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In order to diversify the pharmacological activity of chalcones and extend the scaffold of topoisomerase
and cathepsins B and L inhibitors, we have designed and synthesized total 18 chalcone compounds and
tested their biological activity. In the topoisomerase inhibition test, most analogues in group III and IV
except compound 11 exhibited more efficient topoisomerase I inhibitory activity than camptothecin at
20 lM. Compounds 15, 16 and 18 in group IV showed significant cathepsin B and L inhibitory activity.
Among the compounds, compound 15 was most active with IC50 values of 1.81 ± 0.05 lM on cathepsin
B and 3.15 ± 0.07 lM on cathepsin L, respectively. Compound 15 also showed most potent cytotoxic
activity against T47D and SNU638 cells with IC50 values of 1.37 ± 0.05 lM and 0.62 ± 0.01 lM, respec-
tively. Overall, although more compounds should be tested and analyzed for clear SAR against topoiso-
merase I and cathepsin B and L, compound 15 showed consistent inhibitory ability on the tested
assays, which can implicate the cytotoxic activity of compound 15 on topoisomerase I and cathepsin B
and L inhibitory pathways.

� 2013 Elsevier Ltd. All rights reserved.
Topoisomerase enzymes are one of the key factors solving the
topological hurdles during transcription and replication. The en-
zymes use transient cleavage and religation mechanism to relieve
the difficulties of transcription and replication process. Topoisome-
rases are categorized into two types, type I and II. Type I enzyme
introduces one strand cleavage and rejoining of single strand of
DNA duplex of supercoiled chromosomes and type II uses two
strand breakage during process.1 It was known that topoisomerase
II enzyme was required to separate replicated molecules.2 Campto-
thecin is well-known anti-cancer drug working on topoisomerase I
function and doxorubicin and etoposide are clinically important
anticancer drugs targeting topoisomerase II, which attracted a
number of researchers to develop active compounds inhibiting
topoisomerase enzymes.
Cathepsins belonging to cysteine proteases are a class of prote-
olytic enzymes, which are highly expressed in malignant cells.3 In
tumor progression process, cathepsins are released into extracellu-
lar system and exert diverse roles.4–6 For this reasons, cathepsins
emerged as a potential therapeutic target for anticancer treatment
area.7 Among the 11 human cathepsin family reported so far,
cathepsins B and L are reported to be implicated in human pancre-
atic cancers.8,9 In the RIPI-Tag2 mouse model study, cathepsins B
and L knockouts reduce cell proliferation and tumor growth, which
suggest that cathepsins B and L can be potential therapeutic target
for anti-cancer drug.8,10

Chalcones display a various pharmacological effects, including
anti-proliferative, anticancer, antioxidant, anti-inflammatory, or
anti-infective activities.11 Chalcone derivatives have shown poten-
tial as lead compounds for the new drug discovery area due to their
promising biological activity and safety profiles.

Some natural cyclohexyl chalcones panduratin A and nicolaio-
idesin C showed cytotoxic activity against prostate cancer cells
and also cathepsin inhibitory activity in vitro.12
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Figure 1. Structures of prepared chalcone compounds.
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Figure 2. Topoisomerase I (A) and II (B) inhibitory activities of compounds. Compounds were examined in a final concentration of 20 and 100 lM, respectively as designated.
(A) Lane D: pBR322 only, Lane T: pBR322 + Topoisomerase I, Lane C: pBR322 + Topoisomerase I + camptothecin, Lanes 1–18: pBR322 + Topoisomerase I + compounds (1–18)
in designated concentrations. (B) Lane D: pBR322 only, Lane T: pBR322 + Topoisomerase II, Lane E: pBR322 + Topoisomerase II + etoposide, Lanes 1–18: pBR322 + Topo-
isomerase II + compounds (1–18) in designated concentrations.

