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at 23 °C under a hydrogen filled balloon for 2 h, then filtered over
Celite, and the filter cake was washed with MeOH. Solvent was
removed under reduced pressure, and the resultant residue was
redisolved in i-PrOH, foliowed by addition of rers-butyl-[S-(R,R)]}-
(—)-(1-oxiranyl-2-phenylethyl)carbamate 7 (121 mg, 0.46 mmol).
The mixture was allowed to stir at 65 °C for 24 h. Solvent was
then removed under reduced pressure. Flash chromatography
purification (2% MeOH in CHCl; as the eluent) yielded the (R)-
amine 22 (93 mg, 41%) as a yellow oil. Ry = 0.32 (10% MeOH in
CHCly); 'H NMR (500 MHz, CDCls) 6 1.35 1(s, 18H), 1.48 (s,
24H), 1.54 (s, 3H), 1.58 (s, 3H), 2.67—2.92 (m, 10), 2.95 (d, 1H,
J = 4.1 Hz), 2.98 (d, 1H, J = 4.1 Hz), 3.47 (brs, 2H), 3.78 (brs,
3H), 3.89—4.02 (m, 5H), 4.61 (brs, 1H), 4.68 (brs, 1H), 7.18—7.22
(m, 6H), 7.27—7.30 (m, 4H); *C NMR (125 MHz, CDCl;) 6 22.9,
24.2,26.6,27.4,28.1, 28.3, 36.4, 51.4, 56.9, 65.9, 70.7, 70.9, 79.3,
79.4,79.6, 80.3,93.4,93.7,126.2, 128 3, 129.4, 137.5, 137.7, 152.6,
155.8; LRMS-ESI (m/z) [M + Na}* 516.

(R)-tert-Butyl-4-((N-((2R,3S)-3-(tert-butoxycarbonylamino)-2-
hydroxy-4-phenylbutyl)-4-methoxyphenylsulfonamido)methyl)-
2,2-dimethyloxazolidine-3-carboxylate 23. To a stirred solution
of amine 22 (37 mg, 0.07 mmol) in CH,Cl, (4 mL) and aqueous
saturated NaHCO; (4 mL) was added 4-methoxybenzenesulfonyl
chloride (34 mg, 0.16 mmol). This reaction mixture was stirred
for 12 h followed by extraction of the aqueous layer with CH,Cl,;
the combined organic extracts were dried over anhydrous Na,SO,.
Removal of solvent under reduced pressure followed by flash
chromatography purification (30% EtOAc in hexane as the eluent)
provided compound 23 (40 mg, 80%) as a white solid. Ry = 0.37
(40% EtOAc in hexane); 'H NMR (500 MHz, CDCl;) 6 1.34 (s,
9H), 1.48 (s, 9H), 1.60 (s, 6H), 2.84—2.89 (m, 1H), 2.95-3.06
(m, 2H), 3.15 (dd, 1H, J = 6.5, 13.0 Hz), 3.29 (d, 1H, J = 9.7
Hz), 3.41 (4, 1H, J = 15.1 Hz), 3.77 (brs, 2H), 3.85 (s, 3H),
3.90—3.94 (m, 1H), 3.99 (d, 1H, J = 9.0 Hz), 4.2 (brs, 1H), 4.73
(brs, 0.5H), 4.98 (brs, 0.5H), 6.95 (d, 2H, J = 8.0 Hz), 7.19—~7.24
(m, 3H), 7.25—7.28 (m, 2H), 7.69 (d, 2H, J = 8.9 Hz); 3C NMR
(125 MHz, CDClLy) 6 24.0, 27.4, 28.2, 28.3, 36.0, 53.3, 54.0, 55.4,
55.8, 56.3, 65.6, 72.4, 79.0, 80.9, 93.9, 114.2, 126.0, 128.1, 129.3,
129.6, 129.9, 137.8, 152.8, 155.4, 162.9; LRMS-ESI (m/z) M +
Na]* 686.

(R)-tert-Butyl-4-((N-((2R,3S)-3-(tert-butoxycarbonylamino)-2-
hydroxy-4-phenylbutyl)-4-nitrophenylsulfonamido)methyb-2,2-
dimethyloxazolidine-3-carboxylate 24. To a stirred solution of
amine 22 (41 mg, 0.08 mmol) in CH,Cl; (4 mL) and aqueous
saturated NaHCO; (4 mL) was added 4-nitrobenzenesulfonyl
chloride (37 mg, 0.16 mmol). This reaction mixture was stirred
for 12 h followed by extraction of the aqueous layer with CH,Cly;
the combined organic extracts were dried over anhydrous Na,SO,.
Removal of solvent under reduced pressure followed by flash
chromatography purification (30% EtOAc in hexane as the eluent)
provided (R)-nitrosulfonamide 24 (51 mg, 92%) as a white solid.
R;= 0.52 (40% EtOAc in hexane); 'H NMR (500 MHz, CDCl;) ¢
1.35 (s, 18H), 1.49 (s, 24H), 1.62 (s, 6H), 3.43 (bd, 2H, J = 9.6
Hz), 3.55 (d, 2H, J = 15.1 Hz), 3.75 (brs, 4H), 3.95 (s, 4H), 4.28
(brs, 2H), 4.63, (d, 2H, J = 7.8 Hz), 5.16 (brs, 2H), 7.19—7.23 (m,
6H), 7.25—7.31 (m, 4H), 7.92 (d, 4H, J = 8.8 Hz), 8.30 (d, 4H, J
= 8.05 Hz); ®C NMR (125 MHz, CDCly) 6 24.0, 27.3, 28.1, 28.2,
35.8, 53.7, 54.0, 55.5, 55.9, 65.6, 72.2, 79.4, 81.3, 94.1, 124.3,
126.3, 128.2, 1284, 129.5, 137.4, 144.3, 149.9, 153.0, 155.5;
LRMS-ESI (m/z) [M + Na]* 701.

tert-Butyl-(25,3R)-3-hydroxy-4-(4-methoxy-N-(((R)-2-0x00x-
azolidin-4-yl)methyl)phenylsulfonamido)-1-phenylbutan-2-ylcar-
bamate 25. To (R)-toluenesulfonate 23 (32 mg, 0.05 mmol) in
methanol (3 mL) was added p-toluenesulfonic acid monohydrate
(2 mg), and the reaction mixture was allowed to stir at 23 °C. After
12 h the reaction reached maximum conversion and did not move
any further. It was quenched with saturated aqueous NaHCO;,
extracted with EtOAc, washed with water and brine, and dried over
Na,S0;. Flash chromatography purification (30—50% EtOAc in
hexane) yielded 7 mg (21%) of starting material and 18 mg (58%)
of the expected primary alcohol.
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The above alcohol (17 mg, 0.0278 mmol), in CH,Cl, (2 mL)
and Et;N (16 4L, 0.11 mmol), was cooled to —10 °C and treated
with methanesulfonyl chloride (2.5 uL, 0.03 mmol). The reaction
mixture was stirred at 0 °C for 2 h, followed by removal of solvent
via rotavap and pump. The resulting residue was redissolved in
chloroform (2 mL), treated with DIPEA (19 xL, 0.11 mmol),
refluxed for 8 h, and concentrated under reduced pressure. Flash
chromatography purification (1% MeOH in CHCI; as the eluent)
afforded (R)-oxazolidinone 25 (12 mg, 78%) as a white solid. Ry
= 0.33 (5% MeOH in CHCl3); '"H NMR (500 MHz, CDCl;) 6 1.32
(s, 9H), 2.77 (dd, 1H, J = 8.4, 13.9 Hz), 2.93—3.03 (m, 3H), 3.07
(d, 1H, J = 14.5 Hz), 3.13 (dd, 1H, J = 9.3, 14.1 Hz), 3.69—-3.79
(m, 2H), 3.85 (s, 3H), 3.97 (dd, 1H, J = 5.2, 8.3 Hz), 4.23—4.29
(m, 1H), 4.43 (t, 1H, J = 8.7 Hz), 6.94 (d, 2H, J = 8.8 Hz),
7.18—7.24 (m, 3H), 7.26—7.30 (m, 2H), 7.64 (d, 2H, J = 8.6 Hz);
13C NMR (125 MHz, CDCl3) 6 28.1, 35.9, 52.0, 54.1, 54.6, 54.7,
55.5, 67.4, 71.9, 79.7, 114.4, 126.3, 128.4, 128.4, 129.3, 1294,
137.5, 155.9, 159.4, 163.2; LRMS-ESI (m/z) [M + Na]* 572.

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

The above alcohol (23 mg, 0.03 mmol), in CH,Cl, (3 mL) and
EtN (20 pL, 0.14 mmol), was cooled to —10 °C and treated with
methanesulfony! chloride (53 uL, 0.04 mmol). The reaction mixture
was stirred at 0 °C for 2 h, followed by removal of solvent via
rotavap and pump. The resultant residue was redissolved in
chloroform (3 mL), treated with DIPEA (25 uL, 0.14 mmol), and
refluxed for 12 h; product crashed out of the chloroform and was
found to be only slightly soluble in methanol. Solvent was removed
under reduced pressure, and the crude material was treated with
methanol (3 mL) and Pd/C (3 mg). The mixture was stirred at 23
°C under a H, filled balloon for 2 h, then filtered over Celite, and
the filter cake was washed with MeOH. Removal of solveat,
followed by flash chromatography purification (3% MeOH in CHCly
as the eluent) provided (R)-oxazolidinone 26 (13 mg, 68%) as a
white solid. Ry=0.19 (5% MeOH in CHCl3); '"H NMR (500 MHz,
CDCly) 6 1.31 (s, 9H), 2.73 (dd, 1H, J = 8.7, 13.6 Hz), 2.88 (dd,
1H, J = 9.6, 14.5 Hz), 2.91—2.94 (m, 1H), 2.98 (dd, 1H, J = 4.2,
13.9 Hz), 3.10 (dd, 2H, J = 9.2, 14.0 Hz), 3.70— 3.81 (m, 2H),
3.96 (dd, 1H, J = 5.2, 8.4 Hz), 4.21—4.24 (m, 1H), 440 (t, 1H, J
= 8.7 Hz), 492 (d, 1H, J = 8.5 Hz), 6.63 (d, 2H, J = 8.7 Hz),
7.17—7.21 (m, 3H), 7.25-7.28 (m, 2H), 7.46 (d, 2H, J = 8.4 Hz),
13C NMR (125 MHz, CD;0D) 6 28.1, 29.5, 35.9, 51.9, 52.0, 54.0,
54.7, 67.5, 72.1, 79.6, 113.9, 124.4, 126.3, 128.3, 129.3, 1294,
137.6, 155.1, 156.0, 159.5; LRMS-ESI (m/z) [M + Na]* 557.

tert-Butyl-(28,3R)-3-hydroxy-4-(4-methoxy-N-(((S)-2-0x00x-
azolidin-4-yDmethyl)phenylsulfonamido)-1-phenylbutan-2-ylcar-
bamate 27. To a solution of the (S)-tert-butyl 4-(azidomethyl)-
2,2-dimethyloxazolidine-3-carboxylate ent-21 (840 mg, 3.32 mmol)
in MeOH (20 mL) was added Pd/C (80 mg). This mixture was
stirred at 23 °C under a hydrogen filled balloon for 2 h, then filtered
over Celite, and the filter cake was washed with MeOH. Solvent
was removed under reduced pressure, and the resultant residue was
redissolved in i-PrOH, followed by addition of tert-butyl-[S-(R,R)]-
(—)-(1-oxiranyl-2-phenylethyl)carbamate 7 (218 mg, 0.83 mmol).
The mixture was allowed to stir at 65 °C for 24 h. Solvent was
then removed under reduced pressure. Flash chromatography
purification (2% MeOH in CHCIl; as the eluent) yielded the
corresponding (S)-amine (22S) (187 mg, 46%) as an amorphous
solid. Ry = 0.28 (10% MeOH in CHCly); 'H NMR (500 MHz,
CDCl3) 6 1.35 1(s, 18H), 1.48 (s, 24H), 1.54 (s, 3H), 1.58 (s, 3H),
2.64~2.91 (m, 10), 2.95—3.03 (m, 2H), 3.44 (brs, 1H), 3.50 (brs,
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1H), 3.77 (brs, 3H), 3.87—4.00 (m, 5H), 4.61 (brs, 1H), 4.64 (brs,
1H), 7.18-7.22 (m, 6H), 7.27-7.30 (m, 4H); *C NMR (125 MHz,
CDCly) 6 22.9, 24.2, 26.6, 27.4, 28.1, 28.3, 36.4, 51.4, 56.7, 56.8,
65.9, 70.6, 79.3, 79.6, 80.3, 93.4, 93.7, 126.2, 126.3, 128.3, 129.3,
137.6, 137.7, 152.5, 155.8; LRMS-ESI (m/z) [M <+ Na]* 576.

