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Table IV. Microscopic pK„ Values Calculated from (a) NMR 
Data Alone, (b) Potentiometric pKa Values and Kt from NMR, 
(c) Potentiometric pXa Values and Kt from NMR plus Correction 
(See Text; Kt = 1.98) 

pifj pK2 PKL P*U pKs. PX. 2B 

(a) 
(b) 
(c) 

6.53 
6.41 
6.36 

7.39 
7.26 
7.31 

7.00 
6.88 
6.83 

6.71 
6.58 
6.54 

6.91 
6.79 
6.84 

7.21 
7.08 
7.13 

recorder; the signal was the smoothed output of an instantaneous 
(reciprocal of interval) rate meter, which had been triggered by 
a force transducer attached to the muscle. The muscle was loaded 
with 400-mg tension. Agonists and antagonists were added to 
the bath by micrometer syringe. Compounds were tested in this 
in vitro preparation in the presence of propanolol (0.5 MM). 

Agonist Activity. Agonist activity was assayed up to a con
centration of 781 fiM (0.1% histamine), and relative activities were 
assessed from cumulative dose-response curves. Construction 
of complete dose-response curves to histamine and test com
pounds were used to determine maximum responses obtainable 
and relative potencies were determined from concentrations re
quired to elicit 50% of maximal responses. For selected com
pounds indicated in Table I, parallel line assays using a 2 + 2 Latin 
square design were used to compare agonist potency with that 
of histamine. 

Antagonist Activity. The dissociation constant (K%) was 
calculated from the equation KB = B/(x = 1), where * is the 
respective ratio of concentrations of histamine needed to produce 
half-maximal responses in the presence and absence of different 
concentrations (B) of antagonist and -log KB = pA2. 
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iV"-[Bis(4-nitrophenoxy)phosphoryl]-L-alanyl-L-proline, and 
JVa-[(2-Phenylethyl)phenoxyphosphoryl]-L-alanyl-L-proline: Releasers of Potent 
Inhibitors of Angiotensin Converting Enzyme at Physiological pH and 
Temperature 
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The rate of loss of phenol or 4-nitrophenol from iVa-(diphenoxyphosphoryl)-L-alanyl-L-proline (2), TV"-[bis (4-
nitrophenoxy)phosphoryl]-L-alanyl-L-proline (5), and iV"-[(2-phenylethyl)phenoxyphosphoryl]-L-alanyl-L-proline 
(12) was determined spectrophotometrically at pH 7.5 and 37 °C in both Tris and phosphate buffers. These moderately 
potent inhibitors of angiotensin converting enzyme (Kj > 0.8 MM) all hydrolyze, losing 1 mol of phenol to yield highly 
potent inhibitors (K{ = 0.5-18 nM). The half-times for loss of 1 mol of phenol in Tris buffer are 22 days (2), 3.4 
h (5), and 21 days (12). The half-times in phosphate buffer were not significantly different. The mono(4-nitrophenoxy) 
ester 6 (K{ = 18 nM) loses its 1 mol of nitrophenol with a half-time of 35 h to yield 7Va-phosphoryl-L-alanyl-L-proline 
16 (Ki = 1.4 nM), which hydrolyzes at the P-N bond with a half-time of 2.2 h. Hydrolysis of the P-N bond in 2 
and 12 was not observed during the time course of the kinetic experiments. The two phosphoramidate diesters 
2 and 5 and the phosphonamidate monoester 12 thus release powerful inhibitors of angiotensin converting enzyme 
with a known time course at physiological pH and temperature in vitro. A time-dependent increase in inhibitory 
potency against converting enzyme that paralleled the kinetics of phenyl ester hydrolysis was confirmed in vitro. 

Phosphoramidates, phosphonamidates, and phosphonic 
and phosphinic acids have been shown to be powerful 

inhibitors of angiotensin converting enzyme.1-6 In these 
inhibitors the tetrahedral phosphorus atom is thought to 

f Present address: Institute of Organic and Polymer Tech
nology, Technical University of Wroclaw, 50-370 Wroclaw, Poland. 
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mimic a tetrahedral species tha t occurs during substrate 
hydrolysis and is strongly bound to the enzyme. The 
phosphoramidate ester phosphoramidon has been shown 
to bind in this manner to thermolysin by X-ray crystal
lography.7 Although other inhibitors of converting enzyme 
such as captopril and enalapril are orally active antihy
pertensive agents,5 8 phosphorus-containing compounds 
have not been widely reported to possess this activity. 

We show here tha t two phosphoramidates and one 
phosphonamidate with all P - O H groups masked by phenyl 
esters are moderate inhibitors bu t hydrolyze nonenzy-
matically at p H 7.5 and 37 °C to regenerate the P - O H 
functional group and yield potent inhibitors. These esters 
thus release potent inhibitors of converting enzyme in vitro 
with pseudo-first-order kinetics at physiological p H and 
temperature. 

iVa-(Diphenoxyphosphoryl)- (2), iVa-[bis(4-nitrophen-
oxy)phosphoryl]- (5), and ATa-[(2-phenylethyl)phenoxy-
phosphoryl]-L-alanyl-L-proline (12) hydrolyze to give the , 
much more potent iV"-(phenoxyphosphoryl)- (3), 2V"-[(4-
n i t r o p h e n o x y ) p h o s p h o r y l ] - (6), and (phene thy l -
phosphoryl)-L-alanyl-L-proline (13), respectively. Cleavage 
of the P - N bond was observed only for ATa-[bis(4-nitro-
phenoxy)phosphoryl]-L-alanyl-L-proline (5) and occurred 
at a rate indistinguishable from the rate of loss of the 
second mole of nitrophenol. Therefore P - N bond cleavage 
is slow in the mono- and diesters at p H 7.5 and occurs at 
a significant rate only from the unsubsti tuted phosphor
amidate phosphoryl-L-alanyl-L-proline (16). The time 
course of increasing inhibition of angiotensin converting 
enzyme in vitro paralleled the kinetics of hydrolysis of the 
phenyl esters. Scheme I shows the structures of the in
hibitors and the proposed dominant hydrolysis pathway 
foriV"-[bis(4-nitrophenoxy)phosphoryl]-L-alanyl-L-proline 
(5) at p H 7.5. 

