings among molecules. All the othereguks of the library were then aligned using
each of the 20 pharmacophores as a template, ade$t pharmacophore was selected. The top
ranked model was the best in three of the mostatigie ranking criteria of the used software (Raret
ranking?® Specificity, and Mol-query). An additional donatesfeature not shown in the figures) was
manually added to simulate the complexation oftteme iron by the Sghybridized nitrogen (AA1)
in order to fix the orientation of the lone pair dfie sp-hybridized nitrogen. This refined
pharmacophore model was selected as molecular foretlge alignment of our database library. The
core of the pharmacophoric scheme is formed by Ffiydrophobic features (HYO, HY1, HY2a,
HY2b) and the acceptor atom (AA) spheres repretlemtH-bond acceptors. In some cases, the
acceptor feature AA2a overlapped a donor featwsta(dot shown), indicating the presence of an OH
function. The final pharmacophore model consistd 2fpharmacophoric features: 4 essential ones
(HYO, AA1, HY1), necessary for basal inhibitory poty, and 8 partial matches (HY2, HY2b, AA2a,
AA2b, HY3, AA3a, AA3b, and AA4)2. Protein M odeling and Docking. Using the resolved human
cytochrome CYP2C9 structure (PDB code: 10%58s template, a homology model was build and

66



refined for CYP11B2. This work has been describedmiore detail by our group in four recent
papers”™ In this study selected compounds were docked timorefined homology model using
FlexX-Pharm* A pharmacophore constraint was applied to ensweeright binding mode of the
inhibitors with the heme-cofactor. For this purpdbe standard Fe—N interaction parameters of
FlexX*>*® were modified and a directed heme-Fe-N interactias defined perpendicular to the
heme-plane. The constraint requires the existeh@ anhibitor-nitrogen-atom on the surface of an
interaction cone with a 20 degree radius, whichitsasrigin at the Fe-atom and points perpendicular
to the heme-plane (with a length of 2&32 Only docking solutions were accepted, whichiliuthis
constraint. For all other ligand-protein interan8othe standard FlexX interaction parameters and

geometries were used. The protein-ligand interastiwere analyzed using the FlexX software.
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3.3 Nonsteroidal Aldosterone Synthase Inhibitors with I mproved
Selectivity: Lead Optimization Providing a Series of Pyridine
Substituted 3,4-Dihydro-1H-quinolin-2-one Derivatives

Simon Lucas, Ralf Heim, Christina Ries, Katarzyné&Ehewe, Barbara Birk, and Rolf

W. Hartmann

This manuscript has been submitted for publicati®an article to the

Journal of Medicinal Chemistrg008

Paper |11

Abstract: Pyridine substituted naphthalenes (elglll) constitute a class of potent inhibitors of
aldosterone synthase (CYP11B2). To overcome theantad inhibition of the hepatic enzyme
CYP1A2, we aimed at reducing the number of aron@itbons of these molecules since aromaticity
has previously been identified to correlate posltivwith CYP1A2 inhibition. As hypothesized,
inhibitors with a tetrahydronaphthalene type molacgcaffold (—11) exhibit a decreased CYP1A2
inhibition, however, tetralon® turned out to be cytotoxic to the human cell IldO37 at higher
concentrations. Consequent structural optimizatmiminated in the discovery of heteroaryl
substituted 3,4-dihydroH-quinolin-2-ons {2-26), with 12, a bioisoster 0B, being not toxic up to
200 uM. The investigated molecules are highly selectigesus both CYP1A2 and a wide range of
other cytochrome P450 enzymes and show a good pleakimetic profilein vivo (e.g.,12 with a

peroral bioavailability of 71 %).
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I ntroduction

The progressive nature of congestive heart fai(@eF) is a consequence of a neurohormonal
imbalance that involves a chronic activation of thain-angiotensin-aldosterone system (RAAS) in
response to reduced cardiac output and reducetiperfasion. Aldosterone and angiotensin Il (Ang
Il) are excessively released, leading to increddead volume and blood pressure as a consequence of
epithelial sodium retention as well as Ang Il méelth vasoconstriction and finally to a further
reduction of cardiac outpttThe RAAS is pathophysiologically stimulated in &ious circle of
neurohormonal activation that counteracts the nbmegative feedback loop regulation. The most
important circulating mineralocorticoid aldosteroaets by binding to specific mineralocorticoid
receptors (MR) located in the cytosol of targettegial cells. Thereby, renal sodium reabsorptind a
potassium secretion are promoted in the distalltubnd the collecting duct of the nephron. Elevated
blood volume and thus blood pressure results fromemwthat follows the sodium movement via
osmosis. In addition to these indirect effects earhfunction, aldosterone exerts direct effectshen
heart by activating nonepithelial MRs in cardiomytes, fibroblasts and endothelial cells. Synthesis
and deposition of fibrillar collagens in the fibtasts result in myocardial fibrosisRelatively
inelastic collagen fibers stiffen the heart museleich deteriorates the myocardial function and
consequently enhances the neurohormonal imbalanégrther stimulation of the RAAS. In addition
to the effects of circulating aldosterone derivingm adrenal secretion, Satoh et al. reported that
aldosterone produced locally in the heart triggeyscardial fibrosis, tod Recent clinical studies with
the MR antagonists spironolactone and eplerenone gidence for the pivotal role of aldosterone in
the progression of cardiovascular diseases. Blgctie aldosterone action by functional antagonism
of its receptor reduced the mortality and signifitya reduced the symptoms of heart faillire.
Furthermore, follow-up studies revealed that cardilrosis can not only be prevented but also
reversed by use of spironolactone.

However, several issues are unsolved by this teetap strategy. Spironolactone binds rather
unselectively to the aldosterone receptor and b some affinity to other steroid receptors, pro-
voking adverse side effectsAlthough eplerenone is more selective, clinicaéjevant hyperkalemia
remains a principal therapeutic risldnother crucial point is the high concentrationairculating
aldosterone which is not lowered by MR antagonittierapy and raises several issues. First, the
elevated aldosterone plasma levels do not indut@ralogous down-regulation but an up-regulation
of the aldosterone receptor which complicates g-tenm therapy since MR antagonists are likely to
become ineffectivé.Furthermore, the nongenomic actions of aldosteseein general not blocked
by receptor antagonists and can occur despite M&yanistic treatmeritA novel therapeutic strategy
for the treatment of hyperaldosteronism, congestieart failure and myocardial fibrosis with
potential to overcome the drawbacks of MR antagsnigs recently suggested by?d8Blockade of
aldosterone production by inhibiting the key enzywieits biosynthesis, aldosterone synthase

(CYP11B2), a mitochondrial cytochrome P450 enzyhs ts localized mainly in the adrenal cortex
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and catalyzes the terminal three oxidation stepshi biogenesis of aldosterone in huméns.
Consequent structural optimization of a hit discedeby compound library screening led to a series
of nonsteroidal aldosterone synthase inhibitorswviiigh selectivity versus other cytochrome P450
enzymes?*® Pyridine-substituted naphthaleff&'s such ag—I11 (Chart 1) and dihydronaphthalertés,
the most potent and selective compounds that emhdérgen our drug discovery program, however,
revealed two major pharmacological drawbacks: Argjrinhibition of the hepatic drug metabolizing

enzyme CYP1A2 and no inhibitory effect on the atdamne production in vivo by using a rat model.

Chart 1. Pyridylnaphthalene Type CYP11B2 Inhibitdrs
[l and Design Strategy for 3,4-Dihydrétdguinolin-2-one
Derivatives (e.g.12 and14)

Ro&)

I R=H

Il R=OMe 6: R=CN
Il R=CN
r‘eg 9n=1 eg,12R=H
10:n=0 14: R = Me

In the present study, we describe the design amayththesis of pyridine-substituted 3,4-dihydro-
1H-quinolin-2-ones and structurally related compourdshighly potent and selective CYP11B2
inhibitors (Chart 2). The design concept towardséhmolecules is based on a systematic reduction of
aromaticity by saturation of the hydrocarbonst@€ G of the naphthalene moiety and subsequent
chemical modification of the fully saturated rin@h@art 1). The inhibitory activity of the title
compounds was determined in V79 MZzZh cells exprgssinman CYP11B2. The selectivity was
investigated with respect to the highly homologdug-hydroxylase (CYP11B1) as well as other
crucial steroid- or drug-metabolizing cytochrome5@4enzymes (CYP17, CYP19, CYP1AZ2,
CYP2B6, CYP2C9, CYP2C19, CYP2D6, and CYP3A4). Theivo pharmacokinetic profile of some
promising compounds was determined in male Wistds in both cassette and single dosing

experiments. Furthermore, plasma protein bindir@amotoxicity studies were performed.

Chart 2. Title Compounds

o NC

1-5,7,8
N
o’
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R SN
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24, 25
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Results
Chemistry

The key step for the synthesis of the title complsuwas a Suzuki coupling to introduce the
heterocycle, mostly 3-pyridine. In case of the ussituted tetrahydronaphthalerie the cross-
coupling was accomplished by a microwave enhancethad’ using 3-pyridineboronic acid and
triflate 1a which was prepared from the corresponding tetradnaphthol (Scheme 1j.Compounds
7, 8, and26 were synthesized via Suzuki coupling from comnadhciavailable aryloromides and 3-

pyridineboronic acid under microwave heating.

Scheme 1°
N
]
: : X i X
i X=0H 1
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E1a:X=OTf
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Oy - -
X X
7: X=NMe
8:X=0

S Br i S S
LI =~
0~ N O

H

26

& Reagents and conditions: i),MPh, K,CO,, THF,
uw, 120 °C; ii) pyridineboronic acid, Pd(P$h ag.
NaHCG,;, DMF, uw, 150 °C.

The synthesis of compoun@s6 and9-11 (Scheme 2) started from either 6-bromo-2-tetralgne
1) or 5-bromo-1-indanone (n = 0) as key buildingchl Suzuki coupling afforded the heterocycle-
substituted analogués-11. Dihydronaphthalene derivatidewas prepared by treatment of tetral@e
with KHMDS, in situ quenching the enolate with ;NPh*® and Pd-catalyzed cyanatfSrof the
intermediate enoltriflate. The hydroxy-substitutetrahydronaphthalen2 was obtained by sodium
borohydride reduction of the carbonyl gréupo afford 2a and subsequent Suzuki couplir®:-
Alkylation of 2 afforded the corresponding methox8} &énd ethoxy-substituted) derivatives. The 6-
cyano-derivatized analo® was prepared in three consecutive steps startint) w&i one-pot
cyanhydrin/elimination steff. The intermediate,f-unsaturated nitril&b was treated with NaBHn
refluxing ethanol to reduce the double b&hBinal Suzuki coupling dba with 3-pyridineboronic acid
afforded the tetrahydronaphthalehe
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Scheme 2°
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# Reagents and conditions: i) heteroarylboronic &t{PPh),, ag. NaHCG@, DMF, pw, 150 °C; ii) NaBH, methanol, 0 °C;
iii) Me3sSIiCN, Znb, toluene, rt, then POgIpyridine, reflux; iv) TINPh, KHMDS, THF/toluene, —78 °C; v) Zn(CH)
Pd(PPh)4, DMF, 100 °C; vi) NaBH, ethanol, reflux; vii) alkyl halogenide, NaH, TH5) °C.

The synthetic route for the compounds with a dibytii-quinolin-2-one or structurally related
scaffold was accomplished as outlined in SchenTé8.initial bromination procedures yielding either
12a or 13a have been described previou&ly® Subsequeniti-alkylation was accomplished by treating
the quinolinones with alkyl halogenide and potassiert-butylate in DMF to afford the intermediates
14a-16a.?® A nitro substituent was selectively introducediposition of10a by sulphonitric acid to
yield 18a.’ The obtained bromoarenes were transformed intchéterocycle-substituted analogues
12-16 and 18-23 by Suzuki coupling. Treatind2 with N-chlorosuccinimide in DMF at 65 °C
afforded the 8-chloro derivativi as the only regioisomer. Conversion of the dihgdioolinonesl2

andl17 into the thio analogueZ! and25 was carried out using Lawessons reagent in reftutoluene.

Scheme 3°
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& Reagents and conditions: i) NBS, DMF, 0 °C (n =r1)Bg,, KBr, water, reflux (n = 0); i) alkyl halogenid&OtBu, DMF,
rt; iii) heteroarylboronic acid, Pd(PRk aq. NaHCGQ, DMF, uw, 150 °C or: Pd(PR)y, aq. NaCG0;, toluene/ethanol, reflux;
iv) HNO3/H,SQ,, rt; v) NCS, DMF, 65 °C; vi) Lawesson’s reagentutaie, reflux.
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Biological Results

Inhibition of Human Adrenal Corticoid Producing CYP11B2 and CYP11B1 In Vitro (Table
1). The inhibitory activities of the compounds wereedstined in V79 MZh cells expressing either
human CYP11B2 or CYP11B%? The V79 MZzh cells were incubated with'C]-deoxycortico-
sterone as substrate and the inhibitor in diffecemnicentrations. The product formation was mondore
by HPTLC using a phosphoimager. Fadrozole, an aaseaCYP19) inhibitor with ability to reduce
corticoid formation in vitr® and in vivd® was used as a reference (CYP11B25IE 1 nM;
CYP11B1, IGy = 10 nM).

Most of the compounds presented in Table 1 shotkoag inhibition of the target enzyme. Within
the tetrahydro- and dihydronaphthalene series (ocomgs 1-6), a substituent in 6-position of the
carbocyclic skeleton induces an increased inhipipmtency in case of methoxy- (compousjdand
cyano-substituents (compounBis6) as well as a dramatic increase in selectivityamvCYP11B1,
most notably in methoxy derivativ&(selectivity factor = 347). Contrariwise, introdiact of hetero-
atoms into the saturated ring leads to a decrefa€¥B11B2 inhibition (e.g.7 and8). The carbonyl
derivatives9-11 are also highly potent (k¢ = 1.8-7.8 nM) and selective aldosterone synthase
inhibitors. Tetralone is the most selective compound of the presenesatisplaying a CYP11B1
ICso value 496-fold higher than the CYP11BZJ@alue. The derivatives with dihydrddiquinolin-2-
one molecular scaffoldlp—26) exhibit a pronounced inhibitory potency at theyét enzyme (16 =
0.1-64 nM) and are selective with respect to CYPLihibition (selectivity factor = 44-440). A
significant decrease in inhibitory potency can beesved for derivatization of the lactam nitrogen b
an isopropyl residue (compouri®) whereas methyl (compouri) and ethyl (compound5) are
tolerated in this position. The activity also deses for 3-pyridine being replaced by 5-pyrimidine
(compound23) as heterocyclic moiety. Introduction of a nitnabstituent in 8-position results in the
rather moderate CYP11B2 inhibitd8 (ICso = 64 nM) with lower CYP11B1 selectivity. Contrarse,

a chloro substituent in the same position (compdiMdncreases the inhibitory potency by a factor of
7 compared to the hydrogen anality The most potent inhibitors are obtained when3tpyridine
moiety is modified by 5-methoxylation or replaced 4zisoquinoline resulting in subnanomolardC
values for compound20-22 (IC5, = 0.1-0.2 nM). Isoquinoline derivati& displays an Ig value as
low as 0.1 nM and is the most potent aldosteromthsge inhibitor known so far and also shows a
pronounced inhibitory potency at CYP11B14J€ 6.9 nM). The same trend was observed previously
for the binding properties of a series of heterbampstituted naphthalen&sThionation of the lactam
carbonyl results in a slightly reduced CYP11B1 cialdy as seen in compoun@d and25 compared

to the oxygen analogud® and17. Moreover, incorporation of a sulfur atom into tahetam moiety in

compound6 induces a dramatic loss of CYP11B1 selectivityedévity factor = 44).
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Table 1. Inhibition of Human Adrenal CYP11B2 and CYP11BIMitro

N N N
| g ]
oo oo™ oo :
R™ X NC o X S”N
R Hoo

15,7, 8 6 9-23, 26 24 25
% inhibitiord ICso valué (nM)
V79 11B2 V79 11BZ2 V79 11BF  selectivity
compd R X Y Het hCYP11B2 hCYP11B2 hCYP11B1 factbr
1 H CH, CH, 82 29 1977 68
2 OH CH, CH, 86 44 4921 112
3 OMe CH CH, 97 3.3 1145 347
4 OEt CH CH, 92 30 4371 146
5 CN CH, CH, 94 51 745 146
6 97 1.6 290 181
7 H NMe O 71 101 5970 59
8 H 0] O 70 154 13378 87
9 H CH, CH, 3-pyridine 97 7.8 3964 496
10 H - CH, 3-pyridine 90 4.4 819 186
11 H CH, CH, 5-methoxy-3-pyridine 94 1.8 191 106
12 H NH CH, 3-pyridine 88 28 6746 241
13 H NH - 3-pyridine 85 14 5952 425
14 H NMe CH 3-pyridine 92 2.6 742 289
15 H NEt CH 3-pyridine 93 22 5177 235
16 H NiPr CH 3-pyridine 39 n.d. n.d. n.d.
17 Cl NH CH, 3-pyridine 97 3.8 1671 440
18 NO, NH CH, 3-pyridine 78 64 5402 84
19 H NH CH, 5-methoxy-3-pyridine 91 2.7 339 126
20 H NMe CH 5-methoxy-3-pyridine 94 0.2 87 435
21 H NH CH, 4-isoquinoline 94 0.2 33 165
22 H NMe CH 4-isoquinoline 99 0.1 6.9 69
23 H NH CH, 5-pyrimidine 57 n.d. n.d. n.d.
24 H 97 3.1 580 187
25 Cl 97 4.2 769 183
26 H NH S 3-pyridine 92 12 525 44
fadrozole 1 10 10

3 Mean value of at least four experiments, standaxdation less than 10 %; inhibitor concentrati®®) nM.? Mean value of at least four
experiments, standard deviation usually less tfafb2n.d. = not determinetiHamster fibroblasts expressing human CYP11B2;tsates
deoxycorticosterone, 100 nM. Hamster fibroblasts expressing human CYP11B1; teaties deoxycorticosterone, 100 nM. ICso
CYP11B1/IGo, CYP11B2, n.d. = not determined.

Inhibition of Steroidogenic and Hepatic CYP Enzymes (Tables 2 and 3). The inhibition of
CYP17 was investigated using the 50,09Gediment of theE. coli homogenate recombinantly
expressing human CYP17 and progesterone (25 pMlbstraté” The percental inhibition values
were measured at an inhibitor concentration ofyd6 Most of the investigated compounds display
rather low inhibitory action on CYP17 (Table 2).wiver, a distinct inhibition in the range of 31-74
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% at a concentration of 2.5 UM is observed in adsthe tetrahydro- and dihydronaphthale2e8
which is comparable to the naphthalene parent camgl—I11 (40-73 %). All other derivatives,
including the keto analogu@&s-11 and the investigated dihydradiquinolin-2-ones, are considerably
less active at CYP17 (< 22 %). Exceptions from thie lactaml2 (41 % inhibition) and the
thiolactam analo@4 (72 %). The inhibition of CYP19 at a concentrat@r500 nM was determined

in vitro with human placental microsomes an@-{i]androstenedione as substrate as described by
Thompson and Siitefl using our modificatiori? In most cases, the inhibitory action on CYP1%is |

(< 30 %) at the chosen concentration (Table 2)eftions are observed in case of the keto derivative
10 and11 as well as the lactam derivativ&3-15 displaying aromatase inhibition in the range of 53
63 %.

Table 2. Inhibition of Human CYP17, CYP19,
and CYP1A2 In Vitro

% inhibitior?
[ICso value (uM)]
compd  CYP1Y CYP1d CYP1AZ
[ 40 [5.727] 99 [n.d]
I 72 [0.586] 98 [n.d.]
1 73 [> 36] 97 [n.d]
2 49 23 74 [0.598]
3 44 22 80 [0.443]
4 31 10 73[0.619]
5 38 <5 72 [0.658]
6 74 <5 90 [0.181]
9 20 31 60 [1.55]
10 <5 53 57 [1.55]
1 21 58 57 [1.56]
12 41 21 50 [1.95]
13 <5 62 25 [6.58]
14 8 54 53 [1.79]
15 <5 63 36 [3.48]
17 7 17 14 [30.6]
19 12 <5 25 [5.24]
20 <5 5 20 [16.5]
21 22 <5 <5 [> 150]
24 72 <5 77 [0.637]

# Mean value of three experiments, standard devidéiss than 10
%." Mean value of two experiments, standard devidtes than 5

%. ° E. coli expressing human CYP17; substrate progesterone, 25
uM; inhibitor concentration, 2.mM; ketoconazole, 16 = 2.78

uM. ¢ Human placental CYP19; substrate androstenedise,

nM; inhibitor concentration, 500 nM; fadrozole,s$G= 30 nM.*®
Recombinantly expressed enzymes from baculovirfested
insect microsomes (Supersomes); inhibitor concgatra2.0 uM;
furafylline, ICso = 2.42uM.
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A selectivity profile relating to inhibition of coial hepatic CYP enzymes (CYP1A2, CYP2B6,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4) was determibgdise of recombinantly expressed
enzymes from baculovirus-infected insect microsonfes previous studies have shown that aldo-
sterone synthase inhibitors of the naphthalene &ypepotent inhibitors of CYP1A2 but otherwise
rather selective versus important hepatic CYP emzyfrt> most of the newly prepared compounds
were first and foremost tested for their inhibitagtion on CYP1A2 (Table 2). The parent compounds
I-111 are highly potent inhibitors of CYP1A2 (> 95 % ibbition at concentration of 2 uM). Based on
these naphthalene type compounds, the inhibitotgrnuy slightly decreases in case of the dihydro-
naphthalene derivative (90 %) and the tetrahydronaphthalene derivatk«s(72—-80 %). The keto
analogue®-11 exhibit 57-60 % inhibition corresponding withsf&alues of 1.55-1.56 uM. A further
decrease of CYP1A2 inhibition to less than 50 %hserved for the investigated lactam bioisosters
12-15, 17, and19-21. This is especially true for chloro-substitutedas well as compoundd and
21 with modified heterocycle displaying d¢values greater than 15 pM, but also for indaritthand
methoxypyridine derivativd9 with ICsq values greater than 5 uM. However, compog#adthe thio
analog of12, displays a pronounced inhibitory potencys(l& 0.637 uM). Some compounds were
also scrutinized for inhibition of other crucialgagic CYP enzymes (Table 3). The data presented in
Table 3 reveal that the investigated CYP enzymegather unaffected by the compounds with tetra-
hydronaphthalene3], tetralone $-11) as well as dihydroH-quinolin-2-one {2, 14, and?2l) type
molecular scaffold and with few exceptions (i%.11 at CYP3A4 an®1 at CYP2C9), the 16 values

measured are significantly greater than 10 pM.

Table 3. Inhibition of Selected Hepatic CYP Enzymes In ¥itr

|C50 Valu@ (]J,M)

compd CYP2BE& CcyYpP2c9? CYP2C19¢ CYP2D6 CYP3A4S

3 47.4 16.3 > 200 > 200 12.2
9 > 50 28.3 41.5 171 6.21

10 > 50 123 147 > 200 > 200
11 > 50 12.9 45.4 > 200 3.75
12 > 50 58.9 > 200 171 127

14 > 50 125 122 > 200 > 200
21 > 100 2.86 9.15 > 50 >50

P Mean value of two experiments, standard devialéss than 5 %’ Recombinantly expressed enzymes
from baculovirus-infected insect microsomes (Suprees). ¢ Tranylcypromine, IG = 6.24 pM. ¢
SulfaphenazolelCs, = 318 nM. ® Tranylcypromine, 1§ = 5.95 pM. ' Quinidine, 1Go, = 14 nM. ¢
KetoconazolelCso = 57 nM.

