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Abstract

We report here the synthesis and biological evaluation of phenylcarboxylic acid and phenylboronic 

acid containing HIV-1 protease inhibitors and their functional effect on enzyme inhibition and 

antiviral activity in MT-2 cell lines. Inhibitors bearing bis-THF ligand as P2 ligand and 

phenylcarboxylic acids and carboxamide as the P2’ ligands, showed very potent HIV-1 protease 

inhibitory activity. However, carboxylic acid containing inhibitors showed very poor antiviral 

activity compared to carboxamide-derived inhibitors which showed good antiviral IC50 value. 

Boronic acid-derived inhibitor with bis-THF as the P2 ligand showed very potent enzyme 

inhibitory activity, but it showed relatively reduced antiviral activity compared to darunavir in the 

same assay. Boronic acid-containing inhibitor with a P2-Crn-THF ligand also showed potent 

enzyme Ki but significantly reduced antiviral activity. We have evaluated antiviral activity against 

a panel of highly drug-resistant HIV-1 variants. One of the inhibitors maintained good antiviral 

activity against HIVDRV
R

P20 and HIVDRV
R

P30 viruses. We have determined high resolution X-ray 

structures of two synthetic inhibitors bound to HIV-1 protease and obtained molecular insight into 

the ligand-binding site interactions.
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We report structure-based design, synthesis, biological evaluation and X-ray structural studies of a 

series of exceptionally potent HIV-1 protease inhibitors containing boronic acid-based P2’ –

ligands to interact with active site residues in the S2’-subsite.

Keywords

HIV-1 protease inhibitors; brain penetration; Drug resistance; dimerization inhibitor; Structure-
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Introduction

Structure-based molecular design has become one of the most successful and widely used 

strategies for preclinical drug development. Over the years, it has led to numerous first-in-

class approved drugs and preclinical candidates.1,2 Structure-based design strategies have 

played a key role in the design and development of HIV-1 protease inhibitor drugs.3,4 HIV-1 

protease inhibitors are an important component of current antiretroviral therapy (ART) 

which is responsible for dramatic improvement of life expectancy and mortality rates of 

HIV/AIDS patients in the developing nations. HIV-1 protease is an aspartic acid protease 

which plays a critical role in viral replication.5,6 HIV-1 protease inhibitor (PI) drugs block 

HIV-1 protease and generate morphologically immature and noninfectious virions.7,8 

Darunavir (1, Figure 1), the latest FDA-approved PI, has been highly efficacious in 

suppressing HIV-1 replication and showing significant clinical benefits to HIV/AIDS 

patients.9,10 Darunavir has emerged as a widely used first-line therapy for rescue treatment.
11,12 Its exceptional resistance profile is due to a dual mechanism of action as it inhibits 

HIV-1 protease and inhibits dimerization of HIV-1 protease monomers.13

Darunavir was developed by structure-based design strategies with particular emphasis on 

maximizing active site interactions, especially promoting strong hydrogen bonding 

interactions with the HIV-1 backbone atoms in the S2 and S2’ subsites.14,15 In this context, 

we created a stereochemically defined 3(R),6a(R)-bis-tetrahydrofuranyl urethane as the P2 

ligand to form hydrogen bonds with the Asp29 and Asp30 backbone NHs in the S2-subsite. 

Ghosh et al. Page 2

ChemMedChem. Author manuscript; available in PMC 2020 November 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Also, the P2’−4-aminobenzene sulfonamide was incorporated to interact with the backbone 

atoms in the S2’ subsite.16,17 These inhibitor design strategies targeting the protein 

backbone may be responsible for darunavir’s exceptional antiviral activity against highly 

multidrug-resistant HIV-1 variants.18,19 However, DRV-resistant HIV-1 variants have 

emerged, and development of novel antiviral drugs with a high genetic barrier against 

multidrug-resistant HIV-1 variants including DRV-resistant variants is urgently needed.20,21 

In this context, we investigated further optimization of structural elements of darunavir that 

would enhance backbone interactions in the active site of HIV-1 protease.

The X-ray structure of darunavir-bound HIV-1 protease [PDB 1D : 4HLA] revealed that the 

P2’ 4-aminosulfonamide ligand is involved in water-mediated hydrogen bonding interactions 

with Gly48’ backbone amide NH through two crystallographic water molecules.17,22 Based 

upon this observation, we speculated that the modification of amine functionality with a 

carboxylic acid or with a carboxamide group would replace one of these two 

crystallographic water molecules closer to the amine functionality. Such modified ligands 

could not only maintain strong hydrogen bonds with backbone NH of Asp30, but also the 

carboxylic acid derivative can form a water-mediated hydrogen bond with the Gly48’ NH 

located in flap region of HIV-1 protease. Indeed, the resulting modified inhibitors 3 and 4 
exhibited very potent enzyme inhibitory activity with Ki values of 12.9 pM and 8.9 pM, 

respectively.22 Interestingly, carboxylic acid-derived inhibitor 3 did not exhibit any 

appreciable antiviral activity in MT-2 cells. However, inhibitor 4 with a carboxamide 

derivative showed antiviral IC50 value of 93 nM in MT-2 cells.22 This result is not surprising 

as it has been reported that intracellular concentration of PIs are a dynamic balance between 

influx, efflux, and sequestration.23,24 Since DRV has been shown to serve as a transport 

substrate of P-glycoprotein, the carboxylic acid derivatives are expected to show similar 

efflux profiles.25 Thus, we have assayed intracellular concentrations of inhibitor 3 and 4 in 

MT-2 and MT-4 cells. Interestingly, both cell lines showed very low uptake of carboxylic 

acid-derived inhibitor 3.22 The sequestration and influx properties of PIs are important 

issues that need serious attention for PI design. We have determined X-ray crystal structures 

of inhibitor 3 and 4 with HIV-1 protease complexes. Our structural analysis revealed 

enhanced hydrogen bonding interactions in the S2’ subsite compared to DRV-HIV-1 

protease complex.22 A stereoview of the active site interactions of inhibitor-bound HIV-1 

protease is shown in Figure 2. As can be seen, the P2’ 4-carboxylic acid ligand is involved in 

water-mediated hydrogen bonding interactions with Gly48’ backbone amide NH located in 

the flap region of HIV-1 protease.17,22 More recently, Raines and co-workers reported the 

