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active dimethyloxazolidines 21 and ent-21 were prepared by
following the procedure described by Dondini and co-workers, '
Reduction of these azides by catalytic hydrogenation in methanol
afforded the respective amine., Reaction of 21-derived amine
with epoxide 7 in the presence of i-PrNEt in 2-propanol
afforded amine 22 in 41% yield. Reaction of amine 22 with
p-methoxybenzenesulfonyl chloride or p-nitrobenzenesulfonyl
chloride as described previously afforded sulfonamide deriva-
tives 23 and 24 in 80% and 92% yields, respectively. The
isopropylidene functionality in 23 and 24 was converted to the
corresponding oxazolidinone derivative in a three-step sequence
involving (1) treatment of 23 by a catalytic amount of
p-toluenesulfonic acid (PTSA) in methanol, resulting in the
removal of the isopropylidene group, (2) reaction of the resulting
Boc-amino alcohol with mesyl chloride in the presence of
triethylamine to provide the corresponding mesylate, and (3)
treatment of the resulting mesylate with i-Pr,NEt in chloroform
at reflux. This has provided oxazolidinone 25 in 45% yield over
three steps. The nitrosulfonamide derivative 24 was similarly
converted to the corresponding oxazolidinone. Catalytic hydro-
genation of the resulting nitro derivative with 10% Pd—C in
methanol provided aniline detivative 26 in 37% overall yield
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Scheme 4. Synthesis of Oxazolidinone-Derived Pls
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over four steps. Enantiomeric azide ent-21 was converted to
oxazolidinone derivatives 27 and 28 by following analogous
procedures.

The synthesis of inhibitors containing oxazolidinone as P1’-
ligand and bis-THF as the P2-ligand is shown in Scheme 4.
Treatment of oxazolidinones 25—28 with 30% CF;CO,H in
CH,Cl; at 23 °C afforded the corresponding amines. Reaction
of the resulting amines with activated mixed carbonate 15 in
the presence of Et;N in CH,Cl, afforded the target inhibitors
29-32 in excellent yields (80—90%). The structures of these
inhibitors are shown in Table 1.

Results and Discussion

Our examination of the X-ray structure of 1-bound HIV-1
protease and its respective modeling initially suggested that a
methyl-2-pyrrolidinone may interact well with residues in the
S1’-site.’® As shown in Table 1, our first set of inhibitors contain
a (R)-hydroxyethylamine sulfonamide isostere with either the
bis-THF or Cp-THF as the P2-ligand and p-methoxysulfonamide
or p-aminosulfonamide as the P2"-ligand. The enzyme inhibitory
potency of these Pls was evaluated according to the procedure
reported by Toth and Marshall." Inhibitor 17a with (S)-methyl-
2-pyrrolidinone displayed an enzyme X of 1 nM. Inhibitor 17b
with a Cp-THF showed a 3-fold improvement of potency.
Antiviral activity of these inhibitors was determined in MT-2
human T-lymphoid cells exposed to HIV-1; u;. Interestingly, both
inhibitors have shown dramatic reduction in antiviral activity.
Inhibitors 17a and 17b have shown ICsy values of 0.48 and
0.23 uM, respectively. However, these inhibitors are signifi-
cantly less potent compared to inhibitors with an isobutyl group
as the P1’-ligand.”* Incorporation of p-aminosulfonamide (PIs
18a and 18b) as the P2"-ligand led to a drop in enzyme inhibitory
as well as antiviral potency. Inhibitor 19a containing (R)-methyl-
2-pyrrolidinone as the P1’-ligand has shown 10-fold enhance-
ment of enzyme K; over the (S)-isomer 17a. It showed a slight
improvement in antiviral activity compared to inhibitor 17a.
Inhibitor 19b with (R)-methyl-2-pyrrolidinone as the P1’-ligand
and Cp-THF as the P2-ligand resulted in the most potent
inhibitor in the series. It has shown an enzymatic K| of 99 pM
and a 10-fold improvement (ICs; = 0.026 uM) in antiviral
activity relative to epimeric (S)-pyrrolidinone derivative 17b,
suggesting an important role for the P1’-ring stereochemistry.
Indeed, an X-ray structure of 19b-bound HIV-1 protease
revealed that the pyrrolidinone carbonyl and the NH function-
alities were positioned to hydrogen-bond with residues in the
S1’-site. Interestingly, the combination of P1’-methylpyrrolidi-
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Table 1. Enzymatic Inhibitory Activity of Lactam and Oxazolidinone Containing Inhibitors®
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2 Values are the mean of at least two experiments. ¥ Human T-lymphoid (MT-2) cells (2 x 10%) were exposed to 100 TCIDs, values of HIV-1,4; and
cultured in the presence of each PI, and ICs values were determined using the MTT assay. The ICsq values of amprenavir (APV), saquinavir (SQV), and

indinavir (IDV) were 0.03, 0.015, and 0.03 uM, respectively.

none and polar P2"-p-aminosulfonamide led to PIs with sub-
nanomolar enzyme activity. However, antiviral activity was
reduced drastically. In PIs 29—32, we have incorporated both
(5)- and (R)-oxazolidinone derivatives as substitutes for the
respective pyrrolidinone isomers. As can be seen, oxazolidinone
derivatives 29—32 have shown subnanomolar enzyme inhibitory
potency. Inhibitors with p-methoxysulfonamide as the P2"-ligand
displayed comparable antiviral activity relative to pyrrolidinone
derivatives. Consistent with stereochemical preference, the (R)-
oxazolidinone with p-methoxysulfonamide has shown better
enzyme K; values. However, the antiviral activity of these
compounds is very similar. In general, both pyrrolidinone and
oxazolidinone functionalities appear to be nicely accommodated
in the S1’-site.

‘While inhibitor 31 is very potent in enzyme inhibitory assay,
the significant reduction of antiviral potency is possibly due to
poor cellular permeability of this polar functionality. Inhibitor
19b appeared to be most potent among the series of inhibitors
examined, It exhibited comparable antiviral activity with the
FDA approved Pls amprenavir, saquinavir, and indinavir in the
same assay.

Inhibitor 19b was subsequently examined for its activity
against a clinical wild-type Xs-HIV-1 isolate (HIV-1grsioape)

along with various multidrug-resistant clinical X4~ and Rs-
HIV-1 isolates using PBMCs as target cells.®? As can be seen
in Table 2, the potency of 19b against HIV-1grioapee (ICso = 28
nM) was comparable to FDA approved Pls indinavir, am-
prenavir, and lopinavir with ICsy values of 28, 25, and 30 nM,
respectively. Darunavir, on the other hand, is pearly 10-fold
more potent (ICs, = 3.6 nM) than 19b and the above-mentioned
PIs. Interestingly, of all the PIs tested, indinavir was least able
to suppress the replication of the multidrug-resistant clinical
isolate examined (HIV-1yprant, HIV-1yormm, HIV-1ypric, and
HIV-1mprig) with ICs values greater than 1 #M. Both am-
prenavir and lopinavir displayed 10-fold or greater reduction
in potency except against HIV-IMDR/G, where lopinavir
showed a 5-fold reduction in potency. A more detailed virologic
study using inhibitor 19b will be published elsewhere.®®
Darunavir has maintained impressive activity against all the
multidrug-resistant variants. Inhibitor 19b, while less potent than
darunavir, maintained near full potency against multidrug-
resistant clinical isolates examined. This impressive drug-
resistance property of 19b is possibly due to its extensive
interactions, particularly its ability to make extensive hydrogen
bonding throughout the active site of the protease’s backbone.
Furthermore, inhibitor 19b blocked the infection and replication
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Table 2. Anti-HIV Activity of 19b against Selected Clinical Isolates Highly Resistant to Multiple Protease Inhibitors®
ECso (uM)
virus phenotype DV APV LPV DRV 19b
HIV-1grsioapre (Wild-type) X4 0.028 & 0.005 0.025 + 0.006 0.03 & 0.001 0.0036 + 0.0002 0.028 + 0.004
HIV-1mm (MDR) X4 >1 (>36) 0.254+0.02(10) 0.73+£0.53(24) 0.0036 £0.0002(1)  0.029 £ 0.004 (1)
HIV-1pm (MDR) RS >1(>36) 0324+0.03(13) 072403124 0.019 = 0.009 (5) 0.042 £ 0.002 (2)
HIV-1c (MDR) X4 >1(>36) 035+£0.03(14) 032£0.01(11) 0.015 & 0.001 (4) 0.023 £ 0.007 (1)
HIV-1g (MDR) X4 0.29 £ 0.07 (10) 033+£0.16(13) 014 0.01(5) 0.014 = 0.006 (4) 0.027 £ 0.001 (1)

@ Amino acid substitutions identified in the protease-encoding regions of HIV-1ggsiospre, HIV-1, HIV-1agu, HIV-1¢, and HIV-1g compared to the consensus
B sequence cited from the Los Alamos data base include LG3P, L10I/K 14R/R4 1K/M46L/54V/L63P/ATIVIVE2A/LI0OM/I93L, L10VK43T/M46L/54V/
L63P/AT1V/V82A/LIOM/Q92K, L10U115V/K20R/L241/M36/M46L/I54V/162V/L63P/KT0Q/VE2A/L8M, and L10LV1I1VTI2E/115V/L19/R41K/MA46L/
L63P/A71T/V82A/LO0M, respectively. The ECsy values were determined by employing PHA-PBM as target cells and the inhibition of p24 Gag protein
production as an end point. All values were determined in duplicate or triplicate, and those shown are derived from the results of three independent experiments.

Numbers in parentheses represent fold changes of ECs values against each isolate compared to ECsp values against HIV-lgrsiospe. MDR: multidrug-
resistant.

Figure 2. Stereoview of the major conformation of the X-ray structure of inhibitor 19b-bound HIV. -1 protease.

of each of the HIV-1y14.3 variants exposed to and selected by
up to 5 uM saquinavir, amprenavir, indinavir, nelfinavir, or
ritonavir and a 1 #M lopinavir or atazanavir with ECsp values
ranging from 0.036 to 0.14 uM.%°

X-ray Crystallography. The binding mode of inhibitor 19b
was determined from the X-ray crystal structure of its complex
with wild-type HIV-1 protease. The crystal structure was solved
and refined at 1.29 A resolution with an R factor of 14.1%. In
this high resolution structure, the inhibitor was bound to the
HIV-1 protease active site in two orientations with the relative
occupancy of 0.8/0.2. The protease dimer comprises residues
1—99 and 1’—99’ of the two subunits, and the inhibitor binding
site is formed by both subunits. The P1’-pyrrolidine ring also
showed two alternative conformations with equal occupancy
and related by about 18° rotation around the C12—C13 bond.
A stereoview of the major conformation is shown in Figure 2
(only one conformation is shown for P1°). As shown, extensive
interactions from P2 to P2’ were observed between the inhibitor
and-the protease active site, most notably favorable polar
interactions including hydrogen bonds, weaker C—H*++O and
C—H-+++s interactions. The isostere hydroxyl group forms
asymmetric hydrogen bonds to the carboxylate oxygen atoms
of the catalytic Asp25 and Asp25’ with distances of 2.4—3.3
A. Also, four direct hydrogen bonds are formed between the
oxygens or nitrogens of the inhibitor atoms and the protease
backbone atoms. These include cyclic ether oxygen of the P2-
Cp-THF and the Asp-29 NH, the urethane NH with the carbonyl
oxygen of Gly-27, P2’-methoxy oxygen and Asp-30" NH. One
conformation of the P1’-pyrrolidinone formed a hydrogen bond
between the NH and the carbonyl oxygen of Gly-27' and a
water-mediated hydrogen bond between the P1’-pyrrolidinone

Pro 81’

lle 50 Val 82’

& lle 84’

Figure 3, Protease interactions with the two alternate conformations
of the inhibitor’s pyrrolidine ring. The inhibitor is in green with thick
bonds for the major and thin bonds for the minor conformations of the
pyrrolidine ring. Hydrogen bonds are shown as dotted lines. Distances
between donor and acceptor atoms are shown in A

carbonyl and the side chain of Arg-8. The other conformation
of the P1” group formed hydrophobic and C—H:+* O interactions
with Pro-81’ and Val-82’, as shown in Figure 3. Also, there
exists a tetracoordinated water-mediated interaction where the
amides of Ile50 and Ile50" donate hydrogen bonds, and the
inhibitor’s urethane carbonyl and one of the sulfonamide oxygen
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accept hydrogen bonds from the water molecule. These interac-
tions are conserved in a majority of other HIV-1 protease
complexes with inhibitors?' or substrate analogues.”

The weaker polar interactions such as C—~H-+++O and water—z
interactions can be analyzed accurately in this high resolution
structure.?®>?* These interactions are important for inhibitor-
protease binding and must be considered in the design of
inhibitors. The C—H+++O interactions of the inhibitor with the
carbonyl oxygens of Gly-48, Gly-48’, and Gly-27' mimic the
conserved hydrogen bonds observed with peptide analogue
structures.?®> A conserved water—s interaction is observed
between the P2’ aromatic ring of the inhibitor and the amide of
Asp29’, which is similar to the interaction with darunavir and
other structure-based designed Pls from our laboratories.?>?%
The bigger polar P1’ group of the 2-pyrrolidinone ring in
inhibitor 19b instead of the isobutyl group in PI's 1 and 2
introduces a new direct hydrogen bond with the backbone of
HIV-1 protease and one new water-mediated hydrogen bond
between the inhibitor and the side chain residue of the protease.
The two alternative conformations of the P1’ group with
occupancy of 0.5/0.5 provide more flexible binding within the
S1’ subsite, which is likely to enhance the inhibition of resistant
proteases.

As mentioned earlier, inhibitor 19b maintained near full
potency against multidrug-resistant clinical isolates examined.
On the other hand, 19b is less potent than darunavir possibly
due to the bigger and less optimum size of the P1”-ligand. The
design strategy of incorporating new polar interactions with
conserved backbone regions of the protease warrants further
investigation in light of the current molecular insight into these
ligand-binding site interactions.

Conclusion

We have designed a number of HIV-1 protease inhibitors
with methyl-2-pyrrolidinone and methyloxazolidinone as the
PV-ligand to enhance hydrogen bonding with the protein
backbone atoms in the S1’-subsite. The ligands were synthesized
in enantiomerically pure forms, and a series of inhibitors were
prepared and evaluated in combination with P2-bis-THF and
P2-Cp-THF ligands. In general, these inhibitors exhibited
enzyme inhibitory activity lower than the corresponding inhibi-
tors with a P1’-isobutyl group. Our SAR studies indicated the
importance of ligand stereochemistry and also preference for
the P2-Cp-THF ligand. Interestingly, the polar P1’-ligand
influenced their cellular properties. The inhibitors exhibited
reduction in antiviral activity possibly due to changes in the
molecule’s overall lipophilicity. Our investigation resulted in
the identification of inhibitor 19b which has displayed similar
antiviral potency as the other FDA approved inhibitors such as
indinavir, lopinavir, and amprenavir. Inhibitor 19b, however,
is nearly 10-fold less potent than darunavir. Of particular
importance, 19b has maintained full potency against the
examined panel of multidrug-resistant HIV-1 variants. A high
resolution X-ray structure of 19b-bound HIV-1 protease revealed
a new hydrogen bonding of the P1’-pyrrolidinone NH with the
backbone carbonyl of Gly27'. Also, there is a water mediated
hydrogen bond with the pyrrolidinone carboxyl and Arg8’ side
chain. Furthermore, the P1’-pyrrolidinone showed two alterna-
tive conformations that filled the S1’ subsite. These new
interactions and the conformational flexibility most likely
contributed to its impressive properties against multidrug-
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resistant clinical variants. Further investigations including
optimization of ligand-binding properties are in progress.

Experimental Section

General. All moisture sensitive reactions were carried out under
nitrogen or argon atmosphere. Anhydrous solvents were obtained
as follows: THF, diethyl ether, and benzene, distilled from sodium
and benzophenone; dichloromethane, pyridine, triethylamine, and
diisopropylethylamine, distilled from CaH,. All other solvents were
HPLC grade. Silica gel column chromatography was performed
with Whatman 240—400 mesh silica gel under low pressure. TLC
was carried out with B, Merck silica gel 60-F-254 plates. 'H and
3C NMR spectra were recorded on Varian Mercury 300 and Bruker
Avance 400 and 500 spectrometers. Optical rotations were measured
using a Perkin-Elmer 341 polarimeter.

