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By tethering of a polar hydrophilic group to the Px or Px' substituent of a Phe-based hydroxyethylene isostere, the 
antiviral potency of a series of HIV protease inhibitors was improved. The optimum enhancement of anti-HIV 
activity was observed with the 4-morpholinylethoxy substituent. The substituent effect is consistent with a model 
derived from inhibitor docked in the crystal structure of the native enzyme. An X-ray crystal structure of the inhibited 
enzyme determined to 2.25 A verifies the modeling predictions. 

Introduction 

Human immunodeficiency virus (HIV) is the causative 
agent of AIDS. Recognition of the molecular events critical 
to virus replication has suggested several strategies for 
potential chemotherapeutic intervention. Among those, 
blockade of the virally encoded protease has become a 
major target in the quest for an effective antiviral agent.1 

In an earlier communication we described the potent 
HIV-1 protease inhibitor L-685,434 (1) containing the novel 
l(S)-amino-2(i?)-hydroxyindan P2 ' ligand.2 The inhibitor 
was found to block the spread of HIV-1 in T-lymphoid cells 
at a CIC (100% minimal inhibitory concentration) at 400 
nM, but suffered from aqueous insolubility. The ratio of 
in vitro enzyme activity of 1 (IC^ = 0.35 nM) to antiviral 
activity in cell culture (CIC) taken as an index of cell 
penetration (I/C = 0.0009) indicates that improvement in 
antiviral potency might also be achieved through modi
fication of the physical properties of the compound. Thus, 
molecular sites on 1 were sought for attachment of polar, 
hydrophilic substituents. 

In the absence of an X-ray crystal structure of the en
zyme-inhibitor complex, computer-assisted molecular 
modeling was used to visualize the inhibitor (L-685,434) 
bound in the native enzyme active site.3 The modeled 
structure was constructed starting from the X-ray struc
tures of renin inhibitors of the hydroxyethylene isostere 
class bound in the active site of the fungal aspartyl pro
teases Endothiapepsin and Rhizopus pepsin.4 With the 
aid of computer graphics the C- and N-termini of the 
hydroxyethylene isostere were docked to fit the P2 and P2 ' 
sites by visual inspection. The structure was energy 
minimized in the active site using molecular mechanics. 
As depicted in Figure 1, the modeled complex revealed that 
the Px and Px ' phenyl rings were near the exterior surface 
of the active site, pointing toward solvent. In the absence 
of a P3 or P3 ' ligand there was sufficient space for tethering 
a chain terminated with a polar substituent into the 
aqueous environment. Structure-activity data had further 
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revealed that hydroxylation of one of the Px and P / 
phenyls (22 and 23, Table I) generating a Tyr-Phe or 
Phe-Tyr hydroxyethylene isostere gave a substantial in
crease in antiviral activity due to apparent increased cell 
penetration (see Results and Discussion section). Thus, 
alkylation of the phenols in 22 and 23 with hydrophilic 
substituents became an attractive design strategy. 

Chemistry 

The synthesis of the tyrosine- and phenylalanine-based 
hydroxyethylene isosteres starts with the Peterson olefi-
nation5 of the iV-BOC-L-phenylalanal (2) or the iV-BOC-
O-benzyl-L-tyrosinal (3) (Scheme I). The BF3-catalyzed 
elimination6 of the /3-trimethylsilyl alcohols required 4-6 
days at room temperature although the starting material 
disappeared instantaneously. After treatment of the crude 
amine product with di-tert-butyl dicarbonate, the iV-BOC 
protected allylic amines 4 and 5 were isolated in good 
yields. The olefins were converted with monoperoxy-
magnesium phthalate7 in methanol or MCPBA in meth
ylene chloride into the predominantly threo-epoxides (4:1) 
6 and 7.8 Alkylation of the sodium salt of diethyl malonate 
with the epoxides 6 and 7 gave the ester-lactones 8 and 
9, which were isolated as single diastereomers by chro
matography.9 Further alkylation with benzyl bromide or 
4-(benzyloxy)benzyl chloride gave the alkylated ester-
lactones 10-12. After a saponification-decarboxylation 
sequence the pure trcms-lactones 13-15 were isolated by 
chromatography and converted into the teri-butyldi-
methylsilyl ether (16-18) of the hydroxy acid form (Scheme 
I).9 

The racemic cw-l-amino-2-hydroxyindan (28) was pre
pared as first described by Lutz and Wayland10 in three 
steps from the racemic trans-isomer 25 via 2-phenyl-
oxazoline formation (Scheme II). Resolution of 28 was 
accomplished through chromatographic separation of the 
L-phenylalanine amide diastereomers.11 The faster eluting 
isomer 27 proved to contain the desired (-)-enantiomer of 
28 which could be easily liberated from the amide by 
heating an ethanolic solution of 27 with excess sodium 
ethoxide. Presumably the neighboring hydroxyl group 
facilitates cleavage through intramolecular acyl transfer. 
Coupling (-)-28 with 16-18 in the usual manner gave the 
inhibitors 19-24 as crystalline solids. 
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The phenols 22-24 could be efficiently and selectively 
alkylated using excess cesium carbonate12 and 4-(2-
chloroethyl)morpholine in dioxane heated to 80 °C 
(Scheme III). The crystalline morpholinylated inhibitors 
29—31 were formed in 82-95% yield. The outcome of the 
alkylation reaction was highly dependent on the stoi-
chiometry, concentration, temperature, reactivity of alkyl 
halide, and purity of reactants. In particular, trace con
taminants from the commercial tetra-n-butylammonium 
fluoride reagent used to deprotect the silyl ether would 

(1) (a) Kramer, R. A.; Schaber, M. D.; Skalka, A. M.; Ganguly, K.; 
Wong-Staal, F.; Redely, E. P. HTLV-III gag Protein is Pro
cessed in Yeast Cells by the Virus poi-Protease. Science 1986, 
231, 1580-84. (b) Krausslich, H.-G.; Schneider, H.; Zybarth, 
G.; Carter, C. A.; Wimmer, E. Processing of In Vitro-Syn-
thesized gag Precursor Proteins of Human Immunodeficiency 
Virus Type 1 by HIV Proteinase Generated in Escherichia coli. 
J. Virol. 1988, 62, 4393-97. (c) Richards, A. D.; Roberts, R.; 
Dunn, B. M.; Graves, M. C; Kay, J. Effective Blocking of 
HIV-1 Proteinase Activity by Characteristic Inhibitors of As-
partic Proteinases. FEBS Lett. 1989, 247, 113-7. (d) Darke, 
P. L.; Leu, C. T.; Davis, L. J.; Heimbach, J. C; Diehl, R. E.; 
Hill, W. S.; Dixon, R. A. F. Human Immunodeficiency Virus 
Protease. J. Biol. Chem. 1989,264, 2307-12. (e) Dreyer, G. B.; 
Metcalf, B. W.; Tomaszek, T. A., Jr.; Carr, T. J.; Chandler, A. 
C; Hyland, L.; Fakhoury, S. A.; Magaard, V. W.; Moore, M. 
L.; Strickler, J. E.; Debouck, C; Meek, T. D. Inhibiton of Hu
man Immunodeficiency Virus 1 Protease In Vitro: Rational 
Design of Substrate Analogue Inhibitors. Proc. Natl. Acad. 
Sci. U.S.A. 1989,86, 9752-56. (f) Meek, T. D.; Lambert, D. M. 
Dreyer, G. B.; Carr, T. J.; Tomaszek, T. A., Jr.; Moore, M. L, 
Strickler, J. E.; Debouck, C; Hyland, L. J.; Matthews, T. J, 
Metcalf, B. W.; Petteway, S. R. Inhibition of HIV-1 Protease 
in Infected T-Lymphocytes by Synthetic Peptide Analogues. 
Nature (London) 1990, 343, 90-2. (g) Roberts, N. A.; Martin, 
J. A.; Kinchington, D.; Broadhurst, A. V.; Craig, J. C; Duncan, 
I. B.; Galpin, S. A.; Handa, B. K.; Kay, J.; Krohn, A.; Lambert, 
R. W.; Merrett, J. H.; Mills, J. S.; Parkes, K. E. B.; Redshaw, 
S.; Ritchie, A. J.; Taylor, D. L.; Thomas, G. J.; Machin, P. J. 
Rational Design of Peptide Based HIV Proteinase Inhibitors. 
Science 1990,248, 358-61. (h) DesJarlais, R. L.; Seibel, G. L.; 
Kuntz, I. D.; Furth, P. S.; Alvarez, J. C; Ortiz de Montellano, 
P. R.; DeCamp, D. L.; Babe, L. M.; Craik, C. S. Structure 
Based Design of Nonpeptide Inhibitors Specific for the Human 
Immunodeficiency Virus. Proc. Natl. Acad. Sci. U.S.A. 1990, 
87, 6644-48. (i) Ashorn, P.; McQuade, T. J.; Thaisrivongs, S.; 
Tomasselli, W.; Tarpley, G. W.; Moss, B. An Inhibitor of the 
Protease Blocks Maturation of Human and Simian Immuno
deficiency Viruses and Spread of Infection. Proc. Natl. Acad. 
Sci. U.S.A. 1990, 87, 7472-76. G) Grobelny, D.; Wondrak, E. 
M.; Galardy, R. E.; Oroszian, S. Selective Phosphinate Tran
sition-State Analog Inhibitors of the Protease of Human Im
munodeficiency Virus. Biochem. Biophys. Res. Commun. 
1990,169, 1111-16. (k) Kempf, D. J.; Norbeck, D. W.; Coda-
covi, L. M.; Wang, X. C; Kohlbrenner, W. E.; Wideburg, N. 
E.; Paul, D. A.; Knigge, M. F.; Vasavanonda, S.; Craig-Ken-
nard, A.; Saldivar, A.; Rosenbrook, W., Jr.; Clement, J. J.; 
Plattner, J. J.; Erickson, J. Structure Based, C2 Symmetrical 
Inhibitors of HIV Protease. J. Med. Chem. 1990, 33, 2687-89. 
(1) Rich, D. H.; Sun, Q.-C; Vara Prasad, J. V. N.; Pathiaseril, 
A.; Toth, M. V.; Marshall, G. R.; Clare, M.; Mueller, R. A.; 
Houseman, K. Effect of Hydroxyl Group Configuration in 
Hydroxyethylamine Dipeptide Isosteres on HIV Protease In
hibition. Evidence for Multiple Binding Sites. J. Med. Chem. 
1991, 34, 1225-8. (m) Vacca, J. P.; Guare, J. P.; deSolms, S. 
J.; Sanders, W. M.; Giuliani, E. A.; Young, S. D.; Darke, P. L.; 
Zugay, J.; Sigal, I. S.; Schleif, W. A.; Quintero, J. C; Emini, E. 
A.; Anderson, P. S.; Huff, J. R. L-687,908, A Potent Hydroxy-
ethylene Containing HIV Protease Inhibitor. J. Med. Chem. 
1991, 34, 1228-29. (n) Thaisrivongs, S.; Tomasselli, A. G.; 
Moon, J. B.; Hui, J.; McQuade, T. J.; Turner, S. R.; Strohbach, 
J. W.; Howe, W. J.; Tarpley, W. G.; Heinriksson, R. L. Inhib
itors of the Protease from Human Immunodeficiency Virus: 
Design and Modeling of a Compound Containing a Di-
hydroxyethylene Isostere Insert with High Binding Affinity 
and Effective Antiviral Activity. J. Med. Chem. 1991, 34, 
2344-56. 

inhibit the reaction, while temperatures in excess of 90 °C 
would produce significant byproducts resulting from in
tramolecular rearrangement and polyalkylation. 

The relationship of basicity and polarity with antiviral 
potency could also be explored in this series by simply 
varying the chloroalkylamine employed in the alkylation 
reaction of the phenol 22. Thus a series of amine-sub-
stituted tetrapeptide mimetics (32-38) structurally anal
ogous to L-689,502 (29) were prepared and evaluated for 
anti-HIV activity (Table I). Oxidation of the thioether in 
thiamorpholinyl derivative 38 with sodium metaperiodate 
of potassium permanganate gave the sulfoxide 39 and 
sulfone 40. The 2V-oxide 41 could be obtained in essentially 
quantitative yield by treatment of an ethanolic solution 
of L-689,502 (29) with 30% aqueous hydrogen peroxide. 

(2) Lyle, T. A.; Wiscount, C. M.; Guare, J. P.; Thompson, W. J.; 
Anderson, P. S.; Darke, P. L.; Zugay, J. A.; Emini, E. A.; 
Schleif, W. A.; Quintero, J. C; Dixon, R. A. F.; Sigal, I. S.; Huff, 
J. R. Benzocycloalkyl Amines as Novel C-Termini for HIV 
Protease Inhibitors. J. Med. Chem. 1991, 34, 1228-30. 

(3) (a) Navia, M. A.; Fitzgerald, P. M. D.; McKeever, B. M.; Leu, 
C.-T.; Heimbach, J. C; Herber, W. K.; Sigal, I. S.; Darke, P. 
L.; Springer, J. P. Three Dimensional Structure of the Aspartyl 
Protease from the AIDS Virus HIV-1. Nature (London) 1989, 
337, 615-20. (b) Wlodawer, A.; Miller, M.; Jaskolski, M.; 
Sathyanarayana, B. K.; Baldwin, E.; Weber, I. T.; Selk, L. M.; 
Clawson, L.; Schneider, L.; Kent, S. B. H. Conserved Folding 
in Retroviral Proteases: Crystal Structure of a Synthetic 
HIV-1 Protease. Science 1989, 245, 616-21. (c) Lapatto, R.; 
Blundell, T.; Hemmings, A.; Overington, J.; Wilderspin, A.; 
Wood, S.; Merson, J. R.; Whittle, P. J.; Danley, D. E.; Geo-
ghegan, K. F.; Hawrylik, S. J.; Lee, S. E.; Scheld, K. G.; Ho-
bart, P. M. X-ray Analysis of HIV-1 Proteinase at 2.7 A Res
olution Confirms Structural Homology among Retroviral En
zymes. Nature (London) 1989, 342, 299-302. 

