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[Cu(pyde)(im)], (1), [Cu(pyde)(mim);]-2H0 (2), [Cu(pyde)(ampy)(H,0)]-H,0 (3), and [Cu(pydc)
(phen)][Cu(Hpydc),] (4) (Hypydc = 2,6-pyridinedicarboxylic acid or dipicolinic acid, im = imida-
zole, mim = 2-methylimidazole, ampy = 2-amino-4-methylpyridine, and phen = 1,10-phenanthro-
line) were synthesized and characterized by elemental analysis, spectroscopic measurements
(UV-vis and IR spectra) and single crystal X-ray diffraction. Complexes 1, 2 and 3 were studied by
thermogravimetric analysis from ambient temperature to 1100 K under nitrogen and thermal
stabilities were investigated. The effects of complexes on proliferation of fibrosarcoma cells were
investigated using the Quick Cell Proliferation Assay. The cell viability changes depend on the con-
centrations and type of complexes. According to cell proliferation/viability data, 4 was determined
to be the most cytotoxic.

Keywords: 2,6-Pyridinedicarboxylate; Crystal structure; Cytotoxic activity; Kinetic analysis

1. Introduction

Metal-based drugs have existed for decades and cisplatin is one of the most effective antitu-
mor drugs. However, cisplatin-based chemotherapy leads to severe side effects that restrict
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its clinical use. Therefore, many laboratories have been synthesizing and characterizing new
potential metal-based anticancer drugs to reduce toxicity and improve clinical effectiveness
[1, 2]. Metal-based compounds containing titanium, copper, ruthenium, tin, and rhodium
have been reported to possess promising chemotherapeutic potential, and they have differ-
ent mechanisms of action compared to platinum-based drugs [2—7]. Copper is an essential
element for normal human metabolism. In biological systems, copper exists as a variety of
complexes as coordinated forms of copper are more stable than the corresponding ionic spe-
cies [8]. Several families of copper complexes comprising different ligands demonstrated
notable anticancer activity [9-15]. Our choice of imidazole and pyridine derivatives is
based on differences in their DNA binding ability. Nitrogen heterocycles have recently been
reported to exhibit therapeutic anticancer and antimicrobial activities [16]. The binding of
copper ions to specific sites can modify the conformational structures of proteins, polynu-
cleotides, DNA, and bio-membranes. The binding of Cu to DNA occurs with high affinity
[17-19]. The effects of such copper(II) complexes are known [20, 21]. In view of the excel-
lent coordination capability of 2,6-pyridinedicarboxylic acid, we used 2,6-pyridinedicar-
boxylic acid as an organic building block to construct multidimensional supramolecular
networks expecting that the group may generate covalent, hydrogen bonding, and/or 7=
stacking interactions with transition metal ions in the assembly [22-28]. Dipicolinic acid is
a natural compound involved in metal chelation reactions responsible for the thermal resis-
tance in bacteria spores and the activation or inhibition of metalloenzymes. This amino dia-
cid has molecular structure and peculiar coordination chemistry influenced by its
constrained planar conformation [29]. The coordination of carboxylate anions to Cu(Il)
cations has been extensively studied and the ability of Cu(Il) to adopt a variety of chro-
mophores has been demonstrated [30]. Based on the structure of anticancer platinum com-
plexes, dicarboxylates are being used as active species in anticancer studies instead of
chlorides [31]. There are limited anticancer studies in the literature performed by copper(Il)
complexes obtained from dicarboxylate ligands [32-34]. Likewise, there is no anticancer
study performed by Cu(Il) complexes obtained from pyridine-2,6-dicarboxylate. Moreover,
based on the soft and hard acid base theory, borderline acid Cu** ion could coordinate with
O and N groups [35]. In the present study, we describe the synthesis, spectroscopic and
thermal analysis, crystal structure, and anticancer activities of [Cu(pydc)(im)], (1), [Cu
(pydc)(mim);]-2H,0 (2) and [Cu(pydc)(ampy)(H,O)]-H,O (3). Single crystal values of 4
were not good. However, these poor crystal values offered us valuable information about
the structure of 4. Moreover, it is characterized by IR, UV—vis. magnetic susceptibility and
elemental analysis. Furthermore, the compound has cancer activity.

