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Abstract

Structure-based design, synthesis, and biological evaluation of a series of very potent HIV-1 

protease inhibitors are described. In an effort to improve backbone ligand-binding site 

interactions, we have incorporated basic-amines at the C4 position of the bis-tetrahydrofuran (bis-

THF) ring. We speculated that these substituents would make hydrogen bonding interactions in 

the flap region of HIV-1 protease. Synthesis of these inhibitors was performed 

diastereoselectively. A number of inhibitors displayed very potent enzyme inhibitory and antiviral 

activity. Inhibitors 25f, 25i, and 25j were evaluated against a number of highly-PI-resistant HIV-1 

strains and they exhibited improved antiviral activity over darunavir. Two high resolution X-ray 

structures of 25f and 25g-bound HIV-1 protease revealed unique hydrogen bonding interactions 

with the backbone carbonyl group of Gly48 as well as with the backbone NH of Gly48 in the flap 
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region of the enzyme active site. These ligand-binding site interactions are possibly responsible 

for their potent activity.
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Introduction

Human immunodeficiency virus type 1 (HIV-1) protease is an essential enzyme critical to 

viral maturation and infectivity.1,2 Therefore, HIV-1 protease is an important drug-design 

target. The development of protease inhibitors and their introduction into the active 

antiretroviral therapy led to significant improvement of quality of life, enhanced HIV 

management, and renewed the mortality and morbidity of HIV/AIDS patients.3,4 Despite 

these improvements, the emergence of drug resistance, high pill burden, and drug side 

effects are raising serious concerns about the long-term prospects of HIV/AIDS 

management.5,6 The majority of currently approved HIV-1 protease inhibitors contain 

peptidic-like features which contributed to the poor solubility, oral bioavailability, high 

serum protein binding, and metabolism by liver microsomes.7,8

The development of new and improved anti-HIV-1 therapeutics, however, is faced with a 

variety of challenges different from the first and second line therapeutics. These include 

issues of selection pressure, emergence of multidrug-resistant HIV-1 variants, and cross – 

resistance.9,10,11 Over the years, our research efforts continued to focus on designing 

nonpeptide protease inhibitors that incorporate stereochemically defined, cyclic ether-

derived, novel ligands.12,13,14 We reported the design and discovery of many HIV-1 

protease inhibitors with intriguing structural features including the development of darunavir 

(1, Figure 1). In darunavir, we incorporated a 3(R), 3a(S), 6a(R)-bis-tetrahydrofuranyl 

urethane (bis-THF) and a hydroxyethylsulfonamide isostere.15,16 Darunavir exhibited 

excellent activity against a wide range of multidrug-resistant HIV-1 variants.17,18 Our X-ray 

structural studies of darunavir-bound HIV-1 protease revealed extensive hydrogen bonding 

interactions with the active site backbone atoms of HIV-1 protease.19 One of our major 

inhibitor design objectives is to promote maximum interactions, particularly hydrogen 

bonding interactions with backbone atoms. This ‘backbone binding concept’ emerged from 

the observation that there is minimal distortion of the protease backbone around the 
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enzyme’s active site.20,21 The X-ray structure of the darunavir-HIV-1 protease complex 

showed that both oxygens of the bis-THF ligand formed strong hydrogen bonds with the 

backbone NH’s of Asp29 and Asp30 in the enzyme S2 subsite. Furthermore, the P2 

carbonyl formed a strong hydrogen bond with the Gly27 backbone and P2′ amine 

functionality formed a strong hydrogen bond with the Asp30 NH in S2′-subsite. The 

backbone hydrogen bonds from the S2 to S2′-subsites are conceivably responsible for 

darunavir’s effectiveness against multidrug-resistant HIV-1 variants.15, 16

In an effort to further enhance ligand-binding site interactions, we subsequently incorporated 

an alkoxy substituent as well as fluorine at the C4 position of bis-THF ligand.22,23 

Incorporation of a methoxy substituent at C4 led to inhibitor 3 which showed a water-

mediated hydrogen bond with the amide NH of Gly-48 located at the flap of the HIV-1 

protease. Also, introduction of gem-difluorines at the C4 position resulted in inhibitor 4 
which exhibited strong non-bonded interactions with the carbonyl group of Gly48 through 

the gem-difluorides in the flap region of HIV-1 protease. These interactions appeared to be 

responsible for improved inhibitor affinity, antiviral activity against multidrug-resistant 

HIV-1 variants, and ability to cross the blood-brain-barrier.23,24 In the current studies, we 

plan to maintain all the key backbone hydrogen bonding interactions through the bis-THF 

oxygens. In addition, based upon the X-ray structure of 3-bound HIV-1 protease, we 

speculated that introduction of secondary amine functionality at the C4 position, as in 

inhibitor 25j, may lead to strong hydrogen bonding interactions with the Gly48 backbone 

atoms. Also, the alkyl side chain may fill in the hydrophobic pocket effectively in the S2 

subsite. Overall, this improvement in backbone interactions and van der Waals interactions 

may not only result in improvement of antiviral activity against multidrug-resistant HIV-1 

variants, but the basic amine may also improve the inhibitor’s pharmacological properties. 

Herein we report our enantioselective synthesis of C4-amine-derived bis-THF ligands using 

a 2,3-sigmatropic rearrangement as the key reaction. We incorporated these ligands into 

HIV-1 protease inhibitors and evaluated their biological properties. We also carried out X-

ray structural studies of inhibitor-HIV-1 protease complexes to gain molecular insight into 

the ligand-binding site interactions.

Synthesis

Synthesis of the optically active C-4 azide derivative is shown in Scheme 1. The α,β-

unsaturated isopropylidene derivative 5 was synthesized from commercially available D-

mannitol as described by us previously.22 Dibal-H reduction of ester 5 provided an allylic 

alcohol which was reacted with tert-butylbromoacetate in the presence of cesium hydroxide 

in CH3CN at 23° C for 6 h to provide O-alkylation product 6 in 88% yield over two 

steps.25,26 Reaction of 6 with LiHMDS in THF at −40 °C to −30 °C for 1 h resulted in a 

sigmatropic rearrangement, providing α-hydroxy ester 7 as the major product in 62% 

yield.27,28

The α-hydroxy ester 7 was protected as the benzyl ether 8 in near quantitative yield. It was 

converted to bis-THF derivative in a three-step sequence involving, (1) reduction of 8 by 

LiAlH4 in THF at 0 °C to 23 °C to provide an alcohol; (2) ozonolytic cleavage of the olefin 

to form an aldehyde, and (3) reaction of the resulting crude aldehyde with p-TsOH in 
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CH2Cl2 at 23 °C to provide bis-THF alcohol 9 in 42% yield over three steps. Alcohol 9 was 

converted to azide 10 under Mitsunobu conditions29 using diphenyl phosphorazidate 

(DPPA), triphenyl phosphine and diethyl azodicarboxylate (DEAD) at 0 °C to 23 °C for 18 

h to provide azide 10 in 73% yield. Removal of the benzyl ether using BBr3 in the presence 

of K2CO3 at −78 °C to −20 °C for 2 h provided azidoalcohol 11 in 64% yield.30

Azide 10 was then converted to a number of amine derivatives as shown in Scheme 2. 

Catalytic hydrogenation of 10 over 10% Pd/C in the presence of di-tert-butyl dicarbonate 

(Boc2O) under a hydrogen filled balloon afforded Boc-derivative 12 in 98% yield. These 

reaction conditions did not remove benzyl ether. Reduction of azide 10 with Ph3P in 

aqueous THF at 23 ° C for 24 h provided the corresponding amine. Addition of methyl 

chloroformate in the presence of saturated aqueous NaHCO3 solution afforded methyl 

carbamate 13 in 71% yield. For the synthesis of various N-alkylated derivatives, Boc-

derivative 12 was treated with NaH in THF at 0 °C for 30 min, and then MeI was added. The 

resulting mixture was warmed to 23 °C to provide N-methyl derivative 14 in 98% isolated 

yield. For the synthesis of N-ethyl derivative, Boc-derivative 12 was reacted with cesium 

hydroxide and ethyl iodide in DMF at 60 °C to provide the N-ethyl derivative 15 in 91% 

yield. Isopropyl derivative 16 was synthesized from azide 10 in a three step process 

involving reduction of the azide to the amine under hydrogenation conditions, reductive 

amination with acetone and sodium borohydride to afford the isopropyl amine, and finally 

Boc protection of the resulting amine with Boc anhydride.

Various ligand alcohols were prepared by deprotection of benzyl ethers. As shown in 

Scheme 3, amine derivatives 12–16 were subjected to a catalytic amount of Pd(OH)2 in 

methanol under a hydrogen-filled balloon to provide alcohols 17–21 in good to excellent 

yields.

Various optically active ligand alcohols were converted to the corresponding activated 

mixed carbonates. As depicted in Scheme 4, treatment of ligand-alcohols (11, 17–21) with 

4-nitrophenyl chloroformate and pyridine in CH2Cl2 at 0 °C to 23 °C for 12 h provided 

carbonates 22a–f in very good yields (71–91%). The syntheses of various inhibitors 

containing hydroxyethylaminesulfonamide isosteres with 4-methyoxysulfonamide (23) and 

4-aminosulfonamide (24) as P2′-ligands are shown in Scheme 5. Reaction of amine 23 with 

activated carbonate 22a provided inhibitor 25a in good yield. Similarly, reaction of 

carbonates 22b–f and amine 23 provided inhibitors 25c–e, 25h. Inhibitor 25g was prepared 

by reaction of amine 24 and carbonate 22b followed by removal of the Boc group by 

treatment with TFA in CH2Cl2. Catalytic hydrogenation of the azide functionality in 25a 
over 10% Pd/C in ethyl acetate provided inhibitor 25b in excellent yield.