(4) Foundling, S. I.; Cooper, J.; Watson, F. E.; Cleasby, A.; Pearl, 
L. H.; Sibanda, B. L.; Hemmings, A.; Wood, S. P.; Blundell, T. 
L.; Valler, M. J.; Norey, C. G.; Kay, J.; Boger, J.; Dunn, B. M.; 
Leckie, B. J.; Jones, D. M.; Atrash, B.; Hallett, A.; Szelke, M. 
High Resolution X-ray Analyses of Renin Inhibitor-Aspartic 
Acid Proteinase Complexes. Nature (London) 1987, 327, 
349-352. 

(5) An earlier attempt to olefinate BOC-protected a-amino al
dehydes with the Peterson olefination was reported to be un
successful: Moriwake, T.; Hamano, S.; Saito, S.; Torii, S. A 
Straightforward Synthesis of Allyl Amines from a-Amino 
Acids Without Racemization. Chem. Lett. 1987, 2085-88. 

(6) (a) Peterson, D. J. A Carbonyl Olefination Reaction Using 
Silyl-Substituted Organometallic Compounds. J. Org. Chem. 
1968, 33, 780-4. (b) Weber, W. P. Peterson Reaction. In 
Silicone Reagents for Organic Synthesis; Springer-Verlag: 
New York, 1983; pp 58-78. 
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Thompson, N. Oxidation Reactions Using Magnesium Mono-
perphthalate: A Comparison with m-Chloroperoxybenzoic 
Acid. Synthesis 1987, 1015-17. 

(8) Luly, J. R.; Dellaria, J. F.; Plattner, J. J.; Soderquist, J. L.; Yi, 
N. A Synthesis of Protected Aminoalkyl Epoxides from a-Am
ino Acids. J. Org. Chem. 1987, 52, 1487-92. 
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Chem. 1985, 50, 4615-25. 
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1951, 73, 1639-41. 

(11) Rittle, K. E.; Evans, B. E.; Bock, M. G.; DiPardo, R. M.; 
Whitter, W. L.; Homnick, C. F.; Veber, D. F.; Freidinger, R. 
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Figure 1. L-685,434 modeled in native HIVP active-site steric surface map. 
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Table I. Anti-HIV Activity 

H OH 

Under the same reaction conditions, the phenol 22 could 
also be efficiently converted into the ester 42 by employing 
ethyl bromoacetate as alkylating agent. Saponification 
with lithium hydroxide provided the phenoxyacetic acid 
43 and reduction with lithium borohydride gave the 2-
hydroxyethyl ether 44 (Scheme IV). 

Similarly, alkylation with 4-(2-bromoacetyl)morpholine 
gave phenoxyacetamide derivative 45. 

Molecular Modeling Study 

A model of L-685,434 (1) bound in the HIV-1 protease 
active site was derived from the X-ray structures of the 
renin inhibitors H-142 and L-363,564 bound in the En-
dothiapepsin active site4 and a reduced peptide renin in-

Thompson et al. 

H 
M OH 

Y \ ;* x8 

hibitor bound in the Rhizopuspepsin active site.13 This 
model of 1 was then energy minimized in the static native 
enzyme active site.3" Two low-energy conformations re
sulted from the minimization; these differed only in the 
position of the P^ phenyl group due to the open nature 
of the native enzyme-active site, in which the flaps are 
involved in crystal packing contacts with another molecule 
of enzyme. The conformation shown in Figure 1 was 

(13) Suguna, K.; Padlan, E. A.; Smith, C. W.; Carlson, W. D.; 
Davies, D. R. Binding of Reduced Peptide Inhibitor to the 
Aspartic Proteinase from the Rhizopus Chinensis: Implica
tions for a Mechanism of Action. Proc. Natl. Acad. Sci. U.S.A. 
1987, 84, 7009. 

compd Rt F 
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0.0036 
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" CIC values in parentheses were determined by p24-ELISA; all other entries were by fixed cell immunofluorescence in H9 cells using the 
Illb isolate (see Experimental Section). 'With the exception of 29 (L-689,502) where n = 30, and compounds 23, 31, and 37 where n = 2, all 
other entries are n = 1. While some variability was observed in the antiviral spread activity for L-689,502 due to factors inherent in the 
cell-based assay, no other inhibitor in this series was found to exhibit a lower CIC in head to head comparison. The only inhibitors in this 
series which displayed an anti-HIV activity equal to L-689,502 in the spread assay were 44 and 45. 
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be expected for a symmetrical active site; (b) the P / phenyl 
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the flaps so as to avoid any unfavorable steric interaction 
with the flaps in an enzyme-inhibitor complex geometry. 
Later, the X-ray structure of the HIV protease-acetyl-
pepstatin complex14 indicated that this was probably the 
preferred conformation. However, in both conformations 
the Pj' phenyl group was directed out of the enzyme active 
site toward solvent, suggesting that a polar substituent on 
a tether could be attached to this ring. Figure 2 shows an 
energy minimized model of L-689,502 (29) in the native 
enzyme active site, while Figure 3 illustrates the hydro
gen-bonding interaction between the hydroxyl of the P2' 
indanol and the NH of Asp^. This is analogous to the 
hydrogen bond formed by the P2' carbonyl oxygen in 
previously reported X-ray structures of hydroxyethylene,15 
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hibitors bound in the HIV protease active site. 

X-ray Crystallographic Analysis of the 
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HIV-1 Protease 

A model for the binding of L-689,502 to HTV-1 protease 
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of X-ray diffraction data extending to 2.25 A in resolution. 
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Figure 2. L-689,502 modeled in native enzyme active site. 

At the beginning of the structural analysis, it appeared that 
L-689,502 bound to the nearly-symmetric enzyme-active 
site in a single orientation, with the N-terminus of the 
inhibitor interacting with residues in monomer 2 of the 
enzyme and the C-terminus of the inhibitor interacting 
with residues in monomer 1. After extensive refinement 
of the structure, it became apparent that a second orien
tation of the inhibitor (with the inhibitor N- and C-termini 
interacting with monomers 1 and 2, respectively) was 
present. The two orientations of the inhibitor (which will 
be referred to as orientations 1 and 2) were originally given 
equal occupancy, but as refinement progressed the occu
pancies were adjusted in an attempt to equalize the mean 
thermal factor for the two orientations. The occupancies 
are 0.55 and 0.45 in the final model. There was no in-
terpretable electron density for the morpholino group of 

(14) Fitzgerald, P. M. D.; McKeever, B. M.; VanMiddlesworth, J. 
F.; Springer, J. P.; Heimbach, J. C; Leu, C.-T.; Herber, W. K ; 
Dixon, R. A. F.; Darke, P. L. Crystallographic Analysis of a 
Complex between Human Immunodeficiency Virus Type 1 
Protease and Acetylpepstin at 2.0 A Resolution. J. Biol. Chem. 
1990, 265, 14209-19. 

(15) Jaskolski, M.; Tomasselli, A. G.; Sawyer, T. K.; Staples, D. G.; 
Heinrikson, R. L.; Schneider, J.; Kent, S. B. H.; Wlodawer, A. 
Structure at 2.5 A Resolution of Chemically Synthesized Hu
man Immunodeficiency Virus Type 1 Protease Complexed 
with a Hydroxyethylene-Based Inhibitor. Biochemistry 1991, 
30, 1600. 

(16) Miller, M.; Schneider, J.; Sathyanarayana, B. K.; Toth, M. V.; 
Marshall, G. R ; Clawson, L.; Selk, L.; Kent, S. B. H.; Wlo
dawer, A. Structure of a Complex of Synthetic HIV-1 Protease 
with a Substrate-Based Inhibitor at 2.3 A Resolution. Science 
1989, 246,1149. 

(17) Erickson, J.; Neidhart, D. J.; VanDrie, J.; Kempf, D. J.; Wang, 
X. C; Norbeck, D. W.; Plattner, J. J.; Rittenhouse, J. W.; 
Turon, M.; Wideburg, N.; Kohlbrenner, W. E.; Simmer, R.; 
Helfrich, R.; Paul, D. A.; Knigge, M. Design, Activity and 2.8 
A Crystal Structure of a C2 Symmetric Inhibitor Complexed 
to HIV-1 Protease. Science 1990, 249, 527. 

the Pj ' substituent and was therefore not possible to model 
the position of this group. 

Results and Discussion 

Consistent with the modeling observations, all inhibitors 
examined (19, 22-24, and 29-45) were highly potent in 
vitro with IC^'s in the nanomolar range. Consequently, 
the para position on Px and P^ can be viewed as essentially 
"neutral" to the thermodynamics of enzyme binding. As 
can be seen in Figure 4, the modeled structure of 29 is in 
good agreement with the subsequently determined X-ray 
structure. The hydrogen-bonding interaction predicted 
between the hydroxyl of the P2 ' indanol and the NH of 
ASP29 is observed in the X-ray structure as shown in Figure 
3 and Table VI. The only major difference between the 
two structures is in the orientation of the para substituent 
on the P^ phenyl. This difference seems to be mostly due 
to a change in the position of the side chain of Arg8 be
tween the native and inhibited enzyme structures. This 
can be seen as a shift in the position of the "channel" which 
is occupied by this substituent in the active site of the 
native (Figure 5) and the inhibited (Figure 6) enzyme 
structures. Although only three atoms may be compared 
between the modeled and X-ray structures of 29 due to 
disorder in the X-ray structure at this position (vide supra), 
it is clear that the terminal methylene seen in the X-ray 
structure would have an unfavorable steric interaction with 
the native enzyme-active site. However, it is accommo
dated within the inhibited enzyme-active site. 

The two orientations of the inhibitor observed in the 
X-ray structure have very similar backbone conformations 
(Table VI); greater torsional angle differences occur in the 
conformations of the Pi and P / substituents. In both 
orientations, the inhibitory hydroxyl group is within hy
drogen-bonding distance of all of the side-chain oxygens 
of the catalytic Asp-25 and Asp-225 residues (Table V). 
Two of the interactions between the inhibitor and the 
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Figure 3. X-ray crystal structure of L-689.502-HIVP complex. 

Figure 4. Comparison of L-689,502 active conformation as de
termined by modeling (red) and X-ray diffraction (yellow). 

protein are mediated by solvent molecules. The tightly 
bound water that bridges between 0 7 and 03 8 of the in
hibitor and the amide nitrogens of Ile-50 and Ile-250 is 
analogous to a similar water molecule that has been ob
served in the previously determined structures of inhibited 
complexes of HIV-1 protease.14-17 The second solvent-
mediated interaction, bridging 042 of the inhibitor to the 
carbonyl oxygen of Gly-227 (or Gly-27) and to the side 
chain oxygens of Asp-229 (or Asp-29) has no analogue in 
the previously examined structures. 

The increase in antiviral potency for 29 (L-689,502; CIC 
= 12 nM), relative to the decreased enzyme activity (ICso 
= 0.45 nM) in comparison to the other inhibitors in Table 
I, may be due to the presence of the weakly basic mor-
pholine group (pKa ~ 6.6).18 The highest value for the 
ratio of IC^ to CIC (I/C = 0.0375) observed in this series 
for L-689,502 is consistent with increased penetration into 
the HIV infected lymphocytes. In general, the presence 
of a weakly basic amine group (compounds 29-38; I/O 
0.004) or p-oxygen substituent at Px or P / (compounds 19, 
22, 23, 44, and 45) enhanced the cell penetration relative 
to the parent compound 1 (I/C> 0.003). Increasing the 
basicity of the amine19 (entries 33-36) generally decreased 
the potency of the compound both as an enzyme inhibitor 
and antiviral agent relative to L-689,502. 

While the double (Px-P/) hydroxylation in 24 was well 
tolerated by the HIV-1 protease enzyme (IC50 = 0.15 nM), 
the antiviral activity was markedly decreased (CIC = 780 
nM) possibly as a result of increased acidity. In contrast, 
the bismorpholinyl compound 31 lost more than 10-fold 
in enzyme inhibitory potency (IC50 = 1.9 nM) and gained 
in cell penetration (CIC = 100 nM, I/C = 0.02), although 
to a lesser extent than one would expect if the effects were 
additive. 

Not unexpectedly, the neutral hydroxyl or iV-oxide 
functionalites in 41, 44, and 45 induced minimal effects 

(18) The pKa of 29 was determined by extrapolation of the pH vs 
solubility curve by Dr. Drazen Ostovic, Department of Phar
maceutical Research. 

(19) Compounds 33-36 and 38 are expected to be more basic than 
29 by comparison to the pifa's of trimethylamine (9.8), N-
methylpiperidine (10.2), iV-methylpyrrolidine (10.2), iV^V'-di-
methylpiperazine (8.54), and iV-methylmorpholine (7.13), tak
en from Dean, J. A. Handbook of Organic Chemistry; 
McGraw-Hill: New York, 1987; pp 8-2. 
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Figure 5. Comparison of L-689,502 active conformation determined by modeling (red) and X-ray diffraction (yellow) docked in native 
enzyme active site. 

Figure 6. Active site of L-689,502 (red)-HIVP complex as determined by X-ray diffraction compared with active conformation of 
inhibitor from modeling (yellow). 

on cell penetration (I/C = 0.0072,0.004, and respectively 
vs 0.003 for the phenol 22). The 2-hydroxyethyl ether 
group in 44 enhanced inhibitory activity against the re
troviral protease which parallels the anti-HIV activity in 
cell culture. Finally, introduction of highly polar groups 
(entries 39,40, and 43) generally increased in vitro activity 
against HIV-1 protease concomitant with decreased cell 
penetration (I/C < 0.003) resulting in overall decreased 
antiviral activity. 

Thus, attachment of 2-substituted ethoxy to the P / (or 
Pj) phenyl ring generally leads to overall enhancement of 
antiviral activity against HIV-1 in T-lymphoid cells 
through two possible mechanisms. When the 2-substituent 
is an electronegative group enhanced protease inhibition 
can give rise to increased antiviral activity. In the case of 
weakly basic amine groups, an increase in cell penetration 
may be responsible for increased blockade of viral spread. 

