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Neutral Endopeptidase 24.11 Inhibitors 
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A series of 13- and 14-membered ring lactam derivatives 9a,b, 10, 11, and 12a-c was prepared from 
L-cysteine. Compounds 9a,b and 12a,b were tested in vitro for inhibition of neutral endopeptidase 
24.11 (NEP) and angiotensin converting enzyme (ACE) inhibition. The structureactivity profile 
of the series is discussed. Compound 9b, a 13-membered ring macrocyclic lactam, had an NEP 
IC60 of 18 nM and an ACE ICs0 of 12 nM in vitro and showed dual plasma inhibition after intravenous 
or oral administration. 

Atrial natriuretic peptide (ANP), a 28-amino acid 
hormone synthesized primarily in atrial myocytes, shows 
potent natriuretic, diuretic, and vasorelaxant properties 
in vivo.’ The rapid clearance of bioactive ANP from 
plasma appears to be regulated by both clearance recep- 
tor@ and enzymatic degradation.= Neutral endopepti- 
dase 24.11 (EC 3.4.24.11), also known as enkephalinbe, 
has been shown to inactivate ANP by cleavage between 
Cys7 and Phes.3-8 Since neutral endopeptidase (NEP) 
inhibitors have been shown to enhance the biological 
activity of ANP,’P~+~~ we initiated a program to identify 
novel NEP inhibitors as potential therapeutic agents for 
the treatment of hypertension and congestive heart failure. 

During the course of these studies we also became 
interested in exploring the potential of incorporating 
angiotensin converting enzyme (ACE) inhibitory prop- 
erties into our NEP inhibitors. This goal was attractive 
since ACE inhibitors are well-known antihypertensive 
agents14 and have been shown to produce synergistic 
antihypertensive effects in combination with NEP inhib- 
itors.ls The goal seemed feasible since both enzymes are 
zinc metalloproteases and nonspecific inhibitors are 
known.lS Herein we report our results on some of our 
efforts in the area of macrocyclic lactam derivatives. 

For the design of compounds as potential NEP inhib- 
itors, computer modeling studies based on the active site 
of thermolysin complexed with inhibitors were carried 
0 ~ t . 1 7  This work had previously led to a series of 
carbocyclic lactams joining the Pl’and Pi binding subsites, 
such as 1, which were prepared and were shown to be 
potent inhibitors of NEP.l8 Extending these results to 
ACE inhibitors, modeling studies were carried out based 
on a template constructed from the superimposition of 
several energy-minimized rigid ACE inhibitors ( 2 a - ~ ) . ’ ~ t ~  
This work indicated that energy-minimized 12-15-mem- 
bered ring macrocycles provided a qualitatively good fit 
in both the NEP and ACE models, with good overlap of 
the hydrophobic regions and alignment of key hydrogen 
bonds.21 Therefore it was decided to prepare 13- and 14- 
membered ring derivatives. Furthermore it was planned 
to prepare macrocycles incorporating L-CYS, which has 
the advantage of providing direct access to compounds 
with the desired absolute configuration at one of the 
asymmetric centers. 
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Chemistry 
The synthesis of the target compounds is illustrated in 

Scheme I for the 13-membered ring lactams. S-Alkylation 
of L-cysteine methyl ester with the alkyl iodide prepared 
by alkylation of tert-butyl methyl malonate with 1,7- 
dibromoheptane followed by treatment with sodium iodide 
gave 3a. Acid-catalyzed removal of the tert-butyl group 
followed by cyclization at 5 mM using pentafluorophenol 
and N- (3- (dimethylamino) prop y1)-N’-ethylcarbodiimidea 
generated lactam 4 in 41% yield. More concentrated 
solutions resulted in lower yields, with increased formation 
of polar byproducts. Using diphenyl phosphorazidate as 
coupling agent, the lactam was formed in only 15% yield. 
Alkaline hydrolysis of diester 4 generated diacid 5, which 
underwent methylenation with formaldehyde= to give 6a 
in 83% yield. Conjugate addition with thiolacetic acid 
produced 7 as an approximately 1:l mixture of diaster- 
eomers by NMR and TLC. Esterification with diaz- 
omethane led to 8, which allowed separation of the 
diastereomers by fractional crystallization OF flash chro- 
matography. Alkaline hydrolysis of each isomer of 8 
generated the thiols Saand 9b. Although the optical purity 
of these diastereomers is unknown, preparation of several 
batches gave essentially the same optical rotations. 

Several potential prodrugs esters were also prepared. 
Esterification of 6a with ethanolic HC1 followed by 
conjugate addition of thiolacetic acid led to 10. Alkylation 
of 7 with benzyl bromide and cesium carbonate produced 
11. Although each of these reactions led to a mixture of 
diastereomers, the desired isomer, as determined by 
relative Rf and NMR chemical shifts in comparison with 
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Table I. Characterization and In Vitro NEP and ACE 
Inhibition of 9a,b, 10, 11, and 12a-c 

ICW nM 
no. formulao mp(OC) NEPb ACE' 

9a CiaH&O& 181-184 190 72 
9b CisHdO& 169-173 18 12 
12a C i J I d O &  165-168 1300 4600 
12b CiJI&O& 200-203 167 17 
10 C17HapNO4Sa 193-196 
11 CaHaiNO& 192-193 
lac C&&JO& 174-178 
thiorphand 6.0 
benazeprilatg 2.0 

OEachcompoundhedNMRconsietentwithstruct~andexpected 
M + H ion seen in MS. b h y e  were carried out as described in ref 
7. c h y e  were carried out as described in ref 24. d Literature% ICs0 
= 3.6 nM. Literaturem ICm = 2.2 nM. 

the isomer of 8 which led to 9b, was obtained by flash 
chromatography. The corresponding 14-membered ring 
lactams 12a-c were prepared analogously. 