H

O

1) 10%-NaOH

2) 4M-HCl

O

HO

(A)

+

R

R = F, N-pyrrolidine

R

R = F, N-pyrrolidine

CH3

O

THPO

H

O

1) Ba(OH)2

2) 4M-HCl

O

HO

OH

(B)

+

R

R = F, N-pyrrolidine

R

R = F, N-pyrrolidine

CH3

O

THPO

OH

OTHP

OCH3O

HCH3

O

R

R = OTHP, F, AcNH, NH2

1) 10%-NaOH

2) 4M-HCl

(C)

O

R

OH

OCH3+

R = OH, F, AcNH, NH2
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In order to explore the pharmacological activity of chalcones
and extend the scaffold of topoisomerase and cathepsins B and L
inhibitors, we have designed and synthesized four different groups,
I–IV (Fig. 1) based on the substituents on the B ring of chalcone
structures. Substituents on the B ring were randomly selected con-
sidering the electronic property of oxygen, nitrogen, and fluorine
atoms. We intended to compare the pharmacological activities of
four groups to understand and identify the effect of substituents
on the chalcone skeleton. A total of 18 chalcone derivatives were
prepared and representative synthetic methods11,13 are described
in Scheme 1.

Claisen–Schmidt reaction without protection of the phenolic
OH group at 4-position on the acetyl aryl and aryl aldehyde gave
unsatisfactory results, which was solved by introduction of tetra-
hydropyranyl (THP) protecting group to 4-phenolic OH. Represen-
tative synthetic methods are described in the Ref. 14. In the 1H
NMR spectrum, two doublet signals appeared at around d 7.40
and 8.00 coupling to each other with J values of 15.2–15.6 Hz,
which confirmed the E-geometry of olefin in chalcone compounds.
The reactions provided expected products in low to moderate reac-
tion yields. All the spectral data are consistent with the expected
structures.14
Compounds prepared were evaluated for the topoisomerase I
and II, cathepsin B and L inhibitory activity and cytotoxicity. First,
topoisomerases relaxation inhibitory activities were assayed using
human topoisomerase I and II (Topogen) with camptothecin and
etoposide as positive controls.15 Data were analyzed and evaluated
with LabWork 4.5 Software to calculate the inhibition ratio. The re-
sult was indicated in Figure 2 and Table 1. Although compounds 15
and 18 showed superior inhibitory activity to etoposide at 100 lM,
most compounds were weak or insensitive to topoisomerase II
function at 20 lM. But, interestingly, compounds in group III and
IV showed potent inhibitory activity on topoisomerase I. Most ana-
logues in group III and IV except compound 11 were more efficient
topoisomerase I inhibitor than camptothecin at tested concentra-
tions. Observation implied that 4-fluoro and 4-N-pyrrolidino group
on ring B of chalcone instead of hydroxyl or methoxy group are
proper functional group for topoisomerase I inhibition. Cathepsins
B and L inhibitory activities were also tested with the known meth-
od16 using CA-074 and Z-FF-FMK as cathepsin B and L inhibitor,
respectively. The results are described in Table 2. Compounds 15,
16 and 18 in group IV showed significant cathepsin B and L inhib-
itory activity. Among the compounds, compound 15 was most ac-
tive with IC50 values of 1.81 ± 0.05 lM on cathepsin B and



Table 1
Inhibitory activities of compounds on topoisomerase I and topoisomerase II

Compounds % Inhibitiona of topo I % Inhibitiona of topo II

100 lM 20 lM 100 lM 20 lM

Camptothecin 70.5 37.2 — —
Etoposide — — 63.0 38.5
1 24.8 6.6 1.2 NTb

2 73.2 8.2 2.4 NT
3 5.0 3.8 1.0 NT
4 76.5 20.1 48.7 0.0
5 74.4 2.1 5.8 NT
6 92.0 8.8 24.7 0.0
713a 88.9 2.1 1.6 NT
8 95.8 9.5 0.7 NT
9 100.0 17.3 0.0 NT
10 0.8 NT 0.0 NT
11 50.9 18.0 0.0 NT
12 80.2 56.7 42.2 12.6
13 81.2 60.0 0.0 NT
14 86.1 61.6 0.0 NT
15 74.7 60.0 96.8 19.1
16 87.1 64.4 0.0 NT
17 90.6 73.1 0.0 NT
18 91.1 77.6 96.1 15.3

a The value of % inhibition was expressed as the mean of triplicate experiments.
b NT: non-tested.

