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An orally potent human renin inhibitor ( l a )  containing a novel amino acid, (2R,3S)-3-amino-4-cyclohexyl-2-hydroxy- 
butyric acid named cyclohexylnorstatine, has been designed from the angiotensinogen transition-state and 
synthesized. 

Renin, an aspartic protease, generates angiotensin I from 
angiotensinogen, and a large number of inhibitory peptides of 
human renin have been investigated as potential agents of 
antihypertensive therapy.1 Using the transition-state inhibitor 
approach, Szelke et aZ.2 reported potent renin inhibitors in 
which the scissile bond of substrate analogues was replaced by 
a reduced peptide isostere or a hydroxy isostere. Boger et aZ.3 
incorporated a statine residue as a dipeptide mimic into 
substrate analogues to obtain the potent renin inhibitors. 
However, the peptide compounds are thought to be unsuit- 
able for oral administration owing to the problems of 
proteolytic degradation and poor intestinal absorption. 
Herein, we report the design and synthesis of an orally potent 
human renin inhibitor (la) containing a novel amino acid, 
(2R,3S)-3-amino-4-cyclohexyl-2-hydroxybutyric acid (2a) 
named cyclohexylnorstatine. 

Analysis of renin-substrate interactions is essential in the 
design of specific inhibitors. Firstly, we constructed4 a 
three-dimensional structure of human renin using modelling 
techniques. Then, we deduced the structure of a complex of 
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Scheme 1. Reagents: i ,  H2-Rh/A1203, 18 h; ii, Py-S03/Me2S0, 25 "C, 
15 min; iii, HCN, O'C, 3 h, then 23% HC1, reflux, 11 h; iv, 
isopropanol/HCl, 80 "C, 1 h. 
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Scheme 2. Reagents: i, diethyl succinate/NaOMe, reflux, 2 h,  then aq. NaOH, reflux, 2 h; ii, Ac20, 60°C, 1 h, then morpholine, 2 h; iii, 
H,-Pd/C, 14 h, then (S)-methyl mandelate/DCC, 18 h; iv, aq. NaOH, 14 h; v, His-OMe/DCC-HONB, 18 h; vi, aq. NaOH, 18 h; vii, ( 5 )  
DCC-HONB, 18 h. 

human renin and the scissile site Pro-Phe-His-Leu-Val (P4- 
P l ' )  of human angiotensinogen according to our previous 
met hod .5 

Subsequently, we designed (la) from the angiotensinogen 
transition-state analogues233 by the following strategies. (i) 
The molecular weight should be as low as possible to increase 
intestinal absorption.6 Also, the natural peptide bonds, 
metabolized easily by proteases, should be modified. Thus, 
the succinic acid residue having a retro-inverso amide bond 
was introduced to maintain the hydrogen bond to renin and to 
avoid enzymatic degradation. (ii) Cyclohexyl group (Pl)  and 
naphthyl group (P3) were introduced as large hydrophobic 
residues, fitting more favourably to renin. (iii) We focused on 
cyclohexylnorstatine instead of the popular statine-type resi- 
due [statine: (3S,4S)-4-amino-3-hydroxy-6-methylheptanoic 
acid17 as a transition-state mimic, because cyclohexylnorstat- 
ine could be mass-produced in the optically pure form. Thus, 
we replaced the Leu-Val (Pl-Pl') scissile site with the 
cyclohexylnorstatine isopropyl ester residue. 

Cyclohexylnorstatine isopropyl ester ( 5 )  was prepared as 
shown in Scheme 1. Boc-L-cyclohexylalaninal (4) (Boc = 
t-butoxycarbonyl) was prepared by hydrogenation of (3) 
followed by oxidation. The aldehyde (4) was hydrocyanated in 
AcOEt-H20 and hydrolysed using 23% HCl. When the 
reaction mixture? was kept overnight, (2a)$ exclusively 

t A 7:3 mixture of (2a) (2R,3S form) and (2b) (2S,3S form). 
Diastereoisomeric ratio was determined by lH n.m.r. spectroscopic 
analysis. 

t The stereochemistry of (2a) was estimated by conversion to the 
corresponding oxazolidinone. A coupling constant of 4.94 Hz and 
nuclear Overhauser enhancement (n.0.e.)  of 2.7% for the ring 
protons ( H  of C-4 and H of C-5) are consistent with trans 
stereochemistry, showing that the configuration at C-2 is R for the 
oxazolidinone . 

crystallized out of the mixture in the form of the HC1 salt. 
Thus, optically pure (2a) {[a]D23 -11.2" (c 2.0, H20)} was 
prepared efficiently (60%, 4 steps) and then converted to the 
isopropyl ester ( 5 )  (95%). 