The most potent compound in the series, L-689,502 was 
further evaluated for anti-HIV activity against five diverse 

strains of the HIV-1 and the SIV (simian immunodefici
ency virus) in cell culture (Table II). At concentrations 
of 12-50 nM, L-689,502 completely prevented the spread 
of the virus in human H9 T-lymphoid cells. By contrast, 
in identical assays using the Illb variant of HIV-1, the 
nucleoside analogues 3'-azidothymidine (AZT) and di-
deoxyadenosine (DDI) both exhibited CIC values of 25 
mM. L-689,502 was also a potent inhibitor of HIV-1 in
fection spread in human MT-4 lymphoid cells, primary 

(20) Henderson, L. E.; Benveniste, R. E.; Sowder, R.; Copeland, T. 
D.; Schultz, A. M.; Oroszlan, S. Molecular Characterization of 
gag Proteins from Simian Immunodeficiency Virus (SIV,,,,,,,.) 
J. Virol. 1988, 62, 2587-95. 

(21) Heimbach, J. C; Diehl, R. E.; Davis, L. J.; Deana, A. A.; Roo-
ney, C. S.; Guare, J. P.; Giuliani, E. A.; Britcher, S. F.; 
Thompson, W. J.; Huff, J. R.; Kohl, N. E.; Darke, P. L. 
Analysis of Inhibitors of the HIV-1 Protease as HIV-2 Protease 
Inhibitors. Submitted to Biochem. Biophys. Res. Commun. 
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Figure 7. X-ray crystal structure of L-689,502 (red)-HIVP complex compared with active conformation of inhibitor from modeling 
(yellow). 

Table II. Minimum Cell Culture Inhibitory Concentration (CIC) for Preventing Spread of HIV-1 and SIV Infection in Human Cells" 

compound 

L-689,502 
L-689,502 
L-689,502 
L-689,502 
L-689,502 
L-689,502 
L-689,502 
L-689,502 
AZT 
DDI 
L-689,502 
L-689,502 

"Assay was performed 

cell type 

MT-4 T-lymphoid 
peripheral blood lymphocytes 
monocytes/macrophages 
MT-4 T-lymphoid 
MT-4 T-lymphoid 
MT-4 T-lymphoid 
MT-4 T-lymphoid 
H9 T-lymphoid 
MT-4 T-lymphoid 
H9 T-lymphoid 
H9 T-lymphoid 
H9 T-lymphoid 

virus 

HIV-1 (Illb) 
HIV-1 (Illb) 
HIV-1 (SF162) 
HIV-1 (RF) 
HIV-1 (MN) 
HIV-1 (WMJ-2) 
HIV-1 (RUTZ) 
HIV-1 (Illb) 
HIV-1 (Illb) 
HIV-1 (Illb) 
SIV (mac251) 
SIV (mne) 

as described in Experimental Section. 

Table III. Data Measurement 

shell 

min 
00 

3.53 
2.81 
2.45 
2.23 
2.07 

totals 

mean: 
max i/ff(I) 

3.53 55.9 
2.81 11.9 
2.45 3.8 
2.23 2.4 
2.07 1.9 
1.95 1.7 

20.8 

CIC, nM 

fixed-cell 
immunofluorescence 

number of number of 
observations reflections" 

16465 
10694 
5270 
2068 

893 
205 

35595 

3171 
2835 
2321 
1496 

796 
198 

10817 

25 
0.78 

25-50 
25-50 
25-50 
6-12 

12 
6-12 

25000 
800 
200 

percent of 
possible data 

97.3 
91.5 
75.4 
49.1 
26.2 
7.2 

59.2 

P24-ELISA 

6-50 
12-25 

12-25 
25 

R b 

3.53 
7.82 

12.19 
11.51 
11.10 
12.01 

5.69 

"Only those reflections for which / > s(I) were included in the data set. bRBym = EnEilF, - <F)|/£,X,|(F>|, where F; is the i-th obser
vation of the n-th reflection and <F) is the mean of all observations of the n-th reflection. 

peripheral blood lymphocytes, and primary peripheral 
monocytes/macrophages (Table II). In addition, L-689,502 
inhibited cell culture infection by the SIV, albeit with a 
reduced potency. Due to the greater homology of the SIV 
and HIV-2 proteases,20 a similar reduction in antiviral 

activity for L-689,502 would be expected for the latter 
virus. The lower K{ observed for L-689,502 against the 
HTV-2 protease confirms this prediction (KJ [HIV-1] = 0.2 
nM; K{ [HIV-2] = 5.9 nM).21 These results are consistent 
with the observed sequence differences for the HIV-1 and 
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Table IV. Summary of Current Restrained Least-Squares Refinement Model 

rms deviation 
from ideal distances, A 

bond distances 
angle distances 
plant 1-4 distances 

from ideal planarity, A 
from ideal chirality, A3 

from permitted contact distances, A 
single torsion contacts 
multipl 
possibl 

e torsion contacts 
eH bonds 

from ideal torsion angles, deg 
planar groups (0 or 180) 
staggered groups (±60 or '. 
orthonormal groups (±90) 

180) 

resolution range, A 
8.00-5.70 
5.70-4.67 
4.67-4.05 
4.05-3.62 
3.62-3.31 
3.31-3.06 
3.06-2.87 
2.87-2.70 
2.70-2.56 
2.56-2.45 
2.45-2.34 
2.34-2.25 

8.00-2.25 

a 

0.020 
0.030 
0.040 
0.020 
0.150 

0.500 
0.500 
0.500 

3.0 
15.0 
20.0 

value in i 
current model 

0.018 
0.042 
0.045 
0.015 
0.183 

0.229 
0.264 
0.273 

2.6 
19.6 
14.9 

number of reflections 
503 
616 
720 
780 
866 
921 
922 
936 
938 
799 
688 
626 

9315 

Table V. Potential Hydrogen Bonds between the HIV-1 Protease Dimer and L-689,502 

inhibitor 

502-300 NB 
502-300 018 
502-300 018 
502-300 018 
502-300 018 
502-300 N39 
502-300 042 
502-300 042 
502-300 042 
502-300 042 

502-300 042 
502-300 042 
502-300 042 

502-300 07 
502-300 038 

inhibitor orientation 1 

solvent distance 

i 

WAT-333 O 
WAT-333 O 

WAT-309 O 
WAT-309 O 

protein distance 
Direct Contacts with Residues 

GLY-27 O 
ASP-25 OD1 
ASP-25 OD2 
ASP-225 OD2 
ASP-225 OD1 
GLY-227 O 
GLY-227 O 
ASP-229 N 
ASP-229 OD2 
ASP-229 OD1 

3.4 
2.6 
2.5 
3.0 
2.4 
2.5 
3.0 
2.9 
3.5 
3.5 

s solvent 
in Body of Proteir 

number of constraints 
total 

1647 
2237 
544 
266 
262 

564 
569 
123 

203 
295 

12 

>2<7 

43 
232 
34 

1 
24 

0 
1 
0 

2 
35 
0 

R 

0.250 
0.148 
0.131 
0.143 
0.151 
0.163 
0.174 
0.195 
0.201 
0.212 
0.200 
0.220 

0.173 

inhibitor orientation 2 
distance protein 

i 

Solvent-Mediated Contacts with Residues in Body of Protein 
2.9 
2.9 

GLY-227 O 
ASP-229 OD2 

3.0 
2.7 

WAT-326 O 
WAT-326 O 
WAT-326 O 

Solvent-Mediated Contacts with Residues in Flap 
3.5 
2.4 

ILE-50 N 
ILE-250 N 

3.5 
3.3 

WAT-309 O 
WAT-309 O 

3.2 
3.2 
3.2 

i 

2.4 
3.1 

GLY-227 O 
ASP-225 OD1 
ASP-225 OD2 
ASP-25 OD2 
ASP-25 OD1 
GLY-27 O 
GLY-27 O 
ASP-29 N 

ASP-29 OD1 

GLY-27 O 
ASP-29 OD2 
ASP-29 OD1 

ILE-250 N 
ILE-50 N 

>3<J 

3 
73 
9 
0 
2 

0 
0 
0 

1 
9 
0 

distance 

3.1 
2.7 
3.3 
2.8 
2.4 
3.3 
3.4 
2.9 

3.1 

2.5 
3.0 
3.5 

3.3 
3.5 

HIV-2 proteases which, in the active site, are primarily in 
the Px (and P/) binding regions.22 It is evident from the 
X-ray crystal structure that L-689,502 has no interaction 
with the P3 or P3 ' binding regions in the HIV-1 protease. 
Unlike the longer hexapeptide mimetic inhibitors which 
utilize the more conserved P3 binding for inhibitory activity 
and show smaller differences in activity for the HIV-1 and 

(22) (a) Tomasselli, A. G.; Hui, J. O.; Sawyer, T. K.; Staples, D. J.; 
Bannow, C; Reardon, I. M.; Howe, J.; DeCamp, D. L.; Craik, 
C. S.; Heinrikson, R. L. Specificity and Inhibition of Proteases 
from Human Immunodeficiency Viruses 1 and 2. J. Biol. 
Chem. 1990, 265, 14675-83. (b) Poorman, R. A.; Tomasselli, 
A. G.; Heinrikson, R. L.; Kezdy, F. J. A Cumulative Model for 
Proteases from Human Immunodeficiency Virus Types 1 and 
2, Inferred from Statistical Analysis of an Extended Substrate 
Data Base. J. Biol. Chem. 1991, 266, 14554-61. 

HIV-2 proteases,10'23 L-689,502 relies more on interactions 
with the Pj and Px ' hydrophobic pockets for affinity. 
Prevention of the viral protease-mediated maturation 
cleavage of the p55 gag precursor protein into the p24 core 
and pl7 matrix proteins results in the production of 
noninfectious viral particles.24 The ability of L-689,502 

(23) Tozser, J.; Blaha, I.; Copeland, T. D.; Wondrak, E. M.; Or-
oszlan Comparison of the HIV-1 and HIV-2 Proteinases Using 
Oligopeptide Substrates Representing Cleavage Sites in gag 
and gag-pol Polyproteins. FEBS Lett. 1991, 281, 77-80. 

(24) Kohn, N. E.; Emini, E. A.; Schleif, W. A.; Davis, L. J.; Heim-
bach, J. C; Dixon, R. A. F.; Scolnick, E. M.; Sigal, I. S. Active 
Human Immunodeficiency Virus Protease is Required for 
Viral Infectivity. Proc. Natl. Acad. Sci. U.S.A. 1988, 85, 
4686-90. 

(25) Personal communication from Dr. Leeyuan Huang. 
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Table VI. Torsion Angles in L-689,502 

Torsion Angles in Inhibitor Backbone 

atoms defining angle 
502-300 C1-05-C6-N8 
502-300 05-C6-N8-C9 
502-300 C6-N8-C9-C17 
502-300 N8-C9-C17-C19 
502-300 C9-C17-C19-C20 
502-300 C17-C19-C20-C37 
502-300 C19-C20-C37-N39 
502-300 C20-C37-N39-C40 
502-300 C37-N39-C40-C41 
502-300 N39-C40-C41-O42 

Torsion Angles in 

atoms defining angle 
502-300 N8-C9-C10-C11 
502-300 C9-C10-C11-C12 
502-300 C19-C20-C21-C22 
502-300 C20-C21-C22-C23 
502-300 C24-C25-028-C29 
502-300 C25-O28-C29-C30 

angle 
type 

OMG 
PHI 
PSI 
OMG 
PHI 
PSI 
OMG 

angle 
orientation orientation 

1 
177.28 

-179.73 
-111.24 

59.27 
166.75 
-77.82 
149.22 
179.05 

-150.42 
-39.79 

Inhibitor Side Chains 

subsite 
PI 
PI 
PI 
PI ' 
PI ' 
PI ' 

angle 

2 
-179.60 
-178.05 
-90.08 
68.08 

158.54 
-70.23 
168.92 
175.73 

-169.85 
-34.53 

orientation orientation 
1 

-83.97 
136.02 
130.62 

-113.46 
-147.79 

175.17 

2 
-47.21 
106.06 
160.26 

-104.93 
100.03 

-134.91 

to block processing of p55 supports the conclusion that the 
antiviral effect is indeed the result of its inhibition of the 
viral protease enzyme. 

The compound L-689,502 was further assayed against 
several other proteases to examine specificity. Particularly 
noteworthy was that the compound did not show any in
hibition of human renin, another aspartyl protease at 
concentrations up to 6 mM. In addition, there was no 
inhibition of pepsin at 250 juM, papain at 1 mM, or elastase 
at 7 mM. The in vivo biology of L-689,502 will be reported 
elsewhere. 

Experimental Section 
Chemistry. Anhydrous solvents were "anhydrous grade" from 

Aldrich Chemical Co. "Dry" solvents were distilled from sodium 
benzophenone ketyl under nitrogen atmosphere. All other solvents 
were HPLC grade. The abbreviations DME, DMF, and THF refer 
to 1,2-dimethoxyethane, iV^V-dimethylformamide, and tetra-
hydrofuran. The term "concentrated" refers to the removal of 
volatile solvents under reduced pressure at or below 40 °C, usually 
with the aid of a rotary evaporator. All products were dried to 
constant weight. All melting points were determined on a 
Thomas-Hoover capillary melting point apparatus and are un
corrected. Proton magnetic resonance spectra were obtained on 
either a Varian XL-300 (300 MHz) or a Varian VXR-400 (400 
MHz) spectrometer using TMS as internal standard. Specific 
rotations were determined on a Perkin-Elmer 241 polarimeter. 
Column chromatography was performed with E. Merck 240-400 
mesh silica gel under low nitrogen pressure of 5-10 psi. Thin-layer 
chromatography (TLC) was carried out with E. Merck silica gel 
60 F-254 plates. Ultraviolet spectra were obtained on a Beckman 
Acta MVI spectrophotometer by Matt Zrada. Analyses were 
performed by John P. Moreau and were within ±0.4% of the 
theoretical values. Reaction temperatures were monitored in
ternally with an electronic digital thermometer. 

