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Abstract

Herein we report the design, synthesis, X-ray structural, and biological studies of an exceptionally 

potent HIV-1 protease inhibitor, compound 5 ((3S,7aS,8S)-hexahydro-4H-3,5-methanofuro[2,3-

b]pyran-8-yl ((2S,3R)-4-((2-(cyclopropylamino)-N-isobutylbenzo[d]thiazole)-6-sulfonamido)-1-

(3,5-difluorophenyl)-3-hydroxybutan-2-yl)carbamate). Using structure-based design, we 

incorporated an unprecedented 6-5-5-ring-fused crown-like tetrahydropyranofuran as the P2-

ligand, a cyclopropylaminobenzothiazole as the P2′-ligand, and a 3,5-difluorophenylmethyl group 

as the P1-ligand. The resulting inhibitor 5 exhibited exceptional HIV-1 protease inhibitory and 

antiviral potency at the picomolar level. Furthermore, it displayed antiviral IC50 values in the 

picomolar range against a wide panel of highly multidrug-resistant HIV-1 variants. The inhibitor 

shows an extremely high genetic barrier against the emergence of drug-resistant variants. It also 

showed extremely potent inhibitory activity toward dimerization as well as favorable central 

nervous system penetration. We determined a high-resolution X-ray crystal structure of the 
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complex between inhibitor 5 and HIV-1 protease, which provides molecular insight into the 

unprecedented activity profiles observed.

Graphical abstract

Crystal clear: We report the structure-based design, synthesis, biological evaluation, and X-ray 

structural studies of a series of exceptionally potent HIV-1 protease inhibitors containing novel P1, 

P2, and P2′ ligands to interact with active site residues. Inhibitor 5 shows exceptional HIV-1 

inhibitory and antiviral potency at the picomolar level. An X-ray structure of the inhibitor 5-bound 

HIV-1 protease complex provides molecular insight into the unprecedented activity profiles.
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Introduction

The advent of combined antiretroviral therapy (cART) in the late 1990s is the most 

significant development in the treatment of patients with HIV-1 infection and AIDS.[1,2] The 

introduction of these drug regimens using a combination of reverse transcriptase and 

protease inhibitor drugs dramatically suppressed viral replication, decreased plasma HIV-1 

viral loads, and improved CD4 cell counts in HIV-1-infected patients.[3,4] cART has 

significantly improved the life expectancy of patients who have access to these treatment 

regimens. There is currently no cure for HIV-1 infection or AIDS.[5] However, the mortality 

rates of HIV/AIDS patients are approaching those of the general population.[6,7] Despite 

these advances, the growing emergence of multidrug-resistant HIV-1 variants has raised 

serious concerns for the long-term viability of current treatment options.[8,9] Among cART, 

HIV-1 protease inhibitor (PI) drugs generally show a high genetic barrier against resistance. 

The latest approved PI, darunavir (DRV, 1, Figure 1), is the only PI drug recommended for 

first-line therapy.[10–12] It exhibits a high genetic barrier and it is the most widely prescribed 

PI for treatment-experienced and treatment-naïve patients with HIV-1 infection and AIDS.
[13] This is possibly due to darunavir’s dual mechanism of action as 1) an inhibitor of 

catalytic HIV-1 protease, and 2) an inhibitor of the dimerization of protease monomers.
[14,15] The current first-line cART with boosted PI-based and integrase-inhibitor-based 

regimens are effective against developing drug-resistant HIV-1 variants over an extended 

period of time. However, there are limitations, including side effects, toxicity, and rapid 

development of drug-resistant variants for some HIV/AIDS patient groups.[16,17] 

Furthermore, current cART regimens are ineffective for patients with HIV-associated 
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neurocognitive disorders (HAND). A sub-therapeutic drug concentration in the central 

nervous system (CNS) may lead to the development of resistance and less virologic 

suppression in the CNS.[18–20]

In an effort to address the above issues, our PI design strategy is aimed at targeting the 

protein backbone to develop PIs that are very potent with greater specificity for HIV-1, show 

high genetic barrier to the emergence of multidrug-resistant HIV-1 variants, and are capable 

of penetrating the blood–brain barrier.[10, 21–23] Herein, we report a novel HIV-1 PI 

containing a 6-5-5-ring-fused crown-like tetrahydropyranofuran as the P2-ligand, an 

aminobenzothiazole as the P2′-ligand, and a two-fluorine containing phenylalanine side 

chain as the P1-ligand. The resulting PI exhibited unprecedented antiviral activity against a 

wide range of highly multidrug-resistant HIV-1 variants, and displayed high genetic barrier 

against the emergence of resistant variants. It also displayed very potent inhibition of 

dimerization of protease monomers and favorable CNS-penetrating capacity. We carried out 

X-ray structural studies of inhibitor-bound HIV-1 protease complex to gain structural 

insight.

Since our design and discovery of DRV, our continuing efforts focused on developing PIs 

that exhibit robust antiviral potency against a variety of existing multi-PI-resistant variants.
[10, 24, 25] Our objectives are that these PIs need to significantly delay the emergence of 

HIV-1 variants resistant to the same PI, show better CNS penetration, and exhibit potent 

dimerization inhibition activity.[26] Toward these goals, we have reported a variety of novel 

PIs that meet many of these critical objectives. Recently, we reported the design and 

synthesis of a new class of PIs incorporating an unprecedented 6-5-5-ring-fused crown-like 

tetrahydropyranofuran (crn-THF) as the P2-ligand and cyclopropylamino-benzothiazole 

(Cp-Abt) as the P2′-ligand on an (R)-hydroxyethylsulfonamide isostere as the transition-

state mimic.[23, 27] Inhibitor 3 showed superior antiviral activity and drug resistance over 

DRV (1). Our detailed structural analysis also provided molecular insight into its exceptional 

drug-resistance profiles. Based on this structural insight, we have further optimized ligand-

binding site interactions in the active site of HIV-1 protease to improve the drug properties 

of inhibitor 5. Our overall design objectives were to preserve all critical hydrogen bonding 

interactions with the backbone atoms of the HIV-1 protease active site, while enhancing van 

der Waals interactions in the active site. In particular, we speculated that the incorporation of 

fluorine atoms in the P1-ligand would improve van der Waals contacts in the S1-subsite. Our 

hope is that these fluorine atoms in this PI would increase lipophilicity which would 

improve drug penetration in the CNS.[28, 29] Indeed, inhibitor 5, with a 3,5-difluorobenzyl 

moiety as the P1-ligand resulted in an exceptionally potent PI. This inhibitor exhibited 

unprecedented drug properties.[23] We have also prepared monofluoro derivatives and 

compared their antiviral activities against multidrug-resistant HIV-1 variants.

Synthesis of fluoroisosteres and inhibitors

Our synthesis of the 3,5-difluorobenzene-containing hydroxyethylamine sulfonamide 

isostere precursor in optically active form (compound 9) and its monofluoro counterparts 10 
and 11 is shown in Scheme 1. Commercially available 1-bromo-3,5-difluorobenzene 6a was 

converted into the corresponding Grignard reagent. Reaction of the resulting 3,5-
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difluorophenyl-magnesium bromide with commercially available butadiene monoxide in the 

presence of a catalytic amount of CuCN at −78°C provided allylic alcohol 7a in 60% yield.
[30] This was subjected to Sharpless asymmetric epoxidation[31, 32] using (−)-diethyl-D-

tartrate to provide the corresponding epoxide in very good yield. Regioselective epoxide 

opening of the resulting epoxide with TMSN3 and Ti(OiPr)4 afforded azido diol 8a in 68% 

yield over two steps.[33] Reaction of this diol with 2-acetoxyisobutyryl chloride in CHCl3 at 

0°C → 23°C provided the chloroacetate derivative, which was treated with NaOMe in THF 

at 23°C to afford azidooxirane 9 in 77% yield over two steps.[34] Monofluoro oxirane 

derivatives 10 and 11 were prepared by following the above sequence of reactions using 

commercially available fluorobromides (see the Experimental Section below).

Conversion of azidooxiranes into the corresponding fluoroisosteric amines 13 and 17 is 

shown in Scheme 2. Reaction of azidooxirane 9 with isobutylamine in isopropanol at 65°C 

for 12 h afforded amino alcohol 12a in excellent yield. Treatment of amino alcohol 12a with 

commercially available 4-nitrobenzenesulfonyl chloride in the presence of Et3N in CH2Cl2 

at 23°C for 12 h provided the corresponding sulfonamide derivative in 67% yield from 9. 

Catalytic hydrogenation of the resulting azidosulfonamide derivative with Pd(OH)2 in 

EtOAc at 23°C for 12 h afforded diamine derivative 13 in 89% yield.[35] Amino alcohol 12a 
was converted into cyclopropylaminobenzothiazole derivatives as follows: treatment of 

amino alcohol 12a with sulfonyl chloride 14 in the presence of Et3N at 23°C for 12 h 

furnished sulfonamide derivative 15a in excellent yield.[27] This was subjected to Staudinger 

reduction[36] with Ph3P in aqueous THF at 23°C for 24 h to provide the corresponding 

amine. The resulting amine was reacted with (Boc)2O in the presence of NaHCO3 to provide 

Boc derivative 16a in very good yield. This was converted into aminobenzothiazole 

derivative 17 as follows: methyl sulfide was oxidized to its sulfone derivative with mCPBA 

in CH2Cl2 at 0°C→23°C for 12 h. Treatment of the resulting sulfone with cyclopropylamine 

in THF at 65°C for 12 h afforded the aminobenzothiazole derivative.[27] Removal of the Boc 

group by exposure to trifluoroacetic acid (TFA) in CH2Cl2 at 0°C→23°C for 1 h furnished 

difluoroisostere 17 in excellent yield. The synthesis of monofluoro isosteres 18 and 19 is 

shown in Scheme 3. As shown, reaction of oxiranes 10 and 11 with isobutylamine furnished 

amino alcohol derivatives 12b and 12c. These amino alcohols were reacted with sulfonyl 

chloride 14 to provide sulfonamide derivatives 15b and 15c in excellent yields. Reduction of 

azide with Ph3P followed by protection of the resulting amines gave Boc derivatives 16b and 

16c. The methylbenzothiazole derivatives were converted into monofluorinated isosteric 

amines 18 and 19 by following the same sequence of reactions as for the difluorinated 

isostere 17.

Synthesis of inhibitors with fluoroisosteres is shown in Scheme 4. Synthesis of optically 

active crn-THF alcohol and its corresponding activated carbonate 20 was described recently.
[27] Reaction of 4-aminobenzenesulfonamide derivative 13 with 3,5-difluorophenylmethyl as 

the P1-ligand and activated carbonate 20 in the presence of diisopropylethylamine (DIPEA) 

in CH3CN at 23°C for 72 h furnished inhibitor 4 in 88% yield. Similarly, reaction of 

activated carbonate 20 with fluoroisostere 17 in CH3CN under similar conditions afforded 

inhibitor 5 in 99% yield. Monofluoro derivatives 18 and 19 were reacted with activated 

carbonate 20 to provide inhibitors 21 and 22 in 90% and 94% yields, respectively.
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Results and Discussion

We recently reported a new class of crn-THF-derived inhibitors as represented in PI 3.[27] In 

this class of compounds we were able to demonstrate how the replacement of a bis-THF 

with a crn-THF P2-ligand led to enhanced van der Waals interactions in the S2 site. These 

increased hydrophobic interactions, in addition to the robust hydrogen bond interaction 

pattern of a cyclopropylaminobenzothiazole-based P2′-ligand, led to inhibitor 3, which 

exhibited unprecedented potency, particularly against multidrug-resistant HIV-1 strains. 

