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ABSTRACT: Darunavir, a frontline treatment for HIV infection,
faces limitations due to emerging multidrug resistant (MDR) HIV
strains, necessitating the development of analogs with improved
activity. In this study, a combinatorial in silico approach was used
to initially design a series of HIV-1 PI analogs with modifications
at key sites, P1′ and P2′, to enhance interactions with HIV-1 PR.
Fifteen analogs with promising binding scores were selected for
synthesis and evaluated for the HIV-1 PR inhibition activity. The
variation of P2′ substitution was found to be effective, as seen in
5aa (1.54 nM), 5ad (0.71 nM), 5ac (0.31 nM), 5ae (0.28 nM),
and 5af (1.12 nM), featuring halogen, aliphatic, and alkoxy functionalities on the phenyl sulfoxide motif exhibited superior inhibition
against HIV-1 PR compared to DRV, with minimal cytotoxicity observed in Vero and 293T cell lines. Moreover, computational
studies demonstrated the potential of selected analogs to inhibit various HIV-1 PR mutations, including I54M and I84V. Further
structural dynamics and energetic analyses confirmed the stability and binding affinity of promising analogs, particularly 5ae, which
showed strong interactions with key residues in HIV-1 PR. Overall, this study underscores the importance of flexible moieties and
interaction enhancement at the S2′ subsite of HIV-1 PR in developing effective DRV analogs to combat HIV and other global health
issues.
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■ INTRODUCTION
Acquired immunodeficiency syndrome (AIDS), resulting from
human immunodeficiency virus (HIV) infection, remains a
significant global health challenge.1,2 The enzyme HIV type-1
protease (HIV-1 PR), crucial in the virus’s life cycle, has been
found to be a key target for inhibiting HIV.3−7 To date, the
FDA has approved ten HIV-1 protease inhibitors (PIs),8−12

ushering in a new era of highly active antiretroviral therapy
(HAART) combining reverse transcriptase inhibitors (RTIs)
with these PIs.13,14 Despite these advancements, the persistent
threat of multidrug resistance (MDR) undermines long-term
treatment efficacy.15−17 Notably, darunavir (DRV), a potent
second-generation drug, is also affected by reduced effective-
ness against mutant strains of HIV.18−22 The urgent need for
potent PIs to address challenges in HIV patient management is
therefore undeniable. Enhancing the interaction between
inhibitors and the PR emerges as a pivotal strategy for
overcoming drug resistance. Subtle mutations not only disrupt
the conformation of the active site backbone but also reduce
the affinity for inhibitor binding.23−26 The elucidation of the
cocrystal structure of HIV-1 PR and inhibitors through X-ray
analysis has provided valuable insights into the mechanisms
underlying drug resistance.27−29 Mutations within the enzyme

pockets, such as I84V, V32I, and I50V, among others, have
been extensively documented for their role in conferring
resistance to antiretroviral therapies.30−32 Despite efforts to
develop effective PIs based on DRV analogs, none have proven
successful in efficiently inhibiting DRV-resistant HIV-1 strains,
as depicted in Figure 1.19,33−39

Structure−activity relationship (SAR) studies have con-
firmed the necessity for modifications in DRV, particularly at
positions P1, P1′, P2, and P2′, as depicted in Figure 1. Key
areas of alteration include the heterocyclic functions at P2′ and
mono- or disubstituted bis-THF at the P2 location of DRV.
The P2′ position, serving as backbone binders, plays a crucial
role in enhancing hydrogen bonding interactions between the
drug and PR. Additionally, the incorporation of modified
moieties at P1′ significantly influences the interaction between
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the drug and its target, highlighting the intricate interdepend-
ence between HIV-1 PR and therapeutic regimens. In our
recent study focusing on the FMO-guided generation of
darunavir analogs for HIV-1 PR, several DRV analogs were
designed and subjected to virtual screening for HIV-1 PR
inhibition.39 Analysis revealed that the P1′ and P2′ positions
exhibit weaker interactions with the target viral enzyme
compared to P1 and P2 positions. This suggests that adding
a more flexible moiety at these sites could improve the
interaction between modified DRV and PR. In this study, we
introduce the expansion of various moieties at the P2′ position
alongside the P1′ ligand through combinatorial in silico drug
design for HIV-1 PIs, and a selection of promising analogs was
synthesized (Figure 1). The in vitro biological activity of these
novel DRV analogs against wild-type (WT) HIV-PR was
evaluated, and their activity against various HIV-1 PR mutants
(MTs) was assessed computationally.

■ RESULT AND DISCUSSION

Analog Design and Preliminary Screening

A combinatorial in silico drug design approach was employed
to enhance the diversity of P1′ and P2′ ligands, aiming to
develop inhibitors that retain the DRV core scaffold while
improving interactions at the S1′ and S2′ subsites of HIV-1 PR
(Figure 2). The interaction profile of DRV in complex with
HIV-1 PR indicates that the P1′ position accommodates
various hydrophobic moieties, whereas the P2′ region can
accommodate a broad range of functionalities.39 Previous
studies have primarily focused on modifications at the P1′
position involving long-chain aliphatic groups and hetero-
cycles.35,40−42 In this study, we explored a wider range of
aliphatic and aromatic groups with various functionalities to
assess their steric and electronic effects on the P1′ region. For
P2′ modifications, the S2′ subsite of PR is highly adaptable due
to van der Waals forces, hydrophobic interactions, and
hydrogen bonding. Literature reviews have identified several
promising analogs with halogen substituents, including
fluoro,43 chloro,44,45 and occasionally the bromo46 moieties,
which were incorporated into some of the P2′ modification in
this study (e.g., 2, 3, 4, 9, 14, 18, 19, and 20). Additionally, the
introduction of a methoxy group at the P2′ position was found
to enhance activity compared to the original DRV.47 Hence,
we also varied the length of alkyl (e.g., 16, 17, 22) and alkoxy
groups (e.g., 6, 7, 10, 21), to better understand the steric and

hydrophobic effects. Various aromatic and heterocyclic
moieties (e.g., 1, 4, 5, 11, 12, 13, and 15) were also included
to investigate potential π-interactions and hydrogen bonding.

These modifications of P1′ and P2′ were combined using
Combined Analog Generator Tool (CAT), leading to the
generation of 858 novel DRV analogs, which were then docked
into the active site of HIV-1 PR as a preliminary virtual
screening. Docking scores for the DRV analogs ranged from 65
to 103 (Figure S1), with the reference DRV showing a score of
87.3. Analogs with high docking scores (highlighted in green in
Figure S1) were prioritized for synthesis. Prominent candidates
for P1′ position included hydrocarbon substituents with
different sizes and lengths, such as isobutyl (24), diphenyl
ethyl (34), 2-fluorophenyl methyl (35), and phenyl ethyl (39).
For the P2′ position, the most promising groups featured
phenyl rings with diverse substituents, including aliphatic
chains, alkoxy groups, and halogen groups such as 3-F, 4-
BrC6H3 (3), 4-On-BuC6H4 (7), 4-FC6H4 (18), 4-BrC6H4
(19), 4-Oi-PrC6H4 (21), and 4-i-PrC6H4 (22). The combina-
tions of long and flexible chains, such as aliphatic and alkoxy
groups, were anticipated to augment their interaction with the
S2′ subsite by extending deeper into the pocket of HIV-1 PR.
Synthesis of DRV Analogs
The novel DRV analogs in this study were synthesized based
on a modified protocol from literature (Figure 3).48 Initially,
commercially available Boc-protected epoxide 1 underwent
epoxide ring-opening with a corresponding amine, representing
the substituents for the P1′ modification. Given that the Boc-
protected epoxide functions as a component of the primary
scaffold of DRV during interaction with HIV-1 PR. Next, the
resulting intermediates 2a−d were then treated with a diverse
range of 4-substituted aryl sulfonyl chlorides to introduce the
sulfonamide functionality, serving as the P2′ modification.
Subsequent deprotection of the Boc-protected carbamate,
followed by coupling with carboxylate, yielded the desired
analogs 5aa−dg, which were fully characterized through NMR
and HRMS analysis. The purity of these analogs was assessed
by HPLC analysis. In total, 15 novel DRV analogs were
synthesized and used for bioactivity evaluation.
HIV-1 PR Inhibition and Cytotoxicity Analysis
The synthesized DRV analogs underwent initial evaluation for
their inhibition activity against WT HIV-1 PR using a
fluorogenic assay. The Ki values of each analog are presented
in Table 1.49 For the P1’s substitution, compounds featuring

Figure 1. Overview of designs of darunavir analogs previously reported and in the present study.
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larger substituents, such as phenyl ethyl (5ba−bf) or diphenyl
propyl (5cg), exhibited reduced activity. This finding is
consistent with existing computational based literature, which
suggests that the introduction of a large hydrophobic ligand in
the P1′ position disrupts the shape of the enzyme's P2′
pocket.38 Regarding P2′ modification, analogs bearing fluoro
and dichloro substituents on the phenyl ring, such as
compounds 5aa and 5ad demonstrated slightly improved

activity (Ki = 1.54 and 0.71 nM, respectively), compared to
DRV (Ki = 1.87 nM). This enhancement could be attributed to
halogens favorably interacting with amino acid residues D30,
V32, V82, and P81 in the S2′ subsite of HIV-1 PR (Figures 5
and S2 in Supporting Information). Furthermore, compounds
5ac, 5ae, and 5af, containing flexible aliphatic or alkoxy groups,
exhibited even greater inhibition activity (Ki = 0.31, 0.28, and
1.11 nM, respectively), potentially due to enhanced hydro-

Figure 2. Structures of the DRV scaffold and different substituting groups for the P1′ and P2′ modifications.
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phobic contact within the S2′ subsite of PR. The structure−
activity relationship (SAR) analysis is summarized in Figure 4.

