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of 15 as a colorless crystal: mp 130-133 °C; '"H NMR (CDCl;,
400 MHz, 6; ppm) 753 (2H, d, J = 7.3 Hz), 7.32 (2H, t, J =
7.9 Hz), 7.25 (1H, broad s), 7.10 (1H, t, J = 7.2 Hz), 6.25 (1H,
broad s), 3.51 (2H, s), 3.25 (2H, q, J = 6.6 Hz), 2.39 (3H, s),
2.37 (2H, t, J = 7.4 Hz), 1.75 (2H, quintet, J = 7.6 Hz), 1.55
(2H, quintet, J = 7.1 Hz), 1.39 (2H, quintet, J = 7.3 Hz); MS
(EI) m/z: 322 (M~); Anal. (CysH»N:0:8) C, H, N.

6-(2-Mercaptoacetylamino)hexanoic Acid Phenylam-
tde (14). To a solution of 15 (190 mg, 0.59 mmol) obtained
above in MeOH (5 mL} was added K>COj3 (141 my, 1.02 mmol),
and the mixture was stirred at room temperature for 1 h. The
reaction mixture was diluted with AcOEt and THF, washed
with water and brine, and dried over N2;S0,. Filtration and
concentration in vacuo and purification by silica gel flash
chromatography (CHCly/MeOH = 20/1) gave 103 mg (62%) of
14 as a white solid. The solid was recrystallized from CHClz—
MeOH to give 38 mg of 14 as a colorless crystal: mp 171-173
*C; TH NMR (DMSOQ-ds, 500 MHz, 4; ppm} 9.84 (1H, s), 8.08
(1H, broad s), 7.57 (2H, d, J = 8.2 Hz), 7.27 2H, t, J = 7.9
Hz), 7.00 (1K, t, J = 7.3 Hz), 3.90 (1H, s), 3.44 (2H, s), 3.07
(2H, q,J = 6.5 Hz), 2.28 (2H, t, J = 7.5 Hz), 1.59 (2H, quintet,
J = 7.3 Hz), 1.45 (21, quintet, J = 7 Hz), 1.31 (2H, quintet, J
= 7.5 Hz); MS (EI) m/z: 280 (M*}; Anal. (C1,H2N20,8) C, H,
N.

6-(2-Propynylamino)hexanoic Acid Phenylamide Hy-
drochloride Salt {(16-HC]) and 6-(2-Dipropynylamino)-
hexanoic Acid Phenylamide (17). To a solution of 58 (230
mg, 1.12 mmol) obtained above and K;CO; (39 mg, 0.28 mmol)
in MeOH (1 mL) was added propargyl bromide (38 mg, 0.32
mmol}, and the mixture was stirred overnight at room tem-
perature. The reaction mixture was concentrated in vacuo, and
the residue was purified by silica gel flash chromatography
(CHCly/MeOH = 15/1) to give 40 myg (51%) of 16 as a pale
yellow oil and 12 mg (23%) of 17 as a pale yellow solid. To a
solution of 16 in MeOH was added 1 N aqueous HC1 (0.5 mL),
and the solution was concentrated in vacuo. The residue was
recrystallized from MeOH—-AcOEt to give 16 mg of 16-HCl as
colorless needles: mp 161-165 °C; *H NMR (DMSO-ds, 400
MHz, 6; ppm) 9.91 (1H, broad s), 9.12 (2H, broad s), 7.59 (Z2H,
d,J=76Hz), 728 2H,t,J=79Hz), 701 (1H,t,J = 7.3
Hz), 3.89(2H, d, J = 3.4 Hz), 3.70 (1H, t, J = 2.6 Hz), 2.94
(2H, t, J = 7.8 Hz), 2.32 (2H, t, J = 7.3 Hz), 1.64—1.56 (4H,
m), 1.36—1.25 (2H, m}; MS (El) m/e: 244 (M—-HCI); Anal.
(C1sH20N,0-HCI-1/8H,0) C, H, N.

The crude solid of 17 was recrystallized from CHClz—n-
hexane to give 12 mg of 17 as colorless needles: mp 5657
°C; 'TH NMR (CDCl;, 400 MHz, §; ppm) 7.51 (2H, d, J = 8.3
Hz), 7.32 (21, t, J = 7.8 Hz), 7.11-7.10 (2H, m), 3.43 (4H, d,
J=24Hz), 2.55(2H, t, J = 7.3 Hz), 2.37 (2H, t, J = 7.4 Hz),
2.22 (2H, , J = 2.3 Hz), 1.79—-1.75 {2H, m), 1.54—1.52 (2H,
m), 1.45—-1.43 (2H, m); MS (EI) m/z: 281 (M*); Anal
(C1sHxN:0) C, H, N.

7-Hydroxysulfamoylheptanoic Acid Phenylamide (6).
Steps 1 and 2: Preparation of 7-Chlorosulfonylhept-
anoic Acid Ethy] Ester (60). To an aqueous solution (7 mL)
of anhydrous sodium sulfite (2.03 g, 16.3 mmol) was added a
solution of 7-bromoheptanoic acid ethyl ester (59, 2.0 g, 8.43
mmol) in EtOH (5 mL), and the solution was boiled under
reflux with stirring for 2 h. The solution was evaporated to
dryness, and the solid was dried in vacuo at 60 °C. This white
solid was placed in a flask, toluene (30 mL) was added followed
by a catalytic amount of DMF, and then thionyl chloride (6.2
mL, 85.0 mmol} was added dropwise. The mixture was boiled
under reflux with stirring for 5 h, diluted with AcOEt, washed
with aqueous saturated cold water and brine, and dried over
MgSQ,. Filtration and concentration in vacuo and purification
by silica gel flash chromatography (n-hexane/AcOEt = 4/1)
gave 2.02 g (93%) of 60: 'H NMR (CDCl;, 400 MHz, §; ppm)
4.13 (2H, q, J = 7.1 Hz), 3.66 (2H, t, J = 7.8 Hz), 2.31 (2H, 1,
J = 7.3 Hz), 2.06 (2H, quintet, J = 7.8 Hz), 1.66 (2H, quintet,
J = 7.3 Hz), 1.53 (2H, quintet, J = 7.8 Hz), 1.41 (2H, quintet,
J = 7.1 Hz), 1.26 (2H, quintet, J = 7.1 Hz).

Steps 3, 4, and 5: Preparation of 7-(2-Tetrahydropy-

ranyloxysulfamoyl)heptanoic Acid Phenylamide (61). To
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a mixture of O-(2-tetrahydropyranylhydroxylamine (251 mg,
2.14 mmol), a eatalytic amount of 4-(dimethylaminelpyridine,
pyridine (1 mL), and CH;Cl; (10 mL) was added a solution of
60 (500 mg, 1.95 mmol} obtained above in CHoCly (10 mL),
and the mixture was stirred at room temperature for 5 h. The
reaction mixture was poured into water and extracted with
AcOEt. The AcOEt layer was separated, washed with water,
saturated aqueous NaHCOj; and brine, and dried over Na,-
80,. Filtration and concentration in vacuo and purification by
silica gel flash chromatography (n-hexane/AcOEt = 2/1) gave
618 mg (94%) of the sulfonamide as a crude oil.

To a solution of the sulfonamide(615 mg, 1.82 mmol)
obtained above in EtOH (3 mL) was added 2 N aqueous NaOH
(3.0 mL, 6.0 mmoel). The mixture was stirred overnight at room
temperature. The solvent was removed by evaporation in
vacuo, and water was added to the residue. The mixture was
neutralized with 2 N aqueous HCI (3.0 mL, 6.0 mmeol) with
cooling in an ice—water bath, and the mixture was extracted
with AcOEt. The AcOEt layer was separated, washed with
water and brine, and dried over Na;S0;. Filtration and
concentration in vacuo gave 482 mg (86%) of the carboxylic
acid as a white solid: 'H NMR (CDCl;, 400 MHz, d; ppm) 7.40
(1H, broad s), 5.08 (1H, m), 3.93 (1H, m), 3.66 (1H, m), 3.21
(2H, m), 2.37 (2H, t, J = 7.3 Hz), 1.90—-1.35 (14H, m).

Compound 61 was prepared from the carboxylic acid ob-
tained above and aniline using the procedure described for 12
in 88% yield: 'H NMR (DMSO-ds, 400 MHz, &; ppm) 10.04
(1H, broad s), 9.85 (1H, broad s), 7.58 {(2H, d, J = 8 Hz), 7.28
(2H, t,J = 7.8 Hz), 7.01 (1H, t, J = 7.6 Hz), 4.88 (1H, m), 3.81
(1H, m), 3.52 (1H, m), 3.19—3.09 (2H, m}, 2.30 (2H, t,J = 7.3
Hz), 1.80—1.25 (14H, m).

Step 6: Preparation of 7-Hydroxysulfamoylheptaneic
Acid Phenylamide (6). Compound 6 was prepared from 61
obtained above using the procedure described for 12 (step 2)
in 61% yield: mp 137-139 °C; '"H NMR (DMSO-ds, 400 MHz,
¢; ppm) 9.85 (1H, broad s), 9.51 (1H, d, J = 3.2 Hz), 9.13 (1H,
d,J = 3.2 Hz), 7.568 (2H, 4, J = 8 Hz), 7.28 (2H, i, J = 7.8 Hz),
7.01 (14, t,J = 7.3 Hz), 3.09 (2H, t, J = 7.6 Hz), 2.30 (2H, t,
J = 7.3 Hz), 1.68 (ZH, quintet, J = 8 Hz), 1.59 (2H, quintet, J
= 7.6 Hz), 1.41 (2H, quintet, J = 7.8 Hz), 1.32 (2H, quintet, J
= 7.1 Hz); Anal. (Cy3H20N204S-1/20H,0) C, H, N.

Thioacetic acid S—(6-phenylcarbamoylhexyl) Ester
(8a). Steps 1, 2, and 3: Preparation of 7-Bromoheptanoic
Acid Phenylamide (64c). 7-Bromoheptanoic acid was pre-
pared from 59 using the procedure described for 6 (step 4) in
99% yield. In this case, LiOH was used instead of NaOH: 'H
NMR (CDCly, 400 MHz, &; ppm) 3.41 (2H, t, J = 6.8 Hz), 2.37
(2H, t, J = 7.3 Hz), 1.87 (2H, quintet, J = 6.8 Hz), 1.66 (2H,
guintet, J = 7.6 Hz), 1.54—-1.32 (4H, m).

To a suspension of 7-bromoheptanocic acid (2.64 g, 12.6
mmol) obtained above in CH;Cl; (30 mL) were added oxalyl
chloride (1.65 mL, 18.9 mmol} and a catalytic amount of DMF.
The mixture was stirred at room temperature for 2 h. The
solvent was removed by evaporation in vaeuo to give acid
chloride 62¢.

