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Abstract

We describe here design, synthesis, and biological evaluation of a series of highly potent HIV-1
protease inhibitors containing stereochemically defined and unprecedented tricyclic furanofuran
derivatives as P2 ligands in combination with a variety of sulfonamide derivatives as P2’ ligands.
These inhibitors were designed to enhance the ligand-backbone binding and van der Waals
interactions in the protease active site. A number of inhibitors containing the new P2 ligand, an
aminobenzothiazole as the P2’ ligand and a difluorophenylmethyl as the P1 ligand, displayed very
potent enzyme inhibitory potency and also showed excellent antiviral activity against a panel of
highly multidrug-resistant HIV-1 variants. The tricyclic P2 ligand has been synthesized efficiently
in an optically active form using enzymatic desymmetrization of meso-1,2-
(dihydroxymethyl)cyclohex-4-ene as the key step. We determined high-resolution X-ray structures
of inhibitor-bound HIV-1 protease. These structures revealed extensive interactions with the
backbone atoms of HIV-1 protease and provided molecular insights into the binding properties of
these new inhibitors.
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INTRODUCTION

HIV-1 protease inhibitors (PIs) are critical components of combined antiretroviral therapy
(cART) which dramatically improved the HIV-related mortality and morbidity to patients
with HIV-1 infection and AIDS.12 PIs block the cleavage of Gag-Pol polyproteins during
viral maturation and result in generation of noninfectious virions.34 Pl-based drugs in
general exhibit a relatively high genetic barrier to the emergence of drug-resistant HIV-1
variants compared to non-nucleoside reverse transcriptase inhibitors and integrase strand
transfer inhibitors (INSTIs).>-7 The last approved PI, darunavir (1, DRV, Figure 1), is a first-
line therapy which is often preferred for cART-naive HIV-1 infected patients because of its
tolerance and a high genetic barrier to the development of drug-resistant viruses.8-10
However, there are reports of failure of DRV-containing regimens and the emergence of
darunavir resistant HIV-1 variants.11-12 Furthermore, there are reports that a growing number
of HIVV/AIDS patients are harboring highly multidrug-resistant HIV-1 variants, and options
for treating these patients are limited.13-14 Therefore, the development of potent and
structurally novel Pls with broad spectrum antiviral activity are necessary for the future
success of CART treatment regimens.
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Darunavir and its derivatives (2) were designed to promote a network of hydrogen bonding
interactions with the backbone atoms at the active site of HIV-1 protease. The backbone
binding strategies are likely to slow development of drug resistant HIV-1 variants because of
possible reduction of catalytic fitness. Darunavir incorporated the stereochemically defined
and conformationally constrained bicyclic polyether, bis-tetrahydrofuran (bis-THF), which
makes extensive interactions in the active site.10-1%.16 Numerous X-ray crystallographic
studies of darunavir-bound HIV-1 protease revealed that darunavir forms a network of
hydrogen bonding interactions with the backbone of HIV-1 protease in both S2 and S2’
subsites.1”18 The P2 bis-tetrahydrofuranyl urethane (bis-THF) ligand is an intriguing
pharmacophore where both ring oxygens form strong hydrogen bonds with the Asp29 and
Asp30 backbone amide NHs. The bicyclic bissTHF ring also engages in van der Waals
interaction with active site residues.2®20 In our continuing efforts to optimize both P2 and
P2’ structural templates of darunavir, we have recently reported a number of very potent Pls
with unprecedented structural features.21-23 In particular, we designed a crown-like
tetrahydropyrano-tetrahydrofuran in inhibitor 3 with a bridged methylene group as the P2
ligand to promote additional van der Waals interactions in the active site.2425 Inhibitors
containing such crown-THF ligands are very potent inhibitors and maintained potent
antiviral activity against multidrug-resistant HIV-1 variants.2%26 The X-ray structural
analysis of crown-THF-derived inhibitors provided molecular insights to further improve
ligand-binding site interactions.24:25 Herein, we report a new class of Pls containing
cyclohexane fused bis-tetrahydrofuran as the P2 ligands in combination with (R)-
hydroxyethylaminesulfonamide isosteres. A number of inhibitors exhibited exceptionally
potent enzyme inhibitory and antiviral activity. In particular, inhibitor 4d maintained
exceptional antiviral potency against selected multidrug-resistant HIV-1 variants. Our high
resolution X-ray structural studies of inhibitor-bound HIV-1 protease revealed important
molecular insights into the ligand-binding site interactions responsible for their potent
activity. The design and synthesis of new Pls have been an active area of our research.
Several potent inhibitors incorporating a variety of heterocyclic P2 ligands for improving
interactions at the S2 subsite have been reported.2”-39 A number of other design efforts were
focused on optimizing both P1 and P2’ moieties to improve potency.27:28:31 Recently,
bicyclic piperazine sulfonamide-based inhibitors have been designed where the piperazine
NH forms the key interaction with the catalytic aspartic acids of the HIV-1 protease.32:33

RESULTS AND DISCUSSION

Based upon ligand-binding site interactions of the crowrn-THF ligand in 3 in the HIV-1
protease active site, we have designed a new tricyclic cyclohexane fused-
tetrahydrofuranofuran (CA~THF) derivative as the P2 ligand shown in inhibitors 4a and 5a
(Table 1). This new design may promote better hydrogen bonding interactions with
backbone atoms. Furthermore, the new ligand with additional methylene groups around the
bis-THF may exhibit better van der Waals interactions in the active site. Our preliminary
model of the enantiomeric ligand structure also showed good orientation for hydrogen
bonding interactions with backbone amide NHs of Asp29 and Asp30. The conformationally
constrained ligand also appeared to engage in additional van der Waals contacts in the S2
subsite compared to the bis-THF ligand to darunavir. While the stereochemistry of the CA£
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ligand in inhibitors 4a and 5a appeared optimum, we planned to synthesize both
enantiomeric ligands as both enantiomers of b/s-THF ligand and crown-THF in inhibitor 3
showed comparable enzyme affinity and ligand binding site interactions. This is due to the
fact that the acetal oxygens in both enantiomers are in a similar environment and both
ligands can form strong hydrogen bonds with the backbone amide residues in the S2 subsite.
Therefore, our plan is to synthesize both enantiomers and gain molecular insights into their
ligand-binding site interactions using X-ray structural studies of the inhibitor-HIV-1 protease
complex. We also plan to examine various hydroxyethylsulfonamide isosteres containing
varying P1 and P2’ ligands. In particular, we plan to investigate an
aminobenzothiazole(Abt)-based P2’-ligand which has been showed to promote better
hydrogen bonding and van der Waals interactions compared to the 4-aminobenzene-
sulfonamide P2’-ligand of darunavir. Structurally, the Abt P2 ligand forms additional
hydrogen bonding and van der Waals interactions in the S2” subsite. A number of recent
inhibitors containing these P2’-ligands exhibited robust antiviral activity against highly
multidrug-resistant HIV-1 variants.24:25

For our studies, we plan to synthesize our newly designed ligand in a stereodefined manner.
Our synthetic strategy for optically active synthesis is shown in Scheme 1. Enantiomeric
ligand 6 can be obtained from the functionalized cyclohexane-1,2-diol derivative 7. Structure
7 can be obtained from cyclohexene derivative 8 by asymmetric dihydroxylation reaction.
34,35 An optically active aldehyde derivative can be derived conveniently from meso diol
derivative 9 by enzymatic desymmetrization as the key reaction. The meso-diol 9 can be
derived from commercially available and inexpensive 1,2,3,6-tetrahydrophthalic anhydride
10.

Our synthesis of optically active ligand 6 is shown in Scheme 2. meso-1,2,3,6-
Tetrahydrophthalic anhydride 10 was reduced by LiAlH,4 in THF at 0 °C for 3 h to provide
meso-diol derivative 9 in a multigram scale.36 Diol 9 was subjected to enzymatic
desymmetrization reaction using porcine pancreatic lipase (PPL) in ethyl acetate at 23 °C for
12 h to provide monoacetate derivative 11 in gram scale in 82% yield and >95% ee, as
determined by high-performance liquid chromatography (HPLC) analysis3 (see Supporting
Information for further details). Swern oxidation of alcohol 11 provided the corresponding
aldehyde which was reacted with trimethylorthoformate in the presence of a catalytic
amount of tetrabutylammonium tribromide (TBABr3) at 23 °C for 8 h to provide
dimethylacetal derivative 12 in 76% yield over two steps. For diastereoselective
dihydroxylation, we carried out Sharpless asymmetric dihydroxylation using AD-mix-g3.34
Reaction of 12 with AD-mix-gin a mixture (1:1) of #butanol and water at 0-23 °C for 24 h
resulted in a 1:1 mixture of diastereomeric diol.38 The resulting diol was subjected to
saponification using 1 N aqueous NaOH in MeOH at 0-23 °C for 3 h to provide triol
derivatives 13 and 14 in 90% yield over two steps. These triol derivatives were separated by
silica gel chromatography using 5% MeOH in CH,Cl, as the eluent. Triol derivative 13 was
reacted with a catalytic amount of camphorsulfonic acid (CSA) in CH,Cl, at 0 °C for 1 h to
provide optically active tricyclic ligand alcohol 6 in 82% yield.

