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ABSTRACT: Peptidomimetic inhibitors of HIV-1 PR are still a key resource in the fight against AIDS. Here we describe the
synthesis and biological activity of HIV-1 PR inhibitors based on four novel dihydroxyethylene isosteres of the Phe-Pro and Pro-
Pro dipeptides. The isosteres, containing four stereogenic centers, were synthesized in high yield and excellent stereoselectivity
via the cyclization of epoxy amines derived from α-amino acids. The inhibitors were assembled by coupling the isosteres with
suitable flanking groups and were screened against recombinant HIV PR showing activities in the subnanomolar to micromolar
range. Two Phe-Pro-based inhibitors active at the nanomolar level were further investigated: both inhibitors combine the ability
to suppress HIV-1 replication in infected MT-2 cells with low cytotoxicity against the same cells, thereby displaying a high
therapeutic index. These results demonstrate the potential of the new Phe-Pro dihydroxyethylene isostere as a core unit of
powerful HIV-1 PR inhibitors.

■ INTRODUCTION
Since the appearance of saquinavir in clinical practice in 1995,
inhibitors of the protease of human type-1 immune deficiency
virus (HIV-1 PR) have represented the key weapon in the
battle against AIDS pandemics.1 HIV-PR is responsible for the
cleavage of the viral polyprotein precursor to give structural
proteins and three viral enzymes. Inhibition of the protease
blocks viral replication and maturation, resulting in lowering of
the viral load and a general improvement in the clinical state of
AIDS patients. The introduction of first generation inhibitors
ritonavir, nelfinavir, and indinavir has changed the nature of the
AIDS epidemics from a terminal illness to a manageable one.2

More recently, new protocols based on potent reverse
transcriptase (RT) inhibitors have become available;3 never-
theless, the development of potent protease inhibitors, such as
darunavir4 currently used in combination with reverse tran-
scriptase inhibitors, confirms that protease inactivation remains
an essential therapeutic tool. However, the long-term efficacy of
PR-targeted therapies is limited by the onset of drug resistance
due to mutant viral strains; thus, the need still exists for the
development of new, efficient inhibitors.

HIV-1 PR is a dimeric aspartyl protease consisting of two
identical monomers of 99 residues.5 The presence of a two-fold
symmetry axis in the homodimer inspired the development
of C2-symmetric inhibitors, and interest has focused on
peptidomimetics based on the Phe-Phe isostere 16 (Figure 1)

for which several synthetic approaches have been developed.7,8

Potent inhibitors have been obtained from both (S,S,S,S) and
(S,R,R,S) stereoisomers of 1.6−9
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Figure 1. Phe-Phe and Phe-Pro isosteres.
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Despite the C2 symmetry of the protease, it has been observed
that nonsymmetrical inhibitors often perform better than symmet-
rical ones. The superior activity of the nonsymmetric inhibitor
may reflect the local lack of symmetry at the catalytic aspartate
residues, which are believed to be in different protonation states
in the active enzyme.10 The diol isostere might then be forced
to establish nonsymmetrical interactions with the two aspartate
residues, thus making symmetry at the core level unimportant.
Accordingly, in the solid state, symmetrical inhibitors are often
found to bind HIV-Pr in a nonsymmetric fashion.11

There are several ways in which the symmetry of the core
unit 1 can be perturbed (Figure 1). Removal of a hydroxy group
leads to the hydroxyethylene isostere 2. Ritonavir and lopinavir
are significant examples of inhibitors containing this Phe-Phe iso-
stere.12 Another possibility is to replace one of the benzyl groups
of 1 with the side chain of a different amino acid. HIV-PR can
recognize Phe-Pro and Tyr-Pro dipeptides as the specific cleavage
site, and this specificity can been exploited in the design of
selective inhibitors.13 Replacement of a benzyl group of 1 with the
side chain of proline thus leads to the Phe-Pro isostere 3.
The objective of this study was to investigate the synthesis of

nonsymmetric HIV-1 PR inhibitors based on the novel diamino
diol Phe-Pro isostere 3 and to compare their biological activities
with those of the corresponding inhibitors containing the C2-
symmetric Phe-Phe isostere 1 described earlier.9 To this end,
we have synthesized three nonsymmetric Phe-Pro isosteres
(3a−c) based on the general structure 3 (Scheme 1). The

synthesis of the isosteres relies on the cyclization of
phenylalanine-derived epoxy amines (4) for the generation of
a five- or six-membered proline mimic, as shown in the scheme
for 3a,b.14 The same approach has also been applied to the
synthesis of the monoprotected Pro-Pro isostere 5. A series of
powerful HIV-PR inhibitors with IC50 in the nanomolar and
subnanomolar range has been obtained by combining isosteres
3 and 5 with selected peptide or nonpeptide flanking residues.
We will show that inhibitors containing the nonsymmetric
isostere 3a are superior to the corresponding inhibitors based
on the symmetric isosteres 1 and 5.

■ RESULTS AND DISCUSSION
Synthesis of the Isosteres. In our synthesis of Xaa-Pro

diamino diol isosteres,14 the carbon skeleton of the isosteres was
assembled by the Horner−Emmons reaction between an amino
acid-derived phosphonate and a linear aldehyde containing an
ω-carboxylate group which was later converted into amine by a
Curtius rearrangement. This approach has been modified to
reduce the number of steps and avoid temporary protections
along the pathway. Thus, phenylalanine-derived phosphonate 68

was used as the nucleophilic partner in a Horner−Emmons
olefination with the orthogonally protected 2-hydroxypyr-
rolidine 7a (Scheme 2), a synthetic equivalent of 4-amino-
butanal. 7a, in turn, was obtained by diisobutylaluminium hydride
(DIBALH) reduction of the corresponding N-Cbz-lactam.15

The Horner−Emmons reaction requires carefully controlled
conditions to avoid aza-Michael cyclization of the product 8a, giv-
ing pyrrolidine 9 as a 1:1 mixture of diastereoisomers (Scheme 2).
This side reaction occurs in ethanol with potassium carbonate
as a base, and in THF with potassium tert-butoxide or 1,8-diaza-
bicycloundec-7-ene (DBU)/lithium chloride. On the contrary,
if the reaction is carried out in acetonitrile and potassium car-
bonate16 and is stopped at 75% conversion, the required enone
8a can be readily isolated and purified. The 15.6 Hz coupling
constant between the vinyl protons confirms the E stereo-
chemistry of the enone. Chelation-controlled reduction of 8a
with lithium tri-tert-butoxyaluminium hydride (LTBAH) in
ethanol17 gives the allylic alcohol 10a in 48% yield from 6. The
synthesis proceeds with peracid epoxidation of 10a, giving the
syn-2,3-epoxy alcohol 11a as a single diastereoisomer. Finally,
removal of the Cbz protecting group by catalytic hydrogenation
gave the corresponding free amine which spontaneously
cyclized onto the epoxide by a 5-exo process, as predicted,14

giving the mono-Boc-protected isostere 3a as a single diastereo-
isomer, in 31% overall yield from the starting phosphonate 6
(Scheme 2). A comparable yield has been obtained when the
synthesis was performed on a 100 g scale.
The six-membered proline isostere 3b was similarly obtained,

starting from N-Cbz-2-hydroxypiperidine (7b) (Scheme 2).18

Also in this case cyclization was completely regioselective, tak-
ing place exclusively in the 6-exo mode.
The S,R,R,R diastereoisomer 3c was synthesized by a

modification of this approach (Scheme 3). The S,S alcohol
10c was obtained by reduction of the enone 8a with L-
Selectride in methanol. It has been demonstrated that, in polar
solvents, L-Selectride reduction of amino ketones gives
preferentially the Felkin−Anh product.19 Although the stereo-
selectivity was only 3:1 in favor of the desired product, the
required alcohol 10c was easily separated from the S,R isomer
by flash chromatography. Epoxidation of 10c and cyclization of
the epoxy amine 11c, under the usual conditions for N-Cbz
deprotection, gave the S,R,R,R isostere 3c.
The symmetrical, monoprotected, Pro-Pro isostere 5 was

synthesized by the approach already described for the Phe-Pro
isosteres 3a,b (Scheme 4). The proline-derived phosphonate 12
was obtained by the reaction of Boc-protected proline methyl
ester with lithiated methyl dimethylphosphonate. Horner−Emmons
reaction of phosphonate 12 was carried out in acetonitrile, to
prevent the unwanted in situ aza-Michael cyclization of the
enone 13, which did not exceed 8% under these conditions
(Scheme 4). Reduction of the carbonyl of 13, however, proved
much more difficult than expected, most likely due to the hin-
drance of the Boc-protected five-membered ring. Addition of
sodium borohydride led to the reduction of the C−C double
bond; addition of cerium chloride restored the desired chemo-
selectivity20 but without any stereoselectivity. After unsuccessful
attempts with lithium borohydride and LTBAH, the alcohol 14
was eventually obtained, as a single stereoisomer, by reduction
with DIBALH in toluene. The S,R stereochemistry was con-
firmed by NMR analysis of the corresponding oxazolidinone
16. The value of 7.3 Hz for the coupling constant between the
vicinal ring protons and 6% NOE measured for the same pro-
tons are both consistent with a syn arrangement of the protons

Scheme 1. Synthesis of Phe-Pro Isosteres by Epoxy Amine
Cyclization
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and therefore with the S,R configuration of 14.21 Epoxidation
and deprotection/cyclization of the epoxy amine 15 finally gave
the S,S,S,S Pro-Pro isostere 5.