Table 3
Cytotoxicity of compounds

Compds/cells IC50
a (lM)

T47Db SNU638c

Adriamycind 2.91 ± 0.14 0.84 ± 0.04
Etoposidee 4.98 ± 0.19 2.57 ± 0.08
Camptothecinf 0.07 ± 0.004 0.28 ± 0.01
1 NTg NT
2 1.05 ± 0.01 2.89 ± 0.07
3 NT NT
4 >25 >25
5 21.88 ± 0.49 16.62 ± 0.32
6 10.9 ± 0.53 4.29 ± 0.06
7 12.11 ± 0.29 10.41 ± 0.44
8 8.51 ± 0.29 6.3 ± 0.19
9 12.33 ± 0.33 17.41 ± 0.28
10 NT NT
11 13.83 ± 0.38 5.54 ± 0.19
12 8.31 ± 0.18 9.43 ± 0.27
13 21.88 ± 0.46 18.41 ± 0.12
14 >25 >25
15 1.37 ± 0.05 0.62 ± 0.01
16 6.99 ± 0.21 5.77 ± 0.25
17 >25 >25
18 21.3 ± 0.96 >25

a Each data point represents mean ± SD from three different experiments per-
formed in triplicate.

b Human breast ductal carcinoma cell line (T47D).
c Human gastric cancer cell line (SNU638).
d Adriamycin: positive control for cytotoxicity.
e Etoposide: positive control for topoisomerase II and cytotoxicity.
f Camptothecin: positive control for topoisomerase I and cytotoxicity.
g NT: non-tested.

Table 2
Inhibitory activities of compounds on cathepsin B and cathepsin L

Compound IC50
a (lM)

Cathepsin B Cathepsin L

CA074 0.0036 ± 0.0003 >100
ZFF-FMK 0.0656 ± 0.0029 0.0837 ± 0.0008
1 >100 29.81 ± 0.15
2 >100 67.51 ± 0.12
3 >100 45.27 ± 0.28
4 >100 >100
5 >100 >100
6 >100 >100
7 57.68 ± 0.82 30.34 ± 0.83
8 95.09 ± 1.23 73.22 ± 1.05
9 46.81 ± 0.40 39.31 ± 0.27
10 76.47 ± 0.49 32.85 ± 0.39
11 >100 >100
12 >100 >100
13 >100 98.68 ± 0.37
14 >100 91.17 ± 0.15
15 1.81 ± 0.05 3.15 ± 0.07
16 28.67 ± 0.18 4.72 ± 0.08
17 54.29 ± 0.25 56.51 ± 0.08
18 28.95 ± 0.93 9.42 ± 0.07