2. Experimental studies

2.1. Materials and measurements

All chemicals and solvents used for the syntheses were of reagent grade. Pyridine-2,6-dicar-
boxylic acid, imidazole, 2-methylimidazole, or 2-amino-4-methylpyridine, 1,10-phenanthro-
line, C,HsOH and Cu(CH3COO),-H,0 (Aldrich) were used as received. Elemental analyses
(C, H and N) were performed using a Vario EL III CHNS elemental analyzer. Magnetic
susceptibility measurements were performed at room temperature using a Sherwood
Scientific MK1 model Gouy magnetic balance. UV—vis spectra were obtained in DMSO
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solutions (10> mol L™') of the complexes with a Shimadzu Pharmaspec UV-1700
spectrometer from 1000 to 190 nm. FT-IR spectra were recorded from 4000 to 400 cm™
with a Bruker Optics, Vertex 70 FT-IR spectrometer using KBr pellets. All thermogravime-
try (TG), differential thermogravimetry (DTG), and differential thermal analysis (DTA)
curves were obtained simultaneously using a Shimadzu DTG-60H thermal analyzer. The
measurements were carried out in flowing nitrogen (100 mL min~") from 300 to 1000 K in
an alumina crucible using 10 °C min~" heating rate. Highly sintered ALLO; was used as the
reference material. The sample mass (w,) ranged from 4 to 5 mg. The melting points of
indium and tin provided by Shimadzu were used to calibrate the temperature.

2.2. Crystallographic analyses

Single crystal X-ray data were collected on an Agilent SuperNova diffractometer with an
Eos CCD detector using Mo Ka radiation (A = 0.71073 A). The CrysAlisPro software was
used for data collection, cell refinement, and data reduction. Using Olex2 [36], the struc-
tures were solved by the ShelXS [37] structure solution program by direct methods and
refined by ShelXL [37] refinement package using the least-squares minimization. Olex2

Table 1. Summary of crystallographic data and structure refinement results for 1-3.

Identification code

1

2

3

Empirical formula

C 1 0H7CUN3O4

C19oHa5CuN;0¢

C3H;5CuN;06

Formula weight 296.73 511.00 372.82
Temperature (K) 293(2) 293(2) 293(2)
Crystal system Monoclinic Monoclinic Orthorhombic
Space group Ce P2/ Pccn
a(A) 8.187(5) 15.089(5) 13.3117(7)
b (A) 12.67(3) 9.905(5) 14.4931(7)
c(A) 9.766(6) 15.754(5) 15.1774(7)
a(°) 90 90.000(5) 90
L) 91.60(9) 96.938(5) 90
7 (%) 90 90.000(5) 90
Volume (A%) 1013(2) 2337.3(16) 2928.1(2)
4 4 4 8
Pealed (Mg mm ) 1.946 1.452 1.691
mmm! 2.168 0.983 1.528
F(0O00) 596.0 1060.0 1528.0
Crystal size (mm?®) 0.185 x 0.193 x 0.201 0.121 x 0.176 x 0.214 0.148 x 0.170 x 0.237
Radiation Mo Ka (A= 0.7107) Mo Ka (4 =0.7107) MoKa (4 =0.71073)
20 range 6.43-51.488° 6.932-52.878° 6.79-55.41°
Index ranges -6 <h<10, —-18<h <18, -17<h <10,
—-15<k<14, —-12<k<7, -11<k<17,
-11</<11 -19<1<17 -9<I1<19
Reflections collected 1883 8610 7644

Independent 1217 [R;n = 0.0538, 4377 [Rine = 0.0595, 2946 [Rin = 0.0406,
reflections Rgigma = 0.1277] Rgigma = 0.1324] Rgigma = 0.0566]

Data/restraints/ 1217/2/67 4377/6/144 2946/0/214
parameters

Goodness-of-fit on F* 0.809 1.042 1.148

Final R indexes
[1> =20 (1)

Final R indexes [all
data]

Largest diff. peak/hole
(€A7)

R; =0.0511, wR, = 0.0811
R; =0.0995, wR, = 0.0900

0.65/-0.38

R; =0.1223, wR, = 0.3068
R; =0.1980, wR, = 0.3471

1.84/-2.15

R, =0.0589, wR, = 0.1237
R, =0.0818, wR, = 0.1342

0.56/—0.42
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was used to prepare the material for publication. All hydrogens were refined using a riding
model. The details of the X-ray data collection, structure solution, and structure refinement
are given in table 1. Selected bond distances and angles are listed in tables S1-S3.