(S)-5-(Aminomethyl)-2-pyrrolidinone 6. To a stirred solution
of (8)-5-(hydroxymethyl)-2-pyrrolidinone 4 (300 mg, 2.61 mmol)
and p-toluenesulfonyl chloride (646 mg, 3.34 mmol) in CH,Cl, (6
mL) at 0 °C was added DMAP (64 mg, 0.52 mmol) and Et;N (472
4L, 3.34 mmol). The resulting mixture was allowed to warm to 23
°C and stirred for 12 h. The reaction was then quenched with 7
ml of water, and the aqueous layer was extracted with CH;Cly.
The combined organic extracts were washed with 1 N HCl and
dried over anhydrous Na,SO;. Removal of solvent under reduced
pressure followed by flash chromatography purification (100%
EtOAc as the eluent) yielded (S)-toluenesulfonate 5 ( (0.7 g, 93%)
as a yellowish solid. Ry = 0.50 (5% MeOH in CHCly); 'H NMR
(400 MHz, CDCl) d 1.75~1.80 (m, 1H), 2.19—2.35 (m, 3H), 2.44
(s, 3H), 3.85—3.92 (m, 2H), 4.00—4.03 (m, 1H), 6.49 (s, 1H), 7.35
(d, 24, J = 8.0 Hz), 7.77 (4, 2H, J = 8.1 Hz); *C NMR (100
MHz, CDCly) 6 21.6, 22.7, 29.2, 52.5, 71.9, 121.9, 130.0, 132.3,
145.3, 178.2.

To a stirred solution of the above tosylate (638 mg, 2.37 mmol)
in DMF (20 mL) was added NaNj (462 mg, 2.37 mmol). The
resulting solution was stirred at 55 °C for 9 h. Removal of solvent
under reduced pressure followed by flash chromatography purifica-
tion (6% MeOH in CHCl; as the eluent) provided the (5)-
azidopyrrolidinone (330 mg, 99%) as a yellow oil. Ry= 0.50 (10%
MeOH in CHCL); 'H NMR (400 MHz, CDCl3) 6 1.76—1.84 (m,
1H), 2.18—2.44 (m, 3H), 3.28 (dd, 1H, J = 6.5, 12.2 Hz), 343
(dd, 1H, J = 4.6, 12.3 Hz), 3.77—3.83 (m, 1H), 7.38 (s, 1H); 1*C
NMR (100 MHz, CDCl3) 6 23.9, 29.7, 53.6, 55.8, 178.7.

To a solution of the above azide (125 mg, 0.89 mmol) in EtOAc
(10 mL) was added Pd/C (15 mg). The mixture was stirred at 23
°C under a hydrogen filled balloon for 4 h, then filtered over Celite,
and the filter cake was washed with EtOAc and MeOH. Removal
of solvent under reduced pressure followed by flash chromatography
purification (5% MeOH in CHCl; as the eluent) afforded the
corresponding {S)-amine 6 (105 mg, quantitive) as a yellow oil. Ry
= 0,05 (20% MeOH in CHCly); 'H NMR (400 MHz, CDCly) ¢
1.41 (brs 2H), 1.56—1.65 (m, 1H), 2.01—2.12 (m, 1H), 2.19—2.24
(m, 2H), 2.52 (dd, 1H, J = 7.5, 12.8 Hz), 2.69 (dd, 1H, J = 4.3,
12.9 Hz), 3.50—3.57 (m, 1H), 7.90 (brs, 1H); *C NMR (100 MHz,
CDCl3) 6 24.0, 30.2, 47.3, 57.1, 179.0.

tert-Butyl-(2R,3R)-3-hydroxy-4-{((5)-5-oxopyrrolidin-2-yl)-
methylamino]-1-phenylbutan-2-yl-carbamate 8. To a solution of
amine 6 (107 mg, 0.94 mmol) in {-PrOH (5 mL) were added tert-
butyl-[S-(R,R)}-(-)-(1-oxiranyl-2-phenylethyl)carbamate 7 (62 mg,
0.23 mmol) and DIPEA (204 4L, 1.2 mmol). The resultant mixture
was stirred at 65 °C for 18 h and then concentrated under reduced
pressure. Flash chromatography purification (15% MeOH in CHCly
as the eluent) yielded title compound 8 (76 mg, 85%). Ry = 0.47
(25% MeOH in CHCly); 'H NMR (400 MHz, CDCls) 6 1.30 (s,
9H), 1.62—1.71 (m, 1H), 2.13—2.18 (m, 1H), 2.30—2.32 (m, 2 H),
2.52 (4, 1H, J = 8.86 Hz), 2.64—2.73 (m, 4H), 2.96 (d, 1H,J =
9.8 Hz), 3.54 (s, 1H), 3.72—3.75 (m, 4H), 4.99 (brs, 1H), 7.15-7.26
(m, 5H), 8.02 (s, 1H); *C NMR (100 MHz, CDCl;) 6 24.6, 28.3,
30.2, 36.3, 51.7, 54.0, 54.4, 553, 71.5, 79.2, 126.2, 128.2, 1294,
138.1, 155.9, 178.9; LRMS-ESI (m/z) [M + Nal* 400.
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tert-Butyl-(2R,3R)-3-hydroxy-4-(4-methoxy-N-(({S)-5-oxopy-
rrolidin-2-yDmethylphenylsulfonamido)-1-phenylbutan-2-ylcar-
bamate 9, To a stirred solution of amine 8 (22 mg, 0.06 mmol) in
CH,Cl, (3 mL) and aqueous saturated NaHCOj; (3 mL) was added
4-methoxybenzenesulfonyl chloride (35.6 mg, 0.17 mmol). This
reaction mixture was stirred for 12 h followed by extraction of the
aqueous layer with CH;Cly; the combined organic extracts were
dried over anhydrous Na,SO4. Removal of solvent under reduced
pressure followed by flash chromatography purification (6% MeOH
in CHClj as the eluent) provided compound 9 (31 mg, quantitative).
Ry = 0.40 (10% MeOH in CHCly); 'H NMR (500 MHz, CDCl;3) &
1.28 (s, 9H), 1.54—1.62 (m, 1H), 2.14—2.21 (m, 1H), 2.32—2.35
(m, 2H), 2.68—2.75 (m, 2H), 2.72 (s, 3H), 2.81—2.88 (m, 2H),
2.97-3.03 (m, 3H), 3.64—3.72 (m, 1H), 4.01-4.05 (m, 1H), 5.06
(d, 1H, J = 8.9 Hz), 6.93 (d, 2H, J = 8.6 Hz), 7.16—7.19 (m, 3H),
7.27-7.28 (m, 3H), 7.61 (4, 2H, J = 8.5 Hz); 13C NMR (125 MHz,
CDCl,) 6 23.9, 28.1, 29.6, 29.9, 36.1, 53.4, 53.9, 54.5, 55.5, 56.0,
71.9,79.5, 1143, 126.3, 126.3, 129.3, 129.5, 137.7, 155.9, 163.1,
178.4; LRMS-ESI (m/z) {M + Nal* 570.

tert-Butyl-(2R ,3R)-4-(4-Cbz-amino-N-(((S)-5-oxopyrrolidin-2-
yhmethyl)phenylsulfonamide)-3-hydroxy-1-phenylbutan-2-yl-
carbamate 10. To a stirred solution of amine 8 (93.6 mg, 0.25
mmotl) in CHCl; (10 mL) and aqueous saturated NaHCO; (10 mL)
was added 4-nitrobenzenesulfonyl chloride (60 mg, 0.27 mmol).
This reaction mixture was stirred for 7 h followed by extraction of
the aqueous layer with CH,Cl,; the combined organic extracts were
dried over anhydrous Na;SO,. Removal of solvent under reduced
pressure followed by flash chromatography purification (dry transfer,
8% MeOH in CHCI; as the eluent) provided (S)-nitrosulfonamide
(112 mg, 80%) as a yellowish solid. Ry = 0.56 (10% MeOH in
CHCl3).

The above nitrosulfone (103 mg, 0.18 mmol) was dissolved in
EtOAc (20 mL), and Pd/C (11 mg) was added. The mixture was
stirred under a hydrogen filled balloon for 8 h at 23 °C, It was
then filtered over Celite, and the filter cake was washed with EtOAc
and MeOH. Removal of solvent under reduced pressure followed
by flash chromatography purification (2.5% MeOH in CHCl; as
the eluent) afforded the corresponding (S)-amine (77 mg, 79%) as
a white solid. R = 0.26 (5% MeOH in CHCly); 'H NMR (500
MHz, CDCl3) 1.35 (s, 9H), 1.59—1.57 (m, 1H), 2.15-2.23 (m, 1H),
2.29—2.42 (m, 2H), 2.82—2.87 (m, 3H), 3.02 (dd, 1H, J = 4.75,
14.0), 3.13 (dd, 1H, J = 10, 13.2 Hz), 3.30 (dd, 2H, J = 1.8, 144
Hz), 3.73—3.82 (m, 1H), 3.90—3.95 (m, 1H), 3.99 (d, 1H, /= 6.2
Hz),4.72 (d, 1H, J = 8.2 Hz), 6.72 (d, 2H, J = 7.9 Hz), 7.20—7.32
(m, 5H), 7.37 (s, 1H), 7.57 (d, 2H, J = 8.2 Hz); *C NMR (125
MHz, CDCl3) 6 24.3, 28.6, 30.0, 36.5, 53.6, 54.4, 54.9, 56.6, 72.6,
79.8, 114.4, 125.0, 126.7, 128.7, 129.9, 130.0, 138.3, 151.5.

To a stirred solution of the above amine (33.1 mg, 0.06 mmol)
in CH,Cl; (3 mL) was added pyridine (30 #L, 0.37 mmol) and
benzyl chloroformate (20 uL, 0.137 mmol). This reaction mixture
was stirred for 3 h, then quenched with 5 drops of benzylamine
followed by removal of solvent under reduced pressure. Column
chromatography over silica gel (2.5% MeOH in CHCl; as the
eluent) provided (S)-Cbz-amine 10 (41 mg, 99%) as a white solid.
R;= 0.37 (5% MeOH in CHCl3); 'H NMR (500 MHz, CDCl3) &
1.56 (brs, 1H), 2.12—-2.18 (m, 1H), 2.26—2.41 (m, 2H), 2.71-2.78
(m, 2H), 2.79—89 (m, 1H), 3.02 (dd, 1H, J = 8.2, 18.0 Hz),
3.,19—3.26 (m, 1H), 3.38 (4, 1H, J = 14.4 Hz), 3.77 (brs, 1H),
3.94—3.99 (m, 2H), 473 (d, 1H, J = 85 Hz), 521 (s, 2H),
7.19—7.22 (m, 3H), 7.25-7.29 (m, 3H), 7.31-7.39 (m, 4H), 7.57
(@, 2H, J = 7.6 Hz), 7.69 (d, 2H, J = 7.7 Hz); ¥C NMR (125
MHz, CDCly) 6 24.1, 28.7, 30.1, 36.6, 53.3, 54.3, 54.8, 56.8, 67.7,
72.6, 80.0, 118.6, 126.8, 128.7, 128.8, 128.9, 129.0, 129.4, 129.9,

131.6, 136.0, 138.1, 143.0, 153.3, 156.3, 178.9; LRMS-ESI (m/2)
M + Na]* 689.

tert-Butyl-(2R,3R)-3-hydroxy-4-(4-methoxy-N-(((R)-5-oxopy-
rrolidin-2-yl)methyl)phenylsulfonamide)-1-phenylbutan-2-ylcar-
bamate 11. To a stirred solution of (R)-5-(hydroxymethyl)-2-
pyrrolidinone ent-5 (500 mg, 4.34 mmol) and p-toluenesulfonyl
chloride (1.08 g, 5.6 mmol) in CH;Cl, (10 mL) at 0 °C were added
DMAP (106 mg, 0.87 mmol) and Et;N (780 #L, 5.6 mmol). The
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resulting mixture was allowed to warm to 23 °C and stirred for
12 h. The reaction was then quenched with 10 mL of water, and
the aqueous layer was extracted with CH,Cl,. The combined organic
extracts were washed with 1 N HCI and dried over anhydrous
Na,S0O4. Removal of solvent under reduced pressure followed by
flash chromatography (2.5% MeOH in CHCl, as the eluent) yielded
the (R)-toluenesulfonate (1.8 g, 93%) as a yellowish solid. Ry =
0.50 (5% MeOH in CHCL); 'H NMR (400 MHz, CDCl) 6
1.70—-1.79 (m, 1H), 2.13~2.35 (m, 3H), 2.42 (s, 3H), 3.84—3.89
(m, 2H), 3.96—3.04 (m, 1H), 6.76 (s, 1H), 7.33 (d, 2H, J = 8.04
Hz), 7.76 (4, 2H, J = 8.2 Hz); ®C NMR (100 MHz, CDCl) ¢
21.6, 22.7, 29.3, 52.6, 71.9, 127.9, 130.0, 132.3, 145.3, 178.1.

To a stirred solution of the above toluenesulfonate (1.08 g, 4.03
mmol) in DMF (30 mL) was added NaNj; (1.31 g, 20.2 mmol).
The resulting solution was stirred at 55 °C for 12 h. Solvent was
then removed under reduced pressure followed by flash chroma-
tography purification (6% MeOH in CHC; as the eluent), provid-
ing the (R)-azidopyrrolidinone (558 mg, 99%) as a yellow oil. Ry
= 0.44 (5% MeOH in CHCls); 'H NMR (500 MHz, CDCly) 6
1.72-1.79 (m, 1H), 2.13—2.37 (m, 3H), 3.22 (dd, 1H, J = 6.3,
12.3 Hz), 3.37 (dd, 1H, J = 4.7, 12.3 Hz), 3.72—-3.78 (m, 1H),
7.69 (s, 1H); ’C NMR (125 MHz, CDCl3) 6 24.3, 30.2, 54.1, 56.1,
179.3.

To a solution of the above azide (528 mg, 3.77 mmol) in EtOAc
(35 mL) was added Pd/C (40 mg). The mixture was stirred at 23
°C under a hydrogen filled balloon for 4 h, then filtered over Celite,
and the filter cake was washed with EtOAc and MeOH. Removal
of solvent under reduced pressure followed by flash chromatography
purification (5% MeOH in CHCl; as the eluent) afforded the (R)-
amine ent-6 (257 mg, 95%) as a yellow oil. R= 0.05 (20% MeOH
in CHCly); 'H NMR (400 MHz, CDCl;) 6 1.59—1.69 (m, 1H),
2.06—2.15 (m, 1H), 2.23~2.30 (m, 4H), 2.57 (dd, 14, J = 7.6,
12.8 Hz), 2.74 (dd, 1H, J = 4.1, 12,9 Hz), 3.56—3.65 (m, 1H),
7.80 (brs, 1H); C NMR (100 MHz, CDCL) & 24.1, 30.2, 47.1,
56.8, 179.0.

To a solution of amine ent-6 (430 mg, 3.76 mmol) in i-PrOH
(20 mL) were added rert-butyl-[S-(R,R)]-(—)-(1-oxiranyl-2-phenyl-
ethyl)carbamate 7 (250 mg, 0.94 mmol) and i-Pr;EtN (1.5 mL, 8.6
mmol). The resultant mixture was stirred at 65 °C for 36 h and
then concentrated under reduced pressure. Flash chromatography
purification (10% MeOH in CHCl; as the eluent) yielded the (R)-
hydroxylamine (8R) (300 mg, 84%). Ry = 0.33 (20% MeOH in
CHCl3); *H NMR (400 MHz, CDCl3) 6 1.33 (s, 9H), 1.64—1.73
(m, 1H), 2.13-2.22 (m, 1H), 2.28—2.34 (m, 2 H), 2.54 (dd, 1H,J
=9.0, 11.8 Hz), 2.65 (dd, 1H, J = 7.2, 13.2 Hz), 2.73—2.85 (m,
4H), 2.94 (dd, 1H, J = 4.4, 14.0 Hz), 343 (s, 1H), 3.51~3.60 (m,
1H), 3.70—3.76 (m, 1H), 3.79—3.84 (m, 1H), 5.02 (d, 1H, J =89
Hz), 7.16—7.27 (m, SH), 7.94 (s, 1H); ’C NMR (100 MHz, CDCl;)
d 24.6, 28.3, 30.2, 36.3, 52.1, 54.2, 54.6, 55.4, 71.6, 79.2, 126.2,
128.3, 129.4, 138.1, 155.9, 178.9; LRMS-ESI (m/z) [M + Na]*
400.