To a stirred solution of above S-amine (225) (85 mg, 0.17 mmol)
in CH,Cl; (6 mL) and aqueous saturated NaHCO; (6 mL) was added
4-methoxybenzenesulfonyl chloride (71 mg, 0.34 mmol). This
reaction mixture was stirred for 12 h followed by extraction of the
aqueous layer with CH,Cly; the combined organic extracts were
dried over anhydrous Na;SO4. Removal of solvent under reduced
pressure followed by flash chromatography purification (30%
EtOAc in hexane as the eluent) provided (S)-toluenesulfonate (235)
(107 mg, 93%) as a white solid. R= 0.40 (40% EtOAc in hexane);
"H NMR (500 MHz, CDCls) 6 1.34 (s, 18H), 1.46 (s, 24H), 1.58
(s, 6H), 2.82~2.87 (m, 2H), 2.96—3.13 (m, 4H), 3.18—3.24 (m,
3H), 3.32 (brs, 1H), 3.75 (brs, 1H), 3.80 (brs, 1H), 3.84 (s, 6H),
3.89-3.93 (4H), 4.07 (d, 2H, J = 9.2 Hz), 4.16—4.19 (m, 2H),
4.65 (brs, 1H), 4.87 (d, 1H, J = 7.31 Hz), 6.93—6.97 (m, 4H),
7.18—7.23 (6H), 7.26—7.28 (m, 4H), 7.64—7.71 (4H); 1)C NMR
(125 MHz, CDCl3) 6 23.9, 27.3, 28.1, 28.2, 35.6, 52.4, 54.3, 55.2,
55.4,56.8, 65.6, 71.8,79.1, 80.9, 93.8, 114.2, 126.1, 128.2, 129.3,
129.4, 129.6, 137.9, 152.6, 155.6, 162.8; LRMS-ESI (m/z) [M +
Na]* 686.

To the above (S)-toluenesulfonate (23S) (96 mg, 0.14 mmol) in
methanol (5 mL) was added p-toluenesulfonic acid monohydrate
(4.5 mg, 0.02 mmol), and the reaction mixture was allowed to stir
at 23 °C. After 8 h the reaction reached maximum conversion and
did not move any further. It was quenched with saturated aqueous
NaHCOs3, extracted with EtOAc, washed with water and brine, and
dried over Na,SO,. Flash chromatography purification (30—50%
EtOAc in hexane) yielded 13 mg (13%) of starting material and
59 mg (65%) of the expected primary alcohol.

The above alcohol (58 mg, 0.09 mmol), in CH,Cl, (4 mL) and
Et;N (33 uL, 0.23 mmol), was cooled to —10 °C and treated with
methanesulfonyl chloride (7.9 uL, 0.1 mmol). The reaction mixture
was stirred at 0 °C for 2 h, followed by removal of solvent via
rotavap and pump. The resultant residue was redissolved in
chloroform (4 mL), treated with DIPEA (65 uL, 0.37 mmol),
refluxed for 12 h, and concentrated under reduced pressure. Flash
chromatography purification (2% MeOH in CHCl; as the eluent)
afforded S-oxazolidinone 27 (44 mg, 85%) as a white solid. Ry =
0.27 (5% MeOH in CHCls); 'H NMR (500 MHz, CD;0D) 6 1.27
(s, 9H), 2.52 (dd, 1H, J = 10.9, 13.7 Hz), 2.67 (dd, 1H, J = 8.9,
14.9 Hz), 2.83 (dd, 1H, J = 6.1, 14.0 Hz), 3.10 (dd, 1H, J = 3.5,
13.8 Hz), 3.47—3.52 (m, 2H), 3.58~3.63 (m, 1H), 3.80—3.83 (m,
1H), 3.85 (s, 3H), 4.23—4.29 (m, 1H), 4.31 (dd, 1H, J = 4.8, 8.9
Hz), 447 (t, 1H, J = 8.6 Hz), 7.06 (4, 2H, J = 8.93 Hz), 7.12—-7.16
(m, 1H), 7.20—7.24 (m, 4H), 7.75 (d, 2H, J = 8.9 Hz); 3C NMR
(125 MHz, CDs0OD) 6 27.1, 35.6, 52.0, 54.3, 54.6, 54.7, 55.1, 68.0,
73.3,785, 114.0, 125.5, 127.6, 128.9, 129.0, 129.3, 138.6, 156.5,
160.4, 163.3; LRMS-ESI (m/z) [M + Na]* 572.

tert-Butyl-(2S,3R)-4-(4-amino-N-(((S)-2-oxooxazolidin-4-y1)-

methyl)phenylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcar- -

bamate 28. To a stirred solution of S-amine (22S5) (87 mg, 0.17
mmol) in CH,Cl, (6 mL) and aqueous saturated NaHCO; (6 mL)
was added 4-nitrobenzenesulfonyl chloride (78 mg, 0.35 mmol).
This reaction mixture was stirred for 12 h followed by extraction
of the aqueous layer with CH,Cl; the combined organic extracts
were dried over anhydrous Na;SO,. Removal of solvent under
reduced pressure followed by flash chromatography purification
(30% EtOAc in hexane as the eluent) provided S-nitrosulfonamide
(245) (102 mg, 85%) as a yellow solid. Ry= 0.54 (40% EtOAc in
hexane); 'H NMR (500 MHz, CDCl3) & 1.34 (s, 18H), 1.47 (s,
24H), 1.59 (s, 6H), 2.81 (dd, 2H, J = 8.0, 12.9 Hz), 3.03 (bd, 2H,
J=9.7 Hz), 3.16—3.36 (m, 8H), 3.82 (brs, 2H), 3.91 (dd, 4H, J =
5.1, 8.7 Hz), 4.00 (d, 2H, J = 6.2 Hz), 420 (q, 2H, J = 5.6, 5.7
Hz), 4.80 (brs, 1H), 4.86 (4, 1H, J = 7.2 Hz), 7.20—7.24 (m, 6H),
7.27—17.30 (m, 4H), 7.88 (d, 4H, J = 8.4 Hz), 8.29 (d, 4H, J = 8.4
Hz); 13C NMR (125 MHz, CDCl3) ¢ 23.9, 27.3, 28.1, 28.2, 35.8,
52.3, 54.5, 54.9, 56.6, 65.5, 71.6, 79.5, 81.1, 94.0, 124.2, 126.3,
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128.4,128.4,128.5,129.3,137.7, 144.0, 149.9, 152.7, 155 .8, 171.0;
LRMS-ESI (m/z) [M + NaJ* 701.

To the above S-nitrosulfonamide (24S) (92 mg, 0.13 mmol) in
methanol (5 mL) was added p-toluenesulfonic acid monohydrate
(4 mg, 0.02 mmol), and the reaction mixture was allowed to stir at
23 °C. After 18 h the reaction appeared to have moved only 50%
to completion, and formation of free amines was evident on TLC,
At this point it was quenched with saturated aqueous NaHCO;,
extracted with EtOAc, washed with water and brine, and dried over
Na,;SOq. Flash chromatography purification (30—50% EtOAc in
hexane) yielded 32 mg (35%) of starting material and 44 mg (51%)
of the expected primary alcohol.

The above alcohol (43 mg, 0.06 mmol), in CH>Cl, (3 mL) and
Et3N (24 4L, 0.17 mmol), was cooled to —10 °C and treated with
methanesulfonyl chloride (5.5 xL., 0.07 mmol). The reaction mixture
was stirred at 0 °C for 2 h, followed by removal of solvent via
rotavap and pump. The resultant residue was redissolved in
chloroform (2 mL), treated with DIPEA (29 L, 0.17 mmol), and
refluxed for 12 h; product crashed out of the chloroform and was
found to be only slightly soluble in methanol. Solvent was removed
under reduced pressure, and the crude material was treated with
methanol (4 mL) and Pd/C (5 mg). The mixture was stirred at 23
°C under a hydrogen filled balloon for 3 h, then filtered over Celite,
and the filter cake was washed with MeOH. Removal of solvent
followed by flash chromatography purification (3% MeOH in CHCl;
as the eluent) provided (S)-oxazolidinone 28 (21 mg, 58%) as a
white solid. Ry= 0.21 (5% MeOH in CHCl); 'H NMR (500 MHz,
1:1 CD;0D/CDCl3) 6 1.24 (s, 9H), 2.54 (4, 1H), 2.56 (dd, 1H, J
= 8.7, 14.9 Hz), 2.70 (dd, 1H, J = 7.6, 14.3 Hz), 2.97 (dd, 1H, J
= 4.0, 13.9 Hz), 3.32 (d4, 1H, J = 5.0, 14.3 Hz), 3.38 (dd, 1H, J
=3.1, 14.8 Hz), 3.64—3.70 (m, 1H), 3.78~3.83 (m, 1H), 4.05 (dd,
1H, J = 5.3, 8.8 Hz), 4.16—4.20 (m, 1H), 4.39 (t, 1H, J = 8.7
Hz), 6.59 (d, 2H, J = 8.7 Hz), 7.09—7.15 (m, 3H), 7.18—7.21 (m,
2H), 7.40 (d, 2H, J = 8.7 Hz); 1*C NMR (125 MHz, 1:1 CD;0D/
CDCl;) 6 31.8,33.4, 39.4, 53.3, 56.9, 58.5, 58.8, 59.7, 71.8, 77.4,
83.3,117.6, 127.4, 130.0, 132.0, 133.1, 133.2, 141.9, 156.0, 160.1,
164.0; LRMS-ESI (m/z) [M + Na]t 557.

