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Recent advancements in the treatment of HIV infec-
tion have received extensive coverage in both the
scientific arena and popular media.1 In particular, the
use of HIV protease inhibitors has revolutionized AIDS
care and has even raised the specter of a cure for the
disease.1c,2 Often overlooked in these reports are the
very real problems associated with the currently mar-
keted protease inhibitors: low bioavailability,3 signifi-
cant side effects and drug interactions,2a,3b,4 inconve-
nient dosing schedules,4 and high cost of drug.4 More
ominous is the emergence of HIV strains which are
resistant to current therapies.2,5 Therefore, the search
for a new generation of inhibitors which are not cross-
resistant to the current agents continues unabated.1a
Previous investigations in our laboratories6 and oth-

ers7 have identified the 5,6-dihydro-4-hydroxy-2-pyrones
as an exciting new class of non-peptidic protease inhibi-
tors. Initially, high volume screening of a chemical
library led to the discovery of pyrone 1 (Figure 1), a
micromolar inhibitor of the protease enzyme that showed

no activity in antiviral assays.8 The extensive synthetic
modification and structure-activity studies initiated by
this early lead resulted in the discovery of the dihydro-
pyrone analogs. Further optimization of the alkyl
groups at the C-3 and C-6 positions culminated in the
synthesis of compound 13a, which contains a single
chiral center and displays excellent activity against the
protease enzyme.9 X-ray crystallographic examination
of selected inhibitors from this series bound to protein
revealed that the central core of the dihydropyrone
formed hydrogen bonds to the catalytic aspartates as
well as to Ile 50/Ile 150; at the same time, the substit-
uents at C-6 and C-3 filled the critical binding pockets
at S1, S2, S1′, and S2′. Despite this encouraging crystal-
lographic evidence and the nanomolar potency in vitro,
these compounds still exhibited disappointing activity
in cell culture.
Therefore, efforts were concentrated on the improve-

ment of antiviral efficacy by the addition of polar groups
to the dihydropyrones. A study of structure-activity
relationships was undertaken in which the substituents
at S1, S2, S1′, and S2′ were retained while the optimal
polar functional groups (and their relative positions)
were determined. Further reductions in lipophilicity
were engendered by the judicious replacement of phenyl
groups with appropriate alkyl moieties. In this com-
munication, we describe the preparation and activity
of a new series of HIV protease inhibitors, of which
several derivatives display subnanomolar Ki’s, excellent
antiviral potency, and superior pharmacokinetics in
mice.
Chemistry. The synthesis of target compounds 13

necessitated the preparation of a thiotosylate 11 (to
append at the 3-position) and a dihydropyrone core (12).
The thiotosylates 11 were prepared from the reaction
of the appropriate thiol and tosyl bromide;9,10 the thiol
itself was prepared via one of two routes as summarized
in Scheme 1. For those cases where Z ) CH2OH, the
commercially available 2-tert-butyl-5-methylphenol (2)
was brominated and elaborated into the methyl ben-
zoate 3. The phenolic hydroxyl group was then con-
verted to the thiocarbamate in order to effect the
Newman-Kwart transformation.11 Reduction of both
the ester and the thioamide in 4 yielded the desired
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thiophenol 5. Synthesis of the Z ) OR analogs (where
R ) H, CH3, and CH2CH2OH) began with conversion of
aniline 6 to the corresponding phenol and reaction of
that phenol with thiocyanate and bromine. Resulting
intermediate 7 was elaborated into a variety of deriva-
tives via O-alkylation of the phenolic group.
Intermediate dihydropyrone 12 was prepared from

the appropriate ketone and the dianion of methyl
acetoacetate as described previously.9 Reaction of 12
with a slight excess of thiotosylate 11 in DMF with
several equivalents of potassium carbonate gave target
compounds 13a-y in good overall yield (Scheme 2;
physical data in Tables 1 and 2). Purification of the
desired compound was accomplished using either tritu-
ration or silica gel chromatography. The inhibition of
HIV-1 protease was measured by an HPLC assay at pH