To a stirred solution of above (R)-hydroxylamine (8R) (40 mg,
0.105 mmol) in CH,Cl; (4 mL) and aqueous saturated NaHCO; (4
mL) was added 4-methoxybenzenesulfonyl chloride (66 mg, 0.318
mmmol), This reaction mixture was stirred for 12 h followed by
extraction of the aqueous layer with CH,Cly; the combined organic
extracts were dried over anhydrous Na;SO,. Removal of solvent
under reduced pressure followed by flash chromatography purifica-
tion (4% MeOH in CHCl; as the eluent) provided compound 11
(54 mg, 93%). Ry = 0.40 (10% MeOH in CHCL3); 'H NMR (400
MHz, CDCl;) 6 1.32 (s, 9H), 1.64—1.68 (m, 1H), 2.17—2.21 (m,
2H), 2.34—2.40 (m, 2H), 2.76—2.84 (m, 1H), 2.91—3.06 (m, 3H),
3.16—3.29 (m, 2H), 3.75-3.80 (m, 1H), 3.84 (s, 3H), 3.96—4.02
(m, 2H), 499 (d, 1H, J = 8.7 Hz), 6.95 (d, 2H, J = 8.8 H2),
7.16~7.28 (m, 5H), 7.68 (d, 2H, J = 8.8 Hz), 7.93 (s, 1H); PC
NMR (100 MHz, CDCl3) 6 24.4, 28.2, 29.9, 35.7, 35.4, 54.7, 55.2,
55.6,55.8,57.8,73.9,79.5,114.4, 126.2, 128.3, 129.3, 129.5, 138.0,

155.9, 163.1, 178.6; LRMS-ESI (mm/z) [M + Na]t 670.
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tert-Butyl-(ZR,3R)-4-(4-Cbz-amino-N—(((R)-S-oxopyrrolidin-
2-yhHmethylphenylsulfonamido)-3-hydroxy-1-phenylbutan-2-yl-
carbamate 12. To a stirred solution of (R)-hydroxylamine (8R)
(116 mg, 0.3 mmol) in CH,Cl, (10 mL) and aqueous saturated
NaHCO; (10 mL) was added 4-nitrobenzenesulfonyl chloride (74
mg, 0.33 mmol). This reaction mixture was stirred for 12 h followed
by extraction of the aqueous layer with CHyCl,; the combined
organic extracts were dried over anhydrous Na,SO4. Removal of
solvent under reduced pressure followed by flash chromatography
purification (dry transfer, 5% MeOH in CHCI; as the eluent)
provided the (R)-nitrosulfonamide (164 mg, 96%) as a yellowish
solid. Ry = 0.56 (10% MeOH in CHCl;).

The above nitrosulfonamide (154 mg, 0.27 mmol) was redisolved
in EtOAc (25 mL) and treated with Pd/C (16 mg) under argon.
Argon was then replaced with a hydrogen filled balloon, and the
mixture was allowed to stir for 12 h at 23 °C. It was then filtered
over Celite, and the filter cake was washed with EtOAc and MeOH.
Removal of solvent under reduced pressure followed by flash
chromatography purification (6% MeOH in CHCl; as the eluent)
afforded the corresponding (R)-aniline (123 mg, 83%) as an
amorphous solid. Ry = 0.45 (10% MeOH in CHCLy); 'H NMR (500
MHz, CDCl3) 6 1.31 (s, 9H), 1.58—1.64 (m, 1H), 2.15-2.21 (m,
1H), 2.29 (t, 2H, J = 8.2 Hz), 2.73~2.86 (m, 3H), 2.99 (dd, 1H,
J =44, 139 Hz), 3.23 (d, 1H,J = 138 H2), 330 (d, I1H, J =
14.8 Hz), 3.74 (brs, 1H), 3.92 (brs, 1H), 3.99 (d, 1H, J = 5.7),
431 (s, 1H), 5.01 (d, 14, J = 9.1 Hz), 6.63 (d, 2H, J = 8.5 Hz),
7.16—7.21 (m, 3H), 7.24—7.27 (m, 2H), 7.48 (d, 2H, J = 8.5 Hz);
13C NMR (125 MHz, CDCl3) 6 24.3, 28.1, 29.8, 35.5, 54.6, 55.0,
55.5, 57.7, 73.8, 79.5, 113.9, 125.0, 126.2, 128.2, 129.3, 1294,
137.8, 151.0, 155.9, 178.2; LRMS-ESI (m/z) [M + Na]* 555.

To a stirred solution of the above (R)-aniline (101 mg, 0.19
mmol) in CH,Cl, (15 mL) was added pyridine (34 uL, 0.41 mmol)
and benzyl chloroformate (60 L, 0.41 mmot). This reaction mixture
was stirred for 1.5 h, then quenched with 3 drops of benzylamine,
followed by removal of solvent under reduced pressure. Column
chromatography over silica gel (6% MeOH in CHC; as the eluent)
provided the (R)-Cbz-amine 12 (120 mg, 95%) as a white solid. Ry
= (.35 (10% MeOH in CHCL); *H NMR (500 MHz, CDCl;) 0
1.29 (s, SH), 1.55—1.65 (m, 1H), 2.15~2.23 (m, 1H), 2.26—2.31
(m, 2H), 2.60—2.75 (m, 3H), 2.97 (dd, 1H, J = 8.2, 18.1 Hz), 3.29
(d, 1H, J = 17.7 Hz), 3.36 (dd, 1H, J = 2.4, 149 Hz), 3.64 (s,
1H), 3.88—3.92 (m, 1H), 3.98—4.02 (m, 1H), 5.12(d, 1H,J = 5.0
Hz), 5.17 (s, 2H), 7.14~7.19 (m, 3H), 7.21-7.28 (m, 3H),
7.30—7.37 (m, 4H), 7.54 (d, 2H, J = 8.6 Hz), 7.63 (d, 2H, J =
8.8); ¥C NMR (125 MHz, CDCl;) 6 24.8, 28.6, 30.2, 36,0, 55.1,
55.8,55.9, 58.2, 67.6, 74.4, 80.0, 118.6, 126.7, 128.6, 128.7, 128.8,
129.0, 129.0, 129.7, 130.3, 131.2, 136.1, 138.2, 143 4, 153.6, 178.9;
LRMS-ESI (mfz) [M + Na]* 689.

(3R,3a$,6aR)-Hexahydrofuro[2,3-b]furan-3-yl(25,3R)-3-hy-
droxy-4-(4-methoxy-N-(((S)-5-oxopyrrolidin-2-y))methyDphenyl-
sulfonamido)-1-phenylbutan-2-ylcarbamate 17a. A solution of
compound 9 (10 mg, 0.02 mmol) in 30% trifluorcacetic acid (in
CH;Cly, 3 mL) was stirred 23 °C for 40 min, then concentrated
under reduced pressure to give the crude amine 13S. This residue
was redissolved in CH,Cl, (3 mL), treated with Et;N (20 #L, 0.13
mmol), followed by carbonate 15 (5.5 mg, 0.02 mmol) and stirred
at 23 °C for 12 h. The reaction mixture was then concentrated under
reduced pressure, and the residue was purified by flash chroma-
tography (2% MeOH in CHCl; as the eluent) to give inhibitor 17a
(11.3 mg, 98%) as a white solid. R,= 0.48 (10% MeOH in CHCl3);

I NMR (500 MHz, CDCl3) 6 1.48 (dd, 1H, J = 5.5, 13.2 Hz),
1.58—1.68 (m, 2H), 2.17—2.26 (m, 1H), 2.34—2.49 (m, 2H), 2.76
(dd, 1H, J = 9.8, 14.0 Hz), 2.85—2.95 (m, 3H), 3.10-3.16 (m,
2H), 3.22 (dd, 1H, (dd, 1H, J = 9.9, 13.7 Hz), 3.67—-3.74 (m, 2H),
3.82—3.85 (dt, 1H, J = 1.8, 8.4 Hz), 3.87 (s, 3H), 3.94 (dd, 1H, J
= 6.2, 9.6 Hz), 3.96—4.01 (m, 1H), 4.04—4.08 (m, 1H), 5.0 (q,
1H,J = 6.1,7.9 Hz), 5.64 (d, 1H, J = 5.2 Hz), 698 (d, 2H, J =
8.9 Hz), 7.19—7.29 (m, 3H), 7.26—7.29 (m, 2H), 7.58 (brs, 1H),
7.69 (d, 24, J = 8.8 Hz); °C NMR (125 MHz, CDCl) 4 23.9,
25.7,29.5,35.9,45.2,53.4,53.9, 55.1, 55.6, 56.4, 69.5,70.8, 72.3,
73.3,109.2, 114.4, 126.4, 128.3, 128.6, 129.2, 1294, 137.6, 155.4,
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163.2, 178.5. LRMS-ESI (m/z) (M + H]* 604.2; HRMS-ESI (m/2)
M + H]* caled for CaoHssN300S 604.2329, found 604.2332,

(3a$,5R 6aR)-Hexahydro-2H-cyclopenta[blfuran-5-y1-(25,3R)-
3-hydroxy-4-(4-methoxy-N-(((S)-5-oxopyrrolidin-2-ymethyl)phe-
nylsulfonamido)-1-phenylbutan-2-ylcarbamate 17h. A solution
of compound 9 (11.8 mg, 0.02 mmol) in 30% trifluoroacetic acid
(in CH,Cl;, 1.5 mL) was stirred at 23 °C for 40 min, thea
concentrated under reduced pressure to give the crude amine 13S.
This crude residue was redissolved in CH,Cl; (1.5 mL), treated
with EtsN (63 uL, 0.45 mmol), followed by carbonate 16 (6.4 mg,
0.02 mmot), and stirred at 23 °C for 6 h. The reaction mixture was
then concentrated under reduced pressure and the residue was
purified by flash chromatography (1% MeOH in CHCl; as the
eluent) to give inhibitor 17b (11.5 mg, 87%) as a white solid. Ry=
0.35 (5% MeOH in CHCl3); 'H NMR (500 MHz, CDCly) d 1.45
(d, 1H, J = 14.3 Hz), 1.55—-1.59 (m, 1H), 1.88 (d, 1H, J = 15.1
Hz), 1.95-2.06 (m, 3H), 2.17—2.24 (m, 1H), 2.33—2.48 (m, 2H),
2.60—2.67 (m, 1H), 2.78 (dd, 1H, J = 9.1, 14.1 Hz), 2.88—-2.97
(m, 2H), 3.09 (dd, 1H, J = 4.3, 14.1 Hz), 3.12-3.18 (m, 2H),
3.64—3.68 (m, 1H), 3.82—3.85 (m, 2H), 3.86 (s, 3H), 3.89—3.95
(m, 1H), 3.99-4.05 (m, 1H), 4.39—4.42 (m, 1H), 469 (d, I1H,J =
4.1 Hz), 4.87—4.90 (m, 1H), 4.91 (d, 1H, J = 8.9 Hz), 6.98 (d,
2H, J = 8.9 Hz), 7.20—7.23 (m, 3H), 7.27-7.30 (m, 2H), 7.42 (s,
1H), 7.70 (d, 2H, J = 8.9 Hz); 1*C NMR (125 MHz, CDCly) ¢
24.0, 29.8, 33.8, 35.9, 38.3, 39.4, 41.5, 53.2, 53.3, 53.9, 54.8, 55.5,
56.3, 67.6, 72.2, 83.7, 114.3, 126.4, 128.4, 128.7, 129.3, 129.5,
137.5, 156.1, 163.1, 178.3. LRMS-ESI (m/z) [M + Na]* 624.0;
HRMS-ESI (m/z) [M + Nal* caled for CaoH3eN3NaO4S 624.2356,
found 624.2352.

(3R,3aS,6aR)-Hexahydrofuro[2,3-bfuran-3-yl(2S,3R)-4-(4-
amino-N-(((S)-5-oxopyrrolidin-2-yl)methyDphenylsulfonamido)-
3-hydroxy-1-phenylbutan-2-ylcarbamate 18a. The Cbz-protected
amine 10 (31 mg, 0.04 mmol) was treated with 30% trifluoroacetic
acid in CHyCl; (6 mL) and stirred at 23 °C for 40 min, then
concentrated under reduced pressure to give the crude amine 14S.
This residue was redissolved in CH,Cl, (6 mL), charged with Et;N
(64 pL, 0.46 mmol), followed by carbonate 15 (14 mg, 0.05 mmol),
and stirred at 23 °C for 12 h. Reaction was quenched with 3 drops
of benzylamine and concentrated under reduced pressure. Flash
chromatography purification (4% MeOH in CHCI; as the eluent)
provided the Cbz-protected inhibitor (23 mg, 86%) as a white solid.
Ry = 0.46 (10% MeOH in CHCl).

To the above Cbz-protected inhibitor (13.3 mg, 0.018 mmol),
in EtOAc (6 mL) under argon, was added Pd/C (3 mg). The mixture
was stirred at 23 °C under a hydrogen filled balloon for 3 h, then
filtered over Celite, and the filter cake was washed with EtOAc
and MeOH. Removal of solvent under reduced pressure followed
by flash chromatography purification (3% MeOH in CHCI; as the
eluent) provided the title inhibitor 18a (7.4 mg, 68%) as a white
solid. Ry= 0.19 (5% MeOH in CHCL); 'H NMR (500 MHz, CDCly)
6 1.44 (d, 1H, J = 5.4 Hz), 1.59-1.69 (m, 2H), 2.16—2.25 (m,
1H), 2.36 (t, 2H, J = 7.9 Hz), 2.68 (dd, 1H, J = 9.8, 13.9 Hz),
2.85—2.95 (m, 3H), 3.03—3:09 (m, 2H), 3.13 (dd, 1H, J = 4.4,
14.1 Hz), 3.67—3.72 (m, 2H), 3.79—3.89 (m, 3H), 3.93 (dd, 1H, J
= 6.0, 9.7 Hz), 4.01—4.06 (m, 1H), 4.96 (q, 1H,J = 5.9, 7.9 Hz),
5.63(d, 1H,J = 5.1 Hz), 6.72 (d, 2H, J = 8.2 Hz), 7.17—7.21 (m,
3H), 7.24—7.28 (m, 2H), 7.50 (d, 2H, J = 8.4 Hz); 1*C NMR (125
MHz, CDCly) 6 24.3, 26.2, 30.0, 36.6, 45.8, 53.6, 54.2, 55.6, 56.6,
70.0, 71.5, 727, 73.6, 109.7, 114.6, 124.9, 126.8, 128.8, 129.7,
129.9, 1303, 151.4, 155.9, 178.3. LRMS-ESI (m/z) [M + H}*
589.2; HRMS-ESI (m/z) (M + H]' caled for CyHsN4OsS
589.2332, found 589.2336.