Results and Discussions 
The diastereomeric pairs 9a,b and 12a,b were tested in 

vitro for both NEP and ACE inhibition, with 9b and l2b 
showing approximately 10-fold superior potency compared 
to the other diastereomers (9a and 12a, respectively) (Table 
I). The 13-membered ring thiol 9b was approximately 10 
times more potent as an NEP inhibitor than the 14- 
membered ring compound 12b. Both 9b and 12b showed 
good activity as ACE inhibitors. The absolute stereo- 
chemistry of the diastereomeric pairs 9a,b and 12a,b at 

Table 11. Plasma Inhibition of NEP and ACE by 9b, 10, 11, 
12b. and 12c 

p h a  concentration 
doee &M) bawd on ex vivo 7% inhibition AI 

NEP inhibition0 preeeor respond 
no. 'm$? 0.5h l h  2h 3h 0.5h l h  2h 

9b 10 1.81 0.32 0.17 0.06 71 f5 17 f 1 0 
10 30 N D C N D N D N D  
11 30 N D N D N D N D  
12c 30 0.36 0.42 ND ND 
acetophand 30 0.95 0.34 0.38 0.11 
benazeprilat 10 100 8 6 f 3  7 7 f 6  

* Testa were carried out as described in the Experimental Section. 
The data indicate the plasma concentration of active compound in 
DOCA-aalt rata. b Testa were carried out as described in the Exper- 
imental Section. The data indicate the percent inhibition of 
angiotensin I preeeor response in normotensive rata after a test doee 
of 10 mg/kg iv. ND = not detected. See ref 28. e See ref 20. 

the methine adjacent to the thiol was tentatively assigned 
as R for 9a and 12a and S for 9b and 12b. This assignment 
is based on a comparison of the relative lH NMR chemical 
shifts of the methine protons (9a, 6 4.48; 9b, 6 4.09; and 
12a, 6 4.51; 12b, 6 4.10) to the corresponding chemical 
shifts of a related 10-membered ring macrocycle, the 
S-acetyl ethyl ester of 1 (R-isomer, 6 4.70; S-isomer, 6 4.55), 
whose structure was determined by X-ray crystallo- 
graphy.lsa The assignment is further supported by the 
ACE inhibitory data, in which the S-isomer has invariably 
been shown to be more potent than the corresponding 
R-isomer.14 

In uiuo, the parent inhibitor 9b as well as the potential 
prodrugs 10, 11, and 12c were tested for ex uiuo plasma 
NEP inhibition after oral administration at 10 or 30 mg/ 
kg (Table 11). Disappointingly, the prodrugs 10 and 11 
showed no inhibition of plasma NEP activity, and the 
activity of 12c disappeared after 1 h, indicating poor 
absorption or a short duration of action. Thiol 9b initially 
produced good levels of inhibition but showed significant 
decrease in activity over the 3-h test period. The duration 
of plasma inhibition of 9b was inferior to the reference 
inhibitor acetorphan.M 

Thiol 9b was also tested at 10 mg/kg iv for inhibition 
of angiotensin I (AI) pressor response. Consistent with 
the findings for plasma NEP inhibition, 9b produced the 
desired inhibitory activity, but the duration of action was 
relatively short (Table 11). 

In summary, the 13-membered ring thiol 9b, designed 
as a dud NEP/ACE inhibitor, showed the desired in vitro 
profile with NEP ICs0 of 18 nM and ACE ICs0 of 12 nM. 
The compound also was active after intravenous or oral 
administration, but the duration of action was less than 
1 h. These macrocyclic lactam thiols represent a new class 
of dual NEP/ACE inhibitors. On the basis of these results, 
additional heteroatom-containing macrocyclic ladam de- 
rivatives are under investigation. 

Experimental Section 
Proton NMR spectra were determined on a Varian XL-300 

spectrometer with MeSi  as the intarnal standard. Infrared 
spectra were recorded on a Nicolet 5SXFT spectrophotometer. 
Optical rotations were measured with a JASCO DIP370 pola- 
rimeter. Melting points were taken on a Haake Buchler melting 
point apparatus and are uncorrected. Maw spectra were recorded 
on a Hewlett-Packard GCMS 5986 spectrometer. Flaeh chro- 
matography was performed with silica gel (Bodman 230-400 
mesh). All compounds were prepared by methods analogous to 
thoee described below. Intermediate products were used directly 
without further purification. Unless indicated below, the ex- 
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(m,3H), 3.05-3.53 (m, 2H),4.33,4.50 (2multiplets, lH,methine), 
8.10,8.33 (2 doublets, lH,  J = 6 Hz, NH); DCI MS m/e 304 (M 
+ H)+, 260. Anal. (C1SHzlNOsS) C, H, N. 
(3R)-6-Methylidene-5-oxo-l-thia-4-azacyclotridecane3- 