To a solution of aniline (3.50 g, 37.6 mmeol) and triethyl-
amine (5.30 mL, 38.1 mmol) in CH;Cl; (40 mL) was added a
solution of 62¢ obtained above in CH3Cl: (10 mL) dropwise
cooling in an ice—water bath. The mixture was stirred at room
temperature for 1 h. It was diluted with AcOEt and washed
with aqueous saturated NaHCO;, water, and brine, before
being dried over MgSO,. Filtration and concentration in vacuo
and purification by silica gel flash chromatography (n-hexane/
AcOEt = 3/1) gave 3.13 g (87%) of 64¢: TH NMR (CDCl,, 400
MHz, é; ppm) 7.51 (2H, d, 7 = 8.1 Hz), 732 (2H, t, J = 7.6
Hz), 715 (1H, broad s), 7.10 (11, t, J = 7.6 Hz), 3.41 (2ZH, t, J
= 6.8 Hz), 2.36 (2H, t, J = 7.3 Hz), 1.87 (2H, quintet, J = 7.1
Hz), 1.75 (2H, quintet, J = 7.3 Hz), 1.49 (2H, quintet, J = 7.6
Hz), 1.41 (2H, quintet, J = 6.8 Hz).

Step 4: Preparation of Thioacetic acid S-(6-Phenyl-
carbamoylhexyl) Ester (8a). Compound 8a was prepared
from 64¢ obtained above using the procedure described for 15
in 98% yield: mp 80-81 °C; '"H NMR (CDCl;, 400 MHz, §;
ppm) 7.51 (2H, d, J = 8 Hz), 7.32 (2H, t, J = 7.3 Hz), 7.22
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(1H, broad s), 7.10 (1H, t, J = 7.3 Hz), 2.86 (2H, t, J = 7.1
Hz), 2.35 (ZH, t,J = 7.3 Hz), 2.32 (34, s), 1.73 (2H, quintet, J
= 7.1 Hz), 1.59 (2H, quintet, J = 7.1 Hz), 1.40 (4H, m); MS
(EI} m/z: 279 (M*); Anal. (C;sH;NC:S) C, H, N.

7-Mercaptoheptanoic Acid Phenylamide (7} and 7-(6-
Phenylcarbamoylhexyldisulfanylheptanoic Acid Phen-
y¥lamide (37). Compounds 7 and 37 were prepared from 8a
using the procedure described for 6 (step 4) in 87% and 4%
yield, respectively.

7: mp 88—89 °C; 'H NMR (CDCl;, 400 MHz, §; ppm) 7.51
(2H, d, J = 8 Hz), 7.32 2H, t, J = 7.6 Hz), 7.12 (1H, broad s},
7.10(1H, t,J = 7.1 Hz), 2.53 (2H, q, J = 7.3 Hz), 2.36 (2H, t,
= 7.6 Hz), 1.74 (2H, quintet, J = 7.1 Hz), 1.63 (2H, quintet,
J = 7.1 Hz), 1.42 (4H, m), 1.33 (1H, t, J = 7.8 Hz); MS (EI)
mfz: 237 (M*); Anal. (C13H;sNOS) C, H, N.

37: mp 105—-107 °C; 'H NMR (CDCl,, 400 MHz, J; ppm)
7.51 (4H, d, J = 8 Hz), 7.41 (2H, broad s), 7.30 (4H, t, J = 7.8
Hz), 7.09 (2H, t, J = 7.3 Hz), 2.68 (4H, t, J = 7.3 Hz), 2.36
(4H, t, J = 7.6 Hz), 1.74 (4H, quintet, J = 7.3 Hz), 1.69 (4H,
quintet, J = 7.1 Hz), 1.50-1.34 (8H, m); MS (EI) m/z: 472
(M*); Anal. (Cockl3sN20:52) C, H, N.

Compounds19-21, 24, 26—31, and 32 were prepared from
62 and an appropriate aromatic amine using the procedure
described for 8a and 7.

8-Mercaptooctanoic acid phenylamide (19): mp 84~
86 °C; 'H NMR (CDC};, 400 MHz, §; ppm) 7.51 (2H, d,J = 8
Hz), 7.32 (2H, t,J = 7.6 Hz), 7.14 (1H, broad s), 7.10 (14, t, J
= 7.3 Hz}, 2.52 (2H, q, J = 7.3 H2), 235 (2H, t, J = 7.6 Hz),
1.73 (2H, quintet, J = 7.3 Hz}, 1.61 (2H, quintet, J = 7.1 Hz),
1.46—1.34 (61, m), 1.33 (1H, t, J = 7.8 Hz); MS (EI) m/z: 251
(M*); Anal. (C;,;H:;NOS) C, H, N.

6-Mercaptohexanoic acid phenylamide (20): mp 84—
85 °C; *H NMR (CDCl;, 400 MHz, 6; ppm) 7.51 (2H, d, J = 8.1
Hz), 7.32 (2H, t, J = 7.6 Hz), 7.16 (1H, broad s}, 7.11 (1H, t, .J
= 7.8 Hz), 2.55 (2H, q, J = 7.1 Hz), 2.37 (2H, t, J = 7.3 Hz),
1.75 (2H, quintet, .J = 7.8 Hz), 1.68 (2H, quintet, J = 7.6 Hz),
1.56—1.40 (2H, m), 1.35 (1H, i, J = 7.8 Hz); MS (EI} m/z: 223
{M™*); Anal. (C1H\sNOS) C, H, N.

5-Mercaptopentanoic acid phenylamide (21): mp 120—-
121 °C; TH NMR (CDCls, 400 MHz, §; ppm) 7.51 (2H, d, J =
7.6 Hz), 7.33 (2H, t, J = 8 Hz), 7.16 (1H, broad s), 7.11 (1H, t,
J = 7.8 Hz), 2.58 (2H, q, J = 6.4 Hz), 2.39 (2H, t, J = 6.8 Hz),
1.85 (2H, quintet, J = 7.8 Hz), 1.71 (2H, quintet, J = 7.6 Hz),
1.39 (1H, t, J = 8 Hz); MS (EI) m/z: 209 (M*); Anal. (C1:H;-
NOS-V/12H»0) C, H, N.

7-Mercapioheptanoic acid (4-dimethylaminophenyl)-
amide (24): mp 121-122 °C; *H NMR (CDCl,, 400 MHz, 4;
ppm) 7.52 (2H, 4, J = 9 Hz), 6.96 (1H, broad =), 6.70 (2H, d, J
= 9 Hz), 2.91 (6H, s), 2.53 (2H, q, J = 7.3 Hz), 2.32 (2H, t, J
= 7.3 Hz), 1.73 (2H, quintet, J = 7.4 Hz), 1.63 (2H, quintet, J
== 7.6 Hz), 1.50—1.35 (4H, m), 1.33 (1H, t, J = 7.8 Hz); MS
(ED) m/z: 280 (M*}; Anal. (C;sH2,;N208) C, H, N.

7-Mercaptoheptanoic acid 3-biphenylylamide (26): mp
91-92 °C; TH NMR (CDCl,, 400 MHz, J; ppm) 7.78 (1H, s),
7.59 (2H, 4, J = 7.6 Hz), 7.48 (1H, d, J = 7.4 Hz), 7.47-7.30
(5H, m), 7.18 (1H, broad s), 2.563 (2H, q, J = 7.3 Hz), 2.39 (2H,
t,J = 7.3 Hz), 1.76 (2H, quintet, J = 7.1 Hz), 1.64 (2H, quintet,
J = 7.3 Hz), 1.50—1.37 (4K, m), 1.33 (1H, t, J = 7.6 Hz); MS
(ED) mfz: 313 (M*); Anal, (C;sH;sNOS) C, H, N.

7-Mercaptoheptanoic acid (4-phenoxyphenyllamide
(27): mp 87-89 °C; TH NMR (CDCl;, 400 MHz, é; ppm) 7.47
(2H, d, J = 8.8 Hz), 7.32 (2H, t, J = 7.8 Hz), 7.12 (1H, broad
s), 7.08 AH, t,J = 7.3 Hz), 6.98 (4H, d, J = 8.8 Hz), 2.53 (2H,
q,J = 7.3 Hz), 2.36 (2H, t, J = 7.6 Hz), 1.75 (2H, quintet, J =
7.1 Hz), 1.64 (2H, quintet, J = 7.1 Hz), 1.50—1.37 (4H, m),
1.33(1H, t,J = 7.8 Hz); MS (El) m/z: 329 (M*); Anal. (CyeHp;-
NO.S)C, H, N.

7-Mercapioheptanoic acid (3-phenoxyphenyllamide
(28): mp 68—69 °C; 'H NMR (CDCl,, 400 MHz, 4; ppm) 7.34
(2H, t, J = 7.6 Hz), 7.30-7.18 (3H, m), 7.16 (1H, broad s), 7.11
(1H, t, J = 7.2 Hz), 7.02 (2H, ¢, J = 8.5 Hz), 6.74 (1H, s), 2.52
(2H, q,J = 7.3 Hz), 2.33 (2H, t, J = 7.3 Hz), 1.71 (2H, quintet,
J = 17.3 Hz), 1.62 (2H, quintet, J = 7.1 Hz), 1.50-1.34 (4H,

Suzuki et al.

m), 1.32 {1H, t, J = 7.6 Hz); MS (ED m/z: 329 (M~); Anal.
(C1eH2sNO,S8) C, H, N,

7-Mercaptoheptanoic acid 3-pyridinylamide (29): mp
74-176 °C; 'H NMR (CDCl3, 400 MHz, 6; ppm) 8.54 (1H, d, JJ
= 2.4 Hz), 8.35 (1H, d, J = 4.4 Hz), 8.19 (1}, d, J = 8.3 Hz),
1.31 (1H, broad s), 7.28 (1H, dd, J = 4.4, 8.3 Hz), 2.53 (2H, q,
J = 7.1 Hz), 2.40 (2H, t, J = 7.3 Hz}, 1.75 (2H, quintet, J =
7.6 Hz), 1.64 (2H, quintet, J = 7.1 Hz), 1.50-1.36 (4H, m),
1.33 (1H, t, J = 7.6 Hz); MS (ED) m/z; 237 (M*); Anal.
(C12H;sN208) C, H, N.

7-Mercaptoheptanoic acid 3-quinolinylamide (30): mp
75-76 °C; 'H NMR (CDCls, 400 MHz, ; ppm) 8.79 (1H, 4, J
= 2.7 Hz), 8.72 (1H, ¢, J = 2.7 Hz), 8.04 (1H, 4, J = 8.3 Haz),
7.80 (1H, d, J = 8.3 Hz), 7.64 (1H, t, J = 7.1 Hz), 7.54 (1H, t,
J = 7.1 Hz), 7.50 (1H, broad s), 2.54 (2H, q, J = 7.1 Hz), 2.47
(2H, t, J = 7.3 Hz), 1.80 (2H, quintet, J = 7.3 Hz), 1.64 (2H,
quintet, J = 7.3 Hz), 1.63—1.37 (4H, m), 1.34 (1H, t,J = 7.8
Hz), MS (EI} m/z: 288 (M*); Anal. (C1sH20N208) C, H, N.

