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Design and synthesis of novel HIV-1 protease
inhibitors incorporating oxyindoles as the P0

2-ligands
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Abstract—A series of novel oxyindole-derived HIV-1 protease inhibitors were designed and synthesized based upon our X-ray crys-
tal structure of inhibitor 2 (TMC-114) bound to HIV-1 protease. The effects of substituents, spirocyclic rings, and ring sizes have
been investigated. A number of inhibitors exhibited low nanomolar inhibitory potencies against HIV protease.
� 2006 Elsevier Ltd. All rights reserved.
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TheAIDS epidemic has grown into one of themost press-
ing medical concerns of our time.1 The advent of highly
active antiretroviral therapy (HAART) with HIV prote-
ase inhibitors and reverse transcriptase inhibitors has
resulted in an improved quality of life, enhanced HIV
management, and halted the progression ofAIDS.2How-
ever, drug side effects and the emergence of drug-resis-
tance are making these therapies ineffective.3 In our
continuing effort to develop new inhibitors that maintain
their potencies against mutant strains of HIV, we have
recently reported the design and synthesis of a novel
inhibitor (2, now known as TMC-114 or Darunavir,
Fig. 1) which is currently undergoing phase III clinical
trials.4,5 This inhibitor is exceedingly potent against
wild-type (Ki = 15 ± 1 pM, n = 4 and ID50 = 1.4 ±
0.25 nM, n = 5) as well as resistant viruses.4

Subsequently, to gain molecular insight into the ligand-
binding site interaction, we determined a high resolution
X-ray crystal structure of this inhibitor bound to HIV-1
protease.6 An intriguing feature of this structure is the
presence of a tetracoordinated critical water molecule
that donates its hydrogen bonds to the urethane carbonyl
and one of the sulfonamide oxygens of the inhibitor and
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accepts two hydrogen bonds from the N–H of Ile 50 and
Ile 50’ amides of theHIVprotease. This tight boundwater
molecule is also present in saquinavir-bound HIV-1 pro-
tease as well as other protein–ligand complexes.7 Based
on this key interaction, we postulated that an oxyindole
derivative could be designed to interact with this critical
watermolecule aswell as to fill the S0

2 region of the enzyme
active site effectively. Such inhibitor with a basic amine
3

N NO

O
Ph

O

O

H

H

H N
HO

Figure 1. HIV protease inhibitors.
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Table 1. Inhibitory activity of oxyindole derivatives

Entry Compound Ki (nM)
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functionality may improve absorption profiles. Oxyin-
doles have been previously utilized in several FDA-
approved drugs.8 Herein, we report our preliminary
results of these investigations in which an oxyindole ring
has been incorporated in the P0

2 position of inhibitor 2.
This has resulted in a series of inhibitorswith subnanomo-
lar enzyme inhibitory potencies. We have also examined
the feasibility of spirocyclic oxyindole derivatives as
P0
2-ligands. However, acyclic inhibitors were more potent

than their cyclic counterparts.

The general synthesis of various oxyindole-derived
inhibitors is outlined in Scheme 1. As shown, commer-
cially available isatin was reacted with 2.2 equiv of the
appropriate alkyl Grignard reagent at 0 �C to provide
the corresponding tertiary alcohol in 57–72% yield.9

Chlorination of the resulting alcohol using thionyl
chloride and triethylamine in CH2Cl2 produced chloride
5 in good overall yield (57–76%).10 Reaction of optically
active azido epoxide 611 with the appropriate amine in
isopropanol at reflux gave the corresponding secondary
amine 7 in essentially quantitative yield. Reaction of the
respective amine 7 with chloride 5 (R1=Me) and trieth-
ylamine in acetonitrile smoothly provided oxyindole
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Scheme 1. Reagents and condition: (a) R1MgBr, THF, 0 �C; (b)

SOCl2, TEA, CH2Cl2; (c) R
2NH2, i-PrOH; (d) CH3CN, TEA; (e) 9,

H2, Pd/C, THF; (f) i—TFA, CH2Cl2; ii—9, TEA, CH2Cl2.
derivative 8 as a mixture (1:1 ratio by 1H NMR analysis)
of diastereomers in excellent yields (81–94%). Both dia-
stereomers for inhibitor 3 were separated by silica gel
chromatography. Catalytic hydrogenation of various
azides 8 with optically active bis-tetrahydrofuranyl
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Table 2. Inhibitory activity of spirocyclic derivatives