carboxylic Acid (6a). Diacid5 (1.71g, 5.64mmol) was dissolved 
in pyridine (20 mL), and piperidine (96 mg, 1.13 mmol) was added 
followed by paraformaldehyde (250 mg, 8.46 mmol). The mixture 
was stirred for 2 h at 65 OC. The reaction mixture was cooled 
to room temperature, poured into 6 N HC1 (100 mL), and 
extracted with ethyl acetate (2 X 100 mL). The combined organic 
extracts were washed with brine (100 mL), dried (MgSOd), and 
evaporated to give 6a (1.21 g, 83%): mp 184-186 "C; lH NMR 
(CDCls) 6 1.15-1.52 (m, lOH), 2.20 (m, 2H), 2.55 (m, 2H), 2.99 
(dd, lH,  J = 4,14 Hz), 3.12 (dd, lH, J = 5,14 Hz), 4.70 (m, lH),  

(c = 0.69, MeOH). Anal. (ClaHz1NOsS) C, H, N. 
(3R)-6-[ (Acetylthio)methyl]-5-0~0- 1-thia-4-azacyclotride 

cane-3-carboxylic Acid (7). Lactam 6a (1.21 g, 4.70 mmol) was 
suspended in thiolacetic acid (40 mL). The mixture was stirred 
overnight at room temperature. The solvent was evaporated at  
40 OC, and the residue was triturated from diethyl ether and 
hexane (1:l). The resulting solid was filtered and dried to give 
both diastereomers of 7 (1.41 g, 86%): mp 125-130 OC; lH NMR 
(DMSO) 6 1.05-1.62 (m, 12H), 2.30 (a, 3H), 2.40-3.19 (m, 8H), 
4.00 (t, '/zH, J = 4 Hz), 4.36 (t, '/OH, J = 4 Hz), 8.38 (d, '/zH, J 
= 6 Hz), 8.45 (d, YZH, J = 6 Hz). Anal. (CISHSNOISZ 1 C, H, 
N. 

Methyl (3R)-6-[ (Acety1thio)methyll-6-oxo- 1-t hia-4-aza- 
cyclotridecane-3-carboxylate (8). Acid 7 (1.40 g, 4.03 mmol) 
was partially dissolved in MeOH (50 mL), and freshly prepared 
etheral CHzNz was added until a yellow color persisted. The 
reaction was quenched with glacial acetic acid, and the solvent 
was evaporated. The residue was dissolved in CHZC12 (100 mL), 
washed with saturated NaHCO3 (100 mL) and brine (100 mL), 
dried (Na2SO4), and evaporated to give 1.41 g (97%) of crude 
diastereomeric methyl esters. The crude product was purified 
by flash chromatography (30% ethyl acetate/hexane) to give two 
separate diastereomers of 8. Isomer A (less polar, 0.62 g, 43%), 
mp 156-161 OC; 1H NMR (CDCb) 6 1.24-1.68 (m, 12H), 2.33 (a, 
3H), 2.37-2.52 (m, 3H), 2.95-3.16 (m, 4H), 3.80 (s,3H), 4.89 (m, 
lH), 6.49 (d, lH ,  J = 6 Hz); [a]% = +16.03O (c  = 0.8, MeOH); 
IR (KBr) 3332,2932,1740,1691,1638,1528 cm-l; DCI MS m/e 
362 (M + H)+, 320. 

Isomer B (more polar, 0.22 g, 15 %); mp 199-201 OC; lH NMR 
(CDC13) 6 1.36- 1.68 (m, 12H), 2.35 (a, 3H), 2.39-2.62 (m, 3H), 
3.01-3.19 (m, 4H), 3.77 (8, 3H), 4.60 (m, lH),  6.49 (d, lH, J = 5 
Hz); IR (KBr) 3332,2932,1740,1691,1638,1528 cm-l; DCI MS 
mle = 362 (M + H)+, 320. Anal. (CleHzNO4Sz) C, H, N. 

(3R)-6-( Mercaptomethyl)-5-oxo-l-thia-4-azacyclotridecane 
3-carboxylic Acid (Isomer A) (9a). Thiol 9a was prepared 
from 8 (isomer A) in a manner analogous to 9b to give the product 
(110 mg, 93%): mp 181-184 "C; 1H NMR (CDCb) 6 1.14-1.65 
(m, 13H), 2.35-2.76 (m, 7H), 3.07 (m, lH),  4.48 (m, lH),  8.13 (d, 
lH ,  J = 6Hz); [(YISD = -16.07O (c = 0.7, MeOH); DCI MS m/e 
306 (M + HI+. Anal. (CISHZSNO~S~) C, H, N. 

(3R)-6-( Mercaptomethyl)-5-oxo-l-tbia-4-azacyclotridecane 
3-carboxylic Acid (Isomer B) (9b). Isomer B of 8 (0.16 g, 0.44 
mmol) was partially dissolved in Nz-degassed THF (10 mL) and 
HzO (5 mL). LiOHeH20 (56 mg, 1.33 mmol) was added, and the 
mixture was stirred at room temperature for 3 h. The mixture 
was poured into 1 N HCl and extracted with ethyl acetate (2 X 
50 mL). The combined organic layers were washed with brine 
(50 mL), dried (Na2SOd), and evaporated to give 9b (0.14 g, 
100%): mp 169-173 OC; lH NMR (DMSO) 6 1.20-1.66 (m, 13H), 
2.29-2.60 (m, 5H), 2.70-2.86 (m, 2H), 3.12 (m, lH),  4.09 (m, lH),  
8.00 (d, lH ,  J = 6 Hz); [ a ] % ~  = -16.73O (c  = 0.7, MeOH); IR 
(KBr) 1711,1643,1540 cm-l; DCI MS mle 306 (M + H)+. Anal. 
(CiaHzaNOsSa) C, H, N. 

