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Novel HIV-1 protease inhibitors encompassing a tertiary alcohol as part of the transition-
state mimicking unit have been synthesized. Variation of the P1′-P3′ residues and alteration
of the tertiary alcohol absolute stereochemistry afforded 10 inhibitors. High potencies for the
compounds with (S)-configuration at the carbon carrying the tertiary hydroxyl group were
achieved with Ki values down to 2.4 nM. X-ray crystallographic data for a representative
compound in complex with HIV-1 protease are presented.

Introduction
Since the first cases of AIDS were identified in 1981,

followed by isolation of the HIV virus a few years later,
the epidemic has expanded worldwide, leaving almost
no region unaffected by the disease.1,2 Recent figures
from UNAIDS reveal that almost 5 million people were
newly infected with HIV in 2004 and a total of 39 million
people were living with HIV/AIDS.3 For patients with
access to therapy, most of whom live in the developed
world, drugs and accurate medical care have turned the
former fatal infection into a treatable, chronic infectious
disease.4-6 With the use of antiretroviral therapy, a new
threat in the battle against HIV has appeared: drug
resistance. In the U.S., about 50% of the patients
receiving therapy are infected with viruses resistant to
at least one of the available anti-HIV drugs on the
market.7-10 Taking these different aspects into account,
the need for new drugs is obvious.11

HIV protease inhibitors used in combination therapy
with reverse transcriptase inhibitors are important as
significant suppression of viral loads in HIV patients
has been accomplished.12-15 Seven HIV protease inhibi-
tors have reached the market so far. However, the
therapy is far from being free of complications; severe
side effects such as dyslipidaemia, hypersensitivity, and
lipodystrophy are limiting adherence and therefore
clinical efficacy.16 The oral bioavailability of the HIV
protease inhibitors is generally low. However, the
development of atazanavir led to the first drug in which
high oral bioavailability was achieved (Figure 1). Fur-
thermore, this drug exhibits excellent antiviral activity
against wild-type and saquinavir- and indinavir-resis-
tant strains of HIV.17-20

All inhibitors in clinic encompass a secondary hy-
droxyl group as part of the transition-state mimicking
unit. There are only a few examples reported where
tertiary alcohols have been used as parts of transition-
state mimics in protease inhibitors.21-25 In those cases,
introduction of the tertiary alcohol generally provided
less potent inhibitors compared to the corresponding
compounds with a secondary alcohol. In one study of
aspartyl protease inhibitors (not including HIV protease
inhibitors) by Rich et al., the most potent compound
with a tertiary hydroxyl group had the opposite stereo-
chemistry compared to the most potent compound
comprising a secondary hydroxyl group.21-23 We were
encouraged to explore the transition-state mimic present
in the generic structure shown in Figure 1, as initial
modeling suggested that a tertiary alcohol built into this
core structure could favorably interact with Asp25 and
Asp125 of the HIV protease. Furthermore, we speculate
that a hydroxyl group in R-position to an amide could
enable partial masking of the amide functionality and
the hydroxyl group via internal hydrogen bonding that
in principle should improve transcellular transport. This
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Figure 1. Atazanavir (top left), indinavir (top right), and the
generic structure of the new class of inhibitors (bottom).
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concept, which takes advantage of intramolecular hy-
drogen bonds to increase apparent lipophilicity and to
increase membrane penetration, was successfully ap-
plied by Ashwood et al. in NK1 receptor antagonists.26

In the generic structure in Figure 1 the tertiary alcohol
unit on the prime side is linked to the ethyl(hydrazine)
moiety found in atazanavir and on the nonprime side
to the (1S)-amino-(2R)-hydroxyindane structure origi-
nating from indinavir.27-29 We herein report the syn-
thetic protocols, HIV-1 protease inhibition data, and
anti-HIV activities for these new HIV protease inhibi-
tors in cell assays. Furthermore, we present X-ray
crystallographic data for a representative compound of
this class.