HIV-1 protease inhibitor 5 with a phenyl boronic acid as the P2’ ligand.26 This inhibitor also 

exhibited very potent enzyme inhibitory activity compared to darunavir. Furthermore, X-ray 

crystal structure of inhibitor 5-bound HIV-1 protease revealed that boronic acid is involved 

in enhanced hydrogen bonding interaction including a water-mediated hydrogen bonding 

interaction with Gly48’ similar to inhibitor 3 and 4.26 While boronic acid containing 

inhibitor 5 displayed potent enzyme inhibitory activity, assessment of its antiviral activity in 

cell-based assays was not carried out. Thus, the intriguing question is whether boronic acid-

derived inhibitors show better antiviral potency compared to carboxylic acid-derived 

compounds. In the present studies, we have synthesized a selected group of HIV-1 protease 

inhibitors containing boronic acid as the P2’ ligand and evaluated their enzyme inhibitory 
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activity as well as antiviral activity compared to darunavir. Furthermore, we have evaluated 

antiviral activity against a panel of highly darunavir-resistant HIV-1 variants for compounds 

5 and 6 with darunavir control. To assess ligand-binding site interactions, we have 

determined a high resolution X-ray structure of inhibitor 6-bound HIV-1 protease.

Synthesis of carboxylic and boronic acid-based inhibitors

For our investigation regarding the effect on enzyme inhibitory and antiviral activity for 

inhibitors containing 4-phenylcarboxylic acid and 4-phenylboronic acid as the P2’ ligand, 

we have synthesized a set of selected inhibitors. The synthesis of 4-phenylcarboxylic acid 

derivatives 11 and 13 is shown in Scheme 1. Commercially available (S,S)-3(t-Boc-

amino)-1,2-epoxy-4-phenylbutane 7 was converted to hydroxyethylamine sulfonamide 

derivative 8 with a diacetoxymethyl group as P2’ ligand as described by us previously.27 

Exposure of the acetate derivative 8 to K2CO3 in methanol at 23 °C for 30 min provided the 

corresponding aldehyde. Pinnick oxidation28 of the resulting aldehyde with sodium chlorite 

in t-butanol in the presence of 2- methyl-2-butene and phosphate buffer afforded the 

carboxylic acid derivative 9 in 86% yield over 2-steps. For the conversion of carboxylic acid 

derivative 9 to inhibitor 11 Boc-group was removed by exposure to trifluoroacetic acid 

(TFA) in CH2Cl2 at 0 °C to 23 °C for 3 h. Reaction of the resulting amine with known29 

activated carbonate of tetrahydropyranofuran 10 in the presence of diisopropylethylamine 

(DIPEA) in CH3CN at 23 °C for 10 d afforded inhibitor 11 in 37% yield over 2-steps. For 

the synthesis of carboxylic acid derivative 13, Boc derivative 9 was treated with TFA and the 

resulting amine was reacted with crown-THF carbonate 1230 as described above to provide 

13 in 80% yield over 2 steps.

For convenient synthesis of inhibitors containing 4-phenylboronic acid, we first prepared 4-

(chlorosulfonyl)-phenyl boronic acid. As shown in Scheme 2, commercially available 4-

bromophenyl sulfonyl chloride 14 was treated with NaOMe in methanol at 0 °C to 23 °C for 

12 h to provide the corresponding methyl sulfonate derivative in 62% yield.31 Reaction of 

the resulting 4-bromosulfonate derivative with nBuLi in THF at −78 °C for 10 min followed 

by addition of B(OMe)3 at −78 °C for 20 min provided boronic acid derivative 15 in 45% 

yield. Treatment of 15 with triethylamine in methanol 60 °C for 24 h followed by reaction of 

the resulting triethylammonium salt with thionyl chloride, heated at 80 °C for 24 h 

furnished, sulfonyl chloride 16 in 89% yield.32 This sulfonyl chloride was then reacted with 

the known hydroxyethylamine derivative 1727,33 in CH2Cl2 in the presence of triethylamine 

at 0 °C to 23 °C for 1 h to furnish hydroxyethylsulfonamide dipeptide isostere 18 with a 4-

phenylboronic acid as the P2’ ligand in 82% yield.

Synthesis of inhibitors with boronic acid as the P2’ ligand is shown in Scheme 3. Boc-

derivative 18 was treated with TFA in CH2Cl2 at 0 °C for 30 min to provide the 

corresponding amine. Reaction of the resulting amine with known activated bis-THF 

carbonate derivative 1929 in the presence of DIPEA in CH3CN at 23 °C for 10 days 

furnished inhibitor 5 in 47% yield. Similarly, reaction of resulting amine with activated 

crown-THF carbonate 12 and activated Tp-THF carbonate 10 afforded inhibitors 6 and 20 in 

55% and 51% yields, respectively.
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Results and Discussion

Our structure based design strategies resulted in a range of potent PIs with intriguing 

structural features, particularly PIs with cyclic ether-derived P2 ligands.3,14 Through X-ray 

structural analysis, we have shown that these PIs make extensive interactions particularly 

with backbone atoms in the active site. In general, these PIs exhibited exceptional enzyme 

affinity.14 Even though various factors such as cell penetration and flux, intracellular 

sequestration may affect antiviral activity, many of these PIs also showed very potent 

antiviral activity.3 Furthermore, they maintained robust antiviral activity against a wide 

range of highly multidrug-resistant HIV-1 variants. For the current studies, we designed a 

selected set of PIs containing carboxylic acid and boronic acid functionalities in the P2’-

ligand. These functional groups can form more hydrogen bonds in the S2’-subsite than the 

aromatic amine functionality of darunavir.9 The structure and activity of these PIs are shown 

in Table 1. We first evaluated these PIs in an enzyme-inhibitory assay.34 As shown, inhibitor 

3 with a P2-carboxylic acid showed a Ki value of 12.9 pM. We subsequently determined 

antiviral activity of these PIs in MT-2 and MT-4 human-T-lymphoid cells exposed to 

