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Abstract

Design, synthesis, and evaluation of a new class of exceptionally potent HIV-1 protease inhibitors 

is reported. Inhibitor 5 displayed superior antiviral activity and drug-resistance profiles. In fact, 

this inhibitor showed several orders of magnitude improved antiviral activity over the FDA 

approved drug, darunavir. This inhibitor incorporates an unprecedented 6-5-5 ring-fused crown-

like tetrahydropyranofuran as the P2 ligand and an aminobenzothiazole as the P2′ ligand with the 

(R)-hydroxyethylsulfonamide isostere. The crown-like P2 ligand for this inhibitor has been 

synthesized efficiently in an optically active form using a chiral Diels-Alder catalyst providing a 

key intermediate in high enantiomeric purity. Two high resolution X-ray structures of inhibitor-
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bound HIV-1 protease revealed extensive interactions with the backbone atoms of HIV-1 protease 

and provided molecular insight into the binding properties of these new inhibitors.
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Introduction

The introduction of protease inhibitors (PIs) in combination with antiretroviral therapies 

(ART) dramatically improved the treatment of patients with HIV-1 infection and AIDS.1,2 

The ART regimens have demonstrated prolonged suppression of HIV-1 replication in treated 

patients. This led to marked improvements in HIV-related morbidity and mortality in 

developed countries.3,4 Despite this progress, one major issue of current PIs is that in many 

patients, HIV RNA levels have relapsed due to the emergence of drug-resistant HIV-1 

variants, rendering a majority of current PIs ineffective within months. This has raised a 

significant concern for long-term treatment prognosis.5,6 Therefore, the design and 

development of new PIs with broad-spectrum antiviral activity for treatment-experienced 

patients remains an urgent priority.7,8

Our protein-X-ray structure-based design strategies are based upon promoting extensive 

interactions in the active site of HIV-1 protease, particularly with the backbone atoms.9,10,11 

We have examined and compared X-ray structural variations of critical active site 

interactions of numerous HIV-1 PIs bound to both wild-type and mutant proteases. These 

studies revealed that the backbone conformation of the active sites of various mutant 

proteases are only minimally distorted compared to wild-type HIV-1 protease.12,13 It is 

fundamentally very striking that a protease cannot significantly alter its overall active site 

backbone conformation without compromising its vital catalytic fitness for viral 

replication.9,14 Therefore, a promising inhibitor design strategy would be to maximize active 

site interactions and particularly to promote a robust network of hydrogen-bonding 

interactions with backbone atoms of wild-type HIV-1 protease. Such inhibitors will likely 

maintain those active site interactions with other protease mutants.9,11 In essence, the 

backbone binding strategies may lead to inhibitors that would slow development of drug-

resistant HIV-1 variants due to possible reduction of catalytic fitness. HIV-1 protease in its 

active form is a homodimer containing catalytic aspartic acid residues in the active site. As 

depicted in Figure 1, our inhibitor design model to combat drug-resistance involves the 

design of P2 and P2′ ligands that would form robust hydrogen bonds with polar groups in 
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S2 and S2′ regions.15 Furthermore, we plan to fill in the hydrophobic S1 and S1′ subsites 

with hydrophobic P1 and P1′ ligands. Among many possible classes of transition-state 

binders, we plan to incorporate an (R)-hydroxyethylamine sulfonamide isostere, as it can be 

synthesized readily with varying P1 and P1′ substituents to provide the nonpeptide drug-

like scaffold.

Over the years, our structure-based design of a variety of P2-ligands has been based upon 

cyclic-ether templates where the ether oxygens are positioned to effectively mimic the 

carbonyl oxygens of peptide bonds. These structural templates were designed with defined 

stereoconfiguration and structural complementarity to effectively fill in the hydrophobic 

pockets in the active site. Our laboratories have designed and synthesized a range of 

exceptionally potent nonpeptide HIV-1 PIs showing good drug-like properties.16,17 One of 

these PIs is the FDA approved drug, darunavir (DRV, 1, Figure 2), which was designed to 

promote extensive active site interactions with backbone atoms of the HIV-1 protease active 

site.18,19 DRV has emerged as the first-line therapy for rescue treatment in current US 

Department of Health and Human Service (DHHS) guidelines. DRV’s superb resistance 

profile is likely due to its extensive interactions, particularly the network of hydrogen 

bonding interactions in the active site as evidenced by X-ray structural studies.9,11,20,21 The 

bis-THF ligand in DRV is an intriguing pharmacophore. Both oxygens of the bis-THF form 

very strong hydrogen bonds with Asp29 and Asp30 backbone amide NHs. Furthermore, the 

bicyclic ring forms nice van der Waals interactions with residues in the S2 subsite.22–26 To 

further optimize the bis-THF structural template, we have investigated structural templates 

that would enhance the backbone-binding interactions, as well as further improve van der 

Waals interactions within the S2 subsite of the HIV-1 protease active site. Herein, we report 

the design, synthesis, and X-ray structural studies of a new class of PIs incorporating an 

unprecedented 6-5-5 ring-fused crown-like tetrahydropyranofuran as the P2 ligand with the 

(R)-hydroxyethylsulfonamide isostere.

Results and Discussion

Our examination of the X-ray crystal structure of DRV-bound HIV-1 protease and 

subsequent modeling suggested that the bis-THF ring binding properties can be further 

optimized. In particular, we planned to optimize the structural template of the bis-THF 

ligand in DRV that could enhance the backbone binding as well as improve hydrophobic 

interactions with the protease active site. The bis-THF ligand in DRV and its methoxy 

derivative 2 (TMC-126)23 show a distance of about 3.0 to 3.2 Å between the cyclic ether 

oxygens and the Asp30 backbone amide NH and a shorter and stronger hydrogen bond with 

the Asp29 amide NH in the X-ray structure. Based upon this ligand-binding site interactions, 

we subsequently designed a stereochemically defined hexahydrofuropyranol-derived 

urethane as the P2-ligand in inhibitor 3. We speculated that the bicyclic acetal on a 6-5 

system would have favorable alignment with backbone residues in the S2-subsite. Also, we 

presumed that extra methylene group on the tetrahydropyran would increase van der Waals 

interaction in the active site. Indeed, inhibitor 3 displayed excellent enzyme inhibitory and 

antiviral activity (Ki = 2.7 pM and EC50 = 0.5 nM). Also, this inhibitor maintained excellent 

potency against multidrug-resistant HIV-1 variants similar to DRV and inhibitor 2.27 To 

promote stronger hydrogen bonds with the top oxygen of bis-THF, we further hypothesized 
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that a larger seven-membered ring could increase the dihedral angle of the bicyclic acetal 

template and thereby put the top oxygen closer to the Asp30 backbone amide NH. Our 

preliminary model showed a more optimal alignment of Asp30 NH with the top cyclic 

oxygen. Since the conformation of a seven-membered ring is usually labile, we sought to 

incorporate a bridged methylene group on the seven-membered ring to constrain the 

conformational flexibility. In essence, our new design will incorporate three extra methylene 

groups over bis-THF ligand. The positions of these methylene groups may provide more 

favorable van der Waals interactions in the hydrophobic space surrounding Ile47, Val32, 

Leu76, Ile84, and Ile50′ residues. We have now designed a crown-like-

tetrahydropyranofuran (crn-THF) derivative as the novel P2-ligand shown in inhibitor 4. A 

larger ring as the P2 ligand with some degree of flexibility may show better adaptability to 

protease mutation. Furthermore, we speculated that with new interactions in the S2-subsite, 

it may be necessary to optimize the P2′-sulfonamide ligand as well. To promote further 

hydrogen bonding interactions as well as to improve hydrophobic contacts in the S2′-

subsite, we have planned to investigate inhibitors with a crn-THF P2-ligand in combination 

with a benzothiazole derivative with a small alkylamine as represented in inhibitor 5 to 

interact with the Asp30′ residue in the S2′-subsite. In general, aminobenzothiazoles are 

structural features of numerous medicinally important compounds and these templates may 

further improve the inhibitors’ drug-like properties.28,29

Our synthesis of crn-THF P2 ligand is shown in Scheme 1. For the enantioselective 

synthesis of this unprecedented ligand, we planned to utilize a chiral oxazaborolidinium 

cation catalyzed Diels-Alder reaction developed by Corey and Mukherjee.30,31 The requisite 

oxazaborolidinium cation 6 was generated in situ from the corresponding oxazoborolidine 

(25 mol%) and triflimide (20 mol%) as reported.30 The Diels-Alder reaction of readily 

available ethyl vinyl boronate 732 and cyclopentadiene at −78 °C for 7 h provided the 

corresponding cycloadduct which was oxidized with H2O2 in the presence of KHCO3 to 

provide alcohol 8 in 80% yield over 2-steps in gram scale. Optical purity of alcohol 8 was 

determined to be 98% ee by chiral HPLC analysis [compound 8, [α]D = −141.5 (c1.04, 