Inhibitor 25f was prepared by removal of the Boc-group from inhibitor 25d by treatment 

with TFA in CH2Cl2 at 23 °C for 2 h. Similarly, inhibitor 25i and 25j were prepared by 

removal of the Boc group by treatment with TFA in CH2Cl2 at 23 °C for 2–4 h. Inhibitors 

25k and 25l containing dimethyl and diethyl amine functionalities were prepared by 

reductive amination of amine 25b with paraformaldehyde and acetaldehyde respectively to 

provide 25k and 25l (50–53% yield).
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Results and Discussions

All inhibitors were evaluated in an HIV-1 protease inhibitory assay according to the protocol 

described by Toth and Marshall.31 Compounds that exhibited potent Ki values, were then 

selected for further evaluation in an antiviral assay in MT-2 human T-lymphocytes exposed 

to HIV-1LAI.17 Inhibitor structures and biological results are shown in Table 1. As can be 

seen, C-4 substituted amino-bis-THF ligand-derived inhibitors exhibited very potent enzyme 

inhibitory and antiviral activity. The azide containing inhibitor 25a displayed very good 

enzymatic and antiviral activity (entry 1). The corresponding amine-derived inhibitor 25b 
showed significant reduction in potency. The Boc-amine derivative 25c, however, gained 

substantial potency over the amine derivative 25b (entries 2 and 3). The corresponding 

methyl carbamate 25d has shown comparable activity to Boc-derivative 25c. N-methylation 

of the Boc-derivative provided inhibitor 25e with nearly 10-fold loss in antiviral activity, 

indicating that the NH group may be important for potency (entries 3 and 5). Inhibitor 25f 
with a methylamine functionality at C4 turned out to be a potent inhibitor (Ki = 1.5 pM and 

antiviral IC50 35 nM). The corresponding 4-amino sulfonamide derivative 25g, however, 

displayed reduction of enzyme inhibitory and antiviral activity (entry 7). We have examined 

the effect of steric bulk on the amine functionality. The Boc-ethyl derivative 25h showed 

comparable enzyme inhibitory activity to the methyl derivative 25e (entries 5 and 8). The 

ethylamine derivative 25i showed slightly improved antiviral IC50 value (22 nM) over the 

methyl derivative 25f (IC50 value 35 nM, entries 6 and 9). A sterically demanding isopropyl 

amine derivative 25j showed over 60-fold improvement in antiviral activity over the methyl 

and ethyl derivatives (entries 6 and 9). The dimethyl amine derivative 25k and diethylamine 

derivative 25l were significantly more potent than the corresponding methylamine and 

ethylamine derivatives 25f and 25i respectively. This result indicates that the dialkylamine is 

most likely involved in enhanced van der Waals interactions in the S2 subsite of HIV-1 

protease. It appears that the C4-position of the bis-THF can accommodate a basic amine 

functionality with further improvement in antiviral activity compared to unsubstituted bis-

THF derivatives.

Inhibitors 25f, 25i, and 25j with basic amine functionalities on the bis-THF ring showed 

potent antiviral activity. We speculated that the improvement of antiviral IC50 is possibly 

due to additional hydrogen bonding interactions as well as increased lipophilicity of the 

inhibitors due to improved van der Waals interactions in active site. We selected these 

inhibitors for further evaluation against highly darunavir-resistant and multi-PI-resistant 

HIV-1 variants, HIV-1DRV
R

P10, HIV-1DRV
R

P20 and HIV-1DRV
R

P51. Antiviral assays using 

human MT-4 cells exposed to these PI-resistant variants showed that all three inhibitors 

displayed comparable EC50 values ranging from 21 nM to 39 nM against HIV-1DRV
R

P10 

and HIV-1DRV
R

P20. Fold changes for inhibitors 25f and 25i were very low (1 to 2.6) against 

HIV-1DRV
R

P10 and HIV-1DRV
R

P20. While inhibitor 25j showed potent antiviral EC50 

against HIV-1NL4-3, its fold-changes against these strains were significantly higher (21 to 

75-fold). Interestingly, sterically less demanding methyl amine derivative 25f was 

equipotent against HIVWT (EC50 = 0.029 μM) and HIV-1DEV
R

P20 (EC50 = 0.032 μM), 

however, inhibitor 25j with isopropylamine displayed nearly 23-fold poorer in antiviral 

potency against HIV-1DRV
R

P20 (EC50 = 0.024 μM) compared to that against the wild-type 
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HIVNL4-3 (EC50 = 0.001 μM). Darunavir in the same assay exhibited EC50 value of 0.097 

μM against HIV-1DRV
R

P20. Both inhibitors 25i and 25j showed comparable EC50 value 

against highly PI-resistant strain HIV-1DRV
R

P51 and fold changes were 15-fold and 260-fold 

respectively, indicating higher fold changes with bulkier amine substituent (isopropyl vs. 

methyl). The fold changes for darunavir was significantly greater. Inhibitors 25i and 25j 
showed 10-fold improvement in EC50 values over darunavir. It turned out that inhibitor 25i 
with a smaller ethylamine at C4 position of bis-THF has a greater genetic barrier than 

inhibitor 25j with an isopropyl amine at C4. Furthermore, it appears that incorporation of 

basic amine at C4 leads to inhibitors with greater genetic barrier than unsubstituted inhibitor, 

such as darunavir. The overall improvement of antiviral activity of amine-derived inhibitors 

is possibly due to their enhanced backbone interactions as well as van der Waals interactions 

in the S2 subsite.

To obtain molecular insight into the inhibitor-HIV-1 protease interactions, we have 

determined the X-ray structures of the methylamine derivative 25f and HIV-1 protease 

complex as well as inhibitor 25g and HIV-1 complex. The structures were refined at 1.34 Å 

and 1.29 Å resolution, respectively. The crystal structures contain the protease dimer and the 

inhibitors are seen in two orientations related by a 180° rotation with 60/40% relative 

occupancies. The overall structures are comparable to the structure of HIV-1 protease with 

darunavir,32 showing root mean square differences of 0.16 Å and 0.13 Å for Cα atoms, 

respectively, for the two structures. Differences between equivalent Cα atoms are less than 

0.5 Å. The 2Fo-Fc and omit Fo-Fc maps are shown for the inhibitors in both X-ray 

structures (please see supporting information). The 2Fo-Fc map is contoured at a level of 1.0 

σ and the omit map is contoured at 2.0 σ. The two inhibitors differ in the substituents of the 

phenyl ring at P2′, where inhibitor 25f has a methoxy group and inhibitor 25g has an amino 

group. Both inhibitors maintained all the key interactions observed in darunavir bound 

HIV-1. In addition, the C4-NH was shown to form a unique hydrogen bond with the 

carbonyl of Gly48 shown in Figure 2 for inhibitor 25f. This interaction was absent for the 

oxymethyl oxygen of the related inhibitor, 3 (pdb code: 3QAA).22 The C4-NH also formed a 

water-mediated hydrogen bonding interactions to amide NH of Gly48. Similar inhibitor and 

enzyme backbone interactions along with increased van der Waals interactions due to 

isopropyl group may have significantly contributed towards the increased antiviral activity 

of inhibitor 25j. Of particular note, inhibitor 25j incorporates a basic amine functionality 

which may improve pharmacological properties of this class of inhibitors.

There are several major types of antiretroviral drugs for treating HIV/AIDS. These drugs 

interfere with different steps in HIV replication. While the use of antiretroviral therapy 

(ART) treatment and guidelines are updated constantly with the availability of new drugs, 

PIs continue to be an important element of current ART. Integrase and reverse transcriptase 

inhibitors are also widely used in ART regimens. The ART regimens are usually well 

tolerated, however each drug can have serious side effects. Unlike PIs, one major advantage 

of integrase inhibitors is that they do not require boosting. However, serious side effects 

including hepatotoxicity, GI disorders, skin disorders, thrombocytopenia, and renal failure 

are known to occur.33 Depending upon situation, in such a scenario, HIV/AIDS patients 

have to switch to other key drugs, such as PIs. Also, certain patients receiving long-term 
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ART regimens containing integrase inhibitors tend to harbor HIV-1 variants resistant to 

integrase inhibitors. Furthermore, patients with heavily-ART regimens-experience tend to 

have drug-failure with various PIs even with DRV. Thus, more potent PIs with a “high 

genetic barrier” are critical to effective long-term treatment of HIV/AIDS.

It has been documented that darunavir potently inhibits the replication of not only wild-type 

HIV-1 but also multidrug-resistant HIV-1 variants. However, the emergence of DRV-

resistant HIV-1 variants has been reported in vitro and in vivo and patients harboring such 

DRV-resistant HIV-1 variants have had treatment failure.34,35 Regarding the emergence of 

DRV-resistant HIV-1 variants, all three C-4 amino derivatives appeared to be more potent 

against the DRV-resistant HIV-1 variants. For example, the fold difference in the IC50 value 

of 25f against HIV-1DRV
R

P20 compared to the IC50 value of 25f against the wild-type 

HIV-1NL4-3 was only 1.1, while the fold difference in the case of DRV was as much as 37.3. 

Moreover, the fold-differences in the case of 25i and 25j with HIV-1DRV
R

P51 were 15 and 

260, respectively, while that in the case of DRV with HIV-1DRV
R

P51 was as much as 1,346. 

These data signify that the three C4-modified compounds remain highly active against the 

DRV-resistant HIV-1 variants. The ligand-binding site interactions of the substituted 

derivatives are different in the S2-subsite. As shown in Figure 2, the C4-NH of inhibitor 25f 
forms a unique hydrogen bond with the carbonyl of Gly48. The C4-NH also forms water-

mediated hydrogen bonding interactions to amide NH of Gly48. These interactions, which 

were absent in the case of DRV,17 may explain why these inhibitors 25f, 25i, and 25j remain 

active against the DRV-resistant HIV-1 variants (e.g., HIV-1DRV
R

P20 and HIV-1DRV
R

P51; 

Table 2).

Of particular note, cleavage site mutations within the retroviral polyprotein, the substrate for 

HIV-1 protease, are known to play critical roles in HIV-1’s acquisition of resistance to 

various protease inhibitors.36 In this regard, when we successfully selected DRV-resistant 

HIV-1 variants (e.g., HIV-1DRV
R

P20 and HIV-1DRV
R

P51) using the mixture of 8 multi-drug 

resistant HIV-1 variants as a starting viral population,35 no additional cleavage site 

mutations within the polyprotein were identified.35 Instead, H219Q and I223V substitutions, 

located in the CypA binding loop of the Gag protein emerged in early selection stages. Plus, 

a unique combination of V32I, L33F, I54M, and I84V substitutions, which appeared to be 

responsible for the loss of DRV’s protease dimerization inhibition activity,37,38 was 

identified within. Although, how these amino acid substitutions contribute to HIV-1’s 

acquisition of resistance to DRV remains to be further elucidated, the C4-modification in the 

bis-THF moiety of DRV may shed light in the better understanding of the mechanism of 

DRV resistance and further design of more potent and resistance-repellant protease 

inhibitors.

Conclusion

We have designed and synthesized a series of HIV-1 protease inhibitors containing various 

C4-amine derivatives. One of objectives of these studies was to incorporate basic amine 

functionalities that can form hydrogen bonding interactions with the backbone atoms in the 

flap region of the HIV-1 protease. We have investigated a range of amine functionalities. 