Based on our examination of the X-ray crystal structure of DRV and HIV-1 protease 

complex as well as our crn-THF-derived inhibitor 3-bound HIV-1 protease, we planned 

further modifications to improve ligand-binding site interactions.[27, 37] In particular, we 

speculated that the insertion of a fluorine atom on the P1-phenyl ring may lead to effective 

van der Waals interactions with Pro81′ and Val82′ residues in the active site. To test this 

hypothesis, we designed and synthesized inhibitors 4 and 5 with 3,5-difluoro derivatives. We 

also prepared inhibitors 21 and 22 with monofluorophenylmethyl derivatives as the P1-

ligand. The structure and activity of these inhibitors are shown in Table 1. For determination 

of HIV-1 protease inhibitory activity, we used the assay protocol reported by Toth and 

Marshall.[38] As can be seen, inhibitor 4, with crn-THF as the P2-ligand and 2-

fluorophenylmethyl as the P1-ligand, showed enzyme inhibitory potency with Ki value of 4 

pm. Antiviral activity of this inhibitor was determined in MT-2 human-T-lymphoid cells 

exposed to HIVLAI.[17] Compound 4 displayed an antiviral IC50 value of 1.7 nm compared 

to IC50 values of 2.8 nm for DRV. Incorporation of cyclopropylaminobenzothiazole as the 

P2′-ligand resulted in inhibitor 5, with a Ki value of 14 pm. It showed antiviral IC50 value of 

0.017 nm, a more than 150-fold potency enhancement over DRV and a 100-fold 

improvement over compound 4. The importance of difluoro substitution on the P1-ligand is 

clearly evident, as this inhibitor is over 15-fold more potent than inhibitor 3 with no fluorine 

atoms. Inhibitor 21, with 3-fluorophenylmethyl derivative as the P1-ligand, showed an 

HIV-1 protease inhibitory Ki value of 0.3 pm and an antiviral IC50 value of 0.055 nm, a 

significant improvement over p-aminosulfonamide derivative 4, but less potent than difluoro 

derivative 5. Antiviral IC50 values for inhibitors 5 and 21 were 0.017 ± 0.004 and 0.055 

± 0.0024 nm, respectively, in the same assay. The corresponding inhibitor 22, with a 4-

fluorophenylmethyl as the P1-ligand, showed higher enzyme Ki and antiviral IC50 values 

than the 3-fluoro derivative 21. Overall, inhibitor 5, with 3,5-difluoro groups on the P1-

ligand, displayed superior antiviral potency over sulfonamide derivative 4 and monofluoro 

derivatives 21 and 22.

As mentioned above, PI drugs, particularly DRV, are widely used for the treatment of naïve 

and experienced patients. Nonetheless, heavily ART-regimen-experienced HIV/AIDS 

patients are showing treatment-failure with currently approved PIs, including DRV.[13, 17] As 

a result, our inhibitor design is focused on developing PIs that can maintain robust antiviral 

activity against the existing multi-PI-resistant HIV-1 variants. Thus, we evaluated inhibitor 5 
against DRV-resistant HIV-1 variants and compared antiviral IC50 values against approved 

PIs and inhibitors 3 and 4.

In these studies, MT-4 cells (1 × 104) were exposed to wild-type HIV-1, HIV-1NL4-3, and 

three highly DRV-resistant HIV-1 variants: HIVDRV
R

P20, HIVDRV
R

P30, and HIVDRV
R

P5.
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[17, 39] These were selected by propagating in the presence of increasing concentrations of 

DRV.[17] These resistant variants are highly resistant to all currently approved PIs, including 

DRV and nucleoside reverse transcriptase inhibitors such as tenofovir.[17, 23, 39] Antiviral 

IC50 values were determined using the p24 assay, and the results are listed in Table 2. As 

observed in our investigation, ATV failed to block the replication of these DRV-resistant 

HIV-1 variants. Inhibitor 4, containing crn-THF and difluorophenylmethyl as the P1-ligand 

and 4-aminobenzenesulfonamide as the P2′-ligand, showed similar antiviral activity against 

wild-type HIVNL4-3; however, its activity against DRV-resistant variants was significantly 

improved (Table 2). Inhibitor 3, containing crn-THF and Cp-Abt as the P2 and P2′-ligands 

and no fluorines at the P1-phenyl ring, blocked the replication of HIV-1NL4-3 14- to 23-fold 

better than DRV and inhibitor 4. Also, this inhibitor more effectively blocked the replication 

of all three highly DRV-resistant HIV-1 variants than inhibitor 4.

Inhibitor 5, resulting from the incorporation of two fluorine atoms on the P1-ligand of 

inhibitor 4, showed remarkable antiviral activity in the low picomolar range against two 

DRV-resistant HIV-1 variants (HIVDRV
R

P20 and HIVDRV
R

P30), and IC50 values were 1.6 and 

15 pm, respectively. In contrast, DRV exhibited a 16-fold increase in its IC50 values 

(IC50=60 nm) relative to its IC50 value against HIV-1NL4-3. Interestingly, inhibitor 5 
displayed over 10-fold improvement of its IC50 against HIVDRV

R
P20 compared with its IC50 

against HIV-1NL4-3. Furthermore, inhibitor 5 exhibited similar IC50 values against 

HIVDRV
R

P30 (IC50 = 15 pm) relative to its IC50 value against HIV-1NL4-3. Against the most 

highly DRV-resistant HIV variants, HIVDRV
R

P51, inhibitor 5 showed 175-fold loss of 

antiviral activity (IC50=2.8 nm) compared with its IC50 value against wild-type virus. In 

comparison, DRV displayed >1000-fold increase in its IC50 value against HIVDRV
R

P51 (IC50 

= 4672 nm). Inhibitor 5 also exerted very potent antiviral activity against the HIV-2 variants.
[23] In addition, inhibitor 5 showed a much improved cytotoxicity profile, with a selectivity 

index (CC50/IC50) as high as 2473 0684 relative to DRV (41 562).[23]

We further investigated the ability of both inhibitors 3 and 5 against seven resistant variants 

selected in vitro against each of seven FDA-approved PIs. These drug-resistant HIV-1 

variants were selected by propagating HIV-1NL4-3 or a mixture of 11 multidrug-resistant 

HIV-1 clinical isolates in the presence of increasing concentrations (up to 5 or 15 μm) of 

each FDA-approved PI in MT-4 cells.[17, 40] The results are listed in Table 3. ATV failed to 

block the replication of these variants effectively. DRV contrasted favorably compared with 

ATV and DRV variants, with IC50 values ranging from 6.1 to 275 nm, with fold changes of 

1.6- to 74-fold. Inhibitor 3, without fluorines, exhibited very potent antiviral activity against 

all seven resistant HIV-1 variants, showing IC50 values ranging from 2.6 pm to 0.27 nm.[27] 

Inhibitor 5 exhibited unprecedented antiviral activity against all seven highly P1-resistant 

HIV-1 variants. This inhibitor showed antiviral IC50 values ranging from 2.4 fM (0.0000024 

nm) to 0.02 nm against these drug-resistant HIV-1 variants. While inhibitor 3 very 

effectively blocked the replication of highly PI-resistant HIV-1 variants, the corresponding 

fluorinated inhibitor 5 has shown superior antiviral activity over inhibitor 3 without fluorine. 

Of particular note, inhibitor 5 has shown an extremely high genetic barrier to the emergence 

of HIV-1 variants resistant to this inhibitor.[23]
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The dimerization of HIV-1 protease subunits is an essential process for proteolytic activity. 

Therefore, disruption of the dimerization process can inhibit HIV-1 maturation. We 

previously reported that DRV potently inhibited the dimerization of HIV-1 protease 

monomer subunits.[39, 40] This was demonstrated by a fluorescence resonance energy 

transfer (FRET)-based HIV-1 expression assay.[15] The majority of other PIs do not show 

dimerization inhibitory activity. We examined the dimerization inhibition properties of 

inhibitor 5. As shown in Figure 2, we observed that in the absence of inhibitor, the mean 

CFPA/B ratio was 1.07, which indicates that protease dimerization clearly occurred. In the 

presence of 100 nm DRV, the ratio decreased to 0.89, demonstrating that DRV blocks 

dimerization of the protease subunits. However, inhibitor 5 was found to block the 

dimerization of protease subunits much more effectively at 0.1 nm, significantly lower than 

is the case for DRV. It appears that inhibitor 5 very potently inhibits dimerization by at least 

a factor of 1000-fold relative to DRV. These data demonstrate that inhibitor 5, like DRV, 

exhibits a dual mechanism of action on HIV-1 protease: 1) inhibition of dimerization, and 2) 

inhibition of proteolytic activity.

We examined the CNS penetration of inhibitor 5 in rats and compared that with DRV.[23] 

Both inhibitor 5 and DRV were administered orally in two rats at a dose of 5 mgkg−1 with 

ritonavir (8.33 mgkg−1). The Cmax values were achieved at 360 min for inhibitor 5 and 90 

min for DRV. The concentrations of inhibitor 5 in brain were 7.24 ± 9.65 and 32.6 ± 1.4 nm 

in 60 and 360 min, respectively. A brain concentration of 32.6 nm indicates an approximate 

1880-fold greater drug level with respect to its IC50 value and is approximately 114-fold 

greater than its IC95 value for inhibitor 5.[23] These data strongly suggest that inhibitor 5 
could block HIV-1 replication in the brain.

X-ray description

To gain molecular insight into the ligand-binding site interactions of inhibitor 5 
(GRL-14213A), we co-crystallized this inhibitor with wild-type HIV-1 protease, and the X-

ray structure was refined at a resolution of 1.67 Å. The structure was determined at a higher 

resolution than our recently reported structure with 2.0 Å resolution.[23] The complex 

crystallized in orthorhombic space group P21212 with one protease homodimer per 

asymmetric unit. The inhibitor binds in the active site in two alternate conformations related 

by 180° rotation with relative occupancy of 0.55/0.45. The overall dimer structure can be 

compared with the complex between HIV-1 protease and DRV[37] with a low RMSD of 0.2 

Å for 198 equivalent Cα atoms. The largest deviation of 0.7 Å on comparison of the two 

structures occurs at residue Phe53′ in the flap region. Inhibitor 5 retains all the hydrogen 

bonds observed between DRV and the main-chain atoms of protease. Our previously 

reported inhibitor 5–HIV-1 protease complex was determined in P61 space group at 2 Å 

resolution, and the structure shows good similarity with an RMSD of 0.6 Å for 198 

equivalent Cα atoms.[23] Large deviations of 1.8 Å and 1.9 Å occur at Gly40 and Pro44′, 

respectively, likely due to differences in the crystal packing contacts of the two structures. 