Plasma Protein Binding (Table 4). The plasma protein binding of compourgjslO, and12 was
determined by ultrafiltration. Test solutions of aliquot of concentrated test compound and rat or
human plasma were incubated at 37 °C for 1 hourtled centrifuged at 800§ for 20 min. Ultra-
filtrates were analyzed for drug concentrationsU@MS/MS. The plasma protein binding of the

investigated CYP11B2 inhibitors was found to be.l@le bound form of keto compoun@isand 10

80



ranks between 22-25 % in both human and rat plagmaase of the bioisosteric dihydrbidl

qguinolin-2-onel2, the amount of freely available compound is lo{egproximately 60 % bound).

Table 4. Plasma Protein Binding of Com-
pounds9, 10, and12

PPE (% bound)

compd rat human
9 25 24
10 24 22
12 60 61

& Determined by analysis of the ultrafiltrates vi@-MS/MS;
the degree of binding to the plasma proteins (R®Blculated
by the following equation: % PPB = (1-[ligangkiasd

/lligandia])-100.

In Vivo Pharmacokinetics (Table 5). The pharmacokinetic profile of selected compoun@ds w
determined after peroral application to male Wistds. Plasma samples were collected over 24 h and
plasma concentrations were determined by HRA®IMS. Compound8-12 and14 were investigated
in cassette dosing experiments (peroral dose = Kghgand compared to fadrozole. All five
compounds show comparable absorption raggs<t4—6 h) and terminal half-lifes, ¢, = 2.3-3.9 h).
The slowest elimination is observed in case ohtetre11 (t;,, = 3.9 h) and dihydroH-quinolin-2-
onel2 (ty», = 3.8 h). Within this series, compoui@d shows the highest maximal concentratiop,gC
in plasma (300 ng/mL) followed in the same rangecbynpoundl2 (261 ng/mL). Using the area
under the curve (AUE.) as a ranking criterion, the bioavailability aftperoral cassette dosing
increases in the ordéd (212 ng-h/mL) <14 (659 ng-h/mL) <9 (727 ng-h/mL) <12 (1753 ng-h/mL) <
10 (3178 ng-h/mL). Compoundg and 21 were investigated in single dosing experimentso(ad
dose = 25 mg/kg). The amounts of the test compofousd in the plasma after peroral application
are rather high in case @fl (AUC,., = 1658 ng-h/mL) and high in case 1 (AUC,., = 4762
ng-h/mL). Comparing the AUC of peroral with intraeeis (dose = 1 mg/kg) application of dihydro-

1H-quinolin-2-onel2 reveals an absolute bioavailability of 71 %.

Table 5. Pharmacokinetic Profile of Compoun@sl2, 14, and21
compd dose (Mg/kd) tioz ()’ trax (N’ Chax(ng/mLf  AUC,., (ng-h/mL§

of 5 35 4.0 104 727

10' 5 2.4 4.0 300 3178

11° 5 3.9 4.0 35 212
129 5 3.8 4.0 261 1753
12 25 1.2 1.0 1537 4762

12 1" 1.7 - - 270

14" 5 2.3 6.0 86 659
21 25 2.9 2.0 134 1658
fadrozold*® 5 3.2 1.0 471 3207

3 Compounds were applied perorally to male Wistes.taerminal half-life.° Time of maximal concentratiof Maximal
concentration® Area under the curvéThese compounds were investigated in a cassettegiapproact. Mean value of
two experiments! Intravenous application.
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Among the molecules with a cyclic ketone molecsleaffold, indanond0 shows the highest avai-
lability in the plasma in the cassette dosing expent with an AUG., in the range of the marketed
drug fadrozole (AUG., = 3207 ng-h/mL). The tetralone derivativ@sand 11 exhibit significantly
lower AUG,., values (factor 4—-15) albeit being eliminated idexelerated rate,ff, = 3.5-3.9 h).
Similarly, N-alkylation of12 as accomplished ii4 decreases the AUYC value by a factor of approxi-
mately 3. Obviously, introduction of additional Mgt or methylene units lowers the bioavailability
which might be due to the metabolic vulnerabilifytlbese residues and providing potential sites for
oxidative transformations. In the single dosing exkpents, isoquinoline derivativel (with addi-
tional benzene moiety comparedl®) displays an AUg.,, somewhat lower than that of unsubstituted
12 (factor 3) as well as a lower maximal concentraiio the plasma (factor 11). Contrariwise, the
terminal half-life of21 is greater. This becomes particularly apparenhffagure 1 where the mean
profile of plasma levels (ng/mL) in rat versus tiaféer oral application (25 mg/kg) of compourids
(Figure la)and 21 (Figure 1b) are shown. The concentration®2bfare rather constant and rank
between 90-130 ng/mL in a timeframe of 0.5-8 haifitsr application, albeit the plasma levels are

considerably lower than the plasma leveldaf

Figure 12
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Discussion and Conclusion

Selectivity is a prerequisite of any drug candidatavoid adverse side effects. In the development
process of aldosterone synthase inhibitors, it @uweial point to investigate the selectivity plefi
toward other cytochrome P450 enzymes at an eafjestit is known that the concept of heme-iron
complexation (e.g., by nitrogen-containing heteobey) is an appropriate strategy to discover highly
potent and selective inhibitors. Due to this bigdmechanism, however, a putative CYP11B2 inhibi-
tor is potentially capable of interacting with otl@YP enzymes by similarly binding to the heme co-
factor with its metal binding moiety. Taking intoreideration that the key enzyme of glucocorticoid
biosynthesis, 13-hydroxylase (CYP11B1), and CYP11B2 have a sequémreology of approxi-
mately 93 9%, the selectivity issue is especially critical fdretdesign of CYP11B2 inhibitors.
Recently, we have demonstrated that 3-pyridine tduted naphthalenes such kd1l provide an
ideal molecular scaffold for high inhibitory potgnat the target enzyme CYP11B2 as well as high
selectivity toward several other CYP enzymes (e€3yP11B1, CYP17, CYP19f. However, these
compounds strongly inhibit the hepatic enzyme CYPXA.g., compounds-l1l in Table 2) that
makes up about 10 % of the overall cytochrome RetB@ent in the liver and metabolizes aromatic
and heterocyclic amines as well as polycyclic ationhydrocarbons. In recent QSAR studies,
CYP1A2 inhibition has been identified to correlatesitively with aromaticity and lipophilicits?
Furthermore, both CYP1A2 substrates and inhibitmesusually small-volume molecules with a pla-
nar shape (e.qg., caffeifieand furafylliné®). Rationalizing these findings, our design strategned at
reducing the aromaticity and disturbing the plagaoif the molecules while keeping the pharmaco-
phoric pointé® of the naphthalene molecular scaffold (see Chart 1

These considerations led to the development odmisubstituted dihydro- and tetrahydronaph-
thalenesl-6. The compounds are potent aldosterone synthagstonh (1C, = 1.6—44 nM) with pro-
nounced selectivity versus CYP11B1 (selectivitytdac= 68—347). As hypothesized, a decrease of
CYP1A2 inhibition can be observed along with deseebaromaticity (i.e., number of aromatic
carbons) and planarity within this series. While fally aromatized naphthalenkd |1 exhibit 97-99
% inhibition at a concentration of 2 uM, dihydroh#igaleneb is slightly less potent (90 %) and the
tetrahydro derivative4-5 are significantly less potent (72—80 %) inhibitafsCYP1A2. However,
ICso values are still below 1 uM and thus the molecwes rather strongly inhibiting CYP1A2.
Further increase in CYP1A2 selectivity is achiebgdntroduction of a keto group into the saturated
ring as accomplished in compour@sl1. The inhibitory potencies toward CYP1A2 decreas&Ct,
values in the range of 1.55-1.56 uM. Presumably,dbcrease in CYP1A2 inhibition is due to a
reduced lipophilicity of the cyclic ketone scaffobbmpared to the tetrahydronaphthalene scaffold.
Lipophilicity has been hypothesized to be one @f thost important variables influencing CYP1A2
inhibition.3® Furthermore, the highly potent aldosterone symthakibitors9 (ICso = 7.8 nM) andl0
(ICs0 = 4.4 nM) show reasonable plasma levels afterrpeapplication to male Wistar rats (Table 5).

However, tetralon® turned out to be cytotoxic to the human cell @37 at a concentration of 100

83



UM (Figure 2). Subsequent bioisosteric exchangbetyclic ketone i® by a lactam gave rise to the
dihydro-1H-quinolin-2-one derivative42-26. Contrary to tetralon®, dihydro-H-quinolin-2-onel2
exhibits no distinct cytotoxic effect on U-937 eelip to the highest concentration tested (Figurén2)
addition, compound2 is an even slightly less potent inhibitor of CYRLACs, = 1.95 uM) than the
analogous tetralone (= 1.55 pM) which is again in correspondence whiga teduced lipophilicity
compared to the bioisoster®: Contrariwise, lipophilicity does not basicallyfluence the CYP1A2
potency within the series of dihydrd4iquinolin-2-ones 12-21) as does the substitution pattern of the
molecules, especially in the heterocyclic bindinig $20, 21). It is also striking that even minor
structural variations such as introduction of aoohlsubstituent into the dihydrd4iquinolin-2-one

core as accomplished I7 can trigger an almost complete loss of CYP1A2véyti

Figure 2®
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Pharmacokinetic investigations performed with commbl2 reveal a peroral absolute bioavaila-
bility of 71%. Compound44 and21 are also capable of crossing the gastrointestinat and reach
the general circulation after peroral applicatidlowever, their total range of absorption is belbatt
of 12. The plasma protein binding of inhibité2 was found to be low in both rat and human plasma
(approximately 60 %), indicating that a sizeabbeffraction of circulating compound is presentia t
plasma. Within the series of dihydréiguinolin-2-one type inhibitord2—26, most compounds are
highly active at the target enzyme. This partidylapplies to the derivatives with a functionalized
pyridine heterocycle, for example methoxy deriva (ICso = 0.2 nM) and isoquinoline derivatives
21 (ICs = 0.2 nM) and22 (ICso = 0.1 nM). By introduction of a chloro substituent8-position or
methoxy in 5-position of the pyridine heterocydlee selectivity increases to a factor of greatanth
400 (7, 20). Hence, these compounds are approximately 40rfolce selective than fadrozole (selec-
tivity factor = 10). With respect to the high homogy of the two CYP11B isoforms, this experimental
result is particularly noteworthy.

In order to determine a suitable candidate to iyat® aldosterone-lowering effects in rats, we
investigated the most potent and selective inhibitaf the present series for their ability to block

aldosterone biosynthesis in V79 MZh cells expragsat CYP11B2 prior to in vivo experiments. The
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results revealed that only compou®iti(and to a minor degree also tRenethyl analo@?) shows a
moderate inhibitory action on rat CYP11B2 in viftopublished results). Recently, this finding was
corroborated by in vivo trials showing that isoqline derivative21 induces a significant aldo-
sterone-lowering effect in ACTH stimulated ratstédim be published separately).

In summary, nonsteroidal aldosterone synthase itongb with a dihydro-H-quinolin-2-one
molecular scaffold are superior to the previoushestigated pyridylnaphthalenes such-d$l. Most
compounds exhibit a potent inhibitory activity hettarget enzyme and isoquinoline deriva2es
the most potent CYP11B2 inhibitor described so(f@, = 0.1 nM). The selectivity versus other
steroidogenic as well as hepatic cytochrome P43@mees is generally high. Most notably, the strong
inhibition of the hepatic CYP1A2 enzyme (> 95 % aatconcentration of 2 yuM) present in the
naphthalene type inhibitors is significantly lowercase of the dihydroH-quinolin-2-ones with 1G,
values up to > 150 uM20). The investigated molecules reach the circulatfier peroral adminis-
tration to rats (e.gl12 with a peroral bioavailability of 71 %). Moreoveét,has been found recently
that isoquinoline derivativ2l significantly reduces the plasma aldosterone £9EACTH stimulated
rats (data to be published separately). Our curasgarch focuses on further in vivo investigatiohs
compound2l and structurally related compounds in diseasentwie models to determine their

capability to prevent or reverse myocardial fibsamind reduce CHF induced mortality.

Experimental Section

Chemical and Analytical Methods. Melting points were measured on a Mettler FP1 imglpoint
apparatus and are uncorrectéd. NMR and **C spectra were recorded on a Bruker DRX-500
instrument. Chemical shifts are given in parts pdtion (ppm), and tetramethylsilane (TMS) was
used as internal standard for spectra obtainedM$0-ds and CDC}. All coupling constantsJf are
given in hertz. Mass spectra (LC/MS) were measuwada TSQ Quantum (Thermo Electron
Corporation) instrument with a RP18 100-3 columna¢ilerey Nagel) and with water/acetonitrile
mixtures as eluents. GC/MS spectra were measured GCD Series G1800A (Hewlett Packard)
instrument with an Optima-5-MS (0.25 uM, 30 m) eoflu (Macherey Nagel). Elemental analyses
were carried out at the Department of Chemistryivélsity of Saarbriicken. Reagents were used as
obtained from commercial suppliers without furtiperification. Solvents were distilled before use.
Dry solvents were obtained by distillation from egriate drying reagents and stored over molecular
sieves. Flash chromatography was performed onastiel 40 (35/40-63/70 uM) with petroleum
ether/ethyl acetate mixtures as eluents, and thetiom progress was determined by thin-layer
chromatography analyses on Alugram SIL G/UV254 (Maey Nagel). Visualization was
accomplished with UV light and KMn@olution. All microwave irradiation experiments neecarried

out in a CEM-Discover monomode microwave apparatus.
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The following compounds were prepared accordingriviously described procedures: 6-bromo-
1,2,3,4-tetrahydronaphthalen-2-daj,** 6-bromo-3,4-dihydroquinolin-2f)-one (12a),** 5-bromo-
1,3-dihydro-H-indol-2-one {3a),” 6-bromo-8-nitro-3,4-dihydroquinolin-2()-one (18a).*’

Synthesis of the Target Compounds

Procedure A.'” Boronic acid (0.75 mmol, 1 equivalent), aryl bromiadr -triflate (0.9-1.3
equivalents), and tetrakis(triphenylphosphane)dalta(0) (43 mg, 37.5umol, 5 mol %) were
suspended in 1.5 mL DMF in a 10 mL septum-cappbd tontaining a stirring magnet. To this was
added a solution of NaHG@189 mg, 2.25 mmol, 3 equivalents) in 1.5 mL wated the vial was
sealed with an Teflon cap. The mixture was irradlatith microwaves for 15 min at a temperature of
150 °C with an initial irradiation power of 100 \After the reaction, the vial was cooled to 40 & t
crude mixture was partitioned between ethyl acetatd water and the aqueous layer was extracted
three times with ethyl acetate. The combined ohiers were dried over Mgg@nd the solvents
were removed in vacuo. The coupling products wétained after flash chromatography on silica gel
(petroleum ether/ethyl acetate mixtures) and/ostatijzation.

Procedure B. Boronic acid (1 equivalent), aryl bromide or (1.%-lequivalents), and
tetrakis(triphenylphosphane)palladium(0) (5 mol W@re suspended in toluene/ethanol 4/1 to give a
0.07-0.1 M solution of boronic acid under an atesptof nitrogen. To this was added a 1 N aqueous
solution of NaCQO; (6 equivalents). The mixture was then refluxed @18 h, cooled to room
temperature, diluted with water and extracted s#wenes with ethyl acetate. The combined extracts
were dried over MgS§) concentrated and purified by flash chromatograpmsilica gel (petroleum
ether/ethyl acetate mixtures) and/or crystallizatio

3-(5,6,7,8-tetrahydr onaphthalen-2-yl)pyridine (1) was obtained according to procedure A from
1a (280 mg, 1.0 mmol), 3-pyridineboronic acid (160,md@ mmol) and NaHC{(252 mg, 3.0 mmol)
after flash chromatography on silica gel (petroleztirer/ethyl acetate, 2/ = 0.20) as a pale yellow
oil (142 mg, 0.68 mmol, 68 %), mp (HCI salt) 200220C. LC/MS m/z 210.27 (MH). Anal.
(C1sH1sN-HCI) C, H, N.

6-Pyridin-3-yl-1,2,3,4-tetrahydronaphthalen-2-ol (2) was obtained according to procedure A
from 2a (114 mg, 0.50 mmol) and 3-pyridineboronic acid (B®, 0.65 mmol) after flash
chromatography on silica gel (ethyl acet&es 0.27) as a colorless solid (96 mg, 0.43 mmol%g6
mp 118-120 °C. LC/M$/2226.23 (MH). Anal. (GsH:sNO-0.1H,0) C, H, N.

3-(6-Methoxy-5,6,7,8-tetrahydr onaphthalen-2-yl)pyridine (3). To a suspension of NaH (73 mg,
1.84 mmol, 60 % dispersion in oil) in 10 mL dry Thiias added dropwise a solution2{345 mg,
1.53 mmol) in 5 mL THF at room temperature. Thetori& was heated to 50 °C until evolution of
hydrogen ceased and then cooled to room temperagiie. Thereupon, a solution of methyl iodide
(326 mg, 2.30 mmol) in 5 mL THF was added via carand stirring was continued at 50 °C for 3 h.
The mixture was treated with saturated J8Hsolution and extracted three times with ethydtate.

The combined organic extracts were washed withaatd brine, dried over MgS@nd evaporated
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to dryness. The crude product was purified by flasinomatography on silica gel (petroleum
ether/ethyl acetate, 7/8 = 0.09) to afford3 as a colorless oil (289 mg, 1.21 mmol, 79 %), HEI(
salt) 188-190 °C. LC/M&/z240.29 (MH). Anal. (GeH1/NO-HCI-0.6H,0) C, H, N.

3-(6-Ethoxy-5,6,7,8-tetrahydronaphthalen-2-yl)pyridine (4) was obtained as described f8r
starting from2 (270 mg, 1.20 mmol), NaH (58 mg, 1.44 mmol, 60 Kpdrsion in oil) and ethyl
bromide (196 mg, 1.80 mmol) after flash chromatpbyaon silica gel (petroleum ether/ethyl acetate,
1/1, R = 0.31) as a colorless oil (198 mg, 0.78 mmol %65 mp (HCI salt) 186-188 °C. LC/M&/z
254.29 (MH). Anal. (G/H;sNO-HCI-0.5H,0) C, H, N.

6-Pyridin-3-yl-1,2,3,4-tetrahydronaphthalene-2-car bonitrile (5) was obtained according to
procedure A fronba (130 mg, 0.55 mmol) and 3-pyridineboronic acid (88, 0.72 mmol) after flash
chromatography on silica gel (petroleum ether/eticdtate, 1/1R = 0.17) as a colorless solid (91 mg,
0.39 mmol, 71 %), mp 110-111 °@4-NMR (500 MHz, CDC)): & = 2.12 (m, 1H), 2.23 (m, 1H),
2.92 (m, 1H), 3.02-3.13 (m, 3H), 3.18 (dd= 16.4 Hz2) = 5.7 Hz, 1H), 7.19 () = 7.9 Hz, 1H),
7.31 (s, 1H), 7.33-7.37 (m, 2H), 7.83 (m, 1H), g&d,3) = 5.0 Hz,*J = 1.6 Hz, 1H), 8.80 (d,) = 1.6
Hz, 1H).®*C-NMR (125 MHz, CDC)): § = 25.5, 26.1, 27.1, 32.1, 121.8, 123.5, 125.1,8,2129.8,
132.3, 134.2, 135.5, 136.2, 136.4, 148.2, 148.3MSTm/z235.26 (MH). Anal. (GeH14N,-0.1H,0)
C, H, N.

6-Pyridin-3-yl-3,4-dihydronaphthalene-2-carbonitrile (6). To a solution oféa (562 mg, 1.58
mmol) in 10 mL degassed DMF were added zinc cyaffidé mg, 1.00 mmol) and tetrakis(triphenyl-
phosphane)palladium(0) (173 mg, 0.15 mmol) andntibdure was heated at 100 °C for 2 h. After
cooling to room temperature, the mixture was dduteth 200 mL of water and extracted three times
with ethyl acetate. The combined organic extractsewwashed with water and brine, dried over
MgSO, and evaporated to dryness. The crude product wesattized from petroleum ether/ethyl
acetate to affor@ as colorless needles (286 mg, 1.23 mol, 78 %)14#-143 °C. LC/MS3n/z233.23
(MH"). Anal. (GgH12Ny) C, H, N.

4-Methyl-7-pyridin-3-yl-3,4-dihydro-2H-1,4-benzoxazine (7) was obtained according to
procedure A from 7-bromo-4-methyl-3,4-dihydrbl-2,4-benzoxazine (228 mg, 1.00 mmol) and 3-
pyridineboronic acid (160 mg, 1.30 mmol) after flashromatography on silica gel (petroleum
ether/ethyl acetate, 1/R = 0.26) as an off-white solid (102 mg, 0.45 mn#8, %), mp 70-72 °C.
LC/MS m/z227.21 (MH). Anal. (G4H14N20) C, H, N.

3-(2,3-Dihydro-1,4-benzodioxin-6-yl)pyridine (8) was obtained according to procedure A from 6-
bromo-2,3-dihydro-1,4-benzodioxine (215 mg, 1.00at)rand 3-pyridineboronic acid (160 mg, 1.30
mmol) after flash chromatography on silica gel {pletum ether/ethyl acetate, 743, = 0.14) as a
colorless solid (184 mg, 0.86 mmol, 86 %), mp 59-°€L LC/MS m/z 214.19 (MH). Anal.
(CieH12N2) C, H, N.

6-Pyridin-3-yl-3,4-dihydronaphthalen-2(1H)-one (9) was obtained according to procedure A
from 6-bromo-2-tetralone (113 mg, 0.50 mmol) anpy8&dineboronic acid (80 mg, 0.65 mmol) after
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flash chromatography on silica gel (petroleum g#tbyl acetate, 1/IR = 0.15) as a colorless oil (97
mg, 0.43 mmol, 86 %), mp (HCl salt) 180-182 °C. MS/ m/z 224.20 (MH). Anal.
(C1sH1sNO-HCI-0.4H,0) C, H, N.

5-Pyridin-3-yl-2,3-dihydro-1H-inden-1-one (10) was obtained according to procedure A from 5-
bromo-1-indanone (211 mg, 1.00 mmol) and 3-pyriborenic acid (160 mg, 1.30 mmol) after flash
chromatography on silica gel (petroleum ether/etiogtate, 1/1R = 0.14) as a colorless solid (146
mg, 0.69 mmol, 69 %), mp 122-123 °C. LC/M%$z210.69 (MH). Anal. (G4H:1:NO-0.1H,0) C, H,
N.

6-(5-Methoxypyridin-3-yl)-3,4-dihydronaphthalen-2(1H)-one (11) was obtained according to
procedure A from 6-bromo-2-tetralone (225 mg, 1n@®ol) and 5-methoxy-3-pyridineboronic acid
(199 mg, 1.30 mmol) after flash chromatography iicasgel (petroleum ether/ethyl acetate, Bl=
0.15) as an off-white solid (133 mg, 0.53 mmol,%3 mp 109-110 °C. LC/M$&/z 254.01 (MH).
Anal. (CGgH1sNO,) C, H, N.