Synthesis of the Inhibitors. Both symmetrically and
unsymmetrically substituted peptidomimetic inhibitors can be
obtained from isosteres 3a−c and 5 by appropriate manage-
ment of the unprotected and protected amino groups. To test
the activity of inhibitors based on these new cores, a small set of
10 inhibitors was synthesized by coupling the isosteres with
selected peptide or nonpeptide carboxylic acids (Chart 1). The
peptide residues of inhibitor 17 (Chart 1) correspond to a se-
quence recognized by HIV-PR already exploited for the develop-
ment of potent inhibitors.22 Similarly, the AcTrp-Val dipeptide
present in inhibitors 18 and 19 was shown to be particularly effi-
cient when combined with a Phe-Phe dihydroxyethylene isostere,
as in inhibitor 27.9 In inhibitors 19−26 the dihydroxyethylene
core is combined with derivatives of phenoxyacetic acid, a ligand
specifically targeted at the enzyme’s S2 pocket.23

Unsymmetrically substituted inhibitors 17, 19, 22 were
obtained by acylation of the unprotected secondary amino group of
the isostere 3, followed by deprotection and acylation of the primary
amine (Scheme 5: method A). The symmetrically substituted inhib-
itors 18a, 20, 21, 23a−26 were obtained by Boc deprotection of
the corresponding isostere followed by the simultaneous acylation
of the primary and secondary amino groups (Scheme 5: method B).

Scheme 2. Synthesis of Isosteres 3a,ba

aReagents and conditions: (a) K2CO3, CH3CN, 25 °C, 50% (for 8a); (b) DBU, LiCl, CH3CN, 25 °C, 65% (for 8b); (c) LTBAH, EtOH, −78 °C,
94−96%; (d) mCPBA, CH2Cl2, 51−68%; (e) H2, 10% Pd−C, MeOH, 25 °C, 95−96%.

Scheme 3. Synthesis of Isostere 3ca

aReagents and conditions: (a) L-Selectride, MeOH, −78 °C, 61%; (b)
mCPBA, CH2Cl2, 0 °C, 72%; (c) H2, Pd−C 5%, MeOH, 25 °C, 92%.

Scheme 4. Synthesis of Pro-Pro Isostere 5a

aReagents and conditions: (a) LiCH2P(O)(OCH3)2, THF, −78 °C, 70%; (b) N-Cbz-2-hydroxypyrrolidine (7a), K2CO3, CH3CN, 25 °C, 76%;
(c) DIBALH, toluene, −78 °C, 51%; (d) mCPBA, CH2Cl2, 0 °C, 22%; (e) H2, 5% Pd−C, CH3OH, 25 °C, 95%; (f) NaH, THF, 25 °C
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Acylations were carried out under standard peptide coupling con-
ditions. Assembly of the six-membered inhibitors 18b and 23b
was more difficult, as the piperidine nitrogen of the core unit 3b
(Scheme 5, n = 2) is far less reactive than that of its pyrrolidine
analogues 3a and 3c (n = 1). Thus, inhibitor 18b was obtained
from deprotected 3b with the mixed anhydride method, using
the AcTrpValCOOH peptide and isobutyl chloroformate
(method C); 23b was obtained by acylation of deprotected
3b with 2,6-dimethylphenoxyacetyl chloride (method D).23d

HIV-PR Inhibition and Structure−Activity Relation-
ships. IC50 values (chart 1) were determined at pH 5.5 using a
commercial recombinant wild-type HIV-1 PR and the fluorogenic
substrate 2-aminobenzoyl-Thr-Ile-Nle-Phe(p-NO2)-Gln-Arg-NH2

(Abz-NF*-6).
Flanking Residues. Powerful, nanomolar HIV-1 PR

inhibitors are obtained when the S,S,S,S isosteres 3a,b are com-
bined with peptide chains that can occupy the protease’s S2, S2′

and S3, S3′ subsites (17, 18). Inhibitor 17 is more potent than
its analogue JG-365 based on a hydroxyethylamine Phe-Pro
isostere,22 and the efficacy of the Phe-Pro core 3a is confirmed
by inhibitor 18a, the most powerful compound within this set.
Its IC50 lies below the limit of our test24 but is at least 1 order of
magnitude lower than that of the corresponding inhibitor 27,
based on a Phe-Phe dihydroxyethylene isostere.9 Inhibitors
20−26, containing substituted phenoxyacetic acid residues, can
only engage the enzyme’s S1, S2, S1′, S2′ subsites;23a−c never-
theless, they display activities in the nanomolar to micromolar
range. The effect of substitution on the phenoxyacetyl residue
can be assessed on inhibitors 20−24, based on the same Phe-
Pro core. Comparison of inhibitors 20 and 21 indicates that the
introduction of a single ortho methyl group has no effect on the
inhibitor’s activity. On the contrary, replacement of POA with
2,6-dimethylphenoxyacetic acid (DMPOA), as in 22, results in
a 10-fold increase of activity, and a similar improvement is also

Chart 1. HIV-Pr Inhibitors Based on Phe-Pro and Pro-Pro Dihydroxyethylene Isosteresa

aPhe-Phe-based inhibitors 27 and 28 are included for comparison.
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observed when the second POA group is replaced by DMPOA,
as in 23. A superimposition of the minimum energy confor-
mations of inhibitors 20, 21, and 23, obtained by molecular
mechanics (Figure 2), indicates that the phenoxy rings of 20

and 21 adopt a similar orientation, while in 23 the rings are
locked by the two methyl groups in an orthogonal
conformation close to the bioactive conformation adopted by
this ligand in complexes with HIV-PR.23a To adopt a similar
conformation, the 2-methylphenoxyacetyl ligand of inhibitor 21
is expected to pay a significant entropic penalty that compen-
sates for the enthalpic advantage resulting from hydrophobic
interactions between the methyl group of the ligand and
residues in the S2/S2′ pockets. The high efficiency of DMPOA
as S2 ligand is also confirmed by nanomolar inhibitor 19 in
which this residue is present on the primary amino group, while
the acetylated Val-Trp dipeptide is linked to the secondary
amino group. On the contrary, introduction of an acetyl group
in the 4-position of the POA ring, as in 24, confirms that
electron-withdrawing substituents in this position depress the
activity, as already observed in a series of inhibitors based on a
Phe-Phe hydroxyethylene core.23b

Ring Size. Inhibitor 19a was cocrystallized with HIV-PR, and
the X-ray crystal structure of the complex was obtained at 1.3 Å
resolution.25 This structure (Figure 3) shows that the
inhibitor’s benzyl side chain (middle left) rests nicely in the
enzyme’s S1 subsite, while the S1′ subsite is only partially filled

by the pyrrolidine ring (middle right). Larger groups in this
position should allow further hydrophobic interactions to be
established with the subsite and improve the inhibitor’s binding
properties. However, simple expansion of the pyrrolidine ring
to piperidine, as in 19b, does not improve the inhibitor’s
activity: on the contrary, 19b is less active than 19a. Probably
the small increase in the size of the heterocycle is overcome by
the rigidity of the six-membered ring, preventing optimal fit of
the latter with the S1′ subsite. Introduction of hydrophobic
substituents on selected positions of the more flexible pyrro-
lidine ring may provide a better approach to more efficient
inhibitors.

Stereochemistry. A comparison between 23a and its
(S,R,R,R) isomer 25 reveals a dramatic drop of activity by 3
orders of magnitude. Changes in the configuration of the
hydroxymethyne carbons in hydroxy- and dihydroxyethylene
inhibitors of HIV-PR do not generally have such a large effect
on the inhibitors’ activity.22,26 The lower activity of 25 is most
likely related to the inversion at the pyrrolidine ring carbon,
suggesting that it is essential that proline’s original config-
uration is preserved in the isostere.

Symmetry. Inhibitors 23a, 26, and 28 (Chart 1) have
identical DMPOA flanking groups and configuration but
different substituents in the dipeptide isostere core. Although
26 (based on a Pro-Pro isostere) and 28 (based on a Phe-Phe
isostere) possess the same C2 symmetry as the target enzyme,
nonsymmetric inhibitor 23a performs better.
It was mentioned earlier that the preference for nonsym-

metric inhibitors may reflect the intrinsic lack of symmetry of
the enzyme−inhibitor complex.10,11 However, a dynamic effect
may also operate. The enzyme’s binding site is closed by two
symmetric loops (flaps) that encompass the ligand upon bind-
ing. The flaps can adopt open,27 semiopen,28 and closed con-
formations, the latter being generally adopted in the complexes
with small peptides and inhibitors.5a Opening of the flaps is
necessary for binding the large viral polyproteins, but it is still
debated whether the binding of small molecules occurs via the
open form and whether it is a single or a multistep process.29

Recently, the binding of a pentapeptide substrate to HIV-Pr has
been studied by molecular dynamics,30 and it has been found
that, in the main binding pathway, the flaps do not open. The
ligand enters the tight catalytic channel with a preferred orien-
tation, and at least two nonsymmetric intermediates are formed
during the slow rearrangement toward the Michaelis complex.
Nonsymmetric species may thus have a kinetic advantage over
symmetric ones, in the steps preceding the formation of the
final complex.