The key hydrogen bond interactions between inhibitor 5 and HIV-1 protease are shown in 

Figure 3. An overlay of X-ray structures of DRV-bound HIV-1 protease and inhibitor 5-

bound HIV-1 protease is shown in Figure 4.
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In the present high-resolution structure, two fluorine atoms on the P1-ligand of inhibitor 5 
form important halogen bond interactions with the protease. As shown in Figure 5, one of 

the fluorine atoms interacts with the tips of both flaps by forming a strong polar interaction 

(2.9 Å distance) with the main-chain NH group of Ile50 (C–F⋯H–N) and an orthogonal 

multipolar interaction (C–F⋯C–O) with the main-chain carbonyl group of Gly48 with an 

F⋯C distance of 2.8–2.9 Å.[41, 42] In addition, this fluorine forms hydrophobic interactions 

with Gly48, Ile50, and Pro81′. The second fluorine atom forms multipolar interactions with 

the guanidinium group of Arg8′, which is involved in a critical inter-subunit ion pair with 

Asp29. The second fluorine atom also has van der Waals contact with Val82′. The P2 group 

contains the crn-THF instead of bis-THF in DRV. Both oxygen atoms in the crn-THF form 

hydrogen bond interactions with the main-chain amides of Asp29 and Asp30, similar to 

those observed for DRV. However, unlike DRV, the crn-THF ligand has van der Waals 

interactions with all the side chain atoms of Ile47.

The P2′ position of inhibitor 5 has a Cp-Abt moiety instead of aminobenzene in DRV. The 

extended P2′ moiety results in a deviation of ≈ 1 Å in position relative to P2′ of DRV as 

measured by the distance between the thiazole nitrogen atom of inhibitor 5 and the 4-

aminobenzene nitrogen of DRV in both major and minor conformations (Figure 4). The 

thiazole nitrogen of 5 forms a hydrogen bond interaction with the main-chain amide of 

Asp30′, similar to the interaction of 4-aminobenzene of DRV. The P2′ amino group of 

inhibitor 5 has strong hydrogen bond interaction (2.5 Å length) with the side chain of 

Asp30′. Furthermore, the cyclopropyl group juts out and forms C–H⋯O interactions with 

the side chain of Asp29′. Thus, P1 and P2′ modifications in inhibitor 5 significantly 

contribute additional interactions with Arg 8′/8 and Asp29/29′, which stabilize the dimer of 

HIV-1 protease by a critical inter-subunit ion pair. In addition, the halogen bond interactions 

between the flap residues of protease and P1 fluorine of inhibitor 5, together with the van 

der Waals contacts between crn-THF and Ile47 increase the favorable inhibitor–HIV-1 

protease interactions relative to the DRV complex. These new interactions are likely to 

explain the improved antiviral activity of inhibitor 5.

Conclusions

We have designed, synthesized, and evaluated fluorine-containing inhibitors with novel 

6-5-5-ring-fused crown-like tetrahydropyranofuran as the P2-ligand, cyclopropyl 

aminobenzothiazole as the P2′-ligand, and 3,5-difluorophenylmethyl moiety as the P1-

ligand. The corresponding fluorine-containing hydroxyethylamine sulfonamide isostere was 

synthesized using Sharpless asymmetric epoxidation followed by regioselective epoxide 

opening as the key steps. This synthetic route enabled us to synthesize both difluoro and 

monofluoro derivatives very efficiently. We have recently reported that crn-THF containing 

inhibitor 3 is a potent HIV-1 protease inhibitor with robust drug-resistance properties. We 

have specifically incorporated 3,5-difluorophenylmethyl group on this inhibitor to further 

modulate van der Waals interactions in the S1 sub-pocket of HIV-1 protease. Inhibitor 5 
displayed enhanced enzyme inhibitory and antiviral potency over inhibitor 3 and DRV. In 

particular, inhibitor 5 exhibited unprecedented antiviral activity against a variety of highly 

multidrug-resistant HIV-1 variants, with antiviral activity ranging from picomolar to 
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femtomolar levels. Inhibitor 5 displayed an extremely high genetic barrier to resistance. It 

also showed a dual mechanism of action, with potent dimerization inhibition of HIV-1 

protease monomers as well as potent inhibition of proteolytic activity. In fact, inhibitor 5 
showed nearly 1000-fold more potent dimerization inhibition activity than DRV. 

Furthermore, this compound showed much improved CNS penetration over DRV, and its 

brain level in rats strongly suggests that this inhibitor would block replication of HIV-1 

effectively in the brain. Furthermore, it showed significantly higher selectivity (2473 684) 

than DRV (41 562). We obtained a high-resolution X-ray crystal structure of the inhibitor 5–

HIV-1 protease complex. Inhibitor 5 forms extensive interactions in the HIV-1 protease 

active site. In particular, it forms a network of hydrogen bonds with the backbone atoms of 

HIV-1 protease. Our structural analysis provided the molecular basis for enhanced potency 

of inhibitor 5. Our present studies suggest that inhibitor 5 would be a favorable agent for 

development, and further studies are ongoing.

Experimental Section

General

All reactions were carried out under an argon atmosphere in either flame- or oven-dried 

(120°C) glassware. All reagents and chemicals were purchased from commercial suppliers 

and used without further purification unless otherwise noted. Anhydrous solvents were 

obtained as follows: dichloromethane from calcium hydride, diethyl ether and 

tetrahydrofuran from sodium benzophenone, methanol and ethanol from activated 

magnesium under argon. All purification procedures were carried out with reagent-grade 

solvents (purchased form VWR) in air. TLC analysis was conducted using glass-backed 

thin-layer silica gel chromatography plates (60 Å, 250 μm thickness, F254 indicator). 

Column chromatography was performed using 230–400 mesh, 60 Å pore diameter silica gel. 
1H and 13C NMR spectra were recorded at room temperature on Bruker ARX-400 and 

DRX-500 instruments. Chemical shifts (δ values) are reported in parts per million, and are 

referenced to the deuterated residual solvent peak. NMR data are reported as: δ value 

(chemical shift, J-value (Hz), integration, where s = singlet, d = doublet, t = triplet, q = 

quartet, brs = broad singlet). LRMS and HRMS spectra were recorded at the Purdue 

University Department of Chemistry Mass Spectrometry Center.

(E)-4-(3,5-Difluorophenyl)but-2-en-1-ol (7a)

To a suspension of magnesium turnings (450 mg, 18.54 mmol) in THF (15 mL) was added a 

solution of 1-bromo-3,5-difluorobenzene 6a (3.3 g, 17.11 mmol) in THF (3 mL). The 

mixture was heated at 65°C for 1 h and the solution was cooled to 23°C. The resulting 

Grignard solution was added dropwise to a mixture of CuCN (128 mg, 1.426 mmol) and 

butadiene monoxide (1.0 g, 14.26 mmol) in 80 mL of anhydrous THF at 78°C. The reaction 

mixture was stirred for 1 h at 78°C, after which it was quenched with 15 mL of saturated 

NH4Cl solution followed by 15 mL of NH4OH. The aqueous layer was extracted twice with 

ethyl acetate. The combined organic phases were dried over sodium sulfate and concentrated 

in vacuo. The residue was purified by silica gel column chromatography (20% EtOAc in 

hexane) to give 7a (1.9 g, 60% yield over two steps). 1H NMR (400 MHz, CDCl3): δ=6.72–

6.67 (m, 2H), 6.63 (tt, J=4.0, 8.0 Hz, 1H), 5.79 (dtt, J=1.2, 6.5, 15.5 Hz, 1H), 5.71 (dtt, 
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J=1.2, 6.5, 16.0 Hz, 1H), 4.13 (dd, J=1.0, 5.5 Hz, 2H), 3.35 (d, J=6.5 Hz, 2H), 1.70 ppm (s, 

1H); 13C NMR (100 MHz, CDCl3): δ=164.1 (d, J=13.0 Hz), 161.7 (d, J=13.0 Hz), 143.8 (t, 

J=9.0 Hz), 131.5, 129.3, 111.2 (d, J=7.0 Hz), 111.1 (d, J=6.0 Hz), 101.5 (t, J=25 Hz), 63.0, 

38.1 ppm; LRMS-APCI (m/z): 167 [M–OH]+.

(2S,3S)-3-Azido-4-(3,5-difluorophenyl)butane-1,2-diol (8a)

Molecular sieves (500 mg) were flame-dried in a flask and then allowed to cool to 23°C. 

Under argon, dry dichloromethane (30 mL) and (−)-DET (439 mg, 2.13 mmol) were added 

and the suspension was cooled to −25°C. To this, Ti(OiPr)4 (318 μL, 1.06 mmol) and TBHP 

(4.3 mL, 5.5m solution in decane, 23.43 mmol) were added and the mixture was stirred at 

−25°C for 30 min. A solution of 7a (1.96 g, 10.65 mmol) in dry CH2Cl2 (20 mL) was added 

to the above mixture and run for 12 h at −25°C. To the reaction mixture H2O (10 mL) was 

added and stirred at 0°C for 30 min. A 10% aqueous NaOH solution was then added and the 

mixture was warmed to room temperature for 1 h. The product was extracted with CH2Cl2 

(3×), dried with Na2SO4, filtered, and concentrated under reduced pressure. Purification by 

silica gel column chromatography (30–40% EtOAc in hexanes) afforded epoxy alcohol (1.77 

g, 83%) as a liquid. Dry benzene (20 mL), Ti(OiPr)4 (1.52 mL, 5.10 mmol), and TMSN3 

(1.35 mL, 10.20 mmol) were held at reflux for 5 h. A solution of above epoxy alcohol (680 

mg, 3.40 mmol) in dry benzene (10 mL) was added and the solution was held at reflux for 

30 min. After cooling to room temperature, 5% H2SO4 (8 mL) was added and the solution 

was stirred at room temperature for 1 h. The layers were separated and the aqueous portion 

was extracted with ethyl acetate (3×). The organic solution was dried with Na2SO4, filtered, 

and concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography (50% EtOAc in hexanes) to afford 8a (558 mg, 68%). 1H NMR (400 MHz, 

CDCl3 + CD3OD): δ=6.78–6.72 (m, 2H), 6.63 (tt, J=2.0, 11.0 Hz, 1H), 3.69−3.57 (m, 2H), 

3.56−3.48 (m, 2H), 3.02 (dd, J=3.0, 14.0 Hz, 1H), 2.66 ppm (dd, J=9.1, 14.0 Hz, 1H); 13C 

NMR (100 MHz, CDCl3 + CD3OD): δ=164 (d, J=13.0 Hz), 161.6 (d, J=13.0 Hz), 141.6, 

112.1 (d, J=6.0 Hz), 112.0 (d, J=7.0 Hz), 102.0 (t, J=25 Hz), 72.9, 64.5, 62.9, 36.4 ppm; 

LRMS-APCI (m/z): 266 [M+Na]+, 216 [M−N2]+.

(S)-2-((S)-1-Azido-2-(3,5-difluorophenyl)ethyl)oxirane (9)

To a stirred solution of 8a (243 mg, 1.0 mmol) in chloroform (5 mL) was added 1-

chlorocarbonyl-1-methylethyl acetate (215 μL, 1.50 mmol) at 0°C, and the solution was 

stirred at 0°C for 30 min. The reaction mixture was warmed to room temperature and stirred 

for 1 h. A saturated solution of NaHCO3 (aq) was added and the mixture stirred for 15 min. 

The crude chloroacetate was extracted with chloroform, dried with Na2SO4, filtering, and 

concentrated in vacuo. The residue was dissolved in dry THF (8 mL) and cooled to 0°C. 