6-Pyridin-3-yl-3,4-dihydroquinolin-2(1H)-one (12) was obtained according to procedure B from
12a (2.71 g, 12.0 mmol) and 3-pyridineboronic acid2@Lg, 10.0 mmol) after crystallization from
acetone/diethyl ether as colorless needles (2.955§, mmol, 96 %), mp 181-183 °t-NMR (500
MHz, DMSO-): & = 2.49 (1,2 = 7.3 Hz, 2H), 2.95 (£J = 7.3 Hz, 2H), 6.95 (d’J = 8.2 Hz, 1H),
7.43 (ddd3) = 7.9 Hz,3) = 4.7 Hz,°J = 0.6 Hz, 1H), 7.51 (dd) = 8.2 Hz,*J = 2.2 Hz, 1H), 7.56 (d,
*J = 2.1 Hz, 1H), 8.00 (ddd) = 7.9 Hz,*J = 2.2 Hz,*J = 1.6 Hz, 1H), 8.50 (dd) = 4.7 Hz,J = 1.5
Hz, 1H), 8.84 (d;J = 2.2 Hz, 1H), 10.19 (s, 1H}C-NMR (125 MHz, DMSOd,): & = 24.8, 30.3,
115.6, 123.8, 124.3, 125.6, 126.2, 130.6, 133.8,21338.4, 147.2, 147.8, 170.2. LC/M8z225.25
(MH™). Anal. (G4H1:N,0-0.1H,0) C, H, N.

5-Pyridin-3-yl-1,3-dihydro-2H-indol-2-one (13) was obtained according to procedure A frbga
(159 mg, 0.75 mmol) and 3-pyridineboronic acid (128, 1.00 mmol) after crystallization from
acetone/diethyl ether as colorless needles (1290m6d, mmol, 81 %), mp 218-220 °C. LC/M%z
211.01 (MH). Anal. (G3H;0N,0:0.3H,0) C, H, N.

1-Methyl-6-pyridin-3-yl-3,4-dihydroquinolin-2(1H)-one (14) was obtained according to
procedure A froml4a (110 mg, 0.46 mmol) and 3-pyridineboronic acid (Wg¢, 0.60 mmol) after
flash chromatography on silica gel (petroleum &#tbyl acetate, 2/3 = 0.07) as colorless needles
(83 mg, 0.35 mmol, 76 %), mp 100-101 °C. LC/M&239.80. Anal. (GH14N,0-0.1H,0) C, H, N.

1-Ethyl-6-pyridin-3-yl-3,4-dihydroquinolin-2(1H)-one (15) was obtained according to procedure
A from 15a (229 mg, 0.90 mmol) and 3-pyridineboronic acid (@@, 0.75 mmol) after flash
chromatography on silica gel (petroleum ether/ettogtate, 1/1R = 0.09) and crystallization from
acetone/diethyl ether as colorless plates (125008@, mmol, 55 %), mp 91-92 °C. LC/Mf/z253.00
(MH"). Anal. (GeH16N,0-0.1H,0) C, H, N.

1-(1-Methylethy)-6-pyridin-3-yl-3,4-dihydr oquinolin-2(1H)-one (16) was obtained according to
procedure A froml6a (174 mg, 0.65 mmol) and 3-pyridineboronic acid (¢, 0.60 mmol) after
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flash chromatography on silica gel (petroleum d#ibyl acetate, 1/IR = 0.14) as a colorless solid
(47 mg, 0.18 mmol, 29 %), mp 100-101 °C. LC/M&267.10 (MH). Anal. (G7H:eN,O) C, H, N.
8-Chlor 0-6-pyridin-3-yl-3,4-dihydr oquinolin-2(1H)-one (17). To a solution ofl2 (560 mg, 2.50
mmol) in 5 mL DMF was addeb-chlorosuccinimide (368 mg, 2.75 mmol) in 5 mL DMFer a
period 2 h at 65 °C. After additional 3 h at 65 fi&& mixture was poured into ice water and extrhcte
three times with ethyl acetate. The combined og#ayers were washed with water and brine, dried
over MgSQ and the solvent was evaporated in vadiiovas obtained after flash chromatography on
silica gel (petroleum ether/ethyl acetate, &7+ 0.15) and crystallization from acetone/diethyles
as colorless needles (225 mg, 0.87 mmol, 35 %)1#p-178 °C. GC/MSn/z 258.95 (M). Anal.
(C14H11.CIN,O-0.1H,0) C, H, N.
8-Nitr 0-6-pyridin-3-yl-3,4-dihydroquinolin-2(1H)-one (18) was obtained according to procedure
B from 18a (1.0 g, 3.70 mmol) and 3-pyridineboronic acid (5d4f), 4.44 mmol) after flash
chromatography on silica gel (ethyl acet&®es 0.15) as yellow needles (311 mg, 1.16 mmol, 31 %
mp 187-189 °C. LC/M$/2269.94 (MH). Anal. (G4H1aNsOs) C, H, N.
6-(5-Methoxypyridin-3-yl)-3,4-dihydroquinolin-2(1H)-one (19) was obtained according to
procedure A froml2a (170 mg, 0.75 mmol) and 5-methoxy-3-pyridinebocoacid (150 mg, 0.98
mmol) after crystallization from acetone/diethyhet as colorless needles (77 mg, 0.30 mmol, 40 %),
mp 213-215 °C. LC/M$/2255.02 (MH). Anal. (GsH14N,O,) C, H, N.
6-(5-methoxypyridin-3-yl)-1-methyl-3,4-dihydr oquinolin-2(1H)-one (20) was obtained according
to procedure A fromida (200 mg, 0.83 mmol) and 5-methoxy-3-pyridinebocoacid (115 g, 0.75
mmol) after crystallization from acetone/diethyhet as colorless needles (132 mg, 0.49 mmol, 66 %),
mp 158-159 °C. LC/M#/2268.95 (MH). Anal. (Gg¢H16N20,-0.1H,0) C, H, N.
6-1soquinolin-4-yl-3,4-dihydroquinolin-2(1H)-one (21) was obtained according to procedure B
from 12a (1.55 g, 6.85 mmol) and 4-isoquinolineboronic ag@b0 mg, 5.50 mmol) after
crystallization from acetone/diethyl ether as delss needles (800 mg, 2.92 mmol, 53 %), mp 221—
222 °C. LC/MSm/z275.04 (MH). Anal. (GgH1.N,0-0.1H:,0) C, H, N.
6-1soquinolin-4-yl-1-methyl-3,4-dihydr oquinolin-2(1H)-one (22) was obtained according to
procedure A fromlda (264 mg, 1.10 mmol) and 4-isoquinolineboronic a@@2 mg, 1.00 mmol)
after crystallization from acetone/diethyl ethercatorless needles (163 mg, 0.57 mmol, 57 %), mp
175-176 °C. LC/M3n/z289.91 (MH). Anal. (GgH16N,O) C, H, N.
6-Pyrimidin-5-yl-3,4-dihydroquinolin-2(1H)-one (23) was obtained according to procedure A
from 12a (226 mg, 1.00 mmol) and 5-pyrimidineboronic aciti0y mg, 0.83 mmol) after
crystallization from ethanol as colorless neediEs g, 0.33 mmol, 40 %), mp 232-233 °C. LC/MS
m/z225.74 (MH). Anal. (G3H1:N;0-0.2H,0) C, H, N.
6-Pyridin-3-yl-3,4-dihydroquinoline-2(1H)-thione (24). A suspension 0f2 (395 mg, 1.76 mmol)
and Lawesson’s reagent (356 mg, 0.88 mmol) in diyene was refluxed for 30 min under an

atmosphere of nitrogen. After cooling to room tenapgre, the solvent was removed in vacuo and the
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residue was purified by flash chromatography oitaigel (petroleum ether/ethyl acetate, 3/ =
0.31) to afford24 as yellow plates (63 mg, 0.26 mmol, 15 %), mp 2685—°C. LC/MSm/z 241.05
(MH™). Anal. (G4H1:N,S) C, H, N.

8-Chlor o-6-pyridin-3-yl-3,4-dihydr oquinoline-2(1H)-thione (25) was obtained as described for
24 starting from17 (900 mg, 3.48 mmol) and Lawesson’s reagent (985 2ntt mmol) after flash
chromatography on silica gel (ethyl acetd&es 0.26) and crystallization from acetone/diethylez as
yellow needles (212 mg, 0.77 mmol, 22 %), mp 174-1C. GC/MSm/z 273.95 (M°CI"), 275.95
(M3*CI"). Anal. (G4H1.CIN,S) C, H, N.

7-Pyridin-3-yl-2H-1,4-benzothiazin-3(4H)-one (26) was obtained according to general procedure
B from 7-bromo-H#-1,4-benzothiazin-3¢4)-one(1.15 g, 4.71 mmol) and 3-pyridineboronic acid (695
mg, 5.56 mmol) after flash chromatography on sigjeh(petroleum ether/ethyl acetate, Bil= 0.20)
and crystallization from ethanol as colorless neged#86 mg, 2.01 mmol, 43 %), mp 238-240 °C.
LC/MS m/z242.99 (MH). Anal. (G3H1oN,0S0.2H,0) C, H, N.

Biological Methods. 1. Enzyme Preparations. CYP17 and CYP19 preparations were obtained by
described methods: the 50,098ediment of. coli expressing human CYP¥Znd microsomes from
human placenta for CYPF92. Enzyme Assays. The following enzyme assays were performed as
previously described: CY#7and CYP19” 3. Activity and Selectivity Assay Using V79 Cells. V79
Mzh 11B1 and V79 MzZh 11B2 celf$?® were incubated with [4*C]-11-deoxycorticosterone as
substrate and inhibitor in at least three differ@mcentrations. The enzyme reactions were stopped
addition of ethyl acetate. After vigorous shakingdaa centrifugation step (10,0@) 2 min), the
steroids were extracted into the organic phaseclwhias then separated. The conversion of the
substrate was analyzed by HPTLC and a phosphoimagystem as described. Inhibition of
Human Hepatic CYP Enzymes. The recombinantly expressed enzymes from bacuisvnfected
insect microsomes (Supersomes) were used and thefaturer’s instructions (www.gentest.com)
were followed.5. In Vivo Pharmacokinetics. Animal trials were conducted in accordance with
institutional and international ethical guidelinks the use of laboratory animals. Cassette dosing:
Male Wistar rats weighing 297-322 g (Janvier, Feaneere housed in a temperature-controlled room
(20—24 °C) and maintained in a 12 h light/12 h daréle. Food and water were available ad libitum.
The animals were anaesthetised with a ketamine (@8&g)/xylazine (10 mg/kg) mixture, and
cannulated with silicone tubing via the right jugulvein. Prior to the first blood sampling, animals
were connected to a counterbalanced system andgtutm perform blood sampling in the freely
moving rat. Separate stock solutions (5 mg/mL) werepared for the tested compounds in
labrasol/water (1:1; v/v), leading to a clear solut Immediately before application, the cassette
dosing mixture was prepared by adding equal voluofgbe stock solutions to end up with a final
concentration of 1 mg/mL for each compound. Thetanx was applied perorally to 3 rats with an
injection volume of 5 mL/kg (Time 0). Blood samplé250 ul) were collected 1 hour before

application and 1, 2, 4, 6, 8, and 24 hours thezeafhey were centrifuged at 6§Gor 10 minutes at
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4 °C and then the plasma was harvested and kef20afC until LC/MS analysis. To 50L of rat
plasma sample and calibration standard fiQOacetonitrile containing the internal standard was
added. Samples and standards were vigorously staietgentrifuged for 10 minutes at 60§@nd

20 °C. For the test items, an additional dilutioaswperformed by mixing 5QL of the particle free
supernatant with 5QL water. An aliquot was transferred to 200 sampler vials and subsequently
subjected to LC-MS/MS. HPL®S/MS analysis and quantification of the samples waried out on

a Surveyor-HPLC-system coupled with a TSQ QuantlimemoFinnigan) triple quadrupole mass
spectrometer equipped with an electrospray interfdESI). The mean of absolute plasma
concentrations (xSEM) was calculated for the 3 aais the regression was performed on group mean
values. The pharmacokinetic analysis was perforosidg a honcompartment model (PK Solutions
2.0, Summit Research Services). Single dosing: Jihgle dose experiments were performed as
described for the cassette dosing procedure witle Méstar rats weighing 234-276 g (Janvier,
France). Separate stock solutions (5 mg/mL) wereepgned for compoundl12 in
PEG400/water/ethanol (50:40:10; v/viv) and for commmd 21 in labrasol/water (1:1; v/v), leading to
clear solutions. Compount? was applied at 25 mg/kg perorally and 1 mg/kgawgnously and
compound2l at 25 mg/kg perorally to 4 rats each. Additionkmlod samples were taken 10 and 12
hours after application in case of peroral appicatnd 0.08, 0.25, 0.50, and 0.75 hours in case of
intravenous application of compound@, respectively6. Plasma Protein Binding. A 10 mM test
compound solution and ketoprofen solution is prepan acetonitrile. The test compound solution is
diluted with solvent to the 50 fold concentratid®@ pM, working solution) used in the assay (3 uM).
In a 1.5 mL eppendorff vial, 3 pL working solutiame given to 147 pL serum (rat or human) and
mixed. For recovery the same dilutions are doneltrafiltrated serum. The solutions are incubated
for 1 hour at 37 °C. The whole samples (6 testtswlg, 6 recovery samples) are centrifuged at 800
for 20 min using Centrifree micropartition devigddillipore). 75 pL of ultra filtrate (UF) sample is
removed for sample preparation. To 75 pL of saropl&50 pL calibration standard, 75 pL or 150 pL
acetonitrile containing the internal standard (kedfen, 1 uM) is added to precipitate plasma pnatei
Samples are then vigorously shaken (10 sec.) amtdifoged for 10 minutes at 60@Pand 20 °C. An
aliquot (70 pL) of the particle-free supernatarguibsequently subjected to LC-MS/M%he degree of
binding to the plasma proteins (PPB) is calculdtgdhe following equation: % Protein binding = (1—
[ligand,pafirrad/[ligandoa]) - 100. 7. Cytotoxicity. Cell viability upon drug exposure was determined
using a fluorimetric alamar blue conversion asssingia 96-well plate format. Briefly, U-937 cells
(human monocytic leukemia) were seeded in growttinme into 96-well plates at a final density of
5x10E4 cells/ml and exposed to the respective comg® for the indicated time intervals (6 replicates
per concentration). At the end of the exposure tiat@mar blue (Biosource International, Camarillo,
CA) was added at 10% (v/v) and incubated for 4 siokluorescence intensity was quantitated using a
Wallac Victor fluorescence plate reader (Perkin &inWellesley, MA) at 530 nm excitation and 590

nm emission. Relative viability of cells was detared in relation to the untreated control. Control
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wells containing compound only were included toedepotential interference of the compound with

the indicator system. Also, media only controlseveicluded to account for background fluorescence.
Viability of cells prior to cytotoxicity experimegtwas determine by Trypan Blue staining. Cells were
diluted 1:3 in 0.4% (w/v) Trypan Blue (Sigma), aswlinted in a hemacytomer.
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3.4 Fine-Tuning the Selectivity of Aldosterone Synthase Inhibi-
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Paper 1V

Abstract: Pyridine substituted 3,4-dihydrddiquinolin-2-ones (e.gl andll) constitute a class of
highly potent and selective inhibitors of aldostexsynthase (CYP11B2), a promising target for the
treatment of hyperaldosteronism, congestive hedttré and myocardial fibrosis. Amongst the latter,
ethyl-substituted| is particularly striking due to a pronounced CYRI1gelectivity. Rigidification of

Il by incorporation of the ethyl group into a 5- oimémbered ring affords compounds with a
pyrroloquinolinone or pyridoquinolinone molecularaffold (e.g.,1 and?2). It was found that these
molecules are even more potent and selective CYPIfBibitors than their corresponding open-
chain analogues. Moreover, pyrroloquinolinohexhibits no inhibition of the six most important
hepatic CYP enzymes (6> 10 uM) as well as a bioavailability (AUG, = 3464 neh/mL) in the
range of the marketed drug fadrozole (AJJG 3207 ngh/mL). The SAR studies disclose structural
features for either strong or weak inhibition oé thighly homologous Jthydroxylase (CYP11B1).
These results are not only important for fine-tgnthe selectivity but also for the development of
selective CYP11B1 inhibitors that are of interest the treatment of Cushing’'s syndrome and

metabolic syndrome.
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I ntroduction

Congestive heart failure (CHF) is a condition afufficient cardiac output and reduced systemic
blood flow which provokes a chronic activation bétrenin-angiotensin-aldosterone system (RAAS).
As a consequence, the excessive release of amgjiotdn(Ang 1l) and aldosterone leads to an
increased blood pressure and finally to a furtreteidoration of heart function, mainly mediated via
epithelial sodium retention by mineralocorticoi¢eptor (MR) activation as well as Ang Il mediated
vasoconstrictiod. Moreover, aldosterone is known to exert direce&f on the heart. Activation of
nonepithelial MRs stimulates the progressive syithand deposition of fibrillar collagens in fibro-
blasts and results in myocardial fibrosigntil today, various drug classes targeting theABhave
been developed in order to interrupt the viciousleiof chronic neurohormonal activation, acting
either by inhibition of the key regulator enzymeashg blocking the actions of the effector hormones
by functional antagonism, affording a successkatiment of heart failure and hypertension. Inhibkito
of the angiotensin converting enzyme (ACE) provedrigger a down-regulation of circulating aldo-
sterone, but increased levels of aldosterone meageba after several months of therapy, presumably
due to potassium stimulated secrefidrhe persistence of aldosterone secretion despaénent with
ACE inhibitors and the evidence of the deleterietfects of aldosterone on cardiovascular function
led to the assumption that blocking the mineraltcoid receptor might provide additional benefit.
This hypothesis has been corroborated in two recbnical trials by using the MR antagonists
spironolactone and eplerenone in addition to stahtiherapy of patients with chronic congestive hear
failure and in patients after myocardial infarctioespectively. Aldosterone antagonistic therapy,
however, raises several issues. Spironolactonéndaice severe side effects due to its low seldgtivi
toward other steroid hormone receptors. Althouglerepone is more selective, clinically relevant
hyperkalemia remains a principal therapeutic tidloreover, the elevated plasma aldosterone
concentrations are left unaffected on a patholdgieael, promoting the up-regulation of MR
expressiohand nongenomic aldosterone efféats the insufficient heart.

Hence, we hypothesized a novel approach for ttagnrent of hyperaldosteronism, congestive heart
failure and myocardial fibrosis by combating thevalted plasma aldosterone levels via blockade of
aldosterone synthase (CYP11B2), the key enzyme inénalocorticoid biosynthesfs. This mito-
chondrial cytochrome P450 enzyme is localized myaimlthe zona glomerulosa of the adrenal gland
and catalyzes the terminal three oxidation stephérbiogenesis of aldosterone in humans via initia
hydroxylation of 11-deoxycorticosterone atpidosition to yield corticosterone, followed by two
subsequent hydroxylations atg@nd water release to yield aldosterone (Chaft th).addition to the
potential therapeutic utility in cardiovascularefises, radiolabelled inhibitors of that enzyme iigh
be a useful tool for molecular imaging of CYP11Bmssion in adrenocortical tissue and thus for the
diagnosis of adrenal tumotsDue to selectively binding to CYP11B2, these commus are also
interesting for the imaging of Conn adenomas whick characterized by high expression of
CYP11B2%
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Chart 1. CYP11B2 Catalyzed Biosynthesis of Aldosterone
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An obstacle in the development of a putative CYP2Aimhibitor is to accomplish selectivity versus
other cytochrome P450 (CYP) enzymes since comptaxatf the heme iron which is a widespread
interaction motive is likely to occur in other CY¥hzymes as well. The selectivity issue becomes
especially critical with respect to i-hydroxylase (CYP11B1), the key enzyme of glucdcortl bio-
synthesis whose amino acid sequence exhibits aloggnof 93 % compared to CYP11B2A drug
discovery program launched in our laboratory ledatgeries of nonsteroidal aldosterone synthase
inhibitors with high selectivity versus other cytmome P450 enzymes by consequent structural
optimization of a hit discovered by compound ligrascreening**® Pyridine-substituted naph-
thalene¥!” and dihydronaphthalen&Sthe most potent and selective compounds that exdefrgm

the development process, however, revealed two rnmjarmacological drawbacks: A strong inhi-
bition of the hepatic drug metabolizing enzyme C¥PZXnd no inhibitory effect on the aldosterone

production in vivo by using a rat model.
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In the present study, we describe the developmieht205,6-tetrahydropyrrolo[3,2,ii}quinolin-4-
ones and structurally related compounds (Charts2highly potent aldosterone synthase inhibitors
with improved selectivity against other crucial C¥¥Rzymes, such as CYP11B1, the steroidogenic
enzymes CYP17 (bfhydroxylase-C17,20-lyase) and CYP19 (aromataseyelk as the six most
important drug-metabolizing cytochrome P450 enzyif@gP1A2, CYP2B6, CYP2C9, CYP2C19,
CYP2D6 and CYP3A4). The in vivo pharmacokinetic fjgoof some promising compounds was

determined in male Wistar rats.

Results
Inhibitor Design Concept

Preliminary studies aiming at the design of nométied aldosterone synthase inhibitors performed
in our laboratory have demonstrated that 3-pyridgubstituted naphthalenes provide an ideal
molecular scaffold for a strong inhibition of trerget enzyme CYP11B2 as well as high selectivity
versus several other CYP enzymes (e.g., CYP11BRIZYCYP19}%*® These molecules, however,
revealed two major pharmacological drawbacks: Argjrinhibition of the hepatic drug metabolizing
enzyme CYP1A2 and no inhibitory effect on the atdomne production in vivo by using a rat model.
In a recent study, we demonstrated that changiegaéphthalene by a 3,4-dihydrbFuinolin-2-one
skeleton affords highly potent CYP11B2 inhibitonscls asl and 1l (Chart 3) with pronounced
selectivity versus other CYP enzymes including CXPlas well as aldosterone-lowering properties
in viva® Amongst the latter compounds, ethyl-substitutedvetve |1 displayed a remarkably little
inhibition of CYP1A2. Therefore, this molecule welsosen as starting point for further structural
optimization. Incorporation of the ethyl group indb5- or 6-membered ring affords the pyrrolo-
quinolinonel and the pyridoquinolinong, respectively. In the present study, the chenmicadlify-
cation is mainly directed to the heterocyclic mpisince both potency and selectivity have been

identified in previous investigations to be higdlgpendent on heterocyclic derivatizatfon.