Scheme 5. Synthesis of Inhibitors 17−25a

aReagents and conditions: method A: (a) RCOOH, THF, EDC,
HOBT, 0−25 °C; (b) i: TFA, DCM, 25 °C; ii: R′COOH, THF, EDC,
HOBT, 0−25 °C; method B: as in step b of method A; method C: i:
TFA, DCM, 25 °C; ii: RCOOH, isobutyl chloroformate, NMM,
EtOAc, 25 °C; method D: i: TFA, DCM, 25 °C; ii: RCOCl, EtOAc,
25 °C.

Figure 2. Superimposition of the minimum energy conformations of
inhibitors 20 (green), 21 (pink), and 23 (yellow) obtained by
molecular mechanics with the MMFF force field.

Figure 3. Detail of the X-ray crystal structure of the complex of HIV-1
PR with inhibitor 19a,25 showing the interactions of the inhibitor with
the S1 (red) and S1′ (yellow) pockets.
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Antiviral Activity and Cell Toxicity. Following the
remarkable activity of several of the tested inhibitors toward
isolated HIV-PR, we further investigated the antiviral activity
of the most promising inhibitors 18a and 23a on HIV-1IIIB-
infected MT-2 cells.
The anti-HIV effect of the two inhibitors has been evaluated

by a rapid and sensitive in vitro microtiter infection assay based
on cytolysis quantitation by vital dye 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) uptake as an
end point for infection.31 The effect of inhibitors on
endogenous reverse transcriptase activity of HIV-1IIIB-infected
MT-2 supernatants was considered as an additional marker
for their ability to block HIV-1 replication. MT-2 cells were
infected and incubated with 18a and 23a for 72−96 h, and then
reverse transcriptase activity was measured in the supernatants.
To protect the infected cells from cytolysis directly induced
from the virus, a multiplicity of infection (MOI) of 0,1 was
applied for the test.31 Results are in Table 1.

Data in Table 1 indicate that both 18a and 23a protect virus-
infected cells for over 90% at nanomolar (18a) and sub-
picomolar (23a) concentrations and significantly depress RT
activity. Although the virus-induced cytolytic effect is not com-
pletely suppressed, it is much lower than that observed when
MOI was ≥1 (data not shown), this being a clear indication
that the inhibitors had modified de novo-synthesized HIV
virions rendering them noninfectious.31 The extent of
protection does not correlate with RT activity (Table 1), and
a control experiment with recombinant RT confirms that this
enzyme is not a target for the inhibitors. On the contrary, native
viral protease obtained by lysis of virions from tissue culture
fluids of infected H9/HTLV IIIB cells is efficiently inhibited by
18a and 23a with IC50 values of 5 ± 1 nM and 1.5 ± 0.9 pM,
respectively.33 The inversion of the inhibitors’ activities in this
assay with respect to the assay with recombinant HIV-PR
(Chart 1) is likely due to the different conditions for the two
tests (enzyme concentration, substrate, pH, buffer and ionic
strength, presence of albumin; see Experimental Section).
The cytotoxicity of 18a and 23a was evaluated on MT-2 cell

lines. MNC was evaluated as the maximal concentration which
altered neither the morphology of MT-2 cell monolayers nor
the cell survival rate, while CC50 was evaluated by % cell
survival. In vitro cytotoxicities are summarized in Table 2.

The two inhibitors express a different degree of cytotoxicity in
the tested cells, and this phenomenon is dose-dependent. After a
prolonged exposure (96 h), the cytotoxicity of 18a measured by
MNC increases up to 33 times and about 5000 times by CC50,
while no significant differences in MNC are observed with 23a at
different incubation times.

■ CONCLUSIONS
We recently introduced epoxy amine cyclization as a versatile
approach for the synthesis of diamino diol Xaa-Pro dipeptide
isosteres.14 This approach has now been optimized by using
2-hydroxypyrrolidine and 2-hydroxypiperidine as synthetic
equivalents of the corresponding ω-amino aldehydes in the
initial Horner−Emmons olefination. Epoxy amines can thus be
obtained in a more direct way and with higher yields. The
improved methodology has been applied to the synthesis of
three Phe-Pro isosteres (3a−c) and a C2-symmetric Pro-Pro
isostere (5) containing a pyrrolidine or piperidine ring as a pro-
line mimic. All isosteres were obtained in good yields and
excellent stereoselectivity.
A set of 12 peptidomimetic HIV-PR inhibitors was syn-

thesized by coupling the isosteres with peptide residues, chosen
for their known affinity for the target enzyme, and nonpeptide
residues derived from phenoxyacetic acid; several inhibitors dis-
play high activity against HIV-1 PR, with IC50 in the low nano-
molar range. Comparison of inhibitors with identical DMPOA
flanking residues grafted onto S,S,S,S diamino diol Phe-Pro,
Pro-Pro, and Phe-Phe isosteres reveals that the nonsymmetric
Phe-Pro-based inhibitor 23a performs better than the C2
symmetric partners 26 and 28, despite the latter two inhibitors
having the same symmetry of the target enzyme. The efficiency
of nonsymmetric inhibitors based on the Phe-Pro isostere 3a
is confirmed by the higher activity of inhibitor 18a (Chart 1)
with respect to the symmetric Phe-Phe inhibitor 27.9 We
propose that nonsymmetric binding of the inhibitors with HIV-
PR, regardless of the intrinsic symmetry of the inhibitor, is at
the origin of this behavior, either through a thermodynamic effect
or through a kinetic effect due to the presence of nonsymmetric
intermediates along the path to the enzyme−inhibitor complex.
Inhibitors 18a and 23a, based on a five-membered proline

mimic, were further studied for their ability to inhibit HIV-1
replication. Both inhibitors display high antiviral activity, in the
nanomolar to picomolar range, combined with low cytotoxicity,
resulting in a high therapeutic index in the 103 and 104 range,
respectively.
In conclusion, we have demonstrated that isostere 3a, avail-

able from phenylalanine in only five steps and excellent yield, is
a precursor of efficient HIV-PR inhibitors, when coupled with
suitable peptide or nonpeptide residues. The potential of this
new peptidomimetic core is well illustrated by inhibitor
23a that combines low molecular weight with subpicomolar

Table 1. Antiviral Activity of Inhibitors 18a and 23a

inhibitor
concentration

(nM)
infection assay MTT-A540

(% cell survival)a
RT activity in

supernatantsb (%)

18a 10 >90 24
5 >90 50

23a 0.1 78 24
0.001 80 25
0.0001 87 26
0.00001 90 29
0.000001 >90 28
0.0000001 >90 26

aPercent cell survival of virus-infected cells at different inhibitor
concentrations (see Experimental Section). bFrom duplicate experi-
ments. RT activity (%) is the ratio between RT activity in super-
natants of inhibitor-treated HIV-1-infected cultures and that in
untreated HIV-1-infected MT-2 cells (100%). Abacavir (see ref 32)
was used as control (>90% cell survival and >90% inhibition of RT
activity).

Table 2. Cytotoxicity (CC50) and Maximum Nontoxic
Concentrations (MNC) of 18a and 23a in MT-2 Cells for 72
and 96 h Cultivationa

MNC (μM) CC50 (μM)

inhibitor 72 h 96 h 72 h 96 h

18a 0.01 0.0003 0.5 2500
23a 0.0001 0.0001 300 1000

aMean values of six to eight parallels per experiment with standard
deviation ≤10%; each experiment was run in triplicate (see Supporting
Information).
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antiproliferative activity and low cytotoxicity, thus appearing
particularly promising for further development. The synthesis
and evaluation of second generation, rationally designed inhib-
itors based on Phe-Pro isostere 3a that have high predicted
inhibitory potencies, promising ADME profiles, and the
potential to avoid drug resistance due to favorable interactions
with the PR backbone are currently underway.34