The synthesis of the corresponding amine-bis-THF ligands was carried out stereoselectively 
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and in an optically active manner. The synthesis involved isopropylidene-D-glyceraldehyde 

as the optically active starting material and a 2,3-sigmatropic rearrangement as the key 

reaction which installed two chiral centers with high diasteroselectivity. In general, mono- 

or disubstituted amine-derivatives on the bis-THF ligand showed excellent enzyme 

inhibitory and antiviral activity. Inhibitor 25j with a C4-isopropylamine functionality 

exhibited the best results. It showed marked antiviral activity with an IC50 value of 0.34 nM, 

showing over 10-fold improvement compared to darunavir. Inhibitors 25f, 25i, and 25j were 

evaluated against a panel of multidrug-resistant HIV-1 variants and these inhibtors showed 

improved antiviral activity over darunavir. We have obtained high resolution X-ray crystal 

structures of related inhibitors 25f and 25g bound to HIV-1 protease. These structures 

revealed that the C4-NH formed a direct backbone hydrogen bonding interaction with Gly48 

carbonyl in the S2-subsite. Furthermore, the C4-NH formed water-mediated hydrogen bonds 

with Gly48 backbone NH. The improved antiviral activity of 25j against multidrug-resistant 

HIV-1 variants is possibly due to similar backbone hydrogen bonding interactions as well as 

hydrophobic interaction due to the isopropyl group. The basic amine functionality on the 

inhibitor may improve pharmacological properties. Further studies aimed at optimization of 

ligand-binding site interactions and improving drug-like properties of these inhibitors are 

currently in progress.

Experimental Section

General

All anhydrous solvents were obtained according to the following procedures: diethyl ether 

and tetrahydrofuran (THF) were distilled from sodium/benzophenone under argon; 

dichloromethane from calcium hydride. All other solvents were reagent grade. All moisture 

sensitive reactions were carried out in a flame-dried flask under argon atmosphere. Column 

chromatography was performed with Whatman 240–400 mesh silica gel under low pressure 

of 3–5 psi. Thin layer chromatography was carried out with E. Merck silica gel 60-F-254 

plates. Yields refer to chromatographically and spectroscopically pure compounds. 1H NMR 

and 13C NMR spectra were recorded on a Varian Inova-300 (300 MHz and 75 MHz, 

respectively), Bruker Avance ARX- 400 (400 MHz and 100 MHz), and Bruker Avance 

DRX-500 (500 MHz and 125 MHz). High and low resolution mass spectra were carried out 

by the Mass Spectroscopy Center at Purdue University. The purity of all test compounds 

was determined by HRMS and HPLC analysis. All test compounds showed ≥95% purity.

(2Z)-t-Butyl 2-((3-((4S)-2,2-dimethyl-1,3-dioxolan-4-yl))allyloxy)acetate (6)

Diisobutyl aluminum hydride (1 M in CH2Cl2, 27.5 mL, 27.5 mmol,) was slowly added to a 

cold solution (−78 °C) of ethyl (2Z)-3-[(4S)-2,2-dimethyl-1,3-dioxolan-4-yl]-2-propenoate 

(5), (5.5 g, 27.5 mmol) in dichloromethane (100.0 mL). The solution was allowed to stir for 

15 min at −78 °C (a color change from colorless to yellow and back to colorless indicates 

that the reaction is complete). A saturated solution of sodium potassium tartrate (20 mL) was 

added and the reaction mixture was warmed to room temperature. The reaction was stirred 

until both layers were transparent. The organic layer was separated and the aqueous layer 

was extracted with dichloromethane (3 × 15 mL). The organic layers were combined, 

washed with brine and dried over MgSO4. The solid was filtered out and the organic layer 
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was concentrated under vacuum to obtain the desired allyl alcohol. The crude mixture was 

taken to the next step without purification. Rf = 0.27 (40% ethyl acetate/hexanes). 1H NMR 

(400 MHz, CDCl3) δ 5.84−5.81 (m, 1H), 5.55 (t, J = 8.5 Hz, 1H), 4.85 (q, J = 9.6 Hz, 1H), 

4.28 (dd, J = 6.8, 7.3 Hz, 1H), 4.18 (d, J = 4.8 Hz, 1H), 4.08 (t, J = 6.5 Hz, 1H), 3.56 (t, J = 

9.0 Hz, 1H), 2.12 (bs, 1H), 1.41 (s, 3H), 1.38 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 133.1, 

129.4, 109.4, 71.8, 69.4, 58.5, 26.6, 25.8.

To a round bottom flask contianing flame dried 4Å molecular sieves (6.0 g) and acetonitrile 

(200 mL) was added a solution of (2Z)-3-((4S)-2,2-Dimethyl-1,3-dioxolan-4-yl)prop-2-en-1-

ol (27.5 mmol) in acetonitrile (20.0 mL), followed by t-butylbromoacetate (4.9 mL, 33.0 

mmol), tetrabutylammonium iodide (1.0 g, 2.75 mmol) and cesium hydroxide monohydrate 

(6.90 g, 41.3 mmol) at room temperature. The reaction was allowed to stir for 6 h. The solid 

was filtered out and the solvent was concentrated under vacuum; the residue was purified by 

flash column chromatography (5% ethyl acetate/hexanes) to afford 6 (6.60 g, 88% yield, 2 

steps) as a colorless oil. Rf = 0.57 (30% ethyl acetate/hexanes). 1H NMR (400 MHz, CDCl3) 

δ 5.78–5.74 (m, 1H), 5.61 – 5.66 (m, 1H), 4.83 (q, J = 7.4 Hz, 1H), 4.16–4.20 (m, 2H), 4.09 

(dd, J = 6.2, 2.0 Hz, 1H), 3.94 (d, J = 3.1 Hz, 2H), 3.54 (t, J = 8.1 Hz, 1H), 1.47 (s, 9H), 

1.34 (s, 3H), 1.31 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 169.3, 131.4, 129.5, 109.3, 81.6, 

71.9, 69.4, 67.7, 66.5, 28.0, 26.6, 25.8. LRMS-ESI (m/z) 273 (M+H).

(2R,3R)-t-Butyl 3-(((4S)-2,2-dimethyl-1,3-dioxolan-4-yl))-2-hydroxypent-4-enoate (7)

A solution of LiHMDS (36.0 mL 1 M in THF, 36.0 mmol) was added to a cold solution 

(−45 °C) of 6 (6.60 g, 24.2 mmol) in THF (100 mL). LiHMDS was added at a rate that did 

not exceed −40 °C. The reaction mixture was allowed to warm slowly to −30 °C over 1 h. 

The reaction was quenched with saturated ammonium chloride (20 mL) and extracted with 

ethyl acetate (3×20 mL) after warming to room temperature. The organic layers were 

combined, washed with brine, dried over anhydrous MgSO4 and concentrated under 

vacuum. The residue was purified with a 5 – 10 percent gradient of ethyl acetate/hexanes. 

The desired rearranged product 7 (4.10 g, 62% yield) was obtained as a colorless oil. Rf = 

0.49 (30% ethyl acetate/hexanes). (1H NMR (400 MHz, CDCl3) δ 5.88–5.79 (m, 1H), 5.20 

(dd, J = 17.1 Hz, 10.3, 2H), 4.32 (q, J = 6.8 Hz, 1H), 4.14 (q, J = 4.6 Hz, 2.4 Hz, 1H), 4.09 

(dd, J = 8.1 Hz, 6.1 Hz, 1H), 3.85 (t, J = 7.7 Hz, 1H), 3.04 (d, J = 4.6 Hz, 1H), 2.61–2.56 

(m, 1H), 1.47 (s, 9H), 1.43 (s, 3H), 1.37 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 172.5, 

132.4, 119.6, 109.1, 82.7, 76.0, 71.2, 67.3, 50.3, 27.9, 26.8, 25.4. LRMS-ESI (m/z) 295 (M

+Na).

(2R,3S)-t-Butyl 2-(benzyloxy)-3-((S)-2,2-dimethyl-1,3-dioxolan-4-yl)pent-4-enoate (8)

To a cold (0 °C) solution of 7 (4.1 g, 14.9 mmol), benzyl bromide (2.30 mL, 19.37 mmol) 

and tetrabutyl ammonium iodide (0.50 g, 1.50 mmol) in THF (50.0 mL) was added sodium 

hydride (0.78 g, 19.37 mmol). The reaction was warmed to 23 °C and allowed to stir for 3 h. 

Upon completion the reaction was quenched with saturated ammonium chloride (10.0 mL). 

The reaction was extracted with ethyl acetate (3×10 mL). The organic layers were 

combined, washed with brine and dried over anhydrous sodium sulfate. The solvent was 

reduced under vacuum and the residue was purified on silica gel to obtain 8 (5.3 g, 99% 

yield) as a colorless oil. Rf = 0.61 (20% ethyl acetate/hexanes). 1H NMR (400 MHz, CDCl3) 
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δ 7.35–7.29 (m, 5H), 5.95–5.85 (m, 1H), 5.18 (dd, J = 17.2, 10.3 Hz, 2H) 4.75 (d, J = 11.5 

Hz, 1H), 4.33 (d. J = 11.5 Hz, 1 H), 4.20 (q, J = 7.3, 1H), 3.85 (d, J = 3.5 Hz, 1H), 3.77 (dd, 

J = 6.1, 2.0 Hz, 1H), 3.66 (t, J = 7.7 Hz, 1H), 2.64–2.58 (m, 1H), 1.47 (s, 9H), 1.39 (s, 3H), 

1.33 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 169.9, 137.3, 133.5, 128.3, 128.2, 127.9, 119.1, 

108.9, 81.7, 78.2, 75.6, 72.3, 67.2, 50.3, 28.1, 26.6, 25.4. LRMS-ESI (m/z) 385 (M+Na).

(3S,3aS,4R,6aR)-4-(Benzyloxy)hexahydrofuro[2,3-b]furan-3-ol (9)

To a cold (0 °C) solution of 8 (5.3 g, 14.8 mmol) in THF (50.0 mL) was added lithium 

aluminum hydride (1.3 g, 31.3 mmol). The reaction was allowed to stir for 1 h at 23 °C after 

which the reaction was cooled to 0 °C and quenched by adding excess ethyl acetate, 1 N 

NaOH (0.5 mL), H2O (0.5 mL). After a white precipitate formed magnesium sulfate was 

added and stirred for 15 min. The reaction mixture was filtered and concentrated under 

vacuum.

The crude mixture was taken up in CH2Cl2/MeOH (20.0 ml, 4:1), cooled to −78 °C and a 

stream of O3 was bubbled through the solution until a blue color persisted. Upon 

consumption of the starting material, argon was bubbled through the blue solution until the 

solution became clear. Dimethyl sulfide (0.13 mL, 1.75 mmol) was added to the reaction 

and the mixture was warmed to room temperature and stirred an additional 3 h. The reaction 

mixture was carefully concentrated at (0 °C), then 5 mL of CH2Cl2, p-TsOH (30.0 mg) and 

MeOH (0.5 μL) were added to the residue and the mixture was stirred for 6 h at room 

temperature. The reaction was again carefully concentrated and the residue was purified on 

silica gel (20% ether/hexanes to 50% ether/hexanes) to afford compound 9, (1.5 g, 42 % 

yield 2 steps) as a colorless oil. Rf = 0.52 (60% ethyl acetate/hexanes). 1H NMR (400 MHz, 

CDCl3) δ 7.38–7.29 (m, 5H), 5.82 (d, J = 5.3 Hz, 1H), 4.56–4.46 (m, 4H), 4.12 (d, J = 10.2 

Hz, 1H), 4.03 – 3.96 (m, 2H) 3.61 – 3.57 (dd, J = 6.9, 6.8 Hz, 1H), 2.91 (dd, J = 5.3, 5.4 Hz, 

1H), 2.16 (bs, 1H). 13C NMR (100 MHz, CDCl3) δ 137.7, 128.4, 127.7, 127.7, 109.2, 78.6, 

74.2, 73.2, 71.1, 68.9, 55.4. LRMS-ESI (m/z) 237 (M+H).

