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ABSTRACT: We investigated substituted bis-THF-derived HIV-1 protease inhibitors in
order to enhance ligand-binding site interactions in the HIV-1 protease active site. In this
context, we have carried out convenient syntheses of optically active bis-THF and C4-
substituted bis-THF ligands using a [2,3]-sigmatropic rearrangement as the key step. The
synthesis provided convenient access to a number of substituted bis-THF derivatives.
Incorporation of these ligands led to a series of potent HIV-1 protease inhibitors. Inhibitor
23c turned out to be the most potent (Ki = 2.9 pM; IC50 = 2.4 nM) among the inhibitors. An X-ray structure of 23c-bound HIV-1
protease showed extensive interactions of the inhibitor with the protease active site, including a unique water-mediated hydrogen
bond to the Gly-48 amide NH in the S2 site.
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In our continuing studies aimed at the design and synthesis of
novel HIV-1 protease inhibitors to combat drug resistance, we

have developed a variety of exceedingly potent inhibitors.1 One
of these inhibitors, darunavir (1, Ki = 16 pM, antiviral IC50 = 4.1
nM, Figure 1) was first approved in June 2006 for the treatment
of HIV/AIDS patients harboring drug-resistant HIV-1 variants.2

Later, darunavir received an expanded approval for the treatment
of all therapy-naïve HIV/AIDS patients, including pediatric
patients.3 Darunavir incorporates a stereochemically defined
(3R,3aS,6aR)-bis-tetrahydrofuranyl (bis-THF) urethane as the
P2 ligand in a (R)-hydroxyethyl sulfonamide isostere.4 Structural
studies of darunavir documented that the bis-THF ligand is
involved in a network of hydrogen bonding interactions with the
protein-backbone of the HIV-1 protease, as formulated in our
“backbone binding” concept.5 A number of other clinical pro-
tease inhibitors (2, Brecanavir; 3, GS-8374) have also incorpo-
rated this bis-THF ligand and demonstrated marked antiviral
potency against a panel of multidrug-resistant HIV-1 variants.6,7

In our continuing studies toward maximizing ligand-binding
site interactions, based upon the X-ray structure of 1-boundHIV-
1 protease, we further speculated that the incorporation of an
alkoxy substituent at the C4-position of bis-THF could lead to
new interactions with the backbone NH of Gly-48. We therefore
required a stereoselective synthesis that would provide access to
C4-substituted bis-THF derivatives for further optimization. The
bis-THF ligand contains three contiguous stereogenic centers. A

number of syntheses of the bis-THF ligand have been reported,
including several optically active routes from our research
group.8-12 Quaedflieg and co-workers reported a chiral synthesis
that involved a conjugate addition of nitromethane.13 Other
syntheses have been attempted with the use of various catalysts to
obtain the desired product.14 Interestingly, many of these
syntheses require late-stage resolution to obtain the enantio-
merically pure ligand. Furthermore, the reported syntheses are
not convenient for the preparation of C4-substituted derivatives.
In view of this shortcoming, we investigated a new optically active
synthesis utilizing an efficient [2,3]-sigmatropic rearrangement
as the key step and an inexpensive chiral precursor as the starting
material. The synthetic route provided convenient access to
optically active bis-THF and functionalized bis-THF ligands.
We incorporated these ligands in the hydroxyethylsulfonamide
isostere, and the resulting HIV-1 protease inhibitors were
evaluated in enzyme inhibitory and antiviral assays.