(3aS,5R,6aR)-Hexahydro-2H-cyclopentalbifuran-5-y1-(25,3R)-
4-(4-amino-N-(((S)-5-oxopyrrolidin-2-yDmethyl)phenylsulfona-
mido)-3-hydroxy-1-phenylbutan-2-ylcarbamate 18b. The Cbz-
protected amine 10 (29.6 mg, 0.04 mmol) was treated with 30%
trifiuoroacetic acid (in CH,Cl,, 6 mL) and stirred at 23 °C for 40
min, then concentrated under reduced pressure to give the crude
amine 148S. The residue was redissolved in CH,Cl, (6 mL), charged
with Bt;N (31 uL, 0.22 mmol), followed by carbonate 16 (13.1
mg, 0.05 mmol), and stirred at 23 °C for 4 h. Reaction was
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quenched with 2 drops of benzylamine and concentrated under
reduced pressure. Flash chromatography purification (4% MeOH
in CHCI; as the eluent) provided the Cbz-protected inhibitor (26.1
mg, 82%) as a white solid. Ry = 0.49 (10% MeOH in CHCl).
To a solution of the above protected inhibitor (17 mg, 0.02
mmol), in EtOAc (5 mL) under argon, was added Pd/C (3 mg).
The mixture was stirred at 23 °C under a H; filled balloon for 5 h,
then filtered over Celite, and the filter cake was washed with EtOAc
and MeOH. Removal of solvent under reduced pressure, followed
by flash chromatography purification (5% MeOH in CHCI; as the
eluent) provided inhibitor 18b (14 mg, 75%) as a white solid. Ry=
0.27 (10% MeOH in CHCl;); 'H NMR (500 MHz, CDCl3) 6
1.41~1.45 (m, 1H), 1.56—1.67 (m, 3H), 1.85 (d, 1H, J = 134
Hz), 1.96~2.04 (m, 3H), 2.14—2.21 (m, 1H), 2.31-2.42 (m, 2H),
2.61 (brs, 1H), 2.74—2.85 (m, 3H), 3.09 (dd, 1H, J = 4.4, 144
Hz), 3.15~3.20 (m, 1H), 3.25 (d,1H, J = 14.3 Hz), 3.66—3.70 (q,
1H, J = 7.1, 7.4 Hz), 3.83—-3.88 (m, 2H), 3.91-3.96 (m, 1H),
3.96—4.25 (m, 1H), 4.40 (1, 1H, J = 5.9 Hz), 4.87 (brs, 1H), 4.93
(d, 1H, J = 8.9 Hz), 6.69 (d, 2H), 7.18—7.22 (m, 3H), 7.28—7.30
(m, 2H), 7.55 (d, 2H, J = 8.4 Hz), 7.63 (s, 1H); °C NMR (125
MHz, CDCl3) 6 24.3, 30.1, 34.1, 36.7, 38.7, 39.8, 41.9, 53.5, 54.3,
55.3,56.8,68.0,72.8, 84.1,114.6, 125.3, 126.8, 128.8, 129.9, 130.1,
138.1, 151.4, 156.6, 178.9. LRMS-ESI (m/z) M + HI* 586.9;
HRMS-ESI (mi/z) [M + HI* calcd for CagHagN4O4S 587.2539, found
587.2539.
(3R,3aS$,6aR)-Hexahydrofuro[2,3-5]furan-3-y1-(25,3R)-3-hy-
droxy-4-(4-methoxy-N-(((R)-5-oxopyrrolidin-2-ymethyl)phe-
nylsulfonamido)-1-phenylbutan-2ylcarbamate 19a. A solution of
compound 11 (20 mg, 0.03 mmol) in 30% trifluoroacetic acid (in
CH,Cl,, 3 mL) was stirred 23 °C for 40 min, then concentrated
under reduced pressure. The residue was redissolved in CHzCl (3
mL), treated with Et;N (51 4L, 0.36 mmol), followed by carbonate
15 (11 mg, 0.04 mmol), and stirred at 23 °C for 12 h. The reaction
mixture was then concentrated under reduced pressure and the
residue was purified by flash chromatography (2% MeOH in CHCI;
as the eluent) to give inhibitor 19a (21 mg, 92%) as a white solid.
Ry = 0.41 (10% MeOH in CHCL;); 'H NMR (500 MHz, CDCl;) &
1.44 (dd, 1H, J = 5.6, 13.2 Hz), 1.57—-1.67 (m, 2H), 1.81-1.91
(m, 1H), 2.19-2.27 (m, 1H), 2.33—2.41 (m, 2H), 2.73 (dd, 1IHJ
= 10.35, 13.9 Hz), 2.83—-291 (m, 2H), 2.95 (dd, 1H, J = 8.9,
14.9 Hz), 3.11 (dd, 1H, J = 4.2, 14.0 Hz), 3.26—3.30 (ddd, 2H, J
= 2.6, 7.0, 14.3 Hz), 3.64—3.70 (m, 1H), 3.74 (dd, 1H, J = 5.5,
9.8 Hz), 3.76—3.81 (dt, 1H, J = 1.62, 8.0 Hz), 3.87 (s, 3H),
3.89—3.93 (q, 1H, J = 4.0, 5.6 Hz), 4.03—4.06 (m, 2H), 4.98-5.02
(q, 14, J = 5.65, 7.9 Hz), 5.62 (d, 1H, J = 5.4 Hz), 6.98 (d, 2H,
J =89 Hz), 7.17—7.27 (m, 5H), 7.70 (d, 2H, J = 8.8 Hz), 7.89 (s,
1H); 3C NMR (125 MHz, CDCls) 6 24.2, 25.7, 29.8, 354, 45 4,
55.0, 55.3, 55.5, 55.7, 58.1, 69.5, 71.0, 73.3, 740, 109.2, 1144,
126.3, 128.3, 128.8, 129.2, 129.4, 137.8, 155.5, 163.2, 178.5.
LRMS-ESI (m/z) [M + Na]™ 626.3; HRMS-ESI (m/z) (M + Na]*
caled for CooH3N; Na OpS 626.2148, found 626.2156.
(3aS,5R,6aR)-Hexahydro-2H-cyclopenta[blfuran-5-y1-(2S,3R)-
3.hydroxy-4-(4-methoxy-N-({((R)-5-oxopyrrolidin-2-yhmethyl)phe-
nylsulfonamido)-1-phenylbutan-2-ylcarbamate 19b. A solution
of compound 11 (21 mg, 0.04 mmol) in 30% trifluoroacetic acid
(in CH,Cl,, 3 mL.) was stirred at 23 °C for 40 min, then concentrated
under reduced pressure. The residue was redissolved in CH,Cl, (3
mL), treated with E;N (27 uL, 0.19 mmol), followed by carbonate
16 (12 mg, 0.04 mmol), and stirred at 23 °C for 12 h. The reaction
mixture was then concentrated under reduced pressure and the
residue was purified by flash chromatography (1% MeOH in CHCl;
as the eluent) to give inhibitor 19b (21 mg, 93%) as a white solid.
Ry = 0.31 (5% MeOH in CHCL;); 'H NMR (500 MHz, CDCl3) &
1.48 (d, 1H, J = 14.1 Hz), 1.58—1.62 (m, 1H), 1.83—-2.04 (m,
5H), 2.19~2.25 (m, 1H), 2.31—2.41 (m, 2H), 2.59—2.67 (m, 1H),
2.73 (dd, 1H, J = 9.0, 13.9 Hz), 3.03 (dd, 1H, J = 7.0, 15.0 Hz),
3.08—3.16 (m, 2H), 3.19 (d, 1H, J = 14.9 Hz), 3.57-3.63 (m,
1H), 3.83—3.86 (m, 3H), 3.86 (s, 3H), 3.94—3.99 (m, 1H), 4.78
(d, 1H, J = 13.7 Hz), 4.90 (s, 1H), 5.36 (4, 1H, J = 8.1 Hz), 6.97
(d, 2H, J = 8.6 Hz), 7.18~7.28 (m, 5H), 7.46 (d, 1H, J = 184
Hz), 7.70 (d, 2H, J = 8.8 Hz); *C NMR (125 MHz, CDCl3) é
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22.5,30.0,31.4, 33.9, 35.8, 38.2, 39.5, 41.7, 54.6, 54.9, 55.5, 56.0,
57.7, 61.7, 74.0, 83.9, 1144, 126.2, 128.2, 128.9, 129.3, 1294,
137.9, 156.1, 163.1, 178.5. LRMS-ESI (m/7) M + HI* 601.7;
HRMS-ESI (m/z) (M + HJ* caled for CapHoN305S 602.2536, found
602.2536.

(3R,3aS,6aR)-Hexahydrofuro[2,3-b]lfuran-3-yl-(25,3R)-4-(4-
amino-N-(((R)-5-oxopyrrolidin-2-yl)methyl)phenylsulfonamido)-
3-hydroxy-1-phenylbutan-2-ylcarbamate 20a. A solution of the
(R)-aniline 12 (15 mg, 0.03 mmol) in 30% trifluoroacetic acid (in
CH,Cl,, 3 mL) was stirred at 23 °C for 40 min, then concentrated
under reduced pressure. The residue was redissolved in CH.Cl, (3
mL), treated with Et;N (40 4L, 0.28 mmol), followed by carbonate
15 (9.2 mg, 0.03 mmol), and stirred at 23 °C for 6 h. The reaction
mixture was then concentrated under reduced pressure and the
residue was purified by flash chromatography (4% MeOH in CHCl;
as the eluent) to give inhibitor 20a (12.5 mg, 75%) as a white solid.
R = 0.26 (10% MeOH in CHCly); 'H NMR (500 MHz, CDCl3) &
1.35 (dd, 1H, J = 5.7 Hz), 1.50—1.63 (m, 2H), 2.15—-2.23 (m,
1H), 2.27—2.31 (m, 2H), 2.56—2.72 (m, 3H), 2.82—2.87 (m, 2H),
3.07 (dd, 1H, J = 4.0, 14.0 Hz), 3.36 (q, 1H, J = 1.4, 3.5 Hz),
3.36 (q, 1H, J = 2.0, 3.4 Hz), 3.60-3.65 (m, 1H), 3.70 (dd, 1H, J
= 5.4, 9.8 Hz), 3.75—3.79 (dt, 1H, J = 1.96, 8.3 Hz), 3.80-3.86
(m, 1H), 3.88 (dd, 1H, J = 5.9, 9.8 Hz), 3.90—3.94 (m, 1H),
3.99-4.02 (m, 1H), 4.92—4.97 (g, 1H, / = 5.7, 8.1 Hz), 5.58 (d,
1H, J = 5.8 Hz), 5.92 (d, 1H, J = 9.5 Hz), 6.63 (d, 2H, J = 8.7
Hz), 7.13—7.22 (m, 5H), 7.46 (4, 2H, J = 8.7 Hz); ’C NMR (125
MHz, CDCl3) 6 24.1, 25.7, 29.7, 35.3, 45.4, 55.0, 55.5, 55.6, 58.1,
69.5, 71.0, 73.1, 73.9, 109.2, 113.8, 124.2, 126.2, 128.2, 129.1,
129.3, 137.8, 151.4, 155.6, 178.6. LRMS-ESI (mfz) (M -+ Na)*
611.4; HRMS-ESI (m/7) [M + Nal* caled for CaHigNgNaOgS
611.2152, found 611.2149.

(3aS,5R 6aR)-Hexahydro-2H-cyclopentalb]furan-5-yl-(2S,3R)-
4-(4-amino-N-(((R)-5-oxopyrrolidin-2-yl)methyl)phenylsulfona-
mide)-3-hydroxy-1-phenylbutan-2-ylcarbamate 20b. The Cbz-
amine 12 (40 mg, 0.06 mmol) was treated with 30% trifluoroacetic
acid (in CHyCl,, 6 mL) and stirred at 23 °C for 40 min, then
concentrated under reduced pressure. This residue was redissolved
in CH;Cl; (6 mL), charged with Et;N (42 uL, 0.3 mmol), followed
by carbonate 16 (19 mg, 0.07 mmol), and stirred at 23 °C for 12 h.
Reaction was quenched with 3 drops of benzylamine and concen-
trated under reduced pressure. Flash chromatography purification
(5% MeOH in CHCl; as the eluent) provided the Cbz-protected
inhibitor (32.1 mg, 75%) as a white solid. Ry= 0.41 (10% MeOH
in CHCL).

To the above Cbz-protected inhibitor (25.8 mg, 0.03 mmol), in
EtOAc (5 mL) under argon, was added Pd/C (5 mg). The mixture
was stirred at 23 °C under a hydrogen filled batloon for 3 h, then
filtered over Celite, and the filter cake was washed with EtOAc
and MeOH. Removal of solvent under reduced pressure followed
by flash chromatography purification (7.5% MeOH in CHCl; as
the eluent) provided the title inhibitor 20b (16.2 mg, 77%) as a
white solid. Ry=0.51 (15% MeOH in CHCl3); 'H NMR (500 MHz,
CDCl3) 6 1.46 (m, 1H), 1.58—1.64 (m, 1H), 1.77—1.84 (m, 1H),
1.86—2.04 (m, 5H), 2.15~2.23 (m, 1H), 2.32—2.36 (m, 2H),
2.59—2.65 (m, 1H), 2.68 (dd, 1H, J = 9.2, 14.0 Hz), 2.95-3.04
(m, 2H), 3.11 (4, 2H, J = 13.7 Hz), 3.18 (4, 1H, J = 149 Hz),
3.57-3.62 (g, 1H, J = 6.9, 7.7 Hz), 3.82—-3.87 (g, 2H, J = 6.5,
7.9 Hz), 3.92—3.97 (m, 1H), 4.30 (s, 2H), 437 (t, 1H, J = 57
Hz), 4.75 (s, 1H), 4.89 (s, 1H), 5.40 (d, 1H, J = 8.4 Hz), 6.66 (d,
2H, J = 8.6 Hz), 7.16~7.22 (m, 3H), 7.24—7.27 (m, 2H), 7.40 (s,
1H), 7.51 (d, 2H, J = 8.6 Hz); 1*C NMR (125 MHz, CDCl3) §
23.7,30.0,33.9, 35.9, 38.1, 39.5, 41.7, 54.6, 54.8, 55.9, 57.6, 671.7,
74.0, 76.6, 84.0, 114.1, 124.9, 126.2, 128.2, 129.3, 1294, 137.9,
151.0, 156.2, 178.4. LRMS-ESI (m/z) [M + Na]* 609.0; HRMS-
ESI (m/z) [M + Nal* caled for CooH3sNsNaO;S 609.2359, found
609.2362.

(R)-tert-Butyl-4-(((2R,35)-3-(tert-butoxycarbonylamino)-2-hy-
droxy-4-phenylbutylamino)methyl)-2,2-dimethyloxazolidine-3-
carboxylate 22. To a solution of the (R)-tert-butyl 4-(azidomethyl)-
2,2-dimethyloxazolidine-3-carboxylate 21 (411 mg, 1.60 mmol) in
MeOH (10 mL) was added Pd/C (40 mg). This mixture was stirred
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at 23 °C under a hydrogen filled balloon for 2 h, then filtered over
Celite, and the filter cake was washed with MeQH. Solvent was
removed under reduced pressure, and the resultant residue was
redisolved in i-PrOH, followed by addition of tert-butyl-[S-(R,R)]-
(—)-(1-oxiranyl-2-phenylethyl)carbamate 7 (121 mg, 0.46 mmol).
The mixture was allowed to stir at 65 °C for 24 h. Solvent was
then removed under reduced pressure. Flash chromatography
purification (2% MeOH in CHCl; as the eluent) yielded the (R)-
amine 22 (93 mg, 41%) as a yellow oil. Ry = 0.32 (10% MeOH in
CHCly); 'H NMR (500 MHz, CDCl3) 6 1.35 1(s, 18H), 1.48 (s,
24H), 1.54 (s, 3H), 1.58 (s, 3H), 2.67—2.92 (m, 10), 2.95 (d, 1H,
J=4,1 Hz), 2.98 (d, 1H, J = 4.1 Hz), 3.47 (brs, 2H), 3.78 (brs,
3H), 3.89—4.02 (m, 5H), 4.61 (brs, 1H), 4.68 (brs, 1H), 7.18—7.22
(m, 6H), 7.27—7.30 (m, 4H); 1*C NMR (125 MHz, CDCl3) 6 22.9,
24.2,26.6,27.4, 28.1, 28.3, 364, 51.4,56.9, 65.9, 70.7, 70.9, 79.3,
79.4,79.6, 80.3, 93.4, 93.7, 126.2, 128.3, 1294, 137.5, 137.7, 152.6,
155.8; LRMS-ESI (m/z) [M + Na]* 516.
(R)-tert-Butyl-4-((N-((2R,35)-3-(tert-butoxycarbonylamino)-2-
hydroxy-4-phenylbutyl)-4-methoxyphenylsulfonamido)methyl)-
2,2-dimethyloxazolidine-3-carboxylate 23. To a stirred solution
of amine 22 (37 mg, 0.07 mmol) in CH;Cl; (4 mL) and aqueous
saturated NaHCOj3; (4 mL) was added 4-methoxybenzenesulfonyl
chloride (34 mg, 0.16 mmol). This reaction mixture was stirred
for 12 h followed by extraction of the aqueous layer with CH,Cly;
the combined organic extracts were dried over anhydrous Na;SO,.
Removal of solvent under reduced pressure followed by flash
chromatography purification (30% EtOAc in hexane as the eluent)
provided compound 23 (40 mg, 80%) as a white solid. Ry = 0.37
(40% EtOAc in hexane); 'H NMR (500 MHz, CDCl3) 6 1.34 (s,
OH), 1.48 (s, 9H), 1.60 (s, 6H), 2.84—2.89 (m, 1H), 2.95-3.06
(m, 2H), 3.15 (dd, 1H, J = 6.5, 13.0 Hz), 3.29 (d, 1H, J = 9.7
Hz), 341 (d, 1H, J = 15.1 Hz), 3.77 (brs, 2H), 3.85 (s, 3H),
3.90—3.94 (m, 1H), 3.99 (d, 14, J = 9.0 Hz), 4.2 (brs, 1H), 4.73
(brs, 0.5H), 4.98 (brs, 0.5H), 6.95 (d, 2H, J = 8.0 Hz), 7.19-7.24
(m, 3H), 7.25—7.28 (m, 2H), 7.69 (4, 2H, J = 8.9 Hz); *'C NMR
(125 MHz, CDCl3) J 24.0, 27.4, 28.2, 28.3, 36.0, 53.3, 54.0, 55.4,
55.8, 56.3, 65.6, 72.4, 79.0, 80.9, 93.9, 114.2, 126.0, 128.1, 129.3,
129.6, 1299, 137.8, 152.8, 155.4, 162.9; LRMS-ESI (m/z) [M +
Nal* 686,
(R)-tert-Butyl-4-((N-((2R,3S)-3-(tert-butoxycarbonylamino)-2-
hydroxy-4-phenylbutyl)-4-nitrephenylsulfonamido)methyl)-2,2-
dimethyloxazolidine-3-carboxylate 24, To a stirred solution of
amine 22 (41 mg, 0.08 mmol) in CH,Cl; (4 mL) and aqueous
saturated NaHCO; (4 mL) was added 4-nitrobenzenesulfonyl
chloride (37 mg, 0.16 mmol). This reaction mixture was stirred
for 12 h followed by extraction of the aqueous layer with CH,Cla;
the combined organic extracts were dried over anhydrous Na;SO.
Removal of solvent under reduced pressure followed by flash
chromatography purification (30% EtOAc in hexane as the cluent)
provided (R)-nitrosulfonamide 24 (51 mg, 92%) as a white solid.
R;= 0.52 (40% EtOAc in hexane); 'H NMR (500 MHz, CDCly) &
1.35 (s, 18H), 1.49 (s, 24H), 1.62 (s, 6H), 3.43 (bd, 2H, J = 9.6
Hz), 3.55 (d, 2H, J = 15.1 Hz), 3.75 (brs, 4H), 3.95 (s, 4H), 4.28
(brs, 2H), 4.63, (d, 2H, J = 7.8 Hz), 5.16 (brs, 2H), 7.19—7.23 (m,
6H), 7.25—17.31 (m, 4H), 7.92 (d, 4H, J = 8.8 Hz), 8.30 (d, 4H, J
= 8.05 Hz); ¥C NMR (125 MHz, CDCl3) 6 24.0, 27.3, 28.1, 28.2,
35.8, 53.7, 54.0, 55.5, 55.9, 65.6, 72.2, 794, 81.3, 94.1, 1243,
126.3, 128.2, 128.4, 129.5, 1374, 1443, 149.9, 153.0, 155.5;
LRMS-ESI (miz) (M + Na]* 701.
tert-Butyl-(2S,3R)-3-hydroxy-4-(4-methoxy-N-(((R)-2-0x00x-~
azolidin-4-yDmethyl)phenylsulfonamido)-1-phenylbutan-2-ylcar-
bamate 25. To (R)-toluenesulfonate 23 (32 mg, 0.05 mmol) in
methanol (3 mL) was added p-toluenesulfonic acid monohydrate
(2 mg), and the reaction mixture was allowed to stir at 23 °C. After
12 h the reaction reached maximum conversion and did not move
any further, It was quenched with saturated aqueous NaHCO;,
extracted with EtOAc, washed with water and brine, and dried over
N2,804. Flash chromatography purification (30—50% EtOAc in
hexane) yielded 7 mg (21%) of starting material and 18 mg (58%)
of the expected primary alcohol.
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The above alcohol (17 mg, 0.0278 mmol), in CH,Cl; (2 mL)
and EtN (16 pL, 0.11 mmol), was cooled to —10 °C and treated
with methanesulfonyl chloride (2.5 gL, 0.03 mmol). The reaction
mixture was stirred at 0 °C for 2 h, followed by removal of solvent
via rotavap and pump. The resulting residue was redissolved in
chloroform (2 mlL), treated with DIPEA (19 uL, 0.11 mmol),
refluxed for 8 h, and concentrated under reduced pressure. Flash
chromatography purification (1% MeOH in CHCl; as the eluent)
afforded (R)-oxazolidinone 25 (12 mg, 78%) as a white solid. Ry
= 0.33 (5% MeOH in CHCly); 'H NMR (500 MHz, CDCls) 6 1.32
(s, 9H), 2.77 (dd, 1H, J = 8.4, 13.9 Hz), 2.93~3.03 (m, 3H), 3.07
(d, 1H, J = 14.5 Hz), 3.13 (dd, 1H, J = 9.3, 14.1 Hz), 3.69-3.79
(m, 2H), 3.85 (s, 3H), 3.97 (dd, 1H, J = 5.2, 8.3 Hz), 4.23—4.29
(m, 1H), 443 (t, 1H, J = 8.7 Hz), 6.94 (d, 2H, J = 8.8 Hz),
7.18—7.24 (m, 3H), 7.26~7.30 (m, 2H), 7.64 (d, 2H, J = 8.6 Hz);
13C NMR (125 MHz, CDCl3) 6 28.1, 35.9, 52.0, 54.1, 54.6, 54.7,
55.5, 67.4, 71.9, 79.7, 114.4, 126.3, 128.4, 128.4, 129.3, 1294,
137.5, 155.9, 159.4, 163.2; LRMS-ESI (m/z) [M + Na]* 572.

