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Abstract

A series of potent HIV-1 protease inhibitors with a lipophilic adamantyl P1 ligand have been 

designed, synthesized and evaluated. We have developed an enantioselective synthesis of 

adamantane-derived hydroxyethylamine isostere utilizing Sharpless asymmetric epoxidation as the 

key step. Various inhibitors incorporating P1-adamanylmethyl in combination with P2-ligands 

such as 3-(R)-THF, 3-(S)-THF, bis-THF and THF-THP were examined. The S1′ pocket was also 

probed with phenyl and phenylmethyl ligands. Inhibitor 15d, with an isobutyl P1′ ligand and a 

bis-THF P2 ligand proved to be the most potent of the series. The cLogP value of inhibitor 15d is 

impoved compared to inhibitor 2 with a phenylmethyl P1-ligand. X-ray structural studies of 15d, 
15h and 15i with HIV-1 protease complexes revealed molecular insight into the inhibitor-protein 

interaction.
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Introduction

The development of HIV-1 protease inhibitors (PIs) and their incorporation into 

antiretroviral therapy (ART) has dramatically reduced the mortality and morbidity rates of 

HIV/AIDS patients.1–3 However, the growing emergence of drug-resistant strains of HIV 

has raised concerns as to the long-term viability of current treatment options.4 In an effort to 

address this drug-resistance, our PI design strategy has been aimed at targeting the protease 

backbone, resulting in many potent inhibitors such as FDA approved darunavir, 1 (Figure 1) 

and related compound TMC-126, 2.5–8 The X-ray crystal structures of inhibitors 1- and 2-

bound HIV-1 protease provided critical ligand-binding site interactions responsible for their 

broad-spectrum antiviral activity against multidrug-resistant HIV-1 variants.9, 10

In an effort to further optimize ligand-binding site interactions in the active site of HIV-1 

protease, we have designed a stereochemically defined tris-tetrahydrofuran (tris-THF) as the 

P2 ligand.8,11 The resulting inhibitor 3 exhibited significantly improved antiviral activity 

against a panel of multidrug-resistant HIV-1 variants compared to darunavir. An X-ray 

structure of inhibitor 3-bound HIV-1 protease revealed that the ring oxygens of both A and B 

rings of tris-THF formed strong hydrogen bonds with the backbone atoms of Asp29 and 

Asp30 similar to darunavir.12 However, the C-ring oxygen did not form any direct hydrogen 

bonds in the active site. Instead, it formed a water-mediated hydrogen bond with the side 

chain of Arg8′ in the active site.11 Furthermore, it appeared that the ring C filled in the 

hydrophobic pocket in the S1 – S2 subsites. Based upon this specific ligand-binding site 

interaction, recently we have incorporated biphenyl rings to fill in the S1 – S2 extended 

subsite in the active site. Inhibitor 4 turned out to be a very potent inhibitor.13 However, the 

X-ray structure of 4-bound HIV-protease showed that the binding mode of the biphenyl ring 

was different than what we desired. The biphenyl ring rotated away from the S2 site and 

filled in a hydrophobic channel in the extended S1 subsite. Based upon this molecular 

insight, we further speculated that a bulkier, more uniform P1 ligand than biphenyl may 

maximize van der Waals interactions in S1 subsite. A number of other P1-ligand 

optimization attempts have been reported literature.14,15 However, we are particularly 

interested in an adamantane-derived P1-ligand that can effectively fill in the hydrophobic 
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pocket as well as improve overall lipophilicity to improve drug properties.16, 17 Indeed, an 

adamantane ring, regarded as a liphophilic bullet in medicinal chemistry, has been utilized in 

the design of numerous antiviral agents.18 Also, an adamantane core is inherent to many 

approved therapeutics, such as amantadine19, rimantadine20, and tromantadine21, which 

were among first marketed drugs. Herein, we report our studies on adamantane-derived 

protease inhibitors in inhibitor design, synthesis, biological evaluation, and X-ray structural 

studies of inhibitor-bound HIV-1 protease. A number of inhibitors displayed potent enzyme 

inhibitor activity. For our studies, we have developed an enantioselective synthesis of 

adamantane-derived hydroxyethylamine isosteres utilizing Sharpless asymmetric 

epoxidation as the key step.

Results and Discussion

The size and steric bulk of the adamantane group is quite different from the phenyl ring 

inherent to many potent protease inhibitors, including darunavir and TMC-126. It is possible 

that an optimized P2-ligand with a P1-phenylmethyl side chain may not be ideal for a P1-

adamantanylmethyl side chain. To modulate ligand-binding site interactions in the S1 and S2 

subsites, we plan to investigate P1-admentanylmethyl in combination with other P1′ and 

P2-ligands containing different steric, electronic, and stereochemical features. Adamantane-

bearing dipeptide isosteres have not been previously reported. We, therefore, plan to devise 

an effective synthesis of hydroxyethylamine isosteres with an adamantanylmethyl group as a 

P1-ligand in an optically active form.

Our synthesis of adamantane-derived hydroxyethylamine sulfonamide isosteres is shown in 

Scheme 1. Commercially available 1-adamantaneethanol 5 was converted to the 

corresponding aldehyde by Swern oxidation.22 Horner-Wadsworth-Emmons reaction of the 

resulting aldehyde with triethylphosphonoacetate and sodium hydride in THF at −78 °C to 

23 °C provided α,β-unsaturated ester 6 in 74% yield. Reduction of this ester with Dibal-H in 

CH2Cl2 at 0 °C afforded allylic alcohol 7 in 80% yield. Sharpless asymmetric epoxidation of 

allylic alcohol 7 with (−)-diethyl-D-tartrate at −20 °C for 22 h furnished optically active 

epoxide 8 in excellent yield.23 Epoxide 8 was subjected to azidotrimethylsilane and titanium 

isopropoxide in benzene at refluxing temperature as described by Sharpless and co-

workers.24 This has resulted in regioselective opening of epoxide 8, providing azide diol 9 in 

68% yield. The diol 9 was converted to epoxide 10 by exposure to 2-acetoxyisobutyryl 

chloride in CHCl3 at 0 °C for 1 h. Treatment of the resulting chloroacetate with sodium 

methoxide in THF at 0 °C for 1 h provided epoxide 10 in 67% yield.25

For the synthesis of (R)-hydroxyethylamine sulfonamide isosteres, epoxide 10 was reacted 

with isobutylamine in DMF at 60 °C for 15 h to provide amine 11a in 98% yield. As shown 

in Scheme 2, epoxide opeing with benzylamine under similar conditions afforded 

benzylamine derivative 11b in 92% yield. Epoxide opening with aniline was carried out in 

the presence of lithium bromide and excess of aniline at 23 °C for 6 h as described in the 

literature.26 This has provided amine 11c in 84% yield. The secondary amines 11a–c were 

then reacted with 4-methoxybenzenesulfonyl chloride or 4-nitrobenzenesulfonyl chloride in 

the presence of aqueous NaHCO3 to furnish azidosulfonamide 12a–d. These azide 

derivatives were reduced by catalytic hydrogenation over Pd/C under a hydrogen-filled 
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balloon in methanol to provide the amine derivatives 13a–d.27 This hydrogenation condition 

also reduced the aromatic nitro group in 12b to the corresponding amine derivative.

For the synthesis of protease inhibitors containing P1 adamantanylmethyl group and varying 

P2-ligands, we planned to incorporate both enantiomers of 3-hydroxytetrahydrofuran and 3-

hydroxy-bis-tetrahydrofuran as well as 3-hydroxyhexahydrofuropyran derivatives.28 

(Scheme 3) For the synthesis of respective carbamate derivative, the required activated 

carbonate derivatives of these ligands 14a–f were prepared as described by us 

previously.27, 28 Reaction of amine 13a with succinimidyl carbonate 14a in CH3CN at 23 °C 

for 72 h in the presence of Et3N afforded inhibitor 15a in 56% yield. Similarly, other 

activated carbonate derivatives were reacted with amines 13a–d to provide inhibitors 15b–j 
in Table 1.

All inhibitors were evaluated in an enzyme inhibitory assay based on the protocol reported 

by Toth and Marshall.29 Based on these results, selected inhibitors were further evaluated in 

antiviral assays. These results can be seen in Table 1. Inhibitors containing bis-THF as the 

P2 ligand (15d, 15e, and 15f) were more potent than derivatives with any other P2 ligand. 

This suggests that the expansion of hydrophobic contact and filling of the P1 pocket does not 

interfere with P2 ligand binding, despite their close proximity. It also indicates that the P1 

adamantane group occupies the same space as the phenyl ring of darunavir 1 instead of the 

hydrophobic space closer to the P2 site that was occupied by the tris-THF containing 

inhibitor 3. Inhibitors utilizing the (S)-THF P2 ligand from carbonate 14a or (R)-bicyclic P2 

ligands from carbonates 14c and 14e (inhibitors 15a, 15d, and 15i) were more potent than 

derivatives with the enantiomeric P2 ligands (inhibitors 15b, 15e, and 15j) which agrees 

with what has been previously shown in the literature. Analysis of the TMC-126 and 

darunavir derivatives, 15d and 15f, shows a shows a similar potency pattern, with the p-

methoxybenzene sulfonamide P2′ isostere being more potent than the p-aminobenzene 

sulfonamide P2′ isostere in both enzymatic and antiviral assays with Ki values of 0.48 nM 

and 0.73 nM, respectively, and antiviral IC50 values of 32 nM and 60 nM, respectively. The 

cLogP value for inhibitor 15d is 6.53 compared to cLogP value of 3.78 for inhibitor 2, which 

indicates that adamantane-derived inhibitors may possibly improve membrane permeability 

significantly. When comparing P1′ ligands, isobutylamine remains to be preferred when 

paired with an adamantane P1 ligand. While both the phenylamine 15g and benzylamine 

15h were potent inhibitors, with Ki values of 1.1 and 8.5 nM, respectively, both were less 

potent than the isobutylamine derivative, 15d with a Ki value of 0.48 nM. However, the fold-

change between enzymatic Ki and antiviral IC50 values is less for benzylamine derivative 

15h, 36-fold-change, than for isobutylamine derivative 15d, 67-fold change. This suggests 

that while the potency is not necessarily better, the cell membrane permeability may be 

enhanced, allowing for more inhibitor to interact with the enzyme after cell membrane 

penetration. Furthermore, enzymatic activity trends show that activity decreases as the size 

of the P1′ ligand increases. This suggests that while the S1′ pocket may be able to 

accommodate larger moieties, the van der Waals contacts are optimal with isobutyl, which 

remains the preferred side chain in this series.