6.2 as reported previously,12 and antiviral activity was
determined in CEM cells using a standard protocol.13
The enzyme activity (IC50), cellular antiviral activity
(EC50), and cellular toxicity (TC50) are summarized in
Tables 1 and 2.
Results and Discussion. In both the pyrone and

dihydropyrone series, achievement of cellular antiviral
activity has been difficult even though strong in vitro
enzyme affinity has been observed. X-ray crystal-
lographic examination of analogs structurally similar
to 13a bound to HIV protease indicated that the four
crucial binding pockets were effectively filled by the
alkyl or aryl groups at C-3 and C-6 (Figure 1).9 Since a
relationship between enzyme potency and antiviral
activity had not been established for this series, any
further improvement in the binding between the inhibi-

Figure 1. Evolution of 5,6-dihydro-4-hydroxy-2-pyrone lead from 4-hydroxypyrone screening hit.

Scheme 1. Synthesis of Thiophenolsa

a (a) Br2, CCl4; (b) NaH, MEM Cl, THF; (c) n-BuLi, then CO2; (d) H2SO4, MeOH; (e) NaH, then ClCSNMe2, DMF; (f) 240 °C; (g) DIBAL,
CH2Cl2; (h) NaNO2; (i) H2SO4; (j) NaSCN, NaBr, Br2; (k) DTT, EtOH, phosphate buffer; (l) CsCO3, NaI, BrCH2CO2CH3; (m) LiAlH4; (n)
I2, EtOAc; (o) (t-Bu)Me2SiCl, imidazole, DMF; (p) DTT, EtOH, phosphate buffer; (q) CsCO3, MeI; (r) DTT, EtOH, phosphate buffer.

3708 Journal of Medicinal Chemistry, 1997, Vol. 40, No. 23 Communications to the Editor



tor and enzyme would not necessarily translate into
improved antiviral efficacy. However, the X-ray con-
formation did suggest several possible sites for further

substitution: namely, the 4′-position of the aryl ring at
C-3, the 3′- or 4′-position in the phenethyl ring at C-6,
or the 4′-position of the phenyl ring at C-6. Modifica-

Scheme 2. Preparation of Target 4-Hydroxy-5,6-dihydropyronesa

a (a) Tosyl bromide, pyr, CCl4; (b) NaH, then n-BuLi, THF; (c) R6CO(CH2)2Ph; (d) NaOH, then H+; (e) 11, K2CO3, DMF.

Table 1. Chemical and Biological Data for 6-Phenyl-6-phenethyldihydropyrones

compd X Y Z mp, °C analysisa IC50 (nM)b EC50 (µM)c TC50 (µM)d

13a H H H 71-72 C30H32O3S‚0.15H2O 35 >55 55
13b H H OH 86-88 C30H32O4S‚0.7H2O 33 >23 23
13c H H O(CH2)2OH 179-182 C32H36O5S‚0.2H2O 6.8 >20 20
13d H H CH2OH 173-174 C31H34O4S‚0.3H2O 6.6 2.5 66
13e H H OCH3 75-77 C31H34O4S‚0.2H2O 15 >33 33
13f 4-OH H H 199-201 C30H32O4S‚0.75H2O 11 >69 69
13g 4-NH2 H H 211-214 C30H33NO3S‚0.5H2O 24 >54 54
13h H OH H 155-161 C30H32O4S 40 >23 23
13i H NH2 H 157-160 C30H32NO3S‚0.5H2O 32 >67 67
13j H O(CH2)2OH H 150-151 C32H36O5S‚0.2H2O 12 9.4 23
13k 4-OH H CH2OH 196-199 C31H34O5S‚0.5H2O 1.7 4.7 >100
13l 3-OH H CH2OH 132-135 C31H34O5S‚0.5H2O 2.5 6.1 >100
13m 4-NH2 H CH2OH 218-221 C31H35NO4S‚0.7H2O 3.1 3.7 94
13n 3-NH2 H CH2OH 285-287 C31H35NO4S‚0.7H2O 4.0 3.1 23
13o H O(CH2)2OH CH2OH 152 dec C33H38O6S‚0.53H2O 1.4 4.2 67
13p H O(CH2)2OH O(CH2)2OH 190 dec C34H40O7S‚0.5H2O 6.4 1.8 25
13q H O(CH2)2OH OH 168-170 C32H36O6S‚2.0H2O 3.7 4.2 27
13r H O(CH2)2OH CH2OCH3 174 dec C34H40O6S‚0.25H2O 4.5 >18 18
13s 4-OH OH CH2OH 106-108 C31H34O6S‚1.0H2O 120 >21 21
13t 4-OH OCH3 CH2OH 79-82 C32H36O6S‚1.5H2O 2.0 >100
a All compounds were analyzed for C, H, N and had results (0.4% of theoretical values. b Enzyme inhibition was determined as described