(3R,3aS,4R,6aR)-3-Azido-4-(benzyloxy)hexahydrofuro[2,3-b]furan (10)

To a cold (0 °C) solution of 9 (0.18 g, 0.76 mmol) and triphenylphosphine (0.40 g, 1.52 

mmol) in THF (5.0 mL) was added diethyl azodicarboxylate (40 % in toluene) (0.66 mL, 

1.52 mmol) followed by diphenylphosphoryl azide (0.33 mL, 1.52 mmol). The reaction was 

allowed to stir 18 h before diluting with ethyl acetate (10 mL) and quenched with a saturated 

solution of sodium bicarbonate (10 mL). The reaction was extracted with ethyl acetate (3×15 

ml). The organic layers were combined, washed with brine and dried over anhydrous sodium 

sulfate. The solvent was concentrated under vacuum and the crude mixture was purified on 

silica gel using 5% ethyl acetate/hexanes to obtain 10 (0.15 g, 73% yield) as colorless 

oil. 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.23 (m, 5H), 5.79 (d, J = 5.1 Hz, 1H), 4.55 (d, J = 

5.1 Hz, 2H), 4.41 – 4.35 (d, J = 4.3 Hz, 1H), 4.32 – 4.21 (m, 1H), 4.10 (dd, J = 10.1 Hz, 4.4 

Hz, 1H), 4.04 – 3.94 (m, 2H), 3.65 (dd, J = 9.2, 7.9, 1H), 2.97 – 2.93 (m, 1H). 13C NMR 

(100 MHz, CDCl3) δ 137.0, 128.6, 128.1, 127.7, 108.6, 76.6, 73.9, 72.7, 70.8, 61.2, 51.8.
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(3R,3aS,4R,6aR)-4-Azidohexahydrofuro[2,3-b]furan-3-ol (11)

Benzyl ether 10 (124 mg, 0.47 mmol) was dissolved in dry DCM under argon. K2CO3 (164 

mg, 1.19 mmol, 2.5 eq) was added and stirred for 30 minutes at room temperature. The 

reaction was cooled to −78°C and BBr3 (1 M in DCM, 0.52 mL, 0.52 mmol, 1.1 eq) was 

added dropwise. The reaction was allowed to warm slowly from −78°C to −20°C and then 

maintained at −20°C for a total of 2 hours. Upon consumption of starting material identified 

via TLC analysis, the crude reaction mixture was loaded onto a column and was purified via 

flash column chromatography on silica gel (30% ethyl acetate/hexanes to 50% ethyl acetate/

hexanes) to afford compound 11 (51 mg, 64%) as a yellow residue. Rf = 0.13 (30% ethyl 

acetate/hexanes) 1H NMR (400 MHz, CDCl3) δ 5.78 (d, J= 5.2 Hz, 1H), 4.60–4.52 (m, 1H), 

4.41 (dt J=4.7, 6.1 Hz, 1H), 4.09 (dd, J= 10.1, 4.4 Hz, 1H), 4.03–3.96 (m, 2H), 3.63 (dd, J= 

9.6, 6.6 Hz, 1H) 2.91–2.85 (m,1H) 13C NMR (100 MHz, CDCl3) δ 108.8, 74.0, 73.2, 69.9, 

60.9, 53.2. LRMS-ESI (m/z) 237 (M+H).

t-Butyl (3R,3aS,4R,6aR)-4-(benzyloxy)hexahydrofuro[2,3-b]furan-3-ylcarbamate (12)

To a round bottom flask charged with 10 (0.09 g, 0.36 mmol) and Boc2O (0.09 g, 0.43 

mmol) in ethyl acetate (5.0 mL) (under argon) was added 10% Pd/C (10% by wt.). The 

mixture was stirred under an atmosphere of hydrogen for 18 h at 1 atm. Upon completion 

the reaction mixture was filtered through a plug of silica. The solvent was concentrated 

under vacuum and purified on silica gel using 20% ethyl acetate/hexanes to obtain 12 (0.12 

g, 98% yield) as white solid. Rf = 0.61 (40% ethyl acetate/hexanes). 1H NMR (300 MHz, 

CDCl3) δ 7.48 – 7.26 (m, 5H), 5.76 (d, J = 5.2 Hz, 1H), 4.90 – 4.67 (m, 2H), 4.55 (d, J = 

11.6, 2H), 4.24 (dd, J = 15.8, 7.2, 1H), 4.06 (dd, J = 9.7, 4.4, 1H), 3.96 (dd, J = 9.4, 6.7, 

1H), 3.84 (d, J = 9.7, 1H), 3.69 (dd, J = 9.3, 7.5, 1H), 2.85 – 2.81 (m, 1H), 1.45 (s, 9H). 13C 

NMR (75 MHz, CDCl3) δ 155.0, 137.5, 128.5, 127.9, 108.7, 79.7, 76.8, 75.3, 72.5, 71.3, 

52.8, 52.4, 28.4. LRMS-ESI (m/z) 358 (M+Na).

Methyl (3R,3aS,4R,6aR)-4-(benzyloxy)hexahydrofuro[2,3-b]furan-3-ylcarbamate (13)

(3R,3aS,4R,6aR)-3-azido-4-(benzyloxy)hexahydrofuro[2,3-b]furan (10) (0.05 g, 0.19 mmol) 

and triphenyl phosphine (0.06 g, 0.230 mmol) was dissolved in THF/H2O (4.0 mL, 3:1) and 

stirred at 23 °C for 24 h. After the consumption of the starting material, saturated sodium 

bicarbonate (1.0 mL) was added followed by methyl chloroformate (0.05 mL, 0.65 mmol) 

and the reaction was stirred for 6 h. The reaction was diluted and extracted with ethyl acetate 

(3×5 mL). The organic layers were combined, washed with brine and concentrated under 

vacuum. The crude mixture was purified on silica gel using 20 % ethyl acetate/hexanes to 

obtain 13 (40.0 mg, 71% yield). Rf = 0.24 (20 % ethyl acetate/hexanes). 1H NMR (300 

MHz, CDCl3) δ 7.46 – 7.23 (m, 5H), 5.77 (d, J = 5.2 Hz, 1H), 5.15 (d, J = 7.4 Hz, 1H), 4.79 

(d, J = 11.5 Hz, 1H), 4.59–4.53 (m, 2H), 4.25 (dd, J = 15.8 Hz, 7.6 Hz, 1H), 4.06 (dd, J = 

9.9 Hz, 4.4 Hz, 1H), 3.98 (dd, J = 9.3 Hz, 6.8 Hz, 1H), 3.86 (d, J = 9.9 Hz, 1H), 3.68 (s, 

4H), 2.93 – 2.79 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 156.3, 137.4, 128.5, 127.9, 108.6, 

76.8, 75.0, 72.5, 71.3, 52.8, 52.1
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t-Butyl (3R,3aS,4R,6aR)-4-(benzyloxy)hexahydrofuro[2,3-b]furan-3-yl(methyl)carbamate 
(14)

To a cold (0 °C) solution of 12 (0.03 g, 0.10 mmol) in THF (5.0 mL) was added NaH (0.01 

g, 0.19 mmol) and methyl iodide (12.0 μL, 0.19 mmol). The mixture was warmed to room 

temperature and stirred for 2 h. Upon completion, the solution was cooled to 0 °C and 

saturated ammonium chloride (1.0 mL) was added. The reaction was diluted and extracted 

with ethyl acetate (3×15 ml). The organic layers were combined, washed with brine and 

dried over anhydrous sodium sulfate. The solvent was concentrated under vacuum and the 

crude mixture was purified on silica gel using 20% ethyl acetate/hexanes to obtain 14 (34.0 

mg, 98% yield). Rf = 0.48 (40% ethyl acetate/hexanes). 1H NMR (300 MHz, CDCl3) δ 7.64 

– 7.23 (m, 5H), 5.81 (d, J = 5.3 Hz, 1H), 5.44 – 5.01 (m, 1H), 4.70 (bs, 1H), 4.49 (d, J = 

11.7 Hz, 1H), 4.23 (dd, J = 15.0 Hz, 8.3 Hz, 1H), 4.11 (dd, J = 10.1 Hz, 6.3 Hz, 1H), 4.01 – 

3.89 (m, 2H), 3.63 (t, J = 8.6 Hz, 1H), 2.86 (bs, 1H), 2.81 (s, 3H), 1.45 (s, 9H). 13C NMR 

(75 MHz, CDCl3) δ 155.1, 137.5, 128.4, 127.8, 109.2, 80.0, 76.5, 74.0, 72.4, 70.43, 52.9, 52. 

4, 50.6, 30.0, 28.4.

t-Butyl (3R,3aS,4R,6aR)-4-(benzyloxy)hexahydrofuro[2,3-b]furan-3-yl(ethyl)carbamate (15)

To a round bottom flask charged with activated molecular sieves (0.5g) was added DMF 

(2.0 mL), 12 (0.29g, 0.86 mmol), ethyl iodide (0.15 mL, 1.82 mmol) and CsOH·H2O (0.31g, 

1.82 mmol). The mixture was heated to 60 °C for 12 h. Upon completion, the reaction 

mixture was diluted with ethyl acetate and filtered through a plug of celite. The organic 

layer was washed with water and dried over anhydrous sodium sulfate. After purification by 

flash chromatography the product (15) was obtained as a white solid (284 mg, 91 % yield). 

Rf = 0.45 (20 % ethyl acetate/hexanes). 1H NMR (400 MHz, CDCl3) δ 7.42 – 7.28 (m, 5H), 

5.81 (d, J = 5.2 Hz, 1H), 4.94 (bs, 1H), 4.69 (d, J = 11.0 Hz, 1H), 4.50 (d, J = 11.7 Hz, 1H), 

4.24 – 4.18 (m, 1H), 4.13 (dd, J = 9.7, 6.9 Hz, 1H), 3.96 – 3.92 (m, 2H), 3.63 (t, J = 8.7 Hz, 

1H), 3.33 – 3.15 (m, 2H), 3.00 – 2.98 (m, 1H) 1.46 (s, 9H), 1.14 (t, J = 7.0 Hz, 3H). 13C 

NMR (100 MHz, CDCl3) δ 154.8, 137.5, 128.4, 127.8, 127.6, 109.2, 79.7, 76.6, 74.0, 72.5, 

70.1, 56.3, 51.1, 38.5, 28.4, 15.1

t-Butyl ((3R,3aR,4R,6aR)-4-(benzyloxy)hexahydrofuro[2,3-b]furan-3-yl)
(isopropyl)carbamate (16)

To a solution of azide (56.0 mg, 0.21 mmol) in ethyl acetate (2 mL) was added 10% Pd–C (5 

mg) at 23 °C under argon. The argon balloon was replaced with a H2 balloon, and the 

reaction mixture was stirred for 2 h under H2 atmosphere. The reaction mixture was filtered 

through Celite, washed with ethyl acetate, and concentrated under reduced pressure, and the 

resulting residue was directly used for the next step.

