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The design and application of a-hydroxy phosphonates, a new class of transition state analogs, 
toward the discovery of novel and potent inhibitors of the aspartyl protease renin is described. 
Tripeptidic a-hydroxy diethyl phosphonate 3, the first example in this series, was found to be 
a good inhibitor of human renin (IC50 = 29 nM), and preliminary studies led to the choice of 
a-hydroxy dimethyl phosphonate 15 (IC50 = 16 nM) as a base-line compound for further 
structure-activity relationship study. Corresponding phosphinate (28-30) and phosphine oxide 
(23 and 24) analogs of 15 were prepared to assess the steric and electronic requirements around 
the phosphorus center. Evaluation of these analogs suggested that the presence of at least 
one alkoxy group on phosphorus was a critical requirement for good activity. Inhibitors with 
leucine at PZ possessed better in vitro activity than the corresponding PZ histidine analogs 
(15, IC50 = 16 nM vs 37,IC50 = 220 nM; 33, IC50 = 8.5 nM vs 40, IC50 = 41 nM). Compound 
34 (IC50 = 31 nM), the P3 aminocaproic analog of 15, showed complete and long-lasting inhibition 
of plasma renin activity while eliciting a 10-15 mmHg drop in mean arterial pressure when 
administered intravenously a t  1 pmoVkg in conscious, sodium-depleted, cynomolgus monkeys. 
In summary, the a-hydroxy phosphonates represent a promising and structurally novel class 
of transition state analog inhibitors of human renin. 

Introduction 

Intervention of the renin angiotensin system (RAS) 
continues to  be an attractive strategy for the treatment 
of hypertension and congestive heart fai1ure.l The three 
most popular areas of research have been (1) inhibition 
of the aspartyl protease renin, the enzyme that specif- 
ically catalyzes the conversion of angiotensinogen to 
angiotensin I (AI),2 the first and rate-limiting step of 
RAS, (2) inhibition of the metalloprotease angiotensin- 
converting enzyme (ACE) which hydrolyzes inactive AI 
to the biologically active octapeptide angiotensin I1 
(AII),3 a potent vasoconstrictor and aldosterone secre- 
tion stimulant, and (3) antagonists of the end product 

In this field, we and others have focused attention 
toward the discovery of inhibitors of human renin as 
novel antihypertensive  agent^.^ Since angiotensinogen 
is the only known natural substrate for renin, inhibitors 
of this enzyme should be highly specific agents poten- 
tially free of side effects associated with ACE inhibitors.6 

We recently reported an application of the concept of 
activated ketones to the design of novel and potent 
transition state analog inhibitors of renin.7 Among 
several types of ketones that were prepared, the a-keto 
ester 1 wa found to be a potent inhibitor of human renin 
(IC50 = 15 nM). In the course of this work, it was 
realized that the corresponding a-hydroxy ester 2, the 
penultimate synthetic precursor to  1, was also a potent 
renin inhibitor (IC50 = 5.3 nM). This suggested to us 
that the a-hydroxy ester moiety was in itself serving 
as a good transition state mimic, a finding that was 
disclosed by other groups as It was further 
envisioned that replacement of the ester group in 2 by 
its bioisostere, a phosphonate group, should preserve 
all the binding interactions present in a carboxylic ester 
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group and thus result in good binding.g This directed 
us to  propose the a-hydroxy phosphonate group as a 
transition state mimic and led to  the preparation of 
a-hydroxy phosphonate 3, which was found to display 
good inhibitory potency against renin (IC50 = 29 nM).1° 

Encouraged by this finding, we undertook a system- 
atic investigation of this novel series of inhibitors and 
designed analogs aimed at evaluating a broad range of 
interactions encompassing the enzyme subsites s3-sl’. 
In this paper, the design, synthesis, and in vitro 
structure-activity relationship ( S A R )  data along with 
in vivo activity of some of the more promising analogs 
of the a-hydroxy phosphinyl class of renin inhibitors are 
reported. 

Chemistry 
Preparation of the Lead Compound 3. Reaction 

of amino aldehyde 411 with diethyl phosphite in the 
presence of potassium fluoride as base gave a diaster- 
eomeric mixture of a-hydroxy diethyl phosphonates 5 
(4:l) in good yields (77%). Deprotection of 5 with 
anhydrous HCEtOAc (89%) followed by coupling of the 
resulting amine hydrochloride with dipeptide Boc-Phe- 
Leu-OH (6) using DCC/HOBt provided the tripeptidic 
hydroxy phosphonates as a separable mixture of two 
diastereomers, 3 (73%) and 7 (14%). The fast moving 
(silica gel TLC) diastereomer 3 was found to be active 
against human renin in our in vitro assay (vide infra) 
and constituted a new lead in our program. 

Preparation of the dimethyl phosphonate analog 13 
was undertaken t o  assess the critical binding features 
operative at the transition state-mimicking region of the 
molecule. Thus, reaction of 4 with dimethyl phosphite 
employing KFIDMF gave essentially a single diastere- 
omer, 9 (>12:1), as determined by 31P NMR.IZ The 
major isomer 9 was presumed to bear the desired 
stereochemistry, since the same conditions had previ- 
ously led to the more active diastereomer as major 
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Scheme 1. Design of a-Hydroxy Phosphonate-Based 
Renin Inhibitors 
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(isomers 3 vs 7 = 4:l) in the diethyl series. Not 
surprisingly, tripeptide 13 derived from coupling of the 
major diastereomer 9 with Boc-Phe-Leu-OH (6) was 
found to possess very good inhibitory potency (IC50 = 
10 nM). Deprotection of 9 deserves some comments. 
Under strongly acidic conditions (methanol or dioxane 
saturated with anhydrous HCl), substantial monodealky- 
lation of the dimethyl phosphonate group of 9 was 
observed. By monitoring the progress of deprotection 
by 31P NMR under several conditions, it was realized 
that monodealkylation could be minimized by employing 
lower temperatures and avoiding prolonged reaction 
times (1.5 N anhydrous HCVEtOAc, 0 "C, 2 h). The 
amine 10 also gradually monodealkylated upon storage, 
and it was found best to utilize it immediately in the 
subsequent coupling reactions. Analogs wherein the 
Boc group is replaced by a cyclopentyl amide group were 
also prepared. For the diethyl phosphonate series, 
removal of the Boc group from 3 followed by coupling 
of the resulting amine with cyclopentanecarboxylic acid 

gave 8 in an unoptimized yield of 13% yield. The 
cyclopentyl analog of dimethyl phosphonate 13 was 
prepared in a sequential fashion by first coupling 10 
with Boc-Leu-OH to obtain 11, which was deprotected 
to the hydrochloride salt 12. Coupling of 12 with cyclo- 
C5HgCO-Phe-OH (14) yielded the desired analog 15. 
Upon treatment with anhydrous trimethylamine in 
acetone at 80 "C in a sealed tube, 15 could be cleanly 
monodealkylated to provide the monoacid analog 16. 

Determination of Stereochemistry. The conden- 
sation reaction of dimethyl phosphite with aldehyde 4 
was studied with a variety of different solvents and 
bases (see table in Scheme 3), and maximum diastereo- 
selection for the desired isomer (9:17, >12:1) was 
achieved by employing KFDMF; in contrast, almost 
equimolar ratios of the diastereomers was formed upon 
reaction with DBU in DMF, as determined by 31P NMR 
(9 = 25.28 ppm, 17 = 24.66 ppm with respect to H3P04 
= 0 ppm as the external reference). For absolute 
stereochemical assignment, 9 and 17 were converted to  
the corresponding oxazolidinones 18 and 19, respec- 
tively, by deprotection of the individual isomers with 
HCVEtOAc followed by cyclization with carbonyldiimi- 
dazole (CDI). 

The ring protons (HI and Hz) of oxazolidinone 19 
appeared downfield and exhibited a larger coupling 
constant (4.75 ppm, J = 8.4 Hz) when compared to the 
isomeric oxazolidinone 18 (4.30 ppm, J = 6.3 Hz), 
suggesting cis stereochemistry for the former.13 Ad- 
ditionally, a 10% NOE was observed for the H2 proton 
with 19, indicative of its cis stereochemistry. The 13C 
NMR data reinforced this finding, as evidenced by the 
upfield shift of the C-1 carbon atom in 19. This is based 
on the steric compression effect according to which the 
sterically perturbed carbon atoms of syn rings are 
expected to  appear at higher field than similar carbons 
that are not crowded.14 This translates to the hydroxyl- 
bearing C-1 carbon of the major diastereomer 9 as 
having the S (anti, threo) stereochemistry, the one that 
is preferred for biological activity in the statine15 and 
a-hydroxy esters classes of renin inhibitors. The syn- 
thetic ease of preparation of the anti diastereomer 9 in 
comparison to the unseparable mixture obtained with 
the diethyl phosphonate 5, coupled with 3-fold better 
activity of the final compound 13 in the dimethyl series 
when compared to the initial diethyl lead 3 (vide infra), 
led to the choice of dimethyl analog 13 as our base-line 
compound for further investigation. 

PI' Modifications: Preparation of Phosphine 
Oxide and Phosphinate Analogs. Initially, we at- 
tempted the synthesis of phosphine oxide intermediate 
21 by condensation of diethyl phosphine oxide (HP(0)- 
(Et121 with aldehyde 4. HP(O)(Et)z was prepared by 
treatment of diethyl phosphonate with 3.0 equiv of 
ethylmagnesium bromide as described in the litera- 
ture.16 However, treatment of HP(O)(Et)Z with nBuLi 
followed by reaction of the lithioanion with aldehyde 4 
gave the desired adduct 21 in only modest yields (20%). 
Alternatively, when the bromomagnesium phosphine 
oxide intermediate generated in situ was trapped di- 
rectly with aldehyde 4, the desired product 21 was ob- 
tained in high yield (87%) as a 1:l mixture of diaster- 
eomers. Deprotection of 21 followed by coupling with 
dipeptide acid 22 using water soluble ethylI(dimethy1- 
amino)propyllcarbodiimide hydrochloride (EDC) as the 
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Scheme 2. Preparation of Base-Line Compoundsa 
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a Reagents: (a) KF, HP(O)(OEt)z; (b) anhydrous HCVEtOAc; (c) Boc-Phe-Leu-OH (6), DCC, HOBt, iPrzNEt; (d) anhydrous HCYAcOH; 
(e) CsHgCOzH 6, DCC, HOBt, iPrzNEt; (0 KF, HP(O)(OMe)Z; (g) Boc-Leu-OH 6, EDC, HOBt, Et3N; (h) cyclo-C5Hg-C(O)-Phe-OH (14), 
EDC, HOBt, Et3N; (i) Me3N, acetone, 80 "C, 16 h. 

Scheme 3. Determination of Stereochemistry 
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coupling reagent yielded the two diastereomers 23 and 
24 in 55% overall yield after chromatographic purifica- 
tion. 

Preparation of the phosphinate reagent HP(O)(OMe)- 
(Et) (25) required for synthesizing the phosphinate 
analogs of 15 was initially attempted by treatment of 
dimethyl chlorophosphite ((Me0)ZPCl) with EtMgBr but 
resulted in poor yields of the desired product. Alterna- 
tively, treatment of ethyldichlorophosphine (EtPC12) 
with 2 equiv of methanol and 1 equiv of triethylamine 

Scheme 4. Preparation of PhosphinatesFhosphine 
Oxides" 
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Reagents: (a) EtMgBr (3.0), HP(O)(OEt)Z (LO), THF; (b) 4, 
THF; (c) anhydrous HCUEtOAc; (d) CsHgCO-Phe-Leu-OH (221, 
EDC, HOBt, Et3N; (e) EtzPCl (LO), MeOH (2.21, Et3N (1.0); (0 4, 
iPrzNEt, TMSC1. 

afforded 25 in 85% yield. The reaction of phosphinate 
25 with aldehyde 4 generates two new contiguous chiral 
centers because of the chirality of phosphorus, resulting 
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Scheme 5. PB Modifications in Leucine (Pz) Seriesa 
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a Reagents: (a) 31, EDC, HOBt, Et3N; (b) 32, EDC, HOBt, Et3N; 
(c) Hz, 10% PdC, 1.0 N HCl, MeOH. 

in the formation of four possible diastereomers. Upon 
condensation of phosphinate 26 with aldehyde 4 in the 
presence of iPr2NEt and TMSCl followed by neutral 
aqueous workup, a mixture of silyl-protected hydroxy 
phosphinates, 26 and 27, was obtained in good yields. 
The two pairs of diastereomers were separated by rapid 
silica gel chromatography. The individual diastereo- 
meric content of each isomer pair was roughly 1:l as 
judged by 31P NMR. The slow-moving isomer pair 27 
was deprotected and coupled with acid 22 t o  afford the 
diastereomeric tripeptidic phosphinates which were 
partially separated by flash chromatography (15% 29, 
22% 30, 30% mixture). Similar deprotection and cou- 
pling of the alternate isomer pair 26 afforded an 
inseparable mixture of diastereomers 28 (isomers A1 + 
A2, 1:1, 61%). 