Resul t s 

Table I give the K ; 's of the fully esterified (on phos-
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(3) R. E. Galardy, V. Kontoyiannidou-Ostrem, and Z. P. Korty-

lewicz, Biochemistry, 22, 1990 (1983). 
E. D. Thorsett, E. E. Harris, E. R. Peterson, W. J. Greenlee, 
A. A. Patchett, E. H. Ulm, and T. C. Vassil, Proc. Natl. Acad. 
Sci. U.S.A., 79, 2176 (1982). 
E. W. Petrillo and M. A. Ondetti, Med. Res. Rev., 2, 1 (1982). 
E. W. Petrillo, Jr., D. W. Cushman, M. E. Duggan, J. E. 
Heikes, D. S. Karanewsky, M. A. Ondetti, B. O'Reilly, G. C. 
Rovnyak, J. Schwartz, E. R. Spitzmiller, and N. Y. Wang, 
Proceedings of the 8th American Peptide Symposium, 1983, 
pp 541-550. 
L. H. Weaver, W. R. Kester, and B. W. Matthews, J. Mol. Biol. 
114, 119-132 (1977). 
C. S. Sweet, D. M. Gross, P. T. Arbegast, S. L. Gaul, P. M. 
Britt, C. T. Ludden, D. Weitz, and C. A. Stone, J. Pharmacol. 
Exp. Ther. 216, 558 (1981). 
H. S. Cheung, F. L. Wang, M. A. Ondetti, E. F. Sabo, and D. 
W. Cushman, J. Biol. Chem., 255, 401 (1980). 

(4) 

(5) 
(6) 

(7) 

(8) 

(9) 

Table I. Inhibition of Angiotensin Converting Enzyme by Esters 
of Phosphoryl-L-alanyl-L-proline (pH 7.5; 100 mM Tris Buffer, 
300 mM in NaCl) 

inhibitor Kj ± SD, MM 
(PhO)2P(0)AlaPro-DCHA (2) 42 ± 5 
(PhO)P(0)(0-K+)AlaPro-K+ (3) 0.008 ± 0.001" 
K2

+P03AlaPro-K+ (16) 0.0014 ± 0.0016 

AlaPro 50 ± 15c 

(4-02NPhO)2P(0)AlaPro (5) 0.8 ± 0.1d 

(4-02NPhO)P(0)(0-Na+)AlaPro-Na+ (6) 0.018 ± 0.005 
PhCH2CH2P(0)(OPh)AlaPro (12) 55 ± 10 
PhCH2CH2P(0)(0-Na+)AlaPro-Na+ (13) 0.0005 ± O.0002e 

(i-PrO)P(Q)(Q-K+)AlaPro-K+ (15) 0.0014 ± 0,0002' 

"ICIJO = 0.9 nM, pH 8, 0.05 M borate/phosphate, 0.17 M in 
NaCl.4 'Reference 2; IC^ = 0.7 MM." CK{ = 30 iM, pH 8.3, 100 
mM phosphate, 0.3 M in NaCl.9 dThe true K{ of 5 may be under
estimated due to hydrolysis to 6 during the assay. * Reference 3; 
ICso = 0.007 MM.6 fKj's for other monoesters (on phosphorus) of 
phosphoryl-L-alanyl-L-proline are as follows: Me, 0.0026 MM; Et, 
0.0012 MM; Bzl, 0.0012 fiM.2 

100 ay 

1 (h) 

Figure 1. Kinetics of the loss of both 4-nitrophenol groups from 
Afa-[bis(4-nitrophenoxy)phosphoryl]-L-alanyl-L-proline (5) de
termined spectrophotometrically (O, where 100% is 2 mol of 
4-nitrophenol remaining). Kinetics of cleavage of the P-N bond 
in 5 determined by assay for the amino group of free AlaPro (•, 
where 50% equals 1 mol of blocked AlaPro). Kinetics of loss of 
the first 4-nitrophenol group from 5 determined by assaying the 
inhibitor potency of the reaction mixture against converting en
zyme and assuming that most of the inhibition during the first 
4 h of reaction is due only to 6 (A). 

phorus) inhibitors 2, 5, and 12 and their hydrolysis prod
ucts determinated at 25 °C under conditions of minimum 
hydrolysis . T h e K{ of iV"-[bis(4-nitrophenoxy)-
phosphoryl]-L-alanyl-L-proline (5) was determined on a 
stock solution of 5 in ethanol kept at 0 °C with a 5 min 
time point instead of the 30-min time point described in 
the Experimental Section. Since its hydrolysis is fast (t1/2 

= 4 h at 37 °C, the measured K{ of 0.8 nM is an under
estimate of its true Kit which is not likely to be different 
from the Kj's of around 50 nM observed for the more stable 
esters 2 and 12 tha t have half-times of 22 and 21 days, 
respectively, at 37 °C. All inhibitors fully esterified on 
phosphorus (2, 5,12), are less potent by a factor of up to 
10000-fold compared to their respective monoesters 3 and 
6 and the unesterified phosphonic amide 13 derived from 
12. The phosphoryl-L-alanyl-L-proline monoesters (on 
phosphorus) have K^s tha t increase in the order Me, Et, 
Bzl, i-Pr < P h < 4-0 2 NPh, with 13, the phosphonic ana
logue of the monobenzyl ester, being more potent than any 
ester (see ref 2 and Table I). This result suggests that the 
Ki decreases with increasing electron-withdrawing capacity 
of the alcoholic substituent, irrespective of the size of the 
substituent. Therefore, the pK a of the phosphoramidate 
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Table II. Rate Constants (k) and Half-Times (ti/2) for the Loss of 1 mol of Phenol from 2 and 5, for the Loss of Each Mole of 
4-Nitrophenol from 12, and for the Observed Increase in Inhibitory Potency against Angiotensin Converting Enzyme (pH 7.5, 100 mM 
buffer, 300 mM in NaCl, 37 °C) 

inhibitor 

(PhO)2P(0)AlaPro (2) 