2.3. Preparation of complexes

[Cu(pyde)im)], (1), [Cu(pyde)(mim)s]-2H,0 (2), [Cu(pyde)(ampy)(H,0)]H,0 (3), and
[Cu(pyde)(phen)][Cu(Hpydc),] (4).

A solution of Hpydc (1.0 mmol 0.167 g) in water (30 mL) was added dropwise with
stirring at room temperature to a solution of Cu(CH3COO),*H,0 (1.0 mmol, 0.20 g) in
water (40 mL). The solution immediately became a suspension and was stirred for 2 h at
reflux. Then the imidazole (3 mmol, 0.20 g) for 1 or 2-methylimidazole (3 mmol, 0.25 g)
for 2 or 2-amino-4-methylpyridine (3 mmol, 0.32 g) for 3 or 1,10-phenanthroline (3 mmol,
0.54 g) for 4 in ethanol (40 mL) was added dropwise to this suspension. The clear blue
solutions were stirred for 24 h at room temperature. Approximately two months later, the
formed crystals were filtered and washed with 50 mL of cold ethanol and dried in air.
Analytical data: C1gH,CuN;04 for 1 (296.73 g mol_l) = Calcd C 40.48, H 2.38, N 14.16,
Cu 21.42; found C41.15, H 2.21, N 13.93, Cu 21.10. Yield 44%, Analytical data:
C1oH,5CuN;Og for 2 (511.0 g mol™") = Caled C 44.66, H 4.93, N 19.19, Cu 12.44; found
C 44.19, H4.80, N 18.96, Cu 12.13. Yield 68%. Analytical data: C3H;5sCuN;O¢ for 3
(372.82 g mol ') = Caled C 41.88, H 4.06, N 11.27, Cu 17.04; found C 41.65, H 3.91, N
11.20, Cu 16.81, Yield 34%, Analytical data: Cs3H;oCu,NsO;, for 4 (805.62 g mol™ ')
= Caled C 49.20, H 2.50, N 8.69, Cu 15.78; found C 48.76, H 2.69, N 8.21, Cu 16.10,
Yield 14%.