PS Modifications in the PZ Leucine Series. Syn- 
thesis of analogs involving modifications of the N- 
terminal moiety of phenylalanine residue at the P3 
position was undertaken (Scheme 5). The dipeptide 
amine 12 served as a key synthetic intermediate for this 
purpose. Thus, the morpholinourea analog 33 was 
prepared by coupling of dipeptide amine 12 with acid 
31.l' Similarly, coupling of 12 with the Cbz-protected 
acid 3217 followed by hydrogenolysis of the resulting 
intermediate afforded the aminocaproic analog 34. 
P3 Modifications in the PZ Histidine Series. 

Preparation of analogs bearing histidine at the P2 
position is summarized in Scheme 6. The dimethyl 
hydroxy phosphonate intermediate 10 was directly 
coupled with dipeptide 3517 to provide 36, which after 
hydrogenolytic cleavage of the (benzy1oxy)methyl (BOM) 
group from the imidazole ring of histidine gave 37, the 
Pz histidine analog of the base-line compound 15. 

A slightly different route was taken for preparing 40, 
the N-terminal morpholino analog with PZ histidine. 

Scheme 6. P3 Modifications in Histidine (Pz) Seriesa 
a 
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a Reagents: (a) CsHgCO-Phe-His(BOM)-OH (351, EDC, HOBt, 

Et3N; (b) Hz, Pd(OH)dC, MeOH, 1 N HC1; (c) Boc-His(B0M)-OH 
(38), EDC, HOBt, Et3N; (d) anhydrous HCL'EtOAc; (e) 31, EDC, 
HOBt, Et3N. 

Our intent was to have dipeptide 39, prepared by 
reaction of amine 10 with Boc-His(B0M)-OH (38),18 to 
serve as a common intermediate for various P3 modifi- 
cations in the histidine series. However removal of the 
Boc group from 39 followed by reaction with 31 yielded 
the coupled product in only 35% yield. It turned out 
that the dimethyl phosphonate intermediate 39 was 
itself unstable and decomposed slowly t o  the corre- 
sponding monoester monoacid. Apparently, increased 
basicity of the imidazole ring in 39, because of the 
presence of the BOM group, was responsible for this 
dealkylation. While this side reaction ruled out the 
possibility of utilizing 39 as a common precursor for 
various P3 modifications, enough material was in hand 
to  complete the synthesis of morpholino analog 40 with 
histidine at the P2 site. 

Biology 
The a-hydroxy phosphonate 3, in which the diethyl 

phosphonate moiety serves as a bioisosteric replacement 
for the ethyl ester group of the a-hydroxy ester 2, was 
found to be a good in vitro inhibitor of human renin (IC50 
= 29 nM).l0 This constituted a novel lead in our 
program and formed the basis for further investigation 
of this class of compounds as renin inhibitors. Analo- 
gous t o  the statine and norstatine class of renin inhibi- 
tors, the hydroxyl-bearing carbon of the active diaste- 
reomer 3 bears the S (anti, threo) stereochemistry.15r8 
The > 1000-fold difference in activity between 3 and the 
inactive diastereomer 7 is striking and represents one 
of the largest degrees of separation in potency between 
the active and inactive isomers for various classes of 
compounds designed as renin inhibitors. 

Compared to a-hydroxy carbonyls, the a-hydroxy 
phosphonates involve placement of an sp3-hybridized 
phosphorus center possessing two alkoxy side chains 
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Table 1. Human Renin Inhibitory Activity of Various 
a-Hydroxy Phosphinyl Renin Inhibitors" 

Cpd# R4 R3 R2 R i  */# ICso, nM 

3 tEU0- Me&K -0Et -0Et  *A 29 i 3 (10) 

7 t B U 0  M%CK -0Et -0Et  'B 41000f1000(2) 

8 0- Me&H- -0Et  -0Et  'A 38*5(2) 

13 tBU0- Me2CH- -OM0 -OM0 *A 10 i 1 (3) 

15 0- Me2CH. QMe -0Me 'A leil(5) 

16 0- Mo2CK -0Me -OH *A 27,000 (1) 

23 @ M q C K  -Et -Et 'A 400f32 (3) 

24 @ MqCH- -Et -Et 'B 5200 i1200 (2) 

28 0- M h C K  -0Me -Et '#A, + A 2  210i17(3) 

29 0- MozCH- -OM0 -Et '#E, 44f7(3) 

30 0- Me2CH- -OM0 -Et *#E2 2,400 (1) 

33 TN, M*CK -0Me -0Me *A 8.5 f 1.4 (3) 

37 0- ,,,& -OM8 -0Me 'A 220 i 40 (2) 

34 H , N ~  Me&H- - O h  -OM0 'A 31 + 4 (6) 

40 L:, ,,& -OM0 -0Mo 'A 41 f 14 (3) 

See the Experimental Section for a description of the method 
for determining the IC50 values of these inhibitors. Number of 
determinations is indicated in parentheses. 

adjacent to the hydroxyl-bearing C-1 carbon. This 
results in more steric crowding and may be responsible 
for making the stereochemical requirements of the 
adjacent hydroxyl group so stringent, thus leading to 
the observed activity differences between 3 and 7. It 
should be noted that the chemically related but steri- 
cally less crowded ,+hydroxy phosphonate class of renin 
inhibitors have been reported to display only a modest 
preference (2-3-fold) for statine-like S stereochemistry 
for the hydroxyl g r 0 ~ p . l ~  

Choice of a Base-Line Compound. Before em- 
barking on an extensive investigation of the SAR of 3, 
a few analogs were synthesized to aid our selection of 
an appropriate base-line compound. Simple alterations 
at  both the N- and C-terminal ends of 3 were performed 
for this purpose. Compound 8, which involved substitu- 
tion of the acid sensitive tert-butoxycarbonyl group in 
3 with the stable cyclopentylcarbonyl group, was equi- 
active (IC50 = 38 nM) to  the parent compound. The 
assessment of critical binding features operative at the 
other end of the molecule was a more intriguing process 
and commenced with the preparation of dimethyl phos- 
phonate analog 13. The isosteric replacement of an sp2- 
hybridized carbonyl functionality in the a-hydroxy ester 
2 with an sp3-hybridized phosphinyl group in 3 intro- 
duces an extra alkoxy group because of the tetravalency 
of the phosphorus atom. While one of the ethoxy groups 
in 3 may serve as a PI' residue, the role of the other 
extra ethoxy group was largely speculative. It could be 
engaged in additional favorable binding or undesired 
steric interaction, or it could be exerting an electronic 
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influence on the adjacent hydroxyl group. The tripep- 
tide dimethyl phosphonate 13 derived from the major 
diastereomer 8 was found to possess very good inhibi- 
tory potency (IC50 = 10 nM). On the basis of the 
equipotency of the isopropyl and methyl ester analogs 
reported for the a-hydroxy ester series, it was reason- 
able to expect the P1'-S1' binding interaction to be equal 
for both 3 and 13.8 In that event, one possible explana- 
tion for the 3-fold improvement of the dimethyl analog 
13 over the diethyl analog 3 would be that the second 
alkoxy group of the diethyl series suffers greater steric 
hinderance than in the dimethyl case. The synthetic 
ease of preparation of the anti diastereomer 9 in 
comparison to the unseparable mixture obtained with 
the diethyl phosphonate 5, coupled with 3-fold better 
activity of the final compound 13 when compared to  the 
initial diethyl lead 3, favored the choice of dimethyl 
versus diethyl phosphonate as the series of choice for 
further investigation. With dimethyl phosphonate, 
replacement of the acid sensitive tert-butoxycarbonyl 
group in 13 by the cyclopentyl group in 15 is well 
tolerated (IC50 = 16 nM). Since the latter may prove 
advantageous with respect to synthetic manipulations 
that may be desired in the remainder of the molecule, 
the dimethyl phosphonate 15 with a cyclopentyl carbon- 
yl at the N-terminal was chosen as the base-line 
compound for further modifications in the tripeptide 
inhibitor series. 

PI' Modifications. An understanding of the critical 
binding features of the hydroxy phosphonate group in 
these inhibitors was deemed essential at the onset of 
the project. The monoester monoacid 16 suffered a 
drastic loss in potency (IC50 = 27 pM) compared to the 
parent dimethyl ester 15. This suggested that an acidic 
group is not acceptable at this position in the molecule, 
possibly due to  the unfavorable proximity with the two 
active site aspartic acid residues. The phosphine oxides 
23 and 24 and the phosphinates 28-30 were prepared 
to further evaluate the role of substituents on the 
phosphorus center. The steric requirements of these 
analogs are similar to those of the base-line compound 
15, but they differ markedly in electronic nature. 
Besides the apparent difference in the electronic nature 
of alkoxy versus alkyl groups, these substituents also 
influence the dipolar character of the P-0 bond (phos- 
phine oxide > phosphinate > phosphonate). Replace- 
ment of both the methoxy side chains on the phosphorus 
atom of 15 by isosteric ethyl groups results in the 
relatively inactive phosphine oxides 23 (IC50 = 400 nM) 
and 24 (IC50 = 5200 nM), suggesting that one or both 
of the alkoxy groups in 15 are critically required for good 
binding. In the phosphinate analogs, one of the meth- 
oxy side chains of 15 is replaced by an ethyl group, 
thereby introducing chirality at the phosphorus center. 
Among the four diastereomeric phosphinates, isomer B1 
(29, IC50 = 44 nM) has activity comparable t o  that of 
the parent compound 15. Hence, it can be concluded 
that only one of the two alkoxy groups in the hydroxy 
phosphonate series is critical for binding. While isomer 
B2 (30, IC50 = 2400 nM) is '50 fold less active, 
compound 28 which is a mixture of diastereomers A1 
and A2 (IC50 = 210 nM) is reasonably active. On the 
basis of the data that were observed for the phosphonate 
diastereomers 3 and 7, it may be assumed that only the 
trans statine-like diastereomers having S stereochem- 
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istry at the hydroxyl-bearing carbon center will have 
good activity in the phosphinate analogs. In that event, 
the presence of two active diastereomers (28 and 29) in 
the phosphinate series indicates that the chirality on 
the phosphorus center is not very important with 
respect to the in vitro potency of this class of renin 
inhibitors. 
Pz and P3 Modifications. Investigation of the 

hydroxy phosphonate renin inhibitors was initiated with 
a leucine residue at the PZ position, even though the 
natural substrate angiotensinogen possesses a histidine 
at Pz. The choice of leucine stemmed from o u r  work in 
the area of activated ketone-based inhibitors, where 
histidine was replaced by leucine to avoid synthetic 
complications that may arise from undesired side reac- 
tions between the basic imidazole ring of histidine and 
the highly electrophilic carbonyl  group^.^ However, 
unlike activated ketones, the hydroxy phosphonates 
possess adequate chemical stability and can be expected 
to be compatible with moderately basic side chain 
functional groups in the molecule. This culminated in 
the preparation of 37, the histidne analog of 15. To our 
surprise, 37 was 14-fold less active (IC50 = 220 nM) than 
the leucine-containing base-line compound 15 (IC50 = 
16 nM). The superiority of PZ leucine analog 15 in the 
hydroxy phosphonate series contradicts the trend ob- 
served for most classes of renin inhibitors, wherein 
substitution of the PZ histidine with an aliphatic side 
chain possessing amino acids has at best led to retention 
of activity. 