(4-02NPhO)2P(0)AlaPro (5) 

PhCH2CH2P(0)(OPh)AlaPro (12) 

buffer 
Tris 
phosphate 
Tris 
phosphate 
Tris 
phosphate 

1st mole of phenol 
h, h"1 

0.0013 ± 0.0002 
0.0012 
0.2 ± 0.04 
0.34 
0.0014 ± 0.0002 
0.001 ± 0.0002 

h/2 
22 ± 4 days 
24 days 
3.4 ± 0.7 h 
2.0 h 
21 ± 4 days 
31 ± 4 days 

2nd mole of phenol 
k, h"1 

0.025 ± 0.006 
0.031 

fl/2 

2 9 ± 9 h 
22 days" 

inhibn 
h/i 

16 days 

4h 

38 days 

"The observed rate constant for appearance of AlaPro, indicating P-N bond cleavage, was 0.038 h"1; t1/2 = 18 h 

may play a critical role in the strength of its binding to 
the enzyme. 

Table II gives the observed rate constants and half-times 
for the loss of 1 or 2 mol of phenol and for the observed 
increase of innhibitory potency against converting enzyme 
for 2,5 and 12. Cleavage of the P-N bond during the time 
course of hydrolysis, as determined by fluorescamine assay 
of the appearance of a primary amine, was significant only 
for 5 and occurred at a rate (k = 0.038 h_1) indistinguish
able from that of the loss of the second mole of 4-nitro-
phenol from 5 (k = 0.031 h"1) in phosphate buffer. The 
rate constant for P-N bond cleavage in iVa-phosphoryl-L-
alanyl-L-proline was determined to be 0.32 ± 0.2 h-1 by the 
fluorescamine assay. The rate of the observed P-N bond 
cleavage in 5 is thus limited by the rate of loss of the 
second 4-nitrophenoxy group. Therefore, the predominant 
P-N bond cleavage at pH 7.5 must occur from Na-
phosphoryl-L-alanyl-L-proline (16) and not from N"-[(4-
nitrophenoxy)phosphoryl]-L-alanyl-L-proline (6). Figure 

1 shows a semilog plot of the percentage of iVa-[bis(4-
nitrophenoxy)phosphoryl]-L-alanyl-L-proline (5) remaining 
as a function of time at pH 7.5 and 37 °C determined by 
three methods: the spectrophotometric loss of 4-nitro-
phenol, cleavage of the P-N bond determined by 
fluorescamine assay of primary amine, and the decrease 
in Kx of the solution assayed against converting enzyme. 
Since 2 mol of 4-nitrophenol are released from 5, 100% 
remaining corresponds to 2 mol of 4-nitrophenol ester 
remaining. The rate constants were calculated for each 
mole of 4-nitrophenol, i.e., 1 mol of 4-nitrophenol - 50% 
in Figure 1. Graphs similar to Figure 1 were obtained for 
2 and 12 except that only 1 mol of phenol was observed 
to be released and significant (<5% of phenol released); 
P-N bond cleavage was not observed. The rate of loss of 
phenol from 2 was not changed by the presence of 0.1 nM 
angiotensin converting enzyme (not shown). The K\ of a 
solution of Aira-[ethyloxy(2-phenylethyl)phosphoryl]-L-
alanyl-L-proline3 at 37° Tris buffer was unchanged after 
2 days in contrast to a solution of the phenyl ester 12 whose 
K{ dropped from 55 nM to about 100 nM. 

Discussion 

The iCj's of the fully esterified compounds in Table I are 
all much higher than those of the inhibitors with at least 
one ionizable P-OH group. As suggested in Results, the 
true K-, of A^a-[bis(4-nitrophenoxy)phosphoryl]-L-alanyl-
L-proline (5) is probably greater than the measured K s of 
0.8 nM due to partial hydrolysis to 6 (K{ = 18 nM) during 
the assay. The Jfj's are consistent with our previously 
reported K^s for derivatives of 16 and 13.23 The increase 
in Ki with increasing electron-withdrawing capacity of the 
alcohol in the monoesters of phosphorylalanylproline (Me, 
Et, i-Pr, Bzl < Ph < 4-02NPh; Table I) suggests that 
lowering the pXa of the phosphoramidate decreases 
binding to the enzyme. This is consistent with the ob
servation that amides of the strong acid sulfuric acid (low 

1/2 

pKa) are very poor inhibitors of the zinc metalloprotease 
thermolysin compared to the analogous phosphoric am
ides10 (higher pKa). Surprisingly, the methyl, ethyl, iso-
propyl, and benzyl esters and unesterified phosphoryl
alanylproline are indistinguishable in potency. Therefore, 
the alcohol in this position appears not to interact with 
the enzyme in any way. 

The rate constants given in Table II demonstrate that 
the release of the first mole of phenol from 2 occurs with 
a rate indistinguishable from that of 12. No cleavage of 
the P-N bond in 2 or 12 was observed at pH 7.5 in 
agreement with the results of Poncz et al.11 for phospho-
ramidon and Sampson et al.12 for 2V-(phenoxy-
phosphoryl)glycine. The rate constant at pH 7.5 and 37 
°C for 2, 0.0013 h"1, is also consistent with the observed 
rate constant for hydrolysis of O-methyl O-phenyl phos
phoramidate at pH 7.5 and 28 °C, 0.0004 h"1 (calculated 
from &OH = 21 L-mol^-min-1, assuming that base hydrolysis 
makes the major contribution to release of phenol at pH 
7.513). The spectrophotometrically determined rate of 
release of phenol from 2 was not accelerated in the pres
ence of 0.1 nM converting enzyme. 

