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Table 5. Antiviral Activity of Macrocyclic Inhibitors against Multidrug Resistant Clinical Isolates in PHA-PBMs*

virus SQV 1DV APV LPV DRV 14b 14e
HIV-1grsioapre 0.008 +0.005 0.043+0.004  0.030 £=0.005 0.034£0.002  0.003 +0.0002 0.007 £ 0.002 0.005 = 0.003
(wild-type: X4)
HIV-1pprss (X4) 0.274+0.073(34) >1(>23) >1(>33) >1(>29) 0.019 £0.012(6) 0.0894+0.016(13) 0.037+0.016(7)
HIV-1yprsc (X4) 0.0324+0.002(11) >1(>23) 0.37£0.011(12) >1(>29) 0.00840.006(3) 0.029+£0.001(4) 0.044 £ 0.002(9)
HIV-lypric (X4) 0.030+£0.002(4) 0.34+£0.14(5) 0.43£0.004(14) 0.26=0.04(8) 0.023£0.006(5) 0.028 £0.004(4) 0.057+£0.012(11)
HIV-lmpram (X4) 0.26 £ 0.04(33) >1(>23) 0.3240.007 (11) >1(>29) 0.004£0.001 (1) 0.072+0.014(10) 0.027 % 0.001 (6)
HIV-Invprman (R5) 0.194+0.05(24) >1(>23) 0.214£0.222(7) >1(>29) 0.011£0.002(4) 0.055%0.025(8) 0.033£0.010(7)
HIV-Iyprist (RS) 0.30+0.02(37) >1(>23) 0.6210.02(21) >1(>29) 0.027+0.011(9) 0.214£0.032(30) 0.073+£0.07(15)

¢ Amino acid substitutions identified in the protease-encoding region compared to the consensus type B sequence cited from the Los Alamos database
include L63P in HIV-1ggsioapee; L10L, K14R, L331, M361, M461, F531, KS5R, 162 V, L63P, A71 V, G73S, V82A, L90M, and 193L in HIV-1 yipr/s;
L10I, 115V, K20R, L24I, M36I, M46L, 154 V, 162 V, L63P, K70Q, V82A, and L89 M in HIV-1 yiprje; L101, VI, TI2E, 115V, L191, R41K, M46L,
L63P, A71IT, V82A, and L90 M in HIV-1 ypRrj; L1101, K14R, R41K, M46L, 154 V, L63P, A71 V, V82A, L90M, and 193L in HIV-1ypgra L101,
K43T, Md46L, 154 V, L63P, A71 V, V82A,L90OM, and Q92K in HIV-! yyprani; 1101, L241 I33F, E35D, M 361, N37S, M46L,154 V, RS7K, 162 V, L63P,
A71V,G73S, and V82A in HIV-1 ypryse- HIV-1grsiospre served as a source of wild-type HIV-1. 1Cs; values were determined by using PHA-PBMs as
target cells, and inhibition of p24 Gag protein production by each drug was used as an end point. Numbers in parentheses represent #-fold changes of
1Csq values for each isolate compared to 1Cs, values for wild-type HIV-1ggrsio4pre. All assays were conducted in duplicate or triplicate, and data shown
represent mean values (£1 standard deviation) derived from results of three independent experiments.

Figure 3. A stereoview of the X-ray structure of macrocyclic inhibitor 14e (light gray)-bound HIV-1 protease. All strong hydrogen bonding

interactions are shown as dotted lines.

The reason why these macrocyclic inhibitors maintained
impressive potency against multidrug-resistant clinical iso-
lates is possibly due to their ability to make extensive hydro-
gen bonds with protease backbone and effectively fill in the
hydrophobic pockets in the S1'—S82/-subsites.

X-ray Crystallography

To gain molecular insights into ligand-binding site interac-
tions responsible for the potent antiviral activity of inhibitor
14c, we have determined an X-ray crystal structure of the
inhibitor complexed with wild-type protease. The crystal
structure was solved and refined at 1.17 A resolution with
an R-factor and Ry, of 16.0% and 19.4%, respectively. In this
high resolution structure, the inhibitor 14c was bound to the
HIV-1 protease active site in the two orientations with a ratio
of 1:1. A stereoview of the X-ray structure of 14e-bound HIV-
1 protease is shown in Figure 3. As can be seen, the inhibitor
makes extensive interactions involving the P2 to P2/-ligands in
the protease active site, most notably through favorable polar
interactions including hydrogen bonds and weaker
C—H: - -O interactions in the active site. The transition-state
hydroxyl group in 14¢ forms asymmetric hydrogen bonding
interactions with all four carboxylate oxygen atoms of the
Asp25 and Asp25 with distances of 2.5—3.3 A. The conserved
tetrahedral water molecule forms hydrogen bonds with one of

the sulfonamide oxygens, the urethane carbonyl oxygen, and
the backbone amide of Ile50 and Ile50" with distances of
2.6—3.1 A. These interactions have been observed in a ma-
jority of HIV-1 protease complexes with the inhibitors'® and
substrate analogues.'® The flexible PI’—P2 macrocyclic
ligand nicely packs into the hydrophobic pocket in the S1’-
subsite. It also makes weaker C—H- - - O interactions, which
play important roles as we have reported earlier.”*">* The
macrocyclic ring zigzags into a crown shape and fits well in
between the S1’ and S2'-pockets. The protein—ligand complex
shows three major interactions with the carbonyl oxygen of
backbone residues, one with Gly27' and two with Gly48', with
distances ranging from 3.0 to 3.6 A. In comparison to the
X-ray structures of the protease with 1 and 2, the P1-phenyl
ring in 1dc is rotated about 30° toward Asp 29’ along the
backbone. The macrocycle acts more or less like a spring that
pushes against the P1-phenyl ring, causing this rotation.
Both P2 and P2’ ligands form five strong N—H- - - O hydro-
gen bonds with the protease backbone. Of these, three hydro-
gen bonds are formed between the P2-bis-THF ring oxygens
and the backbone amide nitrogens of Asp29 and Asp30 with
distances of 3.1, 3.0, and 3.2 A. The fourth interaction is
between the P2-urethane NH and the carbonyl oxygen of
Gly27 with a distance of 3.0 A. The fifth backbone interaction
is between the p-methoxy group of the P2’ -sulfonamide and the
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amide nitrogen of Asp3(', with a distance of 3.0 A. All of these
ligand—backbone interactions are present in the X-ray
structure of 2-bound HIV-1 protease as well. This backbone
binding with the main chain atoms of the protease may be
responsible for both inhibitors’ (2 and 14c) abilities to maintain
robust potency against multidrug-resistant HIV-1 variants.

Conclusions

In summary, we have designed novel macrocyclic protease
inhibitors modifying P1'—P2’ ligands of darunavir-like Pls
and investigated their biological activity. The inhibitors were
designed to maintain key hydrogen bonding interactions with
protease backbone, similar to darunavir. The design of macro-
cycles involving the P1'—P2'-ligands is based upon the premise
that a flexible macrocycle would effectively repack the hydro-
phobic pocket in the S1’ to S2’-subsites when it is altered by
mutations. We have investigated inhibitors containing 9—
15-membered macrocycles containing both E/Z olefins and
the corresponding saturated derivatives. Grubbs’ metathesis
reaction was the key step in building these inhibitors in very
good yields. Most remarkably, all macrocyclic inhibitors are
significantly more potent than their acyclic counterparts. The
saturated inhibitors are in general less active than the corres-
ponding unsaturated derivatives. Our investigation resulted in
the identification of inhibitors 14b and 14¢, which have
displayed significantly better antiviral activity than many of
the currently FDA-approved inhibitors. Inhibitor 14b con-
tains a 14-membered ring with a Z-olefin, and 14c contains a
13-membered ring with an E-olefin. Both inhibitors exerted
potent activity against HIV-1y a5, with ICso values of 4 and
2 nM, respectively. They have maintained excellent potency
against multidrug-resistant HIV-1 variants. These inhibitors
have shown low cytotoxicity (CCsy values 49 and 33 uM,
respectively) in target CD," MT-2 cells. Furthermore, both
inhibitors 14b and 14¢ blocked the replication of HIV-1yp4—3
variants, selected after exposure of up to 5 4M of saquinavir,
lopinavir, and indinavir, with ICsq values of 20—46 nM. The
protein—ligand X-ray structure of 14c¢ showed critical
ligand-binding site interactions in the protease active site.
Particularly, it maintained all key backbone hydrogen bond-
ing interactions similar to darunavir and inhibitor 2. Also, the
conformational flexibility of the P1'—P2’ macrocycle most
likely contributed to its impressive activity against multidrug-
resistant clinical variants. Further design and optimization of
P1'—P2 macrocyclic ligands are in progress.

Experimental Section

General Experimental Methods. Chemicals and reagents were
purchased from commercial suppliers and used without further
purification. Anhydrous solvents were obtained as follows:
pyridine and dichloromethane were distilled from calcium
hydride; tetrahydrofuran and diethyl ether were distilled
from sodium with benzophenone as an indicator. All other
solvents were reagent grade. All moisture sensitive reactions
were carried out in oven-dried glassware under argon. THNMR
and '*C NMR spectra were recorded on a Bruker Avance ARX-
400, Bruker DRX-500, or Bruker Avance-111-800 spectrometer.
Chemical shifts are given in ppm and are referenced against the
diluting solvent. For chloroform-d.: 13¢C triplet = 77.00 CDCl3
and 'H singlet = 7.26 ppm. For methanol-dy: BC septuplet =
49.05 and 'H quintuplet = 3.31 ppm. Characteristic splitting
patterns due to spin—spin coupling are expressed as follows:
br=broad, s = singlet, d=doublet, t=triplet, q = quartet,m =
multiplet, sept = septuplet. All coupling constants are measured
in hertz. FTIR spectra were recorded on a Mattson Genesis 11
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FT-IR spectrometer or a Perkin-Elmer spectrometer 1.1185247
using a NaCl plate or KBr pellet. Optical rotations were
recorded on a Perkin-Elmer 341 or Rudolph Research Autopol
I1I polarimeter. Low resolution mass spectra were recorded on a
FinniganMAT LCQ or Hewlett-Packard Engine mass spectro-
meter. High-resolution mass spectra were recorded on a Finni-
ganMAT X195 mass spectrometer calibrated against PPG.
Column chromatography was performed with Whatman
240—400 mesh silica gel under low pressure of 3—5 psi. TLC
was carried out with E. Merck silica gel 60-F-254 plates. HPLC
data was collected using a system composed of an Agilent 1100
series degasser, quaternary pump, thermostatable column com-
partment, variable wavelength detector, and Agilent 1200 series
autosampler and fraction collector controlled by Chemstation
software, All chromatographic reagents used were HPLC grade.
The reported inhibitors were found to be >95% pure by
reversed-phase gradient HPLC (see Supporting Information
for specific method conditions).
1-(Hex-5-enyloxy)-3-methoxybenzene (5a). To a stirred solu-
tion of 3-methoxy phenol (1.24 g, 10 mmol), 5-hexen-1-ol, 4a
(1.4 mL, 12 mmol), and Ph;P (3.14 g, 12 mmol) in THF (20 mL)
at 0 °C was added DIAD (2.3 mL, 12 mmol) dropwise. After
stirring the solution for 30 min at 0 °C, the reaction mixture was
warmed to 23 °C and stirred for 3 h. The reaction mixture was
concentrated in vacuo, and the residue was subjected to column
chromatography (98:2 hexanes:EtOAc) to yield 5a (1.98 g, 96%
yield) as a colorless oil. '"H NMR (400 MHz, CDCl;) 6
1.58—1.66 (m, 2H), 1.80—1.88 (m, 2H), 2.15-2.20 (m, 2H),
3.82 (s, 3H), 3.98 (t, J = 6.4 Hz, 2H), 5.02—-5.12 (m, 2H),
5.83—5.92 (m, 1H), 6.52—6.56 (m, 3H), 7.19—7.24 (m, 1H).
13C NMR (100 MHz, CDCly) 6 25.3, 28.7, 33.4, 55.1, 67.6,
100.9, 106.0, 106.6, 114.7, 129.8, 138.5, 160.3, 160.8. FT-IR
(film, NaCl) v, = 3075, 2939, 1599, 1493, 1287, 1200, 1152,
1046 cm™". CI LRMS (m/z): 207.25 [M + H]*.
1-Methoxy-3-(pent-4-enyloxy)benzene (5Sb). Title compound
was obtained from 4-penten-1-ol 4b, as described for 5ain 95%
yield after flash-chromatography (98:2 hexanes:EtOAc) as a
colorless oil. '"H NMR (400 MHz, CDCls3) 6 1.88-1.94 (m, 2H),
2.25-2.30 (m, 2H), 3.81 (s, 3H), 3.98 (t, J = 6.4 Hz, 2H),
5.03—5.13 (m, 2H), 5.85—5.95 (m, 1H), 6.51-6.56 (m, 3H),
7.20 (t, J=8.1 Hz, 1H). *C NMR (100 MHz, CDCl;) & 28.3,
30.0, 55.1, 67.0, 100.9, 106.0, 106.6, 115.1, 129.7, 137.7, 160.2,
160.7. FT-IR (film, NaCl) v, = 3076, 2940, 1599, 1492, 1287,
1200, 1152, 1048 cm™'. CI LRMS (n/z): 193.25[M + H] .
1-(But-3-enyloxy)-3-methoxybenzene (5c). Title compound
was obtained from 3-buten-1-ol 4¢, as described for 5a in 96%
yield after flash-chromatography (98:2 hexanes:EtOAc) as a
colorless oil. '"H NMR (400 MHz, CDCl3) 6 2.54~2.60 (m, 2H),
3.81 (s, 3H), 4.02 (t, J = 6.7 Hz, 2H), 5.13—5.23 (m, 2H),
5.89-5.97 (m, 1H), 6.51-6.56 (m, 3H), 7.20 (t, J = 8.1 Hz,
1H). '3C NMR (100 MHz, CDCl3) 6 33.6, 55.1, 67.1, 100.9,
106.2, 106.6, 116.9, 129.8, 134.4, 160.1, 160.8. FT-IR (film,
NaCl) Viax = 3136, 2378, 1644, 1509 cm™'. CI LRMS (m/z):
179.20 [M + HJ*.
1-(Allyloxy)-3-methoxybenzene (5d). Title compound was
obtained from allyl alcohol 4d as described for 5a in 96% yield
after flash-chromatography (98:2 hexanes:EtOAc) as a colorless
oil. "H NMR (400 MHz, CDCl3) 6 3.81 (s, 3H), 4.02(d, J=6.7
Hz, 2H), 5.13-5.23 (m, 2H), 5.89—5.97 (m, 1H), 6.51—6.56 (m,
3H), 7.20 (t, J = 8.1 Hz, 1H). '*C NMR (100 MHz, CDCl5): 6
55.1,67.1, 100.9, 106.2, 106.6, 116.9, 129.8, 134.4, 160.1, 160.8.
2-(Hex-5-enyloxy)-4-methoxybenzenesulfonic Acid (6a). To
6a (2 g, 9.7 mmol) was added acetic anhydride (1.4 mL, 14.5
mmol), and the resulting mixture was stirred at 0 °C. To this was
then added concentrated H,SO, (1.1 g) followed by methanol
(20 mL). The resulting solution was warmed to 23 °C and stirred
for 12 h. After this time, the reaction mixture was concentrated
in vacuo and the resulting red oil was subjected to column
chromatography (88:12 CH,Cl,;:MeOH) to give 6a (1.06 g,
38%) as a red waxy solid. '"H NMR (400 MHz, D,0) ¢ 1.44
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(quintet, J=7.4 Hz, 2H), 1.66—1.73 (m, 2H), 1.99(q, J = 7.1 Hz,
2H), 3.70 (s, 3H), 3.98 (t, / = 6.5 Hz, 2H), 4.85-4.97 (m, 2H),
5.74-5.92 (m, 1H), 6.52—6.56 (m, 2H), 7.19—7.24 (m, 1H). '*C
NMR (100 MHz, D,0) d 25.3, 28.7, 33.4, 55.1, 67.6, 100.9,
106.0, 106.6, 114.7, 129.8, 138.5, 160.3, 160.8. ESI (111/z): 285.09
M -~ H]".
4-Methoxy-2-(pent-d-enyloxy)benzenesulfonic Acid (6b). Title
compound was obtained from ether Sb as described for 6a in
36% yield after flash-chromatography (88:12 CH,Cl,:MeOH)
asa white solid. "H NMR (400 MHz, D,0) 6 1.75—1.82 (m, 2H),
2.10—2.16 (m, 2H), 3.69 (s, 3H), 3.98 (t, J = 6.4 Hz, 2H),
4.88-5.00 (m, 2H), 5.77—5.87 (m, 1H), 6.45 (dd, /= 8.6, 2.2
Hz, 1H), 6.51 (d, J=2.1 Hz, 1H), 7.58 (d, J=8.8 Hz, 1H). 1*C
NMR (100 MHz, D,0) ¢ 28.0, 29.9, 56.1, 68.7, 100.5, 104.9,
115.5,123.7,130.2, 139.4, 157.8, 163.5. ESI (im/2): 271.07[M — H] .
2-(But-3-enyloxy)-4-methoxybenzenesulfonic Acid (6¢). Title
compound was obtained from ether Sc as described for 6a in
30% yield after flash-chromatography (88:12 CH,Cl,:MeOH)
as a white solid, 'H NMR (400 MHz, D,0) 6 2.38—2.43 (m, 2H),
3.62 (s, 3H), 3.98 (t, J = 6.8 Hz, 2H), 4.93—5.05 (m, 2H),
5.77-5.87 (m, 1H), 6.37 (dd, J=8.6, 2.2 Hz, 1H), 6.43 (d, J =
2.4Hz, 1H),7.58(d,J = 8.8 Hz, 1H) *C NMR (100 MHz, D,0)
6 33.3, 56.1, 68.8, 100.6, 105.0, 117.5, 123.7, 130.2, 135.4, 157.5,
163.4. ESI (m/z): 257.10[M — HJ .
2-(Allyloxy)-4-methoxybenzenesulfonic Acid (6d). Title com-
pound was obtained from ether 5d as described for 6a in 35%
yield after flash-chromatography (88:12 CH,Cl,:MeOH) as a
white solid. "H NMR (400 MHz, D,0) 6 3.71 (s, 3H), 4.58—4.75
(m, 2H), 5.16-5.38 (m, 2H), 5.92—5.99 (m, 1H), 6.47—6.57 (m,
2H), 7.58 (d, J=8.8. Hz, 1H). '>*C NMR (100 MHz, D,0) 5 56.1,
69.7, 101.1, 105.3, 118.0, 123.7, 130.6, 133.2, 157.1, 163.5. ESI
(mjz): 24313 [M — H]".
2-(Hex-5-enyloxy)-4-methoxybenzene-1-sulfonyl Chloride (7a).
To a stirring solution of sulfonic acid 6a (266 mg, 0.9 mmol) in
pyridine (2 mL) was added thiony! chloride (0.2 mL, 2.8 mmol)
dropwise. The resulting solution was allowed to stir for 4 h and
then the reaction mixture concentrated in vacuo. The resulting
residue was purified using column chromatography (5:1 hexanes:
EtOAc) to give 7a (140 mg, 50%) as a colorless oil. 'H NMR (400
MHz, CDCly) 6 1.63—1.70 (m, 2H), 1.87—1.93 (m, 2H),
2.10-2.16 (m, 2H), 3.88 (s, 3H), 4.14 (t, J = 6.2 Hz, 2H),
4.95—5.05 (m, 2H), 5.76—5.86 (m, 1H), 6.51—6.54 (m, 2H), 7.84
(d, J=9.6 Hz, 1H). °C NMR (100 MHz, CDCl3) 6 24.9, 28.1,
33.1,55.9,69.2,99.9,104.6,114.7,124.3,131.7, 138.3, 158.7, 166.8.
4-Methoxy-2-(pent-4-enyloxy)benzene-1-sulfonyl Chloride (7b).
Title compound was obtained from ether 6b as described for 7a in
48% vyield after flash-chromatography (6:1 hexanes:EtOAc) as a
colorless oil. 'TH NMR (400 MHz, CDCl;) 6 1.96—1.2.03 (m, 2H),
2.31-2.37 (m, 2H), 3.88 (s, 3H), 4.15(t, J = 6.2 Hz, 2H), 4.99—
5.09 (m, 2H), 5.79—5.90 (m, 1H), 6.51—6.54 (m, 2H), 7.84 (d, /=
9.2 Hz, 1H). '*C NMR (100 MHz, CDCl3) 6 27.8,29.7, 55.9, 68.4.
99.9, 104.6, 115.6, 124.3, 131.7, 137.3, 158.6, 166.8.
2-(But-3-enyloxy)-4-methoxybenzene-1-sulfonyl Chloride (7c).
Title compound was obtained from ether 6¢ as described for 7a
in 52% yield after flash-chromatography (6:1 hexanes:EtOAc) as
a colorless oil. 'TH NMR (300 MHz, CDCl3) 6 2.62—2.70 (m, 2H),
3.88(s,3H),4.19(t,J=6.2 Hz, 2H), 5.12—5.25 (m, 2H), 5.91-6.05
(m, 1H), 6.52—6.56 (m, 2H), 7.86 (d, /=9.2 Hz, 1H).
2-(Allyloxy)-4-methoxybenzene-1-sulfonyl Chloride (7d). Title
compound was obtained from ether 6d as described for 7a in
58% yield after flash-chromatography (6:1 hexanes:EtOAc) asa
colorless oil. "H NMR (400 MHz, CDCl3) 6 3.88 (s, 3H), 4.72 (d,
J=4.4Hz, 2H), 5.33 (d, J=10.6 Hz, 1H), 5.57 (d, J=17.3 Hz,
1H), 5.99—6.07 (m, 1H), 6.52—6.55 (m, 2H), 7.83 (d, J=8.7 Hz,
1H). '3C NMR (100 MHz, CDCl;) 8 55.9, 69.7, 100.5, 105.0,
118.1, 124.4, 131.0, 131.7, 158.0, 166.7.
tert-Butyl (28,3R)-4-(hex-5-enylamino)-3-hydroxy-1-phenyl-
butan-2-ylcarbamate (10a). A solution of hex-5-en-1-amine 9a
(297 mg, 3 mmol) and epoxide 8 (263 mg, 1 mmol) was heated to
60 °C in isopropyl alcohol (4 mL) for 4 h. The solvent was then
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evaporated under reduced pressure, and the resulting residue
was purified by silica chromatography (5:95 MeOH:CHCl;) to
give 10a (350 mg, 97%) as a white solid. '"H NMR (400 MHz,
CDCly) 6 1.34 (s, 9H), 1.39—1.50 (m,4H), 2.05(q, J =7 Hz, 2H),
2.55—2.68 (m, 6H), 2.81—2.86 (m, 1H), 2.96 (dd, /=4.5, 14 Hz,
1H), 3.44—3.49 (m, 1H), 3.79 (brs, 1H),4.72(d, J = 8.7 Hz, 1H),
4.92—-5.02 (m, 2H), 5.74—5.84 (m, 1H), 7.17—7.28 (m, 5H). 1°C
NMR (100 MHz, CDCls) 6 26.4, 28.2, 29.4, 33.4, 36.5, 49.6,
51.3, 54.1, 70.7, 79.3, 114.5, 126.2, 128.3, 129.4, 13738,
138.6,155.9. CI LRMS (m/z): 363.55 [M + H]".
tert-Butyl  (25,3R)-4-(allylamino)-3-hydroxy-1-phenylbutan-
2-ylearbamate (10b). Title compound was obtained from allyla-
mine 9b and epoxide 8 as described for 10a in 99% yield after
flash-chromatography (5:95 MeOH:CHCl5) as a white solid. 'H
NMR (400 MHz, CDCl3) 6 1.35(s, 9H), 2.60—2.86 (m, 5H),2.96
(dd, J = 4.5, 14.1 Hz, 1H), 3.16—3.29 (m, 2H), 3.50—3.53 (m,
1H), 3.81 (brs, 1H),4.73(d, /=9.1 Hz, 1H), 5.10(d, J=10.3 Hz,
1H), 5.17 (d, J= 17 Hz, 1H), 5.81=5.91 (m, 1H), 7.13—7.32 (m,
5H). *C NMR (100 MHz, CDCl3) 6 28.2, 36.5, 50.7, 52.1, 54.1,
70.9, 79.3, 116.2, 126.2, 128.3, 129.4, 136.3, 137.8, 155.9. CI
LRMS (m/z) 321.50 [M + H]*.
tert-Butyl-(25,3 R)-4-( N-(hex-5-enyl)-2-(hex-5-enyloxy)-4-eth-
oxyphenylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcarbamate
(11a). To a stirring solution of 10a (50 mg, 0.14 mmol) in
pyridine (2 mL) was added 7a (64 mg, 0.20 mmol), and the
resulting solution was allowed to stir for 2 h at 23 °C. The
reaction mixture was concentrated under reduced pressure, and
the resulting residue was purified by flash column chromatog-
raphy (3:1 hexanes:EtOAc) to yield 11a (74 mg 84% yield) as a
colorless oil. [a]p?® ~1.4 (¢ 1.00, CHCl;). '"H NMR (400 MHz,
CDCl3) 6 1.25—1.34 (m, 11 H), 1.47—1.50 (m, 2H), 1.57—1.60
(m, 2H), 1.82—1.90 (m, 2H), 1.97(q, J=7.1 Hz, 2H), 2.11 (q,J =
7.0 Hz, 2H), 2.92—2.95 (m, 2H), 3.10—3.17 (m, 1H), 3.30 (br s,
3H), 3.76 (brs, 2H), 3.84 (s, 3H), 3.90—3.92 (m, I1H) 4.03 (t, /=
6.7 Hz, 2H), 4.65 (d, J = 7.1 Hz, 1H), 4.89—5.04 (m, 4H),
5.66—5.82 (m, 2H), 6.46 (d, / = 2 Hz, 1H), 6.49 (dd, J = 8.8,
2.3 Hz, 1H), 7.17-7.29 (m, 5H), 7.83 (d, /= 7.8 Hz, 1H). 1*C
NMR (100 MHz, CDCls) 6 24.9, 25.7, 27.9, 28.2, 28.3, 33.1,
33.2, 35.1, 49.9, 52.3, 54.5, 55.6, 69.1, 72.2, 79.4, 100.2, 104.1,
114.7, 115.0, 119.4, 126.2, 128.3, 129.5, 133.5, 137.8, 138.1,
138.2, 156.0, 157.6, 164.7. FT-IR (film, NaCl) v, = 3395, 2935,
1705, 1597, 1325 cm ™', ESI (+) LRMS (m/z): 653.13 [M + Na]*.
tert-Butyl-(2.5,3R)-4-(V-(hex-5-enyl)-4-methoxy-2-(pent-4en-
yloxy)phenylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcarba-
mate (11b). Title compound was obtained from 10a and 7b, as
described for 11ain 79% yield after flash-chromatography (3:1
hexanes:EtOAc) as a colorless oil. [o]p>” —1.6 (¢ 1.20, CHCI3).
"H NMR (400 MHz, CDCl3) 6 1.25—1.37 (m, 12H), 1.43—1.51
(m, 2H), 1.88—1.98 (m, 4H), 2.27(q, J=7.1 Hz, 2H), 2.86—2.97
(m, 2H), 3.10—3.17 (m, 1H), 3.25—-3.31 (m, 3H), 3.76 (brs, 2H),
3.84 (s, 3H), 4.04 (t, J = 6.6 Hz, 2H), 4.66 (d, J=7.1 Hz, 1H),
4.88—5.10 (m, 4H), 5.65—5.72 (m, 1H), 5.78—5.85 (m, 1H), 6.46
(d,J = 2Hz, 1H),6.49(dd, J = 8.8,2.0 Hz, 1H), 7.17—7.29 (m,
5H), 7.83 (d, J = 8.7 Hz, I1H). '*C NMR (100 MHz, CDCl;) ¢
25.7, 27.9, 28.2, 29.7, 33.1, 35.2, 49.8, 52.2, 54.6, 55.6, 68.4,
72.2,79.4,100.2,104.1, 114.7, 115.7, 119.4, 126.2, 128.3, 129.5,
133.5, 137.0, 137.8, 138.2, 156.0, 157.6, 164.7. FT-IR (film,
NaCl) vpax = 3398, 2931, 1706, 1596, 1325 cm™'. ESI (+)
LRMS (m/z): 639.06 [M + NaJ*.
tert-Butyl-(2.5,3R)-4-(2-(but-3-enyloxy)-/N-(hex-5-enyl)-4-meth-
oxyphenylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcarbamate
(11c). Title compound was obtained from 10a and 7e¢, as
described for 11a in 50% yield after flash-chromatography
(3:1 hexanes:EtOAc) as a colorless oil. [a]p®® +0.6 (¢ 2.00,
CHCI). 'H NMR (500 MHz, CDCls) § 1.28—1.38 (m, 12H),
1.48—1.52(m, 2H), 2.00 (q, J=6.7 Hz, 2H), 2.65 (q, /= 6.7, 2H),
2.96 (brs,2H), 3.14—3.18 (m, 1H), 3.30—3.39 (m, 3H), 3.79 (brs,
2H), 3.88(s,3H),4.13(t,J=7.1 Hz, 2H), 4.68 (d, J=5.1 Hz, 1H),
4.92—4.98 (m, 2H), 5.17-5.24 (m, 2H), 5.68—5.76 (m, 1H),
5.91-5.99 (m, 1H), 6.51 (d, /=2 Hz, 1H), 6.54 (dd, J=8.8, 2.0

