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Abstract—A combination of structure-activity studies, kinetic analysis, X-ray crystallographic analysis, and modeling were
employed in the design of a novel series of HIV-1 protease (HIV PR) inhibitors. The crystal structure of a complex of HIV PR
with SRSS-2,5-bis[N-(rert-butyloxycarbonyl)amino]-3,4-dihydroxy- 1,6-diphenylhexane (1) delineated a crucial water-mediated
hydrogen bond between the ferz-butyloxy group of the inhibitor and the amide hydrogen of Asp29 of the enzyme. Achiral,
nonpeptidic 2-hydroxyphenylacetamide and 3-hydroxybenzamide groups were modeled as novel P2/P2’ ligands to replace the
crystallographic water molecules and to provide direct interactions with the NH groups of the Asp29/129 residues. Indeed, the
symmetry-based inhibitors 7 and 19, possessing 3-hydroxy and 3-aminobenzamide, respectively, as a P2/P2’ ligand, were potent
inhibitors of HIV PR. The benzamides were superior in potency to the phenylacetamides and have four fewer rotatable bonds.
An X-ray crystal structure of the HIV PR/7 complex at 2.1 A resolution revealed an asymmetric mode of binding, in which the
A-hydroxy group of the benzamide ring makes the predicted interaction with the backbone NH of Asp29 on one side of the active
site¢ only. An unexpected hydrogen bond with the Gly148 carbonyl group, resulting from rotation of the aromatic ring out of the
amide plane, was observed on the other side. The inhibitory potencies of the benzamide compounds were found to be sensitive to
the nature and position of substituents on the benzamide ring, and can be rationalized on the basis of the structure of the HIV
PR/7 complex. These results partly confirm our initial hypothesis and suggest that optimal inhibitor designs should satisfy a
requirement for providing polar interactions with Asp29 NH, and should minimize the conformational entropy loss on binding by
reducing the number of freely rotatable bonds in inhibitors. Copyright © 1996 Elsevier Science Ltd '

Introduction trials in humans.’” Recent studies have revealed the

emergence of mutant strains of HIV that exhibit resis-

Human immunodeficiency - virus type 1 (HIV-1), a tance toward these and other protease inhibitors.® The
human retrovirus that causes AIDS,' encodes a most deleterious mutation for A77003 is Arg to Gln at
protease that processes polyprotein precursors into position 8(R8Q),” which affects the S3/S3” subsite of
viral structural proteins and replicative enzymes.* This the protease binding domain and increases the K, of
processing is essential for the assembly and maturation A-77003 by a factor of 165-fold." We recently reported

of fully infectious virions.* Thus, the design of inhibi- that the redesign of P3/P3’ residues of A-77003 can
tors of HIV-1 protease (HIV PR) is an important produce inhibitors which are equipotent towards both
therapeutic goal in the treatment of AIDS. Numerous wild type enzyme and R8Q mutant protease.” Studies

classes of potent peptidic inhibitors of HIV PR have from several laboratories> show that inhibitors
been designed using the natural cleavage sites of the spanning only the S2-S2' subsites can possess potent
precursor polyproteins as starting points. These inhibi- inhibitory activity. Thus, a sensible strategy for avoiding
tors are typically peptide substrate analogues in which R8Q resistance is to truncate inhibitors while
the scissile P1-P1’ amide bond is replaced by a non- maintaining the crucial interactions necessary for
hydrolyzable isostere with tetrahedral geometry.* Pepti- strong binding. This approach has several potential
domimetics often make poor drugs owing to their benefits, since it would eliminate two or more peptide
potential adverse pharmacological properties; i.e., poor bonds, reduce molecular weight, diminish the potential
oral absorption, poor stability, and rapid metabolism.* for recognition by degradative enzymes, and result in
C2 symmetry-based inhibitors have recently been improved activity against certain drug resistant strains.
designed to mimic the twofold symmetry of the active We recently reported the activity and utility of
site of the enzyme as determined by X-ray crystal 2-methylbenzamides as conformationally-constrained

structure analysis of inhibitor/fenzyme complex.® P2/P2’ ligands for HIV PR inhibitors.” In this paper,
A-77003, XM-323, and ABT-538 represents several C2 we present a full account of our structure-guided effort

symmetry-based inhibitors that have entered clinical to design novel and achiral phenylacetamides and

benzamides as P2/P2’' groups in symmetry-based diol
"Present address: Departmento de Fisica, Universidad Nacional del compounds along with the crystallographic Stl'_UCt.lH: e of
Sur, 8000 Bahia Blanca, Argnetina. the HIV PR/7 complex. We compare the inhibitory
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activity of these compounds against wild type and
selected drug resistant mutant enzymes.

Chemistry

The inhibitor core unit for these studies, 2,5-diamino-
1,6-diphenyl-3,4-hexanediol, was synthesized by
McMurry coupling of natural Boc-phenylalaninal, and
the diastercomers SRSS-A, SRRS-B, and 8555-C were
separated following a reported procedure.”* The
2,5-diaminodiol A (X=8-—0OH) was condensed with
suitably substituted benzoic acid using the TBTU/
HOBt/DIPEA method to provide compounds 6-8, and
15-24 (Scheme 1). Compounds 9-13 were prepared
similarly by the condensation of the suitably substituted
benzoic acids with the SRRS-diol B and compound 14
was prepared from benzoic acid and the RSSR-diol C.
Condensation of 2,5-diaminodiol A (X=5—0H) with
suitably substituted phenylacetic acid using the above
procedure provided phenylacetamides 3—5. The ethers
20a and 21a were prepared by the reaction of methyl
3-hydroxybenzoate with corresponding halides in the
presence of NaH, followed by saponification (Scheme
2). The 3-hydroxy-5-methylbenzoic acid (17a) was
prepared from sodium acetopyruate following a
reported procedure.” The deshydroxy compounds 25
and 26 were prepared by condensation of $58-2,5-di-
amino-1,6-diphenyl-3-hexanol™ (D, X=H) with a
suitably substitute benzoic acid using the TBTU/HOBt/
DIPEA method (Scheme 1).
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Scheme 2.