CHCl3)]. Alcohol 8 was treated with TBSOTf in the presence of 2,6-lutidine in CH2Cl2 at 

0 °C to 23 °C for 45 min to afford TBS ether 9 in 95% yield. Ester 9 was converted to 

bicyclic acetal 10 in a three-step sequence involving (1) reduction of the ester with LAH in 

THF at 0 °C to 23 °C for 1.5 h; (2) one-pot oxidative cleavage of the olefin using Nicolaou’s 

protocol33; and (3) reduction of the resulting aldehyde with DIBAL-H in CH2Cl2 at 0 °C for 

4 h. Bicyclic acetal 10 (2:1 mixture) was obtained in 62% yield over 3-steps. The lactol 

mixture was treated with trifluoroacetic acid (TFA) in CH2Cl2 at 0 °C to 23 °C for 15 h to 

afford bridged tricyclic derivative 11. Removal of the TBS group with tetrabutylammonium 

fluoride (TBAF) in THF at 0 °C to 23 °C for 2 h provided alcohol 12 in 68% yield over 2-

steps. This exo-alcohol was converted to endo-alcohol 13 by Dess-Martin oxidation at 0 °C 

to 23 °C for 3 h followed by reduction of the resulting ketone with NaBH4 in MeOH at 0 °C 

for 45 min. The desired bridged tricyclic ligand, (3S, 3a,S, 5R, 7aS, 8S)-hexahydro-4H-3,5-

methanofuro[2,3–b]pyran-8-ol (13) was obtained in 76% yield over 2-steps. The overall 

route is quite efficient and provided convenient access to both endo- and exo-ligand alcohols 

in optically active form (>99% ee). Both exo- and endo-alcohols 12 and 13, respectively, 

were converted to the corresponding mixed activated carbonate derivatives.34,35 Treatment 
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of these alcohols with 4-nitrophenyl chloroformate and pyridine in CH2Cl2 at 0 °C to 23 °C 

for 12 h, furnished carbonates 14 and 15 in excellent yields.

The synthesis of (R)-hydroxysulfonamide isostere 21 is shown in Scheme 2. Azidooxirane 

17 was prepared from commercially available phenyl-2-buten-1-ol (16) p using Sharpless 

epoxidation followed by epoxide ring opening and conversion of the diol to epoxide 17.36–38 

Reaction of this oxirane with isobutylamine followed by treatment of the resulting amino 

alcohol with sulfonyl chloride 18 in CH2Cl2 in the presence of triethylamine at 23 °C for 12 

h provided azidoalcohol 19 in excellent yields (90%) over 2-steps. Staudinger reduction39 of 

azide 19 with Ph3P in aqueous THF at 23 °C for 24 h followed by reaction of the resulting 

amine with Boc2O afforded Boc-derivative 20 in excellent yield (85%) over 2-steps. This 

methylsulfide was converted to the cyclopropylamino-benzothiazole derivative 21 in a three-

step sequence involving: (1) mCPBA oxidation of sulfide to sulfone at 23 °C for 12 h, (2) 

treatment of the resulting sulfone with cyclopropylamine in THF at 65 °C for 12 h; and (3) 

treatment of the resulting Boc-derivative with TFA in CH2Cl2 at 0 °C for 1 h. Amine 21 was 

obtained in excellent yield.

The synthesis of various inhibitors containing crn-THF as the P2 ligand is shown in Scheme 

3. For the synthesis of inhibitors with 4-methoxybenzenesulfonamide as the P2′-ligand, 

activated carbonates of the endo- and exo-crn-THF 14 and 15 respectively, were reacted with 

known34,35 4-methoxybenzenesulfonamide isostere 22 in the presence of 

diisopropylethylamine (DIPEA) at 23 °C for 72 h to furnish inhibitors 24 and 25 in good 

yields. Similarly, reaction of activated carbonate 14 with 4-aminobenzenesulfonamide 

isostere 23 provided inhibitor 4. For the synthesis of inhibitors with 

benzothiazolesulfonamide as the P2′-ligand, known34,35 bis-THF carbonate 26 was reacted 

with benzothiazole derivative 21 in CH3CN at 23 °C for 36 h to provide inhibitor 27 in good 

yields. Similarly, reaction of activated carbonate of endo-crn-THF 14 with benzothiazole 

derivative 21 provided inhibitor 5 in very good yield.

Our examination of the preliminary model of endo-crn-THF containing inhibitor 25 and exo-
crn-THF-derived inhibitor 24 indicated that the acetal oxygens in the endo-derivative are 

suitably positioned to form hydrogen bonds with Asp30 and Asp29 amide NHs. Also, the 

tricyclic scaffold of inhibitor 25 appeared to fill the hydrophobic pocket in the S2 site more 

effectively than inhibitor 24. As can be seen in Table 1, inhibitor 25 containing endo-crn-

THF ligand and a 4-methoxybenzenesulfonamide as P2′-ligand, exhibited an enzyme 

inhibitory Ki of 14 pM compared to inhibitor 24 containing exo-crn-THF ligand (Ki of 10.8 

nM). We utilized the assay protocol developed by Toth and Marshall.40 The corresponding 

inhibitor 4, with a 4-aminobenzene sulfonamide as P2′-ligand, displayed a comparable Ki 

value of 13 pM. We have determined antiviral activity of these inhibitors in MT-2 human T-

lymphoid cells exposed to HIVLAI.41 As shown, inhibitor 24 with an exo-crn-THF P2-ligand 

showed no appreciable antiviral activity (IC50 > 1 µM). However, inhibitor 25 with an endo-
crn-THF displayed an antiviral IC50 value of 2.7 nM. Inhibitor 4, with a DRV isostere, 

showed an antiviral IC50 value of 2.8 nM. Antiviral activity of inhibitor 27, with a bis-THF 

as the P2-ligand and a benzothiazole as the P2′-ligand, showed a Ki value of 10 pM and an 

improved antiviral IC50 value of 1.9 nM compared to DRV. Inhibitor 5 with an endo-crn P2-
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ligand showed Ki value of 40 pM and significant improvement in antiviral potency with an 

IC50 value of 0.26 nM. In comparison, darunavir and saquinavir showed IC50 values of 3.2 

nM and 21 nM, respectively.

While current antiretroviral therapy and treatment guidelines are updated regularly with the 

availability of new drugs or drug-effect information, PIs continue to be a critical element of 

current ART regimens. PIs are widely used for the treatment of naïve and experienced HIV/

AIDS patients. However, heavily-ART regimen-experienced patients tend to have drug-

failure with many of the currently available PIs including darunavir.42,43 Therefore, design 

and discovery of more potent PIs showing a high genetic barrier are very important to 

effective long-term treatment options. Since our development of DRV, our design objectives 

include the design of highly potent PIs that maintain potency against a variety of existing 

multi-PI-resistant HIV-1 variants with better selectivity index and safety profiles. Also, it is 

important that the new PIs do not permit, or substantially delay, the emergence of HIV-1 

variants resistant to these PIs. We therefore examined both potent crn-THF containing PIs 

(4, 5) and the bis-THF-derived inhibitor 27 against DRV-resistant HIV-1 variants. In these 

assays, MT-4 cells (1×104) were exposed to wild-type HIV-1 and three DRV-resistant 

variants HIV-1DRV
R

20, HIV-1DRV
R

30, and HIV-1DRV
R

51 and subjected to various 

concentrations of each PI. IC50 values were determined using p24 assay.41, 44 The results are 

shown in Table 2. PI 4 containing the crn-THF as the P2 ligand on the DRV-isostere, 

displayed comparable antiviral activity to DRV. The fold-differences in the IC50 value of 4 
against all three DRV-resistant HIV-1 variants compared to wild-type HIV-1NL4-3 were 

similar to DRV. These DRV-resistant variants HIV-1DRV
Rs are highly resistant to all current 

clinically used PIs including DRV and Nucleoside/Nucleotide Reverse Transcriptase 

Inhibitors (NRTIs) such as tenofovir.

Inhibitor 27, containing a cyclopropylaminobenzothiazole as the P2′ ligand on DRV, 

showed an improved antiviral activity compared to inhibitor 4 and DRV. As can be seen, the 

fold-differences in the IC50 values of 27 against HIV-1DRV
R

20 and HIV-1DRV
R

30 compared 

to wild-type HIV-1NL4-3 were 4- and 15-fold, respectively, while the fold-difference for 

DRV were 9- and 95-fold, respectively. These results indicated that the benzothiazole P2′-

ligand exerts a more favorable interaction in the S2′ site compared to 4-

aminobenzenesulfonamide of DRV. Inhibitor 5 containing crn-THF as the P2 ligand and 

aminobenzothiazole as the P2′-ligand potently blocked the replication of wild-type 

HIV-1NL4-3 by a factor of 10 compared to DRV. Furthermore, this inhibitor suppressed the 

replication of all three DRV-resistant variants. Of particular note, the fold-differences of 5 
against HIV-1DRV

R
20 and HIV-1DRV

R
30 compared to HIV-1NL4-3 were 0.4- and 5-fold, 

respectively. This PI also maintained IC50 values of 35 nM against HIV-1DRV
R

51, the most 

multi-PI/NRTI-resistant HIV-1 variants.