tert-Butyl-(2S,3R)-4-(4-amino-N-(((R)-2-oxooxazolidin-4-yI)-
methyl)phenylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcar-
bamate 26. To (R)-nitrosulfonamide 24 (42 mg, 0.06 mmol) in
methanol (4 mL) was added p-toluenesulfonic acid monohydrate
(2 mg), and the reaction mixture was allowed to stir at 23 °C, After
36 h the reaction appeared to have moved only 75% to completion,
and formation of free amines was evident on TLC. At this point, it
was quenched with saturated aqueous NaHCO;, extracted with
EtOAc, washed with water and brine, and dried over Na;SO,. Flash
chromatography purification (30—50% EtOAc in hexane) yielded
7 mg (17%) of starting material and 24 mg (55%) of the expected
primary alcohol.

The above alcohot (23 mg, 0.03 mmol), in CH,Cl; (3 mL) and
Et3N (20 xL, 0.14 mmol), was cooled to —10 °C and treated with
methanesulfonyl chloride (53 uL, 0.04 mmol). The reaction mixture
was stirred at 0 °C for 2 h, followed by removal of solvent via
rotavap and pump. The resultant residue was redissolved in
chloroform (3 mL), treated with DIPEA (25 uL, 0.14 mmol), and
refluxed for 12 h; product crashed out of the chloroform and was
found to be only slightly soluble in methanol. Solvent was removed
under reduced pressure, and the crude material was treated with
methanol (3 mL) and Pd/C (3 mg). The mixture was stirred at 23
°C under a H; filled bailoon for 2 h, then filtered over Celite, and
the filter cake was washed with MeOH. Removal of solvent,
followed by flash chromatography purification (3% MeOH in CHCl;
as the eluent) provided (R)-oxazolidinone 26 (13 mg, 68%) as a
white solid. Ry = 0.19 (5% MeOH in CHCly); 'H NMR (500 MHz,
CDCl3) d 1.31 (s, 9H), 2.73 (dd, 1H, J = 8.7, 13.6 Hz), 2.88 (dd,
1H, J == 9.6, 14.5 Hz), 2.91—2.94 (m, 1H), 2.98 (dd, 1H, J = 4.2,
13.9 Hz), 3.10 (d4, 2H, J = 9.2, 14.0 Hz), 3.70— 3.81 (m, 2H),
3,96 (dd, 1H, J = 5.2, 8.4 Hz), 421—-4.24 (m, 1H), 4.40 (t, 1H, J
= 8.7 Hz), 492 (d, 1H, J = 8.5 Hz), 6.63 (d, 2H, J = 8.7 Hz),
7.17—7.21 (m, 3H), 7.25—7.28 (m, 2H), 7.46 (4, 2H, J = 8.4 Hz);
13C NMR (125 MHz, CD;OD) 6 28.1, 29.5, 35.9, 51.9, 52.0, 54.0,
54.7, 61.5, 72.1, 79.6, 113.9, 124.4, 1263, 128.3, 129.3, 1294,
137.6, 155.1, 156.0, 159.5; LRMS-ESI (m/z) [M + Na]* 557.

tert-Butyl-(28,3R)-3-hydroxy-4-(4-methoxy-N-(((S)-2-0x00x-~
azolidin-4-yl)methyl)phenylsulfonamido)-1-phenylbutan-2-ylear-
bamate 27. To a solution of the (S)-rerr-butyl 4-(azidomethyl)-
2,2-dimethyloxazolidine-3-carboxylate ent-21 (840 mg, 3.32 mmol)
in MeOH (20 mL) was added Pd/C (80 mg). This mixture was
stirred at 23 °C under a hydrogen filled balloon for 2 h, then filtered
over Celite, and the filter cake was washed with MeOH. Solvent
was removed under reduced pressure, and the resultant residue was
redissolved in i-PrOH, followed by addition of rers-butyl-[S-(R,R)]-
(—)-(1-oxiranyl-2-phenylethyl)carbamate 7 (218 mg, 0.83 mmol).
The mixture was allowed to stir at 65 °C for 24 h. Solvent was
then removed under reduced pressure. Flash chromatography
purification (2% MeOH in CHCl; as the eluent) yielded the
corresponding (S)-amine (225) (187 mg, 46%) as an amorphous
solid, Ry = 0.28 (10% MeOH in CHCl3); 'H NMR (500 MHz,
CDCl3) 6 1.35 1(s, 18H), 1.48 (s, 24H), 1.54 (s, 3H), 1.58 (s, 3H),
2.64—2.91 (m, 10), 2.95—3.03 (m, 2H), 3.44 (brs, 1H), 3.50 (brs,
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1H), 3.77 (brs, 3H), 3.87—4.00 (m, 5H), 4.61 (brs, 1H), 4.64 (brs,
1H), 7.18—7.22 (m, 6H), 7.27—7.30 (m, 4H); °C NMR (125 MHz,
CDCly) 6 22.9, 242, 26.6, 27.4, 28.1, 28.3, 36.4, 51.4,56.7, 56.8,
65.9, 70.6, 79.3, 79.6, 80.3, 93.4,93.7, 126.2, 126.3, 128.3, 120.3,
137.6, 137.7, 152.5, 155.8; LRMS-ESI (m/z) [M -+ Na]* 576.

To a stirred solution of above S-amine (225) (85 mg, 0.17 mmol)
in CH,Cl, (6 mL) and aqueous saturated NaHCOj; (6 mL) was added
4-methoxybenzenesulfonyl chloride (71 mg, 0.34 mmol). This
reaction mixture was stirred for 12 h followed by extraction of the
aqueous layer with CHyCly; the combined organic extracts were
dried over anhydrous Na;SQy4. Removal of solvent under reduced
pressure followed by flash chromatography purification (30%
EtOAc in hexane as the eluent) provided (S)-toluenesulfonate (235)
(107 mg, 93%) as a white solid. R, = 0.40 (40% EtOAc in hexane);
'H NMR (500 MHz, CDCl;) 6 1.34 (s, 18H), 1.46 (s, 24H), 1.58
(s, 6H), 2.82—2.87 (m, 2H), 2.96—3.13 (m, 4H), 3.18—3.24 (m,
3H), 3.32 (brs, 1H), 3.75 (brs, 1H), 3.80 (brs, 1H), 3.84 (s, 6H),
3,.89—3.93 (4H), 4.07 (4, 2H, J = 9.2 Hz), 4.16—4.19 (m, 2H),
4,65 (brs, 1H), 4.87 (4, 1H, J = 7.31 Hz), 6.93—6.97 (m, 4H),
7.18—7.23 (6H), 7.26—7.28 (m, 4H), 7.64—7.71 (4H); ’C NMR
(125 MHz, CDCly) 6 23.9, 27.3, 28.1, 28.2, 35.6, 52.4, 54.3, 55.2,
55.4,56.8, 65.6, 71.8, 79.1, 80.9, 93.8, 114.2, 126.1, 128.2, 129.3,
129.4, 129.6, 137.9, 152.6, 155.6, 162.8; LRMS-ESI (m/z) [M +
Na]* 686,

To the above (S)-toluenesulfonate (23S) (96 mg, 0.14 mmol) in
methanol (5 mL) was added p-toluenesulfonic acid monohydrate
(4.5 mg, 0.02 mmol), and the reaction mixture was allowed to stir
at 23 °C. After 8 h the reaction reached maximum conversion and
did not move any further. It was quenched with saturated aqueous
NaHCOs, extracted with EtOAc, washed with water and brine, and
dried over N2a,SOq. Flash chromatography purification (30—50%
EtOAc in hexane) yielded 13 mg (13%) of starting material and
59 mg (65%) of the expected primary alcohol.

The above alcohol (58 mg, 0.09 mmol), in CH,Cl, (4 mL) and
Et;N (33 uL, 0.23 mmol), was cooled to —10 °C and treated with
methanesulfonyl chloride (7.9 4L, 0.1 mmol). The reaction mixture
was stirred at 0 °C for 2 h, followed by removal of solvent via
rotavap and pump. The resultant residue was redissolved in
chloroform (4 mL), treated with DIPEA (65 uL, 0.37 mmol),
refluxed for 12 h, and concentrated under reduced pressure. Flash
chromatography purification (2% MeOH in CHCI; as the eluent)
afforded S-oxazolidinone 27 (44 mg, 85%) as a white solid. Ry =
0.27 (5% MeOH in CHCly); 'H NMR (500 MHz, CD30D) é 1.27
(s, OH), 2.52 (dd, 1H, J = 10.9, 13.7 Hz), 2.67 (dd, 1H, J = 8.9,
14.9 Hz), 2.83 (dd, 1H, J = 6.1, 14.0 Hz), 3.10 (dd, 1H, J = 3.5,
13.8 Hz), 3.47—3.52 (m, 2H), 3.58—3.63 (m, 1H), 3.80—3.83 (m,
1H), 3.85 (s, 3H), 4.23—4.29 (m, 1H), 4.31 (dd, 1H, J = 4.8, 8.9
Hz), 4.47 (¢, 1H, J = 8.6 Hz), 7.06 (d, 2H, J = 8.93 Hz), 7.12-7.16
(m, 1H), 7.20—7.24 (m, 4H), 7.75 (d, 2H, J = 8.9 Hz); "C NMR
(125 MHz, CD;0D) 6 27.1, 35.6, 52.0, 54.3, 54.6, 54.7, 55.1, 68.0,
73.3,78.5, 114.0, 125.5, 127.6, 128.9, 129.0, 129.3, 138.6, 156.5,
160.4, 163.3; LRMS-ESI (m/z) [M + Na]t 572.

tert-Butyl-(25,3R)-4-(4-amino-N-(((S)-2-oxooxazolidin-4-yl)-
methyl)phenylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcar-
bamate 28. To a stirred solution of S-amine (225) (87 mg, 0.17
mmol) in CH,Cl, (6 mL) and aqueous saturated NaHCO; (6 mL)
was added 4-nitrobenzenesulfonyl chloride (78 mg, 0.35 mmol).
This reaction mixture was stirred for 12 h followed by extraction

of the aqueous layer with CH,Cly; the combined organic extracts
were dred over anhydrous Na;SO,. Removal of solvent under
reduced pressure followed by flash chromatography purification
(30% EtOAc in hexane as the eluent) provided S-nitrosulfonamide
(245) (102 mg, 85%) as a yellow solid. Ry= 0.54 (40% EtOAc in
hexane); 'H NMR (500 MHz, CDCl;) 6 1.34 (s, 18H), 1.47 (s,
24H), 1.59 (s, 6H), 2.81 (dd, 2H, J = 8.0, 12.9 Hz), 3.03 (bd, 2H,
J = 9.7 Hz), 3.16—3.36 (m, 8H), 3.82 (brs, 2H), 3.91 (dd, 4H, J =
5.1, 8.7 Hz), 4.00 (d, 2H, J = 6.2 Hz), 4.20 (g, 2H, J = 5.6, 5.7
Hz), 4.80 (brs, 1H), 4.86 (d, 1H, J = 7.2 Hz), 7.20-7.24 (m, 6H),
7.27-7.30 (m, 4H), 7.88 (d, 48, J = 8.4 Hz), 8.29 (d, 4H, J = 8.4
Hz); 1*C NMR (125 MHz, CDCly) 8 23.9, 27.3, 28.1, 28.2, 35.8,
52.3, 545, 54.9, 56.6, 65.5, 71.6, 79.5, 81.1, 94.0, 124.2, 126.3,
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1284, 1284, 128.5,129.3, 137.7, 144.0, 149.9, 152.7, 155.8, 171.0;
LRMS-ESI (m/z) [M + Na]* 701.

To the above S-nitrosulfonamide (245) (92 mg, 0.13 mmol) in
methanol (5 mL) was added p-toluenesulfonic acid monohydrate
(4 mg, 0.02 mmol), and the reaction mixture was allowed to stir at
23 °C, After 18 h the reaction appeared to have moved only 50%
to completion, and formation of free amines was evident on TLC.
At this point it was quenched with saturated aqueous NaHCO;,
extracted with EtOAc, washed with water and brine, and dried over
Na;SO4. Flash chromatography purification (30—50% EtOAc in
hexane) yielded 32 mg (35%) of starting material and 44 mg (51%)
of the expected primary alcohol.

The above alcohol (43 mg, 0.06 mmol), in CH,Cl; (3 mL) and
EtsN (24 4L, 0.17 mmol), was cooled to —10 °C and treated with
methanesulfonyl chloride (5.5 #L, 0.07 mmol). The reaction mixture
was stirred at 0 °C for 2 h, followed by removal of solvent via
rotavap and pump. The resultant residue was redissolved in
chloroform (2 mL), treated with DIPEA (29 uL, 0.17 mmol), and
refluxed for 12 h; product crashed out of the chloroform and was
found to be only slightly soluble in methanol. Solvent was removed
under reduced pressure, and the crude material was treated with
methanol (4 mL) and Pd/C (5 mg). The mixture was stirred at 23
°C under a hydrogen filled balloon for 3 h, then filtered over Celite,
and the filter cake was washed with MeOH. Removal of solvent
followed by flash chromatography purification (3% MeOH in CHCl3
as the eluent) provided (S)-oxazolidinone 28 (21 mg, 58%) as a
white solid. R,= 0.21 (5% MeOH in CHCL); 'H NMR (500 MHz,
1:1 CD;0D/CDCly) 6 1.24 (s, 9H), 2.54 (d, 1H), 2.56 (dd, 1H, J
= 8.7, 149 Hz), 2.70 (dd, 1H, J = 7.6, 14.3 Hz), 2.97 (dd, 1H, J
= 4.0, 13.9 Hz), 3.32 (dd, 1H, J = 5.0, 14.3 Hz), 3.38 (dd, 1H, J
=3.1, 14.8 Hz), 3.64—3.70 (m, 1H), 3.78—3.83 (m, 1H), 4.05 (dd,
1H, J = 5.3, 8.8 Hz), 4.16—4.20 (m, 1H), 4.39 (, 1H, J = 8.7
Hz), 6.59 (d, 2H, J = 8.7 Hz), 7.09—7.15 (m, 3H), 7.18—7.21 (m,
2H), 7.40 (d, 2H, J = 8.7 Hz); 3C NMR (125 MHz, 1:1 CD;0D/
CDCl;) 0 31.8, 334, 39.4, 53.3, 56.9, 58.5, 58.8, 59.7, 71.8, 77.4,
83.3, 117.6, 127.4, 130.0, 132.0, 133.1, 133.2, 141.9, 156.0, 160.1,
164.0; LRMS-ESI (m/z) [M -+ Na]* 557.