289



J  Journal of Medicinal Chemistry, XXXX, Vol. XXX, No. XX

Hz, 1H), 7.21-7.32 (m, 5H), 7.88 (d, J = 8.8 Hz, IH). "C NMR
(125 MHz, CDCl3) 6 25.9,28.2,28.4,29.9,33.4,35.4, 50.1, 52.5,
54.8, 55.9, 68.7, 72.5, 79.7, 100.6, 104.5, 114.9, 118.0, 119.8,
126.5,128.6,129.8,133.7,133.9138.1, 138.5, 156.3, 157.7, 165.0.
FT-IR (film, NaCl) v, = 3394, 2931, 1704, 1596, 1325 em ™,
ESI (+) (m/z): 625.05 [M + NaJ*.
tert-Butyl(2S,3 R)-4-(2-(allyloxy)-/N-(hex-5-enyl)-4-methoxyphe-
nylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcarbamate (11d). Ti-
tle compound was obtained from 10a and 7d, as described for 11a
in 64% vield after flash-chromatography (3:1 hexanes:EtOAc) asa
colorless oil. [o]p2° +1.1 (¢ 2.80, CHCl3). 'H NMR (400 MHz,
CDCl3) 6 1.25—1.34 (m, 11H), 1.39—1.46 (m, 2H), 1.96 (q, J = 7.0
Hz, 2H), 2.89—2.96 (m, 2H), 3.08—3.15 (m, 1H), 3.24—3.30 (m,
3H), 3.77 (brs, 2H), 3.84 (s, 3H), 4.60 (d, J = 5.4 Hz, 2H), 4.66 (d,
J=72Hz, 1H),4.88—4.94 (m, 2H), 5.33(d,J = 10.4,2H), 5.43(d,
J = 17.4Hz, 1H), 5.63—5.73 (m, 1H), 6.00—6.10 (m, 1H), 6.47 (d,
J = 1.8Hz, 1H),6.54(dd,J = 8.9, 1.9 Hz, 1H), 7.18—7.29 (m, 5H),
7.85(d, J=8.8 Hz, 1H). *C NMR (100 MHz, CDCly) 6 25.7, 27.8,
28.2,33.1,35.2,49.9, 52.5, 54.5, 55.6, 69.9, 72.2, 79.4, 100.6, 104.4,
114.7, 119.4, 119.7 126.2, 128.3, 129.5, 131.9, 133.5, 137.9, 138.2,
155.9, 157.0, 164.6. FT-IR (film, NaCl) v, = 3400, 2929, 1704,
1596, 1324 cm ™. ESI (+) LRMS (m/z): 611.03 [M + Na]*.
tert-Butyl-(2S5,3R)-4-( N-allyl-2-(hex-5-enyloxy)-4-methoxyphe-
nylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylearbamate (11e).
Title compound was obtained from 10b and 7a, as described
for 11a in 77% vyield after flash-chromatography (3:1 hexanes:
EtOAC) as a colorless oil. [a]p*® —6.6 (¢ 1.96, CHCl3). '"H NMR
(500 MHz, CDCl3) 6 1.36 (s, 9H), 1.60—1.66 (m, 2H), 1.87—1.97
(m, 2H), 2.13-2.17 (m, 2H), 2.91-2.98 (m, 2H), 3.27-3.39 (m,
2H), 3.79 (brs, 2H), 3.87 (s, 3H), 3.91—3.99 (m, 2H), 4.08 (t, /=
6.7Hz, 2H), 4.65(d, J=7.1 Hz, 1H), 4.98 (d, J=10.1, 1H), 5.04
(d, J = 17.1, 1H), 5.13-5.19 (m, 2H), 5.63—5.73 (m, 1H),
5.78—5.86 (m, 1H), 6.50—6.53 (m, 2H), 7.21-7.31 (m, 5H),
7.88 (d, J = 8.7 Hz, 1H). *C NMR (100 MHz, CDCl3) 6 25.0,
28.3, 33.3, 35.3, 51.2, 52.2, 54.6, 55.7, 69.2, 71.8, 79.5, 100.3,
104.2, 115.1, 119.0, 119.6, 126.3, 128.4, 129.6, 133.6, 137.9, 138.2,
156.1, 157.7, 164.8. FT-IR (film, NaCl) v,,,,x = 3392, 2932, 1702,
1595, 1324 cm ™', ESI (+) LRMS (m/z): 611.04 [M + Na]*.
tert-Butyl-(25,3R)-4-( N-allyl-4-methoxy-2-(pent-4-enyloxy)phe-
nylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcarbamate (11f). Ti-
tle compound was obtained from 10b and 7b, as described for 11a
in 86% yield after flash-chromatography (3:1 hexanes:EtOAc) asa
colorless oil. [odp™ —5.6 (¢ 1.10, CHCl3). "H NMR (400 MHz,
CDCly) 6 1.32 (s, 9H), 1.94 (quintet, /=7 Hz, 2H), 2.65(q, /=7
Hz, 2H), 2.86~2.96 (m, 2H), 3.27 (dd, J = 7.4, 14.8 Hz, 1H),
3.34—3.38 (m, 1H), 3.76 (br s, 2H), 3.82 (s, 3H), 3.87—3.92 (m,
2H), 4.04 (1, J = 6.5 Hz, 2H), 4.65 (d, J = 8.2 Hz, 1H), 4.98—5.15
(m, 4H), 5.57—5.63 (m, 1H), 5.75~5.86 (m, ng, 6.46—6.49 (m, 2H),
7.12—7.27 (m, 5H), 7.83 (d, J=8.5 Hz, 1H). °C NMR (100 MHz,
CDCl3) 627.8,28.1,29.7,35.3,51.0,51.9, 54.5, 55.6, 68.4, 71.8, 79.3,
100.2, 104.2, 115.7, 119.0, 119.5, 126.1, 128.2, 129.5, 133.4, 137.2,
137.9, 155.9, 157.6, 164.7. FT-IR (film, NaCl) v, = 3390, 2976,
1710, 1597, 1325 cm ™. ESI (+) LRMS (mi/z): 597.13 [M + Naj*.
tert-Butyl-(25,3R)-4-(N-allyl-2-(but-3-enyloxy)-4-methox yphe-
nylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcarbamate  (11g).
Title compound was obtained from 10b and 7¢, as described for
11a in 78% yield after flash-chromatography (3:1 hexanes:
EtOAc) as a colorless oil. 'H NMR (500 MHz, CDCl3) 6 1.34
(s, 9H), 2.62 (q, J =7 Hz, 2H), 2.88—2.96 (m, 2H), 3.27 (dd, J =
7.8,15.1 Hz, 1H), 3.34—3.38 (m, 1H), 3.76 (brs, 2H), 3.85 (s, 3H),
3.87—3.99 (m, 2H), 4.10 (t, J = 6.5 Hz, 2H), 4.65 (br s, 1H),
5.10—5.22 (m, 4H), 5.57—5.63 (m, 1H), 5.87—5.95 (m, 1H), 6.49
(d, J=2.2Hz, 1H), 6.51 (dd, J=2.3,8.7Hz 1 H) 7.18—7.37 (m,
5H),7.85(d,J=8.7Hz, 1H). *CNMR (100 MHz, CDCl3) 6 27.8,
28.1, 35.3, 51.0, 51.9, 54.5, 55.6, 68.4, 71.8, 79.3, 100.2, 104.2,
115.7,119.0, 119.5, 126.2, 128.2, 129.5, 133.4, 137.2, 137.9, 155.9,
157.6, 164.7. FT-IR (film, NaCl) v, = 3390, 2976, 1710, 1597,
1325 cm ™! BSI LRMS (m11/2): 582.95 [M + Na]™.
tert-Butyl-(2S,3R)-4-( N-allyl-2-(allyloxy)-4-methoxyphenylsul-
fonamido)-3-hydroxy-1-phenylbutan-2-ylcarbamate (11h). Title
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compound was obtained from 10b and 7d, as described for 11a
in 80% yield after flash-chromatography (3:1 hexanes:EtOAc) as
a colorless oil. '"H NMR (400 MHz, CDCl3) 8 1.33 (s, 9H),
2.83—2.96 (m, 2H), 3.25-3.36 (m, 2H), 3.77 (br s, 2H), 3.83 (s,
3H), 3.87—3.94 (m, 2H), 4.56—4.67 (m, 3H), 5.07—5.14 (m, 2H),
5.33(d,/=10.5Hz, 1H), 5.44(d,J = 17.2 Hz, 1H), 5.57—5.64 (m,
1H), 6.00—6.10 (m, 1H), 6.47(d,J=1.9Hz, 1H), 6.51 (dd,J =1.9,
8.9 Hz, 1 H) 7.16—7.28 (m, 5H), 7.85 (d, J = 8.7 Hz, 1H). *C
NMR (100 MHz, CDCl3) 6 28.2, 35.3, 51.3, 52.1, 54.5, 55.6, 69.9,
71.8, 79.3, 100.6, 104.5, 119.0, 119.4, 119.8, 126.2, 128.2, 129.5,
131.8,133.4,137.9, 155.9, 157.0, 164.7. FT-IR (film, NaCl) v,.x =
3390, 2976, 1710, 1597, 1325 cm ™", ESI (4+) LRMS (m/z): 569.06
[M + Nal]*.