Most compounds showed a moderate to good correlation
between docking scores and Ki values. For instance,
compounds like 5ac (docking score = 89, Ki = 0.31 nM),
5ad (docking score = 92.9, Ki = 0.71 nM), 5ae (docking score
= 101.2, Ki = 0.28 nM), and 5af (docking score = 95, Ki = 1.12
nM) exhibited both high protease inhibitory activity and
favorable docking scores. Conversely, compounds such as 5ba
(docking score = 77.5, Ki = 18.40 nM) and 5be (docking score
= 74.9, Ki = 35.84 nM) showed poorer inhibitory activity and
docking scores. There were a few exceptions where the
docking scores did not correlate well with inhibitory activity,
such as 5bc (docking score = 96, Ki = 1080 nM) and 5cg
(docking score = 101.8, Ki = 189 nM). Despite these
exceptions, the overall trend indicates a general correlation
between docking scores and Ki values for most compounds.

Following an initial assessment against the WT HIV-1 PR,
the analogs that showed comparable or lower Ki to the WT
HIV-1 PR were tested with the R41T HIV-1 PR mutant
(Table 2). Although 5ac, 5ad, and 5ae showed lower Ki against
the WT HIV-1 PR (Table 1), they gave higher Ki toward the
R41T mutant than darunavir. Among these 5 analogs, only 5aa
showed similar Ki to darunavir against R41T mutant. Among
the tested analogs, only 5aa exhibited a Ki value similar to that
of darunavir against the R41T mutant. This observation
suggests that the fluoro functionality at the P2′ position of 5aa
may interact favorably with the R41T mutant through
multipolar interactions, distinguishing it from the other DRV

analogs. Further studies on these analogs against other HIV-1
PR mutant variants could provide additional insights.

To evaluate the potential cytotoxicity of DRV analogs, a
preliminary cytotoxic study was performed using Vero and
293T cell lines under the conventional mitochondrial toxicity
assay.50 Vero is one of the most responsive cell lines for
evaluating cytopathic effects, as it lacks cellular defense
mechanism to chemical and biological stresses.51 Moreover,
293T is commonly used in antiretroviral drug testing platforms
because it predisposed to retroviral infection.52 Remarkably, all
DRV analogs examined at 10 μM exhibited >90% cell viability
following 2 days of incubation (Table 1), suggesting their
potential safety profile for further investigation.
Binding of DRV Analogs to HIV-1 PR WT and MTs

To refine virtual screening and explore the inhibition activity
for both WT and various MTs HIV-1 PR, a molecular docking
study was applied to investigate the binding of five selected
DRV analogs using GOLD program. Among these analogs,
5aa, 5ac, 5ad, 5ae, and 5af demonstrated superior performance
in vitro study against WT HIV-1 PR. Also, these analogs
showed superior docking scores to DRV (87.3), ranging from
89.0 to 101.2 (Table 3). These compounds were promising
and effective in inhibiting most MTs HIV-1 PR, particularly
those with higher docking scores than DRV, as indicated by
the green color in Table 3.

Focusing on the binding interaction between promising
DRV analogs and WT HIV-1 PR, the binding interaction
showed that hydrophobic interactions could be the major
contributing interaction for these analogs, interacting with
several common key residues in WT HIV-1 PR such as I47,

Figure 3. Synthesis of DRV analogs; reagents and conditions: (i) EtOH, 80 °C, 3 h, 60−85%; (ii) TEA, CH2Cl2, 0−25 °C, o/n, 23−83%; (iii)
TFA-DCM (1:1), 0−25 °C, o/n, 95−100%; (iv) TEA, CH2Cl2, 25 °C, o/n, 13−50%.
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I50, P81, V82, I84, A28′, V32′, I47′, P81′, V82′, and I84′.
Additionally, these analogs could form hydrogen bonds with
D25, G27, D29, D30, D25′, and D30′. In the 5ad, we could
observe a halogen bonding interaction between Cl and D30′
(Figures 5 and S2 in Supporting Information).

Based on our experimental and computational studies, 5ae
demonstrated exceptional effectiveness in inhibition activity
against HIV-1 PR in the experimental results. It showed
adequate effectiveness against other variants of HIV-1 PR in
terms of broad-spectrum inhibitors. Thus, 5ae was con-

Table 1. HIV-1 PR Inhibition and Cytotoxicity of Darunavir Analogs

aReported as Mean ± SD; the inhibition values (Ki) of darunavir analog were determined in duplicate. bReported as Mean ± SD; all darunavir
derivatives were screened in both cell lines for 48 h. 1% DMSO was used for the % viability in cytotoxicity assay analysis. n.i. = no inhibition, n.t. =
not tested.
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sequently chosen for further investigation using molecular
dynamics (MD) simulations.
Structural Dynamics and Energetic Properties of New
Potent Compound
Ligand-binding stability was assessed through the calculation
of root-mean-square deviation (RMSD), the number of
intermolecular hydrogen bonds (# H-bonds), and the number
of atom contacts (# Atom contacts), as shown in Figure 6a.
Although both DRV and 5ae complexes with WT HIV-1 PR
systems reveal similar RMSD profiles, the main contributing
interaction to maintain these ligands in the binding pocket
differs. Specifically, hydrogen bonding interactions predom-
inantly contribute to DRV stability, whereas hydrophobic
interactions, as indicated by the # Atom contacts, play a
significant role in stabilizing 5ae (Figure 6a). The complex

structures taken from the last 20 ns simulations, which had
reached an equilibrium state, were chosen for structural
dynamics and energetic analyses. Although the number of
hydrogen bonds in the DRV/WT HIV-1 PR systems (∼4) is
higher than in the 5ae/WT HIV-1 PR system (∼3) due to the
P2′ modification, the hydrogen bonding stability in the DRV/
WT HIV-1 PR is slightly lower than in the 5ae/WT HIV-1 PR.
Notably, DRV forms hydrogen bonding interactions with D25
(90 and 88%), D25′ (25%), and D30′ (99%). In contrast, the
5ae system shows slightly higher stability of hydrogen bonding
interactions with D25 (97 and 96%), D25′ (52%), and I50′
(79%) (Figure 6a,b). Corresponding with Figure 6b, 5ae also
demonstrated potential for hydrophobic interactions with
residues L23 (99%), I50 (66%), V82 (7%), I84 (8%), L23′
(20%), F53′ (2%), V82′ (5%), and I84′ (99%) are essential for
maintaining the PR inhibitor.53,54 Particularly, L23, which is
involved in hydrophobic interactions55,56 and van der Waals
forces,38 was considered a critical residue in the majority of
PIs.

Furthermore, the hydrophobic interactions between flap
residues, such as I50−I84′, play an essential role in retaining
the closed conformation of HIV-1 PR.57,58 However, DRV
only interacted with I50 (2%), V82 (9%), A28′ (99%), and
V82′ (7%) via hydrophobic interaction, consistent with
findings from previous studies.39,59

For predicting the binding affinity between the considered
compound and WT HIV-1 PR, 100 snapshots of each complex
extracted from 80 to 100 ns were also used to calculate for the
Molecular mechanics with generalized Born and surface area
solvation (MM/GBSA) binding free energy (ΔGbind) and its
energy components (Table 4). The ΔGbind values for
complexes with DRV and 5ae were −15.9 ± 1.0 and −18.5
± 0.6 kcal/mol, respectively. This result and the obtained
ligand−protein interactions suggest that 5ae could be more
susceptible to WT HIV-1 PR than DRV.

In detail, the vdW interactions act as the primary force
inducing molecular complexation in both DRV (−57.7 ± 0.3
kcal/mol) and 5ae (−61.7 ± 0.4 kcal/mol).

Figure 4. SAR analysis of DRV analog.

Table 2. Darunavir Analogs Inhibition against R41T Mutant

analogs Ki
b (nM)

DRVa 4.6 ± 0.30
5aa 5.84 ± 0.50
5ac 27.9 ± 0.81
5ae 56.9 ± 11.26
5af 31.8 ± 4.28

aDRV was used as a reference for DRV analogs investigation against
the R41T mutant. bReported as Mean ± SD; the inhibition values
(Ki) of darunavir analog were determined in duplicate.

Table 3. Docking Results of DRV and Its Analogs with WT and Mutants of HIV-1 PR
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■ CONCLUSIONS
In conclusion, our study focused on enhancing the binding
interactions of DRV HIV-1 PI with the PR target through
molecular modifications. By synthesizing a series of DRV
derivatives with alterations in the P1′ and P2′ ligands, we
aimed to improve the efficacy of HIV-1 PR inhibition. Our
findings from inhibition studies revealed promising results,
with several DRV analogs such as 5aa (1.54 nM), 5ac (0.31
nM), 5ad (0.71 nM), 5ae (0.28 nM), and 5af (1.11 nM)
displaying superior activity against WT HIV-1 PR compared to
DRV (1.87 nM). Importantly, cytotoxicity assays indicated the
safety profile of these analogs, making them promising

candidates for further development. Five DRV analogs
demonstrated potent inhibition of both WT and MT forms
of HIV-1 PR through hydrophobic and H-bond interactions in
molecular docking. Notably, 5ae emerged as the most
promising analog, exhibiting strong vdW interactions in MD
simulations, consistent with experimental findings. Overall, our
investigation showed how crucial the linker’s length is in
determining the inhibitor’s affinity for the enzyme’s S2′ subsite
and how these effectively created DRV analogs might be
applied to combat HIV and other global health concerns.
These findings hold promise for future research addressing
global health challenges and advancing drug discovery efforts
in antiretroviral therapy.

Figure 5. 3D diagram of ligand−protein interactions for the five selected analogs with WT HIV-1 PR compared to DRV.