Scheme 2 shows the synthetic pathway to (la). The diacid 
(6), prepared by condensation of l-naphthaldehyde and 
diethylsuccinate followed by hydrolysis, was dehydrated, 
treated with morpholine, and reduced to give a racemate of 
(7) (89%, 5 steps). The isomers were coupled with (S)-methyl 
mandelate and the diastereoisomer, which crystallized from 
methanol, was hydrolysed to give the isomer (7) 
-11.8' (c 2.0, MeOH)} with the R configuration (44%, 2 
steps).§ Coupling of the acid (7) and L-histidine methyl ester 
using dicyclohexylcarbodiimide (DCC) and N-hydroxy-5-nor- 
bornene-2,3-dicarboximide (HONB)9 provided (8). Conden- 
sation of the hydrolysed product of (8) and (5 )  using 
DCC-HONB gave (la) {[aID21.5  -28.6" (c 1.0, MeOH)} 
without racemization. The stereoisomers (1b-e)  of (la) were 
synthesized by essentially the same method. In addition, we 
synthesized several related compounds such as statine-type 
derivatives. 

The renin inhibitory potencies of the compounds were 
measured with both a human renin-sheep substrate system 
and human plasma renin.10 Of the compounds synthesized, 
(la) was the most potent inhibitor against both the isolated 
human renin and human plasma renin: ICs0 = 2.4 x 10-9 and 
4.7 x l O - 9 ~ ,  respectively. On the other hand, (la) did not 
practically inhibit other proteases, such as cathepsin D 

§ The stereochemistry of (7) was estimated by conversion to the 
corresponding (+)- and (-)-a-methoxy-a-(trifluoromethy1)phenyl- 
acetic acid (MTPA) esters. Examination of the lH n.m.r. spectra of 
the resulting diastereoisomers with tris( 1 , l ,  1,2,2,3,3-heptafluoro-7,7- 
dimethyloctane-4,6-dionato)europium(111) [ E ~ ( f o d ) ~ ]  as shift reagent 
indicated that the configuration was (R).8 
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(> lO-5~) ,  pepsin (> lO-4~) ,  and chymotrypsin (> lO-4~) .  
The stereoisomers (1b-e )  of (la) showed very weak renin 
inhibitory activities ( 3 0 - 6  M). 

The deduced active conformation of (la) in the active site of 
renin was constructed,y and (la) was shown to fit to renin 
favourably. The difference between the interaction of (la) and 
that of the angiotensinogen (P4 Pro to P1’ Val) with renin was 
that the side chain OH of Ser-230 was hydrogen-bonded to the 
P-CO of the P3 succinic acid residue of (la) instead of the NH 
of the P3 Phe of angiotensinogen. The weak inhibition of the 
stereoisomers ( l b - e )  may be attributable to poor interaction, 
causing a decrease in affinity for renin. 

Compound (la) was stable against monkey liver homogen- 
ates, human plasma, and chymotrypsin. The oral administra- 
tion of 10 mg kg-1 of (la) to salt-depleted Japanese monkeys 
resulted in a fall of 10-20 mmHg in blood pressure and 
reduced plasma renin activity for a 5 h period. 

It has been reported previously that some substrate-derived 
peptides exhibit potent renin inhibitory activities.13 Com- 
pound (la) is superior to such derivatives since it exhibits high 
and long-lasting activities in vitro and after oral administration 
and is the most compact compound among such human renin 
inhibitors. 

We thank Ms. Fe Leano for the preparation of the 
manuscript. 

Received, 12th June 1989; Corn. 9102473E 

References 
1 For a review, see W. J. Greenlee, Pharm. Res., 1987, 4, 364. 
2 M. Szelke, B. Leckie, A. Hallett, D. M. Jones, J. Sueiras, 

B. Atrash, and A. F. Lever, Nature (London),  1982,299,555; M. 
Szelke, D. M. Jones, B. Atrash, A. Hallett, and B. Leckie, 

fi The orientation of (la) in the active site of renin was deduced by a 
Monte Carlo Simulation with Metropolis algorithm.11 In this simula- 
tion, the enzyme was fixed in its starting position and only the 
rotational degrees of freedom of the inhibitor were taken into 
account. The potential function and parameters were taken from the 
literature .I* 

‘Peptides: Structure and Function,’ Proc. 8th Am. Peptide Symp., 
eds. V. J. Hruby and D. H. Rich, Pierce Chem. Co., Rockford, 
Ill., 1983, p. 579. 