In general, the P3 group in tripeptide renin inhibitors 
is a requirement for good activity but appears to offer a 
great degree of structural flexibility. This has led to 
the emergence of various N-capping groups as well as 
replacement of the entire N-carbamate moiety of initial 
lead 3 by various isosteric functional groups as a way 
of altering the physiochemical characteristics, and 
thereby oral activity, of these  compound^.^ The mor- 
pholino and aminocaproic substitutions were especially 
attractive since these had shown promising results with 
imidazole alcohols,20,21 another class of renin inhibitors 
studied in our group. In the PZ leucine series, the 
morpholino N-terminal modification (33, IC50 = 8.5 nM) 
was very well tolerated, while substitution by an ami- 
nocaproic moiety (34, IC50 = 31 nM) suffered a marginal 
loss in comparison to the parent compound (15, 1% = 
16 nM). Unlike the previously studied PZ leucine 
compounds, the free amino group in 34 confers adequate 
degree of aqueous solubility, quite often a useful crite- 
rion for in vivo and oral activity. The superior activity 
of 33 led to the preparation of a similar morpholine- 
terminating analog, 40, in the P2 histidine series. 
Compound 40 (IC50 = 41 nM) was 5-fold less active than 
the leucine counterpart 33, reiterating the trend ob- 
served previously with analogs 37 versus 15. 
In Vivo Studies. The real challenge in the area of 

discovery of renin inhibitors has extended well beyond 
the arena of in vitro activity of small-sized and novel 
molecules, and major attention in recent years has 
shifted in the direction of molecules with good oral 
bi~availability.~ Several hydroxy phosphonates were 
evaluated in conscious, sodium-depleted, cynomolgus 
monkeys for their effects on plasma renin activity (PRA) 
and mean arterial pressure (MAP), and the data for 
compound 34, the aminocaproic analog of 15, are 
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Figure 1. In vivo activity of aminocaproic analog 34. (a) 
Intravenous time response effect at 1 ymolkg in sodium- 
depleted, cynomolgus monkeys. (b) Oral time respmse effect 
at 15 ymoVkg of sodium-depleted, cynomolgus monkeys. 

discussed briefly. Nearly complete inhibition of PRA 
was observed upon intravenous administration of 34 at  
doses as low as 0.01 pmolkg (data not shown). At 1 
pmolkg, iv, complete and long-lasting PRA inhibition 
was obtained (Figure 1). This was accompanied by a 
small (ca. 10-15 mmHg) drop in MAP which returned 
to normal levels after 60 min. When tested PO at 15 
pmolkg, 34 caused nearly complete inhibition of PRA 
for more than 4 h; however, the effect on blood pressure 
at  this dose was not very pronounced (Figure 1). The 
absence of significant blood pressure lowering while 
PRA is strongly inhibited has been observed before with 
renin inhibitors. Explanations for such discrepancies 
have included (1) circulating levels of inhibitors being 
overestimated due to the release of plasma protein- 
bound renin inhibitor that occurs during the process of 
measuring PRAZ2 and (2) maximal reduction of blood 
pressure by renin inhibitors possibly requiring their 
access to less accessible sites such as the vascular 
interstital space.23 In our own studies, we have found 
that blood pressure reduction measured following ad- 
ministration of renin inhibitors to monkeys correlates 
well with reductions in circulating concentrations of AI 
(data not shown). However, we have not further 
investigated the causes of dissociation between PRA and 
blood pressure reduction in our own studies. 



Hydroxy Phosphinyl Inhibitors of Human Renin 

Conclusions 
The a-hydroxy phosphonates represent a promising, 

structurally unique class of transition state analog 
inhibitors of proteolytic enzymes. We have demon- 
strated their application and utility in the design of 
inhibitors of the aspartyl protease renin. Our initial 
lead was the tripeptidic a-hydroxy diethyl phosphonate 
3 (IC50 = 29 nM), and preliminary studies identified 
a-hydroxy dimethyl phosphonate 15 (IC50 = 16 nM) as 
a base-line compound for further SAFt study. Synthesis 
and evaluation of the corresponding phosphinate (28- 
30) and phosphine oxide (23 and 24) analogs of 15 
highlighted the presence of at least one alkoxy group 
on the phosphorus center as a requirement for good 
activity. Surprisingly, inhibitors with leucine at PZ were 
found to possess better in vitro activity than the 
corresponding PZ histidine analogs (15, IC50 = 16 nM 
vs 37, IC50 = 220 nM; 33, IC50 = 8.5 nM vs 40, IC50 = 
41 nM) for this class of renin inhibitors. Several 
modifications at the P3 N-terminal site were aimed at 
altering the physiochemical properties, and thereby in 
vivo performance, of these inhibitors. Compound 34 
(IC50 = 31 nM), the P3 aminocaproic analog of 15, 
showed complete and long-lasting inhibition of PRA 
along with a 10-15 mmHg drop in MAP when admin- 
istered intravenously at 1 pmolkg in conscious, sodium- 
depleted, cynomolgus monkeys. 

Experimental Section 

General. All reactions were carried out under a positive 
pressure of dry argon, unless otherwise specified. Tetrahy- 
drofuran (THF) and diethyl ether were distilled from sodium 
or potassiumhenzophenone ketyl prior to use. Acetonitrile, 
benzene, dichloromethane, diisopropylamine, hexane, metha- 
nol, pyridine, and toluene were distilled from calcium hydride 
prior to use. 

TLC was performed using EM Science (E. Merck) 5 x 10 
cm plates precoated with silica gel 60 F254 (0.25 mm thickness), 
and the spots were visualized by any of the following: UV, 
iodine, phosphomolybdic acid (PMA), ceric ammonium sulfate, 
anisaldehyde, vanillin, or Rydons stain. EM Science silica gel 
60 (230-400 mesh ASTM) was used for flash chromatography. 
A ratio of 25-1OO:l silica geucrude product by weight and a 
nitrogen pressure of 5-25 psi was normally employed for flash 
columns. Reverse phase chromatographic purification of final 
compounds was carried out using CHP2OP gel, a 75-150 pm 
poly(styrene)-divinylbenzene copolymer purchased from Mit- 
subishi Chemical Industries. Analytical HPLC was performed 
using two Shimadzu LC-6A pumps with an SCL-6B system 
controller and a C-R4AX chromatopac and an SPD-6AV W- 
vis spectrophotometric detector. HPLC columns were com- 
mercially available from either Whatman or YMC Corp. 

Melting points were determined on an electrothermal 
Thomas-Hoover capillary melting point apparatus and are 
uncorrected. NMR spectra were recorded on one of the 
following instruments: JOEL GX-400 operating at 400 ('HI 
or 100 (13C) MHz, JOEL FX-270 operating a t  270 ('HI or 67.8 
(13C) MHz, on JOEL FX-6OQ operating at  15 MHz (13C). 
Chemical shifts are reported in 6 units in parts per million 
(ppm) downfield from tetramethylsilane (TMS) and coupling 
constants (4 are in hertz (Hz). 31P NMR spectra were recorded 
on a JEOL FX-9OQ using (6 = 0 ppm) as an external 
reference. IR spectra were recorded on a Mattson Sirius 100 
FT-IR spectrophotometer, and the absorption maxima are 
reported in cm-'. Mass spectra were recorded on a Finnigan 
MAT TSQ-4600 mass spectrometer (chemical ionization, CI) 
or a VG-ZAB-2F mass spectrometer (fast atom bombardment, 
FAB). High-resolution mass spectra (HRMS) were determined 
using peak-matching techniques versus PEG standards on a 
VG-ZAB-2F spectrometer. Optical rotations were measured 
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using a Perkin-Elmer model 241 polarimeter and a 10 cm path 
length optical cell. Microanalysis results were adjusted to 
obtain the best fit assuming nonstoichiometric hydration. 
In Vitro Inhibition Studies. The human kidney renin 

used for assay of inhibitor potency was a partially purified 
preparation (no. 216, 2.4 pg of AWmg)  generously provided 
by Dr. E. Haas (Mt. Sinai Medical Center, Cleveland, OH). 
The source of angiotensinogen substrate in renin incubation 
mixtures was human plasma (Mercer Regional Blood Center, 
Trenton, NJ). Incubation mixtures of 0.5 mL were buffered 
with 0.2 M TES, pH 7.0, and contained 0.10 mM EDTA, 0.10 
mM sodium tetrathionate, and 0.04 mM phenylmethanesulfo- 
nyl fluoride. Renin concentrations in the mixtures were 
adjusted to generate AI at rates, constant with time, of 20- 
80 ng of AI/". Human plasma was added at concentrations 
(10-50%) sufficient to  provide a final angiotensinogen con- 
centration of 0.5 pM. Inhibition test compounds were dis- 
solved, serially diluted, and added to incubation mixtures in 
dimethyl sulfoxide (DMSO), with the final DMSO concentra- 
tion fixed at either 0.5% or 1.0%. Incubations were conducted 
for 30 min at 37 "C. After the reactions were terminated by 
reduction of the temperature to 0 "C, AI concentrations were 
measured by radioimmunoassay. Inhibitor potencies are 
expressed as IC50 values, the interpolated concentrations 
corresponding to 50% inhibition of renin activity. For most of 
the compounds, including all of those with IC50 concentrations 
below 2000 nM, the IC50 concentrations are mean values 
determined from 2-10 experiments; standard errors for the 
mean IC50 concentrations ranged from 2% to 34%. 
In Vivo Studies. The in vivo evaluation of renin inhibitors 

in conscious, sodium-depleted, cynomolgus monkeys instru- 
mented with indwelling aortic and vena caval catheters has 
been described before.21 Compound 34 was dissolved in water 
for both iv and PO dosing. For both studies, the results are 
expressed as means *SEM for n = 4 animals. Note that the 
standard errors for PRA measurements in both the iv and PO 
experiments were generally < 1% and thus are not evident on 
the graphs in Figure 1. 

Preparation of (lS)-[l-(Cyclohexylmethyl)-2-(dieth- 
oxyphosphinyl)-2-hydroxyethyl]carbamic Acid, 1,l-Di- 
methylethyl Ester (5). A mixture of the aldehyde 4 (2.55 g, 
10 mmol), diethyl phosphonate (1.381 g, 10 mmol), and lW 
(0.581 g, 10 mmol) in 40 mL of CHzClz was stirred overnight 
at room temperature. A TLC check after 14 h revealed 
incomplete reaction, and hence additional amounts of KF 
(1.162 g, 20 mmol) and diethyl phosphonate (276 mg, 2 mmol) 
were added at this stage. After an additional 4 h of stirring, 
the reaction mixture was filtered through Celite and the 
filtrate diluted with 60 mL of CHzClz and washed sequentially 
with HzO (2 x 25 mL), saturated NaHC03 (2 x 20 mL), and 
saturated NaCl(1 x 20 mL). Drying (NazS04) and concentra- 
tion gave a residue which upon flash chromatographic puri- 
fication (250 g of silica gel, 2:8:0.1 hexane/EtOAc/AcOH) 
yielded 3.04 g (77.4%) of pure 5. TLC: Rf = 0.35 (29:O.l 
hexane/EtOAc/AcOH). MS: (M + H)+ 394+. [ a ] ~  = -25.8" (c 

0.7-2.2 (m, 19 H), 3.7-4.4 (m, 6 H), 5.0-5.4 (m, 2 H). 13C 
NMR (67.8 MHz, CDC13): 2 diastereomers (4:l); 16.1 (d, J = 
5.71, 25.8, 25.9, 26.1, 26.3, 28.0, 32.7, 33.2, 34.0, 39.6, 37.8 
(minor), 48.3,50.0(minor), 62.8,63.1, 63.3,69.7 (d, J =  160.81, 
71.0 (d, J = 156, minor), 78.8, 155.5, 156.1 (minor). 