HIVLAI.35 Interestingly, in this cell-based antiviral assay, inhibitor 3 did not exhibit 

appreciable antiviral activity with IC50 values of 1 μM and 1 mM, in MT-2 and MT-4 cells, 

respectively. Carboxamide derivative 4 showed very potent enzyme Ki and antiviral IC50 

values of 93 nM and 38 nM in MT-2 and MT-4, respectively. Both carboxylic acid 

containing inhibitors 11 and 13 showed excellent enzyme inhibitory activity (Ki 7.6 and 3.2 

pM, respectively) however, they did not show antiviral activity. Boronic acid derivative 5 has 

been shown to have very potent enzyme inhibitory activity of 0.5 pM.26 However, there is no 

report of its antiviral activity in a cell-based assay. We have evaluated the boronic acid PI 5 
in an antiviral assay with MT-2 cells. It turned out that boronic acid derivative 5 showed 

improved antiviral IC50 value of 48.9 nM compared to carboxylic derivatives 3 and 4 (entry 

2, table 1). We prepared PI 6 containing a crown-like THF ligand as P2 ligand in 

combination with boronic acid P2’ ligand. This inhibitor exhibited an enzyme inhibitory Ki 

value of 15.5 pM and antiviral activity of 37.7 nM (entry 6). Inhibitor 20 with a (3aS,4S,

7aR)-hexahydro-4H-furo[2,3-b]pyran as the P2 ligand also showed very potent enzyme Ki 

but much reduced antiviral IC50 value of (120 nM) compared to DRV (entry 7).

Clinically, DRV is used widely for the treatment of naïve and experienced HIV/AIDS 

patients. However, heavily-ART regimen experienced patients have been showing treatment-

failure with approved PIs, including DRV.35,36 Therefore, we have examined inhibitors 5 and 

6 against DRV-resistant HIV-1 variants and compared their antiviral activity against DRV 

and one of our preclinical inhibitors, 21. For these studies, MT-4 cells (1×104) are exposed 

to wild type HIV-1 and three highly DRV-resistant HIV-1 variants, HIVDRV
R

20, 

HIVDRV
R

P30, and HIVDRV
R

P51.35,37 These variants were selected by propagating cells with 

increasing concentrations of DRV and they are highly resistant to all currently approved PIs, 

including DRV and nucleoside-RT inhibitors, such as tenofovir. Antiviral activity of selected 

PIs was determined using p24 assays. The results are shown in Table 2. As can be seen, FDA 

approved PI, LPV was unable to block the replication of these highly DRV-resistant variants. 

Inhibitor 5, resulting from incorporation of boronic acid in place of amine in DRV, showed 

relatively more potent antiviral activity (IC50 value of 219 nM) against DRV-resistant HIV-1 
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variants selected in the presence of DRV over 20 viral passages (HIVDRV
R

P20). Compound 5 
lost only 4-fold activity compared to its IC50 values against HIV-1WT. Interestingly, DRV 

exhibited 164-fold loss of antiviral activity (IC50 525.8 nM) compared to its IC50 against 

HIV-1WT. Boronic acid derivative 5 displayed antiviral IC50 of 946 nM (19-fold loss over 

HIV-1WT) compared to DRV (IC50 601 nM, 187-fold over HIV-1WT). Both compound 5 and 

DRV did not exhibit any appreciable antiviral activity against the most highly DRV-resistant 

HIV-1 variants, HIVDRV
R

P51. Inhibitor 6 with a crown-like THF (Crn-THF) as the P2-ligand 

displayed improved antiviral activity compared to inhibitor 5 with a bis-THF P2 ligand. It 

showed antiviral IC50 value of 71 nM against HIVDRV
R

P20 variants and IC50 value of 532 

nM against HIVDRV
R

P30 variants. Its fold-changes of antiviral activity compared to 

HIV-1WT are significantly lower than compound 5 or DRV. Compound 6, however, exhibited 

antiviral IC50 > 1 μM (>1000-fold change) against highly resistant HIV variants 

HIVDRV
R

P51. One of our recent inhibitors, 21, showed exceptional antiviral activity against 

all highly DRV-resistant HIV-1 variants.38,39 Both inhibitors 5 and 6 showed no appreciable 

cytotoxicity in MT-2 cells, with CC50 values of >100 μM, similar to DRV. However, 

selectivity index (CC50/IC50) were >2,040 and >2,650 compared to 34,480 for DRV and 

2,473,684 for compound 21.

X-ray description

To gain molecular insight into the ligand-binding site interactions of inhibitors 6 (GRL-008–

19A) and 20 (GRL-031–19A), we co-crystallized these inhibitors with wild-type HIV-1 

protease and the X-ray structures were refined at 1.33 and 1.13 Å resolution with R-factors 

of 13.7% and 12.5%, respectively. These structures contain a single PR dimer and the 

inhibitor binds in the active site cavity in two mutually exclusive orientations related by 180° 

rotation with major/minor occupancies of 60/40% and 65/35% for inhibitors 6 and 20, 

respectively. The overall dimer structures are very similar to the HIV-1 protease with DRV 

(2IEN)16 with root mean square difference (RMSD) for Cα of 0.20 and 0.12 Å for inhibitors 

6 and 20, respectively. Similarly, the two new structures of inhibitors 6 and 20 are alike (Cα 
RMSD of 0.14 Å). The urethane NH of both inhibitors forms hydrogen bonding interactions 

with the carbonyl oxygen of Gly27. In addition, these inhibitors show water-mediated 

interactions that connect the inhibitor carbonyl oxygen and sulfonamide oxygen with the 

amides of Ile50 and 50’ in the flaps. Similar interactions are shared by the protease-

darunavir complex and other protease inhibitors.4,16 The key interactions of inhibitor 6 and 

inhibitor 20 with HIV-1 protease are highlighted in Figure 3.