3 J. Boger, N. S.  Lohr, E. H.  Ulm, M. Poe, E. H. Blaine, G. M. 
Fanelli, T.-Y. Lin, L. S. Payne, T. W. Schorn, B. I. LaMont, T. C. 
Vassil, I. I. Stabilito, D. F. Veber, D. H. Rich, and A. S. Bopari, 
Nature (London),  1983, 303, 81. 

4 K. Akahane, H.  Umeyama, S.  Nakagawa, I. Moriguchi, 
S. Hirose, K. Iizuka, and K. Murakami, Hypertension, 1985,7,3. 

5 K. Akahane, T. Kamijo, K. Iizuka, T. Taguchi, Y. Kobayashi, 
Y. Kiso, and H. Umeyama, Chem. Pharm. Bull., 1988,36, 3447. 

6 D. W. Matthews, Physiol. Rev., 1975, 55, 537. 
7 M. G. Bock, R. M. DiPardo, B. E. Evans, K. E. Rittle, J. S.  

Boger, R. M. Freidinger, and D. F. Veber, J .  Chem. Soc., Chem. 
Commun., 1985, 109; J. M. Wood, N. Gulati, P. Forgiarini, 
W. Fuhrer, and K. G. Hofbauer, Hypertension, 1985, 7, 797; 
R. Guegan, J. Diaz, C. Cazaubon, M. Beaumont, C. Carlet, J .  
Clement, H. Demarne, M. Mellet, J.-P. Richaud, D. Segondy, 
M. Vedel, J.-P. Gagnol. R. Roncucci, B. Castro, P. Corvol, G. 
Evin, and B. P. Roques, J. Med. Chem., 1986, 29, 1152; 
T. Kokubu, K. Hiwada, A. Nagae, E. Murakami, Y. Morisawa, 
Y. Yabe, H.  Koike, and Y. Iijima, Hypertension, 1986, 8 (Suppl. 

8 F. Yasuhara and S. Yamaguchi, Tetrahedron Lett., 1977,47,4085. 
9 M. Fujino, S. Kobayashi, M. Obayashi, T. Fukuda, S. Shinagawa, 

and 0. Nishimura, Chem. Pharm. Bull., 1974,22, 1857. 
10 K. Iizuka, T. Kamijo, T. Kubota, K. Akahane, H. Umeyama, and 

Y. Kiso, J .  Med. Chem., 1988,31,701; K. Iizuka, T. Kamijo, H. 
Harada, K. Akahane, T. Kubota, I.  Shimaoka, H. Umeyama, and 
Y. Kiso, Chem. Pharm. Bull., 1988, 36, 2278; K. Iizuka, 
T. Kamijo, T. Kubota, K. Akahane, H. Harada, 1. Shimaoka, H. 
Umeyama, and Y. Kiso, ‘Peptide Chemistry 1987,’ eds. T. Shiba 
and S.  Sakakibara, Protein Res. Found., Osaka, Japan, 1988, 
p. 649. d 

11 N. Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. 
Teller, and E. Teller, J. Chem. Phys., 1953, 21, 1087. 

12 S. J. Weiner, P. A. Kollman, D. A. Case, U. C. Singh, C. Ghio, 
G. Alagona, S. Profeta, Jr., and P. Weiner, J. Am. Chem. SOC. ,  
1984, 106, 765. 

13 H. D. Kleinert, J. R. Luly, P. A. Marcotte, T. J .  Perun, 
J.  J.  Plattner, and H. Stein, FEBS Lett., 1988, 230, 38; 
P. Buhlmayer, A. Caselli, W. Fuhrer, R. Goschke, V. Rasetti, 
H. Ruger, J. L. Stanton, L. Criscione, and J. M. Wood, J. Med. 
Chem., 1988, 31, 1839; J. R.  Luly, G. Bolis, N. BaMaung, 
J. Soderquist, J. F. Dellaria, H. Stein, J. Cohen, T. J. Perun, 
J. Greer, and J. J. Plattner, ibid., 1988, 31, 531. 

II), 1. 