Preparation of (1S,2S)-N-[ l-(Cyclohexylmethyl)-2-(di- 
ethoxyphosphinyl)-2-hydroxyethyl]-iV-[N-[ (1,l-dimeth- 
y1ethoxy)carbonyll -L-phenylalanyl] -L-leucinamide, Iso- 
mers A (3) and B (7). Compound 5 (2.4 g, 6.1 mmol) was 
dissolved in 10 mL of EtOAc, the solution cooled to  0 "C, and 
HC1 gas bubbled through it for -15 min, after which a TLC 
check revealed complete disappearance of starting material. 
The solution was concentrated and the residue redissolved in 
1:l petroleum ether/EtOAc, and concentrated to give a white 
solid which was dried overnight in  vacuo to yield the amine 
hydrochloride salt (1.786 g, 88.8%). The amine and Boc-Phe- 
Leu-OH (6; 2.04 g, 5.4 mmol) were dissolved in 20 mL of DMF 
at 0 "C, and HOBt (826 mg, 5.4 mmol) was added to  the 
solution. After 5 min, iPrzNEt (0.94 mL, 5.4 mmol) was added, 
and this was followed immediately by addition of DCC (1.112 

= 3.48, CH30H). 'H NMR (60 MHz, CDC13): 1.47 (9, 9 H), 
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g, 5.4 mmol). The reaction mixture was stirred at 0 "C for 2 
h and overnight at room temperature, after which the pre- 
cipitated urea was filtered off and the reaction mixture diluted 
with EtOAc (50 mL) and washed sequentially with H2O (2 x 
25 mL), 10% citric acid (1 x 25 mL), saturated NaHC03 (2 x 
25 mL), and saturated NaCl(1 x 25 mL). Direct concentration 
without drying afforded 3.585 g of a white solid, which after 
flash chromatographic purification (60 g of silica gel, 3:3:3: 
0.05 hexane/Et2O/EtOAc/AcOH) afforded pure slow-moving 
diastereomer 3 (1.11 g, 31.5%), pure fast-moving diastereomer 
7 (0.116 g, 3.3%), and a mixture of two isomers (2.27 g). 
Repeated purifications of the latter yielded additional 3 (1.45 
g, 41.1%) and 7 (0.363 g, 10.3%). 
Characterization of 3. TLC: Rf = 0.45 (9O:lO:l.O:O.l 

CHC13/MeOWH2O/AcOl$). MS: (M + HI+ 654+. Mp: 136- 
138 "C. [ a ] ~  = -48.0" (c = 1.18, CH30H). IR (KBr): 1027, 
1050, 1170, 1233, 1367, 1499, 1524, 1647, 1689, 2925, 3290, 
3310, 3314. 'H NMR (400 MHz, CDCl3): 0.82 (d, 6H, J = 71, 
1.27 (t, 6 H, J = 7), 1.34 (5, 9 H), 0.95-1.78 (m, 16 H), 2.95- 
3.15 (m, 2 H), 3.82 (m, 1 H), 4.1 (9, 4 H, J = 71, 4.0-4.35 (m, 
4H),4.90 (d, 1 H , J =  6.5),6.47 ( d , l H , J =  7.5),6.63 ( d , l H ,  
J = 8.01, 7.10-7.25 (m, 5 H). I3C NMR (67.8 MHz, CDCl3): 
16.45 (d, J = 3.8), 21.8, 23.0, 24.5, 26.0, 26.1, 26.4, 28.2,32.7, 
33.3, 34.1, 38.0, 38.2, 41.4, 49.1, 52.0, 55.7, 62.6, 62.7, 62.8, 
69.5 (d, J = 162.8), 80.1, 126.7, 128.4, 129.3, 136.6, 155.5, 
171.3, 172.0. Anal. Calcd for C33H66N308P: C, 60.62; H, 8.63; 
N, 6.43; P, 4.74. Found: C, 60.51; H, 8.53; N, 6.41; P, 4.59. 
Characterization of 7. TLC: Rf = 0.55 (9O:lO:l.O:O.l 

CHCl&IeOWH2O/AcOH). MS: (M + H)+ 654+. Mp: 173- 
175 "C. [ a ] ~  = +10.0" (c = 0.14, CH30H). IR (KBr): 66595. 

71, 1.37 (9, 6 H, J = 7), 1.44 (5, 9 H), 1.03-1.95 (m, 16 H), 
2.90-3.18 (m, 2 H), 3.8-3.92 (m, 1 H), 3.94-4.68 (m, 8 H), 
5.32 (m, 1 H), 7.03 (d, 1 H, J = 61, 7.15-7.35 (m, 5 H), 7.42 (d, 
1 H, J = 6). I3C NMR (67.8 MHz, CDC13): 16.4 (d, J = 4.01, 
21.3, 23.4, 24.2, 26.0, 26.1, 26.5, 28.2, 32.8, 33.5, 33.8, 37.0, 
38.2, 39.1, 47.6, 49.8, 55.3, 62.2, 62.4, 70.7 ( J  = 1621, 80.9, 
126.9, 128.5, 129.1, 136.4, 156.4, 171.5, 171.9. Anal. Calcd 
for C33&a308P: C, 60.62; H, 8.63; N, 6.43; P, 4.74. Found: 
C, 60.44; H, 8.91; N, 6.37; P, 4.42. 
Preparation of ( 1S,2S)-N-[ l-(Cyclohexylmethyl)-2-(di- 

ethoxyphosphinyl)-2-hydroxyethyll-W-[N-(cyclopentyl- 
carbonyl)-~-phenylalanyl]-~-leucinamide (8). 3 (915.3 mg, 
1.4 mmol) was dissolved in a solution of HCUAcOH (7 mL), 
reacted for 0.5 h at 25 "C, and concentrated to dryness, yielding 
815.9 mg (98.6%) of amine hydrochloride. A portion of this 
amine (809 mg, 1.37 mmol) was added to a solution of 
cyclopentanecarboxylic acid (148 yL, 1.37 mmol) in THF (5.5 
mL) and cooled to  0 "C. HOBt (209.6 mg, 1.37 mmol), iPr2- 
NEt (262.5 yL, 1.51 mmol), and DCC (282.6 mg, 1.37 mmol) 
were added sequentially. After 48 h at 0 "C, the reaction 
mixture was filtered and concentrated to dryness. The residue 
was dissolved in EtOAc (40 mL), washed sequentially with 10% 
citric acid (15 mL), H2O (25 mL), saturated aqueous NaHC03 
(15 mL), and saturated aqueous NaCl (15 mL), dried, and 
concentrated, yielding 517 mg of crude compound. Purification 
by flash chromatography (1:l hexane/EtOAc, 3:3:3:0.05 hex- 
ane/Et2O/EtOAdAcOH) followed by crystallization of relatively 
pure fractions from CH2C12/iPr20 afforded pure 8 (117 mg, 
13.2%). TLC: Rf = 0.5 (9:l.O:O.l CHClfleOWAcOH). MS: 
(M + H)+ 650+. Mp: 180-195 "C slow dec. [ a l ~  = -36.7" (c 
= 0.46, CH30H). IR (KBr): 967,1029,1229,1541,1642,2925, 
3289. 'H NMR (270 MHz, CDC13): 0.95 (m, 6 HI, 1.05-1.95 
(m, 30 H), 2.50 (m, 1 H), 2.97-3.22 (m, 2 H), 3.95 (m, 1 H), 
4.05-4.45 (m, 7 H), 4.75-5.0 (m, 2 HI, 6.32 (m, 1 HI, 6.92 (m, 
1 H), 7.05-7.30 (m, 5 H). I3C NMR (67.8 MHz, CDC13): 16.5, 
22.1, 23.0, 24.7, 25.8, 25.9, 26.1, 26.2, 26.5, 29.9, 30.6, 32.8, 
33.5, 34.3, 37.6, 38.0, 41.3, 45.4, 49.4, 52.4, 54.0, 62.5, 62.6, 
62.8, 62.9, 69.7 (J = 162.7), 126.8, 128.4, 129.3, 136.3, 172.0, 
171.4, 176.7. Anal. Calcd for C ~ ~ H ~ ~ N ~ O ~ P . O . ~ A C O H .  
1.OHzO: C, 60.24; H, 8.67; N, 6.02. Found: C, 60.25; H, 8.27; 
N, 6.05. 
Preparation of [S-(R*,R*)l-[l-(Cyclohexylmethyl)-2- 

(dimethoxyphosphinyl)-2-hydroxyethyllcarbamic Acid, 
1,l-Dimethylethyl Ester (9). Dimethyl phosphite (Aldrich; 
4.383 mL, 47.8 mmol) and anhydrous KF (6.109 g, 105.2 mmol) 

'H (270 MHz, CDC13): 0.80 (9, 3 H, J = 71, 0.85 (d, 3 H, J = 

Pate1 et al. 

were added sequentially to a solution of the aldehyde 4 (12.2 
g, 47.8 mmol) in 120 mL of DMF. After vigorous stirring for 
16 h at room temperature, the reaction mixture was filtered 
and the filtrate concentrated in uacuo to  afford 21.92 g of oily 
residue. Flash chromatographic purification (1 kg of Merck 
230-400 mesh silica gel, 19.1 chlorofodmethanol) afforded 
13.12 g (75.2%) of 9 as a light yellow-colored solid whose 
diastereomeric ratio was 12.7:l.O as determined by 31P NMR. 
TLC: Rf = 0.20 (9:l CHClmeOH). MS: (M + H)+ 366+. 
Mp: 77-83 'C. [ a ] ~  = -38.4" (c = 1.14, CH30H). IR (KBr): 
1042,1176,1200,1531,1702,2922,3330. 'H NMR (270 MHz, 
CDCl3): 1.48 (s, 9 H), 0.79-1.97 (m, 13 H), 3.83 (d, 3 H, J = 
81, 3.87(d, 3H,  J =  7),3.80-4.15(m,2H), 5.40(m, 1 H),5.55 

28.5, 33.0, 33.7, 34.4, 39.5 (J = 11.71, 49.2, 53.3 (d, J = 5-81, 
53.75 (d, J = 5.91, 68.95 ( J  = 160.41, 79.4, 156.2; remants of 
minor isomer, 79.9, 51.0. 31P NMR: 25.28 (major), 24.77 
(minor), ratio = 12.70:l.O. Anal. Calcd for C16H32NO6P: c, 
52.59; H, 8.83; N, 3.83; P, 8.48. Found: C, 52.78; H, 8.91; N, 
3.81; P, 8.72. 
Preparation of [S-(R*,R*)l-(2-Amino-3-cyclohexyl-l- 

hydroxypropy1)phosphonic Acid, Dimethyl Ester, Hy. 
drochloride (10). 9 (1.82 g, 5 mmol) was treated with 25 
mL of 1.42 N anhydrous HC1 in EtOAc at 0 "C, and the 
progress of the reaction was carefully monitored by TLC. It 
was judged to be complete after 6.5 h at 0 "C. Concentration 
in uacuo followed by trituration first with CHzCl2 and then 
with Et20 yielded pure 10 (1.27 g, 86.6%). TLC: Rf = 0.15 
(90:20:2.5: 1.0 CHClfleOWH2O/AcOH). MS: (M + H)+ 266+. 
Mp: 60-66 "C. IR (KBr): 1055,1230,1448,1504,2851,2913, 

38.05 ( J  = 9.5),51.2,54.0 ( J  = 7.61, 55.3 ( J  = 7.6),66.21 ( J  = 
166.5). Anal. Calcd for CllH2&1N04P.0.41H20: C, 42.87; H, 
8.45; N, 4.55; P, 10.05. Found: C, 42.61; H, 8.21; N, 4.60; P, 
9.76. 
Preparation of (lS,2S)-N-[l-(Cyclohexylmethyl)-2- 

(dimethoxyphosphinyl)-2-hydroxyethyl]-W-[(1,l-dimeth- 
ylethoxy)carbonyl]-L-leucinamide (11). A solution of Boc- 
L-leucine hydrate (3.18 g, 12.7 mmol) in DMF (25 mL) was 
added to a solution of 10 (3.50 g, 11.6 mmol) in DMF (25 mL) 
and cooled to 0 "C. HOBt (1.95 g, 12.7 mmol), Et3N (3.55 mL, 
25.5 mmol), and EDC (2.44 g, 12.7 mmol) were added sequen- 
tially. After 16 h at 25 "C, the reaction was quenched with 
pH 4.01 buffer solution (250 mL, Mallinckrodt "buffer pH 
4.01") and the mixture stirred for an additional 10 min. The 
reaction mixture was then extracted with EtOAc (2 x 200 mL), 
and the combined organic extracts were washed sequentially 
with saturated aqueous NaHC03 (2 x 150 mL) and saturated 
aqueous NaCl (100 mL), dried, and concentrated. Flash 
chromatographic purification of the crude product (6.68 g, 400 
g of Merck silica gel, 2:8:0.1 hexaneEtOAdAcOH) gave nearly 
pure product which was crystallized from hexane/EtOAc to 
yield pure 11 (2.90 g, 53%). TLC: Rf = 0.20 (2:8:0.1 hexane/ 