7-Mereaptoheptanoic acid (4-phenyl-2-thiazolyl)am-
ide (31): mp 149-150 °C; *H NMR (CDCl;, 400 MHz, &; ppm)
10.36 (1H, broad s), 7.83 (2H, d, J = 7.1 Hz), 743 (2H, t, J =
7.3 Hz), 7.16 (1H, s}, 2.49 (2H, q, J = 7.1 Hz), 2.14 (2H, t, J =
7.6 Hz), 1.65—1.50 (4H, m), 1.32 (1H, t, J = 7.6 Hz), 1.30 (2H,
quintet, J = 7.3 Hz), 1.15 (2H, quintet, J = 7.1 Hz); MS (EI)
miz: 320 (M*); Anal. (CysH20N20S,-1/10H20) €, H, N,

7-Mercaptoheptanoic acid 2-benzothiazolylamide (32):
mp 141-142 °C; 'H NMR (CDCl;, 400 MHz, 5; ppm) 10.71 (1H,
broad s), 7.86 (1H, d, J = 7.9 Hz), 7.77 (1H,d, J = 8 Hz), 7.46
(1M, t,J = 8.3 Hz), 7.34 (1H, t, J = 8.3 Hz), 2.49 (2H, t, J =
1.1 Hz), 2.48 (2H, q, J = 7.3 Hz), 1.72 (2H, quint, J = 7.6 Hz),
1.57 (2H, quint, J = 7.3 Hz), 1.40—-1.25 (5H, m); MS (ED) m/z:
294 (M*); Anal. (C;sH1N20S;) C, H, N.

7-Mercaptoheptanoic Acid 4-Biphenylylamide (25).
Step 1: Preparation of 7-Bromoheptanoic Acid (4-Bro-
mophenyl)amide (64a). Compound 64a was prepared from
62c and 4-bromoaniline using the procedure described for 8a
(step 3) in B6% yield: 'H NMR (CDCls, 400 MHz, 6; ppm) 7.42
(4H, s), 7.14 (1H, broad s), 3.41 (2H, t, J = 6.6 Hz), 2.36 (ZH,
t,J = 7.6 Hz), 1.87 (2H, quintet, J = 7.1 Hz), 1.74 (2H, quintet,
J = 7.3 Hz), 1.49 (2H, quintet, J = 7.3 Hz), 1.40 (2H, quintet,
J = 6.8 Hz).

Step 2: Preparation of 7-Bromoheptanoic Acid 4-Bi-
phenylylamide (64b). To a suspension of 64a (500 mg, 1.38
mmol) obtained above in 1-methyl-2-pyrrolidinone (8 mL) and
water (4 mL) were added phenylboronic acid {252 mg, 2.07
mmol), tetrakis(triphenylphosphine)paliadinm(0) (160 mg, 0.14
mmol), and NaHCO; (235 mg, 2.80 mmol). The mixture was
heated at 80 °C for 1 h. The solution was diluted with AcOEt,
washed with saturated aqueous NalICO;, water, and brine,
and dried over Na;SO,. Filtration and concentration in vacuo
and purification by silica gel flash chromatography (n-hexane/
AcOEt = 3/1) gave 91 mg (18%) of 64b as a white solid: 'H
NMR (CDCls, 400 MHz, 4; ppm} 7.65—7.50 (6H, m), 7.43 (2H,
t,J = 7.6 Hz), 7.33 (1H, t, J = 7.1 Hz), 7.20 (1H, broad s),
342 (2H, t, J = 6.6 Hz), 2.39 (2H, t, J = 7.3 Hz), 1.88 (2H,
quintet, J = 7.1 Hz), 1.77 (2H, quintet, J = 7.3 Hz), 1.50 (2H,
quintet, J = 7.1 Hz), 1.43 (2H, quintet, J = 6.4 Hz),

Steps 3 and 4: Preparation of 7-Mercaptoheptanoic
Acid 4-Biphenylylamide (25). Compound 25 was prepared
from 64b obtained above using the procedure described for 15
and 6 (step 4) in 48% yield: mp 114—115 °C; !H NMR (CDCl3,
400 MHz, 6; ppm} 7.64—7.52 (6H, m), 7.43 (2H, t, J = 7.6 Hz),
7.33 (1H, t, J = 7.3 Hz), 7.17 (1H, broad s), 2.54 (2H, q, J =
7.4 Hz), 2.39 (2H, t, J = 7.3 Hz), 1.76 (2H, quintet, J = 7.3
Hz), 1.64 (2H, quintet, J = 7.3 Hz), 1.52-1.87 (4H, m), 1.34
(1H, t, J = 7.6 Hz); MS (ED) m/z: 313 (M*); Anal. (C;sH,sNOS-
1/5H:0) C, H, N.

‘7-Methylsulfanylheptanoic Acid Phenylamide (9). To
a solution of 64c (300 mg, 1.06 mmeol) in EtOH (10 mL) was
added methylmercaptan sodium salt (15% in water, 1.50 g,
3.21 mmol), and the solution was stirred at room temperature
for 5 h. The reaction mixture was diluted with AcOEt, washed
with water and brine, and dried over MgSO,. Filtration and
concentration in vacuo and purification by silica gel flash
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chromatography (n-hexane/AcOEt = 2/1) gave 262 mg (99%)
of 9 as a crude solid. The solid was recrystallized from
n-hexane—AcOEt and collected by filtration to give 217 mg of
9 as a colorless crystal: mp 50—51 °C; ‘H NMR (CDCl;, 400
MHz, 4; ppm) 7.51 (2H, 4, JJ = 8 Hz), 7.32 (2H, t, J = 7.8 Hz),
7.16 (1H, bread s), 7.10 (1M, t, J = 7.6 Hz}, 2.49 2H, t, J =
7.1Hz),2.36 (2H, t, J = 7.3 Hz), 2.09 (3H, s}, 1.74 (2H, quintet,
J =17.3 Hz), 1.61 (2H, quintet, J = 7.3 Hz), 1.42 (4H, m); MS
(EI) m/z: 251 (M*); Anal {C1,H;NOS) C, H, N.

7-Methanesulfonylheptanoic Acid Phenylamide (11).
To a solution of 9 (80 mg, 0.32 mmol) in CH2Cl: (3 mL)} was
added 3-chloroperoxybenzoic acid (65%, 180 mg, 0.68 mmol).
The mixture was stirred overnight at room temperature. Next,
saturated aqueous NaHCO; and saturated aqueous NayS,03
were added, and the mixture was stirred at room temperature
for 1 h. It was then poured into water and extracted with
CHCY;. The CHC); layer was separated, washed with water
and brine, and dried over Na,SQ,. Filtration and concentration
in vacuo and separation by silica gel flash chromatography
(n-hexane/AcOEt = 1/3) gave 63 mg (70%) of 11 as a crude
solid. The sclid was recrystallized from n-hexane-AcOEt and
collected by filtration to give 50 mg of 11 as a colorless
crystal: mp 121-123 °C; 'H NMR (CDCl,, 400 MUz, 4; ppm)
7.51 (2H, d, J = 7.8 Hz), 7.32 (21, t, J = 7.6 Hz), 7.17 (1H,
brs), 7.11 (1H, t, J = 7.3 Hz), 3.01 (2H, t, J = 7.8 Hz), 2.85
(3H, ), 2.37 (2H, t, J = 7.3 Hz), 1.88 (2H, quint, J = 7.6 Hz),
1.76 (2H, quint, J = 7.6 Hz), 1.60—1.35 (4H, m); MS (EI) m/z:
283 (M*); Anal. (C,H;»NO4sS) C, H, N.

6-Phenoxy-1-hexanethiol (22). Step 1: Preparation of
6-Phenoxy-1-hexanol (67). To a solution of phenol (2.10 g,
22.31 mmol) and 6-bromo-1-hexanol (65, 2.00 g, 11.05 mmol}
in DMF (30 mL) was added K;CO; (3.10 g, 22.4 mmol), and
the mixture was stirred at 80 °C for 1 h. The reaction mixture
was diluted with AcOEt and washed with water and brine,
before being dried over Na;SO;. Filtration and concentration
in vacuo and purification by silica gel flash chromatography
(n-hexane/AcOEt = 2/1) gave 2.06 g (96%) of 67 as a white
solid: 'H NMR (CDCl;, 400 MHz, §; ppm) 7.28 (2H, t,J = 7.8
Hz), 6.93 (1H, t, J = 7.3 Hz), 6.89 (2H, d, J = 8.6 Hz), 3.96
(2H, t, J = 6.6 Hz), 3.67 (2H, m), 1.80 (2H, quintet, J = 6.8
Hz), 1.61 (2H, quintet, J = 7.3 Hz), 1.56—1.36 (4H, m), 1.27
{1H, m).

Step 2: Preparation of (6-Bromohexyloxy)benzene. To
a solution of 87 (1.75 g, 9.01 mmol) obtained above and carbon
tetrabromide (3.00 g, 9.05 mmol) in CH:Cl: (50 mL) was added
triphenylphosphine (2.60 g, 9.91 mmol} with cooling in an ice—
water bath. The solution was stirred at room temperature for
1 h and concentrated in vacuo. To the residue was added
n-hexane (30 mL), and the slurry was filtered. After the solid
was washed with n-hexane (10 mL), the combined filtrates
were concentrated in vacuo. The residue was purified by silica
gel lash chromatoegraphy (n-hexane/AcOEt = 1/30) to give 1.45
g (63%) of (6-bromochexyloxy)benzene as a colorless oil: H
NMR (CDCl,, 400 MHz, ; ppm) 7.28 (2H, t, J = 7.6 Hz), 6.93
(1H,t,J = 7.3 Hz), 6.89 (2H, d, J = 85 Hz), 3.96 2H, t, J =
6.3 Hz), 3.43 (2H, t, J = 6.8 Hz), 1.90 (2H, quintet, J = 6.8
Hz), 1.80 (2H, quintet, J = 6.4 Hz), 1.66—1.46 (4H, m).

Steps 3 and 4: Preparation of 6-Phenoxy-1-hexanethi-
ol (22). Compound 22 was prepared from (6-bromohexyloxy)-
benzene obtained above using the procedure described for 15
and 6 (step 4) in 45% yield: colorless oil; 'H NMR (CDCl;,
400 MHz, §; ppm) 728 (2H, t,J = 7.3 Hz), 6.83 (1H, t,J = 7.6
Hz), 6.89 (2H, d, J = 7.8 Hz), 3.96 (2H, t, J = 6.4 Hz), 2.54
(2H, q, J = 7.1 H2), 1.79 (2H, quintet, J = 6.6 Hz), 1.65 (2H,
quintet, J = 6.8 Hz), 1.54-1.44 (4H, m), 1.34 (1H, t,J = 7.8
Hz), MS (EI) m/z: 210 (M*), HRMS calcd for C12H,508 210.108,
found 210.108.

Compounds23, 33—35, and 36 were prepared from an
appropriate aromatic carboxylic acid and 6-amino-1-hexanol
(66) using the procedure described for 13, 22 (step 2), 15, and
6 (step 4).

N-(6-Mercaptohexyl)benzamide (23): mp 43—44 °C; 'H
NMR (CDCl;, 400 MHz, 3; ppm) 7.77 (2H, d, J = 7.2 Hz), 7.50
(1H, t, J = 7.2 Hz), 7.43 (2H, t, J = 6.8 Hz), 6.20 (1H, broad
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s), 3.47 (2H, q, J = 6.4 Hz), 2.54 (2H, q, J = 7.6 Hz), 1.65~-
1.58 (4H, m), 1.560~1.36 (4H, m), 1.62—-1.37 {4H, m), 1.34 {1H,
t, J = 7.8 Hz), MS (EI) m/z: 237 (M*); Anal. (C;3HsNOS-1V/
6H20) C, H, N.