The hydrogen bond interactions between HIV-1 protease and the two inhibitors were 

compared with those for DRV. Inhibitors 6 and 20 differ only at the P2-group where the 

former boasts a Crn-THF while the latter contains a tetrahydropyrano-tetrahydrofuran (Tp-

THF) ligand.29,30 Both oxygen atoms of the Crn-THF in inhibitor 6 formed a network of 

hydrgen bonds with the backbone amide NHs of Asp30 and Asp29 in the S2 subsite. These 

interactions are very similar to what was observed in the X-ray strucrure of the Crn-THF 

containing inhibitor 21, described recently.38,39 For inhibitor 20, both oxygens of the Tp-

THF ligand also formed hydrogen bonds with the backbone amide NHs of Asp30 and 

Asp29. These interactions are comparable to the equivalent interactions with the bis-THF of 

DRV.[16,17]
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The P2′ position of both inhibitors 6 and 20 harbors a phenylboronic acid moiety in place of 

the 4-aminosulfonamide of DRV. In both crystal structures, the boronic acid is aligned in 

plane with the phenyl group with less than 2° difference in torsion angle. The boronic acid 

introduces an additional water-mediated hydrogen bond with the Gly48′ amide located on 

the flexible flap of HIV-1 protease. This interaction is similar to the carboxylic acid 

derivative 3 as shown in Figure 2. The other hydroxyl group of the boronic acid is within 

hydrogen bonding distance to both main chain amide of Asp30′ (2.7–2.9 Å), although the 

bond angle departs from the ideal in the crystal structures. It appears that inhibitor 6 makes 

additional water-mediated interactions in the S2’-site of the active site. Overall, the 

inhibitor-HIV-1 protease hydrogen bonding interactions resemble those in DRV-HIV-1 

protease with the exception of the new water-mediated interaction of boronic acid at P2’ and 

Gly48′, which is likely to stabilize the mobile flaps. These new interactions are likely to 

account for the improved enzyme affinity for inhibitors 6 and 20. These inhibitors showed 

better antiviral activity compared to the corresponding carboxylic acid derivatives likely due 

to improved efflux profiles.

Conclusions

In conclusion, we have designed and synthesized a selected set of HIV-1 protease inhibitors 

containing benzene carboxylic acid and benzene boronic acid as the P2’-ligands. These 

ligands are designed to form enhanced hydrogen bonding interactions with the backbone 

atoms in the S2’-subsite of HIV-1 protease. Inhibitor 3 with P2 bis-THF and P2’-benzene 

carboxylic acid showed potent enzyme inhibitory Ki, but showed no antiviral activity due to 

poor cell penetration. However, carboxamide derivative 4 displayed excellent enzyme 

inhibitory activity and good antiviral activity (IC50 of 93 nM). The corresponding boronic 

acid derivative 5 showed excellent enzyme Ki and improvement of antiviral IC50 value (49 

nM) over the carboxamide derivative. Carboxylic acid and boronic acid containing inhibitors 

6 and 13 in combination with a crown-like THF as the P2 ligand also showed very potent 

enzyme inhibitory activity. Carboxylic acid derivative 13, however, showed poor antiviral 

activity. Boronic acid-derived inhibitors displayed potent enzyme activity. They exerted 

much better antiviral activity in cell-based assay compared to the corresponding carboxylic 

acid derivatives possibly due to higher efflux profiles. However, DRV with a P2’-aniline 

ligand displayed significantly more potent antiviral activity compared to boronic acids. We 

have obtained high resolution X-ray structures of inhibitor 6-HIV-1 protease and inhibitor 

20-HIV-1 protease complexes. Our structural studies established that both carboxylic acid 

and boronic acid containing inhibitors are involved in significantly enhanced hydrogen 

bonding interactions and water-mediated hydrogen bonding interactions in the S2’-site. 

Inhibitor 5, while less potent than DRV against HIVLAI
WT, exerted comparable antiviral 

activity against highly DRV-resistant HIV-1 variants, HIVDRV
R

P20 and HIVDRV
P30. Inhibitor 

6, with a Crn-THF ligand as the P2-ligand, displayed improved antiviral activity compared 

to bis-THF derived inhibitor 5. Interestingly, fold-change of antiviral activity for boronic 

acid-derived inhibitors are significantly lower compared to DRV against these highly DRV-

resistant HIV-1 variants. Only inhibitor 21 showed potent antiviral activity against 

HIVDRV
R

P51. Further design of new PIs using the current molecular insight is in progress.
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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 Na/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, F-254 indicator). Column 

chromatography was performed using 230–400 mesh, 60 Å pore diameter silica gel. 1H, 13C 

NMR spectra were recorded at room temperature on a Bruker AV800, DRX-500, ARX-400. 

Chemical shifts (δ values) are reported in parts per million, and are referenced to the 

deuterated residual solvent peak. NMR data is 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.

4-(N-((2R,3S)-3-((tert-Butoxycarbonyl)amino)-2-hydroxy-4-phenylbutyl)-N-
isobutylsulfamoyl)benzoic acid (9):  To a stirred solution of acetal derivative 8 (100 mg, 

0.165 mmol) in methanol (6 mL) at 23 °C, potassium carbonate (34 mg, 0.247 mmol) was 

added. The resulting mixture was stirred at 23 °C for 30 min. The solvent was evaporated 

under reduced pressure, and the product was extracted with ethyl acetate, dried over 

anhydrous sodium sulfate and concentrated. The crude product was purified by flash 

chromatography to provide the corresponding aldehyde (80 mg, 96%).

To a stirred solution of above aldehyde (80 mg, 0.158 mmol) at 23 °C in t-BuOH (3.0 mL), 

were added NaH2PO4 (65 mg, 0.476 mmol), 2-methyl-2-butene (170 μL, 1.58 mmol), 

NaClO2 (43 mg, 0.476 mmol) and H2O (1.0 mL). The resulting reaction mixture was 

allowed stir for 3 h at 23 °C. Then the reaction mixture was extracted with EtOAc and 

washed with H2O, brine solution, dried over Na2SO4, filtered, and concentrated under 

reduced pressure to yield crude residue which was purified by column chromatography over 

silica gel (5% MeOH/CH2Cl2) to afford acid inhibitor 9 (75 mg, 90%) as an amorphous 

solid. 1H-NMR (400 MHz, Methanol-d4) δ 8.17 (d, J = 8.5 Hz, 2H), 7.92 (d, J = 8.5 Hz, 

2H), 7.27 – 7.18 (m, 4H), 7.15 (m, 1H), 3.71 (ddd, J = 9.3, 7.3, 2.5 Hz, 1H), 3.58 (ddd, J = 

11.0, 7.3, 3.8 Hz, 1H), 3.43 (dd, J = 15.1, 2.6 Hz, 1H), 3.18 – 3.02 (m, 3H), 2.95 (dd, J = 

13.7, 6.8 Hz, 1H), 2.54 (dd, J = 13.8, 10.6 Hz, 1H), 2.08 – 1.97 (m, 1H), 1.28 (s, 9H), 0.91 

(d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.6 Hz, 3H); 13C-NMR (100 MHz, Methanol-d4) δ 166.7, 

156.5, 143.3, 138.7, 134.2, 129.9, 128.9, 127.7, 127.1, 125.6, 78.5, 72.4, 56.7, 55.4, 52.0, 

35.8, 27.2, 26.3, 18.9. LRMS-ESI (m/z): 521.2 [M+H]+.