3. Results and discussion

3.1. FT-IR spectra, UV—vis spectra and magnetic susceptibilities

The broadbands at 3437, 3340, and 3355 cm™ ' are attributed to v(OH) of free water mole-
cules and as aqua ligand for 2 and 3, respectively. The absorption peaks at 3104 and
3134 cm™! are assigned to v(NH) stretches of im and mim in 1 and 2, respectively. The
absorption peak at 3221 cm ™' is attributed to v(NH,) of ampy ligand in 3. In the middle
energy range, 2930, 2953, 3072, and 2970 cm ! absorptions originate from v(CH) for 1, 2,
3, and 4, respectively. The strong absorption bands at 1661, 1606, 1626, and 1614 cm ! are
due to v(C=C)+v(C=N) of ligands for 1, 2, 3, and 4, respectively. In the spectra free Hppydc
[38] disappeared and a new carboxylate band vy(COO~) appeared at 1363 cm™' for 1,
1360 cm ™' for 2, 1349 cm™' for 3, and 1368 cm™' for 4, indicating that the carboxylic
group of H,pydc participate in coordination with copper(Il) through deprotonation. Several
va5(COO ") strong bands in free Hypyde are shifted to lower frequencies 1596, 1565, 1561,
and 1582 cm™ ! in 1, 2, 3, and 4, respectively. The difference between the asymmetric and
symmetric carboxylate stretch (A = v,,(COO )-v4(COO")) is often used for interpretation of
infrared spectra with the structures of metal carboxylates [39]. These values are approxi-
mately 228 cm ™', typical of monodentate carboxylate groups [40]. These differences were
determined as A=233cm ' (1596-1363 cm™', monodentate) for 1, A=205cm
(1565-1360 cm ™!, monodentate) for 2, A =212 cm™' (1561-1349 cm™', monodentate) for
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3,and A=214 cm ' (1582-1368 cm ™!, monodentate) for 4. The absorptions at 548, 526,
553, and 527 cm™! correspond to Cu—O vibration and the bands at 431, 464, 439, and
429 cm™! are attributed to Cu-N vibrations of 1, 2, 3, and 4, respectively. The electronic
spectra of 1, 2, and 4 in DMSO show broad absorption at 753, 755, and 776 nm, respec-
tively, which can be attributed to B g 2Eg, 2B1g — 2B2g and 2B1g — 2A1g transitions
(¢=45, 38 and 90 L mol ' cm ™', respectively). This broad absorption suggests the exis-
tence of distorted octahedral geometry as expected from the Jahn—Teller effect in six-
coordinate d® metal ions in 1, 2, and 4. The electronic spectrum of 3 in DMSO exhibits
absorption centered at 777 (¢ =123 L mol™' cm™"), which corresponds to d—d transitions.
These values were attributed to d,., d,. — d» —,» (a; — b)) transition, which lie within
one broad envelope. The A, values for the complexes were calculated as 13,280, 13,245,
12,870, and 12,886 cm™! for 1, 2, 3, and 4, respectively. The A, value of 1 is higher than
that of 2, 3, and 4 as polymeric im is a stronger field ligand than mim and ampy ligands. 1,
2, 3, and 4 exhibit magnetic moment values of 1.60, 1.95, 1.73, and 3.00 (1.50 for per Cu
ion) BM, respectively, which correspond to one unpaired electron. The suggested structure
is illustrated in figure 1 in light of these data.

3.2. Thermal analysis

Figure S1 shows the TG, DTA, and DTG curves of 1, 2, and 3. While 1 decomposes in two
consecutive stages, 2 and 3 decompose in four consecutive stages. All complexes yield
CuO residue. The decomposition temperature range, DTA peak positions, percentage of
mass losses (experimental and theoretical) and evolved moieties of the decomposition
reactions are summarized in table 2. The suggested decomposition mechanisms of 1, 2, and
3 are illustrated in scheme 1.

2O,
\N ~

Figure 1. Proposed structure for [Cu(pydc)(phen)][Cu(Hpydc),] (4).
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Table 2. Thermoanalytical results of the decomposition reactions of 1, 2, and 3.

Mass loss (%)

Sample Stage DTA peak (K) TG temp. range (K) Exp. Theo. Evolved moiety
1 I 579 489633 5724 5830  —CsHgN,+CsH;N+CO
I - 633-1017 13.73 13.82 —CO,
Residue (CuO) - - 29.03  27.88 -
2 I 357 300-377 8.41 7.05 —2H,0
I 480 377-501 31.60 31.70 C4HgN,
I 565 501-588 31.96 3142 C4HgNy+
v - 588-1000 14.03 14.10 CsH;N
Residue (CuO) - - 1438 1555 —CO,+CO
3 I 347 300-379 9.81 9.66 —2H,0
I 541 379-542 29.35  28.96 —CgHgN,
I 576 542-575 2487 2222 —CsH;3;N
v - 575-1040 1876 2132 —CO,+CO
Residue (CuO) - - 17.21 17.84 -

3.3. Description of the crystal structures

3.3.1. [Cu(pydc)(im)], (1). Crystallographic data of the complexes are summarized in
table 2. Selected bond lengths and angles are given in table S4. Molecular structures, inter-
molecular interactions, and packing diagrams are shown in figures 2, 3 and S5. The asym-
metric unit of 1 contains a pydc and an im ligand. The pydc ligands are tridentate bonding
to the metal using its pyridine and O1 and O3 of its two carboxylate groups, in dianoinic
form, giving [Cu(pydc)(im)] complex units. The remaining oxygens (O2 and O4) are free
for bonding to Cu(Il) ions at related symmetry to complete octahedral environment around
the metal (figure 2).