To the crude amine, reagent grade acetone (0.25 mL, 3.0 mmol) was added and stirred for 

24 h at room temperature. Acetone was removed by rotary evaporation and reconstituted 

with 100% ethanol (0.25 mL). To the resulting mixture was added NaBH4 (16.0 mg, 0.42 

mmol) and the reaction mixture stirred for an additional 2 h. The reaction was then 

quenched with sat. NaHCO3 and then extracted with CH2Cl2 (3 × 2 mL). The combined 

extracts were dried over anhydrous Na2SO4, filtered, and concentrated under reduced 

pressure.
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Above crude isopropyl derivative was dissolved in CH2Cl2, Et3N (73 μL, 0.44 mmol) and 

di-tert-butyl dicarbonate (57.0 mg, 0.26 mmol) were added and stirred at room temperature 

overnight. The mixture is concentrated in vacuo and the residue was purified by silica gel 

column chromatography (15% EtOAc/hexanes) to obtain the product 16 47.0 mg (yield 

59%, over three steps). 1H NMR (400 MHz, CDCl3) δ 7.38–7.32 (m, 5H), 5.83 (d, J = 4.8 

Hz, 1H), 4.77–4.58 (m, 1H), 4.63 (d, J = 12.1 Hz, 1H), 4.52 (d, J = 12.1 Hz, 1H), 4.22–4.12 

(m, 2H), 3.98–3.84 (m, 3H), 3.67–3.59 (m, 1H), 3.09–3.02 (m, 1H), 1.48 (s, 9H), 1.19 (d, J 

= 6.9 Hz, 3H), 1.16 (d, J = 6.9 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 154.9, 137.6, 128.5, 

128.0, 127.9, 109.7, 82.2, 80.1, 74.7, 72.7, 69.9, 51.3, 47.7, 29.7, 28.6; LRMS (ESI), m/z 

378 (M + H)+.

General Procedure for O-benzyl deprotection

To a round bottom flask charged with the indicated starting material (12 – 16) in methanol 

(5.0 mL) (under argon) was added Pd(OH)2 (10 mol%). The mixture was stirred under a 1 

atm (hydrogen balloon) for 18 h. Upon completion the reaction mixture was filtered through 

a plug of silica. The solvent was concentrated under vacuum and the crude mixture was 

purified on silica gel using 20% – 30% ethyl acetate/hexanes to obtain the desired alcohols 

(17–21).

t-Butyl (3R,3aS,4R,6aR)-4-hydroxyhexahydrofuro[2,3-b]furan-3-ylcarbamate (17)

Following the general procedure outlined above, alcohol 17 was prepared in 95% yield. Rf = 

0.24 (60 % ethyl acetate/hexanes). 1H NMR (300 MHz, CDCl3) δ 5.74 (d, J = 5.2, 1H), 4.97 

(d, J = 8.7 Hz, 1H), 4.60 – 4.41 (m, 2H), 4.15 (dd, J = 9.6 Hz, 5.8 Hz, 1H), 4.03 (dd, J = 9.0 

Hz, 6.8 Hz, 1H), 3.73 (dd, J = 9.7 Hz, 2.9 Hz, 1H), 3.60 (t, J = 8.6 Hz, 1H), 2.74 (s, 1H), 2.1 

(bs, 1H) 1.43 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 155.9, 109.1, 80.5, 73.5, 72.7, 69.9, 

55.3, 50.9, 28.3

Methyl (3R,3aS,4R,6aR)-4-hydroxyhexahydrofuro[2,3-b]furan-3-ylcarbamate (18)

Following the general procedure outlined above, alcohol 18 was prepared in 72% yield. Rf = 

0.16 (60 % ethyl acetate/hexanes).1H NMR (300 MHz, CDCl3) δ 5.76 (d, J = 5.2 Hz, 1H), 

5.21 (bs, 1H), 4.66 – 4.44 (m, 2H), 4.16 (dd, J = 9.7 Hz, 5.6 Hz, 1H), 4.04 (dd, J = 9.0 Hz, 

6.8 Hz, 1H), 3.89 (d, J = 3.2 Hz, 1H), 3.78 (dd, J = 9.8 Hz, 2.4 Hz, 1H), 3.72 – 3.53 (m, 4H), 

2.87 – 2.65 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 157.0, 109.04, 73.6, 72.9, 69.9, 55.1, 

52.4, 51.5

t-Butyl (3R,3aS,4R,6aR)-4-hydroxyhexahydrofuro[2,3-b]furan-3-yl(methyl)carbamate (19)

Following the general procedure outlined above, alcohol 19 was prepared in 90% yield. Rf = 

0.22 (60 % ethyl acetate/hexanes). 1H NMR (300 MHz, CDCl3) δ 5.77 (d, J = 5.1 Hz, 1H), 

5.14 – 4.95 (m, 1H), 4.52 (d, J = 2.6 Hz, 1H), 4.29 – 3.84 (m, 4H), 3.57 (t, J = 8.7 Hz, 1H), 

2.80 (s, 3H), 2.70 (bs, 1H), 1.46 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 155.7, 109.0, 80.7, 

72.6, 71.0, 70.2, 54.7, 53.9, 29.5, 28.4
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t-Butyl ethyl((3R,3aS,4R,6aR)-4-hydroxyhexahydrofuro[2,3-b]furan-3-yl)carbamate (20)

Following the general procedure outlined above, alcohol 20 was prepared in 81 % yield. Rf 

= 0.25 (40 % ethyl acetate/hexanes). 1H NMR (400 MHz, CDCl3) δ 5.75 (d, J = 4.4 Hz, 

1H), 4.77 (bs, 1H), 4.43 – 4.37 (m, 1H), 4.02 (dd, J = 10.2, 7.2 Hz, 1H), 3.94 – 3.85 (m, 

2H), 3.51 – 3.45 (m, 1H), 3.18 (dd, J = 14.4, 7.1 Hz, 1H), 3.30 (m, 1H), 3.03 (bs, 1H), 2.72 

(bs, 1H) 1.37 (s, 9H), 1.14 (t, J = 7.0, 3H). 13C NMR (100 MHz, CDCl3) δ 154.0, 108.9, 

80.5, 72.5, 71.1, 70.1, 55.1, 54.6, 38.8, 28.3, 15.5

t-Butyl ((3R,3aS,4R,6aR)-4-hydroxyhexahydrofuro[2,3-b]furan-3-yl)(isopropyl)carbamate 
(21)

Following the general procedure outlined above, alcohol 21 was prepared in 95% yield. 1H 

NMR (400 MHz, CDCl3) δ 5.81 (d, J = 5.1 Hz, 1H), 4.88–4.64 (bs, 1H), 4.44 (quin, J = 6.8, 

13.8 Hz, 1H), 4.17–4.09 (m, 1H), 4.01 (dd, J = 6.4, 9.0 Hz, 1H), 3.91 (dd, J = 4.4, 9.7 Hz, 

1H), 3.65 (t, J = 8.4 Hz, 2H), 2.87–2.77 (bs, 1H), 1.49 (s, 9H), 1.26 (d, J = 6.8 Hz, 3H), 1.22 

(d, J = 6.8 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 109.3, 80.7, 72.8, 71.3, 70.4, 53.7, 46.7, 

28.5, 21.8, 21.4; LRMS (ESI), m/z 310 (M + Na)+.

Preparation of activated carbonates 22a–f from polycyclic P2-ligands

To a solution of the corresponding alcohol (11, 17 – 21) in dry CH2Cl2 was added pyridine 

(2.3 eq). The resulting mixture was cooled to 0 °C under argon and 4-

nitrophenylchloroformate (2.2 eq) was added in a single portion. The resulting mixture was 

warmed to 23 °C and stirred until the starting material was consumed. The reaction mixture 

was evaporated to dryness and the residue was purified by flash column chromatography on 

silica gel using a gradient of 20–40% ethyl acetate/hexanes to afford the desired ligand-

activated carbonate 22a–f.

(3R,3aS,4R,6aR)-4-Azidohexahydrofuro[2,3-b]furan-3-yl 4-nitrophenyl carbonate (22a)

Follow ): Following the general procedure outlined above for the activation of the bis-THF 

alcohol, carbonate 22a was obtained in 65% yield. Rf = 0.53, (40% ethyl acetate/

hexanes). 1H NMR (400 MHz, CDCl3) δ 8.31 (d, J = 8.0 Hz, 2H), 7.40 (d, J = 12.0 Hz, 2H), 

5.89 (d, J = 5.2 Hz, 1H), 5.39 – 5.34 (m, 1H), 4.32 (bs, 1H), 4.25 – 4.12 (m, 2H), 4.08 (d, J 

= 10.3 Hz, 1H), 3.96 (dd, J = 10.3 Hz, 5.6 Hz, 1H), 3.18 – 3.15 (m, 1H). 13C NMR (100 

MHz, CDCl3) δ 154.9, 151.7, 145.6, 125.4, 121.6, 108.6, 76.1, 73.6, 70.6, 61.2, 51.7

t-Butyl(3R,3aS,4R,6aR)-4-((4-nitrophenoxy)carbonyloxy)hexahydrofuro[2,3-b]furan-3-
ylcarbamate (22b)

Following the general procedure outlined above for the activation of the bis-THF alcohol, 

carbonate 22b was obtained in 86% yield. Rf = 0.38, (40% ethyl acetate/hexanes). 1H NMR 

(300 MHz, CDCl3) δ 8.20 (d, J = 12.2 Hz, 2H), 7.45 (d, J = 12.0 Hz 2H), 5.83 (d, J = 5.2 

Hz, 1H), 5.37 – 5.32 (m, 1H), 4.92 (d, J = 8.2 Hz, 1H), 4.54 (bs, 1H), 4.19 – 4.09 (m, 2H), 

4.02 – 3.75 (m, 2H), 3.07 – 3.03 (m, 1H), 1.44 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 155.2, 

154.9, 151.8, 145.6, 125.3, 122.0, 108.5, 80.2, 76.3, 74.5, 70.7, 53.3, 51.9, 28.3. LRMS 

(ESI), m/z 433 (M + Na)+.
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Methyl(3R,3aS,4R,6aR)-4-((4-nitrophenoxy)carbonyloxy)hexahydrofuro[2,3-b]furan-3-
ylcarbamate (22c)

Following the general procedure outlined above for the activation of the bis-THF alcohol, 

carbonate 22c was obtained in 86% yield. Rf = 0.52, (40% ethyl acetate/hexanes). 1H NMR 