4-Dimethylamino-N-(6-mercaptohexyllbenzamide (33);
mp 103-104 °C; 'H NMR (CDCl;, 400 MHz, §; ppm) 7.66 (2H,
t,J = 8.8 Hz), 6.67 (2H, d, J = 8.8 Hz), 5.95 (1H, s), 3.43 (2H,
q, J = 6.4 Hz), 3.02 (1H, s), 2.53 (2H, q, J = 7.2 Hz), 1.67-
1.54 (4H, m), 1.49—-1.36 (4H, m), 1.32 (1H, t, J = 8 Hz); MS
(ED) m/z: 280 (M*); Anal. (C1sH23N08) C, H, N.

Naphthalene-2-carboxylic acid (6-mercaptohexyl)am-
ide (34): mp 76—78 °C; 'H NMR (CDCl;, 400 MHz, ; ppm)
8.28 (1H, s), 7.94—-7.85 (3H, m), 7.82 (1H, d, 7 = 6.8 Hz), 7.58~
7.53 (2H, m), 6.27 (1H, s}, 3.52 (2H, q, J = 6.8 Hz), 2.54 (2H,
q, J = 1.6 Hz), 1.70-1.62 (4H, m), 1.52-1.36 (4H, m), 1.34
(1H, t, J = 7.8 Hz); MS (EI} m/z: 287 (M™); Anal. (C;yH1NOS)
C,H,N.

Benzofuran-2-carboxylic acid (6-mercaptohexyl)am-
ide (35): mp 72-73 °C; *H NMR (CDCl;, 400 MHz, §; ppm)
7.68 (1H, d, 7 = 8 Hz), 7.50 (1H, 4, J = 8.4 Hz), 7.46 (1H, s),
7.41 (1H, t, J = 8.4 Hz), 7.30 (1H, t, J = 8 Hz), 6.64 (1H, s),
349(2H, q, J = 7.2 H2), 254 (2H, g, J = 7.2 Hz), 1.72—-1.58
{4H, m), 1.562-1.38 (4H, m), 1.34 (1H, t, J = 7.8 Hz); MS (EI)
mfz: 277 (M*); Anal. (C;5H1eNO:S) C, H, N.

Indole-2-carboxylic acid {6-mercaptohexyl)amide (36):
mp 128-130 °C; 'H NMR (CDCls, 400 MHz, §; ppm)} 9.12 (1H,
broad s), 7.65 (1H, d, J =8 Hz), 7.44 (1H, d, J = 8.4 Hz), 7.29
(1H, t, J = 8 Hz), 7.14 (1H, t, J = 6.6 Hz), 6.82 (1H, ), 6.13
(1H, broad s), 3.49 (2H, q, J = 6.8 Hz), 2.54 (2H, q, J = 7.6
Hz), 1.70-1.60 {4H, m), 1.45—1.40 (4H, m), 1.34 (1H, t, J =
7.8 Hz); MS (EI) m/z: 276 (M*); Anal. (C15H3N:0S) C, H, N.

Thiopropionic Acid S-(6-Phenylcarbamoylhexyl) Es-
ter (38). To a solution of 7 (200 mg, 0.84 mmol) and a catalytic
amount of 4-(dimethylamino)pyridine in CH:Cl» {2 mL) and
pyridine (0.5 mL) was added propionyl chloride (220 41, 2.53
mmol). The mixture was stirred at rcom temperature for 30
min and ther diluted with AcOEt. The solution was washed
with water and brine and dried over Na,50,. Filtration and
concentration in vacuo and separation by silica gel flash
chromatography (n-hexane/AcOEt = 3/1) gave 238 mg (96%)
of 38 as a crude solid. The solid was recrystallized from
n-hexane-AcOEt and collected by filtration to give 184 mg of
3B as a colorless erystal: mp 54—55 °C; 'H NMR (CDCls, 500
MHz, é; ppm) 7.52 (2H, 4, J = 7.9 Hz), 7.32 (2H, t, J = 7.9
Hz), 7.21 (1H, broad s), 7.20 (1H, t, J = 7.3 Hz), 2.86 (2H, t, J
= 7.4 Hz), 2.57 (2H, q, J = 7.7 Hz), 2.35 (2H, t, J = 7.6 Hz),
1.74 (2H, quintet, J = 7.3 Hz), 1.59 (2H, quintet, J = 7.3 Hz),
1.46-1.33 (4H, m), 1.18 (3H, t, J = 7.7 Hz); MS (El) m/z: 293
(M*); Anal. (C1sHzsNO:8) C, H, N.

Compounds 3945, 4754, and 55 were prepared from the
corresponding thiols and an appropriate acid chloride using
the procedure described for 38.

Thiobutyric acid S-(6-phenylcarbamoylhexyl) ester
(39): mp 4546 *C; 1H NMR (CDCl;, 500 MHz, 4; ppm) 7.52
(2H,d,J =8 Hz), 7.32 (2H, t, J = 7.6 Hz), 7.21 (1H, broad s),
7.10 (1H, t, J = 7.3 Hz), 2.86 (2H, t, J = 7 Hz), 2.52 (2H, t, J
=17.3 Hz), 2.35 (2H, t, J = 7.4 Hz), 1.73 (2H, quintet, J = 7.4
Hz), 1.69 (2H, sextet, J = 7.7 Hz), 1.59 (2H, quintet, J = 7.4
Hz), 1.48—1.33 (4H, m), 0.95 (34, t, J = 7.3 Hz); MS (EI) m/z:
307 (M*); Anal. (Cy7HsNO2S) C, H, N.

Thioisobutyric acid S-(6-phenylcarbamoylhexyl) ester
(40): mp 4445 *C; 'H NMR (CDCl;, 400 MHz, §; ppm) 7.52
(2H, 4, J = 8 Hz), 7.32 (2H, t, J = 7.8 Hz), 7.22 (1H, broad s),
7.10 (1H{, t, J = 7.3 Hz), 2.85 (2H, t, J = 7.3 Hz), 2.73 (1H,
septet, J = 7 Hz), 2.35 (2K, t, J = 7.3 Hz), 1.73 (2H, quintet,
J = 7.3 Hz), 1.59 (2H, quintet, J = 7.3 Hz), 1.46—1.36 (4H,
m), 1.19 (6H, d, J = 7.6 Hz); MS (EI) m/z: 307 (M™); Anal.
(C1-HzNO-S) C, H, N.

2,2.Dimethylthiopropionic acid S-(6-phenylcarbam-
oylhexyl) ester (41): mp 57-59 °C; *H NMR (CDCl,, 400
MHz, é; ppm) 7.52 (2H, 4, J = 8.1 Hz), 7.32 2H, t,J = 7.6
Hz), 7.20 (1H, broad =), 7.10 (1H, t, J = 7.6 Hz), 2.82 (2H, t, J
= 7.3 Hz), 2.35 (2H, 1, J = 7.3 Hz), 1.73 (2H, quintet, J = 7.3
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Hz), 1.58 (2H, quintet, J = 7.3 Hz), 1.46—1.36 (4H, m), 1.23
(9H, s); MS (EI} miz: 321 (M~); Anal. (C3H»zNO;S) C, H, N.

Cyclopropanecarbothioic acid S-(6-phenylcarbamoyl-
hexyl) ester {42): mp 64-65 °C; TH NMR (CDCl;, 500 MHz,
8; ppm) 7.52 2H, d, J = 8.3 Hz), 7.32 (2H, t, J = 7.6 Hz), 7.22
(1H, broad s), 7.10 (1H, t, J = 7.3 Hz), 2.89 (2H, t, J = 7.3
Hz), 2.35 (2H, t, J = 7.3 Hz), 2.01 (1H, m), 1.73 (2H, quintet,
J =7 Hz), 1.59 (2H, quintet, J = 7.3 Hz), 1.45-1.35 (4H, m),
1.15 (2H, m), 0.94 (2H, m); MS (ED) m/2: 305 (M*); Anal.
(C17HasNG2S) C, H, N.

Cyclopentanecarbothioic acid §.-(6-phenylcarbamoyl-
hexyl) ester (43): mp 59-60 °C; 'H NMR (CDCl;, 500 MHz,
d; ppm) 7.52 (2H, d, J = 7.9 Hz), 7.32 (2H, t, J = 7.9 Hz), 7.21
(1H, broad s), 7.10 (1H, t, J = 7.3 Hz), 2.97 (1H, quintet, JJ =
8 Hz), 2.85 (2H, t, J = 7.4 Hz), 2.35 (2H, t, J = 7.7 Hz), 1.93—
1.67 (8H, m), 1.63-1.52 (4H, m), 1.47-1.33 (4H, m); MS (ED)
m/z: 333 (M*); Anal, (C;;HxNO:S) C, H, N.

Thiobenzoic acid S-(6-phenylcarbamoylhexyl) ester
(44): mp 107—109 °C; *H NMR (CDCl,, 400 MHz, é; ppm) 7.97
(2H,d,J = 7.3 Hz), 757 (11, t,J = 7.3 Hz), 7.52 (2H, d, J =
7.8 Hz), 7.45 2H, t, J = 7.8 Hz), 7.31 (2H, t, J = 7.6 Hz), 7.21
(1H, broad s), 7.10 (1H, t, J = 7.3 Hz), 3.07 (2H, 1, J = 7.3
Hz), 2.36 (2H, t, J = 7.3 Hz), 1.75 (2H, quintet, J = 7.3 Hz),
1.70 {2H, quintet, J = 7.3 Hz), 1.54-1.36 (4H, m); MS (EI}
mfz: 341 (M*); Anal. (CxHxNO:S) C, H, N.

4-Nitrothiobenzoic acid S-(6-phenylcarbamoylhexyl)
ester (45): mp 117—-118 °C; 'H NMR (CDCl;, 400 MHz, 6;
ppm) 8.30 (2H, d, J = 8.8 Hz), 8.11 (2H, d, J = 8.6 Hz), 7.51
(2H, d, J = 8.1 Hz), 7.32 (2H, t, J = 7.8 Hz), 7.16 (1H, broad
s), 7.10 (1H, t, J = 7.3 Hz), 3.12 (2H, t, J = 7.3 Hz), 2.37 (2H,
t,J = 7.3 Hz), 1.76 (2H, quintet, J = 7.6 Hz), 1.72 (2H, quintet,

< =17.3 Hz), 1.54—1.38 (4H, m); MS (EI} m/z: 386 (M"); Anal.
(CooH2N20.8) C, H, N,

Thioisobutyric acid S-[6-(3-biphenylylcarbamoyl)-
hexyl] ester (47): mp 73—-74 °C; H NMR (CDCls, 500 MHz,
é; ppm) 7.79 (1H, s), 7.59 (2H, @, J = 74 Hz), 7.50 (1H,d, J =
8.3 Hz), 743 (2H, t, J = 7.3 Hz), 7.39 (1H, t, J = 8 Hz), 7.35
(1H, t,J = 7.3 Hz), 7.34 (1H, 4, J = 7.3 Hz), 7.28 (1H, broad
s), 2.85 (2H, t, J = 7.3 Hz), 2.73 (1H, septet, J = 6.8 Hz), 2.38
(2H, t, J = 7.3 Hz), 1.75 (2H, quintet, .J = 7.6 Hz), 1.58 (2H,
quintet, J = 7.3 Hz), 1.49-1.35 (4H, m), 1.18 (6H, &, J = 7.1
Hz); MS (EI) m/z: 390 (M*); Anal. (Cx3HzsNO.S) C, H, N.