We selected inhibitors 15a and 15d for further evaluation against a panel of multidrug 

resistant (MDR) HIV-1 variants. The antiviral activity of these compounds were also 
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compared to clinically available PIs, darunavir (DRV) and amprenavir (APV).9 The results 

are shown in Table 2. Inhibitor 15d exhibited low nanomolar IC50 value comparable to APV 

against the wild-type HIV-1NL4-3. Inhibitor 15d also displayed comparable antiviral activity 

against viral strain C to APV. However, it did not show any appreciable antiviral activity 

against viral strains B and HIV-1 DRV
R

20. Inhibitor 15a was significantly less potent against 

the wild-type HIV-1NL4-3 and it did not exhibit appreciable antiviral activity against viral 

strains tested. DRV exhibited superior activity against the multi-drug resistant HIV-1 

variants tested.

To gain insight into the inhibitor-enzyme interactions, the X-ray crystal structure of wild 

type 15d-bound HIV protease was solved at 1.49 Å resolution with Rwork and Rfree values of 

21.5 and 23.7%. A stereoview of the active site interactions is shown in Figure 2. The 

structure contains one protease dimer with inhibitor 15d bound at the active site in a single 

conformation. The overall structure of the protease complex is comparable to the HIV-1 

protease complex with darunavir30 with root mean square difference of 0.33Å for 198 Cα 
atoms. The largest difference of 2.4 Å occurs at Pro81, indicating a shift in the position of 

the 80’s loop. The bis-THF P2 ligand forms strong hydrogen bonding interactions with the 

backbone NH of Asp29 and Asp30 while the carbamate NH forms a hydrogen bond with the 

carbonyl oxygen of Gly27. The transition state hydroxyl group forms hydrogen bonds with 

the Asp25 and Asp25′ side chain carboxylates. The P2′ methoxy group hydrogen bonds to 

the backbone NH of Asp30′. A water-mediated hydrogen bonding network is formed 

between the NHs of Ile50 and Ile50′ to the conserved, structural water molecule which, in 

turn, hydrogen bonds to the P2 carbamate carbonyl and the P2′ sulfonamide. The salient 

feature of inhibitor 15d is the adamantanylmethyl group in the P1 position. This bulky P1 

group forms van der Waals interactions with 80’s loop residues (Thr80, Pro81, Val82 and 

Ile84), flap residues (Gly48, Gly49 and Ile50) and Gly27 from the catalytic triad in the 

inhibitor-protease complex. The P1′-isobutyl group forms van der Waals contacts with 

Leu23′, Asp25′, Gly27 and Val82′.

An overlay of the X-ray crystal structures of inhibitors 2 (TMC-126) and 15d in the HIV-1 

protease active site is shown in Figure 3. As can be seen, the key interactions in the S2, S1′ 
and S2′ subsites are very similar. The major differences are in van der Waals interactions for 

15d are due to the adamantanylmethyl group vs the phenylmethyl group of inhibitor 2. In 

particular, the key hydrogen bonding distances from the oxygens of the bis-THF moiety with 

the Asp29 and Asp30 backbone NHs were conserved with 2.9, 3.2, and 3.0 Å in 2 to 2.9, 

3.2, and 3.1 Å in 15d. The side view of Figure 3 shows protein surface interaction of both 

inhibitors. The adamantanylmethyl group occupies greater volume than that of the 

phenylmethyl group of inhibitor 2. This does better fill the S1 pocket as predicted; however, 

the close proximity of the van der Waals radius of the inhibitor 15d and enzyme atoms may 

destabilize the interaction as compared to that of 2. The adamantyl group lies within 0.8 Å 

of the enzyme in the S1 pocket whereas 2 affords much more room with 1.6 Å between the 

benzyl group and the enzyme pocket. This effect may explain the difference of enzyme 

inhibitory and antiviral activity between these two inhibitors.

We have also determined the crystal structures of HIV-1 protease in complex with inhibitors 

15h and 15i at 1.7 Å and 1.1 Å, respectively, and refined to Rwork/Rfree values of 22.8/27.8% 
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and 15.8/19.2%, respectively. Both crystal structures contain one protease dimer with an 

inhibitor bound at the active site in a single conformation. The active site interactions of 

inhibitor 15h are shown in Figure 4. This inhibitor 15h shows a similar binding pattern as 

the inhibitor 15d, except in the S1′ subsite where the P1′ benzyl group occupies the 

hydrophobic pocket instead of the isobutyl in 15i and 15d. The bigger benzyl group in the 

S1′ subsite has contacts with Asp25′, Thr80′, Pro81′, and Ile84′, in addition to the flap 

residue Gly49.

The active site interactions of the X-ray crystal structure of 15i and HIV-1 protease complex 

are shown in Figure 5. The inhibitor features an (R)-THF-THP P2 ligand and an 

adamantanylmethyl group as the P1 ligand. This inhibitor is significantly less active than 

inhibitor 15d. The ligand-binding site interactions of inhibitor 15i in the S1, S1′ and S2′ 
subsites are similar to inhibitor 15d. However, the fused-tetrahydrofuranyltetrahydropyran 

rings in the S2 pocket, resulted in small alterations in hydrogen bond lengths and angles. 

These changes may be responsible for the decrease in potency of 15i compared to 15d. A 

comparison of hydrogen bonds for 15d and 15i with Asp29 and Asp30 NHs reveal that bond 

distances show little change, with bond lengths changing from 2.9, 3.2, and 3.1 Å in 15d to 

2.9, 3.4, and 3.1 Å in 15i. However, there has been narrowing of bond angles for the (R)-

THF-THP P2 ligand compared to bis-THF ligand in 15d. The hydrogen bond angles and 

lengths appear to be more optimal for the bis-THF P2 ligand. These minor changes in the 

geometry of the hydrogen bonding interactions may explain the difference of activity 

between these two inhibitors.

Conclusions

We have designed, synthesized, and evaluated a series of inhibitors containing an 

adamantane moiety as the P1 ligand to improve hydrophobic contacts in the S1 site. An 

enantioselective adamantane-derived hydroxyethylamine isostere was synthesized utilizing 

Sharpless asymmetric epoxidation as the key step. A number of P2 ligands were examined 

including THF, bis-THF, and THF-THP in combination with P1-adamantyl ligand. Inhibitor 

15d proved to be the most potent. We have also examined (R)-THF-THP as the P2 ligand in 

combination with adamantanylmethyl group as the P1 ligand in inhibitor 15i. The ligand 

contains one carbon atom more than the bis-THF ligand in darunavir. However, the inhibitor 

15i turns out be significantly less active than inhibitor 15d. X-ray crystal structures of 15d, 
15h, and 15i in the HIV-1 protease active site revealed extensive interactions of the bicyclic 

P2-ligands with the HIV-1 protease backbone atoms. However, the hydrophobic surface of 

the P1-adamantane ligand may be too close to the enzyme surface. The close 0.8 Å distance 

between the adamantyl P1 ligand and the S1 pocket of the enzyme is unfavorable, resulting 

in an nonoptimal van der Waals radius and destabilizing the inhibitor-protein interaction. 

The 1.6 Å distance between the benzyl group of previous inhibitors and the enzyme S1 

pocket provides much more favorable interactions. Further design and synthesis of inhibitors 

using this insight is in progress.
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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.

Ethyl (E)-4-((3r,5r,7r)-adamantan-1-yl)but-2-enoate (6)

A solution of oxalyl chloride (2.62 mL, 30.51 mmol, 1.1 eq) in dry DCM (115 mL) under 

argon was cooled to −78°C. A mixture of 5 (5.0 g, 27.73 mmol, 1 eq) and dimethyl 

sulfoxide (4.33 mL, 61.01 mmol, 2.2 eq) in dry DCM (20 mL) was added via cannula. The 

reaction was stirred at −78°C for 15 minutes. Triethylamine (19.34 mL, 138.65 mmol, 5 eq) 

was added and the reaction was warmed to room temperature and stirred for 2 hours. The 

reaction was quenched with water (60 mL) and extracted with DCM (3x60 mL). The 

combined organic layer was washed with 1 M HCl, water, NaHCO3, and brine, dried over 

Na2SO4, and concentrated in vacuo to provide the crude aldehyde as a yellow liquid.

Sodium hydride (60% dispersion in mineral oil, 1.66 g, 41.6 mmol, 1.5 eq) was suspended in 

dry THF (115 mL) under argon and cooled to 0°C. Triethyl phosphonoacetate (8.25 mL, 

41.6 mmol, 1.5 eq) was added dropwise. The mixture was cooled to −78°C and the crude 

aldehyde in dry THF (20 mL) was added via cannula. The reaction was warmed slowly to 

room temperature and stirred for 1 hour. The reaction was quenched with NH4Cl (30 mL) 

and the THF was evaporated in vacuo. Water (30 mL) and ethyl acetate (60 mL) were added 

to the residue. The aqueous layer was extracted with ethyl acetate (3x60 mL). The combined 

organic layer was washed with brine, dried over Na2SO4, and concentrated in vacuo. The 

crude product was purified via column chromatography (30% ethyl acetate/hexanes) to 

afford 6 (5.10 g, 74% yield, 2 steps) as a clear liquid; 1H NMR (400 MHz, CDCl3): δ 6.92 

(dt, J = 15.8, 7.9 Hz, 1H), 5.76 - 5.68 (m, 1H), 4.11 (q, J = 7.1 Hz, 2H), 1.91 – 1.86 (m, 5H), 

1.63 (d, J = 115.Hz, 3H), 1.55 (d, J = 12.4 Hz, 3H), 1.44 (s, 6H), 1.21 (t, J = 7.1 Hz, 

3H); 13C NMR (100 MHz, CDCl3) δ 166.32, 145.85, 123.30, 60.00, 47.16, 42.44, 36.88, 

33.42, 28.65, 14.27; LRMS-ESI (m/z): 249 [M + H].