Results

Chemistry. The transition-state mimicking tertiary
alcohol utilized in the new HIV protease inhibitors
originated from the optically active 2,2-disubstituted
epoxide 3, which was readily available in both diaster-
eomeric forms (Scheme 1). The synthesis of 3 started
from 2-benzylacrylic acid 130 and (1S,2R)-1-amino-2-
indanol, which were coupled using 1-(3-dimethylami-
nopropyl)-3-ethylcarbodiimide hydrochloride (EDC), N-
methylmorpholine (NMM), and 1-hydroxybenzotriazole
(HOBT). The resulting R,â-unsaturated amide 2 was
epoxidized by 3-chloroperoxybenzoic acid (mCPBA),
yielding the two diastereomers of epoxide 3 in a 50:50
mixture, here denoted (S)-3 and (R)-3 where S and R
refer to the absolute configuration of the asymmetric
carbon in the epoxide ring. The two diastereomers
readily separated upon column chromatography, yield-
ing the pure isomers.

The synthetic strategy was to ring-open 3 with
different hydrazides to obtain a series of inhibitors.17,18,31

The hydrazides were synthesized from L-valine or L-tert-
leucine to assess the impact of an isopropyl versus a
tert-butyl group as P2′ side chains (Scheme 2). Different
P3′ substituents were incorporated into the scaffold by
starting from commercially available Cbz-protected
L-valine/L-tert-leucine or from the corresponding unpro-
tected amino acids, which were first N-derivatized.
Functionalization with an N-methoxycarbonyl group
was described previously.17,18 The functionalized amino

acids were coupled with benzylhydrazine using EDC,
NMM, and HOBT, affording the desired hydrazides in
50-67% yield after column chromatography (4-9,
Scheme 2). However, the urea derivative 9 turned out
to be unstable, and after filtration through a short silica
column the crude product was used without further
purification in the inhibitor synthesis. To investigate
the effect of a larger substituent in the inhibitor P1′ side
chain, two brominated hydrazides were synthesized (10
and 11, Scheme 2). Starting from 4-bromobenzylhydra-
zine,32 prepared according to a published procedure from
4-bromobenzyl bromide and hydrazine monohydrate,33

the two bromohydrazides were produced in 54% and
79% yields, respectively.

Two different strategies were used for the synthesis
of the HIV protease inhibitors from epoxide 3 and the
hydrazides 4-11 (Table 1). In the first approach the two
reagents were stirred in iPrOH at 80 °C for 3-7 days,
and the reactions were monitored by RPLC-MS (method
A). Later, an improved procedure was used where
Ti(OiPr)4

34,35 catalyzed the ring opening of 3 in THF and
a reaction time of only 3 h was now required (method
B). Purification by preparative RPLC-MS resulted in
highly pure products; however, this also seemed to have
a negative effect on the isolated yields compared to
purification by column chromatography only. To estab-
lish which stereochemistry of the transition-state mim-
icking tertiary alcohol generated the most potent in-
hibitors, two pairs of inhibitors were synthesized having
an opposite absolute configuration at the carbon bearing
the tertiary hydroxyl group. Hydrazide 4 was used to
ring-open epoxides (S)-3 and (R)-3, affording the dia-
stereomeric inhibitors 12 and 13. Likewise, hydrazide
7 was utilized to afford inhibitors 16 and 17 (Table 1).