The synthesis of the bis-THF ligand started with known
compound 4.11 It was prepared in multigram quantities byWittig
olefination of (S)-glyceraldehyde acetonide with (ethoxycarbonyl-
methylene) triphenylphosphorane, as described previously.11

The requisite (S)-glyceraldehyde can be obtained from ascorbic
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acid,15,16 L-arabinose,17 L-serine,18 and L-tartaric acid,19 as reported.
We used the L-tartaric acid-derived procedure for our synthesis.
Dibal-H reduction of 4 resulted in alcohol 5 (Scheme 1).20,21

We investigated the O-alkylation of 5 using tert-butyl bromo-
acetate 6 under a variety of conditions. The use of KOtBu in THF
at 23 �C for 2 h resulted in a single product, 7 in 56% yield.
O-alkylation, using Cs2CO3 in DMF also proceeded with a
moderate yield (59%). However, the use of CsOH-H2O and
activated molecular sieves, in the presence of tetrabutylammo-
nium iodide in acetonitrile, provided the best results.22 These
conditions afforded the desired O-alkylated product 7 in 85%

yield. Only a small amount of the transesterification product
(<5%) and a small amount (<5%) of starting material were
recovered in this reaction.

We then investigated a [2,3]-sigmatropic rearrangement of 7
under a variety of conditions. Reaction of 7 with KOtBu at 23 �C
proceeded smoothly but provided 9 a 4:1 diastereoselective ratio
at the C2-chiral center. Lowering the temperature to-10 �C
resulted in a marked increase in selectivity (17:1) with a
moderate yield (63%). It should be noted that the C2-chiral
center would be eliminated en route to the bis-THF ligand;
however, stereoselectivity is important for the synthesis of C4-
derivatives. Reactions with LiHMDS in THF at-20 �Cprovided
9 in 55% yield and 6:1 diastereoselectivity. However, the same
reaction at -40 �C to -30 �C for 1 h provided the best yield.
Diastereomer 9 was obtained as a single product in 80% yield.
The stereochemical outcome of the [2,3]-sigmatropic rearrange-
ment can be rationalized by the proposed transition-state model
8, in which the allylic C-Obond is orthogonal to the plane of the
allylic CdC and is antiperiplanar with respect to the approaching
carbanion, as described by Bruckner and co-workers.23 For the
synthesis of the bis-THF ligand, alcohol 9 was converted to the
corresponding mesylate. LAH reduction of the mesylate pro-
vided alcohol 10 in 74% yield, over 2 steps. Oxidative cleavage of
the terminal alkene followed by acid-catalyzed cyclization, in the
presence of a catalytic amount of p-TsOH in CHCl3 at reflux,
afforded the bis-THF alcohol 11 in 80% yield.

As shown in Scheme 2, rearrangement product 9 was utilized
for the synthesis of C4-substituted bis-THF ligands. Alcohol 9
can be conveniently functionalized into derivatives which can
further interact with the HIV-1 protease backbone atoms. Thus,
protection of the free hydroxyl group provided methyl and
benzyl ethers 12 and 13, respectively. LAH reduction, followed
by ozonolysis, and acid-catalyzed cyclization resulted in com-
pounds 14 and 15, respectively. Inversion of the C2-hydroxyl
group of 9 using Mitsunobu’s protocol24 gave 16 in 87% yield.

Scheme 1. Synthesis of Bis-THF Ligand 11

Figure 1. Structures of protease inhibitors 1-3.

Scheme 2. Syntheses of Substituted Bis-THF Ligands



300 dx.doi.org/10.1021/ml100289m |ACS Med. Chem. Lett. 2011, 2, 298–302

ACS Medicinal Chemistry Letters LETTER

Selective deprotection of the nitro benzoate with potassium
carbonate in methanol at 0 �C, and subsequent protection with
methyl iodide or benzyl bromide provided methyl and benzyl
ethers 17 and 18, respectively. LAH reduction, ozonolysis, and
cyclization resulted in the desired substituted bis-THF ligands 19
and 20.

