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A new generation of HIV-1 protease inhibitors encompassing a tertiary-alcohol-based transition-state mimic
has been developed. By elongation of the core structure of recently reported inhibitors with two carbon
atoms and by varying the P1′ group of the compounds, efficient inhibitors were obtained with Ki down to
2.3 nM and EC50 down to 0.17 µM. Two inhibitor-enzyme X-ray structures are reported.

Introduction

The devastating effects of the HIV/AIDS pandemic on
individuals and entire countries are well-known. Despite this,
the disease continues to spread and millions of lives are claimed
every year.1 One of the most important contributions to the
arsenal of HIV drugs, lowering the viral plasma loads although
not curing the infection, are the HIV-1 protease inhibitors.2–4

In combination with other HIV drugs, the protease inhibitors
provide prolonged lifetime and better quality of life for the
patients. There are, however, certain issues that need to be
addressed to improve the clinical efficacy of this class of drugs.
Most of the launched HIV-1 protease inhibitors (to date nine
compounds) exhibit low aqueous solubility, poor membrane
permeability, high protein binding, and insufficient metabolic
stability resulting in poor pharmacokinetic properties. Thus, high
doses of drugs are needed and poor patient compliance is
commonly observed.3,5 Further, fast viral replication and a high
number of errors made during viral transcription of RNA to
DNA create a large amount of mutated viral strains. Resistance
toward the launched protease inhibitors is a serious threat to
efficient HIV treatment,6,7 and the need for new, unique
structural entities is therefore highly desirable.

In our ongoing efforts on the identification of novel HIV
protease inhibitors, we recently described a new class of
compounds with a shielded tertiary alcohol in the transition-
state mimicking scaffold, as exemplified by A and B in Figure
1.8–10 Despite an unsymmetrical arrangement of the tertiary
alcohol over the two catalytically active aspartic acid residues
in the enzyme as deduced by X-ray crystallography,8,9 high
enzyme inhibition activities were obtained. In addition, excellent
permeation through a Caco-2 cell membrane was recorded for
several compounds in this series.8,9 We decided to further
elaborate the core structure of these inhibitors and to elongate
the distance between the tertiary alcohol and the hydrazide part
of the molecules. A straightforward synthetic procedure, yielding
two-carbon-elongated analogues with different P1′ substituents,

was developed starting from commercially available 2-hydroxy-
3-phenylpropionic acid. We herein present the new protocol,
the biological evaluation, and X-ray data obtained from two
compounds cocrystallized with the enzyme.

Results

Chemistry. A nonprime side building block, facilitating
synthesis of the new two-carbon extended transition-state mimic,
was prepared starting from the commercially available (S)-2-
hydroxy-3-phenylpropionic acid (1) (Scheme 1). First, the
alcohol and acid functionalities in 1 were protected using 2,2-
dimethoxypropane as described in the literature,11 followed by
LDAa -mediated alkylation with methyl acrylate. Subsequent
deprotection of the dioxolane in 3, causing intramolecular
lactone formation with the methyl ester, and peptide coupling

⊥ PDB codes for structures 12d, 15, and B are 2uxz, 2uy0, and 2bqv,
respectively.
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Figure 1. Structure and inhibition data for the best compound in the
first generation of shielded inhibitors (A, top) with structure and
inhibition data for the bromobenzene analoge (B, top). The bottom
compound is the general structure of the new two-carbon-elongated
scaffold.
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with (1S,2R)-1-amino-2-indanol gave cyclic 4 as a mixture of
diastereomers (Scheme 1). Compounds (R)-4 and (S)-4 (R and
S refer to the absolute configuration at the quaternary carbon
and were determined by X-ray crystallography of (S)-4) were
efficiently separated by column chromatography (see Supporting
Information). Diastereomer (R)-4, exhibiting the preferred
stereochemistry at the quaternary carbon as deduced from the
previous series of inhibitors, was protected using TBSOTf.
Finally, reduction of the lactone moiety, protection of the
primary alcohol using trimethylacetyl chloride, protection of the
tertiary alcohol with TBSOTf, and reduction of the trimethyl-
acetyl ester with LiBH4 gave alcohol (R)-6 (Scheme 1).