Figure 6. (a) All-atom RMSD, # H-bonds, and # Atom contacts of DRV (left) and 5ae (right) in complex with WT HIV-1 PR plotted along the
100 ns MD simulation. (b) Crucial interactions of DRV and 5ae in complex with WT HIV-1 PR are depicted in 2D and 3D pharmacophore
models, along with the representative pharmacophore models (RPMs) analyzed from the last 20 ns of MD simulations. Green arrow, red arrow,
and yellow circle represent the pharmacophore features of hydrogen bond donor (HBD), hydrogen bond acceptor (HBA), and hydrophobic
interaction, respectively.
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■ EXPERIMENTAL SECTION

Computational Study
The structure-based drug design approach served as the model for
creating the new promising DRV correspondents in this work. The
3D structure of DRV analogs were created using CAT program.39,59

The crystal structures of HIV-1 PR WT in complex with DRV (PDB
ID: 4LL360), and several mutation strains, D30N (PDB ID: 7DOZ61),
V32I (PDB ID: 2HS162), M46L (PDB ID: 2HS262), G48V (PDB ID:
3CYW63), I50V (PDB ID: 6DH664), I54M (PDB ID: 3D1Z63), I54V
(PDB ID: 3D2063), L76V (PDB ID: 3PWM65), V82A (PDB ID:
2IDW66), I84V (PDB ID: 2IEO66), N88S (PDB ID: 3LZU21), L90M
(PDB ID: 6OOS21), and I93L (PDB ID: 5T2E67), were used as the
protein receptor for a molecular docking study using the GOLD
program with a genetic algorithm (GA) was employed.68 Note that
the structure of mutant R41T was created using the Alphafold 269 via
Colabfold.70,71 The protonation state of protein receptors was
determined using the PROPKA implementation in the PDB 2PQR
Web server.72 The 10 Å sphere centered at DRV in complex with the
HIV-1 PR at the active site was defined as the docking site. The
Accelrys Discovery Studio 3.0 was used to visualize the interactions
between the ligand and protein binding.

MD simulations were conducted using AMBER2273 with periodic
conditions, as detailed in prior studies.74 The electrostatic potential
(ESP) charges of the optimized compounds were determined at the
HF/6-31(d) level of theory and subsequently fitted into restrained
ESP (RESP) charges using the ANTECHAMBER module of
AmberTools21.73 The AMBER ff19SB force field and GAFF2 were
applied for the protein and compound, respectively. Missing hydrogen
atoms in both the protein and compound were added using the tLEaP
module. The system was neutralized with counterions before
immersion in the TIP3P water model in the octahedral box75 by
extending at least 10 Å from the protein surface. The systems were
performed for the structural minimization with 1500 steps using
steepest descent (SD) followed by conjugated gradient (CG)
methods to minimize energy for the entire complex. Subsequently,
MD simulations with a 2 fs time step were executed. Nonbonded
interactions had a short-range limit of 10 Å, and long-range
electrostatic interactions76 were treated using the Particle Mesh
Ewald (PME) summation approach. Pressure and temperature were
controlled, and covalent bonds containing hydrogen atoms were
constrained with the SHAKE methodology.77 The simulated models
were maintained at a constant temperature of 310 K until 100 ns. The
CPPTRAJ module was used to analyses for plot the all-atom root-
mean-square deviation (RMSD), the number of intermolecular
hydrogen bonds, and the number of contact atoms between the
compound and protein over the production phase.78 MM/GBSA79

was calculated to estimate the binding affinity of the compound/
protein complex for each simulation using 100 snapshots from the last
20 ns. The 2D interaction was visualized using LigandScout 4.4.8
program.80

Chemistry
All reagents were obtained from TCI Chemicals (Tokyo, Japan) and
Fluorochem (Hadfield, United Kingdom). All required solvents
purchased from RCI Laboratories (Samsutsakorn, Thailand) were
filtered through distillation before being used for both reaction and
column chromatography. All experiments were carried out in dried
glassware with rubber septa inside an inert system of positive pressure
of nitrogen gas. Thin-layer chromatography (TLC) was used to track
reactions using aluminum Merck TLC plates coated in silica gel 60
F254. Silica gel 60 was used for the column chromatography (0.063−
0.200 mm, 70−230 mesh ASTM, Merck, Darmstadt, Germany).
Tetramethyl silane (TMS) was used as an internal reference while
recording nuclear magnetic resonance spectra for both 1H and 13C in
CDCl3 on the Joel JNM-ECZ500/S1 (500 MHz). The coupling
constant J values were reported in Hz, and the chemical shift (δ) was
expressed in parts per million (ppm) linked to the corresponding
solvent peak (CDCl3: 1H, δ 7.26 ppm, 13C, δ 77.16 ppm). The HRMS
mass spectrometer was used to gather data for mass spectra.

The comprehensive synthetic scheme that involved the following
steps to synthesize new darunavir analogs have been described in
Figure 3.

Epoxide Ring Opening (Step (i)). A mixture of tert-butyl ((S)-1-
((S)-oxiran-2-yl)-2-phenylethyl)carbamate (Boc-protected epoxide, 1,
1.0 equiv, commercially purchased from fluorochem) and the
corresponding amine (1.0 equiv) was added to the dried EtOH
solvent in a round-bottom flask. The reaction was heated for 3 h at 85
°C under N2. The crude mixture was concentrated in vacuo and
purified through column chromatography using EtOAc/hexane eluent
system. The products 2a−d were obtained in the range of 60−85%
yield.
tert-Butyl ((2S,3R)-3-Hydroxy-4-(isobutyl amino)-1-phenyl

butan-2-yl)carbamate (2a). White solid (82.6%); Rf (EtOAc/hexane
= 70:30) = 0.1; 1H NMR, (500 MHz, CDCl3): δ 7.31−7.26 (m, 3H),
7.26−7.18 (m, 2H), 4.98 (d, J = 9.5 Hz, 1H), 3.72 (q, J = 8.3 Hz,
1H), 3.57 (dd, J = 9.3, 4.1 Hz, 1H), 2.96−2.87 (m, 2H), 2.66−2.59
(m, 1H), 2.60−2.51 (m, 1H), 2.44−2.31 (m, 2H), 1.73−1.65 (m,
1H), 1.39 (s, 9H), 0.88 (dd, J = 6.8, 1.9 Hz, 6H).
tert-Butyl ((2S,3R)-3-Hydroxy-4-(phenethyl amino)-1-phenyl

butan-2-yl)Carbamate (2b). White solid (73%); Rf (EtOAc/hexane
= 70:30) = 0.1; 1H NMR, (500 MHz, CDCl3): δ 7.29−7.24 (m, 6H),
7.23−7.17 (m, 2H), 7.17−7.13 (m, 2H), 5.04 (d, J = 9.6 Hz, 1H),
3.72 (q, J = 8.4 Hz, 1H), 3.51 (ddd, J = 9.5, 4.0, 1.5 Hz, 1H), 2.95−
2.76 (m, 5H), 2.73 (dd, J = 7.3, 4.9 Hz, 2H), 2.62−2.53 (m, 2H), 1.40
(s, 9H).
tert-Butyl ((2S,3R)-4-((3,3-Diphenyl propyl)amino)-3-hydroxy-1-

phenyl butan-2-yl)Carbamate (2c). White solid (84.9%); Rf
(EtOAc/hexane = 70:30) = 0.1; 1H NMR, (500 MHz, CDCl3): δ
7.34−7.27 (m, 5H), 7.25−7.14 (m, 10H), 4.72 (d, J = 9.1 Hz, 1H),
4.01 (t, J = 7.9 Hz, 1H), 3.53 (q, J = 7.0 Hz, 1H), 3.49−3.43 (m, 1H),
2.96 (dd, J = 14.1, 4.7 Hz, 1H), 2.93−2.75 (m, 2H), 2.65 (d, J = 5.1
Hz, 2H), 2.62−2.52 (m, 2H), 2.27−2.22 (m, 2H), 1.36 (d, J = 11.9
Hz, 9H).
tert-Butyl ((2S,3R)-4-((2-Fluoro benzyl)amino)-3-hydroxy-1-phe-

nylbutan-2-yl)carbamate (2d). White solid (61.9%); Rf (EtOAc/
hexane = 70:30) = 0.1; 1H NMR, (500 MHz, CDCl3): δ 7.32−7.28
(m, 2H), 7.26−7.15 (m, 5H), 7.11−6.98 (m, 2H), 4.74 (d, J = 9.2 Hz,
1H), 4.31 (q, J = 4.2 Hz, 1H), 3.95 (q, J = 6.5 Hz, 1H), 3.86−3.77
(m, 2H), 3.69 (dd, J = 12.6, 3.1 Hz, 1H), 3.56−3.49 (m, 1H), 3.41
(dd, J = 12.7, 4.2 Hz, 1H), 2.94 (dd, J = 14.1, 4.7 Hz, 1H), 2.85 (h, J
= 7.4 Hz, 1H), 2.69 (d, J = 5.9 Hz, 1H), 1.32 (s, 9H).

Sulfonamide Synthesis (Step (ii)). To a solution of 2a−d (1.0
equiv) in dried CH2Cl2, was added the triethylamine (1.1 equiv).
Then, substituted aryl sulfonyl chloride (1.1 equiv) was added in
portions to the reaction mixture at 0 °C, over 30 min, and the reaction
mixture was stirred overnight at room temperature of 25 °C.
Following the completion of the reaction, the crude was concentrated
in vacuo and purified through column chromatography using EtOAc/
hexane eluent system. The products 3aa−dg were obtained in the
range of 23−83% yield.