We then examined whether inhibitor 5 was active against a variety of HIV-1 variants that had 

been selected in vitro with each of seven FDA-approved PIs, SQV, APV, LPV, IDV, NFV, 

ATV, and TPV. Each of these HIV-1 variants were selected in vitro by propagating 

HIV-1NL4-3 in the presence of increasing concentrations of each PI (up to 5 µM) in MT-4 

cells.41, 44 They were shown to have acquired multiple amino acid substitutions in the 

protease of the virus that are associated with viral resistance to each PI drug. Each variant 

Ghosh et al. Page 6

J Med Chem. Author manuscript; available in PMC 2017 September 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



was highly resistant to the PI, with which the variant was selected.41, 44 The results are 

shown in Table 3. As shown, two current clinically used PIs, LPV and ATV, lost significant 

activity against the seven HIV-1 variants. DRV showed relatively better results, however, it 

too failed to block replication of each variant very effectively. DRV displayed an IC50 value 

fold-change ranging 2- to 113-fold. On the contary, inhibitor 5 maintained superior activity 

against all seven HIV-1 variants showing significantly more potent antiviral activity 

compared to wild-type HIVNL4-3. Inhibitor 5 exerted very potent antiviral activity with IC50 

values ranging 0.0026 to 0.27 nM. Our detailed X-ray crystallographic studies of inhibitors 5 
and 25-bound HIV-1 protease provided molecular insight into the binding properties 

responsible for the superior bioactivity of inhibitor 5.

The X-ray crystal structure of the wild type HIV-1 protease co-crystallized with inhibitor 25 
was refined to an R factor of 17.9% at the high resolution of 1.53 Ǻ (PDB code : 5ULT).45 

The crystal structure contains the protease dimer and the inhibitor bound to HIV-1 protease 

in two orientations related by a 180° rotation with 55/45% relative occupancies. The overall 

structure is very similar to the structure with HIV-1 protease and DRV21 with root mean 

square difference of 0.25 Å for Cα atoms. The largest difference between corresponding Cα 
atoms is 0.8 Å. The inhibitor is bound in the active site cavity by forming a series of 

hydrogen bonding interactions and numerous weaker CH…O interactions with the main 

chain atoms of HIV-1 protease. As shown in Figure 3, the major conformation of the 

inhibitor forms hydrogen bonding interactions of its urethane NH with the carbonyl oxygen 

of Gly27. The inhibitor also forms tetra- coordinated water-mediated interactions connecting 

the inhibitor carbonyl oxygen and sulfonamide oxygen with the amides of Ile50 and Ile50′ 
in the flaps. Furthermore, the p-methoxy group of the P2’-sulfonamide forms a hydrogen 

bond with the amide NH of Asp30’ as well as with its side chain carboxyl group.

As highlighted in Figure 4, the majority of differences of inhibitor 25 and DRV are confined 

to the interactions of the novel crn-THF like tricyclic P2-ligand in inhibitor 25, which forms 

a crown-like shape. The tricyclic crown scaffold is suitably substituted with two acetal 

oxygens to interact with backbone residues and the side chain Asp30 carboxylate group in 

S2 subsite. Indeed, both oxygens form hydrogen bonds with the amide groups of protease 

residues Asp29 and Asp30, comparable to the interactions of darunavir. The new P2-ligand 

is conformationally rigid and larger than the P2 bis-THF ligand in DRV. Our structural 

analysis revealed that the crn-THF ligand displaces residues 45’–48’ by up to 0.8 Å, 

resulting in an enlarged inhibitor-binding cavity. The new ligand not only forms very strong 

hydrogen bonds with backbone atoms in the S2-site as well as with the side chain Asp29 

carboxylate group. Furthermore, it also makes significantly enhanced van der Waals 

interactions in the S2-site compared to DRV’s bis-THF ligand (distances of Ile47, Val32, 

and Leu76 are significantly shorter).

We also determined the X-ray crystal structure of inhibitor 5-bound wild-type HIV-1 

protease at a 1.7 Å resolution (PDB code: 5TYR).44 In brief, a wild-type protease derived 

from wild-type HIV-1NL4-3 carrying no amino acid substitutions (PRNL4-3) was complexed 

with inhibitor 5. The inhibitor occupied the protease active site in two distinct 

conformations. The key inhibitor-protease interactions are shown in Figure 5. The major 

conformation shows that the inhibitor is bound in the active site through a network of strong 
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hydrogen bonds with backbone atoms as well as with catalytic aspartates. In particular, both 

oxygens of the crn-THF ligand formed strong hydrogen bonds with backbone amide NHs of 

Asp29 and Asp30. Furthermore, the crn-scaffold was involved in significant non-bonded van 

der Waals interactions with the HIV-1 protease. The crn-THF makes significantly better 

hydrophobic contacts than the bis-THF ligand in DRV. The P2′ ligand’s thiazole amine 

nitrogen also makes strong hydrogen bonds with the backbone NH of Asp30′ and the 

cyclopropyl amine nitrogen forms additional polar interactions with the side chain 

carboxylate of Asp30′. This P2′ ligand also makes more hydrophobic contacts with the 

protease than the 4-aminobenzenesulfonamide ligand of DRV. These extensive molecular 

interactions must be responsible for the high affinity for HIV-1 protease as well as its robust 

antiviral activity against multidrug-resistant HIV-1 variants. We have also compared the 

binding properties of the crn-THF ligand in the X-ray structures for inhibitors 5 and 25 to 

see the effect of the cyclopropylaminobenzothiazole in inhibitor 5. As shown in Figure 6, the 

hydrogen bonding distance for inhibitors are nearly identical. Leu76 appears to be 0.4 Å 

closer to the crn-THF ligand in inhibitor 5, however, Val32 shifted 0.5 Å further compared to 

inhibitor 25. Overall, the binding properties of the crn-THF ligand in both inhibitors are very 

similar.

Conclusions

In summary, we investigated a new class of HIV-1 protease inhibitors by promoting ligand-

backbone interactions in the active site. We designed an unprecedented crown-like 

hexahydrofuropyranyl urethane as the P2-ligand and a cyclopropylaminobenzothiazole as 

the P2′-ligand with a (R)-hydroxysulfonamide isostere. This combination of ligands 

provided inhibitor 5 which displayed remarkable enzyme inhibitory and antiviral activity. Of 

particular importance, inhibitor 5 remained highly potent against DRV-resistant HIV-1 

variants, many of which are multi-PI- and multi-NRTI-resistant HIV-1 variants. Inhibitor 5 
also showed highly potent antiviral activity against a variety of HIV-1 variants selected in 
vitro with other approved PIs. These values are significantly better than other approved PIs 

including darunavir. Our examination of inhibitors containing bis-THF and 

aminobenzothiazole as the P2 and P2′-ligands led to very potent compound 27. However, 

inhibitor 5 showed superior antiviral activity and drug-resistance profiles, several orders of 

magnitude improved over DRV. Furthermore, inhibitor 5 showed improved lipophilicity 

(clogP, 5.3) over darunavir (clogP 2.9). Our X-ray structural studies of 25-bound and 5- 

bound HIV-1 protease revealed molecular insight into the ligand-binding site interactions 

responsible for its exceptional drug-resistance profiles. It appears that the crn-THF ligand 

with defined configuration formed robust hydrogen bonding interactions with the backbone 

amide NHs of Asp29 and Asp30. Furthermore, the crown-scaffold of this new ligand is 

larger than the bis-THF of DRV and displaces residues 45′ – 48′ in the active site by 0.8 Å. 

This hydrophobic space was nicely filled by the crown-scaffold resulting in an enhanced van 

der Waals interaction in the S2 site. The aminobenzothiazole P2′-ligand also formed robust 

hydrogen bonds in the S2′-site, leading to an enhancement of ligand-binding site 

interactions with these combination of ligands. The crn-THF ligand has been synthesized 

efficiently in an optically active form using Corey’s chiral Diels-Alder catalyst providing a 

key intermediate in high enantiomeric purity. The basic design of novel ligands and the 
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examination of ligand-combination for maximizing interactions in the enzyme active site is a 

powerful approach for the next generation of protease inhibitors with broad spectrum 

activity against multi-drug resistant HIV-1 variants.

Experimental

All moisture-sensitive reactions were carried out in oven-dried glassware under an argon 

atmosphere unless otherwise stated. Anhydrous solvents were obtained as follows: Diethyl 

ether and tetrahydrofuran were distilled from sodium metal/benzophenone under argon. 