in ref 11. c Antiviral activity in HIV-infected CEM cells. EC50 refers to the effective concentration at which 50% of cells are protected
from cytopathic effects. d Toxicity measured in CEM cells in the absence of virus.

Table 2. Chemical and Biological Data for 6-Alkyl-6-phenethyldihydropyrones

compd X R6 mp, °C analysisa IC50 (nM)b EC5 (µM)c TC50 (µM)d

13u OH cyclohexyl 138-139 C31H40O5S‚0.84H2O 4.1 0.5 75
13v OH isopropyl 158-160 C28H36O5S‚0.46H2O 3.6 0.6 >100
13w OH methyl 143-145 C26H32O5S‚0.37H2O 4.3 2.5 >100
13x NH2 cyclohexyl 214-216 C31H41NO4S‚0.7H2O 3.2 1.4 80
13y NH2 isopropyl 139-141 C28H37NO4S‚0.7H2O 2.7 0.5 >100

a All compounds were analyzed for C, H, N and had results (0.4% of theoretical values. b Enzyme inhibition was determined as described
in ref 11. c Antiviral activity in HIV-infected CEM cells. EC50 refers to the effective concentration at which 50% of cells are protected
from cytopathic effects. d Toxicity measured in CEM cells in the absence of virus.
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tions at any of these sites appeared to offer the op-
portunity to manipulate physical properties without
deleterious influence on the enzymatic activity.
Compounds 13b-j show the effect of adding a single

polar group to the dihydropyrone skeleton of 13a.
Without exception, the polar analogs were at least
equipotent to the parent 13a (IC50 ) 35 nM) in the HIV
protease assay. The activity of two analogs containing
polar groups at C-3s13c (Z ) OCH2CH2OH; IC50 ) 6.8
nM) and 13d (Z ) CH2OH; IC50 ) 6.6 nM)sactually
increased 4-fold over that of the parent. However, this
boost in enzyme potency correlated with an increase in
cellular efficacy for 13d only (EC50 ) 2.5 µM.) A similar
observation was noted when polarity was introduced
into either the phenethyl moiety or the phenyl group
at C-6: that is, the enzymatic activity improved slightly
(13f, IC50 ) 11 nM; 13j, IC50 ) 12 nM) but the cellular
potency remained unchanged. Clearly, the enhance-
ment in both enzymatic and cellular potency conferred
by the benzyl alcohol moiety warranted further explora-
tion in a series of disubstituted analogs.
Introduction of polar functionalities at both C-3 and

C-6 was effected to give derivatives 13k-r. For com-
pounds 13k-n, the 3-position substituent was kept
constant as the benzyl alcohol (Z ) CH2OH) and the
substituents in the phenethyl moiety were varied (X )
OH or NH2). All compounds in this series showed a
substantial enhancement in enzymatic activity; indeed,
compound 13k displayed a 20-fold improvement in
potency versus the parent dihydropyrone 13a. Of more
significance, however, was the consistent improvement
observed in cellular potency. Dihydropyrones 13k-n
possessed lowmicromolar efficacy in cellular assays, and
in all cases save one (13n) this activity was clearly
differentiated from cellular toxicity. In fact, two
compoundss13k (Z ) CH2OH, X ) 4-OH) and 13l (Z )
CH2OH, X ) 3-OH)sshowed no toxicity in the antiviral
screen and therefore possessed promising therapeutic
indices (EC50/TC50) in excess of 20.
Substitution of the phenyl ring at C-6 with concomi-