3(£)-[(tert-Butyloxycarbonyl)amino]-4-phenyl-l-butene 
(4). To a stirred suspension of Mg turnings (9.8 g, 0.4 mol) in 
200 mL of anhydrous ether was added 50 mL (0.4 mol) of 
(chloromethyl)trimethylsilane. After initiation by gentle warming, 
the reaction was maintained at gentle reflux by cooling with an 
ice bath. When the exotherm was completed, the mixture was 
aged for 1 h and then cooled to -78 °C. A solution of 19.3 g (77.4 
mmol) of ^-(tert-butyloxycarbonylJ-L-phenylalaninal26 (2) in 120 

(26) Fehrentz, J.-A.; Castro, B. An Efficient Synthesis of Optically 
Active a-(t-Butoxycarbonylamino) Aldehydes from a-Amino 
Acids. Synthesis 1983, 676-78. 

mL of dry THF was added dropwise maintaining the temperature 
below -55 °C. After warming to room temperature for 0.5 h, the 
mixture was poured into 500 g of ice and 500 mL of 10% citric 
acid. The aqueous layer was extracted with 3 X 300 mL of ether, 
and the combined ether extracts were dried (MgS04) and con
centrated. The crude product (26.6 g) was dissolved in 400 mL 
of CH2C12 and cooled under nitrogen in an ice bath. To it was 
added 43 mL (5 equiv) of BF3 etherate, keeping the temperature 
below 10 °C. The solution was allowed to warm to room tem
perature and stir for 5 days, cooled in an ice bath, and quenched 
by dropwise addition of 400 mL of 10% NaOH. The aqueous 
phase was extracted with 2 X 250 mL of CH2C12. Combined 
organic extracts were dried (MgS04) and concentrated. The oily 
crude product (3(S)-amino-4-phenyl-l-butene; 14.2 g) and 31 g 
(2 equiv) of di-tert-butyl dicarbonate were dissolved in 200 mL 
of CH2C12 and allowed to react at room temperature for 18 h. The 
solution was washed with 3 X 100 mL of 10% citric acid, 100 mL 
of water, and 3 X 250 mL of saturated NaHC03, dried (MgS04), 
and concentrated. Chromatography on silica gel with 1:4 eth-
er/hexanes gave 16.3 g (85%) of the product 4 as a white solid: 
mp 67.5-68.5 °C. Anal. (ClsH21N02) C, H, N. 

iV-(teit-Butyloxycarbonyl)-0-benzyl-L-tyrosinal (3). The 
general procedure of Goel et al.27 was modified as follows. To 
a stirred solution of 50 g of Af-BOC-O-benzyl-L-tyrosine in 800 
mL of dry CH2C12 and 200 mL of dry THF cooled to -20 °C was 
added 20 mL (1.2 equiv) of iV-methylpiperidine. The solution 
was allowed to warm to -12 °C, and 21 mL (1.2 equiv) of isobutyl 
chloroformate was added, maintaining the temperature between 
-12 and -8 °C. After addition was complete, an ice cold solution 
of 15.8 g (1.2 equiv) of iV.O-dimethylhydroxylamine hydrochloride 
and 20 mL (1.2 equiv) of Af-methylpiperidine in 120 mL of CH2C12 
was added in one portion. The solution was allowed to warm to 
room temperature and stir for 15 h, washed with 2 X 200 mL of 
10% citric acid, dried (MgS04), and concentrated. The crude 
product (60.2 g) was purified by chromatography through a short 
pad of silica gel (400 g), with 3 L of ethyl acetate as eluant. The 
iV-BOC-O-benzyl-L-tyrosine AT'-methoxy-W-methylamide (51.8 
g, 92.8%) was obtained as a white fluffy solid: mp 107—8 °Cj [013D25 

= +5.6° (c = 1.7, MeOH). Anal. (C23H3oN205) C, H, N. 
To a suspension of 2.22 g (0.058 mol) of LiAlH4 in 200 mL of 

anhydrous ether cooled to -40 °C was added a solution of 20.5 
g (0.05 mol) of the iV-BOC-O-benzyl-L-tyrosine iV'-methoxy-iV'-
methylamide in 250 mL of dry THF, maintaining the temperature 
between -36 °C and -38 °C. After addition was complete, the 
reaction was warmed to 7 °C and then recooled to -35 °C and 
quenched by the addition of 40 mL of 2.75 M KHS04. The 
mixture was warmed with stirring to 25 °C for 1 h, filtered through 
diatomaceous earth, and washed with 3 X 100 mL of E^O. The 
filtrate was washed with 3 X 100 mL of 10% citric acid, 100 mL 
of water, 2 X 200 mL of dilute NaHC03, and 100 mL of brine, 
dried (MgS04), and concentrated. The product 3 (17.7 g, 0.05 
mol) was a white crystalline solid which was stored in the freezer: 
mp 98-99 °C; [a]D

25 = +27.4° (c = 1.6, MeOH). 
3(S)-[(tert-Butyloxycarbonyl)amhio]-4-[4-(benzyloxy)-

phenyl]-l-butene (5). By following the olefination procedure 
described for 4 above, from 13.4 g (0.038 mol) of N-(tert-butyl-
oxycarbonyl)-0-benzyl-L-tyrosinal there was obtained 9.9 g (74%) 
of 5 as a white solid: mp 87-8 °C; [<x]D

25 = +6.2° (c = 1, MeOH). 
Anal. (C22H27N03) C, H, N. 

l ( i ? , S ) - [ l ' ( S ) - [ ( t e r t - B u t y l o x y c a r b o n y l ) a m i i i o ] - 2 -
phenylethyljoxirane (6). A solution of 97 g (4 equiv) of mon-
operoxyphthalic acid, magnesium salt hexahydrate (80% by ti
tration), and 19.8 g (80 mmol) of 3(S)-[(tert-butyloxycarbonyl)-
amino]-4-phenyl-l-butene (4) in 400 mL of absolute MeOH was 
stirred for 2 days at room temperature. The resulting mixture 
was filtered and concentrated. The oily residue was partitioned 
between 800 mL of ether and 200 mL of water. The ethereal 
extract was washed with 200 mL of water, and 2 X 200 mL of 
saturated NaHC03, dried (MgS04), and concentrated. Chro
matography on silica gel gave 13.5 g (64%) of product 6 as an oil 
which slowly crystallized. 

l(fl,S)-[l'(S)-[(tert-Butyloxycarbonyl)amino]-2-[4-(ben-
zyloxy)phenyl]ethyl]oxirane (7). By following the procedure 

(27) Goel, P.; Krolls, U. 
carbonyl-L-leucinal. 

Stier, M.; Kesten, S. N-tert-Butoxy-
Org. Synth. 1988, 67, 69-75. 
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as described for 6, there was obtained 13.2 g (8:1 threo/erythro 
by HPLC) of an oily product 7. The crude product was used in 
the next step without further purification: XH NMR (CDC13) b 
1.39 (s, 3 H), 2.59 (m, 1 H), 2.70 (dd, 1 H, J = 4.5, 4.5 Hz), 2.8-3.02 
(br m, 1 H), 3.02 (m, 1 H), 4.08 (br m, 1 H), 4.55 (br d, 1 H), 5.02 
(s, 2 H), 6.92 (d, 2 H, J = 8 Hz), 7.18 (d, 2 H, J = 8 Hz), 7.3-7.45 
(m, 5 H). 

3-Carbethoxy-5(S)-[l'(S)-[(tert-butyloxycarbonyl)-
amino]-2-phenylethyl]dihydrofuran-2(3i?)-one (8). To a 
stirred solution of 3.08 g (3.7 equiv) of sodium in 200 mL of 
absolute EtOH was added 24 mL (4.4 equiv) of diethyl malonate 
followed by 9.5 g (0.036 mol) of epoxide 6 in 100 mL of absolute 
EtOH. After stirring overnight, the reaction was acidified to pH 
4 with 10% citric acid and extracted with 2 x 500 mL of ether. 
The combined extracts were washed with 500 mL of water, 500 
mL of NaHC03, and 500 mL of brine, dried (MgS04), and con
centrated. Chromatography on silica gel using 1:1 ether/hexanes 
gave 12.07 g of 8 as a resin which was homogeneous by TLC and 
HPLC. Further elution gave 1.5 g of the 5(i?)-diastereomer. 

3-Carbethoxy-5(S)-[r(S)-[(tert-butyloxycarbonyl)-
amino]-2-[4-(benzyloxy)phenyl]ethyl]dihydrofuran-2-
(ZH)-one (9). By following the procedure described for 8 above, 
from 13.2 g (0.037 mol) of 7 there was obtained 9.5 g (55%) of 
9 as a white solid: mp 117-9 °C; [a]D

25 = -11.27° (c = 1.81, 
MeOH). Anal. (C27H33N07) C, H, N. 

The lactone 9 was determined to be least 99.99% enantiom-
erically pure by HPLC on a Pirkle phenylglycine semiprep column. 
At X = 215 nM and flow rate = 2.0 mL/min using linear gradients 
of hexane/2-propanol from 95:5 to 80:20 over 20 min then to 5:95 
over 40 min the retention time of (-)-9 was 31.2 min. Under these 
conditions, racemic 9 derived from racemized iV-(tert-butyloxy-
carbonyl)-0-benzyl-L-tyrosinal (3) gave nearly equal intensity 
peaks at retention times of 30.48 and 31.16 min. 

3-Carbethoxy-3-[[4-(benzyloxy)phenyl]methyl]-5(S)-[l'-
(S)-[(tei ,t-butyloxycarbonyl)amino]-2-phenylethyl]di-
hydrofuran-2(3.H>one (10). To a stirred solution of 11.27 g 
(0.03 mol) of 8 in 250 mL of absolute EtOH was added 0.033 mol 
of 2 M Na/EtOH followed by 8.63 g (0.037 mol) of 4-(benzyl-
oxy)benzyl chloride (Aldrich 97%). The solution was heated to 
50 °C for 3.75 h, cooled, and concentrated. The residue was taken 
up in 1 L of ethyl acetate, washed with 500 mL of 5% citric acid, 
dried (MgS04), and concentrated. Chromatography on silica gel 
using 1:1 ether/hexanes gave 13.29 g (77%) of 10 as a clear glass 
essentially homogeneous by TLC. 

3-Carbethoxy-3-(phenylmethyl)-5(S')-[l'(S)-[(tert-buty-
loxycarbonyl)amino]-2-[4-(benzyloxy)phenyl]ethyl]di-
hydrofuran-2(3fD-one (ID- To a stirred solution of 2.4 g (0.005 
mol) of 9 in 25 mL of absolute EtOH was added 0.0052 mol of 
1 M Na/EtOH followed by 0.0067 mol of benzyl bromide. The 
solution was heated to 50 °C for 1 h, cooled, and partitioned 
between 100 mL of ice cold 10% citric acid and 2 x 100 mL of 
ether. The combined ethereal extracts were washed with 50 mL 
of saturated NaHC03, dried (MgS04), and concentrated. The 
crude product (1.9 g, 0.0033 mol of a foamy solid) contained a 
small amount of decarbethoxylated product (14) and was used 
without further purification for the preparation of 14. 

3-Carbethoxy-3-[[4-(benzyloxy)phenyl]methyl]-5(S)-[l'-
(S)-[(tert-butyloxycarbonyl)amino]-2-[4-(benzyloxy)-
phenyl]ethyl]dihydrofuran-2(3.ff )-one (12). To a stirred so
lution of 3.0 g (0.0062 mol) of 9 in 60 mL of absolute EtOH was 
added 0.007 mol of 2 M Na/EtOH followed by 1.84 g (0.008 mol) 
of 4-benzyloxybenzyl chloride (Aldrich 97%). The solution was 
heated to 50 °C for 2.55 h, cooled, and concentrated. The residue 
was taken up in 500 mL of ether, washed with 150 mL of 10% 
citric acid and 50 mL of saturated NaHC03, dried (MgS04), and 
concentrated. The crude product (4.3 g, 0.0062 mol of a foam) 
contained a small amount of decarbethoxylated product (15) and 
was used without further purification for the preparation of 15. 

3(JB)-[[4-(Benzyloxy)phenyl]methyl]-5(Sf)-[l'(S')-t(tert-
buty]oxycarbonyl)amino]-2-phenylethyl]dihydrofuran-2-
(3/f)-one (13). To a stirred solution of 19.8 g (0.034 mol) of 10 
in 245 mL of DME was added 0.122 mol of 1 M LiOH. After 3.5 
h, the mixture was concentrated, acidified to pH 3 with 10% citric 
acid, and extracted into 3 X 400 mL of ethyl acetate. The com
bined extracts were dried (MgS04) and concentrated. The residue 
was dissolved in 250 mL of toluene, heated to reflux for 17 h, and 

concentrated. Chromatography on silica gel using 15% ethyl 
acetate/hexanes gave 7.28 g (43%) of 13 as a glass which was 97% 
pure by HPLC: lH NMR (CDC13) & 1.45 (s, 9 H), 1.95 (m, 1 H), 
2.2 (m, 1 H), 2.7-3.05 (m, 5 H), 3.8 (br m, 1 H), 4.2 (br m, 1 H), 
4.5 (br m, 1 H), 5.0 (s, 2 H), 6.85 (d, 2 H, J = 8 Hz), 7.05 (d, 2 
H, J = 8 Hz), 7.15-7.45 (m, 10 H). Further elution gave 10.2 g 
of mixed fractions containing mostly 3(S)-isomer. 

Epimerization of the 3(S)-diastereomer to a mixture of 3(A)-
and 3(S)-isomers (~1:2) was effected by heating the mixed 
fractions (10.2 g, 0.02 mol) in 250 mL of DME with 0.5 g (0.15 
equiv) of anhydrous cesium carbonate for 2.75 h at 80 °C. The 
mixture was concentrated, taken up in 250 mL of ethyl acetate, 
washed with 100 mL of 10% citric acid and 100 mL of brine, dried 
(MgS04), and concentrated. Chromatography as above gave an 
additional 2.7 g (15.8%) of 13 and 6.08 g (35.6%) of the 3(S)-
diastereomer. A second epimerization cycle gave another 1.5 g 
(8.8%) of 13 and 3.6 g (21%) of the 3(S)-diastereomer. (Total 
yield of 13 = 67.6%.) 