Toluene and dichloromethane were distilled from calcium hydride under argon. All other 

solvents were reagent grade. Column chromatography was performed using Silicycle 

SiliaFlash F60 230–400 mesh silica gel. Thin-layer chromatography was carried out using 

EMD Millipore TLC silica gel 60 F254 plates. 1H NMR and 13C NMR spectra were recorded 

on a Varian INOVA300, Bruker ARX400, Bruker DRX500, or Bruker AV-III-500-HD. Low-

resolution mass spectra were collected on a Waters 600 LCMS or by the Purdue University 

Campus-Wide Mass Spectrometry Center. High-resolution mass spectra were collected by 

the Purdue University Campus-Wide Mass Spectrometry Center. HPLC analysis and 

purification was done an on Agilent 1100 series instrument using a YMC Pack ODS-A 

column of 4.6 mm ID for analysis and either 10 mm ID or 20 mm ID for purification. The 

purity of all test compounds was determined by HPLC analysis to be ≥95% pure.

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

Compound 14 (18.3 mg, 0.057 mmol) was treated with isostere 23 (25 mg, 0.063 mmol) by 

following the procedure outlined for inhibitor 24 to give inhibitor 4 (26 mg, 80 %). 1H NMR 

(500 MHz, CDCl3) δ 7.54 (d, J = 8.5 Hz, 2H), 7.31 – 7.27(m, 2H), 7.25 – 7.20 (m, 3H), 

6.68 (d, J = 8.3 Hz, 2H), 5.42 (d, J = 6.6 Hz, 1H), 5.08 (d, J = 8.5 Hz, 1H), 4.77 (dd, J = 8.8, 

5.8 Hz, 1H), 3.91 – 3.83 (m, 3H), 3.74 (d, J = 9.4 Hz, 1H), 3.59 (dd, J = 11.2, 8.0 Hz, 1H), 

3.54 (dd, J = 9.2, 6.5 Hz, 1H), 3.13 (dd, J = 15.0, 8.4 Hz, 1H), 3.04 (dd, J = 14.0, 3.5 Hz, 

1H), 2.99 – 2.91 (m, 2H), 2.83 (dd, J = 13.9, 9.1 Hz, 1H), 2.76 (dd, J = 13.3, 6.6 Hz, 1H), 

2.72 – 2.67 (m, 1H), 2.66 – 2.62 (m, 1H), 2.37 – 2.27 (m, 1H), 1.81 (d, J = 11.4 Hz, 2H), 

1.43 (dt, J = 11.8, 3.7 Hz, 1H), 0.92 (d, J = 6.6 Hz, 3H), 0.88 – 0.86 (m, 3H); 13C NMR (125 

MHz, CDCl3) δ 155.7, 150.8, 137.8, 129.6, 129.5, 128.7, 126.7, 126.3, 114.3, 104.5, 75.1, 

72.8, 68.6, 60.0, 59.0, 55.2, 53.9, 45.0, 42.1, 37.5, 35.6, 31.7, 27.5, 23.6, 22.8, 20.3, 20.1, 

14.3; LRMS-ESI (m/z): 596.4 [M+Na]+; HRMS-ESI (m/z): [M+Na]+ calcd for 

C29H39N3O7SNa, 596.2407; found 596.2402.

(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)-3-hydroxy-1-
phenylbutan-2-yl)carbamate (5)

Compound 14 (14 mg, 0.044 mmol) was treated with isostere amine 21 (26 mg, 0.052 

mmol) by following the procedure outlined for inhibitor 24 to give inhibitor 5 (28 mg, 

97 %). 1H NMR (500 MHz, CDCl3) δ 8.07 (s, 1H), 7.68 (d, J = 8.5 Hz, 1H), 7.54 (d, J = 8.5 

Hz, 2H), 7.29 (t, J = 7.4 Hz, 2H), 7.22 (dd, J = 13.6, 7.0 Hz, 3H), 5.41 (d, J = 6.7 Hz, 1H), 

5.33 – 5.27 (m, 1H), 4.78 (dd, J = 8.7, 5.8 Hz, 1H), 3.96 – 3.84 (m, 4H), 3.73 (d, J = 9.3 Hz, 
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1H), 3.61 – 3.50 (m, 2H), 3.19 (dd, J = 14.9, 8.3 Hz, 1H), 3.11 – 2.96 (m, 3H), 2.84 (dt, J = 

13.4, 7.3 Hz, 2H), 2.75 (tt, J = 6.7, 3.5 Hz, 1H), 2.69 (q, J = 7.3 Hz, 1H), 2.66 – 2.60 (m, 

1H), 2.35 – 2.28 (m, 1H), 1.85 (dt, J = 14.4, 7.0 Hz, 1H), 1.80 (d, J = 12.1 Hz, 1H), 1.46 – 

1.39 (m, 1H), 0.95 – 0.91 (m, 4H), 0.89 – 0.86 (m, 4H), 0.81 – 0.77 (m, 2H); 13C NMR (125 

MHz, CDCl3) δ 173.3, 155.8, 137.8, 131.3, 130.4, 129.5, 128.7, 126.7, 125.5, 121.0, 118.6, 

104.4, 75.1, 72.9, 68.5, 60.0, 58.9, 55.4, 53.8, 45.0, 42.1, 37.5, 35.5, 31.7, 27.4, 26.8, 23.63, 

22.7, 20.3, 20.0, 14.2, 8.0; LRMS-ESI (m/z): 693.3 [M+Na]+; HRMS-ESI (m/z): [M+Na]+ 

calcd for C33H42N4O7S2Na, 693.2393; found 693.2389.

Ethyl (1S,2R,3R,4R)-3-hydroxybicyclo[2.2.1]hept-5-ene-2-carboxylate (8)

To an oven and flame dried two neck round bottom flask was added a solution of 

oxazaborolidine (5 mL, 1.25 mmol, 0.25 M solution in toluene) and the solvent was 

removed under reduced pressure. The resulting residue was dissolved in 2 mL abs. CH2Cl2 

and the clear solution was cooled to −25 °C. A solution of Tf2NH (0.281 g in 2 mL abs. 

CH2Cl2, 1 mmol) was added and the resulting solution was stirred at −25 °C for 25 min. 

Solvent was then removed carefully under reduced pressure at −25 °C. A solution of ethyl 

vinyl boronate 7 (1.13 g in 3 mL abs. CH2Cl2, 5 mmol) was added to the resulting residue 

and the mixture was cooled to −78 °C. Cyclopentadiene (2.1 mL) was then added over 2 h 

by using syringe pump and stirred at −78 °C for another 5 h. After this period, the reaction 

mixture was diluted with Et2O, warm to 23 °C and filtered through a Celite® pad. The 

filtrate was concentrated under reduced pressure and the crude product was purified by silica 

gel column chromatography (10 % EtOAc in hexane) to afford Diels-Alder adduct.

To a stirred solution of above Diels-Alder adduct and KHCO3 (5 mL, 10 mmol, 2 M 

aqueous solution) in THF:EtOH (20 mL, 3:1) was added H2O2 (2 mL, 30 % wt solution in 

H2O, 20 mmol) slowly at 0°C. The resulting mixture was stirred for 4.5 h at 0°. Upon 

completion, the reaction mixture was quenched by the addition of saturated aqueous 

Na2S2O3 and extracted with EtOAc. The extracts were washed with H2O, saturated aqueous 

NaCl, dried (Na2SO4) and concentrated under reduced pressure. The crude product was 

purified by silica gel column chromatography (30 % EtOAc in hexane) to afford 8 (730 mg, 

80 % over two steps). [α]D
20 −141.5 (c 1.04, CHCl3); 1H NMR (400 MHz, CDCl3) δ 6.13 

(dd, J = 5.7, 2.7 Hz, 1H), 6.06 (dd, J = 5.6, 3.3 Hz, 1H), 4.13 – 4.04 (m, 3H), 3.07 (s, 1H), 

2.77 – 2.74 (m, 1H), 2.66 (s, 1H), 2.61 (t, J = 3.0 Hz 1H), 1.88 (d, J = 8.7 Hz, 1H), 1.63 (dd, 

J = 8.7, 1.6 Hz, 1H), 1.22 (t, J = 7.1 Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 173.8, 137.3, 

134.7, 75.7, 60.6, 55.2, 50.6, 46.4, 44.2, 14.4.

