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Abstract: The identification, synthesis and activity of a novel class of piperidine renin inhibitors is presented.
The most active compounds show activities in the picomolar range and are among the most potent renin
inhibitors ever identified. © 1999 Elsevier Science Lid. All rights reserved.

The renin-angiotensin system (RAS) is widely accepted as a major regulator of cardiovascular and renal
function.l- 2 It consists of a two-step cascade which generates the biologically active angiotensin (Ang) II from
angiotensinogen by the aspartic proteinase renin, followed by angiotensin-converting enzyme (ACE). Renin
inhibition results in a total blockage of the RAS, since the cleavage of angiotensinogen by renin represents its
rate limiting step and is highly specific. Thus, renin inhibition produces an antihypertensive effect comparable
to that seen with ACE inhibitors and angiotensin II receptor antagonists,3-5 but free of side effects due to
insufficient specificity. The expected improved efficacy in the tissular systems of the heartS 7 and kidney®10
gives renin inhibitors the potential for improved prevention and treatment of end organ damage.!! A significant
number of peptidomimetic inhibitors of human renin (e.g. Remikiren 1) designed as stable transition state
analogues of the scissile Leu-Val moiety in human angiotensinogen have been developed up to clinical phase
I1.12 Although clinical efficacy was established for several of them,3 all development compounds were finally
dropped. The main causes were insufficient bioavailability and too high cost of goods.
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A new structural class of renin inhibitors without resemblance to the renin substrate might therefore be
the only chance to find a true drug candidate. Screening of the Roche Compound Library led to the
identification of trans-4-(4-chiorophenyl)-3-(4-methoxybenzyl)-piperidine, rac-2. It is a weak inhibitor of
human renin (IC,, = 50 uM) devoid of any inhibitory activity against HIV protease, porcine pepsin or bovine
cathepsin D. Resolution of the racemate followed by X-ray analysis13 clearly showed the R,R antipode ((R,R)-
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2,99.4% ee, IC,, = 26 uM) to be responsible for the inhibitory activity ((S,S)-2, 96.4% ee, IC,, = 1200 yM). The
synthesis of racemic 3,4-disubstituted piperidine analogs of 2 is outlined in Scheme 1.
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Reagents: (a) n-BuLi, THF, -70°C (54-90%); (b) p-TsOHx1H,0, toluene, reflux (78%-99%); (c) i. NaBH,, BF,xEt,0, DME, 15°C, ii.
KOH ag., 15°C, iii. H,0,aq. (30 wt-%), 70°C (57-92%); (d) 5a, 5b: i. 2,2,2-trichloroethyl-chloroformate, Li,CO,, toluene, 105°C, 18 h
(79%, 76%), ii. Zn, AcOH, r.t., 18 h (80%, 46%), 5¢: H,-Pd/C, MeOH, r.t. (97%); (¢) Boc,0, NaHCO,, dioxane/H,0, r.t. (82-97%); (f)
4-methoxybenzyl chloride, NaH, DMF (85%); (g) HCl/MeOH, 50°C (80%).

(IR

X-ray structural data obtained for recombinant human renin complexed with (R,R)-2 at low resolution
(ca. 3.5 A, data not shown) was interpreted as follows (compare Ref. 14 describing X-ray findings obtained
with an analogue of (R,R)-2): The protonated nitrogen was positioned close to the two catalytic aspartic acid
residues. One hydrogen bond was formed with the O-32 of Asp,,,, a second with the carbonyl oxygen of Gly,,,.
The lipophilic chloropheny! residue was directed towards the large hydrophobic subsite S /S, which normally
accommodates the Leu and Phe side chains of angiotensinogen. The methoxybenzyl moiety occupied the space
normally filled by the sulfonyl group of Remikiren (see Figure 1). The chlorine atom in position 4’ did not use
the space available in the S,/S, subsite of the enzyme. This observation indicated structural modifications in the
4’-position. Introduction of functional groups in this position allowed the use of such intermediates as templates
for the elaboration of a variety of extended 4’-substituents. The synthesis of racemic analogues of 2 with
elongated 4’ substituents is outlined in Scheme 2.