Compound 13a. To a stirring solution of 11a (63 mg, 0.1
mmol) in CH,Cl, (2 mL) was added a solution of 30% trifluoro-
acetic acid in CH,Cl», and the resulting mixture was stirred for
30 min. The solvent was evaporated under reduced pressure, and
the residue was dissolved in CH;CN (2 mL). To this solution was
added 12 (31 mg, 0.11 mmol), followed by i-Pr,NEt. After
stirring for 24 h, the reaction mixture was concentrated in vacuo
and the resulting residue was subjected to flash-chromatogra-
phy (1:1 hexanes:EtOAc) to give 13a (36 mg, 53% yield) as a
colorless oil. [a]p>? —13.1 (¢ 1.50, CHCl3). "H NMR (500 MHz,
CDCl3) 6 1.28—1.31 (m, 6H), 1.47—1.51 (m, 3H), 1.58—1.61 (m,
3H), 1.84—1.88 (m, 2H), 1.96—-1.99 (m, 2H), 2.01—-2.13 (m, 2H),
2.79-2.84 (m, 1H), 2.88—2.92 (m, 1H), 3.09—3.15 (m, IH),
3.24-3.40 (m, 3H), 3.61 (br s, 1H), 3.64-3.72 (m, 2H),
3.83—-3.92 (m, 4H), 3.93—-3.96 (m, 1H), 4.05 (t, /= 6.7 Hz,
2H), 4.90—5.03 (m, 4H), 5.64 (d, /=S5 Hz, 1H), 5.66—5.82 (m,
2H), 6.46 (s, 1H), 6.51 (d, J = 8.8 Hz, |H), 7.17—7.26 (m, 5H),
7.83 (d, J= 8.8 Hz, IH). *C NMR (125 MHz, CDCl3) 6 27.9,
28.2,28.1,29.4,31.7,32.9,33.1,35.1,45.1,49.8, 52.1, 54.8, 55.5,
68.9, 69.3, 70.5, 72.0, 73.1, 100.1, 103.9, 109.0, 114.6, 114.9,
118.9, 126.3, 128.2, 129.1, 1334, 1374, 137.8, 138.0, 155.2,
1574, 164.6. FT-IR (film, NaCl) v, = 3343, 2928, 1721,
1595, 1325 em™'. ESI (+) HRMS (n/z): [M + Na]" caled for
C36HsoN>OS, 709.3135; found, 709.3136.

Compound 13b. Title compound was obtained from 11b and
12 as described for 13a in 55% yield after flash-chromatography
(1:1 hexanes:EtOAc) as a colorless oil. '"H NMR (500 MHz,
CDCl3) 6 1.27—1.32 (m, 3H), 1.41—1.53 (m, 3H), 1.57—~1.62 (m,
1H), 1.92—1.99 (m, 4H), 2.27 (q, J = 7.05, 2H), 2.80 (dd, /=10,
14 Hz, 1H), 2.86—2.91 (m, 1H), 3.01 (dd, J =4, 14 Hz, 1H),
3.10—3.15(m, 1H), 3.27—3.33 (m, 2H), 3.38 (dd, J=8.6, 15.2 Hz,
1H), 3.61 (br s, 1H), 3.64—3.70 (m, 2H), 3.81—3.84 (m, SH),
3.88-3.95 (m, 2H), 4.05 (t, J = 6.6 Hz, 2H), 4.89—5.09 (m, SH),
5.63(d, J=5.2Hz, 1H), 5.65—5.73 (m, 1H), 5.77—5.85 (m, 1H),
6.46 (d, J=2 Hz, 1H), 6.51 (dd, J = 2.1,8.8 Hz, 1H), 7.17-7.26
(m, 5H),7.83 (d, J=8.8 Hz, IH). *C NMR (100 MHz, CDCl5) 6
25.7,27.9,29.7,33.1,35.4,45.1,49.8, 52.1, 55.1, 55.7, 68.5, 69.5,
70.7, 72.2 73.2, 100.3, 104.2, 109.2, 114.8, 115.7, 119.2, 126.4,
128.4, 129.3, 133.6, 137.1, 137.6, 138.2, 155.4, 157.5, 164.8. ESI
(+) HRMS (m/z): [M + H]" caled for C3sHygN2OgS, 673.3159;
found, 673.3153.

Compound 13c. Title compound was obtained from 11c and
12 as described for 13ain 81% yield after flash-chromatography
(1:1 hexanes:EtOAc) as a colorless oil. 'H NMR (500 MHz,
CDCl3) 6 1.31—1.35(m, 3H), 1.50—1.54 (m, 3H), 1.62—1.67 (m,
1H), 2.00 (g, J =7 Hz, 2H), 2.65 (q, /= 6.7 Hz, 2H), 2.82—2.87
(m, 1H), 2.91-2.94 (m, 1H), 3.06 (dd, J = 4.1, 14.2 Hz, 1H),
3.13-3.19 (m, 1H), 3.30—3.43 (m, 3H), 3.62 (br s, 1H),
3.68—3.74 (m, 2H), 3.85-3.88 (m, 4H), 3.92-3.99 (m, 2H),
4.13(t, J=6.9 Hz, 2H), 4.93—5.05 (m, 2H), 5.07—5.09 (m, 2H),
5.17—5.24 (m, 2H), 5.66 (d, J=5.1 Hz, 1H), 5.69-5.77 (m, 1H),
5.90—5.99 (m, 1H), 6.52 (s, 1 H), 6.55(dd, J = 2.05, 8.8 Hz, 1H),
7.22~7.30 (m, 5H), 7.87 (d, J = 8.8 Hz, 1H). *C NMR (125
MHz, CDCl3) 6 25.8,25.9,28.1,29.8,33.3,35.6,45.4, 50.0, 52 4,
55.2,55.8,68.7,69.7, 70.8, 72.4,73.4, 100.6, 104.5, 109.4, 114.9,
118.0, 119.5, 126.6, 128.6, 129.5, 133.5, 137.8, 138.3, 155.9,
157.6, 164.9. FT-IR (film, NaCl) v, = 3339, 2929, 1719,
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1596, 1324 em ™. ESI (+) HRMS (m/z): [M + Na]* caled for
C34H46N2098, 6812822, found, 681.2812.

Compound 13d. Title compound was obtained from 11d and
12 as described for 13ain 55% yield after flash-chromatography
(1:1 hexanes:EtOAc) as a colorless oil. "H NMR (500 MHz,
CDCl3) 6 1.24—1.30 (m, 2H), 1.43~1.51 (m, 3H), 1.57—1.63 (m,
1H), 1.96 (q, J = 7 Hz, 2H), 2.80 (dd, J = 10, 14 Hz, 1H),
2.86—2.91 (m, 1H), 3.01 (dd, J = 4.5, 14.5 Hz, 1H), 3.08-3.14
(m, 1H), 3.25-3.30 (m, 2H), 3.40 (dd, J = 8.5, 15 Hz, 1H) 3.58
(brs, 1H), 3.65—3.72 (m, 2H), 3.80—3.82 (m, 2H), 3.87 (s, 3H),
3.88—3.96 (m, 2H), 4.60 (d, J = 5.5 Hz, 2H), 4.90-4.95 (m, 2H),
4.98—5.06 (m, 2H), 5.33(d, J = 10 Hz, 1H), 5.45(d,J = 18 Hz,
1H), 5.64(d,J = 5.5Hz, |H), 5.65—5.72 (i, 1H), 6.02—6.10 (m,
1H), 6.47 (d, J = 2 Hz, 1H), 6.53 (dd, J = 2.5, 9 Hz, IH),
7.17-7.27 (m, 5H), 7.85(d,J = 9 Hz, 1H). *C NMR (125 MHz,
CDCl3) 8 25.7,27.8, 33.0, 35.3, 45.2,49.9, 52.4, 55.0, 55.6, 69.5,
69.9, 70.6, 72.2, 73.3, 100.6, 104.5, 109.2, 114.7, 119.4, 126 .4,
128.4,129.3,131.9, 133.5, 137.6, 138.1, 155.4, 157.0, 164.7. FT-
IR (film, NaCl) vpay = 3339, 1718, 1594, 1324 em ™', ESI (+)
HRMS (m/z): [M + NaJ*t caled for C33HugN2OS, 667.2665;
found, 667.2661.

Compound 13e. Title compound was obtained from 11e and
12 as described for 13a in 68% yield after flash-chromatography
(1:1 hexanes:EtOAc) as a colorless oil. 'H NMR (400 MHz,
CDCl3) 6 1.52—1.61 (m, 3H), 1.81—1.93 (m, 2H), 2.09(q, J = 7
Hz,2H),2.76 (dd, J = 10, 13.7 Hz, |H), 2.83—2.88 (m, 1 H), 3.01
(dd, J = 3.6, 14.2 Hz, 1H), 3.28—3.32 (m, 2H), 3.61-3.69 (m,
2H), 3.78—3.85 (m, 6H), 3.87-3.93 (n, 4H), 4.04 (t,J = 6.5 Hz,
2H), 4.92—5.01 (m, 3H), 5.09—5.16 (m, 3H), 5.60—5.71 (m, 2H),
5.72—5.81 (m, 1H), 6.47—6.51 (m, 2H), 7.14—7.26 (m, 5H), 7.82
(d, J = 8.6 Hz, 1H). ">C NMR (100 MHz, CDCl;) 6 24.9, 25.7,
28.2,33.2,35.4,45.3,51.0,52.1,54.9, 55.7, 69.1, 69.5,70.7, 71.8,
73.1,100.3,104.2,109.2, 115.0, 119.0, 119.2, 126.3, 128.3, 129.3,
133.4, 133.6, 137.5, 138.0, 155.4, 157.6, 164.8. FT-IR (film,
NaCl) v = 3368, 1720, 1596, 1325 cm™'. ESI (+) HRMS
(m/z): [M + NaJ* caled for C33H44N>06S, 667.2665; found,
667.2668.

Compound 13f. Title compound was obtained from 11fand 12
as described for 13a in 64% yield after flash-chromatography
(1:1 hexanes:EtOAc) as a colorless oil. 'H NMR (400 MHz,
CDCl3) 6 1.37—1.43 (m, 1H), 1.54—1.62 (m, 1H), 1.91—1.97 (m,
2H), 2.27(q, J = 7 Hz, 2H), 2.76 (dd, J = 10.1, 13.9 Hz, 1H),
2.84—-2.89 (m, 1H), 3.02 (dd, J = 4, 14.1 Hz, 1H), 3.30—3.37 (m,
2H), 3.54 (br s, 1H), 3.62—3.69 (m, 2H), 3.79—3.87 (m, 5H),
3.88—3.95 (m, 4H), 4.06 (t, J= 6.7 Hz, 2H), 4.96—5.00 (m, 2H),
5.04—5.16 (m, 4H), 5.59—5.67 (m, 2H), 5.76—5.85 (m, 1H), 6.47
(d, J = 1.9 Hz, 1H), 6.50 (dd, J = 2.1, 8.9 Hz, 1H), 7.16—7.26
(m, 5H), 7.82(d, J = 8.8 Hz, 1H). *C NMR (100 MHz, CDCl;)
6 257,219, 29.7, 35.5, 45.3, 51.0, 52.1, 54.9, 55.7, 68.5, 69.5,
70.7, 71.8, 73.2, 100.3, 104.2, 109.2, 115.7, 119.1, 119.3, 126 4,
128.3, 129.3, 133.5, 137.1, 137.7, 1554, 157.6, 164.8. FT-IR
(film, NaCl) v =3350, 1720, 1596, 1325 cm ™' ESI (+) HRMS
(m/z); [M + Na]* caled for C3,H,4N,>06S, 653.2509; found,
653.2509.

Compound 13g. Title compound was obtained from I1g and
12 as described for 13ain 68% yield after flash-chromatography
(1:1 hexanes:EtOAc) as a colorless oil. '"H NMR (400 MHz,
CDCl3)6 1.39—1.45(m, 1H), 1.56—1.63 (m, L H), 1.81 (brs, 1H),
2.61(q,J = 6.6 Hz, 2H), 2.75—2.80 (m, 1H), 2.86—2.91 (m, 1 H),
3.02(dd,J = 4.1,14.1 Hz, 1H), 3.32(d, J = 5.8 Hz, 2H), 3.53 (br
s, 1H), 3.64—3.70 (m, 2H), 3.81—3.95 (m, 8H),4.10(t, /=6.7 Hz,
2H),4.97—5.01 (m, 2H), 5.12—5.20 (m, 4H), 5.62—5.66 (m, 2H),
5.86—5.94 (m, 1H), 6.49 (s, IH), 6.51 (d, / = 9.1 Hz, 1H),
7.18—7.26 (m, 5H), 7.85 (d, J = 8.8 Hz, 1H). '*C NMR (100
MHz, CDCl3) 6 25.8,33.2,35.6,45.4,51.2,52.3,55.0,55.8, 68.7,
69.6, 70.8, 71.9, 73.3, 100.5, 104.5, 109.3, 117.9, 119.2, 119.4,
126.5, 128.5, 129.4, 133.5, 133.7, 137.8, 155.4, 157.5, 164.9. FT-
IR (film, NaCl) v = 3350, 1722, 1596, 1325 cm™ ', ESI (+)
HRMS (m/z): [M + H]" caled for C3;HyN,0sS, 617.2533;
found, 617.2540.
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Compound 13h. Title compound was obtained from 11h and
12 as described for 13ain 52% yield after flash-chromatography
(1:1 hexanes:EtOAc) as a colorless oil. 'H NMR (400 MHz,
CDCl3) 6 1.37—1.43 (m, 1H), 1.54—1.65 (m, 1H), 2.73—2.80 (m,
1H), 2.85-2.90 (m, 1H), 3.02 (dd, J = 2.9, 13.7 Hz, 1H),
3.28—3.39 (m, 2H), 3.51 (br s, 1H), 3.63—3.70 (m, 2H),
3.77-3.95 (m, 10H), 4.62 (d, J = 5.2 Hz, 2H), 4.96—5.06 (m,
2H), 5.10—5.16 (m, 2H), 5.33 (d, /= 10.4 Hz, 1H), 545(d, J=
17.2 Hz, 1H), 5.62—5.66 (m, 2H), 6.01—6.10 (m, 1H), 6.49 (s,
1H), 6.52(d,J = 8.9 Hz, 1H), 7.18—7.33 (m, SH), 7.85(d, /=8.8
Hz, 1H). *C NMR (100 MHz, CDCls) 6 25.7, 35.4, 45.3, 51.4,
52.2,54.9, 55.7, 69.6, 70.0, 70.7, 71.8, 73.1, 100.7, 104.5, 109.2,
119.1, 1194, 119.5, 126.4, 128.4, 129.3, 131.8, 133.5, 137.7,
155.3, 157.0, 164.8. FT-IR (film, NaCl) v = 3351, 1717,
1596, 1324 cm ™' ESI (+) HRMS (n1/2): [M + H]" caled for Cso-
H1sN,008S, 603.2376; found, 603.2375.

Inhibitor 14a. To stirring solution of 13a (32 mg, 0.047 mmol)
in CH,Cl, (15 mL) was added Grubbs’ first-generation catalyst
(4 mg, 0.0046 mmol). After stirring at 23 °C for 16 h, the solvent
was evaporated under reduced pressure and the residue was
subjected to flash column chromatography to yield 14a (27 mg,
88% yield) as a white solid and E/Z mixture (3:1, determined by
HPLC). The isomers were isolated by reverse-phase HPLC
using the following conditions: YMC Pack ODS-A column
(250 mm x 100 mm, 5 um); flow rate = 2.75 mL/min; isocratic
60:40 CH3CN:H,0; T = 35°C;A = 215nm; Eisomer R, = 16.5
min; Z isomer R, = 14.5 min.

Compound 14aE. '"H NMR (800 MHz, CDCl3) 6 1.39—1.44
(m, 2H), 1.48—1.53 (m, 1H), 1.57—1.64 (m, 2H), 1.68—1.74 (m,
3H), 1.77—1.82 (m, 1H), 1.83—1.88 (m, | H), 1.94~1.98 (m, 1H),
2.10~2,14 (m, 3H),2.71 (dd, J=9.6, 14.1 Hz, 1H), 2.86—2.89 (m,
1H), 2.90 (dd, J = 4.3, 14.1 Hz, 1H), 2.91-2.99 (m, 2H),
3.31-3.33 (m, 1H), 3.61-3.64 (m, 1H), 3.65-3.70 (m, 2H),
3.73 (brs, 1H), 3.76—3.78 (m, 1H), 3.79—3.85 (m, 5H), 3.93 (dd,
J =6.6,9.4Hz, 1H),3.96—3.98 (n, |H), 4.02—4.05 (m,1H), 4.87
(d, J =9.1 Hz, 1H), 4.97-5.00 (m, 1H), 5.44—5.48 (m, [H),
5.54—5.56 (m, 1H), 5.63 (d, J=5.1 Hz, 1H), 6.44 (d, J = 2 Hz,
1H), 6.49 (dd, J = 2.2, 8.8 Hz, 1H), 7.13—7.24 (m, 5H), 7.84 (d,
J = 8.8 Hz, 1H). *C NMR (125 MHz, CDCl;) 6 25.1, 25.3, 25.7,
26.8, 29.8, 30.4, 32.5, 35.5, 45.2, 50.6, 51.6, 54.7, 55.6, 68.8, 69.5,
70.7,71.6,73.3,99.9, 103.9,109.2, 118.1, 126.4,128.4,129.3, 130.5,
132.1,134.0,137.4,155.2,157.9, 164.9. EST (+) HRMS (m/z): [M+
Na]* caled for C33HysN>OoS, 681.2822; found, 681.2815.

Compound 14aZ. 'H NMR (800 MHz, CDCl3) 6 1.28—1.33
(m, 2H), 1.38—1.47 (m, 2H), 1.52—1.64 (m, 5H), 1.84—1.90 (m,
2H), 2.04—2.08 (m, 2H), 2.16—2.22 (m, 2H), 2.74 (dd, J=9.5,
14.1 Hz, 1H), 2.88—2.90 (m, 1H), 3.00 (dd, J=4.5, 14.1 Hz, | H),
3.05—3.14(m, 2H), 3.15(dd, J=9.4, 15.1 Hz, 1H), 3.44~3.48 (m,
1H), 3.61 (brs, 1H), 3.66—3.71 (i, 2H), 3.76—3.89 (m, 6H), 3.95
(dd,J = 6.2,9.6 Hz, |H), 4.10—4.15 (in, 1H),4.87(d, J =9.1 Hz,
1H), 5.00—5.03 (m, 1H), 5.35—5.39 (m, 1 H), 5.49—5.52 (m, 1H),
5.63(d,J = 5.2 Hz, 1H), 6.50 (s, 1H), 6.49 (dd, J = 2.3, 8.8 Hz,
1H), 7.17—7.26 (m, 5H), 7.84 (d, J=8.8 Hz, 1H). *C NMR (125
MHz, CDCl3) 6 25.0,25.1,25.7,26.0,26.6,27.8,29.6, 35.5,45.2,
48.5, 52.0, 54.7, 55.6, 68.8, 69.5, 70.6, 71.9, 73.3, 100.7, 104.2,
109.2, 117.8, 126.4, 128.4, 129.2, 129.8, 130.0, 134.1, 137.5,
155.2, 158.0, 165.0. ESI (+) HRMS (m/z): [M + Na]* caled
for C34H4sN-OgS, 681.2822; found, 681.2819.

