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A convenient procedure for the synthesis of 2-heterosubstituted statine derivatives as novel 
building blocks in HIV-protease inhibitors has been developed. The synthesis starts with 
protected L-phenylalaninols, which were converted to y-amino a,p-unsaturated esters in a one- 
pot procedure. A highly diastereoselective epoxidation of the N-protected (E)-enoates, followed 
by regioselective ring opening of the corresponding 2,3-epoxy esters with a variety of 
heteronucleophiles, resulted in 2-heterosubstituted statine derivatives. The overall stereo- 
chemical outcome of the transformations meets the required configuration of HIV-protease 
inhibitors. The short, synthetically flexible, and highly diastereoselective synthesis of 
2-heterosubstituted statines has  enabled a broad derivation, covering the S3, S2, and Sl’-S3’ 
sites of the enzyme. In  a series of 46 derivatives, several potent inhibitors were obtained with 
Ki values as  low as  3.4 nM and antiviral activity in the lower nanomolar-range. The structural 
parameters of the compounds which determine the potency of inhibition and selectivity for the 
viral enzyme are discussed. 

Introduction 

Inhibition of the proteinase (PR) encoded by human 
immunodeficiency virus (HIV) is regarded as one of the 
most promising strategies for design of antiviral agents 
with potential usefulness for chemotherapy of the 
acquired immunodeficiency syndrome (AIDS; see refs 
1, 2 for reviews). Inhibitors of HIV PR block virus 
replication in vitro when studied in infected lymphocytic 
or monocytic cell lines, as well as in peripheral blood 
 lymphocyte^.^,^ The mode of action of the inhibitors in 
infected cells is apparently due to impairment of matu- 
ration. This was concluded from the observation that 
uncleaved gag precursor proteins and immature par- 
ticles accumulate in the presence of the  inhibitor^.^ 
Recently, first evidence of clinical effectiveness of an 
HIV PR inhibitor in HIV-infected patients was re- 
porte d. 

The majority of HIV PR inhibitors, including the most 
potent ones, are based on transition-state analogues as 
replacements for the dipeptide at  the cleavage bond of 
the substrate. Among these inhibitors, compounds 
containing statine and its congeners (see Figure 1, I and 

* Author to whom correspondence should be addressed. 
+ Abbreviations: The abbreviations for the natural amino acids 

(three letter code) are in accord with the recommendations of the 
IUPAC-IUB Joint Commission on Biochemical Nomenclature (Eur. 
J. Biochem. 1984, 238, 9-37). The symbols represent the L-isomer 
except where indicated otherwise. In addition: Abu (2(S)-aminobutyric 
acid), AR (analytical research), BOC (tert-butyloxycarbonyl; (1,l- 
dimethylethoxy)carbonyl), CDI (NN-carbonyldiimidazole), DMF (di- 
methylformamide), DMSO (dimethyl sulfoxide), EDC*HCl (N-ethyl-”- 
(3-(dimethy1amino)propyl)carbodiimide hydrochloride), EDTA (ethyl- 
enediaminetetraacetic acid), HOBt (1-hydroxybenzotriazole), HODhbt 
(3,4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine), HPTLC (high per- 
formance thin-layer chromatography), MES (morpholinoethanesulfonic 
acid), N e  (norleucine), OSu (N-hydroxysuccinimide), Ph (phenyl), Phg 
((S)-phenylglycine), pNph (4-nitrophenylalanine), Py (pyridyl), RP- 
HPLC (reversed-phase high-performance liquid chromatography), rt 
(room temperature), tert-leucine ((2S)-amino-3,3-dimethylbutanoic 
acid), TLC (thin-layer chromatography), Tle (tert-leucine; 2(S)-amino- 
3,3-dimethylbutanoic acid), Z (benzyloxycarbonyl). 
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Figure 1. Building blocks of transition state mimics in potent 
inhibitors of HIV-proteinase. 

11) as a dipeptide mimetic have inhibition constants (Ki) 
in the range of 10-5-10-7 M and show antiviral activity 
in the micromolar range.2p7 However, inhibitors con- 
taining the hydroxyethylene isostere (see Figure 1,1111, 
in most cases, were more potent (Ki = 10-8-10-9 M, IC50 
= 10-6-10-8 M).2 We wondered whether the lower 
potency of statine-containing compounds against HIV 
PR is due to the lack of a hydrophobic side chain at  C-2, 
which favorably interacts with the S1’ subsite of the 
enzyme.8 According to structure analyses of enzyme- 
inhibitor complexes these side chains are obviously 
occupying the S1’ s~bsite.~JO In fact, the more potent 
hydroxyethylene isostere based inhibitors contain an 
alkyl or arylalkyl side chain. Thus, derivatives contain- 
ing the PheqGly isostere are 100-5000 times weaker 
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Scheme 1. Synthesis of HIV-1 Proteinase Inhibitors 
Containing 2-Heterosubstituted Statine Analogues" 
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n Conditions: (a) (COC1)2, DMSO, CHzClz, EtsN, -55 "C - rt; 
(b) Ph3P=CHCOzEt, PhCH3, 80 "C; ( c )  MCPBA, CHZC12, rt; (d) 
benzylamine, EtOH, reflux; ( e )  1.2 equiv of LiOH, THF, HzO, rt; 
( f ,  (5')-Val-benzylamide, EDC-HC1. HOBt, DMF. rt; (g) CF~COZH, 
CH2Cl2; (h) (SI-Z-Tle-OSu, dioxane, rt. 

enzyme inhibitors than those with a PheyPhe i s ~ s t e r e . ~  
In renin inhibitors, C(2)-alkyl substitution of statines 
did not increase the potency of these compounds against 
human renin but rather lowered their activity.'l How- 
ever, this may not apply to  inhibitors of the viral 
enzyme. 

In this paper, we report the development of a conve- 
nient procedure for the synthesis of 2-heterosubstituted 
statine analogues as a novel dipeptide substitute in HIV 
PR inhibitors (see Figure 1, IV). The substituent at  C-2 
contains a heteroatom which could lead to  favorable 
interactions within the catalytic center of the enzyme. 
The structural parameters determining inhibitory po- 
tency of this new type of inhibitors against HIV-1 
proteinase and HIV replication are described. 

Chemistry 

Stereochemical control and minimization of the syn- 
thetic steps while maintaining maximum synthetic 
flexibility for derivation were emphasized in the plan- 
ning of synthesis. The synthesis of 2-heterosubstituted 
statine derivatives as a novel dipeptide replacement 
followed the routes described in Scheme 1. 

Protected (SI-phenylalaninol 1 was subjected to Swern 
oxidation,12 and the intermediate aldehyde was trans- 
formed by Wittig reaction to the corresponding y-amino 
a,P-unsaturated ester 2. The configuration of the ole- 

Figure 2. ORTEP representation of epoxide syn-3b 

finic double bond of 2 is trans, as indicated by a coupling 
constant of J = 16 Hz between the olefinic protons. 
Analogous reactions have been reported in the litera- 
ture, starting from (S)-(N,N-dibenzy1amino)phenyl- 
alaninal13 and from (S)-N-BOC-tyrosine.14 

Upon treatment of the electron-deficient y-amino 
olefin 2 with m-chloroperbenzoic acid (MCPBA),I5 a 
smooth oxidation to  the glycidic ester 3 took place. 
Examination of the crude reaction mixtures (IH-, 13C- 
NMR; TLC, RP-HPLC) revealed the highly diastereo- 
selective formation of 3 besides unreacted 2. No un- 
desired byproducts were detected. The diastereomeric 
mixtures of the corresponding epoxides 3 were isolated 
by chromatography. The ratio of diastereomers was 
determined by lH-NMR spectroscopy (DMSO-&) to be 
9 : l  in both cases (3a and 3b). The predominant 
diastereomer in the mixture of the synlanti-epoxides 3b 
could be isolated in diastereomerically pure form (299%) 
and was subjected to crystal structure analysis for 
determination of the absolute configuration at  the 
oxirane ring relative to the known (SI-configuration at  
the a-carbon of the (S)-phenylalanine moiety of the 
starting material 1. The stereocenters were established 
to  be 2(S), 3(R), and 4(S) (Figure 21, representing the 
syn product ~ y n - 3 b . l ~  It was not possible to  separate 
the diastereomers in the case Of 3a, but deprotected syn- 
3b could be transformed to syn-3a by coupling with the 
Z-valine fragment. The thus obtained syn-3a was 
shown to  be identical with the main component in the 
9:l mixture of diastereomeric epoxides 3a by lH-NMR 
s p e c t r o s ~ o p y . ~ ~ - ~ ~  

The next crucial reaction step in the synthesis of the 
desired 2-heterosubstituted statine building block was 
the nucleophilic ring opening of the oxirane 3. There 
have been several communications in the literature 
concerning the ring-opening reactions of 2,3-epoxy 
esters, amides, and acids.20x21 For example, 2,3-epoxy 
acids react with aqueous ammonia to afford only (or  
predominantly) the C-2 p r o d ~ c t , ~ ~ . ~ ~  while 2,3-epoxy 
esters and amides react under comparable reaction 
conditions to  afford the C-3 p r o d ~ c t ~ ~ - ~ ~  (to our know- 
ledge only one example of C-2 ring opening of a 2,3- 
epoxy amide has been reported30). In addition, in the 
reaction of an epoxy ester with an amine, ester ami- 
nolysis can compete with oxirane ring opening. 