(E)-4-((3r,5r,7r)-Adamantan-1-yl)but-2-en-1-ol (7)

Ester 6 (5.10 g, 20.52 mmol, 1 eq) was dissolved in dry DCM (100 mL) under argon and 

cooled to 0°C. DIBAl-H (1 M in hexanes, 61.56 mL, 61.56 mmol, 3 eq) was added and the 
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reaction was warmed to room temperature. After 30 minutes, the reaction was quenched 

with water (10 mL) and 1 M NaOH (10 mL) was added. The reaction was stirred for 15 

minutes and then magnesium sulfate was added and stirred for an additional 15 minutes. The 

reaction was filtered over celite and concentrated in vacuo. The crude product was purified 

via column chromatography (15% ethyl acetate/hexanes) to afford 7 (3.38 g, 80% yield) as a 

colorless liquid; 1H NMR (400 MHz, CDCl3) δ 5.69 (dt, J = 14.7, 7.3 Hz, 1H), 5.58 (dt, J = 

15.2, 5.8 Hz, 1H), 5.28 (s, 1H), 4.08 (d, J = 5.8 Hz, 2H), 1.92 (s, 3H), 1.79 (d, J = 7.3 Hz, 

2H), 1.68 (d, J = 12.0 Hz, 3H), 1.59 (d, J = 11.6 Hz, 3H), 1.45 (d, J = 2.2 Hz, 5H); 13C NMR 

(100 MHz, CDCl3) δ 131.32, 129.23, 63.94, 53.55, 47.36, 42.53, 37.21, 32.95, 28.83. 

LRMS-CI (m/z): 207 [M + H].

((2R,3R)-3-(((3R,5R,7R)-Adamantan-1-yl)methyl)oxiran-2-yl)methanol (8)

A two-necked flask was charged with 4Å molecular sieves, flame-dried, and cooled to room 

temperature. Under argon, dry dichloromethane (160 mL) was added followed by Ti(iPrO)4 

(390 μL, 1.31 mmol, 0.08 eq) and (−)-diethyl D-tartrate (170 μL, 0.98 mmol, 0.06 eq). The 

mixture is cooled to −20°C. Tert-butyl hydroperoxide solution (5.0 – 6.0 M in decane, 3.5 

mL, 35.99 mmol, 2.2 eq) was added dropwise and the reaction was stirred at −20°C for 30 

minutes. Allylic alcohol 7 was dissolved in dry dichloromethane and added dropwise via 

cannula. The reaction was stirred at −20°C for 18 hours. The reaction was warmed to 0°C 

and water (50 mL) was added. The mixture was stirred for 30 minutes at 0°C. 30% NaOH 

(15 mL) was added and the reaction was warmed to room temperature and stirred for 1 hour 

at room temperature. The reaction was filtered to remove molecular sieves. The aqueous 

phase was extracted with dichloromethane (3 × 25 mL). The combined organic phase was 

washed with brine, dried over sodium sulfate, and concentrated under reduced pressure. The 

crude product was purified via column chromatography (30% ethyl acetate/hexanes to 50% 

ethyl acetate/hexanes) to give 8 as a colorless liquid (2.70 g, 84% yield); [α]D
23 +21.07° (c 

1.12 CHCl3); 1H NMR (400 MHz, CDCl3) δ 3.86 (d, J = 12.6 Hz, 1 H), 3.55 (d, J = 12.6, 

1H), 3.01 – 2.96 (m, 1H), 2.79 (dt, J = 4.8, 2.5 Hz, 1H), 2.69 (s, 1H), 1.92 (s, 3H), 1.67 (d, J 
= 12.0 Hz, 3H), 1.60 (d J = 12.1 Hz, 3H), 1.54 (d, J = 2.4 Hz, 6H) 1.35 – 1.21 (m, 2H); 13C 

NMR (100 MHz, CDCl3) δ 61.79, 58.59, 52.53, 46.32, 42.74, 36.98, 32.60, 28.59. LRMS-

CI (m/z): 223 [M + H].

(2S,3S)-4-((1s,3R)-Adamantan-1-yl)-3-azidobutane-1,2-diol (9)

A solution of titanium isopropoxide (5.1 mL, 17.22 mmol, 1.5 eq) and azidotrimethylsilane 

(2.3 mL, 17.22 mmol, 1.5 eq) was refluxed in benzene (70 mL) for 2 hours under argon. 

Epoxide 8 (2.38g, 10.71 mmol, 1 eq) was dissolved in benzene (30 mL), added to the 

refluxing solution, and stirred at reflux for 30 min. The reaction was cooled to room 

temperature. 30 mL 5% H2SO4 was added and stirred for 1 hour at room temperature. The 

reaction was extracted with ethyl acetate (3 × 25 mL), washed with NaHCO3 and brine, 

dried over sodium sulfate, and concentrated under reduced pressure. The crude product was 

purified via column chromatography (30% ethyl acetate/hexanes) to give 9 as a white solid 

(1.94g, 68% yield); [α]D
23 −9.75° (c 0.8 CHCl3); 1H NMR (400 MHz, CDCl3) δ 3.74 (d, J 

= 4.8 Hz, 2H), 3.65 (q, J = 5.0 Hz, 1H), 3.52 (ddd, J = 7.9, 5.1, 2.4 Hz, 1H), 2.43 – 2.07 (m, 

2H), 1.99 (s, 3H), 1.72 (d, J = 12.0 Hz, 3H), 1.64 (d J = 12.0 Hz, 3H), 1.55 (s, 6H), 1.38 – 
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1.23 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 74.99, 63.05, 59.94, 44.31, 42.61, 37.03, 

32.02, 28.69; LRMS-APCI (m/z): 238 [M – N2].

(2S)-2-((1S)-2-((1s,3R)-Adamantan-1-yl)-1-azidoethyl)oxirane (10)

Diol 9 (1.61 g, 6.06 mmol, 1 eq) was dissolved in chloroform (30 mL) under argon and 

cooled to 0°C. 2-acetoxyisobutyryl chloride (1.2 mL, 8.49 mmol, 1.4 eq) was added and the 

reaction was stirred for 1 hour at 0°C. The reaction was quenched with aq. NaHCO3 and 

extracted with chloroform. The combined organic layer was washed with brine, dried over 

sodium sulfate, and concentrated under reduced pressure to provide the crude chloroacetate 

as a clear liquid.

The crude chloroacetate was dissolved in THF under argon and cooled to 0°C. Solid sodium 

methoxide (490 mg, 9.09 mmol, 1.5 eq) was added and the reaction was stirred at 0°C for 1 

hour. The reaction was quenched with aq. NH4Cl and extracted with ethyl acetate. The 

combined organic layer was washed with brine, dried over sodium sulfate, and concentrated 

under reduced pressure. The crude product was purified via column chromatography (100% 

hexanes to 10% ethyl aceate/hexanes) to afford 10 as a colorless oil (1.26 g, 67% yield, two-

steps); [α]D
23 −2.71° (c 1.4 CHCl3); 1H NMR (400 MHz, CDCl3) δ 3.35 (ddd, J = 8.6, 5.3, 

3.4 Hz, 1H), 2.94 (ddd, J = 5.3, 3.8, 2.6 Hz, 1H), 2.76 (qd, J = 4.9, 3.3 Hz, 2H), 1.94 (s, 3H), 

1.69 (d, J = 12.0 Hz, 3H), 1.61 (d, J = 12.2 Hz, 3H), 1.54 – 1.51 (m, 6H), 1.37 – 1.28 (m, 

2H); 13C NMR (100 MHz, CDCl3) δ 58.03, 54.27, 45.39, 45.17, 42.51, 36.89, 31.92, 28.59. 

LRMS-CI (m/z): 220 [M – N2].

(2R,3S)-4-((1s,3R)-Adamantan-1-yl)-3-azido-1-(isobutylamino)butan-2-ol (11a)

Epoxide 10 (500 mg, 2.02 mmol, 1 eq) was dissolved in dimethylformamide (10 mL) under 

argon. Isobutylamine (1.0 mL, 10.11 mmol, 5 eq) was added and the reaction was heated to 

60°C and stirred for 15 hours at 60°C. Upon completion, water was added (30 mL) and 

extracted with diethyl ether. The organic layer was washed with water (3 × 10 mL) to 

remove excess DMF and then washed with brine, dried over sodium sulfate, and 

concentrated under reduced pressure. The crude product was purified via column 

chromatography (30% ethyl acetate/hexanes to 50% ethyl acetate/hexanes) to afford 11a as a 

colorless oil (637 mg, 98% yield); [α]D
23 −12.74° (c 0.95 CHCl3); 1H NMR (400 MHz, 

CDCl3) δ 3.55 (dt, J = 8.6, 4.1 Hz, 1H), 3.49 – 3.43 (m, 1H), 2.93 (s, 1H), 2.86 (s, 1H), 2.74 

– 2.61 (m, 3H), 2.42 – 2.39 (m, 2H), 1.95 (s, 3H), 1.69 (d, J = 10.0 Hz, 3H), 1.62 (d, J = 12.1 

Hz, 3H), 1.52 (s, 6H), 1.28 – 1.14 (m, 3H), 0.89 (dd, J = 6.7, 1.6 Hz, 6H); 13C NMR (100 

MHz, CDCl3) δ 72.56, 60.65, 57.72, 50.18, 44.07, 42.58, 37.03, 31.99, 28.68, 28.53, 20.61; 

LRMS-ESI (m/z): 321 [M + H].