Inhibitor 14b. The title compound was obtained from a ring
closing metathesis reaction of 13b using Grubbs’ first-genera-
tion catalyst as described for 14a. The crude material was
purified by silica gel chromatography (60:40 EtOAc:hexanes)
to give the desired product (50% yield) as a mix of E/Z isomers
(27:73 by HPLC). The isomers were isolated by chiral HPLC
using the following conditions: Chiralpak IA column (250 mm x
4.6 mm, 5 um); flow rate = 0.75 mL/min; isocratic 60:40 IPA:
hexanes; T=25°C; A=215nm; Eisomer R,=7.56 min; Z-isomer
R, = 8.89 min.

Compound 14bE. '"H NMR (800 MHz, CDCl;) 6 1.60—1.20
(m, 4H), 2.30—1.90 (m, 7H), 3.10—2.80 (m, 5H), 3.32 (m, 1H),
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4.00—3.50 (m, 12 H), 4.15 (m, 2H), 4.98 (m, 2H), 5.45 (m, IH),
5.63 (m, 2H), 6.51 (m, 2H), 7.25—7.15 (m, 5H), 7.76 (d, J = 19.2
Hz, 1H). C NMR (125 MHz, CDCls) 6 23.1, 24.8, 25.0, 25.7,
26.2,26.6,29.0,35.5,45.2,48.2,52.0, 54.8, 55.6, 67.1, 69.5,70.7,
71.6,73.3,100.1, 104.0, 109.2, 114.6, 118.4, 126.4, 128.4, 128.9,
129.3, 130.6, 133.8, 137.4, 155.3, 157.7, 164.9.; ESI (+) HRMS
(m/z): [M + Na]* caled for C33HgyN>OeS, 667.2665; found,
667.2660.

Compound 14bZ. 'H NMR (800 MHz, CDCl3) 6 1.60—1.0 (m,
7H), 1.72 (m, 2H), 1.90 (m, 3H), 2.21 (m, 2H), 2.43 (m, 1H), 2.55
(m, 1H), 2.67 (m, 1H), 2.76 (m, 1H), 2.84 (m, 1H), 3.01 (m, 1H),
3.26 (m, 1H), 3.41 (m, 3H), 3.60 (m, 4H), 3.69 (m, 1H), 3.86 (m,
2H), 4.43(d, J = 15.2 Hz, 1H), 4.83 (m, 1H), 5.24 (m, 1H), 5.33
(m, 1H), 5.51(d, J=8.8 Hz, | H), 6.45 (m, 2H), 7.17 (m, 3H), 7.24
(m, 2H), 7.87(d, J=13.6 Hz, 1H). 13C NMR (125 MHz, CDCls)
& 24.7,25.7, 27.3, 28.6, 30.9, 32.1, 35.5, 45.2, 49.3, 51.8, 54.8,
55.6,69.5,70.7,71.0,71.9,73.3,101.2,104.3,109.2, 119.3, 126.4,
128.4, 128.9, 129.3, 130.8, 130.9, 133.4, 137.5, 155.3, 158.2,
164.5. ESI (+) HRMS (1m/z): [M+Na]* caled for C33H44N»O06S,
667.2665; found, 667.2667.

Inhibitor 14¢. Title compound was obtained from 13¢ and
Grubbs’ first-generation catalyst as described for 14a in 89%
yield after flash-chromatography (2:3 hexanes:EtOAc) as a
white solid and E/Z mixture (3:1, determined by HPLC). The
isomers were isolated using reversed-phase HPLC under the
following conditions: YMC Pack ODS-A column (250 mm x
100 mm, 5 um); flow rate = 2.75 mL/min; isocratic 60:40
CH,CN:H-0; T=135°C; A =215 nm; F isomer R, =13.43 min;
Z isomer R, = 11.76 min.

Compound 14cE. "H NMR (800 MHz, CDCl;) 6 1.45—1.54
(m, 3H), 1.56—1.64 (m, 2H), 1.68—1.72 (m, 1H), 2.11-2.20 (m,
2H), 2.52—2.62 (m, 2H), 2.79 (dd, J=9.6, 14 Hz, 1H), 2.87—-2.90
(m, 1H), 2.96—3.00 (m, 2H), 3.04 (dd, J =42, 142 Hz, 1H),
3.40—3.44 (m, 1H), 3.53—3.56 (m, 1H), 3.66—3.70 (m, 3H),
3.82—3.89(m, 6H), 3.94 (dd, J = 6.3,9.5Hz, 1H),4.07—4.14 (m,
2H),4.96(d,J = 9.4 Hz, 1H), 4.98—5.01 (m, 1H), 5.53—5.56 (m,
1H), 5.64—5.68 (m, 2H), 6.52-6.53 (m, 2H), 7.18—7.27 (m, 5H),
7.76 (d, J = 9.4 Hz, 1H). *C NMR (125 MHz, CDCl;) 6 24.4,
25.7,28.3,32.3,32.4,35.6,45.2,49.6, 51.9, 54.9, 55.6, 69.5, 69.9,
70.7, 71.9, 73.2, 101.9, 104.9, 109.2, 119.3, 126.4, 128.0, 128.4,
129.3, 133.4, 133.9, 137.6, 155.3, 158.0, 164.5. ESI (+) HRMS
(m/z): M + H]" caled for C3;HuN,OoS, 631.2689; found,
631.2698.

Compound 14cZ. '"H NMR (500 MHz, CDCl3) 6 1.48—1.52
(m, 3H), 1.57—1.72 (m, 3H), 2.10—2.14 (m, 1H), 2.28—2.32 (m,
1H), 2.47—2.51 (m, 1H), 2.78 (dd, J = 9, 14 Hz, 2H), 2.87-2.91
(m, 1H), 2.98—3.08 (m, 3H), 3.45—3.60 (m, 2H), 3.65—3.71 (m,
3H), 3.80—3.90 (m, 6H), 3.95(dd, J = 6,9.5 Hz, 1H),4.07-4.10
(m, 1H),4.18—4.21 (m, 1H),4.95(d, J = 9.5Hz, 1H), 4.98—5.02
(m, 1H), 5.44—5.49 (m, 2H), 5.63 (d, J= 5.5 Hz, 1H), 6.51 (dd,
J =12.5,9.8Hz, 1H), 6.53(d,J = 2 Hz, 1H), 7.18—7.27 (m, 5H),
7.81(d, J=9 Hz, 1H). *C NMR (125 MHz, CDCl;) § 24.7, 24.8,
25.7,26.3,27.7,35.5,45.2,46.9, 50.2, 54.9, 55.6, 69.5, 69.9, 70.6,
70.7,73.2, 101.9, 104.8, 109.1, 120.5, 126.4, 127.6, 128 4, 129.3,
129.6, 132.5, 133.2, 137.6, 155.3, 158.1, 164.6. ESI (+) HRMS
(m/z): M + H]" caled for C3HapaN»OoS, 631.2689; found,
631.2706.

Inhibitor 14d. Title compound was obtained from 13d and
Grubbs’ first-generation catalyst as described for 14a in 71%
yield after flash-chromatography (2:3 hexanes:EtOAc) as a
white solid. '"H NMR (500 MHz, CDCl;) 6 1.40—1.47 (m,
1H), 1.58—1.62 (m, 2H), 1.92—1.95 (m, 1H), 2.11-2.15 (m,
1H), 2.28—2.39 (m, 2H), 2.73—2.78 (m, 1H), 2.80—3.05 (m, 6H),
3.64—3.70 (m, 3H), 3.80—3.89 (m, 6H), 3.93-3.96 (m, 2H),
4.12—4.15 (m, 1H), 4.62 (br s, 1H), 4.97-4.99 (m, 1H), 5.11 (d,
J=9.2Hz, 1H), 5.52—5.54 (m, 2H), 5.61 (d, /= 5.1 Hz, 1H),
6.46—6.49 (m, 2H), 7.18—7.26 (m, 5H), 7.80 (d, J=9.4 Hz, 1H).
3C NMR (125 MHz, CDCl3) 8 22.6,22.9,23.4,25.7,25.9, 29.6,
35.4, 45.1, 45.2, 47.9, 55.0, 55.6, 62.0, 69.5, 70.7, 73.2, 100.2,
103.6, 109.2, 119.9, 123.5, 126.4, 128.4, 129.3, 132.6, 137.6,
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140.4, 155.4, 156.4, 164.3. ESI (+) HRMS (m/z): (M + H]*
caled for C31HyoN>OgS, 617.2533; found, 617.2534.

Inhibitor 14e. Title compound was obtained from 13e and
Grubbs’ second-generation catalyst as described for 14ain 52%
yield after flash-chromatography (2:3 hexanes:EtOAc) as a
white solid. '"H NMR (500 MHz, CDCl;) 6 1.46—1.51 (m,
1H), 1.60—1.76 (m, 4H), 1.88—1.92 (m, 2H), 2.23—-2.37 (m,
2H), 2.79 (dd, J=9, 14 Hz, 1H), 2.88—3.01 (m, 2H), 3.10—3.13
(m, 2H), 3.57 (br s, 1H), 3.66—3.72 (m, 2H), 3.72—3.89 (m, 5H),
3.92—3.99 (m, 2H), 4.07—4.15 (m, 2H), 4.94 (d, J = 8.5 Hz, 1H),
5.00—5.04 (m, 1H), 5.44—5.54 (m, 3H), 5.64 (d, J = 5.1 Hz, 1H),
6.43 (d, J = 2 Hz, 1H), 6.49—6.51 (m, 1H), 7.16—7.28 (m, 5H),
7.81(d, J=9 Hz, 1H). *C NMR (125 MHz, CDCl3) 6 25.7, 26.3,
26.5,27.4,29.6,35.5,43.9,45.2,50.7, 54.7, 55.6, 69.5, 69.7, 70.7,
73.3,100.0,103.9,109.2, 117.7, 122.9, 126.4, 128.4, 129.3, 133.7,
135.1, 137.4, 155.3, 157.7, 164.9. ESI (+) HRMS (m/z): [M +
Na]" caled for C3{H4gN2Q0S, 639.2352; found, 639.2345.

Inhibitor 14f. Title compound was obtained from 13f and
Grubbs’ second-generation catalyst as described for 14ain 81%
yield after flash-chromatography (2:3 hexanes:EtOAc) as a
white solid. "H NMR (500 MHz, CDCl;) 6 1.40—1.47 (m,
1H), 1.58-1.62 (m, 2H), 1.92—1.95 (m, 1H), 2.11-2.15 (m,
1H), 2.28—2.39 (m, 2H), 2.73—2.78 (m, 1 H), 2.80—3.05 (m, 5SH),
3.64—3.70 (m, 2H), 3.80—3.89 (m, 6H), 3.93—3.96 (m, 2H),
4.12—4.15 (m, 1H), 4.62 (br s, 1H), 4.97—4.99 (m, 1H), 5.11 (d,
J = 9.2 Hz, 1H), 5.52—5.54 (m, 2H), 5.61 (d, /= 5.1 Hz, 1H),
6.46—6.49 (m, 2H), 7.18—7.26 (m, 5H), 7.80 (d, J = 9.4 Hz, 1 H).
3C NMR (125 MHz, CDCly) 6 22.7,25.1, 25.7,29.6, 35.5,41.2,
45.3,47.8, 54.8, 55.6, 65.9, 69.5, 70.7, 73.2, 101.0, 104.3, 109.2,
118.7, 123.3, 126.4, 128.4, 129.3, 133.4, 133.6, 137.5, 1554,
157.8, 164.7. ESI (+) HRMS (m/z): [M + HJ" caled for
C3oH;35N-098S, 603.2376; found, 603.2369.

Inhibitor 14g. Title compound was obtained from 13g and
Grubbs’ second-generation catalyst as described for 14ain 81%
yield after flash-chromatography (2:3 hexanes:EtOAc) as a
white solid. "H NMR (500 MHz, CDCls) 6 1.47—1.55 (m,
1H), 1.64—1.70 (m, 2H), 2.51-2.54 (m, 1H), 2.73—-2.78 (m,
1H), 2.84—3.94 (i, 2H), 3.04—3.11 (m, 2H), 3.19(d, /= 13.6 Hz,
1H), 3.70—3.75 (m, 2H), 3.86 (s, 4H), 3.94—3.99 (m, 4H),
4.07—4.08 (m, 1H), 4.18 (br s, 1H), 4.58 (s, 1H), 5.02—5.06 (m,
1H), 5.12 (s, 1H), 5.61 (d, J =5 Hz, 1H), 5.76-5.82 (m, 1H),
5.88—5.93(m, 1H),6.35(d, J=1.1Hz, [H),6.51(dd,J = 1.5,8.7
Hz, 1H), 7.20~7.31 (m, 5H), 7.79 (d, J = 8.8 Hz, IH). *CNMR
(125 MHz, CDCl3) 6 25.8,26.7,35.4,43.6,45.3,47.1, 55.1,55.7,
67.4,69.6,70.5,70.8,73.3,99.4,104.1, 109.2, 120.5, 126.5, 126.9,
128.5, 129.4, 131.2, 132.0, 137.6, 155.6, 157.4, 164.7. ESI (+)
HRMS (m/z): [M + Na]* caled for CyoH3N,0gS, 611.2039;
found, 611.2040.

Inhibitor 14h. Title compound was obtained from 13h and
Grubbs’ second-generation catalyst as described for 14ain 79%
yield after flash-chromatography (2:3 hexanes:EtOAc) as a
white solid. "H NMR (400 MHz, CDCls) 6 1.45—1.51 (m,
1H), 1.60—1.68 (m, 2H), 2.80—2.90 (m, 2H), 3.00—3.12 (m,
3H), 3.53 (brs, 1H), 3.66—3.71 (m, 2H), 3.83 (s, 4H), 3.92—3.95
(m, 3H), 4.25 (brs, 1H), 4.88-5.01 (m, 3H), 5.13(d,J = 8.3 Hz,
1H), 5.63(d, J = 5.1 Hz, 1H), 5.72—5.76 (m, 2H), 6.59—6.64 (m,
2H), 7.19—7.26 (m, 5H), 7.74 (d, J=8.7 Hz, IH). *C NMR (125
MHz, CDCl3) 6 25.7,29.6, 35.3,43.9,45.2,47.8, 55.1,55.7,69.5,
70.7, 71.1, 73.3, 104.5, 107.2, 109.2, 123.4, 126.1, 126.4, 128 4,
129.3, 131.3, 131.5, 137.6, 155.6, 157.7, 164.5. ESI (+) HRMS
(mjz): M + Na]™ caled for CygH34N;00S, 597.1883; found,
597.1887.

Inhibitor 15a. To a stirring solution of 14a (10 mg, 0.015
mmol) in EtOAc (2 mL) was added 10% Pd on carbon and the
reaction was stirred under H, atmosphere for 12 h. After this
time, the reaction was filtered through a pad of celite and solvent
was evaporated under reduced pressure. The residue was then
purified by flash-chromatography to give 15a (9 mg, 93% yield)
as a white solid. "H NMR (500 MHz, CDCl3) 6 0.87—0.92 (m,
2H), 1.25—1.28 (m, 8H), 1.38—1.49 (m, 5H), 1.60—1.64 (m, 3H),
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1.71—1.83 (m, 4H), 2.32—2.38 (m, 1H), 2.75 (dd, J = 9.5, 13.7
Hz, 1H), 2.86—2.91 (m, 1H), 3.01—3.10 (m, 3H), 3.64—3.71 (m,
2H), 3.85 (s, 4H), 3.94 (dd, J = 6.4, 9.5 Hz, 1H), 4.01—-4.04
(m, 1H), 4.10—4.16 (m,1H), 4.94(d, J = 9.2 Hz, 1H), 5.01-5.15
(m, 1H), 5.67(d,J = 5.1 Hz, 1H), 6.52—6.54 (m, 2H), 7.19-7.29
(m, 5H), 7.85(d, /=9 Hz, 1H). *C NMR (125 MHz, CDCl;) 6
23.8,24.2,25.5,26.3,26.4,28.2,29.1,29.4,35.3,45.1, 51.3, 52.8,
54.6, 55.4, 69.2, 69.3, 69.5, 70.5, 71.9, 73.1, 100.2, 103.9, 109.0,
118.7,126.3, 128.2, 129.1, 133.5, 137.3, 155.1, 157.9, 164.6. ESI
(+) HRMS (m/z): [M + Na]* calcd for C34HygN2OgS, 683.2978;
found, 683.2984.

Inhibitor 15b. Title compound was obtained from 14b as
described for 15a in 90% vyield after flash-chromatography
(2:3 hexanes:EtOAc) as a white solid. 'H NMR (500 MHz,
CDCl3) 6 1.30—1.47 (m, 8H), 1.57—1.70 (m, 5H), 1.72—1.79 (m,
1H), 1.82—1.87 (m, 2), 2.77 (dd, J = 10, 14 Hz, 1H), 2.86—2.91
(m, 1H),3.00 (dd, J = 4.5, 14 Hz, 1H), 3.05(d, /=2.5, 15 Hz,
1H), 3.14—3.23 (m, 2H), 3.56—3.62 (m, 2H), 3.65~3.72 (m, 2H),
3.81—3.90 (m, 6H), 3.94 (dd, J = 6.5, 10 Hz, 1H), 4.05—4.15 (m,
2H), 4.96(d, J = 9.5 Hz, 1H),4.99—5.02 (m, 1H), 5.64 (d, J=5.5
Hz, 1H), 6.49—6.52 (m, 2H), 7.17-7.27 (m, SH), 7.82(d, J =9.5
Hz, 1H). '*C NMR (125 MHz, CDCl3) 6 23.2, 24.2, 24.9, 25.2,
25.7,26.1,27.6,28.9,35.4,45.2,49.2, 52.7, 54.8, 55.6, 68.9, 69.5,
70.7,71.7, 73.2, 100.5, 104.2, 109.2, 118.5, 126.4, 128.4, 129.3,
133.8, 137.5, 155.3, 158.1, 164.8. ESI (+) HRMS (m/z): [M +
Na]* caled for C33Hg6N206S, 669.2822; found, 669.2828.

Inhibitor 15¢. Title compound was obtained from 14c as
described for 15a in 90% yield after flash-chromatography
(2:3 hexanes:EtOAc) as a white solid. '"H NMR (500 MHz,
CDCl3) 6 1.35—1.39 (m, 3H), 1.40—1.54 (m, 4H), 1.60—1.66 (m,
6H), 1.85~1.98 (m, 2H), 2.78 (dd, J=9.1, 14 Hz, 1H), 2.88—2.91
(m, 1H),2.97—3.03 (m, 1H), 3.06—3.14 (m, 1H), 3.39—3.43 (m,
1H), 3.50—3.56 (m, 1H), 3.66—3.72 (m, 3H), 3.82—3.85 (m, 6H),
3.95(dd,J = 6.3,9.6 Hz, 1H),4.07—4.10 (m, 2H), 4.95—5.03 (m,
2H), 5.64 (d, J = 5 Hz, 1H), 6.50—6.53 (m, 2H), 7.17—7.27 (m,
5H), 7.82(d, J=9 Hz, 1H). "C NMR (125 MHz, CDCl;) 6 22.6,
23.5,24.0,24.6,25.3,25.7,26.1,35.5,44.8,45.2,46.5, 51.0, 54.8,
55.6,69.5,70.1,70.7,70.8,73.2,100.9, 104.3,109.2, 118.5, 126.4,
128.4, 129.4, 133.9, 137.5, 155.2, 158.2, 164.8. ESI (+) HRMS
(m/z): M + Na]" caled for C3HyuN,06S, 655.2668; found,
655.2667.