Upon treatment of 3 with benzylamine in tetrahy- 
drofuran the epoxide ring is attacked at  C-2 to  give the 
desired 2-benzylamino-substituted statine derivative 4. 
The diastereomerically pure 4, obtained in high yield 
after chromatographic workup, was shown to  be the 



Inhibitors of HN-1 Proteinase 

Scheme 2. Determination of Regio- and 
Stereochemistry of Ring Opening of syn-3ba 
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these conditions 3b was unaffected by the nucleophiles 
used. Only in the presence of small amounts of water 
did a significant product formation (4) occur. Under 
protic reaction conditions (e.g., ethanol) product forma- 
tion (4) is accelerated without influencing the observed 
regio- and stereoselectivity. 

C-2 directed ring opening of 3 could also be achieved 
with a variety of other nucleophiles (Table 11, e.g., 
benzyl mercaptans, thiophenols (compare 7 in Table 11, 
arylamines, secondary amines and amino acid esters 
(data not shown). In summary the nucleophilic ring 
opening of 2,3-epoxy esters 3 proceeds regiocontrolled 
and with inversion at  the C-2 carbon. The resulting 
2-heterosubstituted statine esters 4 show (5')-configura- 
tion a t  the C(3) carbon and (R)-configuration at  the C(2) 
carbon. 

The highly stereo- and regioselective four-step syn- 
thesis of the 2-heterosubstituted statine building block 
(4) allowed a straightforward synthesis of inhibitors 
6-52 (Tables 1-6). Starting the reaction sequence with 
l a  (Scheme 11, the corresponding ester 4a was saponi- 
fied (5a) and coupled with an appropriate C-protected 
amino acid (representing P2'-P3')8 to  give the final 
inhibitors (Table 1,6-18; Table 3,30-34; and Table 5, 
41-46). 

It is more advantageous to start the synthesis with 
l b  since the corresponding BOC-protected intermediate 
4b can be used for derivation in both directions. 4b was 
hydrolyzed to give 5b, which was first flanked by the 
P2P3 substituents. After removal of the BOC protec- 
tion group, synthesis of the inhibitors was completed 
by coupling with suitable N-protected amino acids 
(Table 2, 19-29; Table 4, 35-40; Table 6, 47-52). 

We have used 4b and 4c for an additional confirma- 
tion of the stereo- and regioselectivity of the epoxidation 
and ring-opening step (Scheme 2). Deprotected 4c was 
treated with carbonyldiimidazole to give the correspond- 
ing oxazolidinone derivative 4d. The lH-NMR spectrum 
of 4d displays a vicinal coupling constant of 5.6 Hz 
between the methine ring protons, consistent with trans 
configuration of the oxa~olidinone.~~ According to  the 

J (H'- H') = 7.8 HZ 
J (H'- H') = 5.6 HZ 
NOE (H'- H') = 14% 
NOE (H4 - H') = 14% 

J (H'- H') = 5.6 Hz 

a Conditions: (a) benzylamine, EtOH, reflux, 3d (b) 3 N HCU 
ether, rt, 1 h; (c) Et3N, CDl, CH2C12, 5 "C - rt, 12 h; (d) (i) 3 N 
HCVether, rt 3 h; (ii) N-methylmorpholine, EtOH, reflux, 12 h; 
(e) CH2C12, pyridine, phosgene, 30 min. 

result of ring opening of syn-3. The regiochemistry of 
4 has been confirmed by lH-NMR and 1W13C-correlated 
spectroscopy. The methine proton of the hydroxy- 
substituted carbon atom is coupled with the C,-proton 
of the phenylalanine fragment (for confirmation of 
stereochemistry, see Scheme 2). 

In the course of the reaction of 3b with benzylamine 
the formation of a minor byproduct (<5%) was detect- 
able, which became more significant upon prolonged 
reaction time. The compound was isolated and char- 
acterized to be benzylamide 4c (Scheme 2). Progress 
of formation of 4c was accompanied by a decrease of 
4b, indicating that the latter one is the major source of 
aminolysis rather than the 2,3-epoxy ester 3b. 

A n  interesting result was obtained by running the 
ring opening of 3b with less reactive or sterically 
hindered benzylamines in dry tetrahydrofuran. Under 

Table 1. Inhibitors Modified in Pl': Inhibitory Activity against HTV-1 Protease and Antiviral Activity against HIV-1, IIIB, 
in MT4 Cells 

6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 

6.1 
10.0 
6.9 

34.0 
23.0 
33.5 
26.0 
59.0 
61.0 

7.4 
17.0 
23.0 

200 

580 
330 

1340 
-a 
-Q 

940 
-4 

-Q 

-4 

-a 

320 
400 
350 

81-84 
oil 
120-130 
127-130 
149-155 
85-95 
162-170 
168-175 
oil 
59-66 
72-80 
78-82 
84-87 

a ~ 3 0 0 0  nM. Satisfactory elemental analyses within &0.4% of the calculated value for C, H, N were obtained unless otherwise noted. 
C, H; N: calcd, 8.94; found, 8.46. 
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Table 2. Inhibitors Modified in P2: Inhibitory Activity against 
HIV-1 Protease and Antiviral Activity against HIV1, IIIB in 
MT4 Cells 

Scholz et al. 

Table 3. Inhibitors Modified in P2': Inhibitory Activity 
against HIV-1 Protease and Antiviral Activity against HIV-1, 
IIIB, in MT4 Cells 

no. R Ki(nM) IC5o(nM) mp("C) formulaf 
6 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

L-Val" 
L-Alaa 
L-Leu" 
L-Ilea 
L-Tle" 

L-Trpa 

L-Asn' 
L-SeP 

L-Hise 

L-Ah" 

L-PhP 

L-Glu" 

6.1 580 
-b 
-b 
-b 

34 
65 
8.3 
9.2 320 

17.1 2000 
200 -b 
51 -b 

10.4 1010 
153 2500 
45 2000 
29 -b 

a Coupling Z-R-OSu. 23000 nM. Coupling Z-AsnOH + HODh- 
bt + EDC. Coupling 0-(tert-butyl)-Ser-OSu and deprotection with 
CF3 COOH. e Coupling of Z-HisOH by azid method. f Satisfactory 
elemental analyses within h0.496 of the calculated value for C, 
H, N were obtained unless otherwise noted. g N; C: calcd, 70.47; 
found, 71.77; H: calcd, 7.39; found, 6.73. H; C: calcd, 68.29; 
found, 60.78; N: calcd, 12.67; found, 10.46. 

known (S)-configuration a t  C-4, C-5 has to  be (R)- 
configurated. Deprotection of 4b and subsequent ring 
closure between the primary amine and the ethyl ester 
afforded an intermediate y-lactam, which was trans- 
formed to the bicyclic 4e upon treatment with phosgene. 
The measured coupling constants and NOES of 4e are 
in agreement with the expected cis-anellation of the two 
rings. 