The rates of the three successive hydrolysis reactions 
of Na-[bis(4-nitrophenoxy)phosphoryl]-L-alanyl-L-proline 
(5) that occur at pH 7.5 have been measured. Release of 
the first mole of 4-nitrophenol to give the monoester 6 
occurs with a rate constant of 0.2 ± 0.04 h"1 (£1/2 = 3.4 h). 
Release of the second mole of 4-nitrophenol to give 
phosphoryl-L-alanyl-L-proline (16) occurs with a rate 
constant of 0.025 ± 0.006 h"1 (tu2 = 29 h). Phosphoryl
alanylproline (16) releases alanylproline with a rate con
stant of 0.32 h"1 (ti/2 = 2.2 h) as determined independently 
with pure 16. This rate constant is similar to that de
termined for phosphorylleucylphenylalanine (K = 0.63 h-1) 
at pH 7.3 and 37 °C.U The fact that P-N bond cleavage 
at pH 7.5 occurs at a rate indistinguishable from the rate 
of release of the second mole of 4-nitrophenol from 5 (see 
Table II) and that phosphoramidate monoesters in general 
do not exhibit P-N bond cleavage at neutral and moderate 
pH11,12 demonstrates that P-N bond cleavage in 6 occurs 
only after hydrolysis to phosphoryl-L-alanyl-L-proline (16). 
The rates of release of 4-nitrophenol from 6 and phenol 
from 2 differ by a factor of 150-fold. This relative rate 
difference is qualitatively consistent with the reported rates 
of base-catalyzed hydrolysis of diphenyl methyl-
phosphoramidate and bis(3-nitrophenyl) methyl-
phosphoramidate, which differ by a factor of 700-fold.14 

(10) N. Nishino and J. C. Powers, Biochemistry, 18, 4340 (1979). 
(11) L. Poncz, T. A. Gerken, D. G. Dearborn, D. Grobelny, and R. 

E. Galardy, Biochemistry, 23, 2766 (1984). 
(12) E. J. Sampson, J. Fedor, P. A. Benkovic, and S. J. Benkovic, 

J. Org. Chem., 38, 1301 (1973). 
(13) N. K. Hamer and R. D. Tack, J. Chem. Soc, Perkin Trans. 2, 

1184-1187 (1974). 
(14) F. Kasparek and J. Mollin, J. Collect. Czech. Chem. Commun., 

43, 3420 (1978). 
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In summary, the three phenyl esters 2, 5 and 12 de
scribed here release potent inhibitors of angiotensin con
verting enzyme in vitro. The rate of phenol release is not 
affected by enzyme, and the ethyl ester analogue of 12 is 
not a time-dependent inhibitor in vitro. The half-time for 
release of phenol from 2 and 12, about 3 weeks, is probably 
too long to be useful to release inhibitors in vivo. The 
half-time for release of 4-nitrophenol from 5, about 3 h, 
is probably in the correct range, but the toxicity of 4-
nitrophenol probably precludes these esters as potential 
therapeutic agents. Esters of nontoxic alcohols with hy
drolysis half-times in the range of that of the nitrophenyl 
ester (5) may be of interest as orally active inhibitors of 
converting enzyme or as models for releasing phospho
rus-containing inhibitors of other enzymes. 

Experimental Section 
Dicyclohexylcarbodiimide, p-nitrophenol, phosphorus oxy-

chloride, and diphenyl phosphorochloridate were obtained from 
Aldrich Chemical Co. Other chemicals were of analytical grade 
and were used without further purification. The molecular weights 
of protected intermediates were determined by mass spectra taken 
on a Finnigan 3300 GC-MS spectrometer (EMV = 2100, electron 
energy = i.50 eV, methane chemical ionization). Melting points 
were taken on a hot stage and are uncorrected. Proton nuclear 
magnetic resonance (NMR) spectra were recorded on a Varian 
EM-390. Chemical shifts are in ppm downfield from tetra-
methylsilane (CH3)4Si in organic solvents. Thin-layer chroma
tography was on silica gel 60-P254. Compounds were visualized 
by the following methods: exposure to hydrogen chloride vapor 
followed by ninhydrin (0.6 g in 100 mL of acetone) for protected 
and deprotected peptides, phosphomolybdate spray for phosphoryl 
and phosphonyl peptides,16 ultraviolet light, and iodine vapor. 
Thin-layer solvent systems were by volume as follows: (A) 
chloroform/acetonitrile/hexane, 2:2:1; (B) chloroform/aceto-
nitrile/2-propanol/acetic acid, 3:1:0.5:0.2; (C) chloroform/ace-
tonitrile/methanol, 2:2:1; (D) 2-propanol/concentrated ammonia, 
84:32; (E) chloroform/methanol/acetic acid, 85:10:5; (F) rc-bu-
tanol/acetic acid/water, 4:1:1. 

All synthesized compounds were characterized by thin-layer 
chromatography, proton NMR spectrum, and melting point if 
crystalline. All compounds except sodium and potassium salts 
were also characterized by their mass spectrum. The homogeneity 
of the products was judged by thin-layer chromatography and 
NMR spectrum. The NMR spectrum was also a criterion for the 
identity of the isolated products, and the mass spectrum confirmed 
that the desired product was indeed present. After these criteria 
were satisfied, all of the products were used without further 
purification and without microanalysis. 

JV"-(Diphenoxyphosphoryl)-L-alanyl-L-proline Benzyl 
Ester (1). To a mixture of 25 g (0.008 mol) of the hydrochloride 
salt of L-alanyl-L-proline benzyl ester2 and 2.3 mL of iV-ethyl-
morpholine in 15 mL of anhydrous methylene chloride was added 
2.15 g (0.008 mol) of diphenyl phosphorochloridate (Aldrich 98% 
pure) at 0 °C. After 20 h at 4 °C, the reaction mixture was diluted 
to 150 mL with methylene chloride and washed successively with 
0.1 N hydrochloric acid (2 X 25 mL), water (2 X 25 mL), 5% 
sodium bicarbonate (2 X 25 mL), water, and saturated sodium 
chloride, dried over anhydrous magnesium sulfate, and evaporated, 
yielding 3.89 g (96% yield) of 1 as a syrup; Rf{A) 0.7; XH NMR 
(CDC13) 8 1.26 (3 H, d, Ala CH3), 1.95 (4 H, m, Pro CH2 0,y), 3.45 
(2 H, m, Pro CH2 5), 4.05-4.55 (3 H, m, Pro CH a, Ala CH a, 
PNH), 5.1 (2 H, 7, BzL CH2), 7.25 (15 H, m, PhO, Bzl, Ph); mass 
spectrum (chemical ionization) m/e 509 (M + 1). 