■ EXPERIMENTAL SECTION
Melting points are not corrected. 1H NMR and 13C NMR spectra were
recorded on a Varian 500 MHz spectrometer or a Jeol EX 400 MHz in
CDCl3 (unless otherwise stated), with tetramethylsilane as internal
standard. Electrospray mass spectra were obtained with a Bruker
Daltonics Esquire 4000 spectrometer. Optical activities were measured
with a Perkin-Elmer 261 polarimeter, in methanol unless otherwise
stated. IR spectra were recorded on a Thermo-Nicolet AVATAR 320
FT-IR instrument. Enzyme kinetics were followed with a fluorogenic
substrate on a Perkin-Elmer LS50B spectrofluorimeter. Flash chro-
matography was performed on silica gel 60 (Merck, 230−400 mesh).
THF was distilled, dried over KOH, and then redistilled from sodium−
benzophenone ketyl. Dichloromethane was dried over CaCl2 and
distilled. Dry acetonitrile and dimethylformamide were purchased from
Sigma-Aldrich. Methanol and ethanol were dried over CaH2 and distilled.
All inhibitors were >95% pure, as determined by HPLC analysis (C4,
water−acetonitrile).
Dimethyl (S)-3-tert-Butoxycarbonylamino-2-oxo-4-phenyl-

butylphosphonate (6). A 2.5 M solution of n-butyllithium in
hexanes (86 mL, 214 mmol) was added to a solution of methyl
dimethylphosphonate (23.0 mL, 214 mmol) in dry THF (200 mL) at
−78 °C, under argon atmosphere. The mixture was stirred for 15 min,
and then N-Boc-L-phenylalanine methyl ester (10 g, 35.8 mmol) in
THF (70 mL) was added. The resulting solution was stirred at −78 °C
for 2 h and then at −30 °C for 1 h and finally neutralized with 20%
aqueous citric acid. The aqueous phase was extracted with ethyl acetate
(3 × 75 mL), and the organic phases were extracted with sat. NaHCO3
and brine and then dried over anhydrous sodium sulfate. The solvent
was removed, and the crude product was purified over silica to give the
phosphonate 6 (12.4 g, 89%) as a white solid, mp 65−67 °C
(isopropyl ether). [α]D

25 −52 (c 0.4). IR (KBr): 3280, 1723, 1713,
1225 cm−1. 1H NMR (CDCl3) δ: 1.39 (s, 9H), 2.93 (dd, 1H, J = 8.3,
14.2 Hz), 3.18 (dd, 1H, J = 6.1, 14.2 Hz), 3.10 (dd, 1H, J = 14.2, 22.0
Hz), 3.26 (dd, 1H, J = 14.2, 22.0 Hz), 3.75 (d, 3H, J = 11.5 Hz), 3.77
(d, 3H, J = 11.5 Hz), 4.55 (m, 1H), 5.43 (d, 1H, J = 7.8 Hz), 7.24 (m,
5H) ppm. 13C NMR (CDCl3) δ: 28.3, 37.0, 38.3 (d, J = 130 Hz), 53.2,
61.3, 80.1, 127.0, 127.8, 128.7, 136. 6, 155.3, 201.0 (d, J = 5.5 Hz)
ppm. ES-MS m/z 372 [MH]+.
(E,S)-10-Benzyloxycarbonylamino-2-tert-butoxycarbonylami-

no-3-oxo-1-phenyloct-4-ene (8a). Phosphonate 6 (3.87 g, 1 mmol)
was added to a suspension of dried K2CO3 (4.14 g, 3 mmol) in
anhydrous acetonitrile (10 mL), and the suspension was stirred at
25 °C for 15 min. N-Cbz-2-hydroxypyrrolidine 7a15 (2.3 g, 1 mmol) in
10 mL of dry acetonitrile was added dropwise, and the mixture was
stirred under argon for 48 h, neutralized with 10% (w/v) citric acid,
and extracted with ethyl acetate. The organic phase was extracted with
water and brine and dried over anhydrous sodium sulfate. The solvent
was evaporated, and the residue was purified over silica giving the
enone 8a (2.3 g, 50%), mp 75−77 °C (isopropyl ether). [α]D

25 −0.59
(c 0.73). 1H NMR (CDCl3) δ: 1.35 (s, 9H), 1.59 (t, 2H, J = 6.9 Hz),
2.18 (q, 2H, J = 6.9 Hz), 2.96 (dd, 1H, J = 5.9, 13.7 Hz), 3.05 (dd, 1H,
J = 6.8, 13.7 Hz), 3.15 (q, 2H, J = 6.2 Hz); 4.77 (m, 1H), 4.99 (broad,
1H), 5.12 (s, 2H), 5.31 (d, 1H, J = 7.7 Hz), 6.09 (d, 1H, J = 15.7 Hz),
6.85 (m, 1H), 7.10−7.34 (m, 10H) ppm. 13C NMR (CDCl3) δ: 28.4
(two carbons), 29.8, 38.5, 40.5, 58.5, 66.7, 79.8, 126.9, 127.9, 128.2,
128.4, 128.6, 128.8, 129.5, 136.3, 136.6, 148.4, 155.2, 156.5, 197.5
ppm. ES-MS m/z 465.1 [MH]+.
(E,S)-10-Benzyloxycarbonylamino-2-tert-butoxycarbony-

lamino-3-oxo-1-phenylnon-4-ene (8b). LiCl (1.44 g, 3.4 mmol),
dried at 220 °C for 4 h, was added to a stirred solution of phos-
phonate 6 (1.26 g, 3.4 mmol) in 65 mL of dry acetonitrile.

N-Cbz-2-hydroxypiperidine 7b18 (800 mg, 3.4 mmol) and DBU
(440 mg, 2.8 mmol) were then added, and the mixture was stirred
at 25 °C for 16 h, neutralized with 10% HCl, and extracted with ethyl
acetate. Workup as described for 8a, gave the enone (1.02 g, 65%), mp
72−73 °C (isopropyl ether). [α]D

25 −0.62 (c 0.73). IR (nujol): 3362,
1743, 1691, 1620 cm−1. 1H NMR (CDCl3) δ: 1.40 (m, 13H), 2.16 (m,
2H), 3.05 (m, 4H), 4.77 (m, 2H), 5.08 (s, 2H), 5.25 (d, 1H, J =
69 Hz), 6.11 (d, 1H, J = 15.7 Hz), 6.85 (m, 1H), 7.29 (m, 10H) ppm.
13C NMR (CDCl3) δ: 25.1, 28.4, 29.6, 32.2, 38.6, 40.7, 58.4, 66.7, 79.8,
126.9, 127.2, 127.9, 128.3, 128.4, 128.5, 128.8, 129.4, 129.6, 136.3,
136.6, 149.0, 155.2, 156.5, 197.5 ppm. ES-MS m/z 481.2 [MH]+.

(E,2S,3R)-8-Benzyloxycarbonylamino-2-tert-butoxycarbony-
lamino-3-hydroxy-1-phenyloct-4-ene (10a). Enone 8a (5.0 g,
10.4 mmol), in 40 mL of dry ethanol, was added, under inert atmo-
sphere, to a stirred suspension of LTBAH (6.62 g, 26 mmol) in dry
ethanol (30 mL), while keeping the temperature between −78 and
−60 °C. When all the enone was reduced, the mixture was quenched
with 16 mL of 10% aqueous citric acid. The mixture was diluted with
water (50 mL) and extracted with ethyl acetate. The organic phases
were extracted with brine and dried over anhydrous sodium sulfate.
The solvent was removed, and the residue was purified over silica,
giving 4.7 g (96%) of a white solid, mp 113−114 °C (isopropyl ether).
[α]D

25 −20.23 (c 0.44). IR (KBr): 3451, 3341, 1713 cm−1. 1H NMR
(CDCl3) δ: 1.35 (s, 9H), 1.60 (m, 2H), 2.12 (m, 2H), 2.79 (m, 2H),
3.12 (broad, 1H), 3.22 (m, 2H), 3.79 (m, 1H), 4.12 (m, 1H), 4.78
(broad, 1H), 4.93 (broad, 1H), 5.10 (s, 2H), 5.51 (dd, 1H, J = 15.4,
6.6 Hz); 5.67 (m, 1H), 7.34 (m, 10H) ppm . 13C NMR (CDCl3) δ:
28.4, 29.1, 29.2, 36.5, 40.1, 56.8, 66.8, 74.7, 79.7, 126.4, 128.2, 128.3
128.5, 128.6, 129.3, 129.4, 129,5, 130.0, 132.4, 136.7, 138.2, 156.5,
156.6 ppm. ES-MS m/z 469 [MH]+.

(E,2S,3R)-9-Benzyloxycarbonylamino-2-tert-butoxycarbony-
lamino-3-hydroxy-1-phenylnon-4-ene (10b). Enone 8b (1.62 g,
3.48 mmol) and LTBAH (2.65 g, 10.2 mmol), as described for the
synthesis of 10a, gave the alcohol 10b (1.52 g, 94%), mp 76−78 °C
(isopropyl ether). [α]D

25 −24.3 (c 0.41). IR: 3348, 1688, 1620 cm−1.
1H NMR (CDCl3) δ: 1.26−1.51 (m, 13H), 2.09 (m, 2H), 2.80 (m,
2H), 3.16 (m, 2H), 3.94 (broad, 1H), 4.13 (m, 1H), 4.78 (broad, 1H),
4.86 (broad, 1H), 5.07 (s, 2H), 5.53 (dd, 1H, J = 15.16, 6.2), 5.67 (m,
1H), 7.19−7.33 (m, 10H) ppm. 13C NMR (CDCl3) δ: 28.2, 29.2, 31.7,
36.1, 40.7, 56.6, 66.6, 76.3, 79.5, 126.4, 128.0, 128.2, 128.5, 128.6,
129.0, 129.3, 129.5, 133.2, 136.6, 138.1, 156.4, 156.4 ppm. ES-MS m/z
483.2 [MH]+.