The molecules in the asymmetric units formed polymeric sheets by interactions of inter-
molecular hydrogen bonds (figure S5). To form infinite polymeric sheets, N3 and C9 of the
imidazole ring formed hydrogen bonds with O2' and 04" of pydc, respectively. To con-
tribute to the formation of polymeric chain the pydc ring acted as hydrogen bond donors
using its C3 and C5 to 04" and 02", respectively (i): 1/2 +x, 1/2 =y, 1/2 +z, (ii): —1/
2+x, 12—y, —1/2+z (iii): =12 +x, =12 =y, =12 +z, (iv): 12 +x, =1/2 —y, 1/2 + 2).
Therefore, the 2-D polymeric sheets lie parallel to the [1 0 1] plane. Between the parallel
sheets, the Cu(Il) ions were coordinated by 02" and 04" of pydc at x, —y, 1/2 +z and x,
-y, —1/2 + z to form distorted octahedral environment around the metal centers and 1-D
coordination polymer along the ¢ axis (figure 3). There were also #- - -7 interactions between
the im ring and pyridine ring between the sheets parallel to the others at 1/2 +x, 1/2+y, z
and —1/2 + x, —1/2 + y, z symmetries (figure S5).

3.3.2. [Cu(pydc)(mim)3]-2H,0 (2). Compound 2 crystallizes in the monoclinic space
group P2/c. Selected bond lengths and angles are given in table S5. The dianionic pydc
ligand bonds in tridentate. The mim ligands coordinated via their nitrogens. In the MN,O,
highly distorted octahedral geometry, the equatorial plane of the octahedron was created by
nitrogens of the ligands and axial positions were occupied by carboxylate oxygens of pydc
(figure 4). The planes of the carboxyl groups were not parallel to the pyridine ring plane as
the angles between the planes were 18.171° and 15.547° for O1-C1-O2 and 03-C7-04
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489-633 K 633-1017 K
57.24% 13.73%
CuC,,H,N,0, > CuCO, > CuO (29.03%)
. “C,H\N, o,
CHN
-CO
300-377 K 377-501 K
CuC,,H,.ON, __ >H% » CuC,H, 0,N,—31:60% >~ CuC, H,0,N,
, 2H,0 2C,HN,
501-588 K| -C,H,N
3196% | -CHN,
€O+ CO
CuO(1438%) <2 CuC,0,
588-1000 K
14.03%
300-379 K 379-542 K
9.81% 29.35%
CuC3H,504N; » CuC;H, O,N, ’ » CuC,H,O,N
, 2H,0 CH,N,
542-575K | ¢ N
2487% |
CO,+CO
Cu0(17.21%) <2 "~ CuC,0,
575-1040 K
18.76%

Scheme 1. The suggested decomposition mechanisms of 1, 2, and 3 on the basis of the thermal analysis data.

planes, respectively. All the 2-methylimidazole rings were nearly perpendicular to each
other and an intramolecular C-H—7 interaction was detected between the methyl of mim
and im ring of mim (figure 4). The NH of the mim ligands form intramolecular hydrogen
bonds with the O4— and O2— of pydc ligands (figure 5 and table S5). The complexes extend
to form an infinite polymeric chain parallel to the [0 0 1] plane by N3-H3—O4 and N7-H7—
02 hydrogen bonds at 2—x, 1 —y, 1 —z and 1 — x, —y, 1 — z, respectively (figures 4 and
5, table S5).

To bond the polymeric chains to each other, the chain of hydrate water acted as a bridge
by the formation of N5-H5-0O5 and O5-H5c¢—O1 hydrogen bonds between the mim ring
nitrogen and water molecules (figure 4). Also C17 of mim formed a C—H—= interaction with
the ring of mim at x, —1 + y, z symmetry (figure 5). Thus, the molecules showed infinite
3-D molecular networks parallel to the [1-10], [0 2 1] and [1-11] planes.
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Figure 2. The asymmetric unit showing labeled atoms of 1 and formation of a sheet.