(3R,3aS,6aR)-Hexahydrofuro[2,3-b]furan-3-yl-(25,3R)-3-hy-
droxy-4-(4-methoxy-N-(((R)-2-oxooxazolidin-4-yl)methyl)phe-
nylsulfonamido)-1-phenylbutan-2-ylcarbamate 29. A solution of
S-aminosulfone 25 (10.9 mg, 0.02 mmol) in 30% trifluoroacetic
acid (in CH,Cly, 2 mL) was stirred at 23 °C for 40 min, then
concentrated under reduced pressure. The residue was redissolved
in CH,Cl; (2 mL), treated with Et;N (30 4L, 0.21 mmol), followed
by carbonate 15 (6.3 mg, 0.02 mmol), and stirred at 23 °C for 12 h.
The reaction mixture was then concentrated under reduced pressure
and the residue was purified by flash chromatography (3% MeOH
in CHCI; as the eluent) to give inhibitor 29 (10 mg, 85%) as a
white solid. Ry= 0.54 (10% MeOH in CHCl;); 'H NMR (500 MHz,
CDCl3) 6 1.39 (dd, 1H, J = 5.5, 13.1 Hz), 1.56—1.63 (m, 1H),
2.67 (dd, 1H, J = 10.0, 14.0 Hz), 2.85—-2.90 (m, 1H), 2.95—-3.01
(m, 2H), 3.10 (dd, 1H, J = 4.1, 14.1 Hz), 320 (d, 1H, J = 12.8
Hz), 3.28 (d4, 1H, J = 9.2, 14.1 Hz), 3.63—3.72 (m, 1H), 3.73
(dd, 1H, J = 5.2, 9.8 Hz), 3.79 (dt, 1H, J = 1.6, 8.2 Hz), 3.86 (s,
3H), 3.88—3.95 (m, 3H), 4.04 (dd, 1H, J = 5.0, 8.8 Hz), 4.25 (brs,
1H), 4.28—4.34 (m, 1H), 447 (t, 1H, J = 8.7 Hz), 499 (q, 1H, J
=35.6,13.4 Hz), 538 (d, 1H, J = 9.8 Hz), 5.63 (d, 1H,J =52
Hz), 6.87 (s, 1H), 6.97 (4, 2H, J = 8.9 Hz), 7.16—7.22 (m, 3H),
7.24—17.28 (m, 2H), 7.69 (d, 2H, J = 8.8 Hz); ’*C NMR (125 MHz,
CDCl3) 6 25.8,35.9, 45.4, 51.9, 54.1, 55.0, 55.3, 55.6, 67.6, 69.6,
71.1, 72.5, 73.4, 109.2, 114.5, 126.4, 128.4, 128.4, 1292, 129.4,
137.5, 155.6, 159.6, 163.3; LRMS-ESI (m/z) [M + Na]* 628.2;
HRMS-ESI (m/z) [M + Na]* calcd for CsH3sN30,0S 628.1941,
found 628.1937.

(3R,3aS,6aR)-Hexahydrofuro[2,3-b]}furan-3-y1-(2S,3R)-4-(4-
amino-N-(((R)-2-o0xooxazolidin-4-y))methyl)phenylsulfonamido)-
3-hydroxy-1-phenylbutan-2-ylcarbamate 30. A solution of the
free amine 26 (12 mg, 0.02 mmol) in 30% trifluoroacetic acid in
CH.Cly, (2 mL) was stirred at 23 °C for 40 min, then concentrated
under reduced pressure. The residue was redisolved in CH,Cl, (2
mL), treated with carbonate 15 (7.1 mg, 0.02 mmol) and Et;N (40
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4L, 0.28 mmol), and stirred at 23 °C for 12 h at 40 °C. The reaction
mixture was then concentrated under reduced pressure and the
residue was purified by flash chromatography (5% MeOH in CHCI;
as the eluent) to give inhibitor 30 (11 mg, 85%) as a white solid.
R;=0.26 (10% MeOH in CHCly); 'H NMR (500 MHz, CDCly) &
1.38 (dd, 1H, J = 5.6, 13.2 Hz), 1.54—1.63 (m, 1H), 2.61 (dd, 1H,
J=19.5,13.9 Hz), 2.83— 2.91 (m, 2H), 3.10 (d, 2H, J = 13.3 Hz),
3.18 (dd, 1H, J = 9.6, 13.9 Hz), 3.62—3.70 (m, 2H), 3.78—3.84
(m, 3H), 3.88 (dd, 1H, J = 6.0, 9.8 Hz), 3.97 (d4, 1H, J= 5.0, 8.9
Hz), 4.21—-4.27 (m, 1H), 4.41 (t, 1H, J = 8.7 Hz), 493 (g, 1H, J
=5.7,13.6 Hz), 5.60 (d, 1H, J = 5.2 Hz), 5.69 (d, 1H, / = 8.8
Hz), 6.64 (d, 2H, J = 8.7 Hz), 7.16—7.19 (m, 3H), 7.21-7.26 (m,
2H), 7.45 (d, 2H, J = 8.7 Hz); *C NMR (125 MHz, CDCl3) ¢
25.7,29.5,36.1,45.3,51.7,54.1,54.9, 55.1, 67.5, 69.5, 70.8, 71.0,
73.2,109.2,113.9,123.9, 126.3, 128.3, 129.2, 129.4, 137.7, 151.4,
155.6, 159.6; LRMS-ESI (m/z) [M -+ Na]t 613.2; HRMS-ESI
(m/z) [M + NaJ* caled for Co7HayN405S 613.1944, found 613.1939.

(3R,3aS,6aR)-Hexahydrofuro(2,3-bfuran-3-yl-(25,3R)-3-hy-
droxy-4-(4-methoxy-N-(((S)-2-oxooxazolidin-4-yl)methyl)phenyl-
sulfonamido)-1-phenylbutan-2-ylcarbamate 31. A solution of
S-aminosulfonamide 27 (16.5 mg, 0.03 mmol) in 30% trifluoroacetic
acid (in CHyClp, 3 mL) was stirred at 23 °C for 40 min, then
concentrated under reduced pressure. The residue was redissolved
in CH,Cl, (3 mL), treated with Et;N (41 uL, 0.29 mmol), followed
by carbonate 15 (10 mg, 0.03 mmol), and stirred at 23 °C for 12 h.
The reaction mixture was then concentrated under reduced pressure
and the residue was purified by flash chromatography (3% MeOH
in CHCI; as the eluent) to give inhibitor 31 (16 mg, 90%) as a
white solid. Ry= 0.5 (10% MeOH in CHCL3); 'H NMR (500 MHz,
CDCl;) ¢ 1.32 (dd, 1H, J = 5.4, 13.2 Hz), 1.53—1.62 (m, 1H),
2.62 (dd, 1H, J = 11.0, 13.8 Hz), 2.71 (dd, 1H, J = 7.25, 14.6
Hz), 2.84-2.89 (m, 2H), 3.10 (dd, 1H, J = 3.6, 14.0 Hz), 3.61—3.67
(m, 1H), 3.74—3.82 (m, 2H), 3.86 (s, 3H), 3.87 (dd, 2H, /= 5.8,
10.1 Hz), 3.94—3.98 (m, 1H), 4.00—4.05 (m, 2H), 4.27—4.33 (m,
1H), 4.45 (t, 1H, J = 8.8 Hz), 499 (g, 1H, J = 5.3, 7.7 Hz), 5.60
(d, 1H, J = 5.3 Hz), 5.68 (d, 1H, J = 9.2 Hz), 6.98 (4, 2H, /= 8.8
Hz), 7.15—7.20 (m, 1H), 7.22—7.27 (m, 4H), 7.69 (d, 2H, J = 8.8
Hz); *C NMR (125 MHz, CDCl3) 6 25.7, 43.4, 45.5, 53.2, 54.6,
54.9, 55.6, 56.5, 57.5, 69.6, 71.2, 73.3, 73.5, 109.3, 114.5, 126.3,
128.3, 129.2, 129.4, 137.8, 155.9, 159.61, 163.38; LRMS-ESI
(m/7) M + Na]* 628.2; HRMS-ESI (m/7) [M + Na]* calcd for
C,5H35N3046S 628.1941, found 628.1943.

(3R,3aS,6aR)-Hexahydrofuro[2,3-bfuran-3-yl-(28,3R)-4-(4-
amino-N-(((S)-2-oxooxazolidin-4-yl)methyl)phenylsulfonamido)-
3-hydroxy-1-phenylbutan-2-ylcarbamate 32. A solution of the
free amine 29 (15 mg, 0.03 mmol) in 30% trifluoroacetic acid (in
CH,Cl;, 3 mL) was stirred at 23 °C for 40 min, then concentrated
under reduced pressure. The residue was redissolved in CH,Cl, (3
mL), charged with EtsN (60 uL, 0.42 mmol), followed by carbonate
15 (8.9 mg, 0.03 mmol), and stirred at 23 °C for 12 h at 40 °C.
The reaction mixture was then concentrated under reduced pressure
and the residue was purified by flash chromatography (5% MeOH
in CHCl; as the eluent) to give inhibitor 32 (13 mg, 80%) as a
white solid. Ry= 0.32 (10% MeOH in CHCly); 'H NMR (500 MHz,
CDCls) 6 1.33 (dd, 1H, J = 8.5 Hz), 1.53~1.62 (m, 1H), 2.59 (dd,
1H, J = 10.5, 13.9 Hz), 2.66 (dd, 1H, J = 7.4, 14.7 Hz), 2.77 (dd,
1H, J = 8.9, 14.5 Hz), 2.82— 2.89 (m, 1H), 3.10 (d4, 1H, J = 3.4,
14.0 Hz), 3.36 (dd, 1H, J = 3.5, 14.3 Hz2), 3.44 (dd, 1H, J = 4.5,
14.6 Hz), 3.62—3.67 (m, 1H), 3.72 (dd, 1H, J = 5.0, 9.9 Hz), 3.77
(dt, 14, J= 1.8, 8.2 Hz), 3.87 (dd, 1H, J = 5.8, 9.9 Hz), 3.92—-3.98
(m, 2H), 3.99 (dd, 1H, J = 5.0, 9.0 Hz), 4.15—4.29 (m, 1H), 4.43
(t, 1H, J = 8.8 Hz), 4.97 (g, 1H, J = 5.4, 13.2 Hz), 5.60 (d, 1H,
J = 53 Hz), 6.66 (d, 2H, J = 8.7 Hz), 7.15-7.18 (m, 1H),
7.20—7.25 (m, 4H), 7.49 (d, 2H, J = 8.6 Hz); 1*C NMR (125 MHz,
CDCly) 6 25.7, 29.5, 34.7, 45.5, 53.3, 54.6, 55.0, 56.6, 67.5, 69.6,
71.1,73.4, 109.3, 114.0, 124.2, 126.3, 128.3, 129.2, 129.4, 137.8,
151.2, 155.8, 159.6; LRMS-ESI (m/z) (M + Na]* 613.2; HRMS-
ESI (m/z) (M + Na]* caled for CyyH3N4OsS 613.1944, found
613.1938.
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Determination of X-ray Structure of 19b-Bound HIV Pro-
tease (WT). The stabilized HIV-1 protease with the substitutions of
Q7K, L33I, L631, C67A, and C95A that reduce autoproteolysis and
aggregation”” was expressed and purified as described.?® These
mutations do not alter the inhibitor binding site, and the stabilized
protease has kinetic parameters and stability indistinguishable from
those of the unsubstituted enzyme.?”?® Inhibitor 19b was dissolved
in dimethy! sulfoxide (DMSO). Crystals were grown by the hanging
drop vapor diffusion method using 1:5 molar ratio of protease (at 3.9
mg/mL) to inhibitor. The reservoir contained 0.1 M citrate phosphate
buffer, pH 5.0, 0.35 M NaCl, and 4% DMSO. Crystals were mounted
on a nylon loop and flash-frozen in liquid nitrogen with a cryoprotectant
of 30% (v/v) glycerol. X-ray diffraction data were collected on the
SER-CAT beamline of the Advanced Photon Source, Argonne
National Laboratory. Diffraction data were processed using HK1.2000
to 1.29 A resolution.® Data were reduced in space group P2;2,2 with
unit cell dimensions of a = 58.11 A, b =86.42 A, ¢ =45.97 A with
one dimer in the asymmetric unit. The structure was solved by
molecular replacement using the CCP4i,2%2° using WT/GRL0255
complex (PDB 3DJK) as a starting model.?® The structure was
refined using SHELX97°'%? and refitted manually using the
molecular graphics program COOT.>® Alternative conformations
were modeled for the protease residues where observed in the
electron density maps. Anisotropic atomic displacement parameters
(B-factors) were refined for all atoms including solvent molecules.
Hydrogen atoms were automatically added by SHELXL in the last
round of the refinement. The identity of ions and other solvent
molecules from the crystallization conditions was deduced from
the shape and peak height of the 2F, — F. and F, — F, electron
density, the hydrogen bond interactions, and interatomic distances.
The solvent molecules were one sodium ion, two chloride ions,
one glycerol molecule, and 207 water (including partial occupancy
sites). The final R was 14.1% for the working set, and Rge. was
18.2% for all data between 10 and 1.29 A resolution. The rmsd
values from ideal bonds and angle distances were 0.013 and 0.031
A, respectively. The average B-factor was 15.9 and 22.7 A? for
protease main chain and side chain atoms, respectively, 14.1 A?
for inhibitor atoms, and 32.1 A? for water atoms. The crystal-
lographic coordinates and structure factors have been deposited in
the Protein Databank (PDB) with access code 3HSB 3433
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Darunavir (DRYV) is a nonpeptidic protease inhibitor (PI) approved for the treatment of human immuno-
deficiency virus (HIV) infection. DRV displays potent activity against HIV strains resistant to other available PIs.
Coadministration with ritonavir (RTV) improves the oral bicavailability of DRYV. Inhibition of cytochrome P450
by RTV has been proposed as a mechanism for enhanced DRV bioavailability. However, interaction of these
drugs with intestinal transporters has not been elucidated. This study was performed to explore the involvement
of P-glycoprotein in transcellular DRV transport in monelayers of human intestinal Caco-2 and in ABCB1 mul-
tidrug resistance 1, (MDR1) gene-transfected renal LLC-PK1 (L-MDR1) cell lines. Transepithelial transport of
DRV in Caco-2 cell monolayers was 2-fold greater in the basal-to-apical direction compared to that in the oppo-
site direction. RTV had a significant inhibitory effect on the effiux transport of DRV in Caco-2 cells. The apical-
to-basal DRV transport was enhanced by P-glycoprotein inhibiters, cyclosporin A and verapamil, as well as mul-
tidrug resistance-related protein (MRP/ABCC) inhibitors, probenecid and MKS71. Using the L-MDRI1 cell line,
basal-te-apical DRV transport was much greater than in the opposite direction. Furthermore, cyclosporin A
markedly inhibited the basal-to-apical DRV transport. RTV significantly increased the apical-te-basal transport
of DRV in L-MDRI cells, but reduced transport in the opposite direction. DRV inhibited P-glycoprotein-medi-
ated efflux of calcein-acetoxymethyl ester in L-MDR1 cells with the inhibitery potency of 121 gm. These findings
suggest that DRV is a substrate of P-glycoprotein and MRP, most likely MRP2. RTV appeared to inhibit P-
glycoprotein, thereby enhancing the absorptive transport of DRV. )