HIV Protease Inhibition, MT4 Cell-Based Anti-
HIV Activity, Permeability, and Metabolic Stabil-
ity in Vitro. The Ki and EC50 values for 12-21 are in
Table 1. The Ki values for the diastereomer pairs 12/13
and 16/17 revealed that the compounds with (S)-
configuration were at least 40 times more potent than
the compounds with (R)-configuration. The N-methoxy-
carbonyl group in the P3′ position clearly gave more
potent inhibitors than the N-benzyloxycarbonyl group
and the sulfonamide and urea derivatives (cf. 16 with
14, 18, and 19; Table 1). Incorporation of a bromo atom
in the para position of the P1′ benzyl group provided
the most potent inhibitor with Ki ) 2.4 nM (20, Table
1). EC50 values below 10 µM were achieved for all
compounds with an N-methoxycarbonyl group in the P3′
position and (S)-configuration at the carbon bearing the
tertiary alcohol, while the N-benzyloxycarbonyl com-
pounds exhibited values above that limit (cf. 16/14 and
15/12, Table 1). A tert-butyl group in the P2′ position
combined with the favorable N-methoxycarbonyl at the
P3′ position rendered a compound twice as active as the
corresponding isopropyl derivative in the cell assay (cf.
16 and 15, Table 1). The most potent compound within
this series was 20 as it also had the best cell activity
data with an EC50 of 1.1 µM. 16 and 20 were evaluated
in selected in vitro resistant HIV-1 isolates from serial
passages of a symmetric diol-based inhibitor36 and
ritonavir, respectively (Table 1). The two compounds
exhibited equipotent activity in these mutant MT4/
HIV-1 protease assays (V32I, M46I, V82A and V32I,

Scheme 1a

a Reagents: (a) (1S,2R)-1-amino-2-indanol, EDC, NMM, HOBT,
EtOAc, room temp, 68%; (b) mCPBA, CH2Cl2, reflux, 53%.

Scheme 2a

a Reagents: (a) benzylhydrazine‚2HCl/Et3N or 4-bromobenzyl-
hydrazine and EDC, HOBT, NMM, EtOAc, room temp, 50-79%.
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M46I, A71V, V82A, respectively) as in the wild-type
MT4/HIV-1 protease assay. The in vitro DMPK profile
for 16 and 20 was also evaluated. As we hoped, 16 (Papp
) 35 × 10-6 cm/s) and 20 (Papp ) 42 × 10-6 cm/s) were
found to exhibit excellent permeability in the Caco-2 cell
assay, more than 6 times better than atazanavir (Papp
) 5.3 × 10-6 cm/s) in the same assay. We propose that
the high permeability is attributed to the masking of
the amide and tertiary hydroxyl functionalities by an
intramolecular hydrogen bond network. The fast intrin-
sic clearance of 16 (Clint ) 527 µL min-1 mg-1) and 20
(Clint ) 266 µL min-1 mg-1) is believed to be due to
metabolic hydroxylation of the benzylic position of the
aminoindanol.37

X-ray Crystallographic Data. Cocrystallization of
inhibitor 15 with HIV-1 protease followed by X-ray
diffraction data provided a 3D structure with 1.8 Å
resolution (PDB code 2bqv). The hydrogen-bonding
interactions between the inhibitor and the enzyme are
shown in Figure 2. The tertiary alcohol forms a hydro-
gen bond to one of the active site aspartates, Asp125.
Furthermore, the â-nitrogen of the hydrazido group was
found to form a weak hydrogen bond to the other active
site aspartate residue, Asp25 (3.2 Å). A distinct hydro-
gen bond pattern was also observed between the P3′
carbamate group and Asp129 and Gly148 as well as
Gly149.

Superimposition of the X-ray structures of 15 and
indinavir (PDB code 1hsg) reveals significant differences
between the two inhibitors (Figure 3). Whereas the
positions of the P2 aminoindanol and the P2′ isopropyl
groups overlap well with the corresponding residues in
indinavir, the positions of the P1/P1′ groups differ
considerably in 15. Both groups penetrate less deeply
into the enzyme subsites, and the discrepancies are
about 1.4 Å on the P1 side and 4.5 Å on the P1′ side
compared to indinavir. In addition, the angle at which
the P1′ benzyl group penetrates into the S1′ pocket is
different from that of indinavir. The most striking
differences appear when the hydrogen bond pattern
between the enzyme catalytic aspartates and the transi-
tion-state mimicking scaffolds of 15 and indinavir is
analyzed (Figure 4). Whereas indinavir positions the
central hydroxyl group in close contact (within 2.6-3.0
Å) with all four oxygen atoms of the active site aspartate
residues, 15 positions the tertiary alcohol and the
â-nitrogen of the hydrazido group symmetrically over
the active site. This arrangement leads to the tertiary
alcohol forming a less tight hydrogen bond to Asp125
(3.1 Å) compared to indinavir. In addition, the tertiary