Table 4. Comparison of the MM/GBSA Binding Free
Energy and Energetic Components (kcal/mol) between
DRV and Its Newly Potent Analog 5ae toward WT HIV-1
PR

DRV 5ae

ΔEele −47.5 ± 0.6 −32.8 ± 0.5
ΔEvdW −57.7 ± 0.3 −61.7 ± 0.4
ΔEMM −105.2 ± 0.9 −94.5 ± 0.9
ΔGnonpolar,sol −8.3 ± 0.2 −8.4 ± 0.1
ΔGele,sol 66.2 ± 0.4 55.9 ± 0.3
ΔGsol 57.9 ± 0.4 47.5 ± 0.3
ΔGele,sol+ ΔEele 18.7 ± 1.0 23.1 ± 0.8
ΔGnonpolar,sol+ ΔEvdW −66.0 ± 0.6 −70.1 ± 0.5
−TΔS −31.4 ± 0.7 −28.4 ± 1.0
ΔGbind −15.9 ± 1.0 −18.5 ± 0.6
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tert-Butyl ((2S,3R)-4-((4-Fluoro-N-isobutyl phenyl)sulfonamido)-
3-hydroxy-1-phenyl butan-2-yl)carbamate (3aa). White solid
(77.2%); Rf (EtOAc/hexane = 30:70) = 0.6; 1H NMR, (500 MHz,
CDCl3): δ 7.77−7.73 (m, 2H), 7.31−7.27 (m, 2H), 7.25−7.13 (m,
5H), 4.98 (d, J = 9.5 Hz, 1H), 3.76−3.71 (m, 1H), 3.67 (q, J = 8.4
Hz, 1H), 3.48 (d, J = 3.2 Hz, 1H), 3.25 (dd, J = 15.2, 9.3 Hz, 1H),
3.01−2.84 (m, 3H), 2.80 (dd, J = 15.3, 2.9 Hz, 1H), 2.69 (dd, J =
13.3, 6.4 Hz, 1H), 1.63−1.47 (m, 1H), 1.40 (s, 9H), 0.79 (dd, J = 9.8,
6.6 Hz, 6H).
tert-Butyl ((2S,3R)-4-((4-Bromo-N-isobutyl phenyl)sulfonamido)-

3-hydroxy-1-phenyl butan-2-yl)carbamate (3ab). White solid
(69.5%); Rf (EtOAc/hexane = 30:70) = 0.8; 1H NMR, (500 MHz,
CDCl3): δ 7.65−7.56 (m, 4H), 7.29 (dd, J = 8.2, 6.8 Hz, 2H), 7.25−
7.18 (m, 3H), 4.96 (d, J = 9.5 Hz, 1H), 3.73 (d, J = 9.2 Hz, 1H), 3.67
(q, J = 8.4 Hz, 1H), 3.43 (d, J = 3.2 Hz, 1H), 3.24 (dd, J = 15.2, 9.2
Hz, 1H), 3.00−2.86 (m, 1H), 2.81 (dd, J = 15.2, 2.9 Hz, 3H), 2.70
(dd, J = 13.3, 6.4 Hz, 2H), 1.58−1.51 (m, 1H), 1.40 (s, 9H), 0.79
(dd, J = 9.2, 6.6 Hz, 6H).
tert-Butyl ((2S,3R)-3-Hydroxy-4-((N-isobutyl-4-isopropyl phenyl)-

sulfonamido)-1-phenyl butan-2-yl)carbamate (3ac). White solid
(47%); Rf (EtOAc/hexane = 30:70) = 0.8; 1H NMR, (500 MHz,
CDCl3): δ 7.71−7.66 (m, 2H), 7.37−7.32 (m, 2H), 7.29 (dd, J = 7.9,
6.8 Hz, 2H), 7.26−7.18 (m, 3H), 4.65 (d, J = 8.7 Hz, 1H), 3.84−3.68
(m, 1H), 3.14−3.03 (m, 2H), 3.02−2.87 (m, 3H), 2.83 (dd, J = 13.3,
6.7 Hz, 1H), 1.86−1.82 (m, 1H), 1.34 (s, 9H), 1.27 (d, J = 6.9 Hz,
6H), 0.91 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.6 Hz, 3H).
tert-Butyl ((2S,3R)-4-((3,4-Dichloro-N-isobutyl phenyl)-

sulfonamido)-3-hydroxy-1-phenyl butan-2-yl)carbamate (3ad).
White solid (60%); Rf (EtOAc/hexane = 30:70) = 0.7; 1H NMR,
(500 MHz, CDCl3): δ 7.87 (d, J = 1.9 Hz, 1H), 7.60−7.57 (m, 2H),
7.33−7.28 (m, 2H), 7.25−7.21 (m, 3H), 4.65 (d, J = 8.1 Hz, 1H),
3.83−3.74 (m, 2H), 3.14−3.12 (m, 2H), 3.02−2.95 (m, 1H), 2.91
(td, J = 14.2, 12.2, 5.5 Hz, 2H), 1.91−1.81 (m, 1H), 1.36 (s, 9H),
0.88 (dd, J = 9.8, 6.6 Hz, 6H).
tert-Butyl ((2S,3R)-3-Hydroxy-4-((N-isobutyl-4-isopropoxy

phenyl)sulfonamido)-1-phenyl butan-2-yl)carbamate (3ae). Sticky
solid (65.5%); Rf (EtOAc/hexane = 30:70) = 0.6; 1H NMR, (500
MHz, CDCl3): δ 7.71−7.65 (m, 2H), 7.32−7.27 (m, 2H), 7.26−7.18
(m, 3H), 6.96−6.90 (m, 2H), 4.63−4.60 (m, 1H), 3.97 (s, 1H),
3.83−3.73 (m, 2H), 3.12−2.98 (m, 3H), 2.92 (td, J = 15.8, 15.0, 8.3
Hz, 1H), 2.80 (dd, J = 13.3, 6.8 Hz, 1H), 1.90−1.78 (m, 1H), 1.67 (s,
1H), 1.36 (d, J = 6.0 Hz, 6H), 1.34 (s, 9H), 0.88 (dd, J = 19.5, 6.6 Hz,
6H).
tert-Butyl ((2S,3R)-4-((4-Butoxy-N-isobutyl phenyl)sulfonamido)-

3-hydroxy-1-phenylbutan-2-yl)carbamate (3af). White solid
(63.7%); Rf (EtOAc/hexane = 30:70) = 0.8; 1H NMR, (500 MHz,
CDCl3): δ 7.70−7.66 (m, 2H), 7.32−07.26 (m, 2H), 7.26−7.19 (m,
3H), 6.97−6.92 (m, 2H), 4.65 (d, J = 8.7 Hz, 1H), 4.06−3.91 (m,
2H), 3.85−3.71 (m, 2H), 3.11−2.98 (m, 3H), 2.96−2.72 (m, 3H),
1.89−1.74 (m, 3H), 1.51 (dt, J = 15.1, 7.4 Hz, 2H), 1.34 (s, 9H), 0.98
(t, J = 7.4 Hz, 3H), 0.88 (dd, J = 19.0, 6.6 Hz, 6H).
tert-Butyl ((2S,3R)-4-((4-Bromo-3-fluoro-N-isobutyl phenyl)-

sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)carbamate (3ag).
White solid (64%); Rf (EtOAc/hexane = 30:70) = 0.5; 1H NMR,
(500 MHz, CDCl3): δ 7.72 (dd, J = 8.4, 6.4 Hz, 1H), 7.54 (dd, J =
7.8, 2.1 Hz, 1H), 7.45 (dd, J = 8.4, 2.0 Hz, 1H), 7.32 (t, J = 7.5 Hz,
2H), 7.30−7.22 (m, 3H), 4.69 (d, J = 8.4 Hz, 1H), 3.85−3.76 (m,
3H), 3.16−3.12 (m, 2H), 3.02−2.89 (m, 3H), 1.93−1.85 (m, 1H),
1.38 (s, 9H), 0.90 (dd, J = 9.0, 6.5 Hz, 6H).
tert-Butyl ((2S,3R)-4-((4-Fluoro-N-phenethyl phenyl)-

sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)carbamate (3ba).
White solid (36.3%); Rf (EtOAc/hexane = 30:70) = 0.6; 1H NMR,
(500 MHz, CDCl3): δ 7.73 (dd, J = 8.6, 4.9 Hz, 2H), 7.33−7.27 (m,
2H), 7.24 (ddd, J = 11.4, 7.3, 2.9 Hz, 5H), 7.13 (t, J = 8.5 Hz, 2H),
7.10−7.00 (m, 2H), 5.00 (d, J = 9.4 Hz, 1H), 3.69 (h, J = 7.5, 6.2 Hz,
2H), 3.48−3.33 (m, 1H), 3.33−3.25 (m, 1H), 3.19 (d, J = 3.5 Hz,
1H), 2.99−2.90 (m, 2H), 2.90−2.67 (m, 3H), 1.41 (s, 9H).
tert-Butyl ((2S,3R)-4-((4-Bromo-N-phenethyl phenyl)-

sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)carbamate (3bb).
White solid (23.1%); Rf (EtOAc/hexane = 30:70) = 0.7; 1H NMR,
(500 MHz, CDCl3): δ 7.58 (s, 4H), 7.33−7.19 (m, 8H), 7.06−7.01

(m, 2H), 5.00 (d, J = 9.4 Hz, 1H), 3.70 (td, J = 10.8, 9.7, 5.8 Hz, 2H),
3.40−3.25 (m, 2H), 3.24−3.15 (m, 1H), 2.99−2.91 (m, 2H), 2.88
(dd, J = 13.6, 8.3 Hz, 1H), 2.75 (td, J = 9.1, 6.0 Hz, 2H), 1.41 (s, 9H).
tert-Butyl ((2S,3R)-3-Hydroxy-4-((4-isopropyl-N-phenethyl

phenyl)sulfonamido)-1-phenyl butan-2-yl)carbamate (3bc). White
solid (25%); Rf (EtOAc/hexane = 30:70) = 0.9; 1H NMR, (500 MHz,
CDCl3): δ 7.73−7.69 (m, 2H), 7.35 (dd, J = 9.2, 2.8 Hz, 3H), 7.31
(d, J = 7.2 Hz, 2H), 7.30−7.27 (m, 2H), 7.25−7.20 (m, 3H), 7.16
(dd, J = 6.8, 1.8 Hz, 2H), 4.60 (d, J = 8.2 Hz, 1H), 3.86−3.78 (m,
1H), 3.77 (s, 1H), 3.38−3.33 (m, 2H), 3.25−3.07 (m, 2H), 3.01−
2.94 (m, 2H), 2.95−2.87 (m, 3H), 1.38 (s, 9H), 1.28 (d, J = 7.1 Hz,
6H).
tert-Butyl ((2S,3R)-3-Hydroxy-4-((4-isopropoxy-N-phenethyl

phenyl)sulfonamido)-1-phenyl butan-2-yl)carbamate (3be).
White solid (83%); Rf (EtOAc/hexane = 30:70) = 0.8; 1H NMR,
(500 MHz, CDCl3): δ 7.71−7.66 (m, 2H), 7.34−7.28 (m, 3H),
7.28−7.19 (m, 6H), 7.16 (dd, J = 7.0, 1.8 Hz, 2H), 6.96−6.90 (m,
2H), 4.66−4.59 (m, 2H), 3.89−3.65 (m, 2H), 3.41−3.30 (m, 2H),
3.22−3.09 (m, 2H), 3.01−2.97 (m, 1H), 2.93−2.85 (m, 3H), 1.41−
1.35 (m, 15H).
tert-Butyl ((2S,3R)-4-((4-Butoxy-N-phenethyl phenyl)-

sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)carbamate (3bf).
Sticky transparent solid (33.1%); Rf (EtOAc/hexane = 30:70) =
0.8; 1H NMR, (500 MHz, CDCl3): δ 7.64 (d, J = 8.6 Hz, 2H), 7.33−
7.18 (m, 8H), 7.04 (d, J = 7.4 Hz, 2H), 6.91 (d, J = 8.7 Hz, 2H), 5.00
(d, J = 9.5 Hz, 1H), 3.98 (t, J = 6.5 Hz, 2H), 3.70−3.63 (m, 1H),
3.37−3.26 (m, 1H), 3.20 (d, J = 3.2 Hz, 1H), 3.14−3.08 (m, H), 2.94
(dd, J = 13.5, 7.0 Hz, 1H), 2.91−2.82 (m, 2H), 2.80−2.66 (m, 2H),
1.82−1.73 (m, 1H), 1.48 (h, J = 7.5 Hz, 1H), 1.40 (s, 4H), 0.97 (t, J =
7.4 Hz, 1H).
tert-Butyl ((2S,3R)-4-((4-Bromo-3-fluoro-N-phenethyl phenyl)-

sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)carbamate (3bg).
White solid (54.5%); Rf (EtOAc/hexane = 30:70) = 0.8; 1H NMR,
(500 MHz, CDCl3): δ 7.65 (dd, J = 8.4, 6.4 Hz, 1H), 7.45 (dd, J =
7.7, 2.2 Hz, 1H), 7.37 (dd, J = 8.4, 2.1 Hz, 1H), 7.33−7.28 (m, 2H),
7.28−7.20 (m, 6H), 7.06−7.01 (m, 2H), 4.95 (d, J = 9.4 Hz, 1H),
3.71−3.64 (m, 1H), 3.37 (ddd, J = 15.0, 9.3, 6.0 Hz, 1H), 3.34−3.18
(m, 2H), 3.12 (d, J = 4.1 Hz, 1H), 2.99 (dd, J = 14.8, 3.2 Hz, 1H),
2.96−2.83 (m, 2H), 2.81−2.69 (m, 2H), 1.41 (s, 9H).
tert-Butyl ((2S,3R)-4-((4-Bromo-3-fluoro-N-(2-fluoro benzyl)-

phenyl)sulfonamido)-3-hydroxy-1-phenylbutan-2-yl)carbamate
(3cg). White solid (66.1%); Rf (EtOAc/hexane = 30:70) = 0.7; 1H
NMR, (500 MHz, CDCl3): δ 7.66 (dd, J = 8.3, 6.5 Hz, 1H), 7.45 (dd,
J = 7.7, 2.1 Hz, 1H), 7.38 (ddd, J = 13.5, 8.0, 1.9 Hz, 2H), 7.31−7.19
(m, 4H), 7.17−7.12 (m, 2H), 7.11−6.92 (m, 2H), 4.53−4.40 (m,
2H), 4.35 (d, J = 8.4 Hz, 1H), 3.68 (d, J = 13.7 Hz, 2H), 3.52 (s, 1H),
3.30−3.18 (m, 2H), 2.86 (dd, J = 13.9, 5.3 Hz, 1H), 2.79 (dd, J =
14.0, 7.6 Hz, 1H), 1.35 (s, 8H).
tert-Butyl ((2S,3R)-4-((4-Bromo-N-(3,3-diphenyl propyl)-3-fluoro

phenyl)sulfonamido)-3-hydroxy-1-phenyl butan-2-yl)carbamate
(3dg). White solid (37.9%); Rf (EtOAc/hexane = 30:70) = 0.9; 1H
NMR, (500 MHz, CDCl3): δ 7.63 (dd, J = 8.3, 6.5 Hz, 1H), 7.40 (dd,
J = 7.7, 2.1 Hz, 1H), 7.33−7.25 (m, 8H), 7.25−7.17 (m, 8H), 4.62 (d,
J = 7.6 Hz, 1H), 3.83 (t, J = 7.8 Hz, 1H), 3.78−3.72 (m, 3H), 3.21
(dd, J = 14.8, 3.2 Hz, 1H), 3.16−3.02 (m, 3H), 2.96 (dd, J = 14.0, 4.8
Hz, 1H), 2.87 (dd, J = 14.1, 8.2 Hz, 1H), 2.35 (q, J = 7.4, 6.9 Hz,
2H), 1.37 (s, 8H).

BOC Deprotection (Step (iii)). To a solution of 3aa−dg (1.0
equiv) in CH2Cl2, trifluoroacetic acid (0.3 equiv) was added at 0 °C.
The mixture was stirred overnight at room temperature of 25 °C. The
reaction was quenched by sat. NaHCO3 (aq), extracted with EtOAc,
washed with brine, and concentrated in vacuo. The corresponding
compounds with good yields (95−100%) were used directly for the
final step without further purification.

Carbamate Formation (Step (iv)). To a solution of 4aa−dg (1.0
equiv) in CH2Cl2, (3R,3aS,6aR)-hexahydrofuro[2,3-b]furan-3-yl 2,5-
dioxopyrrolidine-1-carboxylate (1.0 equiv) was added under an inert
system. Then, 1.0 eq of triethylamine was gradually added to the
reaction mixture and the mixture was stirred for 24 h at room
temperature of 25 °C. The crude was concentrated and purified using
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column chromatography using 3:2 EtOAc/hexane as the eluent to
give 5aa−dg with yields of 13−50%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((4-Flu-

oro-N-isobutyl phenyl)sulfonamido)-3-hydroxy-1-phenylbutan-2-
yl)carbamate (5aa). White solid (41%); Rf (EtOAc/hexane =
40:60) = 0.4; m.p. = 128.1−130.2 °C; 1H NMR, (500 MHz, CDCl3):
δ 7.83 (ddd, J = 8.9, 4.9, 2.0 Hz, 2H), 7.35−7.28 (m, 3H), 7.28−7.21
(m, 4H), 5.68 (dd, J = 5.2, 1.8 Hz, 1H), 5.05 (td, J = 8.8, 2.8 Hz, 2H),
4.02−3.95 (m, 1H), 3.94−3.84 (m, 3H), 3.79−3.68 (m, 2H), 3.66 (s,
1H), 3.21 (dd, J = 15.3, 8.4 Hz, 1H), 3.16−2.98 (m, 3H), 2.94 (q, J =
8.1 Hz, 1H), 2.91−2.79 (m, 2H), 1.92−1.84 (m, 1H), 1.70−1.60 (m,
1H), 1.51−1.44 (m, 1H), 0.96 (dd, J = 6.7, 1.9 Hz, 3H), 0.91 (dd, J =
6.6, 1.9 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 165.3 (d, J = 255.7
Hz), 155.6, 137.6, 134.4, 130.1 (d, J = 9.0 Hz), 129.4, 128.7, 126.7,
116.6 (d, J = 22.3 Hz), 109.4, 73.6, 72.9, 70.9, 69.7, 58.7, 55.2, 53.6,
45.5, 35.7, 27.3, 25.9, 20.2, 19.9. HRMS (m/z): [M + H] + calcd for
C27H35FN2O7S, 551.2222; found 551.2240. HPLC analytical purity
(ACN/H2O: 70/30)190−800 nm = 95.88%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((4-

Bromo-N-isobutyl phenyl)sulfonamido)-3-hydroxy-1-phenylbutan-
2-yl)carbamate (5ab). White solid (49%); Rf (EtOAc/hexane =
40:60) = 0.3; m.p. = 131.1−132.4 °C; 1H NMR (500 MHz, CDCl3):
δ 7.69−7.60 (m, 4H), 7.31−7.24 (m, 2H), 7.21 (t, J = 5.9 Hz, 3H),
5.64 (d, J = 5.2 Hz, 1H), 5.02 (dt, J = 9.4, 5.1 Hz, 2H), 3.97−3.90 (m,
1H), 3.91−3.84 (m, 2H), 3.82 (dd, J = 8.3, 1.9 Hz, 1H), 3.74−3.62
(m, 2H), 3.59 (d, J = 2.6 Hz, 1H), 3.16 (dd, J = 15.1, 8.6 Hz, 1H),
3.08 (dd, J = 14.1, 4.2 Hz, 1H), 3.05−2.94 (m, 2H), 2.89 (td, J = 9.3,
8.6, 3.7 Hz, 1H), 2.84−2.74 (m, 2H), 1.87−1.79 (m, 1H), 1.68−1.56
(m, 1H), 1.42 (dd, J = 13.2, 5.7 Hz, 1H), 0.91 (d, J = 6.6 Hz, 3H),
0.87 (d, J = 6.6 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 155.6,
137.6, 137.3, 132.6, 129.4, 128.9, 128.7, 128.1, 126.7, 109.4, 73.6,
72.8, 70.9, 69.7, 58.7, 55.3, 53.6, 45.5, 35.7, 27.3, 25.9, 20.2, 19.9.
HRMS (m/z): [M + H] + calcd for C27H35BrN2O7S, 611.1421; found
611.1431. HPLC analytical purity (ACN/H2O: 70/30)190−800 nm =
99.36%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((4-