Key words

Treatment regimens for human immunodeficiency virus
(HIV) infection have been greatly improved by the develop-
ment of novel classes of anti-HIV drugs, including nucleo-
side analogues (NRTI), non-nucleoside analogue reverse
transcriptase inhibitors (NNRTTI) and protease inhibitors (PI).
The term highly active antiretroviral therapy (HAART) is
used to describe a combination of three or more of these anti-
HIV drugs."® During HAART, plasma HIV-1 levels rapidly
decline to below the detection limit of standard clinical as-
says. However, reactivation of the remaining latently infected
memory CD4*-T cells appears to be a source of continued
virus reproduction.? Virologic response to HAART treat-
ment depends on viral sensitivity to antiretroviral drugs as
well as patient compliance and medication adherence.” How-
ever, long-terrn HAART treatment has raised issues concern-
ing the development of drug-resistant HIV-1 variants*® and
chronic side effects caused by the drugs.®” With the initia-

tion of HAART, patients generally receive a combination of

two NRTIs and either NNRTI or Pl. The Department of
Health and Human Services recommends an initial treatment
regimen with the combination of tenofovir/emtricitabine or
zidovudine/lamivudine as the NRTIs and either efavirenz as
an NNRTI or atazanavir with ritonavir, fosamprenavir with
ritonavir (RTV), or lopinavit/RTV as the PIs.®) However, vi-
rological failure continues to occur in a substantial propor-
tion of HIV-infected patients who have received HAART.”
Darunavir (DRV), formerly TMC-114, is a novel approved
PI for the treatment of HIV infection.'%') It was originally
designed to be active against HIV strains resistant to other
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currently available Pls.'? POWER trials have evaluated the
safety and efficacy of DRV in treatment-experienced HIV pa-
tients previously given other Pls.'® In these studies, DRV has
indicated a significantly greater reduction in plasma HIV-
RNA and an increase in CD4 counts compared with the ac-
tive controls for patients with extensive PI resistance. Cur-
rently, there is a paucity of information on DRV resistance.
Indeed, such data is mainly derived from clinical trials con-
ducted during the registration of DRV. It is known that DRV
is rapidly absorbed from the intestine after oral administra-
tion, reaching peak plasma concentrations after 2.5—4.0 h.'?
Absorption of DRV is followed by a fast distribution/elimina-
tion phase and a subsequent slower elimination phase with a
terminal elimination half-life of 15h in the presence of low-
dose RTV as a boosting drug.'*'> DRV is extensively metab-
olized by intestinal and hepatic cytochrome P450 (CYP)
3A4. Coadministration with small doses of RTV (100 mg) is
thought to inhibit hepatic CYP3A4 activity, resulting in an
increase in oral DRV bioavailability from 37 to 82%. DRV
and its metabolites are mainly excreted in feces (80%), and,
to a lesser extent, in urine (14%).'> Most PIs are reported to
suppress intestinal ABCB1/P-glycoprotein mediated drug
efflux into the lumen.'®'” However, there are no reports
whether DRV per se is a transport substrate of P-glycopro-
tein.

The purpose of this study was to investigate the involve-
ment of P-glycoprotein in transcellular transport of DRV
across monolayers of the human intestinal epithelial Caco-2
cell line and the renal epithelial LLC-PK1 cell line stably
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transfected with the ABCBI1 gene.
MATERIALS AND METHODS

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

Cell Cultures Caco-2 cells at passage 18, obtained from
the American Type Culture Collection (ATCC HTB37), were
maintained by serial passage in plastic culture dishes as de-
scribed previously.'® For the transport studies, Caco-2 cells
were seeded on polycarbonate membrane filters (3-ym pores,
4.71-cm? growth area) inside Transwell cell culture chambers
(Costar; Cambridge, MA, U.S.A.) at a cell density of 3x10°
cells/well. The Transwell chambers were placed in six-well
tissue culture plates with 2.6 ml of medium outside (basal
chamber) and 1.5 ml of medium inside (apical chamber). The
medium consisted of Dulbecco’s modified Eagle’s medium
(Sigma-Aldrich) supplemented with 10% fetal bovine serum
(BioReliance; Rockville, MD, U.S.A.) and 1% nonessential
amino acids (Invitrogen; Catlsbad, CA, U.S.A.) without anti-
biotics. The cells were grown in an atmosphere of 5% CO,,
95% air at 37°C, and given fresh medium every 2 or 3d.
Cells were cultured for a total of 14 d. In this study, cells be-
tween the 37th and 50th passage were used. Porcine kidney
epithelial LLC-PK1 and L-MDRI cells transfected with
human ABCB1 cDNA (generous gifts from Dr. Erin G.
Schuetz, St. Jude Children’s Research Hospital, Memphis,
TN, U.S.A.) were cultured as described previously.'® In brief,
LLC-PK1 and L-MDR1 cells were maintained in complete
medium consisting of Medium 199 supplemented with 10%
fetal bovine serum and 1% penicillin and streptomycin, and
L-MDRI1 cells were maintained at 640 nM vincristine. For the
transport studies, L-MDR1 and LLC-PK1 cells were seeded
on polycarbonate membrane filters (3.0-gm pores, 4.71-cm?
growth area) inside Transwell cell culture chambers at a cell
density of 2X10° cells/filter. Cells in each chamber were cul-
tured as described above for 3 d. The medium was replaced
by fresh medium after 2d, and the cells were used in the
transport studies 3 d after inoculation.

Transcellular Transport and Intracellular Accumula-
tion of DRV Transcellular transport of DRV was deter-
mined using cell monolayers grown in Transwell chambers.
Culture medium on either the basal or apical side of the
monolayers was replaced with 2ml of incubation medium
{145 mm NaCl, 3mm KCl, 1 mm CaCl,, 0.5 mm MgCl,, 5mm
p-glucose, §mm Na,HPO,, 1.5 K;HPO, and Smm N-(2-
hydroxyethyl)piperazine-N'-2-ethanesulfonic acid (HEPES)
(pH 7.4) or MES (pH 6.0)] containing DRV (10 um) with or
without PI, and medium on the opposite side was replaced
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with 2ml of fresh incubation medium. In inhibition study, an
inhibitor was added to the incubation medium on both sides
of the monolayer. The monolayers were incubated in 5%
CO0,~-95% air at 37°C for up to 6h, and 130 ul aliquots of
medium from the relevant side were taken at the indicated
time points. For accumulation studies, the medium was aspi-
rated off at the end of the incubation period, and the mono-
layers were washed twice with 2ml of ice-cold incubation
medium. The filters with cell monolayers were immersed in
1 ml of extraction solution composed of the mobile phase of
HPLC assay/methanol (1:1) for 1h. Supernatants obtained
after centrifugation at 200g for 15min were used for the
HPLC assay. The remaining cells were lysed with 1ml of 1~
NaOH, and used for the protein assay using a Bio-Rad pro-
tein assay kit (Bio-Rad Laboratories; Richmond, CA, U.S.A.)
with bovine y-globulin as a standard.

Calcein-AM Efflux Assay Efflux assays were per-
formed as described previously.'® A kinetic fluorometric
assay was used to study the interaction of DRV with P-glyco-
protein. For the calcein-AM efflux assay, L-MDR1 and LLC-
PK1 cells were seeded in 96-well tissue culture plates at a
cell density of 1X10° cells/well. .Cells were cultured in
200 1 of Medium 199 supplemented with 10% fetal bovine
serum in each well in an atmosphere of 5% CQ,~95% air at
37°C for 1d. Cells were plated in 96-well tissue culture
plates in Medium 199 containing PI. After a 30-min incuba-
tion period, calcein-AM was added to a final concentration of
2 pm, and the plates were placed into a Fluoroscan Ascent
Thermo Labsystems, Franklin, MA, U.S.A.). Fluorescence
was measured from 0 to 30min using an excitation of
485 nm and an emission of 530 nm. The rate of calcein accu-
mulation in the presence and absence of DRV was calculated
by linear regression analysis using the Ascent software
(Thermo Labsystems). Inhibitory potency of DRV for P-gly-
coprotein was evaluated by fluorescence at 30 min as a per-
centage of LLCmax, ((L-MDRI[I])—(L-MDR1[0]))X 100/
((LLC-PK1[0])—(L-MDRI1{0])), where [I] represents a con-
centration of DRV, and [0] means absence of DRV?®

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

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

RESULTS

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

Transport of DRV (10 gM) in the apical-to-basal direction (O, ®) and in the basal-to-
apical direction (A, A) in the absence (control, open symbol) or presence (closed sym-
bol) of RTV (20 z2m). Each point represents the mean=8.D. of three independent meas-
urements. *+p<0.01, significantly different from apical-to-basal transport without
RTV. t p<<0.01, significantly different from basal-to-apical transport without RTV.
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the presence of RTV in the apical compartment had an in-
hibitory effect on efflux transport of DRV in the apical mem-
branes of Caco-2 cells. The apical-to-basal transport of DRV
in the presence of either cyclosporin A or verapamil, repre-
sentative inhibitors of P-glycoprotein, was significantly in-
creased compared to that in the absence of inhibitors (data
not shown).