(300 MHz, CDCl3) δ 8.29 (d, J = 12.0 Hz, 2H), 7.45 (d, J = 9.0 Hz, 2H), 5.83 (d, J = 5.2 Hz, 

1H), 5.33 (dt, J = 8.5, 6.0 Hz, 1H), 5.18 (d, J = 8.2 Hz, 1H), 4.56 (bs, 1H), 4.22 – 4.22 – 

4.10 (m, 2H), 4.03 – 3.82 (m, 2H), 3.67 (s, 3H), 3.07 (t, J = 8.6, Hz, 1H). 13C NMR (75 

MHz, CDCl3) δ 156.2, 155.2, 151.8, 145.6, 125.3, 121.9, 108.4, 77.2, 76.1, 74.28, 70.5, 

53.1, 52.3. LRMS (ESI), m/z 391 (M + Na)+.

t-Butylmethyl((3R,3aS,4R,6aR)-4-((4-nitrophenoxy)carbonyloxy)hexahydrofuro[2,3-
b]furan-3-yl)carbamate (22d)

Following the general procedure outlined above for the activation of the bis-THF alcohol, 

carbonate 22d was obtained in 94% yield. Rf = 0.49, (40% ethyl acetate/hexanes). 1H NMR 

(300 MHz, CDCl3) δ 8.25 (d, J = 12.1 Hz, 2H), 7.52 (d, J = 8.7 Hz, 2H), 5.88 (d, J = 5.3 Hz, 

1H), 5.28 (bs, 2H), 4.19 – 4.10 (m, 2H), 4.01 (d, J = 10.4 Hz, 1H), 3.88 (t, J = 8.8 Hz, 1H), 

3.10 (t, J = 8.0 Hz, 1H), 2.79 (s, 3H), 1.42 (s, 9H). 13C NMR (75 MHz, CDCl3) δ 155.4, 

155.2, 151.8, 145.5, 125.1, 122.3, 108.9, 80.2, 76.2, 72.8, 69.5, 54.8, 51.3, 29.4, 28.3

t-Butyl ethyl((3R,3aS,4R,6aR)-4-((4-nitrophenoxy)carbonyloxy)hexahydrofuro[2,3-b]furan-3-
yl)carbamate (22e)

Following the general procedure outlined above for the activation of the bis-THF alcohol, 

carbonate 22e was obtained in 88% yield. Rf = 0.56, (30% ethyl acetate/hexanes). 1H NMR 

(400 MHz, CDCl3) δ 8.25 (d, J = 8.8 Hz, 2H), 7.47 (d, J = 8.9 Hz, 2H), 5.87 (d, J = 5.2 Hz, 

1H), 5.30 (q, J = 7.2 Hz, 1H), 5.00 (bs, 1H), 4.18 – 4.12 (m, 2H), 4.00 (dd, J = 10.2, 2.6 Hz, 

1H), 3.89 (dd, J = 9.7, 7.4 Hz, 1H), 3.26 – 3.16 (m, 3H), 1.44 (s, 9H), 1.16 (t, J = 7.0 Hz, 

3H). 13C NMR (100 MHz, CDCl3) δ 155.3, 151.7, 145.5, 126.0, 125.1, 121.9, 115.5, 108.9, 

80.2, 76.2, 72.8, 69.5, 55.7, 51.8, 28.3, 15.5. LRMS (ESI), m/z 461 (M + Na)+.

t-Butyl isopropyl((3R,3aS,4R,6aR)-4-(((4-nitrophenoxy)carbonyl)oxy)hexahydrofuro[2,3-
b]furan-3-yl)carbamate (22f)

Following the general procedure outlined above for the activation of the bis-THF alcohol, 

carbonate 22f was obtained in 64% yield. 1H NMR (400 MHz, CDCl3) δ 8.28 (d, J = 9.2 Hz, 

2H), 7.46 (d, J = 8.4 Hz, 2H), 5.91 (d, J = 6.0 Hz, 1H), 5.28 (q, J = 7.5, 15.0 Hz, 1H), 4.27–

4.15 (m, 2H), 3.98–3.92 (m, 1H), 3.91–3.85 (m, 1H), 3.31–3.21 (m, 1H), 1.45 (s, 9H), 1.26 

(d, J = 6.9 Hz, 3H), 1.23 (d, J = 6.9 Hz, 3H).

General procedure for the synthesis of HIV-1-protease inhibitors

Hydroxyethylamine sulfonamide Isostere 23 or 24 was taken up in CH3CN and cooled to 0 

°C. i-Pr2EtN (5eq, excess) was added, and the resulting solution was stirred for 5 min. The 

corresponding activated bis-THF ligand (from 22a–f) was added and the resulting yellow 

solution was stirred at 23 °C until the reaction was complete (18–24 h). The reaction was 

concentrated under vacuum and the crude residue purified by flash column chromatography 

on silica gel to obtain the desired inhibitor.
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(3R,3aR,4R,6aR)-4-Azidohexahydrofuro[2,3-b]furan-3-yl (2S,3R)-3-hydroxy-4-(N-isobutyl-4-
methoxyphenylsulfonamido)-1-phenylbutan-2-ylcarbamate (25a)

The titled inhibitor was synthesized using the general procedure outlined above. The desired 

inhibitor was obtained as an amorphous white solid (94% yield). Rf = 0.47 (50% ethyl 

acetate/hexanes). 1H NMR (300 MHz, Chloroform-d) δ 7.72 (d, J = 8.9 Hz, 2H), 7.39 – 7.10 

(m, 5H), 6.99 (d, J = 8.9 Hz, 2H), 5.74 (d, J = 5.1 Hz, 1H), 5.16 – 4.91 (m, 2H), 4.02 – 3.89 

(m, 2H), 3.88 (s, 3H), 3.79 (d, J = 4.0 Hz, 3H), 3.74 – 3.64 (m, 2H), 3.35 (s, 1H), 3.24 – 2.85 

(m, 5H), 2.83 – 2.73 (m, 2H), 1.88 – 1.79 (m, 1H), 0.93 (d, J = 6.6 Hz, 3H), 0.89 (d, J = 6.6 

Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 163.1, 154.9, 137.6, 129.5, 129.3, 128.5, 126.8, 

114.4, 108.6, 73.6, 72.8, 72.2, 71.0, 61.4, 58.9, 55.6, 55.2, 53.6, 52.0, 35.4, 27.3, 20.1, 19.9. 

Mass: HRMS (ESI), Calcd for C28H37N5O8S: m/z 626.2261 (M+Na), found m/z 626.2260 

(M+Na).

(3R,3aS,4R,6aR)-4-Aminohexahydrofuro[2,3-b]furan-3-yl (2S,3R)-3-hydroxy-4-(N-isobutyl-4-
methoxyphenylsulfonamido)-1-phenylbutan-2-ylcarbamate (25b)

Inhibitor 25a was dissolved in ethyl acetate and treated with Pd/C and under a hydrogen 

balloon for 1 h. The reaction mixture was filtered through a plug of celite. The solution was 

concentrated under vacuum and the crude residue purified by flash column chromatography 

on silica gel to yield inhibitor 25b as an amorphous white solid (71% yield). Rf = 0.10 (10% 

methanol/CH2Cl2). 1H NMR (300 MHz, Chloroform-d) δ 7.72 (d, J = 8.8 Hz, 2H), 7.38 – 

7.11 (m, 5H), 6.99 (d, J = 8.9 Hz, 2H), 5.76 (d, J = 5.1 Hz, 1H), 5.06 (d, J = 8.0 Hz, 2H), 

3.99 – 3.88 (m, 8H), 3.75 – 3.53 (m, 2H), 3.21 – 2.95 (m, 5H), 2.83 – 2.76 (m, 2H), 2.64 (d, 

J = 8.7 Hz, 1H), 2.23 (bs, 2H), 1.88 – 1.79 (m, 1H), 0.91 (dd, J = 14.7, 6.6 Hz, 6H). Mass: 

HRMS (ESI), Calcd for C28H39N3O8S: m/z 578.2535 (M+Na), found m/z 578.2527 (M

+Na).

(3R,3aS,4R,6aR)-4-((2S,3R)-3-Hydroxy-4-(N-isobutyl-4-methoxyphenylsulfonamido)-1-
phenylbutan-2-ylcarbamoyloxy)hexahydrofuro[2,3-b]furan-3-yl t-butyl carbamate (25c)

The titled inhibitor was synthesized using the general procedure outlined above. The desired 

inhibitor 25c was obtained as an amorphous white solid (69% yield). Rf = 0.3 (50% ethyl 

acetate/hexanes). 1H NMR (400 MHz, CDCl3) δ 7.67 (d, J = 8.7 Hz, 2H), 7.31 – 7.19 (m, 

5H), 6.97 (d, J = 8.9 Hz, 2H), 5.74 (d, J = 5.0 Hz, 1H), 5.24 – 5.02 (m, 2H), 4.86 (d, J = 6.7 

Hz, 1H), 4.19 (bs, 1H), 3.98 – 3.91 (m, 2H), 3.86 (s, 3H), 3.80 – 3.69 (m, 3H), 3.20 – 2.61 

(m, 7H), 1.99 – 1.70 (m, 1H), 1.42 (d, J = 2.6 Hz, 9H), 0.87 (dd, J = 15.4, 6.5 Hz, 6H). 13C 

NMR (100 MHz, CDCl3) δ 163.0, 155.2, 154.8, 137.5, 129.4, 128.5, 126.5, 114.3, 108.3, 

79.8, 74.8, 72.2, 71.5, 65.8, 58.7, 55.6, 55.1, 53.6, 52.6, 52.0, 35.2, 30.2, 28.3, 27.2, 20.0, 

19.8, 15.2. Mass: HRMS (ESI), Calcd for C33H47N3O10S: m/z 700.2880 (M+Na), found m/z 

700.2865 (M+Na).

(3R,3aS,4R,6aR)-4-((2S,3R)-3-Hydroxy-4-(N-isobutyl-4-methoxyphenylsulfonamido)-1-
phenylbutan-2-ylcarbamoyloxy)hexahydrofuro[2,3-b]furan-3-yl methyl carbamate (25d)

The titled inhibitor 25d was synthesized using the general procedure outlined above. The 

desired inhibitor 25d was obtained as an amorphous white solid (96% yield). Rf = 0.11 (50% 

ethyl acetate/hexanes). 1H NMR (300 MHz, Chloroform-d) δ 7.69 (d, J = 8.7 Hz, 2H), 7.43 
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– 7.16 (m, 5H), 6.98 (d, J = 8.9 Hz, 2H), 5.75 (d, J = 5.0 Hz, 1H), 5.11 (bs, 2H), 4.95 (bs, 

1H), 3.99 (d, J = 6.1 Hz, 2H), 3.87 (s, 5H), 3.83 – 3.52 (m, 6H), 3.23 – 2.64 (m, 8H), 1.97 – 

1.66 (m, 1H), 0.88 (dd, J = 12.0, 6.7 Hz, 6H). 13C NMR (100 MHz, Chloroform-d) δ 162.9, 

156.1, 155.2, 137.6, 129.7, 129.4, 128.5, 126.5, 114.3, 108.3, 74.5, 72.3, 72.1, 71.2, 58.6, 

55.5, 55.2, 53.5, 52.5, 52.2, 52.1, 35.2, 27.1, 20.0, 19.8. Mass: HRMS (ESI), Calcd for 

C30H41N3O10S: m/z 658.2410 (M+Na), found m/z 658.2429 (M+Na).