Solid NaOMe (65 mg, 1.20 mmol) was added and the reaction mixture was stirred at room 

temperature for 2 h. The reaction was quenched with saturated NH4Cl(aq) and extracted 

with ethyl acetate. Drying over Na2SO4, filtered, and concentrating under reduced pressure 

afforded a residue which was purified by flash column chromatography (12% EtOAc in 

hexanes) to afford pure azido epoxide 9 as a liquid (174 mg, 77% yield over two steps). 1H 

NMR (400 MHz, CDCl3): δ=6.82−6.76 (m, 2H), 6.71 (tt, J=2.3, 11.3 Hz, 1H), 3.54 (quintet, 

J=4.3, 5.5 Hz, 1H), 3.05 (m, 1H), 2.96 (dd, J=4.0, 14.0 Hz, 1H), 2.85 (m, 1H), 2.82−2.73 

ppm (m, 2H); 13C NMR (100 MHz, CDCl3): δ=164.1 (d, J=13.0 Hz), 161.6 (d, J=13.0 Hz), 
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140.3 (t, J=9.0 Hz), 112.2 (d, J=6.0 Hz), 112.1 (d, J=7.0 Hz), 102.5 (t, J=25.0 Hz), 63.1, 

52.7, 45.2, 37.8 ppm; LRMS-APCI (m/z): 198 [M N2]+.

(E)-4-(3-Fluorophenyl)but-2-en-1-ol (7b)

The title compound 7b (942 mg, 67% yield over two steps) was obtained from 6b (1.47 g, 

8.4 mmol) by following the procedure outlined for compound 7a. 1H NMR (500 MHz, 

CDCl3): δ=7.24 (m, 1H), 6.96 (d, J=7.6 Hz), 6.92−6.86 (m, 2H), 5.83 (m, 1H), 5.71 (m, 1H), 

4.13 (dd, J=1.1, 5.6 Hz, 2H), 3.38 (d, J=6.5 Hz, 2H), 1.56 ppm (s, 1H).

(2S,3S)-3-Azido-4-(3-fluorophenyl)butane-1,2-diol (8b)

The title compound 8b (1.0 g, 78% yield over two steps) was obtained from 7b (940 mg, 

5.66 mmol) by following the procedure outlined for compound 8a. 1H NMR (400 MHz, 

CDCl3): δ=7.29 (m, 1H), 7.05 (d, J=7.6 Hz, 1H), 7.02–6.93 (m, 2H), 3.86–3.73 (m, 2H), 

3.72–3.62 (m, 2H), 3.07 (dd, J=3.4, 14.0 Hz, 1H), 2.79 (dd, J=8.8, 14.0 Hz, 1H), 2.49 ppm 

(brs, 2H).

(S)-2-((S)-1-Azido-2-(3-fluorophenyl)ethyl)oxirane (10)

The title compound 10 (265 mg, 69% yield over two steps) was obtained from 8b (417 mg, 

1.85 mmol) by following the procedure outlined for compound 9. 1H NMR (400 MHz, 

CDCl3): δ=7.29 (m, 1H), 7.03 (d, J=7.7 Hz, 1H), 7.00−6.93 (m, 2H), 3.57 (quintet, J=4.2, 

5.6 Hz, 1H), 3.06 (ddd, J=2.6, 3.7, 6.2 Hz, 1H), 2.99 (dd, J=4.2, 14.0 Hz, 1H), 2.87–2.76 

ppm (m, 3H); 13C NMR (100 MHz, CDCl3): δ=164.1, 161.7, 139.2 (d, J=7.2 Hz), 130.1 (d, 

J=8.2 Hz), 125.1, 116.4 (d, J=21.0 Hz), 114.0 (d, J=20.8 Hz), 108.8, 63.5, 53.0, 45.3, 38.0 

ppm.

(E)-4-(4-Fluorophenyl)but-2-en-1-ol (7c)

The title compound 7c (1.6 g, 61 %) was obtained from 6c (2.74 g, 15.68 mmol) by 

following the procedure outlined for compound 7a. 1H NMR (400 MHz, CDCl3): δ = 

7.15−7.10 (m, 2H), 7.00−6.94 (m, 2H), 5.87−5.78 (m, 1 H), 5.73−5.64 (m, 1 H), 4.15−4.08 

(m, 2 H), 3.35 (d, J = 6.4 Hz, 2 H), 1.51 ppm (brs, 1 H); 13C NMR (100 MHz, CDCl3): δ = 

162.6, 160.1, 135.4 (d, J = 2.6 Hz), 131.2, 130.4, 129.8 (d, J = 7.7 Hz), 115.1(d, J = 21.0 

Hz), 63.3, 37.6 ppm; LRMS-APCI (m/z): 149 [M–OH]+.

(2S,3S)-3-Azido-4-(4-fluorophenyl)butane-1,2-diol (8 c)

The title compound 8c (760 mg, 56% yield over two steps) was obtained from 7c (1.0 g, 

6.02 mmol) by following the procedure outlined for compound 8a. 1H NMR (400MHz, 

CDCl3 + CD3OD): δ = 7.21−7.15 (m, 2 H), 6.98−6.92 (m, 2H), 3.73−3.58 (m, 2H), 

3.57−3.52 (m, 2 H), 3.05−2.99 (m, 1 H), 2.68 ppm (dd, J = 9.1, 14.2 Hz, 1 H); 13C NMR 

(100 MHz, CDCl3 + CD3OD): δ = 162.9, 160.5, 133.2 (d, J = 2.8 Hz), 130.7 (d, J = 7.0 Hz), 

115.2 (d, J = 21.0 Hz), 72.9, 65.2, 63.0, 35.9 ppm; LRMS-APCI (m/z): 248 [M + Na], 198 

[M–N2]+.
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(S)-2-((S)-1-Azido-2-(4-fluorophenyl)ethyl)oxirane (11)

The title compound 11 (700 mg, 76% over two steps) was obtained from 8c (1.0 g, 4.44 

mmol) by following the procedure outlined for compound 9. 1H NMR (400 MHz, CDCl3): δ 
= 7.23−7.18 (m, 2H), 7.01 (tt, J = 2.1, 11.7 Hz, 1 H), 3.53 (ddd, J = 4.5, 5.5, 8.7 Hz, 1 H), 

3.04 (ddd, J = 2.5, 3.8, 5.5 Hz, 1 H), 2.97 (dd, J = 4.5, 14.1 Hz, 1 H), 2.85−2.75 ppm (m, 3 

H); 13C NMR (100 MHz, CDCl3): δ = 163.1, 160.6, 132.1, 130.7 (d, J = 8.0 Hz), 115.3 (d, J 
= 21.0 Hz), 63.6, 52.7, 45.1, 37.3 ppm; LRMS-APCI (m/z): 180 [M–N2]+.

(2R,3S)-3-Amino-4-(3,5-difluorophenyl)-1-(isobutylamino)butan-2-ol (12)

To a stirred solution of 9 (200 mg, 2.66 mmol) in isopropanol was added isobutylamine 

(0.27 mL, 2.66 mmol) at 23 °C under argon atmosphere. The reaction mixture was stirred at 

65° C for 12 h. After this period, isopropanol was removed under reduced pressure. 1H 

NMR (400 MHz, CDCl3): δ = 6.83−6.77 (m, 2 H), 6.70 (tt, J = 2.3, 11.3 Hz, 1 H), 

3.59−3.51 (m, 2H), 3.01 (dd, J = 3.2, 14.3 Hz, 1 H), 2.87 (dd, J = 3.0, 12.0 Hz, 1 H), 2.86 

(brs, 1 H), 2.76−2.64 (m, 2 H), 2.45 (dd, J = 2.0, 6.9 Hz, 2 H), 1.74 (m, 1 H), 0.93 (d, J = 1.4 

Hz, 3H), 0.92 ppm (d, J = 1.4 Hz, 3 H); 13C NMR (100 MHz, CDCl3): δ = 164.1 (d, J = 13.0 

Hz), 161.6 (d, J = 13.0 Hz), 141.5 (t, J = 9.0 Hz), 112.2 (d, J = 6.0 Hz), 112.0 (d, J = 6.0 Hz), 

102.2 (t, J = 25.0 Hz), 70.0, 66.2, 57.5, 50.8, 36.7, 28.2, 20.3 ppm; LRMS-APCI (m/z): 299 

[M+ H]+.

4-Amino-N-((2R,3S)-3-amino-4-(3,5-difluorophenyl)-2-hydroxybutyl)-N-
isobutylbenzenesulfonamide (13)

To a stirred solution of crude product 12a (331 mg) in dichloromethane was added 4-

nitrobenzenesulfonyl chloride (246 mg, 1.11 mmol) and triethyl amine (0.5 mL, 3.33 mmol) 

at 23°C under argon atmosphere. The reaction mixture was stirred at 23°C for 12 h. Solvent 

was removed under reduced pressure and the crude product was purified by silica gel 

column chromatography (55% EtOAc in hexane) to give azide (348 mg, 67% over two 

steps). 1H NMR (400 MHz, CDCl3): δ= 8.39−8.35 (m, 2 H), 8.02−7.98 (m, 2 H), 6.81 (d, J 
= 7.2 Hz, 2 H), 6.70 (t, J = 8.9 Hz, 1 H), 3.76 (t, J = 6.8 Hz, 1 H), 3.57 (ddd, J = 9.4, 6.2, 4.1 

Hz, 1 H), 3.32 (brs, 1 H), 3.29−3.20 (m, 2 H), 3.12−3.03 (m, 2 H), 2.94 (dd, J = 13.5, 6.9 

Hz, 1 H), 2.77 (dd, J = 14.3, 9.2 Hz, 1 H), 1.86 (tt, J = 13.8, 6.9 Hz, 1 H), 0.90 (d, J = 6.6 

Hz, 3 H), 0.87 ppm (d, J = 6.5 Hz, 3 H); 13C NMR (100 MHz, CDCl3): δ = 164.4 (d, J = 

13.0 Hz), 161.9 (d, J = 13.0 Hz), 150.3, 144.4, 141.0 (t, J = 9.1 Hz), 128.6, 124.6, 

114.3−110.5 (m), 102.6 (t, J = 25.2 Hz), 71.6, 66.0, 58.5, 52.6, 36.6, 27.1, 20.1, 19.8 ppm. 

To a stirred solution of above azide (338 mg, 0.7 mmol) in EtOAc (5 mL) was added 20% 

Pd(OH)2/C (80 mg). The resulting solution was stirred at 23°C under 1 atm H2 gas over 20 

h. Upon completion, the mixture was filtered through a plug of Celite and solvents were 

removed under reduced pressure. The crude product was purified by silica gel column 

chromatography (5% NH3 in MeOH in CH2Cl2) to afford 13 (265 mg, 89% yield). 1H NMR 

(400 MHz, CDCl3): δ = 7.53 (d, J = 8.7 Hz, 2H), 6.76−6.71 (m, 2 H), 6.68−6.62 (m, 3 H), 

4.26 (brs, 2 H), 3.68 (dt, J = 7.5, 4.8 Hz, 1 H), 3.19−3.12 (m, 2H), 3.03 (dt, J = 9.2, 4.3 Hz, 1 

H), 2.99−2.91 (m, 2H), 2.80 (dd, J = 13.4, 6.8 Hz, 1 H), 2.47 (dd, J = 13.5, 9.7 Hz, 1 H), 

1.85 (dt, J = 13.6, 6.8 Hz, 1 H), 0.88 ppm (dd, J = 14.4, 6.6 Hz, 6 H); 13C NMR (100 MHz, 

CDCl3): δ = 164.2 (d, J = 12.8 Hz), 161.7 (d, J = 12.9 Hz), 151.2, 143.1 (t, J = 9.0 Hz), 
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129.3, 125.6, 114.0, 112.5−110.9 (m), 101.8 (t, J = 25.3 Hz), 77.4, 73.0, 58.6, 55.3, 52.8, 

38.8, 27.1, 20.1, 19.9 ppm; LRMS-ESI (m/z): 428.1 [M + H]+.