Design and Modeling

Crystallographic studies on the structure of the HIV
PR/1 complex revealed that the P2/P2' carbamate
oxygen atoms of 1 are involved in water-mediated
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Figure 1. Cartoon representation of the interactions of compound 1
{red) with HIV PR active site. The hydrogen bonds are drawn in
blue dashed lines. W1 and W' are waters.

hydrogen bond with the Asp29 NH atom of the
enzyme (Fig. 1)." In longer inhibitors spanning the
P3-P3’ subsites of the enzyme the positions of these
waters are usually occupied by carbonyl oxygen atoms
from the backbone amide groups which form direct
hydrogen bonding interactions with the Asp29/129 NH
atoms.”® Polar interactions with Asp29/129 NH have
also been shown to be crucial for the binding of several
short inhibitors such as KNT272,"* and L-700,417"*< to
HIV PR. Modeling studies using the crystal structure
of the HIV PR/1 complex indicated that substitution
the P2/P2’ group by the aromatic ring of a phenylacet-
amide group could offer a novel approach for accessing
S2/82' subsites. The unsubstituted phenylacetamide
derivative 3 was about 1000-fold less potent than 1
owing to the inability of 3 to satisfy the hydrogen
bonding requirement in the S2/52" subsites. Visual
examination of compound 3 in the HIV PR active site
suggested that interactions with Asp29/129 NH could
be achieved by addition of a polar group in the ortho-
position of the aromatic ring of the phenylacetamide
group. However, introduction of a hydroxyl group into
either the ortho (5) or meta (6) positions resulted in
only a marginal improvement in protease inhibition
(Table 1). This lack of activity enhancement was attri-
buted to the entropic cost of the two freely rotatable
bonds of the phenylacetamide beyond the carbonyl
The elimination of these rotatable bonds was achieved
through the design of benzamide analogues.

Modeling studies of the unsubstituted benzamide 6 in
the HIV PR active site indicated that a hydrogen bond
acceptor group in the meta-position of the benzamide
ring should be optimal for hydrogen bonding to
Asp29/129 NH. A model of complex consisting of the
hydroxy-containing inhibitor 7, a tetrahedrally coordi-
nated water molecule that stabilizes the interaction of
the inhibitor with the flap, and all enzymc residues
within 6 A of the inhibitor were energy minimized
using the program SYBYL.® The aromatic 3-OH
benzamide ring of 7 occupies the $2/52’ subsites of the
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enzyme and the mera-hydroxy groups were predicted to
be within hydrogen bonding distance to the Asp29/129
NH (Fig. 2). Somewhat surprisingly, the benzamide
rings had moved out of the amide plane by ca. 15°
probably to maximize both the interactions of the
amide carbonyls with the flap water, and of the 3-OH
groups with the Asp29/129 NH atoms. Conformational
analysis performed in vacuo using N-methyl 3-hydrox-
ybenzamide indicated a weak rotational barrier of (.56
kcal/mol for the observed conformation of 7, with the
preferred conformation being one in which the orienta-
tion of the amide carbonyl and benzene ring  are
co-planar. We believed that this rotational barrier
could be readily overcome and synthesized compounds
6 and 7 to test this hypothesis. Indeed, compounds 6
and 7 were both potent inhibitors of HIV PR with K,

Table 1, Intluence of substituents linked to the central core on the in
vitro activity*

2 X \Ph O ¢
d
K
Compd a b ¢ d e X Y % Inhib" (nM)
1 N-tert-butyloxycarbonyl R-OH 5-CH 12
2 N-benzyloxycarbonyl R-OH S-OH 26
3 H H H H H R-OHS-OH 38
4 H OH H H H R-OHS-CH 3000
5 OH H H H H R-OHS-OH 66

“Inhibition of HIV PR was measured using a fluorogenic substrate.”!
"Percent inhibition at 10 pM.

values of 42 and 22 nM, respectively (Table 2). The
3-amino-benzamide derivative 19 exhibited a K| value
of 5 nM. In contrast, the para-hydroxy derivative 8 had
a K; value of 276 nM., while the 2-hydroxybenzamide
analogue 9 was inactive. Subsequent studies indicated
that stabilization of the nonplanar conformation by
adding a 2-methyl substituent further enhanced the
potency of the benzamides.™

The influence of the stereochemistry of the diol core
on the inhibitory potencies of a longer P3-P3’ series is
documented;” in that series, the compounds possessing
the RS- and S§S5-diol cores were more active, than
compounds possessing the RR-diol core. A similar
trend was obscrved in the present series {compare 7,
14, and 1!1). For the RR-diol containing inhibitois
10-13 (Table 2) the presence of a polar group in the
benzamide ring was essential for inhibition of HIV PR,
compare the RR-10, which was inactive, with 11.which
possesses a 3-hydroxybenzamide and exhibited a K|
value of 79 nM. Irrespective of the stereochemistry of
the core diols (RR or RS) the 2-hydroxybenzamide-
containing inhibitars 9 and 13 were inactive, whereas
the 4-hydroxybenzamide-containing inhibitors 8 'and 12
exhibited moderate inhibitory activities, K;=276 and
330 nM, respectively. The 3 log difference in the
potency of 6 and 10 was unexpected and may be due to
the participation of the aromatic ring in polar inter-
actions.” The exact influence that the stereochemistry
of the diol core (RR versus RS) has on the P2/P2’
benzamide conformation awaits  crystallographic
analysis.