a The IC50 value was expressed as the mean ± standard deviation of 50% inhibi-
tory concentrations of triplicate experiments.
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3.15 ± 0.07 lM on cathepsin L, respectively. Compound 16 was also
a good inhibitor for cathepsin L with IC50 value of 4.72 ± 0.08 lM.
From this result, we suspect that 4-hydroxy group on ring A and
4-N-pyrrolidino group on ring B of chalcones seem to be important
for the inhibition of cathepsin B and L function. Finally, cytotoxic
activity of the compounds was tested against two human cancer
cell lines, T47D (Human breast ductal carcinoma cell line) and
SNU638 (human gastric cancer cell line), using adriamycin, etopo-
side and camptothecin as references. Test was conducted with typ-
ical MTT assay procedure.15 The result was shown in Table 3. Most
compounds tested showed effective cytotoxic activity on the can-
cer cell lines. Especially, compound 15 showed most potent cyto-
toxic activity with IC50 value of 1.37 ± 0.05 lM on T47D cell and
IC50 value of 0.62 ± 0.01 lM on SNU638 cell.
In conclusion, total 18 chalcone compounds were synthesized
and tested for pharmacological activity. In the topoisomerase I
and II inhibition test, most compounds except compounds 15
and 18 did not show significant topoisomerase II inhibitory activ-
ity, but compounds in group III and IV were potent topoisomerase
I inhibitors. In the cathepsin B and L inhibition assay, compound 15
showed highly efficient inhibitory activity on both enzymes with
IC50 values of 1.81 ± 0.05 lM on cathepsin B and 3.15 ± 0.07 lM
on cathepsin L, respectively. In the cytotoxicity test, compound
15 was most cytotoxic on tested human cancer cell lines. Judging
on the observed pharmacological activity used for this study, com-
pound 15 showed consistent inhibitory ability on the tested assays,
which may implicate the cytotoxic activity of compound 15 on
topoisomerase I and cathepsin B and L inhibitory pathways.
Although more compounds should be tested and analyzed for clear
SAR against topoisomerase I and cathepsin B and L, our findings re-
flect that more elaborate modification of the chalcone structure
can provide useful information on the development of new topoi-
somerase I and cathepsin B and L inhibitor.

Acknowledgment

This work was financially supported by CHA University, Po-
cheon, Korea.

References and notes

1. (a) Champoux, J. J. Annu. Rev. Biochem. 2001, 70, 369; (b) Wang, J. C. Rev.
Biophys. 1998, 31, 107.

2. (a) Sundin, O.; Varshavsky, A. Cell 1980, 21, 103; (b) Sundin, O.; Varshavsky, A.
Cell 1981, 25, 659; (c) Nitiss, J. L. Nat. Rev. Cancer 2009, 9, 327.

3. Mohamed, M. M.; Sloane, B. F. Nat. Rev. Cancer 2007, 7, 764.
4. Lopez-Otin, C.; Matrisian, L. M. Nat. Rev. Cancer 2007, 7, 800.
5. Brubaker, K. D.; Vessella, R. L.; True, L. D.; Thomas, R.; Corey, E. J. Bone Miner.

Res. 2003, 18, 222.
6. Lankelma, J. M.; Voorend, D. M.; Barwari, T.; Koetsveld, J.; Van der Spek, A. H.;

De Porto, A. P.; Van Rooijen, G.; Van Noorden, C. J. Life Sci. 2010, 86, 225.

http://refhub.elsevier.com/S0960-894X(13)00434-4/h0005
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0010
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0010
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0015
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0020
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0020
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0025
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0030
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0035
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0040
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0040
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0045
http://refhub.elsevier.com/S0960-894X(13)00434-4/h0045


3324 S.-H. Kim et al. / Bioorg. Med. Chem. Lett. 23 (2013) 3320–3324
7. Palermo, C.; Joye, J. A. Trends Pharmacol. Sci. 2008, 29, 22.
8. Gocheva, V.; Zeng, W.; Ke, D.; Klimstra, D.; Reinheckel, T.; Peters, C.; Hanahan,

D.; Joycy, J. A. Genes Dev. 2006, 20, 543.
9. Gocheva, V.; Joyce, J. A. Cell Cycle 2007, 6, 60.

10. Vasiljieva, O.; Turk, B. Biochimie 2008, 90, 380.
11. Ni, L.; Meng, Q. M.; Siroski, J. A. Expert Opin. Ther. Pat. 2004, 14, 1669.
12. Majumdar, S. D.; Devanabanda, A.; Fox, B.; Schwartzman, J.; Cong, H.; Porco, J.

A., Jr.; Weber, H. C. Biochem. Biophys. Res. Commun. 2011, 416, 397.
13. (a) Nielsen, S. F.; Chen, M.; Theander, T. G.; Kharazmi, A.; Christensen, S. B.