4-(N-((2R,3S)-3-(((((3aS,4S,7aR)-hexahydro-4H-furo[2,3-b]pyran-4-
yl)oxy)carbonyl)amino)-2-hydroxy-4-phenylbutyl)-N-isobutylsulfamoyl)benzoic acid 
(11):  To a stirred solution of 9 (21 mg, 0.04 mmol) in CH2Cl2 (1.5 mL) was added TFA (0.5 

mL) at 0 °C under argon atmosphere and the mixture was stirred at 23 °C for 3 h. Solvents 

were evaporated under reduced pressure, then CH2Cl2 (3 mL) was added and evaporated 
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twice to give corresponding amine salt which was used for next step without further 

purification. The above amine salt (21 mg, 0.04 mmol) was dissolved in acetonitrile (1 mL) 

and N,N-diisopropylethylamine (28 μL, 0.16 mmol) was added. The resulting mixture was 

cooled to 0 °C and mixed carbonate 10 (10 mg, 0.03 mmol) was added to it. The resulting 

reaction mixture was allowed to warm to 23 °C and stir under argon for 12 d. After this 

period, the reaction mixture was diluted with a mixture of 10% MeOH in CH2Cl2 (10 mL), 

transferred to a separatory funnel, and washed with 1M HCl (2 mL). The organic layer was 

dried over Na2SO4, filtered, and concentrated under reduced pressure to afford a crude solid 

which was purified by silica gel chromatography (5% MeOH/CH2Cl2) to yield the desired 

inhibitor 11 as an amorphous white solid (7.1 mg, 37%). Rf = 0.70 (silica plate, 20% 

MeOH/CH2Cl2). 1H-NMR (800 MHz, CD3OD) δ 8.17 (d, J = 8.1 Hz, 2H), 7.92 (d, J = 8.2 

Hz, 2H), 7.30 – 7.14 (m, 5H), 6.97 (d, J = 8.6 Hz, 1H), 4.91 (s, 1H), 4.06 (t, J = 9.1 Hz, 1H), 

3.96 – 3.68 (m, 4H), 3.44 (d, J = 15.1 Hz, 1H), 3.38 (t, J = 12.3 Hz, 1H), 3.16 (d, J = 14.0 

Hz, 2H), 3.04 (dd, J = 15.4, 8.1 Hz, 1H), 2.97 – 2.91 (m, 1H), 2.53 (t, J = 12.2 Hz, 1H), 2.31 

(s, 1H), 2.03 (s, 1H), 1.85 (p, J = 11.3, 10.5 Hz, 1H), 1.72 (q, J = 12.5 Hz, 1H), 1.65 (d, J = 

13.4 Hz, 1H), 1.42 (d, J = 10.1 Hz, 1H), 1.37 (s, 1H), 0.93 (d, J = 5.6 Hz, 3H), 0.89 (d, J = 

6.0 Hz, 3H). 13C-NMR (200 MHz, CD3OD) δ 157.8, 144.4, 140.3, 131.4, 130.5, 129.2, 

128.6, 127.1, 102.4, 74.1, 71.0, 69.3, 61.8, 58.4, 57.3, 53.6, 44.8, 37.3, 27.9, 27.4, 23.2, 

20.3. HRMS (ESI) m/z: [M + Na]+ Calcd for C29H38N2O9S 613.2190; Found 613.2174.

4-(N-((2R,3S)-3-(((((3S,7aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-
yl)oxy)carbonyl)amino)-2-hydroxy-4-phenylbutyl)-N-isobutylsulfamoyl)benzoic acid 
(13):  To a stirred solution of 9 (25 mg, 0.048 mmol) in CH2Cl2 (1.5 mL) was added TFA 

(0.5 mL) at 0 °C under argon atmosphere and the mixture was stirred at 23 °C for 3 h. 

Solvents were evaporated under reduced pressure, then CH2Cl2 (3 mL) was added and 

evaporated twice to give corresponding amine which was used for next step without further 

purification. The above amine was dissolved in acetonitrile (1 mL) and then added DIPEA 

(33 μL, 0.187 mmol) at 0 °C under argon atmosphere. To this reaction mixture, activated 

crown-THF carbonate 12 (12 mg, 0.037 mmol) was added and stirred at 23 °C for 7 days. 

Volatiles were evaporated under reduced pressure and the crude residue was purified by 

column chromatography over silica gel to provide inhibitor 13 (23 mg) as an amorphous 

solid (80 % yield over two steps). 1H NMR (400 MHz, Methanol-d4) δ 8.16 (d, J = 8.5 Hz, 

2H), 7.91 (d, J = 8.5 Hz, 2H), 7.28 – 7.20 (m, 5H), 7.16 (m, 1H), 5.33 (d, J = 6.2 Hz, 1H), 

4.69 (dd, J = 9.1, 5.6 Hz, 1H), 3.95 (d, J = 11.3 Hz, 1H), 3.78 – 3.67 (m, 2H), 3.62 – 3.53 

(m, 2H), 3.43 (dd, J = 15.1, 2.5 Hz, 1H), 3.38 (dd, J = 9.3, 5.9 Hz, 1H), 3.16 (ddd, J = 13.7, 

5.6, 2.4 Hz, 2H), 3.03 (dd, J = 15.0, 8.4 Hz, 1H), 2.94 (dd, J = 13.6, 6.8 Hz, 1H), 2.68 – 2.60 