Chart 3. Development of Compoundsand?2
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Chemistry

The key synthetic transformation toward the taggehpounds was a Suzuki coupling to connect the
pyrrolo- or pyridoquinolinone scaffold to variosheterocyclic systems, in most cases a derivafive o
3-pyridine (Scheme 1). The advanced intermedidtes?a as well as29a were prepared in three
consecutive steps starting from commercially atd@aindoline or 1,2,3,4-tetrahydroquinoline as
initial building block. The sequence of amide fotima and subsequent Friedel-Crafts cyclization to
afford 1b and 2b has been described previously and was also ugethdéosynthesis of thgem
dimethyl analog29a.”* Regioselective bromination was accomplished bgtimg the fused hetero-
cycles withN-bromosuccinimide in DMF at O °C. The pyrrolo- grripoquinolinonesl—4, 10-13, and
29 were obtained by Suzuki coupling of the arylbroesida, 2a or 29a with an N-heterocyclic
boronic acid®? Copper catalyzetl-arylation ofla with imidazole gave rise to the 1-imidazolyl deri-
vative 14.2 Alternatively, the bromo-substituted pyrroloquiimoine 1a was transformed into the
corresponding pinacol boronada by treating with bis(pinacolato)diboron under pdiuim catalysi
and was subsequently used for cross-coupling witter@vatized 3-bromopyridine to afford com-
pounds5-9, and15-27. If not commercially available, the 3-bromopyridinused in this step were
prepared as outlined in Scheme 2 either from 3-br6rmethoxypyridine by demethylation and
subsequent alkylatiorbg, 6a) or from 3,5-dibromopyridine by Suzuki couplingtivia substituted
arylboronic acid 16a—27a). The hydroxypyridine7 was synthesized by treating the corresponding
methoxy derivatived with concentrated hydrobromic acid under reflukiohation of pyrroloquino-

linone 1 with Lawessons reagent in dry toluene affordedhimanalog8.

Scheme 1°
N N
N -z Z
~ | |
Het
> L, .
0" N 0“ >N 07N S7ON
h
10: Het = 4-isoquinoline, n = 1 14 7 28

11: Het = 4-isoquinoline, n = 2

12: Het = 4-pyridine, n = 1 i ,
13: Het = 5-pyrimidine, n = 1 v vii viii ix

N N
= =z
“] .
—» _> R A SN
or | 1R
N o) N 5/4
)n
= 1a: X=Br,n=
jxum =2 2a:X= Brn vi S ReH |
chEmn 15:R=H 22:R = 2-OMe
/NI iv[“-" Br 2R=H,n=2 16:R=2F 23 R=-30Me
.Y = BRDP: 3:R=0Me,n=1 17:R =3-F 24:R=4-0Me
N 3a: X =BPin 4R=0Me n=2 18R=4F 20300
5:R=OEt,n=1 19:R=25F 257~
iy 20:R=34F 26:R=3-0CF,
6:R=0iPr,n =1 21:R=35F 27:R=3-CF,
8:R=F,n=1
29 9:R=CF3,n=1

& Reagents and conditions: i) 3-chloropropanoy! dtitgracetone reflux; ii) AIG| NaCl, 150 °C; iii) NBS, DMF, 0 °C; iv)
bis(pinacolato)diboron, Pd(dppf}CIKOAc, DMSO, 80 °C; v) heteroarylboronic acid, PE(E), ag. NaHCQ, DMF, pw,
150 °C or: heteroarylboronic acid, Pd(RRhag. NaCOs, toluene/ethanol, reflux; vi) heteroarylbromided(PPh),, ag.
Na,CO;, toluene/ethanol, reflux; vii) GBO,, K,COs, 180 °C; viii) conc HBr, reflux; ix) Lawessons reagietoluene, reflux,
x) 3,3-dimethylacryloylchloride, acetone reflux.giH heteroaryl, BPin = pinacol boronate)
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Scheme 2°

Br N OMe Br N O. R
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16aR=2F  23a:R=30Me
a = o N = 4-
19a: R=25-F a: R = 3-
20a: R =34-F 26a:R=3-OCF;
21a:R=35-F 27a:R=3-CF3
22a: R =2-OMe

& Reagents and conditions: i) conc HBr, reflux; ii)
alkylhalogenide, KCOs;, DMF, rt; iii) arylboronic acid,
Pd(PPh)4, agq. NaCQ;, toluene/ethanol, reflux.

Biological Results

Inhibition of Human Adrenal Corticoid Producing CYP11B2 and CYP11B1 In Vitro (Table
1). The inhibitory activities of the compounds wereedstined in V79 MZh cells expressing either
human CYP11B2 or CYP11Bf® The V79 MZh cells were incubated witf€]-deoxycorticosterone
as substrate and the inhibitor in different conegidns. The product formation was monitored by
HPTLC using a phosphoimager. Fadrozole, an aromgi@¥P19) inhibitor with proven ability to
reduce corticoid formation in vittband in vivd’ was used as a reference (CYP11B2, k€1 nM;
CYP11B1, IGo = 10 nM).

Most of the investigated molecules are highly po&dosterone synthase inhibitors displaying,IC
values in the low nanomolar range (< 5 nM). An astdinary high activity is observed in case of the
isoquinoline derivative40 and11 with sub-nanomolar 1§ values (0.2 nM). Replacing 3-pyridine by
other nitrogen containing heterocycles inducesaeadese in inhibitory potency. The 5-pyrimidiri)
and 1-imidazoleX4) derivatives are less active £ 56—89 nM) than the 3-pyridine analbdICs, =
1.1 nM) and the corresponding 4-pyridine compoliadiacks any inhibitory activity on CYP11B2 (<
10 % inhibition at a concentration of 500 nM). Teame trend was observed previously for the
binding properties of a series of substituted pyridphthalene&’ A slight decrease in CYP11B2
potency (IG, = 16-33 nM) is also observed in case of some sargktituents in 5-position of the
pyridine heterocycle 1, 26, and 27). A gemdimethyl group in the quinolinone moiety as
accomplished in compour2d is not tolerated in terms of CYP11B2 potency. Tit@bition of the
highly homologous CYP11B1 is significantly loweaththe CYP11B2 inhibition for all investigated

molecules resulting in selectivity factors in tiaage of 15-957 (fadrozole, selectivity factor =.10)
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Table 1. Inhibition of Human Adrenal CYP11B2 and CYP11BIMitro

_N _N _N _N
S | R Het A | 2\3 A | S !
0“ >N 0” >N 0“ >N |5/ - S7ON 0“ >N
) )
1-9 10-14 15-27 28 29
% inhibitiorf ICso valué (nM)

V79 11B2 V79 11BZ2 V79 11BF selectivity
compd n R Het hCYP11B2 hCYP11B2 hCYP11B1 factbr
1 1 H 90 1.1 715 650
2 2 H 95 2.4 2296 957
3 1 OMe 98 0.6 247 412
4 2 OMe 95 0.9 545 606
5 1 OEt 92 1.0 158 158
6 1 OiPr 96 2.2 103 47
7 1 OH 94 4.3 2045 476
8 1 F 97 4.4 1288 293
9 1 Ch 96 5.9 141 24
10 1 4-isoquinoline 98 0.2 13 65
11 2 4-isoquinoline 95 0.2 34 170
12 1 4-pyridine 7 n.d. n.d. n.d.
13 1 5-pyrimidine 81 56 28546 510
14 1 1-imidazole 87 89 2077 23
15 H 97 1.3 58 45
16 2-F 92 0.7 43 61
17 3-F 97 1.4 490 350
18 4-F 96 0.9 40 44
19 2,5-F 80 3.6 183 51
20 3.4-F 89 2.3 496 215
21 3,5-F 81 18 1748 97
22 2-OMe 86 24 128 53
23 3-OMe 86 4.6 1374 299
24 4-OMe 95 1.4 21 15
25 3-OH 92 1.2 44 37
26 3-OCR 92 16 2058 129
27 3-Ck 80 33 4646 141
28 96 1.2 333 278
29 48 n.d. n.d. n.d.

fadrozole 1 10 10

3 Mean value of at least four experiments, standaxdation less than 10 %; inhibitor concentrati®®) nM.? Mean value of at least four
experiments, standard deviation usually less tfab2n.d. = not determinetiHamster fibroblasts expressing human CYP11B2;tsates
deoxycorticosterone, 100 nM. Hamster fibroblasts expressing human CYP11B1; teaties deoxycorticosterone, 100 nM. ICso
CYP11B1/IGo, CYP11B2, n.d. = not determined.
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Inhibition of Steroidogenic and Hepatic CYP Enzymes (Tables 2 and 3). A subset of 12
compounds was investigated for inhibition of thersidogenic enzymes CYP17 and CYP19 (Table
2). The inhibition of CYP17 was investigated usthg 50,0003 sediment of thé&. coli homogenate
recombinantly expressing human CYP17 and progesme(@5 uM) as substrat® The inhibition
values were measured at an inhibitor concentraifdhuM. The inhibition of CYP19 at an inhibitor
concentration of 500 nM was determined in vitrohatuman placental microsomes ang-{i]
androstenedione as substrate as described by Tharapsl Siite® using our modificatior® Pyrido-
quinolinone?2 is a moderately potent aromatase inhibitor (69n¥ibition). All other investigated
molecules are highly selective toward both CYP1d @YP19, usually displaying less than 10 %

inhibition.

Table 2. Inhibition of Human CYP17 and CYP19 In Vitro

% inhibitior? % inhibitiorf
compd CYP17 CYP19 compd CYP1? CYP19
1 6 18 11 5 <5
2 6 69 13 5 5
3 <5 5 17 7 6
4 <5 5 20 <5 <5
8 <5 <5 23 <5 <5
10 6 <5 28 11 5

3 Mean value of three experiments, standard deviagiss than 10 9.E. coli expressing human
CYP17; substrate progesterone, [@84; inhibitor concentration, 2.M; ketoconazole, 1§ =
2.78uM. ° Human placental CYP19; substrate androstenedifi@nM; inhibitor concentration,
500 nM; fadrozole, 16 = 30 nM.

A selectivity profile relating to inhibition of coial hepatic CYP enzymes (CYP1A2, CYP2B6,
CYP2C9, CYP2C19, CYP2D6, and CYP3A4) was determfoedompoundd—4, 11, and17 by use
of recombinantly expressed enzymes from baculoviriected insect microsomes. The unsubstituted
pyrroloquinolinone 1 exhibits a pronounced selectivity toward all irtigeted CYP enzymes.
CYP2B6, CYP2C19, CYP2D6, and CYP3A4 are not inkithiat all (< 5 % inhibition at a concen-
tration of 10uM). The inhibition of CYP1A2 and CYP2C9 is in thenge of 41-43 % corresponding
with ICs, values of approximately 10M or higher. Compound2-4, and 11 display an increased
CYP1A2 inhibition (24-47 % at a concentration ofull) compared tol whereas the CYP1A2
potency ofl7 is in the range of the unsubstituted andlogurthermore, isoquinoline derivativid is
a rather potent inhibitor of both CYP2C9 and CYPQGICs, < 1 uM). Compoundl7 displays a
distinct inhibition of CYP2C9 (79 % at a concentvatof 10 uM) but is otherwise rather selective
toward the other CYP enzymes investigated(FC10 uM). However, it becomes apparent from the
results presented in Table 3 that none of the gutest derivatives2—4, 11 and 17 matches the

selectivity of the unsubstituted parent compofind
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Table 3. Inhibition of Selected Hepatic CYP Enzymes In Witr

% inhibitiord
CYP1AZ2* CYP2B&* CYP2C%* CYP2C19" CYP2D@¢ CYP3ALT
compd 1uM 1uyM 10pM  1pyM  10pM  1pM  10pM  1pM  10pM  1pyM  10puM  1pM
1 43 8 <5 <5 41 6 <5 <5 <5 <5 <5 <5
2 83 41 36 27 40 19 44 8 n.d. n.d. 21 6
3 72 37 8 <5 42 23 30 7 13 9 19 14
4 87 47 n.d. n.d. 63 34 61 11 n.d. n.d. 24 12
1 63 24 n.d. n.d. 97 73 96 67 n.d. n.d. <5 <5
17 38 9 13 <5 79 39 21 n.d. 9 <5 43 37

3 Mean value of two experiments, standard devialéss than 5 % Recombinantly expressed enzymes from baculovirfessied insect
microsomes (Supersomes).Furafylline, ICs, = 2.42 uM. ¢ Tranylcypromine, 1g = 6.24 uM. © SulfaphenazolelCs, = 318 nM. "
Tranylcypromine, 16 = 5.95uM. ¢ Quinidine, 1G, = 14 nM." KetoconazoleCso = 57 nM.

In Vivo Pharmacokinetics (Table 4). The pharmacokinetic profile of selected compoun@s w
determined after peroral application to male Wistds. Plasma samples were collected over 24 h and
the concentrations were determined by HRUMS/MS. Compoundg, 3, and4 were investigated in a
cassette dosing approach (peroral dose = 5 mgfigdycampared to fadrozole. All three compounds
show comparable terminal half-lifeg,{t = 2.0-2.9 h) which are in the range of the refeeefadro-
zole (42, = 3.2 h). Contrariwise, the absorbance of compeunadnd3 (t..x = 4 h) is slower as the
absorbance of fadrozolg,g = 1 h). Within this series, fadrozole shows thghleist maximal concen-
tration (Gnay in plasma (471 ng/mL) followed by compouhd317 ng/mL). The maximal amount of
the other test items8(and4) found in the plasma after peroral applicatiosignificantly lower (< 50
ng/mL). Using the area under the curve (AlJLas a ranking criterion, pyrroloquinolinoieexhibits
the highest bioavailability (3464 rigmL), thus slightly exceeding the bioavailabildfthe reference
compound (3207 nb/mL). Methoxylation of the heterocycle as accosipdd in3 results in a
significant decrease of the AYC (557 ngh/mL). A further decrease is observed for the orre
ponding pyridoquinolinond (51 ngh/mL). The influence of varying the molecular so&dfof com-
poundl becomes particularly apparent from Figure 1 wileeemean profile of plasma levels (ng/mL)
in rat versus time after oral application (5 mg/kgpa cassette of compountls3 and4 are shown. In
the course of the in vivo experiment, no obvioumnsbf toxicity was noted in any animal over the
duration of the experiment (24 h).

Table 4. Pharmacokinetic Profile of Compountis3, and4

compd  typ, (N tyax () Crnax (Ng/mLY’ AUCq., (ng-h/mL§
1 2.4 4.0 317 3464
3 2.9 4.0 60 557
4 2.0 2.0 4.9 51
fadrozolé 3.2 1.0 471 3207

@ All compounds were applied perorally (5 mg/kghtale Wistar rats in a cassette dosing apprdach.
Terminal half-life.° Time of maximal concentratioft Maximal concentratiorf. Area under the curve.
" Mean value of two experiments.
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Figure 12
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& Mean profile () SEM of plasma levels (ng/ml) iat rversus
time after oral application (5 mg/kg) of compourids3, and4
determined in a cassette dosing experiment.

Discussion and Conclusion

Within the present set of compounds, interestimgctiire-activity relationships (SAR) can be
observed, especially with respect to the inhibitdri 13-hydroxylase (CYP11B1) and thus selectivity.
On the one hand, selectivity is influenced by ting-size of the carbocycle condensed to the quino-
linone moiety. Within the series of pyrido-condesh®®mpoundsZ, 4, and11), the CYP11B1 inhi-
bition is significantly decreased compared to tberesponding pyrroloquinolinone analogués 3,
and 10), whereas the CYP11B2 inhibition is in a compagaldnge. This leads to an enhanced
selectivity for the pyridoquinolinone derivative®yridoquinolinone? is the most selective compound
of the present series (selectivity factor = 957¢nkk, the selectivity increases nearly by a fastor
100 compared to fadrozole (selectivity factor = I0)is experimental result is particularly notevingrt
with respect to the high homology of the two CYP1i$Bforms. However, it was demonstrated by
pharmacokinetic studies 8fand4 that ring expansion to the 6-membered carbocyclccompanied
by an approximately 10-fold decrease in bioavdilghas indicated by an AU, of 557 ngh/mL (3)
and 51 ngh/mL (4), respectively. On the other hand, the substitupattern of the pyridine moiety
was found to significantly influence the CYP11B1lestvity. Obviously, the size of substituents in 5
position of the heterocycle plays a crucial roledNP11B1 inhibition. This becomes particularly
evident in the series of pyrroloquinolinone compasiwith alkoxy derivatized heterocycle. The inhi-
bitory potency at CYP11B1 increases with the sttt size in the orddr(R = H, 1G, = 715 nM) <
3 (R = OMe, IG, = 247 nM) <5 (R = OEt, IG, = 158 nM) <6 (R = GPr, I1G, = 103 nM).
Contrariwise, the inhibition of CYP11B2 is in a coanable range for these compounds;{€ 0.6—
2.2 nM), that is the selectivity factor decreasethe same order from 650) to 47 ). A pronounced
increase in CYP11B1 inhibition is observed in cab¢he introduction of additional aryl moieties.
Replacing 3-pyridine by 4-isoquinoline results im@matic increase in CYP11B1 potency for both

the pyrrolo-condensed(, increase by a factor of 55) and pyrido-conderf{dédfactor 68) derivative
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whereas the CYP11B2 inhibition increases to a maegree (factor 6-12). The same trend can be
observed for several compounds with additional amdstituent in 5-position of the pyridine moiety
(e.g.,15, 16, 18, 22, 24, and25). The latter compounds display a CYP11B2 inhibitio a range of
0.7-2.4 nM which is readily comparable to the ussitiited parent compount (ICsp = 1.1 nM).
Contrariwise, the CYP11B1 inhibition increases o 36-fold compared t& (ICso = 715 nM) to 1Go
values of 21-128 nM corresponding to a rather lelecivity (factor 15-61). Obviously, the intro-
duction of additional aromatic rings and to a midegree also sterically demanding aliphatic resdue
(e.g., isopropoxy) in the pyridine moiety leads &dditional interactions of the inhibitors with
CYP11B1, thus stabilizing the formed CYP11B1-intobicomplexes considerably. This observation
correlates with homology modeling results suggestivat the putative binding sites of both CYP11B
isoforms contain many hydrophobic amino acids (eAda313, Phe321, Pro322, Val378, Phe381,
Leu382, Tyr485, and lle4883.In principal, these residues can interact withatiditional aryl moiety
by hydrophobic ort-n stacking contacts. Docking studies of imidazolyimyéeneindanes into our
CYP11B2 model revealed that the inhibitor is predt@mtly bound through hydrophobic interactions
with residues of the I-helix and Phel06, excepttfar nitrogen-metal coordination with the heme
iron.** Since the position of the heme has been hypotesizbe shifted by approximately 20° in the
two CYP11B enzyme¥, it is likely that the ‘network’ of hydrophobic gups in the binding pocket
accommaodates the inhibitors in a different way ¥iPQ@1B1, thus affording additional stabilization of
the phenyl moiety.

Moreover, it is striking thaimetasubstituents in the aryl moiety can trigger CYP11dlectivity
again. With exception of the 3-hydroxy derivat®® all compounds bearing a substituent in 3-posi-
tion of the benzene moiety (i.47, 20, 21, 23, 26, and27) exhibit a decreased CYP11B1 potency with
ICso values in a range of 490-4646 nM and thus selgcfactors up to 3501(7). This obvious off/on-
switch of CYP11B1 potency is of particular interdstom unsubstituted parent compoun@Cs, =
715 nM), derivatization with phenyl in 5-positiohtbe pyridine moiety leads to a significant ingea
of inhibitory potency in compound5 (ICs, = 58 nM) whereas thenetafluorophenyl analogl7
exhibits a low inhibitory potency again @C= 490 nM). Coevally, these three compounds display
virtually the same aldosterone synthase inhibifi@i, = 1.1-1.4 nM), which means that a variety of
sterically demanding substituents in the pyridingiaty is readily tolerated in the CYP11B2 binding
pocket, however, lead to no further stabilizatibnhe complexes formed by coordination of the heme
iron by the heterocyclic nitrogen. Contrariwisepydidine substituted pyrroloquinolinone derivatives
such asl are per se rather poor CYP11B1 inhibitors and iregan additional benzene moiety, and
thus a further stabilization of the formed compkereainly through hydrophobic arr stacking inter-
actions, for basal inhibitory potency. Amongst thesompounds are highly potent CYP11B1
inhibitors, for example isoquinoline derivatit® (ICso = 13 nM) andpara-methoxyphenyl derivative
24 (ICso = 21 nM). Obviously thenetasubstituted analogues do not adequately fit into@GYP11B1

binding pocket or loose contact to the heme irorilevminimizing unfavorable contacts with the
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enzyme. Only 3-hydroxy derivatives displays a pronounced CYP11B1 inhibition (G 44 nM).
This is an indication for stabilizing interactiobg the hydroxy group acting as hydrogen bond donor
which might compensate an eventual weakening oF&é\ interaction.

The above biological results that derivatizatiorthef 3-pyridine moiety of pyrroloquinolinone type
compounds is a tool for fine-tuning the CYP11BZs#Vity are in contrast to previous findings irth
series of inhibitors with a naphthalene moleculeaf®ld. In the latter case, substituents in the
heterocyclic moiety led to a change of inhibitidrboth the CYP11B isoforms in a comparable order
of magnitude, resulting in a reasonable linearetation of the corresponding pigralues (* = 0.86)
and thus a rather constant selectivity faélaie interpreted this finding as a consequenceroilai
protein-inhibitor interactions of the heterocyalimiety with both CYP11B isoforms due to structural
similarities in the heterocyclic binding site. Asnaatter of fact, the selectivity is significantly
influenced by the substitution pattern of the hatgcle within the present set of compounds which is
an indication for a binding mode of the pyrroloqulinone derivatives different from that of the
naphthalene analogues.

In summary, the present study provides extensive 8fsults relating to CYP11B2 and CYP11B1
inhibition. The influence of certain structural nifichtions on the 1A-hydroxylase (CYP11B1)
activity is particularly noteworthy. On the one dai€YP11B1 inhibition is an important selectivity
criterion for aldosterone synthase inhibitors. @a dther hand, selective CYP11B1 inhibitors could
be used for the treatment of Cushing’s syndrome raathbolic syndrome. Although several potent
CYP11B1 inhibitors have been described previoushdepth SAR studies were usually focused on
the concurrent CYP11B2 activity. Herein, we cleadgntified structural features important for high
inhibitory CYP11B1 potency, namely sterically demiang lipophilic residues or aromatic residues in
the heterocyclic moiety or condensed to the heyetec giving rise to a series of highly poten31l
hydroxylase inhibitors (e.gparamethoxyphenyl derivative4, ICso = 21 nM). Slight variation of
these compounds, for example introductionnaftasubstituents into the phenyl moiety, led to a
significant loss of CYP11B1 inhibition again, prdiwig selective CYP11B2 inhibitors. In the majority
of cases, the investigated molecules are poteisedtbne synthase inhibitors selective toward the
steroidogenic enzymes CYP11B1, CYP17, and CYPl8alimg no significant inhibition (except for
2). The unsubstituted parent compoudnshows also no significant inhibition of the six shamportant
hepatic CYP enzymes (> 10 uM). In addition, this highly potent and selectivilasterone
synthase inhibitor reaches high plasma concentatidUG,., = 3464 ngh/mL) after peroral appli-
cation to rats and even slightly exceeds the bitebility of the marketed drug fadrozole (AYC =
3207 ngh/mL). Currently, further studies with inhibitdr are underway to evaluate aldosterone-

lowering effects in vivo.
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Experimental section

Chemical and Analytical Methods. Melting points were measured on a Mettler FP1 imglpoint
apparatus and are uncorrectéd. NMR and **C spectra were recorded on a Bruker DRX-500
instrument. Chemical shifts are given in parts pdtion (ppm), and tetramethylsilane (TMS) was
used as internal standard for spectra obtainedM$0-ds and CDC}. All coupling constantsJf are
given in hertz. Mass spectra (LC/MS) were measuwada TSQ Quantum (Thermo Electron
Corporation) instrument with a RP18 100-3 columna¢ilerey Nagel) and with water/acetonitrile
mixtures as eluents. GC/MS spectra were measured GCD Series G1800A (Hewlett Packard)
instrument with an Optima-5-MS (0.25 uM, 30 m) eoflu (Macherey Nagel). Elemental analyses
were carried out at the Department of ChemistryivéIsity of Saarbriicken. Reagents were used as
obtained from commercial suppliers without furtiperification. Solvents were distilled before use.
Dry solvents were obtained by distillation from egriate drying reagents and stored over molecular
sieves. Flash chromatography was performed onastiel 40 (35/40-63/70 uM) with petroleum
ether/ethyl acetate mixtures as eluents, and thetiom progress was determined by thin-layer
chromatography analyses on Alugram SIL G/UV254 (Maey Nagel). Visualization was
accomplished with UV light and KMn@olution. All microwave irradiation experiments neecarried
out in a CEM-Discover monomode microwave apparatus.