Effects of Various Inhibitors on Transcellular Trans-
port of DRV in Caco-2 Cell Monolayers The apical-to-
basal transport of DRV was significantly increased in the
presence of cyclosporin A, verapamil, probenecid, MK571,
rifamycin SV and bromosulfophthalein (BSP) (Fig. 2).
Probenecid and MK571 have been reported to inhibit mul-
tidrug resistant-associated protein (MRP/ABCC) 2.2 Ri-
famycin SV and BSP are known to inhibit organic anion
transporting protein (OATP/SLCO) family members
OATPIB1 and OATP1B3, respectively.’® In contrast, novo-
biocin, an inhibitor for breast cancer resistance protein
(BCRP/ABCG?),™ significantly enhances the basal-to-apical
transport of DRV. Glycylleucine and glycylsarcosine, a sub-
strate and inhibitor of H*/oligopeptide cotransporter PEPT]
(SLCI5A1), respectively,’® had no effect on the DRV trans-
port. The ratio of basal-to-apical transport to apical-to-basal
transport indicates that cyclosporin A, verapamil and RTV
strongly suppressed the net secretory transepithelial transport
of DRV. Probenecid, MK571 rifamycin SV and BSP had
weak but significant inhibitory effects on the secretory trans-
port of DRV. However, novobiocin markedly stimulated the
secretory transport of DRV.

Effect of Cyclosporin A and Verapamil on Transepithe-

A. Apical-to-basal DRV transport B. Basal-to-apical DRV transport
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+MK571 (pH7.4)
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+Rifamycin SV (pH7.4)
+BSP (pH7.4)
+Gly-Leu (pH6.0)
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+Probenecid (pH7.4)
+MK571 (pH7.4)
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+Rifamycin SV (pH7.4)
+BSP (pH7.4)
+Gly-Leu (pH6.0)
+Gly-Sar (pH6.0)
+RTV (pH7.4)

DRYV alone (pH6.0)

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

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

Transport of DRV (10 zv) in the apical-to-basal direction (O, @) and in the basal-to-apical direction (A, A) in the absence (control, open symbol) or presence (closed symbol)
of cyclosporin A (10 y) in LLC-PK1 (A) or L-MDRI (B) cells. Each point represents the mean+S.D. of three independent measurements. ** p<0.01, * p<0.05, significandy dif-
ferent from apical-to-basal transport without cyclosporin A. 1 p<0.01, significantly different from basal-to-apical transport without cyclosporin A. Intracellular accumulation of
DRV in the absence (control, open column) and presence of cyclosporin A (closed column) 6 h after addition of DRV (10 zm) to the apical side (C) and basal side (D) of the mono-
layer. Each point represents the mean+S.D. of three independent measurements. ** p<<0.01, significantly different from DRV accumulation in LLC-PK1 cells without cyclosporin
A. * p<0.05, significantly different from DRV accumulation in L-MDRI cells without cyclosporin A.

lial Transport of DRV in LLC-PK1 and L-MDRI1 Cells
P-glycoprotein is an efflux pump responsible for limiting the
oral bioavailability and tissue penetration of saquinavir.?® In
order to confirm the involvement of P-glycoprotein in DRV
transport, we compared transepithelial transport of DRV in
untransfected renal LLC-PK1 cells and ABCBI1/MDRI
gene-transfected LLC-PK1 (L-MDRI1) cells overexpressing
P-glycoprotein in the apical membrane domain. As shown in
Fig. 3A, there was no difference in the transport of DRV be-
tween the apical-to-basal and basal-to-apical directions in the
LLC-PK1 cell monolayers. However, the basal-to-apical
transport of DRV was much greater than the apical-to-basal
transport in L-MDRI1 cell monolayers. Furthermore, cy-
closporin A markedly decreased the basal-to-apical transport
and increased apical-to-basal transport of DRV in L-MDR1
cells (Fig. 3B). Figures 3C and D show the intracellular accu-
mulation of DRV after incubation with the drug on either the
apical or basal side of the monolayer in the presence and ab-
sence of cyclosporin A. In all cases, the accumulation of
DRV was much lower in L-MDRI cells in comparison to
LLC-PK1 cells. Cyclosporin A significantly increased the
accumulation of DRV from both sides of the monolayer.
These findings suggest that transepithelial transport of DRV
is stimulated via P-glycoprotein in L-MDRI cells.

Inhibitory Effects of PIs on Transepithelial Transport
of DRV in L-MDRI1 Cells NFV markedly enhanced the
apical-to-basal transport of DRV, but suppressed the basal-to-
apical transport (Figs. 4A, 4B). RTV or SQV at a concentra-
tion of 50 um significantly increased apical-to-basal DRV
transport and decreased DRV transport in the opposite direc-
tion. Net secretory transport, evaluated as the ratio of basal-
to-apical to apical-to-basal transport, showed NFV to have a
potent inhibitory effect on P-glycoprotein-mediated transport
of DRV when compared to RTV and SQV (Fig. 4C). RTV
and SQV showed inhibitory effects on the net secretory
transport of DRV at a concentration of 50 fim.
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Fig. 4. Effect of PIs on the Transepithelial Transport of DRV in L-MDRI
Cells 6 h after Incubation with DRV

Transport of DRV (10 znv) in the apical-to-basal direction (A) or basal-to-apical di-
rection (B). The transport ratio (basal-to-apical/apical-to-basal) is given in (C). Each
point represents the mean*S.D. of three independent measurements. *#*p<0.01,
* p<<0.05, significantly different from control (DRV alone).

Inhibitory Effect of DRV on P-Glycoprotein-Mediated

Calcein-AM Efflux In order to evaluate inhibitory effects
of DRV on P-glycoprotein transport activity, calcein-AM ex-
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Fig. 5. The Effect of DRV on Intracellular Uptake of Calcein-AM in LLC-

PK1 and L-MDRI1 Cells Monolayers

LLC-PKI cells without DRV (O), L-MDR1 cells without DRV (X), L-MDRI celis
with DRV at concentrations of 10 i (A), 25 tov (M), 50 (o () and 100 v (@). Each
point represents the mean+S.D. of five independent measurements.

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

DISCUSSION

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

protein expressed in intestinal epithelial cells is thought to

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

We explored transcellular transport of DRV using Caco-2
cells, which have been demonstrated to express ATP-binding
cassette (ABC) transporter family members including
ABCBI11/P-glycoprotein, MRPs (ABCC2-6) and BCRP,
OATP (SLCO) family members OATP-A and OATP-B, or-
ganic cation transporter OCT1 (SLC22A1), and organic
anion transporter OAT2 (SLC22A7).2%%'—3% In the present
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study, typical P-glycoprotein inhibitors, cyclosporin A and
verapamil, enhanced the apical-to-basal transport of DRV in
Caco-2 cells, suggesting that P-glycoprotein mediates efflux
transport of DRV in the apical membranes of Caco-2 celis.
The ratio of basal-to-apical to apical-to-basal transport was
approximately 2.2, indicating that net secretary transport of
DRV is preferred in Caco-2 epithelial cells. Probenecid and
MK571, nonspecific MRP inhibitors, also had significant but
much weaker effects on the apical-to-basal transport of DRV
in Caco-2 cells. Huisman et al. reported that indinavir, SQV
and RTV were transported by MRP2, but not by MRP1 and
MRP3.3 Moreover, Williams ez al. reported that SQV could
be a substrate for P-glycoprotein, MRP1 and MRP2 with the
transportability of P-glycoprotein™>MRP2 MRP1.3® There-
fore, our results suggest that MRP2 could mediate, at least in
part, the apical efflux of DRV in Caco-2 cells. Novobiocin, a
typical BCRP inhibitor, stimulated the basal-to-apical
transport of DRV in Caco-2 cells. This finding suggests that
BCRP is not involved in the transcellular transport of DRV,
because BCRP is localized in the apical membranes of Caco-
2 cells where it mediates efflux of substrates. However, we
cannot exclude the possibility that unidentified novobiocin-
sensitive transporter(s) expressed in the basolateral mem-
branes of Caco-2 cells may also mediate the efflux transport
of DRV. The OATP non-specific inhibitors, rifamycin SV and
BSP*** showed weak but significant stimulatory effects on
the apical-to-basal transport. Interestingly, this represents the
opposite net direction of transport for DRV, suggesting a par-
tial involvement of OATP-A and/or OATP-B in transcellular
transport of this drug in Caco-2 cells. In the inhibition stud-
ies with glycylleucine and glycylsarcosine, we found no con-
tribution of PEPT1 to apical DRV transport in Caco-2 cells.
These findings suggest that P-glycoprotein mediates pre-
dominantly efflux transport of DRV in the apical membranes
of Caco-2 cells, but other apical membrane-localized efflux
transporters MRP2 and/or BCRF, and also OATP might be
involved, at least in part, in transcellular transport of DRV,

The present work using L-MDR1 cells provides the first
direct evidence that DRV is a transport substrate of P-glyco-
protein. The inhibitory potency of DRV was comparable to
that of RTV. In HIV therapy, the bioavailability of DRV
(100 mg two times a day) is improved by oral coadministra-
tion with RTV (600mg) ie., from 37% for DRV alone to
82% in combination with RTV.'? It is generally thought that
the boosting effect of RTV is due to the inhibition of oxida-
tive metabolism in the intestine and liver by specifically tar-
geting CYP3A4 activity.'® Indeed, the apparent inhibition
constant (K,) of RTV for CYP3A4 and human hepatic micro-
somes were reported to be 0.10 um and 0.17 pm, respectively,
suggesting RTV is a potent inhibitor of CYP3A4.39 How-
ever, our results demonstrate that the mechanisms of action
of RTV in terms of improving the bioavailability of DRV in-
volve inhibition of the efflux transport systems of the intes-
tinal lumen in addition to the intestinal/hepatic metabolism.
Further investigation is required in order to explore the rela-
tive contribution of these two mechanisms towards the im-
provement of oral bioavailability of DRV in clinical treat-
ment.