Inhibitor 15d. Title compound was obtained from 14d or 14e
as described for 15a in 94% yield after flash-chromatography
(2:3 hexanes:EtOAc) as a white solid. 'H NMR (500 MHz,
CDCl3) 6 1.33—1.54 (m, 6H), 1.57—1.74 (m, 3H), 1.86—1.94 (m,
2H), 2.77(dd, J=9.5, 14 Hz, 1H), 2.86—2.90 (m, 1H), 2.96—3.08
(m, 3H), 3.24-3.29 (m, 1H), 3.64—3.72 (m, 2H), 3.74—3.86 (m,
7H), 3.94—4.00 (m, 2H), 4.15—4.22 (m, 2H), 4.92 (d, J = 9.2 Hz,
1H),4.97~5.02 (m, 1H), 5.62(d, J = 5.2 Hz, 1H), 6.48(d, J=2.1
Hz, 1H),6.52(dd, J=2,89 Hz, 1H), 7.17—7.27 (m, 5H), 7.87 (d,
J = 8.6 Hz, |H) "'CNMR (125 MHz, CDCl3) § 23.2, 25.0, 25.6,
26.1,26.3,35.4,42.9,45.2,48.5, 54.7, 55.6, 69.3, 69.5,70.7, 73.3,
99.9,103.8,109.1,117.1, 126.4, 128.4, 129.3, 134.6, 137.4, 155.1,
157.7, 165.2. ESI (+) HRMS (m/z): [M + Na]* calcd for
C31HpN-068S, 641.2509; found, 641.2512.

Inhibitor 15f. Title compound was obtained from 14f as
described for 15a in 93% yield after flash-chromatography
(2:3 hexanes:EtOAc) as a white solid. 'H NMR (500 MHz,
CDCl3) 6 1.33—1.48 (m, 4H), 1.56—1.66 (m, 3H), 1.67—1.71 (m,
2H), 1.83~1.86 (m, 1H), 2.04—2.12 (m, 2H), 2.74 (dd, J = 9.7,
14 Hz, 1H), 2.83—2.99 (m, 4H), 3.18 (br s, 1H), 3.64—3.71 (m,
2H), 3.76—3.85 (m, 6H), 3.89—3.99 (m, 3H), 4.08 (br s, 1H),
4.19—4.23 (m, 1H), 4.96—5.00 (m, 2H), 5.63 (d, J=5 Hz, 1H),
6.45 (d, J=2 Hz, 1H), 6.50 (dd, /=2.5,9 Hz, 1H), 7.15-7.26
(m, 5H), 7.88 (d, J=9 Hz, 1H). *C NMR (125 MHz, CDCl3) 6
22.2, 244, 24.6, 25.7, 25.8,°35.4, 45.2, 46.8, 51.8, 54.7, 55.7,
69.2, 69.6, 70.5, 70.8, 73.3, 99.8, 103.9, 109.2, 117.5, 126.5,
128.4, 129.3, 134.3, 137.4, 155.2, 157.8, 165.3. ESI (+) HRMS
(mjz): [M + Na]* caled for C3H4oN,00S, 605.2533; found,
605.2526.
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Inhibitor 15g. Title compound was obtained from 14g as
described for 15a in 90% yield after flash-chromatography
(2:3 hexanes:EtOAc) as a white solid. '"H NMR (500 MHz,
CDCl3) 6 1.46—1.50 (m, 3H), 1.59—1.67 (m, 4H), 1.96—2.04 (m,
2H), 2.81—-2.91 (m, 2H), 3.03 (dd, J = 3, 14 Hz, 1H), 3.07-3.12
(m, 2H), 3.56 (br s, 1H), 3.57—3.71 (m, 2H), 3.83—3.91 (m, 6H),
3.93—4.02 (m, 3H), 4.25 (br s, 1H), 4.98—5.02 (m, 2H), 5.63 (d,
J = 5Hz, 1H), 6.40(d, J/ = 2 Hz, 1H), 6.49 de, J = 2,9Hz, 1H),
7.18—7.28 (m, SH), 7.76 (d, J = 9 Hz, 1H). *C NMR (125 MHz,
CDClL,): 6 22.4, 24.4,25.3,25.7, 35.4,43.1, 45.2, 47.3, 54.9, 55.6,
69.5,70.1, 70.6, 70.7, 73.2, 100.5, 104.2, 109.2, 121 .4, 126 .4, 128 4,
129.3, 131.5, 137.5, 155.4, 157.7, 164.5. ESI (+) HRMS (m/z):
[M + HJ]* caled for CooH3sN>09S, 591.2376; found, 591.2381,

Inhibitor 15h. Title compound was obtained from 14h as
described for 15a in 92% yield after flash-chromatography
(2:3 hexanes:EtOAc) as a white solid. '"H NMR (500 MHz,
CDCl3) 6 1.39—1.51 (m, 3H), 1.60—1.68 (m, 3H), 1.72—1.81 (m,
2H), 2.82—2.92 (mm, 2H), 3.00-3.06 (m, 3H), 3.66—3.71 (m, 3H),
3.80—3.87 (m, 6H), 3.95 (dd, J =6, 9.5 Hz, 1H), 3.97—4.02 (m,
1H), 4.25 (brs, 1H), 4.98—5.02 (m, 2H), 5.63 (d, J =5 Hz, 1H),
6.62—6.64 (m,2 H),7.18—7.28 (m, 5H), 7.77(d, /= 10.5Hz, 1H).
C NMR (125 MHz, CDCl3) 6 24.3,25.0, 25.7, 35.3, 44.5, 45.2,
46.5, 55.0, 55.6, 69.5,70.6, 73.2, 73.9, 105.6, 107.3, 109.1, 126 .4,
128.4, 129.3, 130.9, 137.3, 155.5, 157.4, 164.4. ESI (+) HRMS
(mjz): [M + H]" caled for CgHigN2QgS, 577.2220; found,
577.2222.

tert-Butyl-(25,3R)-4-(2,2-dimethylpent-4-enylamino)-3-hydroxy-
1-phenylbutan-2-ylcarbamate (17a). A stirring solution of amine
16a (1.58 g, 4.33 mmol) and epoxide 8 (304 mg, 1.15 mmol) was
heated to 60 °C for 4 h and allowed to stir at 23 °C overnight. The
reaction mixture was concentrated and purified by silica chroma-
tography (3:97 MeOH:CH,Cly) to give 370 mg (98% yield) of
product as a clear oil that solidified upon refrigeration. [o] 2409
(¢ 0.14, CHCl3). "H NMR (CDCls, 400 MHz) 6 0.90 (s, 6H), 1.36
(s, 9H), 2.01 (d, J = 7.6 Hz, 2H), 2.35(s, 2H), 2.69 (d, J = 4.8 Hz,
2H),2.87(dd, J = 8, 14.8 Hz, 1H), 298 (dd, J = 4.8,9.2 Hz, 1H),
3.45(m, 1H), 3.82 (m, 1H),4.79(d, J = 9.2 Hz, 1H), 5.03 (m, 2H),
5.81 (m, 1H), 7.26 (m, 5H). *C NMR (CDCls, 100 MHz) 3 25.4,
25.4,29.6,34.3,36.8, 44.5, 52.1, 54.3, 60.1, 70.3, 79.1, 116.9, 126.2,
128.3, 129.4, 135.2, 137.9, 155.8. FTIR (NaCl) v, = 3349, 3064,
2928, 1693, 1391, 1366, cm ™ '. ESI LRMS (m1/2): 376.06 [M + H]™.

tert-Butyl-(2.5,3 R)-4-(N-(2,2-dimethylpent-4-enyl)-2-(hex-5-
enyloxy)-4-methoxyphenylsulfonamido)-3-hydroxy-1-phenylbu-
tan-2-ylcarbamate (18a). To a mixture of amine 17a (188 mg,
0.5 mmol) and sulfonyl chloride 7d (183 mg, 0.6 mmol) at 0 °C
under argon atmosphere was added pyridine (8 mL, freshly
distilled over KOH), and the reaction was allowed to warm to
23 °C while stirring. The reaction turned orange and was
allowed to stir overnight. The reaction was condensed under
reduced pressure, washed with saturated CuSOy,, and the
product extracted with dichloromethane. The organic layer
was washed with H,O, brine, dried over sodium sulfate, and
purified by silica chromatography (20:80 EtOAc:hexanes) to
give 18a (180 mg, 56% yield) as a clear oil. [a]p™® +18.3 (¢ 0.12,
CHCl3). '"H NMR (CDCls, 400 MHz) 6 0.90 (s, 3H), 0.92 (s,
3H), 1.25 (m, 1H), 1.31 (s, 9H), 1.59 (i, 2H), 1.86 (quintet, J =
8 Hz, 2H), 1.99 (d, J = 7.2 Hz, 2H), 2.12(q, / = 6.8 Hz, 2H),
2.77 (dd, /=8, 13.2 Hz, IH), 2.86 (dd, J = 4.8, 14.4 Hz, 1H),
3.20 (m, 4H), 3.66 (m, 1H), 3.80 (m, 1H), 3.83 (s, 3H), 4.00 (mn,
2H), 4.40 (d, J = 8.8 Hz, |H), 5.00 (m, 4H), 5.79 (m, 2H), 6.47
(m, 2H), 7.20 (m, 5H),7.78 (d, J = 8.4 Hz, 1H). >’C NMR
(CDCl5, 100 MHz) 6 25.0,25.5, 25.6,28.0, 28,2,28.4,33.2, 35.8,
45.2,54.2, 55.5,55.6,62.4,69.1,72.0, 79.3, 100.1, 104.2, 115.1,
117.5, 118.5, 126.2, 128.3, 129.4, 134.0, 134.7, 137.6, 138.0,
155.5,157.5,164.8. FTIR (NaCl) v,,x=3412,2852, 1701, 1596,
1496, 1456, 1391, 1367 cm ™', ESI (+) HRMS (m/z): [M + Na'*]
caled for C35H5;N,04S 667.3393; found, 667.3399.

(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl (25,3 R)-4-(N-(2,2-
Dimethylpent-4-enyl)-2-(hex-5-enyloxy)-4-methoxyphenylsulfona-
mido)-3-hydroxy-1-phenylbutan-2-ylcarbamate (19a). To a stirring
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solution of 18a (180 mg, 0.28 mmol) in CH,Cl, (5 mL) at 0 °C was
added trifluoroacetic acid (1.5 mL). The reaction was allowed to
warm to 23 °C and stirred overnight. Solvents were removed
under reduced pressure, and saturated aqueous NaHCO; and 1IN
NaOH (1 mL) was added and extracted with ether. Solvents were
removed under reduced pressure to afford the crude amine
product.

To a solution of above amine (0.28 mmol) in MeCN (20 mL)
was added carbonate 12 (92 mg, 0.31 mmol) under argon
followed by dropwise addition of i-ProNEt (1 mL) and pyridine
(1 mL), and the reaction was allowed to stir overnight at 23 °C.
After stirring for 2 days, the solvent was removed under reduced
pressure and the crude material purified by silica gel column
chromatography (50:50 EtOAc:hexanes) to give 19a (144 mg,
73% yield over two steps) as a white solid; mp=49—52°C; [alp 0
+3.9 (¢ 1.03, CHCly). '"H NMR (CDCls, 400 MHz) 6 0.90 s,
3H), 0.91 (s, 3H), 1.35 (m, 1H), 1.58 (m, 3H), 1.86 (m, 2H), 2.02
(m, 3H), 2.11 (m, 2H), 2.69 (dd, J = 9.6, 14 Hz, 1H), 2.84 (m,
1H), 2.94 (dd, J = 4, 14.4 Hz, 1H), 3.08 (m, 2H), 3.29 (m, 2H),
3.63 (m, 2H), 3.78 (m, 2H), 3.83 (s, 3H), 3.91 (m, 3H), 4.03 (m,
2H), 4.87(d, J = 9.6 Hz, 1H), 5.02 (m, 4H), 5.60 (d, J = 5.2 Hz,
1H), 5.77 (m, 2H), 6.48 (m, 2H), 7.18 (m, 5H), 7.79 (d, / = 8.4
Hz, 1H). C NMR (CDCl;, 100 MHz) 6 24.9, 25.4, 25.5, 25.7,
28.3,33.2,35.5,35.7,45.1,45.2, 54.8, 55.6, 55.6, 62.6, 69.2, 69.5,
70.6, 72.3, 73.1, 100.1, 104.3, 109.2, 115.0, 117.6, 118.0, 126.3,
128.3, 129.2, 134.0, 134.5, 137.5, 137.9, 155.0, 157.6, 164.9.
FTIR (NaCl) v, = 1323, 1595, 1722, 2922, 3487 cm” ', ESI
(+) HRMS (m/z): [M + H]" caled for C37Hs5N2OgS 701.3472;
found, 701.3473.

Inhibitors 20a and 21a. Compound 19a (100 mg, 0.14 mmol)
was dissolved in CH,Cl, (90 mL). Grubbs’ second-generation
catalyst (12 mg, 0.014 mmol) was added, and the reaction was
allowed to stir overnight at 23 °C. Solvent was removed under
reduced pressure and the material purified by silica gel column
chromatography (50:50 — 75:25 EtOAc:hexanes) to give 92 mg
(96% yield) of product as a mixture of stereoisomers (31:69 Z/E
by HPLC) as a white solid. The individual stereoisomers were
isolated by reversed-phase HPLC YMC-Pack ODSA (250 mm
x 10 mm, 5 um); flow rate= 1.5 mL/min; isocratic 80:20 MeOH:
H,0; T=25°C; A = 210 nm, R, Z= 17 min, R, E = 18 min).

Compound 21a. [a]p® —0.8 (¢ 2.36, CHCl3). '"H NMR
(CDCl;, 800 MHz) 6 1.05 (s, 3H), 1.12 (s, 3H), 1.24 (t, /=64
Hz, 1H), 1.25(s, 1H), 1.39 (m, 1H), 1.58 (m, 1H), 1.90—1.72 (m,
4H), 1.94—2.10 (m, 4H), 2.68 (dd, J = 9.6, 14.4 Hz, 1 H), 2.86(q,
J=72Hz,1H),2.92(dd,J = 4,144 Hz, 1H),2.97(dd,J = 2.4,
15.2Hz, 1H),3.11(dd, J = 9.6, 15.2 Hz, 1H), 3.64 (m, 1H), 3.68
(m, 1H), 3.71 (dd, J = 6.4, 13.6 Hz, 1H), 3.77 (m, 1H), 3.82 (m,
1H), 3.84 (s, 3H), 4.04—3.88 (m, 4H), 4.71 (d, J = 9.6 Hz, 1H),
4.98(q,J = 7.2Hz, 1H),5.60(d,J = 5.6 Hz, 1H),5.62(d, /J=5.6
Hz, 1H), 5.68 (m, 1H), 6.47 (m, 1H), 6.50 (dd, J = 1.6, 8.8 Hz,
1H), 7.12(d, J = 7.2 Hz, 2H), 7.18 (t, J = 7.2 Hz, 1H), 7.24 (1,
J = 8Hz, 2H),7.79 (d, J = 8.8 Hz, IH). *C NMR (CDCls, 125
MHz) § 25.7, 26.1, 27.6, 29.2, 29.6, 29.7, 35.6, 35.8, 45.3, 46.1,
54.7, 55.7, 56.1, 63.0, 69.6, 69.7, 70.7, 72.2, 73.3, 100.6, 104.4,
109.3, 117.8, 126.5, 128.4, 128.5, 129.3, 133.6, 134.5, 137.5,
155.1, 158.1, 164.9. FTIR (film, NaCl) vy, = 3445, 2926,
1720, 1596, 1575, 1469, 1369 cm ™. ESI (+) HRMS (m/z): [M
+ Na]" caled for C3sHygN>OsS 695.2978; found, 695.2989.

Compound 20a. [a]p®® —0.5 (¢ 0.99, CHCL;). 'H NMR
(CDCl;, 800 MHz) 6 1.07 (s, 3H), 1.13 (s, 3H), 1.25 (s, 3H),
1.38 (m, 1H), 1.57 (m, 1H), 1.62—1.76 (m, 2H), 1.90 (br s, 2H),
1.98—2.20 (m, 4H), 2.70(dd, J = 9.6, 14.4 Hz, 1H), 2.86 (m, | H),
2.91(dd, J = 0.8, 15.2 Hz, 1H), 2.93 (dd, J = 4, 14.4 Hz, 1H),
3.08 (dd, J = 8.8,15.2 Hz, 1H), 3.65 (m, 1H), 3.68 (dd, J = 6.4,
9.6 Hz, 1H), 3.79 (m, 1H), 3.82 (dt,J = 2.4, 8.8 Hz, 1H), 3.85 (s,
3H),3.93(dd,J = 6.4,9.6 Hz, 1H), 3.96 (m, 1H),4.08 (t,J = 4.8
Hz, 2H),4.74(d,J = 9.6 Hz, IH),4.98 (q, / = 5.6 Hz, 1H), 5.53
(q,J = 8.8Hz, 1H),5.62(d,J = 5.6 Hz, 1H),5.65(q,J = 8.8 Hz,
1H),6.47(d,J = 2.4Hz, 1H),6.51 (dd, J = 2.4,8.8 Hz, 1H), 7.13
(d,J = 7.2 Hz, 2H), 7.18 (d, J = 7.2 Hz, 1H), 7.23(t, J = 8 Hz,
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2H), 7.81 (d, J = 8.8 Hz, 1H). C NMR (CDCl;, 125 MHz) 6
164.9, 157.9, 155.1, 137.5, 134.8, 131.0, 129.3, 128.4, 126.7,
126.5, 117.3, 109.3, 104.1, 100.2, 73.3, 72.6, 70.7, 69.6, 68.8,
64.1,56.1,55.7,54.7,45.3,40.5,36.1, 35.6,29.7,27.4,26.7, 26.1,
25.8, 25.3. FTIR (film, NaCl) v, = 3344, 2925, 1718, 1595,
1575, 1388 cm ™. [M + Na]™ calcd for C35HN,0gS 695.2978;
found, 695.2970.