The in-vitro potencies!5 observed are shown in Table 1. Replacement of the chlorine atom in the 4°-
position by substituents consisting of aromatic moieties attached by chains of variable length gave compounds
of at least equal potency to rac-2 in all cases with the exception of amide rac-25. The benzoate esters rac-24
and rac-27 showed potencies of 87 nM and 26 nM respectively. This represents an about 100 fold increase in
affinity with respect to rac-2. This improvement was lost, whenever polar functionalities were introduced, such
as pyridine rings, amide or sulfonamide functionalities. Hydrolytically labile ester functions could be replaced
by oxadiazol moieties, thus rac-31 was found to be equipotent to rac-27. Polyether links to the phenyl ring in
the extended 4’-substituent finally gave compounds at least as potent as the ester- and oxadiazol-analogues.
Propylene-dioxy benzyl ethers were clearly the most potent compounds. The unsubstituted rac-39 showed an
IC,, value of 8 nM. Derivatisation of alcohols 14-16 (Scheme 2) with variously substituted benzyl halides using
parallel synthesis techniques led to the o-methoxy compounds rac-43 and rac-44, which showed IC,, values of
1.5 nM and 0.060 nM respectively.
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33: m=2, n=0
34: m=2, n=1
35: m=3, n=0
36: m=3, n=1

37:R'=H,Z=CH, m=2, n=1
38:R'=H,Z=CH, m=2,n=2
39:R'=H,Z=C-H, m=3, n=I
40:R'=H,Z= N, m=3, n=l

41: R'=H, Z= C-H, m=4, n=0
42:R' =H, Z = C-H, m=4, n=1
43:R! = H, Z = C-OMe, m=3, n=1
44:R' = OMe, Z = C-OMe, m=3, n=1

Intermediates: Reagents: (a) PACL(CH,CN),. 1,3-bis(diphenylphosphino)propane, EtN, MeOH, CO (10 bar), 100°C (70%) or
NiBr,(P(Ph),),, P(Ph),, KCN, CH,CN, 60°C (56%); (b) 2-naphthylmethyl bromide, NaH, DMF, r.t. (51%); (c) LiBH,, THF, 65°C
(96%); (d) 2-naphthylmethyl bromide, NaH, DMF, r.t. (97%); (¢) BH,xTHF, reflux (55%): (f) i. BBr,, CH,CL, r.t., ii. Boc,0, NaHCO,,
dioxane, H,0, r.t. (84%); (g) allyl bromide, 2-butanone, K,CO,, reflux (100%); (h) 2-naphthylmethyl bromide, NaH, DMF, 50°C (70-
90%); (i} (P(Ph),),Pd(OAc),, DABCO, H,0, EtOH, reflux (73%); (j) ethyl bromoacetate, K.CO,, 2-butanone, reflux (90%); (k) NaOH,
H,O, dioxane, r.t. (quant.); (I) rac-2-(4-chloro-butoxy)-tetrahydropyran (Ref. 16), rac-2-(3-bromo-propoxy)-tetrahydropyran (Ref. 17),
or rac-2-(2-iodo-ethoxy)-tetrahydropyran (Ref. 18), K,CO,, 2-butanone, reflux (68%, 78%, 67%); (m) 2N HCI/MeOH, r.t. (59%, 70%,
86%); (n) i. MsCl, CH,Cl,, EtN, 0°C-r.t,, ii. NaN,, DMSO, 80°C (54%); (0) P(Ph),, H,O, AcOH, THF, r.t. (65%); (p) 3-chloro-1-
propanol, NaH, DMF, r.t. (74%); (q) Me,SO,, CH,Cl,, NaOH, H,0, NBu,Br, r.t. (82%); (r) LiAIH,, THF, r.t. (87%); (s) MsCl, CH.CL,
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EtN, 0°C-r.t. (86%); (t) ethylene glycol, TsOH, triethyl orthoformate, r.t. (85%); (u) 21: NH,OHxHCI, MeOH, NaOH, reflux (quant),
22: NH,OHxHCIl, MeONa, MeOH, reflux (quant.).

Boc-Cleavage conditions: (aa): HCI/MeOH, 50°C; (bb): ZnBr,, CH,CL,, r.t. (Ref. 19); (cc): TFA, CH,Cl,, r.t.