(3R,3aS,6aR)-Hexahydrofuro{2,3-b]furan-3-yl-(25,3R)-3-hy-
droxy-4-(4-methoxy-N-(((R)-2-oxooxazolidin-4-yDmethylphe-
nylsulfonamido)-1-phenylbutan-2-ylcarbamate 29. A solution of
S-aminosulfone 25 (10.9 mg, 0.02 mmol) in 30% trifluoroacetic
acid (in CH,Cl;, 2 mL) was stirred at 23 °C for 40 min, then
concentrated under reduced pressure. The residue was redissolved
in CH,Cl; (2 mL), treated with Et;N (30 L, 0.21 mmol), followed
by carbonate 15 (6.3 mg, 0.02 mmol), and stirred at 23 °C for 12 h.
The reaction mixture was then concentrated under reduced pressure
and the residue was purified by flash chromatography (3% MeOH
in CHCIl; as the eluent) to give inhibitor 29 (10 mg, 85%) as a
white solid. R-= 0.54 (10% MeOH in CHCL,); 'H NMR (500 MHz,
CDCl) 6 1.39 (dd, 1H, J = 5.5, 13.1 Hz), 1.56—1.63 (m, 1H),
2.67 (dd, 1H, J = 10.0, 14.0 Hz), 2.85—2.90 (m, 1H), 2.95—3.01
(m, 2H), 3.10 (dd, 1H, J = 4.1, 14.1 Hz), 3.20 (d, 1H, J = 128
Hz), 3.28 (dd, 1H, J = 9.2, 14.1 Hz), 3.63—3.72 (m, 1H), 3.73
(dd, 1H, J = 5.2, 9.8 Hz), 3.79 (dt, 1H, J = 1.6, 8.2 Hz), 3.86 (s,
3H), 3.88—3.95 (m, 3H), 4.04 (dd, 1H, J = 5.0, 8.8 Hz), 4.25 (brs,
1H), 4.28—4.34 (m, 1H), 4.47 (t, 1H, J = 8.7 Hz), 4.99 (q, 1H, J
=56, 13.4 Hz), 538 (d, 1H, J = 9.8 Hz), 5.63 (4, 1H,J = 5.2
Hz), 6.87 (s, 1H), 6.97 (d, 2H, J = 8.9 Hz), 7.16—7.22 (m, 3H),
7.24~7.28 (m, 2H), 7.69 (4, 2H, J = 8.8 Hz); *C NMR (125 MHz,
CDCls) 6 25.8, 35.9, 45.4, 51.9, 54.1, 55.0, 55.3, 55.6, 67.6, 69.6,
71.1, 72.5, 73.4, 109.2, 114.5, 126.4, 128.4, 128.4, 129.2, 1294,
137.5, 155.6, 159.6, 163.3; LRMS-ESI (m/z) [M + Na]* 628.2;
HRMS-ESI (m/z) [M + Na)]™ caled for CygHisNaOyeS 628.1941,
found 628.1937.

(3R,3a8,6aR)-Hexahydrofuro[2,3-b}furan-3-y1-(2S,3R)-4-(4-
amino-N-(((R)-2-0x00xazolidin-4-yl)methyl)phenylsulfonamido)-
3-hydroxy-1-phenylbutan-2-ylcarbamate 30. A solution of the
free amine 26 (12 mg, 0.02 mmol) in 30% trifluoroacetic acid in
CH,Cl,, (2 mL) was stirred at 23 °C for 40 min, then concentrated
under reduced pressure. The residue was redisolved in CH,Cl, (2
mL), treated with carbonate 15 (7.1 mg, 0.02 mmol) and Et;N (40
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4L, 0.28 mmol), and stirred at 23 °C for 12 h at 40 °C. The reaction
mixture was then concentrated under reduced pressure and the
residue was purified by flash chromatography (5% MeOH in CHCl,
as the eluent) to give inhibitor 30 (11 mg, 85%) as a white solid.
Ry = 0.26 (10% MeOH in CHCl3); *H NMR (500 MHz, CDCl3) &
1.38 (dd, 1H, J == 5.6, 13.2 Hz), 1.54—1.63 (m, 1H), 2.61 (dd, 1H,
J=9.5,13.9 Hz), 2.83— 2.91 (m, 2H), 3.10 (d, 2H, J = 13.3 Hz),
3.18 (dd, 1H, J = 9.6, 13.9 Hz), 3.62—3.70 (m, 2H), 3.78—3.84
(m, 3H), 3.88 (dd, 1H, J = 6.0, 9.8 Hz), 3.97 (dd, 1H, /= 5.0, 8.9
Hz), 4.21—4.27 (m, 1H), 4.41 (t, 1H, J = 8.7 Hz), 493 (g, IH, J
=57, 13.6 Hz), 5.60 (d, 1H, J = 5.2 Hz), 5.69 (d, 1H, / = 8.8
Hz), 6.64 (4, 2H, J = 8.7 Hz), 7.16~7.19 (m, 3H), 7.21—7.26 (m,
2H), 7.45 (d, 2H, J = 8.7 Hz); C NMR (125 MHz, CDCl3) é
25.7,29.5,36.1,45.3, 51.7, 54.1, 54.9, 55.1, 67.5, 69.5, 70.8, 71.0,
73.2,109.2, 113.9, 123.9, 126.3, 128.3, 129.2, 1294, 137.7, 151.4,
155.6, 159.6; LRMS-ESI (m/z) [M + Nal® 613.2; HRMS-ESI
(miz) M + Na]* caled for CHagN4OgS 613.1944, found 613.1939.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b}furan-3-y1-(25,3R)-3-hy-
droxy-4-(d-methoxy-N-(((S)-2-oxooxazolidin-4-yl)methyD)phenyl-
sulfonamido)-1-phenylbutan-2-ylcarbamate 31. A solution of
S-aminosulfonamide 27 (16.5 mg, 0.03 mmol) in 30% trifluoroacetic
acid (in CH,Cl; 3 mL) was stirred at 23 °C for 40 min, then
concentrated under reduced pressure. The residue was redissolved
in CH,Cl, (3 mL), treated with EtsN (41 gL, 0.29 mmol), followed
by carbonate 15 (10 mg, 0.03 mmol), and stirred at 23 °C for 12 h.
The reaction mixture was then concentrated under reduced pressure
and the residue was purified by flash chromatography (3% MeOH
in CHCl; as the eluent) to give inhibitor 31 (16 mg, 90%) as a
white solid. Rr= 0.5 (10% MeOH in CHCly); 'H NMR (500 MHz,
CDCly) 6 1.32 (dd, 1H, J = 54, 13.2 Hz), 1.53—1.62 (m, 1H),
2.62 (dd, 1H, J = 11.0, 13.8 Hz), 2.71 (dd, 1H, J = 7.25, 14.6
Hz), 2.84—2.89 (m, 2H), 3.10 (dd, 1H, J = 3.6, 14.0 Hz), 3.61-3.67
(m, 1H), 3.74—3.82 (m, 2H), 3.86 (s, 3H), 3.87 (dd, 2H, J = 5.8,
10.1 Hz), 3.94—3.98 (m, 1H), 4.00—4.05 (m, 2H), 4.27—4.33 (m,
1H), 4.45 (¢, 1H, J = 8.8 Hz), 4.99 (q, 1H, J = 5.3, 7.7 Hz), 5.60
(d, 14,7 = 5.3 Hz), 5.68 (d, 1H, J= 9.2 Hz), 6.98 (d, 2H, / == 8.8
Hz), 7.15—7.20 (m, 1H), 7.22—7.27 (m, 4H), 7.69 (d, 2H, J = 8.8
Hz); ®C NMR (125 MHz, CDCl3) 0 25.7, 43.4, 45.5, 53.2, 54.6,
54.9, 55.6, 56.5, 57.5, 69.6, 71.2, 73.3, 73.5, 109.3, 114.5, 126.3,
128.3, 129.2, 129.4, 137.8, 155.9, 159.61, 163.38; LRMS-ESI
(miz) [M + Na* 628.2; HRMS-ESI (n/z) [M + Nal* calcd for
C23H35N301()S 628.1941, found 628.1943.
(3R,3aS,6aR)-Hexahydrofuro[2,3-b}furan-3-yl-(25,3R)-4-(4-
amino-N-(((S)-2-oxooxazolidin-4-yl)methyl)phenylsulfonamido)-
3-hydroxy-1-phenylbutan-2-ylcarbamate 32. A solution of the
free amine 29 (15 mg, 0.03 mmol) in 30% trifluoroacetic acid (in
CH,Cly, 3 mL) was stirred at 23 °C for 40 min, then concentrated
under reduced pressure. The residue was redissolved in CH;Clz (3
L), charged with EGN (60 uL, 0.42 mmol), followed by carbonate
15 (8.9 mg, 0.03 mmol), and stirred at 23 °C for 12 h at 40 °C.
The reaction mixture was then concentrated under reduced pressure
and the residue was purified by flash chromatography (5% MeOH
in CHCI; as the eluent) to give inhibitor 32 (13 mg, 80%) as a
white solid. R,= 0.32 (10% MeOH in CHCls); *H NMR (500 MHz,
CDClL) 6 1.33(dd, 1H, J = 8.5 Hz), 1.53—1.62 (m, 1H), 2.59 (dd,
1H, J = 10.5, 13.9 Hz), 2.66 (dd, 1H, J = 74, 14.7 Hz), 2.77 (d4,
1H, J = 8.9, 14.5 Hz), 2.82— 2.89 (m, 1H), 3.10 (dd, 1H, /=34,
14.0 Hz), 3.36 (dd, 1H, J = 3.5, 143 Hz), 3.44 (dd, 1H, J = 4.5,
14.6 Hz), 3.62—3.67 (m, 1H), 3.72 (dd, 1H, 7 =5.0,9.9 Hz), 3.77
(dt, 1H, J = 1.8, 8.2 Hz), 3.87 (dd, 1H, /= 5.8, 9.9 Hz), 3.92-3.98
(m, 2H), 3.99 (dd, 1H, J = 5.0, 9.0 Hz), 4.15—4.29 (m, 1H), 4.43
@, 1H, J = 8.8 Hz), 4.97 (g, 1H, J = 5.4, 13.2 Hz), 5.60 (d, 1H,
= 5.3 Hz), 6.66 (d, 2H, J = 8.7 Hz), 7.15~7.18 (m, 1H),
7.20~7.25 (m, 4H), 7.49 (d, 2H, J = 8.6 Hz); >*C NMR (125 MHz,
CDCly) 8 25.7,29.5, 34.7, 45.5, 53.3, 54.6, 55.0, 56.6, 67.5, 69.6,
71.1,73.4, 109.3, 114.0, 124.2, 126.3, 1283, 129.2, 129.4, 137.8,
151.2, 155.8, 159.6; LRMS-ESI (m/z) IM + NaJ* 613.2; HRMS-
ESI (mfz) [M -+ Na]* caled for CyH3N40o8 613.1944, found
613,1938.
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Determination of X-ray Structure of 19b-Bound HIV Pro-
tease (WT), The stabilized HIV-1 protease with the substitutions of
Q7K, L1331, L631, C67A, and CO5A that reduce autoproteolysis and
aggregation’’ was expressed and purified as described.®® These
mutations do not alter the inhibitor binding site, and the stabilized
protease has kinetic parameters and stability indistinguishable from
those of the unsubstituted enzyme.?”?® Inhibitor 19b was dissolved
in dimethyl sulfoxide (DMSO). Crystals were grown by the hanging
drop vapor diffusion method using 1:5 molar ratio of protease (at 3.9
mg/mL) to inhibitor. The reservoir contained 0.1 M citrate phosphate
buffer, pH 5.0, 0.35 M NaCl, and 4% DMSO. Crystals were mounted
on a nylon loop and flash-frozen in liquid nitrogen with a cryoprotectant
of 30% (v/v) glycerol. X-ray diffraction data were collected on the
SER-CAT beamline of the Advanced Photon Source, Argonne
National Laboratory. Diffraction data were processed using HKI.2000
to 1.29 A resolution.*® Data were reduced in space group P2,2;2 with
unit cell dimensions of a = 58.11 A, b = 86.42 A, ¢ = 45.97 A with
one dimer in the asymmetric unit. The structure was solved by
molecular replacement using the CCP4i,2°>° using WT/GRL0255
complex (PDB 3DJK) as a starting model.?® The structure was
refined using SHELX973'32 and refitted manually using the
molecular graphics program COOT.>® Alternative conformations
were modeled for the protease residues where observed in the
electron density maps. Anisotropic atomic displacement parameters
(B-factors) were refined for all atoms including solvent molecules.
Hydrogen atoms were automatically added by SHELXL in the last
round of the refinement. The identity of ions and other solvent
molecules from the crystallization conditions was deduced from
the shape and peak height of the 2F, — F, and F, — F, electron
density, the hydrogen bond interactions, and interatomic distances.
The solvent molecules were one sodium ion, two chloride ions,
one glycerol molecule, and 207 water (including partial occupancy
sites). The final R was 14.1% for the working set, and Rge. Was
18.2% for all data between 10 and 1.29 A resolution. The rmsd
values from ideal bonds and angle distances were 0.013 and 0.031
A, respectively. The average B-factor was 15.9 and 22.7 A2 for
protease main chain and side chain atoms, respectively, 14.1 Al
for inhibitor atoms, and 32.1 A? for water atoms. The crystal-
lographic coordinates and structure factors have been deposited in
the Protein Databank (PDB) with access code 3H5B.3433
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Darunavir (DRV) is a nonpeptidic protease inhibitor (PI) approved for the treatment of human immune-
deficiency virus (HIV) infection. DRV displays potent activity against HIV strains resistant to other available PIs.
Coadministration with ritonavir (RTV) improves the eral bioavailability of DRV. Inhibition of cytochreme P450
by RTV has been proposed as a mechanism for enhanced DRV bioavailability. However, interaction of these
drngs with intestinal transporters has not been elucidated. This study was performed to explore the involvement
of P-glycoprotein in transcellular DRV transport in monolayers of human intestinal Caco-2 and in ABCB1 mul-
tidrug resistance 1, (MDR1) gene-transfected renal LLC-PK1 (L-MDR1) cell lines. Transepithelial transport of
DRV in Caco-2 cell monolayers was 2-fold greater in the basal-to-apical direction compared te that in the oppo-
site direction. RTV had a significant inhibitory effect on the efflux transport of DRV in Caco-2 cells, The apieal-
to-basal DRV transport was enhanced by P-glycoprotein inhibiters, cyclosporin A and verapamil, as well as mul-
tidrug resistance-related protein (MRP/ABCC) inhibitors, probenecid and MKS571. Using the L-MDR1 cell line,
basal-to-apical DRV transport was much greater than in the opposite direction. Furthermore, cyclosporin A
markedly inhibited the basal-to-apical DRV transpert. RTV significantly increased the apical-to-basal transport
of DRV in L-MDR1 cells, but reduced transport in the opposite direction. DRV inhibited P-glycoprotein-medi-
ated efflux of calcein-acetoxymethyl ester in L-MDRI cells with the inhibitory potency of 121 uv. These findings
suggest that DRV is a substrate of P-glycoprotein and MRP, mest likely MRP2. RTV appeared to inhibit P-
glycoprotein, thereby enhancing the absorptive transport of DRV,

Key words  protease inhibitor; transcellular transport; P-glycoprotein; Caco-2 cell

Treatment regimens for human immunodeficiency virus
(HIV) infection have been greatly improved by the develop-
ment of novel classes of anti-HIV drugs, including nucleo-
side analogues (NRTI), non-nucleoside analogue reverse
transcriptase inhibitors (NNRTI) and protease inhibitors (PI).
The term highly active antiretroviral therapy (HAART) is
used to describe a combination of three or more of these anti-
HIV drugs."® During HAART, plasma HIV-1 levels rapidly
decline to below the detection limit of standard clinical as-
says. However, reactivation of the remaining latently infected
memory CD4*-T cells appears to be a source of continued
virus reproduction,” Virologic response to HAART treat-
ment depends on viral sensitivity to antiretroviral drugs as
well as patient compliance and medication adherence.” How-
ever, long-term HAART treatment has raised issues concern-
ing the development of drug-resistant HIV-1 variants® and
chronic side effects caused by the drugs.>” With the initia-
tion of HAART, patients generally receive a combination of
two NRTIs and either NNRTI or Pl. The Department of
Health and Human Services recommends an initial treatment
regimen with the combination of tenofovir/emtricitabine or
zidovudine/lamivudine as the NRTIs and either efavirenz as
an NNRTI or atazanavir with ritonavir, fosamprenavir with
titonavir (RTV), or lopinavit/RTV as the PIs.®) However, vi-
rological failure continues to occur in a substantial propor-
tion of HIV-infected patients who have received HAART.”)