Thioisobutyric acid S-[6-(3-phenoxyphenylcarbam-
oyDhexyl] ester (48): colorless oil; *H NMR (CDCl;, 500
MHz, 4; ppm) 7.34 (2H, t, J = 7.6 Hz), 7.30—7.15 (4H, m), 7.11
{1H,t,J =74 Hz),702(2H,d,J =76 Hz), 6.74 (1H, d, J =
7.3 Hz), 2.84 (2H, t, J = 7.3 Hz), 2.73 (1H, septet, J = 7 Hz),
2.32 (2H, t, J = 7.3 Hz), 1.71 (2H, quintet, J = 7.4 Hz), 1.57
(2H, quintet, J = 7.4 Hz), 1.45-1.33 (4H, m), 1.18 (6H, d, J =
7 Hz); MS (EI) m/z: 399 (M*); HRMS calcd for Co3HaNO3S
399.187, found 399.191.

Thioisobutyric acid S-[6-(3-pyridinylcarbamoyDhexyl)
ester (49): mp 47-48 °C; 'H NMR (CDCls, 500 MHz, J; ppm)
8.55 (1H, d, J = 2.8 Hz), 8.34 (1H, &, J = 4.6 Hz), 8.21 (1H, d,
o = 8.5 Hz}, 7.56 (1H, broad s), 7.28 (1H, dd, J = 4.6, 8.3 Hz),
2.85 (2H, t, J = 7 Hz), 2.74 (1H, septet, J = 7 Hz), 2.39 (2H,
t,J = 7.6 Hz), 1.75 (2H, quintet, J = 7.4 Hz), 1,59 (2H, quintet,
J = 7.1 Hz), 1.45-1.35 (4H, m), 1.19 (6H, d, J = 6.8 Hz); MS
(EI) m/fz: 308 (M*); Anal. (C16H24N20,8) C, H, N.

Thioisobutyric acid S-[6-(3-quinolinylcarbamoyl)-
hexyl) ester (50): mp 67-68 °C; *H NMR (CDCl;, 500 MHz,
o; ppm} 8.81 (1H, s), 8.73 (1H, d, J = 2.8 Hz), 8.03 (1H, d, J =
8.6 Hz), 7.80 (1H, d, J = 8.2 Hz), 7.70 (11, broad s}, 7.63 (1H,
t,J =71Hz), 7.54 (1H, t,J = 7.3 Hz), 2.86 (2H, t,J = 7.3
Hz), 2.74 (1H, septet, J = 7 Hz), 2.46 (2H, t, J = 7.6 H2), 1.79
(2H, quintet, J = 7.3 Hz), 1.60 (2H, quintet, J = 7.3 Hz), 1.50—

1.35 (4H, m), 1.19 (6H, d, J == 6.7 Hz); MS (E]) m/z: 358 (M*);
Anal. (CH2N2025) C, H, N.

Thioisobutyric acid S-[6-(4-phenyl-2-thiazolylcarbam-
oylhexyl] ester (51): mp 127-128 °C; *H NMR (CDCl,, 500
MHz, d; ppm) 10.48 (1H, broad s), 7.83 (2H, d, .J = 7.3 Hz),
7.43 (2H,t,J = 7.3 Hz), 734 (1H, t, J = 7.4 Hz), 7.16 (1H, s),
2.81(2H,t, JJ = 7.3 Hz), 2.74 (1H, septet, J = 7 Hz), 2.11 (2H,
t,J = 7.6 Hz), 1.56 (2H, quintet, J = 7.6 Hz), 1.50 (2H, quintet,
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J = 7.3 Hz), 1.25 (21, quintet, J = 7.6 Hz), 1.19(6H, d, J = 7
Hz), 1.13 (2H, quintet, J = 7.3 Hz); MS (EI) m/z: 383 (M*);
Anal. (CaoH2eN20:S,) C, H, N.

Thioisobutyrie acid S-] 6-(2-benzothiazolylcarbamoyl)-
hexyl] ester (52): mp 106-107 °C; 'H NMR (CDCl;, 500
MHz, 4; ppm) 10.41 (1H, broad s), 7.85 (1H, d, J = 7.4 Hz),
7.77 (14, d, J = 7.9 Hz), 7.46 (1H, dt, J = 1.2, 7.1 Hz), 7.34
(1H, dt, .F = 1, 7.3 Hz), 2.81 (2H, t, J = 7.4 Hz), 2.73 (1H,
septet, J = 7.1 Hz), 2.47 (2H, t,J = 7.7 Hz), 1.72 (2H, quintet,
J = 7.3 Hz), 1.53 (2H, quintet, J = 7.1 Hz), 1.38-1.27 (4H,
m), 1.18 (6H, d, J = 7 Hz); MS (EI) m/z: 364 (M*); Anal.
(C1sH2:N20,8,) C, H, N.

Thioisobutyric acid S-{6-[(2-naphthalenecarbonyl-
aminolhexyl} ester (53): mp 70-71 °C; *H NMR (CDCl3,
500 MHz, é; ppm) 8.29 (1H, s}, 7.93 (1H, d, J = 7.1 Hz), 7.90
(1H, d, J = 7.3 Hz), 7.88 (1H,d, J = 7.3 Hz), 7.84 (1H, d, J =
7 Hz), 7.57 (1H, t, J = 6.7 Hz), 7.54 (1H, t, J = 6.7 Hz), 6.36
(1H, broad s), 3.51 (2H, q, J = 6.4 Hz), 2.87 2H, t, J = 7.3
Hz), 2,73 (1H, septet, J = 6.7 Hz), 1.67 (2H, quintet, J = 7.1
Hz), 1.60 (2H, quintet, J = 6.7 Hz), 1.50—1.38 (4H, m), 1.18
(6H, 4, J = 6.8 Hz); MS (E) m/z: 357 (M*); Anal. (Co;Ho-
NO:S)C, H, N.

Thivisobutyric acid $-{6-[(2-benzofurancarbonyl)ami-
nolhexyl} ester (54): mp 67-68 °C; 'H NMR (CDCl;, 500
MHz, é; ppm) 7.67 (1H, d, J = 7.7 Hz), 7.50 (1H, d, J = 7.6
Hz), 7.46 (1H, d, J = 1 Hz), 7.41 (1H, dt, J = 1.2, 7.3 Hz), 7.29
(I1H, t, J = 7.6 Hz), 6.66 (1H, broad s), 3.48 (2H, q, J = 7 Hz),
2.86 (2H, t, J = 7.4 Hz), 2.73 (1H, septet, J = 7.1 Hz), 1.66
(2H, quintet, J = 7 Hz), 1.59 (2H, quintet, J = 7 Hz), 1.48—
1.37 (4H, m), 1.18 (6K, d, J = 6.7 Hz); MS (El)m/z: 347 (M*);
Anal. (C1sHsNO3S) C, H, N.

Thioisobutyric acid S-{6-[(1H-2-indolecarbonyl) ami-
nolhexyl} ester (55): mp 142—-143 °C; 'H NMR (CDC)s, 500
MHz, &; ppm) 9.37 (1H, broad s), 7.65 (1H, d, J = 7.3 Hz),
744 (1H,d,J = 7.6 Hz), 7.29 (11, t, J = THz), 714 (14, t, J
= 7.9 Hz}, 6.86 (1H, s}, 6.30 (1H, broad s), 3.49 (2H, q, J = 6.1
Hz), 2.87 (2H, t, J = 7.1 Hz), 2.74 (1H, septet, J = 7 Hz), 1.65
(2H, quintet, J = 7 Hz), 1.60 (2H, quintet, J = 7 Hz), 1.50—
1.36 (4H, m), 1.19 (6H, d, J = 7 Hz); MS (EI) m/z: 346 (M*);
Anal. (C;sHzsN20:8) C, H, N.

2,2-Dimethylpropionic Acid 6-Phenylcarbamoylhex-
¥lsulfanylmethyl Ester (46). To a suspension of sodium
hydride (60%, 40.0 mg, 1.00 mmol} in DMF (2 mL) was added
a solution of 7 (200 mg, 0.84 mmol) in DMF (3 mL) dropwise
with cooling in an ice—water bath. The mixture was stirred
for 30 min at 0 °C, and a solution of chloromethyl pivalate
(134 4L, 0.93 mmol) in DMF (2 mL) was added at 0 °C. The
solution was stirred at room temperature for 1 h. The reaction
mixture was poured into ice—water and extracted with AcOE¢L.
The AcOEt layer was separated, washed with water and brine,
and dried over Na;SO,. Filtration and concentration in vacuo
and purification by silica gel flash chromatography (n-hexane/
AcOEt = 4/1) gave 93 mg (32%) of 46 as & colorless oil: 'H
NMR (CDCl;, 400 MHz, é; ppm) 7.51 (2H, d, J = 7.8 Hz), 7.32
(2H, t, J = 7.6 Hz), 7.16 (1H, broad s), 7.10 (1H, t, J = 7.3
Hz), 5.41 (2H, 5), 2.65 (2H, t, J = 7.3 Hz), 2.36 (2H, t, J = 7.6
Hz), 1.74 (2H, quintet, J = 7.1 Hz), 1.66 (2H, quintet, J = 7.1
Hz}, 1.50—1.36 (4H, m), 1.21 (9H, s); MS (ED) m/z: 351 (M*),
HRMS caled for C1sHzsN O3S 351,187, found 351.189.

Biology. Enzyme Assays. The assay of HDAC activity was
performed using an HDAC fluorescent activity assay/drug
discovery kit (AK-500, BIOMOL Research Laboratories). HeLa
nuclear extracts (0.5 uLéwell) were incubated at 37 °C with
25 uM of Fluor de Lys substrate and various concentrations
of samples. Reactions were stopped after 30 min by adding
Flucr de Lys Developer with trichostatin A which stops further
deacetylation. Then, 15 min after addition of this developer,
the fluorescence of the weils was measured on a fluorometric
reader with excitation set at 360 nm and emission detection
set at 460 nm, and the % inhibition was calculated from the
fluorescence readings of inhibited wells relative to those of
control wells. The concentration of compound which results
in 50% inhibition was determined by plotting the log{Inh)
versus the logit function of the % inhibition. ICsy values are
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determined using a regression analysis of the concentration/
inhibition data.

Lineweaver—Burk Double-Reciprocal Piot Analysis.
The assay of HDAC activity was performed using an HDAC
fluorescent activity assay/drug discovery kit {AK-500, BIOMOL
Research Laboratories). HeLa nuclear extracts (0.5 uL/well)
were incubated at 37 °C with Fluor de Lys substrate (50, 100,
200, or 400 uM) in the presence of 0, 0.03, 0.1, or 0.3 uM of
compound 7. Reactions were stopped after 10 min by adding
Fluor de Lys Developer with trichestatin A which stops further
deacetylation. Then, 15 min after addition of this developer,
the fluorescence of the wells was measured on a fluorometric
reader with excitation set at 360 nm and emission detection
set at 460 nm.