Large variations in activity were also observed for
different aromatic ring substituents or substitution
patterns. The substitution of the 3-hydroxy group with

Figure 2. Steroview of a model of the inhibitor 7 (pink) in the HIV PR active site (colored by type). Proposed hydrogen bonds between the

inhibitor 7 and the enzyme active site are shown in blue lines.
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a nitro group (24), provided a poor inhibitor of HIV
PR. The addition of hydrophilic groups in the
3,4-positions of the aromatic ring of the benzamide
group led to a fourfold decrease in potency (compare 6
versus 15), whereas the addition of hydroxy groups in
the 3,5-positions caused a dramatic loss in inhibitory
potency {compare 6 versus 16). Etherification of the
3-OH group (compounds 20 and 21) did not improve
potency. Fusion of the second ring (compounds 22 and
23) reduces inhibitor potency. Unlike the 2-methyl
substitutions,”” methylation at the 4- and 3-positions

Table 2. Influence of substituents linked to the central core on the in
vitro activity®

Compd a b ¢ de X Y % Inhib® K {nM)
6 H H H HHR-OH S-OH 12
7 H OH H H H R-OH S-OH 22
8 H H OHH H R-OH S-OH 276
9 OH H H HH R-OH S-CH 32

10 H H H HHR-OH R-OH 55

11 H OH H HH R-OH R-OH 79
12 H H OHH H R-OH R-OH 330
13 OH H H HHR-OH R-CH 66

14 H OH H HH 5-OH S-OH 43

*Inhibition of HIV PR was measured using a fluorogenic substrate.™
"Percent inhibition at 10 pM.

(compounds 17 and 18, respectively) were not well
tolerated in the 3-hydroxybenzamides.

HIV PR/7 complex

X-ray crystallographic analysis of the refined 2.1 A
resolution structure of the HIV PR complexed with the
3-hydroxybenzamide 7 revealed that the inhibitor binds
in an extended conformation, as expected, spanning
from the S2 to §2' subsites of the enzyme. Two quasi-
twofold symmetric orientations of the inhibitor were
observed; these are related by a rotation around the
twofold axis of the enzyme. The R-hydroxyl group of
the inhibitor core is located close to the twofold axis,
making a symmetric interaction with the active site
aspartates 25/125, while the S-hydroxyl group makes
only one hydrogen bond with the carboxylate group of
the active site aspartates. A water molecule, usually
observed in the peptidic inhibitors coordinated to the
carbonyl oxygens of the inhibitor and amide nitrogens
of the flap T1e507150 residues,’ is also observed in this
complex. The electron density for the 3-hydroxybenz-
amide group indicates that the 3-hydroxyphenyl groups
are interacting asymmetrically with the 82/82' subsites
of the enzyme (Fig. 3). On one side the 3-OH group of
the benzamide ring (A ring) makes hydrogen bonding
interactions with Asp29 NH (2.82 A} as predicted from
modeling studies, whereas on the other side (B ring) it
interacts with Gly148 CO (2.98 A, Fig. 4). The substi-
tuted aromatic ring of the P2/P2' benzamides and the
amide group are not co-planar in the crystal structure
with 7. The aromatic benzamide ring is 10° out of
plane on the side that interacts with Asp29 NH, and is
46° out of plane on the side that interacts with Gly148.

Figure 3. Stereoview of the 2F -F_ map contoured at a 0.75 & level (blue"). F.-F. maf) contoured at a 2.0 o level (red), with the phases calculated
excluding the inhibitor, Atoms of the HIV PR active site and the inhibitor are colored by type.
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Figure 4. Stereoview of the HIV PR/7 compiex showing the twe quasi-twofold asymmetric orientation of the inhibitor 7. Atoms of the inhibitor 7
are colored pink and orange and the atoms of HIV PR are colored by type. Important hydrogen bonding interactions are shown in blue lines.
HIV PR chain A residues are numbered 1-99 and the chain B residues are numbered 101-199.

The aromatic B-ring makes van der Waals contacts
with 1le50, Ilel47, Vall32, and Alal28, and the
aromatic A-ring interacts with Ile150, Ile47, and Ala28.
A comparison of the HIV PR/1'7 and HIV PR/7 struc-
tures reveal that the A-ring 3-OH group of 7 is within
1 A of the bridging water molecule in the former,
confirming the design strategy. The interactions of the
central P1-P1" diol core with the enzyme are similar to
those observed with other compounds possessing this
core.”

Many of the SAR trends can be readily rationalized
based on the HIV PR/7 structure (Fig. 4). The
dramatic loss in the enzyme inhibitory patencies of the
2-OH derivatives 9 and 13 may be due to the inability
of the hydroxyl group to form favorable hydrogen
bonds with the Asp29 NH and/or Gly48 carbonyl in the
52/52' subsite of the HIV PR. Moderate PR inhibition
by the 4-hydroxybenzamide analogues 8 and 12 may
arisc from their ability to interact with the Asp30/130
side chain carboxylate groups. The inactivity of the
3-nitrobenzamide analogue 24 may be due to the
excessive volume of the nitro group, In the case of the
bis-meta-substituted benzamides 16 and 17, one of the
substituents on the benzamide ring might project too
deep into the mostly hydrophobic $2/S2" pocket, thus
causing unfavorable interactions. The decreased inhibi-
tory potencies of ethers 20 and 21 may be due to a
combination of factors such as their inability to act as
hydrogen bond donors as well as to steric hindrance.
Finally, deletion of the core S-hydroxy group of the
diol core has been shown to improve the binding affin-
ities compared with their diol counterparts.'™ Surpris-

ingly, the incorporation of a deshydroxy cere did not
improve the inhibitory potencies for this series of
inhibitors {Table 3, 7 versus 25 and 19 versus 26).