Ethyl (3R)-6-Methylidene-5-oxo-l-thia-4-azacyclotride- 
cane-3-carboxylate (6b). Acid 6a (0.16 g, 0.62 mmol) was 
dissolved in EtOH (5 mL), and HC1 gas was bubbled through the 
solution for 5 min. The solution was stirred overnight at room 
temperature and evaporated to give 6b (0.11 g, 59 % 1: 'H NMR 
(CDCl,) 6 1.25-1.54 (m, 13H), 2.19 (m, lH),  2.34 (m, lH), 2.62 
(m, 1H), 2.70 (m, lH),  3.03 (dd, lH ,  J = 4,14 Hz), 3.26 (dd, lH,  

5.25 (e, lH),  5.64 (8, lH), 6.84 (d, lH ,  J = 6 Hz); [ a ] ~  +22.7' 

perimental details for the biological testa have been described 

tert-Butyl Methyl (7-Bromohepty1)malonate. NaH (6.08 
g of a 50 9% oil dispersion, 127 mmol) was suspended in DMF (300 
mL) and cooled to 0 OC. tert-Butyl methyl malonate (20.1 g, 115 
mmol) was added dropwise slowly, and the reaction mixture was 
warmed to room temperature. l,7-Dibromoheptane (29.8 g, 115 
mmol) was added dropwise, and the mixture was stirred for 3 h. 
The mixture was partitioned between diethyl ether (500 mL) 
and HzO (lo00 mL). The organic layer was washed with HzO (3 
x 500 mL) and brine (1 X 500 mL), dried (MgSOd), and 
evaporated. The crude product was purified by flash chroma- 
tography (10% ethyl acetate/hexane) to give the product as an 
oil (11.9 g, 29%), used directly in the following reaction. 

tert-Butyl Methyl (7-1odoheptyl)malonate. tertButy1 
methyl (7-bromohepty1)malonate (8.81 g, 25.1 mmol) was dis- 
solved in acetone (50 mL). NaI (3.76g, 25,l mmol) was added, 
and the mixture was refluxed for 2 h. The reaction mixture was 
fiitered, and the fiitrate was concentrated todryness. The residue 
was dissolved in CHZClz and filtered again. The filtrate was 
concentrated to dryness to give the product as an oil (9.24 g, 
92%), used directly in the following reaction. 

Dimethyl (2R)-2-Amino-12-( tert-butoxycarbony1)-4-thia- 
1,13-tridecanedicarboxylate (3a). L-Cysteine methyl ester 
hydrochloride (9.05 g, 52.7 mmol) was dissolved in Nz-degassed 
MeOH (300 mL), and NaOMe (6.11 g, 113 mmol) was added. The 
reaction mixture was stirred 15 min at room temperature and 
t-butyl methyl 7-iodo-heptylmalonate (15.0 g, 37.7 mmol) was 
added. The mixture was stirred overnight a t  room temperature 
and partitioned between diethyl ether (500 mL) and H20 (lo00 
mL). The organic layer was washed with brine (300 mL), and 
dried (MgSO,), and the solvent was evaporated. The product 
was purified by flash chromatography (5% MeOH in CHZC12) to 
give 3a (7.42 g, 49%) as an oil: lH NMR (CDCl3) 6 1.30 (m, 8H), 
1.44 (a, 9H), 1.56 (m, 2H), 1.76 (a, 2H), 1.83 (m, 2H), 2.51 (t, 2H, 
J = 7 Hz), 2.75 (dd, lH,  J = 6, 14 Hz), 2.91 (dd, lH ,  J = 4, 15 
Hz), 3.22 (t, lH, J = 7 Hz), 3.64 (m, lH), 3.72 (a, 3H), 3.74 (a, 3H); 
[ a ] D  = +13.7' (c  = 1, MeOH); IR (neat) 2929,1744,1732,1368, 
1147 cm-1; DCI MS mle 406 (M + H)+, 350. 

Dimethyl (2R)-2-Amino-12-c-4-tbia-l,l~trid~~- 
carboxylate (3b) Hydrochloride. Diester 3a (3.39 g, 8.36 mmol) 
was dissolved in CHzClz (50 mL), and HC1 gas was bubbled 
through the solution for 5 min. The reaction mixture was stirred 
2 h at room temperature. The solvent was evaporated to give 3b 
as an oil (3.23 g, 100%): 1H NMR (CDCl3) 6 1.25-1.47 (m, 8H), 
1.58 (m, 2H), 1.88 (m, 2H), 2.60 (m, 2H), 3.24 (m, 2H), 3.38 (t, 
l H , J =  7 Hz),3.72 (d ,3H) , J=  5 HzA3.84 (s,3H),4.44 (m,lH); 
IR (CHzClZ) 2987, 2932, 1743, 1720 cm-'. 