N-((2R,3S)-3-Azido-4-(3,5-difluorophenyl)-2-hydroxybutyl)-N-isobutyl-2-
(methylthio)benzo[d]thiazole-6-sulfonamide (15a)

To a stirred solution of amine 12a in dichloromethane was added sulfonyl chloride 14 (248 

mg, 0.89 mmol) and triethyl amine (0.37 mL, 2.66 mmol) at 23°C under argon atmosphere. 

The reaction mixture was stirred at 23°C for 12 h. Upon completion, solvent was removed 

under reduced pressure and the crude product was purified by silica gel column 

chromatography (15% EtOAc in hexane) to give 15a (433 mg, 90% over two steps). 1H 

NMR (500 MHz, CDCl3): δ = 8.23−8.21 (m, 1 H), 7.89 (d, J = 8.6 Hz, 1 H), 7.80−7.76 (m, 

1 H), 6.79 (d, J = 6.2 Hz, 2 H), 6.65 (t, J = 8.9 Hz, 1 H), 3.76 (d, J = 17.6 Hz, 2 H), 3.56 

(ddd, J = 9.5, 6.1, 3.7 Hz, 1 H), 3.27−3.17 (m, 2 H), 3.05 (ddd, J = 21.8, 13.7, 5.8 Hz, 2 H), 

2.89 (dd, J = 13.4, 6.8 Hz, 1 H), 2.76 (s, 3 H), 2.74−2.70 (m, 1 H), 1.88−1.78 (m, 1 H), 0.87 

(d, J = 6.6 Hz, 3H), 0.84 ppm (d, J = 6.6 Hz, 3H); 13C NMR (100 MHz, CDCl3): δ = 173.6, 

164.4 (d, J = 12.7 Hz), 161.9 (d, J = 12.9 Hz), 156.1, 141.3 (t, J = 9.1 Hz), 136.0, 133.7, 

125.1, 121.9, 121.1, 112.6, 112.3, 102.6 (t, J = 25.3 Hz), 71.9, 66.0, 59.1, 53.2, 36.6, 27.3, 

20.2, 19.9, 16.1 ppm; LRMS-ESI (m/z): 542.1 [M + H]+.

N-((2R,3S)-3-Azido-4-(3-fluorophenyl)-2-hydroxybutyl)-N-isobutyl-2-
(methylthio)benzo[d]thiazole-6-sulfonamide (15 b)

The title compound (15 b) was obtained by following the procedure outlined for compound 

15a, (129 mg, 87% yield over two steps). 1H NMR (500 MHz, CDCl3): δ = 8.24 (d, J = 1.7 

Hz, 1 H), 7.94 (d, J = 8.6 Hz, 1 H), 7.81 (dd, J = 8.6, 1.8 Hz, 1 H), 7.30−7.24 (m, 1 H), 7.05 

(d, J = 7.6Hz, 1 H), 7.01−6.92 (m, 2H), 3.78 (td, J = 6.2, 3.2 Hz, 1 H), 3.63−3.55 (m, 2 H), 

3.28 (dd, J = 15.2, 9.1 Hz, 1 H), 3.17 (dd, J = 15.2, 2.5 Hz, 1 H), 3.11 (dd, J = 14.3, 3.6 Hz, 

1 H), 3.08−3.04 (m, 1 H), 2.88 (dd, J = 13.4, 6.6 Hz, 1 H), 2.81 (s, 3 H), 2.79−2.75 (m, 1 H), 

1.84 (tt, J = 13.3, 6.6 Hz, 1 H), 0.92 (d, J = 6.6 Hz, 3 H), 0.87 ppm (d, J = 6.6 Hz, 3H); 13C 

NMR (125 MHz, CDCl3): δ = 173.5, 163.9, 161.9, 155.9, 139.8 (d, J = 7.2 Hz), 135.8, 

133.6, 130.2 (d, J = 8.2 Hz), 125.3−125.0 (m), 121.8, 121.0, 116.3 (d, J = 21.2 Hz), 113.9 (d, 

J = 20.9 Hz), 71.8, 66.2, 58.9, 52.9, 36.6, 27.2, 20.2, 19.8, 16.1 ppm; LRMS-ESI (m/z): 

546.2 [M + Na]+.

N-((2R,3S)-3-Azido-4-(4-fluorophenyl)-2-hydroxybutyl)-N-isobutyl-2-
(methylthio)benzo[d]thiazole-6-sulfonamide (15 c)

The title compound (15c) was obtained by following the procedure outlined for compound 

15 a, (171 mg, 93% yield over two steps). 1H NMR (500 MHz, CDCl3): δ = 8.24 (d, J = 1.5 

Hz, 1 H), 7.94 (d, J = 8.6 Hz, 1 H), 7.81 (dd, J = 8.6, 1.7 Hz, 1 H), 7.23 (dd, J = 8.4, 5.5 Hz, 

2 H), 7.00 (t, J = 8.6 Hz, 2 H), 3.79−3.72 (m, 1 H), 3.59−3.51 (m, 2 H), 3.27 (dd, J = 15.2, 

9.1 Hz, 1 H), 3.16 (dd, J = 15.2, 2.3 Hz, 1 H), 3.12−3.04 (m, 2 H), 2.87 (dd, J = 13.4, 6.6 Hz, 

1 H), 2.81 (s, 3 H), 2.77 (dd, J = 14.2, 9.2 Hz, 1 H), 1.83 (dp, J = 13.3, 6.6 Hz, 1 H), 0.92 (d, 

J = 6.6 Hz, 3 H), 0.87 ppm (d, J = 6.6 Hz, 3H); 13C NMR (125 MHz, CDCl3): δ = 173.6, 

162.9, 161.0, 156.0, 135.9, 133.6, 132.9 (d, J = 2.5 Hz), 131.0 (d, J = 7.8 Hz), 125.1, 121.8, 
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121.1, 115.5 (d, J = 21.2 Hz), 71.8, 66.6, 58.9, 53.0, 36.1, 27.2, 20.2, 19.8, 16.1 ppm; 

LRMS-ESI (m/z): 524.0 [M + H]+.

tert-Butyl ((2S,3R)-1-(3,5-difluorophenyl)-3-hydroxy-4-((N-isobutyl-2-
(methylthio)benzo[d]thiazole)-6-sulfonamido)butan-2-yl)-carbamate (16a)

To a stirred solution of 15a (275 mg, 0.5 mmol) in THF/H2O (3:1 ratio, 4 mL) was added 

triphenylphosphine (160 mg, 0.61 mmol) at 23°C. The reaction mixture was stirred at 23°C 

for 24 h. After this period, to the reaction mixture Boc anhydride (133 mg, 0.61 mmol) and 

sodium bicarbonate (85 mg, 1 mmol) were added at 23°C. The reaction mixture was stirred 

at 23°C for 20 h. Upon completion, the mixture was concentrated under reduced pressure 

and diluted with EtOAc. The reaction mixture was washed with brine, dried (Na2SO4) and 

concentrated under reduced pressure. The crude product was purified by silica gel column 

chromatography (30% EtOAc in hexane) to give 16a (270 mg, 87% over two steps). 1H 

NMR (400 MHz, CDCl3): δ = 8.22 (d, J = 1.4 Hz, 1 H), 7.92 (d, J = 8.6 Hz, 1 H), 7.79 (dd, J 
= 8.6, 1.6 Hz, 1 H), 6.77 (d, J = 6.2 Hz, 2 H), 6.64 (tt, J = 9.2, 2.2 Hz, 1 H), 4.74 (d, J = 8.7 

Hz, 1 H), 4.05 (s, 1 H), 3.84 (s, 1 H), 3.71 (tt, J = 9.4, 4.9 Hz, 1 H), 3.14 (qd, J = 15.1, 5.9 

Hz, 2 H), 3.01−2.84 (m, 4 H), 2.81 (s, 3 H), 1.94−1.79 (m, 1 H), 1.34 (s, 9 H), 0.87 ppm (dd, 

J = 10.4, 6.6 Hz, 6 H); 13C NMR (100 MHz, CDCl3): δ = 173.5, 164.3 (d, J = 12.7 Hz), 

161.8 (d, J = 13.2 Hz), 156.0 (d, J = 7.8 Hz), 142.3 (t, J = 8.9 Hz), 135.9, 133.9, 125.1, 

121.8, 121.1, 112.6, 112.3, 108.8, 102.0 (t, J = 25.4 Hz), 80.2, 73.0, 58.9, 54.7, 53.8, 35.2, 

28.3, 27.3, 20.2, 20.0, 16.1 ppm; LRMS-ESI (m/z): 638.1 [M+ Na]+.

tert-Butyl ((2S,3R)-1-(3-fluorophenyl)-3-hydroxy-4-((N-isobutyl-2-
(methylthio)benzo[d]thiazole)-6-sulfonamido)butan-2-yl)carbamate (16 b)

The title compound (16b) was obtained by following the procedure outlined for compound 

16a, (123 mg, 83% yield over two steps). 1H NMR (500 MHz, CDCl3): δ = 8.24−8.18 (m, 1 

H), 7.90 (d, J = 8.6 Hz, 1 H), 7.77 (dd, J = 8.6, 1.7 Hz, 1 H), 7.21 (q, J = 7.8 Hz, 1 H), 7.00 

(d, J = 7.6 Hz, 1 H), 6.94 (d, J = 9.8 Hz, 1 H), 6.88 (td, J = 8.4, 2.1 Hz, 1 H), 4.75 (d, J = 8.3 

Hz, 1 H), 3.99 (s, 1 H), 3.83 (brs, 1 H), 3.73 (tt, J = 9.3, 5.1 Hz, 1 H), 3.13 (td, J = 16.3, 

15.1, 9.7 Hz, 2 H), 3.04−2.93 (m, 2 H), 2.89 (dd, J = 13.4, 7.1 Hz, 2 H), 2.79 (s, 3 H), 1.86 

(dp, J = 13.7, 6.7 Hz, 1 H), 1.32 (s, 9 H), 0.86 ppm (dd, J = 13.5, 6.6 Hz, 6 H); 13C NMR 

(125 MHz, CDCl3): δ = 173.3, 163.8, 161.9, 156.1, 155.9, 140.9−140.6 (m), 135.7, 133.9, 

129.9 (d, J = 8.2 Hz), 125.2 (d, J = 18.0 Hz), 121.7, 121.0, 116.4 (d, J = 21.0 Hz), 113.3 (d, J 
= 20.9 Hz), 79.9, 72.9, 58.6, 54.7, 53.6, 35.2, 28.3, 27.2, 20.16, 20.0, 16.1 ppm; LRMS-ESI 

(m/z): 620.4 [M+ Na]+.

tert-Butyl ((2S,3R)-1-(4-fluorophenyl)-3-hydroxy-4-((N-isobutyl-2-
(methylthio)benzo[d]thiazole)-6-sulfonamido)butan-2-yl)carbamate (16c)

The title compound (16c) was obtained by following the procedure outlined for compound 

16a, (127 mg, 70% yield over two steps). 1H NMR (500 MHz, CDCl3): δ = 8.21 (s, 1 H), 

7.91 (d, J = 8.6 Hz, 1 H), 7.77 (d, J = 8.6 Hz, 1 H), 7.19 (dd, J = 8.0, 5.6 Hz, 2 H), 6.96 (t, J 
= 8.6 Hz, 2 H), 4.68 (d, J = 8.6 Hz, 1 H), 3.98 (s, 1 H), 3.81 (brs, 1 H), 3.76−3.67 (m, 1 H), 

3.18−3.09 (m, 2 H), 2.97 (t, J = 10.6 Hz, 2 H), 2.92−2.84 (m, 2 H), 2.81 (s, 3 H), 1.86 (dp, J 
= 13.4, 6.5 Hz, 1 H), 1.32 (s, 9 H), 0.87 ppm (dd, J = 13.9, 6.6 Hz, 6H); 13C NMR (125 
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MHz, CDCl3): δ = 173.4, 162.7, 160.7, 156.1, 156.0, 135.8, 133.7 (d, J = 31.9 Hz), 131.0 (d, 

J = 7.6 Hz), 125.1, 121.7, 121.0, 115.3 (d, J = 21.1 Hz), 79.9, 72.8, 58.7, 54.8, 53.7, 34.6, 

28.3, 27.2, 20.2, 20.0, 16.1 ppm; LRMS-ESI (m/z): 598.2 [M + H]+.