(3R,3aS,4R,6aR)-4-((2S,3R)-3-Hydroxy-4-(N-isobutyl-4-methoxyphenylsulfonamido)-1-
phenylbutan-2-ylcarbamoyloxy)hexahydrofuro[2,3-b]furan-3-yl methyl t-butyl carbamate 
(25e)

The titled inhibitor was synthesized using the general procedure outlined above. The desired 

inhibitor 25e was obtained as an amorphous white solid (78% yield). Rf = 0.33 (50% ethyl 

acetate/hexanes). 1H NMR (300 MHz, Chloroform-d) δ 7.84 – 7.53 (m, 2H), 7.39 – 7.07 (m, 

5H), 6.96 (d, J = 8.8 Hz, 2H), 5.78 (s, 1H), 5.14 (s, 2H), 4.96 – 4.34 (m, 1H), 4.13 – 4.01 (m, 

3H), 3.87 (s, 6H), 3.69 – 3.37 (m, 1H), 3.16 – 2.59 (m, 9H), 1.64 – 1.52 (m, 1H), 1.45 (d, J = 

9.4 Hz, 9H), 1.00 – 0.75 (m, 6H). Mass: HRMS (ESI), Calcd for C34H49N3O10S: m/z 

692.3217 (M+H), found m/z 692.3205 (M+Na).

(3R,3aR,4R,6aR)-4-(Methylamino)hexahydrofuro[2,3-b]furan-3-yl(2S,3R)-3-hydroxy-4-(N-
isobutyl-4-methoxyphenylsulfonamido)-1-phenylbutan-2-ylcarbamate (25f)

Inhibitor 25e was dissolved in CH2Cl2/TFA (4:1) at 0 °C and stirred for 2 h and then 

warmed to 23 °C. The reaction mixture was concentrated under vacuum and purified by 

flash column chromatography on silica gel. The desired inhibitor 25f was obtained as an 

amorphous white solid (65% yield). Rf = 0.20 (10% methanol/CH2Cl2). 1H NMR (300 

MHz, Chloroform-d) δ 7.71 (d, J = 8.9 Hz, 2H), 7.41 – 7.13 (m, 5H), 6.98 (d, J = 8.9 Hz, 

2H), 5.72 (d, J = 5.2 Hz, 1H), 5.22 – 4.90 (m, 2H), 3.96 (dd, J = 9.7, 6.2 Hz, 1H), 3.87 (s, 

5H), 3.84 – 3.62 (m, 3H), 3.22 – 2.89 (m, 5H), 2.79 (dt, J = 21.8, 8.1 Hz, 4H), 2.17 (s, 3H), 

2.16 (s, 1H), 1.91 – 1.75 (m, 1H), 0.90 (dd, J = 12.8, 6.6 Hz, 6H). 13C NMR (75 MHz, 

CDCl3) δ 163.1, 155.3, 137.7, 129.6, 129.5, 129.3, 128.5, 126.6, 114.4, 108.8, 74.1, 72.7, 

71.0, 60.4, 58.8, 55.6, 55.2, 53.6, 51.6, 35.4, 33.9, 27.3, 20.1, 19.9. Mass: HRMS (ESI), 

Calcd for C29H41N3O8S: m/z 592.2692 (M+Na), found m/z 592.2690 (M+Na).

(3R,3aS,4R,6aR)-4-(Methylamino)hexahydrofuro[2,3-b]furan-3-yl(2S,3R)-4-(4-amino-N-
isobutylphenylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcarbamate (25g)

Inhibitor 25g was obtained over two steps. Amine 24 was reacted with carbonate 22d and 

the resulting Boc protected intermediate was dissolved in CH2Cl2/TFA (4:1) at 0 °C and 

stirred for 2 h at 23 °C. The reaction mixture was concentrated under vacuum and purified 

by flash column chromatography on silica gel. The desired inhibitor 25g was obtained as an 

amorphous white solid (65% yield). Rf = 0.10 (10% methanol/CH2Cl2). 1H NMR (300 

MHz, Chloroform-d) δ 7.54 (d, J = 8.6 Hz, 2H), 7.36 – 7.16 (m, 5H), 6.69 (d, J = 8.6 Hz, 

2H), 5.75 (d, J = 5.1 Hz, 1H), 5.30 – 5.05 (m, 2H), 4.19 (s, 2H), 3.97 (dd, J = 9.7, 6.2 Hz, 

1H), 3.86 (d, J = 3.6 Hz, 4H), 3.71 (dq, J = 11.1, 4.7 Hz, 2H), 3.22 – 2.87 (m, 5H), 2.87 – 

2.68 (m, 4H), 2.27 (s, 3H), 1.92 – 1.71 (m, 1H), 0.91 (dd, J = 12.1, 6.6 Hz, 6H). 13C NMR 
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(75 MHz, CDCl3) δ 155.2, 150.7, 137.8, 129.5, 129.3, 128.5, 126.6, 125.9, 114.0, 108.8, 

73.5, 72.7, 72.6, 71.0, 67.9, 60.3, 58.8, 55.3, 53.7, 51.1, 35.5, found m/z 577.2679 (M+H).

t-Butylethyl((3R,3aS,4R,6aR)-4-((((2S,3R)-3-hydroxy-4-((N-isobutyl-4-methoxyphenyl) 
sulfonamido)-1-phenylbutan-2-yl)carbamoyl)oxy)hexahydrofuro[2,3-b]furan-3-yl) 
carbamate (25h)

The titled inhibitor was synthesized using the general procedure outlined above. The desired 

inhibitor 25h was obtained as an oil (56% yield). Rf = 0.38 (50% ethyl acetate/hexanes). 1H 

NMR (500 MHz, CDCl3) δ 7.72 (m, 2H), 7.29 (m, 3H), 7.22 (m, 2H), 6.97 (d, J = 8.8 Hz, 

2H), 5.80 (m, 1H), 5.13 (m, 1H), 4.04 (m, 1H), 3.91 (d, J = 9.7 Hz, 2H), 3.87 (s, 3H), 3.84 

(bs, 2H), 3.69 (m, 1H), 3.19–2.87 (m, 8H), 2.76 (dd, J = 13.3 Hz, J = 6.6 Hz, 2H), 1.80 (m, 

1H), 1.45 (s, 9H), 0.90 (d, J = 6.6 Hz, 3H), 0.86 (d, J = 6.4 Hz, 3H); 13C NMR (125 MHz, 

CDCl3) δ 163.2, 155.5, 155.0, 137.7, 129.9, 129.7, 129.6, 128.7, 126.8, 114.5, 109.1, 80.3, 

73.6, 72.6, 72.4, 70.8, 58.9, 55.8, 55.2, 53.8, 35.4, 28.6, 27.4, 20.3, 20.0, 15.8; LRMS-ESI 

(m/z) 728.6 [M + Na]+; HRMS-ESI (m/z) [M + Na]+ calcd for (C35H51N3O10S), 728.3193; 

found, 728.3186.

((3R,3aS,4R,6aR)-4-(Ethylamino)hexahydrofuro[2,3-b]furan-3-yl (2S,3R)-3-hydroxy-4-(N-
isobutyl-4-methoxyphenylsulfonamido)-1-phenylbutan-2-ylcarbamate (25i)

The titled inhibitor was obtained over two steps. First the N-Boc protected intermediate was 

obtained following the general procedure outlined above. The N-Boc protected intermediate 

to inhibitor 25i was dissolved in a solution of CH2Cl2/TFA (4:1) and stirred at 23 °C for 2 h. 

The reaction mixture was concentrated and the residue was purified by flash 

chromatography. Inhibitor 25i was obtained as an amorphous white solid (62% yield, 2 

steps). 1H NMR (400 MHz, CD4OD) δ 7.77 (d, J = 8.9 Hz, 2H), 7.28 (bs, 4H), 7.23 – 7.20 

(m, 1H), 7.08 (d, J = 8.9 Hz, 2H), 5.73 (d, J = 5.2 Hz, 1H), 5.09 – 5.04 (m, 1H), 4.08 (d, J = 

11.5 Hz, 1H), 4.00 – 3.93 (m, 3H), 3.87 (s, 3H), 3.85 – 3.82 (m, 1H), 3.81 – 3.71 (m, 2H), 

3.50 (dd, J = 15.0, 3.8 Hz, 1H), 3.20 – 3.18 (m, 1H), 3.16 – 3.06 (m, 4H), 2.91 – 2.78 (m, 

3H), 2.60 – 2.52 (m, 2H), 2.03 – 1.99 (m, 1H), 1.19 (t, J = 7.2 Hz, 3H), 0.90 (d, J = 5.5 Hz, 

4H), 0.85 (d, J = 6.6 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 163.1, 155.3, 137.9, 129.4, 

128.5, 126.7, 114.3, 108.5, 72.1, 71.1, 60.3, 58.7, 58.4, 55.6, 53.2, 48.7, 41.4, 35.1, 29.6, 

27.1, 21.0, 20.0, 19.8, 14.1. Mass: HRMS (ESI), Calcd for: C30H43N3O8S m/z 606.2849 (M

+H), found m/z 606.2849 (M+H).

(3R,3aS,4R,6aR)-4-(Isopropylamino)hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-3-hydroxy-4-
((N-isobutyl-4-methoxyphenyl)sulfonamido)-1-phenylbutan-2-yl)carbamate (25j)

The titled inhibitor was synthesized using the general procedure outlined above. The desired 

inhibitor 25j was obtained as an amorphous white solid (73% yield).). Rf = 0.4 (4% 

MeOH/CH2Cl2). 1H NMR (400 MHz, CDCl3) δ 7.69 (d, J = 9.0 Hz, 2H), 7.32–7.26 (m, 

2H), 7.25–7.19 (m, 3H), 6.98 (d, J = 9.0 Hz, 2H), 5.73 (d, J = 5.6, 1H), 5.11 (q, J = 14.0, 7.1 

Hz, 1H), 5.0 (d, J = 8.1 Hz, 1H), 4.0–3.93 (m, 1H), 3.92–3.82 (m, 3H), 3.87 (s, 3H), 3.79–

3.68 (m, 3H), 3.27–3.23 (m, 1H), 3.17–3.08 (m, 1H), 3.05–2.87 (m, 5H), 2.82–2.69 (m, 3H), 

1.87–1.76 (m, 1H), 0.99 (d, J = 6.2 Hz, 3H), 0.96 (d, J = 6.2 Hz, 3H), 0.91 (d, J = 6.6 Hz, 

3H), 0.87 (d, J = 6.6 Hz, 3H); 13C NMR (125 MHz, CDCl3) δ 163.3, 155.7, 137.6, 129.9, 
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129.7, 129.6, 128.8, 126.9, 114.6, 108.9, 75.1, 73.1, 72.8, 71.3, 59.0, 56.1, 55.8, 55.4, 53.8, 

52.3, 46.3, 35,5, 27.5, 23.3, 23.1, 20.3, 20.1; HRMS-ESI (m/z) [M + H]+ calcd for 

(C31H45N3O8S), 620.3006; found, 620.2996.