On the prime side of the inhibitors, the L-tert-leucine P2′
group and P3′ methyl carbamate, known in related systems to
yield inhibitors with good properties in cell-based assays, were
chosen.8,9,12 We were, however, interested to further explore
the effects of different alkyl, aryl, and biaryl components in
P1′, and a diverse set of hydrazides was synthesized (Scheme
2). Reductive amination of primary hydrazide 8, prepared
according to a literature procedure,12 with various aldehydes
resulted in �-nitrogen-alkylated 9a–r encompassing small to
large P1′ precursor groups with different polarity and hydrogen-
bonding potential (Scheme 2). In the case of 4-iodobenzyl as
the P1′ group, the reported methodologies starting from the
corresponding 4-iodobenzyl bromide, hydrazine hydrate,13 and
free acid 1112 were used to afford hydrazide 9s (Scheme 2).8

Inhibitors 12a–s were obtained via oxidation of (R)-6 using
Dess-Martin periodinane and then reductive amination of the
corresponding aldehyde with hydrazides 9a-s (Scheme UN-
DEFINED: PLEASE CHECK). The role of the free alcohols
in inhibiting the HIV-1 protease was investigated by preparation
of the TBS-protected compounds 13 and 14, 13 with both the
secondary and the tertiary alcohol protected and 14 with only
the tertiary alcohol moiety protected (Scheme UNDEFINED:
PLEASE CHECK). In addition, derivative 13 was used in
microwave-accelerated palladium-catalyzed Suzuki reactions,
yielding P1′ biaryl-containing inhibitors 12t–w (Scheme UN-
DEFINED: PLEASE CHECK).14–17 The corresponding acid of

(R)-6, ((R)-6-acid) was synthesized by a two-step oxidation
procedure and then coupled to hydrazide 9d using EDC and
HOBT at room temperature, yielding diacylhydrazine derivative
15 (Scheme UNDEFINED: PLEASE CHECK).

3. Synthesis of Inhibitors 12a–w and 13-15a

a Reagents and conditions: (a) (1) Dess-Martin periodinane, CH2Cl2,
room temp; (2) 9a–s, Na(OAc)3BH, AcOH, THF, room temp; (3) TBAF
(10 equiv), THF, room temp, 19–91%; (b) Dess-Martin periodinane,
CH2Cl2, room temp; (2) 9d, Na(OAc)3BH, AcOH, THF, room temp, 48%;
(c) TBAF (1 equiv), THF, room temp, 75%; (d) (1) boronic acid reactant,
K2CO3, Herrmann’s palladacycle,18 [(t-Bu)3PH]BF4, DME/H2O, irradiation
in the microwave cavity for 20 min at 120 or 130 °C; (2) TBAF (10 equiv),
THF, room temp, 61–80%; (e) EDC, HOBT, CH2Cl2, room temp, 39%.

Biological Evaluations. The antiviral activities of 12a–w and
13-15 are summarized as Ki and EC50 values in Table 1;
previously published inhibitor A (Figure 1) is included as a
reference compound.9 All derivatives having the new prolonged
transition-state mimic with R-configuration at the tertiary alcohol
and free hydroxyl groups efficiently inhibited the HIV-1 protease
(Ki ) 2.4–11 nM, Table 1) except 12p with a tert-butyl
substituted thiazole group in P1′, which gave a higher Ki (24
nM, Table 1). The TBS-protected compounds 13 and 14, as
well as diacylhydrazine analogue 15, were active in the enzyme
assay but at high concentrations (980, 190, and 120 nM, Table
1). As expected from the previous class of HIV-1 protease
inhibitors, (S)-12d was more than 100 times less active than
the corresponding R-isomer.8 A higher intercompound variability
was recorded for the cellular (EC50) anti-HIV activities. All
inhibitors encompassing small P1′ groups, with –H, the halo-
gens, –CN, and dimethylamine in the 4-position of the P1′
benzyl group (12a–f, Table 1) and the compounds on the other
extreme, with large and/or very lipophilic P1′ groups,
12g,k,p,s,t, gave poor inhibitory potencies with EC50 between
0.78 and 1.8 µM (Table 1). Compounds including the medium

Scheme 1. Synthesis of Nonprime Side Building Block (R)-6a

a Reagents and conditions: (a) pyridinium p-toluenesulfonate, CHCl3,
70 °C, 97%; (b) LDA, -78 °C, THF, 54%; (c) (1) TFA, H2O, 80 °C; (2)
EDC, HOBT, CH2Cl2, room temp, 41% ((R)-4), 46% ((S)-4), separated by
column chromatography; (d) TBSOTf, Et3N, CH2Cl2, 0 °C to room temp,
92%; (e) (1) LiBH4, Et2O, 0 °C; (2) trimethylacetyl chloride, pyridine, room
temp; (3) TBSOTf, Et3N, CH2Cl2, 0 °C to room temp; (4) LiBH4, Et2O,
room temp, 73%. b (S)-6 was prepared from (S)-4 according to a slightly
modified procedure; see Supporting Information.