Methyl (3R)-6-Carbomethoxy-5-oxo-l-thia-4-azacyclo- 
tridecane-3-carboxylate (4). Amino acid 3b.HC1(6.87 g, 17.8 
mmol) was dissolved in CHzClz (3.5 L), and EtsN (9.00 g, 89 
mmol) was added. Pentafluorophenol (9.83 g, 53.4 mmol) was 
added followed by N- [3-(dimethylamino)propyl]-N'-ethylcar- 
bodiimide hydrochloride (17.1 g, 89 mmol). The reaction was 
stirred overnight a t  room temperature and then concentrated to 
500 mL. The organic solution was washed with HzO (500 mL), 
1 N KOH (2 X 500 mL), and brine (500 mL), dried (MgSOd), and 
concentrated to dryness. The residue was purified by flash 
chromatography (40% ethyl acetate/hexane) to give 4 as a 
diastereomeric mixture (2.41 g, 41%): mp 156-164 "C; lH NMR 
(CDCb) 6 1.29-1.62 (m, lOH), 1.82-2.14 (m, 2H), 2.40-2.54 (m, 
2H), 3.00-3.40 (m, 3H), 3.70-3.81 (4 overlapping singlets, 6H, 
methyl esters), 4.89 (m, lH),  6.76,8.21(2 doublets, lH ,  J = 6 Hz, 
NH); DCI MS mle = 332 (M + H)+. Anal. (C16HzNOSS) C, H, 
N. 
(3R)-6-Carboxy-S-oxo-l-thia-4-azacyclotridecane-3-car- 

boxylic Acid (5). Diester 4 (2.39 g, 7.21 mmol) was suspended 
in MeOH (75 mL), and 1 N NaOH (22.0 mL, 22.0 mmol) was 
added. The mixture was stirred for 4 h at room temperature. 
The solvent was evaporated, and the residue was dissolved in 
HzO (150 mL). The aqueous solution was adjusted to pH 1 by 
addition of 1 N HCl and extracted with ethyl acetate (3 X 100 
mL). The combined organic extracts were washed with brine 
(100 mL), dried (MgSOJ, and evaporated to give 5 as a 
diastereomeric mixture (2.10 g, 96%): mp 167-170 OC; lH NMR 
(DMSO-&) 6 1.20-1.52 (m, lOH), 1.62-2.02 (m, 2H), 2.35-2.98 

previous1y.7a 
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J = 5, 14 Hz), 4.25 (m, 2H), 4.83 (m, lH), 5.33 (8, lH), 5.72 (8, 
1H), 6.83 (d, lH, J = 6 Hz). Anal. (C16HsNOsS) C, H, N. 

Ethyl  (3R)-6-[ (Acety1thio)met hyll-6-oxo- 1-t hia-4-azacy- 
clotridecane-3-carboxylate (10). Lactam6b (0.11 g,0.37 mmol) 
was suspended was thiolacetic acid (5 mL), and the reaction 
mixture was stirred for 48 h at room temperature. The solvent 
was evaporated, and the residue was triturated from diethyl ether/ 
hexane (1:l). The desired more polar diastereomer was obtained 
by flash chromatography (10% ethyl acetate/hexane) to give 10 
(20mg, 15%): mp 193-196 OC; lH NMR (CDCl3) 6 1.22-1.70 (m, 
16H), 2.35 (s,3H), 2.39-2.61 (m, 2H), 3.00-3.19 (m, 4H), 4.24 (4, 
2H,J=6Hz),4.69(m,lH),6.47(d,lH,J=6Hz). Anal. (C17H29- 

Benzyl (3R)-6-[(Acetylthio)methyl]-5-oxo-l-thia-4-aza- 
cyclotridecane-3-carboxylate (1 1). Acid 7 (0.62 g, 1.78 mmol) 
was dissolved in DMF (8 mL), and CszCOa (0.64 g, 1.96 mmol) 
was added, followed by benzyl bromide (0.31g, 1.78 mmol). The 
mixture was stirred overnight at room temperature, poured into 
HzO (300 mL), and extracted with ethyl acetate (2 X 100 mL). 
The combined organic layers were washed with HzO (2 X 100 
mL) and brine (1 X 200 mL), dried (MgSOd, and evaporated. 
The desired more polar diastereomer was obtained by flash 
chromatography (5% ethyl acetate/hexane) to give 11 (0.12 g, 
16%): mp 192-193 OC; 1H NMR (CDCls) 6 1.25-1.69 (m, 12H), 
2.31 (e, 3H), 2.36-2.61 (m, 3H), 2.98-3.19 (m, 4H), 4.60 (m, lH),  
5.19 (8, 2H), 6.48 (d, lH, J = 6 Hz), 7.28-7.42 (m, 5H). Anal. 
(CzzH3iNOB2) C, H, N. 