Our synthesis of enantiomeric ligand ent-6 from meso-diol 9 is shown in Scheme 2. Diol 9
was converted to diacetate derivative 15 by reaction with acetic anhydride and pyridine in
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the presence of a catalytic amount of DMAP at 23 °C for 16 h. Exposure of diacetate to PPL
in 0.1 M phosphate buffer at pH 7 in the presence of aqueous NaHCOg3 at 23 °C for 16 h
provided optically active alcohol ent-11 in 84% yield.37:39 Alcohol ent-11 was converted to
dimethylacetal ent-12 in 80% yield as described above. Exposure of dimethylacetal ent-12 to
sharpless asymmetric dihydroxylation reaction with AD-mix-a afforded a 1:1 mixture of
diastereomeric diol.3* Deprotection of the acetate derivative furnished triol derivatives
ent-13 and ent-14 which were separated by silica gel chromatography. Treatment of the
major triol derivative ent-13 with a catalytic amount of CSA in CH,Cl; afforded ligand
alcohol ent-6 in 79% yield.

The synthesis of the designed Pls was carried out in a two-step sequence involving synthesis
of activated carbonates followed by reaction of these carbonates with appropriate
hydroxyethylaminesulfonamide isosteres.22:23 The syntheses of various activated carbonates
are shown in Scheme 3. Optically active ligand alcohols 6 and ent-6 synthesized above were
converted to their respective activated carbonates 16 and ent16. As shown, reaction of
ligand alcohols 6 and ent-6 with 4-nitrophenylchloroformate in the presence of pyridine in
CH,Cl, at 0-23 °C for 12 h provided activated carbonates 16 and ern#-16 in 87 and 88%
yields, respectively. These carbonates were then converted to urethane derivatives using
amines 17-22. The synthesis of various inhibitors containing Ch-THF as the P2 ligands on
the hydroxyethylamine sulfonamide isostere is shown in Scheme 4. Reactions of activated
carbonate 16 with known22:23 amine derivatives 17-22 in the presence of
diisopropylethylamine (DIPEA) in CH3CN at 23 °C for 72 h provided inhibitors 4a—f in
good yields (65-86%). Similarly, reactions of carbonate ent-16 with amines 17-22 under
similar conditions afforded inhibitors 5a-5f in very good yields (59-87%). The full
structures of these inhibitors are shown in Table 1.

Our preliminary model of the P2 CAETHF ligand in inhibitor 4a compared to the bissTHF
ligand in inhibitor 2 indicated that both oxygens of the new CA£THF ligand could align
optimally with Asp29 and Asp30 backbone amide NHs in the S2 site. In addition, two
methylene groups are expected to provide van der Waals interactions surrounding 11e47,
Val32, Leu76, and 11e50” residues in the S2 subsite. Because ligand combinations are critical
for overall affinity, we investigated enantiomeric CA~THF with various P2’-ligands. The
results of compounds in HIV-1 protease inhibitory and antiviral assays are shown in Table 1.
The assay protocol for HIV-1 inhibition is similar to the reported procedure of Toth and
Marshall.4? The protocol for antiviral assay is described previously using MT-2 human T-
lymphoid cells exposed to HIV-1; ;.40 To assess the stereochemical effect, we first
examined the enantiomeric ligands in combination with a sulfonamide isostere with a 4-
methoxy benzene sulfonamide as the P2’-ligand in compounds 4a and 5a. Inhibitor 4a
showed very potent HIV-1 protease inhibitory activity with a Kj value of 8 pM. The inhibitor
4a also exhibited a very good antiviral 1Cgg value of 38 nM (entry 1). Inhibitor 5a with
enantiomeric CAETHF ligand is slightly less potent than 4a. It showed enzyme inhibitory
activity with a Kj of 34 pM and antiviral activity with an 1Csq value of 72 nM (entry 2). We
then examined both enantiomeric ligands in combination with other benzothiazoles and
benzoxazoles as the P2’-ligands. Inhibitor 4b showed very potent enzyme K; of 2 pM, which
is nearly 10-fold better than inhibitor 5b with the enantiomeric P2 ligand (entries 3 and 4).
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However, both inhibitors exhibited very potent antiviral activity with 1Csq values of 3.3 and
1.8 nM. Inhibitors 4c and 5c¢ with enantiomeric Ch~THF P2 ligands and benzoxazole P2’
ligands also showed very potent enzyme inhibitors and antiviral activity (entries 5 and 6).
Interestingly, inhibitor 5¢ exhibited over 5-fold improvement of antiviral activity (ICsg = 0.3
nM) compared to inhibitor 4c (ICsg = 1.7 nM).

We then examined inhibitors containing enantiomeric CA£~THF ligands in combination with
fluorine-substituted phenylmethyl groups as the P1 ligands. As shown in Table 2,
incorporation of a 3,5-difluoro phenylmethyl group as the P1-ligand resulted in inhibitor 4d
which displayed enzyme inhibitory Kj of 54 pM and antiviral ICgq value of 86 pM. Inhibitor
4d showed improved antiviral activity compared to the corresponding inhibitor 4b
containing a phenylmethyl group as the P1-ligand. This improvement in antiviral activity
may be due to increased lipophilicity of inhibitor 4d (clogp 5.4) over inhibitor 4b (clogP
5.1). Inhibitor 5d containing the enantiomeric P2 ligand also showed very potent enzyme K;
value; however, it showed nearly 25-fold reduction of antiviral activity compared to inhibitor
4d with an enantiomeric P2 ligand (entries 1 and 2). In comparison, darunavir and
saquinavir exhibited antiviral 1Cgq values of 3.2 and 21 nM, respectively. We also examined
the effect of monofluoro substitution on the P1-ligand. As shown, incorporation of 3-
fluorophenylmethyl as the P1 ligand resulted in inhibitors 4e and 5e with only marginal
improvement of antiviral activity compared to unsubstituted P1 ligands in inhibitors 4b and
5b (Table 1). Incorporation of 4-fluoro phenylmethyl as the P1 ligand resulted in inhibitors
4f and 5f with improvement of antiviral activity, over 7-fold compared to inhibitor 4b and
over 4-fold compared to inhibitor 5b (entry 3, Table 1). Overall, inhibitor 4d with 3,5-bis-
fluorines on the P1 ligand showed the best antiviral activity over methoxy sulfonamide and
monofluoro derivatives.

While the cART therapy and treatment guidelines are updated regularly, Pl-based drugs are
important elements of current CART regimens. In particular, Pls are widely used for the
treatment of naive and experienced HIV/AIDS patients. As mentioned earlier, heavily-ART
regimen-experienced HIV/AIDS patients are reported to have drug-failure with the currently
available Pls including DRV.11.12 Therefore, the design of new classes of potent Pls with a
high genetic barrier to development of drug resistance is important for durable treatment
options. In this context, our long-standing objective is to design Pls that can maintain robust
potency against a variety of existing multi-Pl-resistant HIV-1 variants with better selectivity
index and safety profiles. Based upon preliminary antiviral data, we selected two potent
inhibitors (4d, antiviral ICsq of 0.086 nM and 5c, antiviral 1Cgy of 0.3 nM) containing
enantiomeric CAETHF ligands and evaluated their antiviral activity against a panel of highly
multidrug-resistant HIV-1 variants that had been selected /in vitro with widely used FDA-
approved Pls, ATV and DRV. Each of these HIV-1 variants were selected /n vitro by
propagating HIV-1y 4.3 in the presence of increasing concentrations of each PI (up to 5 t/M)
in MT-4 cells, as described by us previously.41:42 The results are shown in Table 3. As can
be seen, both widely used PI drugs, ATV and DRV, lost activity against these resistant
variants. In particular, ATV lost significant potency and is unable to suppress the replication
of highly Pl-resistant HIV-1 variants examined. DRV showed relatively better results
compared to ATV; however, DRV lost 86-fold and 89-fold activity against HIV-1 pv.5 s
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and HIV-1pryRp3o variants. Inhibitor 5¢ containing the CAETHF P2 ligand failed to block
replication of these highly drug-resistant HIV-1 variants. Inhibitor 4d containing
enantiomeric P2-ligand is significantly more potent than DRV and ATV against HIV-1n 4.3
virus. While this inhibitor maintained very good antiviral activity (0.21-4.5 nM) against
these highly drug-resistant HIV-1 variants, its fold-change of activity is comparable to DRV.
The reason for better overall antiviral activity is possibly due to extensive hydrogen bonding
and van der Waals interactions in the S2 and S2” subsites. Our X-ray crystallographic studies
of inhibitors 4a- and 5¢c-bound HIV-1 protease provided molecular insights into the ligand-
binding site interactions responsible for their activity.