Scheme 2. Synthesis of Hydrazides 9a–sa

a Reagents and conditions: (a) (1) TsOH, NaBH3CN, THF, room temp,
6–85%; (b) (1) hydrazine hydrate, EtOH, 0 °C to room temp; (2) 11, EDC,
HOBT, CH2Cl2, room temp, 15%. b 9d was synthesized according to a
published procedure.8
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size 2-pyridyl, morpholine, methylthiazole, and thiophene
4-substituted inhibitors 12h, 12j, 12o, and 12w, as well as
bicycle 12q, were positioned at intermediate activities in the
cell-based assay with EC50 between 0.47 and 0.56 µM (Table
1). Inspired by a published structure from GlaxoSmithKline,19

the 2-chloro-5-methoxythiazole 12r was made, but disappoint-
ingly no improvement in cell activity was observed for this
inhibitor, which only showed intermediate potency, EC50 ) 0.60
µM. The most potent compounds within this series, from 0.17
to 0.22 µM in EC50, were equipped with relatively hydrophilic
aromatic groups containing two or three heteroatoms in the
second P1′ aryl group or were pyridine analogues (12i,l-n,u,v,
Table 1). Interestingly, the two inhibitors with 3-pyridyl (12u)
and 4-pyridyl (12v) showed a 2.5-fold higher anti-HIV activity

compared to the inhibitor with the 2-pyridyl (12h) which is the
pyridyl used in atazanavir.12 The CC50, indicative of the inhibitor
cytotoxicity, revealed that only two of the evaluated compounds
showed signs of cytotoxicity at 10 µM, biphenyl 12t and mono-
TBS derivative 14 (CC50 ) 7.5 and 5.8 µM, respectively, Table
1). Note that 12d,n,t showed high permeability in the Caco-2
assay (Table 1) and that 12u,v combine medium permeability
in the Caco-2 assay with excellent stability when incubated with
human liver microsomes for 30 min at 37 °C (12u, 94% parent
compound remaining (PCR), and 12v, 94% PCR).20

X-ray Crystallographic Data. The arrangement of benzyl
bromide compounds 12d (PDB code 2uxz), 15 (PDB code
2uy0), and B (PDB code 2bqv) in the active site of the HIV-1
protease including the most relevant hydrogen bonds to the
enzyme amino acid residues, as deduced from X-ray crystal-
lography, is presented in Figure 2. The complexes with 12d
and 15 were determined to 1.75 and 1.76 Å resolution and with
R/Rfree of 0.26/0.29 and 0.23/0.25, respectively. The largest
compound, as expected, has the highest number of interactions
with the protease. Thus, 15 makes 60 contacts within 3.9 Å to
the protein, 12d makes 54 contacts, and B makes 48 contacts.
Compound 12d forms five hydrogen bonds directly to the
protein and three via water molecules. The corresponding
numbers for 15 and B are 7:5 and 8:3 (Figure 2). Because of
the elongated central carbon skeleton of 12d and 15 compared
to B, the central hydroxyl of 12d and 15 can only form a
hydrogen bond to one of the active site aspartate residues. In
contrast, the shorter B forms hydrogen bonds to both of the
aspartate residues, even though the bond to Asp125 is weak
(3.3 Å). The para bromo atom at the P1′ benzyl group is directed
toward the solvent in inhibitor 12d and 15 despite that the
orientation of the P1′ groups differs. The orientation of P1′ side
chain in 12d corresponds to the pyridyl-substituted homologues
of B.9 In inhibitor B the bromine forms four close-packing