(E,2S,3S)-8-Benzyloxycarbonylamino-2-tert-butoxycarbony-
lamino-3-hydroxy-1-phenyloct-4-ene (10c). L-Selectride (6.4 mL
of a 1.0 M solution in THF, 6.4 mmol) was added at −78 °C and
under an inert atmosphere to a solution of 8a (1.0 g, 2.14 mmol) in
30 mL of dry methanol. After 3 h, the solution was acidified to pH 5 with
1 N HCl, and the solvent was evaporated. The residue was partitioned
between ethyl acetate and sat. NaHCO3. The aqueous phase was extra-
cted with ethyl acetate, and the combined organic phases were extracted
with brine and dried over anhydrous sodium sulfate. The solvent was
removed, and the residue was purified over silica, giving the alcohol 10c
(610 mg, 61%), mp 87−89 °C (isopropyl ether). [α]D

25 −36.8 (c 0.5).
IR (Nujol): 3452, 3341, 1713 cm−1. 1H NMR (CD3CN, 50 °C) δ: 1.32
(s, 9H), 1.56 (quint, 2H, J = 6.9 Hz), 2.05 (q, 2H, J = 6.9 Hz), 2.67 (dd,
1H, J = 9.2, 13.7 Hz), 2.89 (dd, 1H, J = 5.8, 13.7 Hz), 3.12 (q, 2H, J =
6.6 Hz), 3.70 (m, 1H), 4.01 (s, 1H), 5.06 (m, 3H), 5.39 (s, 1H), 5.49
(dd, 1H, J = 6.2 Hz, 15.4 Hz), 5.63 (m, 1H), 7.34 (m, 10H) ppm. 13C
NMR (CD3CN, 50 °C) δ: 28.0, 29.0, 29.2, 37.4, 40.2, 56.8, 66.0, 72.7,
78.5, 126.1, 127.8, 127.9, 128.3, 128.6, 131.1, 131.5, 137.5, 139.4, 156.0,
156.5 ppm. ES-MS m/z 469 [MH]+.

(2S,3S,4R,5R)-8-Benzyloxycarbonylamino-2-tert-butoxycar-
bonylamino-4,5-epoxy-3-hydroxy-1-phenyloctane (11a).
mCPBA (314 mg, 1.1 mmol) in DCM (5 mL) was added at 0 °C to
a solution of allylic alcohol 10a (426 mg, 0.91 mmol) in DCM (10 mL).
The mixture was stirred at room temperature for 16 h, diluted with
15 mL DCM, extracted with 10% aqueous sodium metabisulfite (2 ×
25 mL), sat. NaHCO3 (2 × 25 mL), and brine, and dried over anhydrous
sodium sulfate. The solvent was evaporated, and the residue was purified
over silica to give the epoxide 11a (300 mg, 68%), mp 99−101 °C
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(isopropyl ether). [α]D
25 +8.33 (c 0.3). 1H NMR (CDCl3) δ: 1.35 (m,

11H), 1.61 (m, 2H), 2.63 (d, 1H, J = 6.2 Hz), 2.86 (m, 1H), 2.96 (m,
3H), 3.23 (m, 2H), 3.55 (m, 1H), 3.99 (m, 1H), 4.71 (m, 1H), 4.88
(broad, 1H), 5.08 (s, 2H), 7.32 (m, 10H) ppm. 13C NMR (CDCl3) δ:
26.5, 28.3, 28.7, 36.6, 40.6, 55.7, 58.4, 59.0, 66.8, 71.7, 79.7, 126.6, 128.2
(two signals), 128.6 (two signals), 129.5 (two signals), 136.6, 137.6, 156.5
(two signals) ppm. ES-MS m/z 485 [MH]+, 429 [MH − C4H8]

+.
(2S,3S,4R,5R)-9-Benzyloxycarbonylamino-2-tert-butoxycar-

bonylamino-4,5-epoxy-3-hydroxy-1-phenylnonane (11b). The
product (2.10 g, 51%) was obtained from 15b (4.00 g, 8.3 mmol) and
mCPBA (2.90 g, 9.95 mmol), as described for 11a. Mp 103−105 °C
(isopropyl ether). [α]D

25 −8.7 (c 0.32). IR (nujol): 3341, 1686, 1620
cm−1. 1H NMR (CDCl3) δ: 1.34 (m, 13H), 1.49 (m, 2H), 1.97 (d, 1H,
J = 4.04 Hz), 2.84 (m, 3H), 2.96 (m, 1H), 3.16 (m, 2H), 3.53 (m, 1H),
3.98 (m, 1H), 4.81 (m, 1H), 4.94 (m, 1H), 5.06 (s, 2H), 7.20−7.33
(m, 10H) ppm. 13C NMR (CDCl3) δ: 23.1, 28.4, 29.7, 31.0, 36.3, 40.9,
55.0, 56.1, 59.1, 66.7, 72.0, 79.6, 126.5, 128.5, 128.6 (multiple
overlapping signals), 129.5, 136.7, 137.8, 155.8, 156.5 ppm. ES-MS
m/z 499.2 [MH]+.
(2S,3R,4S,5S)-8-Benzyloxycarbonylamino-2-tert-butoxycar-

bonylamino-4,5-epoxy-3-hydroxy-1-phenyloctane (11c). Epox-
idation of 10c (770 mg, 1.64 mmol) with mCPBA (567 mg, 1.98 mmol),
as described for 11a, gave the product 11c (571 mg, 72%) as a colorless
oil. [α]D

25 −14.4 (c 0.25). 1H NMR (CD3CN, 70 °C) δ: 1.33 (s, 9H),
1.59 (m, 4H), 2.72−2.91 (m, 4H), 3.14 (m, 2H), 3.25 (broad, 1H), 3.32 -
3.44 (2s, 1H, rotamers), 3.88 (m, 1H), 5.06 (s, 2H), 5.15 (broad, 1H),
5.53 (m, 1H), 7.37 (m, 10H) ppm. 13C NMR (CD3CN, 70 °C) δ: 26.1,
27.7, 28.6, 37.7, 40.6, 55.4 and 55.7 (rotamers), 58.6, 59.9, 65.9, 71.1 and
72.6 (rotamers), 78.7, 127.7, 127.9, 128.3 (2 overlapping signals), 128.4,
129.3, 137.7, 139.1, 155.8 and 156.5 (rotamers) ppm. ES-MS m/z 485
[MH]+.
(1S,2S,3S)-3-tert-Butoxycarbonylamino-4-phenyl-1-((S)-pyr-

rolidin-2-yl)butane-1,2-diol (3a). The Cbz-protected epoxy alcohol
11a (100 mg, 0.206 mmol) in methanol (5 mL) was stirred for 16 h
over 5% Pd−C under a hydrogen atmosphere. The mixture was
filtered over Celite, and the solvent was evaporated to give the crude
product (69 mg, 95%), mp 167 °C (toluene−hexane). [α]D25 −38.8 (c
0.35). 1H NMR (CDCl3) δ: 1.33 (s, 9H), 1.57 (m, 1H), 1.76 (m, 2H),
1.91 (m, 1H), 2.86 (m, 1H), 2.92 (m, 1H), 2.98 (m, 1H), 3.13 (d, 1H,
J = 13.9 Hz), 3.53−3.66 (m, 3H), 3.91 (m, 1H), 4.62 (broad, 3H),
7.34 (m, 5H) ppm. 13C NMR (CDCl3) δ: 25.2, 27.3, 28.3, 36.5, 45.9,
52.8, 61.9, 69.6, 73.1, 80.2, 126.4, 128.4, 129.5, 137.9, 157.1 ppm. ES-
MS m/z 351 [MH]+.
(1S,2S,3S)-3-tert-Butoxycarbonylamino-4-phenyl-1-((S)-pi-

peridin-2-yl)butane-1,2-diol (3b). The product (350 mg, 96%) was
obtained from epoxy alcohol 11b (500 mg, 1 mmol) with the pro-
cedure described for the synthesis of 6a. Mp 120−123 °C (toluene−
hexane). [α]D

25 −39.3 (c 0.4). IR (nujol): 3385, 3190 cm−1. 1H NMR
(CDCl3) δ: 1.33 (s, 9H), 1.43−1.81 (m, 6H), 2.48 (td, 2H, J = 9.16,
2.56 Hz), 2.85 (m, 1H), 3.05 (m, 1H), 3.14 (m, 1H), 3.40 (m, 1H),
3.46 (m, 1H), 3.95 (m, 1H), 4.40 (m, 1H), 7.26 (m, 5H) ppm. 13C
NMR (CDCl3) δ: 24.6, 25.9, 28.1, 28.3, 36.4, 46.5, 51.7, 60.3, 70.6,
74.1, 80.5, 126.5, 128.5, 129.6, 137.7, 157.5 ppm. ES-MS m/z 365.3
[MH]+.
(1R,2R,3S)-3-tert-Butoxycarbonylamino-4-phenyl-1-((R)-pyr-

rolidin-2-yl)butane-1,2-diol (3c). The oily product (65.4 mg, 92%)
was obtained from epoxy alcohol 11c (98 mg, 0.20 mmol) with the
procedure described for the synthesis of 3a. [α]D