The inhibitory potencies of four selected compounds
against R8Q and V821 HIV PR mutants are reported
in Table 4. The activity against the wild type is also
incorporated for comparison. The R8Q mutation
mainly affects the P3/P3’ subsite on the enzyme. As
these inhibitors do not contain P3/P3’ ligands, they
were all equipotent against the R8Q mutant. The V821
mutation mostly affects S1/S1’ subsites of the enzyme.
Inhibitor 19 exhibited about a 21-fold decrease in the
inhibitory potency against the V82I mutant, whereas
the potency of compound 7 was only slightly affected.

Conclusions

We have described a structure-based approach for the
design of a template to produce specific interactions
with the backbone NH of Asp29. The design led to the
identification of the achiral, nonpeptidic 3-OH/NH.,-
benzamide group as a novel P2/P2’ ligand, Crystallo-
graphic studies on the HIV PR/7 complex suggest that
the 3-OH/NH,-benzamide ring system simultaneously
provides good hydrophobic interactions and is involved
in as many as two hydrogen bonds. The inhibitors were
designed to be equipotent against wild type and R8Q
mutant enzymes. The SAR data suggests that, in
addition to the interactions with active site aspartates
Asp25/125 and 11e50/150, additional polar interactions
with the S52/82' subsite residues of the enzyme are
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Table 3. Influcnce of substituents linked to the central core on the in vitro activity*

b
a oP Y a, [
¢ ! L] X \H'I‘o []

Compd a b c d € X Y % Inhib” K; (nM)
] H H H H H R-OH 5-OH 42
7 H OH H H H R-OH S-OH 22
15 H OH OH H H R-OH S-OH 80
16 H OH H OH H R-OH S-OH 700
17 H OH H CH, H R-OH S-OH 1000
18 H OH CH, H H R-OH 3-OH 132
19 H NH, H H H R-OH S-OH 5
20 H OR*¢ H H H R-OH S-OH 63
21 H OR**d H H H R-OH S-OH 9
22 N-2-(4-0x0-4H-1-benzopyran)carbonyl R-OH S-OH 67
23 N-2-(4-Hydroxyquinoline )carbonyl R-OH S-OH 3
24 H NQ, H H H R-OH S-OH 40
25 H OH H H H S5-OH H 25
26 H NH, H H H S-OH H 6

“Inhibition of HIV PR was measured using a fluorogenic substrate.”
"Percent inhibition at 10 pM.

‘R” =CH,CH,OCH.CH,0CH..

‘R**=CH.CH,OFh.

essential to achieve potent inhibition of HIV PR for
this series of compounds.

Experimental
Chemistry

All melting points were recorded on a Electrothermal
Digital Mcliing Point Apparatus (Model 1A9200) and
are uncorrected. Proton nuclear magnetic resonance
('"H NMR) spectra were recorded on a Varian XL-200
or VXR-5005 MHz spectrometer. 'H NMR spectral
data arc reported in & ppm scale relative to TMS.
High-resolution MS were recorded on a VG70-230
and FABMS on a VG ZAB-2F (Manchester, England)
mass spectrometer. Flash chromatography was
performed on silica gel (230-400 mesh, E. Merck).
HPLC analysis were carried out using a Hewletu

Table 4. Comparison of in vitro activity of select compounds with
R8Q and V821 mutants®

Compd a b ¢ de X Y WT RRQ" va2r

7 HOH H HHR-OH 5-OCH 22 36 51
15 H OH OH H H R-OH S-OH 80 40 235
19 HNH, H HH ROH SOH 5 20 109
26 HOH H HH S-OH 25 M4 96

‘Inhibition of wild (W) and mutant HIV PR was mcasured using a
flucrogenic substrate ”
"Inhibitions are in nM.

Packard 1050 chromatograph using a methanol:water
(0.05% TFA) mixtures as mobile phase (gradient
30-100% of methanol over 30 min) on either (V):
Vydac-Pack ODS-218 TP(C18) (250 x 4.6 mm, S-5 pm)
reverse-phase column or (Y): YMC-Pack ODS-AQ
{C18) {250 x4.6 mm, S-5 pm, 120 A) reverse-phasc
column. TLC was performed on silica gel F-254 plates
(0.25; Whatman) and visualized using sulfuric acid or
chlorine or ninhydrin/TDM (4,4’-tetramethyldiamino-
diphenylethane) and UV methods. The following TLC
solvent systems are used: (a) ethyl acetaterhexane
(1:1), (b) chloroform:methanol (95:5), (¢) chloroform:
mcthanol (91:1), {d) chloroform:methanal:diisopropyl-
amine (90:10:5), (¢) acectonc, (f) ethyl acetate:
methanol:acetic acid (95:3:2), (g) ethyl acetate:hexanc
{7:3), and (h) chloroform:methanol (3:1). All solvents
used were of reagent grade.