Compound 22a. The corresponding olefin 20a or 21a (22 mg,
0.032 mmol) was dissolved in ethyl acetate (S mL). Pd/C (10%)
was added and the reaction flask flushed with H, gas. After
stirring overnight, the reaction was filtered over celite and
purified by silica chromatography (50:50 — 75:25 EtOAc:
hexanes) to give 19 mg (90% vyield) of the desired product.
[ap° —2.9(c0.70, CHCl;). '"H NMR (CDCl;, 800 MHz) 6 0.97
(s, 3H), 1.03 (s, 3H), 1.18 (m, 1H), 1.27 (m, 2H), 1.38 (m, 3H),
1.45 (m, 4H), 1.54—1.64 (m, 3H), 1.69 (m, 1H), 1.81 (m, 2H),
2.71(dd,J = 9.6, 14.4Hz, 1H),2.87 (m, |H),2.98(dd, /=4, 14.4
Hz, 1H), 3.01 (dd, J = 1.6, 15.2 Hz, 1H), 3.19 (dd, J=9.6, 15.2
Hz, 1H), 3.63—3.70 (m, 2H), 3.80 (m, 1H), 3.82 (dt, J = 1.6, 8
Hz, 1H), 3.86 (s, 3H), 3.93(dd, /=6.4,9.6 Hz, 1H), 3.94 (m, 1 H),
4.07 (m, 1H), 4.10 (m, 1H),4.75(d,J = 9.6 Hz, |[H),4.98 (q, J =
5.6 Hz, 1H), 5.63 (d, J=4.8 Hz, H), 6.51 (m, 2H), 7.15(d, J =
7.2Hz,2H), 7.18 (t,J = 7.2 Hz, 1H), 7.24(t,J = 8 Hz, 2H), 7.82
(d,J = 8.8 Hz, 1H). *C NMR (CDCl;, 125 MHz) 6 19.6, 22.3,
25.0,25.4,25.8,26.2,27.4,28.3,35.7,35.8,39.8,45.3, 54.8, 55.7,
56.1,61.8, 68.9, 69.6, 70.7, 72.5, 73.3, 100.2, 104.0, 109.3, 117.7,
126.5, 128.4, 129.3, 135.6, 137.5, 155.1, 158.1, 164.9. FTIR
(NaCl) v = 3449, 2930, 1718, 1596, 1534 em ™', ESI (4)
HRMS (m/z): [M+H]" caled for C35sH35oN20gS 675.3315; found,
675.3318.

tert-Butyl-(2.5,3R)-3-hydroxy-4-(2-methylpent-4-enylamino)-
1-phenylbutan-2-ylcarbamate (17b and 17¢). A mixture of 2-
methylpent-4-en-1-amine (460 mg, 4.6 mmol) and epoxide 8
(361.5 mg, 1.3 mmol) was allowed to stir at 60 °C overnight
under argon atmosphere. The crude material was purified by
silica gel column chromatography (3:97 MeOH:CH,Cl,) to give
17b and 17¢ (470 mg, 95%) as a white solid as a mix of
diastereomers (50:50 by NMR); mp 89—90 °C; [op>° +5.4
(¢ 2.58, CHCly). 'H NMR (CDCl;, 400 MHz) 6 0.91 (d, J = 2
Hz,3H),0.92(d, /J=2.4Hz,3H), 1.35(s, 18H), 1.67 (m, 2H), 1.92
(m, 2H), 2.13 (m, 2H), 2.40 (dd, /=6.8, 11.6 Hz, 2H), 2.52 (dd,
J = 6,12 Hz, 2H), 2.60—3.01 (m, 10H), 3.45 (m, 2H), 3.59~3.45
(m, 4H), 4.55—4.77 ﬁm, 2H), 5.04 (m, 4H), 5.77 (m, 2H), 7.22 (m,
6H), 7.29 (m, 4H). *C NMR (CDCls, 100 MHz) 6 17.8, 28.3,
33.2, 36.7, 39.2, 39.2, 51.4, 51.4, 54.1, 55.7, 70.6, 79.3, 116.0,
126.3, 128.4, 129.5, 137.0, 137.9, 155.9. FTIR (NaCl) vy, =
3365, 1683, 1520, 1455, 1391, cm™!. ESI (+) LRMS m/z (relative
intensity): 363.03 [M + H]*.

Pure 17¢ was prepared in a similar fashion by using enantio-
pure (S)-2-methylpent-4-en-l-amine. 'H NMR (CDCls, 400
MHz) 6 0.99 (d, J = 6 Hz, 3H, 1.32 (s, 9H), 1.99 (im, 2H), 2.12
(m, 1H), 2.70—2.95 (m, 4H), 3.08 (m, 2H), 3.80 (m, 2H), 5.04 (s,
1H), 5.07 (m, 1H), 5.71 (m, 1H), 6.41 (brs, 3H),7.15—7.34 (m, 5H).

tert-Butyl-(28,3R)-4-(2-(hex-5-enyloxy)-4-methoxy-/N-(2-meth-
yipent-4-enyl)phenylsulfonamido)-3-hydroxy-1-phenylbutan-2-yl-
carbamate (18b and 18¢). A mixture of amines 17b and 17¢ (166
mg, 0.46 mmol) and sulfonyl chloride 7d (167 mg, 0.55 mmol)
were cooled to 0 °C. Pyridine (5§ mL) was added and the solution
stirred overnight. Solvents were removed by reduced pressure
and the crude material purified by silica gel column chromatog-
raphy (20:80 EtOAc:hexanes) to give a mixture of 18b and 18¢
(148 mg, 51% yield) as a colorless oil. [o)p2® —1.8(c0.67, CHCly).
'H NMR (CDCl3, 300 MHz) 6 0.80 (d, /=6 Hz, 3H),0.88(d, J =
6 Hz, 3H), 1.33 (s, 18H), 1.52—1.65 (m, 4H), 1.70—1.92 (m, 9H),
2.06—2.26 (m, 6H), 3.36—2.80 (m, 12H), 3.73 (br, 4H), 3.84 (s,
6H), 4.06—3.94 (m, 5H), 4.59 (m, 2H), 4.90—5.06 (m, 8H),
5.58—5.87 (m, 4H), 6.44—6.54 (m, 4H), 7.16—7.30 (m, {0H),
7.83(d, J=8.7 Hz, 2H). *CNMR (CDCls, 75 MHz) § 17.1,25.0,
28.2,28.3,31.7,31.9,33.2,35.3, 38.7, 53.2, 53.3, 54.4, 54.6, 55.6,
56.8,57.1,69.1,2.3,72.7,79.4, 100.2, 104.1, 115.1, 116.3, 119.0,
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126.3,128.3,129.5,133.7, 136.3, 137.7,137.9, 138.1, 155.9, 157.6,
164.7. FTIR (NaCl) vy, = 3392, 2929, 1702, 1640, 1445, 1391,
1366, cm™'. ESI (+) HRMS (m/z): [M + H]" calcd for
C34H 5oN,04S 631.3417; found, 631.3408.

Pure 18¢ was prepared in a similar fashion using pure 17c. 'H
NMR (CDCl;, 400 MHz) 6 0.80 (d, J = 6 Hz, 3H), 1.34 (s, 9H),
1.59(m, 2H), 1.74 (m, 2H), 1.87 (m, 2H), 2.12 (q, J=7.2 Hz, 2H),
2.19 (m, 1H), 2.94 (m, 3H), 3.25 (m, 3H), 3.74 (m, 2H), 3.85 (s,
3H), 3.96 (m, 1H), 4.03 (t, J= 6.8 Hz, 2H), 4.57 (d, /= 7.2 Hz,
1H), 4.93—5.05 (m, 4H), 5.66 (m, 1H), 5.80 (m, 1H), 6.46(d, J=
2.4 Hz, 1H), 6.50 (dd, J = 2.4, 8.8 Hz, 1H), 7.20 (m, 3H), 7.27
(m, 2H), 7.84 (d, J = 8.4 Hz, 1H). >*C NMR (CDCls, 100 MHz)
6 17.1, 25.0, 28.2, 28.4, 31.8, 33.3, 35.2, 38.1, 53.2, 54.5, 55.7,
56.9, 9.1, 72.3, 79.5, 100.2, 104.1, 115.1, 116.3, 119.1, 126.3,
128.4, 129.6, 133.7, 136.4, 137.7, 138.1, 155.9, 157.6, 164.7.

(3R,3aS,6aR)-Hexahydrofuro[2,3-b}furan-3-yl (285,3R)-4-(2-(hex-
5-enyloxy)-d4-methoxy-/N-(2-methylpent-4-enyl)phenylsulfonamido)-
3-hydroxy-1-phenylbutan-2-ylcarbamate (19b and 19¢). To a stirred
solution of 18b and 18¢ (140 mg, 0.22 mmol) in CH,Cl, (4.5 mL)
was added TFA (1.5 mL). The resulting mixture was stirred for 4 h
and then quenched with saturated aqueous NaHCO; (1.5 mL).
Then 2N NaOH was added until the solution turned basic. The
aqueous layer was extracted with ether, washed with brine, and
dried over Na,SO,. Solvents were removed under reduced pressure
to give crude N-((2R,3S)-3-amino-2-hydroxy-4-phenylbutyl)-
2-(hex-5-enyloxy)-4-methoxy-N-(2-methylpent-4-enyl)benzensul-
fonamide.

To the above crude amine in MeCN (5 mL) were added
(3R,3aS,6aR)-hexahydrofuro[2,3-b]furan-3-yl  4-nitrophenyl
carbonate 12 (71 mg, 0.24 mmoL) and /-Pr,NEt (0.75 mL)
under argon atmosphere and the reaction stirred overnight.
Solvents were removed under reduced pressure and the crude
material purified by silica gel column chromatography (50:50
EtOAc:hexanes) to give 68 mg (45% yield) of product as a clear
oil. [0]p?® =5.7 (¢ 0.17, CHCl3). "H NMR (CDCls, 400 MHz) 6
0.80(d,J = 6.4 Hz, 3H)0.90 (d, J = 6.4 Hz, 3H), 1.40—2.24 (m,
22H), 2.70—3.40 (m, 14H), 3.62—4.06 (m, 24H), 4.92—5.05 (m,
12H), 5.60—5.85 (m, 6H), 6.50 (m, 4H), 7.18 (m, 6H), 7.24 (m,
4H), 7.83 (d, J = 8.8 Hz, 2H). °C NMR (CDCls, 100 MHz) 6
17.1,25.0,25.7,28.4,31.9,32.1,33.2,35.4, 38.1,38.7,45.3, 53.2,
53.4,54.9,55.0,55.7,56.9, 57.3,69.2,69.6,70.7,72.3,72.8, 73.3,
100.3, 104.2, 109.2, 115.1, 116.5, 118.7, 118.8, 126.5, 128.4,
129.3, 133.8, 136.2, 137.5, 137.6, 138.0, 155.3, 157.6, 164.8.
FTIR (film, NaCl) v, = 3436, 2970, 2927, 1718, 1600, 1458,
1374 cm™!. ESI (+) HRMS (m/z): [M + Na]* caled for
C36H50N2098 7093135, found, 709.3131.

Pure 19¢ was prepared in a similar fashion using pure 18¢. 'H
NMR (CDCls, 400 MHz) 6 0.81 (d, J=6 Hz, 3H), 1.45—1.90 (m,
8H), 2.12 (m, 2H), 2.23 (m, 1H), 2.80 (dd, J=9.2, 14 Hz, 1H),
2.93 (m, 3H), 3.15(dd, J = 2.4, 15.2 Hz, 1H), 3.24 (dd, /=8, 14
Hz, 1H), 3.38 (dd, /= 9.2, 15.6 Hz, 1H), 3.65—3.75 (m, 3H),
3.77—3.89 (m, 6H), 3.95(dd, J = 6.4,9.6 Hz, 1H),4.05(t,J=6.8
Hz, 2H), 4.85—5.05 (m, 6H), 5.62—5.85 (m, 3H), 6.48 (d, /=2.4
Hz, 1H),6.52(dd,J = 2,8.8 Hz, 1H), 7.20 (m, 3H), 7.26 (m, 2H),
7.84(d,J = 8.8 Hz, IH). ESI(+) HRMS (1/z): [M + Na]* calcd
for C36HsoN,09S 709.3135; found, 709.3139.

Inhibitors 20b, 20¢, 21b, and 21¢. To a solution of carbamates
19b and 19¢ (119 mg, 0.17 mmol) in CH,Cl, (125 mL) was
added Grubb’s second-generation catalyst (15 mg, 0.02
mmol). The resulting solution was stirred overnight. The
solvent was removed under reduced pressure and the crude
material purified by silica gel chromatography (50:50 EtOAc:
hexanes) to give 110 mg (97% yield) of product as an oil.
Reversed-phase HPLC (Waters Sunfire Cig 50 mm x 4.6 mm,
S um coupled to Agilent Eclipse XDB C,5 150 mm x 4.6 mm,
Sumand YMC-Pack Cg 250 mm x 4.6 mm, 5 um, flow rate =
0.95 mL/min, 4 = 215 nm, T = 30 °C, isocratic 60:40
MeCN:H,0) was used to isolate the individual isomers: R,
(RZ)=22min, R (SZ)=24 min, R, (RE)=25.3min, R (SE)=
26.8 min.
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Compound 20b. [o]p®° —29 (¢ 0.60, CHCl;). 'H NMR
(CDCl3, 800 MHz) 6 1.12 (d, J = 6.4 Hz, 3H) 1.50—1.62(m,
2H), 1.73 (m, 2H), 1.86 (m, 1H), 1.95 (m, 1H), 2.01-2.11 (m,
3H), 2.18 (m, 1H), 2.74 (dd, J = 9.6, 14.4 Hz, IH),2.81 (d,J =
15.2 Hz, 1H), 2.87 (m, 1H), 2.99 (dt, J=4, 13.6 Hz, 2H), 3.16 (dd,
J = 9.6,15.2 Hz, 1H), 3.65—3.75 (m, 5H), 3.79—3.85 (m, 2H),
3.85(s,3H), 3.93(dd,J = 6.4,9.6 Hz, 1H),4.11 (m, 2H), 4.25 (m,
1H),4.84(d,J = 9.6 Hz, 1H),4.99(q, J = 6.4 Hz, |H), 544 (q,
J=9.6Hz, 1H),5.57(q,/=7.2Hz, 1H),5.63(d,J = 4.8 Hz, 1H),
6.48(d,J = 1.6 Hz, 1H), 6.50(dd,J = 2.4,8.8 Hz, IH), 7.17 (m,
3H), 7.24 (m, 2H), 7.86 (d, J = 8.8 Hz, 1H). >*C NMR (CDCl;,
125 MHz) 6 174, 254, 25.8, 26.1, 27.5, 32.2, 32.8, 35.7, 45.3,
53.9, 54.7, 55.7, 59.1, 68.4, 69.6, 70.7, 73.0, 73.3, 100.3, 103.9,
109.3, 118.1, 126.5, 127.2, 128.4, 129.4, 131.1, 134.4, 137.5,
155.2, 157.8, 164.9. FTIR (film, NaCl) v, = 3467, 2923,
1717, 1595, 1444, 1384, 1256 cmi™'. ESI (+) HRMS (m/z):
[M + NaJ* caled for Ca34H4sN206S 681.2822; found, 681.2829.

Compound 20c. [o]p™® —30.6 (¢ 0.83, CHCl3). '"H NMR
(CDCls, 800 MHz) 6 1.13 (d, J = 7.2 Hz, 3H) 1.61 (m, 1H),
1.69 (m, 1H), 1.78—1.90 (m, 4H), 1.94—2.09 (m, 5H), 2.18 (m,
1H), 2.74 (dd, J=8.8, 13.6 Hz, 1H), 2.89 (m, 2H), 2.96 (dd, /=
3.2,13.6 Hz, 1H), 3.11 (dd, /=8, 14.4 Hz, 1H), 3.65—3.74 (m,
3H), 3.78—3.86 (im, 6H), 3.88—4.02 (m, 4H), 4.84 (d, /=8.8 Hz,
1H), 5.00(q, / = 5.6 Hz, 1H), 5.52 (m, 1H), 5.64 (d, J = 4.8 Hz,
1H), 5.66 (m, 1H), 6.78 (d,J = 2.4 Hz, 1H), 6.50 (dd, J=1.6, 8.8
Hz, 1H), 7.17 (m, 3H), 7.25 (m, 2H), 7.83 (d, J = 8.8 Hz, IH).
BCNMR (CDCl, 125 MHz) 6 18.4,25.8, 26.2, 28.6, 29.7, 30.0,
32.3,35.4,37.9,45.3, 54.4,54.8, 55.7, 58.1, 58.5, 69.6, 70.8, 72.6,
73.4,100.7,104.3, 109.3, 118.8, 126.5, 128.1, 128.5, 129.3, 133.3,
134.0, 137.6, 155.3, 158.1, 164.8. FTIR (NaCl) v, = 3442,
3339,2924, 1717, 1595, 1495, 1444, 1325, 1256, 1206 cm ™. ESI
(+) HRMS (m/z): [M + Na]* calcd for C34H,sN-OoS 681.2822;
found, 681.2825.

Compound 21b. [o]p? +27.6 (¢ 0.36, CHCly). 'H NMR
(CDCls, 800 MHz) 6 1.09 (d, J = 6.4 Hz, 3H) 1.50—1.60 (m,
2H), 1.72 (m, 1H), 1.86 (m, 2H), 1.94—2.12 (m, 4H), 2.18 (m,
1H), 2.78 (dd, J = 104, 14.4 Hz, 1H), 2.90 (m, 2H), 3.02 (dd,
J=4.38,14.4Hz, 1H),3.12(dd, J = 4, 14.4 Hz, 1H), 3.17 (m, 2H),
3.46 (m, 1H), 3.64—3.71 (m, 3H), 3.84—3.90 (m, SH), 3.96 (m,
2H),4.12(m, 1H),4.15(m, 1H),4.88(d,J = 8.8 Hz, 1 H), 5.00(q,
J = 8Hz, 1H), 5.47(q,J = 8.8 Hz, 1H), 5.57(q, /J=7.2 Hz, 1 H),
5.64 (d, J=5.6 Hz, 1H), 6.49 (m, 2H), 7.20 (m, 3H), 7.27 (m, 2H),
7.83(d, J = 8.8 Hz, 1H). *C NMR (CDCl;, 125 MHz) 6 18.0,
25.3,25.8,26.0,27.3,32.2,32.7,35.4,45.3, 53.3, 55.1, 55.7, 58.0,
68.4, 69.6, 70.9, 72.3, 73.4, 100.2, 104.0, 109.3, 118.3, 126.5,
127.6, 128.5, 129.3, 130.8, 134.3, 137.7, 155.6, 157.8, 164.8.
FTIR (film, NaCl) v, = 3467, 2927, 1717, 1595, 1456, 1325,
em ™' ESI (+) HRMS (m/z): [M + Na]™ caled for C34HysN>OoS
681.2822; found, 681.2819.

Compound 21c. [o]p*® +20.5 (¢ 1.17, CHCl). 'H NMR
(CDCls, 800 MHz) 6 1.06 (d, J = 6.4 Hz, 3H), 1.47 (m, 1H),
1.63 (m, 1H), 1.70—1.82 (m, 4H), 1.87 (m, 1H), 1.93 (m, 1H),
2.17 (m, 2H), 2.26 (m, 1H), 2.47 (br, 1H), 2.76 (dd, J = 8.8, 14.4
Hz, 1H), 2.91 (m, 2H), 2.98 (m, 2H), 3.55 (m, 1H), 3.69 (m, 2H),
3.75 (m, 1H), 3.80 (m, 1H), 3.85 (m, 4H), 3.88 (t, / = 8.8 Hz,
1H), 3.94 (dd, J = 6.4, 9.6 Hz, 1H), 4.11 (m, 1H), 4.17 (br, 1H),
476 (d, J = 9.6 Hz, 1H), 5.00 (q, / = 8 Hz, 1H), 5.53 (m, 1H),
5.64(d,J = 4.8 Hz, 1H), 5.67 (m, 1H), 6.47 (d, J = 2.4 Hz, |H),
6.50 (dd, /=24, 8.8 Hz, 1H), 7.14 (d, J=7.2 Hz, 2H), 7.18 (m,
1H),7.24 (t,J = 7.2 Hz, 2H),7.83(d, J = 8.8 Hz, IH). "CNMR
(CDCls, 125 MHz) 6 19.0, 25.8, 26.2, 28.1, 29.8, 30.3, 33.6, 35.7,
38.2, 45.3, 54.6, 54.9, 55.7, 58.6, 69.6, 70.8, 71.5, 73.4, 100.5,
104.2, 109.3, 119.0, 126.5, 128.5, 129.4, 129.6, 132.5, 134.2,
137.4, 155.2, 158.1, 164.8. FTIR (film, NaCl) v,,x = 3463,
3339, 1717, 1595, 1495, 1387, 1326 cm ™', ESI(+) HRMS (m/z):
[M + Na]* caled for C34HusN>O0S 681.2822; found, 681.2812.