(2R,3S)-4-((1s,3R)-Adamantan-1-yl)-3-azido-1-(benzylamino)butan-2-ol (11b)

Epoxide 10 (50 mg, 0.20 mmol, 1 eq) was dissolved in dimethylformamide (1 mL) under 

argon. Benzylamine (110 μL, 10.11 mmol, 5 eq) was added and the reaction was heated to 

60°C and stirred for 12 hours at 60°C. Upon completion, water was added (3 mL) and 

extracted with diethyl ether. The organic layer was washed with water (3 × 5 mL) to remove 

excess DMF and then washed with brine, dried over sodium sulfate, and concentrated under 

reduced pressure. The crude product was purified via column chromatography (30% ethyl 
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acetate/hexanes to 50% ethyl acetate/hexanes) to afford 11b as a colorless oil (65 mg, 92% 

yield); [α]D
23 −8.61° (c 0.72 CHCl3); 1H NMR (400 MHz, Chloroform-d) δ 7.32 (dq, J = 

17.8, 9.7, 8.4 Hz, 5H), 3.87 – 3.76 (m, 2H), 3.59 (dt, J = 8.3, 4.1 Hz, 1H), 3.53 – 3.46 (m, 

1H), 2.85 – 2.68 (m, 2H), 1.97 (s, 3H), 1.71 (d, J = 11.7 Hz, 3H), 1.64 (d, J = 11.9 Hz, 3H), 

1.53 (s, 6H), 1.29 – 1.15 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 139.87, 128.70, 128.24, 

127.41, 72.81, 60.64, 53.87, 49.70, 44.15, 42.62, 37.06, 32.04, 28.71; LRMS-ESI (m/z): 335 

[M + H].

(2R,3S)-4-((1s,3R)-Adamantan-1-yl)-3-azido-1-(phenylamino)butan-2-ol (11c)

Lithium bromide (6 mg, 5 mol%, 0.07 mmol) was added to a neat mixture of epoxide 10 
(330 mg, 1.33 mmol, 1 eq) and aniline (120 μL, 1.33 mmol, 1eq) under argon. The reaction 

was stirred at room temperature for 6 hours. The reaction was quenched with water and 

extracted with diethyl ether. The combined organic layer was washed with brine, dried over 

sodium sulfate, and concentrated. The crude product was purified via column 

chromatography (10% ethyl acetate/hexanes to 30% ethyl acetate/hexanes) to afford 11c as a 

yellow liquid (382 mg, 84% yield); [α]D
23 −14.79° (c 0.94 CHCl3); 1H NMR (400 MHz, 

CDCl3) δ 7.22 (t, J = 7.9 Hz, 2H), 6.79 (t, J = 7.3 Hz, 1H), 6.68 (d, J = 7.8 Hz, 2H), 3.81 (dt, 

J = 8.0, 3.7 Hz, 1H), 3.56 (q, J = 5.2 Hz, 1H), 3.34 (dd, J = 13.2, 3.1 Hz, 1H), 3.18 (dd, J = 

13.1, 8.8 Hz, 1H), 2.01 (s, 3H), 1.75 (d, J = 11.9 Hz, 3H), 1.67 (d, J = 11.7 Hz, 3H), 1.57 (s, 

6H), 1.33 (d, J = 5.5 Hz, 2H); 13C (100 MHz, CDCl3) δ 148.03, 129.47, 118.57, 113.69, 

73.58, 60.74, 46.06, 44.07, 42.56, 36.97, 31.98, 28.64; LRMS-ESI (m/z): 363 [M + Na].

N-((2R,3S)-4-((1s,3R)-Adamantan-1-yl)-3-azido-2-hydroxybutyl)-N-isobutyl-4-
methoxybenzenesulfonamide (12a)

Amine 11a (447 mg, 1.40 mmol, 1 eq) was dissolved in 1:1 dichloromethane/aq. sodium 

bicarbonate. 4-methoxybenzenesulfonyl chloride (318 mg, 1.54 mmol, 1.1eq) was added and 

the reaction was stirred overnight (20 hours). The reaction was diluted with dichloromethane 

and the phases were separated. The aqueous phase was extracted with dichloromethane. The 

combined organic phase was washed with brine, dried over sodium sulfate, and concentrated 

under reduced pressure. The crude product was purified via column chromatography (10% 

ethyl acetate/hexanes to 30% ethyl acetate/hexanes) to provide 12a as a white solid (422 mg, 

61% yield); [α]D
23 −27.17° (c 1.1 CHCl3); 1H NMR (400 MHz, CDCl3) δ 7.75 (d, J = 8.8 

Hz, 2H), 7.00 (d, J = 8.8 Hz), 3.87 (s, 3H), 3.77 (td, J = 5.7, 4.7, 2.2 Hz, 1H), 3.49 (d, J = 2.6 

Hz, 1H), 3.44 (ddd, J = 8.5, 4.8, 1.6 Hz, 1H), 3.24 (dd, J = 15.3, 9.6 Hz, 1H), 3.06 – 2.93 (m, 

2H), 2.88 – 2.78 (m, 1H), 1.97 (s, 3H), 1.85 (dt, J = 14.5, 6.6 Hz, 1H), 1.71 (d, J = 12.2 Hz, 

3H), 1.63 (d, J = 11.8 Hz, 3H), 1.52 (s, 6H), 1.27 – 1.16 (m, 2H), 0.93 (dd, J = 22.3, 6.6, 

6H); 13C NMR (100 MHz, CDCl3) δ 163.23, 129.92, 129.64, 114.52, 74.13, 60.73, 58.90, 

55.77, 52.30, 44.20, 42.58, 37.00, 32.05, 28.66, 27.38, 20.34, 19.99; LRMS-ESI (m/z): 513 

[M + Na].

N-((2R,3S)-4-((1s,3R)-Adamantan-1-yl)-3-azido-2-hydroxybutyl)-N-isobutyl-4-
nitrobenzenesulfonamide (12b)

Amine 11a (78 mg, 0.24 mmol, 1 eq) was dissolved in 1:1 dichloromethane/aq. sodium 

bicarbonate. 4-nitrobenzenesulfonyl chloride (59 mg, 0.27 mmol, 1.1eq) was added and the 
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reaction was stirred overnight (18 hours). The reaction was diluted with dichloromethane 

and the phases were separated. The aqueous phase was extracted with dichloromethane. The 

combined organic phase was washed with brine, dried over sodium sulfate, and concentrated 

under reduced pressure. The crude product was purified via column chromatography (10% 

ethyl acetate/hexanes to 30% ethyl acetate/hexanes) to provide 12b as a white solid (67 mg, 

55% yield); [α]D
23 −30.86° (c 1.1 CHCl3); 1H NMR (400 MHz, CDCl3) δ 8.38 (d, J = 8.8 

Hz, 2H), 8.01 (d, J = 8.8 Hz, 2H), 3.79 (dtd, J = 9.0, 4.4, 2.1 Hz, 1H), 3.45 (ddd, J = 7.2, 4.6, 

2.3 Hz, 1H), 3.30 (dd, J = 15.3, 9.5 Hz, 1H), 3.08 (ddd, J = 15.5, 10.9, 5.1 Hz, 3H), 2.97 (dd, 

J = 13.5, 7.1 Hz, 1H), 1.97 (s, 3H), 1.90 (dt, J = 14.0, 7.0 Hz, 1H), 1.71 (d, J = 12.0 Hz, 3H), 

1.62 (d, J = 11.9 Hz), 1.52 (s, 6H), 1.26 – 1.22 (m, 2H), 0.91 (dd, J = 18.1, 6.6 Hz, 6H); 13C 

NMR (100 MHz, CDCl3) δ 150.23, 144.71, 128.66, 124.54, 73.88, 60.88, 58.22, 51.76, 

44.21, 42.55, 36.93, 32.01, 28.61, 27.17, 19.91; LRMS-ESI (m/z): 528 [M + Na].

N-((2R,3S)-4-((1s,3R)-Adamantan-1-yl)-3-azido-2-hydroxybutyl)-N-benzyl-4-
methoxybenzenesulfonamide (12c)

Amine 11b (65 mg, 0.18 mmol, 1 eq) was dissolved in 1:1 dichloromethane/aq. sodium 

bicarbonate. 4-methoxybenzenesulfonyl chloride (42 mg, 0.20 mmol, 1.1eq) was added and 

the reaction was stirred overnight (16 hours). The reaction was diluted with dichloromethane 

and the phases were separated. The aqueous phase was extracted with dichloromethane. The 

combined organic phase was washed with brine, dried over sodium sulfate, and concentrated 

under reduced pressure. The crude product was purified via column chromatography (10% 

ethyl acetate/hexanes to 30% ethyl acetate/hexanes) to provide 12c as a white solid (88 mg, 

94% yield); [α]D
23 −40.12° (c 0.82 CHCl3); 1H NMR (400 MHz, Chloroform-d) δ 7.81 (d, 

J = 8.9 Hz, 2H), 7.35 – 7.28 (m, 5H), 7.07 – 7.02 (m, 2H), 4.63 (d, J = 14.0 Hz, 1H), 4.01 (d, 

J = 14.0 Hz, 1H), 3.90 (s, 3H), 3.31 (d, J = 5.4 Hz, 2H), 3.26 (s, 2H), 2.97 (d, J = 14.2 Hz, 

1H), 1.92 (s, 3H), 1.67 (d, J = 11.9 Hz, 3H), 1.57 (d, J = 10.6 Hz, 3H), 1.37 (d, J = 15.2 Hz, 

6H), 0.87 (dd, J = 14.6, 8.4 Hz, 1H), 0.76 – 0.69 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 
187.91, 163.40, 135.75, 129.72, 129.10, 129.03, 114.70, 74.41, 60.54, 55.85, 54.77, 51.23, 

43.99, 42.36, 36.98, 33.04, 31.88, 28.81, 28.60; LRMS-ESI (m/z): 547 [M + Na].