Ethyl (1S,2R,3R,4R)-3-((tert-butyldimethylsilyl)oxy)bicyclo[2.2.1]hept-5-ene-2 -carboxylate 
(9)

To a stirred solution of 8 (730 mg, 4 mmol) in dichloromethane (15 mL) were added 2,6-

lutidine (1.39 mL, 12 mmol) and TBSOTf (1.38 mL, 6 mmol) at 0 °C under argon 

atmosphere. The reaction mixture was warmed to 23 °C and stirred for 1 h. Upon 

completion, the reaction mixture was quenched by the addition of saturated aqueous 

NaHCO3 and extracted with dichloromethane. The extracts were washed with saturated 

aqueous NaCl, dried (Na2SO4) and concentrated under reduced pressure. The crude product 

was purified by silica gel column chromatography (5 % Et2O in hexane) to afford 9 (1.13 g, 
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95 %). 1H NMR (400 MHz, CDCl3) δ 6.13 (dd, J = 5.7, 2.7 Hz, 1H), 6.04 (dd, J = 5.6, 3.2 

Hz, 1H), 4.13-4.04 (m, 2H), 4.03 (q, J = 2.4, 1.5 Hz, 1H), 3.03 (s, 1H), 2.68 – 2.62 (m, 1H), 

2.57 (dd, J = 3.5, 2.3 Hz, 1H), 1.90 (d, J = 8.5 Hz, 1H), 1.60 (dq, J = 8.4, 1.6 Hz, 1H), 1.23 

(t, J = 7.1 Hz, 3H), 0.88 (s, 9H), 0.07 (d, J = 3.8 Hz, 6H); 13C NMR (100 MHz, CDCl3) δ 
173.9, 137.5, 134.6, 76.0, 60.3, 55.5, 51.4, 46.7, 44.2, 25.9, 18.1, 14.4, −4.7; LRMS-ESI 

(m/z): 319.1 [M+Na]+.

Tert-butyl(((3S,7aS,8R)-hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl)oxy)dimethylsilane 
(11)

To a stirred solution of ester 9 (1.13 g, 3.8 mmol) in THF (15 mL) was added LAH (360 mg, 

9.5 mmol) at 0 °C under argon atmosphere. The reaction mixture was warmed to 23 °C and 

stirred for 1 h. Upon completion, the reaction mixture was quenched slowly by the addition 

of 3N NaOH solution it forms white suspension. The suspension was filtered and washed 

with EtoAc. The solvent was removed under reduced pressure and proceeds to the next step 

without further purification.

To the above crude in acetone:water (10:1, 35.2 mL) were added 2,6-lutidine (0.88 mL, 7.6 

mmol), NMO (670 mg, 5.7 mmol) and OsO4 (0.48 mL,4 % in H2O, 0.076 mmol) at 23 °C. 

The reaction mixture was stirred for 24 h as monitor by TLC and then PhI(OAc)2 (1.84 g, 

5.7 mmol) was added. After stirring for 15h, the reaction mixture was quenched by the 

addition of saturated aqueous Na2S2O3 and extracted with EtOAc. The extracts were washed 

with saturated aqueous CuSO4, H2O, saturated aqueous NaCl, dried (Na2SO4) and 

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

chromatography (25 % EtOAc in hexane) to afford the mixture of aldehydes (980 mg).

To a stirred solution of above aldehydes (980 mg, 3.42 mmol) in dichloromethane (15 mL) 

at 0 °C was added DIBAL-H (7.2 mL, 7.2 mmol) under argon atmosphere and stirred at the 

same temperature for 4 h. After this period, the reaction mixture was quenched by the 

addition of Saturated aqueous solution of sodium potassium tartarate and stirred vigorously 

at 23 °C for 2 h until two layers become clear. Organic layer was seperated and aqueous 

layers was extracted with dichloromethane. Combined extracts were washed with saturated 

aqueous NaCl, dried (Na2SO4) and concentrated under reduced pressure. The crude product 

was purified by silica gel column chromatography (60 % EtOAc in hexane) to afford 10 in 

2:1 ratio (670 mg, 62 % for 3 steps).

To a stirred solution of 10 (670 mg, 2.32 mmol) in dichloromethane (60 mL) was added TFA 

(2.3 mL) at 0 °C under argon atmosphere. The reaction mixture was warmed to 23 °C and 

stirred for 15 h. Upon completion, the reaction mixture was quenched by the addition of 

saturated aqueous NaHCO3 and extracted with dichloromethane. The extracts were washed 

with saturated aqueous NaCl, dried (Na2SO4) and concentrated under reduced pressure. The 

crude product was purified by silica gel column chromatography (5 % EtOAc in hexane) to 

afford 11 (465 mg, 74 %). 1H NMR (400 MHz, CDCl3) δ 5.36 (d, J = 6.8 Hz, 1H), 4.11 (dd, 

J = 9.0, 1.2 Hz, 1H), 3.97 (dd, J = 8.9, 7.0 Hz, 1H), 3.87 – 3.79 (m, 2H), 3.51 (d, J = 11.5 

Hz, 1H), 2.70 (q, J = 5.9 Hz, 1H), 2.42 (t, J = 7.1 Hz, 1H), 2.06 – 2.01 (m, 1H), 1.97 (dt, J = 

11.1, 4.4 Hz, 1H), 1.83 (d, J = 11.3 Hz, 1H), 0.86 (s, 9H), 0.04 (d, J = 3.8 Hz, 6H); 13C 
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NMR (100 MHz, CDCl3) δ 104.2, 86.3, 73.3, 64.9, 52.7, 45.5, 44.6, 25.9, 25.6, 18.1, −4.6; 

LRMS-ESI (m/z): 293.1 [M+Na]+.

(3S,7aS,8R)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-ol (12)

To a stirred solution of 11 (460 mg, 1.7 mmol) in THF (10 mL) was added TBAF (2.6 mL, 

2.6 mmol) at 0 °C under argon atmosphere. The reaction mixture was warmed to 23 °C and 

stirred for 2 h. Upon completion, solvent was removed under reduced pressure. The crude 

product was purified by silica gel column chromatography (85 % EtOAc in hexane) to afford 

12 (248 mg, 92 %). [α]D
20 −24.48 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 5.39 (d, J 

= 6.8 Hz, 1H), 4.17 (dd, J = 9.0, 1.1 Hz, 1H), 3.99 (dd, J = 9.0, 6.9 Hz, 1H), 3.95 (s, 1H), 

3.86 (dd, J = 11.5, 8.5 Hz, 1H), 3.56 (d, J = 11.5 Hz, 1H), 2.75 (q, J = 5.8 Hz, 1H), 2.47 (t, J 
= 7.0 Hz, 1H), 2.15 – 2.09 (m, 1H), 1.99 (dt, J = 11.6, 4.3 Hz, 1H), 1.91 (d, J = 11.7 Hz, 

1H), 1.72 (s, 1H); 13C NMR (100 MHz, CDCl3) δ 104.1, 85.7, 73.3, 64.7, 51.8, 45.5, 44.5, 

25.5; LRMS-ESI (m/z): 179.0 [M+Na]+.

(3S,7aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-ol (13)

To a stirred solution of 12 (100 mg, 0.64 mmol) in dichloromethane (4 mL) were added 

Na2HPO4 (50 mg, 0.35 mmol) and DMP (352 mg, 0.83 mmol) at 0 °C under argon 

atmosphere. The reaction mixture was warmed to 23 °C and stirred for 3 h. Upon 

completion, the reaction mixture was quenched by the addition of saturated aqueous 

Na2S2O3 and extracted with dichloromethane. The extracts were washed with saturated 

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

pressure. The crude product was purified by silica gel column chromatography (40 % EtOAc 

in hexane) to afford ketone (88 mg, 89 %). 1H NMR (400 MHz, CDCl3) δ 5.57 (d, J = 7.0 

Hz, 1H), 4.21 (d, J = 8.7 Hz, 1H), 3.83 – 3.76 (m, 2H), 3.68 (d, J = 11.2 Hz, 1H), 3.04 – 2.96 

(m, 1H), 2.56 (t, J = 6.8 Hz, 1H), 2.39 – 2.32 (m, 1H), 2.09 (d, J = 12.0 Hz, 1H), 1.96 – 1.87 

(m, 1H); 13C NMR (100 MHz, CDCl3) δ 220.8, 104.1, 71.8, 63.3, 49.6, 46.6, 42.8, 23.3; 

LRMS-ESI (m/z): 177.1 [M+Na]+.

To a stirred solution of above ketone (87.9 mg, 0.57 mmol) in MeOH (4 mL) was added 

NaBH4 (108 mg, 2.85 mmol) at 0 °C and stirred at the same temperature for 1 h. Upon 

completion, the reaction mixture was quenched by the addition of saturated aqueous NH4Cl 

and extracted with EtOAc. The extracts were washed with saturated aqueous NaCl, dried 

(Na2SO4) and concentrated under reduced pressure. The crude product was purified by silica 

gel column chromatography (65 % EtOAc in hexane) to afford 13 (76 mg, 85 %). [α]D
20 

−9.27 (c 1.03, CHCl3); 1H NMR (400 MHz, CDCl3) δ 5.43 (d, J = 6.4 Hz, 1H), 4.42 (d, J = 

9.4 Hz, 1H), 4.23 (dd, J = 8.8, 5.7 Hz, 1H), 4.06 (d, J = 11.4 Hz, 1H), 3.74 (dd, J = 9.0, 6.2 

Hz, 1H), 3.64 (dd, J = 11.4, 7.8 Hz, 1H), 2.70 – 2.58 (m, 2H), 2.23 (q, J = 5.5 Hz, 1H), 1.98 

(s, 1H), 1.80 (d, J = 12.0 Hz, 1H), 1.44 (dt, J = 12.0, 3.9 Hz, 1H); 13C NMR (100 MHz, 

CDCl3) δ 104.4, 72.5, 68.2, 59.4, 45.3, 43.0, 39.4, 23.9; LRMS-ESI (m/z): 179.0 [M+Na]+; 

HRMS-ESI (m/z): [M+Na]+ calcd for C8H12O3Na, 179.0684; found 179.0680.