25 −17.1 (c 0.3). 1H
NMR (CDCl3) δ: 1.23−1.37 (m, 11H), 1.64 (m, 2H), 2.85−2.89 (m,
4H), 3.29 (m, 1H), 3.47 (m, 1H), 3.58 (m, 1H), 3.82 (m, 1H), 3.95
(broad, 2H), 5.22 (d, 1H, J = 8.4 Hz); 7.12−7.25 (m, 5H) ppm. 13C
NMR (CDCl3) δ: 24.8, 25.7, 28.4, 39.1, 46.1, 53.3, 60.3, 71.1, 72.4,
79.6, 126.4, 128.4, 128.4, 129.5, 138.4, 156.1 ppm. ES-MS m/z 351
[MH]+.
Dimethyl 2-((S)-1-(tert-Butoxycarbonyl)pyrrolidin-2-yl)-2-ox-

oethylphosphonate (12). The phosphonate (6.85 g, 70%, yellow
oil) was obtained from N-Boc-L-proline methyl ester (7.0 g, 30.5
mmol), methyl dimethylphosphonate (9.8 mL, 91.7 mmol), and
n-butyllithium (36.6 mL, 91.7 mmol) as described previously for 6.
[α]D

25 −54.2 (c 0.5). IR (film): 1693, 1255 cm−1. 1H NMR (DMSO-

d6, 90 °C) δ: 1.39 (s, 9H), 1.78 (m, 2H), 1.98 (m, 1H), 2.13 (m, 1H),
3.26 (dd, 2H, J = 3.5, 21.2 Hz), 3.36 (m, 2H), 3.69 (d, 6H, J = 10.6
Hz), 4.36 (dd, 1H, J = 4.8, 8.8 Hz) ppm. 13C NMR (DMSO-d6 90 °C)
δ: 23.8, 28.6 (two carbons), 36.6 (d, J = 132.7 Hz), 47.1, 53.0, 66.1 (d,
J = 3.8 Hz), 79.6, 154.7, 201.6 (d, J = 6.9 Hz) ppm. ES-MS m/z 322
[MH]+.

(E,S)-6-Benzyloxycarbonylamino-1-(N-tert-butoxycarbonyl-
pyrrolidin-2-yl)hex-2-en-1-one (13). The enone (1.8 g, 76%, oil)
was obtained from phosphonate 12 (1.82 g, 5.69 mmol), N-Cbz-
2-hydroxypyrrolidine 7a15 (334 mg, 1.51 mmol), and K2CO3 (2.36 g,
17 mmol), as described for the synthesis of 8a. [α]D

25 −29.6 (c 0.58).
1H NMR (CDCl3, pair of rotamers) δ: 1.31−1.40 (s, 9H), 1.61−1.80
(m, 5H), 2.21 (m, 1H), 2.22 (q, 2H, J = 7.3 Hz), 3.17 (m, 2H), 3.48
(m, 2H), 4.31−4.51 (m, 1H), 5.04 (m, 3H), 6.20 (d, 1H, J = 15.7 Hz),
6.90 (m, 1H) ppm. 13C NMR (CDCl3, pair of rotamers) δ: 23.8−24.3,
28.3−28.5, 29.3, 29.8−30.4, 40.5, 46.8−46.9, 63.4−64.3, 66.7, 79.7−
80.0, 126.0, 127.0, 128.1−128.6, 136.6, 147.3, 154.0−154.1, 156.5,
198.5, 198.8 ppm. ES-MS m/z 417.2 [MH]+.

(R,E)-6-Benzyloxycarbonylamino-1-((S)-N-tert-butoxycarbo-
nylpyrrolidin-2-yl)hex-2-en-1-ol (14). DIBALH in toluene (5.2
mmol) was added at −78 °C to a stirred solution of enone 13 (2.16 g,
5.18 mmol) in 50 mL of toluene. The reaction was monitored by TLC
and neutralized with acetic acid when all the reagent was consumed.
The solvent was evaporated, and the residue was partitioned between
ethyl acetate and sat. NaHCO3. The aqueous phase was extracted
with ethyl acetate, and the combined organic phases were extracted
with brine and dried over anhydrous sodium sulfate. The solvent was
evaporated, and the residue was purified over silica to give a colorless
oil (1.1 g, 51%). [α]D

25 −43.8 (c 0.5). 1H NMR (CDCl3, pair of
rotamers) δ: 1.43 (s, 9H), 1.57−1.85 (m, 5H), 1.99−2.04 (m, 3H),
3.13 (m, 2H), 3.16 (broad, 1H), 3.41 (m, 1H), 3.76−3.87 (m, 1H),
5.04 (m, 3H), 5.39 (dd, 1H, J = 5.8, 15.7 Hz), 5.62 (m, 1H) ppm. 13C
NMR (CDCl3, pair of rotamers) δ: 24.0, 25.4, 28.3−28.5, 29.4, 29.4−
29.5, 40.6−41.1, 47.5−48.2, 62.7, 66.6, 75.6, 80.4−80.5, 127.9−131.3,
132.4, 156.5, 157.9 ppm. ESI-MS m/z 419.2 [MH]+.

(1S,2R,3R)-6-Benzyloxycarbonylamino-1-((S)-N-tert-butoxy-
carbonylpyrrolidin-2-yl)-2,3-epoxyhexanol (15). The colorless
oil (223 mg, 53%) was obtained from 14 (407 mg, 0.97 mmol) and
mCPBA (336 mg, 1.17 mmol), as described for 11a. [α]D

25 9.7 (c 0.3).
1H NMR (CDCl3) δ: 1.42 (s, 9H), 1.61−1.98 (m, 5H), 2.77 (m, 1H),
2.89 (m, 1H), 3.20 (m, 2H), 3.42 (broad, 1H), 3.62 (m, 1H), 3.91 (m,
1H), 5.08 (m, 3H), 7.18−7.32 (m, 10H) ppm. 13C NMR (CDCl3) δ:
24.3, 25.7, 28.5, 28.9, 29.8, 40.6, 47.6, 55.2, 58.8, 61.0, 66.6, 72.4, 80.0,
128.0−128.6, 136.7, 156.2, 156.5 ppm. ESI-MS m/z 434.2 [MH]+.

(S)-1-tert-Butoxycarbonyl-2-((1S,2S)-1,2-dihydroxy-2-((S)-
pyrrolidin-2-yl)ethyl)pyrrolidine (5). Deprotection of N-Cbz
epoxy amine 15 (73 mg, 0.17 mmol), as described for 3a, gave 47.9
mg (95%) of a colorless oil. [α]D

25 −18.8 (c 0.35). 1H NMR (CDCl3)
δ: 1.42 (s, 9H), 1.86−2.19 (m, 8H), 3.35 (m, 4H), 3.64 (m, 1H), 3.78
(m, 1H), 3.87 (m, 1H), 3.91 (m, 1H) ppm. 13C NMR (CDCl3) δ:
23.3, 24.2, 27.1, 27.4, 28.4, 45.2, 47.2, 58.6, 62.0, 68.5, 71.1, 80.6,
157.0 ppm. ES-MS m/z 301 [MH]+.

General Procedure for the Preparation of Inhibitors 17, 19,
and 22 (method A). The acid (peptide or phenoxyacetic acid
derivative) (1.1 equiv) was dissolved in the minimum amount of
anhydrous THF; HOBT (1.1 equiv), diisopropylethylamine (1.1
equiv), and isostere (1 equiv) were added. The solution was cooled to
0 °C, and EDC (1.2 equiv) was added. The mixture was stirred for 1 h
at 0 °C and for a further 16 h at 25 °C. The solvent was removed, and
the residue was dissolved in ethyl acetate, extracted with 10% aqueous
citric acid, sat. NaHCO3, and brine and dried over anhydrous Na2SO4.
The solvent was removed in vacuo, and the crude product was purified
on silica with a 9: 1 mixture of DCM−methanol. The monoacylated
product was Boc-deprotected immediately prior to use by treatment
with 40% TFA in DCM for 1 h at 25 °C, followed by coevaporation of
TFA with ethyl ether. Acylation of the primary amine was carried out
as previously, and the product was purified by flash chromatography
and/or preparative HPLC. Details on the synthesis and character-
ization of the inhibitors are in the Supporting Information.
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General Procedure for the Preparation of Inhibitors 18, 20,
21, and 23−25 (method B). The isostere (3a or 3c) was Boc-
deprotected and the crude diamine was bis-acylated with 2 equiv of the
acid and purified, as described in method A. Details on the synthesis and
characterization of the inhibitors are in the Supporting Information.
Inhibitor 18b (method C). Isobutyl chloroformate (84 μL,