The following compounds were prepared accordingreviously described procedures: 1,2,5,6-
tetrahydro-4#-pyrrolo[3,2,1ij]quinolin-4-one {b),** 2,3,6,7-tetrahydroH,5H-pyrido[3,2,1i]quino-
lin-5-one @b),?* 5-bromopyridin-3-ol §b),* 3-bromo-5-ethoxypyridinesg).?

Synthesis of the Target Compounds

Procedure A.? Boronic acid (0.75 mmol, 1 equivalent), aryl bromiadr -triflate (0.9-1.3
equivalents), and tetrakis(triphenylphosphane)dalta(0) (43 mg, 37.5umol, 5 mol %) were
suspended in 1.5 mL DMF in a 10 mL septum-cappbd tontaining a stirring magnet. To this was
added a solution of NaHG@189 mg, 2.25 mmol, 3 equivalents) in 1.5 mL wated the vial was
sealed with an Teflon cap. The mixture was irradlatvith microwaves for 15 min at a temperature of
150 °C with an initial irradiation power of 100 \After the reaction, the vial was cooled to 40 & t
crude mixture was partitioned between ethyl acetatd water and the aqueous layer was extracted
three times with ethyl acetate. The combined ohiers were dried over Mgg@nd the solvents
were removed in vacuo. The coupling products wétained after flash chromatography on silica gel
(petroleum ether/ethyl acetate mixtures) and/ostatljzation. If an oil was obtained, it was traméel
into the hydrochloride salt by 1N HCI solution iietthyl ether.

Procedure B. Boronic acid (1 equivalent), aryl bromide or (1.%-lequivalents), and
tetrakis(triphenylphosphane)palladium(0) (5 mol W@re suspended in toluene/ethanol 4/1 to give a
0.07-0.1 M solution of boronic acid under an atesptof nitrogen. To this was added a 1 N aqueous
solution of NaCQO; (6 equivalents). The mixture was then refluxed @18 h, cooled to room

temperature, diluted with water and extracted s#wenes with ethyl acetate. The combined extracts
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were dried over MgSg) concentrated and purified by flash chromatograpimsilica gel (petroleum
ether/ethyl acetate mixtures) and/or crystallizatith an oil was obtained, it was tranferred inbe t
hydrochloride salt by 1 N HCI solution in diethyher.

8-Pyridin-3-yl-1,2,5,6-tetrahydr o-4H-pyrrolo[3,2,1-ij]quinalin-4-one (1) was obtained according
to procedure B froma (5.19 g, 20.6 mmol) and 3-pyridineboronic acid 4§ 18.7 mmol) after
flash chromatography on silica gel (ethyl acetat®, = 0.08) and crystallization from
acetone/diethylether as colorless plates (83 n&§ Mmol, 49 %), mp 153-154 °¢H-NMR (500
MHz, CDCL): § = 2.72 (13 = 7.8 Hz, 2H), 3.03 (£J = 7.8 Hz, 2H), 3.25 (£J = 8.5 Hz, 2H), 4.13 (t,
%) =8.5 Hz, 2H), 7.20 (s, 1H), 7.28 (s, 1H), 7.38ddJ = 7.8 Hz,*J = 4.8 Hz,°J = 0.5 Hz, 1H), 7.79
(ddd,*J = 7.8 Hz,"J = 2.2 Hz,"J = 1.6 Hz, 1H), 8.54 (dd) = 4.7 Hz,"J = 1.4 Hz, 1H), 8.59 (dJ =
2.0 Hz, 1H)."®C-NMR (125 MHz, CDCJ): § = 24.5, 27.7, 31.6, 45.5, 120.7, 122.4, 123.5, 7,24
129.9, 133.5, 134.0, 136.7, 141.6, 148.1, 167.6nM251.22 (MH). Anal. (GegH14N20) C, H, N.

9-Pyridin-3-yl-1,2,6,7-tetrahydr o-5H-pyrido[ 3,2,1-ij]quinolin-3-one (2) was obtained according
to procedure A fronRa (266 mg, 1.0 mmol) and 3-pyridineboronic acid (88, 0.75 mmol) after
flash chromatography on silica gel (petroleum d#tbyl acetate, 2/3 = 0.12) and crystallization
from acetone/diethylether as colorless needles (14,60.44 mmol, 59 %), mp 122-123 °C. Mtz
265.07 (MH). Anal. (G/H1eN,O,) C, H, N.

8-(5-Methoxypyridin-3-yl)-1,2,5,6-tetrahydr o-4H-pyrrolo[3,2,1-ij]quinolin-4-one  (3) was
obtained according to procedure A frdia (252 mg, 1.0 mmol) and 5-methoxy-3-pyridineboronic
acid (115 mg, 0.75 mmol) after flash chromatographysilica gel (ethyl acetat& = 0.09) as
colorless needles (74 mg, 0.26 mmol, 35 %), mp 172-°C. MSm/z 281.02 (MH). Anal.
(CiH16N202) C, H, N

9-(5-Methoxypyridin-3-yl)-1,2,6,7-tetr ahydr o-5H-pyrido[3,2,1-ij]quinalin-3-one  (4) was
obtained according to procedure A frda (266 mg, 1.0 mmol) and 5-methoxy-3-pyridineboronic
acid (115 mg, 0.75 mmol) after flash chromatographysilica gel (petroleum ether/ethyl acetate, 2/3,
R: = 0.08) and crystallization from acetone/diethiyégtas colorless needles (63 mg, 0.21 mmol, 28
%), mp 148-150 °C. M81/z295.02 (MH). Anal. (GgH1gN,0,-0.2H,0) C, H, N.

8-(5-Ethoxypyridin-3-yl)-1,2,5,6-tetranydr o-4H-pyrrolo[3,2,1-ij]quinolin-4-one (5) was
obtained according to procedure B fr@m(300 mg, 1.0 mmol) angla (242 mg, 1.2 mmol) after flash
chromatography on silica gel (petroleum ether/ettogdtate, 1/9R = 0.10) and crystallization from
acetone/diethylether as colorless needles (1320m§,mmol, 45 %), mp 171-172 °C. M$8z295.16
(MH™). Anal. (GgH1sN,0,) C, H, N.

8-(5-1sopropoxypyridin-3-yl)-1,2,5,6-tetrahydr o-4H-pyrrolo[ 3,2,1-ijJquinalin-4-one  (6) was
obtained according to procedure B fr@an (359 mg, 1.20 mmol) anéa (281 mg, 1.30 mmol) after
flash chromatography on silica gel (petroleum d#ibyl acetate, 3// = 0.07) as colorless plates
(196 mg, 0.63 mmol, 53 %), mp 154-155 °C. M#& 309.15 (MH). Anal. (GgH,oN,0,:0.2H,0) C,
H, N.
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8-(5-Hydroxypyridin-3-yl)-1,2,5,6-tetr ahydr o-4H-pyrrolo[ 3,2,1-ij]quinolin-4-one (7). A solution
of 3 (95 mg, 0.34 mmol) in 35 ml concentrated hydrokimoatid was heated under reflux for 18 h.
After cooling to room temperature, the reaction tni@ was neutralized with saturated NaHCO
solution and extracted with ethyl acetate (3 x Bif) The crude product which was obtained after
evaporation of the solvent was purified by flashoohatography on silica gel (ethyl acetd®e= 0.06)
and washing with ethanol, yielding the hydroxy comnpd7 as colorless solid (75 mg, 0.28 mmol, 83
%). The solid was dissolved in diethyl THF/methaaodl tranferred into the hydrochloride salt by 1N
HCI solution in isopropanol/diethyl ether, followédg filtration and crystallization from acetone, mp
(HCl salt) >300 °C. MSn/z267.94 (MH). Anal. (GeH1aN,0,) C, H, N.
8-(5-Fluoropyridin-3-yl)-1,2,5,6-tetr ahydr o-4H-pyrrolo[ 3,2,1-ij]quinolin-4-one (8) was obtained
according to procedure B froBa (359 mg, 1.2 mmol) and 3-bromo-5-fluoropyridind12mg, 1.2
mmol) after flash chromatography on silica gel (pleium ether/ethyl acetate, 1/®, = 0.09) and
crystallization from acetone/diethylether as cassl needles (202 mg, 0.75 mmol, 63 %), mp 157—
158 °C. MSm/z269.83 (MH). Anal. (GeH1sFN,0-0.3H,0) C, H, N.
8-[5-(Trifluoromethyl)pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrrolo[ 3,2,1-ijJquinolin-4-one  (9)
was obtained according to procedure B fraBa (329 mg, 1.1 mmol) and 3-bromo-5-
(trifluoromethyl)pyridine (249 mg, 1.1 mmol) aftflash chromatography on silica gel (petroleum
ether/ethyl acetate, 1/R = 0.14) and crystallization from acetone/diethydgtas colorless needles
(248 mg, 0.78 mmol, 71 %), mp 211-212 °C. M&318.95 (MH). Anal. (G;H:3F3N,0) C, H, N.
8-1soquinolin-4-yl-1,2,5,6-tetrahydr o-4H-pyrrolo[3,2,1-ij]quinolin-4-one  (10) was obtained
according to procedure A frotta (252 mg, 1.0 mmol) and 4-isoquinolineboronic a@d7 mg, 0.9
mmol) after flash chromatography on silica gel (pleum ether/ethyl acetate, 2/B; = 0.13) as
colorless needles (93 mg, 0.31 mmol, 34 %), mp 188—°C. MSm/z 301.15 (MH). Anal.
(CaoH16N20-0.2H,0) C, H, N.
9-1soquinolin-4-yl-1,2,6,7-tetr ahydr o-5H-pyrido[3,2,1-ij]quinalin-3-one  (11) was obtained
according to procedure A fro2a (266 mg, 1.0 mmol) and 4-isoquinolineboronic a@d7 mg, 0.9
mmol) after flash chromatography on silica gel (pletum ether/ethyl acetate, 2/8, = 0.10) and
crystallization from acetone/diethylether as cassl needles (173 mg, 0.55 mmol, 61 %), mp 158—
159 °C. MSm/z315.24 (MH). Anal. (G;H1gN,0) C, H, N.
8-Pyridin-4-yl-1,2,5,6-tetrahydro-4H-pyrrolo[3,2,1-ij]quinolin-4-one  (12) was  obtained
according to procedure B froda (627 mg, 3.50 mmol) and 4-pyridineboronic acid936g, 3.0
mmol) after crystallization from ethanol as yellawstals (225 mg, 0.90 mmol, 30 %), mp 173-174
°C. MSm/z251.01 (MH). Anal. (G¢H14N,0) C, H, N.
8-Pyrimidin-5-yl-1,2,5,6-tetrahydro-4H-pyrrolo[3,2,1-ij]quinolin-4-one  (13) was obtained
according to procedure B frofm (627 mg, 3.50 mmol) and 5-pyrimidineboronic ac¥Z mg, 3.0
mmol) after crystallization from acetone as a yellrystals (324 mg, 1.29 mmol, 43 %), mp 185-186
°C. MSm/z251.85 (MH). Anal. (GsH13N30-0.3H,0) C, H, N.
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8-Imidazol-1-yl-1,2,5,6-tetr ahydr o-4H-pyrrolo[3,2,1-ij]quinolin-4-one (14). Imidazole (628 mg,
9.23 mmol),1a (2.12 g, 8.39 mmol), potassium carbonate (1.28.23 mmol) and copper(ll)sulfate
(160 mg, 1.0 mmol) were mixed and heated at 18@fQ@0 h under an atmosphrere of dry nitrogen.
After being cooled to room temperature, the reactnaxture was poured into 150 ml water and
extracted with ethyl acetate (3 x 100 ml). Afteyidg with MgSQ and evaporating of the solvent, the
crude product was purified by two subsequent clitions from acetone to yield a colorless solid
(674 mg, 2.82 mg, 34 %), mp 123-124 °C. WM& 240.02 (MH). Anal. (G4H:3N3:0-0.2H,0) C, H,
N.

8-(5-Phenylpyridin-3-yl)-1,2,5,6-tetr ahydr o-4H-pyrrolo[ 3,2,1-ij]quinolin-4-one  (15) was
obtained according to procedure B fr@a (325 mg, 1.07 mmol) and 3-bromo-5-phenylpyridi@é1
mg, 1.28 mmol) after flash chromatography on sigjeh(petroleum ether/ethyl acetate, 23+ 0.09)
as colorless plates (150 mg, 0.46 mmol, 43 %), ®8-189 °C. MSm/z 326.79 (MH). Anal.
(C2H1eN,0O:0.4H,0) C, H, N.

8-[5-(2-Fluor ophenyl)pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrrolo[3,2,1-ij]quinolin-4-one  (16)
was obtained according to procedure B fr8an(389 mg, 1.30 mmol) anta (311 mg, 1.12 mmol)
after flash chromatography on silica gel (petroleetiner/ethyl acetate, 2/& = 0.09) as colorless
solid (239 mg, 0.69 mmol, 56 %), mp 245-247 °C. Mfz 345.19 (MH). Anal.
(C2H17FN,O-0.3H,0) C, H, N.

8-[5-(3-Fluor ophenyl)-pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrrol o[ 3,2,1-ijJquinolin-4-one (17)
was obtained according to procedure B fr8an(360 mg, 1.20 mmol) anti7a (378 mg, 1.50 mmol)
after flash chromatography on silica gel (petroleether/ethyl acetate, 2/& = 0.08) as colorless
needles (97 mg, 0.28 mmol, 23 %), mp 181-182 °CnMiE345.26 (MH). Anal. (G;H1;FN;0) C, H,
N.

8-[5-(4-Fluor ophenyl)-pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrrol o[ 3,2,1-ijJquinolin-4-one (18)
was obtained according to procedure B fr8an(463 mg, 1.55 mmol) antBa (440 mg, 1.75 mmol)
after flash chromatography on silica gel (petroleether/ethyl acetate, 2/& = 0.05) as colorless
needles (189 mg, 0.55 mmol, 35 %), mp 233-234 °CS M/z 345.05 (MH). Anal.
(C22H17FN,0O-0.6H,0) C, H, N.

8-[5-(2,5-Difluor ophenyl)pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrr ol o[ 3,2,1-ij]quinolin-4-one
(19) was obtained according to procedure B frdm(430 mg, 1.44 mmol) anti9a (338 mg, 1.25
mmol) after flash chromatography on silica gel (pleum ether/ethyl acetate, 3/R, = 0.08) as
colorless solid (371 mg, 1.02 mmol, 82 %), mp 18B-C. MS m/z 362.97 (MH). Anal.
(C2oH16F2N0O-0.2H,0) C, H, N.

8-[5-(3,4-Difluor ophenyl)pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrr ol o[ 3,2,1-ijJquinolin-4-one
(20) was obtained according to procedure B frdm(449 mg, 1.50 mmol) and0a (367 mg, 1.36
mmol) after flash chromatography on silica gel (petum ether/ethyl acetate, 1/B = 0.07) as
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colorless needles (110 mg, 0.30 mmol, 22 %), mp-208 °C. MSm/z 363.11 (MH). Anal.
(C2H16F2N20O:0.3H,0) C, H, N.

8-[5-(3,5-Difluor ophenyl)pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrrolo[ 3,2,1-ij]quinolin-4-one
(21) was obtained according to procedure B fr8ai (404 mg, 1.35 mmol) andla (315 mg, 1.17
mmol) after flash chromatography on silica gel (pleum ether/ethyl acetate, 3/R = 0.10) as
colorless solid (104 mg, 0.29 mmol, 25 %), mp 2Z8-2C. MS m/z 363.81 (MH). Anal.
(CH16F2N20O:0.6H,0) C, H, N.

8-[5-(2-M ethoxyphenyl)pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrrol o[ 3,2,1-ij]quinolin-4-one
(22) was obtained according to procedure B fr8an(512 mg, 1.71 mmol) an&2a (430 mg, 1.63
mmol) after flash chromatography on silica gel (pleum ether/ethyl acetate, 1/& = 0.10) as
colorless needles (106 mg, 0.29 mmol, 18 %), mp-18% °C. MSm/z 356.95 (MH). Anal.
(CasH20N20,) C, H, N.

8-[5-(3-Methoxyphenyl)pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrrol o[ 3,2,1-ijJquinolin-4-one
(23) was obtained according to procedure B fr8an(329 mg, 1.10 mmol) and3a (270 mg, 1.02
mmol) after flash chromatography on silica gel yethcetate R = 0.09) as colorless solid (62 mg,
0.17 mmol, 17 %), mp 207-208 °C. M8z357.09 (MH). Anal. (GsH,oN,0,-0.2H,0) C, H, N.

8-[5-(4-M ethoxyphenyl)pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrrol o[ 3,2,1-ijJquinolin-4-one
(24) was obtained according to procedure B fr8an(389 mg, 1.30 mmol) an&da (315 mg, 1.19
mmol) after flash chromatography on silica gel yetitetate R = 0.08) as colorless needles (182 mg,
0.51 mmol, 43 %), mp 220-221 °C. M8z357.09 (MH). Anal. (CsH,oN,0,-0.5H,0) C, H, N.

8-[5-(3-hydroxyphenyl)pyridin-3-yl]-1,2,5,6-tetr ahydr o-4H-pyrrol o[ 3,2,1-ij|quinolin-4-one (25)
was obtained according to procedure B fr8an(430 mg, 1.44 mmol) angba (313 mg, 1.25 mmol)
after crystallization from ethanol as colorlessdieg (93 mg, 0.27 mmol, 22 %), mp 286288 °C. MS
m/z343.03 (MH). Anal. (G;H1gN,0,-0.7H,0) C, H, N.

8-{5-[3-(Trifluoromethoxy)phenyl]pyridin-3-yl}-1,2,5,6-tetr ahydr o-4H-pyrrolo[3,2,1-
ijJquinolin-4-one (26) was obtained according to procedure B fr8en(382 mg, 1.28 mmol) an2ba
(370 mg, 1.16 mmol) after flash chromatography iboasgel (petroleum ether/ethyl acetate, B4-
0.11) as colorless solid (332 mg, 0.81 mmol, 70 #1),160-161 °C. M3n/z410.90 (MH). Anal.
(CagH1773N20,) C, H, N.

8-{5-[3-(Trifluor omethyl)phenyl]pyridin-3-yl}-1,2,5,6-tetr ahydr o-4H-pyrrolo[3,2,1-ij]quinolin-
4-one (27) was obtained according to procedure B fr8a(344 mg, 1.15 mmol) an#&l7a (330 mg,
1.09 mmol) after flash chromatography on silica (geitroleum ether/ethyl acetate, 2= 0.05) as
colorless solid (276 mg, 0.70 mmol, 64 %), mp 1®B-C. MS m/z 395.01 (MH). Anal.
(CagH14F3N0) C, H, N.

8-Pyridin-3-yl-1,2,5,6-tetrahydr o-4H-pyrrolo[3,2,1-ijJquinoline-4-thione (28). A suspension of
(900 mg, 3.60 mmol) and Lawesson’s reagent (1.456f) mmol) in 50 ml dry toluene and 5 ml dry

THF was refluxed for 30 min under an atmospheneitobgen. After cooling to room temperature, the
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solvent was removed in vacuo and the residue wafigoiby flash chromatography on silica gel
(petroleum ether/ethyl acetate, 1R = 0.25) to afford?8 as yellow solid (155 mg, 0.58 mmol, 16 %).
The solid was dissolved in diethyl ether/methamal txanferred into the hydrochloride salt by 1N HCI
solution in isopropanol/diethyl ether, followed fifration and crystallization from acetone, mp (HC
salt) 281-283 °C. M&/z267.10 (MH). Anal. (GegH14N,SHCI-0.2H,0) C, H, N.

6,6-Dimethyl-8-pyridin-3-yl-1,2,5,6-tetrahydr o-4H-pyrrolo[3,2,1-ijJquinolin-4-one  (29) was
obtained according to procedure B fr@3a (280 mg, 1.0 mmol) and 3-pyridineboronic acid (84,
0.75 mmol) after flash chromatography on silica(@eltroleum ether/ethyl acetate, 1= 0.09) and
crystallization from acetone as colorless needi€snfg, 0.17 mmol, 23 %), mp 178-180 °C. k&
279.14 (MH). Anal. (GgH1eN,0:0.2H,0) C, H, N.

Biological Methods. 1. Enzyme Preparations. CYP17 and CYP19 preparations were obtained by
described methods: the 50,098ediment of. coli expressing human CYP®znd microsomes from
human placenta for CYPF®2. Enzyme Assays. The following enzyme assays were performed as
previously described: CY#¥and CYP19? 3. Activity and Selectivity Assay Using V79 Cells. V79
Mzh 11B1 and V79 MZzZh 11B2 ceft$ were incubated with [4'C]-11-deoxycorticosterone as
substrate and inhibitor in at least three differ@rcentrations. The enzyme reactions were stopped
addition of ethyl acetate. After vigorous shakimidaa centrifugation step (10,0@) 2 min), the
steroids were extracted into the organic phasectwhias then separated. The conversion of the
substrate was analyzed by HPTLC and a phosphoimayistem as describ&® 4. Inhibition of
Human Hepatic CYP Enzymes. The recombinantly expressed enzymes from bacuisvnfected
insect microsomes (Supersomes) were used and thefaturer’s instructions (www.gentest.com)
were followed.5. In Vivo Pharmacokinetics. Animal trials were conducted in accordance with
institutional and international ethical guidelinis the use of laboratory animals. Male Wistar rats
weighing 260-280 g (Janvier, France) were housedtemperature-controlled room (20-24 °C) and
maintained in a 12 h light/12 h dark cycle. Food avater were available ad libitum. The animals
were anaesthetised with a ketamine (90 mg/kg)/xy$az10 mg/kg) mixture, and cannulated with
silicone tubing via the right jugular vein. Priarthe first blood sampling, animals were connettedal
counterbalanced system and tubing, to perform bkaapling in the freely moving rat. Separate
stock solutions (5 mg/mL) were prepared for theegtscompounds in labrasol/water (1:1; v/v),
leading to a clear solution. Immediately beforelipgion, the cassette dosing mixture was prepared
by adding equal volumes of the stock solutionsrnd ep with a final concentration of 1 mg/mL for
each compound. The mixture was applied perorall¢ tats with an injection volume of 5 mL/kg
(Time 0). Blood samples (25@) were collected 1 hour before application an®,14, 6, 8, and 24
hours thereafter. They were centrifuged at §5@r 10 minutes at 4 °C and then the plasma was
harvested and kept at —20 °C until LC/MS analy$.50 uL of rat plasma sample and calibration
standard 10QL acetonitrile containing the internal standard \@dded. Samples and standards were

vigorously shaken and centrifuged for 10 minute80ft0g and 20 °C. For the test items, an additional
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dilution was performed by mixing 5 of the patrticle free supernatant with pO water. An aliquot
was transferred to 200L sampler vials and subsequently subjected to LGNS HPLGMS/MS
analysis and quantification of the samples wasexhout on a Surveyor-HPLC-system coupled with a
TSQ Quantum (ThermoFinnigan) triple quadrupole nsgetrometer equipped with an electrospray
interface (ESI). The mean of absolute plasma cdratgons (+SEM) was calculated for the 4 rats and
the regression was performed on group mean valles.pharmacokinetic analysis was performed

using a noncompartment model (PK Solutions 2.0, i8iResearch Services).
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4 Summary and conclusion

The aim of the present work was the developmenbeél compounds as potent and highly selective
inhibitors of aldosterone synthase (CYP11B2) asspeotive agents for the treatment of cardio-
vascular diseases. On the basis of a previoushbkstied pharmacophore mod&hew molecules
were designed with the primary goal to reach seiéctversus a range of other cytochrome P450 en-
zymes and CYP1AZ2 in particular as well as supphgrgerimental evidence for the vivo efficacy

of nonsteroidal CYP11B2 inhibitors and thus prowgla proof of concept.