Results and Discussion 
For all compounds reported, we measured the inhibi- 

tion constant (Ki) for HIV-1 proteinase and determined 
antiviral activity (IC50) in an assay observing the 
cytopathic effect induced by HIV-1, strain IIIB, in de 
~ O L ' O  infected MT4 cells (see the Experimental Section 
for details). 

As expected for an inhibitor representing a transition 
state analogue, the prototype compound 6 exhibited 
pure competitive inhibition of HIV PR (see ref 32 for 
the analysis of a derivative of 6). The K, for 6 is 6.1 
nM and is thus lower than values reported for statine 
containing inhibitors? Likewise, it shows increased 
antiviral activity (IC50 = 580 nM, mean of 11 experi- 
ments) when compared to  statine derivatives. 

Encouraged by this initial result, we synthesized a 
large series of derivatives starting with modifications 
a t  the P1' side chain (see Table 1). Replacement of 
nitrogen in the P1' benzylamino group by sulfur (7) only 
slightly increased the K, to  10 nM. This indicates that 
the P1' nitrogen in 6 is not crucial for binding to the 
enzyme. Also changing the P1' moiety to  phenylamino 
(81, thus introducing a less basic nitrogen, influenced 
K, only slightly. 

We then explored the steric requirements for the P1' 
substituent. Elongation of the side chain by one me- 
thylene group (9) reduced inhibitory potency about 
&fold. Likewise, a small alkyl substituent (butyl in lo), 

a >3000 nM. Mixture of diasteromers 5:l (UD-Tle). Mixture 
of diastereomers 4:l (D/L-Tle). Satisfactory elemental analyses 
within 10.4% of the calculated value for C? H, N were obtained 
unless otherwise noted. e C: calcd, 70.47; found, 65.77; H: calcd, 
7.39; found, 6.91; N: calcd, 9.34; found, 8.59. IC, N; H: calcd, 7.39; 
found, 6.86. 

an aliphatic ring (ll),  a-naphthyl (12) and biphenyl 
groups (13), and N-heterocyclic residues (14, 15) were 
less potent inhibitors of HIV PR than the parent 
compound 6. Para substituents at  the P1' benzylamino 
group (16-18) also increased the Ki value to some 
extent. 

No significant correlation between Ki and antiviral 
activity was observed for these derivatives as well as 
for other compounds (see below). As an example, 
compound 10 and 18 exhibit identical Ki values, but 10 
was found to  be inactive while 18 showed almost the 
best antiviral activity (IC50 = 350 nM) in the series. This 
illustrates that the antiviral effect is determined not 
only by the inhibitory potency against the proteinase, 
but also by other poorly understood factors such as 
cellular uptake, stability, or intracellular distribution. 
It was, however, consistently observed that compounds 
with K, > 50 nM did not exhibit antiviral activity in 
our assay system. 

Next, we replaced valine in P2 of compound 6 by other 
amino acids (Table 2). The isopropyl side chain in P2 
161, obviously, is optimal for interaction of the inhibitor 
with the enzyme, since its replacement by smaller (19) 
or larger alkyl groups (20-23) reduces inhibitory po- 
tency. The 8-fold difference in K, between leucine (20) 
and isoleucine (21) reflects the steric restrictions at  the 
S2 subsite of the enzyme. Also aromatic (24,251, polar 
(26, 27), and charged 128, 29) side chains are not well 
tolerated. Only with tert-leucine (22) an increase in 
antiviral activity was achieved, which was observed also 
for other derivatives (see below). Comparing the results 
obtained by replacing valine in P2 (Table 2) t o  those 
obtained for modifications in P2' (Table 31, it is evident 
that these two positions are not equivalent. Introduc- 
tion of isoleucine in P2 yields an 8 times more active 
enzyme inhibitor than the derivative containing leucine 
in P2; the compound containing isoleucine in P2', 
however, is at  least 70-fold less potent than the one 
containing leucine (compare 30 to 31). It also appears 
that the P2' site is more sensitive to deviation from the 
isopropyl residue of valine (compare 26 to 34, 22 to 32). 
A D-amino acid is not tolerated at  this position (compare 
32 t o  33). 
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Table 4. Inhibitors Modified in P3: 
in MT4 Cells 
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Inhibitory Activity against HIV-1 Protease and Antiviral Activity against HIV-1, IIIB, 

no. R formulaf 

Synthesized according to  Scheme 1, h instead of Z-Tle-OSu, BOC-Val-OSu was used. >3000 nM. Synthesized according to Scheme 
1, h: instead of Z-TleOSu N-[(2-pyridylmethyloxy)carbonyl]valine-OSu (ref 43) was used. 2-Quinolinecarboxylic acid or 3-(benzimidazol- 
2-y1)propionic acid were coupled to valine methyl ester with HODhbt and EDC. Subsequent saponification led to  the corresponding acids 
which were coupled with HODhbt and EDC. e Synthesized according to Scheme 1, h: The starting material (S/R)-[(N-(benzimidazol-2- 
y1)-N-methylamino)carbonyllvaline was synthesized analogously to ref 44). f Satisfactory elemental analyses within f0.4% of the calculated 
value for C, H, N were obtained unless otherwise noted. H, C: calcd, 67.52; found, 66.24; N: calcd, 14.65; found, 13.63. 

Table 5. Inhibitors Modified in P3': Inhibitory Activity against HIV-1 Protease and Antiviral Activity against HIV-1, IIIB, 
in MT4 Cells 

no. R Ki (a) IC50 (d) mp ("0 formulab 

1200 -(I 90-96 C3eH~oN407 
154-168 C40H55N506 

41  OCzH5 
42 NHC(CHd3 72 
43 2-(NHCHz)pyridyl 12.0 1140 129-136 CizHszNsOs 
44 2-(NHCHz)benzimidazolyl 13.0 140 201-204 C ~ ~ H ~ ~ N ~ O ~ G . ~ H Z O  
45 2-(OCHz)benzimidazolyl 29 -a 86-90 C44H5zNsOr0.8HzO 
46 3-(NHCz&)indolyl 10.6 -a 106-114 C46H56NsOsG0.8H20 

6 H N C H 2 C 6 H 5 6.1 580 81-84 C43Hs3NsOr0.8HzO 

-a 

a >3000 nM. b Satisfactory elemental analyses within 4~0.4% of the calculated value for C, H, N were obtained. 

A series of compounds with substitutions for the 
N-terminal benzyloxycarbonyl group in position P3 of 
6 were synthesized (Table 4). Introduction of a tert- 
butoxycarbonyl group (35) or of an aliphatic acyl residue 
(36) did not yield good inhibitors. This finding is in 
accordance with the reported preference of the S3 
subsite of HIV PR for aromatic residues.8 Introducing 
a pyridyl moiety (371, however, was not deleterious to 
inhibitory potency but slightly enhanced antiviral activ- 
ity. The 2-quinolinoyl moiety (38) which had been 
incorporated in potent compounds by others4 led to 
considerable loss of antiviral activity. Two P3 residues, 
however, which both contain a benzimidazole moiety 
(coupled via an acyl chain in 39, or an urea linkage in 
40) significantly enhanced antiviral activity, while 
slightly reducing potency against the enzyme. With 
other compounds, too, an even more pronounced ben- 
eficial effect of the benzimidazole group on antiviral 
activity was observed (see below). 

Finally, the P3' position of 6 was modified (Table 5). 
Replacement of the aminobenzyl group by ethoxy (41) 
or tert-butylamine (42) resulted in weak inhibitors. The 
pyridyl group (431, while enhancing antiviral activity 
when present in P3, was not of advantage in P3'. Again 
a major increase in antiviral potency but no pronounced 
effect on enzyme inhibition was observed with a benz- 
imidazole moiety (44). This compound, where only one 
side chain of 6 was modified, was the most potent out 
of this series of derivatives (IC50 = 140 nM). A similar 
benefical effect of the benzimidazole moiety has been 
reported by DeSolms et al.33 Methylbenzimidazole 
coupled via an ester linkage (45) was devoid of antiviral 
activity. Unexpectedly, an indole moiety (46) did not 
block HIV replication, although the compound has a Ki 
value lower than that of 44. 