Table 1. Antiviral Activity and Cytotoxicity of Compounds 12a–w and
13-15a

a All Ki values of novel structures were determined by two independent
measurements. For biological activity determination methods and control
of assay variability, see Supporting Information pages S17–S18. b Indinavir:
Ki ) 0.52 nM.21 Atazanavir: Ki ) 2.7 nM.22 c Indinavir: EC50 ) 0.041
µM.23,24 Atazanavir: EC50 ) 0.0039 µM.22 d Inhibitors 12a,u,v show
medium permeability (3 × 10-6 cm/s < Papp < 20 × 10-6 cm/s), while
12d,n,t show high permeability (Papp > 20 × 10-6 cm/s) in the Caco-2
assay.20 Indinavir and saquinavir have previously been found to have low
permeability,25 while ritonavir25 and atazanavir8 have medium permeability.
e S-configuration at the tertiary alcohol. f Both alcohols TBS-protected.
g Only the tertiary alcohol TBS-protected. h Central diacylhydrazine unit.
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contacts to the lining residues. The extra central carbonyl oxygen
in diacylhydrazine 15 can function as a hydrogen-bond acceptor
at low pH, when the catalytic aspartates are protonated, but at
neutral pH the partially negatively charged carbonyl oxygen will
be repelled by the negative charge of the aspartate oxygen. This
is also reflected in a 40 times higher Ki for 15 compared to
those for 12d and B. Compared with the X-ray of indinavir
(PDB code 1hsg), the novel structure 12d is not as symmetrically
positioned in the protease as indinavir. Indinavir has close
contact (2.6–3.0 Å) interaction with Asp25 and 125, whereas
12d has a close interaction with only Asp25 (2.9 Å). The
distance to Asp 125 is 3.8 Å.

Discussion

The small variations in Ki obtained from the P1′ varied
analogues indicate a high tolerability of the enzyme’s S1′ pocket
toward large differences in size and polarity of the corresponding
inhibitor side chain.26 A surprisingly high activity was attained
for 14, with an OTBS group instead of the free tertiary alcohol
in the transition-state mimic (190 nM, Table 1). In the present
study and in previous reports,8,9 the importance of the tertiary
alcohol has been clearly indicated by X-ray data, revealing the

presence of hydrogen bonds to one of the catalytically active
aspartic acid residues. Protected by the large TBS group,
difficulties in forming the same type of hydrogen bonds should
be apparent. Unfortunately, no attempt to obtain X-ray data for
14 in the active site of the enzyme to explain this feature was
successful. The large difference in Ki between the S- and
R-isomers (more than a 100-fold) was expected. However, the
“wrong” S-diastereomer with Ki ) 420 nM is still a fairly potent
inhibitor of the HIV-1 protease. This could be interpreted by
assuming a different binding mode to the enzyme for the two
isomers, which have been postulated in the case of aspartic
protease inhibitors (not including HIV-1) by Rich et al.27–29

Notably, A and 12u, which only differ in the length of the
transition-state mimicking scaffold, have a very small variance
in Ki, equal to 1.4 nM (Table 1). This can be partly explained
by the data obtained from X-ray crystallography, where the short
B is compared with the elongated structure 12d, both with the
bromobenzene group in P1′ (Figure 2). As mentioned, both
structures interact with the enzyme in a similar way and both
compounds have a strong interaction with Asp25. The lack of
a weak hydrogen bond to Asp125 for structure 12d compared
to B does not seem to affect the Ki. The cellular antiviral
activities were clearly more influenced by the nature of the P1′
substituent compared to the Ki. Biaryl groups with a relatively
hydrophilic heterocyclic second ring structure seem to be
preferred to gain good activity. We have previously reported
that the pyridines as P1′ substituents increase cell-based activity
notably compared to other evaluated groups.9 However, in this
study we were able to present alternative groups, such as the
pyrimidine, imidazole, and oxadiazole units, delivering equi-
potent compounds in these assays (12i,l,m, Table 1).

Conclusion

Within the area of HIV-1 protease inhibitors containing a
tertiary-alcohol-based transition-state mimic, we have presented
new compounds with a two-carbon-elongated core structure.
Compared to previous studies, we have extended the SAR of
the P1′ group by synthesizing 23 analogues, investigating small
to large P1′ side chains with different polarity and hydrogen-
bonding potential. We were able to identify three new terminal
P1′ substituents, a pyrimidine, an imidazole, and an oxadiazole,
as good competitors of the known pyridines in achieving
improved antiviral activity in cell culture. The best pyridine
compound within the series, 12v, was also an overall more
potent inhibitor of the HIV-1 protease, with Ki ) 2.8 nM and
EC50 ) 0.17 µM. X-ray crystal data revealed the binding mode
for benzyl bromide inhibitors 12d and 15.