^-(DiphenoxyphosphorylJ-L-alanyl-L-proline Dicyclo
hexylamine Salt (2). Hydrogen gas was bubbled for 1 h through 
a mixture of 3.89 g (0.0076 mol) of 1 and 0.7 g of 5% palladium 
on carbon in 20 mL of absolute ethanol. After removal of the 
catalyst by filtration, the filtrate was partially evaporated and 
1.45 mL of dicyclohexylamine was added. The solvent was 
evaporated under reduced pressure, the resulting colorless syrup 

(15) R. S. Bandurski and B. Axelrod, J. Biol. Chem., 193, 405 
(1951). 

was dissolved in 70 mL of anhydrous ether, and 50 mL of hexane 
was added. The mixture was kept for 24 h in a freezer (-10 °C). 
The precipitate was collected, washed with hexane, and dried to 
give 3.9 g (90% yield) of iVa-(diphenoxyphosphoryl)-L-alanyl-L-
proline dicyclohexylamine salt (2); mp 117-121 °C; R{ (B) = 0.6; 
XH NMR (CDC13) 8 0.9-2.35 (27 H, m, c-Hx CH2, Ala CH3, Pro 
CH2 0,7), 2.90 (2 H, m, c-Hx CH), 3.50 (2 H, m, Pro CH2 5), 
4.05-4.70 (3 H, m, Pro CH a, Ala CH a, PNH), 7.30 (10 H, m, 
PhO), 8.85 (2 H, br s, Pro OH, c-Hx NH); mass spectrum (chemical 
ionization) m/e 387 (M + 1 - dicyclohexylamine). 

JVa-(Phenoxyphosphoryl)-L-alanyl-L-prolineDipotassium 
Salt (3). To 209 mg (0.4 mmol) of 2 in 4 mL of water was added 
0.8 mL (0.8 mmol) of 1N KOH. The reaction mixture was allowed 
to stand overnight and then was extracted five times with an equal 
volume of ether. The aqueous layer was freeze-dried to give 0.13 
g (85% yield) of 3, a powder: Rf(D) 0.30, fl,(F) 0.07; *H NMR 
(10% D20 in Me2S0-d6) 8 1.67 (3 H, d, Ala CH3), 2.36 (4 H, m, 
Pro CH2 /3,7), 3.93 (2 H, m, Pro CH a, Ala CH a), 7.67 (5 H, m, 
Ph). 

iVQ-[Bis(4-nitrophenoxy)phosphoryl]-L-alanyl-L-proline 
tert -Butyl Ester (4). To a mixture of 1.88 g (0.0068 mmol) of 
the hydrochloride salt of L-alanyl-L-proline tert-butyl ester16 and 
1.72 mL (0.0136 mol) of N-ethylmorpholine in 10 mL of anhydrous 
methylene chloride was added 2.43 g (0.0068 mol) of bis(4-
nitrophenyl) phosphorochloridate17 at 0 °C. The reaction mixture 
was stirred for 2.5 h at 0 °C and for 4 h at room temperature, 
diluted to 150 mL with methylene chloride, washed with 0.1 N 
hydrochloric acid (2 X 25 mL), water (2 X 25 mL), and saturated 
sodium chloride, and dried over anhydrous magnesium sulfate. 
Evaporation of solvent gave 2.53 g of crude product, which was 
purified by crystallization from a mixture of methylene chlo
ride/ether/hexane to give 1.8 g (48% yield) of 4: mp 119-121 
°C; RAA) 0.75; JH NMR (CDC13) 8 1.40 (12 H, m, Ala CH3, t-Bu), 
2.05 (4 H, m, Pro CH2, 0,7), 3.58 (2 H, m, Pro CH2 8), 4.35 (2 H, 
m, Ala CH a, Pro CH a), 5.1 (1 H, m, PNH), 7.45 (4 H, m, 
4-02NPh), 8.25 (4 H, m, 4-02NPh); mass spectrum (chemical 
ionization) m/e 565 (M + 1). 

JVa-[Bis(4-nitrophenoxy)phosphoryl]-L-alanyl-L-proline 
(5). A 1.7-g sample (0.00301 mol) of 4 was dissolved in 3 mL of 
anhydrous trifluoroacetic acid at room temperature. After about 
20 min 100 mL of anhydrous ether was added and the reaction 
mixture was kept for 24 h in the freezer (-10 °C). The colorless 
cyrstals of product 5 were filtered off and washed with a fresh 
portion of anhydrous ether. The addition of 50 mL of hexane 
to the filtrate caused additional precipitation of product, which 
was filtered off, washed with hexane, and dried under reduced 
pressure to give 1.3 g (84%) of 5: mp 76-83 °C; fi/B) 0.6; JH NMR 
(CDC13) 8 1.30 (3 H, m, Ala CH3), 2.05 (4 H, m, Pro CH2 0,7), 3.52 
(2 H, m, Pro CH2 8), 4.34 (2 H, m, Ala CH a, Pro CH a), 5.10 (1 
H, m, PNH), 7.35 (4 H, m, 4-02NPh), 8.20 (4 H, m, 4-02NPh), 
10.40 (1 H, s, Pro OH). 