Entry Compound Ki (nM)
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carbonate 9 in THF in the presence of triethylamine
afforded optically pure inhibitors 3a and 3b as well as
diastereomeric mixture of 10 and 11 in good yields
(60–75%). Preparation of inhibitors 14–16 was carried
out with commercially available Boc-protected epoxide
12 as starting material. Epoxide opening followed by
reaction with chloride 5 provided the corresponding
Boc derivatives 13. Diastereomers were separated by
silica gel chromatography using 25% ethyl acetate in
hexane as the eluent. Removal of the Boc group by
exposure to TFA followed by the reaction of the result-
ing amine with mixed carbonate 912 in the presence of
triethylamine in CH2Cl2 furnished the final inhibitors
14–16 in good yield (47–65%). Thus, the corresponding
oxyindole diastereomers for 14–16 were prepared in an
optically active form. Stereochemical identity of the
oxyindole ring chiral center was not determined for
our preliminary studies.

The inhibitory potencies of various oxyindole-derived
inhibitors are shown in Table 1. The assay protocol of
Toth and Marshall13 was utilized and the values denote
mean values from two determinations. As can be seen,
both oxyindole diastereomers of the N-isobutyl analogs
3a and 3b have shown potencies of 6 and 3 nM, respec-
tively. It appears that S0

2-enzyme active site has only a
slight preference for one diastereomer over the other.
Either R or S absolute configuration of the oxyindole
chiral center in 3 seems to bind into HIV protease S0

2-
active site effectively. Nevertheless, our attempts to
assign stereochemical identity of the oxyindole ring were
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Scheme 2. Reagents and conditions: (a) CH3CN, TEA, reflux; (b) i—

TFA, CH2Cl2; ii—9, TEA, CH2Cl2; (c) Grubbs’ 1st generation

catalyst, CH2Cl2, 42 �C; (d) H2, 10% Pd/C, MeOH.
unsuccessful. Diastereomeric mixtures of N-isoamyl (10)
and N-benzyl (11) derivatives also showed good activity,
with the larger benzyl analog being less potent (26 vs
7 nM). Introduction of an allyl group at the oxyindole
C-3 center (14a and 14b) resulted in a separable mixture
of diastereomers which showed comparable potency (2
and 7 nM, respectively) with that of the methyl analogs
(3a and 3b). In an effort to interact with the residues in
the active site, we have incorporated a 5-methoxy substi-
tuent on the oxyindole aromatic ring. Thus, 5-methoxyi-
satin was converted to inhibitors 15a and 15b as a
diastereomeric mixture (1:1 ratio by 1H NMR analysis)
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Table 3. Antiviral activity of 3a and 3b

Inhibitor IC50 (lM) CC50 (lM)

3a 0.30 ± 0.071 >10

3b 0.48 ± 0.38 >10

Saquinavir 0.005 ± 0.002 >10
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and the mixture was separated. However, these inhibi-
tors have shown significantly lower inhibitory activity
compared to unsubstituted inhibitors 3. The N-methyl
oxyindole derivative was also synthesized and the indi-
vidual diastereomers (16a and 16b) displayed Ki values
of 42 and 60 nM, respectively. The fact that the potency
displayed an approximately 10-fold decrease (as
compared to compounds 3a and 3b) suggests that the
oxyindole N–H may be participating in hydrogen
bonding with the enzyme active site.