Compound 22b. To a stirred solution of the corresponding
(R)-E olefin (8 mg, 0.013 mmol) was dissolved into EtOAc
(5 mL) a spatula tip of Pd on carbon (10 wt %) and the mixture
was stirred under H, atmosphere. The reaction stirred overnight.
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Solvents were removed under reduced pressure, and the crude
material was purified by silica gel column chromatograph (70:30
Et,O:hexanes — 100% Et,0) to give 22b (8 mg, quantitative
yield) as a white solid. TLC 100% Et,0. [(l]DZ’ —17.8 (¢ 0.84,
CHCly). '"H NMR (CDCl;, 500 MHz) 6 0.92 (d, J="7 Hz, 3H)
1.16—1.84 (m, 15H), 2.74 (dd, J = 9.5, 14 Hz, 1H), 2.89 (m, 1H),
3.05 (m, 3H), 3.28 (m, 2H), 3.65~3.87 (m, 9H), 3.94 (m, 1H),
4.10(m, 1H),4.21 (m, 1H),4.84(d,J = 9.5Hz, 1H),5.01 (q, /=7
Hz, 1H), 5.64(d, J=5.5Hz, 1H), 6.51 (m, 2H), 7.19 (m, 3H), 7.26
(m, 2H),7.88 (d,J=9.5 Hz, IH). "CNMR (CDCl;, 125 MHz) 6
17.8,23.4,23.5,25.5,25.8,26.1,27.5,31.8,31.9,35.7,45.3,52.5,
54.8, 55.2, 55., 68.8, 69.6, 70.7, 71.3, 73.3, 100.4, 104.0, 109.3,
118.0, 126.5, 128.5, 129.4, 134.4, 137.6, 155.2, 158.0, 165.0.
FTIR (NaCl) v.x = 3463, 2924, 2853, 1721, 1596, 1323, 1256
em” !, ESI(+) HRMS (m/z): [M + Na]* caled for C34H4sN>06S
683.2978; found, 683.2987.

Compound 22¢. To a solution of the corresponding (.S)-E olefin
(12 mg, 0.018 mmol) in EtOAc (5 mL) a spatula tip of Pd on
carbon (10 wt %) was added and the mixture was stirred under H,
atmosphere. The reaction was stirred overnight. Solvents were
removed under reduced pressure and the crude material purified
by silica chromatograph (70:30 Et,O:hexanes — 100% Et,0O) to
give 22¢ (9 mg, 78% yield) as a white solid. [o]p™* —6.6 (¢ 0.91,
CHCl;). '"H NMR (CDCls, 800 MHz) 6 0.90 (d, J = 6.4 Hz, 3H)
1.20—1.90 (m, 15H), 2.73 (m, 1H), 2.79 (dd, J=8.8, 13.6 Hz, IH),
2.90 (m, 1H), 2.96 (m, 1H), 3.08 (m 1H), 3.33 (dd, J =9.6, 15.2Hz,
1H), 3.47 (m, 1H), 3.61 (m, 1H), 3.70 (m, 2H), 3.85 (m, 6H), 3.95
(m, 1H),4.10 (m, 1H), 4.25 (m, 1H), 4.86 (d, J =8.8 Hz, IH), 5.03
(q,J = 7.2 Hz, 1H), 5.65(d, J = 4.8 Hz, 1H), 6.52 (m, 2H), 7.18
(m, 3H), 7.25 (m, 2H), 7.87 (d, /=9.6 Hz, 1H). BCNMR (CDCl,,
200 MHz) 6 18.4,23.4,24.3,25.0,25.8,26.5,27.2,32.8,33.1,35.4,
45.3,53.5,54.8,55.7,57.0,69.3, 69.6,70.8,72.2, 73.3, 100.6, 104.2,
109.3,118.0, 126.5, 128.5, 129.4, 134.5, 137.5, 155.3, 158.1, 165.1.
FTIR (NaCl) vax = 3463, 2854, 1717, 1596, 1444, 1323, 1256
em™ ' ESI (+) HRMS (m/z): [M + Na]* caled for C3yHysN>OgS
683.2978; found, 683.2976.

Determination of X-ray Structures of HIV-1 Protease
(wt)—Inhibitor Complexes for Inhibitors 14c and 2. X-ray Struc-
ture for 14c. The HIV-1 protease construct with the substitutions
Q7K, L331,L631, C67A, and C95A to optimize protein stability
without altering protease structure and activity was expressed
and purified as described.?*?* Crystals were grown by the
hanging drop vapor diffusion method using 1:15 molar ratio
of protease at 2.0 mg/mL and inhibitor 14c dissolved in
dimethylsulfoxide. The reservoir contained 5% glycerol, 0.5 M
Nal in 0.2 M MES buffer with pH 6.0. Subsequently, crystals
were mounted on nylon loops in liquid nitrogen with additional
28% glycerol (v/v) as cryoprotectant. X-ray diffraction data
were collected on SER-CAT 22-ID beamline of the Advanced
Photon Source, Argonne National Laboratory, with wave-
length 0.8 A under the stream of liquid nitrogen at 90 K. Data
were processed by HKL2000,%° resulting in Rierge 0f 10.8% for
14c¢, and the structure was solved by molecular replacement with
our previous structure (PDB code 3B7V) using PHASER? in
CCP4i Suite,?”?® refined by SHELX-97,2% and refitted manu-
ally with the graphic programs 010,*' and COOT.** The
inhibitor structure was modeled by PRODRG-2,** which also
provided restraints for refinement. The crystal structure of HIV-
1 protease with inhibitor 1d¢ was determined at 1.17 A resolu-
tion. The rmsd for Cot atoms in comparison with our wild type
protease with DRV (PDB code 21IEN') is only 0.33 A . Alter-
nate conformations were modeled for the protease residues
when obvious in the electron density maps. Anisotropic atomic
displacement parameters (B factors) were applied for all atoms
including solvent molecules. The occupancies of iodine atoms were
refined and varied from 0.24 to 0.60. Hydrogen atoms were added
at the final stages of the refinement. The final structure includes
2 Na™ ions, 19 I” ions, 2 glycerols, and 181 waters in PR-14¢
complex. The R factor and Ry are 16.0 and 19.4%. The crystal-
lographic statistics are listed in Table 1 (Supporting Information).
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The crystal structure and structure factors have been deposited in the
RCSB Protein Data Bank,>* with PDB code 3160 for inhibitor 14c.
X-ray Structure for 2. The wild-type HIV-1 protease was
expressed and purified as described previously.3 3 After purifica-
tion, the protease was concentrated to 4.0 mg/mL. Inhibitor 2, at
a 10-fold molar excess, was mixed with the protease. The
mixture was incubated at room temperature for 2 h and then
clarified with a 0.2 mm spin filter. The crystallization trials
employed the hanging drop method using equal volumes of
enzyme—inhibitor and well solution. The reservoir contained
20% (NH4),S0,, 200 mM NaPOQy/citric acid buffer, pH 5.5. The
well solutions also included 10% dimethyl sulfoxide, 30 mM
B-mercaptoethanol, and 4% isopropyl alcohol.

Diffraction data were collected at room temperature with an
Raxis-IV image plate and integrated and reduced with the HKL
program package.” The diffraction data set has a resotution of
1.7 A with an Ryerpe value of 0.052. Data completeness was
95.5%. The space group was determined to be P2,2,2, with unit
cell dimensions of @ = 51.9 A, 5=59.0 A, c = 62.6 A, with one
dimer in the asymmetric unit. The initial phase was solved by
molecular replacement using the program AMoRe.*® A pro-
tease dimer (PDB code 2AID)*’ from a previously determined
HIV-1 protease crystal structure was used as the search model.
Crystallographic refinement was carried out using X-PLOR 3.1.
Molecular graphics program 0*' was used for map display and
model building. Water molecules were added to the structure as
identified in the |F,| — |F.| map contoured at the 3o level. Data
collection and refinement statistics are listed in Table 2
(Supporting Information). The final Ryorx was 21.6% and Rire
was 28.9% for data between the resolution of 20 and 1.7 A
(Table 1). The rmsd values from ideal bond distances and angles
were 0.009 A and 1.5°, respectively. The average B factor was
28.3 and 19.6 A? for protein and inhibitor atoms, respectively,
and 41.0 A® for solvent atoms. The crystal structures and
structure factors have been deposited in the RCSB Protein Data
Bank,* with PDB code 317E for inhibitor 2.
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4'-Ethynyl-2-fluoro-2’ -deoxyadenosine (EFdA), a recently discovered nucleoside reverse transcriptase inhib-
itor, exhibits activity against a wide spectrum of wild-type and multidrug-resistant clinical human immuno-
deficiency virus type 1 (HIV-1) isolates (50% effective concentration, 0.0001 to 0.001 uM). In the present study,
we used human peripheral blood mononuclear cell-transplanted, HIV-1-infected NOD/SCID/Janus kinase 3
knockout mice for in vivo evaluation of the anti-HIV activity of EFdA. Administration of EFdA decreased the
replication and cytopathic effects of HIV-1 without identifiable adverse effects. In phosphate-buffered saline
(PBS)-treated mice, the CD47/CD8* cell ratio in the spleen was low (median, 0.04; range, 0.02 to 0.49), while
that in mice receiving EFdA was increased (median, 0.65; range, 0.57 to 1.43). EFdA treatment significantly
suppressed the amount of HIV-1 RNA (median of 9.0 X 10* copies/ml [range, 8.1 X 10 to 1.1 X 10° copies/ml]
versus median of 9.9 x 10* copies/ml [range, 8.1 X 10? to 1.1 X 10° copies/mi]; P < 0.001), the p24 level in
plasma (2.5 x 10° pg/ml [range, 8.2 X 10 to 5.6 X 10 pg/ml] versus 2.8 X 10 pg/ml [range, 8.2 X 10" to 6.3 X
10% pg/ml]; P < 0.001), and the percentage of p24-expressing cells in the spleen (median of 1.90% [range, 0.33%
to 3.68%] versus median of 0.11% [range, 0.00% to 1.60%]; P = 0.003) in comparison with PBS-treated mice.
These data suggest that EFdA is a promising candidate for a new age of HIV-1 chemotherapy and should be

developed further as a potential therapy for individuals with multidrug-resistant HIV-1 variants.

Highly active antiretroviral therapy, combining two or more
reverse transcriptase inhibitors and/or proteinase inhibitors,
has been successful in reducing the morbidity and mortality
caused by human immunodeficiency virus type 1 (HIV-1) in-
fection (6, 27). The limitations of antiviral therapy for AIDS
are exacerbated by the development of drug-resistant HIV-1
variants, the existence of viral reservoirs (4, 5), and a number
of inherent adverse effects (1, 31). Nucleoside reverse tran-
scriptase inhibitors (NRTIs), including zidovudine, didanosine,
lamivudine, and stavudine, constitute the most important class
of antiretroviral compounds for the treatment of HIV-1 infec-
tion (9, 17). However, the application of these compounds is
clinically limited due to their cytotoxicity through inhibition of
the host DNA polymerase and the rapid emergence of drug-
resistant viral strains (2, 16). Therefore, developing new com-
pounds with reduced cytotoxicity and improved antiviral po-
tency, especially against drug-resistant viral strains, has
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become an urgent therapeutic objective. Recently, a new an-
tiviral agent, 4'-ethynyl-2-fluoro-2'-deoxyadenosine (EFdA),
was created (Fig. 1) (21, 23, 24). EFdA shows potent antiviral
activity (50% effective concentration = 0.004 uM) and good
activity against NRTI-resistant strains (10). Interestingly,
EFdA-triphosphate (the active form of EFdA) showed more
intracellular stability (21) and generated a more persistent
antiviral effect than those of other NRTIs. In addition, EFdA
is effective against human polymerases «, B, and vy, suggesting
that EFdA might serve as a suitable therapy for treating indi-
viduals with HIV-1 infection and AIDS (21).

Severely immunodeficient mice transplanted with human
peripheral blood mononuclear cells (hu-PBMC-SCID mice)
represent a useful model for AIDS research, including preclin-
ical evaluation of antiretroviral agents and vaccine develop-
ment. Although the initial SCID mouse model required many
PBMC for engraftment and showed inconsistent efficacy (20),
recently introduced NK cell-deficient mice show a markedly
improved engraftment efficiency. For this study, we established
human PBMC-transplanted, HIV-1;; g -infected nonobese
diabetic (NOD)/SCID/Janus kinase 3 (Jak3) knockout (NOJ)
mice, in which massive and systemic HIV-1 infection occurs,
human CD4"/CD8" cell ratios significantly decrease, and high
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FIG. 1. Structure of EFdA.

levels of HIV-1 viremia are achieved. In these mice, the novel
anti-HIV-1 agent EFdA, an NRTI, exerted potent anti-HIV-1
activity. Thus, our refined hu-PBMC-SCID mouse model is a
powerful tool to evaluate antiretroviral activity and the adverse
effects of new anti-HIV-1 agents.

MATERIALS AND METHODS

Antiviral agent. EFdA was synthesized as published elsewhere (21, 23, 24).

Pharmacokinetic analysis of EFdA in BALB/c mice. Pharmacokinetic analysis
of EFdA in BALB/c mice was performed as previously described (22). In brief,
plasma samples were collected periodically for 4 h following a single EFdA
administration at a dose of 20 mg/kg of body weight dissolved in 250 pl phos-
phate-buffered saline (PBS). Each plasma sample (50 ul) was centrifuged at
10,000 rpm for 10 min, and the supernatant was injected into a high-performance
liquid chromatography system. The eluent was monitored by UV spectroscopy at
262 nm, and the EFdA concentration in plasma was determined.

To examine the adverse effects of high-dose EFdA treatment, EFdA was
administered to BALB/c mice twice a day intraperitoneally at a dose of 5 to 50
mg/kg for 14 days, and we observed their status and body weight twice a week.

Transplantation of human PBMC into NOJ mice. NOJ mice were established
and maintained in the Center for Animal Resources and Development, Kum-
amoto University (Kumamoto, Japan) (26). The mice were 16 to 20 weeks old at
the time of transfer of human PBMC. Human PBMC-transplanted NOJ (hu-
PBMC-NOJ) mice were generated by previously described methods (22). Briefly,
NOJ mice were irradiated (1.8 Gy), and PBMC (1 X 107) were freshly prepared
from heparinized blood of a single healthy HIV-1-seronegative donor by Ficoll-
Hypaque density gradient centrifugation, resuspended in PBS (0.1 ml), and
infused intraperitoneally into each mouse. Peripheral blood was collected from
healthy volunteers after informed consent was obtained, according to the insti-
tutional guidelines approved by the Faculty of Medical and Pharmaceutical
Sciences, Kumamoto University. All animal experiments were performed accord-
ing to the guidelines of the Kumamoto University Graduate School of Medical
Science.

Treatment of HIV-1-infected hu-PBMC-NOJ mice with EFdA. Five days after
PBMC implantation, HIV-1,_g (25,000 50% tissue culture infective doses) (12)
was inoculated intraperitoneally into each mouse for which PBMC engraftment
was confirmed. Twenty-four hours after HIV-1 inoculation, EFdA (10 pg in 0.1
ml PBS/mouse, twice a day) or PBS was administered for 14 consecutive days
(see Fig. 3). On day 15, blood samples were collected from the mouse orbit, and
then peritoneal cavity and spleen cells were harvested and resuspended in PBS.

Flow cytometric analysis. Reconstructed human PBMC proliferation in mice
was determined by flow cytometric analysis with allophycocyanin (APC)-Cy7-
conjugated anti-mouse CD45 (BD Pharmingen, San Diego, CA), Pacific Blue
(PB)-conjugated anti-human CD45 (anti-hCD45), APC-conjugated anti-hCD4
(Dako Cytomation, Glostrup, Denmark), phycoerythrin (PE)-Cy7-conjugated
anti-hCD3 (e-Bioscience, San Diego, CA), and fiuorescein isothiocyanate
(FITC)-conjugated anti-hCD8 (Beckman Coulter, Fullerton, CA) monoclonal
antibodies. The cells were treated with red cell lysing buffer (155 mM NH,CI, 10
mM KHCO,, and 0.1 mM EDTA) to lyse erythrocytes before staining. Single-cell
suspensions were prepared in staining medium (PBS with 3% fetal bovine serum
and 0.05% sodium azide) and stained with monoclonal antibodies as described
above. After 30 min of incubation on ice, the cells were washed twice with
washing medium, fixed in PBS with 0.1% paraformaldehyde for 20 min in the
dark, and permeabilized in PBS with 0.01% saponin. After 10 min of incubation
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FIG. 2. Pharmacokinetics of EFdA. Each mouse was administered
EFdA intraperitoneally at a dose of 20 mg/kg, and blood samples were
taken at 15, 30, 60, 120, and 240 min (n = 4).

on ice, cells were stained with PE-conjugated anti-HIV-1 p24 monoclonal anti-
body (Beckman Coulter, Fullerton, CA) for 30 min on ice. After being stained,
the celis were analyzed on an LSR 1I flow cytometer (BD Bioscience, San Jose,
CA). Data were analyzed with FlowJo (Tree Star, San Carlos, CA) software.

Quantification of murine plasma HIV-1 p24 and viral RNA copy numbers.
The amount of p24 antigen in murine plasma was determined using an HIV-1
p24 antigen enzyme-linked immunosorbent assay kit (ZeptoMetrix Corp., Buf-
falo, NY). The plasma viral load was quantified with the Amplicor HIV-1 Mon-
itor test, version 1.5 (Roche Diagnostics, Branchburg, NJ).

Statistical analysis. Nonparametric statistical analyses were performed using
the Mann-Whitney U test and StatView software, version 4.51.1 (Abacus Con-
cepts, Berkeley, CA). P values of <0.05 were defined as significant.

RESULTS

Pharmacokinetics of EFdA in BALB/c mice. We examined
the pharmacokinetics of EFdA in BALB/c mice by intraperi-
toneally administering the compound at a dose of 20 mg/kg.
Plasma samples were collected periodically for up to 4 h and
subjected to high-performance liquid chromatography analysis.
As shown in Fig. 2, the concentration of EFdA reached the
maximal concentration 10 to 30 min after intraperitoneal ad-
ministration and then decreased rapidly. Although the initial
blood concentration was highly variable, we found that the
areas under the blood concentration-time curve were similar
among the four mice (4.18, 2.44, 6.10, and 7.23 mg/liter-h;
mean = 4.99 + 1.68 mg/liter-h). Next, we administered EFdA
intraperitoneally to BALB/c mice twice a day at a dose of 5 to
50 mg/kg for 14 days to examine the adverse effects induced by
high-dose EFdA treatment. Mice treated with EFdA at doses
of 5 to 50 mg/kg did not show any body weight loss (data not
shown). No acute and subacute whole-body effects were ob-
served in mice. Mice treated with 50 mg/kg showed ruffled fur,
but the main organs of these mice appeared normal. These
results suggest that even high doses of EFdA have few adverse
effects in mice.