(m, 2H), 2.54 (dd, J = 13.9, 10.8 Hz, 1H), 2.32 (q, J = 6.3 Hz, 1H), 2.02 (ddd, J = 12.7, 7.9, 

6.3 Hz, 1H), 1.76 (d, J = 12.0 Hz, 1H), 1.49 (dt, J = 12.2, 3.9 Hz, 1H), 1.36 (m, 1H), 0.92 (d, 

J = 6.5 Hz, 3H), 0.87 (d, J = 6.6 Hz, 3H); 13C NMR (125 MHz, Methanol-d4) δ 166.7, 

156.3, 143.0, 138.7, 134.3, 129.9, 128.9, 127.8, 127.1, 125.7, 104.2, 74.6, 72.6, 67.9, 59.5, 

56.8, 56.0, 52.0, 44.6, 41.9, 37.3, 35.7, 26.4, 22.7, 18.9. LRMS-ESI (m/z): 603.2 [M+H]+. 

HRMS-ESI (m/z): [M+H]+ calcd for C30H39N2O9S, 603.2371; found 603.2360.

(4-(methoxysulfonyl)phenyl)boronic acid (15):  To a stirred solution of 4-

bromophenylsulfonyl chloride (2.55 g, 10 mmol) in methanol (20 mL) was added NaOMe 
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(810 mg, 15 mmol) at 0 °C. The reaction was stirred at 23 °C for 12 h and TLC showed the 

complete consumption of the starting material. The solvent was removed under vaccum and 

water was added to the residue. The mixture was extracted with a mixture (15:1) of CH2Cl2 

and methanol. The combined organic layer was washed with brine, dried over Na2SO4 and 

filtered. The solvent was removed under reduced pressure and the residue was purified by 

silica gel column chromatography (ethyl acetate/hexane 1:20 to 1:15) to afford the 

corresponding methyl ester (1.56 g, 62% yield). 1H-NMR (400 MHz, CD3OD) δ 7.81 (s, 

4H), 3.76 (s, 3H). 13C-NMR (100 MHz, CD3OD) δ 134.3, 132.4, 129.3, 128.5, 56.1. MS 

(ESI) calcd for C7H8BrO3S [M+H]+: 250.9, Found: 250.9, 252.9.

To a stirred solution of above ester (2.50 g, 10 mmol) in THF (20 mL) under argon at 

−78 °C, n-BuLi (1.6 M in hexane, 6.9 mL, 11 mmol) was added. The reaction was stirred at 

−78 °C for 10 min and B(OMe)3 (1.68 mL, 15 mmol) was added. The reaction was 

continued to stir at −78 °C for additional 30 min. The reaction was quenched with aqueous 

NH4Cl solution. The mixture was extracted with ethyl acetate/hexance (ethyl acetate/hexane 

1:3) and the organic layer was discarded. The aqueous layer was adjusted to pH 6 and the 

mixture was extracted with a mixture (15:1) of CH2Cl2 and methanol. The combined organic 

layer was washed with brine, dried over Na2SO4 and filtrated. The solvent was removed 

under reduced pressure to obtain the crude boronic acid derivative 15 (970 mg, 45% yield). 

This was used for the next step without purification. 1H-NMR (400 MHz, CD3OD) δ 7.91 

(br s, 2H), 7.84 (d, J = 8.0 Hz, 2H), 3.72 (s, 3H). 13C-NMR (100 MHz, CD3OD) δ 136.1, 

134.1, 126.4, 55.8. MS (ESI) calcd for C7H11BO6S [M+H2O]+: 234.0, Found: 234.0; calcd 

for C7H9BNaO5S [M+Na]+: 239.0, Found: 239.0; calcd for C7H10BO5S [M+H]+: 217.0, 

Found: 217.0.

(4-(chlorosulfonyl)phenyl)boronic acid (16):  To a stirred solution of boronic acid 

derivative 15 (1.08 g, 5 mmol) in methanol (10 mL) at 23 °C, was added TEA (2.8 mL, 20 

mmol). The resulting reaction mixture was heated to 60 °C for 24 h. After this period, the 

solvent was removed completely under vaccum and the residue was used for the next step 

without purification.

To a stirred solution of the above residue at 0 °C, SOCl2 (10 mL) was added. The reaction 

mixture was warmed to 23 °C and then heated to 80 °C for 24 h. After this period, the 

reaction mixture was concentrated under reduced pressure and the resulting residue was 

carefully quenched with crushed ice. The mixture was extracted with CH2Cl2. The 

combined organic layer was washed with brine, dried over Na2SO4 and filtrated. The solvent 

was removed under reduced pressure to give the title sulfonyl chloride 16 (980 mg slightly 

yellow soild, 89% yield over two steps). This sulfonyl chloride is sufficiently pure and was 

used for the next step without purification. An analytical sample was prepared by 

recrystalliztion in hexane. MP: decomposed at 110 °C. 1H-NMR (400 MHz, CD3OD) δ 
8.06–8.01 (m, 2H), 7.91–7.97 (m, 2H). 13C-NMR (100 MHz, CD3OD) δ 144.9, 134.5, 

125.3. MS (EI) calcd for C6H6ClO2S [M-B(OH)2+2H]+: 177.0, Found: 177.0, 179.0.

(4-(N-((2R,3S)-3-((tert-butoxycarbonyl)amino)-2-hydroxy-4-phenylbutyl)-N-
isobutylsulfamoyl)phenyl)boronic acid (18):  To a stirred solution of amine 17 (336 mg, 1 

mmol) in CH2Cl2 (10 mL) at 0 °C, sulfonyl chloride 16 (264 mg, 1.2 mmol) followed by 
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Et3N (0.7 mL, 5 mmol) were added. The resulting reaction mixture was stirred at 23 °C for 1 

h and TLC showed the complete consumption of the secondary amine. The reaction was 

quenched with ice water and adjust to pH 6 with 1 N HCl. The mixture was extracted with a 

mixture (15:1) of CH2Cl2 and methanol. The combined organic layer was washed with 

brine, dried over Na2SO4, and filtrated. After the solvent was removed under reduced 

pressure, the residue was purified by silica gel column chromatography (CH2Cl2 and 

methanol 50:1 to 15:1) to afford sulfonamide 18 (425 mg, 82% yield). 1H-NMR (400 MHz, 