As shown in Scheme 3, alcohols 14, 15, 19, and 20 were
activated with p-nitrophenyl chloroformate to provide mixed
activated carbonates 21a-d. These carbonates were reacted with
amine 22 to afford HIV-1 protease inhibitors 23a-d.8 These
inhibitors were all evaluated for their activity in both enzyme
inhibitory and antiviral assays. The results are shown in Table 1.
The enzyme inhibitory activity (Ki) was determined according to
an assay protocol reported by Toth and Marshall.25 The inhibi-
tors displayed extremely potent enzyme inhibitory activity.
Compound 23c (Ki = 0.0029 nM) is the most potent compound
in this series. Its diastereomer 23a (Ki = 0.035 nM) displayed a
loss in enzyme inhibitory activity. The benzyl derivatives 23b and
23d have also shown reduced enzyme activity. Antiviral IC50

values were determined using the MTT assay.26,27 Consistent
with its enzyme inhibitory potency, inhibitor 23c exhibited an
impressive antiviral activity (IC50 = 2.4 nM).

To gain molecular insights into ligand-binding site interac-
tions responsible for the potent antiviral activity of inhibitor 23c,
we have determined an X-ray crystal structure of GRL-04410
(23c) complexed with the wild-type protease. The structure was
refined to an R-factor of 0.175 at a high resolution of 1.40 Å. The
structure comprises the protease dimer and inhibitor in two
orientations related by a 180� rotation, with 55/45 relative

occupancies (pdb code: 3QAA). The protease dimer structure
is essentially identical to that in the protease-darunavir complex
with a rmsd of 0.14 Å on the CR atoms.28 The inhibitor
interactions in the active site cavity consist of a series of hydrogen
bonds and weaker CH 3 3 3O interactions, as described previously
for darunavir and GRL-09865.28,29 The critical differences are
provided by the methoxy group on the bis-THF ligand in 23c.
As shown in Figure 2, the methoxy oxygen forms a water-
mediatedhydrogenbondwith the amideNHofGly-48. Furthermore,
the methyl group forms a CH 3 3 3O interaction with the carbonyl
oxygen of Gly-48 that could stabilize the conformation of the
flexible flaps. The flexibility of the flaps is important for
the binding of substrates or inhibitors and for the catalytic
activity of HIV protease. The flap conformation and flexibility

Table 1. Structure and Activity of Inhibitors

aValues are means of at least three experiments. bHuman T-lymphoid
(MT-2) cells were exposed to 100 TCID50 values of HIV-1LAI and
cultured in the presence of each PI, and IC50 values were determined
using the MTT assay.

Scheme 3. Syntheses of Protease Inhibitors

Figure 2. Stereoview of the X-ray structure of inhibitor 23c (green)-bound HIV-1 protease (pdb code: 3QAA). All strong hydrogen bonding
interactions are shown as dotted lines.
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can be altered by sequence polymorphisms and drug resistant
mutations.30-32 Consequently, inhibitors such as 23c with
strong flap interactions are expected to retain high affinity for
drug resistant variants of the protease.

In conclusion, we investigated C4-alkoxy substituted bis-
THF-derived HIV-1 protease inhibitors in order to enhance
ligand-binding site interactions in the HIV-1 protease active
site. In this context, we have developed an optically active
synthesis of the bis-THF and C4-substituted bis-THF ligands
using a [2,3]-sigmatropic rearrangement as the key step.
Incorporation of C4-substituted bis-THF ligands resulted in a
series of highly potent HIV protease inhibitors. Compound 23c
is remarkably potent (Ki = 2.9 pM; IC50 = 2.4 nM). The
stereochemical importance of the methoxy substituent is evi-
dent, as the corresponding epimer is significantly less potent. A
protein-ligand X-ray structure of 23c-bound HIV-1 protease
revealed extensive interactions of the inhibitor in the active site
of HIV-1 protease. It maintained all key backbone hydrogen
bonding interactions similar to those of darunavir. Of particular
importance, the methoxy oxygen on the bis-THF ligand is
involved in a unique water-mediated hydrogen bond to the Gly-
48 amide NH. Further design and ligand optimization involving
this interaction is in progress.
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