Derivative 44, which is about 4 times more potent 
than the lead compound 6, was further modified (Table 
61, based on the results of the single variations reported 
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Table 6. Inhibitors Modified in P3, P2, Pl', and P3': Inhibitory Activity against HIV-1 Protease and Antiviral Activity against 
HIV-1, IIIB, in MT4 Cells 

Scholz et al. 

no. Ri Rz R3 R4 mp ( " c )  

44 z 
47 z 
48 Z 
49 z 
50 Z 
51 p-(OH)CsH4CzHdCO 
52 (SI-phenyllactoyl 

CH(CH3)z H 2-(NHCHz)benzimidazolyl 
CH(CH3)z OCH3 2-(NHCHz)benzimidazolyl 
CH(CH3)z C1 2-(NHCHz)benzimidazolyl 
C(CH& C1 2-(NHCH2)benzimidazolyl 
C(CH3)3 OCH3 2-(NHCHz)benzimidazolyl 
C(CH3)3 OCH3 2-(NHCHz)benzimidazolyl 
C(CH& OCH3 2-(NHCH2)benzimidazolyl 

13.0 140 
3.4 25 
6.1 120 
7.5 34 
4.6 14 

13.0 96 
6.0 38 

201-204 
205-209 
206-210 
114-171 
231-234 
198-205 
153-157 

Satisfactory elemental analyses within 10.4% of the calculated value for C, H. N were obtained unless otherwise noted. * C. H. N: 
calcd. 11.89; found, 12.38 

Table 7. Activity of Aminobenzylstatine-Containing Inhibitors 
against HIV-1, HIV-2, and Mammalian Aspartic Proteinases 
and against HIV-1, IIIB, and HIV-2, EHO, Replication in MT4 
Cells 

HIV-1 HIV-2 IC60 (nM) 
K, IC50 K, ICjo porcine human human 

no. inM) (nMP inM) (nMP pepsin renin cathepsinD 
6 6.1 315 180 >3000 >10,000 >10,000 35 

16 7.4 132 39 810 >10,000 >10,000 110 
22 9.2 93 54 1400 >10,000 >10,000 60 
47 3.4 9.7 120 460 >10,000 >10,000 380 
49 7.5 11.3 17 240 >10.000 >10,000 1800 
50 4.6 5.4 52 385 >10,000 >10,000 1000 

52 6.0 7.9 110 470 >10,000 >10,000 2000 

for HIV-1 and HIV-2, respectively. 

51 13.0 21 63 380 >10,000 >10,000 >10,000 

a ICs0 measured by analysis of p24 or p26 antigen concentration 

above. Introduction of a methoxy group at  the P1' 
benzylamino side chain (47) lowered the IC50 about 
6-fold. This was unexpected, since the methoxy group 
enhanced antiviral activity only slightly in 16 when 
compared to  6 (Table 1). We had observed that tert- 
leucine was more effective than valine in position P2 
(compare 22 to  6). The effect of this substitution was 
even more pronounced in the case of compounds 48 and 
49, the latter showing a 4-fold lower IC50 value of 34 
nM. Finally exchange of the chloro group in 49 to 
methoxy yielded the most potent inhibitor (501, both of 
the enzyme (K, = 4.6 nM) and of virus replication (IC50 
= 14 nM), in this series of derivatives. Additional 
modifications in P3 (51, 52), intended t o  change the 
physicochemical properties of 50, did not further en- 
hance antiviral potency. 

Although we were primarily interested in designing 
inhibitors of HIV-1 proteinase, we also tested the most 
active compounds against the HIV-2 enzyme and against 
HIV-2, strain EHO, replication in MT4 cells. For 
reasons of comparability, inhibition of HIV-1, strain 
IIIB, replication was measured under the same experi- 
mental conditions. The data in Table 7 show that, in 
general, the compounds are less potent inhibitors of the 
HIV-2 enzyme, and, furthermore, that different struc- 
ture-activity relationships govern the interaction with 
this enzyme. The most potent HIV-2 PR inhibitor 49 
also proved to  be the best inhibitor of HIV-2 replication 
in cell culture (IC50 = 240 nM). 

To evaluate the selectivity of the HIV-1 protease 
inhibitors, we also studied their inhibitory potential 
against mammalian aspartic proteinases. As sum- 
marized in Table 7, the compounds do not inhibit human 
renin or  porcine pepsin; the prototype compound 6 is, 
however, a potent inhibitor of cathepsin D. Inhibition 
of this enzyme is reduced when proceeding to com- 
pounds which contain tert-leucine in P2 (compare 6 with 
221, a para substituent in P1' (161, and benzimidazole 
in P3' (compare 16 with 47). Combination of these 
residues (49,50) further reduced cathepsin D inhibitory 
activity, which is also observed for compounds with a 
modified P3 moiety (51, 52). Thus, the most potent 
inhibitor of HIV-1 replication reported here (50) shows 
only ICs0 = 1 pM in cathepsin D inhibition. 

Biochemical and pharmacological characterization, 
including oral bioavailability of these compounds, will 
be published elsewhere.34 

Summary 
We have developed a flexible synthesis of HIV-1 

proteinase inhibitors which contain 2-heterosubstituted 
4-amino-3-hydroxy-5-phenylpentanoic acid as a novel 
central building block. The cornerstrone of the synthetic 
strategy is a two step sequence: The diastereoselective 
epoxidation of a$-unsaturated carboxylic esters, ob- 
tained by Wittig olefination of appropriately protected 
a-amino aldehydes, followed by regio- and stereospecific 
ring opening of the corresponding epoxides with het- 
eronucleophiles leading exclusively to  2-heterosubsti- 
tuted statine analogues. These compounds are more 
effective inhibitors of HIV-1 proteinase than related 
statine-containing compounds. Benzimidazole, placed 
in either the P3 or P3' position, considerably enhances 
antiviral activity of the compounds. Combination of this 
substitution with other favorable modifications in posi- 
tions Pl', P2, and P3 led to  highly active compounds, 
the most potent one (50)  exhibiting a K, of 4.6 nM and 
an IC50 value of 14 nM. The anti-HIV potency and 
adequate selectivity especially of derivatives 49-51 
warrant further pharmacological evaluation of this class 
of compounds. 

Experimental Section 
Chemistry. 'H-NMR spectra were recorded with a Bruker 

WC-250 or AMX-500 spectrometer; chemical shifts are re- 
ported in ppm ( h )  relative t o  internal MerSi. All J values are 
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mixture of diastereomers (syn-3a:anti-3a = 89: 111, introduced 
in the synthesis of 4a without further separation; mp 164- 

MHz, 330 K) 6 0.78, 0.81 (2d, 6H, CH(CH& of syn-3a), 0.90, 
0.91 (2d, 6H, CH(CH& of anti%a), 1.21 (t, 3H), 1.88 (m, lH), 
2.81 and 2.90 (AB part of ABX, 2H), 3.19 (d, lH,  C(2)H of syn- 
3a), 3.27 (dd, lH,  C(3)H of syn-3a), 3.30 (m, 2H, C(2)H and 
C(3)H of anti3a);  3.80 (dd, lH), 4.14 (m, 3H), 5.04 and 5.08 
(AB, 2H), 6.79 (broad, lH), 7.16-7.37 (m, lOH), 7.70 (d, 1H). 
Anal. (CzsHazNzOs) C, H, N. 