3-[2-[ (Methoxy)ethoxy] ethoxy] benzoic acid (204,
Scheme 2). A mixture of 240 mg (1.6 mmol) of
methyl 3-hydroxybenzoate, 200 mg of anhyd K,CO,
and 0.27 mL (2 mmol) of |-bromo-2-(2-methoxyeth-
oxy)cthane in DMF was heated with stirring at 50 °C
for 6 h. After which the DMF was evaporated under
reduced pressure, and the residuc was extracted with
ethyl ether. Methanol (5 mL) and NaOH (2 mL) was
added to the above methyl benzoate and stirred at
room temperature for 4 h. The methanol was removed
under reduced pressure, and the residue washed with
ethyl ether (5 mL), acidified, and extracted with ethyl
acetate (3 x 10 mL). The combined ethyl acetate layer
was washed with brine, dried, and evaporated to
provide 20a (300 mg. 79%) as a thick liquid; 'H NMR
(CDCL): 8 34 (s, 3H). 3.5 (m, 2H), 3.7 (m, 2H), 3.9
(m., 2H), 4.2 (m, 2H), 7.16 (m, 1H), 7.36 (m, 1H), 7.62
(m. 1H) and 7.69 (m, 1H).
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3-12-(Phenoxy}ethoxy]benzoic acid (21a, Scheme 2}. To
a stirred and cooled solution of triphenyl phosphene
(1.9 g, 7.2 mmol}, in anhyd methylene chloride (5 mL),
under argon, a solution of bromine (0.7 mL) in CCl, (2
mL) was added slowly over 15 min. The stirring was
continued for 30 min, after which, 2-phenoxyethanol (1
g, 7.2 mmol) in CH,Cl, (2 mL) was added slowly,
Reaction mixture was allowed to warm to room
temperature and left overnight. The excess of solvents
were stripped off and the residue was repeatedly
exiracted with petroleum cther. Evaporation of
petroleum ether gave 2-phenoxyethyl bromide (1.4 g,
75%); 'H NMR (CDCI,): 8 3.66 (m, 2H), 4.30 (m, 2H)
and 6.9-7.4 (m, SH).

2-Phenoxyethyl bromide was converted to 3-[2-
(phenoxy)ethoxylbenzoic acid (21a) by following an
analogous procedure as described for 20a; MS: m/z 258
(M+Na)*; '"H NMR (CDCL): é 4.3 (m, 4H), 6.9-7.0
(m, 6H), 7.2-7.5 {m, 3H) and 12.5 (s, 1H).

Representative procedure for the preparation of
bisamides

(25,3R,45,55)-2,5-Bis[ N-[(3-hydroxyphenyl)carbonyl ] -
amino]-3,4-dihydroxy-1,6-dipheny]l hexane (7, Scheme
1). A solution of 102 mg (0.73 mmol) of 3-hydroxy-
benzoic acid, 214 mg (0.67 mmol) of 1H-benzatriole-
1-y1-1,1,3.3-tetramethyluronium tetrafluoroborate
(TBTU), 112 mg (0.73 mmol) of 1-hydroxybenzotria-
zole (HOBt), 172 mg (1.34 mmol, 233 uL) of diisopro-
pylethyl aminc (DIPEA}, and 100 mg (0.33 mmol) of
25,3R,48,55-2,5-diamino-3,4-dihydroxy-1,6-diphenyl
hexane (A) in 10 mL of dimethylformamide (DMF)
was stirred at room temperature for 1.5 h. After which
the reaction was quenched with a drop of 4-(2-amino-
cthyl)morpholine. Thc solvent and volatiles were
removed under reduced pressure, the residue taken up
in ethyl-acetate and washed sequentially with 10%
KHSQ,, water, ag NaHCQ,, brine dried, and concen-
trated in vacuo. The crystallization of crude product
from mecthanol:water (1:10) gave 140 mg (78%) of 7 as
a white solid: mp 102-104 °C; TLC [R,=0.24 (B); 0.25
(G)]; HPLC [column V, £, (retention time) = 11.2 min];
MS: m/z 541 (M+H}*; 'H NMR (CD,0D): 8 2.9 (d,
J=7.6 Hz, 4H), 3.3 (m, 2H), 3.5 (s, 2H}, 4.66 (t,J="7.4
Hz, 2H), 6.88-7.27 (m, 18Hz).

The compounds 3-26 were prepared following the
analogous procedure.

(25,3R 45,55)-2,5-Bis[N-(phenylacetyllamino]-3,4-
dihydroxy-1,6-diphenyl hexane (3). Mp 202-203°C;
TLC [R,=0.38 (C); 0.67 (G)]; HPLC (column Y,
t,=211 min); MS: m/fz 537 (M+H)": 'H NMR
(CD,OD): & 2.7 (m, 1 H), 2.86 (m, 1H), 2.89 (m, 1H),
2.94 (m, 1H}, 3.32 (m, 4H), 3.37 (m, 1H), 3.43 (s, 2H),
3.6 (m, 1H), 4.0 (m, 2H), 6.9-7.25 (m, 20H).

(25,3R,485,55)-2,5-Bis[N-| (3-hydroxyphenyl)acetyl] -
amino]-3,4-dihydroxy-1,6-diphenyl hexane (4). Mp
203-205°C; TLC [R,=0.39 (B); 080 (G)]; HPLC
(column V, f,=114 min); MS: m/iz 569 M+ H)"; 'H

NMR (CD,0D) & 2.6 (m, 1H), 2.9 (m, 3H), 3.26 (d,
J=3.5 Hz, 2H), 3.3 (m, 4H), 3.3-3.5 (m, 4H), 3.55 (dd,
7=95,1.0 Hz, 1H), 44 (m, 1H), 4.5 (m, 1H), 4.9 (m,
1H), 6.4 (m, 1H), 6.55 (m, 2H). 6.6 (m, 3H), 6.9-7.0
(m, 2H), 7.2 (m. 10H).

(25,3R,45,55)-2,5-Bis[N-[(2-hydroxyphenyl)acetyl ]-
amino]-3,4-dikyvdroxy-1,6-diphenyl hexane (5). Mp
86-87°C; TLC [R,=0.20 (A); 041 (B)]; HPLC
(column V, t,=14.4 min); MS: m/z 591 (M +Na)*; 'H
NMR (CD,OD): & 2.6 (m, 1H}, 2.85 (m, 3H), 3.2 (m,
2H), 34 (m, 4H), 4.4-46 (m, 2H), 47 (m, 2H),
0.65-6.85 (m, 6H), 6.9 (m, 2ZH), 7.0-7.2 (m, 10H).