Compounds 25-44: Reagents: 23: i. 9, benzoyl chloride, EtN, CH,CL, r.t. (97%), ii. aa (70%); 24: i. 9, 3-methoxybenzoyl chloride,
EtN, CH,Cl,, r.t. (99%), ii. aa (79%); 25: i. 10, p-methoxybenzoyl chloride, EtN, CH,CL, r.t., ii. aa (2 steps, 84%); 26: i. 10, phenyl-
sulfonyl chloride, Et,N, CH,CL, r.t, ii. aa (2 steps, 74%); 27: 1. 16, benzoy! chloride, Et,N, CH,CL, r.t., ii. aa (2 steps, 79%); 28: i. 16,
nicotinic acid, EDC, Et,N, CH,CL,, r.t. (quant.), ii. aa (97%); 29: i. 17, benzoy! chloride, EtN, CH,CL,, r.t. (34%), ii. aa (57%); 30: i.
11, 20, K,CO,, 2-butanone, reflux (72%), ii. 2-naphthylmethyl bromide, NaH, DMF, r.t. (90%), iii. HCI 2N/THF 1:1, r.t. (30%); 31,
32:i. 13, 21 or 22, HBTU, EtN, CH,CI,, r.t., ii. benzene, reflux (34%, 53%), iii. cc (90%, 83%); 33: i. 9, 2-bromoethyl phenyl ether,
KI, NaH, DMF, 60°C (19%), ii. aa (72%); 34: i. 9, benzyl-2-iodoethy] ether (Ref. 20), NaH, DMF, r.t. (49%), ii. aa (83%); 35: 9, 3-
bromopropyl phenyl ether, NaH, DMF, r.t. (76%), ii. aa (89%); 36: i. 9, benzyl-3-bromopropyl ether, NaH, NMP, r.t. (53%), ii. aa
(78%); 37: i. 16, benzyl bromide, NaH, DMF, r.t,, ii. aa (2 steps 73%); 38: i. 11, 2-phenethyloxyethyl-methane-sulfonate (Ref. 21),
K,CO,, 2-butanone, reflux (95%), ii. 2-naphthylmethy] bromide, NaH, DMF, r.t. (82%), iii. cc (76%); 39: i. 15, benzyl bromide, NaH,
DMF, r.t., ii. aa (2 steps, 77%); 40: i. 15, 2-pyridylmethyl chloride, NaH, DMF, r.t., ii. aa (2 steps, 42%); 41: i. 11, (E)-(4-bromo-but-
2-enyloxy)-benzene (Ref. 22), K,CO,, 2-butanone, reflux (99%), ii. H,-Pd/C, MeOH, r.t. (quant.), iii. 2-naphthylmethyl bromide, NaH,
DMEF, r.t. (88%), iv. cc (95%); 42: i. 14, benzyl bromide, NaH, DMF, r.t., ii. aa (2 steps, 64%); 43: i. 15, 2-methoxybenzyl chloride,
NaH, DMF, r.t., ii. aa (2 steps, 25%); 44: i. 11, 18, K,CO,, DMF, 120°C (88%), ii. 19, NaH, DMF, r.t. (85%), iii. bb (78%).

The X-ray structural data obtained for renin complexed with (R,R)-39 (Note 23) at 2.9 A resolution
demonstrated a new and entirely unexpected binding mode for this class of inhibitors (Figure 1).

The protonated nitrogen was found to be symmetrically positioned between the two catalytic aspartic acid
residues forming one hydrogen bond with each of the two carboxylates. The lipophilic naphthyl residue

Figure 1. Molecular surface of the binding pockets in a complex of human recombinant renin with the
peptidomimetic inhibitor Remikiren (Ref. 24) (left picture) and with the piperidine inhibitor (R,R)-39
(right picture). The side-chain of Trp,, is shown in cyan. The two catalytic residues Asp,, and Asp,,,
are indicated. The trace of the flap region ranging from residue Thr,, to Ser,, including the side-chain
of Tyr,, is indicated in yellow.
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occupied the large hydrophobic S /S, subsite of renin. The 4’-substituted 4-phenyl moiety however induced the
following substantial structural changes: 1) side chain rotations around the x-1 (Ca-CB, 120° clockwise) and -
2 (CB-Cy, 180°) bonds of Trp,,; 2) lifting of the whole flap region ranging from residue Thr,, to Ser,; 3)
rotations of the -1 (100°, anticlockwise) bond of Tyr,, together with a side chain rotation of Leu,, (not shown in
Figure 1). The 4-phenyl ring of the inhibitor was found to occupy a position close to that formerly occupied by
the aromatic side chain of Tyr,,. These structural changes disrupt a hydrogen bond between Tyr,, and Trp,,, a
motive so far conserved in known structures of aspartic proteinases with peptidomimetic inhibitors.
Additionally, the rotation of the indolylmethyl side chain of Trp,, opened up a deep hydrophobic pocket, ideally