(25,3R,4S)-4-[ [N-[(Benzyloxy)carbonyllvalyllaminol- 
2,3-epoxy-S-phenylpentanoic Acid Ethyl Ester (syn-3a). 
Trifluoroacetic acid (3 mL) was added to a solution of 1 g (3 
mmol) of syn-3b in 50 mL of dichloromethane. The mixture 
was stirred for 2 h at room temperature, washed with 
saturated NaHC03 solution and brine, and dried over MgS04. 
The solvent was evaporated in vacuo leaving 0.6 g (86%) of 
(2S,3R,4S)-4-amino-2,3-epoxy-5-phenylpentanoic acid ethyl 
ester as an oil: [ a I z 0 ~  + 32.1" (c = 2.5, methanol); 'H-NMR 
(CDCl3) 6 1.28 (t, 1 H), 2.43 (bs, 2 H), 2.75-3.05 (m, 3 H), 3.21 
(dd, 1 H), 3.26 (m, 1 H), 4.16 and 4.22 (AB part of ABX, 2 H), 
7.12-7.38 (m, 5 H). Anal. ( C ~ ~ H ~ ~ N O ~ - O . ~ H Z O )  C, H, N. 
3,4-Dihydro-3-hydroxyroxy-4-oxo-1,2,3-benzotiazine (0.21 g, 1.28 

mmol) and 0.22 g (1.25 mmol) of N-ethyl-N'-(3-(dimethylami- 
n0)propyl)carbodiimide hydrochloride were added to a solution 
of 0.32 g (1.27 " 0 1 )  ofN-[(benzyloxy)carbonyllvaline and 0.30 
g (1.28 mmol) of (2S,3R,4S)-4-amino-2,3-epoxy-5-phenylpen- 
tanoic acid ethyl ester in 30 mL of dimethylformamide. The 
mixture was stirred for 3 d at room temperature. The solvent 
was evaporated in vacuo, and the residue was dissolved in 
ethyl acetate, washed with 1 N HC1, saturated NaHC03 
solution, and brine, and dried over MgSO4. The mixture was 
concentrated in vacuo; the product crystallized afier addition 
of diethyl ether: yield 0.4 g of syn-3a (67%); mp 164-169 "C; 
[ a l Z o ~  -6.49" (c = 1, methanol); 'H-NMR (DMSO&, 500 MHz, 
330 K) 6 0.74, 0.78 (2d, 6H), 1.18 (t, 3H), 1.85 (m, lH), 2.78 
and 2.89 (AB part of ABX, 2H), 3.16 (d, lH ,  C(2)H), 3.26 (dd, 
lH ,  C(3)H), 3.77 (dd, lH), 4.11 (m, 3H), 5.03 and 5.07 (AB, 
2H), 6.94 (broad, lH),  7.15-7.37 (m, lOH), 7.77 (d, 1H). Anal. 

(2S/R,3R/S,4S)-4-[[(1,l-Dimethylethoxy)carbonyllami- 
no] -2,3-epoxy-S-phenylpentanoic Acid Ethyl Ester (3b). 
Preparation was as described for 3a: yield 1.37 g of 3b (62%); 
mixture of diastereomers (syn-3b:anti-3b = 9:1), introduced 
in the synthesis of 4b without further separation; mp 55-61 

MHz, 350 K) 6 1.22 (t, 3H), 1.32 (s, 9H, C(CH313 of anti-Sb), 
1.34 (s, 9H, C(CH3)3 of syn3b), 2.76-2.88 (m, 2H), 3.16 (dd, 
lH,  C(3)H of anti-tb), 3.22 (d, lH,  C(2)H of syn-3b), 3.24 (dd, 
1H, C(3)H of syn-3b), 3.51 (d, lH,  C(2)H of anti-3b), 3.68- 
3.74 (m, 1H), 4.12-4.20 (m, ZH), 6.70 (broad, lH), 7.18-7.29 
(m, 5H). Anal. (C&Z&~S)  C, H, N. 
(2S,3R,4S)-4-[[(1,1-Dimethylethoxy)carbonylI aminol- 

2,3-epoxy-S-phenylpentanoic Acid Ethyl Ester  (syn-3b). 
3b (1.37 g) was dissolved in 10 mL of n-hexane/ethyl acetate 
= 85/15. The solution was transferred to  a chromatography 
column containing 60 g of silica gel. After 6 d the column was 
eluted with n-hexane/ethyl acetate = 85/15. Product contain- 
ing fractions were collected, and the solvent was evaporated. 
The crystalline residue was redissolved in seven parts of 
n-hexane by heating. After 12 h at room temperature the 
crystals were filtered off and dried in vucuo: yield 1.09 g of 
syn-3b (80%); mp 65-69 "C, [ a I z 5 ~  +25.5" (c = 1, CH2C12); 'H- 

2.76-2.85 (AB part ofABX, 2H), 3.22 (d, lH,  C(2)H), 3.24 (dd, 
lH,  C(3)H), 3.68-3.74 (m, lH), 4.12-4.17 (m, 2H), 6.70 (broad, 
lH), 7.18-7.29 (m, 5H). Anal. (ClsHzsNO5) C, H, N. 
(2R,3S,4S)-2-(Benzylamino)-4-[ [N-[ (benzy1oxy)carbon- 

yl]valyllamino]-3-hydroxy-5-phenylpentanoic Acid Eth- 
yl Ester (4a). 3a (1.60 g, 3.40 mmol) was dissolved in 6 mL 
of ethanol; 740 pL (6.8 mmol) of benzylamine was added, and 
the solution was kept at  60 "C for 2 d. The solvent was 
evaporated, and the residue was chromatographed on silica 
gel (eluent: toluene/ethyl acetate = 2/1): yield 1.56 g of 4a 
(80%); mp 52-55 "C; 'H-NMR (CDC13) 6 0.74, 0.86 (2 d, 6H), 
1.26 (t, 3H), 2.06 (sext, lH), 2.88 (m, 2H), 3.27 (d, lH), 3.56, 

167 "C; [ a I z 5 ~  -10.6" (C = 1, CHC13); 'H-NMR (DMSO-ds, 500 

(C26H3zNzOs~.2Hz0) C, H, N. 

"C; [ a I z 5 ~  +17.5" (C = 1, CHZClz); 'H-NMR (DMSO-&, 500 

NMR (DMSO-de, 500 MHz, 350 K) 6 1.22 (t, 3H), 1.34 (s, 9H), 

given in hertz (Hz). Elemental analyses were performed by 
Analytical Department, Sandoz Basle, Switzerland, and Mik- 
roanalytisches Laboratorium, Institut fiir Physikalische Che- 
mie Universitat Wien, and are within f0.4% of the theoretical 
value. Optical rotations were measured on a Perkin-Elmer 
141 polarimeter. Analytical thin-layer chromatography was 
performed on silica gel 60 F254 glass plates (HPTLC, Merck). 
Preparative column chromatography was performed on silica 
gel (40-63 pm) under pressure (-0.2 mPa). Solvents were 
AR grade and were used without further purification. All 
reagents were obtained from commercial suppliers and were 
used without further purification. Evaporations were carried 
out in vacuo with a rotary evaporator. Melting points were 
determined with a thermovar apparatus (Reichert-Jung) and 
are not corrected. The required valine amides (Table 5) were 
synthesized starting either from BOCValOSu and the free 
amine, or using BOCVal, free amine and the usual peptide 
coupling conditions EDCaHCl, HOBt in DMF. 

Representative methods for all the compounds synthesized 
according to  Scheme 1 are described. In the case of the 
mercaptobenzyl derivative 7,  a different procedure for the 
epoxide opening was developed: The potassium salt of benzyl 
mercaptan was used, and the solution was stirred at 4 "C 
under an atmosphere of nitrogen. 
N-[N-[(Benzyloxy)carbonyllvalyllphenylalaninol (la). 

A 3.2-g (21.2-mmol) sample of (S)-phenylalaninol was added 
to a solution of 7.44 g (20.0 mmol) of N-[(benzyloxy)carbonyll- 
valine 4-nitrophenyl ester in 50 mL of dimethylformamide. 
M e r  addition of 2 g (19.8 mmol) of triethylamine, the reaction 
mixture was stirred at room temperature for 3 d. After 
evaporation of the solvent the residue was dissolved in 
dichloromethane, carefully washed several times with 0.1 N 
NaOH and once with water, and dried. The solution was 
filtered, the solvent evaporated, and the residue chromato- 
graphed on silica gel (eluent: dichloromethane/methanol = 951 
5): yield 8.1 g of la (85%); mp 154-156 "C; 'H-NMR (CDCld 
6 0.82 (2d, 6H), 2.10 (oct, lH),  2.82 (bd, 2H), 3.45-3.75 (m, 
2H), 4.90 (dd, lH), 4.17-4.25 (m, lH), 5.17 (s, 2H), 5.30 (d, 
lH),  6.30 (d, lH),  7.10-7.40 (m, 5H). Anal. (CzzHz&204) C, 
H, N. 