(3S,7aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl (4-nitrophenyl) carbonate (14)

To a stirred solution of 13 (75.6 mg, 0.484 mmol) in dichloromethane (4 mL) were added 

pyridine (0.18 mL, 2.2 mmol) and 4-nitrophenyl chloroformate (292 mg, 1.45 mmol) at 0 °C 
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under argon atmosphere. The reaction mixture was warmed to 23 °C and stirred for 12 h. 

Upon completion, solvent was removed under reduced pressure. The crude product was 

purified by silica gel column chromatography (35 % EtOAc in hexane) to afford 14 (147 mg, 

94%). 1H NMR (400 MHz, CDCl3) δ 8.32 – 8.26 (m, 2H), 7.41 – 7.36 (m, 2H), 5.52 (d, J = 

6.8 Hz, 1H), 5.02 (dd, J = 9.2, 5.7 Hz, 1H), 4.28 (d, J = 9.5 Hz, 1H), 4.05 (d, J = 11.6 Hz, 

1H), 3.86 (dd, J = 9.5, 6.6 Hz, 1H), 3.74 (dd, J = 11.6, 7.9 Hz, 1H), 2.96 (q, J = 7.1 Hz, 1H), 

2.79 (q, J = 6.8 Hz, 1H), 2.59 (q, J = 5.5 Hz, 1H), 1.95 (d, J = 12.2 Hz, 1H), 1.56 (dt, J = 

12.2, 4.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 155.5, 152.1, 145.6, 125.5, 121.8, 104.5, 

79.9, 68.5, 59.7, 45.1, 42.0, 37.5, 23.7; LRMS-ESI (m/z): 343.9 [M+Na]+.

(3S,7aS,8R)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl (4-nitrocyclohexa-1,5-dien-1-
yl) carbonate (15)

Alcohol 12 (9.5 mg, 0.061 mmol) was treated with 4-nitrophenyl chloroformate (24.6 mg, 

0.122 mmol) by following the procedure above to afford 15 (17.5 mg, 90%). 1H NMR (400 

MHz, CDCl3) δ 8.31 – 8.26 (m, 2H), 7.41 – 7.35 (m, 2H), 5.45 (d, J = 6.7 Hz, 1H), 4.78 (s, 

1H), 4.28 (d, J = 9.3 Hz, 1H), 4.03 (dd, J = 9.3, 6.6 Hz, 1H), 3.95 (dd, J = 11.7, 8.6 Hz, 1H), 

3.66 (d, J = 11.7 Hz, 1H), 2.88 – 2.81 (m, 1H), 2.73 (t, J = 6.8 Hz, 1H), 2.49 – 2.43 (m, 1H), 

2.05 – 1.95 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 155.5, 152.2, 145.6, 125.5, 121.8, 

104.0, 92.4, 72.8, 64.0, 49.7, 45.3, 41.4, 26.1.

N-((2R,3S)-3-Amino-2-hydroxy-4-phenylbutyl)-2-(cyclopropylamino)-N-
isobutylbenzo[d]thiazole-6-sulfonamide (21)

To a stirred solution of 20 (360 mg, 0.62 mmol) in dichloromethane (5 mL) was added 

mCPBA (321 mg, 1.86 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 (1 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 (3 mL) at 23 °C under argon atmosphere was 

added cyclopropylamine (0.13 mL, 1.86 mmol) and the mixture was stirred at 65 °C for 12 

h. After this period, solvent was removed under reduced pressure and the crude product was 

purified by silica gel column chromatography (35 % EtOAc in hexane) to give Boc-

derivative (334 mg, 91 % over two steps).

To a stirred solution of above Boc-derivative (334 mg, 0.57 mmol) in dichloromethane (5 

mL) was added TFA (1 mL) at 0 °C under argon atmosphere and the mixture was stirred at 

23 °C for 1 h. After this period, solvent was removed under reduced pressure. The crude was 

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

pressure. The crude product was purified by silica gel column chromatography (5 % MeOH 

in CH2Cl2) to afford 21 (275 mg, 99 % yield). 1H NMR (500 MHz, CDCl3) δ 8.11 (d, J = 

1.5 Hz, 1H), 7.71 (dd, J = 8.5, 1.6 Hz, 1H), 7.49 (d, J = 8.5 Hz, 1H), 7.31 (t, J = 7.4 Hz, 2H), 

7.22 (dd, J = 12.5, 7.1 Hz, 3H), 3.85 – 3.78 (m, 1H), 3.31 (d, J = 7.4 Hz, 2H), 3.19 – 3.11 

(m, 1H), 3.07 (dd, J = 13.3, 8.3 Hz, 1H), 3.01 – 2.87 (m, 2H), 2.73 (tt, J = 6.7, 3.5 Hz, 1H), 

2.56 – 2.46 (m, 1H), 1.96 – 1.85 (m, 1H), 0.95 – 0.92 (m, 4H), 0.90 – 0.88 (m, 4H), 0.79 – 

0.76 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 173.1, 155.6, 138.9, 131.2, 131.0, 129.4, 

128.8, 126.6, 125.5, 121.0, 118.6, 73.1, 58.7, 55.8, 52.7, 39.1, 31.7, 27.3, 26.8, 22.8, 20.4, 
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20.1, 14.3, 8.0; LRMS-ESI (m/z): 489.2 [M]+, 490.2 [M+H]+; HRMS-ESI (m/z): [M+H]+ 

calcd for C24H33N4O3S2, 489.1994; found 489.1986.

(3S,7aS,8R)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl ((2S,3R)-3-hydroxy-4-((N-
isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate (24)

To a stirred solution of activated alcohol 15 (17.3 mg, 0.054 mmol) and isostere 22 (24 mg, 

0.059 mmol) in acetonitrile (2 mL) was added DIPEA (42 µL, 0.24 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 (45 % EtOAc in hexane) to give inhibitor 24 (26.4 mg, 

83 %). 1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 8.7 Hz, 2H), 7.30 – 7.26 (m, 2H), 7.23 – 

7.20 (m, 3H), 6.97 (d, J = 8.8 Hz, 2H), 5.38 (d, J = 6.6 Hz, 1H), 4.88 (d, J = 8.1 Hz, 1H), 

4.50 (s, 1H), 4.19 (d, J = 9.0 Hz, 1H), 4.00 – 3.91 (m, 1H), 3.88 – 3.78 (m, 7H), 3.54 (d, J = 

11.6 Hz, 1H), 3.12 (dd, J = 15.1, 8.2 Hz, 1H), 3.05 – 2.96 (m, 2H), 2.97 – 2.92 (m, 1H), 2.89 

– 2.83 (m, 1H), 2.78 (dd, J = 13.4, 6.7 Hz, 1H), 2.69 (s, 1H), 2.46 (t, J = 6.0 Hz, 1H), 2.02 

(s, 1H), 1.86 – 1.80 (m, 2H), 1.75 – 1.70 (m, 1H), 0.91 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.5 

Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 163.2, 156.0, 137.8, 129.9, 129.6, 128.6, 126.6, 

114.5, 104.0, 88.0, 73.0, 72.8, 64.4, 58.9, 55.8, 55.1, 53.8, 49.4, 45.2, 41.3, 35.6, 27.4, 25.9, 

20.3, 20.0; LRMS-ESI (m/z): 611.4 [M+Na]+; HRMS-ESI (m/z): [M+Na]+ calcd for 

C30H40N2O8SNa, 611.2404; found 611.2408.