Monolayer Growth Inhibition Assay. Cancer cells were
plated in 96-well plates at initial densities of 1500 celis/well
and incubated at 37 °C. After 24 h, cells were exposed to test
compounds at various concentrations in 10% FBS-supplement-
ed RPMI-1640 medium at 37 °C in 5% CO, for 48 h. The
medium was removed and replaced with 200 xL of 0.5 mg/mL
of Methylene Blue in RPMI-1640 medium, and cells were
incubated at room temperature for 30 min. Supernatants were
removed from the wells, and Methylene Blue dye was dissolved
in 100 uLAwell of 3% aqueocus HCL. Absorbance was determined
on a microplate reader (BioRad) at 660 nm.

Western Blot Analysis. HCT-116 cells (purchased from
ATCC) (1 x 10°) treated for 8 h with SAHA and compound 51
at the indicated concentrations in 10% FBS-supplemented
McCoy’s 5A medium were collected and sonicated. Protein
concentrations of the lysates were determined by using a
Bradford protein assay kit (Bio-Rad Laboratories); equivalent
amounts of proteins from each lysate were resolved in 15%
SDS-polyacrylamide gel and then transferred onto nitrocel-
lulose membranes (Bio-Rad Laboratories). After blocking with
Tris-buffered saline (TBS) containing 0.1% Tween 20 (TBST)
containing 3% skim milk for 30 min, the transblotted mem-
brane was incubated with hyperacetylated histone H4 antibody
{Upstate Biotechnology) (1:2000) or p21WAFVCIFl antibody
{Medical and Biological Laboratories} (1: 200) in TBST
containing 3% skim milk at 4 °C overnight. After treatment
with the primary antibody, the membrane was washed twice
with water for anti- hyperacetylated histone 14, or three times
with TBS for anti-p21¥AFYCIPI then incubated with goat anti-
rabbit or anti-mouse IgG-horseradish peroxidase conjugates
(1:10000 or 1:5000) for 1.5 h at room temperature and washed
twice with water for anti- hyperacetylated histone H4, or three
times with TBS for anti-p21WAFWCIFI The immunoblots were
visualized by enhanced chemiluminescence.

Molecular Modeling. Docking and subsequent scoring
were performed using Macromodel 8.1 software. Coordinates
of HDACS8 complexed with MS344 were taken from the
Brookhaven Protein Data Bank (PDB code 1T67) and hydrogen
atoms were added computationally at appropriate positions.
The structures of SAHA and eompound 7 bound to HDACS
were constructed by molecular mechanics (MM) energy mini-
mization. The starting positions of SAHA and compound 7
were determined manually: the benzene ring and the linker
parts were superimposed in the active site onto its crystal-
lographic MS344 counterpart. The conformations of SAHA and
compound 7 in the active site were minimized by a MM
calculation based upon the OPLS-AA force field with each
parameter set as follows: solvent: water, method: LBFGS,
max. no. iterations: 10 000, converge on: pgradient, conver-
gence thresheld: 0.05.
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Abstract—To develop novel PPARY ligands, we synthesized thirteen 3- {4-(2-aminoethoxy)phenyl) propanoic acid derivatives, which
are designed based on the structures of rosiglitazone and 15d-PGJ,. Among these compounds, compound 9 was found to be as
potent as rosiglitazone in a binding assay and a preadipocyte differentiation test. Molecular modeling suggested that the nonyl group
of 9 interacted with hydrophobic amino acid residues constructing the hydrophobic region of PPARY protein where the alkyl chain

of 15d-PGJ; is expected to be located.
© 2005 Elsevier Ltd. All rights reserved.

Peroxisome proliferator-activated receptors (PPARa,
PPARY, and PPARS) belong to the nuclear receptor
superfamily and act as ligand-activated transcription
factors.!”> These receptors play a pivotal roles in regu-
lating the expression of a Jarge number of genes involved
in lipid metabolism and energy balance.® Many studies
on PPARs have been performed, and these efforts led
to the discovery of the clinically useful thiazolidinedione
(TZD) class of insulin sensitizers such as rosiglitazone®
and pioglitazone® (Fig. 1), which are potent PPARy
agonists used in the treatment of Type 2 diabetes. How-
ever, the use of TZDs has been limited because of their
poor safety profiles. For example, troglitazone, which

Rosipiitazone Ploglitazone

Figure 1. Structures of rosiglitazone (GSK) and pioglitazone
{Takeda).

Keywords: PPARy ligand; 15d-PGJ;; Insulin sensitizer; Agonist.

* Corresponding author, Telfax: +81 52 836 3407; e-mail: miyata-n@)
phar.nagoya-cu.ac.jp

*Current address: Faculty of Pharmaceutical Sciences, Musashino
University, 1-1-20 Shin-machi, Nishi-Tokyo City, Tokyo 202-8585,
Japan.

0960-894X/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/.bmcl.2005.01.074

came out to the market first, disappeared from the
market due to its severe hepatic toxicity in 1999,7 and
rosiglitazone is reported to be associated with liver,
cardiovascular, and hematological toxicities.® We there-
fore initiated a search for non-TZD PPARYy ligands with
the goal of finding novel insulin sensitizers. In this letter,
we report the design, synthesis, and biological activity of
non-TZD PPARY ligands based on the structure of ros-
iglitazone and 15-deoxy-A-12,14-prostaglandin J, (15d-
PGl,).

The compounds prepared for this study are shown in
Figure 2, and the routes used for their synthesis are illus-
trated in Schemes 1-4. Scheme 1 shows the preparation
of N-(pyridin-2-yl)-N-alkyl derivatives 1-3 bearing a
methyl, ethyl, and propyl group, respectively, on their
nitrogen atom as an alkyl chain.” The protection of dialk-
ylamine 14a-¢ by (Boc),O gave 15a—¢.'® The Mitsun-
obu reaction!! was applied to the conversion of 15a—¢
into 3-{4-(2-aminoethoxy)phenyl} propanoic acid deriv-
atives 16a—c: treatment of 15a—¢ with diethylazodicarb-
oxylate, PPh;, and 3-(4-hydroxyphenyl)propanoic acid
methyl ester 21 gave ethers 16a—c. The N-Boc groups
of 16a—c were removed with trifluoroacetic acid to give
amines 17a—c. Treatment of 17a-¢ with 2-fluoropyri-
dine, or 2-chloropyridine gave N-(pyridin-2-yl)-N-alkyl
compounds 18a—¢ via nucleophilic aromatic substitu-
tion, and subsequent hydrolysis afforded carboxylic
acids 1-3.
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Scheme 1. Reagents and conditions: (a) Boc,0, CHClL, 0°Ctort, 91—
100%; (b) DEAD, PPhs, 3-(4-hydroxyphenyl)propanoic acid methyl
ester 21, THF, 0 °C to t, 49-63%; (¢) TFA, CH.Cl, 0°C to 1, 81—
94%; (d) 2-fluoropyridine or 2-chloropyridine, DMF, reflux, 7-38%;
{e) ag NaOH, THF/MeOH, rt, 78-92%.

The preparation of the other N-{pyridin-2-yl)-N-alkyl
derivatives 4-10 is outlined in Scheme 2. The prepara-
tion of 2-alkylamino pyridine 20a-g was achieved by
the method of Buchwald:!? treatment of 19 with n-alkyl-
amine, Pdy(DBA);, BINAP, and r-BuONa in toluene
under reflux. Propanoic acid methyl ester 21 was al-
lowed to react with 1,2-dibromoethane to give ether
22. Coupling between amines 20a—g and ether 22 affor-
ded N-(pyridin-2-yl)}-N-alkyl compounds 23a-g, and
subsequent hydrolysis afforded carboxylic acids 4-10.

N-(2-Pyridin-2-y!)-N-aryl derivatives 11-13 were pre-
pared by the procedure outlined in Schemes 3 and 4.

H Ha:n=3
N__.Br N No b:n=4
U a U (CH2CHz 20c:n=5
2d:n=6
= o 20e:n=7
2 :n=§
19 Hh-g 20g he9
[s] o}
/@/\)%Me—h— /@’/\)LOMB
Bra o~
HO 4]
21 22
23a:n=3
Q 23h:n=4
7 N . N_~ De:n=7
U o Lfin=%
P Diag g:n=9
o] 4:n=3
S:n=x4
d (CHaInCHa oH gf:=g
- - =
N Noe~g 8:n=7
U 9:n=8
= 10:n=9

410

Scheme 2. Reagents and conditions: (a) CHy(CH3},NH;, Pd:(DBA),
BINAP, -BuQH, toluene, 80°C, 7-53%; (b) 1,2-dibromoethane,
K.COs, THF, 115°C, 25%; (c) 20a-g, Et;N, KI, THF, 120°C, 2-
25%; (d) aq NaOH, THF, rt, §1-96%.

o]

—
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— &

24 N 5
0
b OH
— \/\
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N
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Scheme 3. Reagents and conditions: (a) (i) NaH, DMF, rt; (ii) 22, K1,
90 °C, 72%; (b) aq NaOH, THF, 1, 8%,

PN T

X, Br H
| Xy N Ix_‘ N |N\
J = JU
26. X =CH X
19:X =N 2,’;&“
= 0
b N Me
iX\ N~
= 28a:X=CH
28 X =N
P 2
< N. 2z OH
lx\ N~
o
12: X=CH
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Scheme 4. Reagents and conditions: {a) 2-aminopyridine, Pd,(DBA),,
BINAP, -BuONa, toluene, 80 °C, 70-88"%%; (b} (i) NaH, DMF, rt, (ii)
22, KI, 90°C, 18-30%; (c) aq NaOH, THF, rt, 70-80%.
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Norharman 24 was reacted with bromide 22 in the pres-
ence of sodivm hydride in DMF to give 9H-p-carboline
compound 235, and subsequent hydrolysis gave com-
pound 11 (Scheme 3). Compounds 27a and b were pre-
pared in the same way as 2-alkylamino pyridines 20a-g
(Scheme 4). Compounds 27a and b were allowed to react
with bromide 22 in the presence of sodium hydride in
DMF to give compounds 28a and b. Treatment of 28a
and b with aqueous NaOH gave N-(pyridin-2-yl)-N-phe-
nyl derivative 12 and dipyridinyl derivative 13.

The binding affinity of the compounds for PPARYy was
evaluated with a CoA-BAP system (Microsystems).!?
In this system, the alkaline phosphatase (AP) activity
is directly proportional to the PPARy-binding affinity
of the ligands.