We determined the X-ray structures of inhibitors 4a and 5c¢ containing enantiomeric ligands
in complex with wild-type HIV-1 protease at a resolution of 1.25 and 1.3 A, respectively.43
Both complexes crystallized in the orthorhombic space group 221212 with one protease
homodimer per asymmetric unit. The inhibitors bind at the active site in two alternate
conformations related by 180° rotation with a relative occupancy of 0.7/0.3 for inhibitor 4a
and 0.55/0.45 for inhibitor 5¢. The overall dimer structure is very similar to the HIV-1
protease—darunavir complex17:18 with an rsmd for superposition of 198 equivalent Ca atoms
of 0.14 A and 0.12 for protease complexes with inhibitors 4a and 5c, respectively. The
largest deviation of 0.45 A in comparison to the protease-darunavir complex occurs at
residue Pro39 for 5¢ complex, while flap residue Phe53’ exhibits a maximum deviation of
0.51 A in 4a complex. The key interactions of inhibitors 4a and 5¢ with HIV-1 protease are
highlighted in Figures 2 and 3, respectively. Both inhibitors retain all the hydrogen bonds
observed between darunavir and the main chain atoms of the HIV-1 protease. The new
inhibitors also form a tetracoordinated water-mediated hydrogen bond interaction involving
one of the sulfonamide oxygens and carbonyl oxygen with the amide nitrogen of flap
residues Ile 50 and lle 50” similar to the protease—darunavir complex.44

Inhibitor 5¢ has a CA-THF as P2 group and the two acetal oxygens in the bulky CA-THF
form hydrogen bond interactions with the main chain amide of Asp29 and Asp30 similar to
the hydrogen bonds formed by the 4/s-THF oxygens in darunavir. However, unlike the bis-
THF of darunavir, the bigger CA£THF of inhibitors 4a and 5¢ form a number of additional
van der Waals interactions. We compared van der Waals interactions of the enantiomeric
ChFTHEF ligands in Figure 4. Interestingly, in one conformation, Ch#ligand in compound 5¢
forms van der Waals contacts with Ile47. The tricyclic core of the CAETHF ligand forms van
der Waals interaction with the side chain atoms of Ile47, the main chain amide of Gly48, and
the Cé61 atom of 11e50°. The two acetal oxygens in the enantiomeric P2 CA£THF of 4a are
shifted by 0.8 A in comparison to those of 5c. There is an additional hydrogen bond
interaction between one of the acetal oxygens and the carboxylate side chain of Asp29.
Further, the enantiomeric change allows the 6-member ring of CA£THF in inhibitor 4a to
shift toward 11e84. Because of this shift, the P2 group of 4a form van der Waals interactions
with lle 84 in addition to those with 1le47, Gly48, and 11e50°.

The aminobenzene group at the P2’ of darunavir is replaced by the extended N-
isopropylbenzo[ dloxazol-2-amine group in inhibitor 5c. In the protease—darunavir complex,
the P2’ amine of darunavir forms direct and water-mediated hydrogen bonds with the two
alternate conformations of Asp30’ side chain. In the protease complex with 5c, the single
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conformation of Asp30’ forms a direct hydrogen bond interaction with the oxazole nitrogen
of the inhibitor. In addition, the extended P2’ amine group of inhibitor 5¢ forms a new
hydrogen bond with the carboxylate side chain of Asp30°. Further, the terminal P2’
isopropyl group of 5¢ forms a C—H--- O interaction (2.8-3.2 A) with the carboxylate side
chain of Asp29’ and van der Waals interaction with 1le47’. Asp29’ plays a vital role in the
structural integrity of the protease dimer by forming a conserved inter-subunit ion pair with
Arg8. The P2’ methoxy group of inhibitor 4a has a similar position as the P2” aminobenzene
of darunavir in the S2” subsite of protease. The oxygen atom of the P2’ methoxy group in
inhibitor 4a forms a hydrogen bond with the main chain amide of Asp30°’. The CAFTHF P2-
ligand in inhibitor 4a appeared to form enhanced ligand-binding site interactions over the
enantiomeric ligand in inhibitor 5¢ in the HIV-1 protease active site. The combination of the
ChFTHF P2-ligand, 3,5-difluorinated P1 ligand and the aminobenzothiazole P2’ ligand
resulted in inhibitor 4d which exhibited best antiviral activity and maintained very good
antiviral activity against a panel of highly drug-resistant HIV-1 variants.

CONCLUSIONS

In summary, based on X-ray structural data, we have designed a new class of very potent
HIV-1 Pls incorporating new polycyclic cylcohexane-fused bis-tetrahydrofuran derivatives
as the P2 ligands. The new ligands have been specifically designed to make favorable
hydrogen bonding interactions and van der Waals interactions with the residues at the S2-
subsite. In general, inhibitors containing enantiomeric ligands have shown very potent
activity, particularly inhibitors 4d and 5c. However, inhibitor 4d with a difluoro
phenylmethyl P1 ligand and an aminobenzothiazole as the P2’ ligand maintained very potent
activity against a panel of highly multidrug-resistant HIV-1 variants. The results show that
inhibitor 4d is superior to darunavir and other approved PI drugs. The new polycyclic ligand
alcohols were synthesized efficiently in an enantioselective manner using enzymatic
desymmetrization of meso-diols as the key steps. Because both enantiomeric ligands
exhibited very high enzyme affinity, we determined high resolution X-ray structures of
inhibitor-bound HIV-1 protease containing enantiomeric ligands. As it turned out, both
oxygens of the enantiomeric tricyclic ligands formed very strong hydrogen bonds with the
backbone amide NHs of Asp29 and Asp30 in the S2 subsite. The P2 ligand in inhibitor 4a
appears to make better van der Waals interactions compared to the enantiomeric ligands in
the S2 site. Incorporation of the CA£FTHF P2 ligand, the fluorinated P1 ligand, and the
aminobenzothiazole P2’ ligand resulted in inhibitor 4d that showed best antiviral activity.
Further optimization of inhibitor properties and ligand-binding site interactions are in
progress in our laboratory.

EXPERIMENTAL SECTION

General Methods.

All chemicals and reagents were purchased from commercial suppliers and used without
further purification unless otherwise noted. The following reaction solvents were distilled
prior to use: dichloromethane from calcium hydride, diethyl ether and tetrahydrofuran from
Na/benzophenone, and methanol and ethanol from activated magnesium under argon. All
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reactions were carried out under an argon atmosphere in either flame or oven-dried (120 °C)
glassware. TLC analysis was conducted using glass-backed thin-layer silica gel
chromatography plates (60 A, 250 zm thickness, F-254 indicator). Column chromatography
was performed using 230-400 mesh, 60 A pore diameter silica gel. 1H and 13C NMR
spectra were recorded at room temperature on a Bruker AV800, DRX-500 and AV-400.
Chemical shifts (& values) are reported in parts per million and are referenced to the
deuterated residual solvent peak. NMR data are reported as & value (chemical shift, Fvalue
(Hz), integration, where s = singlet, d = doublet, t = triplet, g = quartet, and brs = broad
singlet). Optical rotations were recorded on a PerkinElmer 341 polarimeter. HRMS and
LRMS spectra were recorded at the Purdue University Department of Chemistry Mass
Spectrometry Center. HPLC analysis and purification were done on an Agilent 1100 series
instrument using a Chiralcel OZ-3 column of 4.6 mm ID for analysis. The purity of all test
compounds was determined by HPLC analysis to be =95% pure.

(1R,3aS,7aR)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-3-Hydroxy-4-((N-isobutyl-4-
methoxyphenyl)-sulfonamido)-1-phenylbutan-2-yl)carbamate (4a).

To a stirred solution of activated alcohol 16 (15 mg, 0.046 mmol) and isostere 17 (21 mg,
0.051 mmol) in acetonitrile (2 mL) was added DIPEA (40 zL, 0.233 mmol) at 23 °C under
an argon atmosphere. The reaction mixture was stirred at 23 °C until completion. Upon
completion, solvents were removed under reduced pressure and the crude product was
purified by silica gel column chromatography (50% EtOAc in hexane) to give 4a (22 mg,
81%) as an amorphous solid. R = 0.3 (70% EtOAc/hexanes). 1H NMR (500 MHz, CDCls):
67.72 (d, J= 8.9 Hz, 2H), 7.30-7.23 (m, 4H), 7.22-7.17 (m, 1H), 6.97 (d, /= 8.9 Hz, 1H),
5.60 (d, /=3.6 Hz, 1H), 5.02 (d, /= 9.3 Hz, 1H), 4.71 (t, /= 6.2 Hz, 1H), 4.31 (t, /=5.4
Hz, 1H), 4.10 (m, 1H), 3.87 (m, 1H), 3.86 (s, 3H), 3.82-3.71 (m, 3H), 3.19-3.04 (m, 3H),
2.97 (dd, J=13.4, 8.3 Hz, 1H), 2.83-2.75 (m, 2H), 2.72 (dt, /= 8.7, 3.9 Hz, 1H), 2.50 (m,
1H), 1.96 (ddd, /=12.5, 6.0, 4.2 Hz, 1H), 1.91-1.79 (m, 3H), 1.70 (d, /= 12.5 Hz, 1H),
1.28 (m, 1H), 0.91 (d, /= 6.6 Hz, 3H), 0.86 (d, /= 6.6 Hz, 3H); 13C NMR (125 MHz,
CDClg): 6162.8, 155.8, 137.7, 129.9, 129.4, 129.4, 128.3, 126.3, 114.2, 108.7, 76.2, 75.3,
72.4,58.6,55.5,55.1, 53.5, 42.4, 36.0, 34.1, 29.3, 29.0, 27.1, 20.0, 19.8 LRMS-ESI (m/2):
589.2 [M + HJ*; HRMS-ESI (m/2): [M + H]* calcd for C3gH41N20gS, 589.2578; found,
589.2572.

(1R,3aS,7aR)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-4-((2-(Cyclopropylamino)-N-
isobutylbenzo[d]-thiazole)-6-sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)-carbamate (4b).