Bioorg. Med. Chem. Lett. 1995, 5, 449; (b) Liu, X.; Go, M. L. Bioorg. Med. Chem.
2006, 14, 153; (c) Modzelewska, A.; Pettit, C.; Achanta, G.; Davidson, N. E.;
Huang, P.; Khan, S. R. Bioorg. Med. Chem. 2006, 14, 3491.

14. Representative synthetic procedure: Method 1. A mixture of THP protected 4-
hydroxyacetophenone analogue, benzaldehyde analogue and NaOH or Ba(OH)2

base in ethanol was stirred (4–24 h) at room temperature. To the mixture was
added 4 M-HCl and the reaction mixture was stirred for more 20–40 min. After
adding water, the reaction mixture was extracted with ethyl acetate and
organic layer was washed with water. Organic layer was dried over anhydrous
MgSO4 and solvent was removed under reduced pressure. (1) The residue was
treated with EtOAc and hexane, filtered and collected to give product, or (2)
The residue was applied to silica gel column chromatography to give desired
compound.
Method 2. A mixture of acetophenone analogue (or acetyl 5-membered
heteroaromatic analogue), benzaldehyde analogue and NaOH or Ba(OH)2 base
in ethanol was stirred at room temperature. (1) To the mixture was added
water and solid formed was filtered and dried on the air. Solid was triturated
with mixed solvent, filtered and dried to give desired compound. or (2) After
adding water, the reaction mixture was extracted with ethyl acetate and
organic layer was washed with water. Organic layer was dried over anhydrous
MgSO4 and solvent was removed under reduced pressure. The residue was
applied to silica gel column chromatography to give desired compound.
Compound 1: Yellow solid (39.7%). Rf 0.11 (Ethyl acetate/n-hexane = 1:3); 1H
NMR (400 MHz, CDCl3 + CD3OD) d 3.91 (s, 3H), 6.87 (d, J = 8.8 Hz, 2H), 6.90 (d,
J = 8.4 Hz, 1H), 7.39 (d, J = 15.6 Hz, 1H), 7.50 (dd, J = 2.0, 8.4 Hz, 1H), 7.63 (d,
J = 15.6 Hz, 1H), 7.84 (d, J = 2.0 Hz, 1H), 7.92 (d, J = 8.8 Hz, 2H); 13C NMR
(100 MHz, CDCl3 + CD3OD) 56.5, 112.0, 112.4, 115.6, 120.9, 129.3, 129.8, 130.1,
131.3, 132.7, 142.4, 157.6, 162.0, 189.2 ppm. Compound 2: Yellow solid (72.6%).
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119.4, 129.1, 130.2, 131.4, 132.9, 142.8, 158.0, 166.5, 166.9, 191.8 ppm.
Compound 4: Off-white solid (89.0%). Rf 0.51 (Ethyl acetate/n-hexane = 1:3); 1H
NMR (400 MHz, CDCl3) d 3.97 (s, 3H), 6.95 (d, J = 8.8 Hz, 1H), 7.18 (d, J = 8.4 Hz,
1H), 7.20 (d, J = 8.4 Hz, 1H), 7.40 (d, J = 15.2 Hz, 1H), 7.55 (dd, J = 2.0, 8.8 Hz,
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182.3 ppm. Compound 6: Ivory solid (70.8%). Rf 0.37 (Ethyl acetate/n-
hexane = 1:3); 1H NMR (400 MHz, CDCl3) d 3.96 (s, 3H), 6.60–6.62 (m, 1H),
6.93 (d, J = 8.4 Hz, 1H), 7.33 (d, J = 3.2 Hz, 1H), 7.34 (d, J = 15.6 Hz, 1H), 7.54 (d,
J = 8.4 Hz, 1H), 7.66 (s, 1H), 7.77 (d, J = 15.6 Hz, 1H), 7.90 (s, 1H); 13C NMR
(100 MHz, CDCl3) 56.6, 112.1, 112.6, 112.8, 117.6, 120.3, 129.1, 130.2, 132.9,
142.4, 146.7, 153.9, 157.9, 178.0 ppm. Compound 8: Orange solid (70.8%). Rf