= -62.0' (c = 1.37, CH30H). IR (KBr): 1026, 1046, 1178, 

(d, 1 H, J =  8). I3C NMR (67.8 MHz, CDCl3): 26.4,26.5,26.7, 

2930. I3C NMR (CD30D): 26.8, 26.9, 27.3, 33.8, 34.0, 34.4, 

EtOAdAcOH). MS: (M + H)+ 479'. Mp: 157-159 "C.  ID 

1248, 1532, 1656, 1704, 2924, 3307. 'H NMR (CDC13): 0.95 
(d, 3 H, J = 71, 0.97 (d, 3 H, J = 71, 1.48 (s, 9 H), 0.75-1.83 
(m, 16 H), 3.81 (d, 6 H, J = lo), 3.9-4.2 (m, 3 H), 4.85-5.05 
(m, 2 H), 6.90 (d, 1 H, J = 8). 13C NMR (CDC13): 21.8, 22.9, 
24.6,26.0,26.1,26.3,28.2,32.6,33.3,34.0,38.0 ( J =  9.4),41.5, 
49.0, 53.1, 53.2, 53.4, 69.6 (J= 162.71, 79.5, 155.4, 173.3. 31P 
NMR (CDC13): 24.7. Anal. Calcd for C ~ ~ H ~ ~ N Z O ~ P :  C, 55.21; 
H, 9.06; N, 5.86; P, 6.47. Found: C, 55.34; H, 9.04; N, 5.78; 
P, 6.28. 
Preparation of (lS,2S)-N-[ l-(Cyclohexylmethyl)-2-(di- 

methoxyphosphinyl)-2-hydroxyethyll -~-leucinamide, Hy- 
drochloride (12). Compound 11 (2.29 g, 4.8 mmol) was 
dissolved in a solution of anhydrous HCEtOAc (25 mL). After 
1 h, the reaction mixture was concentrated, yielding 2.2 g of 
12 (quantitative yield) which was directly utilized in the next 
step. TLC: Rf = 0.20 (9:1:0.05 CHClfleOWNH40H). MS: 
(M + H)+ 379+. 'H NMR (CD30D): 0.80,2.07 (m, 22 H), 3.65- 
4.4 (m, 9 H), 5.9 (m, 1 H), 6.25 (m, 1 HI. I3C NMR (CD30D): 
21.8, 23.4, 25.2, 26.9, 27.0, 27.2, 27.6, 33.7, 34.7, 35.0, 39.9, 
41.6, 52.7, 53.1, 53.8, 53.9, 54.2, 54.3, 69.4 (J = 166.5). 31P 
NMR (CD30D): 29.22. Anal. Calcd for C I ~ H ~ ~ C ~ N Z O ~ P .  
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0.21Hz0: C, 49.12; H, 8.35; N, 6.74; C1, 8.29; P, 7.04. Found: 
C, 49.39; H, 8.58; N, 6.65; C1, 8.69; P, 7.47. 
Preparation of (lS,2S)-N-[ l-(Cyclohexylmethy1)-2-(di- 

methoxyphosphinyl)-2-hydroxyethyl]-Na-[N-[ (1, l-dimeth- 
y1ethoxy)carbonyll-L-phenylalanyll-L-leucinamide (13). 
Amine 10 (810 mg, 2.7 mmol) was added to  a solution of acid 
6 (1.02 g, 2.7 mmol) in THF (12 mL) and cooled to 0 "C. HOBt 
(412 mg, 2.7 mmol), iPrzNEt (515 mL, 2.9 mmol), and DCC 
(555 mg, 2.7 mmol) were added sequentially. After 18 h at 0 
"C, the reaction mixture was filtered and concentrated. The 
residue was dissolved in CHzClz (50 mL), washed with 10% 
citric acid (2 x 30 mL), saturated aqueous NaHC03 (2 x 30 
mL), and saturated aqueous NaCl (30 mL), dried over Naz- 
SO4, and concentrated, yielding 1.34 g of crude product. 
Purification by flash chromatography (107 g of Merck silica 
gel, 1:l hexane/ethyl acetate to 30:l CHClfleOH) afforded 
pure 5 (1.01 g, 60.1%). A small amount of material was 
crystallized from hexane/ethyl acetate. TLC: Rf = 0.26 (19: 
1.0:0.05 CHClfleOWNH40H). MS: (M + HI+ 626+. Mp: 
129-130 "C. [ a ] ~  = -45.3" (c = 0.44, CH30H). IR (KBr): 

0.93 (m, 6H), 1.41 (s, 9 H), 0.78-1.98 (m, 16 H), 3.0-3.2 (m, 
2 H), 3.79 (1, 6 H, J = 9), 3.9-4.5 (m, 4 H), 5.05 (m, 1 H), 
7.2-7.4 (m, 5 H). I3C NMR (CD30D): 22.0, 23.6, 25.7, 27.2, 
27.4, 27.6, 28.6, 33.7, 34.8, 35.3, 38.9, 40.3, 41.9, 49.4, 53.2, 
54.2,54.1,53.9,57.2,69.7(J= 166.5),80.7,127.6,129.4,130.3, 
138.7, 157.6, 173.8, 174.3. 31P NMR (CD30D): 24.7. Anal. 
Calcd for C ~ ~ H ~ Z N ~ O ~ P - O . ~ ~ H Z O :  C, 59.01; H, 8.40; N, 6.66; 
P, 4.91. Found: C, 59.01; H, 8.35; N, 6.79; P, 4.69. 
Preparation of (lS,SS)-N-[ l-(Cyclohexylmethyl)-2-(di- 

methoxyphosphinyl)-2-hydroxyethyll-~-[N-(cyclopen- 
tylcarbony1)-L-phenylalanyll-L-leucinamide (15). Amine 
12 (1.7 g, 4.1 mmol) was added to a solution of CbH&O-Phe- 
OH (14;'' 1.07 g, 4.1 mmol) in DMF (16 mL) and cooled to 0 
"C. HOBt (627.3 mg, 4.1 mmol), Et3N (628.5 mL, 4.5 mmol), 
and EDC (785.9 mg, 4.1 mmol) were added sequentially. After 
18 h at  room temperature, pH 4.01 buffer solution (160 mL, 
Mallinckrodt "buffer pH 4.01") was added and the reaction 
mixture was stirred for 10 min. The resulting precipitate was 
filtered, washed sequentially with pH 4.01 buffer solution (3 
x 60 mL), water (4 x 60 mL), and saturated aqueous NaHC03 
(4 x 60 mL), and dried in uucuo, yielding 3.0 g of crude product. 
Purification by flash chromatography (200 g of silica gel, 30: 
1:O.l CHClfleOWAcOH to 2:8:0.1 hexane/EtOAc/AcOH) af- 
forded pure 15 (1.27 g, 52%). TLC: Rf = 0.38 (19:l.O:O.l 
CHCly'MeOWAcOH). MS: (M + H)+ 622+. Mp: 145-147 "C. 
[ a ] ~  = -51.7' (c = 0.97, CH30H). IR (KBr): 1034, 1226, 1448, 

(d, 3 H, J = 7), 0.90 (d, 3 H, J = 71, 0.7-1.85 (m, 24 H), 2.55 
(m, 1 H), 2.74 (dd, 1 H, J = 10, 121, 3.04 (dd, 1 H, J =  4.5, 121, 
3.65 (d, 3 H, J = lo), 3.75 (d, 3 H, J = 101, 3.82 (m, 1 HI, 4.15 
(m, 1 H), 4.30 (m, 1 H), 4.54 (m, 1 H), 5.82 (m, 1 H), 7.13- 
7.28 (m, 5 H), 7.40 (d, 1 H, J = 9), 7.92 (d, 1 H, J = 9),8.02 (d, 
1 H, J = 8). 13C NMR (CD30D): 22.0, 23.6, 25.7, 26.8, 27.2, 
27.3, 27.5, 30.9, 31.6, 33.7, 34.8, 35.2, 38.2, 40.1, 41.8, 46.0, 
53.2,53.8,53.9,54.1,54.2,55.2,69.7 (J= 164.61, 127.5, 129.2, 
130.2, 138.5, 173.7, 178.8. 31P NMR (CD30D): 25.0. Anal. 
Calcd for C ~ Z H ~ Z N ~ O ~ P - O . ~ H Z O :  C, 60.76; H, 8.48; N, 6.65; P, 
4.90. Found: C, 60.93; H, 8.28; N, 6.62; P, 4.51. 
Preparation of (lS)-N-[ 1-(Cyclohexylmethyl)-2-hydroxy- 

2- (hydroxymet hoxyphosphinyl) et hyl] -W- [N- (cyclopen- 
tylcarbony1)-L-phenylalanyll-L-leucinamide (16). A so- 
lution of 15 (125 mg, 0.2 mmol) in 25 mL of acetone was 
saturated with trimethylamine and heated for 16 h at  80 "C 
in a sealed tube. The solvents were removed on a rotary 
evaporator, and the residue was dissolved in EtOAc (30 mL), 
washed with 10% HC1 (2 x 15 mL), dried (NazS041, and 
concentrated to  afford 102 mg of crude product. Chromato- 
graphic purification (20 g of silica gel, 9:l chlorofordmethanol 
to  90: 1O:l:O.l-90:20:2.5: 1.0 chlorofordmethanoYwater/acetic 
acid) yielded pure 16 (65 mg, 53.5%). TLC: Rf = 0.41 (48:20: 
6:11 EtOAc/pyridine/AcOWHzO). MS: (M - HI- 606-. Mp: 
218-227 "C. IR (KBr): 1055, 1447, 1555, 1643, 2924, 2954, 

1049, 1172, 1244, 1523, 1650,2925, 3302. 'H NMR (CDC13): 

1540,1640,2924,3297. 'H NMR (400 MHz, DMSO-ds): 0.87 

3301, 3341, 3403, 3412. 'H NMR (400 MHz, DMSO-de + 
CD3COzD): 0.85 (d, 3 H, J = 71, 0.88 (d, 3 H, J = 71, 0.67- 
1.90 (m, 34 H), 2.57 (m, 1 H), 2.82 (m, 1 H), 3.18 (m, 1 H), 

3.42 (d, 3 H, J = lo), 4.07 (m, 1 H), 4.26 (m, 1 H), 4.58 (m, 1 
H), 7.13-7.29 (m, 5 H), 8.13 (m, 1 H), 8.28 (m, 1 H). I3C NMR 
(CD3COzD): 22.9, 23.6, 25.8, 26.9, 27.3, 27.5, 30.8, 31.9, 33.2, 
35.0, 35.5, 38.3, 40.0, 41.2, 46.1, 53.1, 56.2, 54.0, 71.08 (J = 
1611, 127.7, 129.4, 130.3, 138.6, 174.5, 175.0, 179.7. 31P NMR 
(CD3COzD): 18.88. Anal. Calcd for C ~ ~ H ~ O N ~ O ~ P * O . ~ A C O H .  
0.7Hz0: C, 59.14; H, 8.05; N, 6.47. Found: C, 59.10; H, 8.28; 
N, 6.46. 
Preparation of 18 and 19. N-Methylmorpholine (NMM; 

0.272 mL, 2.4 mmol) was added to a solution of 9 (603 mg, 2 
mmol) in THF (8 mL) at 0 "C. CDI (0.389 mg, 2.4 mmol) was 
added after 5 min, and the reaction mixture was stirred 
overnight with gradual warming to room temperature. The 
next day, the reaction mixture was concentrated and the 
residue was partitioned between EtOAc (40 mL) and saturated 
aqueous NHdCl(25 mL). The aqueous layer was reextracted 
with EtOAc (2 x 25 mL). The combined organic extracts were 
dried (Na2SO4) and concentrated to  afford 510 mg of crude 
product, which after chromatographic purification (2:8:0.1 
hexane/EtOAc/AcOH) yielded 18 (432 mg, 74.2%). MS: (M + 
H)+ 292+. Mp: 44-48 "C. 'H NMR (CDC13): 0.85-1.8 (m, 
13 H), 3.88 (d, 6 H, J = 10.7), 4.15 (m, 1 H), 4.33 (d, 1 H, J = 

33.3, 33.8, 38.3 (J = 4.7), 51.2, 53.6 (J = 7.61, 54.1 (J = 7.51, 
75.5 (J = 172), 158.5. 31P NMR (CDC13): 19.1. Anal. Calcd 
for ClzH~zN05P.0.035HzO: C, 48.43; H, 7.69; N, 4.71; P, 10.41. 
Found: C, 48.43; H, 7.68; N, 4.67; P, 10.33. 