(25,3R,45,55)-2,5-Bis [N-(phenylcarbonyl)amino]-3,4-
dihydroxy-1,6-diphenyl hexane (6). Mp 224-225°C;
TLC [R,=0.27 (A); 0.69 (C})]; HPLC (column Y,
=199 min); MS: m/z 509 (M+H)"; 'H NMR
(DMSO-d,): § 2.79-2.95 (m, 1H), 2.97-3.10 (m, 3H),
3.45-3.50 (m, 1H), 3.61-3.67 (m, 1H), 4.49-4.65 (m,
2H). 5.14 {d, /=4.5 Hz. 1H), 5.33 (d, /=7.8 Hz, 1H),
7.06-7.53 (m, 6H), 7.68-771 (m, 2H), 7.77-7.78 (m,
2H), 8.00 (d,/=9.0 Hz, 1H), 8.12 (d, /=9.4 Hz, 1H).

(25,3R,45,55)-2,5-Bis[N-[ (4-hydroxyphenyl)carbonyl]-
amino}-3,4-dihydroxy-1,6-diphenyl hexane (8). Mp
148 °C (dec): TLC [R,=046 (C); 033 (E)}; HPLC
(column Y, r,=10.9 min); MS; m/z 541 M+H)'; 'H
NMR (CD;,OD): & 2.77-2.85 (m, 1H), 2.98-3.08 (m,
3H). 3.65-3.75 (m, 2H), 4.67-4.88 (m, 4H), 6.76-6.88
(m, 4H), 7.05-736 (m, 12H), 7.61-7.64 (m, 1H),
7.76-7.79 (m, 1H).

(25,3R,45,55)-2,5-Bis [ N-[(2-hydroxyphenyl)carbonyl] -
amino]-3,4-dihydroxy-1,6-diphenyl hexane (%). Mp
87-88°C; TLC [R,=0.57 (G): 0.82 (H)]; HPLC
(column Y, 1,=20.3 min); MS: m/z 541 (M+H)*; 'H
NMR (DMSO-d,): 8 2.81-2.87 (m, 2H), 2.91-2.95 (m,
1H), 3.02-3.06 (m, 1H), 3.36-3.40 (m, 1H), 3.58-3.61
(m, 1H), 4.43-4.48 (m, 1H), 4.55-4.60 (m, 1H), 5.19
(m., 1H), 5.25-5.26 (m, 1H), 6.69 (dt, /=8.8, 2.0 Hz,
2H). 6.75 (dt, /=8.8, 2.0 Hz, 2H), 7.06-7.0% (m, 1H),
713-7.19 {m, 3H), 7.23-7.27 (m, 4H), 7.31-7.33 (m,
2H), 7.56-7.59 (m, 2H), 7.66-7.68 (m, 2H), 7.73 (d,
J=9.0 Hz, 1H), 7.89 (d, /=89 Hz 1H), 9.83(s, 1H),
9.96 (s, 11D).

(25,3R,4R,55)-2,5-Bis[N-(phenylcarhonyl)amino]-3,4-
dihydroxy-1,6-diphenyl hexane (10). Mp 178-179 °C;
TLC [R,=0.40 (A); 0.64 (B)]; HPLC (column V,
=141 min); MS: m/iz 509 (M+H)'; 'H NMR
(DMSO-d,): 6 2.9 (m, 4H), 3.3 (d, J=4.8 Hz, ZH), 3.4
(s, 2H), 4.7 (m, 2H), 7.1 {m, 2ZH), 7.2 {m, 4H), 7.4 (m,
4H). 7.7 (m, 4H). 7.9 (m, 2H}.

(25,3R 4R ,55)-2,5-Bis|N-[ (3-hydroxyphenyl)carbonyl]-
amino]-3,4-dihydroxy-1,6-diphenyl hexane (11}, Mp
113-115°C; TLC |R,=040 (B); 028 (D)); HPLC
(column V, 1,=9.2 min); MS: m/z 541 M+H)*; 'H
NMR (CD.OD): 6§ 2.8-2.9 (m, 2H), 3.3 (m, 2H), 3.6 (s,
1H). 3.7 (s, IH), 4.3-4.4 (m, 2H), 6.88-7.27 (m, 18H).
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(25,3R,4R,55)-2,5-Bis[N- [ (4-hydroxyphenyl) carbonyl] -
amino]-3,4-dihydroxy-1,6-diphenyl hexane (12). Mp
120-121°C; TLC [R,=0.28 (A); .54 (B)]; HPLC
(column V, £=9.2 min); MS: m/z 541 M+H)*; 'H
NMR (acetone-d,): & 2.1 (s, 2H), 3.0 (m, 4H), 3.5 (s,
2H), 4.0 (m, 2H), 4.7 (m, 2H), 6.8-7.3 {m, 14H), 7.7
(m, 4H).

(25,3R,4R,55)-2,5-Bis [N- [ (2-hydroxyphenyl) carbonyl] -
amino]-3,4-dihydroxy-1,6-diphenyl hexane (13). Mp
79-80°C; TLC [R,=0.28 (D); 0.64 (F)]; HPLC
(column V, 1,=16.1 min); MS: m/z 541 (M+H) ; 'H
NMR (acetone-d,}): 6 2.9 (m, 4H), 3.0 (m, 2H), 3.6 (s,
2H), 4.45 (s, 2H), 4.95 (m, 2H), 6.89 (m, 4H), 7.04 (m,
2H), 7.1 (m, 4H), 7.3 (m, 4H), 7.7 (m, 4H).