In Chapter 3.1, the synthesis and biological evalnaof a series of 30 pyridylnaphthalenes and -di-
hydronaphthalenel’1-1/30" bearing various substituents in the pyridine nyistdescribed to ex-
amine their influence on potency and selectivitlypteceding studies, the attention was focusedhen t
optimization of the naphthalene skeleton. The switsin pattern of the heme complexing 3-pyridine
moiety, however, was not investigated in detailtha present study, it was found that derivatizatio
of the heterocycle has dramatic effects on thebitdry action of the pyridylnaphthalenes on theyar
CYP11B2. Acidic residues (e.g., carboxylic acidsides, hydroxy groups) generally resulted in a
decrease in inhibitory potency whereas the nonproibisosteric analogues turned out to inhibit
CYP11B2 strongly. Most of the tested compoundsddrout to be even more active than the un-
substituted parent compouiV23 with ICs, values in the low nanomolar range and even subnano
molar potencies in some cases. On the other haadelectivity toward Jgthydroxylase (CYP11B1)

was not significantly influenced by most of theidegs in the pyridine moiety.

This interesting experimental result was found & due to a precise relationship between the
inhibition of CYP11B2 and CYP11BL1: an increasediecreased inhibitory activity at the one enzyme
was accompanied by an increased or decreasedtorkilaictivity at the other enzyme. This trend
becomes patrticularly evident when plotting the CYBA versus the CYP11B1 pi¢values (Figure
17) revealing a reasonable linear correlatidn=(0.86, n = 29). The finding, that it is to someeat
possible to change the inhibitory potency by theetwaryl derivatization without significantly
changing the selectivity versus either CYP11B2 ¥PC1B1 is an indication that the inhibitor binding
proceeds via similar protein-inhibitor interactioofsthe heterocyclic moiety with both CYP11B iso-
forms. Contrariwise, it has been shown earlier §yhat variation of the carbocyclic skeleton indtea

of the heterocycle can significantly influence tsdectivity. Therefore, no correlation is obseried

T For the sake of clarity, all compounds that aferred to in chapter 4 are characterized by a Romemeral -1V to
identify the paper in which they are published, andArabic numeral that is identical with the cspending compound
number of the particular publication (e.§/6 is compound from paper II)
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a plot of the CYP11B2 and CYP11B1 piCGralues of the naphthalenes and dihydronaphthalenes
described previously by Voe&t al. that are functionalized with an unsubstituted Bgige as heme
complexing heterocycle{= 0.30, n = 20). Consistent with these findingsan be assumed that both
enzymes, CYP11B2 and CYP11B1, are structurally ndarerse in the naphthalene binding site than

in the heterocyclic binding site.

Figure 17. Correlation of plG, values of pyridylnaphthalenes with modificationghe heterocyclic moiety (a)
or in the naphthalene skeleton (b).
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Contrary to the selectivity toward CYP11B1, someigiye substituents had a significant impact on
the CYP1A2 potency. It was found that the decreafsenwanted CYP1A2 inhibition correlates
inversely with the planarity and aromaticity of tmelecules. The reduced inhibition of CYP1A2 with
reduced planarity reflects the affinity of the emeyto both its typical subtrates (e.g., cafféinand
inhibitors (e.g., furafyllin®) which are usually small-volume molecules withlanar shape. For ex-
ample, in compound&28-1/30, the isoquinoline constrains the rotation aroumel ¢arbon—carbon
bond between the heterocycle and the naphthaleee especially in presence of the additioorho-
methyl groups in/29 and1/30 (Table 2). Thus, a coplanar conformation beconmesgetically dis-
favored compared to the pyridine analogues andtérecally demanding heterocycle rotates out of the
naphthalene plane. The latter molecules displagnsarkably low CYP1A2 inhibition (< 60 % at a
concentration of 2:M). The dihydronaphthalenes are again more selctor example compounds
1/13 and1/30 inhibit CYP1A2 less than 20 % at a concentratibi2 @M. This result correlates with
recent QSAR studies that have identified the CYPIimdbition to be highly dependent on the
number of sphybridized carbon®’

In summary, it has been demonstrated that modiftlieglead compouni V23 by introduction of
substituents in the heterocyclic moiety has a cidBact on the activity and selectivity profile. 8h
undesirable high CYP1A2 inhibition that is presienthe previously investigated derivatives could be
overcome by certain residues, giving rise to compsuwith an advantageous overall selectivity
profile. The results obtained are of great releedioc the design of aldosterone synthase inhibitérs
variety of substituents in the heterocyclic moiitytolerated with respect to the inhibitory actiam
the target enzyme and even induces an increasg#éngqy in most cases. What is even more important

is the fact, that the selectivity toward CYP11BlIrasher constant, independent of the heterocyclic
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substituent. This allows the introduction of regiglunto the pyridine moiety to improve for example
pharmacokinetic (PK) parameters or the selectitotyard other competitive targets such as hepatic
CYP enzymes. Therefore, the concept of varyinghétterocyclic substitution pattern was used in the

following sub-projects (Chapter 3.2 — Chapter 8odipvestigate PK or selectivity effects.

Table 1. Inhibition of human CYP11B2, CYP11B1 and CYP1iaZ/itro by heteroaryl substituted naphthalenes

/N /N /N
MeO MeO R MeO
113 1128, 1129 1130
ICso valué' (nM) selectivity % inhibitiof
compd R CYP11B2 CYP11Bf factor’ CYP1AZ
1/13 1.2 100 83 18
128 H 0.6 67 112 57
129  Me 3.1 843 272 45
1/30 0.5 64 128 6

@ Mean value of at least four experiments, standfediation usually less than 25 %.Hamster
fibroblasts expressing human CYP11B2; substrateyaesticosterone, 100 nM. Hamster fibroblasts
expressing human CYP11B1; substrate deoxycortiamste 100 nM? ICs, CYP11B1/IG, CYP11B2.°
Mean value of two experiments, standard deviatiss than 5 %.Recombinantly expressed enzyme
from baculovirus-infected insect microsomes (Sup@es); inhibitor concentration, 2.0; furafylline,

55 % inhibition.

Chapter 3.2 deals with an silico approach toward CYP11B2 inhibitors with extendadbocyclic
skeleton. The inhibitor design concept is basedhendiscovery of imidazolylmethylene-substituted
flavones as aldosterone synthase inhibitors witlderate to high inhibitory potency by compound
library screening (Figure 18). These compounds thmifinally have been described as aromatase
inhibitors® display CYP11B2 inhibition in a range of 73-94 ¥%aaconcentration of 500 nM with
methoxy-functionalized 1/6 being most active (I§ = 11 nM), albeit without showing selectivity

versus the highly homologous CYP11B1.
Figure 18. Imidazolylmethylene-substituted flavones with imitory action on CYP11B2
N N
/R /
o] (N) o] [N)
QL
o] NO,

R
W3:R=H W7:R=H R 1110
/4: R = NO, I1/8: R =Br
W/5:R=Br 11/9: R = NO,
Il/6: R = OMe

Using the chemical structures of the most poteatdihe type inhibitors together with potent inhi-
bitors of the naphthalene as well as methyleneiedgpe as a training set, an extended pharmaco-
phore model was generated by applying the GALAHATammacophore generation module of the

SYBYL molecular modeling softwar&® In the top ranked pharmacophore model, best &etbf the
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most indicative ranking criteria of this softwatke earlier pharmacophoric poititsvere confirmed,
namely the hydrophobic features HYO, HY1, HY2a, BYds well as the acceptor atom features AA1,
AA2a, and AA2b (Figure 19a). A novel and volumindwsirophobic area HY3 was identified next to
HY1, along with the acceptor atom features AA3a AABb as well as an additional acceptor atom
feature AA4. Figure 19b shows the unsubstitutedhtieglene type inhibitotl/1 mapped into the
pharmacophore model. It becomes apparent thatyithephobic feature HY3 and the corresponding
acceptor atom features AA3a and AA3b are not etealddy inhibitors of the naphthalene type.

Figure 19. Pharmacophore model (a) and compouiit mapped to the pharmacophore model (b). The newly
identified hydrophobic feature HY3 as well as tleeptor atom features AA3a and AA3b are not
exploited by inhibitors with a naphthalene molecidaaffold. Pharmacophoric features are color-
coded: Cyan for hydrophobic regions (HYO-HY3) andem for acceptor atom features (AA1-4).

In order to exploit the newly discovered pharmaasjthfeature HY3, the two model compounds
11/11 and11/12 were designed (Figure 20). As suggested by theehamd visualized in Figure 19,
introduction of a hydrophobic substituent in 3-piosi of the naphthalene skeleton should be
favorable to exploit the voluminous hydrophobictiea HY3 of the pharmacophore. The phenyl
residue directly bound to the naphthalene coreoimpoundll/11 creates a conformationally con-
strained structure in which both rotational degreefeedom of the two aryl-aryl bonds are limited
since they are locatemitho to each other. The benzyl motive in compourd?2 leads to an increased
flexibility of the spatial property distribution byotation around the two benzylic carbon—carbon
bonds. Furthermore, the aromatic ring moves apam the naphthalene core by one methylene unit.

Figure 20. Proposed new lead structulé&ll andl /12

In order to elucidate the role of conformationaixfbility and the exact position of the aryl moiety
for optimal inhibitor binding, docking studies weperformed prior to synthesis. The analysis of the
docking mode of compounid/3 led to the identification of a new sub-pocket whioteracts with the
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aryl moiety (Figure 21a). This sub-pocket was nmsidered as potential binding site during our
previous design efforts due to the fact that thhenfrly investigated compounds suchl B8 (MV23)

did not occupy this binding site (Figure 21b). Heee the proposed new lead structlirdl proved

to be too rigid to fit into the binding site andubt thus not be docked successfully into the bigdin
pocket under the given pharmacophore constraiat, itha directed heme-Fe—N interaction perpen-
dicular to the heme-plane. This pharmacophore cainstwas applied to ensure the right binding
mode of the inhibitors with the heme-cofactor. Toastraint requires the existence of an inhibitor-
nitrogen-atom on the surface of an interaction owitle a 20 degree radius, which has its origirhat t
Fe-atom and points perpendicular to the heme-pldtiea length of 2.2 A. Obviously, the confor-
mationally restricted phenyl moiety of compourdll undergoes repulsive interaction with amino
acids of the binding pocket or with the heme-cafaatnder the above mentioned constraint, thus
preventing that the molecule successfully docks fhe CYP11B2 protein model. Contrariwise, the 3-
benzyl substituted anald¢/12 is more flexible due to an additional methylenacgw between the two
ring systems and thus fitted adequately into thelibg site (Figure 21c¢). From these docking restilts
can be concluded that the methylene group of thengial inhibitor should provide the flexibility

necessary to adapt to the binding site geometry.

Figure21. Structure of the CYP11B2—inhibitor complexes|of3 (a), I1/2 (b) andl1/12 (c). Surface of the
binding pocket (grey) surrounding the inhibitor aheé heme co-factor (light blue). The inhibitors
are presented in yellow; nitrogen atoms are colarddue and oxygen atoms are in red. Unliki,
the inhibitorsl 1/3 andl 1/12 exploit an additional sub-pocket of the inhibibbnding site.

< - :

T e an

The latterin silico experiments were confirmed by experimental ressiftswing that 3-phenyl-

substituted pyridylnaphthalerié/11 exhibits no significant CYP11B2 inhibitiom vitro. In accor-
dance with the docking results, benzyl analtg2, however, is a moderately potent aldosterone
synthase inhibitor (165 = 154 nM), albeit showing poor selectivity towa¥P11B1 (Table 2). Upon
identification of 11/12 as promising hit, 25 new compounds were synthdsig@st of which are
highly potent CYP11B2 inhibitors with pronouncedesévity toward important steroidogenic and
hepatic CYP enzymes. The inhibitory effects showhdrp structure-activity relationships for the

investigated molecules, particularly for the subsitn pattern of the benzyl moiety. A selection of
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pharmacological data is presented in Table 2 fanescepresentative compounds. It was found, that
both high inhibitory potency and selectivity areedio substituents ipara-position of the benzyl
moiety (e.g.11/16-11/18) whereas derivatization of other positions is r@ied only to minor degree
(e.g.,11/14, 11/15). Within this set of compounds, the outstandintpdevity toward CYP11B1 of
[1/17 (factor 724) and1/18 (factor 913) is particularly noteworthy with respéo the high homology

of the two CYP11B isoforms. In the naphthalene mwler scaffold, introduction of a methoxy
substituent in 7-position results in a decreasahibitory potency (e.gl,1/20). On the other hand, the
same substituent is readily tolerated in 6-posiiad even slightly increases the CYP11B1 selegtivit

in most cases (e.dl/19).

Table 2. Inhibition of human CYP11B2 and CYP11B1vitro by 3-benzylnaphthalene derivatives

_N
S0
o =
mX \|
? OMe
112, 11/14-11/18 11719, 11/20
% inhibitior? ICso value (nM) selectivity
compd R CYP11BZ CYP11BZ CYP11Bf factof’
11/12 H 76 154 953 6
11/14 0-OMe 24 n.d. n.d. n.d.
11/15 m-OMe 62 n.d. n.d. n.d.
11/16 p-OMe 89 7.8 2804 359
/17 p-CN 93 2.7 1956 724
11/18 p-OCHK; 95 3.9 3559 913
11/19 6-OMe 95 11 4329 394
11/20 7-OMe 35 n.d. n.d. n.d.

# Mean value of at least two experiments, standadiation usually less than 10 %; inhibitor
concentration, 500 nM.Mean value of at least four experiments, standaxdation usually less than 25
%, n.d. = not determined.Hamster fibroblasts expressing human CYP11B2;tstiesdeoxycortico-
sterone, 100 nM! Hamster fibroblasts expressing human CYP11B1;tsaflesdeoxycorticosterone, 100
nM. ¢1Cso CYP11B1/IGo, CYP11B2, n.d. = not determined.

The pharmacological data can be explained by tlokidg results of compound$/16 and|1/19,
both bearing aara-methoxy group (Figure 22). The introduction ofstlsubstituent into the benzyl
moiety as accomplished /16 leads to interactions of the compound with thedress of Pro452,
Val339, and Thr279, thus stabilizing the complexrfed by coordination of the heme iron by the
heterocyclic nitrogen considerably (Figure 22a).compoundi1/19, a second methoxy group was
introduced at the 6-position of the naphthalendfaich(Figure 22b). This leads to no additional
stabilization of the complex, but to a slightly ieased selectivity versus CYP11B1. The same trend

was observed previously for the binding properiea series of substituted pyridylnaphthalefés.
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In summary, it has been shown in this sub-projeat bur novel CYP11B2 pharmacophore model
has predictive power to identify prospective leaddures. Based on the results of the pharmacephor
modeling, a new class of pyridylnaphthalene dereat with extended carbocyclic skeleton was
designed. In addition, docking studies using oulPCY¥B2 protein model proved to be a useful tool to
estimate the inhibitory properties of proposed mewalecules and to explain structure-activity rela-
tionships. The results obtained are of significahvance for the future design of CYP11B2 inhibi-
tors because specific pharmacophoric features dsawenteractions with certain amino acids have
been identified to correlate with high potency la¢ target enzyme and, at the other hand, high
selectivity toward CYP11B1.

Figure 22. Structure of the CYP11B2 binding pocket with thekkd inhibitorsl1/16 (a) andl1/19 (b). Details

of the active site, showing inhibitor, heme co-fecnd the interacting residues of Pro452, Val339,
and Thr279.

Chapter 3.3 describes the effort of reducing une@r€YP1A2 activity of aldosterone synthase
inhibitors by systematically reducing the aromayi@nd planarity of thé1V23 scaffold. As already
mentioned, these molecular descriptors have bepnthgsized to be the most important variables
influencing CYP1A2 inhibition. Among the moleculegh partly saturated carbocyclic core structure,
tetralonel 11/9 (Figure 23), a potent aldosterone synthase inhilfi@s, = 7.8 nM), was found to be
highly selective toward both CYP11B1 ¢G 3.95uM) and CYP1A2 (IG, = 1.551M) as well as a
range of other hepatic CYP enzymes and even shewgabd PK profile. However, tetralomd/9
turned out to be cytotoxic to the human cell lin@®¥ at a concentration of 1QM (Figure 23).
Subsequent bioisosteric exchange of the cyclicrieetnl 11/9 by a lactam culminated in the discovery
of dihydro-1H-quinolin-2-onel I1/12 which exhibits no distinct cytotoxic effect on 3®cells up to
the highest concentration tested (Figure 23). Iditemh, compound 1/12 is an even slightly less
potent inhibitor of CYP1A2 (I = 1.95uM) than the analogous tetralone. Furthermore, in@se
selective toward other CYP enzymes and signifigaenteeds the bioavailability ofl/9.
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Figure 23. Mean profile (+) SEM of fractional survival (%) dfuman U-937 cells in presence of compound

[1/9orlll/12.
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Based on the molecular scaffoldibf/12, several structurally modified derivatives wereatbgsized
and tested for biological activity. The inhibitodata of some representative compounds out of this
series are shown in Table 3. It becomes apparextthie dihydro-H-quinolin-2-ones are highly
potent CYP11B2 inhibitors with g values in the low nanomolar range. Indeed, isaajuria deriva-
tive 111/22 is the most active CYP11B2 inhibitor known so féth an IG, value in the picomolar
range (IGo = 90 pM). Furthermore, the investigated compouads selective toward CYP11B1,
CYP1A2 as well as other competing enzymes, for gtarisoquinoline derivativél /21 shows no
CYP1AZ2 inhibition at all (IGy > 150uM).

Table 3. Inhibition of human CYP11B2, CYP11B1 and CYP1A®? vitro by dihydro-H-quinolin-2-one

derivatives
/N /N
N esas
(0] ’Tj (0] I}l
R, R R4
/12, W14, 15 21, 22
/17, N9, 11720
ICso valué (nM) selectivity  1Gg valu€ (nM)
compd R R, Rs CYP11B? CYP11Bf factof! CYP1AZ
11/12 H H H 28 6746 241 1.95
11/14 Me H H 2.6 742 289 1.79
11/15 Et H H 22 5177 235 3.48
11/17 H Cl H 3.8 1671 440 30.6
11/19 H H OMe 2.7 339 126 5.24
111/20 Me H OMe 0.18 87 483 16.5
11/21 H 0.18 33 183 > 150
11/22 Me 0.09 6.9 77 n.d.

3 Mean value of at least four experiments, standasdation usually less than 25 %Hamster fibroblasts expressing human
CYP11B2; substrate deoxycorticosterone, 100 fiNHamster fibroblasts expressing human CYP11B1; tsaties deoxy-
corticosterone, 100 nM.ICs, CYP11B1/IG, CYP11B2.° Mean value of two experiments, standard deviatss than 5 %.
Recombinantly expressed enzymes from baculoviriestied insect microsomes (Supersomfesgfylline, ICso = 2.42uM.
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In order to determine a suitable candidate to itigate aldosterone-lowering effects in rats, the
synthesized inhibitors of the dihydrétidguinolin-2-one series were investigated for thaility to
block aldosterone biosynthesis in V79 MZh cellsresgingrat CYP11B2 prior toin vivo experi-
ments. The results revealed that only compounf1 (and to a minor degree also tNemethyl
analogl11/22) shows a moderate inhibitory action on rat CYP1irBdtro (unpublished results). This
compound is a highly potent inhibitor of human CYB2 in vitro (ICsp = 0.18 nM) and also exhibits
a pronounced selectivity toward other CYP enzyrBsamination of availability in plasma following
peroral administration of this compound to ratseaded a good half-life (2.9 h) and reasonable pdasm
levels (AUG., = 1658 ng-h/mL following a 25 mg/kg dose). To istgate aldosterone-lowering
effectsin vivo (unpublished results), adult male rats receivesulacutaneous injection of ACTH
(1 mg/kg) 16 hours before test item applicatiorstimulate the gluco- and mineralocorticoid biosyn-
thesis (Figure 24). It becomes apparent, that AGEdtment induces a significant increase of the
aldosterone levels. Within the vehicle-treated grd¢Bigure 24b), the concentrations found in the
plasma are rather constant over the duration oétperiment (6 h). After intravenous applicatioraof
20 mg/kg dose ofl1/21 to ACTH stimulated rats, however, a significanivéosing of the plasma
aldosterone levels is already observed after 15(Figure 24a). The inhibitory effect persists up to
three hours upon injection before returning to £@TH levels again. The aldosterone levels are

maximally reduced to 36—63 % in a timeframe of 8.Beurs (n = 6).

Figure 24. Lowering of aldosterone plasma levatsvivo. (a) I11/21-treated group (animals 1-6), (b) vehicle-
treated group (animals 7-10)
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In conclusion, nonsteroidal aldosterone synthab@iitors with dihydro-H-quinolin-2-one mole-
cular scaffold proved to be significantly superiorthe previously investigated pyridylnaphthalenes
such agMVV23. These molecules are highly selective toward gearf cytochrome P450 enzymes and
CYP1A2 in particular. Furthermore, most of the istigated compounds show a good PK profile.
Moreover, isoquinoline derivativel1/21 proved to be capable of reducing the aldosterdasnma
levels in ACTH stimulated rats after intravenouplagation. The structural motives obtained in this

sub-project were pursued and refined in Chapter 3.4

Rigidification of the latter substances by incogiam of the lactanN-alkyl group into a 5- or 6-

membered ring afforded compounds with a pyrrologlimone or pyridoquinolinone molecular
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scaffold (Chapter 3.4). Analysis of the biologidata of these molecules, whereof some are presented
in Table 4, reveals interesting structure-activiglationships with regard to Agydroxylase
(CYP11B1) potency and thus selectivity while, or tontrary, the CYP11B2 activity is influenced
only to a minor degree and is in a very narrowvagtirange with 1G, values of typically less than 5
nM. As a general rule, a majority of the fused hmtgcles is more selective toward CYP11B1 than
their corresponding open-chain analogues due tceedsed CYP11B1 inhibition with pyrido- being
more selective than the pyrrolo-fused derivatives).(1V/2). The influence of certain structural
modifications on the Jgthydroxylase activity is particularly noteworthyn@e one hand, CYP11B1
inhibition is an important selectivity criterionrfaldosterone synthase inhibitors. On the othedhan
selective CYP11B1 inhibitors could be used for tteatment of Cushing’s syndrome and metabolic
syndrome. Although several potent CYP11B1 inhilsitbeve been described previously, in-depth
SAR studies were usually focused on the concueaR11B2 activity. Herein, we clearly identified

structural features important for high inhibitoryy E11B1 potency.