DBU (1.49 mL, 10 mmol) was added to a solution of 
aldehyde 4 (1.28 g, 5 mmol) and dimethyl phosphite (0.458 
mL, 5 mmol) in DMF (25 mL), and the mixture was stirred 
overnight at room temperature. The next day, additional DBU 
(0.35 mL) was added. After 3 h, the reaction mixture was 
taken up in EtOAc (200 mL) and washed sequentially with 
10% citric acid (100 mL) and saturated aqueous NaCl (100 
mL). Drying and concentration afforded 1.36 g of crude 
product, which upon chromatographic purification yielded an 
inseparable mixture of 9 and 17. A portion of this mixture 
(279 mg, 0.763 mmol) was deprotected with anhydrous HC1 
in EtOAc. The crude product was dissolved in THF (3 mL) 
and treated with NMM (0.103 mL, 0.92 mmol) and CDI (149 
mg, 0.92 mmol) overnight at room temperature. The next day, 
the reaction mixture was concentrated and the residue was 
partitioned between EtOAc (25 mL) and saturated aqueous 
NH4C1 (20 mL). The aqueous layer was reextracted with 
EtOAc (2 x 25 mL). The combined organic extracts were dried 
(NaZS04) and concentrated to afford 203 mg of crude product, 
which after chromatographic purification (2:8:0.1 hexane/ 
EtOAc/AcOH) yielded a 1.4:l.O mixture of 18 and 19 (122 mg, 
55%). 
Characterization of 19. MS: (M + H)+ 292+. 'H NMR 

(CDC13): 0.85-1.8 (m, 13 H), 3.9 (d, 6 H, J = lo), 4.05-4.13 
(m, 1 H), 4.75 (d, 1 H, J = 8), 6.35 (5, 1 H). I3C NMR (CDC13): 
25.9, 26.0, 26.2,31.6, 34.2,34.4,44.0 (J = 7.5),51.8,53.2 (J = 
7.5), 54.0 (J = 7.51, 74.0 (J = 1721, 158.2. 31P NMR (CDC13): 
17.1. 
Preparation of (1S)-[ l-(Cyclohexylmethyl)-2-(diethyl- 

phosphinyl)-2-hydroxyethyl]carbamic Acid, 1,l-Dimeth- 
ylethyl Ester (21). A solution of diethyl phosphite (Aldrich; 
2.29 g, 16.6 mmol) in THF (8.3 mL) was added dropwise over 
a period of 10 min to a flask containing a 3 M ethereal solution 
of ethylmagnesium bromide (16.6 mL, 3 M solution, 49.8 mmol) 
and 8.3 mL of THF at 0 "C. The reaction mixture was warmed 
to  room temperature and refluxed for 1 h to ensure complete 
formation of the reagent, after which it was cooled to 0 "C and 
treated with a 10 mL THF solution of the aldehyde 4 (2.2078 
g, 8.3 mmol). The reaction mixture was refluxed for 30 min 
and cooled to 0 "C and the reaction quenched with aqueous 
10% HCl(75 mL). The aqueous solution was extracted with 
ethyl acetate (3 x 50 mL), and the combined organic extracts 
were dried (Na2SO4) and concentrated to yield 3.191 g of 
residue. Flash chromatographic purification (150 g of silica 
gel, 2:8:0.1 hexane/ethyl acetate/acetic acid) afforded pure 21 
(2.452 g, 81.7%) as a k1.23 mixture of diastereomers as 
determined by 31P NMR 55.0, 55.7 (1.23:l.OO). TLC: Rf = 
0.15 (2:8:0.1 hexane/EtOAdAcOH). MS: (M + HI+ 362+. 
Mp: 163-165 "C. 'H NMR (270 MHz, CDC13): (two diaster- 

6.2), 6.55 (s, 1 H). I3C NMR (CDC13): 25.7, 25.8, 26.1, 32.4, 
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eomers) 1.44 (s, 9 H), 0.8-2.0 (m, 23 H), 3.8-4.1 (m, 2 H), 
5.41 and 5.56 (d, 1 H, J = 6, 8). 13C NMR: 5.35, 18.1, 18.3, 
26.0,26.2,26.4,28.2, 32.1,32.8, 33.4,34.1,38.2and40.0,48.1 
and 50.5, 71.2 (J= 68.6), 72.3 ( J =  63.31, 79.2 and 79.5, 156.0 
and 156.7. Anal. Calcd for C18H36N04P: C, 59.81; H, 10.04; 
N, 3.88; P, 8.57. Found: C, 59.54; H, 10.09; N, 3.63; P, 
8.46. 
Preparation of (lS)-N-[ l-(Cyclohexylmethy1)-2-(dieth- 

ylphosphinyl)-2-hydroxyethyll-~-[N-(cyclopentylcarbo- 
ny1)-L-phenylalanyll-L-leucinamide, Isomers A (23) and 
B (24). Phosphine oxide 21 (860 mg, 2.38 mmol) was treated 
with a solution of anhydrous HCyEtOAc at 0 "C for 2 h and 
for 1.5 h at room temperature, after which a TLC check 
ensured completion of the reaction. Concentration afforded 
an oily residue which was redissolved in 1:l hexane/ethyl 
acetate and concentrated to afford a white solid (741 mg) which 
was utilized directly for the next reaction. HOBt (364.1 mg, 
2.38 mmol), triethylamine (364.9 mL, 2.618 mmol), and EDC 
(456 mg, 2.38 mmol) were sequentially added to a 10 mL DMF 
solution of the amine prepared above and acid 227a at 0 "C. 
After stirring for 2 h a t  0 "C, the reaction mixture was left for 
overnight stirring a t  room temperature. The resulting solid 
mass was treated with 25 mL of pH 4.00 buffer for 5 min and 
filtered. The precipitates were washed sequentially with 
buffer solution (2 x 10 mL) and H20 (10 x 10 mL) and dried 
in uacuo (1.038 g). Flash chromatographic purification (200 
g of silica gel, 30:l CHClmeOH) afforded 395 mg (26.9%) of 
pure fast-moving isomer 23, 217 mg (14.8%) of pure slow- 
moving isomer 24, and 197 mg (13.4%) of 24 contaminated 
with small amounts of 23 (55.1% overall yield). 

Characterization of 23. TLC: Rf = 0.33 (9O:lO:l.O:O.l 
CHC13/MeOWH20/AcOH). MS: (M + H)+ 618+. Mp: 209- 
209 "C. [ a ] ~  = -29.8' (c = 0.51, AcOH, 589 nm). IR (Kl3r): 
1070, 1118, 1446, 1531, 1654, 2853, 2924, 2951, 3092, 3113, 

( d , 3 H , J =  7) ,0 .89 (d ,3H,J=7) ,0 .72 -1 .87 (m,34H) ,2 .55  
(m, 1 H), 2.78 (dd, 1 H, J = 9, 121, 3.04 (dd, 1 H, J = 5, 12), 
3.84 (m, 1 H), 4.26 (m, 2 H), 4.54 (dd, 1 H, . J  = 4, 91, 7.13- 
7 .28(m,5H),7.47(d, lH,J=71,7.93(d, lH,J=8) ,8 .07(d,  
1 H, J = 8). 13C NMR (CD3COzD): 5.63 (d, J = 91, 5.68 (d, J 
= 7.51, 18.23 (d, J = 62.4), 18.39 (d, J = 62.4), 21.5,23.5,25.4, 
26.6, 26.7, 26.9, 27.1, 27.3, 30.8, 31.2, 33.3, 34.6, 34.8, 38.5, 
40.3, 41.3, 46.0, 49.0, 53.3, 55.2, 71.0 (J = 75.71, 127.1, 129.3, 
130.2, 137.6, 174.4, 174.6, 179.1. 31PNMR (CD3COzD): 65.9. 
Anal. Calcd for C34Hs$J305P*0.2H~0: C, 65.72; H, 9.15; N, 
6.76; P, 4.98. Found: C, 65.74; H, 8.81; N, 6.81; P, 4.97. 

Characterization of 24. TLC: Rf = 0.30 (9O:lO:l.O:O.l 
CHC13/MeOWHZO/AcOH). MS: (M - HI- 616-. Mp: 170- 
175 "C. [ a ] ~  = -32" (c = 0.53, AcOH, 589 nm). IR (KBr): 
1141,1448,1633,2924,3299,3408,3455. IH NMR (400 MHz, 

7), 0.75-1.9 (m, 34 H), 2.53 (m, 1 H), 2.74 (dd, 1 H, J = 11, 
15),3.Ol(dd,lH,J=4,15),3.7(m,lH),4.12(m,1H),4.27 
(m, 1 H), 4.52 (m, 1 H), 5.52 (app t, J = 81, 7.12-7.28 (m, 5 
H), 7.72 (d, 1 H, J = 101, 7.90 (d, 1 H, J = 91, 8.05 (d, 1 H, J 

25.4, 26.6, 26.8, 27.1, 27.3, 30.7, 31.2, 32.8, 34.8, 35.1, 38.4, 
38.6, 41.3, 46.0, 49.7, 53.3, 55.2, 71.43 (d, J = 61.71, 127.7, 
129.3, 130.2, 137.6, 174.3, 179.1. 31P NMR (CD3COzD): 66.6. 
Anal. Calcd for C34H56N305P.0.2H20: C, 65.72; H, 9.15; N, 
6.76; P, 4.98. Found: C, 65.68; H, 8.89; N, 6.68; P, 4.98. 
Preparation of (lS)-[l-(Cyclohexylmethy1)-2-(ethyl- 

methoxyphosphinyl)-2-[ (trimethylsilyl)oxylethyllcar- 
bamic Acid, 1,l-Dimethylethyl Ester, Isomer Pairs A (26) 
and B (27). A 60 mL ethereal solution of methanol (10.82 
mL, 267 mmol) and triethylamine (16.92 mL, 121.4 mmol) was 
added dropwise to a solution of ethyl dichlorophosphine (15.9 
g, 121.4 mmol) in 120 mL of ether at 0 "C. (Caution! Reaction 
is very exothermic during the first half of addition.) After the 
addition was complete, the resulting slurry was refluxed for 1 
h, cooled to 0 "C, and filtered. The precipitated solid was 
washed with an additional 100 mL of ether. Most of the ethyl 
ether was removed on a rotary evaporator and the residue 
vacuum-distilled (18 mmHg) to afford methyl ethyl phosphi- 
nate 25 a t  105-114 "C (11.2 g, 85.4%). 25 (1.05 mL, 10.4 
mmol) was added to a solution of the aldehyde 4 (2.66 g, 10.4 

3307,3418. 'H NMR (400 MHz, DMSO-& + CD3C02D): 0.85 

DMSO-& + CD3C02D): 0.88 (d, 3 H, J = 7),0.92 (d, 3 H, J = 

= 8). 13C NMR (CD3COzD): 5.60, 17.7, 18.3, 18.6, 21.7, 23.3, 

mmol) in THF (40 mL). Diisopropylethylamine (3.62 mL, 20.8 
mmol) and trimethysilyl chloride (2.64 mL, 20.4 mmol) were 
added sequentially, and the reaction mixture was left for 
overnight stirring at room temperature. After 17 h, the 
reaction was quenched with HzO and THF was removed on 
the rotary evaporator. The residue was dissolved in ethyl 
acetate (125 mL), washed sequentially with water (2 x 30 mL) 
and saturated NaCl (1 x 30 mL), dried (NazSOd), and 
concentrated to give 4.174 g of crude product. Chromato- 
graphic purification (200 g of silica gel, 2:l hexane/ethyl 
acetate) yielded 678 mg (14.9%) of pure fast-moving diastere- 
omer pair 26, 1.348 g (30.84%) of pure slow-moving diastere- 
omer pair 27, and 719 mg (15.8%) of a mixture of 26 and 27 
(61.5% overall yield). 

Characterization of 26. TLC: Rf= 0.17 (1:l hexane/EtOAc). 
lH NMR (400 MHz, CDC13): 0.18 (m, H), 1.46 (s, 9 H), 0.78- 
1.95 (m, 18 HI, 3.71 (d, 3 H, J = 101, 3.72 (d, 3 H, J = 101, 
3.93-4.10(m,2H),5.10and5.24(d, 1 H , J = 9 ,  11). 31PNMR 

Characterization of 27. TLC: Rf = 0.13 (1:l hexaneEt0Ac). 
'H NMR (400 MHz, CDC13): 0.21 (m, 9 H), 1.45 (s, 9 HI, 0.80- 
1.90(m,18H) ,3 .72(d ,3H,J=10.2) ,3 .76(d ,3H,J=10.2) ,  
3.94 (m, 1 H), 4.09 (m, 1 H), 4.75 and 5.00 (d, 1 H, J = 9). 31P 

Preparation of (lS)-N-[ l-(Cyclohexylmethyl)-2-(eth- 
ylmethoxyphosphinyl)-2-hydroxyethyll-W-[N-(cyclopen- 
tylcarbony1)-L-phenylalanyll-L-leucinamide, Isomer Pair 
A (28). The fast-moving isomer pair 26 (658 mg, 1.5 mmol) 
was treated with a solution of anhydrous HCUEtOAc at room 
temperature for 2 h, after which a TLC check ensured 
completion of the reaction. Concentration in uucuo afforded 
a white solid (410 mg, 91.4%) which was direclty utilized for 
the next reaction. HOBt (210 mg, 1.37 mmol), triethylamine 
(229 pL, 1.644 mmol), and EDC (263 mg, 1.37 mmol) were 
sequentially added to a 6 mL DMF solution of the amine 
hydrochloride (40 mg, 1.37 mmol) and acid 22 (512 mg, 1.37 
mmol) at 0 "C. After 2 h at 0 "C and 12 h at room temperature, 
the reaction mixture was treated with 20 mL of pH 4.01 buffer 
for 5 min and filtered. The solid was washed sequentially with 
the buffer solution (4 x 20 mL) and water (5 x 10 mL) and 
then dried in uacuo to afford 658 mg of crude product. Flash 
chromatographic purification (100 g of silica gel, 30:1:0.05 
CHC13/MeOWNH40H) afforded pure 28 (520 mg, 61.3%) as a 
mixture of two diastereomers. TLC: Rf = 0.42 (9O:lO:l.O:O.l 
CHC13/MeOH/HZO/AcOH). MS: (M + HI+ 620'. Mp: 155- 
165 "C. IR (Kl3r): 1047,1191,1449,1542,1640, 2925,3289. 