iV"-[(4-Nitrophenoxy)phosphoryl]-L-alanyl-L-proIine 
Disodium Salt (6). A mixture of 0.254 g (0.0005 mol) of 4,0.084 
g (0.001 mol) of sodium bicarbonate, and 2 mL of water in 4 mL 
of tetrahydrofuran was stirred for 2.5 h at room temperature. The 
organic solvent was evaporated under reduced pressure, and the 
residue was diluted to 15 mL with water, frozen, and lyophilized. 
The yellow solid residue was washed with 20 mL of anhydrous 
acetone and 20 mL of ether to give 0.18 g (86% yield) of disodium 
salt 6: m NMR (D20) 8 1.2 (3 H, m, Ala CH3), 1.85 (4 H, m, Pro 
CH2 /3,7), 3.40 (2 H, m, Pro CH2 8), 3.70-4.40 (2 H, m, Pro CH 
a, Ala CH a), 7.22 (2 H, m, 4-02NPh), 8.12 (2 H, m, 4-02NPh). 

iVa-[(2-Phenylethyl)phenoxyphosphoryl]-L-alanyl-L-pro-
line Benzyl Ester (11). To a solution of 8.26 g (0.044 mol) of 
(2-phenylethyl)phosphonic acid18 in 15 mL of anhydrous chlo
roform was added 21.25 g (0.102 mol) of phosphorus pentachloride 
at 0 °C. The mixture was stirred for 30 min at 0 °C and for 2 
h at room temperature. Anhydrous hexane (20 mL) was added, 
and unreacted phosphorus pentachloride was filtered off. The 

(16) R. L. Huguenin and S. T. Guttmann, Helv. Chim. Acta , 48, 
1885 (1965). 

(17) T. Ukita and H. Hayatsu, J. Am. Chem. Soc, 84,1879 (1962). 
(18) W. L. Jensen and C. R. Noller, J. Am. Chem. Soc, 71, 2383 

(1949). 
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filtrate was evaporated under reduced pressure, and the residue 
was dried under high vacuum to give 9.87 g (100% yield) of 
2-phenylethyl phosphorodichloridate (7). To a mixture of 6.76 
g (0.072 mol) of phenol and 9.15 mL (0.072 mol) of N-ethyl-
morpholine in 100 mL of anhydrous tetrahydrofuran was added 
8 g (0.036 mol) of 7 slowly (15 min) at room temperature. The 
reaction mixture was stirred for 2 h at room temperature and for 
2 h at 50 °C. The hydrochloride salt of iV-ethylmorpholine was 
filtered off and washed with ether (2 x 30 mL), and the filtrate 
was evaporated to dryness. The residue was diluted to 150 mL 
with chloroform and washed successively with 0.1 N HC1 (25 mL), 
water (2 X 25 mL), 5% sodium bicarbonate, and saturated sodium 
chloride and dried over anhydrous magnesium sulfate. Evapo
ration of the solvent gave 10.9 g (90%) of (2-phenylethyl)-
phosphonic acid diphenyl ester (8), which was used in next step 
without further purification. 8 (10.9 g, 0.032 mol) was refluxed 
with 40 mL of 2 N potassium hydroxide in 100 mL of tetra
hydrofuran for 1.5 h and evaporated. Water (20 mL) was added 
to the residue, and the pH of the solution was adjusted to pH 
6 with concentrated hydrochloric acid. The solution was washed 
with ether (5 x 20 mL) and strongly acidified with concentrated 
hydrochloric acid. The monoester was extracted from the water 
phase with chloroform (3 X 50 mL). The organic phase was 
washed with saturated sodium chloride and dried over anhydrous 
magnesium sulfate. Evaporation of solvent gave 7.8 g (93% yield) 
of phenyl (2-phenylethyl)phosphonate (9), which was used in the 
next step without further purification: : H NMR (CDC13) t> 2.15 
(2 H, m, PCH2). 2.88 (2 H, m, Ph CH2), 7.15 (10 H, m, Ph), 11.76 
(1 H, s, POH). 9 (7.8 g, 0.0297 mol) was stirred in 20 mL of freshly 
distilled thionyl chloride overnight at room temperature. The 
excess of thionyl chloride was evaporated under reduced pressure 
to give 8.02 g (100% yield) of phenyl (2-phenylethyl)-
phosphonochloridate (10): LH NMR (CDCLJ 5 2.45 (2 H, m, 
PCH2), 2.98 (2 H, m, Ph CH2), 7.2 (10 H, m, Ph). 10 (3.15 g, 0.0112 
mol) was coupled with the hydrochloride salt of L-alanyl-L-proline 
benzyl ester (3.5 g, 0.0112 mol) identically as for 1 to give 11 (65% 
yield) as a heavy syrup: Rf(A) 0.5; :H NMR (CDC13) 6 1.25 (3 
H, m, Ala CH3), 1.50-2.50 (6 H, m, Pro CH2 0,y, PCH2), 2.70-3.70 
(4 H, m, Pro CH2 5, Ph CH2), 4.30 (3 H, br m, Ala CH a, Pro CH 
a, PNH), 5.05 (2 H, d, Bzl CH2), 7.25 (15 H, m, Ph); mass spectrum 
(chemical ionization) m/e 521 (M + 1). 

Ar',-[(2-Phenylethyl)phenoxyphosphoryl]-L-alanyl-L-pro-
line (12). Hydrogen gas was bubbled for 2 h through a mixture 
of 1.3 g (0.0025 mol) of 11 and 0.5 g of 5% palladium on carbon 
in 15 mL of absolute ethanol. After removal of the catalyst by 
filtration, the filtrate was evaporated to dryness, the residue was 
dissolved in the minimal volume of methylene chloride, and the 
title compound 12 was precipitated by addition of 50 mL of 
petroleum ether; yield 0.6 g (56%); mp 124-130 °C; fy(B) 0.7; lH 
NMR (CDC13) 6 1.2 (3 H, m, Ala CH3), 2.1 (6 H, m, Pro CH2 0,y, 
PCH2). 2.95 (2 H, m, Ph CH2), 3.45 (2 H, m, Pro CH2 S), 4.25 (3 
H, m, Ala CH a, Pro CH a, PNH), 7.15 (10 H, m, Ph), 9.19 (1 
H, br s, COOH); mass spectrum (chemical ionization) m/e 431 
(M + 1). 