(3R)-6-( Mercaptomethyl)-5-oxo- 1-t hia-4-azacyclotetrade- 
cane-3-carboxylic Acid (Isomer A) (12a). The reaction 
sequence used to prepare 9a was applied to give 12a (57 mg, 
71%): mp 165-168 OC; 1H NMR (DMSO) 6 1.08-1.60 (m, 15H), 
2.32-2.72 (m, 7H), 3.01 (m, lH), 4.51 (m, lH),  8.36 (d, lH, J = 
6 Hz). Anal. ( C I ~ H ~ N O & O . ~ ~ H ~ O )  C, H, N. 
(3R)-6-(Mercaptomethyl)-5-oxo-1-thia-4-azacyclotetrade- 

cane-3-carboxylic Acid (Isomer B) (12b). The reaction 
sequence used to prepare 9b was applied to give 12b (55 mg, 
69%): mp 200-203 OC; 1H NMR (DMSO) 6 1.05-1.62 (m, 15H), 
2.23-2.73 (m, 6H), 2.76-3.10 (m, 2H), 4.10 (m, lH), 8.09 (m, 1H). 
Anal. (CI~HZ~NO~SZ)  C, H, N. 

Benzyl (3R)-6-[(Acetylthio)methyl]-5-oxo-l-thia-4-aza- 
cyclotetradecane-3-carboxylate ( 12c). The reaction sequence 
used to prepare 11 was applied to give 12c (0.20 g, 63%): mp 
174-178 OC; 1H NMR (CDCl3) 6 1.20-1.68 (m, 14H), 2.32 (s,3H), 
2.85 (m, 3H), 2.94-3.16 (m, 4H), 4.60 (9, lH, J = 6 Hz) 5.17 (AB 
q, 2H, J = 12 Hz), 6.64 (d, lH, J = 6 Hz), 7.37 (br s, 5H). Anal. 
(CzsHssNOBz) C, H, N. 
Ex Vivo Pharmacokinetics in Conscious Rats. DOCA- 

salt hypertensive rats (308-380 g) were prepared by the standard 
methods. Sprague-Dawley rats (Taconic Farms, Germantown, 
NY) underwent a unilateral nephrectomy and 1 week later were 
implanted with silastic pellets containing 100 mg/kg of DOCA. 
The rata were maintained on 1 % NaC1/0.2% KCl drinking water 
for 3-5 weeks until sustained hypertension was established. The 
rats were anesthetized with methoxyflurane and instrumented 
with a catheter in the femoral artery to obtain blood samples. 
The catheter was threaded through a swivel system which enabled 
the rats to move freely after regaining consciousness. Rats were 
allowed to recover from this surgical procedure for 24 hand were 
then studied in the conscious, unrestrained state. Blood samples 
for determining plasma NEP inhibitor concentrations were 
obtained 1, 2, 3, 4, 5, and 6 h after drug administration a t  30 
mg/kg PO. An equivalent volume of saline was given to the animal 
after each blood sample (0.25 mL) was taken. The blood was 
collected in EDTA and centrifuged for 1 min in a microfuge. 
Protein-bound NEP inhibitor was separated from the plasma by 
centrifugation through an ultrafiltration membrane. The con- 
centration of unbound NEP inhibitor in the plasma ultrafiltrate 
was then determined (ex vivo) in the standard in vitro NEP 
inhibition assay. It should be emphasized that this assay 
measures NEP inhibitor activity in the plasma but does not 
directly detect these compounds. 

Angiotensin I Pressor Test 
The in vivo ACE inhibitory activities of 9b and benazeprilat 

were determined in conscious, unrestrained Sprague-Dawley rats 
(270-400 9). Rats were anesthetized with ketamine (100 mg/ 
kg)/acepromazine (1 mg/kg) im and instrumented with catheters 

NO&) C, H, N. 
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in the femoral artery and vein to measure mean arterial pressure 
and administer compounds, respectively. The catheters were 
tunneled subcutaneously to exit from the lower back through a 
stainless-steel spring and swivel system. On the following day, 
angiotensin I (Ang I, 30 ng/kg iv) was administered four times 
at 15-min intervals to establish a reproducible control pressor 
response. Test compounds (10 mg/kg) were given iv before 
rechallenging with Ang I during the subsequent 4-h period. 
Pressor responses produced by Ang I prior to and after compound 
administration were compared; the data are expressed as percent 
inhibition of the control response. 

Acknowledgment. The authors express their thanks 
to M. Brzechffa for the mass spectral data, N. Cahoon and 
M. Hatolski for the infrared spectra and optical rotations, 
and A. Navarrete for preparing this manuscript. 

References 
(1) Needleman, P.; Blaine, E. H.; Greenwald, J. E.; Michener, M. L.; 

Saper, C. B; Stockmann, P. T.; Tolunay, H. E. The Biochemical 
Pharmacology of Atrial Peptides. Annu. Rev. Pharm. Tor. 1989, 

(2) Almeida, F. A.; Suzuki, M.; Scarborough, R. M.; Lewicki, J. A.; 
Maack, T. Clearance Function of Type C Receptors of Atrial 
Natriuretic Factor in Rats. Am. J. Physiol. 1989,256, R469-R475. 

(3) Gerbes, A. L.; Vollmar, A. M. Degradation and Clearance of Atrial 
Natriuretic Factors (ANF). Life Sci. 1990,47, 1173-1180. 

(4) Schwartz, J. C.; Gros, C.; Lecomte, J. M.; Bralet, J. Enkephalinase 
(EC 3.4.24.11) Inhibitors: Protection of Endogenous ANF Against 
Inactivation and Potential Therapeutic Applications. Life Sci. 1990, 
47, 1279-1297. 