{25,35,45,55)-2,5-Bis[ N-| (3-hydroxyphenyl)carbonyl ]-
amino]-3,4-dihydroxy-1,6-diphenyl hexane (14). Mp
155-160°C; TLC [R;=0.10 (A); 044 (C)]; HPLC
(column V, t,=13.7 min); MS: m/z 541 (M+H)*; 'H
NMR (CD,0D): & 2.22 (s, 3H), 2.26 (s, 3H), 2.80-2.95
(m, 1H), 2.96-3.09 (m, 3H), 3.3 (m, 2H), 3.34 (s, 1H),
3.7 (m, 2 H), 465 (m, 2H), 6.6—6.8 (m, 4H), 6.9 (m,
2H), 7.1-7.3 {m, 10H).

(25,3R,4S,55) -2,5-Bis[N- [ (3,4-dihydroxyphenyl)carbonyl]
amino]-3,4-dihydroxy-1,6-diphenyl hexane (15). Mp
134-135°C; TLC [R,=0.11 (B); 0.66 (F)]; HPLC
(column V, £=7.4 min); MS: m/z 573 (M+H)*; 'H
NMR (CD,OD): & 2.7-2.9 (m, 2H), 3.0 (m, 2H), 3.3
(m, 4H), 3.65 (dd, J=85, 3.0 Hz, 1H), 3.5-3.7 (m,
2H), 6.7-6.8 (m, 2 H), 6.9-7.4 (m, 14H).

(25,3R,45,55)-2,5-Bis [V-[ (3,5-dihydroxyphenyl)carbonyl]
amino] -3,4-dihydroxy-1,6-diphenyl hexane (16). Mp
136-137°C; TLC [R,=0.10 (B); 0.62 (F)]; HPLC
(column V, tx=7.5 min}; MS: m/z 573 (M+H)*; 'H
NMR (CD,0OD): & 2.9 (d, J=7.6 Hz, 4H), 3.3 (m, 2H),
35 (s, 2H), 4.66 (t, J=74 Hz, 2H), 6.88-7.27 (m,
18H).

(28, 3R, 45, 55)-2, 5-Bis[V-[ (3-hydroxy-5-methylphenyl}-
carbonyl]amino]-3,4-dihydroxy-1,6-diphenyl  hexane
(17). Mp 129-131°C; TLC [R,=0.45 (B); .40 (F)];
HPLC (column Y, t,=16.8 min); MS m/z: 569
(M+H)"; '"H NMR (CD,OD): 8 2.22 (s, 3H), 2.26 (s,
3H), 2.8-2.95 (m, 1H), 2.96-3.09 {m, 3H), 3.3 (m, ZH),
3.34 (s, 1H), 3.7 (m, 2H), 4.65 (m, 2H), 6.6-6.8 (m,
4H), 6.9 (m, 2H), 7.1-7.3 (m, 10H).

(28, 3R, 45, 55)-2, 5-Bis [N-[(3-hydroxy-4-methylphenyl)
carbonyl]amino]-3,4-dihydroxy-1,6-diphenyl hexane
(18). Mp 126-127°C; TLC [R,=0.54 (G); 0.60 (H)];
HPLC (column V, 1,=19.7 min); MS: m/iz 569
(M+H)*; '"H NMR (CD,0D): 3 2.1 (d, J=6 Hz, 6H),
2.85 (m, ZH), 3.0 (m, 2H), 3.3 (m, 2H), 3.6 (m, 2H), 4.6
(m, 4H), 6.96-7.35 (m, 16H).

(2S,3R,45,55)-2,5-Bis [N-[(3-aminophenyl)carbonyl]-
amino]-3,4-dihydroxy-1,6-diphenyl hexamne (19). The
mixture of 25 (60 mg, 0.1 mmol) and 10 mg of 10%
palladium on carbon in 15 mL of ethanol was stirred

vigorously under H, atmosphere for 24 h. The resulting
mixture was filtered and concentrated in vacuo to
provide 52 mg (94%) of 20: mp 94-95°C; TLC
[R,=0.32 (D); 042 (E)); HPLC (column V, =54
min); MS: m/z 539 M +H)}';, 'H NMR (CD,OD): 5 2.8
{m, 1H), 3.0-3.12 (m, 3H), 3.4 (a, /=7.0 Hz, 1H), 3.65
(dd, /=85, 3.0 Hz, 1H), 3.73 (dd, /=8.5, 1.0 Hz, 1H),
4.65 (m, 1H}, 6.9 (m, 2H), 7.0-7.2 (m, 16 H).

(25,3R,45,55)-2,5-Bis[N-[ [3-[2-[ (methoxy) ethoxy] eth-
oxy]pheny}] carbonyl] amino}-3,4-dihydroxy-1,6-diphenyl
hexane (20). Mp 171-172°C; TLC [R,=0.13 (G);
0.75 (H)]; HPLC (column Y, #=19.8 min); MS: m/z
767 (M+H)'; 'H NMR (CD,OD): 3 2.9 (m, 1H), 3.1
(m, 3H), 3.5-3.6 {m, 4H), 3.6-3.7(m, 6H), 3.7-3.8 (m,
4H), 4.0-4.1 (m, 4H), 4.6 (m, 2H), 6.9-7.4 (m, 18H).

(25,3R,48,55)-2,5-Bis [N-{[3-[2-(phenoxy)ethoxy] phenyl]
carbonyl] amino]-3,4-dihydroxy-1,6-diphenyl hexane
(21). Mp 151-152°C; TLC [R,=0.31 (A); 0.76 (C)];
HPLC (column Y, (,=21.7 min); MS: m/iz 781
(M+H)*; 'H NMR (CDClL,): & 2.9 (m, 1H), 3.3 (m,
3H), 3.6 (m, 4H), 4.05 (m, 1H), 4.1 (m, 3H), 4.8 (m,
2H), 5.0 (m, 2H), 6.65-6.8 (m, 2H), 6.85 (m, 6H), 6.95
(m, 3H), 7.0-7.15 (m, 6H), 7.15-7.3 (m, 7H), 7.3 (m,
1H), 7.8 (m, 1H).