N-((2R,3S)-4-((1s,3R)-Adamantan-1-yl)-3-azido-2-hydroxybutyl)-4-methoxy-N-
phenylbenzenesulfonamide (12d)

Amine 11b (382 mg, 1.12 mmol, 1 eq) was dissolved in 1:1 dichloromethane/aq. sodium 

bicarbonate. 4-methoxybenzenesulfonyl chloride (254 mg, 1.23 mmol, 1.1eq) was added and 

the reaction was stirred overnight (18 hours). The reaction was diluted with dichloromethane 

and the phases were separated. The aqueous phase was extracted with dichloromethane. The 

combined organic phase was washed with brine, dried over sodium sulfate, and concentrated 

under reduced pressure. The crude product was purified via column chromatography (10% 

ethyl acetate/hexanes to 30% ethyl acetate/hexanes) to provide 12d as a white solid (145 mg, 

25% yield); [α]D
23 −5.62° (c 1.1 CHCl3); 1H NMR (400 MHz, Chloroform-d) δ 7.53 (d, J = 

8.9 Hz, 2H), 7.38 – 7.29 (m, 3H), 7.13 – 7.05 (m, 2H), 6.94 (d, J = 8.9 Hz, 2H), 3.87 (s, 3H), 

3.75 (dd, J = 14.0, 8.7 Hz, 1H), 3.62 (dd, J = 9.0, 4.9 Hz, 1H), 3.53 – 3.43 (m, 2H), 2.97 – 

2.86 (m, 1H), 1.94 (s, 3H), 1.69 (d, J = 12.0 Hz, 3H), 1.60 (d, J = 11.7 Hz, 3H), 1.46 (s, 6H), 

1.15 (d, J = 7.5 Hz, 2H); 13C NMR (101 MHz, CDCl3) δ 163.12, 139.65, 129.83, 129.25, 
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129.10, 128.63, 128.26, 114.03, 73.07, 59.87, 55.53, 53.57, 43.55, 42.28, 36.75, 31.71, 

28.41. LRMS-ESI (m/z): 533 [M + Na].

N-((2R,3S)-4-((1s,3R)-Adamantan-1-yl)-3-amino-2-hydroxybutyl)-N-isobutyl-4-
methoxybenzenesulfonamide (13a)

Azide 12a (377 mg, 0.76 mmol, 1 eq) was dissolved in methanol (5 mL). The reaction vessel 

was flushed with argon. Palladium on carbon (10% Pd basis, 40 mg, 10 wt %) was added. 

The flask was evacuated and then subjected to a hydrogen atmosphere at 1 atm pressure. The 

reaction was allowed to stir at room temperature under a hydrogen atmostphere for 16 hours. 

The reaction was removed from hydrogen and celite (250 mg) was added. The methanol was 

evaporated under reduced pressure. Ethyl acetate was added and stirred for 30 min. The 

reaction was filtered, the celite pad was washed with ethyl acetate, and the solvent was 

evaporated under reduced pressure. The crude product was purified via column 

chromatography (5% methanol/dichloromethane – 10% methanol/dichloromethane) to 

afford 13a as a white solid (198 mg, 38% yield); [α]D
23 −9.63° (c 0.81 CHCl3); 1H NMR 

(400 MHz, Chloroform-d) δ 7.75 (d, J = 8.7 Hz, 2H), 6.96 (d, J = 8.7 Hz, 2H), 3.85 (s, 3H), 

3.66 (d, J = 8.2 Hz, 1H), 3.26 (dd, J = 15.0, 9.4 Hz, 1H), 3.15 – 3.11 (m, 1H), 3.02 – 2.83 

(m, 7H), 1.94 (s, 3H), 1.68 (d, J = 11.6 Hz, 3H), 1.60 (d, J = 11.8 Hz, 3H), 1.53 (d, J = 11.5 

Hz, 3H), 1.46 (d, J = 11.8 Hz, 3H), 1.25 – 1.17 (m, 1H), 1.03 – 0.97 (m, 1H), 0.90 (dd, J = 

13.1, 6.6 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 162.98, 130.50, 129.61, 114.35, 74.25, 

58.28, 55.71, 51.54, 49.62, 47.60, 42.95, 32.47, 28.65, 27.23, 20.30, 20.07; LRMS-ESI 

(m/z): 465 [M + H].

N-((2R,3S)-4-((1s,3R)-Adamantan-1-yl)-3-amino-2-hydroxybutyl)-4-amino-N-
isobutylbenzenesulfonamide (13b)

Azide 12b (67 mg, 0.13 mmol, 1 eq) was dissolved in methanol (1 mL). The reaction vessel 

was flushed with argon. Palladium on carbon (10% Pd basis, 7 mg, 10 wt %) was added. The 

flask was evaluated and then subjected to a hydrogen atmosphere at 1 atm pressure. The 

reaction was allowed to stir at room temperature under a hydrogen atmostphere for 20 hours. 

The reaction was removed from hydrogen and celite (100 mg) was added. The methanol was 

evaporated under reduced pressure. Ethyl acetate was added and stirred for 30 min. The 

reaction was filtered, the celite pad was washed with ethyl acetate, and the solvent was 

evaporated under reduced pressure. The crude product was purified via column 

chromatography (5% methanol/dichloromethane – 10% methanol/dichloromethane) to 

afford 13b as a white solid (31 mg, 52% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.60 

(d, J = 8.6 Hz, 2H), 6.69 (d, J = 8.6 Hz, 2H), 4.12 (s, 2H), 3.69 (d, J = 8.6 Hz, 1H), 3.36 – 

3.25 (m, 1H), 3.21 – 3.15 (m, 1H), 2.99 (dd, J = 13.5, 8.0 Hz, 2H), 2.83 (dd, J = 13.4, 6.9 

Hz, 1H), 1.96 (s, 3H), 1.90 (dd, J = 13.9, 6.9 Hz, 2H), 1.70 (d, J = 12.1 Hz, 3H), 1.62 (d, J = 

11.3 Hz, 3H), 1.54 (d, J = 12.1 Hz, 3H), 1.47 (d, J = 11.7 Hz, 3H), 1.25 (s, 3H), 1.05 (dd, J = 

14.4, 7.6 Hz, 1H), 0.92 (dd, J = 19.1, 6.6 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 150.66, 

129.72, 126.96, 114.30, 58.56, 51.64, 49.80, 42.97, 37.05, 32.53, 29.85, 28.70, 27.36, 20.39, 

20.12; LRMS-ESI (m/z): 450 [M + Na].
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N-((2R,3S)-4-((1s,3R)-Adamantan-1-yl)-3-amino-2-hydroxybutyl)-N-benzyl-4-
methoxybenzenesulfonamide (13c)

Azide 12c (94 mg, 0.18 mmol, 1 eq) was dissolved in methanol (1 mL). The reaction vessel 

was flushed with argon. Palladium on carbon (10% Pd basis, 10 mg, 10 wt %) was added. 

The flask was evacuated and then subjected to a hydrogen atmosphere at 1 atmosphere 

pressure. The reaction was allowed to stir at room temperature under a hydrogen 

atmostphere for 16 hours. The reaction was removed from hydrogen and celite (100 mg) was 

added. The methanol was evaporated under reduced pressure. Ethyl acetate was added and 

stirred for 30 min. The reaction was filtered, the celite pad was washed with ethyl acetate, 

and the solvent was evaporated under reduced pressure. The crude product was purified via 

column chromatography (5% methanol/dichloromethane to 10% methanol/dichloromethane) 

to afford 13c as a white solid (31 mg, 34% yield).

N-((2R,3S)-4-((1s,3R)-adamantan-1-yl)-3-amino-2-hydroxybutyl)-4-methoxy-N-
phenylbenzenesulfonamide (13d)

Azide 12d (94 mg, 0.18 mmol, 1 eq) was dissolved in methanol (1 mL). The reaction vessel 

was flushed with argon. Palladium on carbon (10% Pd basis, 10 mg, 10 wt %) was added. 

The flask was evacuated and then subjected to a hydrogen atmosphere at 1 atm pressure. The 

reaction was allowed to stir at room temperature under a hydrogen atmostphere for 16 hours. 

The reaction was removed from hydrogen and celite (100 mg) was added. The methanol was 

evaporated under reduced pressure. Ethyl acetate was added and stirred for 30 min. The 

reaction was filtered, the celite pad was washed with ethyl acetate, and the solvent was 

evaporated under reduced pressure. The crude product was purified via column 

chromatography (5% methanol/dichloromethane – 10% methanol/dichloromethane) to 

afford 13d as a white solid (31 mg, 34% yield); [α]D
23 +10.78° (c 1.1 CHCl3); 1H NMR 

(400 MHz, Chloroform-d) δ 7.61 (d, J = 8.0 Hz, 2H), 7.26 (s, 3H), 7.07 (s, 2H), 6.90 (d, J = 

7.8 Hz, 2H), 4.93 – 4.81 (m, 2H), 4.01 – 3.91 (m, 1H), 3.82 (s, 3H), 3.51 (s, 2H), 3.43 (s, 

2H), 1.80 (s, 3H), 1.61 – 1.53 (m, 3H), 1.49 (s, 3H), 1.41 – 1.29 (m, 6H), 1.26 – 1.20 (m, 

2H); 13C NMR (101 MHz, CDCl3) δ 163.19, 139.52, 130.27, 129.26, 129.15, 128.28, 

114.21, 70.90, 55.69, 52.80, 50.66, 50.45, 43.48, 42.34, 36.69, 32.01, 28.47; LRMS-ESI 

(m/z): 485 [M + H].

(S)-Tetrahydrofuran-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-3-hydroxy-4-((N-isobutyl-4-
methoxyphenyl)sulfonamido)butan-2-yl)carbamate (15a)

Amine 13a (22 mg, 0.047 mmol, 1 eq) was dissolved in acetonitrile. Carbonate 14a (11 mg, 

0.047 mmol, 1 eq) and triethylamine (13 μL, 0.095 mmol, 2 eq) were added and the reaction 

was stirred at room temperature for 72 hours. The reaction was concentrated to afford the 

crude product. The crude product was purified via column chromatography (5% methanol/

dichloromethane – 10% methanol/dichloromethane) to afford inhibitor 15a as a white solid 

(15 mg, 56% yield); 1H NMR (500 MHz, CDCl3) δ 7.74 (d, J = 8.9 Hz, 2H), 6.99 (d, J = 8.8 

Hz, 2H), 5.23 (s, 1H), 4.76 (d, J = 8.6 Hz, 1H), 3.91 (dd, J = 9.8, 6.2 Hz, 2H), 3.88 (s, 3H), 

3.83 (td, J = 8.7, 4.6 Hz, 2H), 3.76 (dd, J = 18.4, 8.8 Hz, 2H), 3.64 (td, J = 8.6, 4.1 Hz, 1H), 

3.39 – 3.33 (m, 1H), 3.12 (dd, J = 15.2, 9.1 Hz, 1H), 3.03 – 2.92 (m, 2H), 2.84 (dd, J = 13.4, 

6.7 Hz, 1H), 2.14 (dq, J = 15.3, 8.8, 6.9 Hz, 1H), 2.01 – 1.97 (m, 1H), 1.94 (s, 3H), 1.88 (dt, 
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J = 1.5, 6.9 Hz, 1H), 1.69 (d, J = 12.1 Hz, 3H), 1.61 (d, J = 11.8 Hz, 3H), 1.51 (s, 3H), 1.48 

– 1.41 (m, 4H), 0.93 – 0.88 (m, 6H); 13C NMR (126 MHz, CDCl3) δ 163.16, 155.82, 

130.34, 129.67, 114.47, 77.41, 77.16, 76.91, 75.47, 74.30, 73.79, 67.16, 58.54, 55.78, 53.17, 

50.22, 44.78, 42.74, 37.04z, 32.26, 29.86, 28.69, 27.32, 20.07; LRMS-ESI (m/z): 601 [M + 

Na]; HRMS-ESI (m/z) [M + H]+ calculated for C30H46N2O7S 579.3104, found 579.31235; 

97.2% pure via HPLC analysis.