4(S)- [ [N- [ (Benzyloxy )carbonyllvalyll aminol -5-phenyl- 
2(E)-pentenoic Acid Methyl Ester (2a). A 3.12-mL (36.3- 
mmol) sample of oxalyl chloride in 40 mL of dry dichlo- 
romethane was cooled to -55 "C, and 2.81 mL (32.7 mmol) of 
dimethyl sulfoxide was added dropwise. Then, 6.98 g (18.1 
mmol) of l a ,  dissolved in 40 mL of dichloromethane and 3.13 
mL (43.9 mmol) of dimethyl sulfoxide were added at -55 "C. 
The reaction mixture was stirred at -55 "C for 1 h, reacted 
with triethylamine, and stirred until room temperature was 
reached. After dilution with 200 mL of dichloromethane, the 
mixture was washed with 1 N HCI and dried over magnesium 
sulfate, and the solvent was evaporated. The residue was 
dissolved in toluene, 6.32 g (18.2 mmol) of [(ethoxycarbonyl)- 
methyleneltriphenylphosphorane was added, and the reaction 
mixture was heated to 80 "C for 1 h. After evaporation of the 
solvent, the residue was chromatographed on silica gel (elu- 
ent: toluene/ethyl acetate = 4/11: yield 6.7 g of 2a (82%); mp 

2.10 (sext, lH),  2.72-3.04 (m, 2H), 3.92 (dd, lH), 4.18 (q,2H), 
5.00 (9, lH),  5.10 (s, 2H), 5.18 (d, lH),  5.86 (d, lH), 6.17 (bd, 
LH, J = 16 Hz), 6.90 (dd, lH,  J = 16 Hz), 7.10-7.22 (m, 10H); 
[aI2O~ -17.4' (CDC13, c = 1). Anal. ( C Z ~ H ~ Z N Z O ~ )  C, H, N. 

4(S)-[[( 1,1-Dimethylethoxy)carbonyllamino]d-phenyl- 
2-(E)-pentenoic Acid Ethyl Ester (2b). Preparation was 
as described for 2a, starting from (SI-N-[(l,l-dimethylethoxy) 
carbonyllphenylalaninol lb:35 yield 4.6 g of 2b (80%); mp 70- 

(m, 2H), 4.10-4.25 (m, 3H), 4.56 (d, lH), 5.86 (dd, lH), 7.10- 
7.38 (m, 5H). Anal. (C18H25N04) C, H, N. 
(2S/R,%Z/S,gs)-4-[ [N-[~enzyloxy~~~nyllvalyll aminol- 

2,3-epoxy-S-phenylpentanoic Acid Ethyl Ester (3a). To 
a solution of 3 g (6.6 mmol) of 2a  in 30 mL of dichloromethane 
was added 3.42 g (10.9 mmol) of m-chloroperbenzoic acid. The 
reaction mixture was stirred for 5 d. After evaporation of the 
solvent, the residue was chromatographed on silica gel (elu- 
ent: toluene/ethyl acetate = 411): yield 2 g of 3a (65%); 

161-165 "C; 'H-NMR (CDC13) 6 0.85 (2d, 6H), 1.24 (t, 3H), 

72 "C; 'H-NMR (CDC13) 6 1.26 (t, 3H), 1.40 (s, 9H), 2.80-2.98 
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3.74 (AB, 2H), 3.70 (d, lH),  3.90 (dd, lH),  4.18 (9, 2H), 4.37 
(q, lH) ,  5.11 ( s ,  2H), 5.11 (bs, lH),  6.30 (d, lH),  7.01-7.40 (m, 
15H). Anal. (C33HiN306) C, H, N. 
(2R,3S,4S)-2-(Benzylamino)-4-[[(l,l-dimethylethoxy~- 

carbonyl]amino]-3-hydroxy-5-phenylpentanoic Acid Eth- 
yl Ester (4b). Preparation was as described for 4a: yield 1.24 
g of 4b (83%); syrup; 'H-NMR (CDC13) 6 1.28 (t, 3H), 1.38 ( s ,  
9H), 1.72 (broad, lH),  2.80-3.03 (m, 2H), 3.33 (d, lH),  3.60 
and 3.80 (AB, 2H), 3.72 (d, lH),  4.04 (q, lH),  4.18 (q,2H), 4.80 
(d, lH) ,  7.15-7.40 (m, 10H). Anal. (C~jH34N205) C, H, N. 
(2R,3S,4S)-2-(Benzylamino)-4-[[N-[(benzyloxy)carbon- 

yl]valyl]aminol-3-hydroxy-5-phenylpentanoic Acid (5a). 
To a solution of 1.3 g (2.28 mmoli of 4a in 12 mL of 
tetrahydrofuran was added 2.51 mL (2.52 mmol) of 1 N NaOH. 
and the reaction mixture was stirred for 10 h at  room 
temperature. Neutralization with dilute HC1 led to  a precipi- 
tate, which was filtered off and dried: yield 1.12 g of 5a (89%); 
mp 192-196 "C; 'H-NMR (DMSO-&) 6 0.68 (d, 3H), 0.76 (d, 
3H), 1.87 (sext, lH),  2.70, 2.80 (2d, 2H), 4.34 (q, lH),  5.07 ( s ,  
2H), 7.08-7.60 (m, 15Hi, 7.70 (d, 1H). Anal. (C31H3iN306) C. 
H, N. 
(2R,3S,4S)-2-(Benzylamino)-4-[[~l,l-dimethylethoxy~- 

carbonyl] amino]-3-hydroxy-5-phenylpentanoic Acid (5b). 
Preparation was as described for 5a: yield 0.87 g of 5b (92%); 
mp 210-214 "C. 'H-NMR (DMSO-&) 6 1.38 ( s ,  9H),2.74 (m, 
2H), 3.02 (d, lH),  3.50 (d, lH),  3.64 and 3.83 (AB, 2H), 4.06 
(m, lH),  6.40 (d, lH), 7.08-7.40 (m, 10H). Anal. (C23H30NzOj) 
C, H, N. 
(2R,3S,4S)-N-[2-(Benzylamino)-4-[ [N-[(benzyloxy)car- 

bonyl]valyl] amino] -3-hydroxy-5-phenylpentanoyllva- 
line Benzylamide (6a). 5a (920 mg, 1.68 mmol) was 
dissolved in 20 mL of dimethylformamide; 348 mg (1.68 mmol) 
of (S)-valine benzylamide, 228 mg (1.68 mmol) of l-hydroxy- 
benzotriazole, and 416 mg (2.00 mmol) of N,"-dicyclohexyl- 
carbodiimide were added at  room temperature (similar results 
were obtained when N,"-dicyclohexylcarbodiimide was re- 
placed by ( l-benzotriazolyloxy)tris(dimethylamino)phosphonium 
hexafluoride and N-methylmorpholine or N-ethyl-N'-(3-(di- 
methylaminojpropy1)carbodiimide hydrochloride and l-hy- 
droxybenzotriazole). The reaction mixture was stirred for 24 
h at  room temperature. The solution was filtered, and the 
solvent was evaporated. Pure 6a was obtained as an amor- 
phous solid by chromatography on silica gel (eluent: gradient 
toluene/ethyl acetate = 1/1 to 1/31: yield 620 mg of 6a (50%); 
mp 81-84 "C; 'H-NMR (CDC13) 6 0.73 (d, 3H1, 0.84 (d, 3H), 
0.90 (d, 3H), 0.95 (d, 3H), 2.04 (sext, lH),  2.24 (sext, lH),  2.95 
(d, 2H), 3.26 (d, lH),  3.56, 3.61 (2d, 2H), 3.84 (t,  lHj,  3.90 (d, 
lH),  4.17 (m, lH), 4.20 (m, lH),  4.35, 4.46 (2dd, 2H), 5.09 (m, 
3H), 6.47 (d, lHJ,  6.64 (t, lH), 7.15-7.38 (m, 20H1, 8.90 (d, 
1H). Anal. (C4&3Njo6) C, H, N. 
(2R,3S,4S)-N-[2-(Benzylamino)-4-[ [(1,1-dimethylethoxy)- 