In conclusion, the present study has revealed that DRV is a
transport substrate of P-glycoprotein in Caco-2 cells and in
MDRI gene-transfected renal LLC-PK1 cells. MRP, most
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likely MRP2, was found to be partially involved in the apical
efflux transport of DRV in Caco-2 cells. Furthermore, our
results suggest RTV inhibits P-glycoprotein, thereby enhanc-
ing the apical-to-basal transport (i.e., absorptive pathway) of
DRV.
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The structure-based design, synthesis, and biological evaluation of a series of nonpeptidic macrocyclic
HIV protease inhibitors are described. The inhibitors are designed to effectively fill in the hydrophobic
pocket in the S1’—82’ subsites and retain all major hydrogen bonding interactions with the protein
backbone similar to darunavir (1) or inhibitor 2. The ring size, the effect of methyl substitution, and
unsaturation within the macrocyclic ring structure were assessed. In general, cyclic inhibitors were
significantly more potent than their acyclic homologues, saturated rings were less active than their
unsaturated analogues and a preference for 10- and 13-membered macrocylic rings was revealed. The
addition of methyl substituents resulted in a reduction of potency. Both inhibitors 14b and 14¢ exhibited
marked enzyme inhibitory and antiviral activity, and they exerted potent activity against multidrug-
resistant HIV-1 variants. Protein—ligand X-ray structures of inhibitors 2 and 14c¢ provided critical
molecular insights into the ligand-binding site interactions.

Introduction

HIV/AIDS has become one of the major medical and
humanitarian challenges in the 21st century.! Highly active
antiretroviral therapy (HAART?), which combines protease
inhibitors along with reverse-transcriptase inhibitors, is cur-
rently used to combat this pandemic. HAART therapy has
resulted in a significant decline in the number of deaths due to
HIV infection in the developed countries.? One of the major
challenges still faced is the emergence of drug-resistant viral
strains rendering the present drug regimens ineffective.3 There
isanurgent need for development of antiretroviral agents with
minimal side effects and broad-spectrum activity for current
and future management of HIV/AIDS.

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

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

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

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

In our continuing efforts toward the conceptual design of
novel PIs, we now plan to design PIs with functionalities that
interact with the protein backbone as well as introduce flexible
macrocycles involving P1'—P2’ ligands for effective repacking
due to side chain mutations. The notion of such macrocyclic
design evolved from the observation that certain mutations
lead to decreased van der Waals interactions and increased
the size of the SI hydrophobic pocket. The X-ray structure
and modeling studies of PI (28,2’ S)-N,N'-((25,3R,4R,55)-3-
hydroxy-4-methyl-1,6-diphenylhexane-2,5-diyl)bis(3-methyl-
2-(3-methyl-3-(pyridin-2-ylmethyl)ureido)butanamide) (A-
77003)"? indicated that the V82A mutant results in decreased
van der Waals interactions with the phenyl rings in both the S1
and S1'-subsites.'® There was also evidence of repacking of
inhibitor side chains and enzyme atoms in the S1-subsite. On
the basis of this insight of enzyme flexibility in accommodat-
ing alternate packing, we planned to design flexible macro-
cycles between the P1’ side chain and the P2’ sulfonamide ring
to fillin the S1’ and S2’-subsites.!® In particular, we envisioned

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

Scheme 1. Synthesis of Sulfonyl Chlorides 7a—d
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that 11—15-membered saturated and unsaturated macro-
cycles would effectively fill in the S1'—S2 hydrophobic pocket
of the enzyme active site while retaining all major interactions
of PIs 1 and 2 with the protein backbone. Conceivably, such
inhibitors will maintain potency against both wild-type and
mutant strains. On the basis of this presumption, we designed
a series of PIs that incorporated various macrocycles that
could effectively fill in the enzyme active site. Herein we report
the structure-based design, synthesis, and preliminary biolo-
gical results of these macrocylic inhibitors. Among these
compounds, 14b and 14c were the most potent, with both
excellent enzyme inhibitory and antiviral activity. Both
inhibitors exerted potent activity against multidrug-resistant
HIV-1 variants. Furthermore, protein—ligand X-ray struc-
tures of inhibitors 2- and 14e-bound HIV-1 protease have
revealed important insights regarding ligand-binding interac-
tions (Figure 1).
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Scheme 2. Synthesis of Compounds 13a—h
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The synthesis of sulfonyl chlorides 7a—d is shown in
Scheme 1. A Mitsunobu-type reaction between 3-methoxy-
phenol and alcohols 4a—d in the presence of triphenylpho-
sphine and diisopropyl azodicarboxylate (DIAD) afforded
ethers 5a—d.'* Electrophilic aromatic substitution of ethers
5a—d with acetic anhydride and concentrated sulfuric acid in
methano! furnished a mixture of sulfonic acid regioisomers in
a 1:1 ratio that were separated by flash chromatography to
give 6a—d. Structural confirmation of the isomers was deter-
mined by extensive 2D NMR experiments (NOESY and
HMBC). Conversion to the sulfonyl chlorides 7a—d was
achieved by reaction of the sulfonic acids 6a—d with thionyl
chloride in the presence of pyridine.

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

The acyclic compounds 13a—h thus obtained were exposed
to ring closing metathesis using Grubbs’ first- or second-
generation catalyst'S (Scheme 3) to give the unsaturated
macrocyclic inhibitors 14a—h. Interestingly, larger ring sizes
(15—13) gave a mixture of E/Z isomers, while in the case of
smaller rings (12-9), the Z isomer was obtained exclusively.
The E and Z isomers were isolated using reversed-phase
HPLC and the stereochemistry established by 2D NMR
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Scheme 3. Synthesis of Macrocyclic Inhibitors 14a—h and
15a~—h
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Scheme 4. Synthesis of Compounds 19a—c¢

/;_
—R'
QH =

i-PrOH, 60 °C H 2
S e Boo-N. A _NH
. - a-C
NHz Ph/
16a-c
7d,
Pyridine, rt
A
R OMe
H :
BOC‘N\/\/N\S:©/
H d o
Ph”
1. TFA, CH,Cl, rt
18a R =Me, R'=Me 2.12, i-Pr,NEt
18bR=H, R = Me cH’;cr\f it

18¢R=Me, R'=H

'_L\O
L
H=="",
o0/
1%a R =Me, R'=Me
19bR=H, R =Me

19¢ R=Me,R' = H

(COSY and NOESY) experiments, allowing their individual
biological evaluation. The unsaturated compounds were sub-
sequently reduced using hydrogen and 10% Pd—C as the
catalyst to yield inhibitors 15a—h.

A series of selectively methylated inhibitors were prepared
in a similar fashion. Nucleophilic attack of amines 16a—c on
commercially available epoxide 8 gave hydroxy amines 17a—c
(Scheme 4). The conversion of amines 17a—c to the sulfona-
mides 18a—c was realized by coupling the amines with

m
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Scheme 5. Synthesis of Macrocyclic Inhibitors 20a—c¢, 21a—c,
and 22a—c¢
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H=" T
o0 13a-h
compd m n K; (aM) ICs50 (aM)“  ring size by RCM
13a 4 4 16.5+0.5 > 1000 15
13b 4 3 11.5+£04 > 1000 14
13¢ 4 2 6.9+0.1 ND 13
13d 4 1 10£2 ND 12
13e 1 4 1.70 £ 0.07 270 12
13f 1 3 1.02%0.08 290 11
13¢g 1 2 0.63£0.01 ND 10
13h 1 1 0.10£0.01 ND 9

“Human T-lymphoid cells, MT-2 cells (2 x 10%), were exposed to
HIV-1; a1 (100 TCIDsyp), cultured in the presence of each PI, and ICs,
values were determined by using the MTT assay. The ICs, values of
saguinavir (SQV) and amprenavir (APV) tested as reference agents were
16 and 27 nM, respectively. ND: not determined.

sulfonyl chloride 7d in the presence of pyridine. Removal of
the Boc protecting group from sulfonamides 18a—c using
30% trifluoroacetic acid in CH,Cl, furnished the correspond-
ing amines, which were then coupled with the mixed carbonate
of activated bis-THF'® (12) to give acyclic inhibitors 19a—c. A
ring closing metathesis reaction using Grubbs’ second-gen-
eration catalyst'® (Scheme 5) provided a E/Z mixture of
unsaturated macrocyclic inhibitors 20a—c and 21a—c, which
were separated by reverse-phase HPLC and identified by 2-D
NMR (COSY and NOESY). The unsaturated compounds
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Table 2. Enzyme Inhibitory and Antiviral Activity of Inhibitors 14a—h and 15a—h
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¢MT-2 human T-lymphoid cells exposed to HIV-1; oy; saquinavir and amprenavir exhibited ICs values of 16 and 27 nM, respectively. ®n.t. = not

tested.

20a—c and 21a—c were subsequently hydrogenated over 10%
Pd—C as the catalyst to yield inhibitors 22a—c.

Biological Evaluation and Discussion

The inhibitory potencies of acyclic and cyclic inhibitors
were measured by the assay protocol of Toth and Marshall.!”
Compounds that showed potent enzyme inhibition X; values
were further evaluated in an antiviral assay. Biological results
for the acyclic compounds 13a—h are shown in Table 1. In
general, elongation of the carbon chains resulted in lower
enzyme inhibitory activity. Extension of the 8-hydroxyl amine
chain by three methylene groups resulted in a 10-fold loss in
activity (13a K;= 16 nM versus 13e K; = 1.7 aM). Similarly,
extension of the ether carbon chain by three methylene groups
resulted in a 17-fold loss i in activity (13h K; = 0.10 nM versus
13e K; = 1.7 nM).
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Interestingly, conversion of these acyclic inhibitors 13a—h to
their cyclic analogues 14a—h and 15a—h resulted in significant
improvements of enzyme inhibitory and antiviral activity as
shown in Table 2. For example, the 14-membered macrocyclic
inhibitors 14b and 15b have X; values of less than 0.7 nM and
ICsp values less than 49 nM, whereas their corresponding acyclic
inhibitor 13b had a K; of 11 nM and 1Cg, value of > 1000 nM
(greater than 15-fold and 20-fold change, respectively). Another
trend observed is a preference of the S1’-subsite for macrocylic
rings of size 10 and 13. This preference is consistent with our
energy-minimized model structure of a saturated 13-membered
prototype inhibitor 15¢ where a macrocycle is incorporated in
place of the Pl'-isobutyl group and attached at the ortho-
position of the sulfonamide ring of inhibitor 2 as shown in
Figure 2. The model of inhibitor 15¢ was created based upon the
crystal structure of inhibitor 2-bound HIV-1 protease.
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Figure 2. An overlay of energy-minimized macrocyclic inhibitor 15¢ (magenta) with the X-ray structure of inhibitor 2 (green)-bound HIV-1

protease.

Table 3. Enzyme Inhibitory and Antiviral Activity of E and Z Isomers
of 14a—c
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AMT-2 human T-lymphoid cells exposed to HIV-1pAy; saquinavir
and amprenavir exhibited ICsq values of 16 and 27 nM, respectively.

Indeed, the most potent compound of the series, inhibitor
14c incorporating a 13-membered ring, showed a K; of 45 pM
and ICso of 2 nM. It would appear the 13-membered ring
provides an optimally sized macrocyclic ring as increasing the
ring size to 14 or 15 as well as decreasing the ring to 12 or 11
resulted in reduced enzymatic inhibitory and antiviral activity.
Interestingly, inhibitors incorporating a 10-membered ring
(14g and 15g) were also exceedingly potent, displaying a
similar activity profile as the 13-membered ring 14c (14g
K;=51 pM; 15g K; = 86 pM and ICsp = 5.5 nM).
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In comparing the potency of 14c to its unsaturated analogue
15¢, we observed a dramatic improvement in the K; and ICsg
values for the unsaturated cyclic inhibitor 14c. Furthermore,
the effect appeared to remain consistent throughout the variously
sized unsaturated macrocycles 14a—h as compared to their
saturated analogues 15a—h. For the 13-membered ring series,
the presence of a double bond resulted in a 10-fold increase in
both K; and ICs; values (14¢ K; = 45 pM and ICsp=2nM as
compared to 15¢ K; = 470 pM and ICsy = 22 nM). Similar
differences in potency can be seen for the 11, 14, and
15-membered macrocycles, although for the smaller rings 9,
10, and 12, the effect is less pronounced. This effect may be
explained by a restriction of conformation in the molecule that
results from the presence of the double bond and leads to a
better fit in the hydrophobic pocket of the S1’-subsite. These
observations led us to take a closer look at the olefinic
compounds and evaluate the importance of the stereochemistry
of this group. As shown in Table 3, only minor variations in
activity (less than 5-fold) were observed between the E and Z
isomers of the 13, 14, and 15-membered macrocycles. For the
13-membered ring system, the Z isomer was favored over the
E configuration.