tant substitution at C-3 also resulted in an improvement
in antiviral activity, as demonstrated by compounds
13o-r. In this series of disubstituted analogs, the Y
substituent was kept constant as OCH2CH2OH (previ-
ously shown to confer good enzyme activity) while the
3-substituent was varied. As observed in the previous
disubstituted series, the IC50’s against the protease
enzyme improved by a 5-25-fold margin when com-
pared to the parent 13a, while the cellular EC50’s
reached the low micromolar range. However, these
derivatives displayed increased cellular toxicities when
compared to the series 13k-n, yielding therapeutic
indices of only 1 to 14. It is interesting to note that the
benzyl alcohol moiety in the aryl ring at C-3 seemed to
confer the greatest boost in potency in vitro for this
disubstituted series, just as it did in the monosubsti-
tuted series (13b-e).
Therefore, the introduction of appropriate polar func-

tional groups into the dihydropyrone prototype 13a
resulted in substantial improvements in both enzymatic
and cellular activities. Specifically, a hydroxyl (or
amino) group in the phenethyl ring at C-6 and a benzyl
alcohol moiety in the S-aryl ring at C-3 seemed to confer
the optimal blend of good antiviral activity with low
toxicity. Analogs with three polar functional groups

(13t in particular) also displayed good antiviral activity.
At this point, a complementary strategy was devised in
which overall polarity was increased by modifying
lipophilicity. When the aryl group at C-6 was replaced
with the isosteric cyclohexyl moiety (13u and 13x), no
significant effect on enzyme activity was observed,
although antiviral activity increased dramatically (EC50

) 0.5 µM for 13u). When an even smaller alkyl
groupsnamely, the isopropyl groupswas attached to
C-6, the same striking enhancements in antiviral activ-
ity were obtained with no concomitant toxicity (TC50 >
100). Derivatives 13v (X ) OH) and 13y (X ) NH2)
displayed a 10-fold improvement in EC50 when com-
pared to their phenyl analogs (13k and 13m, respec-
tively). These 6-alkyldihydropyrone compounds dis-
played sub-micromolar activity in cell culture (EC50 )
0.6 µM for 13v and 0.5 µM for 13y) and subnanomolar
Ki’s against the protease enzyme. (The assay in which
Ki’s were determined utilized a lower enzyme concen-
tration than that used for the determination of IC50’s.
In this system, the IC50 for 13v was 1.1 nM with a Ki of
0.17 nM, while the IC50 for 13y was 2.7 nM with a Ki )
0.43 nM. The Km for these determinations was 92 mM.)

The potency of 13v and 13y in the antiviral assay
prompted further testing for pharmacokinetic param-
eters. Both compounds were dosed orally in mice, using
a vehicle of 20% 0.1 NaOH and 80%methylcellulose (pH
adjusted to 8.) After administration of a 25 mg/kg dose,
compound 13v had Cmax ) 17.3 µM, t1/2 ) 1.6 h, and
oral bioavailability of 96%; under the same experimental
conditions, compound 13y had a Cmax ) 23 µM, t1/2 )
2.2 h, and 80% oral bioavailability. Encouraging results
were also observed when compound 13v was tested
against several HIV proteases showing high-level re-
sistance to ritonavir. For example, in an in vitro assay
using the V82F/84V mutant, ritonavir displayed a 200-
fold increase in Ki while compound 13v showed no
significant loss in potency (less than 4-fold). The
potential therefore exists that 13v and similar deriva-
tives will not be cross-resistant to currently marketed
inhibitors.

In conclusion, a series of dihydropyrones substituted
with one or more polar groups was synthesized and
assayed for antiviral activity. Optimal substituents at
C-3 and C-6 were identified as a benzyl alcohol moiety
on the S-aryl ring at C-3, a hydroxyl or amino group on
the phenyl ring of the phenethyl substituent at C-6, and
an isopropyl group replacing the phenyl group at C-6.
This combination of increased polarity and reduced
lipophilicity resulted in the discovery of 13v and 13y.
These low molecular weight derivatives displayed sub-
nanomolar Ki’s against the enzyme, excellent antiviral
activity, no appreciable toxicity, and promising bioavail-
ability in mice. Also promising are the ease of synthesis
of these compounds and the presence of a single chiral
center in the molecule. Preliminary data against
ritonavir-resistant mutants suggest that these agents
could be effective against protease resistant strains of
HIV. The synthesis and activity of the chiral forms of
13v and 13y, as well as an extensive SAR study, will
be reported shortly as further work in this series
continues.
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