Darunavir (DRV), formerly TMC-114, is a novel approved
PI for the freatment of HIV infection.'™') It was originally
designed to be active against HIV strains resistant to other
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# These authors contributed equally to this work.
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currently available Pls,'? POWER trials have evaluated the
safety and efficacy of DRV in treatment-experienced HIV pa-
tients previously given other PIs.'¥ In these studies, DRV has
indicated a significantly greater reduction in plasma HIV-
RNA and an increase in CD4 counts compared with the ac-
tive controls for patients with extensive PI resistance. Cur-
rently, there is a paucity of information on DRV resistance.
Indeed, such data is mainly derived from clinical trials con-
ducted during the registration of DRV. It is known that DRV
is rapidly absorbed from the intestine after oral administra-
tion, reaching peak plasma concentrations after 2.5—4.0h.'9
Absorption of DRV is followed by a fast distribution/elimina-
tion phase and a subsequent slower elimination phase with a
terminal elimination half-life of 15h in the presence of low-
dose RTV as a boosting drug.'*'” DRV is extensively metab-
olized by intestinal and hepatic cytochrome P450 (CYP)
3A4. Coadministration with small doses of RTV (100 mg) is
thought to inhibit hepatic CYP3A4 activity, resulting in an
increase in oral DRV bioavailability from 37 to 82%. DRV
and its metabolites ate mainly excreted in feces (80%), and,
to a lesser extent, in urine (14%).'> Most Pls are reported to
suppress intestinal ABCBI1/P-glycoprotein mediated drug
efflux into the lumen.'s'” However, there are no reports
whether DRV per se is a transport substrate of P-glycopro-
tein.

The purpose of this study was to investigate the involve-
ment of P-glycoprotein in transcellular transport of DRV
across monolayers of the human intestinal epithelial Caco-2
cell line and the renal epithelial LLC-PK1 cell line stably
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transfected with the ABCB1 gene.
MATERIALS AND METHODS

Chemicals Saquinavir (SQV) was obtained form Nippon
Roche Co. (Tokyo Japan). Nelfinavir (NFV) and ritonavir
(RTV) were a gift from JT Co. (Tokyo Japan) and Abbott
Laboratories Co. (Illinois, U.S.A.), respectively. Darunavir
(DRYV) was synthesized in a convergent manner as previously
described by Ghosh et al.'® Cylcosporin A was obtained
from Novartis Pharma (Basel, Switzerland). Verapamil,
probenecid, novobiocin, rifamycin SV, bromosulfophthalien,
glycylleucine and glyclylsarcosine were purchased from
Sigma-Aldrich (St. Louis, MO, U.S.A.). MK571 was ob-
tained from BIOMOL International, L.P. (Plymouth Meeting,
PA, US.A). Calcein-acetoxymethyl (AM) ester was pur-
chased from Molecular Probe Co. (Eugene, OR, U.S.A.). All
other chemicals used were of the highest purity available.

Cell Cultures Caco-2 cells at passage 18, obtained from
the American Type Culture Collection (ATCC HTB37), were
maintained by serial passage in plastic culture dishes as de-
scribed previously.'® For the transport studies, Caco-2 cells
were seeded on polycarbonate membrane filters (3-um pores,
4,71-cm? growth area) inside Transwell cell culture chambers
(Costar; Cambridge, MA, U.S,A.) at a cell density of 3X10°
cells/well. The Transwell chambers were placed in six-well

tissue culture plates with 2.6 ml of medium outside (basal
chamber) and 1.5ml of medium inside (apical chamber). The
medium consisted of Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich) supplemented with 10% fetal bovine serum
(BioReliance; Rockville, MD, U.S.A.) and 1% nonessential
amino acids (Invitrogen; Carlsbad, CA, U.S.A.) without anti-
biotics. The cells were grown in an atmosphere of 5% CO,,
95% air at 37°C, and given fresh medium every 2 or 3d.
Cells were cultured for a total of 14 d. In this study, cells be-
tween the 37th and 50th passage were used. Porcine kidney
epithelial LLC-PK1 and L-MDRI cells transfected with
human ABCB1 c¢DNA (generous gifts from Dr. Erin G.
Schuetz, St. Jude Children’s Research Hospital, Memphis,
TN, U.S.A.) were cultured as described previously.'® In brief,
LLC-PK1 and L-MDR1 cells were maintained in complete
medium consisting of Medium 199 supplemented with 10%
fetal bovine serum and 1% penicillin and streptomycin, and
L-MDRI1 cells were maintained at 640 nm vincristine. For the
transport studies, L-MDRI and LLC-PK1 cells were seeded
on polycarbonate membrane filters (3.0-gm pores, 4.71-cm?
growth area) inside Transwell cell culture chambers at a cell
density of 2X 10° cells/filter. Cells in each chamber were cul-
tured as described above for 3 d. The medium was replaced
by fresh medium afier 24, and the cells were used in the
transport studies 3 d after inoculation,

Transcellular Transport and Intracellular Accumula-
tion of DRV Transcellular transport of DRV was deter-
mined using cell monolayers grown in Transwell chambers.
Culture medium on either the basal or apical side of the
monolayers was replaced with 2ml of incubation medium
[145 mwm NaCl, 3mm KCI, 1 mm CaCl,, 0.5 mv MgCl,, 5mm
p-glucose, 8mm Na,HPO,, 1.5 K,;HPO, and Smm N-(2-
hydroxyethyDpiperazine-N'-2-ethanesulfonic acid (HEPES)
(pH 7.4) or MES (pH 6.0)] containing DRV (10 um) with or
without PI, and medium on the opposite side was replaced
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with 2ml of fresh incubation medium. In inhibition study, an
inhibitor was added to the incubation medium on both sides
of the monolayer. The monolayers were incubated in 5%
CO,-95% air at 37 °C for up to 6h, and 130 gl aliquots of
medium from the relevant side were taken at the indicated
time points. For accumulation studies, the medium was aspi-
rated off at the end of the incubation period, and the mono-
layers were washed twice with 2ml of ice-cold incubation
medium. The filters with cell monolayers were immersed in
1 ml of extraction solution composed of the mobile phase of
HPLC assay/methanol (1:1) for 1 h. Supernatants obtained
after centrifugation at 200g for 15min were used for the
HPLC assay. The remaining cells were lysed with 1 ml of I~
NaOH, and used for the protein assay using a Bio-Rad pro-
tein assay kit (Bio-Rad Laboratories; Richmond, CA, US.A.)
with bovine y-globulin as a standard.

Calcein-AM Efflux Assay Efflux assays were per-
formed as described previously.'” A kinetic fluorometric
assay was used to study the interaction of DRV with P-glyco-
protein. For the calcein-AM efflux assay, L-MDR1 and LLC-
PK1 cells were seeded in 96-well tissue culture plates at a
cell density of 1X10° cells/well. Cells were cultured in
200 p! of Medium 199 supplemented with 10% fetal bovine
serum in each well in an atmosphere of 5% CO,~95% air at
37°C for 1d. Cells were plated in 96-well tissue culture
plates in Medium 199 containing PI1. After a 30-min incuba-
tion period, calcein-AM was added to a final concentration of
2 um, and the plates were placed into a Fluoroscan Ascent
Thermo Labsystems, Franklin, MA, US.A.). Fluorescence
was measured from 0 to 30min using an excitation of
485 nm and an emission of 530 nm. The rate of calcein accu-
mulation in the presence and absence of DRV was calculated
by linear regression analysis using the Ascent software
(Thermo Labsystems). Inhibitory potency of DRV for P-gly-
coprotein was evaluated by fluorescence at 30 min as a per-
centage of LLCmax, ((L-MDRI[I})—(L-MDR1{0}))X100/
((LLC-PK1[0])—(-MDRI1[0])), where [I] represents a con-
centration of DRV, and [0] means absence of DRV,2?

HPLC Detrermination of DRV The concentration of
DRV was determined using HPLC (model LC-6A; Shi-
madzu, Kyoto, Japan). One hundred ml of sample were in-
jected into the HPLC column. Separation was performed on
a reversed-phase column (Zorbax SB-C18, 5-um particle
size, 150mmX4mm i.d.) at 40 °C. The mobile phase was a
mixture of solution containing 25mm sodium acetate and
25mM hexane-1-sulfuric acid (pH 6.0) and acetonitrile
(57:43). The flow rate was 1.0ml/min and DRV was de-
tected by UV absorption at 268 nm. The recovery of known
small amount of DRV applied on cell monolayers for 60 min
in the extraction method was >93%. .

Statistical Analysis Data were analyzed statistically by
analysis of variance (ANOVA) followed by Scheffe’s multiple
comparison test. A p-value of less than 0.05 was considered
statistically significant.

RESULTS

Effect of RTV on the Transepithelial Transport of DRV
in Caco-2 Cell Monolayers Transepithelial transport of
DRV (10 um) in the apical-to-basal direction was time-de-
pendent. Approximately 20% of the applied DRV in the api-
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cal chamber permeated into the basal compartment after 6h
(Fig. 1). The basal-to-apical transport of DRV was also time-
dependent, with 43% of the applied DRV dose found in the
opposite compartment after 6 h. These findings suggest that
transepithelial transport of DRV is two-fold greater in the
basal-to-apical direction compared to the opposite direction,
corresponding to intestinal secretory transport. The apical-to-
basal transport of DRV in the presence of RTV (20 tm) was
significantly elevated compared to that in the absence of
RTV. In contrast, the basal-to-apical transport of DRV was
unaffected by the presence of RTV. The results indicate that

707

DRV transported (% of applied)

T Y T 1

° 2 yime(n) * s

Fig. 1. Effect of RTV on the Transepithelial Transport of DRV in Mono-
layers of Caco-2 Cells

Transport of DRV (10 z1M) in the apical-to-basal dircetion (O, @) and in the basal-to-
apical direction (A, A) in the absence (control, open symbol) or presence (closed sym-
bol) of RTV (20 uv). Each point represents the mean+8.D, of three independent meas-
urements. *=p<0.01, significantly different from apical-to-basal transport without
RTV, 1 p<0.01, significantly different from basal-to-apical transport without RTV.

Vol. 32, No. 9

the presence of RTV in the apical compartment had an in-
hibitory effect on efflux transport of DRV in the apical mem-
branes of Caco-2 cells. The apical-to-basal transport of DRV
in the presence of either cyclosporin A or verapamil, repre-
sentative inhibitors of P-glycoprotein, was significantly in-
creased compared to that in the absence of inhibitors (data
not shown).

Effects of Various Inhibitors on Transcellular Trans-
port of DRV in Caco-2 Cell Monolayers The apical-to-
basal transport of DRV was significantly increased in the
presence of cyclosporin A, verapamil, probenecid, MK571,
rifamycin SV and bromosulfophthalein (BSP) (Fig. 2).
Probenecid and MK571 have been reported to inhibit mul-
tidrug resistant-associated protein (MRP/ABCC) 2.2 Ri-
famycin SV and BSP are known to inhibit organic anion
transporting protein (OATP/SLCO) family members
OATP1B1 and OATP1B3, respectively.” In contrast, novo-
biocin, an inhibitor for breast cancer resistance protein
(BCRP/ABCG2),* significantly enhances the basal-to-apical
transport of DRV, Glycylleucine and glycylsarcosine, a sub-
strate and inhibitor of H*/oligopeptide cotransporter PEPT1
(SLC15A1), respectively,’ had no effect on the DRV trans-
port. The ratio of basal-to-apical transport to apical-to-basal
transport indicates that cyclosporin A, verapamil and RTV
strongly suppressed the net secretory transepithelial transport
of DRV. Probenecid, MK571 rifamycin SV and BSP had
weak but significant inhibitory effects on the secretory trans-
port of DRV, However, novobiocin markedly stimulated the
secretory transport of DRV,

Effect of Cyclosporin A and Verapamil on Transepithe-

A. Apical-to-basal DRV transport B. Basal-to-apical DRV transport

(% of applled)

0 20 40 60

(% of applied)

BO 00 0 20 40 60 80 100

DRV alone (pH7.4)
+CsA (pH7.4)
+Verapamll (pH7.4)
+Probenecid (pH7.4)
+MK571 (pH7.4)
+Noboviocdn (pH7.4)
+Rifamycin SV (pH7.4)
+BSP (pH7.4)
+Gly-Leu (pH6.0)
+Gly-Sar {(pH6.0)
+RTV (pH7.4)

DRV alone (pH6.0)

4

T 1

*%

*

. Transpott ratio
(Basal-to-apical/Apical-to-basal}
0

1

2 3 4

DRY alone {pH7.4)
+CsA (pH7.4)
+Verapamil (pH7.4)
+Probenecld (pH7.4)
+MK571 (pH7.4)
+Noboviocin (pH7.4)
+Rifamycin SV (pH7.4)
+BSP (pH7.4)
+Gly-Leu (pH6.0)
+Gly-Sar (pH6.0)
+RTV (pH7.4)

DRV alone (pH6.0)

Fig. 2. Effect of Various Inhibitors on Transepithelial Transport of DRV in Moholayers of Caco-2 Cells 6 h after Incubation with DRV

Apical-to-basal transport (A), basal-to-apical transport (B) and the transport ratio of basal-to-apical fransport divided by apical-to-basal transport (C). Each bar represents the
mean=S.D. of three independent measurements. ¢ p<0.05, #*p<0.01; significantly different from control (DRV alone).
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Fig. 3. Transepithelial Transport and Intracellular Accumulation of DRV in LLC-PK1 Cells and L-MDR1 Cells

Transport of DRV (10 v) in the apical-to-basal direction (O, @) and in the basal-to-apical direction (A, A) in the absence (control, open symbol) or presence (closed symbol)
of cyclosporin A (10 gn) in LLC-PK1 (A) or L-MDR1 (B) cells. Each point represents the mean:S.D. of three independent measurements. #+ p<<0.01, * p<0.05, significantly dif-

ferent from apical-to-basal
DRV in the ab

t without cycl

P

porin A. 1t p<0.01, significantly different from basal-to-apical transport without cyclosporin A. Intraceliular accumulation of

i, open ) and 1 of cyclosporin A (closed col

) 6h after addition of DRV (10 zM) to the apical side (C) and basal side (D) of the mono-

layer. Each point represents the meanS.D. of three independent measurements. ** p<0.01, significantly differcnt from DRV accumulation in LLC-PK1 cells without cyclosporin
A. » p<0.05, significantly different from DRV accumulation in L-MDR1 cells without cyclosporin A.

lial Transport of DRV in LLC-PK1 and L-MDR1 Cells
P-glycoprotein is an efflux pump responsible for limiting the
oral bioavailability and tissue penetration of saquinavir.® In
order to confirm the involvement of P-glycoprotein in DRV
transport, we compared transepithelial transport of DRV in
untransfected renal LLC-PK1 cells and ABCBI/MDRI1
gene-transfected LLC-PK1 (I-MDRI1) cells overexpressing
P-glycoprotein in the apical membrane domain. As shown in
Fig. 3A, there was no difference in the transport of DRV be-
tween the apical-to-basal and basal-to-apical directions in the
LLC-PK1 cell monolayers. However, the basal-to-apical
transport of DRV was much greater than the apical-to-basal
transport in L-MDR1 cell monolayers. Furthermore, cy-
closporin A markedly decreased the basal-to-apical transport
and increased apical-to-basal transport of DRV in L-MDRI
cells (Fig. 3B). Figures 3C and D show the intracellular accu-
mulation of DRV after incubation with the drug on either the
apical or basal side of the monolayer in the presence and ab-
sence of cyclosporin A. In all cases, the accumulation of
DRV was much lower in L-MDRI cells in comparison to
LLC-PK1 cells. Cyclosporin A significantly increased the
accumulation of DRV from both sides of the monolayer.
These findings suggest that transepithelial transport of DRV
is stimulated via P-glycoprotein in L-MDR1 cells.

Inhibitory Effects of PIs on Transepithelial Transport
of DRV in L-MDR1 Cells NFV markedly enhanced the
apical-to-basal transport of DRV, but suppressed the basal-to-
apical transport (Figs. 4A, 4B). RTV or SQV at a concentra-
tion of 50 um significantly increased apical-to-basal DRV
transport and decreased DRV transport in the opposite direc-
tion. Net secretory transport, evaluated as the ratio of basal-
to-apical to apical-to-basal transport, showed NFV to have a
potent inhibitory effect on P-glycoprotein-mediated transport
of DRV when compared to RTV and SQV (Fig. 4C). RTV
and SQV showed inhibitory effects on the net secretory
transport of DRV at a concentration of 50 tim.

A Apical-to-basal DRV transport (% of applied)
0 s 10 5 2

DRV alone
+ NFV (10 pM)
+ NFV (20 pN)
+ NFV (50 uM)
+ RTV (10 uM)
+ RTV (20 M)
+ RTV (50 M)
+ SQV (108 M)
+ SQV (20 pM)
+ SQV (50 uM)

£

**

*+

B. Basal-to-apical DRV transport (% of applied)
[ 20 40 60 80

100

DRV alone
+ NFV (10 M)
+ NEV (20 pM)
+ NFV (50 pM)
+ RTV (10 uM)
+ RTV (20 pM)
+ RTV (50 pM)
+ SQV (10 ¢M)
+ SQV (20 M)
+ SQV (50 M)

%
*%

-

Transport ratio
(Basal-to-apical/Apical-to-basal)

o NN
m o »n o u

=]

5':%)1’«: 10 20 S0 10 20 50
+ NFV (uM) + SQV {(pM)

Fig. 4. Effect of PIs on the Transepithelial Transport of DRV in L-MDR!
Cells 6 h after Incubation with DRV

Transport of DRV (10 sn4) in the apical-to-basal direction (A) or basal-to-apical di-
rection (B). The transport ratio (basal-to-apical/apical-to-basal) is given in (C). Each
point represents the mean®S.D. of three indep #:p<0.0l,
* p<0.05, significantly different from contrel (DRV alone).