H, J = 6.01, 0.7-2.0 (m, 29 H), 2.58 (m, 1 H), 2.89 (dd, 1 H, J 
= 9, 121, 3.18 (dd, 1 H, J = 4.5, 121, 3.73 and 3.77 (d, 3 H, J 
= 101, 3.84-3.96 (m, 1 HI, 4.20-.4.44 (m, 2 H), 4.67 (m, 1 H), 
7.22 (s, 5 H). 31P NMR (CDC13): 62.3, 62.4. Anal. Calcd for 
C33H54N306P*0.5H20: C, 63.04; H, 8.82; N, 6.68. Found: C, 
63.09; H, 8.64; N, 6.56. 
Preparation of (lS)-N-[ l-(Cyclohexylmethyl)-2-(eth- 

ylmethoxyphosphinyl)-2-hydroxyethyll -W-[N-(cyclopen- 
tylcarbony1)-L-phenylalanyl] -L-leucinamide, Isomers, B1 
(29) and Bz (30). The slow-moving isomer pair 27 (500 mg, 
1.144 mmol) was treated with a solution of anhydrous HCV 
EtOAc at room temperature for 2 h, after which a TLC check 
ensured completion of the reaction. Concentration followed 
by trituration with ether afforded a white solid (296 mg, 86.4%) 
which was directly utilized for the next reaction. HOBt (153 
mg, 1.0 mmol), triethylamine (167.3 pL, 1 .2 mmol), and EDC 
(191.7 mg, 1.0 mmol) were sequentially added to a 6 mL DMF 
solution of the amine hydrochloride (296 mg, 0.988 mmol) and 
acid 22 (374.4 mg, 1.0 mmol) at 0 "C. After 2 h at 0 "C and 60 
h at room temperature, the reaction mixture was treated with 
25 mL of pH 4.01 buffer for 5 min and filtered. The solid was 
washed sequentially with the buffer solution (2 x 25 mL) and 
water (5 x 20 mL) and then dried in uucuo t o  afford 495 mg 
of crude product. Flash chromatographic purification (100 g 
of silica gel, 40:1:0.05 CHC13/MeOWNH40H) afforded 90 mg 
(14.7%) of the fast-moving isomer 29, 186 mg (30.4%) of a 
diastereomeric mixture, and 136 mg (22.2%) of the pure slow- 
moving isomer 30 (67.3% overall yield). 

(CDC13): 57.64, 58.50. 

NMR (CDC13): 53.81, 54.27. 

'H NMR (270 MHz, CDC13): 0.90 (d, 3 H, J = 6.01, 0.94 (d, 3 
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Characterization of 29. MS: (M + HI+ 620+. Mp: 191- 
196 "C. IR (KBr): 1536, 1541, 1640, 2923, 2951, 3301. 'H 

H, J =  8.2), 0.7-1.84 (m, 29 H), 2.55 (m, 1 H), 2.72 (dd, 3.1 H, 
J = 10.6, 13.9), 3.03 (dd, 1 H, J = 3.66, 13.91, 3.57 (d, 3 H, J 
= 9.9), 3.70 (m, 1 H), 4.18 (m, 1 H), 4.28 (m, 1 H), 4.53 (m, 1 
H), 5.68 (app t, 1 H, J = 7.7, 8.81, 7.13-7.27 (m, 5 H), 7.40 (d, 
1 H, J = 9.16), 7.92 (d, 1 H, J = 8.421, 8.05 (d, 1 H, J = 8.43). 
31P NMR (CDC13): 56.3. Anal. Calcd for C33H54N306P. 
0.5H20: C, 63.04; H, 8.82; N, 6.68. Found: C, 62.92; H, 8.41; 
N, 6.61. 

Characterization of 30. TLC: R f  = 0.49 (9O:lO:l.O:O.l 
CHCl&IeOWH20/AcOH). MS: (M + H)+ 620+. Mp: 170- 
174 "C. [ a l ~  = -55.5" (c = 0.38, MeOH). IR (KBr): 1032, 
1045, 1185, 1542, 1640 ,2852, 2867, 2924, 2952, 3287, 3392, 
3416. 'H NMR (270 MHz, CDC13): 0.6-2.0 (m, 35 H), 2.57 
(m, 1 H), 2.92-3.22 (m, 2 H), 3.77 (d, 3 H, J = 9), 4.02 (m, 1 
H), 4.22-4.53 (m, 2 H), 4.85 (m, 1 H), 5.18 (m, 1 H), 6.88 (d, 
1 H, J = 8), 7.03-7.32 (m, 5 H), 7.45 (d, 1 H, J = 81, 7.53 
(d, 1 H, J = 8). 31P NMR (CDC13): 55.7. Anal. Calcd for 

Found: C, 63.54; H, 8.65; N, 6.59; P, 5.06. 
Preparation of (1S,2S)-N-[l-(Cyclohexylmethyl)-2- 

(dimethoxyphosphinyl)-2-hydroxyethyll-W-[N-~4-mor- 
pholinylcarbony1)-L-phenylalanyll-L-leucinamide (33). 
Acid 31 (993.5 mg, 3.42 mmol) was added to a solution of amine 
12 (1.42 g, 3.42 mmol) in DMF (17 mL) and cooled to 0 "C. 
HOBt (523.3 mg, 3.42 mmol), Et3N (0.572 mL, 4.10 mmol), 
and EDC (655.6 mg, 3.42 mmol) were added sequentially. After 
20 h at  room temperature, a pH 4.01 buffer solution (75 mL, 
Mallinckrodt "buffer pH 4.01") was added and the reaction 
mixture was allowed to stir for 10 min. The aqueous layer 
was extracted with Et20 (3 x 75 mL), and the combined 
organic portions were washed with saturated aqueous NaH- 
COS (75 mL), dried (Na2S04), and concentrated, yielding 1.8 g 
of crude product. Repeated purifications by flash chromatog- 
raphy (126 g of silica gel, 30:1:0.05 CHCl&IeOWNH40H; 50 
g of silica gel, 2:8:0.1 hexane/EtOAc/AcOH; 150 g of silica gel 
19.1 CHClmeOH) finally afforded pure 33 (674 mg, 32.1%). 
TLC: Rf = 0.38 (9:l.O:O.l CHClfleOWAcOH). MS: (M + 
H)+ 639+. Mp: 99-105 "C. [ a ] ~  = -60.0' (c = 1.07, MeOH). 
IR (KBr): 1034,1261,1447,1536,1631,2923,3305. 'H NMR 

1.08-1.90 (m, 16 H), 3.00-3.38 (m, 6 H), 3.80 (m, 4 HI, 3.77 
( d , 3 H , J = 8 ) , 3 . 8 2 ( d , 3 H , J = 8 ) , 3 9 . 6 ( m , l H ) , 4 . 1 6 ( m , H ) ,  
4.33-4.56 (m, 2 H), 4.99 (d, 1 H, J = 61, 6.82 (d, 1 H, J = 81, 
7.15-7.39 (m, 5 H). 13C NMR (CDC13): 22.0, 22.9, 24.6, 26.0, 
26.3, 32.6, 33.3, 34.1, 37.8, 38.1, 41.3, 43.9, 49.1, 52.1, 52.8, 
53.2, 53.3, 55.3, 66.2, 69.08 ( J  = 160.81, 126.5, 128.2, 129.2, 
136.8, 137.0, 157.2, 172.1, 172.2. 31P NMR (CDC13): 24.77. 
Anal. Calcd for C31H51N408P: C, 58.29; H, 8.05; N, 8.77; P, 
4.85. Found: C, 58.63; H, 8.18; N, 8.82; P, 4.63. 
Preparation of (lS,2S)-W-[N-(6-Amino-l-oxohexyl)-~- 

phenylalanyll-N-[ l-(cyclohexylmethyl)-2-(dimethoxyphos- 
phinyl)-2-hydroxyethyl]-~-leucinamide, Hydrochloride 
(34). Amine 12 (1.24 g, 3 mmol) was added to a solution of 
acid 3217 (1.27 g, 3 mmol) in DMF (15 mL) and cooled to 0 "C. 
HOBt (459 mg, 3 mmol), Et3N (501.9 mL, 3.6 mmol), and EDC 
(575.1 mg, 3 mmol) were added sequentially. After 16 h at  25 
"C, pH 4.01 buffer solution (75 mL, Mallinckrodt "buffer pH 
4.01") was added and the reaction mixture was stirred for 10 
min. The resulting precipitate was filtered, washed sequen- 
tially with pH 4.01 buffer (3  x 50 mL), H2O (3 x 50 mL), and 
saturated aqueous NaHC03 (50 mL), and dried (NazSOd, 
yielding 1.6 g of crude material. Purification by flash chro- 
matography (220 g of silica gel, 19:1:0.05 CHCldCH30W 
NH40H; 192 g of silcia gel, 19.1 CHCldCH30H) affored the 
pure Cbz-protected precursor to 34 (1.336g, 58%). TLC: Rf= 
0.31 (9:1.0:0.05 CHCl&IeOWNH40H). IH NMR (270 MHz, 
CDC13): 0.88 (m, 6 H), 1.04-1.84 (m, 22 HI, 2.14 (t, 2 H, J = 
7), 2.97-3.22 (m, 4 H), 3.77 (d, 3 H, J = 101, 3.83 (d, 3 H, J = 
lo), 4.0 (m, 1 H), 4.16 (m, 1 H), 4.38 (m, 1 H), 4.73 (in, 1 H), 
5.10 (s, 2 H), 6.35 (d, 1 H, J = 61, 6.92 (d, 1 H, J = 81, 7.15- 
7.40 (m, 10 H). 13C NMR (CDC13): 22.2, 22.9,24.6,25.0,25.8, 
26.0, 26.1, 26.3, 29.4, 32.3, 32.8, 33.8, 35.8, 37.7, 38.0, 40.7, 
41.3, 49.2, 52.2, 52.9 (d, J = 5.671, 53.3 ( J  = 7.61, 53.8, 66.4, 

NMR (400 MHz, DMSO-ds): 0.83 (d, 3 H, J = 6.2), 0.88 (d, 3 

C33H54N306P*O.22H20: C, 63.55; H, 8.80; N, 6.74; P, 4.97. 

(270 MHz, CDC13): 0.90 (d, 3 H, J = 71, 0.92 (d, 3 H, J = 71, 
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69.0 ( J  = 168), 126.7, 127.9, 128.6, 129.2, 136.6, 156.4, 171.5, 
172.1, 173.2. 