N-((2R,3S)-3-Amino-4-(3,5-difluorophenyl)-2-hydroxybutyl)-2-(cyclopropylammo)-N-
isobutylbenzo[d]thiazole-6-sulfonamide (17)

To a stirred solution of 16a (960 mg, 1.56 mmol) in dichloromethane (10 mL) was added 

mCPBA (807 mg, 4.68 mmol) at 0°C under argon atmosphere and the mixture was stirred at 

23°C for 12 h. After this period, the reaction mixture was quenched by the addition of 

saturated aqueous Na2S2O3 (2 mL) and extracted with dichloromethane. The extracts were 

washed with saturated aqueous NaHCO3, dried (Na2SO4) and concentrated under reduced 

pressure. To the crude product in dry THF (10 mL) at 23°C under argon atmosphere was 

added cyclopropylamine (0.35 mL, 4.68 mmol) and the mixture was stirred at 65°C for 12 h. 

Upon completion, solvent was removed under reduced pressure and the crude product was 

purified by silica gel column chromatography (50% EtOAc in hexane) to give 

cyclopropylamine (880 mg, 91 % over two steps). 1H NMR (400 MHz, CDCl3 + CD3OD): δ 
= 7.93 (s, 1 H), 7.57−7.52 (m, 1 H), 7.38 (d, J = 8.5 Hz, 1 H), 6.63 (d, J = 6.6 Hz, 2 H), 6.49 

(t, J = 9.0 Hz, 1 H), 5.47 (d, J = 9.4 Hz, 1 H), 3.68−3.60 (m, 1 H), 3.58−3.47 (m, 1 H), 

3.21−3.10 (m, 1 H), 2.83 (dtd, J = 39.5, 15.1, 13.3, 5.5 Hz, 4 H), 2.61−2.50 (m, 2 H), 

1.84−1.71 (m, 1 H), 1.18 (s, 9 H), 0.75 (dd, J = 9.7, 5.8 Hz, 8 H), 0.62−0.57 ppm (m, 2 H); 
13C NMR (100 MHz, CDCl3 + CD3OD): δ = 173.3, 164.1 (d, J = 13.3 Hz), 161.7 (d, J = 

12.5 Hz), 156.7, 155.5, 131.0, 130.4, 125.4, 120.9, 118.3, 112.4 (d, J = 24.1 Hz), 101.9 (d, J 
= 26.8 Hz), 79.9, 72.8, 60.6, 58.6, 54.5, 53.5, 35.4, 28.2, 27.1, 26.6, 20.0, 7.7 ppm; LRMS-

ESI (m/z): 625.2 [M + H]+. To a stirred solution of above cyclopropylamine (870 mg, 1.39 

mmol) in dichloromethane (15 mL) was added TFA (5 mL) at 0°C under argon atmosphere 

and the mixture was stirred at 23°C for 1 h. Upon completion, solvent was removed under 

reduced pressure to give 17 (730 mg) used for next coupling reaction without further 

purification. LRMS-ESI (m/z): 525.2 [M + H]+.

N-((2R,3S)-3-Amino-4-(3-fluorophenyl)-2-hydroxybutyl)-2-(cyclopropylamino)-N-
isobutylbenzo[d]thiazole-6-sulfonamide (18)

The cyclopropylamine was obtained from 16 b by following the procedure outlined for 

compound 17, (116 mg, 97% yield over two steps). 1H NMR (500 MHz, CDCl3): δ = 8.08 

(s, 1 H), 7.68 (d, J = 8.2 Hz, 1 H), 7.54 (d, J = 8.4 Hz, 1 H), 7.25−7.18 (m, 1 H), 7.03 (d, J = 

6.3 Hz, 1 H), 6.95 (d, J = 9.1 Hz, 1 H), 6.89 (t, J = 7.9 Hz, 1 H), 4.78 (d, J = 7.4 Hz, 1 H), 

3.85 (s, 1 H), 3.76 (brs, 1 H), 3.20−3.08 (m, 2 H), 3.00 (dt, J = 22.3, 10.4 Hz, 2 H), 2.88 (dt, 

J = 18.6, 12.0 Hz, 2 H), 2.75 (s, 1 H), 1.93−1.80 (m, 1 H), 1.34 (s, 9 H), 0.91 (td, J = 17.8, 

6.1 Hz, 8 H), 0.79 ppm (s, 2 H); 13C NMR (125 MHz, CDCl3): δ = 173.4, 163.9, 161.9, 

156.1, 155.8, 140.8 (d, J = 6.8 Hz), 131.3, 130.4, 129.9 (d, J = 7.6 Hz), 125.4 (d, J = 20.3 

Hz), 121.0, 118.5, 116.5 (d, J = 20.8 Hz), 113.4 (d, J = 20.9 Hz), 80.0, 72.9, 59.0, 54.7, 53.9, 

35.2, 28.4, 27.4, 26.6, 20.3, 20.0, 8.0 ppm; LRMS-ESI (m/z): 629.5 [M + Na]+. The title 

compound (18) was obtained by following the de-Boc procedure outlined for compound 17, 

(97 mg) used for next coupling reaction without further purification. LRMS-ESI (m/z): 

507.3 [M + H]+.
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N-((2R,3S)-3-Amino-4-(4-fluorophenyl)-2-hydroxybutyl)-2-(cyclopropylamino)-N-
isobutylbenzo[d]thiazole-6-sulfonamide (19)

The cyclopropylamine was obtained form 16c by following the procedure outlined for 

compound 17, (125 mg, 98% yield over two steps). 1H NMR (500 MHz, CDCl3): δ = 8.08 

(d, J = 1.5 Hz, 1 H), 7.68 (dd, J = 8.5, 1.8 Hz, 1 H), 7.56 (d, J = 8.5 Hz, 1 H), 7.24−7.18 (m, 

2 H), 6.97 (t, J = 8.6 Hz, 2 H), 4.68 (d, J = 8.7 Hz, 1 H), 4.05 (s, 1 H), 3.82 (brs, 1 H), 

3.77−3.69 (m, 1 H), 3.11 (d, J = 6.5 Hz, 2 H), 3.03−2.94 (m, 2 H), 2.92−2.81 (m, 2 H), 2.76 

(tt, J = 6.7, 3.5 Hz, 1 H), 1.85 (dp, J = 12.9, 6.4 Hz, 1 H), 1.34 (s, 9 H), 0.97−0.93 (m, 2 H), 

0.91 (d, J = 6.6 Hz, 3 H), 0.87 (d, J = 6.6 Hz, 3 H), 0.79 ppm (p, J = 5.0 Hz, 2 H); 13C NMR 

(125 MHz, CDCl3): δ = 173.2, 162.7, 160.8, 156.1, 155.8, 134.0−133.6 (m), 131.4, 131.1 (d, 

J = 7.7 Hz), 130.5, 125.5, 121.0, 118.7, 115.3 (d, J = 21.1 Hz), 79.9, 73.0, 59.0, 54.8, 54.0, 

34.6, 28.4, 27.4, 26.8, 20.3, 20.0, 8.1 ppm; LRMS-ESI (m/z): 607.2 [M + H]+. The title 

compound (19) was obtained by following the de-Boc procedure outlined for compound 17, 

(166 mg) used for next coupling reaction without further purification. LRMS-ESI (m/z): 

507.4 [M + H]+.

(3S,7 aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl((2S,3R)-4-((4-amino-N-
isobutylphenyl)sulfonamido)-1-(3,5-difluorophenyl)-3-hydroxybutan-2-yl)carbamate (4)

To a stirred solution of activated alcohol 20 (12 mg, 0.037 mmol) and isostere 13 (19 mg, 

0.045 mmol) in acetonitrile (2 mL) was added DIPEA (33 μL, 0.19 mmol) at 23°C under 

argon atmosphere. The reaction mixture was stirred at 23°C until completion. Upon 

completion, solvents were removed under reduced pressure and crude product was purified 

by silica gel column chromatography (55% EtOAc in hexane) to give inhibitor 4 (20 mg, 

88% yield). 1H NMR (400 MHz, CDCl3): δ = 7.54 (d, J = 8.5 Hz, 2 H), 6.78 (d, J = 6.4 Hz, 

2 H), 6.68 (d, J = 8.5 Hz, 2 H), 6.64 (dt, J = 9.2, 2.4 Hz, 1 H), 5.44 (d, J = 6.6 Hz, 1 H), 5.26 

(d, J = 9.0 Hz, 1 H), 4.83 (dd, J = 8.9, 5.8 Hz, 1 H), 4.19 (brs, 2 H), 3.92−3.79 (m, 4 H), 3.62 

(ddd, J = 19.0, 10.2, 7.2 Hz, 2 H), 3.05 (dt, J = 14.4, 4.8 Hz, 2 H), 2.97 (d, J = 16.3 Hz, 1 H), 

2.94−2.89 (m, 1 H), 2.86−2.64 (m, 5 H), 2.38−2.32 (m, 1 H), 1.82 (d, J = 12.0 Hz, 2 H), 1.45 

(dd, J = 12.0, 3.7 Hz, 1 H), 0.92 (d, J = 6.6 Hz, 3 H), 0.88 ppm (d, J = 6.5 Hz, 3H); 13C 

NMR (100 MHz, CDCl3): δ = 164.3 (d, J = 12.9 Hz), 161.9 (d, J = 13.1 Hz), 155.7, 151.0, 

142.2 (t, J = 9.0 Hz), 129.6, 126.1, 114.3, 113.1−111.8 (m), 104.5, 102.2 (t, J = 25.1 Hz), 

75.2, 72.9, 68.5, 60.1, 59.1, 55.0, 53.8, 45.0, 42.1, 37.5, 35.3, 27.5, 23.7, 20.3, 20.1 ppm; 

LRMS-ESI (m/z): 610.2 [M + H]+; HRMS-ESI (m/z): [M + H]+ calcd for C29H38F2N3O7S, 

610.2399; found 610.2394.