Table 1. Synthesis of Inhibitors 12-21 and Biological Data

a All compounds were synthezised according to method A except
20, which was prepared according to method B (see Supporting
Information). b Purification methods: (1) column chromatography,
silica; (2) RPLC-MS. c Indinavir: Ki ) 0.31 nM14 and EC50 ) 0.041
µM.13,38 d Mutations in MT4/HIV-1 protease: V32I, M46I, V82A.
e Mutations in MT4/HIV-1 protease: V32I, M46I, A71V, V82A.f 16
Papp(Caco-2) ) 35 × 10-6 cm/s; 20 Papp(Caco-2) ) 42 × 10-6 cm/
s. g 16 Clint ) 527 µL min-1 mg-1; 20 Clint ) 266 µL min-1 mg-1.

Figure 2. X-ray crystal structure of 15 cocrystallized with
HIV-1 protease. Hydrogen-bonding interactions between the
inhibitor and key residues of the enzyme are represented by
green dashed lines.

Figure 3. Superimposition of the X-ray structures of inhibitor
15 (gray) and indinavir (orange) in the active site of HIV-1
protease.
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hydroxyl group is hydrogen-bonded to the main chain
oxygen of Gly27 (3.0 Å), a feature not observed with
indinavir.

Discussion
The observed lowering of Ki when the benzyl group

of the P1′ residue was elongated with a p-bromo sub-
stituent (cf. 20 and 16, Table 1) might be explained by
favorable interactions at the enzyme surface. The exten-
sion of this residue approaches the enzyme/solvent
interface, and a more efficient displacement of solvent
molecules at the enzyme surface, mediated by the polar
bromine compared to the hydrophobic phenyl lacking a
para substituent, can occur. Large P3′ residues will
occupy parts of the S3′-S1′ spanning pocket and could
interfere negatively with the phenyl P1′ group, as
deduced from modeling. It was therefore less surprising
that a P3′ benzyl group resulted in less efficient inhibi-
tors, as was also observed in the atazanavir series.17,18

In contrast, the relatively small (and more easily
solvated) methyl carbamate group that gave lower Ki
and EC50 values (below 10 µM) can be well accom-
modated in the S3′-S1′ pocket (cf. 16/14 and 15/12,
Table 1). The 3D structure revealed that the carbamate
group in 15 is in a hydrogen bond network where the
three heteroatoms of the carbamate participate (Figure
2). We replaced the carbamate with the powerful
hydrogen bond accepting/donating urea fragment and
hoped that lower Ki values could be achieved in the
enzyme assay by this manipulation. However, no im-
provement was encountered (cf. 14 and 19, Table 1). An
unfavorable alignment of the urea imposed by the large
benzyl group present in 19 when binding to the enzyme
could account for this observation. Modeling suggested
that a methyl sulfonamide could provide an alternative
and proper substitute for the methyl carbamate in 15.
This alteration was also largely unsuccessful. Hence,
18 was 10 times less potent than 16 (Table 1), but more
importantly it did not exhibit any inhibitory effect in
the cell assay. The fact that only the methyl carbamates
and not the methylsulfonamide compound are efficient
in the cell assays is difficult to rationalize. The increased
cellular potency achieved when switching from valine
to tert-leucine for the P3′ methyl carbamate compounds
(cf. 16 and 15, Table 1) was in agreement with previ-
ously reported observations from the atazanavir series.18