Table4. Inhibition of human CYP11B2 and CYP11B1vitro by pyrrolo- and pyridoquinolinone derivatives

/Nl /Nl /N|
2
N S R . 3
| TR
0° >N 07N 0° >N Z4
)n

IVI1-IV/2 IV/3, IVI5, IVI6 IV/15-IV/18, IVI22-IVI24
ICso valu€ (nM) selectivity
compd n R CYP11BZ CYP11Bf factof
IV/1 1 H 1.1 715 650
Ivi2 2 H 2.4 2296 957
IV/3 OMe 0.6 247 412
IV/5 OEt 1.0 158 158
IV/6 OiPr 2.2 103 47
1V/15 H 1.3 58 45
1V/16 2-F 0.7 43 61
1vV/17 3-F 1.4 490 350
1V/18 4-F 0.9 40 44
1V/22 2-OMe 2.4 128 53
1V/23 3-OMe 4.6 1374 299
1V/24 4-OMe 1.4 21 15

3 Mean value of at least four experiments, standkdation usually less than 25 %Hamster
fibroblasts expressing human CYP11B2; substratexydesticosterone, 100 nM’ Hamster
fibroblasts expressing human CYP11B1; substratexybesticosterone, 100 nM.% ICso
CYP11B1/IG, CYP11B2.

The main impact on CYP11B1 inhibition is exerted fybstituents in the 3-pyridine moiety.
Obviously, the size of substituents plays a crumé for the CYP11B1 potency. For instance, this
trend becomes evident in the series of pyrroloduinne compounds with alkoxy derivatized hetero-
cycle (V/3,1V/5,1V/6) where the CYP11B1 inhibition increases with thbstituent size in the order
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IV/I1 (R = H, IG, = 715 nM) <IV/3 (R = OMe, I1G, = 247 nM) <IV/5 (R = OEt, IG, = 158 nM) <
IV/I6 (R = QPr, 1G, = 103 nM). The same shift of CYP11B1 activity dam observed for several
compounds with additional aryl substituent in 5ipos of the pyridine moiety (e.glV/15, 1V/16,
IV/18, IV/22, 1V/24). The CYP11B1 inhibition exerted by these molesulereases up to 36-fold
compared to the unsubstituted parent compodfd to 1Cs, values in the range of 21-128 nM
corresponding with a rather low selectivity (factbb—61). Moreover, it is striking thamneta
substituents in the aryl moiety as accomplishecbmpounddV/17 andlV/23 can trigger CYP11B1
selectivity again, thus constituting an intriguing/off-switch of CYP11B1 potency. This tendency
implicates that a variety of sterically demandindstituents at the pyridine moiety is readily tated

in the CYP11B2 binding pocket, however, lead tdurther stabilization of the complexes formed by
coordination of the heme iron by the heterocyclitogen. Contrariwise, 3-pyridine substituted
pyrroloquinolinone derivatives such Bé/1 are per se rather poor CYP11B1 inhibitors andirecan
additional benzene moiety, and thus a further ktakion of the formed complexes mainly through
hydrophobic om-n stacking interactions, for basal inhibitory potgndmongst these compounds are
highly potent CYP11B1 inhibitors (e.glV/24). On the other handnetasubstituted analogues
obviously do not adequately fit into the CYP11Bhdihg pocket or loose contact to the heme iron

while minimizing unfavorable contacts with the emzyleading to a decrease in potency.

The latter observations contravene the resultsrutan case of the substituted pyridylnaphthalenes
(Chapter 3.1), in which substituents at the hetarioz moiety led to a change of inhibition of bdtte
CYP11B isoforms in a comparable order of magnittetilting in a reasonable linear correlation of
the corresponding plgvalues (> = 0.86) and thus a rather constant selectivityofacThis is an
indication for a binding mode of the pyrroloquimane derivatives different from that of the naphtha
lene analogues. Recently performed docking studfie®-pyridylnaphthalenes with extended carbo-
cyclic skeleton suggest a previously unexplored-mutket of the inhibitor binding site that can
interact with additional aryl moieties next to theterocycl€” It can be assumed that this sub-pocket

is similarly exploited by the aryl-substituted pyloquinolinones of the present study.

In addition to the high CYP11B1 selectivity of mastthe investigated compounds, the pyrrolo-
quinolinone type inhibitors also exhibit a goodesgivity toward hepatic CYP enzymes. For instance,
the unsubstituted parent compound/l shows no significant inhibition of the six mostpantant
hepatic CYP enzymes (> 10 xM). In addition, this highly potent and selectivilasterone
synthase inhibitor reaches higher plasma concémmsat(AUG., = 3464 ngh/mL) after peroral
application to rats (following a 5 mg/kg dose) tHanexampld11/9 or 111/12, both compounds with
good pharmacological profile (Figure 25), and ewtightly exceeds the bioavailability of the
marketed drug fadrozole (AUYC = 3207 ngh/mL). Currently, further studies with inhibitd¥/1 and

structurally related compounds are underway tousatalaldosterone-lowering effedtsvivo.
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Figure25. Mean profile () SEM of plasma levels (ng/ml)rat versus time after oral application (5 mg/kg) of
compounddV/1, 111/12, andl11/9 determined in a cassette dosing experiment.
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In summary, the present work describes the pharptexre-based design of nonsteroidal aldosterone
synthase inhibitors, that combine the advantagéseopreviously described pyridylnaphthalenes,(i.e.
high inhibitory CYP11B2 potency and selectivity tmgd CYP11B1) with a simultaneously improved
pharmacological overall profile. Beside a strongR2¥B2 inhibition with 1G, values in the low to
sub-nanomolar range and outstanding CYP11B1 seitgctvith up to 1000-fold lower activity in
comparison to the CYP11B2 isoform, the most pramgisitompounds of the actual study show vir-
tually no inhibition of the six most important héigaCYP enzymes as well as CYP17 and CYP19,
both crucial enzymes for the metabolism of stelmdnones. Amongst the last-mentioned, the selec-
tivity toward CYP1A2 is particularly noteworthy kbaese this drug-metabolizing enzyme was strongly
inhibited by all compounds with pyridylnaphthaleseaffold. In view of the pharmacokinetic proper-
ties, a subset of the investigated inhibitors reaaxcellent plasma-levels in the range of the atack
drug fadrozole after peroral application to ratarthermore, it has been shown that a nonsteroidal
CYP11B2 inhibitor of the dihydroH-quinolin-2-one series exerts aldosterone-lowefigcts in
vivo using a modified rat model as described by Hausleal®® Currentin vivo investigations in
disease oriented models toward evidence to prementverse myocardial fibrosis and reduce CHF
induced mortality are under scrutiny to determingotential development candidate out of the most
promising CYP11B2 inhibitors. In addition, the istigations of the present work provide precise
structure-activity studies for both CYP11B2 and @YBL1 inhibition which can be used in the future
development of new molecules interacting eithehwdYP11B2 or CYP11B1. The latter might be of
particular interest for the treatment of cortisepdndent disorders such as Cushing’s syndrome or
metabolic syndrome since in-depth SAR studies degalith 113-hydroxylase potency are essentially
absent so far. The utility of the pharmacophore ehgénerated in the course of the present study has
already been shown by the success in the develdpofigryridylnaphthalenes with extended carbo-
cyclic skeleton. However, its scope has not yehleeloited in full and might thereto serve asgmsi
post for continual pharmacophore-based drug de€igrently, several drug design projects based on

the concepts elucidated herein are in progress.

130



5 References

10

11

Kawamoto, T.; Mitsuuchi, Y.; Toda, K.; Yokoyamé, Miyahara, K.; Miura, S.; Ohnishi, T.; Ichikawa
Y.; Nakao, K.; Imura, H.; Ulick, S.; Shizuta, Y. Roof steroid 1g-hydroxylase and steroid 18-
hydroxylase in the biosynthesis of glucocorticagagl mineralocorticoids in humarRroc. Natl. Acad.
Sci. U.S.A1992, 89, 1458-1462.

Tait, S. A.; Tait, J. F.; Coghlan, J. P. Thecdigry, isolation and identification of aldosterone
reflections on emerging regulation and functigtol. Cell. Endocrinol2004, 217, 1-21.

Connell, J. M. C.; Davies, E. The new biologyatifosteronel. Endocrinol.2005, 186, 1-20.

Eaton, D. C.; Malik, B.; Saxena, N. C. Al-KhalD. K.; Yue, G. Mechanisms of aldosterone’s atim
epithelial Nd transportJ. Membrane Biol2001, 184, 313-3109.

Therien, A. G.; Blostein, R. Mechanisms of sadijpump regulationAm. J. Physiol. Cell. Physid?000,
279 C541-C566.

(a) Bonvalet, J. RRegulation of sodium transport by steroid hormoiédney Int.1998, 53, 49-56. (b)
Palmer, L. G.; Frindt, G. Aldosterone and potassagretion by the cortical collecting dukidney Int.
2000, 57, 1324-1328.

(a) Reul, J. M. H. M.; de Kloet, E. R. Anatonicasolution of two types of corticosterone recepstites
in rat brain with in vitro autoradiography and cautgrized image analysid. Steroid Biochem. Mol.
Biol. 1986, 24, 269-272. (b) Agarwal, M. K.; Mirshahi, F.; MirshalM.; Rostene, W. Immunochemical

detection of the mineralocorticoid receptor inlyedin. Neuroendocrinology993, 58, 575-580.

(@) Lombes, M.; Oblin, M. E.; Gasc, J. M.; Bauli E. E.; Farman, N.; Bonvalet, J. P.
Immunohistochemical and biochemical evidence faaaliovascular mineralocorticoid recept@irc.
Res.1992, 71, 503-510. (b) Lombes, M.; Alfaidy, N.; Eugene, Eessana, A.; Farman, N.; Bonvalet, J.
P. Prerequisite for cardiac aldosterone action. eldifocorticoid receptor and A-hydroxysteroid
dehydrogenase in the human he@itculation 1995, 92, 175-182.

Quinn, S. J.; Williams, G. H. Regulation of adthkrone secretiolAnnu. Rev. Physioll988, 50, 409—
426.

(a) Wehling, M. Specific, nongenomic actionsstd@roid hormonesAnnu. Rev. Physiol997, 59, 365—
393. (b) Losel, R.; Wehling, M. Nongenomic actiafssteroid hormonedNature Rev. Mol. Cell. Biol.
2003, 4, 46-55.

Spach, C.; Streeten, D. H. Retardation of sodiexchange in dog erythocytes by physiological

concentrations of aldosterone, in vitdo Clin. Invest1964, 43, 217-227.

131



12 Haseroth, K.; Gerdes, D.; Berger, S.; FeurMg, Giunther, A.; Herbst, C.; Christ, M.; Wehling,.M
Rapid nongenomic effects of aldosterone in mine@ticoid-receptor-knockout miceBiochem.
Biophys. Res. CommutP99, 266, 257-261.

13 (@) Christ, M.; Douwes, K.; Eisen, C.; Bechtn&.; Theisen, K; Wehling, M. Rapid Effects of
aldosterone on sodium transport in vascular smouihcle cellsHypertension1995, 25, 117-123. (b)
Wehling, M.; Kasmayr, J.; Theisen, K. Rapid effeatsnineralocorticoids on sodium-proton exchanger:
genomic or nongenomic pathwak®. J. Physiol. Endocrinol. Metahb995, 260, E719 —E726.

14 Eisen, C.; Meyer, C.; Christ, M.; Theisen, Wehling, M. Novel membrane receptors for aldostierm
human lymphocytes: a 50 kDa protein on SDS-PAGE&I. Mol. Biol.1994, 40, 351-358.

15 Davies, E.; MacKenzie, S. M. Extra-adrenal pain of corticosteroidsClin. Exp. Pharmacol.
Physiol.2003, 30, 437-445.

16 (a) Stromstedt, M.; Waterman, M. R. MessendeARencoding steroidogenic enzymes are expressed in
rodent brainMol. Brain Res1995, 34, 75-88. (b) Gomez-Sanchez, C. E.; Zhou, M. Y.;Za9E. N.;
Morita, H.; Foecking, M. F.; Gomez-Sanchez, E. HdoAterone biosynthesis in the rat brain.
Endocrinology1997, 138 3369-3373.

17 (&) Ahmad, N.; Romero, D. G.; Gomez-SanchezPE.Gomez-Sanchez, C. E. Do human vascular
endothelial cells produce aldosteror&®docrinology2004, 145, 3626—-3629. (b) Funder, J. W. Cardiac
synthesis of aldosterone: Going, going, goneEn@ocrinology2004, 145 4793-4795.

18 Silvestre, J. S.; Robert, V.; Heymes, C.; Aitgaisant, B.; Mouas, C.; Moalic, J. M.; Swyngheda
B.; Delcayre, C. Myocardial production of aldostezoand corticosterone in the rat: Physiological
regulation. J. Biol. Chem1998, 273 4883-4891.

19 Fiebeler, A.; Nussberger, J.; ShagdarsurenRBng, S.; Hilfenhaus, G.; Al-Saadi, N.; Dechend, R
Wellner, M.; Meiners, S.; Maser-Gluth, C.; Jeng, Y; Webb, R. L.; Luft, F. C.; Muller, D. N.
Aldosterone synthase inhibitor ameliorates anggiteti-induced organ damag€irculation 2005, 111,
3087-3094.

20 Hu, X.; Bolten, C. W. Adrenal corticosteroidleir receptors and hypertensidirug Dev. Res2006,
67, 871-883.

21 Schacke, H.; Docke, W.D.; Asadullah, K. Meckars involved in the side effects of glucocorticoids
Pharmacol. Ther2002, 96, 23—43.

22 (a) Krozowski, Z. S.; Funder, J. W. Renal mith@corticoid receptors and hippocampal corticostero
binding species have identical intrinsic steroiéaficity. Proc. Natl. Acad. Sci. U.S.A983, 80, 6056—
6060. (b) Myles, K.; Funder, J. W. Type | (minexdicoid) receptors in the guinea pAgm. J. Physiol.
Endocrinol. Metab1994, 267, E268—E272.

23 Funder, J. W.; Feldman, D.; Edelman, I. S. fdies of plasma binding and receptor specificitythia
mineralocorticoid action of aldosterorigndocrinology1973, 92, 994—-1004.

24 Lombes, M.; Kenouch, S.; Souque, A.; FarmanRsdfestin-Oblin, M. E. The mineralocorticoid retap
discriminates aldosterone from glucocorticoids petedently of the 1&hydroxysteroid dehydrogenase.
Endocrinology1994, 135 834-840.

132



25

26

27

28

29
30

31

32
33

34

35

36

37

38

39

40

Funder, J. W.; Pearce, P. T.; Smith, R.; SrditH, Mineralocorticoid action: target tissue sffietty is
enzyme, not receptor, mediat&tiencel988, 242, 583-585.

Funder, J. W. Mineralocorticoid receptor aditva and oxidative stresslypertension2007, 50, 840—
841.

Hasler, J. A.; Estabrook, R.; Murray, M.; Péua, |.; Waterman, M.; Capdevila, J.; Holla, V.;¥ig,
C.; Falck, J. R.; Farrell, G.; Kaminsky, L. S.; &pik, S. D.; Boitier, E.; Beaune, P. Human cytoates
P450.Mol. Aspects Medl999, 20, 1-137.

Garfinkel, D. Studies on pig liver microsomés.Enzymic and pigment composition of different

microsomal fractionsArch. Biochem. Biophy4958, 77, 493.
Klingenberg, M. Pigments of rat liver micros@n&rch. Biochem. Biophy4958, 75, 376-386.
(a) Omura, T.; Sato, R. A new cytochrome irtdimicrosomes]. Biol. Chem1962, 237, 1375-1376.

(b) Omura, T.; Sato, R. The carbon monoxide-bindiiggnent of liver microsomes. |. Evidence for its
hemoprotein naturg. Biol. Chem1964, 239 2370-2378. (c) Omura, T.; Sato, R. The carbonaxiole-
binding pigment of liver microsomes. Il. Solubiliimn, purifcation, and propertied. Biol. Chem1964,
239 2379-2385.

Meunier, B.; de Visser, S. P.; Shaik, S. Medrarof oxidation reactions catalyzed by cytochrdpd&0
enzymesChem. Rev2004, 104, 3947-3980.

Miller, W. L. Regulation of steroidogenesisdigctron transfeif=ndocrinology2005, 146, 2544—2550.
Biason-Lauber, A. Molecular medicine of sterbimrmone biosynthesidol. Aspects Med1998, 19,
155-220.

Lieberman, S.; Lin, Y. Y. Reflections on stesidechain cleavage process catalyzed by cytochrome
P450(scc)J. Steroid Biochem. Mol. Bid?001, 78, 1-14.

Mornet, E.; Dupont, J.; Vitek, A.; White, P. Characterization of two genes encoding human istero
11p-hydroxylase (P-45(s). J. Biol. Chem1989, 264, 20961-20967.

Bureik, M.; Lisurek, M.; Bernhardt, R. The humsteroid hydroxylases CYP11B1 and CYP118Bem.
Biol. 2002, 383 1537-1551.

Belkina, N. V.; Lisurek, M.; Ivanov, A. S.; Berardt, R. Modelling of three-dimensional structucd
cytochromes P450 11B1 and 11B2Inorg. Biochem2001, 87, 197-207.

Fisher, A.; Friel, E. C.; Bernhardt, R.; Gon®&amchez, C.; Connell, J. M.; Fraser, R.; Davie&ftects
of 18-hydroxylated steroids on corticosteroid pretthn by human aldosterone synthase ang- 11
hydroxylaseJ. Clin. Endocrinol. Metakh2001, 86, 4326—-4329.

(a) Bottner, B.; Schrauber, H.; Bernhardt, Hhgineering a mineralocorticoid- to a glucocortt:oi
synthesizing cytochrome P450. Biol. Chem.1996, 271, 8028-8033. (b) Bdéttner, B.; Denner, K,;
Bernhardt, R. Conferring aldosterone synthesisutndn CYP11B1 by replacing key amino acid residues
with CYP11B2-specific onegur. J. Biochem1998, 252, 458—-466.

Roumen, L.; Sanders, M. P. A.; Pieterse, Klbéts, P. A. J.; Plate, R.; Custers, E.; de Gooykr,
Smits, J. F. M.; Beugels, I.; Emmen, J.; OttenhehfinC. J.; Leysen, D.; Hermans, J. J. R. Condtrnct

133



41

42

43

44

45
46

47

48

49

50

51

52

53

134

of 3D models of the CYP11B family as a tool to pcetlgand binding characteristic3. Comput.-Aided
Mol. Des.2007, 21, 455-471.

Ulmschneider, S.; Miller-Vieira, U.; Mitrengsl,; Hartmann, R. W.; Oberwinkler-Marchais, S.; Kigi
C. D.; Bureik, M.; Bernhardt, R.; Antes, |.; Lengau T. Synthesis and evaluation of
imidazolylmethylenetetrahydronaphthalenes and imotidmethyleneindanes: Potent inhibitors of
aldosterone synthas&.Med. Chem2005, 48, 1796—1805.

Ulmschneider, S.; Miller-Vieira, U.; Klein, C. DAntes, |.; Lengauer, T.; Hartmann, R. W. Synthesis
and evaluation of (pyridylmethylene)tetrahydrondyalenes/-indanes and structurally modified
derivatives: Potent and selective inhibitors obatgrone synthasd. Med. Chem2005, 48, 1563-1575.

Cowie, M. R.; Mosterel, A.; Wood, D. A.; Deckeld. W.; Poole-Wilson, P. A.; Grobbee, D. E. The
epidemiology of heart failurdzur. Heart J.1997, 18, 208-225.

Laragh, J. H. Hormones and the pathogenesiemgestive heart failure: vasopressin, aldosterand,
angiotensin II: further evidence for renal-adremateraction from studies in hypertension and in
cirrhosis.Circulation 1962, 25,1015-1023

Weber, K. T. Aldosterone in congestive hedltifa. N. Engl. J. Med2001, 345 1689-1697.

(a) Brilla, C. G. Renin-angiotensin-aldoster@ystem and myocardial fibrosi€ardiovasc. Res2000,
47, 1-3. (b) Brilla, C. G. Aldosterone and myocardibtosis in heart failureHerz 2000, 25, 299-306.
(c) Lijnen, P.; Petrov, V. Induction of cardiac rilsis by aldosterone). Mol. Cell. Cardiol.2000, 32,
865—879.

Robert, V.; van Thiem, N.; Cheav, S. L.; Mouas, Swynghedauw, B.; Delcayre, C. Increased cardia
types | and Il collagen mRNAs in aldosterone-safpertensionHypertensiorl994, 24, 30-36.

(a) Fullerton, M. J.; Funder, J. W. Aldosterarel cardiac fibrosis: in vitro studieSardiovasc. Res.
1994, 28, 1863-1867. (b) Fullerton, M. J.; Funder, J. Wddsterone regulates collagen output of rat
cardiac fibroblasts by up-regulation of endothesioeptorsEndocrin. Soc. Procl998, 93, 511.

Brilla, C. G.; Zhou, G.; Matsubara, L.; WebkKr, T. Collagen metabolism in cultured adult ratdiac
fibroblasts: response to angiotensin Il and aldoseJ. Mol. Cell. Cardiol.1994, 26, 809—-820.

Satoh, M.; Nakamura, M.; Saitoh, H.; Satoh, Akatsu, T.; lwasaka, J.; Masuda, T.; Hiramori, K.
Aldosterone synthase (CYP11B2) expression and mmgi@ddibrosis in the failing human healin.
Sci. (Lond.002, 102 381-386.

(8) The CONSENSUS trial study group. Effectsenfilapril on mortality in severe congestive heart
failure. Results of the cooperative north scandaraenalapril survival study (CONSENSU®). Engl.

J. Med.1987, 316, 1429-1435. (b) Kjekshus J, Swedberg K, Snapiriffécts of enalapril on long-term
mortality in severe congestive heart failuben. J. Cardiol1992, 69, 103-107.

(a) Struthers, A. D. Aldosterone escape dudngiotensin-converting enzyme inhibitor therapy in
chronic heart failureJ. Card. Fail. 1996, 2, 47-54. (b) Sato, A.; Saruta, T. Aldosterone esadyring
angiotensin-converting enzyme inhibitor therapyessential hypertensive patients with left ventacul
hypertrophyJ. Int. Med. Re2001, 29, 13-21.

Ruilope, L. M.; Rosei, E. A.; Bakris, G. L.; Maa, G.; Poulter, N. R.; Taddei, S.; Unger, T.]p& M.;
Waeber, B.; Zannad, F. Angiotensin receptor blozk€herapeutic targets and cardiovascular protectio
Blood Press2005, 14, 196—-209.



54

55

56

57

58

59

60

61

62

63

64

Maibaum, J.; Stutz, S.; GOschke, R.; RigollRer, Yamaguchi, Y.; Cumin, F.; Rahuel, J.; BaumPH.
Cohen, N.-C.; Schnell, C. R.; Fuhrer, W.; Gruettel, G.; Schilling, W.; Wood, J. M. Structural
modification of the P2’ position of 2,7-dialkyl-sstituted 58)-amino-4§)-hydroxy-8-phenyl-octane-
carboxamides: The discovery of aliskiren, a potanipeptide human renin inhibitor active after once
daily dosing in marmoset3. Med. Chem2007, 50, 4832—-4844.