0.14 (Ethyl acetate/n-hexane = 1:3); 1H NMR (400 MHz, CDCl3) d 3.90 (s, 3H),
5.46 (s, 1H), 6.47–6.49 (m, 2H), 7.16 (d, J = 8.8 Hz, 1H), 7.18 (d, J = 8.4 Hz, 1H),
7.51 (d, J = 15.6 Hz, 1H), 7.52 (d, J = 8.8 Hz, 1H), 8.04 (d, J = 8.4 Hz, 1H), 8.05 (d,
J = 8.8 Hz, 1H), 8.06 (d, J = 15.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) 55.8, 99.4,
108.1, 115.8 (d, J = 21.6 Hz), 117.2, 120.2, 131.2 (d, J = 8.9 Hz), 131.4, 135.0,
141.0, 146.8, 159.5, 160.9, 189.9 ppm. Compound 9: Brown solid (15.3%). 1H
NMR (400 MHz, DMSO-d6) d 2.08 (s, 3H), 3.84 (s, 3H), 6.45 (dd, J = 2.0, 8.4 Hz,
1H), 6.48 (d, J = 2.0 Hz, 1H), 7.67 (d, J = 16.0 Hz, 1H), 7.74 (d, J = 8.8 Hz, 2H),
7.78 (d, J = 8.4 Hz, 1H), 7.94 (d, J = 16.0 Hz, 1H), 8.05 (d, J = 8.8 Hz, 2H), 10.3 (s,
1H); 13C NMR (100 MHz, DMSO-d6) 24.2, 55.5, 99.1, 108.3, 114.4, 117.8, 118.2,
129.5, 130.2, 132.7, 138.5, 143.3, 160.2, 161.9, 168.9, 187.5 ppm. Compound 10:
Dark brown solid (31.2%). Rf 0.78 (Methanol/Chloroform = 1:4); 1H NMR
(400 MHz, DMSO-d6) d 3.85 (s, 3H), 6.46 (dd, J = 2.0, 8.4 Hz, 1H), 6.54 (d,
J = 2.0 Hz, 1H), 6.72 (d, J = 8.4 Hz, 2H), 7.56 (d, J = 8.4 Hz, 1H), 7.61 (d,
J = 15.6 Hz, 1H), 7.87 (d, J = 15.6 Hz, 1H), 7.88 (d, J = 8.4 Hz, 2H); 13C NMR
(100 MHz, DMSO-d6) 55.7, 98.9, 108.6, 114.2, 114.7, 116.9, 118.3, 129.8, 130.0,
130.6, 137.0, 159.8, 163.7, 186.8 ppm. Compound 11: Weak yellow solid
(64.9%). Rf 0.23 (Ethyl acetate/n-hexane = 1:3); 1H NMR (400 MHz,
CDCl3 + CD3OD) d 6.87 (d, J = 8.8 Hz, 2H), 7.06 (d, J = 8.4 Hz, 1H), 7.08 (d,
J = 8.8 Hz, 1H), 7.44 (d, J = 15.6 Hz, 1H), 7.59 (d, J = 8.8 Hz, 1H), 7.60 (d,
J = 8.8 Hz, 1H), 7.70 (d, J = 15.6 Hz, 1H), 7.92 (d, J = 8.8 Hz, 2H); 13C NMR
(100 MHz, CDCl3 + CD3OD) 115.6, 116.2 (d, J = 21.5 Hz), 121.8, 130.0, 130.4 (d,
J = 8.2 Hz), 131.3, 131.5, 142.8, 162.1, 164.8, 189.3 ppm. Compound 12: Orange
solid (73.9%). Rf 0.24 (Ethyl acetate/n-hexane = 1:3); 1H NMR (400 MHz,
CDCl3 + CD3OD) d 6.35 (d, J = 2.0 Hz, 1H), 6.40 (dd, J = 2.0, 8.4 Hz, 1H), 7.07
(d, J = 8.8 Hz, 1H), 7.09 (d, J = 8.4 Hz, 1H), 7.47 (d, J = 15.6 Hz, 1H), 7.61 (d,
J = 8.4 Hz, 1H), 7.62 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 8.8 Hz, 1H), 7.78 (d,
J = 15.6 Hz, 1H); 13C NMR (100 MHz, CDCl3 + CD3OD) 103.3, 108.6, 113.6,
116.3 (d, J = 22.3 Hz), 120.4, 130.6 (d, J = 8.4 Hz), 131.3, 132.1, 142.9, 165.1,
165.5, 166.1, 191.6 ppm. Compound 13: Yellow solid (4.0%). Rf 0.60 (Ethyl
acetate/n-hexane = 1:3); 1H NMR (400 MHz, CDCl3) d 3.88 (s, 3H), 6.49 (d,
J = 2.8 Hz, 1H), 6.50 (dd, J = 2.8, 8.4 Hz, 1H), 7.13 (dd, J = 8.8, 8.8 Hz, 2H), 7.51 (d,