Bromo-3-fluoro-N-isobutyl phenyl)sulfonamido)-3-hydroxy-1-phe-
nylbutan-2-yl)carbamate (5ag). White solid (44%); Rf (EtOAc/
hexane = 40:60) = 0.41; m.p. = 134.4−135.1 °C; 1H NMR (500
MHz, CDCl3): δ 7.73 (dd, J = 8.3, 6.5 Hz, 1H), 7.52 (dd, J = 7.7, 2.1
Hz, 1H), 7.44 (dd, J = 8.3, 2.0 Hz, 1H), 7.29 (dd, J = 8.2, 6.6 Hz,
2H), 7.24−7.19 (m, 3H), 5.65 (d, J = 5.2 Hz, 1H), 5.04 (dt, J = 8.2,
6.2 Hz, 1H), 4.94 (d, J = 8.4 Hz, 1H), 3.96 (dd, J = 9.7, 6.1 Hz, 1H),
3.91−3.83 (m, 3H), 3.75−3.64 (m, 2H), 3.47 (d, J = 3.1 Hz, 1H),
3.16 (dd, J = 15.2, 8.4 Hz, 1H), 3.06 (ddd, J = 17.9, 14.5, 3.2 Hz, 2H),
2.98 (dd, J = 13.5, 8.3 Hz, 1H), 2.94−2.90 (m, 1H), 2.87 (dd, J =
13.5, 6.9 Hz, 1H), 2.79 (dd, J = 14.1, 9.0 Hz, 1H), 1.91−1.80 (m,
1H), 1.69−1.61 (m, 1H), 1.49−1.44 (m, 1H), 0.92 (d, J = 6.6 Hz,
3H), 0.89 (d, J = 6.6 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 159.1
(d, J = 253.5 Hz), 155.7, 139.5, 137.5, 134.7, 129.4, 128.8, 126.9,
124.1, 115.7 (d, J = 25.3 Hz), 109.4, 73.7, 72.8, 70.9, 69.7, 58.6, 55.3,
53.6, 45.4, 35.7, 27.3, 25.9, 20.9, 19.9. HRMS (m/z): [M + H] +

calcd. for C27H34BrFN2O7S, 629.1327; found 629.1335. HPLC
analytical purity (ACN/H2O: 70/30)190−800 nm = 99.23%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((3,4-Di-

chloro-N-isobutyl phenyl)sulfonamido)-3-hydroxy-1-phenylbutan-
2-yl)carbamate (5ad). White solid (32%); Rf (EtOAc/hexane =
40:60) = 0.39; m.p. = 132.8−133.1 °C; 1H NMR (500 MHz, CDCl3):
δ 7.86 (d, J = 1.5 Hz, 1H), 7.64−7.56 (m, 2H), 7.33−7.26 (m, 2H),
7.21 (d, J = 8.2 Hz, 3H), 5.65 (d, J = 5.2 Hz, 1H), 5.03 (dt, J = 8.2,
6.2 Hz, 1H), 4.91 (d, J = 8.3 Hz, 1H), 3.99−3.93 (m, 1H), 3.91−3.81
(m, 2H), 3.72 (dd, J = 9.7, 6.0 Hz, 1H), 3.68 (dd, J = 9.6, 3.6 Hz,
1H), 3.50 (d, J = 3.1 Hz, 1H), 3.17 (dd, J = 15.2, 8.5 Hz, 1H), 3.11−
3.03 (m, 2H), 3.00 (dd, J = 13.5, 8.4 Hz, 1H), 2.95−2.90 (m, 1H),
2.87 (dd, J = 13.5, 6.9 Hz, 1H), 2.80 (dd, J = 14.1, 9.0 Hz, 1H), 1.87−
1.80 (m, 1H), 1.69−1.59 (m, 1H), 1.46 (dd, J = 13.2, 5.9 Hz, 1H),
0.93 (d, J = 6.6 Hz, 3H), 0.89 (d, J = 6.6 Hz, 3H). 13C NMR (126
MHz, CDCl3): δ 155.7, 138.3, 137.9, 137.5, 134.0, 131.4, 129.4,
129.2, 128.8, 126.9, 126.4, 109.4, 73.7, 72.8, 70.9, 69.7, 58.6, 55.4,
53.5, 45.4, 35.7, 27.3, 25.9, 20.2, 19.9. HRMS (m/z): [M + H] + calcd

for C27H34Cl2N2O7S, 601.1537; found 601.1502. HPLC analytical
purity (ACN/H2O: 70/30)190−800 nm = 99.41%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-3-Hy-

droxy-4-((N-isobutyl-4-isopropyl phenyl)sulfonamido)-1-phenylbu-
tan-2-yl)carbamate (5ac). Sticky oil (29%); Rf (EtOAc/hexane =
40:60) = 0.43; 1H NMR (500 MHz, CDCl3): δ 7.71−7.66 (m, 2H),
7.39−7.34 (m, 2H), 7.28 (d, J = 7.3 Hz, 2H), 7.24−7.17 (m, 3H),
5.64 (d, J = 5.2 Hz, 1H), 5.01 (dt, J = 8.2, 6.2 Hz, 2H), 3.94 (dd, J =
9.7, 6.2 Hz, 1H), 3.91−3.81 (m, 3H), 3.75 (s, 1H), 3.72−3.64 (m,
2H), 3.17 (dd, J = 15.2, 8.6 Hz, 1H), 3.08 (dd, J = 14.2, 4.3 Hz, 1H),
3.04−2.93 (m, 3H), 2.92−2.86 (m, 1H), 2.84−2.76 (m, 2H), 1.83
(ddd, J = 12.8, 8.3, 6.3 Hz, 1H), 1.72−1.57 (m, 1H), 1.46−1.43 (m,
1H), 1.27 (d, J = 6.9 Hz, 6H), 0.94 (d, J = 6.6 Hz, 3H), 0.88 (d, J =
6.6 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 155.6, 154.6, 137.7,
135.3, 129.5, 128.6, 127.6, 127.4, 126.7, 109.4, 73.5, 73.0, 70.9, 69.7,
59.1, 55.2, 53.9, 45.4, 35.7, 34.3, 27.4, 25.9, 23.7, 20.2, 19.9. HRMS
(m/z): [M + H] + calcd for C30H42N2O7S, 575.2785; found 575.2704.
HPLC analytical purity (ACN/H2O: 70/30)190−800 nm = 97.54%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-3-Hy-

droxy-4-((N-isobutyl-4-isopropoxy phenyl)sulfonamido)-1-phenyl-
butan-2-yl)carbamate (5ae). Sticky oil (28.9%); Rf (EtOAc/hexane
= 40:60) = 0.42; 1H NMR (500 MHz, CDCl3): δ 7.70−7.65 (m, 2H),
7.30−7.18 (m, 5H), 6.97−6.91 (m, 2H), 5.63 (d, J = 5.2 Hz, 1H),
5.01 (dt, J = 12.3, 7.6 Hz, 2H), 4.62 (p, J = 6.1 Hz, 1H), 3.96−3.91
(m, 1H), 3.91−3.81 (m, 2H), 3.74 (d, J = 2.6 Hz, 1H), 3.71−3.64 (m,
2H), 3.15 (dd, J = 15.2, 8.6 Hz, 1H), 3.08 (dd, J = 14.1, 4.3 Hz, 1H),
3.02−2.92 (m, 2H), 2.92−2.83 (m, 1H), 2.83−2.73 (m, 2H), 1.87−
1.79 (m, 1H), 1.67−1.54 (m, 1H), 1.45−1.41 (, 1H), 1.36 (d, J = 6.0
Hz, 6H), 0.92 (d, J = 6.6 Hz, 3H), 0.88 (d, J = 6.6 Hz, 3H). 13C NMR
(126 MHz, CDCl3): δ 161.7, 155.5, 137.7, 129.6, 129.4, 129.0, 128.6,
126.6, 115.7, 109.4, 73.5, 72.9, 70.9, 70.5, 69.7, 59.0, 55.2, 53.8, 45.4,
35.7, 27.3, 25.9, 21.9, 20.2, 20.0. HRMS (m/z): [M + H] + calcd for
C30H42N2O8S, 591.2735; found 591.2758. HPLC analytical purity
(ACN/H2O: 70/30)190−800 nm = 97.19%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((4-Bu-

toxy-N-isobutyl phenyl)sulfonamido)-3-hydroxy-1-phenylbutan-2-
yl)carbamate (5af). White solid (13.7%); Rf (EtOAc/hexane =
40:60) = 0.36; m.p. = 129.8−131.2 °C; 1H NMR (500 MHz, CDCl3):
δ 7.69 (d, J = 8.9 Hz, 2H), 7.30−7.24 (m, 3H), 7.21 (d, J = 7.8 Hz,
2H), 6.96 (d, J = 8.8 Hz, 2H), 5.63 (d, J = 5.2 Hz, 1H), 5.01 (dt, J =
12.3, 7.2 Hz, 2H), 4.01 (t, J = 6.5 Hz, 2H), 3.95 (td, J = 10.4, 9.8, 6.5
Hz, 1H), 3.91−3.84 (m, 2H), 3.82 (dd, J = 8.3, 2.2 Hz, 1H), 3.74 (d, J
= 2.7 Hz, 1H), 3.71−3.61 (m, 2H), 3.18−3.04 (m, 2H), 3.01−2.93
(m, 2H), 2.92−2.86 (m, 1H), 2.83−2.76 (m, 2H), 1.88−1.73 (m,
5H), 1.67−1.55 (m, 1H), 1.54−1.45 (m, 2H), 1.46−1.40 (m, 1H),
0.98 (t, J = 7.4 Hz, 3H), 0.92 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.7 Hz,
3H). 13C NMR (126 MHz, CDCl3): δ 162.8, 155.5, 137.7, 129.5,
129.4, 129.3, 128.6, 126.6, 114.8, 109.4, 73.5, 72.9, 70.9, 69.7, 68.2,
58.9, 55.2, 53.8, 45.4, 35.7, 31.1, 27.3, 25.9, 20.2, 20.0, 19.2, 13.9.
HRMS (m/z): [M + H] + calcd for C31H44N2O8S, 605.2891; found
605.2783. HPLC analytical purity (ACN/H2O: 70/30)190−800 nm =
99.74%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((4-