We have also examined the feasibility of spirocyclic
oxyindole derivatives as the P0

2-ligand. It has been
shown by us and others that constrained rings in the
HIV protease active site significantly improved enzyme
inhibitory activity.14,15 Our preliminary molecular
modeling suggested that such spirocycles can make
effective interaction in the active site. Scheme 2 shows
the synthesis of six- to seven-membered spirocyclic
oxyindole-derived inhibitors. Opening epoxide 12 with
allylamine in i-PrOH provided quantitative yield of sec-
ondary amine 19. The olefinic chlorooxyindoles (17,
48%) and (18, 52%) were prepared following the same
2-step sequence as described in Scheme 1. Reactions of
these chlorooxyindoles with amine 19 afforded tertiary
amines 20 and 21 as 1:1 mixtures of diastereomers (by
1H NMR) in 68–82% yield. These diastereomers could
be separated and the mixture was utilized in subsequent
reactions. The dienes were then subjected to ring closing
metathesis using Grubbs’ first generation16 catalyst in
refluxing CH2Cl2 to provide six and seven-membered
spirocycles 24 and 25, respectively, in excellent yield
(80–85%). The seven-membered ring diastereomers were
separated at this point by silica gel chromatography,
while the six-membered ring was used as a 1:1 mixture
of diastereomers. The unsaturated rings were converted
into urethane derivatives 26 and 27 containing P2-bis-
tetrahydrofuranyl ligand following the standard
protocol described in Scheme 1. Saturated inhibitors
28 and 29 were prepared by removal of Boc from 24
and 25 and reaction of the resulting amines with carbon-
ate 9 in the presence of triethylamine in CH2Cl2 fol-
lowed by catalytic hydrogenation of the resulting
olefins (60–65% yield).
Figure 2. (3 0R)-Oxyindole isomer of compound 3 modeled into the active s

crystal structure of TMC-114 (magenta).
The spirocyclic oxyindole derivatives were assayed and
their potencies are displayed in Table 2. Acyclic com-
pounds 22 and 23 showed good activity (5 and 47 nM,
respectively) and were generally consistent with those
observed for similar compounds shown in Table 1.
Interestingly, there is a significant reduction in inhibito-
ry potency for the corresponding six and seven-mem-
bered unsaturated and saturated spirocyclic inhibitors.
As shown, inhibitor with a cyclohexene ring has shown
a Ki value of 126 nM. However, saturation of the double
bond provided compound 28 with very little activity (Ki

value > 1 lM). Also, all spirocyclic derivatives with a
seven-membered ring have displayed no significant en-
zyme inhibitory activity. A closer inspection of the pre-
liminary model structure reveals that the oxyindole
carbonyls of the spirocyclic derivatives do not overlap
with the sulfone oxygen of 2 that effectively interacts
with the tight-bound water molecule in the active site.
Further structural modifications of the oxyindole deriv-
atives are necessary for effective binding in the active
site.

We have determined the antiviral activity of 3a and 3b
against HIV-1IIIb in MT-2 cells. The results are summa-
rized in Table 3. The IC50 values shown were determined
based on the inhibition of HIV-induced cytopathogenic-
ity in MT-2 cells. All assays were conducted in duplicate,
and the values with standard deviation denote mean val-
ues from two or three. As can be seen, the antiviral
activity of these compounds was substantially limited
compared to saquinavir.17 To improve antiviral poten-
cy, further modifications of functionalities are in pro-
gress. To gain molecular insight, an energy minimized
model of 3(R 0)-configuration of oxyindole derivative 3
was created (Fig. 2). The structure was built based on
our published crystal structure of 2-complexed with
ite of HIV-1 protease. The inhibitor (green), superimposed upon the
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HIV-1 protease.6 The conformation of 3 was optimized
using the MMFF94x force field.18

In summary, a series of novel HIV protease inhibitors
incorporating oxyindole-derived P0

2-ligand has been
designed, synthesized, and evaluated. The oxyindole
derivatives can be readily prepared from isatin. The oxy-
indole derivatives incorporate a basic amine functional-
ity. Various 3-alkyl substitutents on the oxyindole rings
resulted in inhibitors with low nanomolar potency. In
general, acyclic inhibitors are considerably more potent
than their cyclic counterparts. Preliminary structure–ac-
tivity studies have shown that the lactam N–H is critical
to enhanced potency. We have also investigated the fea-
sibility of spiro oxyindoles as the P2 0-ligands. However,
spirocyclic inhibitors have shown significantly reduced
potencies compared to their acyclic counterparts. Fur-
ther design and optimization of these inhibitors are cur-
rently underway.
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