Activated alcohol 16 (8 mg, 0.024 mmol) was treated with isostere amine 18 (14 mg, 0.027
mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 4b (12.5 mg,
75%) as an amorphous solid. R = 0.15 (80% EtOAc/hexanes). 1H NMR (500 MHz, CDCly):
68.09 (s, 1H), 7.69 (d, J= 8.6 Hz, 1H), 7.55 (d, J= 8.5 Hz, 1H), 7.39-7.15 (m, 5H), 5.59 (d,
J=3.6 Hz, 1H), 5.09 (d, /= 9.7 Hz, 1H), 4.70 (m, 1H), 4.31 (t, /= 5.5 Hz, 1H), 4.09 (t, /=
8.2 Hz, 1H), 3.94-3.71 (m, 4H), 3.21 (dd, /= 15.1, 8.9 Hz, 1H), 3.16-3.07 (m, 2H), 3.02
(dd, J=13.4, 8.5 Hz, 1H), 2.86-2.68 (m, 4H), 2.50 (m, 1H), 1.99-1.80 (m, 4H), 1.69 (d, /=
12.6 Hz, 1H), 1.26 (m, 1H), 0.97-0.90 (m, 5H), 0.87 (d, /= 6.5 Hz, 3H), 0.81-0.77 (m, 2H);
13C NMR (125 MHz, CDCl3): §172.9, 155.8, 155.5, 137.7, 131.1, 130.4, 129.4, 128.3,
126.3, 125.3, 120.8, 118.4, 108.7, 76.2, 75.3, 72.4, 58.7, 55.1, 53.6, 42.4, 36.0, 34.0, 29.6,
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29.3,29.0, 27.2, 26.5, 20.1, 19.8, 7.9. LRMS-ESI (m/2): 671.2 [M + H]*; HRMS-ESI (m/2):
[M + H]* calcd for Ca3Ha3N407S,, 671.2568; found, 671.2574.

(1R,3aS,7aR)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-3-Hydroxy-4-((N-isobutyl-2-
(isopropylamino)benzo-[d]oxazole)-6-sulfonamido)-1-phenylbutan-2-yl)carbamate (4c).

Activated alcohol 16 (10 mg, 0.031 mmol) was treated with isostere amine 22 (16 mg, 0.034
mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 4c (17.5 mg,
86%) as an amorphous solid. R = 0.4 (5% MeOH/CH,Cl,). 1H NMR (800 MHz, CDCly): §
7.71(d, /= 1.8 Hz, 1H), 7.64 (dd, /= 8.2, 1.8 Hz, 1H), 7.41 (d, /= 8.3 Hz, 1H), 7.31-7.25
(m, 5H), 7.23-7.19 (m, 1H), 5.61 (d, /= 3.6 Hz, 1H), 5.44 (br s, 1H), 5.09 (d, /= 9.3 Hz,
1H), 4.72 (t, /= 6.3 Hz, 1H), 4.33 (t, /= 5.4 Hz, 1H), 4.16-4.09 (m, 2H), 3.91-3.74 (m,
4H), 3.20 (dd, J=15.1, 8.8 Hz, 1H), 3.15-3.07 (m, 2H), 3.01 (dd, /= 13.4, 8.4 Hz, 1H),
2.85-2.79 (m, 2H), 2.74 (dd, /= 8.8, 4.3 Hz, 1H), 2.52 (m, 1H), 1.97 (dt, /= 12.6, 4.7 Hz,
1H), 1.90-1.85 (m, 2H), 1.81 (br s, 1H), 1.72 (d, /= 12.6 Hz, 1H), 1.38 (d, J= 6.5 Hz, 6H),
1.31-1.27 (m, 1H), 0.94 (d, J= 6.6 Hz, 3H), 0.89 (d, /= 6.6 Hz, 3H); 13C NMR (200 MHz,
CDCl3): 6163.3, 155.9, 147.9, 147.7, 137.8, 130.0, 129.5, 128.4, 126.4, 124.2, 116.0, 108.9,
108.5, 76.4, 75.4, 72.4, 58.8, 55.2, 53.7, 45.7, 42.6, 36.1, 34.2, 29.4, 29.1, 27.3, 23.0, 20.2,
19.9. LRMS-ESI (m/2): 657.2 [M + H]*; HRMS-ESI (/m/2): [M + H]* calcd for
C33H45N40gS, 657.2953; found, 657.2947.

(1R,3aS,7aR)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-4-((2-(Cyclopropylamino)-N-

isobutylbenzo[d]-thiazole)-6-sulfonamido)-1-(3,5-difluorophenyl)-3-hydroxybutan-2-

yl)carbamate (4d).
Activated alcohol 16 (7 mg, 0.021 mmol) was treated with isostere amine 19 (13 mg, 0.023
mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 4d (10 mg,
65%) as an amorphous solid. R = 0.1 (70% EtOAc/hexanes). 1H NMR (500 MHz, CDCly):
68.11 (s, 1H), 7.71 (d, J=10.0 Hz, 1H), 7.57 (d, /= 8.5 Hz, 1H), 6.90 (br s, 1H), 6.80 (d, J
=7.6 Hz, 2H), 6.64 (dd, /= 10.1, 7.7 Hz, 1H), 5.60 (d, /= 3.6 Hz, 1H), 5.13 (d, /= 8.9 Hz,
1H), 4.73 (m, 1H), 4.32 (t, J= 5.2 Hz, 1H), 4.13 (t, J= 8.1 Hz, 1H), 3.96-3.76 (m, 3H),
3.22-3.07 (m, 3H), 3.02 (dd, /= 13.4, 8.4 Hz, 1H), 2.85 (dd, /= 13.4, 6.8 Hz, 1H), 2.81-
2.70 (m, 3H), 2.53 (m, 1H), 2.03-1.80 (m, 4H), 1.71 (d, J=12.6 Hz, 1H), 1.34 (d, /= 16.0
Hz, 1H), 0.97-0.91 (m, 5H), 0.89 (d, J= 6.5 Hz, 3H), 0.82-0.76 (m, 2H); 13C NMR (200
MHz, CDCl3): §172.8, 163.5 (d, J=12.7 Hz), 162.3 (d, /= 12.8 Hz), 155.8, 155.6, 142.2
(m), 131.3, 130.6, 125.4, 121.0, 118.7, 112.4 (d, J= 20.6 Hz), 108.9, 101.9 (t, J= 25.1 Hz),
76.4,75.3,72.6, 72.4,59.0, 55.0, 53.7, 42.5, 35.9, 34.2, 29.7, 29.4, 29.1, 27.4, 26.7, 20.2,
19.9, 8.0. LRMS-ESI (m/2): 707.2 [M + H]*; HRMS-ESI (m/2): [M + H]* calcd for
C33H41F2N40732, 707.2379; found, 707.2385.

(1R,3aS,7aR)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-4-((2-(Cyclopropylamino)-N-
isobutylbenzo[d]-thiazole)-6-sulfonamido)-1-(3-fluorophenyl)-3-hydroxybutan-2-
yl)carbamate (4e).
Activated alcohol 16 (12 mg, 0.037 mmol) was treated with isostere amine 20 (21 mg, 0.041
mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 4e (18 mg,
70%) as an amorphous solid. R = 0.2 (80% EtOAc/hexanes). 1H NMR (500 MHz, CDCls):
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58.13(d, J= 1.9 Hz, 1H), 7.74 (dd, J= 8.4, 2.0 Hz, 1H), 7.59 (d, /= 8.9 Hz, 1H), 7.26 (dd,
J=8.1,6.2 Hz, 1H), 7.18 (br s, 1H), 7.07 (d, J= 7.7 Hz, 1H), 7.00 (m, 1H), 6.92 (t, /= 8.6
Hz, 1H), 5.63 (d, J= 3.7 Hz, 1H), 5.10 (d, /= 9.2 Hz, 1H), 4.75 (m, 1H), 4.35 (t, /= 5.6 Hz,
1H), 4.14 (t, J= 8.3 Hz, 1H), 3.94-3.77 (m, 4H), 3.23 (dd, /= 15.2, 8.4 Hz, 1H), 3.20-3.07
(m, 2H), 3.05 (dd, /= 13.4, 8.3 Hz, 1H), 2.91-2.71 (m, 4H), 2.54 (m, 1H), 2.07-1.85 (m,
4H), 1.73 (d, J= 12.8 Hz, 1H), 1.34 (d, J= 10.0 Hz, 1H), 1.00-0.88 (m, 8H), 0.84-0.80 (m,
2H); 13C NMR (200 MHz, CDCl3): §172.9, 163.4 (d, /= 9.4 Hz), 162.2 (d, /= 10.1 Hz),
155.9, 155.5, 140.6 (d, /= 5.9 Hz), 131.2, 130.7, 129.8 (d, /= 8.3 Hz), 125.4 (d, /= 33.8
Hz), 121.0, 118.7, 116.4 (d, J= 21.0 Hz), 113.3 (d, /= 21.0 Hz), 108.9, 76.4, 75.4, 72.5,
72.5,58.9, 55.1, 53.7, 42.5, 35.9, 34.2, 31.9, 29.7, 29.5, 29.4, 29.4, 29.1, 27.3, 26.7, 20.2,
19.9, 8.0. LRMS-ESI (m/2): 689.2 [M + H]*; HRMS-ESI (m/2): [M + H]* calcd for
Ca3HaoFN4O7S,, 689.2474; found, 689.2466.

(1R,3aS,7aR)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-4-((2-(Cyclopropylamino)-N-
isobutylbenzo[d]-thiazole)-6-sulfonamido)-1-(4-fluorophenyl)-3-hydroxybutan-2-
yl)carbamate (4f).