A portion of this intermediate (537 g, 0.69 mmol) 10% PcUC 
(209 mg; Aldrich) and 1.0 N hydrochloric acid (759 mL, 0.75 
mmol) in methanol (7 mL) were stirred under a hydrogen 
atmosphere for 16 h, after which the reaction mixture was 
filtered and concentrated. Purification by flash chromatog- 
raphy (81 g of silica gel, 90: 10: 1 :O. l  CHCldCH30WHzO/AcOH) 
afforded a residue which was dissolved in water containing 
980 mL of 1.0 N hydrochloric acid, millipore-filtered, and 
lyophilized to give pure 34 as a fluffy white solid (390.5 mg, 
84%). TLC: Rf = 0.15 (90:20:2.5:1.0 CHCl&ieOWH2O/AcOH). 
MS: (M + H)+ 639+. Mp: 155-168 "C. [ a b  = -41.6' (c = 
0.44, MeOH). IR (KBr): 1035, 1221, 1539, 1643, 2924, 3291, 
3419. 'H NMR (270 MHz, CD3C02D): 0.90 (d, 3 H, J = 71, 
0.92 (d, 3 H, J = 7), 1.05-1.93 (m, 22 H), 2.14 (t, 2 H, J = 7), 
2.75-2.90(m,3H),3.17(dd,lH,J=4,13),3.72(d,3H,J= 
lo), 3.76 (d, 3 H, J = lo), 4.2-4.4 (m, 2 H), 4.66 (m, 1 H), 7.22 
(m, 5 H). 13C NMR (67.8 MHz, CDC13): 21.7, 21.9, 23.6, 25.7, 
26.0, 26.6, 27.2, 27.3, 27.5, 28.1, 33.7, 34.8, 35.2, 36.2, 38.7, 
40.2, 41.8, 49.9, 53.3, 53.8, 53.9, 54.1, 54.2, 55.8, 69.74 ( J  = 
164), 127.6, 129.3, 130.2, 138.6, 173.8, 175.6, 176.6. 31PNMR 
(CD30D): 29.38. Anal. Calcd for C32H55N407P-1.2HCl. 
l.OH20: C, 54.86; H, 8.37; N, 8.00; P, 4.42; C1, 6.07. Found: 
C, 54.98; H, 8.75; N, 8.23; P, 4.25; C1, 6.15. 
Preparation of ( 1S,2S)-N-[ l-(Cyclohexylmethyl)-2- 

(dimethoxyphosphinyl)-2-hydroxyethyll-~-[N-(cyclo- 
pentylcarbonyl)-L-phenylalanyl] -34 (pheny1methoxy)- 
methyl]-L-histidinamide (36). Acid 35 (1.73 g, 3.32 mmol) 
was added to a solution of amine 10 (1.20 g, 3.98 mmol) in 
DMF (15 mL) and cooled to 0 "C. HOBt (558.7 mg, 3.65 mmol), 
Et3N (696.5 pL, 4.98 mmol), and EDC (699.8 mg, 3.65 mmol) 
were added sequentially. After 16 h at  25 "C, pH 4.01 buffer 
solution (80 mL, Mallinckrodt "buffer pH 4.01") was added and 
the reaction mixture was stirred for an additional 10 min. The 
aqueous portion was extracted with EtOAc (2 x 75 mL), and 
the combined organic portions were washed with saturated 
aqueous NaHC03, dried (Na2S04), and concentrated. Purifica- 
tion of the crude product (2.4 g) by flash chromatography (150 
g of Merck silica gel, 19:l:O.l CHCldCH30WAcOH) yielded 
pure 36 (1.32 g, 58.4%). TLC: R f  = 0.35 (9:l.O:O.l CHCld 
MeOWAcOH). MS: (M + H)+ 766+. [ a l ~  = -31.1' (c = 0.54, 
MeOH). lH NMR (270 MHz, CDC13): 0.8-1.85 (m, 21 HI, 2.45 
(m, 1 H), 2.9-3.25 (m, 4 H), 3.75 (d, 3 H, J = lo), 3.80 (d, 3 H, 
J = lo), 3.9 (m, 1 H), 4.15 (m, 1 H), 4.44 (d, 2 H, J = 61, 4.5 
(m, 2 H), 4.8 (m, 1 H), 5.25 (d, 1 H, J = 101, 5.40 (d, 1 H, J = 
lo), 6.05 (d, 1 H, J = 6), 6.7-6.9 (m, 2 HI, 7.1-7.5 (m, 14 HI. 
Anal. Calcd for C40H56N508P.0.56HzO: C, 61.91; H, 7.42; N, 
9.03; P, 3.99. Found: C, 62.21; H, 7.28; N, 8.80; P, 3.74. 
Preparation of (1S,2S)-N-[l-(Cyclohexylmethyl)-2- 

(dimethoxyphosphinyl)-2-hydroxyethyll-~-~N-~cyclo- 
pentylcarbonyl)-L-phenylalanyll-~-histidinamide (37). A 
mixture of 36 (1.24 g, 1.6 mmol), 20% palladium hydroxide on 
carbon (480 mg; Aldrich), and 1.0 N HCl (1.6 mL, 1.6 mmol) 
in methanol (11 mL) was stirred under hydrogen (balloon) for 
20 h, after which it was filtered and concentrated. Purification 
of the crude (1.17 g) by flash chromatography (80 g of Merck 
silica gel, 90: 10: 1:0.5 CHCldCH3OWHzO/AcOH) yielded a 
residue which was dissolved in water containing 1.1 mL of 1 
N HCl, millipore-filtered, and lyophilized to give pure 37 (541 
mg, 49.6%) as a white fluffy solid. TLC: Rf= 0.31 (90:20:2.5: 
1.0 CHCl&IeOWH20/AcOH). MS: (M + H)+ 646+. Mp: 
110-130 "C slow dec. [ a ] ~  = -14.5" (c = 0.85, MeOH). IR 
(KBr): 1039, 1229, 1446, 1534, 1643, 2923, 3429. 'H NMR 
(270 MHz, DMSO-&,): 0.7-1.8 (m, 21 H), 2.55 (m, 1 H), 2.7- 
3.0 (m, 4 H), 3.65 (d, 3 H, J = lo),  3.75 (d, 3 H, J = lo), 3.88 
(m, 1 H), 4.15 (m, 1 H), 4.2 (m, 1 HI, 4.48 (m, 1 H), 4.65 (m, 1 
H), 6.05 (br s, 1 H), 7.1-7.45 (m, 7 H). 31P NMR (CD30D): 
28.9. Anal. Calcd for C32H48N507P.1.2HC1.0.68H20: C, 54.86; 
H, 7.27; N, 10.00; P, 4.42; C1, 5.90. Found: C, 55.05; H, 7.28; 
N, 9.89; P, 4.56; C1, 5.95. 
Preparation of (1S,2S)-N-[ l-(Cyclohexylmethyl)-2- 

(dimethoxyphosphinyl)-2-hydroxyethyll-~-[( 1, l-dimeth- 
ylethoxy)carbonyl] -3-[(phenylmethoxy)methyll-~-histid- 
inamide (39). Acid 38 (9.29 g, 23.06 mmol) was added to a 
solution of 10 (8.34 g, 27.6 mmol) in DMF (115 mL) and cooled 
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t o  0 "C. HOBt (3.87 g, 25.4 mmol), Et3N (4.82 mL, 34.6 mmol), 
and EDC (4.86 g, 25.4 mmol) were added sequentially. After 
16 h at 25 "C, a pH 4.01 buffer solution (400 mL, Mallinckrodt 
"buffer pH 4.01") was added and the reaction mixture was 
stirred for an additional 10 min. The aqueous layer was 
extracted with EtOAc (2 x 500 mL), and the combined organic 
extracts were dried (Na2S04) and concentrated. Purification 
of the crude product by flash chromatography (1400 g of Merck 
silica gel, 19:1:0.05 CHCldCH30WNH40H) yielded pure 39 
(9.37 g, 65.3%). TLC: Rf = 0.19 (90:1.0:0.05 CHClmeOW 

(c  = 0.54, MeOH). 'H NMR (270 MHz, CDC13): 1.38 (s, 9 H), 
0.7-1.9 (m, 13 H), 2.98 (dd, 1 H, J = 7, 14), 3.25 (dd, 1 H, J 
= 5, 141, 3.77 (d, 3 H, J = lo), 3.82 (d, 3 H, J = lo), 3.93 (m, 
1 H), 3.95-4.5 (m, 2 H), 4.5 (s, 2 H), 5.33 (s, 2 HI, 6.80 (d, 1 H, 
J = 8) ,  6.93 (s, 1 H), 7.14-7.43 (m, 5 H), 7.47 (s, 1 H). 

53.2,53.3,53.8,69.1 ( J =  162.8), 69.7, 73.2, 79.9, 127.6, 127.9, 
128.1, 128.5, 135.9, 136.0, 137.9, 155.3, 171.0. Anal. Calcd 
for C30H47N408P-0.35H20: C, 57.28; H, 7.64; N, 8.91; P, 4.92. 
Found: C, 57.28; H, 7.63; N, 8.62; P, 4.61. 
Preparation of (1S,2S)-N-[l-(Cyclohexylmethyl)-2- 

(dimethoxyphosphinyl)-2-hydroxyethyl]-iV-[N-(4-mor- 
pholinylcarbonyl)-~-phenylalanyll-3-[ (phenylmethoxy)- 
methyl]-L-histadinamide (40). Compound 39 (7.14 g, 11.48 
mmol) was dissolved in a solution of HCVEtOAc (55 mL, 1.4 
N), reacted for 1 h, and concentrated, yielding 7.1 g of amine 
hydrochloride as a white solid. A portion of this amine (3.4 g, 
6 mmol) was added to  a solution of 31 (1.45 g, 5 mmol) in DMF 
(25 mL) and cooled to 0 "C. HOBt (840 mg, 5.5 mmol), Et3N 
(1.04 mL, 7.5 mmol), and EDC (1.05 g, 5 mmol) were added 
sequentially. After 16 h at 25 "C, a pH 4.01 buffer solution 
(100 mL, Mallinkrodt "buffer pH 4.01") was added and the 
reaction mixture was stirred for 10 min. The aqueous layer 
was extracted with EtOAc (3 x 75 mL), and the combined 
extracts were dried and concentrated, yielding 4.0 g of crude 
product. Chromatographic purification (300 g of Merck silica 
gel, 9:1:0.05 CHCldCH30WNH40H; 100 g of Merck silica gel, 
1:l Hex/EtOAc to 9:1:0.05 CHCldCH30WNH40H) afforded the 
pure BOM-protected penultimate precursor of 40 (1.35 g, 
34.5%). A mixture of this intermediate (1.22 g, 1.56 mmol), 
20% palladium hydroxide on carbon (552 mg; Aldrich), and 
1.0 N hydrochloric acid (2.02 mL, 2.02 mmol) in methanol (18 
mL) was stirred under hydrogen (balloon) for 16 h, after which 
time it was filtered over Celite and concentrated in vacuo. 
Purification of the crude product (1.28 g) by flash chromatog- 
raphy (512 g of Merck silica gel, 90:20:2.5:1 CHC13/MeOWH20/ 
AcOH) yielded a residue which was dissolved in water con- 
taining 1.2 mL of 1 N HC1, millipore-filtered, and lyophilized 
to give 40 (767.3 mg, 71.0%) as a white solid. Traces of 
impurities were removed from a portion of the material by 
repurification by preparative HPLC using a fully capped C-18 
column (YMC 1-15 ODs, 30 x 500 mm, 15 m spherical, 25.6 
mumin, UV monitoring at 220 nm) and eluting with 70% 
methanol in water containing 1% trifluoroacetic acid. The 
appropriate fractions ( t ~  = 14 min) were concentrated to 
dryness, dissolved in water (4 mL), millipore-filtered, and 
lyophilized to give 319 mg of repurified 40. TLC: Rf = 0.22 
(90:20:2.5:1.0 CHC13/MeOH/H20/AcOH). MS: (M + H)+ 663+. 
Mp: 85-96 "C slow dec. [ a l ~  = -15.6' (c = 0.50, MeOH). IR 
(KBr): 1040, 1262, 1534, 1626, 1650, 2923, 3376. 'H NMR 
(DMSO-dd: 0.7-1.8 (m, 13 HI, 2.8-3.55 (m, 12 HI, 3.66 (d, 3 
H, J = lo), 3.68 (d, 3 H, J = lo), 3.85 (m, 1 H), 4.1-4.3 (m, 2 
H), 4.6 (m, 1 H), 6.8 (d, 1 H, J = 8) ,  7.12-7.35 (m, 7 H), 7.64 
(d, 1 H, J = 91, 8.28 (d, 1 H, J = 81, 8.74 (5, 1 H). 31P NMR 
(CD30D): 28.98. Anal. Calcd for C31H47Ns08P.l.OC2F302H. 
1.2H20: C, 49.65; H, 6.36; N, 10.53; P, 3.88; F, 7.14. Found: 
C, 49.30; H, 6.00; N, 11.17; P, 3.69; F, 7.04. 

NH40H). MS: (M + H)+ 623+. Mp: 80-90 "C. [ a l ~  = -32.9" 

NMR(CDC13): 25.9,26.0,26.3,28.1,32.6,33,3,33,9,38.3,48.6, 
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