(R)-Tetrahydrofuran-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-3-hydroxy-4-((N-isobutyl-4-
methoxyphenyl)sulfonamido)butan-2-yl)carbamate (15b)

Amine 13a (8 mg, 0.017 mmol, 1 eq) was dissolved in acetonitrile. Carbonate 14b (4 mg, 

0.017 mmol, 1 eq) and triethylamine (5 μL, 0.034 mmol, 2 eq) were added and the reaction 

was stirred at room temperature for 60 hours. The reaction was concentrated to afford the 

crude product. The crude product was purified via column chromatography (5% methanol/

dichloromethane – 10% methanol/dichloromethane) to afford inhibitor 15b as a white solid 

(4 mg, 40% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.74 (d, J = 8.9 Hz, 2H), 7.00 (d, J 
= 8.9 Hz, 2H), 5.22 (s, 1H), 4.75 (d, J = 8.6 Hz, 1H), 3.88 (s, 3H), 3.84 (dt, J = 8.4, 4.2 Hz, 

2H), 3.82 – 3.77 (m, 1H), 3.74 – 3.69 (m, 1H), 3.68 – 3.62 (m, 1H), 3.34 (d, J = 3.3 Hz, 1H), 

3.10 (dd, J = 14.8, 8.6 Hz, 1H), 2.98 (dd, J = 13.4, 8.2 Hz, 2H), 2.85 (dd, J = 13.4, 6.9 Hz, 

1H), 2.15 (dtd, J = 14.5, 8.7, 6.3 Hz, 1H), 1.98 (d, J = 6.1 Hz, 1H), 1.94 (s, 3H), 1.91 – 1.84 

(m, 1H), 1.69 (d, J = 12.3 Hz, 3H), 1.61 (d, J = 11.8 Hz, 3H), 1.53 (d, J = 15.9 Hz, 5H), 1.46 

(d, J = 10.3 Hz, 3H), 1.13 (dd, J = 14.9, 9.6 Hz, 1H), 0.91 (dd, J = 17.6, 6.6 Hz, 6H). 13C 

NMR (125 MHz, CDCl3) δ 163.15, 155.80, 130.26, 129.65, 114.47, 75.56, 74.32, 73.36, 

67.11, 58.62, 55.78, 53.26, 50.30, 44.95, 42.76, 37.05, 33.29, 32.28, 28.71, 27.33, 20.32, 

20.09; LRMS-ESI (m/z): 601 [M + Na]; HRMS-ESI (m/z) [M + H]+ calculated for 

C30H46N2O7S 579.3104, found 579.31175; 96.8% pure via HPLC analysis.

(S)-Tetrahydrofuran-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-4-((4-amino-N-isobutylphenyl) 
sulfonamido)-3-hydroxybutan-2-yl)carbamate (15c)

Amine 13b (9 mg, 0.020 mmol, 1 eq) was dissolved in acetonitrile. Carbonate 14a (5 mg, 

0.020 mmol, 1 eq) and triethylamine (14 μL, 0.10 mmol, 5 eq) were added and the reaction 

was stirred at room temperature for 62 hours. The reaction was concentrated to afford the 

crude product. The crude product was purified via column chromatography (5% methanol/

dichloromethane – 10% methanol/dichloromethane) to afford inhibitor 15c as a white solid 

(5 mg, 45% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.56 (d, J = 8.6 Hz, 2H), 6.72 – 

6.64 (m, 2H), 5.22 (s, 1H), 4.89 – 4.80 (m, 1H), 4.19 (s, 2H), 3.88 (dd, J = 10.6, 4.9 Hz, 2H), 

3.82 (dt, J = 13.0, 6.8 Hz, 1H), 3.76 (d, J = 10.7 Hz, 1H), 3.75 – 3.70 (m, 1H), 3.63 (s, 1H), 

3.45 (s, 1H), 3.09 (dd, J = 15.0, 9.2 Hz, 1H), 3.00 – 2.87 (m, 2H), 2.80 (dd, J = 13.2, 6.6 Hz, 

1H), 2.13 (dq, J = 14.8, 7.8 Hz, 1H), 2.02 – 1.95 (m, 1H), 1.93 (s, 3H), 1.85 (dt, J = 13.1, 6.5 

Hz, 1H), 1.68 (d, J = 11.5 Hz, 3H), 1.60 (d, J = 11.7 Hz, 3H), 1.51 (d, J = 11.8 Hz, 3H), 1.44 

(d, J = 12.2 Hz, 3H), 1.39 (d, J = 15.1 Hz, 1H), 1.18 – 1.10 (m, 1H), 0.90 (dd, J = 21.9, 6.5 

Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 155.56, 150.69, 129.50, 126.43, 114.06, 76.77, 

76.77, 75.22, 74.12, 73.62, 66.99, 58.47, 53.09, 49.98, 44.54, 42.56, 36.88, 32.79, 32.07, 

28.53, 27.19, 20.20, 19.94; LRMS-ESI (m/z): 586 [M + Na]; HRMS-ESI (m/z) [M + H]+ 

calculated for C29H45N3O6S 579.3014, found 579.31235; 98.3% pure via HPLC analysis.

Ghosh et al. Page 14

J Med Chem. Author manuscript; available in PMC 2017 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-3-
hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)butan-2-yl)carbamate (15d)

Amine 13a (13 mg, 0.028 mmol, 1 eq) was dissolved in acetonitrile. Carbonate 14c (8 mg, 

0.028 mmol, 1 eq) and triethylamine (8 μL, 0.056 mmol, 2 eq) were added and the reaction 

was stirred at room temperature for 48 hours. The reaction was concentrated to afford the 

crude product. The crude product was purified via column chromatography (5% methanol/

dichloromethane – 10% methanol/dichloromethane) to afford inhibitor 15d as a white solid 

(10 mg, 59% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.73 (d, J = 8.8 Hz, 2H), 6.99 (d, 

J = 8.8 Hz, 2H), 5.70 (d, J = 5.2 Hz, 1H), 5.14 (q, J = 6.7 Hz, 1H), 4.95 (d, J = 9.0 Hz, 1H), 

4.02 (dd, J = 9.5, 6.5 Hz, 1H), 3.95 (td, J = 8.2, 2.4 Hz, 1H), 3.87 (s, 3H), 3.75 (dd, J = 9.4, 

6.6 Hz, 2H), 3.66 (td, J = 9.1, 4.1 Hz, 1H), 3.43 – 3.22 (m, 1H), 3.11 (dd, J = 15.1, 9.0 Hz, 

1H), 3.08 – 3.01 (m, 1H), 3.00 – 2.90 (m, 2H), 2.83 (dd, J = 13.4, 6.8 Hz, 1H), 2.03 – 1.96 

(m, 1H), 1.93 (s, 3H), 1.86 (dt, J = 13.1, 7.8 Hz, 2H), 1.69 (d, J = 12.0 Hz, 3H), 1.60 (d, J = 

11.8 Hz, 3H), 1.52 (d, J = 11.5 Hz, 3H), 1.45 (d, J = 11.9 Hz, 3H), 1.39 (d, J = 15.2 Hz, 1H), 

1.27 – 1.11 (m, 2H), 0.90 (dd, J = 19.6, 6.6 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 163.16, 

155.19, 130.15, 129.61, 114.46, 109.42, 74.20, 73.54, 70.84, 69.63, 58.57, 55.77, 53.20, 

50.32, 45.42, 44.49, 42.79, 36.99, 32.23, 28.66, 27.32, 25.91, 20.30, 20.07; LRMS-ESI 

(m/z): 643 [M + Na]; HRMS-ESI (m/z) [M + H]+ calculated for C32H48N2O8S 621.3210, 

found 621.32166; 95.3% pure via HPLC analysis.

(3S,3aR,6aS)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-3-
hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)butan-2-yl)carbamate (15e)

Amine 13a (20 mg, 0.043 mmol, 1 eq) was dissolved in acetonitrile. Carbonate 14d (12 mg, 

0.043 mmol, 1 eq) and triethylamine (12 μL, 0.086 mmol, 2 eq) were added and the reaction 

was stirred at room temperature for 52 hours. The reaction was concentrated to afford the 

crude product. The crude product was purified via column chromatography (5% methanol/

dichloromethane – 10% methanol/dichloromethane) to afford inhibitor 15e as a white solid 

(16 mg, 59% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.73 (d, J = 8.8 Hz, 2H), 6.99 (d, 

J = 8.7 Hz, 2H), 5.70 (d, J = 5.1 Hz, 1H), 5.14 (q, J = 6.9 Hz, 1H), 4.93 (t, J = 9.0 Hz, 1H), 

4.04 (ddd, J = 16.4, 9.5, 6.4 Hz, 1H), 3.99 – 3.92 (m, 1H), 3.87 (s, 3H), 3.78 – 3.74 (m, 1H), 

3.71 (dd, J = 9.6, 6.6 Hz, 1H), 3.66 (t, J = 8.8 Hz, 1H), 3.36 (dd, J = 35.2, 3.1 Hz, 1H), 3.12 

(dt, J = 14.7, 7.4 Hz, 1H), 3.07 – 3.02 (m, 1H), 2.99 (dd, J = 14.0, 5.6 Hz, 1H), 2.96 – 2.89 

(m, 1H), 2.85 – 2.79 (m, 1H), 2.06 – 1.99 (m, 1H), 1.93 (s, 3H), 1.88 – 1.82 (m, 2H), 1.69 

(d, J = 12.4 Hz, 3H), 1.60 (d, J = 11.8 Hz, 3H), 1.51 (d, J = 10.3 Hz, 3H), 1.44 (t, J = 11.8 

Hz, 3H), 1.39 – 1.33 (m, 1H), 1.25 – 1.11 (m, 2H), 0.90 (dd, J = 22.3, 6.5 Hz, 6H); 13C 

NMR (126 MHz, CDCl3) δ 163.16, 155.33, 130.23, 129.60, 114.46, 109.42, 74.20, 73.45, 

71.20, 69.72, 58.56, 55.78, 53.09, 50.33, 45.30, 44.49, 42.71, 36.98, 32.21, 28.64, 27.32, 

26.11, 20.31, 20.03; LRMS-ESI (m/z): 643 [M + Na]; HRMS-ESI (m/z) [M + H]+ 

calculated for C32H48N2O8S 621.3210, found 621.32200; 96.1% pure via HPLC analysis.