Activated alcohol 16 (12 mg, 0.037 mmol) was treated with isostere amine 21 (21 mg, 0.041
mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 4f (17.5 mg,
68%) as an amorphous solid. R = 0.2 (80% EtOAc/hexanes). 1H NMR (500 MHz, CDCls):
68.10 (d, J= 1.9 Hz, 1H), 7.70 (dd, /= 8.5, 1.9 Hz, 1H), 7.57 (d, /= 8.5 Hz, 1H), 7.25-7.18
(m, 2H), 7.00-6.94 (m, 2H), 6.89 (br s, 1H), 5.60 (d, /= 3.6 Hz, 1H), 5.02 (d, /= 9.0 Hz,
1H), 4.70 (t, /= 6.1 Hz, 1H), 4.33 (t, /= 5.4 Hz, 1H), 4.11 (t, J= 8.2 Hz, 1H), 3.92-3.71 (m,
4H), 3.18 (dd, J=15.1, 8.2 Hz, 1H), 3.14-3.06 (m, 2H), 3.01 (dd, J= 13.4, 8.5 Hz, 1H),
2.83 (dd, J=13.4, 6.7 Hz, 1H), 2.79-2.70 (m, 3H), 2.52 (m, 1H), 1.96 (dt, /= 12.5, 5.2 Hz,
1H), 1.92-1.81 (m, 2H), 1.70 (d, J=12.6 Hz, 1H), 1.29 (d, /= 10.0 Hz, 1H), 0.98-0.90 (m,
5H), 0.88 (d, /= 6.6 Hz, 3H), 0.82-0.77 (m, 2H); 13C NMR (200 MHz, CDCls): §172.9,
162.2, 161.0, 156.0, 133.6, 131.0 (d, /= 8.0 Hz), 130.7, 125.4, 121.0, 118.7, 115.2 (d, J=
21.0 Hz), 108.9, 76.4, 75.4, 72.6, 72.5, 58.9, 55.3, 53.7, 42.6, 35.2, 34.2, 29.7, 29.4, 29.1,
27.3,26.7,20.2,19.9, 8.0. LRMS-ESI (m/2): 689.2 [M + H]*; HRMS-ESI (m/2): [M + H]*
calcd for C33H42FN40O7S,, 689.2474; found, 689.2481.

(1S,3aR,5S,7aS)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-3-Hydroxy-4-((N-
isobutyl-4-methoxyphenyl)-sulfonamido)-1-phenylbutan-2-yl)carbamate (5a).

Activated alcohol ent-16 (15 mg, 0.046 mmol) was treated with isostere amine 17 (21 mg,
0.051 mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 5a (22
mg, 80%) as an amorphous solid. A = 0.3 (70% EtOAc/hexanes). 1H NMR (800 MHz,
CDCl3): 67.72 (d, J= 8.4 Hz, 2H), 7.33-7.25 (m, 4H), 7.22 (t, /= 7.2 Hz, 1H), 6.98 (d, J=
8.4 Hz, 2H), 5.65 (s, 1H), 5.17 (d, J= 8.8 Hz, 1H), 4.80-4.68 (m, 1H), 4.33 (t, J= 5.4 Hz,
1H), 4.13 (m, 1H), 3.88 (s, 3H), 3.91-3.75 (m, 4H), 3.13-2.91 (m, 4H), 2.87-2.71 (m, 2H),
2.56 (m, 1H), 2.06-1.68 (m, 5H), 1.52 (d, J= 15.8 Hz, 1H), 1.31 (m, 1H), 0.91 (d, /= 6.6
Hz, 3H), 0.87 (d, J= 6.7 Hz, 3H); 13C NMR (200 MHz, CDCls): §162.9, 156.2, 137.8,
130.1, 129.6, 129.5, 128.5, 126.4, 114.3, 108.9, 76.6, 75.7, 72.6, 72.1, 58.6, 55.6, 55.4, 53.5,
42.7,35.2,34.3,29.7, 29.5, 29.5, 27.2, 20.1, 19.9. LRMS-ESI (m/2): 589.2 [M + H]*;
HRMS-ESI (m/2): [M + H]* calcd for CagH49N20gSNa, 611.2398; found, 611.2410.
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(1S,3aR,5S,7aS)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-4-((2-(Cyclopropylamino)-
N-isobutylbenzo[d]-thiazole)-6-sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)-carbamate (5b).

Activated alcohol en#16 (15 mg, 0.046 mmol) was treated with isostere amine 18 (25 mg,
0.051 mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 5b (22
mg, 70%) as an amorphous solid. R = 0.2 (80% EtOAc/hexanes). 1H NMR (800 MHz,
CDCl3): 68.08 (s, 1H), 7.69 (d, J= 8.5 Hz, 1H), 7.57 (d, J= 8.5 Hz, 1H), 7.32-7.26 (m,
5H), 7.24-7.16 (m, 2H), 5.65 (d, /= 3.6 Hz, 1H), 5.19 (d, /= 8.8 Hz, 1H), 4.78 (t, /=6.1
Hz, 1H), 4.34 (t, /= 5.4 Hz, 1H), 4.13 (t, /= 8.3 Hz, 1H), 3.98-3.81 (m, 4H), 3.15 (dd, /=
15.0, 8.7 Hz, 1H), 3.10-2.95 (m, 3H), 2.85 (dd, /= 13.5, 6.9 Hz, 1H), 2.80-2.70 (m, 2H),
2.55 (m, 1H), 2.05-1.67 (m, 5H), 1.52 (d, J= 15.8 Hz, 1H), 0.97 (d, /= 6.5 Hz, 2H), 0.92 (d,
J=6.6 Hz, 3H), 0.88 (d, /= 6.6 Hz, 3H), 0.81 (m, 2H); 13C NMR (200 MHz, CDCls): &
172.98, 156.19, 155.60, 137.81, 131.20, 130.60, 129.62, 128.49, 126.49, 125.40, 120.93,
118.55, 108.88, 76.59, 75.67, 72.67, 72.20, 58.71, 55.48, 53.63, 42.72, 35.24, 34.32, 29.71,
29.50, 27.31, 26.68, 20.18, 19.91, 7.97. LRMS-ESI (m/2): 671.2 [M + H]*; HRMS-ESI
(m/2): [M + H]* calcd for C33H43N407S,, 671.2568; found, 671.2563.

(1S,3aR,5S,7aS)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-3-Hydroxy-4-((N-
isobutyl-2-(isopropylamino)benzo-[d]oxazole)-6-sulfonamido)-1-phenylbutan-2-
yl)carbamate (5c).

Activated alcohol ent-16 (8 mg, 0.024 mmol) was treated with isostere amine 22 (13 mg,
0.027 mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 5¢ (14
mg, 86%) as an amorphous solid. R = 0.4 (5% MeOH/CH,Cl,). 1H NMR (800 MHz,
CDCls): 67.66 (s, 1H), 7.60 (d, J= 8.2 Hz, 1H), 7.39 (d, J= 8.2 Hz, 1H), 7.30-7.23 (m,
5H), 7.20 (t, /=7.1 Hz, 1H), 5.63 (d, /= 3.5 Hz, 1H), 5.23 (br s, 1H), 5.07 (d, J= 8.9 Hz,
1H), 4.76 (m, 1H), 4.32 (m, 1H), 4.15-4.05 (m, 2H), 3.87-3.72 (m, 4H), 3.13-2.92 (m, 4H),
2.85-2.67 (m, 2H), 2.53 (m, 1H), 2.03-1.95 (m, 2H), 1.92-1.77 (m, 2H), 1.73 (d, /= 12.5
Hz, 1H), 1.50 (d, J= 15.8 Hz, 1H), 1.36 (d, /= 6.5 Hz, 6H), 0.90 (d, /= 6.6 Hz, 3H), 0.86
(d, J= 6.6 Hz, 3H); 13C NMR (200 MHz, CDCl3): §163.3, 156.2, 147.9, 137.7, 130.1,
129.6, 128.5, 126.5, 124.2, 116.0, 108.9, 108.4, 76.6, 75.7, 72.7, 72.1, 58.7, 56.0, 55.4, 53.7,
45.8,42.7, 35.3, 34.3, 29.7, 29.5, 27.3, 23.0, 20.2, 19.9. LRMS-ESI (m/2): 657.2 [M + H]*;
HRMS-ESI (m/2): [M + H]* calcd for C33HasN40gS, 657.2953; found, 657.2948.

(1S,3aR,5S,7aS)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-4-((2-(Cyclopropylamino)-
N-isobutylbenzo[d]-thiazole)-6-sulfonamido)-1-(3,5-difluorophenyl)-3-hydroxy-butan-2-
ylhcarbamate (5d).

Activated alcohol ent16 (12 mg, 0.037 mmol) was treated with isostere amine 19 (21 mg,
0.041 mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 5d (15.5
mg, 59%) as an amorphous solid. R = 0.3 (5% MeOH/CH,Cl,). 'H NMR (800 MHz,
CDClg): 68.11 (s, 1H), 7.72 (d, J= 8.6 Hz, 1H), 7.59 (d, J= 8.5 Hz, 1H), 6.98 (br s, 1H),
6.87-6.80 (m, 2H), 6.67 (m, 1H), 5.65 (d, J= 3.6 Hz, 1H), 5.25 (d, J= 8.8 Hz, 1H), 4.83-
4,73 (m, 1H), 4.36 (t, /= 5.4 Hz, 1H), 4.16-4.05 (m, 2H), 3.95-3.73 (m, 3H), 3.18-2.93 (m,
4H), 2.89 (dd, J=13.3, 6.9 Hz, 1H), 2.84-2.72 (m, 3H), 2.56 (q, /= 8.2 Hz, 1H), 2.05-1.95
(m, 2H), 1.94-1.83 (m, 2H), 1.76 (d, J= 12.6 Hz, 1H), 1.72 (m, 1H), 1.52 (d, /= 15.9 Hz,
1H), 0.97 (d, J= 6.6 Hz, 2H), 0.94 (d, /= 6.5 Hz, 3H), 0.90 (d, /= 6.9 Hz, 3H), 0.83-0.79
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(m, 2H). 13C NMR (200 MHz, CDCl3): §173.0, 163.6 (d, /= 11.8 Hz), 162.3 (d, J=12.1
Hz), 156.2, 155.6, 142.2 (m), 131.3, 130.4, 125.4, 120.9, 118.7, 112.4 (d, J= 20.2 Hz),
108.9, 102.0 (t, J= 24.2 Hz), 76.5, 75.5, 72.7, 72.3, 59.0, 55.3, 53.7, 42.6, 34.8, 34.3, 29.7,
29.5, 27.4,26.7, 20.2, 19.9, 8.0. LRMS-ESI (/m/2): 707.2 [M + H]*; HRMS-ESI (m/2): [M +
H]* calcd for CagHa1FoN4O7S,, 707.2379; found, 707.2384.