Bromo-N-phenethyl phenyl)sulfonamido)-3-hydroxy-1-phenyl
butan-2-yl)carbamate (5ba). White solid (50%); Rf (EtOAc/hexane
= 40:60) = 0.39; m.p. = 141.8−42.3 °C; 1H NMR (500 MHz,
CDCl3): δ 7.80−7.74 (m, 2H), 7.29 (td, J = 8.0, 6.6 Hz, 4H), 7.23
(dd, J = 7.3, 1.5 Hz, 2H), 7.22−7.17 (m, 4H), 7.17−7.13 (m, 2H),
5.66 (d, J = 5.2 Hz, 1H), 4.84 (d, J = 8.9 Hz, 1H), 3.97 (dd, J = 9.7,
6.3 Hz, 1H), 3.86 (ddt, J = 9.2, 6.0, 3.2 Hz, 1H), 3.71 (ddd, J = 16.5,
9.0, 5.7 Hz, 2H), 3.41 (dd, J = 8.7, 6.2 Hz, 3H), 3.38−3.30 (m, 1H),
3.29 (d, J = 3.4 Hz, 1H), 3.16 (dd, J = 14.9, 8.2 Hz, 1H), 3.10 (dd, J =
14.8, 3.5 Hz, 1H), 3.04 (dd, J = 14.1, 4.9 Hz, 1H), 2.95−2.91 (m,
1H), 2.90−2.86 (m, 2H), 2.80 (d, J = 9.4 Hz, 1H), 1.72−1.60 (m,
1H), 1.54−1.47 (m, 1H). 13C NMR (126 MHz, CDCl3): δ 165.3 (d, J
= 257.04 Hz), 155.8, 138.1, 137.5, 134.5, 130.1 (d, J = 9.5 Hz), 129.4,
129.0, 128.9, 128.7, 126.8, 126.9, 116.7 (d, J = 22.0 Hz), 109.4, 73.6,
72.5, 70.9, 69.7, 55.2, 53.1, 52.2, 45.4, 35.7, 35.6, 25.9. HRMS (m/z):
[M + H] + calcd for C31H35FN2O7S, 599.2222; found 599.2242.
HPLC analytical purity (ACN/H2O: 70/30)190−800 nm = 96.92%.
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(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((4-
Bromo-N-phenethyl phenyl)sulfonamido)-3-hydroxy-1-phenylbu-
tan-2-yl)carbamate (5bb). White solid (42%); Rf (EtOAc/hexane
= 40:60) = 0.47; m.p. = 129.3−30.1 °C; 1H NMR (500 MHz,
CDCl3): δ 7.63−7.55 (m, 4H), 7.28−7.22 (m, 4H), 7.19 (dd, J =
13.8, 7.1 Hz, 4H), 7.10 (d, J = 7.0 Hz, 2H), 5.63 (d, J = 5.2 Hz, 1H),
5.06−4.98 (m, 1H), 3.92 (dd, J = 9.7, 6.2 Hz, 1H), 3.88−3.78 (m,
2H), 3.76−3.61 (m, 3H), 3.42−3.31 (m, 3H), 3.13 (d, J = 6.3 Hz,
2H), 3.01 (dd, J = 14.1, 4.7 Hz, 1H), 2.93−2.78 (m, 3H), 2.74 (dd, J
= 14.0, 9.7 Hz, 1H), 1.67−1.59 (m, 1H), 1.46−1.40 (m, 1H). 13C
NMR (126 MHz, CDCl3): δ 155.7, 138.0, 137.6, 137.5, 132.6, 129.4,
128.9, 128.8, 128.7, 128.1, 126.9, 126.7, 109.4, 73.6, 72.5, 71.0, 69.7,
55.2, 52.9, 51.9, 45.5, 35.6, 25.9. HRMS (m/z): [M + H] + calcd. for
C31H35BrN2O7S, 659.1421; found 659.1415. HPLC analytical purity
(ACN/H2O: 70/30)190−800 nm = 98.18%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((4-

Bromo-3-fluoro-N-phenethyl phenyl)sulfonamido)-3-hydroxy-1-
phenyl butan-2-yl)carbamate (5bg). White solid (30.4%); Rf
(EtOAc/hexane = 40:60) = 0.39; m.p. = 133.2−134.8 °C; 1H
NMR (500 MHz, CDCl3): δ 7.69 (dd, J = 8.4, 6.4 Hz, 1H), 7.46 (dd,
J = 7.7, 2.1 Hz, 1H), 7.41 (dd, J = 8.3, 2.1 Hz, 1H), 7.32−7.27 (m,
4H), 7.25−7.18 (m, 4H), 7.16−7.10 (m, 2H), 5.66 (d, J = 5.2 Hz,
1H), 5.06 (dt, J = 8.2, 6.0 Hz, 1H), 4.95 (d, J = 8.8 Hz, 1H), 3.97 (dd,
J = 9.8, 6.1 Hz, 1H), 3.89−3.83 (m, 2H), 3.79−3.71 (m, 2H), 3.71−
3.66 (m, 1H), 3.41 (td, J = 7.4, 3.6 Hz, 2H), 3.25 (d, J = 3.7 Hz, 1H),
3.16 (d, J = 5.8 Hz, 2H), 3.05 (dd, J = 14.1, 5.0 Hz, 1H), 2.95−2.86
(m, 3H), 2.77 (dd, J = 14.1, 9.5 Hz, 1H), 1.66−1.62 (m, 1H), 1.51−
1.47 (m, 1H). 13C NMR (126 MHz, CDCl3): δ 159.0 (d, J = 253.4
Hz), 155.8, 139.6, 137.7 (d, J = 47.0 Hz), 134.7, 129.4, 128.9, 128.9,
128.7, 127.01, 126.8, 124.0 (d, J = 3.8 Hz), 115.6 (d, J = 25.2 Hz),
109.4, 73.7, 72.5, 70.9, 69.7, 55.3, 52.8, 51.9, 45.5, 35.6, 35.7, 25.9.
HRMS (m/z): [M + H] + calcd for C31H35BrFN2O7S, 677.1327;
found 677.1295. HPLC analytical purity (ACN/H2O: 70/
30)190−800 nm = 97.93%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-3-Hy-

droxy-4-((4-isopropyl-N-phenethyl phenyl)sulfonamido)-1-phenyl
butan-2-yl)carbamate (5bc). White solid (40%); Rf (EtOAc/hexane
= 40:60) = 0.37; m.p. = 123.5−124.2 °C; 1H NMR (500 MHz,
CDCl3): δ 7.69 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.3 Hz, 2H), 7.29 (t, J
= 7.3 Hz, 4H), 7.23−7.19 (m, 4H), 7.17−7.11 (m, 2H), 5.66 (d, J =
5.2 Hz, 1H), 5.07−5.00 (m, 1H), 4.85 (d, J = 9.1 Hz, 1H), 3.97 (dd, J
= 9.6, 6.3 Hz, 1H), 3.86 (td, J = 8.3, 2.3 Hz, 2H), 3.74−3.67 (m, 3H),
3.47−3.38 (m, 2H), 3.35−3.27 (m, 1H), 3.17 (dd, J = 14.9, 8.3 Hz,
1H), 3.11−3.02 (m, 2H), 3.01−2.95 (m, J = 6.9 Hz, 1H), 2.90 (ddt, J
= 21.1, 8.9, 6.2 Hz, 3H), 2.79 (dd, J = 14.1, 9.5 Hz, 1H), 1.71−1.60
(m, 1H), 1.49 (dd, J = 13.2, 5.8 Hz, 1H), 1.27 (d, J = 6.9 Hz, 6H).
13C NMR (126 MHz, CDCl3): δ 155.7, 154.7, 138.3, 137.6, 135.5,
129.5, 129.0, 128.8, 128.7, 127.6, 127.5, 126.8, 126.7, 109.4, 73.6,
72.6, 70.9, 69.7, 55.1, 53.4, 52.5, 45.4, 35.9, 35.6, 34.3, 25.9, 23.7.
HRMS (m/z): [M + H]+ calcd for C34H43N2O7S, 623.2785; found
623.2717. HPLC analytical purity (ACN/H2O: 70/30)190−800 nm =
91.94%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b] furan-3-yl ((2S,3R)-3-Hy-

droxy-4-((4-isopropoxy-N-phenethyl phenyl)sulfonamido)-1-phe-
nyl butan-2-yl)carbamate (5be). White solid (19%); Rf (EtOAc/
hexane = 40:60) = 0.4; m.p. = 130.3−131.4 °C; 1H NMR (500 MHz,
CDCl3): δ 7.67 (d, J = 8.9 Hz, 2H), 7.31−7.25 (m, 4H), 7.21 (t, J =
7.7 Hz, 4H), 7.15 (d, J = 7.0 Hz, 2H), 6.93 (d, J = 8.9 Hz, 2H), 5.65
(d, J = 5.2 Hz, 1H), 5.04 (q, J = 6.2 Hz, 1H), 4.90 (d, J = 9.1 Hz, 1H),
4.66−4.58 (m, 1H), 3.96 (dd, J = 9.6, 6.3 Hz, 1H), 3.85 (dt, J = 8.1,
4.2 Hz, 2H), 3.75−3.65 (m, 3H), 3.43−3.24 (m, 3H), 3.19−3.00 (m,
3H), 2.94−2.84 (m, 3H), 2.81−2.74 (m, 1H), 1.51 (s, 2H), 1.49 (d, J
= 7.4 Hz, 1H), 1.36 (d, J = 6.1 Hz, 6H). 13C NMR (126 MHz,
CDCl3): δ 161.8, 155.7, 138.3, 137.7, 129.6, 129.5, 129.2, 129.0,
128.8, 128.7, 126.8, 126.7, 115.8, 109.4, 73.5, 72.6, 70.9, 70.6, 69.7,
55.1, 53.3, 52.4, 45.4, 35.8, 35.6, 25.9, 21.9. HRMS (m/z): [M + H] +

calcd for C34H43N2O8S, 639.2735; found 639.2743. HPLC analytical
purity (ACN/H2O: 70/30)190−800 nm = 98.21%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((4-Bu-

toxy-N-phenethyl phenyl)sulfonamido)-3-hydroxy-1-phenyl
butan-2-yl)carbamate (5bf). White solid (41.8%); Rf (EtOAc/

hexane = 40:60) = 0.39; m.p. = 127.9−128.5 °C; 1H NMR (500
MHz, CDCl3): δ 7.69 (d, J = 8.9 Hz, 2H), 7.31−7.26 (m, 5H), 7.22
(dt, J = 12.0, 4.6 Hz, 3H), 7.15 (dd, J = 6.9, 1.7 Hz, 2H), 6.98−6.92
(m, 2H), 5.66 (d, J = 5.2 Hz, 1H), 5.04 (dt, J = 8.3, 6.3 Hz, 1H), 4.86
(d, J = 9.1 Hz, 1H), 4.01 (t, J = 6.5 Hz, 2H), 3.97 (dd, J = 9.6, 6.2 Hz,
1H), 3.86 (td, J = 8.1, 2.4 Hz, 2H), 3.75−3.65 (m, 2H), 3.45−3.38
(m, 1H), 3.37 (d, J = 3.0 Hz, 1H), 3.32−3.26 (m, 1H), 3.15 (dd, J =
14.9, 8.3 Hz, 1H), 3.11−2.99 (m, 2H), 2.96−2.83 (m, 3H), 2.79 (dd,
J = 14.2, 9.5 Hz, 1H), 1.82−1.76 (m, 2H), 1.72−1.60 (m, 1H), 1.55−
1.44 (m, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3):
δ 162.9, 155.7, 138.3, 137.7, 134.8, 129.5, 129.5, 129.0, 128.8, 128.7,
126.8, 126.7, 115.0, 109.4, 73.6, 72.6, 70.9, 69.7, 68.3, 55.1, 53.3, 52.4,
45.4, 35.8, 35.6, 31.1, 25.9, 19.2, 13.9. HRMS (m/z): [M + H] + calcd
for C35H45N2O8S, 653.2891; found 653.2812. HPLC analytical purity
(ACN/H2O: 70/30)190−800 nm = 99.88%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((4-