On the basis of these exciting results for this series of
macrocyclic inhibitors, we began to envision possible substi-
tutions that could be made across the macrocylic ring system
in order to further enhance biological activity. The energy-
minimized structure of 15b-bound HIV-1 protease with
2-bound HIV-1 protease (Figure 2) suggested that a single
methyl substitution S to the macrocylic amine could fill an
additional hydrophobic pocket previously filled by daruna-
vir'sisobutyl group. To this end, we designed and synthesized
a series of mono- and dimethylated 14-membered macrocylic
ring systems and evaluated the impact of this substitution on
the biological activity. Geminal dimethyl at this location
(19a through 22a, Table 4) significantly decreased (10-fold)
the enzyme inhibition and greatly reduced antiviral activity. In
most cases, the addition of a single methyl group to the ring
also reduced biological activity as compared to 14b and 15b
although results varied greatly depending upon the stereo-
chemistry of the ring systems. Inhibitors 20c and 21b were the
most potent compounds from this series with K; = 0.31 and
2.8 nM and ICsy = 9.0 and 6.3 nM, respectively. In general,
antiviral potency of cyclic inhibitors was superior to that of
their acyclic homologues, unsaturated macrocyclic derivatives
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Table 4. Enzyme Inhibitory Activity of 19a—c¢, 20a—¢, and 21a—c¢
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“MT-2 human T-lymphoid cells exposed to HIV-1y a5; saquinavir and amprenavir exhibited ICsq values of 16 and 27 nM, respectively.

were more potent than the corresponding saturated derivatives,
and the addition of methyl substituents tended to decrease
potency. The two most potent macrocyclic inhibitors identified
were 14¢ and 14b having enzyme inhibitory K; values of 45 and
82 pM and antiviral ICsq values of 2 and 4 nM, respectively.
The inhibitors 14b and 14c were then examined for their
activity against a clinical wild-type X4-HIV-1 isolate (HIV-
lggrsiospre) along with various multidrug-resistant clinical
X4 and Rs-HIV-1 isolates using PBMCs as target cells.®®
The results are shown in Table 5. As can be seen, the potency
of inhibitors 14b and 14c against HIV-1ggrsi04pre TCs0="7 and
5 nM, respectively) are superior to FDA approved inhibitors
IDV, APV, and LPV. It is comparable to saquinavir but

nearly 2-fold less potent than darunavir (ICsp =3 nM).** In -

these studies, both indinavir and lopinavir were unable to
suppress the replication of the multidrug-resistant clinical
isolates examined that include HIV-lypgrm, HIV-Iypr/c,
HIV-IMDR/TM, HIV'IMRR/MM, and HIV-IMDR/JSL. of
particular note, lopinavir which is widely used as a first-line
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agent in HAART treatment regimens, was not active against
these multidrug-resistant clinical isolates. Amprenavir dis-
played a 10-fold or greater reduction in potency except against
HIV-lppr/mm, Where it showed a 7-fold reduction in
potency. Inhibitor 14c, while less potent than darunavir,
maintained 7-fold or better potency over amprenavir against
H:[V-IMDR/Q HIV-IMDR/(;, HIV'IMDR[I'M> and HIV'IMDR/ISL'
It maintained over a 6-fold potency against HIV-lypr -
Inhibitor 14b maintained superior potency against HIV-
lMDR/C and HN']-MDR/G (greater than 12- and 21-fold)
compared to amprenavir. It maintained 3-fold or better
potency compared to amprenavir against all other multi-
drug-resistant clinical isolates tested. Both inhibitors 14b
and 14¢ have shown low cytotoxicity (CCs, values 49 and 33
4#M, respectively) in target CD4* MT-2 cells. Furthermore,
they prevented the replication of HIV-Inp4—3 variants selec-
ted against up to 5 M of saquinavir, lopinavir, and indinavir
with ICsq values of 20—46 nM. More detailed virologic studies
with inhibitors 14¢ and 14b will be published in due course.
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Table 5. Antiviral Activity of Macrocyclic Inhibitors against Multidrug Resistant Clinical Isolates in PHA-PBMs”

virus SQV IDV APV LPV DRV 14b 14c
HIV-1gRrsiodpre 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-1ypr/s (X4) 027£0.073(34)  >1(>23) >1(>33) >1(>29)  0.019£0.012(6) 0.089+0.016(13) 0.037+0.016(7)

HIV-lyprc (X4)  0.032£0.002(11)  >1(>23)  037£0011(12)  >1(>29)  0.008+0.006(3) 0.029+0.001(4)  0.0440.002(9)
HIV-lypr/c (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)  0.0570.012(11)
HIV-lyprmu (X4)  0.26+ 0.04(33) >1(>23)  0324£0007(11)  >1(>29)  0.004+0.001(l) 0.072£0.014(10) 0.027 % 0.001 (6)
HIV-lyprvm (RS)  0.19:£0.05(24) >1(>23)  0.21£0.222(7) >1(>29)  0.0011+0.002(4) 0.055+0.025(8)  0.033£0.010(7)
HIV-lyprpse (RS 0.30£0.02(37) >1(>23)  0.62+0.02(21) >1(>29)  0.027+0.011(9  0.21+0.032(30) 0.073£0.07(15)

2 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-1ggsjospres L10I, K14R, L331, M361, M461, F331, KS5R, 162 V, L63P, A71 V, G73S, V82A, L90M, and I93L in HIV-1 ypr/s;
L101, 115V, K20R, L241, M36I, M46L, 154 V, 162 V, L63P, K70Q, V82A, and L89 M in HIV-1 ypr/c; L10I, V111, T12E, 115V, L191, R41K, M46L,
L63P, A7IT, V§2A, and L90 M in HIV-1 ypr/c: L101, K14R, R41K, M46L, 154 V, L63P, A71 V, V82A, L90M, and 193L in HIV-1ppgrm; L10I,
K43T,M46L, 154V, L63P, A71 V, V82A, L90M, and Q92K in HIV-1 ppr/aom; L101, L241, I33F, E35D, M361, N37S M46L,154V, R57K, 162V, L63P,
A71V,GT73S, and V82A in HIV-1 ypryssL- HIV-1ggsio4pre served as a source of wild-type HIV-1. ICsq 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 n-fold changes of
ICsg values for each isolate compared to ICsq values for wild-type HIV-1ggs)o4pee. 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 14c¢ (light gray)-bound HIV-1 protease. All strong hydrogen bonding
interactions are shown as dotted lines.

The reason why these macrocyclic inhibitors maintained the sulfonamide oxygens, the urethane carbonyl oxygen, and
impressive potency against multidrug-resistant clinical iso- the backbone amide of Ile50 and Ile50" with distances of
lates is possibly due to their ability to make extensive hydro- 2.6—3.1 A. These interactions have been observed in a ma-
gen bonds with protease backbone and effectively fill in the jority of HIV-1 protease complexes with the inhibitors'® and
hydrophobic pockets in the S1’—S2’-subsites. substrate analogues.!® The flexible P1'—P2' macrocyclic

ligand nicely packs into the hydrophobic pocket in the S1’-

X-ray Crystallography subsite. It also makes weaker C—H- - - O interactions, which