(3S,7 aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl((2S,3R)-4-((2-
(cyclopropylamino)-N-isobutylbenzo[d]thiazole)-6-sulfonamido)-1-(3,5-difluorophenyl)-3-
hydroxybutan-2-yl)carbamate (5)

Compound 20 (200 mg, 0.62 mmol) was treated with fluoro isostere 17 (392 mg, 0.75 

mmol) by following the procedure outlined for inhibitor 4 to give inhibitor 5 (434 mg, 99% 

yield). 1H NMR (500 MHz, CDCl3): δ = 8.27 (s, 1 H), 8.10−8.07 (m, 1 H), 7.73−7.67 (m, 1 

H), 7.52 (d, J = 8.5 Hz, 1 H), 6.76 (d, J = 6.3 Hz, 2 H), 6.61 (t, J = 8.9 Hz, 1 H), 5.84 (d, J = 

9.2 Hz, 1 H), 5.41 (d, J = 6.7 Hz, 1 H), 4.82 (dd, J = 8.9, 5.8 Hz, 1 H), 4.16 (brs, 1 H), 

3.98−3.92 (m, 1 H), 3.85 (dt, J = 12.6, 6.1 Hz, 3 H), 3.60 (dd, J = 9.0, 6.5 Hz, 1 H), 3.54 (dd, 

Ghosh et al. Page 16

ChemMedChem. Author manuscript; available in PMC 2018 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



J = 11.1, 7.9 Hz, 1 H), 3.17–3.11 (m, 2H), 3.06 (dd, J = 14.0, 3.4 Hz, 1 H), 2.96 (dd, J = 

13.3, 8.0 Hz, 1 H), 2.89 (dd, J = 13.4, 7.1 Hz, 1 H), 2.79 (dd, J = 13.9, 10.5 Hz, 1 H), 

2.75−2.68 (m, 2 H), 2.67−2.61 (m, 1 H), 2.34−2.27 (m, 1 H), 1.86 (dp, J = 14.5, 6.9 Hz, 1 

H), 1.78 (d, J = 11.9 Hz, 1 H), 1.43 (dd, J = 8.0, 4.0 Hz, 1 H), 0.93 (t, J = 6.7 Hz, 2 H), 0.87 

(dd, J = 12.6, 7.1 Hz, 6 H), 0.79−0.75 ppm (m, 2H); 13C NMR (125 MHz, CDCl3): δ = 

173.7, 163.9 (d, J = 12.7 Hz), 161.9 (d, J = 12.8 Hz), 155.7 (d, J = 18.0 Hz), 142.4 (t, J = 8.8 

Hz), 131.1, 130.2, 125.5, 121.0, 118.2, 112.5−112.0 (m), 104.3, 102.0 (t, J = 25.1 Hz), 74.8, 

72.9, 68.3, 59.9, 58.8, 55.1, 53.5, 44.9, 42.2, 37.4, 31.6, 27.3, 26.7, 23.6, 22.7, 20.2, 20.0, 

7.8 ppm; LRMS-ESI (m/z): 707.2 [M + H]+; HRMS-ESI (m/z): [M + H]+ calcd for 

C33H41F2N4O7S2, 707.2385; found 707.2379.

(3S,7 aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl((2S,3R)-4-((2-
(cyclopropylamino)-N-isobutylbenzo[d]thiazole)-6-sulfonamido)-1-(3-fluorophenyl)-3-
hydroxybutan-2-yl)carbamate(21)

Compound 20 (7 mg, 0.022 mmol) was treated with fluoro isostere 18 (13 mg, 0.026 mmol) 

by following the procedure outlined for inhibitor 4 to give inhibitor 21 (13.5 mg, 90% yield). 
1H NMR (500 MHz, CDCl3): δ = 8.09−8.07 (m, 1 H), 7.70−7.67 (m, 1 H), 7.56 (d, J = 8.5 

Hz, 1 H), 7.24 (d, J = 7.8 Hz, 1 H), 7.06 (brs, 1 H), 7.04−7.00 (m, 1 H), 6.96 (d, J = 9.4 Hz, 

1 H), 6.94−6.88 (m, 1 H), 5.42 (d, J = 6.6 Hz, 1 H), 5.23 (d, J = 8.7 Hz, 1 H), 4.81 (dd, J = 

9.0, 5.8 Hz, 1 H), 3.94−3.85 (m, 4 H), 3.82−3.76 (m, 1 H), 3.59 (dd, J = 7.9, 4.8 Hz, 2 H), 

3.17 (dd, J = 15.0, 8.5 Hz, 1 H), 3.10−2.98 (m, 3 H), 2.89−2.81 (m, 2 H), 2.78−2.69 (m, 2 

H), 2.68−2.62 (m, 1 H), 2.33 (q, J = 4.6, 4.1 Hz, 1 H), 1.86 (dd, J = 13.3, 6.6 Hz, 1 H), 1.81 

(d, J = 12.2 Hz, 1 H), 1.44 (dt, J = 12.0, 3.8 Hz, 1 H), 0.97−0.93 (m, 5 H), 0.88 (d, J = 6.5 

Hz, 3 H), 0.82−0.78 ppm (m, 2 H); 13C NMR (125 MHz, CDCl3): δ = 173.1, 164.0, 162.0, 

155.8 (d, J = 11.0 Hz), 140.5 (d, J = 7.1 Hz), 131.5, 130.4, 130.1 (d, J = 8.3 Hz), 125.4 (d, J 
= 33.7 Hz), 121.0, 118.8, 116.4 (dd, J = 20.9, 8.3 Hz), 113.7 (dd, J = 20.7, 8.2 Hz), 104.5, 

75.2, 72.9, 68.5, 60.0, 59.1, 55.1, 53.9, 45.0, 42.1, 37.5, 35.2, 29.8, 27.5, 26.8, 23.7, 20.3, 

20.0, 8.1 ppm; LRMS-ESI (m/z): 689.3 [M + H]+; HRMS-ESI (m/z): [M + H]+ calcd for 

C33H42FN4O7S2, 689.2479; found 689.2474.

(3S,7 aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl((2S,3R)-4-((2-
(cyclopropylamino)-N-isobutylbenzo[d]thiazole)-6-sulfonamido)-1-(4-fluorophenyl)-3-
hydroxybutan-2-yl)carbamate (22)

Compound 20 (15 mg, 0.047 mmol) was treated with fluoro isostere 19 (28 mg, 0.056 

mmol) by following the procedure outlined for inhibitor 4 to give inhibitor 22 (30 mg, 94% 

yield). 1H NMR (500 MHz, CDCl3): δ = 8.10−8.06 (m, 1 H), 7.68 (dd, J = 8.5, 1.7 Hz, 1 H), 

7.55 (d, J = 8.5 Hz, 1 H), 7.45 (brs, 1 H), 7.20 (dd, J = 8.1, 5.5 Hz, 2 H), 6.97 (t, J = 8.6 Hz, 

2 H), 5.42 (d, J = 6.7 Hz, 1 H), 5.32−5.27 (m, 1 H), 4.79 (dd, J = 8.9, 5.8 Hz, 1 H), 

3.93−3.83 (m, 4H), 3.76 (d, J = 9.2 Hz, 1 H), 3.57 (dt, J = 9.1, 7.1 Hz, 2H), 3.17 (dd, J = 

15.0, 8.6 Hz, 1 H), 3.07−2.97 (m, 3 H), 2.88−2.79 (m, 2 H), 2.75 (dq, J = 6.8, 3.4 Hz, 1 H), 

2.73−2.67 (m, 1 H), 2.67−2.61 (m, 1 H), 2.35−2.28 (m, 1 H), 1.86 (dt, J = 14.3, 7.2 Hz, 1 

H), 1.81 (d, J = 12.3 Hz, 1 H), 1.46−1.40 (m, 1 H), 0.97−0.94 (m, 2 H), 0.92 (d, J = 6.6 Hz, 

3 H), 0.88 (d, J = 4.2 Hz, 3 H), 0.81−0.76 ppm (m, 2 H); 13C NMR (125 MHz, CDCl3): δ = 

173.3, 162.8, 160.8, 155.8 (d, J = 9.2 Hz), 133.5, 131.4, 131.0 (d, J = 7.6 Hz), 130.4, 125.5, 

121.0, 118.6, 115.5 (d, J = 21.1 Hz), 104.4, 75.1, 72.8, 68.4, 60.0, 59.0, 55.3, 53.9, 45.0, 
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42.1, 37.5, 31.7, 27.5, 26.8, 23.6, 22.8, 20.3, 20.0, 8.0 ppm; LRMS-ESI (m/z): 689.2 [M + 

H]+; HRMS-ESI (m/z): [M + H]+ calcd for C33H42FN4O7S2, 689.2479; found 689.2474.

X-ray crystal structure of the complex between HIV-1 protease and inhibitor 5

The HIV-1 protease was expressed and purified as described.[43] The protease-inhibitor 

complex was crystallized by the hanging drop vapor diffusion method with well solutions of 

1.65 M NaCl, 0.1 M sodium acetate, pH 5.5. Diffraction data were collected on a single 

crystal cooled to 90 K at SER-CAT (22-ID beamline), Advanced Photon Source, Argonne 

National Lab (Chicago, IL, USA) with X-ray wavelength of 0.8 Å, and processed by 

HKL-2000[44] to give an Rmerge of 7.1%. The crystal structure was solved by PHASER[45] 

in CCP4i Suite[46–48] using one of the previously reported isomorphous structures[49] as the 

initial model, and refined by SHELX-97[50, 51] with 1.67 Å resolution diffraction data. 

PRODRG-2[52] was used to construct the inhibitor and the restraints for refinement. 

COOT[53, 54] was used for modification of the model. Alternative conformations were 

modeled, isotropic atomic displacement parameters (B factors) were applied for all atoms 

including solvent molecules. The final refined solvent structure comprised one Na+ ion, two 

Cl− ions, one acetate ion and 169 water molecules. The crystallographic statistics are listed 

in Table 1 (Supporting Information). The coordinates and structure factors of the protease 

complex with inhibitor 5 have been deposited in the RCSB Protein Data Bank[55] with code 

6BZ2.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of HIV-1 protease inhibitors 1–5.