0.65 mmol) was added, at 0 °C, to a solution of dipeptide N-Ac-
TrpVal-COOH (224 mg, 0.65 mmol) and NMM (183 μL, 1.3 mmol)
in 5 mL of ethyl acetate; the solution was allowed to reach 25 °C, and
Boc-deprotected diol 3b (118.5 mg, 0.32 mmol) in 5 mL of ethyl
acetate was added dropwise. The solution was kept at 25 °C for 2 h,
and aqueous workup gave the solid product, 146 mg (49%). ES-MS
m/z 832 [MH]+.
Inhibitor 23b (method D). DMPOA (65.3 mg, 0.36 mmol) was

dissolved in thionyl chloride, and the solution was heated at 50 °C for
5 h. This solution was then added to a solution of Boc-deprotected
diol 3b (55.2 mg, 0.15 mmol) in 1:1 ethyl acetate and aqueous sodium
hydrogen carbonate (0.6 mmol). After 2 h, the organic layer was washed
with 5% aqueous sodium hydrogen carbonate and brine. The solution
was dried over anhydrous sodium sulfate, the solvent was removed, and
the crude product was crystallized from acetone−hexane. White solid;
41 mg (46%). ES-MS m/z 590 [MH]+.
Inhibition of Recombinant HIV-Pr. IC50 values were determined

at pH 5.5 using recombinant wild-type HIV-1 PR from Bachem and
the fluorogenic substrate Abz-Thr-Ile-Nle-Phe(p-NO2)-Gln-Arg-NH2
(Abz-NF*-6; Bachem AG, Bubendorf, CH). Atazanavir (IC50 =
20 pM) was used in this assay as reference inhibitor for titration of the
active enzyme. Full details are given in the Supporting Information.
Cellular Assays. The MT-2 cell line was obtained from Dr. Sylvie

Liu, Imperial College, Faculty of Medicine, London, UK. Supernatants
of H9/HTLV III B line obtained by Dr. R. Gallo (NIH, Bethesda,
MD) were used as a source of HIV-1. The cells were chronically infec-
ted and produced a high titer HIV-1. The supernatants were collected
and centrifuged to remove the cells, and virus stocks were prepared
with known p24 antigen content (460 pg/mL, Murex HIV Antigen
mAB test), RT activity (565.3 pg RT/mL, HS-Lenti RT Activity Kit,
Cavidi, Sweden), and infectivity (2 × 106 infectious virions/mL, micro-
titer infection assay).31 MT-2 and H9/HTLV III B cells were grown
in RPMI 1640 medium supplemented with 10% fetal calf serum
(Invitrogen). CC50 and MNC were detected by the MTT-uptake
assay.35 Antiviral activity was studied only on MT-2 cells by a
microtiter infection assay, exploring the protection of cells from the
cytopathic effect of HIV measured by the MTT test. Native HIV-1
protease33 was obtained from a suspension of concentrated viral stock
(50×) from chronically infected H9/HTLV IIIB cell supernatants.
Endogenous RT activity of supernatants of HIV-1 infected/uninfected
MT-2 cells treated/untreated with inhibitors was tested by HS-Lenti
Kit-RT assay (Cavidi, Sweden). The RT activity after treatment with
the inhibitors was expressed as % relative to the viral control (100%).
Details are given in the Supporting Information.
Modeling. Lowest energy conformations for inhibitors 21−23 were

obtained from a Monte Carlo conformational search with the MMFF
force field36 as implemented in Spartan '10 (Wave Function, Inc.)
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man, A.; Lindberg, J.; Classon, B.; Unge, T.; Hallberg, A.; Samuelsson,
B. Synthesis of Novel, Potent, Diol-Based HIV-1 Protease Inhibitors
via Intermolecular Pinacol Homocoupling of (2S)-2-Benzyloxymethyl-
4-phenylbutanal. J. Med. Chem. 2001, 44, 3407−3416. (h) Ramu, E.;
Rao, B. V. A Short Approach to the Synthesis of the Ritonavir and
Lopinavir Core and its C-3 Epimer via Cross Metathesis. Tetrahedron:
Asymmetry 2009, 20, 2201−2204.
(8) Benedetti, F.; Miertus, S.; Norbedo, S.; Tossi, A.; Zlatoidsky, P.
Versatile and Stereoselective Synthesis of Diamino Diol Dipeptide
Isosteres. Core Units of Pseudopeptide HIV Protease Inhibitors. J.
Org. Chem. 1997, 62, 9348−9353.
(9) Tossi, A.; Bonin, I.; Antcheva, N.; Norbedo, S.; Benedetti, F.;
Miertus, S.; Nair, A.; Maylar, T.; Dal Bello, F.; Palu,̀ G.; Romeo, D.
Aspartic Protease Inhibitors. An Integrated Approach for the Design
and Synthesis of Diaminodiol Based Peptidomimetics. Eur. J. Biochem.
2000, 267, 1715−1722.
(10) (a) Smith, R.; Brereton, I. M.; Chai, R. Y.; Kent, S. S. B.
Ionization States of the Catalytic Residues in HIV-1 Protease. Nat.
Struct. Biol. 1996, 3, 946−950. (b) Northop, D. B. Follow the Proton:
a Low-Barrier Hydrogen Bond Unifies the Mechanism of the Aspartic
Proteases. Acc. Chem. Res. 2001, 34, 790−797.
(11) (a) Dreyer, G. B.; Boehm, J. C.; Chenera, B.; DesJarlais, R.;
Hassell, A. M.; Meek, T. D.; Tomaszek, T. A.; Lewis, M. A Symmetric
Inhibitor Binds HIV-1 Protease Asymmetrically. Biochemistry 1993, 32,
937−947 . See also PDB IDs: 1HVJ, 1HVI, 1HVK, 9HVP.
(12) Steuber, H.; Hilgenfeld, R. Recent Advances in Targeting Viral
Proteases for the Discovery of Novel Antivirals. Curr. Topics Med.
Chem. 2010, 10, 323−345.
(13) Roberts, N. A.; Martin, J. A.; Kinchington, D.; Broadhurst, A. V.;
Craig, J. C.; Duncan, I. B.; Galpin, S. A.; Handa, B. K.; Kay, J.; Krohn,
A.; Lambert, R. W.; Merrett, J. H.; Mills, J. S.; Parkes, K. E. B.;
Redshaw, S.; Ritchie, A. J.; Taylor, D. L.; Thomas, G. J; Machin, P. J.
Rational Design of Peptide-Based HIV Proteinase Inhibitors. Science
1990, 248, 358−361.
(14) Benedetti, F.; Berti, F.; Dinon, F; Nardin, G; Norbedo, S.
Synthesis of a Val-Pro Diaminodiol Dipeptide Isostere by Epoxyamine
Cyclization. Org. Lett. 2004, 6, 1017−1019.
(15) Dieter, R. K.; Sharma, R. R. A Facile Preparation of
Enecarbamates. J. Org. Chem. 1996, 61, 4180−4184.
(16) Koskinen, A. M. P.; Koskinen, P. M. Improved Horner-
Wadsworth-Emmons Olefination of Base Sensitive γ-Chiral β-
Ketophosphonates. Synlett. 1993, 501−502.
(17) Hoffman, R. V.; Maslouh, N.; Cervantes-Lee, F. Highly
Stereoselective Syntheses of syn- and anti-1,2-Amino Alcohols. J.
Org. Chem. 2002, 67, 1045−1056.
(18) Takeuchi, Y.; Tokuda, S.; Takagi, T.; Koike, M.; Abe, H.;
Harayama, T.; Shibata, Y.; Kim, H.; Wataya, Y. Synthesis and
Antimalarial Activity of dl-Deoxyfebrifugine. Heterocycles 1999, 51,
1869−1875.
(19) Rodriguez, A. C.; Pico ́ Ramos, A.; Hawkes, G. E.; Berti, F.;
Resmini, M. Stereoselective Synthesis of a Novel Pseudopeptide
hapten for the Generation of Hydrolytic Catalytic Antibodies.
Tetrahedron: Asymmetry 2004, 15, 1847−1855.
(20) Gemal, A. L.; Luche, J. L. Lanthanoids in Organic Synthesis. 6.
Reduction of α-Enones by Sodium Borohydride in the Presence of
Lanthanoid Chlorides: Synthetic and Mechanistic Aspects. J. Am.
Chem. Soc. 1981, 103, 5454−5459.
(21) (a) Ibuka, T.; Taga, T.; Habashita, H.; Nakai, K.; Tamamura, H.;
Fujii, N. Syn-SN2′ Pathway in the Reaction of Certain γ-(Mesyloxy)
α,β Enoates with RCu(CN)MgX·BF3 Reagents. Importance of MgX
and Bulky R Group upon the Diastereoselectivity. J. Org. Chem. 1993,