(5) Sybertz, E. J.; Drugs Inhibiting the Metabolism and Inactivation 
of Atrial Natriuretic Factor: Pharmacological Actions and Ther- 
apeutic Implications. Cardiouasc. Drug Reu. 1990,8, 71-82. 

(6) Koehn, J. A.; Norman, J; Jones, B. N.; LeSeueur, L.; Sakane, Y.; 
Ghai, R. D. Degradation of Atrial Natriuretic Factor by Kidney 
Cortex Membranes. J. Biol. Chem. 1987,262, 11623-11627. 

(7) Sonnenberg, J. L.; Sakane, Y.; Jeng, A. Y.; Koehn, J. A.; Ansell, J. 
A.; Wennogle, L. P. Ghai, R. D. Identification of Protease 3.4.24.11 
as the Major Atrial Natriuretic Factor Degrading Enzyme in the 
Rat Kidney. Peptides 1988,9, 173-180. 

(8) Bertrand, P.; Doble, A. Degradation of Atrial Natriuretic Peptides 
by an Enzyme in Rat Kidney Resembling Neutral Endopeptidase 
24.11. Biochem. Pharmacol. 1988,37,3817-3821. 

(9) Lafferty, H. M.; Gunning, G. M.; Silva, P.; Zimmermann, M. B.; 
Brenner, B.M.; Anderson, S. Circ. Rea. 1989, 65,640-646. 

(10) Trapani, A. J.; Smits, G. J.; McGraw, D. E.; Spear, K. L.; Koepke, 
J. P.; Olins, G.M.; Blaine, E. H. Thiorphan, an Inhibitor of 
Endopeptidase 24.11, Potentiates the Natriuretic Activity of Atrial 
Natriuretic Peptide. J. Cardiouasc. Pharmacol. 1989,14,419-424. 

(11) Webb, R. L.; Yasay, G. D.; McMartin, D.; McNeal, R. B Zimmer- 
mann, M.B. Degradation of Atrial Natriuretic Peptide: Pharma- 
cologic Effects of EC 24.11 Inhibition. J. Cardiouasc. Pharmacol. 
1989,14, 285-293. 

(12) Seymour, A. A.; Swerdel, J. N.; Fennell, S. A,; Druckman, S. P.; 
Neubeck, R.; Delaney, N. G. Potentiation of the Depressor 
Responses to Atrial Natriuretic Peptides in Conscious SHR by an 
Inhibitior of Neutral Endopeptidase. J. Cardiouaac. Pharmacol. 

(13) Sybertz, E. J.; Chiu, P. J.; Vemulapalli, S.; Watkins, R.; Haslanger, 
M. F. Atrial Natriuretic Factor-Potentiating and Antihypertensive 
Activity of SCH 24826. Hypertension 1990, 15, 152-161. 

(14) (a) Laragh, J. New Angiotensin Converting Enzyme Inhibitors. 
Am. J. Hypertension 1990,3, 2579-265s. (b) Salvetti, A. Newer 
ACE Inhibitors. Drugs 1990, 40, 800-828. 

(15) (a) Seymour, A.A.; Swerdel, J. N.; Abboa-Offei,B. Antihypertensive 
Activity During Inhibition of Neutral Endopeptidase and Angio- 
tensin Converting Enzyme. J. Cardiouasc. Pharm. 1991,17,456- 
465. (b) Pham, I.; Gonzales, W.; Amrani, A. I.; Fburnie-Zaluski, M. 
C.; Philippe, M.; Laboulandine, I.; Roques, B. P.; Michel, J. B. 
Effects of Converting Enzyme Inhibitors and Neutral Endopep- 
tidase Inhibitors on Blood Pressure and Renal Function in 
Experimental Hypertension. J. Pharm. Exp. Ther. 1993,265,1339- 
1347. 

(16) (a) Foumie-Zduski, M.C.;Soroca-Lucas,E.; Waksman,G.;Llorens, 
C.; Schwartz, J. C.; Roques, B. P. Differential Recognition of 
'Enkephalinase" and Angiotensin-Converting Enzyme by New 
Carboxyalkyl Inhibitors. Life Sci. 1982,31,2947-2954. (b) Gordon, 
E. M.; Cushman, D. W.; Tung, R.; Cheung, H. S.; Wang, F. L.; 
Delaney, N. G. Rat Brain Enkephalinase: Characterization of the 
Active Site Using Mercaptopropanoyl Amino Acid Inhibitors, And 
Comparison with Angiotensin-Converting Enzyme. Life Sci. 1983, 
33, Suppl. 1, 113-116. (c) Fournie-Zaluski, M. C.; Lucas, E.; 

29,23-54. 

1989,14, 194-204. 