CD3OD, two rotamers) δ 7.95–7.70 (m, 4H), 7.25–7.09 (m, 5H), 3.80–3.57 (m, 2H), 3.46–

3.56 (m, 1H), 3.15–2.83 (m, 4H), 2.60–2.44 (m, 1H), 2.05–1.93 (m, 1H), 1.27, 1.15 (s, 9H), 

0.88 (d, 6.4 Hz, 3H), 0.84 (d, 6.4 Hz, 3H). 13C-NMR (100 MHz, CD3OD, major rotamer) δ 
156.4, 140.2, 138.7, 133.9, 129.3, 129.0, 127.7, 126.0, 125.9, 125.6, 78.6, 72.7, 57.2, 55.3, 

52.4, 35.8, 27.3, 26.5, 19.1. MS (ESI) calcd for C21H30BN2O7S [M-C4H7]+: 465.2, Found: 

465.1; calcd for C25H38BN2O7S [M+H]+: 521.3, Found: 521.3.

(4-(N-((2R,3S)-3-(((((3R,3aS,6aR)-hexahydrofuro[2,3-b]furan-3-
yl)oxy)carbonyl)amino)-2-hydroxy-4-phenylbutyl)-N-isobutylsulfamoyl)phenyl)boronic 
acid (5):  To a stirred solution of Boc-derivative 18 (21 mg, 0.04 mmol) in CH2Cl2 (1.5 mL) 

at 0 °C, TFA (0.5 mL) was added. The resulting reaction mixture was stirred at 0 °C for 30 

min. The reaction mixture was concentrated under reduced pressure and ice water (2 mL) 

was added to the residue. The pH was adjusted to neutral with 2.5 N NaOH. The mixture 

was extracted with a mixture (15:1) of CH2Cl2 and methanol. The combined organic layer 

was washed with brine, dried over Na2SO4 and filtrated. The solvent was removed under 

reduced pressure, the resulting crude amine was used for the next step without purification.

To a stirred solution of the above amine in CH3CN (1.0 mL), DIPEA (70 μL, 10 equiv) 

followed by mixed carbonate 19 (13 mg, 0.04 mmol) were added. The resulting reaction 

mixture was stirred at 23 °C for 10 days. After this period, the solvent was removed under 

reduced pressure and 1 N HCl was added to the residue and the pH was adjusted to about 6. 

The mixture was extracted with a mixture (15:1) of CH2Cl2 and methanol. The combined 

organic layer was washed with brine, dried over Na2SO4 and filtrated. The solvent was 

removed under reduced pressure and the residue was purified by silica gel column 

chromatography (CH2Cl2: methanol:HCO2H, 100:2:1 to 100:5:1) to afford inhibitor 5 (11 

mg, 47% yield) as an amorphous solid. The proton spectrum is identical with the reported 

one.3 Analytical data: 1H-NMR (400 MHz, CD3OD) δ 7.87–7.77 (m, 4H), 7.26–7.16 (m, 

5H), 5.59 (d, J = 5.2 Hz, 1H), 4.97–4.91 (m, 1H), 3.94 (dd, J = 9.6, 6.0 Hz, 1H), 3.83–3.64 

(m, 5H), 3.45 (dd, J = 14.8, 2.4 Hz, 1H), 3.23–3.10 (m, 2H), 3.01–2.84 (m, 3H), 2.53 (dd, J 
= 14.0, 10.8 Hz, 1H), 2.09–1.99 (m, 1H), 1.56–1.47 (m, 1H), 1.38–1.32 (m, 1H), 0.94 (d, J = 

6.4 Hz, 3H), 0.88 (d, J = 6.4 Hz, 3H). 13C-NMR (200 MHz, CD3OD) δ 157.8, 157.7, 140.3, 

135.1, 130.5, 129.3, 127.4, 127.2, 110.8, 74.6, 74.5, 72.1, 70.6, 58.9, 57.4, 53.9, 46.9, 37.1, 

28.0, 27.0, 20.5, 20.4. MS (ESI) calcd for C27H38BN2O9S [M+H]+: 577.2, Found: 577.3.

(4-(N-((2R,3S)-3-(((((3S,7aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-
yl)oxy)carbonyl)amino)-2-hydroxy-4-phenylbutyl)-N-isobutylsulfamoyl)phenyl)boronic 
acid (6):  Following the procedure outlined for inhibitor 5, reaction of amine derived from 

Boc-derivative 18 (20 mg, 0.04 mmol) and activated crown-THF carbonate 12 (10 mg, 0.031 
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mmol) afforded inhibitor 6 (12.5 mg, 55% for 2-steps) as an amorphous solid. 1H-NMR 

(400 MHz, Methanol-d4) δ 7.79 (s, 5H), 7.30 – 7.21 (m, 4H), 7.19 – 7.13 (m, 1H), 5.34 (d, J 
= 6.2 Hz, 1H), 4.71 – 4.64 (m, 1H), 3.95 (d, J = 11.2 Hz, 1H), 3.81 – 3.67 (m, 2H), 3.61 – 

3.54 (m, 2H), 3.47 – 3.35 (m, 2H), 3.26 – 3.20 (m, 1H), 3.17 (dd, J = 14.0, 3.4 Hz, 1H), 3.10 

(dd, J = 13.6, 8.1 Hz, 1H), 3.02 – 2.80 (m, 2H), 2.73 – 2.60 (m, 2H), 2.55 (dd, J = 13.8, 11.0 

Hz, 1H), 2.32 (m, 1H), 2.06 – 1.96 (m, 1H), 1.76 (d, J = 12.0 Hz, 1H), 1.48 (dt, J = 12.1, 3.9 

Hz, 1H), 0.91 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.9 Hz, 3H); 13C-NMR (200 MHz, Methanol-

d4) δ 156.4, 138.8, 133.7, 129.1, 128.8, 127.9, 126.0, 125.8, 104.3, 74.7, 73.0, 72.1, 68.0, 

59.7, 57.4, 56.1, 56.0, 55.0, 53.4, 52.5, 48.1, 44.7, 42.0, 37.4, 35.8, 26.6, 22.8, 19.1, 19.0. 