Since 1t has been revealed that the TZD ring can be re-
placed by a carboxyl group,'* we initially examined the
binding affinity for PPARY of compound 1, in which the
TZD group of rosiglitazone is replaced by a carboxyl
group. Although compound 1 did not show any activity
at 0.1 and 1 pM, a certain level of activity was observed
at 10 pM (Table 1, line 1). For the further design of
PPARy ligands, we focused on the alkyl chain of 15d-
PGJ,,'>1¢ an endogenous ligand of PPARY. Since cer-
tain fatty acids with a long alkyl chain are known to
be natural PPARy ligands,!? the hydrophobic moiety
is assumed to be critical for the binding affinity for
PPARy. Our study regarding the binding mode of
15d-PG1I; in PPARy protein (PDB code 1FM6) by com-
puter calculation (Macromodel 8.1)'% also suggested
that the alkyl chain of 15d-PGJ, is located in the wide
hydrophobic region of the PPARY ligand-binding cavity
(Fig. 3). However, the crystal structure of a PPARYy/ros-
iglitazone complex!® revealed that rosiglitazone does not
have any hydrophobic groups interacting with the
hydrophobic amino acid residues of PPARy. We
hypothesized that the introduction of a hydrophobic
group into compound 1 may increase the affinity for
PPARY (Fig. 4). We therefore designed compounds 2-
10 in which alkyl groups of various lengths were intro-

Table 1. Binding affinity for PPARY of compounds 1-13 at 0.1, 1.0,
and 10 uM.?

[Do1uMm B1ouM Bi0pM

AP activity

o, | i
ol 2 3 4 5 6 7 8 9 1011 1213
Compounds

*Values are means of at least three experiments.

Figare 3. View of the conformation of 15d-PGJ; (tube) docked in
PPARY. The hydrophobic and hydrophilic regions are shown in yellow
and blue, respectively.

duced at the 2-aminopyridiny} moiety of compound 1,
and evaluated their ability to bind PPARY. 1t was found
that the affinity of compounds 1-10 was closely related
to chain length, and the most potent compounds were
heptyl 7, octyl 8, and nonyl 9. In addition, N,N-diaryl
compounds 11-13 exhibited weak activity compared
with compounds 7-9 (Table 1, lines 11-13). We next
compared the binding affinity of compounds 7-9 with
that of rosiglitazone at lower concentrations. As shown
in Figure 5, compound 9 showed the highest activity
among the three, and had only slightly less affinity for
PPARYy than did rosiglitazone.

As compound 9 was most active in our study, we used it
for further evaluation. Since it has been reported that
activation of PPARy enhances adipocyte differentia-
tion?® and increases insulin sensitivity, compound 9
was subjected to a rat abdominal preadipocyte differen-
tiation test.2'22 The accumulation of neutral fat in the
cells was observed after the administration of compound
9 at concentrations of 1, 2.5, and 5 pM, and the activity
of compound 9 was found to be comparable to that of
rosiglitazone (Fig. 6).

Since N-nonyl carboxylic acid 9 had a high level of activ-
ity, we studied its mode of binding to PPARY. A low en-
ergy conformation was calculated when 9 was docked in
a model based on the crystal structure of PPARY using
Macromodel 8.1 software.!® An inspection of the simu-
lated PPAR /9 complex suggested that oxygen atoms of
compound 9 form hydrogen bonds with Ser 289, Tyr
327, and Tyr 473 (Fig. 7). In addition, it was shown that
the nonyl group of 9 is located in the hydrophobic re-
gion formed by Phe 287, Gly 284, Ile 281, Ife 341, and
Met 348 (Fig. 8) where the alkyl chain of 15d-PGIJ, is
calculated to be located (Fig. 3).

In summary, in order to explore novel PPARY ligands,
we prepared several 3-{4-(2-aminoethoxy)phenyl}prop-
anoic acid derivatives designed based on the structures
of rosiglitazone and 15d-PGJ,. Among them, N-(pyri-
din-2-yl)-N-nonyl compound 9 was found to be as
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2-aminopyridine moiety
CO0OH
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Figure 5. Binding affinity for PPARY of rosiglitazone and compounds
7-9 at 0.001, 0.01, 0.1, and 1.0 pM, Values are means of at least three
experiments.
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Figure 6. Accumulation of fatty acid in rat preadipocytes by rosiglit-
azone and compound 9. Values are means of at least three experiments.

potent as rosiglitazone in the binding assay and the prea-
dipocyte differentiation test. Molecular modeling sug-
gested that the carboxylate anion of 9 forms hydrogen

2.aminopyridine moiety

l Alky! chain

2-10

g

. B r?
LY ?1;4.‘;7‘
SER 200 ™ .
' e
L
L

#ET 318

I

Figure 7. View of the conformation of 9 (tube) docked in PPARY.
Residues around compound 9 and hydrogen bonds are displayed as
wires, and dotted lines, respectively. Figures represent distances in
angstroms,

Figure 8. View of the conformation of 9 (tube) docked in PPARy. The
hydrophobic and hydrophilic regions are shown in yellow and blue,
respectively.

bonds with some hydrophilic amino acid residues, and
the nonyl group appropriately interacts with hydropho-
bic amino acid residues. The findings of this study
will help provide an effective agent for Type 2 diabetes.
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Currently, further detailed studies on compound 9 are
under way.
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In rat preadipocyte differentiation experiments, we basi-
cally followed the protocol of the preadipocyte Total Kit
(TOYOBO. Co., Ltd, Osaka, Japan). Rat preadipocytes
obtained from the abdominal tissue (Wistar, male, 8 weeks
old) were cultured for 10 days in a humidified incubator at
37 °C and 5% CO; in a preadipocyte growth medium. The
medium was renewed every other day. After the preadi-
pocytes reached confluence, they were treated with pre-
adipocyte differentiation medium containing compound 9
or rosiglitazone. The cells were cultured for 15 days with
the differentiation medivm renewed every three days.
Accumulating neutral fat in the cells was measured as
absorbance at 590 nm with a 1420 ARVO™ multilabel-
counter (PerkinElmer, Boston, MA, U.S.A)) after stain-
ing with lipidos liquid (TOYOBO. Co., Ltd, Osaka,
Japan).
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Abstract—In order to find novel non-hydroxamate histone deacetylase (HDACY) inhibitors, we synthesized several suberoylanilide
hydroxamic acid (SAHA)-based compounds designed on the basis of the catalytic mechanism of HDACs. Among these compounds,
5b was found to be as potent as SAHA. Kinetic enzyme assays and molecular modeling suggested that the mercaptoacetamide moi-
ety of 5b interacts with the zinc in the active site of HDACs and removes a water molecule from the reactive site of the deacetylation.

© 2004 Elsevier Ltd. All rights reserved.

Histone deacetylases (HDACs) catalyze the deacetyl-
ation of the acetylated g-amino groups of specific
histone lysine residues,!? and are involved in the expres-
sion of a number of genes.® In addition, HDACs have
also been implicated in certain disease states such as
cancer.*7 For this reason, there is a growing interest
in the generation of potent small-molecule inhibitors
of HDACs. Thus far, several classes of small-molecule
HDAC inhibitors have been recognized.® Most of these
are hydroxamic acid derivatives, typified by suberoylani-
lide hydroxamic acid (SAHA) (Fig. 3), and are thought
to chelate the zinc ion in the active site.!'° Although
hydroxamic acids are responsible for various potent
inhibitors, they generally have many problems associ-
ated with their use such as low oral availability, poor
in vivo stability, and undesirable side effects.!""'? Thus,
it has become increasingly desirable to find replacement
groups that possess strong inhibitory action against
HDACs. We and other groups have searched for a suit-
able hydroxamic acid replacement for HDAC inhibitors
by structure-based drug design (SBDD)'*"!* ever since
the crystal structure of an archaebacterial HDAC
homologue (HDAC-like protein, HDLPYSAHA com-
plex was first reported.” However, SBDD has not yet
led to the discovery of potent non-hydroxamate HDAC
inhibitors, and the non-hydroxamates found with

Keywords: Histone deacetylase inhibitor; Non-hydroxamate.
* Corresponding authors. Tel./fax: +81 52 836 3407; e-mail addresses:
suzuki@phar nagoya-cu.ac.jp; miyata-n@phar.nagoya-cu.ac.jp

0960-894XUS - see front matter © 2004 Elsevier Ltd. All rights reserved.

doi:10.1016/).bmcl.2004.10.074

SBDD are approximately 10-1000-fold less potent than
their corresponding hydroxamates. We therefore
decided to search for hydroxamic acid replacements by
an alternative approach, namely, mechanism-based drug
design. In this paper, we report the mechanism-based
design, synthesis, enzyme inhibition, and binding mode
of non-hydroxamate HDAC inhibitors.

The crystal structures of the HDLP/hydroxamates and
HDACS8/hydroxamates complexes have led to a solid
understanding of not only the three dimenstonal struc-
ture of the active site of HDACs but also the catalytic
mechanism for the deacetylation of acetylated lysine
substrate.?19 It is proposed that the carbonyl oxygen
of this substrate could bind the zinc, and the carbonyl
could be attacked by a zinc<chelating water molecule
(Fig. 2a), which would result in the production of
deacetylated lysine via a tetrahedral carbon-containing
transition state (Fig. 1a). On the basis of the proposed
catalytic mechanism, we attempted to design non-hydr-
oxamate HDAC inhibitors. First, we designed transi-
tion-state (TS) analogues. The TS of HDAC
deacetylation was estimated to include a tetrahedral car-
bon {Fig. la) as with other zinc proteases.!® To date,
there has been only one report on TS analogue inhibi-
tors of HDACs, namely, phosphorus-based SAHA ana-
logues.!” However, these analogues have a potency
about 1000-fold less than that of SAHA. We focused
attention on sulfone derivative TS analogues because it
has been suggested that the sulfonamide moiety has
strong similarity with the TS of amide bond hydrolysis,
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Figure 1. The transition state proposed for HDACs (a), and models
for the binding of sulfone derivatives (b).

both from a steric and an electronic point of view.!8
Compounds 1 and 2, in which a hydroxamic acid of
SAHA was replaced by a sulfonamide and a sulfone,
respectively, were designed as TS analogues (Figs. 1b,
and 3). Our second approach was based on the proposed
deacetylation mechanism whereby a zinc-chelating
water moilecule activated by Hisl42 and Hisi43
(HDAC8 numbering) makes a nucleophilic attack on
the carbonyl carbon of accetylated lysine substrate (Fig.
2a). With this mechanism, if the water molecule is forci-
bly removed from the zinc ion, the HDACs would sup-
posedly be inhibited. We then designed hetero atom
containing substrate analogues 3-5 (Fig. 3). These ana-
logues would be recognized as substrates by HDACs
and would be easily taken into the active site where they
could force the water molecule off the zinc ion and the
reactive site of the deacetylation by chelation of the het-

i
N b
. ',O’%/NH
—'Zl‘l:' ('CH;; ’0
/ Y2 —ZnAy,
DHa~ s

(a)

ero atom to the zinc ion, and might behave as HDAC
inhibitors (Fig. 2b).