(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-4-((4-
amino-N-isobutylphenyl)sulfonamido)-3-hydroxybutan-2-yl)carbamate (15f)

Amine 13b (10 mg, 0.022 mmol, 1 eq) was dissolved in acetonitrile. Carbonate 14c (6 mg, 

0.022 mmol, 1 eq) and triethylamine (39 μL, 0.28 mmol, 5 eq) were added and the reaction 
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was stirred at room temperature for 40 hours. The reaction was concentrated to afford the 

crude product. The crude product was purified via column chromatography (5% methanol/

dichloromethane – 10% methanol/dichloromethane) to afford inhibitor 15f as a white solid 

(8 mg, 62% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.59 – 7.54 (m, 2H), 6.69 (d, J = 

8.7 Hz, 2H), 5.71 (d, J = 5.2 Hz, 1H), 5.14 (q, J = 6.6 Hz, 1H), 4.92 (d, J = 9.0 Hz, 1H), 4.16 

(s, 2H), 4.03 (dd, J = 9.4, 6.4 Hz, 1H), 3.95 (td, J = 8.3, 2.5 Hz, 1H), 3.90 – 3.85 (m, 1H), 

3.75 (dd, J = 9.4, 6.7 Hz, 2H), 3.66 (td, J = 9.0, 3.9 Hz, 1H), 3.36 (s, 1H), 3.13 – 3.02 (m, 

2H), 2.95 (dd, J = 13.3, 8.3 Hz, 1H), 2.89 (dd, J = 15.1, 2.2 Hz, 1H), 2.80 (dd, J = 13.4, 6.8 

Hz, 1H), 2.01 (ddd, J = 8.2, 5.7, 2.9 Hz, 1H), 1.94 (s, 3H), 1.89 – 1.80 (m, 2H), 1.69 (d, J = 

12.1 Hz, 3H), 1.61 (d, J = 11.7 Hz, 3H), 1.53 (d, J = 11.5 Hz, 3H), 1.46 (d, J = 11.9 Hz, 3H), 

1.41 (d, J = 15.0 Hz, 1H), 1.28 – 1.23 (m, 1H), 1.17 (dd, J = 14.9, 9.9 Hz, 1H), 0.90 (dd, J = 

19.2, 6.6 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 154.99, 150.66, 129.52, 126.36, 114.08, 

109.29, 74.06, 73.36, 70.71, 69.51, 58.60, 53.20, 50.13, 45.26, 44.39, 42.65, 36.86, 32.09, 

28.53, 27.24, 25.77, 20.20, 19.95; LRMS-ESI (m/z): 628 [M + Na]; HRMS-ESI (m/z) [M + 

H]+ calculated for C31H47N3O7S 606.3213, found 606.32100; 95.4% pure via HPLC 

analysis.

(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-3-
hydroxy-4-((4-methoxy-N-phenylphenyl)sulfonamido)butan-2-yl)carbamate (15g)

Amine 13d (20 mg, 0.041 mmol, 1 eq) was dissolved in acetonitrile. Carbonate 14c (11 mg, 

0.041 mmol, 1 eq) and triethylamine (12 μL, 0.083 mmol, 2 eq) were added and the reaction 

was stirred at room temperature for 58 hours. The reaction was concentrated to afford the 

crude product. The crude product was purified via column chromatography (5% methanol/

dichloromethane – 10% methanol/dichloromethane) to afford inhibitor 15g as a white solid 

(15 mg, 58% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.49 (d, J = 8.9 Hz, 2H), 7.32 (d, 

J = 6.4 Hz, 3H), 7.09 – 7.05 (m, 2H), 6.92 (d, J = 8.9 Hz, 2H), 5.70 (d, J = 5.1 Hz, 1H), 5.11 

(q, J = 6.6 Hz, 1H), 4.98 (d, J = 9.0 Hz, 1H), 4.01 (dd, J = 9.5, 6.5 Hz, 1H), 3.95 (td, J = 8.4, 

2.4 Hz, 1H), 3.87 (s, 3H), 3.80 – 3.71 (m, 2H), 3.57 (dd, J = 17.2, 8.9 Hz, 3H), 3.07 – 3.00 

(m, 1H), 2.99 – 2.91 (m, 1H), 2.02 – 1.96 (m, 1H), 1.93 (s, 3H), 1.89 – 1.80 (m, 1H), 1.69 

(d, J = 12.1 Hz, 3H), 1.60 (d, J = 11.8 Hz, 3H), 1.51 (d, J = 11.8 Hz, 3H), 1.45 (d, J = 12.1 

Hz, 3H), 1.39 (d, J = 14.8 Hz, 1H), 1.32 – 1.24 (m, 2H); 13C NMR (126 MHz, CDCl3) δ 
163.17, 155.40, 139.59, 129.87, 129.26, 129.17, 128.64, 128.24, 114.08, 109.29, 73.46, 

73.40, 70.71, 69.52, 55.64, 53.84, 50.18, 45.26, 44.53, 42.59, 36.87, 32.17, 28.55, 25.81; 

LRMS-ESI (m/z): 663 [M + Na]; HRMS-ESI (m/z) [M + H]+ calculated for C34H44N2O8S 

641.2897, found 641.29091; 97.3% purity via HPLC analysis.

(3R,3aS,6aR)-hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-4-((N-
benzyl-4-methoxyphenyl)sulfonamido)-3-hydroxybutan-2-yl)carbamate (15h)

Amine 13c (13 mg, 0.026 mmol, 1 eq) was dissolved in acetonitrile. Carbonate 14c (7 mg, 

0.026 mmol, 1 eq) and triethylamine (8 μL, 0.060 mmol, 2 eq) were added and the reaction 

was stirred at room temperature for 48 hours. The reaction was concentrated to afford the 

crude product. The crude product was purified via column chromatography (5% methanol/

dichloromethane – 10% methanol/dichloromethane) to afford inhibitor 15h as a white solid 

(16 mg, 80% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.78 (d, J = 8.9 Hz, 2H), 7.32 (q, 

J = 7.8, 6.9 Hz, 3H), 7.27 (s, 2H), 7.01 (d, J = 8.8 Hz, 2H), 5.71 (d, J = 5.2 Hz, 1H), 5.10 (p, 
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J = 6.4 Hz, 1H), 4.63 (d, J = 8.9 Hz, 1H), 4.42 – 4.26 (m, 2H), 4.02 (dd, J = 9.6, 6.3 Hz, 1H), 

3.94 (td, J = 8.2, 2.4 Hz, 1H), 3.89 (s, 3H), 3.88 – 3.81 (m, 1H), 3.73 (dd, J = 9.5, 6.6 Hz, 

1H), 3.57 – 3.50 (m, 1H), 3.41 (d, J = 5.6 Hz, 1H), 3.09 – 3.01 (m, 3H), 1.96 (ddt, J = 10.3, 

5.1, 2.4 Hz, 1H), 1.92 – 1.88 (m, 3H), 1.83 (ddd, J = 12.9, 7.4, 1.8 Hz, 1H), 1.67 (d, J = 11.9 

Hz, 3H), 1.58 (s, 3H), 1.44 – 1.40 (m, 3H), 1.35 (d, J = 12.0 Hz, 3H), 1.26 (s, 1H), 0.90 – 

0.86 (m, 2H); MR (126 MHz, CDCl3) δ 163.29, 155.36, 136.01, 130.37, 129.66, 128.98, 

128.33, 114.61, 109.43, 73.91, 73.56, 70.86, 69.65, 55.83, 54.03, 51.71, 50.24, 45.39, 44.67, 

42.62, 36.98, 32.20, 29.85, 28.64, 25.92, 22.85; LRMS-ESI (m/z): 677 [M + Na]; HRMS-

ESI (m/z) [M + H]+ calculated for C35H46N2O8S 655.3054, found 655.30729; 96.5% purity 

via HPLC analysis.