(1S,3aR,5S,7aS)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-4-((2-(Cyclopropylamino)-
N-isobutylbenzo[d]-thiazole)-6-sulfonamido)-1-(3-fluorophenyl)-3-hydroxybutan-2-
yl)carbamate (5e).

Activated alcohol ent-16 (4 mg, 0.012 mmol) was treated with isostere amine 20 (7 mg,
0.013 mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 5e (7.5
mg, 87%) as an amorphous solid. R = 0.2 (80% EtOAc/hexanes). 1H NMR (800 MHz,
CDCly): 68.14-8.07 (m, 1H), 7.73-7.65 (m, 1H), 7.56 (dd, J= 8.3, 2.8 Hz, 1H), 7.23 (m,
1H), 7.08-7.00 (m, 2H), 6.98 (d, J=10.2 Hz, 1H), 6.89 (td, /= 8.8, 3.3 Hz, 1H), 5.63 (d, J=
3.6 Hz, 1H), 5.21 (d, /= 8.8 Hz, 1H), 4.77 (t, /= 6.3 Hz, 1H), 4.32 (t, /= 5.2 Hz, 1H), 4.11
(td, J=8.9, 8.5, 3.2 Hz, 1H), 4.02-3.73 (m, 4H), 3.15-2.92 (m, 4H), 2.85 (dd, /= 13.3, 6.7
Hz, 1H), 2.79-2.70 (m, 2H), 2.57-2.48 (m, 1H), 2.01-1.93 (m, 2H), 1.89-1.81 (m, 2H), 1.73
(d, J=12.5 Hz, 1H), 1.50 (d, /= 15.8 Hz, 1H), 0.95-0.84 (m, 8H), 0.81-0.77 (m, 2H); 13C
NMR (200 MHz, CDCls3): 6173.0, 163.4, 162.2, 156.2, 155.6, 140.6, 131.2, 130.6, 130.5,
129.9-125.7 (m), 125.5-125.2 (m), 120.9 (d, /= 8.5 Hz), 118.6, 116.5 (d, /= 22.9 Hz),
113.4 (t, J=19.0 Hz), 108.9, 76.5 (d, /= 36.1 Hz), 75.5 (d, /= 35.0 Hz), 72.7, 72.3, 58.8,
55.4,55.2,53.6,42.7,42.5,34.8,34.3, 34.2, 29.7, 29.5, 29.4, 29.1, 27.3, 26.7, 20.2, 19.9,
8.0. LRMS-ESI (m/2): 689.2 [M + H]*; HRMS-ESI (m/2): [M + H]* calcd for
C33H4oFN407S,, 689.2474; found, 689.2481.

(1S,3aR,5S,7aS)-Octahydro-1,6-epoxyisobenzofuran-5-yl((2S,3R)-4-((2-(Cyclopropylamino)-
N-isobutylbenzo[d]-thiazole)-6-sulfonamido)-1-(4-fluorophenyl)-3-hydroxybutan-2-
yl)carbamate (5f).

Activated alcohol ent-16 (4 mg, 0.012 mmol) was treated with isostere amine 21 (7 mg,
0.013 mmol) by following the procedure outlined for inhibitor 4a to give inhibitor 5f (6.6
mg, 77%) as an amorphous solid. R = 0.2 (80% EtOAc/hexanes). 1H NMR (800 MHz,
CDClg): 68.07 (s, 1H), 7.67 (d, J= 8.6 Hz, 1H), 7.56 (d, J= 8.5 Hz, 1H), 7.25-7.20 (m,
2H), 6.98-6.95 (m, 2H), 6.83 (br s, 1H), 5.63 (d, /= 3.5 Hz, 1H), 5.10 (d, /= 9.1 Hz, 1H),
4.74 (m, 1H), 4.32 (t, J=5.5 Hz, 1H), 4.11 (t, /= 7.9 Hz, 1H), 3.90-3.72 (m, 4H), 3.12 (dd,
J=15.0, 8.5 Hz, 1H), 3.07-3.03 (m, 1H), 3.01-2.96 (m, 2H), 2.91 (dd, J= 14.2, 8.2 Hz,
1H), 2.83 (dd, /= 13.5, 6.8 Hz, 1H), 2.77-2.69 (m, 2H), 2.53 (m, 1H), 2.03-1.95 (m, 2H),
1.89-1.80 (m, 2H), 1.73 (d, J=12.5 Hz, 1H), 1.48 (d, /= 15.8 Hz, 1H), 0.96-0.93 (m, 2H),
0.91 (d, /= 6.6 Hz, 3H), 0.86 (d, /= 6.7 Hz, 3H), 0.81-0.78 (m, 2H); 13C NMR (200 MHz,
CDCI3): §172.9,162.3, 161.1, 156.1, 155.5, 133.4, 131.2, 131.1-131.0 (m), 130.6, 125.4,
120.9, 118.7, 115.2 (d, /=20.9 Hz), 108.9, 76.6, 75.5, 72.7, 72.1, 58.8, 55.4, 53.7, 42.7,
34.5,34.3,29.7, 29.5, 29.4, 27.3, 26.7, 20.2, 19.9, 8.0. LRMS-ESI (m/2): 689.2 [M + H]*;
HRMS-ESI (m/2): [M + H]* calcd for Ca3H4FN407S,, 689.2474; found, 689.2478.
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(1R,3aS,5S,7aR)-Octahydro-1,6-epoxyisobenzofuran-5-ol (6).

To a stirred solution of triol 13 (340 mg, 1.54 mmol) in dichloromethane (16 mL) was added
10-camphorsulfonic acid (36 mg, 0.15 mmol) at 0 °C for 1 h. The crude residue was purified
by silica gel column chromatography (40% EtOAc/hexanes) to afford alcohol 6 (198 mg,
82%) as a white amorphous solid. R = 0.3 (70% EtOAc/hexanes). [a]& + 45.5 (¢0.77,
CHCIl3). IH NMR (400 MHz, CDCls): §5.64 (d, /= 4.2 Hz, 1H), 4.30 (t, J= 5.7 Hz, 1H),
4.03-3.87 (m, 3H), 3.21 (d, /= 10.3 Hz, 1H), 2.82 (dt, /= 8.8, 4.4 Hz, 1H), 2.56-2.48 (m,
1H), 1.93 (dt, /= 12.4, 5.0 Hz, 1H), 1.83-1.73 (m, 2H), 1.56 (dt, J= 15.4, 1.1 Hz, 1H); 13C
NMR (100 MHz, CDCls): 6108.6, 76.8, 76.6, 67.5, 42.1, 34.7, 31.8, 29.6. LRMS-ESI
(m/2): 157 [M + H]*.

(1S,3aR,7aS)-Octahydro-1,6-epoxyisobenzofuran-5-ol (ent-6).
The title compound ent-6 (62 mg, 79%) was obtained from en#-13 (110 mg, 0.5 mmol) by
following the procedure outlined for compound 6. 7 = 0.3 (70% EtOAc/hexanes); [a]zDO =
-47.3 (¢0.76, CHCI3). 1H and 13C NMR data is identical with 6.

cis-Cyclohex-4-ene-1,2-dimethanol (9).
To a slurry of lithium aluminum hydride in THF was added c/s-4-cyclohexene-1,2-
dicarboxylic anhydride 10 (7 g, 46.00 mmol) in THF (300 mL) at 0 °C over 20 min. The
reaction mixture was stirred at 0 °C for 3 h and quenched by dropwise addition of methanol
over a period of 30 min at 0 °C. The reaction mixture was allowed to warm to room
temperature, and ag solution of sodium sulfate was added and stirred at 23 °C overnight. The
resulting slurry was filtered, and the solid was rinsed with ethyl acetate. The layers were
separated, and the aqueous layer was extracted with ethyl acetate. The combined organic
layers were dried over NaySQy, filtered, and the solvent was removed under reduced
pressure to give cis-diol 9 (g, 85%) as liquid. 1H NMR (400 MHz, CDCls): 65.62-5.59 (m,
2H), 3.71 (dd, J=11.0, 6.5 Hz, 2H), 3.58 (dd, J= 11.1, 3.3 Hz, 2H), 3.27 (br s, 2H), 2.18-
1.96 (m, 6H); 13C NMR (101 MHz, CDCl3): 6125.4, 64.0, 37.7, 26.8. LRMS-ESI (m/2):
143.0 [M + H]*.