3(J?)-(Phenylmethyl)-5(S)-[ l ' (S)-[(tert-butyloxy-
carbonyl)amino]-2-[4-(benzyloxy)phenyl]ethyl]dihydro-
furan-2(3ff)-one (14). To a stirred solution of 2.5 g (0.0043 mol) 
of crude 11 in 30 mL of DME was added 0.017 mol of 0.5 M LiOH. 
After 12 h, the mixture was concentrated, acidified to pH 3 with 
10% citric acid, and extracted into 3 X 100 mL of ethyl acetate. 
The combined extracts were dried (MgS04) and concentrated. 
The residue was dissolved in 250 mL of toluene, heated to reflux 
for 18 h, and concentrated. Chromatography on silica gel using 
15% ethyl acetate/hexanes gave 0.7 g (32%) of 14 as a glass: :H 
NMR (CDC13) & 1.35 (s, 9 H), 1.95 (m, 1 H), 2.2 (m, 1 H), 2.7-2.8 
(m, 3 H), 2.95 (m, 1 H), 3.1 (dd, 1 H, J = 5,12 Hz), 3.85 (br m, 
1 H), 4.2 (br m, 1 H), 4.7 (br m, 1 H), 5.0 (s, 2 H), 6.85 (d, 2 H, 
J = 8 Hz), 7.08 (d, 2 H, J = 8 Hz), 7.1-7.45 (m, 10 H). Further 
elution gave 1.46 g (67%) of mixed fractions containing mostly 
3(S)-isomer. 

Epimerization of the 3(S)-diastereomer to a mixture of 3(R)-
and 3(S)-isomers (~1:2) was effected by heating the mixed 
fractions (1.46 g, 0.003 mol) in 25 mL of 1,2-dimethoxyethane with 
0.05 g (0.1 equiv) of anhydrous cesium carbonate for 2.75 h at 
80 °C. The mixture was concentrated, taken up in 250 mL of 
ethyl acetate, washed with 100 mL of 10% citric acid and 100 mL 
of brine, dried (MgS04), and concentrated. Chromatography as 
above gave an additional 0.49 g (22.7%) of 14 and 0.92 g (42.6%) 
of the 3(S)-diastereomer. 

3(B)-[[4-(Benzyloxy)phenyl]methyl]-5(S)-[l'(S)-[(tert-
butyloxycarbonyl)amino]-2-[4-(benzyloxy)phenyl]ethyl]-
dihydrofuran-2(3ff )-one (15). To a stirred solution of 4.5 g 
(0.0066 mol) of crude 12 in 60 mL of DME was added 0.066 mol 
of 1 M LiOH. After 12 h, the mixture was concentrated, acidified 
to pH 3 with 10% citric acid, and extracted into 3 x 100 mL of 
ethyl acetate. The combined extracts were dried (MgS04) and 
concentrated. The residue was dissolved in 100 mL of toluene, 
heated to reflux for 18 h, and concentrated. Chromatography 
on silica gel using 15% ethyl acetate/hexanes gave 1.6 g (41%) 
of 15 as a glass: *H NMR (CDC13) S 1.35 (s, 9 H), 1.95 (m, 1 H), 
2.2 (m, 1 H), 2.65-3.05 (m, 5 H), 3.85 (br m, 1 H), 4.2 (br m, 1 
H), 4.7 (br m, 1 H), 5.0 (s, 2 H), 5.01 (s, 2 H), 7.05 (d, 2 H, J = 
8 Hz), 7.08 (d, 2 H, J = 8 Hz), 7.25 (d, 2 H, J = 8 Hz), 7.28 (d, 
2 H, J = 8 Hz), 7.45-7.6 (m, 10 H). Further elution gave 1.9 g 
(49%) of mixed fractions containing mostly 3(S)-isomer. 

5(S)-[(tert-Butyloxycarbonyl)amino]-4(S)-[(tert-butyl-
dimethylsilyl)oxy]-6-phenyl-2(iZ)-[[4-(benzyloxy)phenyl]-
methyl]hexanoic Acid (16). To a stirred solution of 11.25 g 
(0.0225 mol) of 13 in 350 mL of DME was added 142 mL of 1 N 
LiOH and 200 mL of water. After 3 h, the solution was con
centrated to dryness, and the solids were suspended in 1 L of 5% 
citric acid. The white solid hydroxy acid was collected by fil
tration, washed with 4 X 100 mL of water, and dried at 60 °C in 
a vacuum oven overnight. To a stirred solution of the hydroxy 
acid (12 g, 0.0225 mol) in 150 mL of anhydrous DMF was added 
57 g of imidazole (37 equiv) and 62 g (18 equiv) tert-butyldi-
methylchlorosilane. After 4.5 days, 170 mL of absolute MeOH 
was added. After stirring for 30 min, the mixture was diluted 
with 230 mL of 10% citric acid and extracted with 3 x 400 mL 
of ethyl acetate. Combined extracts were washed with 400 mL 
of water and 400 mL of brine and dried (MgS04). Concentration 
and drying under vacuum gave 13 g (91%) of 16 as a foam: 'H 
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NMR (CDC13) S 0.03 + 0.06 + 0.09 + 0.10 (4zs, 2:2:1:1,6 H total), 
0.9 (s, 9 H), 1.18 + 1.35 (2xs, 9 H total), 1.58 (br m, 1 H), 1.8-2.0 
(br m, 1 H), 2.4-3.0 (m, 4 H), 3.6-3.8 (m, 3 H), 3.95 (br m, 1 H), 
4.73 (br d, J = 8 Hz, 1 H), 5.0 (s, 2 H), 6.85 + 6.9 (1:2, 2xd, J = 
8 Hz, 2 H), 7.0 + 7.1 (1:2, 2xd, J = 8 Hz, 2 H), 7.15-7.5 (m, 10 
H). 

S(iS)-[(tert-Butyloxycarbonyl)amino]-4(iS,)-[(teit-butyl-
dimethylsilyl)oxy]-6-[4-(benzyloxy)phenyl]-2(.R)-(phenyl-
methyl)hexanoic Acid (17). By following the procedure de
scribed for the preparation of 16, from 1.2 g (0.0024 mol) of lactone 
14 there was obtained 1.52 g (quant) of 17 as a white foam: XH 
NMR (CDC13) 6 0.03 + 0.05 + 0.08 + 0.10 (4xs, 2:2:1:1,6 H total), 
0.9 (s, 9 H), 1.18 + 1.35 (2xs, 9 H total), 1.58 (br m, 1 H), 1.8-2.0 
(br m, 1 H), 2.45-2.8 (m, 3 H), 3.0-3.1 (m, 1 H), 3.6-3.8 (m, 3 H), 
3.95 (br m, 1 H), 4.73 (br d, J = 8 Hz, 1 H), 5.0 (s, 2 H), 6.85-7.45 
(m, 14 H). 

5(5)-[(toJt-Butyloxycarbonyl)amino]-4(iSf)-[(tei^-butyl-
dimetnylsilyl)oxy]-6-[4-(benzyloxy)phenyl]-2(.R)-[[4-(ben-
zyloxy)phenyl]methyl]hexanoic Acid (18). By following the 
procedure described for the preparation of 16 from 0.65 g (0.0011 
mol) of lactone 15 there was obtained 0.80 g (quant) of 18 as a 
white foam which was homogeneous by TLC (5% MeOH in 
CHC1) 

JV-(2(«)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-phenyl-2(.R)-[[4-(benzyl-
oxy)phenyl]methyl]hexanamide (19). To a stirred solution 
of 13 g (20.5 mmol) of 16 and 3.3 g (22 mmol) of 28 in 250 mL 
of anhydrous DMF was added 2.8 g (21 mmol) of 1-hydroxy-
benzotriazole hydrate, 6.2 g (32 mmol) of dimethyl-3-[3-(di-
methylamino)propyl]carbodiimide hydrochloride and 22 mmol 
of N-methylmorpholine. After 17 h, the mixture was concentrated 
and the residue dissolved in 300 mL of ethyl acetate and 150 mL 
of 10% citric acid. The organic layer was washed with 100 mL 
of water and 150 mL of saturated NaHC03, dried (MgS04), and 
concentrated. Chromatography of the residue in silica gel using 
1:3 ethyl acetate/hexanes gave 10.32 g (66%) of the silyl ether 
as a glass. The silyl ether was dissolved in 0.130 mol of 1 M 
tetra-n-butylammonium fluoride in THF and aged for 20 h. After 
concentrating to one half of the volume, the mixture was diluted 
with 250 mL of 2% citric acid. The white solid product was 
collected by filtration, washed with 2 X 200 mL of water, and dried 
at 40 °C in a vacuum oven (5 mm) overnight. Recrystallization 
from ether /ethyl acetate gave 8.5 g (66% from 16) of 19 as a white 
solid: mp 190-2 °C. Anal. ( C ^ N A ) C, 73.82; H, 7.12; N, 
4.30. Found: C, H, N. 

JV-(2(i?)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carbonyl)amino]-4(,S)-hydroxy-6-[4-(benzyloxy)phenyl]-2-
(JZ)-(pnenylmethyl)hexanamide (20). By following the pro
cedure described for the preparation of 19, from 0.350 g (0.55 
mmol) of silyl acid 17 there was obtained 0.343 g (96%) of 20 as 
a white solid which was homogeneous by TLC (5% MeOH in 
CHClg). 

JV-(2(Ji)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-[4-(benzyloxy)phenyl]-2-
(i?)-[[4-(benzyloxy)phenyl]methyl]hexanamide (21). By 
following the procedure described for the preparation of 19, from 
0.248 g (0.346 mmol) of silyl acid 18 there was obtained 0.256 g 
(96%) of 21 as a white solid which was homogeneous by TLC (5% 
MeOH in CHC13). 

.Y-(2(Ji)-Hydroxy-l(S)-indanyl)-5(.S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-phenyl-2(JZ)-[(4-hydroxy-
phenyl)methyl]hexanamide (22). A solution of 12.2 g (0.99 mol) 
of 19 in 500 mL of MeOH and 500 mL of THF was stirred with 
2 g of 10% Pd/C under a hydrogen-filled balloon for 4 days. The 
mixture was filtered through a pad of diatomaceious earth, washed 
with 100 mL of MeOH and 100 mL of THF, and concentrated 
to dryness. Recrystallization of the crude product by dissolving 
in 1.4 L of hot ethanol, adding 700 mL of water, and cooling gave 
10.5 g (98%) of 22 as white solid: mp 218-9 °C. Anal. (C33-
H4oN206) C, H, N. 

JV-(2(.R)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carbonyl)amino]-4(5)-hydroxy-6-(4-hydroxyphenyl)-2-
(JZ)-(phenylmethyl)hexanamide (23). By following the pro
cedure described for the preparation of 22, from 0.3 g (0.46 mmol) 
of 20 there was obtained 0.28 g (quant) of 23 as a white solid: mp 
210-11 °C. Anal. (C3SHJ<i206) C, H, N. 

JV-(2(/?)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-b.ydroxy-6-(4-hydroxypb.enyl)-2-
(J?)-[(4-hydroxyphenyl)methyl]hexanamide (24). By fol
lowing the procedure described for the preparation of 22, from 
0.256 g (0.33 mmol) of 21 there was obtained 0.196 g (quant) of 
24 as a white solid: mp 203-4 °C. Anal. (C33H4oN2Or0.75H20) 
C, H, N. 

(±)-tr«a«-l-Amino-2-hydroxyindan (2S).28 To 1 L of 12 
N NH4OH cooled to 0 °C was added 50 g (0.235 mol) of 2-
bromo-1-indanol. After stirring for 30 min, the mixture was 
allowed to warm and stir for 24 h. The mixture was concentrated 
under reduced pressure (water aspirator) to remove excess am
monia and then allowed to stand open at room temperature 
overnight. The mixture was made basic (pH > 10) by addition 
of 20% KOH, cooled in an ice bath, and filtered. After the residue 
was dried in a vacuum oven at 60 °C overnight, there was obtained 
24 g (69%) of 25 as a tan solid: mp 128-9 °C, JH NMR (CDC13) 
& 2.0-2.75 (br s, 3 H), 2.72 (dd, J = 7.5,15 Hz, 1 H), 3.2 (dd, J 
= 7.5, 15 Hz, 1 H), 4.05-4.2 (m, 2 H), 7.15-7.3 (4 H). 

2-Phenyl-3a,8a-dihydro-8H-indeno[l^-d]oxazole (26). To 
a vigorously stirred suspension of 34 g (0.23 mol) of 25 in 500 mL 
of H20 was added 7 mL of 20% NaOH followed by a solution 
of 40 mL (0.345 mol) of benzoyl chloride in 300 mL of toluene. 
The exothermic reaction was diluted with 300 mL of toluene and 
allowed to stir for 24 h. The product was collected by filtration, 
washed with 200 mL of H20 and 100 mL of toluene, and dried 
in a vacuum oven at 40 °C overnight. The crude hydroxyamide 
(49.3 g) was suspended in 750 mL of CH2C12 and cooled in an ice 
bath. To it was added 72 mL of SOCl2. The mixture was allowed 
to warm and stir at room temperature for 16 h then concentrated 
to dryness. The tan solid was suspended in 600 mL of saturated 
NaHC03 and extracted into 2 X 800 mL of CHC13. The combined 
extracts were dried over MgS04, treated with 2 g of activated 
carbon (Darco 60), and filtered through diatomaceous earth. 
Concentration of the filtrate to dryness gave 38 g (70%) of 26 as 
a tan solid: mp 88-90 °C, XH NMR (CDC13) 6 3.35 (d, J = 15 Hz, 
1 H), 3.5 (dd, J = 7,15 Hz, 1 H), (t, J = 7 Hz, 1 H), 5.75 (d, J 
= 7 Hz), 7.2-7.5 (m, 6 H), 7.6 (m, 1 H), 7.95 (m, 2 H). 

(±)-cis-l-Amino-2-hydroxyindan (28). A stirred mixture 
of 38 g (0.16 mol) of 26,150 mL of concentrated HjSO^ and 750 
mL of H20 was heated to reflux for 16 h and then cooled in an 
ice bath and filtered. The filtrate was adjusted to pH > 10 with 
10 N NaOH, concentrated to 500 mL, and extracted with 4 X 500 
mL of CHCI3. Combined extracts were dried (MgS04) and 
concentrated. After drying overnight in a vacuum oven at 40 °C 
there was obtained 21.3 g (88%) of 28 as a white solid: mp 132-3 
°C, JH NMR (CDCI3) 8 2.0-2.5 (br s, 3 H), 2.95 (dd, J = 3,15 Hz, 
1 H), 3.1 (dd, J - 7,15 Hz, 1 H), 4.28 (d, J = 7 Hz, 1 H), 4.4 (m, 
1 H), 7.2-7.35 (m, 4 H). 