58, 1207−1214. (b) Kempf, D. J.; Norbeck, D. W.; Codacovi, L.; Chun
Wang, X.; Kohlbrenner, W. E.; Wideburg, N. E.; Paul, D. A.; Saldivar,
A.; Knigge, M. F.; Vasavanonda, S.; Marsh, K. C.; Bryant, P. Structure-
Based, C2 Symmetric Inhibitors of HIV Protease. J. Med. Chem. 1990,
33, 2687−2689.
(22) Rich, D. H.; Sun, C.-Q.; Vara Prasad, J. V. N.; Pathiasseril, A.;
Toth, M. V.; Marshall, G. R.; Clare, M.; Mueller, R. A.; Houseman, K.
Effect of Hydroxyl Group Configuration in Hydroxyethylamine
Dipeptide Isosteres on HIV Protease Inhibition. Evidence for Multiple
Binding Modes. J. Med. Chem. 1991, 34, 1222−1225.
(23) (a) Beaulieu, P. L.; Anderson, P. C.; Cameron, D. R.; Croteau,
G.; Gorys, V.; Grand-Maitre, C.; Lamarre, D.; Liard, F.; Paris, W.;
Plamondon, L.; Soucy, F.; Thibeault, D.; Wernic, D.; Yoakim, C.; Pav,
S.; Tong, L. 2′,6′-Dimethylphenoxyacetyl: a New Achiral High Affinity
P-3−P-2 Ligand for Peptidomimetic-Based HIV Protease Inhibitors.
J. Med. Chem. 2000, 43, 1094−1108. (b) Chen, X. Q.; Kempf, D. J.; Li,
L.; Sham, H. L.; Vasavanonda, S.; Wideburg, N. E.; Saldivar, A.; Marsh,
K. C.; McDonald, E.; Norbeck, D. W. Synthesis and SAR Studies of
Potent HIV Protease Inhibitors Containing Novel Dimethylphenoxyl
Acetates as P-2 Ligands. Bioorg. Med. Chem. Lett. 2003, 13, 3657−
3660. (c) Sham, H. L.; Betebenner, D. A.; Chen, X. Q.; Saldivar, A.;
Vasavanonda, S.; Kempf, D. J.; Plattner, J. J.; Norbeck, D. W. Synthesis
and Structure-Activity Relationships of a Novel Series of HIV-1
Protease Inhibitors Encompassing ABT-378 (Lopinavir). Bioorg. Med.
Chem. Lett. 2002, 12, 1185−1187. (d) Stoner, E. J.; Cooper, A. J.;
Dickman, D. A.; Kolaczkowski, L.; Lallaman, J. E.; Liu, J.-H.; Oliver-
Shaffer, P. A.; Patel, K. M.; Paterson, J. B., Jr.; Plata, D. J.; Ryley, D. A.;
Sham, H. L.; Stengel, P. J.; Tien, J.-H. J. Synthesis of HIV Protease
Inhibitor ABT-378 (Lopinavir). Org. Process Res. Dev. 2000, 4, 264−
269.
(24) In our test, 1.2 nM HIV-PR is required to detect enzyme
activity. The active enzyme concentration is measured by titration with
reference inhibitors ritonavir and nelfinavir. The limit of IC50
measurability is placed at one-half of the active enzyme concentration.
(a) Copeland, R. A. Enzymes: A practical introduction to structure,
mechanism and data analysis, 2nd ed.; Wiley-VCH: New York, 2000;
Chapter 9. (b) Assay Guidance Manual Version 6; NIH Center for
Translational Therapeutics, 2010. Available online at http://assay.nih.
gov/assay/index.php/Table_of_Contents.
(25) Geremia, S.; Demitri, N.; Wuerges, J.; Benedetti, F.; Berti, F.;
Tell, G.; Randaccio, L. High Resolution Protein Crystallography as a
Tool to Identify the Best Stereoisomer Inhibitor in an Epimeric
Mixture. ChemMedChem 2006, 1, 186−188. PDB 2A1E.
(26) (a) Budt, K.-H.; Peyman, A.; Hansen, J.; Knolle, J.; Meichsner,
C.; Paessens, A.; Ruppert, D.; Stowasser, B. HIV Protease Inhibitor
HOE/BAY 793, Structure-Activity Relationships in a Series of C2-
Symmetric Diols. Bioorg. Med. Chem. 1995, 3, 559−571. (b) Hosur, T.
M. V.; Bhat, N.; Kempf, D. J.; Baldwin, E. T.; Liu, B.; Gulnik, S.;
Wideburg, N. E.; Norbeck, D. W.; Appelt, K.; Erickson, J. W. Influence
of Stereochemistry on Activity and Binding Modes for C2 Symmetry-
Based Diol Inhibitors of HIV-1 Protease. J. Am. Chem. Soc. 1994, 116,
847−855. (c) Kempf, D. J.; Codacovi, L.; Chun Wang, X.;
Kohlbrenner, W. E.; Wideburg, N. E.; Saldivar, A.; Vasavanonda, S.;
Marsh, K. C.; Bryant, P. Symmetry-Based Inhibitors of HIV Protease.
Structure−Activity Studies of Acylated 2,4-Diamino-1,5-diphenyl-3-
hydroxypentane and 2,5-Diamino-1,6-diphenylhexane-3,4-diol. J. Med.
Chem. 1993, 36, 320−330.
(27) (a) Ishima, R.; Louis, J. M. A Diverse View of Protein Dynamics
from NMR Studies of HIV-1 Protease Flaps. Proteins 2008, 70, 1408−
1415. (b) Ishima, R.; Freedberg, D. I.; Wang, Y. X.; Louis, J. M.;
Torchia, D. A. Flap Opening and Dimer-Interface Flexibility in the
Free and Inhibitor-Bound HIV Protease, and Their Implications for
Function. Struct. Fold. Des. 1999, 7, 1047−1055.
(28) Wlodaver, A.; Vondrasek, J. Inhibitors of Hiv-1 Protease: A
Major Success of Structure-Assisted Drug Design. Annu. Rev. Biophys.
Biomol. Struct. 1998, 27, 249−284.
(29) (a) Furfine, E. S.; Dsouza, E.; Ingold, K. J.; Leban, J. J.; Spector,
T.; Porter, D. J. T. Two-Step Binding Mechanism for HIV Protease
Inhibitors. Biochemistry 1992, 31, 7886−7891. (b) Rodriguez, E. J.;

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm3001136 | J. Med. Chem. 2012, 55, 3900−39103909

http://assay.nih.gov/assay/index.php/Table_of_Contents
http://assay.nih.gov/assay/index.php/Table_of_Contents


Debouck, C.; Deckman, I. C.; Abusoud, H.; Raushel, F. M.; Meek, T.
D. Inhibitor Binding to the Phe53Trp Mutant of HIV-1 Protease
Promotes Conformational Changes Detectable by Spectrofluorometry.
Biochemistry 1993, 32, 3557−3563.
(30) Pietrucci, F.; Marinelli, F.; Carloni, P.; Laio, A. Substrate
Binding Mechanism of HIV-1 Protease from Explicit-Solvent Atom-
istic Simulations. J. Am. Chem. Soc. 2009, 131, 11811−11818.
(31) Montefiori, D. C.; Robinson, W. E., Jr.; Schuffman, S. S.;
Mitchell, W. M. Evaluation of Antiviral Drugs and Neutralizing
Antibodies to Human Immunodeficiency Virus by a Rapid and
Sensitive Microtiter Infection Assay. J. Clin. Microbiol. 1988, 26, 231−
235.
(32) Harrigan, P. R.; Stone, C.; Griffin, P.; Najera, I.; Bloor, S.;
Kemp, S.; Tisdale, M.; Larder, B. Resistance Profile of the Human
Immunodeficiency Virus Type 1 Reverse Transcriptase Inhibitor
Abacavir (1592U89) after Monotherapy and Combination Therapy. J.
Infect. Dis. 2000, 181, 912−920.
(33) In this more sensitive assay, the protease concentration is
estimated to be <1 pM. (a) Hinkov, A.; Atanasov, V.; Raleva, S.;
Argirova, R. Modified Rapid Screening Method for Evaluation of HIV-
1 Protease Inhibitors. C. R. Acad. Bulg. Sci. 2010, 63, 1455−1462.
(b) Broglia, R. A.; Provasi, D.; Vasile, F.; Ottolina, G.; Longhi, R.;
Tiana, G. A Folding Inhibitor of the HIV-1 Protease. Proteins 2006, 62,
928−933.
(34) Frecer, V.; Benedetti, F.; Berti, F.; Miertus, S. Design of
Peptidomimetic Inhibitors of Aspartic Protease of HIV-1 Containing
−PheΨPro− Core and Displaying Favourable ADME-Related Proper-
ties. J. Mol. Graph. Model. 2008, 27, 376−387.
(35) Mossman, T. Rapid Colorimetric Assay for Cellular Growth and
Survival: Application to Proliferation and Cytotoxicity Assays. J.
Immunol. Methods 1983, 65, 55−63.
(36) Halgren, T. A. Merck Molecular Force Field. I. Basis, Form,
Scope, Parameterization, and Performance of MMFF94. J. Comput.
Chem. 1996, 17, 490−519 and following articles in the issue.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm3001136 | J. Med. Chem. 2012, 55, 3900−39103910