Siragy, H. M.; Kar, S.; Kirkpatrick, P. Aliskin.Nature Rev. Drug Discov007, 6, 779—-780.

Pitt, B.; Zannad, F.; Remme, W. J.; Cody, Rast@igne, A.; Perez, A.; Palensky, J.; Wittes,hk &ffect
of spironolactone on morbidity and mortality in ipats with severe heart failurid. Engl. J. Med1999,
341, 709-717.

(8 zannad, F.; Alla, F.; Dousset, B.; Perez, FAtt, B. Limitation of excessive extracellularatrix
turnover may contribute to survival benefit of gpiolactone therapy in patients with congestive thear
failure: insights from the randomized aldactone leation study (RALES). Rales Investigators.
Circulation 2000, 102 2700-2706. (b) Izawa, H.; Murohara, T.; Nagata, IKobe, S.; Asano, H.;
Amano, T.; Ichihara, S.; Kato, T.; Ohshima, S.; b&e, Y.; lino, S.; Obata, K.; Noda, A.; Okumura, K.
Yokota, M. Mineralocorticoid receptor antagonismediorates left ventricular diastolic dysfunctiondan
myocardial fibrosis in mildly symptomatic patientith idiopathic dilated cardiomyopathy: a pilot du
Circulation 2005, 112 2940-2945.

MacFadyen, R. J.; Barr, C. S.; Struthers, AAldosterone blockade reduces vascular collagerotuar,
improves heart rate variability and reduces earbyrnimg rise in heart rate in heart failure patients
Cardiovasc. Red997, 35, 30-34.

Juurlink, D. N.; Mamdani, M. M.; Lee, D. S.; B, A.; Austin, P. C.; Laupacis, A.; Redelmeier, .
Rates of hyperkalemia after publication of the Ranized Aldactone Evaluation Study. Engl. J. Med.
2004, 351, 543-551.

Pitt, B.; Remme, W.; Zannad, F.; Neaton, J.rtMez, F.; Roniker, B.; Bittman, R.; Hurley, S.leiman,
J.; Gatlin, M. Eplerenone, a selective aldosterbloeker, in patients with left ventricular dysfuizet
after myocardial infarctiorN. Engl. J. Med2003, 348 1309-1321.

Young, M.; Funder, J. W. Eplerenone, but narat withdrawal, reverses cardiac fibrosis in
deoxycorticosterone/salt-treated r&iadocrinology2004, 145 3153-3157.

Bell, M. G.; Gernert, D. L.; Grese, T. A.; BejW. D.; Borromeo, P. S.; Kelley, S. A.; KennedyH.;
Kolis, S. P.; Lander, P. A.; Richey, R.; Sharp, §; Stephenson, G. A.; Williams, J. D.; Yu, H,;
Zimmerman, K. M.; Steinberg, M. |.; Jadhav, P. §)-N-{3-[1-Cyclopropyl-1-(2,4-difluoro-phenyl)-
ethyl]-1H-indol-7-yl}-methanesulfonamide: A potentonsteroidal, functional antagonist of the
mineralocorticoid receptod. Med. Chen2007, 50, 6443-6445.

(a) Delcayre, C.; Swynghedauw, B. Molecular maeisms of myocardial remodeling. The role of
aldosteroned. Mol. Cell. Cardiol.2002, 34, 1577-1584. (b) de Resende, M. M.; Kauser, K.i,Mil G.
Regulation of cardiac and renal mineralocortic@daptor expression by captopril following myocardia
infarction in ratsLife Sci.2006, 78, 3066—3073.

Chai, W.; Garrelds, I. M.; de Vries, R.; Baterdgy W. W.; van Kats, J. P.; Danser, A. H. J. Nowgeic
effects of aldosterone in the human heart: Intevacwith angiotensin IIHypertension2005, 46, 701—
706.

135



65

66

67

68

69

70

71

72

73

74

75

76

77

78

136

Hartmann, R. W. Selective inhibition of steamgénic P450 enzymes: Current status and future
perspectivesEur. J. Pharm. Scil994, 2, 15-16.

Ehmer, P. B.; Bureik, M.; Bernhardt, R.; MiJlet.; Hartmann, R. W. Development of a test system
inhibitors of human aldosterone synthase (CYP1llE&)eening in fission yeast and evaluation of
selectivity in V79 cellsJ. Steroid Biochem. Mol. Biat002, 81, 173—-179.

Hartmann, R. W.; Mdller, U.; Ehmer, P. B. Digeny of selective CYP11B2 (aldosterone synthase)
inhibitors for the therapy of congestive heartuel and myocardial fibrosi€ur. J. Med. Chen003,
38, 363-366.

Schenkman, J. B.; Sligar, S. G.; Cinti, D. ubStrate interaction with cytochrome P-4Bharmacol.
Ther.1981, 12, 43-71.

Taymans, S. E.; Pack, S.; Pak, E.; Torpy, D.Zhuang, Z.; Stratakis, C. A. Human CYP11B2
(aldosterone synthase) maps to chromosome 8g24C3in. Endocrinol. Metabl998, 83, 1033-1036.

Lamberts, S. W.; Bruining, H. A.; Marzouk, Hyiderwijk, J.; Uitterlinden, P.; Blijd, J. J.; Heeng, W.
H.; de Jong, F. H. The new aromatase inhibitor A®9$49A suppresses aldosterone and cortisol
production by human adrenal cells in vitdo Clin. Endocrinol. Metahl1989, 69, 896—901.

Demers, L. M.; Melby, J. C.; Wilson, T. E.; tap, A.; Harvey, H. A.; Santen, R. J. The effedt€&S
16949A, an aromatase inhibitor on adrenal minemtamid biosynthesisJ. Clin. Endocrinol. Metab.
1990, 70, 1162-1166.

Minnaard-Huiban, M; Emmen, J. M. A.; Roumen,Reugels, I. P. E.; Cohuet, G. M. S.; van Essen, H
Ruijters, E.; Pieterse, K.; Hilbers, P. A. J.; @tteijm, H. C. J.; Plate, R.; de Gooyer, M. E.; Smit F.
M.; Hermans, J. J. R. Fadrozole reverses cardimodis in spontaneously hypertensive heart failats:
Discordant enantioselectivity versus reductionlabma aldosteron&ndocrinology2008, 149, 28-31.

Funder, J. W. Aldosterone synthase and minewdicoid receptors as targets in cardiovasculseate.
Drug Discov. Today Ther. Stre005, 2, 231-235.

Hahner, S.; Stuermer, A.; Kreissl, M.; Rein@s, Fassnacht, M.; Haenscheid, H.; BeuschleinZirk,
M.; Lang, K.; Allolio, B.; Schirbel, A. ]lodometomidate for Molecular Imaging of Adrenotioal
Cytochrome P450 Family 11B EnzymdsClin. Endocrinol. Metak2008, 93, 2358—65.

Bassett, M. H.; Mayhew, B.; Rehman, K.; Whik, C.; Mantero, F.; Arnaldi, G.; Stewart, P. M,;
Bujalska, I.; Rainey, W. E. Expression profiles &teroidogenic enzymes in adrenocortical disedse.
Clin. Endocrinol. Metab2005, 90, 5446-5455.

(a) Weindel, K.; Lewicka, S.; Vecsei, P. Intiby effects of the novel anti-aldosterone compound
mespirenone on adrenocortical steroidogenesistin.\Arzneimittelforschundl991, 41, 946—949. (b)
Weindel, K.; Lewicka, S.; Vecsei, P. InterferendeG17-spirosteroids with late steps of aldosterone
biosynthesis. Structure-activity studiédszneimittelforschung991, 41, 1082—-1091.

(a) Delorme, C.; Piffeteau, A.; Viger, A.; Maeg, A. Inhibition of bovine cytochrome P-450by 18-
unsaturated progesterone derivativiesr. J. Biochem1995, 232, 247-256. (b) Delome, C.; Piffeteau,
A.; Sobrio, F.; Marquet, A. Mechanism-based inaation of bovine cytochrome P-45p by 18-
unsaturated progesterone derivati&s:. J. Biochem1997, 248 252-260.

Davioud, E.; Piffeteau, A.; Delorme, C.; Colisi; Marquet, A. 18-Vinyldeoxycorticosterone: atgnt
inhibitor of the bovine cytochrome P-450 Bioorg. Med. Chenil998, 6, 1781-1788.



79

80

81

82

83

84

85

86

Bureik, M.; Hubel, K.; Dragan, C. A.; Scher,Becker, H.; Lenz, N.; Bernhardt, R. Developmefntest
systems for the discovery of selective human addose synthase (CYP11B2) andpidiydroxylase
(CYP11B1) inhibitors. Discovery of a new lead compd for the therapy of congestive heart failure,
myocardial fibrosis and hypertensidvol. Cell. Endocrinol2004, 217, 249-254.

Bureik, M.; Mion, A.; Kenyon, C. J.; BernhardR. Inhibition of aldosterone biosynthesis by
staurosporineBiol. Chem 2005, 386, 663—669.

Avgerinos, P. C.; Nieman, L. K.; Oldfield, E.;Cutler Jr., G. B. A comparison of the overnight the
standard metyrapone test for the differential désim of adrenocorticotrophin-dependent Cushing s
syndromeClin. Endocrinol.1996, 45, 483—-491.

Fellows, I. W.; Bastow, M. D.; Byrne, A. J.;liabn, S. P. Adrenocortical suppression in multiplyred
patients: a complication of etomidate treatm&nt.Med. J.1983, 287, 1835-1837.

Schieweck, K.; Bhatnagar, A. S.; Matter, A. CEG&49A, a new nonsteroidal aromatase inhibitor:
effects on hormone-dependent and —independent suimeivo. Cancer Res1988, 48, 834—838.

Ménard, J.; Gonzalez, M.-F.; Guyene, T.-T.sBry, A. Investigation of aldosterone-synthasehiitioin
in rats.J. Hypertensior2006, 24, 1147-1155.

(a) Herold, P.; Mah, R.; Tschinke, V.; Stojaicp\A.; Marti, C.; Jelakovic, S.; Stutz, S. Pregama of
imidazo compounds as aldosterone synthase inhsbiteCT Int. Appl. WO2007116099, 2007. (b)
Herold, P.; Mah, R.; Tschinke, V.; Stojanovic, Adarti, C.; Jelakovic, S.; Bennacer, B.; Stutz, S.
Preparation of spiro-imidazo derivatives as aldoste synthase inhibitors. PCT Int. Appl.
WO02007116098, 2007. (c) Herold, P.; Mah, R.; TskhjnV.; Stojanovic, A.; Marti, C.; Stutz, S.
Preparation of imidazo compounds as aldosteronthaga inhibitors. PCT Int. Appl. WO2007116097,
2007. (d) Herold, P.; Mah, R.; Tschinke, V.; Quiach, M.; Marti, C.; Stojanovic, A.; Stutz, S.
Preparation of fused imidazoles as aldosteronehagst inhibitors. PCT Int. Appl. WO2007065942,
2007. (e) Herold, P.; Mah, R.; Tschinke, V.; Stajan, A.; Marti, C.; Jotterand, N.; Schumacher, C.;
Quirmbach, M. Preparation of heterocyclic spiro-pmonds as aldosterone synthase inhibitors. PCT Int.
Appl. WO2006128853, 2006. (f) Herold, P.; Mah, Rschinke, V.; Stojanovic, A.; Marti, C.; Jotterand,
N.; Schumacher, C.; Quirmbach, M. Preparation ofefoeyclic spiro-compounds as aldosterone
synthase inhibitors. PCT Int. Appl. W0O20061288520&. (g) Herold, P.; Mah, R.; Tschinke, V.;
Stojanovic, A.; Marti, C.; Jotterand, N.; Schumagti&; Quirmbach, M. Preparation of fused imidagole
as aldosterone synthase inhibitors. PCT Int. Appg0D2006128851, 2006. (h) Herold, P.; Mah, R.;
Tschinke, V.; Schumacher, C.; Marti, C.; Quirmbadl, Preparation of fused heterocycles as
aldosterone synthase inhibitors. PCT Int. Appl. VBO&D05726, 2006. (i) Herold, P.; Mah, R.; Tschinke,
V.; Schumacher, C.; Quirmbach, M. Preparation aflamopyridines and related analogs as aldosterone
synthase inhibitors. PCT Int. Appl. WO200511855002. (j) Herold, P.; Mah, R.; Tschinke, V.;
Schumacher, C.; Quirmbach, M. Preparation of tettedrimidazo[l,5-a]pyridin derivatives as
aldosterone synthase inhibitors. PCT Int. Appl. VUQ&118581, 2005. (k) Herold, P.; Mah, R
Tschinke, V.; Schumacher, C.; Behnke, D.; Quirmbabh Preparation of nitrogen-containing
heterobicyclic compounds as aldosterone synthdmieitors. PCT Int. Appl. WO2005118541, 2005.

(&) Hu, Q.-Y.; Ksander, G. M. Preparation ofdazoles as inhibitors of aldosterone synthase. RCT
Appl. W0O2008076862, 2008. (b) Hu, Q.-Y.; Ksander, I@. Preparation of 4-imidazolyl-1,2,3,4-
tetrahydroquinoline derivatives as aldosterong/igdroxylase inhibitors. PCT Int. Appl.

137



87

88

89

90

91

92

93

94

138

W02008076860, 2008. (c) Adams, C.; Hu, Q.-Y.; K&and. M.; Papillon, J. Preparation of imidazole
derivatives as inhibitors of CYP11B2, CYP11B1 amddoomatase. PCT Int. Appl. WO2008076336,
2008. (d) Ksander, G. M.; Hu, Q.-Y. Fused imidazideivatives for the treatment of disorders mediate
by aldosterone synthase and/or 11-beta-hydroxyaséor aromatase. PCT Int. Appl. WO2008027284,
2008. (e) Papillon J.; Ksander, G. M; Hu, Q.-Y. pamtion of tetrahydroimidazo[1,5-a]pyrazine
derivatives as aldosterone synthase and/@rhiytiroxylase inhibitors. PCT Int. Appl. WO200713299
2007. (f) Adams, C.; Papillon, J.; Ksander, G. Meparation of imidazole derivatives as aldosterone
synthase inhibitors. PCT Int. Appl. WO200711798202. (g) Ksander, G. M.; Meredith, E.; Monovich,
L. G.; Papillon, J.; Firooznia, F.; Hu, Q.-Y. Pregi@on of condensed imidazole derivatives for the
inhibition of aldosterone synthase and aromata€d. t. Appl. WO2007024945, 2007. (h) Firooznia,
F. Preparation of imidazo[1,5a]pyridine derivagvier treatment of aldosterone mediated diseas€s. P
Int. Appl. WO2004046145, 2004. (i) McKenna, J. Rigion of imidazopyrazines and imidazodiaze-
pines as agents for the treatment of aldosterordiateel conditions. PCT Int. Appl. WO2004014914,
2004.

Anzenbacher, P.; Anzenbacherova, E. Cytochrome6 BA8 metabolism of xenobiotidSell. Mol. Life
Sci.2001, 58, 737-747.

Voets, M.; Antes, |.; Scherer, C.; Muller-VigjiJ.; Biemel, K.; Barassin, C.; Oberwinkler-Marhés.;
Hartmann, R. W. Heteroaryl substituted naphthaleares structurally modified derivatives: Selective
inhibitors of CYP11B2 for the treatment of congestheart failure and myocardial fibrosik. Med.
Chem.2005, 48, 6632—6642.

Voets, M.; Antes, I.; Scherer, C.; Miller-ViilJ.; Biemel, K.; Oberwinkler-Marchais, S.; HartmaR.

W. Synthesis and evaluation of heteroaryl-subgtitutihnydronaphthalenes and indenes: Potent and
selective inhibitors of aldosterone synthase (CYB2)for the treatment of congestive heart failunel a
myocardial fibrosisJ. Med. Chem2006, 49, 2222-2231.

Ulmschneider, S.; Negri, M.; Voets, M.; HartmanR. W. Development and evaluation of a
pharmacophore model for inhibitors of aldosteroyrlsase (CYP11B2Bioorg. Med. Chem. Let2006,
16, 25-30.

(a) Eaton, D. L.; Gallagher, E. P.; Bammler,KI; Kunze, K. L. Role of cytochrome P4501A2 in
chemical carcinogenesis: Implications for humaniaklity in expression and enzyme activity.
Pharmacogeneticd4995, 5, 259-274. (b) Guengerich, F.; Parikh, A.; TuresRy,J.; Josephy, P. D.
Interindividual differences in the metabolism ofveanmental toxicants: Cytochrome P450 1A2 as a
prototype.Mutat. Res1999, 428 115-124.

Hausler, A.; Monnet, G.; Borer, C.; Bhatnagar,S. Evidence that corticosterone is not an obdiga
intermediate in aldosterone biosynthesis in thadatnalJ. Steroid Biocheni989, 34, 567-570.

Heim, R.; Lucas, S.; Grombein, C. M.; Ries, &&hewe, K. E.; Negri, M.; Mlller-Viera, U.; Birlg8.;
Hartmann, R. W. Overcoming undesirable CYP1A2 iitlib of pyridylnaphthalene type aldosterone
synthase inhibitors: Influence of heteroaryl detization on potency and selectivity. Med. Chem.
2008, 51, 5064-5074.

Lucas, S.; Heim, R.; Negri, M.; Antes, |.; Ri€s; Schewe, K. E.; Bisi, A.; Gobbi, S.; Hartmai,W.
Novel aldosterone synthase inhibitors with extendarbocyclic skeleton by a combined ligand-based
and structure-based drug design approdchled. Chem2008, in press.



95

96

97

98

99

100

101

(a) Cavalli, A.; Bisi, A.; Bertucci, C.; RosjnC.; Paluszcak, A.; Gobbi, S.; Giorgio, E.; Rampa,
Belluti, F.; Piazzi, L.; Valenti, P.; Hartmann, RV.; Recanatini M. Enantioselective nonsteroidal
aromatase inhibitors identified through a multighioary medicinal chemistry approach. Med. Chem.
2005, 48, 7282-7289. (b) Gobbi, S.; Cavalli, A.; Rampa, Belluti, F.; Piazzi, L.; Paluszcak, A
Hartmann, R. W.; Recanatini, M.; Bisi, A. Lead opitiation providing a series of flavone derivatiess
potent nonsteroidal inhibitors of the cytochrom&®4romatase enzymé.Med. Chem2006, 49, 4777—
4780.

(a) Chohan, K. K.; Paine, S. W.; Mistry, J.;rBa, P.; Davis, A. M. A rapid computational filtéor
cytochrome P450 1A2 inhibition potential of compduibraries.J. Med. Chem2005, 48, 5154-5161.
(b) Korhonen, L. E.; Rahnasto, M.; Mahénen, NWittekindt, C.; Poso, A.; Juvonen, R. O.; Raunio, H
Predictive three-dimensional quantitative structargvity relationship of cytochrome P450 1A2
inhibitors.J. Med. Chenm2005, 48, 3808—3815.

Butler, M. A_; lwasaki, M.; Guengerich, F. Radlubar, F. F. Human cytochrome P-450PA (P-450]A2)
the phenacetin O-deethylase, is primarily respéadir the hepatic 3-demethylation of caffeine &hd
oxidation of carcinogenic arylamind®roc. Natl. Acad. Sci. U.S.A989, 86, 7696—7700.

Sesardic, D.; Boobis, A. R.; Murray, B. P.; Nay, S.; Segura, J.; de la Torre, R.; Davies, D. S.
Furafylline is a potent and selective inhibitor aytochrome P4501A2 in mamr. J. Clin. Pharmacol.
1990, 29, 651-663.

Lucas, S.; Heim, R.; Ries, C.; Schewe, K. Hrk, B.; Hartmann, R. W. Nonsteroidal aldosterone
synthase inhibitors with improved selectivity: Legatimization providing a series of pyridine suhggd
3,4-dihydroiH-quinolin-2-one derivativesl. Med. Chem2008, submitted.

Lucas, S.; Heim, R.; Ries, C.; Hartmann, R. RWe-tuning the selectivity of aldosterone synéhas
inhibitors: SAR insights from studies of heteroaybstituted 1,2,5,6-tetrahydropyrrolo[3,2jJijuinolin-
4-one derivativesl. Med. Chen2008, submitted.

(8) Richmond, N. J.; Abrams, C. A.; Woloh#h, R.; Abrahamian, E.; Willett, P.; Clark, R. D.
GALAHAD: 1. Pharmacophore identification by hypereular alignment of ligands in 3[3. Comput.-
Aided Mol. Des2006, 20, 567-587. (b) Shepphird, J. K.; Clark, R. D. A nage made in torsional
space: Using GALAHAD models to drive pharmacophuordtiplet searchesl. Comput.-Aided Mol. Des.
2006, 20, 763-771.

139



6 Acknowledgements

I would like to express my sincere gratitude to fodowing people, without whom the work

described in this thesis would have been muchdegsyable or, in some cases, not even possible.

My supervisor Prof. Rolf W. Hartmann for believimg me in the first place, for the competent
guidance during my PhD work and for providing I6tsoope for creative ideas. Your vast knowledge
in medicinal chemistry and your ability to inspaed enthuse others have made these past years very

pleasant and instructive.

My official referee Prof. Uli Kazmaier for the r@wing of this dissertation, for your kind suppantia
not least, for teaching me all | know about orgastiemistry. Your great didactical skills made h# t

lectures and seminars so enjoyable.

My co-supervisor Dr. Ralf Heim for the excellentlaboration during the past years, all the stimu-
lating discussions, the readiness to supply helpnetier needed and your valuable suggestions and

scientific criticism on this work.

Matthias Negri for the generation of the extendedrmacophore model, some other very interesting

contributions to this work and the discussion bfts computational results.

Gertrud Schmitt and Jeannine Jung for performirmggithvitro tests and for measuring the elemental

analyses.

All past and present members of the CYP11B2 teapedally the members of the first hour Dr.

Katarzyna Schewe and Christina Ries for the vecgessful and inspiring teamwork.

The undergraduate research participants Judith djoHelena Ribel, and Thomas Jakoby whose

enthusiastic work contributed to the presentedii®su
Dr. Stefan Boettcher for measuring the LC/MS sasiple

All other co-workers of the RWH group for practicalpport and collegiality, as well as the excellent

working atmosphere.

Dr. Josef Zapp for the help with the performance iaterpretation of some NMR experiments.



The colleagues from Pharmacelsus CRO, and Dr. &rslilller-Vieira, Dr. Barbara Birk, and Dr.
Reiner Class in particular, for the hepatic CYRingsas well as for performing the in vivo and eyto

toxicity experiments.

Prof. Iris Antes, Max Planck Institute for Inforrie, now Technical University Munich, for perfor-

ming the homology and docking studies and the gmtldboration for our joint paper.

Prof. Alessandra Bisi and Dr. Silvia Gobbi, Univgr®f Bologna, for providing the flavone inhibitor

for testing and the collaboration for our publioati

Thanks are also due to Prof. J. J. Rob Hermansyelhity of Maastricht, The Netherlands, for
supplying the V79 CYP11B1 cells, and Prof. RitarBerdt, Saarland University, for supplying the
V79 CYP11B2 cells.

This work was supported by a scholarship of thel&aa University (Landesgraduierten-Forderung).