JV-(L-Phenylalanyl)-l(S)-amino-2(.R)-hydroxyindan(27). 
To a stirred mixture of 37.9 g (0.254 mol) of racemic 28, 37.8 g 
(0.28 mol) of 1-hydroxybenzotriazole hydrate, and 53.5 g (0.28 
mol) of dimethyl-3-[3-(dimethylamino)propyl]carbodiimide hy
drochloride in 800 mL of anhydrous DMF was added 39 mL (0.28 
mol) of triethylamine. The mixture was allowed to stir for 16 h 
and then poured into 1 L of 10% citric acid and extracted into 
2 X 500 mL of ethyl acetate. The combined extracts were washed 
with 700 mL of H20, 2 X 500 mL of 5% Na2C03, and dried 
(MgS04). Concentration and drying gave 98.2 g (97%) of a tan 
solid (BOC-27). To a stirred solution of the solid (B0C-27) in 
800 mL of CHCI3 was added 200 mL of trifluoroacetic acid. After 
2.5 h, the solution was concentrated to dryness, the residue taken 
up in 800 mL of CHC13 and washed with 2 X 500 mL of 15% 
NH4OH and 500 mL of brine, and dried (MgS04). Concentration 
and drying gave 63.3 g (84% from 28) of a tan solid (L-Phe-(±)-28). 
Low-pressure chromatography on silica gel, eluting with 8% 
MeOH in CHC13, gave 30.3 g (40%) of the faster moving dia-
stereomer 27. 

Further elution with 15% MeOH in CHC13 gave 30 g (40%) 
of the l(i?),2(S)-diastereomer of 27. 

(-)-l(,S)-Amino-2(J*)-b.ydroxyindan (28). A mixture of 30 

(28) Pope, W. J.; Reid, J. Dihydroxydihydrindamine and Its Reso
lution into Optically Active Compounds. J. Chem. Soc, Chem. 
Commun. 1911, 2071-80. 
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g (0.1 mol) of 27, 1 L of ethanol, and 265 mL of 20% NaOH was 
heated to reflux for 16 h. The mixture was concentrated to remove 
EtOH, diluted with 100 mL of H20 and 100 mL of saturated NaCl, 
and extracted 3 X 600 mL of CHC13. Combined extracts were 
dried (MgS04) and concentrated. There was obtained 14 g (93%) 
of 28 as a white solid: mp 114-5 °C, [a]D

26 = -61.2° (c = 1.0, 
MeOH), *H NMR (CDC13) 5 2.0-2.5 (br s, 3 H), 2.95 (dd, J = 3, 
15 Hz, 1 H), 3.1 (dd, J = 7,15 Hz, 1 H), 4.28 (d, J = 7 Hz, 1 H), 
4.4 (m, 1 H), 7.2-7.35 (m, 4 H). 

Recrystallization from ether/hexanes gave 28 as colorless rods: 
mp 117-177.5 °C; [a]D

25 = -62° (c = 1.0, MeOH). Anal. (C9-
HuNO) C, H, N. 

iV-(2(i?)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-phenyl-2(i?)-[[4-[2-(4-
morpholinyl)ethoxy]phenyl]methyl]hexanamide (29). A 
vigorously stirred mixture of 7.0 g (12 mmol) of the phenol 22, 
10 g (30 mmol) of anhydrous cesium carbonate (Aldrich, 99.9%), 
33 g (240 mmol) of iV-(2-chloroethyl)morpholine, free base 
(prepared by dissolving 50 g of the hydrochloride in 50 mL of water 
and 50 mL of saturated NaHC03, extracting with 500 mL of 
hexanes, drying the extract over MgS04, and concentrating), in 
1 L of anhydrous dioxane was heated to 80 ± 2 °C for 36 h under 
a nitrogen atmosphere. At this time the reaction was complete 
by TLC. The mixture was allowed to cool to room temperature, 
filtered through a medium porosity fritted funnel, rinsed in with 
50 mL of chloroform, and concentrated to dryness. The solids 
were triturated with 500 mL of 1:10 ethyl acetate/ether, filtered, 
and recrystallized from 600 mL of ethyl acetate by heating to 
dissolution and allowing to cool overnight. After the solids were 
dried under vacuum (0.1 mm) at 100 °C for 1 h, there was obtained 
8.0 g (98.9%) of 29 as colorless needles, 99% pure by HPLC: mp 
197-8 °C; UV (MeOH) Xmax = 271 {( = 2167 M"1 cm"1); [a]D

25 = 
+15.9° (c = 1.0, MeOH); *H NMR (CDC13) S1.4 (s, 9 H), 1.85 (br 
m, 2 H), 2.6 (br m, 4 H), 2.6-3.1 (m, 9 H), 3.6-3.9 (m, 4 H), 3.75 
(t, J = 6 Hz, 4 H), 4.1 (t, J = 6 Hz, 2 H), 4.25 (br m, 1 H), 4.9 
(d, J = 8 Hz, 1 H), 5.25 (q, J = 6, 8 Hz, 1 H), 5.92 (d, 8 Hz, 1 H), 
6.92 (d, J = 8 Hz, 2 H), 7.08 (d, J = 8 Hz, 3 H), 7.15-7.35 (m, 8 
H). Anal. (C39H51N307) C, H, N. 

JV-(2(fl)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-[4-[2-(4-morpholinyl)eth-
oxy]phenyl]-2(J?)-(phenylmethyl)hexanamide (30). A vig
orously stirred mixture of 100 mg (0.17 mmol) of 23, 0.2 g (0.62 
mmol) of anhydrous cesium carbonate, 0.2 g (1.45 mmol) of 
7V-(2-chloroethyl)morpholine, free base, and 10 mL of anhydrous 
dioxane was heated to 80 ± 2 °C for 3 h under a nitrogen at
mosphere. The disappearance of starting material was monitored 
by TLC on silica gel, eluting with 3:15:200 NH4OH/MeOH/CHCl3. 
The resulting mixture was cooled, filtered, and concentrated to 
dryness. Preparative TLC on two 20 x 20-cm plates (2 mm) using 
1:3:6 MeOH/EtOAc/CHCl3 for development gave 105 mg (91%) 
of a white solid after trituration with ether and drying: mp 160-1 
°C; *H NMR (CDC13) 5 1.4 (s, 9 H), 1.85 (br m, 2 H), 2.6 (br m, 
4 H), 2.6-3.1 (m, 9 H), 3.6-3.9 (m, 4 H), 3.75 (t, J = 6 Hz, 4 H), 
4.1 (t, J = 6 Hz, 2 H), 4.2 (br m, 1 H), 4.9 (d, J = 8 Hz, 1 H), 5.25 
(q, J = 6, 8 Hz, 1 H), 5.92 (d, J = 8 Hz, 1 H), 6.92 (d, J = 8 Hz, 
2 H), 7.08 (br m, 1 H), 7.15-7.35 (m, 10 H). Anal. (C39HHN307) 
C, H, N. 

JV-(2(i?)-Hydroxy-l(S)-indanyl)-5(,S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-[4-[2-(4-morpholinyl)eth-
oxy]phenyl]-2(.R)-[[4-[2-(4-morpholinyl)ethoxy]phenyl]-
methyljhexanamide (31). A vigorously stirred mixture of 250 
mg (0.42 mmol) of 24, 0.7 g (2.14 mmol) of anhydrous cesium 
carbonate, 1.5 g (11 mmol) of iV-(2-chloroethyl)morpholine, free 
base, and 50 mL of anhydrous dioxane was heated to 80 ± 2 °C 
for 4 h under a nitrogen atmosphere. The disappearance of 
starting material was monitored by TLC on silica gel, with 3:15:200 
NH4OH/MeOH/CHCl3 as eluant. The resulting mixture was 
cooled, filtered, and concentrated to dryness. Trituration with 
ether and drying gave 340 mg (99%) of 31 as hemihydrate: mp 
164-6 °C, *H NMR (CDC13) 5 1.4 (s, 9 H), 1.85 (br m, 2 H), 2.6 
(br m, 4 H), 2.6-3.1 (m, 9 H), 3.6-3.9 (m, 4 H), 3.75 (t, J = 6 Hz, 
4 H), 4.1 (t, J = 6 Hz, 2 H), 4.25 (br m, 1 H), 4.9 (d, J = 8 Hz, 
1 H), 5.25 (q, J = 6, 8 Hz, 1 H), 5.92 (d, 8 Hz, 1 H), 6.92 (t, J = 
8 Hz, 4 H), 7.0-7.3 (m, 8 H). Anal. (C46H62N4O9-0.5H2O) C, H, 
N. 

Ar-(2(i?)-Hydroxy-l(S)-indanyl)-5(S')-[(tert-butyloxy-
carbonyl)amino]-4(jS)-hydroxy-6-[4-[[3-(4-morpholinyl)-

propyl]oxy]phenyl]-2(i?)-(phenylmethyl)hexanamide (32). 
A vigorously stirred mixture of 85 mg (0.13 mmol) of 22, 212 mg 
(1.3 mmol) of N-O-chloropropyDmorpholine,29 and 108 mg (0.33 
mmol) of anhydrous cesium carbonate in 10 mL of anhydrous 
dioxane was heated to 88 ± 2 °C for 2 h under a nitrogen at
mosphere. The disappearance of starting material was monitored 
by TLC on silica gel, with 3:15:200 NH4OH/MeOH/CHCl3 as 
eluant. The resulting mixture was cooled, filtered, and concen
trated to dryness. Preparative TLC on four 20 X 20-cm plates 
(2 mm) using 5% MeOH/CHCl3 for development gave 57 mg 
(59%) of a white solid after trituration with ether and drying. 

Maleate salt of 32: mp 101-3 °C. Anal. (C39H61N307-C4H4-
O4-0.5CHCl3) C, H, N. 

JV-(2(i?)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-phenyl-2(i?)-[[4-[2-(di-
methylamino)ethoxy]phenyl]methyl]hexanamide (33). A 
vigorously stirred mixture of 200 mg (0.36 mmol) of 22 and 400 
mg (1.22 mmol) of anhydrous cesium carbonate in 28 mL of 
anhydrous dioxane was heated to 40 °C for 3 h under a nitrogen 
atmosphere. To this suspension was added 2.8 g (26 mmol) of 
2-(dimethylamino)ethyl chloride and the internal temperature 
raised to 80 ± 2 °C for 24 h. The disappearance of starting 
material was monitored by TLC on silica gel, with 3:15:200 
NH4OH/MeOH/CHCl3 as eluant. The resulting mixture was 
cooled, filtered, and concentrated to dryness. Preparative TLC 
on four 20 X 20-cm plates (2 mm) using 1:4:45 NH4OH/ 
MeOH/CHCl3 for development gave 128 mg (56%) of a white 
solid after trituration with ether and drying: mp 195-7 °C; *H 
NMR (CDC13) 5 1.4 (s, 9 H), 1.85 (br m, 2 H), 2.32 (s, 6 H), 2.6-3.1 
(m, 10 H), 3.6-3.72 (br m, 1 H), 3.8 (br m, 1 H), 3.9 (br m, 1 H), 
4.02 (t, J = 7 Hz, 2 H), 4.22 (t, J = 6 Hz, 1 H), 4.9 (br d, 10 Hz, 
1 H), 5.25 (dd, J = 6, 10 Hz, 1 H), 5.95 (br d, J = 10 Hz, 1 H), 
6.85 (d, J = 8 Hz, 2 H), 7.05 (br d, J = 8 Hz, 2 H), 7.15-7.35 (m, 
9 H). Anal. (C37H49N306) C, H, N. 

iV-(2(J?)-Hydroxy-l(S)-indanyl)-5(S)-[(tei-t-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-phenyl-2(i?)-[[4-[2-(l-
piperidinyl)ethoxy]phenyl]methyl]hexanamide (34). A 
vigorously stirred mixture of 56 mg (0.10 mmol) of 22, 148 mg 
(1.0 mmol) of 2V-(2-chloroethyl)piperidine, and 82 mg (0.25 mmol) 
of anhydrous cesium carbonate in 8 mL of anhydrous dioxane 
was heated to 85 ± 2 °C for 2 h under a nitrogen atmosphere. 
The disappearance of starting material was monitored by TLC 
on silica gel, eluting with 3:15:200 NH4OH/MeOH/CHCl3. The 
resulting mixture was cooled, filtered, and concentrated to dryness. 
Preparative TLC on four 20 X 20-cm plates (2 mm) using 2:8:90 
NH4OH/MeOH/CHCl3 for development gave 56 mg (72%) of 
a white solid after trituration with ether and drying: mp 
190.5-191.5 °C. Anal. (C40H53N3O6-0.5H2O) C, H, N. 

JV-(2(i?)-Hydroxy-l(S)-indanyl)-5(S)-[((ert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-phenyl-2(i?)-[[4-[2-(l-
pyrrolidinyl)ethoxy]phenyl]methyl]hexanamide (35). A 
vigorously stirred mixture of 56 mg (0.10 mmol) of 22, 134 mg 
(1.0 mmol) of iV-(2-chloroethyl)pyrrolidine, and 82 mg (0.25 mmol) 
of anhydrous cesium carbonate in 8 mL of anhydrous dioxane 
was heated to 85 ± 2 °C for 1 h under a nitrogen atmosphere. 
The disappearance of starting material was monitored by TLC 
on silica gel, with 3:15:200 NH4OH/MeOH/CHCl3 as eluant. The 
resulting mixture was cooled, filtered, and concentrated to dryness. 
Preparative TLC on four 20 X 20-cm plates (2 mm) using 2:8:90 
NH4OH/MeOH/CHCl3 for development gave 55 mg (72%) of 
a white solid after trituration with ether and drying. 

Maleate salt of 35: mp 102-4 °C. Anal. (C39H61N306-C4H4-
04-2H20) C, H, N. 