(3R,3aS,4R,6aR)-4-(Dimethylamino)hexahydrofuro[2,3-b]furan-3-yl (2S,3R)-3-hydroxy-4-(N-
isobutyl-4-methoxyphenylsulfonamido)-1-phenylbutan-2-ylcarbamate (25k)

Inhibitor 25k (27 mg, 0.05 mmol) was dissolved in dichloroethane (2 mL) and 

paraformaldehyde (powder, 60 mg, excess), NaBH3CN (50 mg, 0.23 mmol) and AcOH (20 

μL) were added sequentially. The reaction mixture was stirred at 23 °C for 24 h. The 

reaction was diluted with CH2Cl2 and washed with sat. NaHCO3. The organic layer was 

combined dried over magnesium sulfate and concentrated under vacuum and purified over 

silica gel. The desired inhibitor 25k was obtained as an amorphous white solid (50% yield). 

Rf = 0.33 (10% methanol/CH2Cl2). 1H NMR (300 MHz, Chloroform-d) δ 7.71 (d, J = 8.8 

Hz, 2H), 7.38 – 7.12 (m, 5H), 6.99 (d, J = 8.8 Hz, 2H), 5.68 (d, J = 5.3 Hz, 1H), 5.18 – 5.13 

(m, 1H), 5.04 (d, J = 8.4 Hz, 1H), 4.06 – 3.78 (m, 8H), 3.78 – 3.57 (m, 1H), 3.18 – 2.76 (m, 

8H), 2.07 (s, 6H), 1.93 – 1.69 (m, 1H), 0.89 (dd, J = 12.8, 6.6 Hz, 6H). 13C NMR (75 MHz, 

CDCl3) δ 163.1, 155.2, 137.5, 129.6, 129.4, 129.3, 128.6, 126.7, 114.4, 109.2, 77.2, 72.8, 

72.7, 72.6, 70.5, 64.7, 58.8, 55.6, 55.2, 53.7, 45.4, 41.4, 35.3, 27.3, 20.1, 19.8. Mass: HRMS 

(ESI), Calcd for C30H43N3O8S: m/z 606.2849 (M+Na), found m/z 606.2849 (M+Na).

(3R,3aS,4R,6aR)-4-(Diethylamino)hexahydrofuro[2,3-b]furan-3-yl (2S,3R)-3-hydroxy-4-(N-
isobutyl-4-methoxyphenylsulfonamido)-1-phenylbutan-2-ylcarbamate (25l)

Inhibitor 25b (27 mg, 0.05 mmol) was dissolved in dichloroethane (2 mL) and acetaldehyde 

(10 μL, excess), NaBH3CN (50 mg, 0.23 mmol) and AcOH (20 μL) were added 

sequentially. The reaction mixture was stirred at 23 °C for 24 h. The reaction was diluted 

with CH2Cl2 and washed with sat. NaHCO3. The organic layer was combined dried over 

magnesium sulfate and concentrated under vacuum and purified over silica gel. The desired 

inhibitor 25l was obtained as an amorphous white solid (53% yield). Rf = 0.38 (10% 

methanol/CH2Cl2). 1H NMR (300 MHz, Chloroform-d) δ 7.69 (d, J = 8.8 Hz, 2H), 7.39 – 

7.13 (m, 5H), 6.98 (d, J = 8.9 Hz, 2H), 5.69 (d, J = 5.3 Hz, 1H), 5.17 (d, J = 8.3 Hz, 1H), 

5.02 (d, J = 8.2 Hz, 1H), 4.01 – 3.91 (m, 3H), 3.87 (s, 5H), 3.65 (dd, J = 9.5, 6.4 Hz, 1H), 

3.56 (d, J = 6.0 Hz, 1H), 3.23 – 3.04 (m, 1H), 3.04 – 2.71 (m, 7H), 2.54 -2.45 (m, 2H), 2.28 

(m, 2H), 1.94 – 1.72 (m, 1H), 0.99 (t, J = 7.1 Hz, 6H), 0.88 (dd, J = 11.3, 6.6 Hz, 6H). 13C 

NMR (75 MHz, CDCl3) δ 163.0, 155.3, 137.3, 129.6, 129.4, 129.3, 128.6, 126.7, 114.3, 

109.3, 73.4, 73.0, 72.4, 70.7, 60.7, 58.7, 55.6, 55.0, 53.6, 46.7, 43.9, 35.1, 27.2, 20.1, 19.9, 

13.5. Mass: HRMS (ESI), Calcd for C32H47N3O8S: m/z 634.3162 (M+Na), found m/z 

634.3152 (M+Na).

Methods: Determination of X-ray structures of HIV-1 protease-inhibitor 

complexes

The optimized HIV-1 protease was expressed and purified as described.39 The protease-

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

solutions containing sodium chloride and sodium acetate buffer at pH 5. Diffraction data 

were collected on a single crystal cooled to 90 K at SER-CAT (using the 22-ID beamline for 
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inhibitor 25f and the 22-BM beamline for inhibitor 25g, Advanced Photon Source, Argonne 

National Lab (Chicago, USA) with X-ray wavelengths of 0.8 and 1.0 Å, respectively. X-ray 

data were processed by HKL-2000 with Rmerge values of 5.7% and 7.7%, respectively.40 

Using the isomorphous structure41 as an initial model, the crystal structures were solved 

with PHASER42 in CCP4i Suite,43,44 and refined with SHELX-97,45 to 1.34 Å and 1.29 Å 

resolution, respectively, for the complexes with inhibitor 25f and inhibitor 25g. COOT,46 

was used for manual modification of the structures. PRODRG-2,47 was used to construct the 

inhibitor and the restraints for refinement. Alternative conformations were modeled when 

visible in the electron density maps, and isotropic atomic displacement parameters (B 

factors) were applied for all atoms including solvent molecules. The final refined solvent 

structure comprised two sodium ions, three chloride ions and 147 water molecules for the 

protease complex with inhibitor 25f, and one sodium ion, two chloride ions, three acetate 

ions and 137 water molecules for the complex with inhibitor 25g. The crystallographic 

statistics are listed in the supplementary material section. The coordinates and structure 

factors of HIV-1 protease with inhibitor 25f and inhibitor 25g structures have been deposited 

in Protein Data Bank with code 5BRY and 5BS4, respectively.
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Abbreviations

THF tetrahydrofuran

bis-THF bis-tetrahydrofuran

tris-THF tris-tetrahydrofuran

PI protease inhibitor

CNS central nervous system

TFA trifluoroacetic acid

DRV darunavir

APV amprenavir
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Figure 1. 
Structure of HIV-1 protease inhibitors 1–4 and 25j.
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Figure 2. 
A. X-ray structure of inhibitor 25f-bound HIV-1 protease (PDB code: 5BRY). Hydrogen 

bonding interactions are shown as dotted lines. B. The main backbone interactions with 

Gly48 in the flap region and Asp29 and Asp30 in the S2 subsite are shown.
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Scheme 1. 
Synthesis of azido bis-THF derivatives
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Scheme 2. 
Synthesis of various C4-amino bis-THF derivatives
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Scheme 3. 
Synthesis of various aminoalcohol derivatives
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Scheme 4. 
Synthesis of active carbonates of bis-THF ligands
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Scheme 5. 
Synthesis of HIV-1 protease inhibitors 25a–l
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Table 1

Enzymatic inhibitory and antiviral activity of inhibitors

Entry Inhibitor Ki(nM) IC50(nM)a,b

1. 0.0039 4.4 ±0.5

2. 0.53 48 ± 6.5

3. 0.014 4.4 ± 0.9

4. 0.024 3.7±0.5

5. 0.012 37 ±7.7

6. 0.0015 35 ±2.8
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Entry Inhibitor Ki(nM) IC50(nM)a,b

7. 0.0099 480 ± 31

8. 0.048 nt

9. 0.027 22 ± 1.1

10. 0.0063 0.34± 0.2

11. 0.014 4.4±0.7

12. 0.014 7.2 ±0.4

a
Human T-lymphoid (MT-2) cells were exposed to 100 TCID50 values of HIV-1LAI, and cultured in the presence of each PI, and IC50 values 

were determined using the MTT assay. Darunavir exhibited Ki,= 16 pM, IC50 = 3.0 nM.

b
nt = not tested.

J Med Chem. Author manuscript; available in PMC 2016 September 10.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Ghosh et al. Page 33

Table 2

Antiviral Activity of 25f, 25i and 25j against Multidrug Resistant HIV-1 Variants.

Virus DRV

EC50 ± SD, (μM) (fold change)a,b

Inhibitor 25jInhibitor 25f Inhibitor 25i

HIV-1NL4-3 0.0026 ±0.0006 0.029 ±0.003 0.015 ±0.003 0.001 ±0.0033

HIV-1DRV RP10 0.031 ±0.005 (12)   nd 0.039 ±0.009 (2.6) 0.021 ±0.004 (21)

HIV-1DRVRP20 0.097 ±0.051 (37.3) 0.032 ±0.003 (1.1) nd 0.024 ±0.013 (23)

HIV-1DRV Rp51 3.5 ±1.4 (1346)   nd 0.23 ±0.08 (15) 0.26 ±0.12 (260)

a
MT-4 cells (1 × 104) were exposed to 50 TC1D50S of wild-type HIV-lNL4-3, HIV-1DRVRP10, HIV-lDRVRP20, or HIV-lDRVRP51 and 

cultured in the presence of various concentrations of each PI, and the IC50 values were determined using the XTT assay. The amino acid 

substitutions identified in protease of HIV-lDRVRP10, HIV-lDRVRP20 and HIV-lDRVRP51 compared to HIV-1NL4-3 include L101/I15V/

K20R/L241/V321/M361/M46L/L63P/V82A/L89M; L101/115V/K20R/L241/V321/M361/M46L/L63P/A71T/V82A/L89M and L101/115V/K20R/
L241/V321/L33F/M36I/M46L/I54M/L63P/K70Q/V82I/I84V/L89M, respectively.

b
All assays were conducted in triplicate, and the data shown respresent mean values (±1 standard deviation) derived from the results of two 

independent experiments. nd, not determined.
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