(3R,3aS,7aR)-hexahydro-4H-furo[2,3-b]pyran-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-3-
hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)butan-2-yl)carbamate (15i)

Amine 13a (20 mg, 0.049 mmol, 1 eq) was dissolved in acetonitrile. Carbonate 14e (14 mg, 

0.049 mmol, 1 eq) and triethylamine (14 μL, 0.098 mmol, 2 eq) were added and the reaction 

was stirred at room temperature for 42 hours. The reaction was concentrated to afford the 

crude product. The crude product was purified via column chromatography (5% methanol/

dichloromethane – 10% methanol/dichloromethane) to afford inhibitor 15i as a white solid 

(10 mg, 32% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.74 (d, J = 8.8 Hz, 2H), 7.00 (d, 

J = 8.9 Hz, 2H), 5.35 (td, J = 6.8, 3.7 Hz, 1H), 5.08 (d, J = 3.9 Hz, 1H), 4.89 (d, J = 8.8 Hz, 

1H), 4.22 (dd, J = 10.0, 6.6 Hz, 1H), 3.99 (dd, J = 10.1, 3.5 Hz, 1H), 3.92 (d, J = 11.6 Hz, 

1H), 3.88 (s, 3H), 3.77 – 3.71 (m, 1H), 3.67 (dd, J = 9.1, 4.4 Hz, 1H), 3.51 – 3.44 (m, 1H), 

3.30 (s, 1H), 3.09 (dd, J = 15.1, 9.0 Hz, 2H), 2.99 – 2.93 (m, 2H), 2.85 (dd, J = 13.4, 6.9 Hz, 

1H), 2.21 (dt, J = 6.7, 3.3 Hz, 1H), 1.93 (s, 3H), 1.87 (dd, J = 13.7, 7.7 Hz, 2H), 1.69 (d, J = 

11.8 Hz, 3H), 1.61 (d, J = 11.6 Hz, 3H), 1.53 (d, J = 11.7 Hz, 3H), 1.47 (d, J = 14.6 Hz, 3H), 

1.42 (s, 1H), 1.38 (dd, J = 9.7, 5.1 Hz, 1H), 1.16 (dd, J = 14.9, 9.3 Hz, 2H), 0.91 (dd, J = 

16.9, 6.6 Hz, 6H); 13C NMR (126 MHz, CDCl3) δ 163.16, 155.78, 130.19, 129.66, 114.48, 

101.35, 74.50, 74.28, 73.08, 63.86, 58.62, 55.79, 53.27, 50.36, 44.78, 42.81, 39.86, 37.04, 

32.26, 28.72, 27.33, 22.60, 20.32, 20.10; LRMS-ESI (m/z): 657 [M + Na]; HRMS-ESI (m/z) 

[M + H]+ calculated for C33H50N2O8S 635.3367, found 635.33882; 97.1% purity via HPLC 

analysis.

(3S,3aR,7aS)-hexahydro-4H-furo[2,3-b]pyran-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-3-
hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)butan-2-yl)carbamate (15j)

Amine 13a (20 mg, 0.049 mmol, 1 eq) was dissolved in acetonitrile. Carbonate 14f (14 mg, 

0.049 mmol, 1 eq) and triethylamine (14 μL, 0.098 mmol, 2 eq) were added and the reaction 

was stirred at room temperature for 44 hours. The reaction was concentrated to afford the 

crude product. The crude product was purified via column chromatography (5% methanol/

dichloromethane – 10% methanol/dichloromethane) to afford inhibitor 15j as a white solid 

(12 mg, 39% yield); 1H NMR (500 MHz, Chloroform-d) δ 7.74 (d, J = 8.8 Hz, 2H), 6.99 (d, 

J = 8.7 Hz, 2H), 5.36 – 5.31 (m, 1H), 5.08 (d, J = 3.8 Hz, 1H), 4.87 (d, J = 8.6 Hz, 1H), 4.23 

(dd, J = 10.0, 6.4 Hz, 1H), 4.00 – 3.95 (m, 1H), 3.92 (d, J = 11.5 Hz, 1H), 3.87 (s, 3H), 3.77 

– 3.72 (m, 1H), 3.66 (td, J = 8.9, 4.2 Hz, 1H), 3.48 (t, J = 10.5 Hz, 1H), 3.40 (s, 1H), 3.32 – 

3.27 (m, 1H), 3.15 – 3.08 (m, 1H), 2.98 (dq, J = 21.1, 7.2, 6.0 Hz, 2H), 2.87 – 2.79 (m, 2H), 

2.23 – 2.18 (m, 1H), 1.94 (s, 3H), 1.88 (d, J = 7.7 Hz, 1H), 1.68 (s, 3H), 1.61 (d, J = 11.6 Hz, 
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3H), 1.51 (d, J = 10.2 Hz, 3H), 1.44 (d, J = 13.1 Hz, 3H), 1.38 (s, 1H), 1.25 (s, 1H), 1.19 – 

1.12 (m, 2H), 0.93 – 0.87 (m, 6H); 13C NMR (126 MHz, CDCl3) δ 163.14, 155.96, 130.34, 

129.61, 114.46, 109.84, 101.29, 74.59, 74.27, 73.20, 63.77, 58.62, 55.78, 53.08, 50.36, 

44.63, 42.70, 39.78, 37.01, 32.25, 28.67, 27.34, 25.66, 22.60, 20.32; LRMS-ESI (m/z): 657 

[M + Na]; HRMS-ESI (m/z) [M + H]+ calculated for C33H50N2O8S 635.3367, found 

635.33875; 98.4% pure via HPLC analysis.

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

The optimized HIV-1 protease was expressed and purified as described before.31 The 

protease and inhibitor were mixed in a molar ratio of 1:5 and incubated on ice for 15 mins. 

The protease complexes with 15d, 15h and 15i were crystallized by the hanging drop vapor 

diffusion technique with well solutions of 1.7 M NaCl, 1.15M LiCl, and 1.25 M NaCl, 

respectively, in 0.1 M Sodium Acetate buffer at pH 5.5. Diffraction data were collected on a 

single crystal of each complex cryo-cooled to 90 K at SER-CAT (22-ID and 22-BM 

beamlines), Advanced Photon Source, Argonne National Lab (Chicago, USA). The X-ray 

data were integrated and scaled using HKL-200032 with Rmerge values of 9.7%, 7.6% and 

9.8%, respectively. The three structures were solved by molecular replacement using 

PHASER33 in CCP4i Suite34,35 with the previously solved HIV-1 protease-amprenavir 

complex (3NU3) as the starting model.36 The structures were refined to a resolution of 1.49 

Å, 1.7 Å and 1.16 Å, respectively, with SHELX-2014.37 COOT38 was used for manual 

rebuilding. PRODRG-239 was used to construct the inhibitor and the restraints for 

refinement. Visible alternate conformations were modeled and solvent molecules were 

inserted at stereo chemically reasonable positions. The final refined structure comprised one 

sodium ion, two chloride ions, 143 water molecules for the protease complex with 15d, two 

chloride ions, 94 water molecules for 15h, and three sodium ions, two chloride ions, one 

glycerol, 188 water molecules for the 15i complex. The crystallographic statistics are listed 

in Table 1 (supporting information). The coordinates and structure factors of the HIVP 

complexes with 15d, 15h and 15i were deposited in the Protein Data Bank40 with accession 

codes of 5JFP, 5JFU and 5JG1.
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Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

THF tetrahydrofuran

bis-THF bis-tetrahydrofuran

THF-THP tetrahydrofuran-tetrahydropyran

tris-THF tris-tetrahydrofuran

PI protease inhibitor

DMF dimethylformamide

DIBALH diisobutylaluminum hydride

HIV human immunodeficiency virus

FDA Food and Drug Administration

IC50 half-maximum inhibitory concentration

Ki inhibition constant

cLogP calculated logarithm of partition coefficient
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Figure 1. 
Structure of PIs 1–4 and 15d
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Figure 2. 
Stereoview of the X-ray structure of inhibitor 15d (turquoise color)-bound to the active site 

of wild-type HIV-1 protease (PDB code: 5JFP). All strong hydrogen bonding interactions 

are shown as black dotted lines.
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Figure 3. 
Left: Overlay of TMC-126 (2) and 15d in the HIV-1 protease active site. Right: Side view of 

the S1 subsite. Protein surface is shown in transparent gray, 2 surface is shown in pink wire 

mesh, and 15d surface is shown in cyan wire mesh. Surfaces rendered using Accelrys DS 

ViewerPro.
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Figure 4. 
X-ray structure of inhibitor 15h (green) in the active site of wild-type HIV-1 protease (PDB: 

5JFU). Relevant hydrogen bonds are shown as black dotted lines.
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Figure 5. 
X-ray structure of inhibitor 15i (yellow) in the active site of wild-type HIV-1 protease (PDB: 

5JG1). Relevant hydrogen bonds are shown as black dotted lines.
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Scheme 1. 
Synthesis of epoxide 10

Ghosh et al. Page 27

J Med Chem. Author manuscript; available in PMC 2017 July 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 2. 
Synthesis of isosteres 13a–d
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Scheme 3. 
Synthesis of inhibitors 15a–j
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Table 2

Antiviral Activity of 15a and 15d against Multidrug Resistant HIV-1 Variants.

Mean IC50 in TM ± SD a,b

Compounds HIV-1NL4-3 HIV-1B HIV-1C HIV-1DRV
R

P20

15a 0.46 ± 0.43 >1 >1 >1

15d 0.015 ± 0.008 >1 0.36 ± 0.06 >1

APV 0.017 ± 0.005 0.86 ± 0.21 0.43 ± 0.12 >1

DRV 0.0018 ± 0.0001 0.043 ± 0.002 0.03 ± 0.025 0.087 ± 0.061

a
MT-4 cells (1 × 104) were exposed to 50 TCID50s of wild-type HIV-1NL4-3 or a multi-drug resistant HIV-1 variant (HIV-1B, HIV-1C, or 

HIV-1DRV R P20) and cultured in the presence of various concentrations of each compound, and the IC50 values were determined by the p24 

assay. The amino acid substitutions identified in protease of HIV-1B, HIV-1C, and HIV-1DRV R P20 compared to HIV-1NL4-3 include L10I/

L33I/M36I/M46I/F53L/K55R/I62V/L63P/A71V/G73S/V82A/L90M/I93L,L10I/I15V/K20R/L24I/M36I/M46L/I54V/I62V/L63P/K70Q/V82A/
L89M, and L10I/I15V/K20R/L24I/V32I/M36I/M46L/L63P/A71T/V82A/L89M, respectively.

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

independent experiments.
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	(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-3-hydroxy-4-((4-methoxy-N-phenylphenyl)sulfonamido)butan-2-yl)carbamate (15g)
	(3R,3aS,6aR)-hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-4-((N-benzyl-4-methoxyphenyl)sulfonamido)-3-hydroxybutan-2-yl)carbamate (15h)
	(3R,3aS,7aR)-hexahydro-4H-furo[2,3-b]pyran-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-3-hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)butan-2-yl)carbamate (15i)
	(3S,3aR,7aS)-hexahydro-4H-furo[2,3-b]pyran-3-yl ((2S,3R)-1-((1s,3R)-adamantan-1-yl)-3-hydroxy-4-((N-isobutyl-4-methoxyphenyl)sulfonamido)butan-2-yl)carbamate (15j)
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