Bromo-3-fluoro-N-(2-fluoro benzyl) phenyl)sulfonamido)-3-hy-
droxy-1-phenyl butan-2-yl)carbamate (5dg). White solid (16.9%);
Rf (EtOAc/hexane = 40:60) = 0.43; m.p. = 136.9−137.2 °C; 1H
NMR (500 MHz, CDCl3): δ 7.68 (dd, J = 8.4, 6.4 Hz, 1H), 7.44 (dd,
J = 7.7, 2.1 Hz, 1H), 7.40 (dd, J = 8.3, 2.1 Hz, 1H), 7.36 (dd, J = 7.6,
1.8 Hz, 1H), 7.32−7.23 (m, 4H), 7.23−7.17 (m, 1H), 7.16−7.12 (m,
2H), 7.09 (d, J = 1.2 Hz, 1H), 6.98−6.94 (m, 1H), 5.64 (d, J = 5.3
Hz, 1H), 5.02 (dt, J = 8.2, 5.9 Hz, 1H), 4.72−4.66 (m, 1H), 4.54−
4.36 (m, 2H), 3.94 (dd, J = 9.8, 6.1 Hz, 1H), 3.84 (td, J = 8.2, 2.2 Hz,
1H), 3.80−3.77 (m, 1H), 3.72 (dd, J = 9.7, 5.8 Hz, 1H), 3.70−3.65
(m, 1H), 3.54 (dt, J = 6.5, 3.2 Hz, 1H), 3.32 (d, J = 3.6 Hz, 1H),
3.30−3.18 (m, 2H), 2.96 (dd, J = 14.1, 4.7 Hz, 1H), 2.93−2.88 (m,
1H), 2.70 (dd, J = 14.1, 9.2 Hz, 1H), 1.67−1.58 (m, 1H), 1.47−1.42
(m, 1H). 13C NMR (126 MHz, CDCl3): δ 161.0 (d, J = 247.7 Hz),
156.8 (d, J = 297.4 Hz), 139.9 (d, J = 6.0 Hz), 137.3, 134.6, 131.5 (d,
J = 3.5 Hz), 130.5 (d, J = 8.2 Hz), 129.4, 128.7, 126.8, 124.7 (d, J =
3.6 Hz), 123.9 (d, J = 3.8 Hz), 122.2 (d, J = 14.3 Hz), 115.7 (d, J =
12.3 Hz), 115.5 (d, J = 16.0 Hz), 115.1 (d, J = 21.5 Hz), 109.4, 73.6,
72.2, 70.9, 69.7, 54.8, 52.6, 47.1, 45.5, 35.7, 25.9. HRMS (m/z): [M +
H] + calcd for C30H32BrFN2O7S, 681.1076; found 6.81.1042. HPLC
analytical purity (ACN/H2O: 70/30)190−800 nm = 99.19%.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl ((2S,3R)-4-((4-

Bromo-N-(3,3-diphenyl propyl)-3-fluoro phenyl)sulfonamido)-3-
hydroxy-1-phenyl butan-2-yl)carbamate (5cg). White solid
(24.7%); Rf (EtOAc/hexane = 40:60) = 0.35; m.p. = 122.3−124.7
°C; 1H NMR (500 MHz, CDCl3): δ 7.65 (dd, J = 8.3,6.4 Hz, 1H),
7.38 (dd, J = 7.7, 2.0 Hz, 1H), 7.32−7.27 (m, 7H), 7.25−7.14 (m,
9H), 5.65 (d, J = 5.2 Hz, 1H), 5.06−4.99 (m, 1H), 4.87 (d, J = 8.8
Hz, 1H), 3.98−3.89 (m, 1H), 3.91−3.79 (m, 3H), 3.78 (d, J = 4.0 Hz,
1H), 3.74−3.63 (m, 2H), 3.24 (d, J = 3.7 Hz, 1H), 3.21−3.11 (m,
2H), 3.12−2.99 (m, 3H), 2.95−2.89 (m, 1H), 2.77 (dd, J = 14.1, 9.5
Hz, 1H), 2.42−2.27 (m, 2H), 1.71−1.61 (m, 1H), 1.47 (dd, J = 13.0,
6.1 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 159.0 (d, J = 253.1
Hz), 155.8, 143.6 (d, J = 9.6 Hz), 139.5, 137.5, 134.7, 129.4, 128.8 (d,
J = 5.9 Hz), 127.7, 126.8 (d, J = 13.6 Hz), 123.9, 115.6 (d, J = 25.2
Hz), 115.1 (d, J = 20.7 Hz), 109.4, 73.7, 72.5, 70.8, 69.7, 55.4, 53.0,
49.4, 48.7, 45.5, 35.6, 34.9, 25.9. HRMS (m/z): [M + H]+ calcd for
C38H41BrFN2O7S, 767.1796; found 767.1547. HPLC analytical purity
(ACN/H2O: 70/30)190−800 nm = 99.60%.
HIV-1 PR Expression and Purification
Escherichia coli BL21 (DE3) carrying pET28a-HIV-1 PR plasmid were
grown in LB medium containing 30 μg/mL kanamycin at 37 °C with
shaking speed of 250 rpm. When OD600 reached 0.9−1.0, the
expression of recombinant HIV-1 protease was induced by the
addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) at a final
concentration of 0.5 mM and incubating at 16 °C, 160 rpm overnight.
Cells were harvested by centrifugation, dissolved with PBS (pH 7.4)
containing 1 mM Ethylenediaminetetraacetic acid (EDTA) and lysed
by sonication. As both WT and mutated HIV-PR were expressed in
inclusion bodies, the pellets were collected by centrifugation at 10,000
× g, 4 °C for 30 min and subsequently resuspended in PBS containing
6 M urea. The pellet was removed by configuration at 30,000 × g, 4
°C for 30 min and the supernatant was subjected to column
chromatography.
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Crude protein was loaded onto a Ni Sepharose 6 Fast Flow
column, pre-equilibrated with PBS containing 6 M urea. After washing
the column with Triton-X (1% v/v) and 20 mM imidazole
respectively, the HIV-1 PR was eluted by PBS containing 300 mM
imidazole and 6 M urea. The HIV-1 PR was then refolded by slowly
reducing urea concentration in 100 mM acetate buffer (pH 5.0)
containing ethylene glycol (5% v/v) and glycerol (10% v/v). The
refolded HIV-1 PR was further purified by Superdex 200 Increase 10/
300 GL. The protein was concentrated and stored at−80 °C until use.
Fluorescent Assay for HIV-1 PR Inhibition
The fluorescence resonance energy transfer (FRET) assay was used to
evaluate the HIV-1 PR inhibitory capabilities of all newly synthesized
DRV analogs in vitro. The commercially available peptide (Arg-Glu-
(EDANS)-Ser-Gly-Ile-Phe-Leu-Glu-Thr-Ser-Lys-(DABCYL)-Arg)
was opted as the substrate (10 μM). The wavelengths of excitation
and emission were observed at 340 and 490 nm, respectively. To carry
out assay analysis, the peptide is tagged at both ends with the energy
transfer donor (EDANS) and acceptor (DABCYL) dyes. Dimethyl
sulfoxide (DMSO) was used to dissolve the inhibitors and dilute them
to the proper amounts. The reaction was carried out in 50 mM
sodium acetate, pH 5.0, 0.1 M sodium chloride, and 2% V/V DMF at
27 °C for 30 min. The inhibition assay was performed using 100 nM
HIV-1 protease. The relative fluorescence units (RFU) were recorded
in real-time using Synergy TM H1/BioTek microplate reader and
used for the calculation of initial velocities. Data were fitted by
nonlinear regression to Morrison’s equation according to Windsor &
Raines, 2015 for Ki determination.49

Cytotoxicity Assay
The cytotoxicity of DRV analogs was tested with Vero (CCL-81) and
293T (CRL3216) cell lines (ATCC, Manassas, VA, USA). 293T was
courtesy of Asst. Prof. Pokrath Hansasuta, Division of Virology,
Department of Microbiology, Faculty of Medicine, Chulalongkorn
University. Each cell line was seeded at 1 × 104 cells per well into 96-
well plates and incubated at 37 °C under 5% CO2 overnight. The
DRV analogs were added at the indicated concentrations in the final
concentrations of 1% DMSO in the maintenance medium. Cells were
incubated for 2 days before analyzing the cell viability using CellTiter
96 AQueous One Solution Cell Proliferation Assay kit (Promega,
Madison, WI, USA) according to manufacturer’s protocol. The plate
was read at the A490 nm by VICTORTM X3 microplate reader
(PerkinElmer, Waltham, MA, USA). Each sample was analyzed in
triplicated, and results were reported as means and standard deviation
(SD).50,52
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