Ghosh et al. Page 22

ChemMedChem. Author manuscript; available in PMC 2018 April 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Inhibition of HIV-1 protease dimerization activity by GRL-14213A. COS-7 cells were 

exposed to various concentrations (0.01–100 nm) of GRL-142 or DRV and were 

subsequently co-transfected with two plasmids, pHIV-PRWT-CFP and pHIV-PRWT-YFP, 

respectively. After 72 h, cultured cells were examined in the FRET-based HIV-1 expression 

assay, and the CFPA/B ratios (y axis) were determined. The arithmetic mean values of the 

ratios obtained are shown as horizontal bars. A CFPA/B ratio >1 signifies protease 

dimerization, whereas a ratio <1 signifies disruption of protease dimerization. All 

experiments were conducted in a blind fashion. P values were determined using the 

Wilcoxon rank-sum test (JMP software, SAS, Cary, NC, USA) and were 0.3816 for the 

CFPA/B ratio in the absence of drug (CFPA/BNo-Drug) versus the CFPA/B ratio in the 

presence of 10 nm DRV (CFPA/B10-DRV), 0.004 for CFPA/BNo-Drug versus CFPA/B100-

DRV, 0.8192 for CFPA/BNo-Drug versus CFPA/B0.01-GRL-142, 0.0459 for CFPA/BNo-

Drug versus CFPA/B0.1-GRL-142, 0.0197 for CFPA/BNo-Drug versus CFPA/B1-GRL-142, 

0.0248 for CFPA/BNo-Drug versus CFPA/B10-GRL-142, and 0.0003 for CFPA/BNo-Drug 

versus CFPA/B100-GRL-142.
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Figure 3. 
Inhibitor 5-bound X-ray structure of HIV-1 protease. The major orientation of the inhibitor 

is shown. The inhibitor carbon atoms are shown in green, water molecules are red spheres, 

and the hydrogen bonds are indicated by dotted lines (PDB ID: 6BZ2). Halogen interactions 

of the fluorine atoms are omitted for clarity.
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Figure 4. 
An overlay of the X-ray crystal structure of DRV-bound HIV-1 protease (green) with the X-

ray structure of inhibitor 5 (orange)-bound HIV-1 protease.
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Figure 5. 
Side view of the S1 subsite. The protein surface is shown in transparent gray. The van der 

Waals surface for the fluorinated P1-ligand for inhibitor 5 is shown in orange wire mesh, and 

van der Waals contacts are shown by dotted lines.
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Scheme 1. 
Synthesis of azidoepoxide 9: a) Mg, I2, THF, 23°C; b) butadiene-monoxide, CuCN (cat.), 

−78°C (60% over two steps); c) tBuOOH, (−)-DET, Ti(OiPr)4, CH2Cl2, −20°C; d) 

Ti(OiPr)4, TMSN3, PhH, (68% over two steps); e) AcOMe2CCOCl, CHCl3, 0°C→23°C; f) 

NaOMe, THF, 23°C, (77% over two steps).
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Scheme 2. 
Synthesis of sulfonamide isosteres 13 and 17: a) iBuNH2, iPrOH, 65°C; b) 4-NO2-PhSO2Cl, 

Et3N, CH2Cl2, 23°C (67% over two steps); c) H2, Pd(OH)2-C, EtOAc, 23°C (89%); d) 14, 

CH2Cl2, Et3N, 23°C, (90% over two steps); e) Ph3P, THF/H2O (3:1), 23°C; f) Boc2O, 

THF/H2O (1:1), NaHCO3, 23°C, (87% over two steps); g) mCPBA, CH2Cl2, 23°C; h) 

cyclopropylamine, THF, 65°C, (91% over two steps); i) TFA, CH2Cl2, 0°C (99%).
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Scheme 3. 
Synthesis of sulfonamide isosteres 18 and 19: a) iBuNH2, iPrOH, 65°C; b) 14, CH2Cl2, 

Et3N, 23°C, (87% over two steps for 15b and 95% over two steps for 15c); c) Ph3P, 

THF/H2O (3:1), 23°C; d) Boc2O, THF/H2O (1:1), NaHCO3, 23°C (83% over two steps for 

16b and 70% over two steps for 16c); e) mCPBA, CH2Cl2, 23°C; f) cyclopropylamine, THF, 

65°C, (97% over two steps for 18 and 98% over two steps for 19); g) TFA, CH2Cl2, 0°C.
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Scheme 4. 
Synthesis of PIs: a) amines 13, 17–19 and carbonate 20, DIPEA, CH3CN, 23°C.
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Table 1

Structures and activity of inhibitors 3–5 and 21–23.

Inhibitor Ki [nM][a] IC50 [nM][b]

0.013 2.8

0.04 0.26

0.004 1.7

0.014 0.017

0.0003 0.055

0.005 0.25

[a]
Values are the mean of at least five data points; standard error in all cases was <7%. Darunavir Ki: 16 pM.

[b]
Antiviral IC50 values are the means of at least three experiments; standard error in all cases was <5%. Darunavir IC50: 1.6 nM.

ChemMedChem. Author manuscript; available in PMC 2018 April 24.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ghosh et al. Page 32

Ta
b

le
 2

A
nt

iv
ir

al
 a

ct
iv

ity
 o

f 
th

re
e 

no
ve

l c
om

po
un

ds
 a

ga
in

st
 h

ig
hl

y 
D

R
V

-r
es

is
ta

nt
 H

IV
-1

 v
ar

ia
nt

s.

V
ar

ia
nt

IC
50

 [
nM

] 
± 

SD
 (

fo
ld

 c
ha

ng
e)

[a
]

A
T

V
D

R
V

4
3 

(G
R

L
-1

21
13

A
)

5 
(G

R
L

-1
42

13
A

)

c H
IV

N
L

4-
3W

T
   

   
   

 5
.2

 ±
 0

.3
   

   
3.

7 
±

 0
.7

   
 5

.9
 ±

 0
.4

  0
.2

6 
±

 0
.0

3
0.

01
6 

±
 0

.0
17

H
IV

D
R

V
R

P2
0

>
 1

00
0 

(>
 1

92
)

   
 6

0 
±

 6
 (

16
)

  2
4 

±
 9

 (
4)

  0
.1

8 
±

 0
.1

 (
0.

7)
0.

00
16

 ±
 0

.0
02

 (
0.

1)

H
IV

D
R

V
R

P3
0

>
 1

00
0 

(>
 1

92
)

  1
34

 ±
 4

3 
(3

6)
  1

1 
±

 1
3 

(1
.9

)
  1

.4
 ±

 0
.3

 (
5.

3)
0.

01
5 

±
 0

.0
15

 (
1)

H
IV

D
R

V
R

P5
1

>
 1

00
0 

(>
 1

92
)

46
72

 ±
 1

26
3

48
6 

±
 5

2 
(8

2)
34

 ±
 1

0 
(1

31
)

2.
8 

±
 0

.2
 (

17
5)

[a
] M

T-
4 

ce
lls

 (
1 

×
 1

04
) 

w
er

e 
ex

po
se

d 
to

 5
0 

T
C

ID
50

s 
of

 w
ild

-t
yp

e 
H

IV
-1

N
L

4-
3 

or
 h

ig
hl

y 
D

R
V

-r
es

is
ta

nt
 H

IV
-1

 v
ar

ia
nt

s 
(H

IV
-1

D
R

V
R

P2
0,

 H
IV

-1
D

R
V

R
P3

0,
 o

r 
H

IV
-1

D
R

V
R

P5
1)

 a
nd

 c
ul

tu
re

d 
in

 th
e 

pr
es

en
ce

 o
f 

va
ri

ou
s 

co
nc

en
tr

at
io

ns
 o

f 
ea

ch
 c

om
po

un
d,

 a
nd

 I
C

50
 v

al
ue

s 
w

er
e 

de
te

rm
in

ed
 b

y 
p2

4 
as

sa
y.

 A
ll 

as
sa

ys
 w

er
e 

co
nd

uc
te

d 
in

 tr
ip

lic
at

e,
 a

nd
 th

e 
da

ta
 s

ho
w

n 
ar

e 
m

ea
n 

va
lu

es
 (

±
 1

 s
ta

nd
ar

d 
de

vi
at

io
n)

 

de
ri

ve
d 

fr
om

 th
e 

re
su

lts
 o

f 
tw

o 
in

de
pe

nd
en

t e
xp

er
im

en
ts

. T
he

 a
m

in
o 

ac
id

 s
ub

st
itu

tio
ns

 id
en

tif
ie

d 
in

 th
e 

pr
ot

ea
se

 o
f 

H
IV

-1
D

R
V

R
P2

0 
H

IV
-1

D
R

V
R

P3
0,

 a
nd

 H
IV

-1
D

R
V

R
P5

1 
re

la
tiv

e 
to

 H
IV

-1
N

L
4-

3 
in

cl
ud

e 
L

10
I/

I1
5V

/K
20

R
/L

24
I/

V
32

I/
M

36
I/

M
46

L
/L

63
P/

A
71

T
/V

82
A

/L
89

M
, L

10
I/

I1
5V

/K
20

R
/L

24
I/

V
32

I/
M

36
I/

M
46

L
/L

63
P/

A
71

T
/V

82
A

/I
84

V
/L

89
M

, a
nd

 L
10

I/
I1

5V
/K

20
R

/L
24

I/
V

32
I/

L
33

F/
M

36
I/

M
46

L
/

I5
4M

/L
63

P/
A

71
T

/V
82

I/
I8

4V
/L

89
M

, r
es

pe
ct

iv
el

y.

ChemMedChem. Author manuscript; available in PMC 2018 April 24.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ghosh et al. Page 33

Table 3

Antiviral activity of inhibitor 5 (GRL-14213A) against highly PI-resistant HIV-1 variants.

Variant Mean IC50 in nM ± SD (fold-change)[a]

ATV DRV 3 (GRL-12113A) 5 (GRL-14313A)

HIVNL4-3
WT         5.2 ± 0.3     3.7 ± 0.7 0.39 ± 0.06[b] 0.016 ± 0.017

HIVSQV-5 μM      548 ± 177 (105)   22 ± 6 (5.9) 0.03 ± 0.01 (0.08)[b] 0.00020 ± 0.00002 (0.01)

HIVIDV-5 μM   59 ± 13 (11)   42 ± 1 (11) 0.012 ± 0.013 (0.03)[b] 0.00025 ± 0.00035 (0.02)

HIVNFV-5 μM   19 ± 1 (3.7) 6.1 ± 0.8 (1.6) 0.028 ± 0.02 (0.07)[b] 0.00068 ± 0.00045 (0.04)

HIVAPV-5 μM          2.4 ± 0.7 (0.5)   43 ± 22 (12) 0.27 ± 0.1 (0.7)[b] 0.00001 ± 0.00001 (0.0006)

HIVLPV-5 μM        36 ± 9 (7) 275 ± 64 (74) 0.0026 ± 0.0006 (0.007)[b] 0.0000024 ± 0.0000016 (0.0002)

HIVATV-5 μM > 1000 (> 192)   26 ± 1 (7) 0.19 ± 0.06 (0.5)[b] 0.02 ± 0.01 (1.3)

HIVTPV-15 μM > 1000 (> 192)   41 ± 3 (11) 0.057 ± 0.03 (0.15)[b] 0.00037 ± 0.00007 (0.02)

[a]
MT-4 cells (1 ×104) were exposed to 50 TCID50s of wild-type HIV-1NL4-3 or highly Pl-resistant HIV-1 variants (HIV-1SQV-5 μM, 

HIV-1IDV-5 μM, HIV-1NFV-5 μM, HIV-1APV-5 μM, HIV-1LPV-5 μM, HIV-1ATV-5 μM, or HIV-1TPV-5 μM) and cultured in the presence of 

various concentrations of each compound, and the IC50 values were determined by p24 assay. All assays were conducted in triplicate, and the data 

shown are mean values (± 1 standard deviation) derived from the results of two independent experiments. The amino acid substitutions identified in 
protease of HIV-1SQV-5 μM, HIV-1IDV-5 μM, HIV-1NFV-5 μM, HIV-1APV-5 μM, HIV-1LPV-5 μM, HIV-1ATV-5 μM, and 

HIV-1TPV-15 μM relative to HIV-1NL4-3 include L10I/N37D/G48V/I54V/L63P/G73C/I84V/L90M, L10F/L24I/M46I/I54V/L63P/A71V/G73S/

V82T, L10F/K20T/D30N/M46I/A71V/T74S, L10F/M46I/I50V/I84V, L10F/V32I/M46I/I47A/A71V/I84V, L23I/E34Q/K43I/M46I/L50L/G51A/
L63P/A71V/V82T, and L10I/L33I/M36I/M46I/I54VK55R/I62V/L63P/A71V/G73S/V82T/L90M/I93L, respectively.

[b]
Values are from reference [27].
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