J = 15.6 Hz, 1H), 7.66 (dd, J = 8.8, 8.8 Hz, 2H), 7.83 (d, J = 8.4 Hz, 1H), 7.86 (d,
J = 15.6 Hz, 1H), 13.4 (s, 1H); 13C NMR (100 MHz, CDCl3) 55.9, 101.3, 108.1,
114.3, 116.4 (d, J = 21.5 Hz), 120.3, 120.4, 130.7 (d, J = 9.0 Hz), 131.3, 131.4,
165.6, 166.5, 167.0, 191.9 ppm. Compound 14: Yellow solid (76.5%). Rf 0.11
(Ethyl acetate/n-hexane = 1:3); 1H NMR (400 MHz, CDCl3) d 3.87 (s, 3H), 6.49
(d, J = 2.4 Hz, 1H), 6.50 (dd, J = 2.4, 8.0 Hz, 1H), 6.66 (s, 1H), 7.09 (dd, J = 8.4,
8.4 Hz, 2H), 7.46 (d, J = 15.6 Hz, 1H), 7.59 (dd, J = 8.4, 8.4 Hz, 2H), 7.67 (d,
J = 15.6 Hz, 1H), 7.70 (d, J = 8.0 Hz); 13C NMR (100 MHz, CDCl3) 56.0, 99.5,
108.3, 116.2 (d, J = 21.6 Hz), 121.7, 126.9, 127.0, 130.4 (d, J = 8.9 Hz), 131.8,
133.3, 161.1, 161.6, 165.3, 191.0 ppm. Compound 15: Red solid (3.8%). 1H NMR
(400 MHz, DMSO-d6) d 1.95–1.99 (m, 4H), 3.29–3.33 (m, 4H), 6.58 (d, J = 8.8 Hz,
2H), 6.86 (d, J = 8.8 Hz, 2H), 7.57 (d, J = 16.0 Hz, 1H), 7.61 (d, J = 16.0 Hz, 1H),
7.66 (d, J = 8.8 Hz, 2H), 8.01 (d, J = 8.8 Hz, 2H); 13C NMR (100 MHz, DMSO-d6)
24.9, 47.3, 111.7, 115.2, 115.6, 121.7, 129.7, 130.6, 130.7, 114.1, 149.2, 161.7,
186.7 ppm. Compound 16: Red solid (17.7%). Rf 0.20 (Ethyl acetate/n-
hexane = 1:3); 1H NMR (400 MHz, CDCl3) d 2.05–2.07 (m, 4H), 3.37–3.41 (m,
4H), 6.43 (s, 1H), 6.57 (d, J = 8.4 Hz, 1H), 7.35 (d, J = 14.8 Hz, 1H), 7.56 (d,
J = 8.4 Hz, 2H), 7.74 (d, J = 8.4 Hz, 2H), 7.84 (d, J = 8.4 Hz, 1H), 7.89 (d,
J = 14.8 Hz, 1H), 13.77 (s, 1H); 13C NMR (100 MHz, CDCl3) 25.7, 47.8, 103.9,
107.6, 112.0, 114.0, 122.2, 125.0, 131.1, 146.1, 150.0, 152.3, 162.5, 166.5,
190.6 ppm. Compound 17: Orange solid (38.4%). Rf 0.53 (Ethyl acetate/n-
hexane = 1:3); 1H NMR (400 MHz, CDCl3) d 2.03–2.07 (m, 4H), 3.35–3.40 (m,
4H), 6.57 (d, J = 8.8 Hz, 2H), 7.16 (dd, J = 8.6, 8.6 Hz, 2H), 7.29 (d, J = 15.6 Hz,
1H), 7.55 (d, J = 8.8 Hz, 2H), 7.81 (d, J = 15.6 Hz, 1H), 8.04 (dd, J = 8.6, 8.6 Hz,
2H); 13C NMR (100 MHz, CDCl3) 25.7, 47.8, 112.0, 115.7 (d, J = 21.5 Hz), 115.9,
122.2, 130.9, 131.0 (d, J = 9.0 Hz), 135.6, 135.7, 146.6, 149.9, 164.2, 166.7,
189.2 ppm. Compound 18: Red solid (31.8%). Rf 0.45 (Ethyl acetate:n-
hexane = 1:3); 1H NMR (400 MHz, CDCl3) d 2.08–2.12 (m, 4H), 3.41–3.45 (m,
4H), 6.61 (d, J = 8.8 Hz, 2H), 7.29 (d, J = 15.6 Hz, 1H), 7.60 (d, J = 8.8 Hz, 2H),
7.87 (d, J = 15.6 Hz, 1H), 8.16 (d, J = 8.8 Hz, 2H), 8.37 (d, J = 8.8 Hz, 2H); 13C NMR
(100 MHz, CDCl3) 25.7, 47.9, 112.1, 115.5, 121.7, 123.9, 129.4, 131.4, 144.7,
148.4, 150.4, 189.1 ppm.