To gain molecular insights into ligand-binding site interac- play important roles as we have reported earlier.2°"?? The
tions responsible for the potent antiviral activity of inhibitor macrocyclic ring zigzags into a crown shape and fits well in
14¢, we have determined an X-ray crystal structure of the between the S1’ and S2'-pockets. The protein—ligand complex
inhibitor complexed with wild-type protease. The crystal shows three major interactions with the carbonyl oxygen of
structure was solved and refined at 1.17 A resolution with backbone residues, one with Gly27’ and two with Gly48’, with
an R-factorand Ry, 0f 16.0% and 19.4%, respectively. In this distances ranging from 3.0 to 3.6 A. In comparison to the
high resolution structure, the inhibitor 14c was bound to the X-ray structures of the protease with 1 and 2, the P1-phenyl
HIV-1 protease active site in the two orientations with a ratio ring in 14c is rotated about 30° toward Asp 29’ along the
of 1:1. A stereoview of the X-ray structure of 14c-bound HIV- backbone. The macrocycle acts more or less like a spring that
1 protease is shown in Figure 3. As can be seen, the inhibitor pushes against the P1-phenyl ring, causing this rotation.
makes extensive interactions involving the P2 to P2'-ligands in Both P2 and P2’ ligands form five strong N—H- - - O hydro-
the protease active site, most notably through favorable polar gen bonds with the protease backbone. Of these, three hydro-
interactions including hydrogen bonds and weaker gen bonds are formed between the P2-bis-THF ring oxygens
C—H- - -Ointeractions in the active site. The transition-state and the backbone amide nitrogens of Asp29 and Asp30 with
hydroxyl group in 14¢ forms asymmetric hydrogen bonding distances of 3.1, 3.0, and 3.2 A. The fourth interaction is
interactions with all four carboxylate oxygen atoms of the between the P2-urethane NH and the carbonyl oxygen of
Asp25 and Asp25’ with distances of 2.5—3.3 A. The conserved Gly27 with a distance of 3.0 A. The fifth backbone interaction
tetrahedral water molecule forms hydrogen bonds with one of 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. Qur investigation resulted in
the identification of inhibitors 14b and 14c, 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 14¢ contains a
13-membered ring with an E-olefin. Both inhibitors exerted
potent activity against HIV-1y 41, with ICsq 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 CD4* MT-2 cells. Furthermore, both
inhibitors 14b and 14c¢ blocked the replication of HIV-1np4-3
variants, selected after exposure of up to S uM 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
PI'—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. "H NMR
and '3C NMR spectra were recorded on a Bruker Avance ARX-
400, Bruker DRX-500, or Bruker Avance-II1-800 spectrometer.
Chemical shifts are given in ppm and are referenced against the
diluting solvent. For chloroform-d: '3C triplet = 77.00 CDCl,4
and 'H sin%let = 7.26 ppm. For methanol-d,: 3C 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
11 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 phenot (1.24 g, 10 mmol), 5-hexen-1-0l, 4a
(t.4mL, 12 mmol), and Ph,yP (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, CDCly) 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, CDCl;) & 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/2): 207.25 [M + H]*.
1-Methoxy-3-(pent-4-enyloxy)benzene (Sb). 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, CDCl) 6 1.88—1.94 (m, 2H),
2.25-2.30 (m, 2H), 3.8 (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 (1, J= 8.1 Hz, 1H). '3C NMR (100 MHz, CDCl,) 4 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) vy,,, = 3076, 2940, 1599, 1492, 1287,
1200, 1152, 1048 cm™". CI LRMS (m/z): 193.25 [M + H]*.
1-(But-3-enyloxy)-3-methoxybenzene (5c). Title compound
was obtained from 3-buten-1-0l 4¢, as described for 5a in 96%
yield after flash-chromatography (98:2 hexanes:EtOAc) as a
colorless oil. "H NMR (400 MHz, CDCl;) 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). BC NMR (100 MHz, CDCl;) 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) vpax = 3136, 2378, 1644, 1509 cm™. CI LRMS (m/2):
179.20 M + H]*.
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, CDCl;) 6 3.81 (s, 3H), 4.02 (d, /=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, CDCl;): &
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,S0, (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, J = 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). 13C
NMR (100 MHz, D,0O) é 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 (m/z): 285.09
M—-H]".
4-Methoxy-2-(pent-4-enyloxy)benzenesulfonic Acid (6b). Title
compound was obtained from ether 5b as described for 6a in
36% yield after flash-chromatography (88:12 CH,Cl;:MeOH)
asawhite 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, J= 8.6, 2.2
Hz, 1H), 6.51 (d, J=2.1 Hz, 1H), 7.58 (d, /=8.8 Hz, 1H). '*C
NMR (100 MHz, D,0) 6 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 (m/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) § 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), 643 (d, J =
2.4Hz, 1H),7.58 (d,J = 8.8 Hz, |H) *C NMR (100 MHz, D,0)
433.3,56.1,68.8,100.6, 105.0, 117.5, 123.7, 130.2, 135.4, 157.5,
163.4. ESI (m/z): 257.10 (M — H]".
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,:MeQOH) as a
white solid. "H NMR (400 MHz, D,0) 8 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 (4, J=8.8. Hz, 1H). *C NMR (100 MHz, D,0) 6 56.1,
69.7, 101.1, 105.3, 118.0, 123.7, 130.6, 133.2, 157.1, 163.5. ESI
(m/z): 243.13 [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 thionyl 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, CDCl;) 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 (1, 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). 3C NMR (100 MHz, CDCl;) 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. '"H NMR (400 MHz, CDCl3) 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, J=
9.2 Hz, 1H). *C NMR (100 MHz, CDCl5) 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. 'H NMR (300 MHz, CDCl3) 8 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, J=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, CDCls) 5 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, 1 H), 6.52—6.55 (m, 2H), 7.83 (d, /=8.7 Hz,
1H). 3C NMR (100 MHz, CDCl3) 8 55.9, 69.7, 100.5, 105.0,
118.1, 124.4,131.0, 131.7, 158.0, 166.7.
tert-Butyl (25,3R)-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, | 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, /J=4.5, 14 Hz,
1H), 3.44—3.49 (m, 1H), 3.79 (brs, 1H),4.72(d, J = 8.7Hz, 1H),
4.92—5.02 (m, 2H), 5.74—5.84 (m, 1H), 7.17—7.28 (m, 5H). '*C
NMR (100 MHz, CDCls) 8 26.4, 28.2, 29.4, 33.4, 36.5, 49.6,
513, 54.1, 70.7, 79.3, 114.5, 126.2, 128.3, 129.4, 137.8,
138.6,155.9. CI LRMS (m/z): 363.55 [M + H]™.
tert-Butyl (2S,3R)-4-(allylamino)-3-hydroxy-1-phenylbutan-
2-ylcarbamate (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:CHCI;) as a white solid. TH
NMR (400 MHz, CDCl5) 8 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, /= 10.3 He,
1H), 5.17 (d, /=17 Hz, 1H), 5.81—5.91 (i, 1H), 7.13~7.32 (m,
5H). 3C NMR (100 MHz, CDCl3) 4 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-(25,3R)-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, CHCL3). '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 (g, 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, 1H) 4.03 (t, J=
6.7 Hz, 2H), 4.65 (d, 7/ = 7.1 Hz, 1H), 4.89—5.04 (m, 4H),
5.66—5.82 (m, 2H), 6.46 (d, J = 2 Hz, 1H), 6.49 (dd, J=8.8,
2.3 Hz, 1H), 7.17—7.29 (m, 5H), 7.83 (d, J= 7.8 Hz, 1H). '*C
NMR (100 MHz, CDCl3) 6 249, 25.7, 27.9, 28.2, 28.3, 33.1,
33.2, 35.1, 499, 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, 1335, 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 (r/z): 653.13 [M 4 NaJ*.
tert-Butyl-(25,3R)-4-(N-(hex-5-enyl)-4-methoxy-2~(pent-den-
yloxy)phenylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcarba-
mate (11b). Title compound was obtained from 102 and 7b, as
described for 11a in 79% yield after flash-chromatography (3:1
hexanes:EtOAc) as a colorless oil. [o]p2° —1.6 (¢ 1.20, CHCls).
'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 (br s, 2H),
3.84 (s, 3H), 4.04 (t, J=6.6 Hz, 2H), 4.66 (d, J=17.1 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 = 8.8,2.0Hz, 1H), 7.17-7.29 (m,
5H), 7.83 (d, J = 8.7 Hz, 1H). '>*C NMR (100 MHz, CDCl3) 5
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) v = 3398, 2931, 1706, 1596, 1325 cm™'. ESI (+)
LRMS (m/z): 639.06 [M + Na]™.
tert-Butyl-(25,3R)-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 7c, as
described for 11a in 50% yield after flash-chromatography
(3:1 hexanes:EtOAc) as a colorless oil. [o]p>® +0.6 (¢ 2.00,
CHCly). 'H NMR (500 MHz, CDCl;) 4 1.28—1.38 (m, 12H),
1.48—1.52 (m, 2H), 2.00(q, J=6.7 Hz, 2H), 2.65 (g, J=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=7.1Hz, 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, /=8.8,2.0
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Hz, 1H), 7.21-7.32 (m, 5H), 7.88 (d, J = 8.8 Hz, 1H). *'CNMR
(125 MHz, CDCl5) § 25.9,28.2,28.4,29.9, 33.4, 354, 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 cm™".
ESI (+) (m/z): 625.05 [M + Na]™.
tert-Butyl(2S,3R)-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 112
in 64% yield after flash-chromatography (3:1 hexanes:EtQAc) asa
colorless oil. [odp® +1.1 (¢ 2.80, CHCl;). '"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=17.2Hz, 1H), 4.88—4.94 (m, 2H), 5.33(d, J = 10.4,2H), 5.43 (4,
J = 17.4 Hz, 1H), 5.63—5.73 (m, 1H), 6.00—6.10 (m, 1H), 6.47 (d,
J=18Hz, 1H),6.54(dd,J = 8.9,1.9Hz, 1H), 7.18—7.29 (m, 5H),
7.85(d, J=28.8 Hz, 1H). *C NMR (100 MHz, CDCl;) 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/2): 611.03 [M + Na]™.
tert-Butyl-(2S,3R)-4-(N-allyl-2-(hex-5-enyloxy)-4-methoxyphe-
nylsulfonamido)-3-hydroxy-1-phenylbutan-2-ylcarbamate (11e).
Title compound was obtained from 10b and 7a, as described
for 11a in 77% yield after flash-chromatography (3:1 hexanes:
EtOAc) as a colorless oil. [a]p>° —6.6 (¢ 1.96, CHCl5). 'H NMR
(500 MHz, CDCl3) 8 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 (br s, 2H), 3.87 (s, 3H), 3.91-3.99 (m, 2H), 4.08 (t, J=
6.7 Hz, 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). 3 C NMR (100 MHz, CDCI;)  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, = 3392, 2932, 1702,
1595, 1324 cm™". ESI (+) LRMS (m/z): 611.04 [M + Na]*.
tert-Butyl-(2S,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. [0]p?® —5.6 (¢ 1.10, CHCl3). '"H NMR (400 MHz,
CDCl3) 8 1.32 (s, 9H), 1.94 (quintet, J=7 Hz, 2H), 2.65(g, J=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 (t, J = 6.5 Hz, 2H), 4.65 (d, J = 8.2 Hz, 1H), 4.98—-5.15
(o, 4H), 5.57—5.63 (m, 1H), 5.75—5.86 (m, 1H), 6.46—6.49 (m, 2H),
7.12-7.27 (m, 5H), 7.83 (4, J= 8.5 Hz, 1H). *C NMR (100 MHz,
CDCl3) 6 27.8,28.1,29.7,35.3,51.0, 51.9, 54.5, 55.6, 68.4, 71.8,79.3,
100.2, 104.2, 115.7, 119.0, 119.5, 126.1, 1282, 129.5, 1334, 137.2,
1379, 155.9, 157.6, 164.7. FT-IR (film, NaCl) v, = 3390, 2976,
1710, 1597, 1325 cm™". ESI (+) LRMS (m/2): 597.13 [M + Na]*.
tert-Butyl-(2S5,3R)~-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 7c¢, as described for
11a in 78% yield after flash-chromatography (3:1 hexanes:
EtOAG) as a colorless oil. '"H NMR (500 MHz, CDCl5) 8 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 (br s, 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=2.2 Hz, 1H), 6.51 (d4, /=2.3,8.7Hz 1 H) 7.18—7.37 (m,
5H),7.85(d, J=8.7 Hz, 1H). '*CNMR (100 MHz, CDCl3) 5 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™. ESI LRMS (m/z): 582.95 [M + Na]™.
tert-Butyl-(25,3R)-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, CDCl;) 6 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,J=10.5Hz, 1H),5.44(d,J = 17.2Hz, 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, CDCl;) 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-1IR (film, NaCl) vy, =
3390,2976, 1710, 1597, 1325 cm™". ESI (+) LRMS (m/z): 569.06
[M + Na]*.

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 CH3;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,
CDC(l3) 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, 1H),
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, J = 6.7 Hz,
2H), 4.90—5.03 (m, 4H), 5.64 (d, /=5 Hz, 1H), 5.66—5.82 (m,
2H), 6.46 (s, 1H), 6.51 (d, J = 8.8 Hz, 1H), 7.17—-7.26 (m, SH),
7.83 (d, J= 8.8 Hz, 1H). '*C NMR (125 MHz, CDCl;) 8 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, 133.4, 137.4, 137.8, 138.0, 155.2,
1574, 164.6. FT-IR (film, NaCl) v,., = 3343, 2928, 1721,
1595, 1325 cm™'. ESI (+) HRMS (m/z): M + Na]* caled for
C36H50N206S, 709.3135; found, 709.3136.

Compound 13b. Title compound was obtained from 11b and
12 asdescribed for 13ain 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 (d4, J = 4, 14 Hz, 1H),
3.10—3.15 (m, 1H), 3.27—3.33 (m, 2H), 3.38 (dd, J=8.6, 1 5.2 Hz,
1H), 3.61 (br s, 1H), 3.64-3.70 (m, 2H), 3.81—-3.84 (m, 5H),
3.88—3.95 (m, 2H), 4.05 (t, J=6.6 Hz, 2H), 4.89—5.09 (m, 5H),
5.63(d, J=5.2Hz, 1H), 5.65—5.73 (m, 1H), 5.77—5.85 (m, 1H),
6.46 (d, /=2Hz, 1H), 6.51 (dd, J = 2.1, 8.8 Hz, 1H), 7.17-7.26
(m, 5H),7.83(d, J=8.8 Hz, 1H). *C NMR (100 MHz, CDCl;)
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 C3sH4gN,008S, 673.3159;
found, 673.3153.

Compound 13¢. Title compound was obtained from 11c and
12 asdescribed 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 (q, J=7 Hz, 2H), 2.65 (q, J= 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, 1H), 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, CDCl;) 8 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) vy, = 3339, 2929, 1719,