iV"-(Isopropoxyphosphoryl)-L-alanyl-L-proline Di-
potassium Salt (15). iV"-(Isopropoxyphenoxyphosphoryl)-L-
alanyl-L-proline benzyl ester (14) was prepared by the successive 
reaction of phenyl phosphorodichloridate with 2-propanol and 
the hydrochloride salt of L-alanyl-L-proline benzyl ester as de
scribed2 except that chloroform was used as solvent and N-
ethylmorpholine as the base for both reactions. The product was 
isolated by diluting the reaction mixture into ether and extracting 
as described for 1. Five millimoles of each reactant gave 1.22 g 
of 14, an oil, in 55% yield: (C) Rf(C) 0.75; 'H NMR (CDC13) 8 
1.33 (9 H, m, Ala CH3, ;-Pr CH3), 2.00 (4 H, m, Pro CH2 0,y) 
3.40-4.50 (4 H, m, Pro CH2 5, i-Pr CH, PNH), 4.40-5.00 (2 H, 
m, Pro CH a, Ala CH a), 5.13 (2 H, d, Ph CH2), 7.25 (11 H, m, 
Ph CH2, PhO); mass spectrum (chemical ionization) m/e 475 (M 
4- I). 

To 242 mg (0.54 mmol) of 14 in 3 mL of 2-propanol/water (1:2) 
was added 1.63 mmol of 1 N KOH. The mixture was refluxed 
for 30 min, evaporated to dryness, taken up in a minimum volume 
of methanol, and precipitated with acetone to give 152 mg (78% 
yield) of 7V"-(isopropoxyphosphoryl)-L-alanyl-L-proline di-
potassium salt (15): Rf(D) 0.23, Rf(E) 0.05; NMR (D20) 5 1.20 
(10 H, m, Ala CH3, /-Pr CH3). 1.85 (4 H, m, Pro CH2 i3,y), 3.30-4.40 

(5 H, m, Pro CH a, Ala CH a, Pro CH2 5, ;'-Pr CH). 
Angiotensin Converting Enzyme. Converting enzyme was 

partially purified2 from frozen rabbit lungs, omitting the last step 
of lectin affinity chromatograph.19 Yields were lower than those 
achieved by Das and Soffer.19 The specific activity of converting 
enzyme averaged 19 units/mg of protein. One unit of converting 
enzyme hydrolyzes 1 ixmol of hippurylhistidylleucine/min at 37 
°C in 100 mM potassium phosphate buffer, pH 8.3, 300 mM in 
sodium chloride. 

Enzyme Kinetics. The Kfs for all inhibitors except 5 were 
determined with hippurylhistidylleucine as substrate (Km = 0.5 
mM) in 50 mM Tris-HCl adjusted to pH 7.5 with sodium hy
droxide, 300 mM in sodium chloride,20,1 by the fluorometric assay 
and a single 30-min time point. A 5-min time point was used for 
5. The reaction was initiated by the addition of enzyme to a final 
concentration of 0.05 nM. At this enzyme concentration, depletion 
of inhibitor by enzyme is insignificant.21 Hydrolysis was linear 
with time to well beyond 30 min, with less than 5% total substrate 
hydrolyzed for all substrate concentrations. The K^s were de
termined by averaging the K^'s found from a Lineweaver-Burk 
plot and a Dixon plot. Every if; was determined at least twice. 
When these Kj's are compared to K{'s and ICso's from the literature 
determined under different conditions, the buffer composition 
and pH are given for the literature references. The K^'s deter
mined under different conditions are not strictly comparable. 

The K[S of solutions of inhibitors incubated at pH 7.5 and 37 
°C in the absence of enzyme were determined as a function of 
incubation time by the procedure described above, except that 
a 5-min assay was used for incubation times of less than 2 h. The 
percentage of hydrolysis of 2 and 5 was calculated by assuming 
that the K; observed at zero time represented no hydrolysis and 
thereafter only the first hydrolysis product, e.g., (PhO)P(O)-
(OH)AlaPro (3) from (PhO)2P(0)AlaPro (2), contributed to in
hibition after zero time and that the final K{ reached at infinite 
time was equal to the K{ of this first hydrolysis product. Although 
some error was introduced at early time points by this approx
imation, the half-times calculated by the time dependence of K; 
are not meant to be highly accurate but are merely for comparison 
with the spectrophotometic method. For (4-02NPhO)2P(0)AlaPro 
(5), where three successive reactions occur at pH 7.5, only the 
half-time for loss of the first 4-nitrophenoxy group was calculated 
by this method, assuming that after 4 h of hydrolysis P03AlaPro 
6, the product of the subsequent hydrolysis, was not present in 
a concentration sufficient to contribute to the inhibition. That 
is, after 4 h most of the inhibition was due to 6, (4-02NPhO)P-
(O)AlaPro. 

Spectrophotometric Hydrolysis Kinetics. The release of 
phenol from (PhO)2P(0)AlaPro (2) and PhCH2CH2P(0)(OPh)-
AlaPro (12) at concentrations around 1 mM at pH 7.5 and 37 °C 
was followed spectrophotometrically, using the change in ex
tinction coefficient at 275 nm of 1375 au-M^-crrT1 in both the 
buffer described under Enzyme Kinetics and an identical buffer 
with phosphate substituted for Tris. The release of 4-nitrophenol 
from (4-02NPh02)P(0)AlaPro (5) at a concentration of around 
10 /iM was followed from the change in extinction coefficient at 
400 nm of 12 500 au-M^-cnT1. Initial concentrations of solutions 
of the esters were checked by completely hydrolyzing an aliquot 
in 6 N HC1 at 110 °C and determining the absorbance of the 
phenol released in pH 7.5 buffer. The observed rate constant for 
loss of 1 mol of phenol, k, was calculated from a semilog plot of 
the percentage of initial ester remaining, where d[phenol]/dt = 
-k [phenyl ester]. Rate constants are calculated for loss of each 
mole of phenol. Thus, for 2 and 5, 100% of initial diester re
maining represents 2 mol of phenol remaining. The release of 
1 mol of phenol was observed from 2 and 12 and 2 mol from 5. 