Effects of EFdA on CD4" and CD8* cell counts in HIV-1-
infected hu-PBMC-NOQOJ mice. The in vivo antiviral potency of
EFdA was investigated in the hu-PBMC-NOJ mouse model of
HIV-1 infection. NOJ mice were intraperitoneally trans-
planted with human PBMC (1 x 107 cells/mouse) 5 days be-
fore inoculation with HIV-1;x g (RS strain). EFdA (10 pg/
mouse; 0.5 mg/kg) was administered intraperitoneally twice a
day for 15 days (Fig. 3). PBMC were recovered from murine
peripheral blood, the peritoneal cavity, and the spleen on day
16 after HIV-1 inoculation. Samples were stained with anti-
mouse CD45-APC-Cy7, anti-hCD45-PB, anti-CD3-PE-Cy7,
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FIG. 3. Protocol for drug administration. ip, intraperitoneally; bid,
twice daily.

anti-CD4-APC, and anti-CD8-FITC and subjected to flow
cytometric analysis for the determination of CD4*/CD8" cell
ratios, As shown in Fig. 4A, distinct CD4" cells as well as
CDS8™" cells were seen in PBMC recovered from uninfected
PBMC-transplanted mice. There were only a few CD4™ cells in
PBMC recovered from HIV-1;, g -infected, PBS-treated
mice, resulting in a low CD4/CD8 ratio (median, 0.04; range,
0.02 to 0.49); however, the CD4™ cell frequency was increased
by EFdA treatment (median, 0.65; range, 0.57 to 1.43), up to
the level in uninfected mice (median, 0.79; range, 0.73 to 1.43),
in the PBMC as well as the spleen and peritoneal cavity (Fig.
4B). The numbers of CD4% cells in PBS-treated mouse pe-
ripheral blood, spleens, and peritoneal cavities were signifi-
cantly lower than those in EFdA-treated (P < 0.001) or unin-
fected (P < 0.005) mice (Fig. S), while there were no significant

PROTECTION OF CD4" CELLS BY EFdA IN VIVO 3889

differences in CD8" cell numbers between groups, indicating
that EFdA is not toxic to lymphocytes. Thus, EFdA protects
CD4™" T cells against HIV-1 infection-induced cell death.

EFdA suppresses HIV-1 viremia in hu-PBMC-NOJ mice.
The amount of HIV-1 p24 in plasma was also found to be very
high in PBS-treated mice (median, 1.9 X 10° pg/ml; range,
8.3 X 10% to 5.6 X 10° pg/ml). EFdA was found to significantly
suppress the amount of plasma p24 on day 15 (median, 2.1 X
102 pg/ml; range, 8.3 X 10' t0 6.3 X 10? pg/ml; P < 0.001) (Fig.
6A). We also determined the HIV-1 RNA copy number in
infected, PBS-treated mice and found that the median copy
number was 9.9 X 10* (range, 1.3 X 10 to 5.4 X 10°) copies/ml
on day 15 after HIV-1 inoculation; however, EFdA signifi-
cantly suppressed viremia (median, 9.0 X 107 copies/ml; range,
8.1 X 10% to 1.1 X 10° pg/ml; P < 0.001) on day 15.

Effects of EFdA on intracellular p24 levels in HIV-1-infected
hu-PBMC-NOJ mice. The number of p24-expressing (p24*)
cells in human CD3™" cells in the spleen, peripheral blood, and
peritoneal cavity was analyzed by flow cytometric analysis. The
frequency of p24™ cells in the spleen was found to be high for
PBS-treated mice (median, 1.90%; range, 0.33% to 3.68%).
EFdA was found to significantly suppress the level of p24*
cells (median, 0.11%; range, 0.00% to 1.00%; P = 0.003) (Fig.
7A and B). The frequency of p24™ cells in peripheral blood
and the peritoneal cavity was also found to be high for PBS-
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FIG. 4. Effects of EFdA on the CD4"/CD8™ cell ratio in HIV-1-infected hu-PBMC-NOJ mice. (A) PBMC recovered on day 16 after RS
HIV-1zp inoculation were subjected to flow cytometry. Representative flow cytometric analysis profiles are shown. (B) PBMC, spleen cells, and
peritoneal cavity cells recovered on day 16 after HIV-1 inoculation were subjected to flow cytometry. CD4/CDS8 ratios are shown for each mouse
(n = 12).
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FIG. 5. Effects of EFdA on numbers of CD4™ and CD8" cells. PBMC (n = 9), spleen cells (n = 12), and peritoneal cavity cells (n = 12)
recovered on day 16 after HIV-1 inoculation were counted and subjected to flow cytometry. Short bars indicate the medians. N.S., not significant.

treated mice and significantly suppressed after EFdA treat-
ment, No apparent EFdA-associated adverse effects were seen
throughout the study period.

DISCUSSION

In the present study, we demonstrated the potent activity of
EFdA as an agent against HIV in hu-PMBC-NOJ mice. As
demonstrated, this particular model is well suited to the study
of therapeutic interventions in the HIV arena, providing in-
formation on the treatment effects on CD4" T-cell counts as
well as on viral markers, such as plasma p24, HIV-1 RNA, and
intracellular p24, which are important parameters in determin-

ing the overall effectiveness of a treatment in HIV-1-positive
patients.

SCID mice implanted with human PBMC, which are known
as hu-PBMC-SCID mice, have been used as an animal model
for investigating the pathogenesis of HIV infection (15, 18, 19);
however, PBMC reconstitution of the SCID mouse varies con-
siderably among transplantation methods, laboratories, exper-
iments, graft sources, and even individual mice (20). PBMC
transplantation into NOD/SCID animals resulted in a signifi-
cant increase in the positive transplantation rate compared to
that obtained by identical treatment of SCID animals (7, 13).
More recently, the introduction of mice with a complete loss of
NK cells, such as NOD/SCID/common v/~ mice (8, 32),
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FIG. 6. Effects of EFdA on the amounts of plasma p24 and HIV-1
RNA. Blood samples were collected from the mouse orbit on day 16
after HIV-1 inoculation. (A) Amounts of plasma p24 antigen (n = 12).
(B) HIV-1 RNA copy numbers (n 11). Short bars indicate the
medians.

BALB/c Rag-2™"~ v/~ mice (30), and NOJ mice (26), mark-
edly improved the engraftment of PBMC as well as human
hematopoietic stem cells and has enabled more stable and
precise analysis (14, 22, 29). HIV-1 was challenged 2 weeks
after peripheral blood lymphocyte (PBL) transplantation in
the previous work (22, 28), since an HIV-1 RS virus is not

A

PBS
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adequately infective soon after transplantation (3). We opti-
mized the time of viral infection and found that HIV g &
could successfully infect cells and replicate during virus chal-
lenge as early as 5 days after PBL transplantation. Since the
HIV-1-infected hu-PBL-NOJ mouse model needed a relatively
smaller amount of human PBL and a shorter duration of
HIV-1 infection and replication than those in previous studies
(7, 13, 22, 28), it could be a more useful instrument for ana-
lyzing the pathogenesis of HIV-1 infection and testing the
efficacy of antiviral agents.

A number of 4'-ethynyl (4'-E)-2'-deoxynucleosides and their
analogs have been synthesized, and a series of potent anti-
HIV-1 compounds have been identified to block the replica-
tion of a wide spectrum of laboratory and clinical HIV-1 strains
in vitro (11, 23, 25). By optimization of such 4'-E nucleoside
analogs, EFdA was found to have potent anti-HIV activity,
including activity against highly multidrug-resistant variants,
with favorable in vitro cell toxicities (21, 24). EFdA shows
unique anti-HIV-1 function and characteristics. EFdA-triphos-
phate shows greater intracellular stability and generates a
more persistent antiviral effect than those of other NRTIs,
such as zidovudine or tenofovir. EFdA acts as a chain termi-
nator upon incorporation at the primer end; however, it
showed no inhibition of cellular polymerases (21). In addition,
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FIG. 7. Effects of EFdA on HIV-1-infected cells. (A) PBMC recovered on day 16 after HIV-1;zg, inoculation were stained with anti-p24-PE,
anti-mouse CD45-APC-Cy7, anti-hCD45-PB, anti-hCD4-PB, anti-hCD4-APC, anti-hCD3-PE-Cy7, and anti-hCD8-FITC and subjected to flow
cytometry. Representative flow cytometric analysis profiles of the mouse CD45™ hCD45" hCD3™ hCD8™ gated fraction are shown. (B) PBMC,
spleen cells, and peritoneal cavity cells recovered on day 16 after HIV-1 inoculation were subjected to flow cytometry. The percentage of p24* cells
among CD4 T cells (CD45~ hCD45" hCD3™ hCD8™ gated) is shown (n = 8).
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unlike other adenosine-based NRTIs, EFdA shows adenosine
deaminase resistance (10), and moreover, it has a very high
selectivity index, and high-dose EFdA is not toxic to BALB/c
mice. In the present study, hu-PBMC-NOJ AIDS model mice
treated with EFdA maintained high levels of human CD4"
lymphocytes (Fig. 4 and 5), suppressed plasma levels of p24
and HIV-1 RNA (Fig. 6), and reduced the number of infected
(p24™) cells without apparent adverse effects. Although we
cannot directly compare EFdA with previously studied anti-
HIV-1 agents, our study suggests that EFdA is expected to be
effective for clinical use and is a favorable anti-HIV-1 thera-
peutic agent. It is notable that determination of the precise
pharmacokinetics and pharmacodynamics is awaited in clinical
trials when EFdA is assessed in humans.

In summary, the data presented here provide strong evi-
dence that the hu-PBMC-NOJ mouse is a valuable model for
preclinical testing of new antiretroviral agents. Using this
HIV-1 infection mouse model system, we have demonstrated
that a new antiretroviral agent, EFdA, has potent anti-HIV-1
activity in vivo, without apparent adverse effects. Since EFdA
has unique functional properties, low cytotoxicity, and superior
persistence of antiviral activity, it is a promising candidate for
a new age of HIV-1 chemotherapy.
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Reliable and robust prediction of the binding affinity for drug molecules continues to be a daunting challenge.
We simulated the binding interactions and free energy of binding of nine protease inhibitors (PIs) with
wild-type and various mutant proteases by performing GBSA simulations in which each PI’s partial charge
was determined by quantum mechanics (QM) and the partial charge accounts for the polarization induced
by the protease environment. We employed a hybrid solvation model that retains selected explicit water
molecules in the protein with surface-generalized Born (SGB) implicit solvent. We examined the correlation
of the free energy with the antiviral potency of Pls with regard to amino acid substitutions in protease. The
GBSA free energy thus simulated showed strong correlations (r > 0.75) with antiviral ICsq values of Pls
when amino acid substitutions were present in the protease active site. We also simulated the binding free
energy of Pls with P2-bis-tetrahydrofuranylurethane (bis-THF) or related cores, utilizing a bis-THF-containing
protease crystal structure as a template. The free energy showed a strong correlation ( = 0.93) with
experimentally determined anti-HIV-1 potency. The present data suggest that the presence of selected explicit
water in protein and protein polarization-induced quantum charges for the inhibitor, compared to lack of
explicit water and a static force-field-based charge model, can serve as an improved lead optimization tool

and warrants further exploration.

INTRODUCTION

Virtual screening has been successful in the discovery of
certain novel inhibitors, and a number of these inhibitors
have advanced to clinical trials." When the structure of a
target protein is available, virtual screening involves docking
potential inhibitors against the protein and ranking the
inhibitors by their predicted affinity using a scoring function.
Molecular mechanics Poisson—Boltzmann surface area (MM-
PBSA) or molecular mechanics generalized Born surface area
(MM-GBSA) have been used in some instances in the
postprocessing and reranking of results from molecular
docking.? Of note, docking and scoring have currently been
an integral part of drug discovery efforts and produced
documented successes; however, there is an urgent need for
improvement of the accuracy of docking and scoring results.?
With this regard, Clark described four areas of improvement,
i.e., better scoring functions, treatment of protein flexibility,
treatment of water molecules, and improved technology for
data analysis of virtual screening results.' The scoring
functions fail if they do not properly account for solvation,
entropy, or polarizability.'

Water molecules form polar interactions with both proteins
and ligands, fill empty spaces in cavities, and serve as an

* Corresponding author address: 10 Center Drive, Room 5A11-MSC
1868, Bethesda, MD 20892-1868; phone: 301-496-9238; fax: 301-402-0709;
e-mail, hmitsuya@helix.nih.gov.
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important component of molecular recognition. Lu et al.
analyzed water molecules present at the interfaces of 392
X-ray crystal structures of protein—ligand complexes and
reported high correlations between the polar van der Waals
surface area of ligands and the number of ligand-bound water
molecules in the crystal structures.” In some instances, as
many as 21 water molecules are bound to a ligand, with the
average being 4.6.° Despite their importance, the treatment
of water molecules in docking calculations have not been
widespread because of methodological limitations and poor
understanding of how many and which water molecules are
to be included in the simulation. By sampling multiple water
positions during docking, Huang and Shoichet recently
assessed the ligand enrichment against 24 targets.® Inclusion
of water molecules increased enrichment against 12 targets
while remaining largely unaffected for the others.® Fornabaio
et al. reported that waters play a significant role in the
energetics of binding and performed a hydropathic analysis
of HIV-1 protease complexes.” They reported a significant
improvement of the correlation between their HINT free
energy scores and experimentally determined binding con-
stants when appropriate bridging water molecules were taken
into account.’

Most of the studies measure the accuracy of scoring
functions by their ability to correctly rank the activity of a
congeneric set of ligands. The prediction of activity of a
ligand against mutant proteins is equally important in light
of drug resistance in several diseases including acquired
immune deficiency syndrome (AIDS) and cancers. In the
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present study, we focus on the resistance mutations of HIV-1
protease. HIV-1 protease acquires amino acid substitutions
under the selection pressure of protease inhibitors (Pls),
rendering HIV-1 resistant to such Pls.® For example, an
Asp30Asn (D30N) substitution causes resistance against
nelfinavir. Some amino acid substitutions, while being
initially selected under drug pressure against one inhibitor,
confer on HIV-1 cross-resistance against other inhibitors.®
One example of such a substitution is M46I, which is a
primary indinavir-resistance-associated substitution, but M461-
containing HIV-1 is resistant to other inhibitors such as
ritonavir, nelfinavir, and atazanavir.’ Analysis of the crystal
structures of interactions of PIs with mutant proteases have
shown that a number of drug resistance-associated mutations,
such as G48V, V82A, and 184V, occur in the catalytically
active site of protease.'® ' Analyses of crystal structures
of mutant proteases have revealed that there are, in general,
no major conformational changes to the backbone conforma-
tion in such proteases, and the changes in binding interactions
from the wild-type may involve different polar interactions
with a mutant side chain(s) or loss of favorable van der Waals
contacts.!* 713 Structural interactions, which are sometimes
able to provide a rational explanation of the mechanism of
resistance, are not able to predict a priori, for example,
whether V82A causes a higher resistance for ritonavir
compared to DRV, More reliable predictions of the potency
of inhibitors against protease with drug-resistant mutations
would be of use in the design of novel and more potent
inhibitors.

The free energy of binding of ligands to proteins can be
simulated by methods such as free energy perturbation and
linear interaction energy (LIE) approximation.'®!” LIE is a
semiempirical method and based on a linear approximation
of polar and nonpolar free energy contributions from
molecular dynamics simulation averages. 16 The LIE method
has recently been used in calculating the binding free energy
of N-sulphonyl-glutamic acid inhibitors to MurD ligase and
in probing the DNA replication fidelity.'®'® In the current
study we simulated the binding free energies of nine protease
inhibitors against wild-type (PRO™T) and mutant proteases
(PROMT) with standard and hybrid GBSA protocols. While
a number of water molecules are present in the X-ray crystal
structures of protease—inhibitor complexes, a water molecule
that mediates hydrogen-bond interactions of the protease
inhibitors with Ile50 and [le50” in the flap is common across
several different inhibitor—protease complexes and present
in the complexes for eight FDA-approved Pls. In this work,
we explicitly incorporated water molecule bridging hydrogen
bonds with the protease flap. For inhibitors nelfinavir and
atazanavir, two additional water molecules that mediate
hydrogen bonds between these inhibitors and other protease
residues were also explicitly included. We compared the
GBSA free energy of binding obtained from simulations with
selected explicit water molecules in implicit solvation (a
hybrid solvation model) with free energies that did not have
the water molecule explicitly present. Furthermore, in the
simulations, the inhibitor atoms had either force-field-derived
fixed partial charges or quantum mechanics-based partial
charges that accounted for the polarization induced by the
surrounding protein environment (a hybrid charge model).
We also analyzed the correlation of the GBSA free energies
obtained by the simulations with antiviral potency data (ICsg
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values). Our current data suggest that selective inclusion of
explicit water molecule(s) and protein polarization effects
may improve the robustness of GBSA free energy simula-
tions and aid the design of inhibitors that are potent against
both wild-type and multidrug-resistant HIV-1 variants.

METHODS

Crystal Structures Used as Starting Templates. We
explored various wild-type protease crystal structures from
the Protein Data Bank as starting templates for docking and
subsequent free energy simulations. For convenience of
protein expression and crystallization, some of the structures
deposited in the Protein Data Bank as wild-type structures
have several mutations such as Q7K, K14R, R41K, L63P,
and 164V that are distant from the inhibitor binding
site.'>?%2! These nonactive site mutations may not drastically
alter the conformation of the protease and its interactions
with inhibitors compared to a pristine wild-type protease of
HIV-1pa; or HIV-1y14.3. While one nonactive site mutant,
depending on the residue and location, may not necessarily
affect the binding affinity comparisons, crystal structures with
four or five nonactive site mutations are unsuitable to be
used for free energy simulations, especially when comparing
the simulation data with antiviral potency against wild-type
HIV-1. We used 2FDE, obtained from the Protein Data Bank,
as the starting template for docking against darunavir (DRV),
amprenavir (APV), GRL-98065, GRL-02031, and GRL-
06579. 2FDE is a cocrystal of brecanavir and HIV-1 4 wild-
type protease, and brecanavir (BCV) has a bis-THF ligand
as a core.”> The PDB IDs of the crystal structures used for
our simulations of the other inhibitors are as follows: 1HXB**
for saquinavir (SQV); 204P*! for TPV; 10HR® for nelfi-
navir (NFV); IMUI?® for lopinavir (LPV), and 2AQU?’ for
atazanavir (AZV). Waters were not modeled in the crystal
structure of LPV?® but were present in all other structures.

Our goal was to explore the prediction of free energy of
binding once a correct binding mode was obtained. In the
present study, we demonstrate that the correct binding mode
was reliably obtained when a ligand was docked against a
protease structure obtained with a similar core. To decrease
uncertainty arising due to cross docking of ligands to
different proteases, we docked ligands against the native
protease crystal or against a protease structure obtained with
a similar core. It is important to keep in mind that protease
side chains may undergo subtle conformational changes to
accommodate protease inhibitors of different shapes and sizes
(the molecular weights of the PIs in the current study range
from 506 to 705), and these changes might be difficult to
capture by simple minimization following ligand docking
to non-native crystal structures.

Docking. The interactions of protease inhibitors with wild-
type HIV-1 protease were examined using computational
structural modeling and molecular docking. Besides account-
ing for the conformational flexibility of the inhibitor, the
polarization induced in the inhibitor by the protease was
taken into consideration by employing polarizable quantum
charges in the docking computations. The use of polarizable
quantum charges has recently been shown to substantially
improve the prediction of protein—ligand complex struc-
tures.”® The QM-polarized ligand docking protocol utilizing
Glide version 4.5, QSite version 4.5, Jaguar version 7.0, and