(3S,7aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl ((2S,3R)-3-hydroxy-4-((N-
isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate (25)

Compound 14 (21.2 mg, 0.066 mmol) was treated with isoster 22 (29.7 mg, 0.073 mmol) by 

following the procedure above to afford inhibitor 25 (34.5 mg, 89 %). 1H NMR (400 MHz, 

CDCl3) δ 7.71 (d, J = 8.8 Hz, 2H), 7.32 – 7.26 (m, 2H), 7.25 – 7.20 (m, 3H), 6.97 (d, J = 8.8 

Hz, 2H), 5.41 (d, J = 6.6 Hz, 1H), 5.14 (d, J = 8.5 Hz, 1H), 4.78 (dd, J = 8.6, 5.8 Hz, 1H), 

3.92 – 3.80 (m, 7H), 3.74 (d, J = 9.1 Hz, 1H), 3.56 (ddd, J = 16.0, 10.2, 7.2 Hz, 2H), 3.14 

(dd, J = 15.0, 8.2 Hz, 1H), 3.05 (dd, J = 14.2, 3.6 Hz, 1H), 3.02 – 2.92 (m, 2H), 2.81 (td, J = 

14.9, 13.4, 7.7 Hz, 2H), 2.66 (td, J = 13.4, 10.7, 7.1 Hz, 2H), 2.35 – 2.27 (m, 1H), 1.83 (dd, J 
= 20.5, 9.2 Hz, 2H), 1.43 (dt, J = 11.9, 4.2 Hz, 1H), 0.91 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.9 

Hz, 3H); 13C NMR (100 MHz, CDCl3) δ 163.2, 155.8, 137.8, 130.0, 129.6, 129.5, 128.7, 

126.7, 114.5, 104.5, 75.1, 72.9, 68.6, 60.0, 58.9, 55.8, 55.3, 53.8, 45.0, 42.1, 37.5, 35.6, 

31.7, 27.4, 23.6, 22.8, 20.3, 20.0; LRMS-ESI (m/z): 611.4 [M+Na]+; HRMS-ESI (m/z): [M

+Na]+ calcd for C30H40N2O8SNa, 611.2404; found 611.2401.

(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((2-(cyclopropylamino)-N-
isobutylbenzo[d]thiazole)-6-sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)carbamate (27)

Compound 26 (8 mg) was treated with isostere amine 21 by following the procedure 

outlined for inhibitor 24 to give inhibitor 27 (15 mg, 79 %). 1H NMR (500 MHz, CDCl3) δ 
8.12 – 8.08 (m, 1H), 7.71 (dd, J = 8.5, 1.7 Hz, 1H), 7.61 (d, J = 8.5 Hz, 1H), 7.33 – 7.29 (m, 

3H), 7.27 – 7.21 (m, 3H), 6.64 (s, 1H), 5.67 (d, J = 5.1 Hz, 1H), 5.04 (dt, J = 23.9, 7.5 Hz, 

2H), 4.02 – 3.95 (m, 1H), 3.95 – 3.90 (m, 2H), 3.90 – 3.85 (m, 1H), 3.77 – 3.67 (m, 3H), 

3.24 (dd, J = 14.8, 8.4 Hz, 1H), 3.16 – 3.09 (m, 1H), 3.05 (dt, J = 14.7, 7.4 Hz, 2H), 2.97 – 
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2.90 (m, 1H), 2.86 (dd, J = 13.3, 6.5 Hz, 2H), 2.80 (tt, J = 6.7, 3.5 Hz, 1H), 1.87 (dq, J = 

13.3, 6.6 Hz, 1H), 1.71 – 1.64 (m, 1H), 1.52 (d, J = 9.8 Hz, 1H), 1.01 – 0.96 (m, 5H), 0.92 

(d, J = 6.6 Hz, 3H), 0.85 – 0.81 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 173.3, 155.8, 

155.6, 137.8, 131.4, 130.4, 129.5, 128.7, 126.7, 125.5, 121.0, 118.7, 109.4, 73.6, 73.0, 70.9, 

69.8, 59.1, 55.3, 53.9, 45.5, 35.8, 29.8, 27.5, 26.8, 25.9, 20.3, 20.0, 8.1; LRMS-ESI (m/z): 

667.4 [M+Na]+; HRMS-ESI (m/z): [M+H]+ calcd for C31H41N4O7S2, 645.2417; found 

645.2423.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

THF tetrahydrofuran

bis-THF bis-tetrahydrofuran

PI protease inhibitor

crn-THF crown-tetrahydrofuran

TFA trifluoroacetic acid

DRV darunavir

APV amprenavir

NRTIs Nucleotide Reverse Transcriptase Inhibitors

LPV lopinavir

ATV atazanavir
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Figure 1. 
Proposed model for the design of PIs to combat drug resistance. The model suggests the 

formation of robust hydrogen bonds by the P2- and P2′-ligands simultaneously in both the 

S2 and S2′-subsites. The transition-state hydroxyl group binds to catalytic aspartates and the 

P1 and P1′-ligands fill in the S1 and S1′-subsites.
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Figure 2. 
Structures of HIV-1 protease inhibitors
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Figure 3. 
Inhibitor 25-bound X-ray structure of HIV-1 protease (PDB code: 5ULT). The major 

orientation of the inhibitor is shown. The inhibitor carbon atoms are shown in cyan, water 

molecules are red spheres, and the hydrogen bonds are indicated by dotted lines.
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Figure 4. 
Side by side comparison of binding properties of P2 bis-THF moiety in darunavir-bound 

HIV-1 protease (left, cyan), X-ray structure (PDB code: 2IEN) with the P2 crn-THF moiety 

of inhibitor 25-bound HIV-1 protease (right, purple), X-ray structure (PDB code: 5ULT) 

inside the S2 subpocket. Both groups are located close to the periphery of the protease active 

site and form three hydrogen bonds in a similar fashion (black dashes). The crn-THF is 

bulkier with extended triangle-shaped surface pointing towards the hydrophobic region 

consisting of Ile47, Val32 and Leu76. The crn-THF forms closer van der Waals interactions 

with Ile47 compared to the bis-THF.
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Figure 5. 
Inhibitor 5-bound HIV-1 protease X-ray structure is shown (PDB code: 5TYR). The 

inhibitor carbon atoms are shown in magenta and hydrogen bonds are shown by dotted lines.
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Figure 6. 
Comparison of the binding properties of the P2 crn-THF moiety of inhibitor 25-bound 

HIV-1 protease (panel A, purple), X-ray structure (PDB code: 5ULT) and inhibitor 5-bound 

HIV-1 protease (panel B, green), X-ray structure (PDB code: 5TYR) inside the S2 

subpocket. The hydrogen bonds with the backbone atoms are shown in black dashes. The 

crn-THF in both inhibitors 5 and 25 form closer van der Waals interactions.
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Scheme 1. 
Synthesis of crn-THF ligand 13. Reagents and chemicals. (a) 6 (20 mol%), CH2Cl2, −78 °C; 

(b) KHCO3, H2O2, 0 °C, (80% for 2 steps); (c) TBSOTf, 2,6-lutidine, 0 °C to 23 °C, 

CH2Cl2, (95%); (d) LAH, THF, 0 °C to 23 °C; (e) OsO4, NMO, 23 °C, acetone:H2O (10:1); 

then PhI(OAc)2, 23 °C; (f), DIBAL-H, CH2Cl2, 0 °C, (62% for 3 steps); (g) TFA, CH2Cl2, 

0 °C, (74%); (h) TBAF, THF, 0 °C to 23 °C; (i) Dess-Martin Periodinane, Na2HPO4, 

CH2Cl2, 0 °C to 23 °C; (j) NaBH4, MeOH, 0 °C, (70% for 3-steps); (k) 4-NO2-PhOCOCl, 

pyridine, CH2Cl2, 0 °C to 23 °C, (83–95%).
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Scheme 2. 
Synthesis of sulfonamide isostere 21. Reagents and chemicals. (a) i-BuNH2, i-PrOH, 65 °C; 

(b) 18, CH2Cl2, Et3N, 23 °C, (90% over 2-steps); (c) Ph3P, THF-H2O (3:1), 23 °C; (d) 

Boc2O, THF-H2O (1:1), NaHCO3, 23 °C, (85% over 2-steps); (e) m-CPBA, CH2Cl2, 23 °C; 

(f) cyclopropylamine, THF, 65 °C, (91% over 2-steps); (g) TFA, CH2Cl2, 0 °C (99%).
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Scheme 3. 
Synthesis of PIs. Reagents and chemicals. (a) carbonate 14 or 15, DIPEA, CH3CN, 23 °C; 

(b) amine 21 and carbonate 26 or 14, DIPEA, CH3CN, 23 °C, (50–60%).
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Table 1

Enzymatic inhibitory and antiviral activity of inhibitors

Entry Inhibitor Ki (nM) IC50(nM)

1. 10.8 >1000

2. 0.014 2.7

3. 0.013 2.8

4. 0.01 1.9

5. 0.04 0.26

J Med Chem. Author manuscript; available in PMC 2017 September 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ghosh et al. Page 29

Ta
b

le
 2

A
nt

iv
ir

al
 a

ct
iv

ity
 o

f 
no

ve
l t

hr
ee

 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.

M
ea

n 
IC

50
 in

 n
M

 ±
 S

D
 (

fo
ld

-c
ha

ng
e)

a,
b

L
P

V
D

R
V

4
27

5

H
IV

-1
N

L
4-

3
20

 ±
 4

3.
8 

±
 0

.7
3.

3 
±

 1
.2

2.
0 

±
 0

.8
0.