10 20 50
+ RTV (M)

Transport ratio
(Basal-to-apical/Apical-to-basal)
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Inhibitory Effect of DRV on P-Glycoprotein-Mediated
Calcein-AM Efflux In order to evaluate inhibitory effects
of DRV on P-glycoprotein transpott activity, calcein-AM ex-
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Calcein fluorescence
(Arbitrary unit)
&
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Time (min)
Fig. 5. The Effect of DRV on Intracellular Uptake of Calcein-AM in LLC-
PK1 and L-MDRI1 Cells Monolayers

LLC-PK! cells without DRV (O}, L-MDR! cells without DRV (X), L-MDRI celis
with DRV at concentrations of 10 v (A), 25 v (W), 50 o (@) and 100 104 (@), Bach
point represents the meanS.D. of five independent measurements.

trusion test was performed using LLC-PK1 and L-MDRI1
cells. As shown in Fig. 5, cellular accumulation of calcein
was time dependent. Calcein accumulated much faster in
LLC-PK1 cells than in L-MDRI1 cells, confirming that cal-
cein-AM was actively excluded in L-MDR1 cells by P-glyco-
protein. RTV increased calcein accumulation in a dose-de-
pendent manner in L-MDR1 cells, suggesting inhibition of
P-glycoprotein activity. LLCmax of DRV was 121 um and
this potent inhibitory effect was comparable to that of RTV
(LLCmax=111 )2

DISCUSSION

It has been reported that most of the currently available
Pls are transport substrates of P-glycoprotein.?**® P-glyco-

protein expressed in intestinal epithelial cells is thought to

decrease absorption of orally administered PIs. Low levels of
intestinal absorption together with CYP P450 activity are
major factors in the first-pass effect of these drugs.'**® For
example, it was reported that the area under the time-plasma
concentration curves (AUC) afier oral administration of SQV
in mdrl-knockout mice was elevated five-fold compared to
that of wild-type mice.”” Moreover, Meaden e? al. reported
that P-glycoprotein expression levels in lymphocytes of pa-
tients coadministered with RTV and SQV were negatively
correlated with the cellular accumulation of these PIs.*V It
was also suggested that P-glycoprotein expressed in the
blood-brain barrier and blood-placenta barrier participate in
the restricted distribution of indinavir, SQV, NFV or ampre-
navir into the brain and placenta, respectively.”®* Therefore,
P-glycoprotein is thought to play a key role in the pharmaco-
kinetics and therapeutic efficacy of most Pls. It was reported
that DRV had a weak inhibitory effect (IC5,>100 um) on
P-glycoprotein expressed in MDRI-gene transfected Madin-
Darby canine kidney (MDCK) cells.’® However, it was not
known whether DRV is recognized by P-glycoprotein as a
transport substrate.

We explored transcellular transport of DRV using Caco-2
cells, which have been demonstrated to express ATP-binding
cassette (ABC) transporter family members including
ABCB11/P-glycoprotein, MRPs (ABCC2-6) and BCRE
OATP (SLCO) family members OATP-A and OATP-B, or-
ganic cation transporter OCT! (SLC22A1), and organic
anion transporter OAT2 (SLC22A7).2%* ¥ In the present

Vol. 32, No. 9

study, typical P-glycoprotein inhibitors, cyclosporin A and
verapamil, enhanced the apical-to-basal transport of DRV in
Caco-2 cells, suggesting that P-glycoprotein mediates efflux
transport of DRV in the apical membranes of Caco-2 cells.
The ratio of basal-to-apical to apical-to-basal transport was
approximately 2.2, indicating that net secretary transport of
DRV is preferred in Caco-2 epithelial cells. Probenecid and
MK 571, nonspecific MRP inhibitors, also had significant but
much weaker effects on the apical-to-basal transport of DRV
in Caco-2 cells. Huisman et al. reported that indinavir, SQV
and RTV were transported by MRP2, but not by MRP1 and
MRP3,*» Moreover, Williams et al. reported that SQV could
be a substrate for P-glycoprotein, MRP1 and MRP2 with the
transportability of P-glycoprotein>MRP2 MRP1.3% There-
fore, our results suggest that MRP2 could mediate, at least in
part, the apical effiux of DRV in Caco-2 cells. Novobiocin, a
typical BCRP inhibitor,” stimulated the basal-to-apical
transport of DRV in Caco-2 cells. This finding suggests that
BCRP is not involved in the transcellular transport of DRV,
because BCRP is localized in the apical membranes of Caco-
2 cells where it mediates efflux of substrates. However, we
cannot exclude the possibility that unidentified novobiocin-
sensitive transporter(s) expressed in the basolateral mem-
branes of Caco-2 cells may also mediate the efflux transport
of DRV, The QATP non-specific inhibitors, rifamycin SV and
BSP*** showed weak but significant stimulatory effects on
the apical-to-basal transport. Interestingly, this represents the
opposite net direction of transport for DRV, suggesting a par-
tial involvement of OATP-A and/or OATP-B in transcellular
transport of this drug in Caco-2 cells. In the inhibition stud-
ies with glycylleucine and glycylsarcosine, we found no con-
tribution of PEPT1 to apical DRV transport in Caco-2 cells.
These findings suggest that P-glycoprotein mediates pre-
dominantly efflux transport of DRV in the apical membranes
of Caco-2 cells, but other apical membrane-localized efflux
transporters MRP2 and/or BCRET, and also OATP might be
involved, at least in part, in transcellular transport of DRV.

The present work using L-MDRI1 cells provides the first
direct evidence that DRV is a transport substrate of P-glyco-
protein. The inhibitory potency of DRV was comparable to
that of RTV. In HIV therapy, the bioavailability of DRV
(100 mg two times a day) is improved by oral coadministra-
tion with RTV (600mg) i.e, from 37% for DRV alone to
82% in combination with RTV." It is generally thought that
the boosting effect of RTV is due to the inhibition of oxida-
tive metabolism in the intestine and liver by specifically tar-
geting CYP3A4 activity.'” Indeed, the apparent inhibition
constant (K;) of RTV for CYP3A4 and human hepatic micro-
somes were reported to be 0.10 v and 0.17 1, respectively,
suggesting RTV is a potent inhibitor of CYP3A4.%9 How-
ever, our results demonstrate that the mechanisms of action
of RTV in terms of improving the bioavailability of DRV in-
volve inhibition of the efflux transport systems of the intes-
tinal lumen in addition to the intestinal/hepatic metabolism.
Further investigation is required in order to explore the rela-
tive contribution of these two mechanisms towards the im-
provement of oral bioavailability of DRV in clinical treat-
ment.

In conclusion, the present study has revealed that DRV is a
transport substrate of P-glycoprotein in Caco-2 cells and in
MDRI gene-transfected renal LLC-PK1 cells. MRF, most
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likely MRP2, was found to be pariially involved in the apical
effiux transport of DRV in Caco-2 cells. Furthermore, our
results suggest RTV inhibits P-glycoprotein, thereby enhanc-
ing the apical-to-basal transport (i.e., absorptive pathway) of
DRV.
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The structure-based design, synthesis, and biological evaluation of a series of nonpeptidic macrocyclic
HIV protease inhibitors are described. The inhibitors are designed to effectively fill in the hydrophobic
pocket in the S1’—S82’ subsites and retain all major hydrogen bonding interactions with the protein
backbone similar to darunavir (1) or inhibitor 2. The ring size, the effect of methyl substitution, and
unsaturation within the macrocyclic ring structure were assessed. In general, cyclic inhibitors were
significantly more potent than their acyclic homologues, saturated rings were less active than their
unsaturated analogues and a preference for 10- and 13-membered macrocylic rings was revealed. The
addition of methyl substituents resulted in a reduction of potency. Both inhibitors 14b and 14c exhibited
marked enzyme inhibitory and antiviral activity, and they exerted potent activity against multidrug-
resistant HIV-1 variaats. Protein—ligand X-ray structures of inhibitors 2 and 14c¢ provided critical
molecular insights into the ligand-binding site interactions.

Introduction

HIV/AIDS has become one of the major medical and
humanitarian challenges in the 21st century.! Highly active
antiretroviral therapy (HAART®), which combines protease
inhibitors along with reverse-transcriptase inhibitors, is cur-
rently used to combat this pandemic. HAART therapy has
resulted in a significant decline in the number of deaths due to
HIV infection in the developed countries.? One of the major
challenges still faced is the emergence of drug-resistant viral
strains rendering the present drug regimens ineffective.’ There
isanurgent need for development of antiretroviral agents with
minimal side effects and broad-spectrum activity for current
and future management of HIV/AIDS.

Receantly, our structure-based design of inhibitors maximiz-
ing interactions within the active site protease backbone led to
the development of nonpeptide inhibitors (1—2) that have
shown picomolar enzyme affinity and exceptional antiviral
activity against both wild-type and drug-resistant HIV-1
strains.*~® The X-ray crystallographic studies revealed that the
backbone conformation of mutant protease is minimally dis-
torted compared to wild-type HIV-1 proteases. We, therefore,

¥The PDB accession code for 2-bound HIV-1 protease X-ray struc-
ture is 317E and 14¢-bound HIV-1 protease X-ray structure is 3160.

*To whom correspondence should be addressed. Phone: (765)-494-
5323, Fax: (765)-496-1612. E-mail: akghosh@purdue.edu.

Z Abbreviations: HIV, human immunodeficiency virus; bis-THF, bis-
tetrahydrofuran; PI, protease inhibitor; HAART, highly active antire-
troviral therapy; APV, amprenavir; DRV, darunavir; SQV, saquinavir;
1DV, indinavir; LPV, lopinavir; DIAD, diisopropyl azodicarboxylate.
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speculated that maximizing “backbone binding” may be an
important design strategy to combat drug resistance.” Inhi-
bitor 1 (darunavir, TMC-114) was recently approved by the
FDA for the treatment of drug-resistant HIV strains.? More
recently, it has been approved for all HIV/AIDS patients
including pediatric AIDS patients.® The protein—ligand
X-ray structure of darunavir and its analogue 2 (TMC-126)
exhibited extensive hydrogen bonding interactions with the
backbone atoms throughout the active site of the HIV-1
protease.!%1!

In our continuing efforts toward the conceptual design of
novel Pls, we now plan to design PIs with functionalities that
interact with the protein backbone as well asintroduce flexible
macrocycles involving Pl ~P2’ ligands for effective repacking
due to side chain mutations. The notion of such macrocyclic
design evolved from the observation that certain mutations
lead to decreased van der Waals interactions and increased
the size of the S1 hydrophobic pocket. The X-ray structure
and modeling studies of PI (25,2'8)-N,N'-((25,3R,4R,55)-3-
hydroxy-4-methyl-1,6-diphenylhexane-2,5-diyl)bis(3-methyl-
2-(3-methyl-3-(pyridin-2-ylmethylureido)butanamide) (A-
77003)'? indicated that the V82A mutant results in decreased
van der Waals interactions with the phenyl rings in both the S
and S'-subsites.!® There was also evidence of repacking of
inhibitor side chains and enzyme atoms in the S1-subsite, On
the basis of this insight of enzyme flexibility in accommodat-
ing alternate packing, we planned to design flexible macro-
cycles between the P1’ side chain and the P2’ sulfonamide ring
to fillin the S1’ and S2'-subsites.'3 In particular, we envisioned

Published on Web 09/11/2009 pubs.acs.org/jme
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Figure 1. Structure of inhibitors 1, 2, 14c, and 15¢.

Scheme 1. Synthesis of Sulfonyl Chlorides 7a—d
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that 11—15-membered saturated and unsaturated macro-
cycles would effectively fill in the S1’—82" hydrophobic pocket
of the enzyme active site while retaining all major interactions
of PIs 1 and 2 with the protein backbone. Conceivably, such
inhibitors will maintain potency against both wild-type and
mutant strains. On the basis of this presumption, we designed
a series of PIs that incorporated various macrocycles that
could effectively fill in the enzyme active site. Herein we report
the structure-based design, synthesis, and preliminary biolo-
gical results of these macrocylic inhibitors. Among these
compounds, 14b and 14c were the most potent, with both
excellent enzyme inhibitory and antiviral activity. Both
inhibitors exerted potent activity against multidrug-resistant
HIV-1 variants. Furthermore, protein—ligand X-ray struc-
tures of inhibitors 2- and 14ce-bound HIV-1 protease have
revealed important insights regarding ligand-binding interac-
tions (Figure 1).
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Chemistry

The synthesis of sulfonyl chlorides 7a~d is shown in
Scheme 1. A Mitsunobu-type reaction between 3-methoxy-
phenol and alcohols 4a—d in the presence of triphenylpho-
sphine and dusopropyl azodicarboxylate (DIAD) afforded
ethers Sa—d.** Electrophilic aromatic substitution of ethers
Sa—d with acetic anhydride and concentrated sulfuric acid in
methanol furnished a mixture of sulfonic acid regioisomers in
a 1:1 ratio that were separated by flash chromatography to
give 6a—d. Structural confirmation of the isomers was deter-
mined by extensive 2D NMR experiments (NOESY and
HMBCQC). Conversion to the sulfonyl chiorides 7a—d was
achieved by reaction of the sulfonic acids 6a—d with thionyl
chloride in the presence of pyridine.

The synthesis of compounds 13a—his outlined in Scheme 2.
Nucleophilic attack of amines 9a and 9b on commercially
available epoxide 8 in the presence of isopropyl alcohol gave
hydroxy amines 10a and 10b. The conversion of amines 10a
and 10b to the sulfonamides 1la—h was realized by
coupling with sulfonyl chlorides 7a—d in the presence of
pyridine. Removal of the Boc protecting group from sul-
fonamides 11a—h using 30% trifluoroacetic acid in CH,Cl,
furnished the corresponding amines, which were then
coupled with activated bis-THF"® (12) to give acyclic inhibi-
tors 13a—h.

The acyclic compounds 13a—h thus obtained were exposed
to ring closing metathesxs using Grubbs® first- or second-
generation catalyst'® (Scheme 3) to give the unsaturated
macrocyclic inhibitors 14a—h. Interestingly, larger ring sizes
{15—13) gave a mixture of E/Z isomers, while in the case of
smaller rings (12—9), the Z isomer was obtained exclusively.
The E and Z isomers were isolated using reversed-phase
HPLC and the stereochemistry established by 2D NMR
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Scheme 3. Synthesis of Macrocyclic Inhibitors 14a—h and
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(COSY and NOESY) experiments, allowing their individual
biological evaluation. The unsaturated compounds were sub-
sequently reduced using hydrogen and 10% Pd—C as the
catalyst to yield inhibitors 15a—h.

A series of selectively methylated inhibitors were prepared
in a similar fashion. Nucleophilic attack of amines 16a—c¢ on
commercially available epoxide 8 gave hydroxy amines 17a—c
(Scheme 4). The conversion of amines 17a—c to the sulfona-
mides 18a—c was realized by coupling the amines with
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Scheme 5. Synthesis of Macrocyclic Inhibitors 20a—e¢, 21a—e,
and 22a—c
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Table 1. Enzyme Inhibitory and Antiviral Activity of Inhibitors 13a—h
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compd m 1 K; (nM) ICso(nM)®  ringsize by RCM
13a 4 4 16.5+0.5 > 1000 15
13b 4 3 11.5%04 > 1000 14
13c 4 2 69:+0.1 ND 13
13d 4 1 1042 ND 12
13e 1 4 1.70£0.07 270 12
13f I3 1.0240.08 290 11
13g 1 2 0.6340.01 ND 10
13h 1 I 0104001 ND 9

“Human T-lymphoid cells, MT-2 cells (2 x 10%), were exposed to
HIV-1pa1 (100 TCIDsg), cultured in the presence of each Pl, and ICsq
values were determined by using the MTT assay. The ICsq values of
saquinavir (SQV) and amprenavir (APV) tested as reference agents were
16 and 27 nM, respectively. ND: not determined.

sulfonyl chioride 7d in the presence of pyridine. Removal of
the Boc protecting group from sulfonamides 18a—c using
30% trifluoroacetic acid in CH,Cl, furnished the correspond-
ing amines, which were then coupled with the mixed carbonate
of activated bis-THF' (12) to give acyclic inhibitors 19a—c. A
ring closing metathesis reaction using Grubbs’ second-gen-
eration catalyst'S (Scheme 5) provided a E/Z mixture of
unsaturated macrocyclic inhibitors 20a—c¢ and 21a—c, which
were separated by reverse-phase HPLC and identified by 2-D
NMR (COSY and NOESY). The unsaturated compounds

— 139 —