AT-(2(i?)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-phenyl-2(J?)-[[4-[2-(4-
methylpiperazin-l-yl)ethoxy]phenyl]methyl]hexanamide 
(36). A vigorously stirred mixture of 65 mg (0.12 mmol) of 22, 
195 mg (1.2 mmol) of Ar-(2-chloroethyl)-4-methylpiperazine,30 and 
98 mg (0.30 mmol) of anhydrous cesium carbonate in 8 mL of 

(29) Adams, R. R.; Whitmore, F. C. Heterocyclic Basic Compounds. 
IV. 2-Aminoalkylaminopyrimidines. J. Am. Chem. Soc. 1945, 
67, 735-8. 

(30) Cymeron-Craig, J.; Harrisson, R. J.; Tate, M. E. Synthetic 
Antispasmodics (I) l.l-Diaryl-3-(4-methyl-l-piperazinyl)-2-
propenes. Aust. J. Chem. 1956, 9, 89-94. 
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anhydrous dioxane was heated to 85 ± 2 °C for 2 h under a 
nitrogen atmosphere. The resulting mixture was cooled, filtered, 
and concentrated to dryness. Preparative TLC on four 20 X 20-cm 
plates (2 mm) using 2:8:90 NH4OH/MeOH/CHCl3 for develop
ment gave 39 mg (48%) of a white solid after trituration with ether 
and drying: mp 181-182.5 °C. Anal. ( C ^ H M N A - O ^ H J O ) C, 
H, N. 

JV-(2(i?)-Hydroxy-l(S)-indanyl)-5(S')-[(tert-butyloxy-
carbonyl)amino]-4(S )-hydroxy-6-phenyl-2(i? )-[[4-[2-[NJf-
bis(2-methoxyethyl)amino]ethoxy]phenyl]methyl]hexan-
amide (37). A vigorously stirred mixture of 60 mg (0.11 mmol) 
of 22, 200 mg (1.1 mmol) of 2-[AT,iV-bis(2-methoxyethyl)-
amino]ethyl chloride,31 and 80 mg (0.25 mmol) of anhydrous 
cesium carbonate in 10 mL of anhydrous dioxane was heated to 
80 ± 2 °C for 2 h under a nitrogen atmosphere. The disappearance 
of starting material was monitored by TLC on silica gel, with 
3:15:200 NH4OH/MeOH/CHCl3 as eluant. The resulting mixture 
was cooled, filtered, and concentrated to dryness. Trituration 
with 25 mL of 1:9 ethyl acetate/ether gave 80 mg of a white solid: 
mp 176-7 °C; XH NMR (CDC13) 6 1.4 (s, 9 H), 1.85 (br m, 2 H), 
2.65-3.1 (m, 14 H), 3.35 (s, 6 H), 3.5 (br t, J = 8 Hz, 4 H), 3.6-3.72 
(br m, 1 H), 3.8-3.9 (br m, 2 H), 4.2 (br t, J = 7 Hz, 2 H), 4.25 
(br m, 1 H), 4.9 (br d, 10 Hz, 1 H), 5.25 (dd, J = 6,10 Hz, 1 H), 
5.9 (br d, J = 10 Hz, 1 H), 6.8 (d, J = 8 Hz, 2 H), 7.05 (br d, J 
= 8 Hz, 2 H), 7.15-7.35 (m, 9 H). Anal. (C41H67N3O8-0.5H2O) 
C, H, N. 

JV-(2(J?)-Hydroxy-l(S)-indanyl)-5(5)-[(tert-butyloxy-
carbonyl)amino]-4(S,)-hydroxy-6-phenyl-2(J?)-[[4-[2-(thia-
morpholin-4-yl)ethoxy]phenyl]methyl]hexanamide (38). A 
vigorously stirred mixture of 350 mg (0.63 mmol) of 22,1.0 g (6.3 
mmol) of (2-chloroethyDthiamorpholine,32 and 513 mg (1.58 mmol) 
of anhydrous cesium carbonate in 90 mL of anhydrous dioxane 
was heated to 80 ± 2 °C for 1 h under a nitrogen atmosphere. 
The disappearance of starting material was monitored by TLC 
on silica gel, with 1:10 MeOH/CHCl3 as eluant. The resulting 
mixture was cooled, filtered, and concentrated to dryness. The 
residue was triturated with 10% ether in ethyl acetate and the 
product collected by filtration. Preparative TLC on four 20 X 
20-cm plates (2 mm) using 1:10 MeOH/CHCl3 for development 
gave 330 mg (75%) of a white solid after trituration with ether 
and drying: mp 195.5-7 °C; *H NMR (CDCLj) 51.4 (s, 9 H), 1.8-1.9 
(br m, 2 H), 2.65-2.75 (m, 4 H), 2.76-2.9 (br m, 8 H), 2.95 (m, 2 
H), 3.0 (m, 1 H), 3.7 (t, J = 7 Hz, 2 H), 3.8 (m, 1 H), 3.85 (br m, 
2 H), 4.1 (m, 2 H), 4.3 (br s, 1 H), 4.9 (d, J = 7 Hz, 1 H), 5.3 (m, 
1 H), 5.9 (d, J = 7 Hz, 1 H), 6.85 (d, J = 8 Hz, 2 H), 7.1 (br d, 
J = 8 Hz, 2 H), 7.15-7.35 (m, 9 H). Anal. (C39H51N3O6S-0.25H2O) 
C, H, N. 

JV-(2(B)-Hydroxy-l(S)-indanyl)-5(S)-[(terf-butyloxy-
carbonyl)amino]-4(S ,)-hydroxy-6-phenyl-2(B)-[[4-[2-(l-
oxothiamorpholin-4-yl)ethoxy]phenyl]methyl]hexanamide 
(39). A mixture of 100 mg (0.15 mmol) of 38, 35 mg (0.17 mmol) 
of NaI04, and 2.5 mL of H20 in 10 mL of MeOH was stirred for 
8 h at room temperature and then concentrated to dryness. The 
residue was dissolved in 50 mL of chloroform and washed with 
50 mL water, dried (MgSOJ, and concentrated. Preparative TLC 
on four 20 X 20-cm plates (2 mm) using 1:10 MeOH/CHCl3 for 
development gave 85 mg (80%) of a white solid after trituration 
with ether and drying: mp 164-5.5 °C, *H NMR (CDC13) 6 1.4 
(s, 9 H), 1.85 (br m, 2 H), 2.65-3.0 (m, 15 H), 3.0 (m, 1 H), 3.15 
(br s, 1 H), 3.7 (t, J = 7 Hz, 1 H), 3.8 (m, 1 H), 4.18 (br m, 2 H), 
4.3 (br m, 1 H), 4.94 (d, J = 7 Hz, 1 H), 5.3 (m, 1 H), 6.25 (d, J 
= 8 Hz, 1 H), 6.85 (d, J = 8 Hz, 2 H), 7.1 (br d, J = 8 Hz, 2 H), 
7.15-7.35 (m, 9 H). Anal. (C39H51N307S-1.25H20) C, H, N. 

JV-(2(fl)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-phenyl-2(i?)-[[4-[2-(l,l-
dioxythiamorpholin-4-yl)ethoxy]phenyl]methyl]hexanamide 
(40). To a stirred solution of 90 mg (0.13 mmol) of the sulfoxide 
39 in 35 mL of MeOH was added 25 mg (0.16 mmol) of KMn04. 
After 15 min at room temperature, the reaction was quenched 
with 10 mL of saturated aqueous sodium bisulfate. After 10 min, 

(31) Loev, B.; Jones, H.; Sun, J. T. Antihypertensive N-Substituted 
1,4-Dihydropyridines. U.S. Patent 4 520 131, 1985. 

(32) Leonard, F.; Home, H. Potential Antiviral Agents. II. Analogs 
of Tetraalkylamines. J. Am. Chem. Soc. 1956, 78,1199-1202. 
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when the color had discharged, the solution was extracted with 
2 X 50 mL of CHC13. The combined organic layers were washed 
with saturated brine, dried (MgS04), and concentrated. Prepa
rative TLC on four 20 X 20-cm plates (2 mm) using 1:20 
MeOH/CHCl3 for development gave 50 mg of a white solid. 
Recrystallization from 7 mL of hot ethyl acetate gave 33 mg (35 %) 
of 40 after drying: mp 157-8.5 °C; XH NMR (CDC13) 5 1.4 (s, 9 
H), 1.85 (br m, 2 H), 2.65-3.0 (m, 16 H), 3.15 (br s, 2 H), 3.7 (t, 
J = 7 Hz, 1 H), 3.8 (m, 2 H), 4.05 (br m, 2 H), 4.3 (br m, 1 H), 
4.9 (d, J = 7 Hz, 1 H), 5.3 (m, 1 H), 5.95 (d, J = 7 Hz, 1 H), 6.85 
(d, J = 7 Hz, 2 H), 7.1 (br d, J = 8 Hz, 3 H), 7.15-7.35 (m, 8 H). 
Anal. (C39H51N3O7S-0.80H2O) C, H, N. 

N-(2(R )-Hydroxy-l(S)-indanyl)-5(S )-[(tert -butyloxy-
carbonyl)amino]-4(S )-hydroxy-6-phenyl-2(i? )-[[4-[2-(4-
oxo-4-morpholinyl)ethoxy]phenyl]methyl]hexanamide (41). 
A mixture of 60 mg (0.09 mmol) of 29 and 1 mL of 30% H202 
in 5 mL of MeOH was heated to reflux overnight. The mixture 
was concentrated to dryness, triturated with 25 mL of ethyl 
acetate, and filtered. Drying at 50 °C for 1 h under vacuum gave 
62 mg (91%) of a white solid: mp 142-4 °C; lH NMR (CDC13) 
6 1.4 (s, 9 H), 1.75-2.0 (br m, 2 H), 2.6-3.05 (br m, 7 H), 3.35 (s, 
6 H), 3.15-3.4 (br m, 3 H), 3.5 (br m, 2 H), 3.6-3.85 (br m, 5 H), 
4.1-4.55 (br m, 8 H), 5.2 (br m, 2 H), 6.75 (d, J = 8 Hz, 2 H), 6.90 
(br d, J = 8 Hz, 1 H), 7.05-7.35 (m, 10 H). Anal. (C39H61N3-
08-2H20) C, H, N. 

AT-(2(B)-Hydroxy-l(S)-indanyl)-5(S)-[(tert-butyloxy-
carrjonyl)amino]-4(S)-nydroxy-6-phenyl-2(i?)-[[4-[(ethoxy-
carbonyl)methyl]phenyl]methy]]hexanamide (42). A vig
orously stirred mixture of 1.0 g (1.72 mmol) of 22 and 2.0 g (6.13 
mmol) of anhydrous cesium carbonate in 140 mL of anhydrous 
dioxane was aged for 12 h at room temperature under a nitrogen 
atmosphere. To this suspension was added 9.0 mL (81 mmol) 
of ethyl bromoacetate and the internal temperature raised to 80 
± 2 °C for 24 h. The disappearance of starting material was 
monitored by TLC on silica gel, with 8% MeOH in CHC13 as 
eluant. The resulting mixture was cooled, diluted with 100 mL 
of CHC13, filtered, and concentrated to dryness. After drying 
under vacuum there was obtained 1.1 g (96%) of 42 as a white 
solid: mp 197-9 °C; XH NMR (CDC13) 6 1.3 (t, J = 8 Hz, 3 H), 
1.4 (s, 9 H), 1.85 (br m, 2 H), 2.65-3.15 (m, 7 H), 3.6-3.9 (m, 3 
H), 4.05-4.2 (br m, 2 H), 4.25 (q, J = 8 Hz, 2 H), 4.6 (s, 2 H), 4.95 
(d, 8 Hz, 1 H), 5.2 (q, J = 6.8 Hz, 1 H), 6.05 (d, 8 Hz, 1 H), 6.8 
(d, J = 8 Hz, 2 H), 7.08 (d, J = 8 Hz, 3 H), 7.1-7.35 (m, 8 H). 

JV-(2CR)-Hydroxy-l(S)-indanyl)-5(,S)-[(tert-butyloxy-
carbonyl)amino]-4(S)-hydroxy-6-phenyl-2(J?)-[[4-(carbox-
ymethyl)phenyl]methyl]hexanamide (43). A solution of 140 
mg (0.22 mmol) of ester 42 and 50 mg (2.2 mmol) of LiOH in 10 
mL of MeOH and 1 mL of H20 was stirred at room temperature 
for 2 h. After adjusting the pH to 4 with 85% phosphoric acid, 
the mixture was concentrated to dryness and the residue triturated 
with warm THF for 15 min. The suspension was filtered and the 
filtrate concentrated to dryness. After drying there was obtained 
50 mg (34%) of a white solid which was homogeneous by HPLC 
at X = 254 or 210 nM: mp >250 °C. Anal. (C^H^NsOrO.SLi-
H2P04) C, H, N. 

JV-(2(B)-Hydroxy-l(,S)-indanyl)-5(5)-[(tei-t-butyloxy-
carbonyl)amino]-4(S )-hydroxy-6-phenyl-2(JB )-[[4-(2-
hydroxyethoxy)phenyl]methyl]hexanamide (44). To a stirred 
solution of 1.1 g (1.7 mmol) of the ester 42 in 200 mL of anhydrous 
1,2-dimethoxyethane was added 5 mL of 2 M lithium borohydride 
in THF. After stirring at room temperature for 2 h, the mixture 
was cooled in an ice bath, quenched by dropwise addition of 50 
mL of 10% citric acid, and extracted with 200 mL of CHC13. The 
organic layer was washed with 100 mL of saturated NaHC03, dried 
(MgS04), and concentrated. After drying under vacuum there 
was obtained 1.05 g (quant) of a white solid: XH NMR (CDC13) 
5 1.4 (s, 9 H), 1.85 (br m, 2 H), 2.6-3.2 (m, 8 H), 3.5-4.0 (m, 7 H), 
4.05 (t, J = 7 Hz, 2 H), 4.25 (br m, 1 H), 4.95 (br d, 8 Hz, 1 H), 
5.25 (q, J = 6, 8 Hz, 1 H), 6.0 (br d, 8 Hz, 1 H), 6.8 (d, J = 8 Hz, 
2 H), 7.05 (br d, J = 8 Hz, 3 H), 7.1-7.35 (m, 8 H). Anal. 
(CssHuNA-O^HaO) C, H, N. 