((1s,6R)-6-(Hydroxymethyl)cyclohex-3-en-1-yl)methyl Acetate (11).
A mixture of diol 9 (0.5 g, 3.52 mmol) and PPL (porcine pancreatic lipase Sigma type 2,
2.27 g) in ethyl acetate (50 mL) was stirred at 23 °C for 12 h. After completion of diol by
TLC, the reaction mixture was filtered and the solvent was removed in vacuoto give a crude
residue which was purified by column chromatography over silica gel (30% EtOAc/hexanes)
to afford the mono acetate 11 (0.53 g, 82%) along with di acetate (40 mg, 5%) as the minor
product. /% = 0.5 (50% EtOAc/hexanes). [a]R + 17.5 (¢ 2.2, CHCIy), {literature data:2 [a]%’

+19.0 (¢5.85, CHCl3)}; IH NMR (400 MHz, CDCls): §5.67-5.57 (m, 2H), 4.17 (dd, J=
11.0, 6.0 Hz, 1H), 3.94 (dd, J=11.0, 8.0 Hz, 1H), 3.68-3.53 (m, 2H), 2.27-2.20 (m, 1H),
2.17-2.05 (m, 3H), 2.04 (s, 3H), 2.03-1.82 (m, 3H). 13C NMR (101 MHz, CDCl3): 6171.3,
125.5, 125.0, 64.9, 63.5, 37.1, 33.1, 26.9, 25.9, 20.9. LRMS-ESI (//2): 185.1 [M + H]™ .
Spectral data was identical with the reported data.t
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((1R,6S)-6-(Hydroxymethyl)cyclohex-3-en-1-yl)methyl Acetate (ent-11).

To a stirred solution of diacetate 15 (18.6 g, 82.30 mmol) in 0.1 M phosphate buffer (242
mL, pH 7) was added PPL (1.86 g, Sigma type II, crude) at 23 °C. NaHCO3 solution (93
mL) (1 N) was added dropwise, and the heterogeneous mixture was stirred for 16 h. The
mixture was then filtered through a pad of Celite. The filtrate was extracted with
dichloromethane (x3). The combined organic layers were washed with brine, dried over
NaySOy, filtered, and the solvent was evaporated in vacuo. The residue was purified by
chromatography over silica gel (30% EtOAc/hexanes) to obtain ent-11 (12.75 g, 84%) as
colorless oil. R = 0.5 (50% EtOAc/hexanes). [a] = -17.5 (¢= 1.43, CHCIl3); LRMS-ESI
(m/2): 185.1 [M + H]*. 1H and 13C NMR spectral data were identical with 11.

((1S,6R)-6-(Dimethoxymethyl)cyclohex-3-en-1-yl)methyl Acetate (12).

Oxalyl chloride (1.34 mL, 15.21 mmol) in dry CH,Cl, (60 mL) was cooled to =78 °C under
a nitrogen atmosphere. Dimethyl sulfoxide (2.2 mL, 30.43 mmol) was added dropwise.
After 15 min, alcohol 11 (1.4 g, 7.60 mmol) in dry CH,Cl, (20 mL) was added to the
reaction mixture via cannula and stirred for 30 min at =78 °C. Then, Et3N (5.3 mL, 38.04
mmol) was added and the mixture stirred for 15 min. Further reaction was carried out at 0
°C. The solvent was concentrated, extracted with EtOAc (2 x 100 mL), and washed with
H,0 and brine, and the organic layer was dried over NaySQy, filtered, and concentrated
under reduced pressure. The residue was purified by flash column chromatography (15%
EtOAc/hexanes) to afford aldehyde S1 (1.25 g, 90%) as colorless oil. /Af = 0.5 (30% EtOAc/

hexanes). [a]2 - 47.9 (¢0.73, CHCI3); 'H NMR (400 MHz, CDClg): §9.71 (s, 1H), 5.73-
5.61 (M, 2H), 4.12-4.03 (m, 2H), 2.65-2.55 (m, 2H), 2.33-2.24 (m, 3H), 2.07-1.96 (M, 4H);
13C NMR (100 MHz, CDCl3): §203.2, 170.6, 125.3, 124.7, 64.4, 47.2, 32.7, 26.8, 22.6,
20.6. LRMS-ESI (/7/2): 183.0 [M + H]*.

To a stirred solution of above aldehyde (1.25 g, 6.86 mmol) in methanol (20 mL) was added
trimethyl orthoformate (7.5 mL, 68.60 mmol) followed by tetrabutylammonium tribromide
(66 mg, 0.137 mmol) at 23 °C. The reaction mixture was stirred for 8 h at 23 °C. After this
period, the reaction mixture was quenched by the addition of saturated aqueous NH4CI
solution. Methanol was removed under reduced pressure and the reaction mixture was
diluted with ethyl acetate. The layers were separated, the aqueous layer was extracted with
EtOAc, and combined organic extracts were dried over Na;SO,4 and concentrated under
reduced pressure. The crude product was purified by silica gel column chromatography
(10% EtOAc/hexanes) to afford 12 (1.32 g, 84%). Rf = 0.5 (10% EtOAc/hexanes, 3 times).
[a]® +5.9 (c1.2, CHCl3). IH NMR (400 MHz, CDCls): §5.70-5.54 (m, 2H), 4.33 (dd, J=
8.3, 1.9 Hz, 1H), 4.12 (ddd, /= 10.8, 5.4, 1.8 Hz, 1H), 3.99 (ddd, /= 10.8, 9.0, 1.9 Hz, 1H),
3.36-3.30 (m, 6H), 2.29 (m, 1H), 2.21-1.99 (m, 7H), 1.88 (dddd, J = 16.1, 7.9, 4.3, 2.2 Hz,
1H); 13C NMR (100 MHz, CDCls): §171.1, 125.7, 124.7, 105.0, 64.3, 53.5, 52.5, 37.4,
31.9, 27.5, 24.5, 21.0. LRMS-ESI (m/2): 251.1 [M + Na]™.

((1R,6S)-6-(Dimethoxymethyl)cyclohex-3-en-1-yl)methyl Acetate (ent-12).

The title compound ent12 (9 g, 80% over two steps) was obtained from ent-11 (9 g, 48.91
mmol) by following the procedure outlined for compound 12. /f = 0.5 (10% EtOAc/
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hexanes, 3 times). [«]& - 5.5 (¢ 1.0, CHCI3). 1H and 13C NMR spectral data were identical
with 12.

(1R,2S,4R,5S)-4-(Dimethoxymethyl)-5-(hydroxymethyl)-cyclohexane-1,2-diol (13) and

(1S,2R,4R,5S)-4-(Dimethoxy-methyl)-5-(hydroxymethyl)cyclohexane-1,2-diol (14).
AD-mix-g (3.0 g) was dissolved in 1:1 fert-butyl alcohol/water (22 mL), and the mixture
was stirred for 10 min. MeSO,NH, (208 mg, 2.19 mmol) was then added, and stirring was
continued for a further 10 min. After the mixture was cooled to 0 °C, 12 (500 mg, 2.19
mmol) in #BuOH (2 mL) was added. The reaction was slowly warmed to ambient
temperature and stirred for 24 h. At this time, solid Na,SO3 was added, and the reaction was
stirred for an additional 30 min. The reaction was then partitioned between EtOAc/water and
the aqueous layer extracted with EtOAc. The combined organic layers were washed brine
solution, dried over Na,SOy, filtered, and concentrated under reduced pressure to yield
inseparable mixture of diols which were used for the next step with further purification.

The stirred solution of above diol was dissolved in methanol (6 mL), and 1 N NaOH (0.6
mL) at 0 °C was added. The reaction mixture was slowly warmed to ambient temperature
and stirred for 3 h. After completion of the starting material, methanol was evaporated and
extracted with dichloromethane (3 x 30 mL). The combined organic layers were dried over
NaySQOy, filtered, and concentrated under reduced pressure. The crude residue was purified
by column chromatography (5% MeOH/CH,CI,) over silica gel to afford triol 13 (207 mg,
43%) and 14 (227 mg, 47%) as an oily liquids.

Compound 13.

R: = 0.4 (10% MeOH/CH,Cl,). [a18 - 3.2 (¢0.58, CHCl3). 1H NMR (400 MHz, methanol-
dy): 64.46 (d, J= 8.3 Hz, 1H), 3.82-3.72 (m, 2H), 3.60 (dd, J= 11.4, 4.3 Hz, 1H), 3.55 (m,
1H), 3.36 (s, 3H), 3.35 (s, 3H), 2.00-1.82 (m, 3H), 1.81-1.69 (m, 2H), 1.62 (dt, J= 12.9, 4.3
Hz, 1H); 13C NMR (100 MHz, methanol-djy): §104.9, 70.7, 68.4, 62.9, 52.4, 52.1, 39.0,
34.6, 33.2, 27.4. LRMS-ESI (m/2): 243.1 [M + Na]".

Compound 14.

Rs = 0.2 (10% MeOH/CH,Cly). [a]& - 0.77 (¢ 3.49, CHCl3). 'H NMR (400 MHz,
methanol-djy): §4.30 (d, J= 7.8 Hz, 1H), 3.89 (dt, J= 6.0, 3.0 Hz, 1H), 3.77 (dt, /= 10.2, 3.7
Hz, 1H), 3.63 (dd, /= 10.9, 6.0 Hz, 1H), 3.50 (dd, J= 11.0, 8.8 Hz, 1H), 3.33 (s, 3H), 3.31
(s, 3H), 2.26 (ddt, /= 12.0, 8.3, 4.2 Hz, 1H), 2.15-2.07 (m, 1H), 1.87-1.79 (m, 1H), 1.78—
1.65 (M, 2H), 1.63-1.51 (m, 1H). 13C NMR (100 MHz, MeOD): §105.2, 68.4, 67.3, 60.3,
52.7,51.7, 35.8, 34.3, 28.8, 28.5. LRMS-ESI (/m/2): 243.1 [M + Na]".