Even though the tert-leucine compounds 16 and 20, with
Ki of 6 and 2.4 nM, exert antiviral activities in the cell
assay, it is notable that the EC50 values are not
impressive (1.9 and 1.1 µM). The same types of assay

afforded indinavir a Ki of 0.31 nM in the HIV-1 protease
assay and an EC50 of 41 nM in the MT4 cell assay.13,14,38

Thus, indinavir is 10 times better than 20 in the enzyme
assay and ∼25 times more effective in the cell assay.
The data from the Caco-2 cell assay (16 Papp ) 35 ×
10-6 cm/s; 20 Papp ) 42 × 10-6 cm/s) predict excellent
cell membrane penetration for these compounds. As a
comparison, atazanavir exhibited a Papp of 5.3 × 10-6

cm/s and indinavir a Papp of 1.7 × 10-6 cm/s in the same
assay. With the exception of the reports from Rich et
al.,21-23 there seems to be few studies addressing the
potential of tertiary alcohols as part of transition-state
substitutes. The data presented herein suggest that
further efforts could be devoted to more extensive
elaboration of this structural element as a central core
in inhibitors of aspartyl proteases. Carboxylic acid
derivatives with an R-hydroxyl group are prone to form
intramolecular hydrogen bonds in solution.39 The present
investigation, as deduced from the Papp values from the
Caco-2 assay, supports the hypothesis that compounds
with an inherent ability to form intramolecular hydro-
gen bonds are more likely to exhibit high permeability.
However, the compounds herein do not seem to be
efficiently transported into the intracellular compart-
ments of HIV-1 infected MT4 cells and the moderate
antiviral activities observed are not easy to rationalize.

Conclusion

In summary, new HIV-1 protease inhibitors encom-
passing a rarely used tertiary alcohol based transition-
state mimicking scaffold have been synthesized. Varia-
tions at the P1′-P3′ side chains of the inhibitors resulted
in compounds with Ki values in the low nanomolar
range (down to 2.4 nM). Results from the enzyme assay
established that the compounds comprising the tertiary
alcohol with (S)-configuration were more potent enzyme
inhibitors than those with (R)-configuration. The abso-
lute stereochemistry was confirmed by X-ray crystal-
lography data obtained from ligand 15 cocrystallized
with the HIV-1 protease at a resolution of 1.8 Å. The
results confirm that a tertiary alcohol can serve as part
of a transition-state mimicking scaffold in HIV-protease
inhibitors. The moderate antiviral activities encountered
in HIV-1 infected MT4 cells are difficult to explain, in
particular since excellent Papp values from Caco-2
assays support the assumption that masking of the
hydroxyl group and the adjacent amide bond by in-
tramolecular hydrogen bonds should render compounds
with high cell membrane permeability. It is notable that
the best compound (20) in cell assays was equally potent
toward two common mutated HIV proteases as toward
the wild-type protease. An optimization of the com-
pounds within this series aiming at inhibitors with
improved cellular potency is in progress.

Experimental Section

General Procedures for Synthesis of Inhibitors.
Method A. Epoxide 3 and hydrazide were dissolved in iPrOH,
and the mixture was stirred at 80 °C for 72-168 h. Evapora-
tion of the solvent followed by purification (column chroma-
tography and/or RPLC-MS) afforded the products in 13-55%
yield.

Method B. Epoxide 3 and hydrazide were dissolved in dry
THF, and Ti(OiPr)4 was added under N2 atmosphere. Stirring
at room temperature for 2.5 h and then at 40 °C for 30 min

Figure 4. Comparison of hydrogen bond pattern in complexes
of HIV-1 protease and inhibitor 15 (A) and indinavir (B).
Hydrogen bonds are represented by green dashed lines.
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was followed by the addition of saturated NaHCO3 (aq) and
Et2O. The resulting mixture was stirred at room temperature
for 10 min. Filtration and separation of the two phases, drying
of the organic phase (Na2SO4), and evaporation followed by
purification by column chromatography afforded the product
in 55% yield.
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