P-N Bond Cleavage Kinetics. Hydrolysis of the P-N bond 
in pH 7.5 phosphate buffer was measured by determination of 
the primary amino group of Ala-Pro essentially as described by 
Poncz et al.11 using fluorescamine.22 Since the fluoresamine assay 

(19) M. Das and R. L. Soffer, J. Biol. Chem., 250, 6762 (1975). 
(20) H. S. Cheung and D. W. Cushman, Biochem. Biophys. Acta, 

293, 451 (1973). 
(21) J. L. Webb, "Enzyme and Metabolic Inhibitors", Vol. I, Aca

demic Press, New York, 1961, pp 66-79. 
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is performed at p H 9 and 25 °C and requires only minutes to 
accomplish, significant P - N bond cleavage does not occur during 
the assay.11 
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l-(2-Phenoxyethyl)-LH-imidazole was found to be an inhibitor of thromboxane (TxA2) synthetase, but it also inhibited 
the adrenal cytochrome P-450 enzyme steroid 11/3-hydroxylase. The preparation of a series of analogues is described, 
and activity against TxA2 synthetase, PGI2 synthetase, cyclooxygenase, and steroid 11/3-hydroxylase is discussed. 
Potency against TxA2 synthetase was increased by introduction of a carboxyl group at a suitable distance from the 
imidazole ring. A distance of 8.1-8.8 A between N-l of the imidazole and the carboxyl carbon was found to be optimal. 
Introduction of a carboxyl group also had the effect of reducing activity against steroid 11/3-hydroxylase. The most 
potent and selective compound was found to be 4-[2-(lH-imidazol-l-yl)ethoxy]benzoic acid (14). 

During the last decade, two new pathways of prosta
glandin endoperoxide metabolism have been elucidated. 
First, Samuelsson et al.1,2 reported that an enzyme in blood 
platelets, thromboxane synthetase, converts the endo
peroxide P G H 2 into thromboxane A2 (TxA2). TxA2 was 
found to be a potent vasoconstrictor and platelet aggre
gating agent and was thought to be involved in normal 
hemostasis.3 In 1976, Vane et al.4-9 reported the discovery 
of prostacyclin (PGI2), which is produced from PGH 2 by 
an enzyme located in the endothelial lining of blood vessels. 
PGI 2 is a potent vasodilator and antiaggregatory agent. It 
was postulated that , under normal conditions, there is a 
balance between the opposing effects of TxA2 and PGI2 , 
but in certain pathological situations the proaggregatory 
and vasoconstrictor actions of TxA2 could predominate.4-9 

Thus, a compound tha t inhibits selectively the formation 
of TxA2 may be useful in the t reatment or prophylaxis of 
cardiovascular diseases where vasospasm or thrombosis 
plays a role. A potential advantage of such a compound 
would be tha t accumulated P G H 2 produced by platelet 
cyclooxygenase may be utilized by vascular PGI 2 synthe
tase, thereby increasing PGI 2 levels.10,11 By contrast, 

(1) Hamberg, M.; Samuelsson, B. Proc. Natl. Acad. Sci. U.S.A. 
1974, 71, 3400. 

(2) Hamberg, M.; Svensson, J.; Samuelsson, B. Proc. Natl. Acad. 
Sci. U.S.A. 1975, 72, 2994. 

(3) Needleman, P.; Moncada, S.; Bunting, S.; Vane, J. R.; Ham
berg, M.; Samuelsson, B. Nature 1976, 261, 558. 

(4) Moncada, S.; Gryglewski, R.; Bunting, S.; Vane, J. R. Nature 
1976, 263, 663. 

(5) Gryglewski, R.; Bunting, S.; Moncada, S.; Flower, R. J.; Vane, 
J. R. Prostaglandins 1976, 12, 685. 

(6) Moncada, S.; Gryglewski, R. J.; Bunting, S.; Vane, J. R. Pros
taglandins 1976, 12, 715. 

(7) Bunting, S.; Gryglewski, R.; Moncada, S.; Vane, J. R. Prosta
glandins 1976, 12, 897. 

(8) Dusting, G. J.; Moncada, S.; Vane, J. R. Prostaglandins 1977, 
13, 3. 

(9) Moncada, S.; Higgs, E. A.; Vane, J. R. Lancet 1977, .Z, 18. 
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although agents tha t inhibit cyclooxygenase would also 
prevent TxA2 formation, there would normally be no 
possibility for increased PGI 2 production since no PGH 2 

would be produced. 
Imidazole has been reported to be a weak inhibitor of 

TxA2 synthetase.12,13 We14 and other workers15,16 found 
that the introduction of a lipophilic 1-substituent increased 
inhibitory activity, but substitution elsewhere in the im
idazole ring was detrimental. Imidazole inhibitors of cy
tochrome P-450 enzymes such as those present in liver and 
adrenals follow the same structure-activity trend,17"22 

(10) Nijkamp, F. P.; Moncada, S.; White, H. L.; Vane, J. R. Eur. J. 
Pharmacol. 1977, 44, 179. 

(11) Needleman, P.; Wyche, A.; Raz, A. J. Clin. Invest. 1979, 63, 
345. 

(12) Moncada, S.; Bunting, S.; Mullane, K.; Thorogood, P.; Vane, 
J. R. Prostaglandins 1977, 13, 611. 

(13) Needleman, P.; Raz, A.; Ferrendelli, J. A.; Minkes, M. Proc. 
Natl. Acad. Sci. U.S.A. 1977, 74, 1716. 

(14) Cross, P. E.; Dickinson, R. P.; Parry, M. J.; Randall, M. J. 
Agents Actions 1981, 11, 274. 

(15) Tai, H.-H.; Yuan, B. Biochem. Biophys. Res. Commun. 1978, 
80, 236. 

(16) Yoshimoto, Y.; Yamamoto, S.; Hayaishi, O. Prostaglandins 
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