15. Cho, H.-J.; Jung, M.-J.; Woo, S.; Kim, J.; Lee, E.-S.; Kwon, Y.; Na, Y. Bioorg. Med.
Chem. 2010, 18, 1017.

16. (a) Kang, D. H.; Jun, K. Y.; Lee, J. P.; Pak, C. S.; Na, Y.; Kwon, Y. J. Med. Chem.
2009, 52, 3093; Cathepsin B and L inhibitory activities were assayed in the
reaction buffer (50 mM NaOAc–HCl, 2 mM dithiothreitol (DTT), 2 mM EDTA,
pH 5.5 for cathepsin B and 0.1 M NaOAc–HCl, 1 mM EDTA, 0.1% b-
mercaptoethanol, pH 5.5 for cathepsin L) with 20 lM substrate and 1.5 nM
cathepsin B or 4 nM cathepsin L. Cathepsin B and L were obtained from
Calbiochem (Darmstadt, Germany). The substrates used were RR-AMC (Sigma,
USA) for cathepsin B and Z-FR-AMC (Sigma, USA) for cathepsin L. The
cathepsins were reductively activated by preincubation in assay buffer at
37 �C for 30 min, prior to initiating the reaction by substrate and compounds.
Afterwards, the reaction mixture was incubated at room temperature for
30 min. Fluorescence intensities were determined by using 360 nm excitation
and 450 nm emission wavelengths. CA-074, Z-FF-FMK, and nimodipine were
used as cathepsin B inhibitor, cathepsin L inhibitor, calcium channel blocker,
respectively, and all were purchased from Sigma Chemical Co., (USA).
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