carbonyl]amino] -3-hydroxy-5-phenylpentanoyllvaline 
Benzylamide (6b). Preparation was as described for 6a: 
yield 683 mg of 6b (63%); mp 154-163 "C; 'H-NMR (CDC13J 6 
0.82 and 0.93 (2d, 6H), 1.39 ( s ,  9H), 2.10-2.28 (m, lH) ,  2.80- 
3.00 (m, 2H), 3.24 (d, lH),  3.56 and 3.60 (AB, 2H), 3.80 (d, 
lH),  3.95 (9, lH),  4.12-4.20 (m, lH),  4.40 (d, 2H), 4.71 ( s ,  lHJ ,  
5.08 (d, lH),  6.60 (t, lH),  7.12-7.38 (m, 15H), 8.15 (d, 1H). 
Anal. (C&d405)  C, H, N. 
(2R,2'S,3S,4S)-N-[2-(Benzylamino)-4-[[2-[[(benzyloxy)- 

carbonyl]amino]-3,3-dimethylbutyryllaminol-3-hydroxy- 
5-phenylpentanoyllvaline Benzylamide (22). 6b (1.83 g, 
3 mmol) was dissolved in 30 mL of dichloromethane. Trifluo- 
roacetic acid (3 mL) was added, and the solution was stirred 
at  room temperature for 2 h. The solvent was evaporated, 
toluene was added, and the mixture was evaporated twice to 
remove traces of trifluoroacetic acid. The residue was dis- 
solved in dichloromethane, washed with 0.1 N NaOH, dried 
over MgS04, and concentrated in U ~ C U O  to yield 1.37 g of 
(2R,3S,4S)-N-(4-amino-2-( benzylamino)-3-hydroxy-5-phenyl- 
pentanoyljvaline benzylamide (90%), mp 138-152 "C: which 
was used in the next step without further purification: IH- 
NMR (CDC13) d 0.92 and 0.98 (2d, 6H), 1.65 (broad, lH),  2.20- 
2.40 (m, lH),  2.43-2.62 (m, lH),  2.92-3.16 (m, 2H), 3.30- 
3.40 (m, 2H). 3.70 and 3.83 (AB, 2H), 4.23 and 4.51 (AB part 
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of ABX, 2H), 4.41 (dd, lH),  7.05-7.39 (m, l5Hj, 8.00 (d, 1Hi. 
Anal. (C30H38N403) C, H, N. 

2(S)-[[~Benzyloxy)c~bonyl]aminol-3,3-dimethylbutanoic acid 
N-hydroxysuccinimido ester (0.17 g, 0.46 mmol) was added t o  
a solution of 0.1 g (0.2 mmol) of (2R,3S,4Si-N-(4-amino-2- 
(benzylamino)-3-hydroxy-5-phenylpentanoyl)valine benzyl- 
amide in dioxane and was stirred overnight. The solvent was 
removed in vacuo, and the residue was chromatographed on 
silica gel (eluent: cyclohexane/ethyl acetate = 211): yield 0.104 
g of 22 (70%); mp 78-82 "C; 'H-NMR (CDC13) 6 0.86 ( s ,  9H), 
1.86 and 1.94 (2d, 6H), 2.00 (b, lH),  2.25 (oct, lH),  2.97 (d. 
2H), 3.29 (d, lH),  3.52-3.63 (m, 2H), 3.73 (d, lH), 3.90 (d, 1HL 
4.12 (q, lHi,  4.29 (dd, lH),  4.33 and 4.51 (AB part of ABX, 
2H), 5.01 and 5.10 (AB, 2HJ, 5.08 (b, lH),  5.31 (d, 1H). 6.48 
(d, lH),  6.90-7.03 (m, lH),  7.08-7.39 (m: 20H), 8.13 (d, 1H). 
Anal. (C44H55Nj06) C, H, N. 
2(S)-[ [(Benzyloxy)carbonyllamhol-3,3-dimethylbutano- 

ic Acid N-Hydroxysuccinimido Ester. N-Hydroxysuccin- 
imide (2.6 g, 22.6 mmol) and 4.6 g (22.2 mmol) of N,"- 
dicyclohexylcarbodiimide were added to a solution of 6 g (22.6 
mmol) 2(S~-[[(benzyloxy)carbonyllaminol-3,3-dimethylbutanoic 
acid in 70 mL of dioxane. The mixture was stirred for 12 h at  
room temperature. The solvent was evaporated. and the 
residue was suspended in ethyl acetate. The urea was 
removed by filtration, and the solvent was evaporated: yield 
6.15 g (757~1, which was used without further purification; 'H- 

lH),  5.03-5.12 (m, 2H), 5.34 (d, J = 10 Hz, lHi,  7.26-7.40 
(m, 5H). 
(2R,3S,4S)-2-(Benzylamino)-4-[ [ (1,l-dimethylethoxy)- 

carbonyl]amino] -3-hydroxy-5-phenylpentanoic Acid Ben- 
zylamide (4~). A mixture of 5.0 g (14.9 mmol) of 3b and 3.2 
g (29.8 mmoli of benzylamine in 150 mL of tetrahydrofuran 
was stirred for 3 d at  60 "C. The solvent was evaporated, and 
the residue was chromatographed on silica gel (eluent: cyclo- 
hexanelethyl acetate = 3/11: yield 3.9 g of 4b (59%;) and 1.7 g 
of 4c (24%); mp 50-53 "C: 'H-NMR (CDC13) 6 1.42 ( s ,  9H), 
1.95 (bs, lH),  2.95 (d, J = 8 Hz, 2H), 3.16 (d, J = 9.5 Hz, lH),  
3.48 and 3.54 (AB. J m  = 12.5 Hz: 2H), 3.71 (d, J = 9.5 Hz, 
lHJ ,  4.08 (q, J = 8 Hz, 1H). 4.34 and 4.44 (AB part of ABX, 
J.A.B = 14.5 Hz, 2Hi, 5.10-5.22 (m, 2H), 7.08-7.38 (m, 15H), 
7.96 (t ,  J = 5.8 Hz, 1H); FAB-MS: MH+ = 504. Anal. 

~2R,4S,5S)-2-~Benzylamino)-2-~4-benzyl-2-0~0-1,3-0~- 
azolidine-5-y1)ethanoic Acid Benzylamide (4d). To 2.25 
g (4.5 mmol) of 4c in 2 mL of dichloromethane was added 20 
mL of 3 N hydrochloric acid in ether. The mixture was stirred 
for 3 h a t  room temperature. The precipitate was filtered off 
and dried in uacuo to  yeld 1.4 g of (2R,3S,4S)-4-amino-2- 
(benzylamino)-3-hydroxy-5-phenylpentanoic acid benzylamide 
dihydrochloride (65%J, mp 131-138 "C, an aliquot of which 
was used in the next step without further purification: 'H- 
NMR (DMSO-ds) d 2.96 (d, J = 7 Hz, 2H), 3.80-3.95 (m, 1H). 
3.96-4.08 (m, 2H1, 4.10-4.21 (m, lH),  4.22-4.50 (m, 3H), 6.78 
(bd. lH),  7.18-7.60 (m, 15H), 8.18 (bs, 3H), 9.05 ibt, 1Hj. 9.58 
(bs, lH)? 9.90 (bs, 1H). 

A solution of 81 mg (0.5 mmol) ofN,"-carbonyldiimidazole 
in 1 mL of CHZC12 was added to a mixture of 200 mg (0.42 
mmol) of (2R,3S,4Sj-4-amino-2-(benzylamino)-3-hydroxy-5- 
phenylpentanoic acid benzylamide dihydrochloride and 170 mg 
(1.68 mmol) of triethylamine in 5 mL dichloromethane at  5 
"C. The mixture was stirred for 3 h a t  room temperature, 
concentrated in uacuo, and chromatographed on silica gel 
(eluent: cyclohexane/ethyl acetate = 1/11: yield 94 mg of 4d 
(52%); mp 49-51 "C; IH-NMR (CDC13) d 2.02 (bs, lH),  2.69 
and 2.88 (AB part ofABX,J.m = 13.5 Hz, 2Hi, 3 . 2 9 ( d , J =  5.7 
Hz, lH),  3.70 and 3.78 (AB, J m  = 13 Hz, 2H), 4.06 (ddd, J = 
13.5 Hz, J = 8.9 Hz, J = 5.6 Hz, lHi,  4.38 and 4.45 (AB part 

lH) ,  5.20 (bs, 1H1, 7.04-7.42 (m, 16HJ. Anal. (C26H~iN303) 
C, H, N. 
(3aR,6aR,3S,6S)-3,6-Dibenzyl-2,4-dioxo-3,3a,6,6a-tet- 

rahydropyrrolo[3,4-d]oxozole (4e). 4b (3 g, 6.8 mmoli was 
dissolved in 20 mL of ether, 100 mL of a 3 N solution of HC1 
in ether was added, and the mixture was stirred for 3 h at  
room temperature. The precipitate was filtered off, washed 

NMR (CDC13) 6 1.10 (s, 9H), 2.84 (s, 4H), 4.52 (d, J = 10 Hz, 

(C30H37N304*1.3H20) C, H, N. 

of ABX, J m  = 14.9 Hz, 2H). 4.48 (dd, J = 5.60 Hz, J = 5.6 Hz. 
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with ether, and dried in Vacuo to  yield 2.67 g of (!?&3S,4S)- 
4-amino-2-(benzylamino)-3-hydroxy-5-phenylpentanoic acid eth- 
yl ester dihydrochloride (95%). The substance was used for 
the next step without further purification. 