39
 ±

 0
.0

6

H
IV

-1
D

R
V

R
P2

0
>

1,
00

0 
(>

50
)

34
 ±

 1
9 

(9
)

30
 ±

 1
0 

(9
)

7.
7 

±
 2

 (
4)

0.
17

 ±
 0

.0
1 

(0
.4

)

H
IV

-1
D

R
V

R
P3

0
>

1,
00

0 
(>

50
)

36
0 

±
 1

0 
(9

5)
34

0 
±

 1
8 

(1
03

)
30

 ±
 5

 (
15

)
1.

8 
±

 0
.5

 (
5)

H
IV

-1
D

R
V

R
P5

1
>

1,
00

0 
(>

50
)

3,
20

0 
±

 3
00

 (
84

2)
>

1,
00

0 
(>

30
3)

48
0 

±
 8

3 
(2

40
)

35
 ±

 1
2 

(9
0)

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,
 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 

an
d 

cu
ltu

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

 P
I,

 

an
d 

th
e 

IC
50

 v
al

ue
s 

w
er

e 
de

te
rm

in
ed

 u
si

ng
 th

e 
p2

4 
as

sa
y.

 T
he

 a
m

in
o 

ac
id

 s
ub

st
itu

tio
ns

 id
en

tif
ie

d 
in

 p
ro

te
as

e 
of

 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 
co

m
pa

re
d 

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/
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/

K
70

R
/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
/I

54
M

/
L

63
P/

K
70

Q
/V

82
I/

I8
4V

/L
89

M
, r

es
pe

ct
iv

el
y.

b 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 
re

pr
es

en
t m

ea
n 

va
lu

es
 (

±
 1

 s
ta

nd
ar

d 
de

vi
at

io
n)

 d
er

iv
ed

 f
ro

m
 th

e 
re

su
lts

 o
f 

th
re

e 
in

de
pe

nd
en

t e
xp

er
im

en
ts

.

J Med Chem. Author manuscript; available in PMC 2017 September 20.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ghosh et al. Page 30

Ta
b

le
 3

A
nt

iv
ir

al
 a

ct
iv

ity
 o

f 
in

hi
bi

to
r 

5 
ag

ai
ns

t h
ig

hl
y 

PI
-r

es
is

ta
nt

 H
IV

-1
 v

ar
ia

nt
s.

V
ir

us
sp

ec
ie

s

M
ea

n 
IC

50
 in

 n
M

 ±
 S

D
 (

fo
ld

-c
ha

ng
e)

L
P

V
A

T
V

D
R

V
5

W
ild

-t
yp

e
H

IV
-1

N
L

4-
3

20
 ±

 4
4.

2 
±

 0
.7

3.
8 

±
 0

.7
0.

39
 ±

 0
.0

6

iv
H

IV
PI

R
*

H
IV

-1
SQ

V
-5

µM
>

1,
00

0 
(>

50
)

51
0 

±
 1

4 
(1

21
)

45
 ±

 2
 (

12
)

0.
03

 ±
 0

.0
1 

(0
.0

8)

H
IV

-1
A

PV
-5

µM
31

0 
±

 1
8 

(1
6)

3.
8 

±
 2

.5
 (

0.
9)

25
 ±

 2
1 

(7
)

0.
27

 ±
 0

.1
 (

0.
7)

H
IV

-1
L

PV
-5

µM
>

1,
00

0 
(>

50
)

45
 ±

 1
9 

(1
1)

43
0 

±
 4

0 
(1

13
)

0.
00

26
 ±

 0
.0

00
6 

(0
.0

07
)

H
IV

-1
ID

V
-5

µM
17

0 
±

 2
0 

(9
)

62
 ±

 1
0 

(1
5)

30
 ±

 1
7 

(8
)

0.
01

2 
±

 0
.0

13
 (

0.
03

)

H
IV

-1
N

FV
-5

µM
42

 ±
 7

 (
2)

17
 ±

 3
 (

4)
8.

2 
±

 3
.8

 (
2)

0.
02

8 
±

 0
.0

2 
(0

.0
7)

H
IV

-1
A

T
V

-5
µM

33
0 

±
 3

0 
(1

7)
>

1,
00

0 
(>

23
8)

36
 ±

 3
 (

9)
0.

19
 ±

 0
.0

6 
(0

.5
)

H
IV

-1
T

PV
-1

5µ
M

>
1,

00
0 

(>
50

)
>

1,
00

0 
(>

23
8)

39
 ±

 5
 (

10
)

0.
05

7 
±

 0
.0

3 
(0

.1
5)

* In
 v

itr
o 

PI
-s

el
ec

te
d 

H
IV

-1
 v

ar
ia

nt
s.

 T
he

 a
m

in
o 

ac
id

 s
ub

st
itu

tio
ns

 id
en

tif
ie

d 
in

 p
ro

te
as

e 
of

 H
IV

-1
SQ

V
-5

µM
, H

IV
-1

A
PV

-5
µM

, H
IV

-1
L

PV
-5

µM
, H

IV
-1

ID
V

-5
µM

, H
IV

-1
N

FV
-5

µM
, H

IV
-1

A
T

V
-5

µM
, a

nd
 

H
IV

-1
T

PV
-1

5µ
M

 c
om

pa
re

d 
to

 th
e 

w
ild

-t
yp

e 
H

IV
-1

N
L

4-
3 

in
cl

ud
e 

L
10

I/
N

37
D

/G
48

V
/I

54
V

/L
63

P/
G

73
C

/I
84

V
/L

90
M

, L
10

F/
V

32
I/

L
33

F/
M

46
L

/I
54

M
/A

71
V

, L
10

F/
V

32
I/

M
46

I/
I4

7A
/A

71
V

/I
84

V
, L

10
F/

L
24

I/

M
46

I/
I5

4V
/L

63
P/

A
71

V
/G

73
S/

V
82

T,
 L

10
F/

K
20

T
/D

30
N

/K
45

I/
A

71
V

/V
77

I,
 L

23
I/

E
34

Q
/K

43
I/

M
46

I/
I5

0L
/G

51
A

/L
63

P/
A

71
V

/V
82

A
/T

91
A

, a
nd

 L
10

I/
L

33
I/

M
36

I/
M

46
I/

I5
4V

/K
55

R
/I

62
V

/L
63

P/
A

71
V

/G
73

S/
V

82
T

/L
90

M
/I

93
L

, r
es

pe
ct

iv
el

y.
 N

um
be

rs
 in

 p
ar

en
th

es
es

 r
ep

re
se

nt
 f

ol
d 

ch
an

ge
s 

in
 I

C
50

s 
fo

r 
ea

ch
 is

ol
at

e 
co

m
pa

re
d 

to
 th

e 
IC

50
s 

fo
r 

w
ild

-t
yp

e 
H

IV
-1

N
L

4-
3.

 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 

re
pr

es
en

t m
ea

n 
va

lu
es

 (
±

 1
 s

ta
nd

ar
d 

de
vi

at
io

n)
 d

er
iv

ed
 f

ro
m

 th
e 

re
su

lts
 o

f 
th

re
e 

in
de

pe
nd

en
t e

xp
er

im
en

ts
.

J Med Chem. Author manuscript; available in PMC 2017 September 20.


	Abstract
	Graphical Table of Content
	Introduction
	Results and Discussion
	Conclusions
	Experimental
	(3S,7aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl ((2S,3R)-4-((4-amino-N-isobutylphenyl)sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)carbamate (4)
	(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)-3-hydroxy-1-phenylbutan-2-yl)carbamate (5)
	Ethyl (1S,2R,3R,4R)-3-hydroxybicyclo[2.2.1]hept-5-ene-2-carboxylate (8)
	Ethyl (1S,2R,3R,4R)-3-((tert-butyldimethylsilyl)oxy)bicyclo[2.2.1]hept-5-ene-2 -carboxylate (9)
	Tert-butyl(((3S,7aS,8R)-hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl)oxy)dimethylsilane (11)
	(3S,7aS,8R)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-ol (12)
	(3S,7aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-ol (13)
	(3S,7aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl (4-nitrophenyl) carbonate (14)
	(3S,7aS,8R)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl (4-nitrocyclohexa-1,5-dien-1-yl) carbonate (15)
	N-((2R,3S)-3-Amino-2-hydroxy-4-phenylbutyl)-2-(cyclopropylamino)-N-isobutylbenzo[d]thiazole-6-sulfonamide (21)
	(3S,7aS,8R)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl ((2S,3R)-3-hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate (24)
	(3S,7aS,8S)-Hexahydro-4H-3,5-methanofuro[2,3-b]pyran-8-yl ((2S,3R)-3-hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate (25)
	(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((2-(cyclopropylamino)-N-isobutylbenzo[d]thiazole)-6-sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)carbamate (27)

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Scheme 1
	Scheme 2
	Scheme 3
	Table 1
	Table 2
	Table 3