Table 1. IC,, values of piperidine renin inhibitors against purified recombinant human renin in
comparison to Remikiren 115

N
Rl
T
Rl
R2
1 2 ICsa 1 2 IC“
Compound R R (nM] Compound R R (nM]
Remikiren : 0.025

rac-23 H Loj\O 55 rac-34 H LD/\,o\,@ 91

(o]
rac:24  H %*@A 87 rac35  H LO,\/Y@ 5.4x10°
rac-25 H "m >10° rac-36 H Lof\/\cf\@ 7.4x10°

QP !
rac-26  H L;ﬁ\@ 40a10° | raed7  H Sy 53
I [o]
rac-21  H °\/\o"~© 26 rac-38  H b~ 1.6x10°

|
rac-28 H O\’\U’Q\(P 5.8x10° rac-39 H é\/\/&/@ 8.0
(0] 4
rac-29 H &ﬁm 2.6x10° rac-40 H c'n\/\,o\/Q 2.1x10°
I [e]
rac:3  H S 2.2x10° racd1  H c')v\,\o,© 2.2x10°

o~
rac31 H A0 41 a4z H SOy Lo
rae-2 H AIIC 88x10° | rac-d3  H  A__iX) 15

rac-33 H ch\/"\@ 1.6x10° rac-44  OMe év\,o’j@ 0.060

made to host the extended lipophilic side chain in position 4’ of the inhibitor. A small cavity can be identified

close to the terminal aromatic ring of the extended 4’-substituent. It accommodates the o-methoxy function of
compounds rac-43 and rac-44 which results in the improved affinity. In conclusion, high throughput screening,
followed by extensive chemical modification of the lead compound guided by X-ray structure analysis and
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computer assisted molecular modeling has led to the identification of a new class of highly potent renin

inhibitors. Further structural modifications to realize the optimization of physicochemical properties and the

pharmacological profile will be described in the following publication.

Acknowledgment: Peter Ammann, Axelle Arrault, Christian Bitsch, René Bonnafous, Joseph Flota, Sandro
Guelfi, Martin Hiss, Yvonne Jetzer, Klaus Kling, Paul Mory, Séraphin Munch and Christian Schnider are
acknowledged for their skillful technical assistance.

References and Notes

0=

N s w

10.
1.
12.
13.

16.
17.
18.
19.
20.
2L
22.
23.

24.

McGregor, G.A.; Markandu, N.D.; Roulston, J.E.; Jones, J.C.; Morton, J.J. Nature 1981, 291, 329-331.
Waeber, B.; Nussberger, J.; Brunner, H.R. in Handbook of Hypertension, Vol. 8: Pathophysiology of Hypertension - Regulatory
Mechanisms; Zanchetti, A; Tarazi, R.C. (Eds), Elsevier Science Publishing Co, Amsterdam 1986; pp. 489-519.
Azizi, M.; Guyene, T.-T.; Chatellier, G.; Ménard, J. Journal of Hypertension 1994, 12, 419-427.
Neutel, J.M.; Luther, R.R.; Boger, R.S.; Weber, M.A. Am. Heart 1991, 122, 1094 -1100.
Weber, M.A. Am. J. Hypertens. 1992, 5, 2475-2518S.
Urata, H.; Healy, B.; Steweart, R.W.; Bumpus, F.M.; Husain, A. Circ. Res. 1990, 66, 883.
Wolny, A_; Clozel, J.P.; Rein, J.; Mory, P.; Vogt, P.; Turino, M.; Kiowski, W.; Fischli, W. Circulation Research 1997, 80, 219-
227.
El Amrani, A.K.; Ménard, J.; Gonzales, M.F.; Michel, J.B. J. Cardiovasc. Pharmacol. 1993, 22, 231-239.
Hollenberg, N.K.; Fischer, N.D.L. Hypertension 1995, 26, 602-609.
van Paassen, P.; de Zeeuw, D.; de Jong, P. J. Cardiovasc. Pharmacol. 1995, 26, 39-45.
McMahon, S.; Cutler, 1.A.; Stamler, J. Hypertension 1989, 13(suppl. 1), 145-150.
Kleinert, H.D. Cardiovasc. Drug Ther. 1995, 9, 645-655.
Resolution was achieved by derivatization of the amino group of rac-2 with (-)-(1S,4R)-camphanoyl chloride (CH,Cl,, 0°C, 99%).
The diastereomeric camphanamides were separated by column chromatography on silicagel. The optically pure amines were
obtained by reductive cleavage of the chiral auxiliary: (R,R)-2 (Dibah, THF, 0°C, 24%, 99.4% e¢e); (S,S)-2 (LAH, THF, r.t., 42%,
96.4% ee). Hydrogenation of the diastereomeric camphanamide corresponding to the inactive enantiomer yielded N-[(1S,4R)-
camphanoyl]-3-hydroxy-4-phenyl-piperidine (H,, 5%Pd/C, MeOH, r.t. (96%)). The absolute configuration of the chiral centers in
positions 3 and 4 of the piperidine ring was determined by X-ray crystallographic analysis, and found to be (38,4S) relative to the
absolute (1S,4R) configuration of the camphanoyl moiety.