A mixture of 415 mg (1 mmol) of (2R,3S,4S)-4-amino-2- 
(benzylamino)-3-hydroxy-5-phenylpentanoic acid ethyl ester 
dihydrochloride and 202 mg (2 mmol) of N-methylmorpholine 
in 10 mL of ethanol was stirred for 12 h at 80 "C. The solvent 
was evaporated in uacuo, the residue was taken up in 50 mL 
of ethyl acetate, washed with 1 N HC1 and brine, and dried. 
After evaporation of the solvent, the residue was chromato- 
graphed on silica gel (eluent: cyclohexane/ethyl acetate = 
1/2): yield 151 mg of (3R,4S,5S)-5-benzyl-3-(benzylamino)-4- 
hydroxypyrrolidin-2-one (50%); mp 112-116 "C; 'H-NMR 
(CDC13) 6 2.89 and 3.09 (AB part ofABX, JAB = 13.7 Hz, 2H), 
3.40 (d, J = 4.6 Hz, lH), 3.70 (ddd, J = 3.4 Hz, J = 6.2 Hz, J 
= 8.7 Hz, lH), 3.80 and 3.88 (AB, JAB = 13.5 Hz, 2H), 4.00 
(ddd, J = 4.6 Hz, J = 1.3 Hz, J = 3.4 Hz, lH), 5.68 (bs, lH), 
7.15-7.40 (m, 10H). 

A solution of 50 mg (0.169 mmol) (3R,4S,5S)-5-benzyl-3- 
(benzylamino)-4-hydroxypyrrolidin-2-one in 10 mL of dichlo- 
romethane was treated with 3 mL of pyridine and 100 pL of a 
1.9 M solution of phosgene in toluene at -10 "C. f i r  stirring 
for 30 min, 0.5 M aqueous HC1 was added, and the organic 
layer was washed with saturated aqueous NaHC03 and dried 
over magnesium sulfate. The solvent was removed in uacuo, 
and the residue was chromatographed on silica gel (eluent 
ethyl acetateln-hexane = Ul): yield 28 mg of 4e (48%); mp 
167-168 "C; 'H-NMR (CDC13) 6 2.87 and 3.14 (AB part OfABX, 
JAB = 13.9 Hz), 3.96 (d, J = 7.8 Hz, lH), 4.05 (ddd, J = 5.6 
Hz, J =  5.7 Hz, J =  9.1 Hz, lH), 4.91 (dd, J =  5.6 Hz, J =  7.9 
Hz, lH), 4.50 and 4.92 (AB, JAB = 14.7 Hz, 2H), 6.29 (bs, lH), 
7.15-7.40 (m, 10H). Anal. (C1gHlsNzOgO.lHzO) C, H, N. 

Biology. HIV Proteinase Inhibition Assay. HIV-1 
proteinase was expressed from the plasmid pTZprt+ 36 in 
Escherichia coli strain J M  105 and was purified to homogene- 
ity as p~bl ished.~ '  A peptide cleavage assay was performed 
using the substrate H-Lys-Ala-Arg-Val-Leu-pNph-Glu-Ala-Me- 
N H 2  described by Richards et al.38 Briefly, HIV-proteinase was 
incubated a t  37 "C in 0.1 M MES, 0.37 M NaC1,4 mM EDTA, 
pH 6.25, with 280 pM of substrate in the presence or absence 
of inhibitors. From the decrease of absorbance a t  298 nm, 
initial rates were calculated. Inhibitors were dissolved in 
DMSO; the DMSO contents of dilutions in assay buffer did 
not exceed 5%. 

IC5,, values for test compounds were obtained by fitting the 
initial velocity data (V) from the inhibition of substrate 
hydrolysis to  the equation V = VO(IC~O)/(Z + IC501 where I 
denotes the inhibitor concentration and VO the velocity of the 
uninhibited reaction. From the ICs0 values kinetic constants 
Ki were c a l c ~ l a t e d : ~ ~  IC50 = Ed2 + Ki(1 + SIK,,,), where Et is 
the total enzyme concentration, S is the substrate concentra- 
tion, and K, is the Michaelis constant for the substrate. Ki 
values reported here are the mean of two determinations, 
which yielded the same result within limits of f20%. 

Recombinant HIV-2 proteinase, obtained from P. Strop, 
Prague, was assayed as described for the HIV-1 enzyme, but 
in 0.1 M NaAc, pH 4.7, 0.37 M NaC1, 4 mM EDTA. 

Assay of Other Proteinases. Cathepsin D was purified 
from human spleen according to Ikeda et al.40 Activity was 
measured a t  pH 3.5 in citrate buffer with 0.1% bovine 
hemoglobin as substrate.41 Recombinant human renin (ob- 
tained from J. Evenou, Sandoz Basle) was assayed using the 
method described by Holzman et al.42 Porcine pepsin was 
assayed in 0.1 M glycine-HC1, pH 2.0, with 0.5% hemoglobin 
as substrate and ['4C]methylhemoglobin as tracer. 

Inhibition of HIV-1 Induced Cytopathic Effect in MT4 
Cells. The assay procedure described by Pauwels et al.43 was 
used with minor modifications. The HTLV I transformed cell 
line MT4 was used as the target cell. Inhibition of HIV-1, 
strain IIIB, induced cytopathic effect was determined by 
measuring the viability of both HIV- and mock-infected cells. 
Viability was assessed spectrophotometrically via in situ 
reaction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (M'M'). Virus-infected and uninfected cultures with- 
out compound were included as controls as were uninfected 
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cells treated with compound. The cell concentration was 
chosen so that the number of cells per milliliter increased by 
a factor of 10 during the 5 d of incubation in mock-infected 
cultures. Virus inoculum was adjusted such to cause cell death 
in 90% of the target cells aRer 5 d of incubation. The virus 
was adsorbed to  a cell suspension containing 1 x lo6 cells/mL 
at 37 "C for 1 h. Then, the infected cells were added to  
microtiter plates containing the test compounds to give 1 x 
lo5 cells/mL. Thus, compounds were added post adsorption. 
The IC50 values reported here are the mean of at least five 
determinations. 

Inhibition of HIV-1, Strain IIIB, Replication in MT4 
Cells. MT4 cells were infected with HIV-1, strain IIIB, by 
suspending the cells a t  a concentration of 1 x lo6 cells/mL in 
virus solution. Adsorption was allowed for 2 h at 37 "C. Virus 
inoculum was adjusted such to give a linear increase of p24 
antigen concentration in the supernatants of infected cells up 
to  day 4 post infection. After adsorption, the cells were spun 
down, the inoculum was removed by washing, and the infected 
cells were added to 6-well plates containing the test compounds 
a t  the appropriate concentrations to  give 1 x lo5 cells/mL in 
a volume of 5 mL. At days 3 and 4 postinfection, aliquots were 
removed, the cells were spun down, and the supernatants were 
analyzed for p24 antigen concentration by means of a com- 
mercial ELISA kit (Coulter). 

Inhibition of HIV-2, Strain EHO, Replication in MT4 
Cells. MT4 cells were infected with HIV-2, strain EHO, in 
the same manner as described for HIV-1. At days 3 and 4 
postinfection, aliquots of the cell cultures were removed; the 
cells were spun down and the supernatants were analyzed for 
p26 antigen concentration by means of a commercial ELISA 
kit (Coulter). 
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