Experimental Section

General Procedure B for Synthesis of Inhibitors 12a–c
and 12e–s. Dry CH2Cl2 (15 mL) was added to alcohol (R)-6
(1.0–2.0 equiv) and Dess-Martin reagent (1.05–2.2 equiv). The
solution was stirred at room temperature for 1 h and then
concentrated, and the residue was dissolved in Et2O (15 mL),
washed with saturated NaHCO3 (aq, 15 mL) and saturated Na2S2O3

(aq, 4 mL). The aqueous layers were extracted with Et2O (2 × 15
mL). The ether layers were combined, dried (MgSO4), and
concentrated to yield the crude aldehyde. Hydrazide 9 (1.0 equiv)
and AcOH (1.7–2.6 equiv) in THF (10 mL) were added to the
aldehyde and stirred for 15 min at room temperature. Na(OAc)3BH
(3.3–4.0 equiv) was added, and the mixture was stirred at room
temperature overnight. The reaction was quenched with saturated
NH4Cl (aq), extracted with CH2Cl2 (3 × 20 mL), dried (MgSO4),
and concentrated. Purification by flash chromatography was per-
formed, and the fractions with desired mass value were combined
and concentrated to give the crude product with TBS protected

Figure 2. X-ray structures of 12d, 15, and B cocrystallized with the
HIV-1 protease. The arrangement in the active site of HIV-1 protease
is presented. Whereas the shorter central carbon skeleton of B enables
hydrogen bonding of the central hydroxyl to the two active site residues
Asp25 and Asp125, the longer central tether of 12d and 15 allows only
bonding to one of the Asp residues. The extra carbonyl oxygen in 15
is not involved in hydrogen-bonding to the protein. For large size X-ray
structures of 12d, 15, and B, see Supporting Information, page S19.
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alcohol groups. TBAF (3.5–10.0 equiv based on the amount of
starting material 9) in THF was added to the intermediate and stirred
overnight. Purification by flash chromatography gave the corre-
sponding products 12a–c and 12e–s as white solids in yields varying
from 19% to 91%.

General Procedure C for Synthesis of Inhibitors 12t–w.
Palladium-Catalyzed Coupling Reactions. Aryl bromide 13 (1.0
equiv), boronic acid (3.0 equiv), Herrmann’s palladacycle (0.05
equiv), HP(t-Bu)3BF4 (0.10 equiv), K2CO3 (3.0 equiv), DME, and
H2O were added to a 2–5 mL process vial. The mixture was radiated
under microwaves at 120 or 130 °C for 20 min. The mixture was
then extracted with EtOAc, and the organic layer was dried
(MgSO4) and concentrated. TBAF (1.0 M in THF, 10.0 equiv) was
added to the residue and stirred at room temperature overnight.
Water (10 mL) was added to the mixture, followed by extraction
with CH2Cl2, drying (MgSO4), concentration, and purification on
silica to afford the products 12t-w as white solids in 61–80% yield.

{(S)-1-[ N′-[(R)-4-Hydroxy-4-((1S,2R)-2-hydroxy-indan-1-yl-
carbamoyl)-5-phenylpentyl]-N′-(4-pyridin-4-ylbenzyl)hydrazi-
nocarbonyl]-2,2-dimethylpropyl}carbamic Acid Methyl Ester
(12v). The title compound was made according to general procedure
C, using 13 (100.0 mg, 0.1066 mmol), 4-pyridinylboronic acid (39.2
mg, 0.3198 mmol), palladacycle (5.0 mg, 0.0053 mmol), HP(t-
Bu)3BF4 (3.1 mg, 0.0107 mmol), K2CO3 (44.2 mg, 0.3198 mmol),
DME (1.0 mL), and H2O (0.3 mL), which were radiated at 120 °C
for 20 min. TBAF (1.0 M in THF, 1.06 mL, 1.06 mmol) was used
for deprotection. Purification (silica, MeOH/CH2Cl2, 1:99 to 5:95)
gave 12v (52.9 mg, 70%). 1H NMR (CD3OD, 400 MHz) δ 0.75
(s, 9H), 1.56–1.70 (m, 1H), 1.70–1.86 (m, 2H), 2.03–2.16 (m, 1H),
2.74–2.94 (m, 4H), 3.01–3.14 (m, 2H), 3.46 (s, 3H), 3.70 (s, 1H),
3.88–4.00 (m, 2H), 4.16–4.22 (m, 1H), 5.09 (d, J ) 4.8 Hz, 1H),
7.10–7.30 (m, 9H), 7.50–7.70 (m, 6H), 8.50–8.60 (m, 2H); MS
(m/z 708, M + H+). Anal. (C41H49N5O6 ·H2O) C, H, N.
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