(1S,2R,4S,5R)-4-(Dimethoxymethyl)-5-(hydroxymethyl)-cyclohexane-1,2-diol (ent-13) and
(1R,2S,4S,5R)-4-(Dimethoxymethyl)-5-(hydroxymethyl)cyclohexane-1,2-diol (ent-14).

Triol ent-13 (405 mg, 42%) and ent-14 (445 mg, 46%) were synthesized from ent-12 (1 g,
4.38 mmol) by following the procedure outlined for compound 13 and 14.
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cis-Cyclohex-4-ene-1,2-diylbis(methylene) Diacetate (15).
To a stirred solution of diol 9 (11.5 g, 80.98 mmol) were added pyridine (26.1 mL, 323.94
mmol), acetic anhydride (15.3 mL, 161.97 mmol), and followed by DMAP (495 mg, 4.05
mmol) at 0 °C. The resulting mixture was stirred at 23 °C overnight. Upon completion, the
reaction mixture was quenched with water and extracted with EtOAc (2 x 100 mL). The
combined organic layers were dried over NaSO4, filtered, and concentrated under reduced
pressure. The crude residue was purified by silica gel column chromatography (20% EtOAc/
hexanes) to afford alcohol 15 (18.1 g, 98%). R = 0.8 (50% EtOAc/hexanes). 1H NMR (400
MHz, chloroform-d): 65.63-5.60 (m, 2H), 4.12-4.07 (m, 2H), 4.04-3.98 (m, 2H), 2.28-
2.11 (m, 4H), 2.05 (s, 6H), 1.97-1.89 (m, 2H). 13C NMR (101 MHz, CDCl3): §170.9,
125.0, 65.0, 33.6, 26.5, 20.9. LRMS-ESI (m/2): 227.1 [M + H]™ .

4-Nitrophenyl ((1R,3aS,7aR)-Octahydro-1,6-epoxyisobenzofuran-5-yl) Carbonate (16).

To a stirred solution of 6 (22 mg, 0.14 mmol) in dichloromethane (1.0 mL) were added
pyridine (30 £L, 0.32 mmol) and 4-nitrophenylchloroformate (63 mg, 0.31 mmol) at 0 °C
under an argon atmosphere. The reaction mixture was warmed to 23 °C and stirred for 12 h.
Upon completion, solvent was removed under reduced pressure. The crude product was
purified by silica gel column chromatography (35% EtOAc in hexane) to afford 16 (39.5 mg,
87%) as an amorphous solid. 7 = 0.5 (70% EtOAc/hexanes). [ahz)o +77.4 (c0.7, CHCly).
1H NMR (500 MHz, CDCly): 68.27-8.23 (m, 2H), 7.43-7.38 (m, 2H), 5.69 (d, /= 3.6 Hz,
1H), 4.91 (ddt, J= 7.4, 5.0, 1.0 Hz, 1H), 4.62 (t, J= 5.4 Hz, 1H), 4.18 (t, J= 8.3 Hz, 1H),
3.93 (dd, /=8.8, 2.9 Hz, 1H), 2.82 (dt, /= 8.6, 3.9 Hz, 1H), 2.68-2.59 (m, 1H), 2.11-2.01
(m, 2H), 1.80 (d, J=12.7 Hz, 1H), 1.71 (d, J= 14.7 Hz, 1H); 13C NMR (125 MHz, CDCly):
6155.7,151.7, 145.3, 125.2, 121.9, 109.1, 77.2, 76.2, 73.9, 42.3, 34.0, 29.2, 28.5. LRMS-
ESI (m/2): 344 [M + Na]*.

4-Nitrophenyl ((1S,3aR,7aS)-Octahydro-1,6-epoxyisobenzofuran-5-yl) Carbonate (ent-16).
The title compound ent-16 (100 mg, 88%) was obtained from ent6 (55 mg, 0.352 mmol) by
following the procedure outlined for compound 16. R = 0.5 (70% EtOAc/hexanes). [a]2D0 -
79.1 (¢0.8, CHCI3). 1H and 13C NMR data are identical with 16.

Determination of X-ray structure of HIV-1 Protease—Inhibitor Complex.

The HIV-1 protease was expressed and purified, as described previously.> The PR/5¢
complex was crystallized by the hanging drop vapor diffusion method with a well solution of
1.25 M NaCl and 0.1 M sodium acetate, pH 4.8, while PR/4a crystals were grown with a
reservoir solution of 0.65 M NaCl and 0.1 M sodium acetate, pH 6.0. Diffraction data were
collected on a single crystal cooled to 90 K at SER-CAT (22-BM beamline), Advanced
Photon Source, Argonne National Lab (Chicago, USA) with an X-ray wavelength of 1.0 A.
The two data sets were processed by HKL-200046 to a Rmerge of 5.6 and 7.9%. The
complex structures were solved by PHASER?7 in CCP4i Suite*8-0 using the previously
determined isomorphous structure with PDB code 3NU3°! as the start model. The PR/5¢
and PR/4a complexes were refined by SHELX-2014°23 yp to 1.3 A resolution and by
REFMAC5° to 1.25 A resolution. PRODRG-255 and Jligand®8 were used to construct
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inhibitors and the restraints for refinement. COOT®7%8 was used for model building.
Anisotropic atomic displacement parameters (B factors) were applied for all atoms including
solvent molecules. The final refined solvent structure comprised one Na* ion, two CI~ ions,
two acetate ion, and 189 water molecules for PR/5¢ and one Na* ion, two CI~ ions, one
glycerol, one formic acid, and 222 water molecules for PR/4a. The crystallographic statistics
are provided in the Supporting Information section. The coordinates and structure factors of
PR/5c and PR/4a were deposited in the Protein Data Bank®® with code 6VOE and 6\VVOD,
respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ART antiretroviral therapies

ATV atazanavir

Abt aminobenzothiazole

bis THF bis-tetrahydrofuran
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Figure 1.
Structures of HIV-1 Pls 1-4.
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Figure 2.
Inhibitor 4a-bound HIV-1 protease X-ray structure is shown (pdb code: 6VVOD). The

inhibitor carbon atoms are shown in green and hydrogen bonds are shown by black dotted
lines.
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Figure 3.
Inhibitor 5¢-bound HIV-1 protease X-ray structure is shown (pdb code: 6VVOE). The

inhibitor carbon atoms are shown in cyan and hydrogen bonds are shown by black dotted
lines.
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Figure 4.
Side by side comparison of the new ChA-THF moiety of inhibitor 4a (left, green carbon

atoms) with the enantiomeric CA£THF moiety of inhibitor 5c¢ (right, cyan carbon chain)
inside the S2 subpocket. Both ligands form extensive van der Waals interactions (Val32,
1le47, 11e50°, and 11e84 for 4a and Val32, 1le47, and 11e50° for 5c¢) in the S2 subsite. Also,
they are located close to the periphery of the protease active site and form three strong
hydrogen bonds in a similar fashion (black dotted lines).
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Scheme 1.
Synthetic Strategy for the Cyclohexane-Fused bis-THF P2 Ligand Structure
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Scheme 2.
Synthesis of Substituted Tricyclic P2 Ligands 6 and ent-67

4Reagents and conditions. (a) LiAIH4, THF, 0 °C, 3 h (85%); (b) PPL, EtOAc, 23 °C, 12 h
(82%); (c) (COCI),, DMSO, TEA, CH,Cly, =78't0 0 °C, 1.5 h; (d) CH(OMe)3, TBABr3,
MeOH, 23 °C, 8 h (76% over 2-steps for 12; 80% over 2-steps for ent-12); (e) AD mix-g,
CH3SO5NH,, #BuOH/H,0 (1:1), 0-23 °C; (f) 1 N NaOH, MeOH, 0-23 °C, 3 h (90% over
2-steps for 13 & 14; 88% over 2-steps for ent-13 & ent-14); (g) CSA, CH,Cl,, 0°C, 1 h
(82% for 6 and 79% for ent-6); (h) Ac,0, Py, DMAP, CH,Cl,, 0-23 °C (98%); (i) PPL, 0.1
M phosphate buffer pH 7, 1 N NaHCOg3, 23 °C, 16 h (84%).
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Scheme 3.
Synthesis of Activated Carbonates 16 and ent-16¢

4Reagents and Conditions. (a) 4-NO,PhOCOCI, Py, CH,Cl,, 0-23 °C, 8 h (87% for 16 and
88% for ent-16)
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Synthesis of Pls 4a—4f and 5a—f2

4Reagents and Conditions. (a) DIPEA, CH3CN, 23 °C, (59-87%)

J Med Chem. Author manuscript; available in PMC 2020 August 13.

Page 30



1duosnuepy Joyiny 1duosnue Joyiny 1duosnuepy Joyiny

1duosnue Joyiny

Ghosh et al.

Table 1.

HIV-1 Protease Inhibitory and Antiviral Activity of Pls
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a . . . .
Ki values represents at least four data points. Standard error in all cases was less than 7%. Darunavir exhibited Kj=

Values are means of at least three experiments. Standard error in all cases was less than 5%. Darunavir exhibited antiviral IC50 = 3.2 nM,

saquinavir IC50 = 21 nM.
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Table 2.

HIV-1 Protease Inhibitory and Antiviral Activity of Pls
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Ki values represents at least four data points. Standard error in all cases was less than 7%. Darunavir exhibited Kj= 16 pM.

Values are means of at least three experiments. Standard error in all cases was less than 5%. Darunavir exhibited antiviral IC50 = 3.2 nM,

saquinavir IC50 =21 nM.
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