The compounds prepared for this study are shown in
Table 1. The routes used for synthesis of the compounds
are indicated in Schemes 1-3. Scheme 1 shows the prep-
aration of sulfonamide 1, a TS analogue. The condensa-
tion of dicarboxylic acids 8a-c¢ with an equivalent
amount of aniline gave mono-anilides 9a—c. Carboxylic

Table 1. HDAC inhibition data for SAHA, SAHA-based transition
state analogues, and substrate analogues®

o

Compd R n % Inhbtn ICs5 (uM)
at 100uM

SAHA® _CONHOH 6 100 0.28

1 ~NHSO,Me 5 10 7500

2 -S0,Me 6 33 230

3 ~NHCOCH,;NH, 5 6 >100

4 ~NHCOCH,OH 5 0 >100

5a -NHCOCH,SH 6 9 3.0

Sh -NHCOCH,SH 5 99 0.39

5¢ -NHCOCH,SH 4 38 1"

6 -NHCOCH,SAc 5 72 22

7 -NHCOCH,CH,SH 5 78 24

*Values are means of at least three experiments.
® Prepared as described in Ref. 25.

HN’Ph HN‘Ph

(o)

Figure 2. The mechanism proposed for the deacetylation of acetylated lysine substrate (a), and a model for the binding of hetero atom containing

substrate analogues to zinc ion (b).

o

OHYW\)LEIOH
o}

1: R = -NHS0,;Me
R=-CHSO:Me 4 R =-NHCOCH,0OH

SAHA

§
WR
o]
3 R =-NHCOCH,;NH,

5: R = -NHCOCH,SH

Figure 3. Structures of SAHA, SAHA-based transition state analogues 1 and 2, and hetero atom conlaining substrate analogues 3-5 designed on the

basis of the deacetylation mechanism.
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Scheme 2. Reagents and conditions: (a) LiOH - H,0, THF, EtOH,
H;0, 1t, 99%; (b) (COCY,;, DMF, CH,Cl, rt; (¢) aniline, Et;N,
CHCL, rt, 87%; (d) 15% ag NaSMe, EtOH, rt, 99%; (&) m-
chloroperoxybenzoic acid, CH,Cly, rt, 70%.
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Scheme 3. Reagents and conditions: (a) RCH,COOH, EDCI, HOBt,
DMF, rt, 35-99%; (b) trifluoroacetic acid, CH,Cly, rt, 84%; (c)
bromoacetyl chloride, EtyN, CH,Cl,, rt, 23-56%; {(d} AcSK, EtOH, rt,
50-89%%; (¢} K,CO;, MeOH, tt, 28-75%.

acids 9a-¢ were converted to amines 10a-c in three
steps: Curtius rearrangement of carboxylic acids 9a—c,
treatment of the resulting isocyanates with benzyl alco-
hol, and cleavage of the Z group by hydrogenolysis.
Coupling between amine 10b and methanesulfonyl chlo-
ride afforded sulfonamide 1. Preparation of 2, the other
TS analogue, is shown in Scheme 2. 7-Bromoheptanoic
acid ethyl ester 11 was converted to 12 in three steps
by hydrolysis of the ester of 11, acid chloride formation
by oxalyl chloride, and condensation with aniline. Bro-
mide 12 was allowed to react with sodium methanethio-
late to give sulfide 13, after which treatment with two

equivalents of m-chloroperoxybenzoic acid gave sulfone
2. Hetero atom containing substrate analogues 3-7 were
prepared from amines 10 obtained above by the proce-
dure outlined in Scheme 3. The amine 10b was reacted
with an appropriate carboxylic acid in the presence of
EDCI and HOBt in DMF to give compounds 4, 7 and
14. The N-Boc group of compound 14 was removed
by treating with trifluoroacetic acid to give aminoacet-
amide 3. Coupling between amines 10a—c and bromoace-
tyl chleride and subsequent treatment with potassium
thioacetate afforded compounds 6, 15, and 16 and the
deacetylation of these compounds in the presence of
K>CO; in MeOH gave mercaptoacetamides Sa—c.

The compounds prepared for this study werc evaluated
using an HDAC enzyme inhibition assay!? (Table 1).
In the case of TS analogues, sulfone 2 showed anti-
HDAC activity and the ICsy value was 230 uM, which
was greater than those of phosphorus-based SAHA ana-
logues.!” However, sulfone 2 was approximately 820-
fold less effective than SAHA. Next, we examined hetero
atom containing substrate analogues. While 3 and 4 did
not possess HDAC inhibitory activities,2® potent inhibi-
tion was observed with mercaptoacetamide 5b. Com-
pound 5b exhibited an ICsq of 0.39uM, and its activity
largely surpassed those of phosphorus compounds'’
and was comparable to those of SAHA and previcusly
reported non-hydroxamates.?!->2 The potency of merca-
ptoacetamide Sa—c was directly related to chain length,
and the most potent compound was 5b, where n =35,
As expected, thiol transformation into thioacetate (6)
led to a 55-fold less potent inhibitor. This result suggests
that thiolate anion generated under physiological condi-
tions has an intimate involvement in the interaction with
the zinc ion in the active site. The conversion of merca-
ptoacetamide to mercaptopropionamide (7) reduced po-
tency as compared to compound Sh.

Next, we studied the inhibition mechanism of mercapto-
acetamide 5b. Although the mercaptoacetamide group
of 5b was designed to make use of its chelation of the
zinc ion in the active site, there is a possibility that
mercaptoacetamide Sb inhibits HDACs by forming a
covalent disulfide bond with cysteine residues of these
enzymes. We examined this possibility using a Line-
weaver-Burk plot (a double reciprocal plot of 1/ versus
1/[substrate] at varying concentrations of inhibitor 5b)
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Figure 4. Reciprocal rate versus reciprocal acetyl lysine substrate
concentration in the presence of 1 (@), 0.3 (&), 0.1 (M}, and 0 (O) pM
of 5b.

(Fig. 4), and the data from this study established that
mercaptoacetamide 5b engages in competitive inhibition
versus acetylated lysine substrate, with an inhibition
constant (K;} of 0.78 uM. Since cysteine is not a compo-
nent in the construction of the active site of HDACs, the
mercaptoacetamide group of 5b likely interacts with the
zinc in the active site,

Since mercaptoacetamide Sb was proven to act in the
HDAC active center, we studied its binding mode in this
site. The low energy conformation of 5b was calculated
when docked in the model based on the crystal structure
of HDACS (PDB code 1T64, 1T67, 1T69, and 1VKG)
using Macromodel 8.1 software. An inspection of the
HDACS/5b complex showed that the sulfur atom and
oxygen atom of 5b were located 2.44 A and 2.04 A from
the zinc ion, respectively, and that a water molecule,
which is required for the deacetylation of acetylated ly-
sine substrate, was positioned 4.95 A apart from the zinc
ion (Fig. 5). This calculation suggests that 5b inhibits
HDAC:s by chelating the zinc ion in a bidentate fashion
through its sulfur and oxygen atoms, and by removing a
water molecule from the zinc and the reactive site of the
deacetylation, without being hydrolyzed by HDACs.

In summary, in order to find novel non-hydroxamate
HDAC inhibitors, we prepared several SAHA-based
compounds whose designs were based on the proposed
HDAC catalytic mechanism. Although transition state
analogues were weakly active against HDACS, merca-
ptoacetamide 5b, one of the hetero atom containing sub-
strate analogues, was found to be as potent as SAHA.
Mercaptoacetamide 5b exhibits strong competitive inhi-
bition versus acetylated lysine substrate. As far as we
could determine, this is the first report of HDAC inhib-
itors with mercaptoacetamide. Since mercaptoacet-
amides are reported as potent, long-lived, and low-
toxic matrix metalloproteinase inhibitors,2>2% we believe
that our findings in this study wili provide the basis for
the development of ideal HDAC inhibitors free of the
problems associated with hydroxamates. Further
detailed structure—activity relationship studies are cur-
rently under way and the next stage of evaluations per-
taining to mercaptoacetamides 5 has begun.
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Ko TNAI M, MEELLTRHAT
xATEELH D, ARTHE, T EV=XT
4y I REEETODEO -2 L L THEIEE
BEEhTWwWhEXRPVYETEF VMR
(HDAC) MHEROBEREIZ SV THRIEOEM
BB TD.

2.HDAC DHE L BiE
HDACITE A PO NEKBT—ADT &F
nMeshiEY vy B ELLTEFAELRRSE
FTERIGABIELTVWS (K1), FOFERIG.
FThbbe AN DYV UBEETEF L
FTEHERISIE. B R M T EFALLEEFRE (HAT)
M| oTWB,HDAC & HATI X DAL A bV
J v BREOREHTEFABIZEIDELLO
BEFORIEIFEIA TS, DRI,
LA FUBRBETEFALLERERETIEIERES
mElEh, ERFrOTEFALBTTET
BrEEREMLENRS, WHITLTEA b
YOTEFAMMEBREREZ{REL TWLH0ITD
Wi, FERLARE Moz, UL LE.
iR ELZAREF TFIID O#BREDITHD
TAF;250 £ £ R b H4 OF EF BT O
EARXBEABERFNCIVEALNIZESH
b, BEEREFHREAPrOTEFL
LEnEY v BELZREL. BEOCREBTF
DFaF—F —ZESERT LB LA
BEOESHICESELTWEEZEZILRD LD
ot (K2), Y

1996 7 Schreiber HiC L ->T, EhERA
P 7 EFALBEEORR, ZJa—=r7
RNiFbh., FTANHFEEFOKEREF Rpdl
DRERITHEIEBELMCERE, ¥
FhUE. SBETRBEH O F HDAC AR
SOhoTEY, HiEL, BBOBEETTDH
% Rpd3 IZiEV 2 T & 1(HDACL, 2, 3, 8, 11),
Bk Hdal (2L T3 7 7 R II(HDACH,
5, 6,7, 9 10), BEOF /7 silent
information regulator 2 (Sir 2)IZ AR &R
Z 3 & 1l (SIRT1~7) D 32D A—FT5
Fah T, Y2 b4 HDAC OHEEICD
WTIE, RREE., ENRREREICER
NYUTHR, BAIKHRBEDLRTWD,
F4E . HDAC O#EFRICE LTI, K&
REEMNR OGN, 1999 4, Finnin 5T XY
t b HDAC A€ v 2 T#h 5 HDLP(HDAC-like
protein) & b Fu ¥4 LK% HDACFAEAR &
LTabhasbrUaxZF - A(TSA, 1) &
VAR A AT =Y Fe Fa x4 L8
(SAHA. 2) (K 3) @S EoEREEN,
2004 F2iTt FHDACO T A VHFA LD —
~>T#H5 HDACE £t FuXx¥ ABRAEHR
DESEhOREEENRERENE, YBEE
MRy FORNBERBASRREIZL > THER
X, Bry FOESICE Znt 1 U BREE
LTWAZ ERHbMERof, B FrXH
LEEFR HDAC FREMOE Fu X3 ABEEY
oA FE=nEEie FaxVEOBEHEN



B LTEY., SR =ED
EEFiL Tyr306 (HDACS O&ER) L, €#E
FloftveK#EIX Hisld3 &, e Fux ik
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WY BEMH i ERREE R L 2K FD5,
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ERORBEEITMAEL =,

3.HDAC AEA
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RAEMADIENDhoTWE, "2hwi
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AgFroEA e LT shTWwa, U
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~ 5, SIRT (Sir2) BEHIC>WTIXES
XEBsBEShin, ©
3-2.8 Fr¥¥% A%%E HDAC AEH
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E@bICE BHEhE N-E Frdx Xy
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3-3.3EE Fu ¥ AR HDAC REFEH
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