4-(2-Bromoacetyl)morpholine. To an ice-cooled solution of 
3 g (34 mmol) of morpholine in 25 mL of anhydrous ether was 
added 1 mL (11 mmol) of 2-bromoacetyl bromide dropwise. After 
10 min, the mixture was filtered and the solids were washed with 
25 mL of ether. The filtrate was concentrated and purified by 
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chromatography on silica gel, with 8% MeOH in CHC13 as eluant. 
The product, 1.6 g (60%) was obtained as a colorless oil: XH NMR 
(CDC13) 6 3.5-3.8 (m, 8 H), 4.12 (s, 2 H). 

N-(2(R )-Hydroxy-1 (S )-indanyl)-5(S)-[ (tert -butyloxy-
carbonyl)amino]-4(S )-hydroxy-6-phenyl-2(B )-[[4-[2-oxo-
2-(4-morpholinyl)ethoxyjphenyl]methyl]hexanamide (45). 
A vigorously stirred mixture of 100 mg (0.18 mmol) of 22, 375 mg 
(1.8 mmol) of iV-(2-chloroethyl)-4-methylpiperazine, and 147 g 
(0.45 mmol) of anhydrous cesium carbonate in 20 mL of anhydrous 
dioxane was heated to 90 ± 5 °C for 6 h under a nitrogen at
mosphere. The resulting mixture was cooled, filtered, and con
centrated to dryness. Preparative TLC on four 20 X 20-cm plates 
(2 mm) using 8% MeOH/CHCl3 for development gave 68 mg 
(55%) of a white solid after trituration with ether and drying: 
mp 184-5 °C. Anal. (C39H49N3O8.0.5H2O) C, H, N. 

Biology. Inhibition of HIV-1 Protease. The ICso and K{ 

values for the compounds were determined using purified HIV-1 
protease.33 Inhibition of the cleavage of the peptide H-Val-
Ser-Gln-Asn-(L-/3-napthylalanine)-Pro-Ile-Val-OH was assessed 
at 30 °C, pH = 5.5 with [Enz] = 30 pM for 1 h, using HPLC with 
UV detection for quantification of the products. For the IC50 data 
a substrate concentration of 0.4 mg/mL was used, and data was 
fit to a four parameter sigmoidal equation. K{ data were deter
mined from double reciprocal plots of rate data as a function of 
substrate and inhibitor concentrations. It has been reported that 
the dissociation of subunits from the active, dimeric form of the 
enzyme to inactive monomers has a i£d of 50 nM at pH 7.034 and 
a KA of 3.6 nM at pH 5.0,36 using kinetic methods. Steady-state 
kinetic treatment of an obligatory active dimer predicts that both 
specific activity and K{ should be a function of enzyme concen
tration and Kd. In our assay system, we find constant specific 
activity for the HIV-1 protease from 0.03 nM to 50 nM enzyme, 
and no dependence of IC50 upon enzyme concentration except 
when it exceeds the Kv We conclude that the Kd for monom-
erization in our assay system is less than 0.03 nM and does not 
have an important influence upon the IC^ values reported here. 
The solvent conditions used in previous studies, 1 M NaCl36 or 
pH 7.0,34 may be responsible for the higher Kd values found by 
those workers. 

Inhibition of HIV-1 Infection in Cell Culture. The com
pounds were initially dissolved in dimethyl sulfoxide and serially 
diluted into cell culture medium to achieve the test concentrations. 
Cells were infected and grown in a medium of RPMI-1640 
(Whittaker BioProducts), 10% inactivated fetal bovine serum, 
4 mM glutamine (Gibco Labs), and 1:100 penicillin/streptomycin 
(Gibco Labs). Cells were treated with the compound for 24 h prior 
to HIV-1 infection. Cells were infected at day 0 at a concentration 
of 250000 per mL with a 1:2000 dilution of HIV-1 or SIV variant. 
The multiplicity of infection was 0.01 in all cases. Fresh compound 
was added at the time of infection and every 2-3 days thereafter. 
Incubations were performed at 37 °C in a 5% C02 atmosphere. 
H9 and MT-4 human T-lymphoid cells are described by Popovic 
et al.36 and Miyoshi et al.,37 respectively. Primary peripheral blood 

(33) Heimbach, J. C; Garsky, V. M.; Michelson, S. R.; Dixon, R. A.; 
Sigal, I. S.; Darke, P. L. Affinity Purification of the HIV-1 
Protease. Biochem. Biophys. Res. Commun. 1989,164,955-60. 

(34) Cheng, Y. S. E.; Yin, F. H.; Foundling, S.; Blomstrom, D.; 
Kettner, C. A. Stability and activity of human immunodefici
ency virus protease comparision of the natural dimer with a 
homologous single-chain tethered dimer. Proc. Natl. Acad. 
Sci. U.S.A. 1990, 87, 9660-9664. 

(35) Zhang, Z.-Y.; Poorman, R. A.; Maggiora, L. L.; Heinrikson, R. 
L.; Kezdy, F. J. Dissociative Inhibition of Dimeric Enzymes. 
Kinetic characterization of the inhibition of HIV-1 protease by 
its COOH-terminal tetrapeptide. J. Biol. Chem. 1991, 266, 
15591-15594. 

(36) Popovic, M.; Sarngadharan, M. G.; Read, E.; Gallo, R. C. De
tection, Isolation, and Continuous Production of Cytopathic 
Retroviruses (HTLV-III) from Patients with AIDS and Pre-
AIDS. Science 1984, 224, 497-500. 

(37) Miyoshi, I.; Kubonishi, I.; Yoshimoto, S.; Akagi, T.; Ohtsuki, 
Y.; Shiraishi, Y.; Nagata, K.; Hinuma, Y. Type C Virus Par
ticles in a Cord T-Cell Line Derived by Co-cultivating Normal 
Human Cord Leukocytes and Human Leukaemic T-Cells. 
Nature (London) 1981, 294, 770-71. 

lymphocytes and primary monocytes/macrophages were obtained 
from fresh human plasmapheresis residues. The monocytes/ 
macrophages were separated from the lymphocytes by adherance 
to plastic and were maintained in GM-CSF containing medium 
(1000 mg/mL, Amgen). The lymphocytes were activated with 
phytohemaglutinin (5 mg/mL, Sigma) prior to virus infection and 
were maintained in medium containing IL-2 (1000 mg/mL, Du-
Pont). The HIV-1 variants are described by reference as follows: 
nib,38 RF,39 MN,40 and WMJ-2.41 RUTZ is an HIV-1 isolate from 
Zaire (R. C. Gallo, unpublished). The SF162 isolate,42 a mono
cyte/macrophage-tropic variant of HIV-1, was kindly provided 
by Jay Levy. SIVmac

25143 and SIV^,44 were obtained from the 
AIDS Research and Reference Reagent Program of the National 
Institutes of Health. 

Measurement of Viral Spread. The measurement of viral 
expression was performed by either fixed cell immunofluorescence 
using anti-HIV-1 human serum or p24 ELISA. In the immu
nofluorescence assay the lowest concentration of compound which 
completely prevented the spread of the virus from initially infected 
cells at 7-24 days post infection was defined as the CIC (cell 
culture minimal inhibitory concentration). 

In the p24 ELISA assay, the cell culture inhibitory concen
tration (CIC) is defined as that concentration which inhibited by 
greater than 95% the spread of infection, as assessed by a greater 
than 95% reduction in p24 antigen production relative to un
treated controls. Using a multichannel pipettor, the settled cells 
were resuspended, and a 125-mL aliquot was harvested into a 
separate microtiter plate. After the settling of the cells, the plates 
were frozen subsequent to assay of the supernatant for HIV p24 
antigen. The concentration of p24 antigen was measured by an 
enzyme immunoassay, described as follows. Aliquots of p24 
antigen to be measured were added to microwells coated with a 
monoclonal antibody specific for HIV core antigen. The micro-
wells were washed at this point and at other appropriate steps 
that follow. Biotinylated HIV-specific antibody was then added, 
followed by conjugated streptavirudin-horseradish peroxidase. 
A color reaction occurs from the added hydrogen peroxide and 
tetramethylbenzidine substrate. Color intensity is proportional 
to the concentration of HIV p24 antigen. 

Molecular Modeling. All modeled structures were built using 
the Merck molecular modeling program AMF (Advanced Modeling 
Facility)45 and energy minimized using the Merck molecular force 
field, OPTIMOL,46 which is a variant of the MM2 program.47 Due 
to the low pH optimum of the HIV-1 protease,1448 all titratable 
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residues were charged in the calculations with the exception of 
Tyr69 and one of the pair of catalytic aspartic acids, Asp26-49 

During energy minimizations the enzyme-active site was held fixed 
at the X-ray geometry. 

Graphics visualization and molecular surface calculations were 
performed using Quanta.60 All molecular surfaces were generated 
using a neutral 0.95-A radius probe with contouring performed 
at an interaction energy of 0 kcal/mol. 

Comparison of the modeled and X-ray structures of 29 was 
accomplished by aligning the native and inhibited forms of the 
enzyme using the atoms of the conserved Asp-Thr-Gly motif, not 
by aligning the conformations of 29. 

Crystallization and Data Collection. HIV-1 protease from 
the NY5 isolate61 (Pro 1 to Phe 99) was expressed as described 
previously.52 The enzyme was purified using an affinity column 
followed by a hydrophobic interaction column.33 HIV-1 protease 
at 6 mg/mL was reacted with a 2-fold molar excess of L-689,502 
dissolved in dimethyl sulfoxide. The reaction was carried out at 
21 °C in a buffer containing 10 mM sodium 2-morpholino-
ethanesulfonate/2-morpholinoethanesulfonic acid, pH 5.0,1 mM 
Na2EDTA, 1 mM dithiothreitol, 3 mM sodium azide, and a final 
dimethyl sulfoxide concentration of less than 5% (v/v). Crystals 
with the external morphology of orthorhombic plates were grown 
by precipitation with sodium chloride as described previously.14 

A crystal measuring 0.30 X 0.15 X 0.05 mm was mounted for data 
collection in a sealed glass capillary along with a paper wick wetted 
with mother liquor. The diffraction pattern displayed the sym
metry of space group P21212, with unit cell constants of a = 59.11 

(45) AMF is an extension of work described previously: (a) Gund, 
P.; Andose, J. D.; Rhodes, J. B.; Smith, G. M. Three-Dimen
sional Molecular Modeling and Drug Design. Science 1980, 
208,1425-31. (b) Smith, G. M.; Hangauer, D. G.; Andose, J. 
D.; Bush, B. L.; Fluder, E. M.; Gund, P.; Mclntyre, E. F. In-
termolecular Modeling Methods in Drug Design: Modeling the 
Mechanism of Peptide Cleavage by Thermolysin. Drug. Inf. 
J. 1984,18,167-78. The major authors of the AMF program 
are J. D. Andose, R. A. Blevins, E. F. Fluder, and J. Shpungin. 

(46) Halgren, T. A.; Merck, Sharp, and Dohme Research Labora
tories, Rahway, NJ. Unpublished work on the development of 
the force field program OPTIMOL. OPTIMOL differs from MM244 

mainly in the use of partial charges on atoms, instead of bond 
dipoles, and in the absence of unshared pairs of electrons on 
certain nitrogen and oxygen atoms. 
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A, b = 87.14 A, and c = 46.77 A. Diffraction data were recorded 
at room temperature to a nominal resolution of 1.95 A using a 
Siemens multiwire X-ray area detector mounted on a Supper 
3-axis camera. Graphite-monochromated Cu K„ X-radiation was 
provided by a Rigaku RU-200BH rotating anode generator op
erating at 50 kV and 60 mA with a 0.2-mm high brilliance focal 
cup. Data were measured from a single crystal as a series of 5-min, 
0.25-deg oscillation frames. A total of 1320 frames (three sweeps 
of 110 degrees) were collected and processed using the XENGEN 
processing software.53 The final 440 frames of the third data 
collection pass were not used, due to decay in the diffraction 
pattern. The results of the final scaling of these data are shown 
in Table III. Due to the decrease in the ratio of observed to 
potentially observed reflections beyond 2.25 A, the data between 
2.25 and 1.95 A were not used in the structure refinement. 

Structure Refinement. The refined model for the complex 
between HIV-1 protease and acetyl-pepstatin14 was used as the 
starting model in the refinement of the complex of the protease 
with L-689,502. The inhibitor, all solvent molecules, and all amino 
acid side chains modeled in alternate conformations were removed 
from the model before beginning refinement. Refinement pro
ceeded with the alternation of 10-20 cycles of the program 
PROLSQ64 with sessions of manual rebuilding using program 
FRODO.55 Structure factors and electron density maps were 
calculated using the computer program package Protein.56 

Residues in one protease monomer were arbitrarily designated 
1-99 while residues in the second monomer were designated 
201-299. A model for the inhibitor was fit to electron density 
in a map calculated with coefficients 2F0 - Fc and model phases. 
Solvent molecules were added after examination of electron 
density maps calculated with coefficients F0 - Fc and model phases. 
After nine rounds of refinement and model building (R = 0.185 
for the data between 8.0 and 2.25 A; 114 solvent molecules in
cluded) strong features in the difference electron density map 
indicated an second conformation for the inhibitor approximately 
2-fold symmetric to the original conformation. A similar disor
dered binding of the inhibitor was observed in the structure of 
acetyl-pepstatin bound to HIV-1 protease.14 Eight amino acid 
side chains (Thr 12, Lys 45, He 54, Gin 207, Glu 235, He 250, Gin 
261, and Thr 296) were observed to adopt two partially occupied 
conformations, and static disorder (with each conformation set 
at 0.50 occupancy) was modeled using a version of PROLSQ modified 
for this purpose.57 In the final model, 138 solvent molecules with 
unit occupancy are present. The mean B for the solvent atoms 
in the current model is 37.8 A2; no solvent atom with a B value 
greater than 65 A2 has been retained. The status of the current 
refinement model is summarized in Table IV. Coordinates for 
the current model have been deposited with the Protein Data 
Bank (entry code xHVP). 
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