LRMS-ESI (m/z): 603.2 [M+H]+. HRMS-ESI (m/z): [M+Na]+ calcd for C29H39BN2O9SNa, 

624.2398; found 624.2393.

(4-(N-((2R,3S)-3-(((((3aS,4S,7aR)-hexahydro-4H-furo[2,3-b]pyran-4-
yl)oxy)carbonyl)amino)-2-hydroxy-4-phenylbutyl)-N-isobutylsulfamoyl)phenyl)boronic 
acid (20):  Following the procedure outlined for inhibitor 5, reaction of amine salt derived 

from Boc-derivative 18 (21 mg, 0.04 mmol) and activated carbonate 10 (13.6 mg, 0.04 

mmol) afforded inhibitor 20 (12 mg, 51%) as an amorphous solid. 1H-NMR (400 MHz, 

CD3OD, two isomers) δ 7.79 (br s, 4H), 7.31–7.09 (m, 5H), 4.92–4.86 (m, 2H), 4.05 (t, J = 

7.6 Hz, 1H), 3.84–3.70 (m, 4H), 3.46–3.32 (m, 2H), 3.21–3.06 (m, 2H), 3.02–2.84 (m, 2H), 

2.57–2.49 (m, 1H), 2.35–2.25 (m, 1H), 2.07–1.95 (m, 1H), 1.92–1.79 (m, 1H), 1.78–1.60 

(m, 2H), 1.46–1.36 (m, 1H), 0.91 (d, 6.4 Hz, 3H), 0.86 (d, 6.4 Hz, 3H). 13C-NMR (100 

MHz, CD3OD, major isomer) δ 156.2, 139.7, 138.8, 133.6, 129.2, 129.0, 127.7, 125.9, 

125.6, 100.9, 72.8, 69.4, 67.8, 60.2, 57.3, 55.7, 55.6, 52.4, 43.3, 35.7, 26.5, 25.8, 21.7, 18.9. 

HRMS (ESI) calcd for C28H39BN2O9SNa [M+Na]+: 612.2398, Found: 612.2391.

Determination of X-ray structures of HIV-1 protease-inhibitor complexes for inhibitors 6 
and 20:

HIV-1 PR optimized for bacterial expression was purified as described.40 PR at 4.2 mg/mL 

was complexed with inhibitor at 5:1 molar ratio. Crystals of protease-inhibitor complexes 

were grown by hanging drop vapor diffusion with well solutions of 1.4 M sodium chloride, 

0.1 M sodium acetate buffer pH 6.0 and 1.3 M sodium chloride, 0.1 M sodium acetate pH 

6.2 reservoir solution for inhibitors 6 and 20, respectively. Streak-seeding was employed to 

induce crystallization for inhibitor 6. Crystals were cryo-cooled to 90 K and 1.0 Å 

wavelength X-ray diffraction data was collected on beamline 22-ID at SER-CAT, Advanced 

Photon Source, Argonne National Lab (Chicago, IL, USA). Data were processed and scaled 

using HKL2000.41 The structures were solved by molecular replacement in PHASER42 in 

CCP4i suite,43,44 using PR-APV (PDB: 3NU3)45 as an isomorphous model and refined with 

COOT,46,47 and Refmac5 in CCP4i, using anisotropic displacement parameters (B-factors).
48 JLignad49 in CCP4i, was used to generate refinement restraints for inhibitors. 

Crystallographic statistics are supplied in Table 1. Coordinates and structure factors for 

inhibitors 6 (GRL-008–19A) and 20 (GRL-031–19A) were deposited in the Protein Data 

Bank,50 with accession codes codes 6U7O and 6U7P.
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Figure 1. 
Structures of HIV-1 protease inhibitors 1–6.
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Figure 2. 
A stereoview of inhibitor 3-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: 4I8W).
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Figure 3. 
A. The X-ray structure of inhibitor 6-bound HIV-1 protease (carbon atoms, turquoise; PDB 

ID: 6U7O). B. The X-ray structure of inhibitor 20-bound HIV-1 protease (carbon atoms, 

orange; PDB ID: 6U7P). The major orientations of the inhibitors are shown. All water 

molecules are red spheres, the hydrogen bonds are shown by dotted lines and bond lengths 

are shown in the S2’-subsite.
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Scheme 1. 
Synthesis of PIs 11, and 13. Reagents and chemicals. (a) K2CO3, MeOH, 23 °C, 30 min; (b) 

NaClO2, 2-methyl-2-butene, NaHPO4, tBuOH-H2O, 23 °C, 3 h (86% for 2-steps); (c) TFA, 

CH2Cl2, 0 °C to 23 °C, 3 h; (d) 10, DIPEA, CH3CN, 23 °C, 12 d (37–80% for 2-steps).
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Scheme 2. 
Synthesis of boronic acid derivative 18. Reagents and chemicals. (a) NaOMe, MeOH, 0 °C 

to 23 °C, 12 h (62%); (b) nBuLi, THF, −78 °C, B(OMe)3, 30 min (45%); (c) Et3N, MeOH, 

60 °C for 24 h; (d) SOCl2, 80 °C for 24 h (89% for 2-steps); (e) Et3N, CH2Cl2, 0 °C to 

23 °C, 1 h (82%).
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Scheme 3. 
Synthesis of PIs. Reagents and chemicals. (a) TFA, CH2Cl2, 0 °C, 30 min; (b) carbonate 19, 

DIPEA, CH3CN, 23 °C, 10 d, (47% yield for 2-steps).
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Table 1.

Structures and activity of carboxylic and boronic acid containing inhibitors.

Entry Inhibitor Ki (pM)
a

IC50 (nM)
c

1 12.9 >1000

2 8.9 93

3 7.6 >1000

4 3.2 >1000

5 0.5
b 48.9

6 15.5 37.7

7 2.1 120

8 14 0.017

a
Ki values represents at least 5 data points. Standard error in all cases was less than 7%. Darunavir (DRV) exhibited Ki = 16 pM.

b
reported value.

c
Values are means of at least three experiments in MT-2 cells. Standard error in all cases was less than 5%. DRV exhibited IC50 = 1.6 nM.
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