. Oefner, C.; Binggeli, A.; Breu, V.; Bur, D.; Clozel, J.P.; D'Arcy, A.; Dorn, A.; Fischli, W.; Griininger, F.; Giiller, R.; Hirth, G,

Mirki, H.P.; Mathews, S.; Miiller, M.; Ridley, R.G.; Stadler, H.; Vieira, E.; Wilhelm, M.; Winkler, F.K.; Wostl, W.
Chemistry&Biology 1999, 6, 127-131.

. Inhibition of recombinant human renin in vitro: The assay consisted of a two step procedure: in the first step the enzymatic

reaction was performed in poly-propylene 96-well plates and in the second step the accumulated product angiotensin I was
measured in immunoplates by an enzyme immunoassay (EIA). i) Inhibition of recombinant human renin in vitro: Assay buffer:
100 mM sodium phosphate, pH 7.4, including 0.1% BSA. The incubates were composed of 190 uL per well of an enzyme mixture
and optionally 10 uL. of DMSO with or without renin inhibitors for the inhibition experiments. The enzyme mixture was premixed
in the assay buffer at 4°C and was composed of recombinant human renin (0.1 ng/mL), human tetradecapeptide substrate (0.5 uM)
and hydroxyquinoline sulfate in assay buffer (I mM). The plates were then incubated at 37°C for 3 hours and the angiotensin I
accumulation measured by EIA. ii) Enzyme immunoassay (EIA): 100 pL of the incubates or angiotensin I standards were
transferred to Nunc-Immuno plates (MaxiSorp™), coated with ANG(4-10)/BSA conjugate, and 100 pL of an angiotensin I rabbit
antiserum added (AI-AS 1, Roche). Then, the plates were incubated at 4°C overnight and the EIA evaluated with a commercially
available biotin-streptavidin system to estimate the bound angiotensin I antibodies (Amersham Life Science). The IC,, of the
standard curve was 50 pg angiotensin I/well and not different from the one created by RIA. The IC,, values depicted are mean
values of 2-5 independent determinations.

Michelot, D. Synthesis 1983, 130-134.

Hill, B.E.; Lythgoe, B.; Mirvish, S.; Trippett, S. J. Chem. Soc. 1955, 1770.

Hutchinson, D.W.; Thornton, D.M. Synthesis 1990, 135-137.

Nigam, S.C.; Mann, A.; Taddei, M.; Wermuth, G. Synth. Commun. 1989, 19, 3139-3142.

Mahboobi, S.; Bernauer, K. Helv. Chim. Acta 1988, 71, 2034.

Machin, P.J; Hurst, D.N.; Bradshaw, R.M.; Blaber, L.C.; Burden, D.T. J. Med. Chem. 1983, 26, 1570-1576.

Bigi, F.; Casiraghi, G.; Casnati, G.; Sartori, G. Tetrahedron 1983, 39, 169-174.

Single crystals of recombinant human renin complexed with (R,R)-39 were obtained and analysed as described (Ref. 14). They
belong to the space group P4,2,2 with cell dimensions a=b=98.7 A, c=95.9 A, contain one molecule in the asymmetric unit and
diffract to a resolution of about 3 A. Coordinates of the refined structure will be deposited with the Brookhaven Data Bank.
Mathews, S.; Doebeli, H.; Pruschy, M.; Bosser, R.; D'Arcy, A.; Oefner, C.; Zulauf, M.; Gentz, R.; Breu, V.; Matile, H.. Schlaeger,
J.; Fischli, W. Protein Expression and Purification 1996, 7, 81-91.