(25,3R,45,55)-2,5-Bis [N-[2-(4-0x0-4H-1-benzopyran)-
carbonyl]amino] -3,4-dihydroxy-1,6-diphenyl hexane
(22). Mp 230-231°C; TLC [R;=0.61 (C); 0.80 (F)};
HPLC (column Y, #,=202 min); MS: m/fz 645
(M +H)*; 'H NMR (DMSO-d,): & 2.8-3.1 (m, 4H), 3.7
(m, 2H), 4.6 {m, 2H), 5.2 (m, 1H), 5.7 (m, 1H), 6.6 (s,
1H), 6.7 (s, 1H), 7.1-7.3 (m, 10H), 7.5 (m, 2H), 7.8-7.9
(m, 4H), 8.0 (m, 2H), 8.0 (m, 2H).

(25,3R, 45, 55)-2, 5-Bis[N- [ 2- (4 -hydroxygainoline) car-
bonyl]-amino]-3,4-dihydroxy-1,6-diphenyl hexane (23).
Mp 179-180°C; TLC [R,=0.52 (C); 0.30 (F)]; HPLC
(column Y, fx=18.5 min); MS: m/z 643 (M+H)*; 'H
NMR (DMSO-d.}): 8 2.85 (m, 1H), 3.0 (m, 3H), 3.66
(m, 2H), 4.6 (m, 2H), 5.05-5.87 (m, 2H), 7.1-7.35 (m,
12H), 7.5-8.2 (m, 8H), 8.6 (m, 2H), 11.6 (m, ZH).

(28,3R,45,55)-2,5-Bis [N-[(3-nitrophenyl)carbonyl]-
amino]-3,4-dihydroxy-1,6-diphenyl hexane (24). Mp
220-221°C; TLC [R;=0.20 (A); 0.66 (C); HPLC
(column Y, £;=21.3 min); MS: m/z 599 (M+H)*; 'H
NMR (CD,OD): § 2.9 (m, 1H), 3.1 (m, 3H), 3.6 (m,
1H), 4.1 (m, 1H), 7.0-8.6 (m, 18H}).

(25,35,55)-2,5-Bis [N-[(3-hydroxyphenyl)carbonyl]-
amino]-1,6-diphenyl-3-hydroxy  hexane (25). Mp
99-101°C; TLC [R,=034 (D); 043 (E); HPLC
(column Y, t; =14.9 min); MS: m/z 525 (M+H)*; 'H
NMR (CD;OD): & 1.7 (m, 2H), 2.9 (m, 4H), 3.3 (m,
1H), 3.8 (m, 1H), 4.4 (m, 2H), 6.9 (m, 2H), 7.0-7.3 (m,
16 H).

(25,38,55)-2,5-Bis[N-[(3-aminophenyl)carbonyl] -
amino]-1,6-diphenyl-3-hydroxy  hexame (26). Mp
113-114°C; TLC [R,=0.35 (D); 0.51 (E)}; HPLC
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(column Y, 1,=9.5 min); MS: m/z 545 (M+Na)'; 'H
NMR (CD,OD): & 1.8 (m, 2H), 2.9 (m, 4H), 3.3 (m,
2H), 3.8 (m, 1H), 4.3 (m, 2H), 7.0-7.3 (m, 18H).

HIY protease inhibition assay

The IC,, and K values for the compounds were deter-
mined using purified wild type and mutant HIV PR in
a fluorogenic assay as previously described.”

Crystallization

For co-crystallization, the HIV PR at a concentration
of 6 mg/mL, in 50 mM sodium acetate, pH 5.6, and 10
mM dithiotreitol, was mixed with 7 in a 1:5 molar ratio
to a final dimethyl sulfoxide concentration of 5%.
Crystals were grown at room temperature by the
hanging drop method. The well mix consisted of 0.3 M
ammonium sulphate, pH 6.0, 0.5% PB-octylglucoside,
5% methanol, and 5% n-octanol. Macroseeding in
sitting drops was performed to grow larger crystals,
adding 5% ethanol to the original well mix for the
seeding step. The procedure was repeated with the new
macroseeds to produce crystals of data collection

quality.

X-ray data collection and structure refinement

X-ray diffraction data were collected from a single
rod-shaped crystal, using an R-Axis Il image plate
detector (Rigaku Co., Japan). The X-ray source was a
RU200 (Rigaku Coa., Japan) rotating anode generator
operated at 5.0 kW, with a 0.3 x 0.3 mm nominal focus
size, a 0.3 mm collimator and a graphite monochro-
mator. The crystal-to-detector distance was set to 100
mm. Data extending 10 2.1 A resolution were collected,
on a total of 60 frames, with an oscillation angle of 1.0°
and an exposure time of 60 min per frame. The space
group of the crystal is P61, with cell constants
a=b=0348, c¢==83.65 and one dimer per
asymmetric unit. R,....=8.43% for 10,455 independent
reflections out of 25,032 total accepted observations.
The data set was 93.1% complete at 2.5 A resolution
and 90.8% complete at 2.08 A resolution. A total of
9038 reflections in the 10,0 to 2.1 A resolution range
with F/o(F) >10 was used for refinement. The
refined model includes the protein, two pseudo-twofold
symmetric orientations of the inhibitor and 98 water
molecules. The R value for the refined model is 18.4%,
and the RMSD betwecn model and idcalized geometry
is 0.013 A for bond length, 3.11° for bond angles and
28.8° for dihedral angles. The programs XPLOR* and
QUANTA?® were used for electron density map calcu-
lations, model refinement and visualization.
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