Lactam Derivatives as ACE and NEP 24.11 Inhibitors 

Waksman, G.; Roques, B. P. Differences in the Structural Re- 
quirements for Selective Interaction with Neutral Metalloen- 
dopeptidase (enkephalinase) or Angiotensin-Converting Enzyme. 
Eur. J. Biochem. 1984,139,267-274. (d) Malfroy, B.; Schwartz, J. 
C. Comparison of Dipeptidyl Carboxypeptidase and Endopeptidase 
Activities in the Three Enkephalin-Hydrolysing Metallopeptidas- 
ea: ‘Angiotensin-Converting Enzyme, Thermolysin and ’En- 
kephalinase.” Biochem. Biophys. Res. Common. 1985, 130, 372- 
378. (e) Gros, C.; Ndl, N.; Souque, A.; Schwartz, J. C.; Danvy, D.; 
Plaquevent, J. C.; Duhamel, L.; Duhamel, P.; Lecomte, J. M.; Bralet, 
J. Mixed Inhibitors of Angiotensin-Converting Enzyme (EC 
3.4.15.1) and Enkephalinase (EC 3.4.24.11): Rational Design, 
Properties, and Potential Cardiovascular Applications of Glycopril 
and Alatriopril. R o c .  Natl. Acad. Sci. U.S.A. 1991,88,4210-4214. 
(0 Flynn, G. A,; Beight, D. W.; Mehdi, S.; Koehl, J. R.; Giroux, E. 
L.; French, J.F.; Hake, P. W.; Dage, R. C. Application of a 
Conformationally Restricted Phe-Leu Dipeptide Mimic to the 
Design of a Combined Inhibitor of Angiotensin I-Converting 
Enzyme and Neutral Endopeptidase 24.11. J. Med. Chem. 1993, 
36,2420-2423. 

(17) (a) Bohacek, R. S.; McMartin, C. Definition and Display of Steric, 
Hydrophobic and Hydrogen-Bonding Properties of Ligand Binding 
Sites in Proteins Using Lee and Richards Accessible Surface: 
Validation of a High-Resolution Graphical Tool for Drug Design. 
J. Med. Chem. 1992,35,1671-1684. (b) Vallee, B. L.; Auld, D. S. 
Zinc Coordination, Function and Structure of Zinc Enzymes and 
Other Proteins. Biochemistry 1990,19, 5647-5659. 

(18) (a) MacPherson, L. J.; Bayburt, E. K.; Capparelli, M. P.; Bohacek, 
R. S.; Clarke, F.H.; Ghai, R. D.; Sakane, Y.; Berry C. J.; Peppard, 
J. V.; Simke, J. P.; Trapani, A. J. Design and Synthesis of an Orally 
Active Macrocyclic NEP 24.11 Inhibitor. J. Med. Chem., previous 
paper in this issue. (b) A detailed description of the molecular 
modeling efforts leading to macrocyclic NEP inhibitors is in 
progress: Bohacek, R. S. Manuscript in preparation. 

Journal of Medicinal Chemistry, 1993, Vol. 36, No. 24 3833 

(19) (a) Stanton, J. L.; Gruenfeld, N.; Babiarz, J. E.; Ackerman, M. H.; 
Friedmann, R.C.; Yuan, A. M.; Macchia, W. Angiotensin Converting 
Enzyme Inhibitors: N-Substituted Monocyclic and Bicyclic Amino 
Acid Derivatives. J. Med. Chem. 1983,26, 1267-1277. (b) Flynn, 
G .  A.; Giroux, E. L.; Beight, D. W.; Dage, R. C. An Acyliminum Ion 
Route to a Novel Conformationally Restricted Dipeptide Mimic: 
Application to Angiotensin-Converting Enzyme Inhibition. J. Am. 
Chem. soc. 1987,109,7914. 

(20) (a) Watthey, J. W. H.; Stanton, J. L.; Desai, M.; Babiarz, J. E.; 
Finn. B. M. Synthesis and Biological Properties of (Carboxyalky1)- 
amino-Substituted Bicyclic Lactam Inhibitors of Angiotensin 
Converting Enzyme. J. Med. Chem. 1985, 28, 1511-1516. (b) 
Watthey, J. W. H.; Gavin, T.; Desai, M. Bicyclic Lactam inhibitors 
of Angiotensin Converting Enzyme. J. Med. Chem. 1984,27,816- 
818. 

(21) A detailed description of the computer modelling of macrocyclic 
lactams as potential dual ACE/NEP inhibitors is in progress: 
Ksander G. M.; Bohacek, R.S. Manuscript in preparation. 

(22) Kisfaludy, L.; Law, M.; Nyeki, 0.; Szirtes, T.; SchBn, I. Liebig8 
Ann. Chem. 1973,1421-1429. 

(23) Stetter, H.; Kuhlmann, H. A Simple Preparation of a-Alkyl Acrylic 
Acid Esters. Synthesia 1979, 29-30. 

(24) Cushman, D. W.; Cheung, H. W. Spectrophotometric Assay and 
Properties of the Angiotensin-Converting Enzyme of the Rabbit 
Lung. Biochem. PharmacoZ. 1971,20, 1637-1648. 

(25) Roques, B. P.; Fournie-Zaluski, M. C.; Soroca, E.; Lecomte, J. M.; 
Malfroy, B.; Llorens, C.; Schwartz, J. C. TheEnkphaliiadnhibitor 
Thiorphan Shows Antinociceptive Activity in Mice. Nature 1980, 
288,286-288. 

(26) Giros, B.; Gros, C.; Schwartz, J. C.; Danvy, D.; Plaquevent, J. C.; 
Duhamel, L.; Duhamel, P.; Vlaiculescu, A.; Costentin, J.; Lecomte, 
J. M. Enantiomers of Thiorphan and Acetorphan: Correlation 
between Enkephaliiase Inhibition of Endogenous Enkephalins and 
Behavioral Effects. J. Pharm. E&. Ther. 1987,243,666-673. 