Figure 3. The coordination polymer structure of 1.

3.3.3. [Cu(pydc)(ampy)(H,0)]*H,O (3). Compound 3 has pydc, ampy, and water ligands
to form square-pyramidal geometry around copper. Furthermore, the complex has a hydrate
water (figure 6). Selected bond lengths and angles are given in table S6. The pydc is tridentate
bonding by its two carboxylate oxygens and pyridine ring nitrogen in di-anionic form. Both
pyridine rings were nearly in the plane of the pyramid and all the substituents were nearly in
the ring planes. The ampy ligand formed an intramolecular hydrogen bond using its C8 and
amine nitrogen with coordinated oxygens (figure 7). Ampy Cg(3) [1] —> Cg(4) [5665.01]
3.5773) 1 — x,1 — y,—z. Pydc Cg(4) [1] —> Cg(3) [5665.01] 3.577(3) 1 — x,1 — y,—=.
Complex units formed 2-D molecular sheets by formation of N3-H3 06, C4-H4-Ol1,
and O6-H6a—04 hydrogen bonds (figure S6). Oxygen of pydc and hydrogen bonds formed
by hydrate water molecules bind aqua ligands of sheets to each other (figure S6). Also, the
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The structure of 2.

Joo.'.--o

o]

4011

Figure 5.

The formation of polymeric chain by the N-H: - -O hydrogen bonds in 2.
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Figure 6. The structure of 3.

Figure 7. The formation of 2-D molecular sheets for 3.
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sheets were bonded via formation of O6-H6b—0O2 hydrogen bonds between the hydrate
water molecules and O2 of pydc; #- - - interactions between pydc and ampy ring con-
tributed to bonding of the sheets. Thus, 3-D supramolecular network occurred.

3.4. Discussion and conclusion of cytotoxic and anticancer effects of complexes

The effects of complexes on the proliferation of fibrosarcoma cells were investigated using
the Quick Cell Proliferation Assay. The cell viability changes were found to depend on the
concentrations and type of complexes. Results are shown in figures S7-S9. Complexes
inhibited the proliferation of HT-1080 human fibrosarcoma cells in a concentration-depen-
dent manner. Half maximal inhibitory concentration (ICsy) values were determined for 24 h
incubation. All the complexes were dissolved in water for injection. According to cell pro-
liferation/viability data, 4 was determined to be the most cytotoxic (figure S10).

Cell membrane damage was also monitored using the LDH leakage assay because LDH
is a stable cytosolic enzyme in normal cells and can leak into the extracellular fluid only
after membrane damage. Exposure to complexes at different doses for 24 h resulted in
LDH release from cells to varying extents. Supernatant LDH levels (IU/mL) are provided
in figure S7. Treatment of 4 resulted in a remarkable increase in LDH release, as a cell
damage marker. According to cytotoxicity assays, 4 was most active so other assays were
performed with complex 4. We observed several picnotic nuclei, anisonucleosis, and
nuclear condensation in cells treated with different concentrations of 4. This nuclear mor-
phological change precedes chromatin condensation and can be dissociated from many
early apoptotic events, such as DNA cleavage and cell shrinkage (figure 8). The clonogenic
cell survival assay determines the ability of a cell to proliferate indefinitely, thereby retain-
ing its reproductive ability to form a large colony. We observed a significant decrease on
colony formation after seven days on complex 4 treated cells (figure 9). Within the past
decade, copper complexes were used for therapy or diagnosis of cancer. Most of them were
applied for the treatment of various cancer types like breast, lung, colon, kidney, prostate,
human squamous cervix carcinoma, endometrial and ovarian carcinoma, melanoma-skin,
renal carcinoma, non-Hodgkin’s lymphoma, human osteogenic sarcoma, malignant mela-
noma, and mammary gland cancer [41]. Wani ef al. reported that oxopyrrolidine-based
ligand and its copper(Il), nickel(Il), and ruthenium(Ill) complexes showed moderate anti-
cancer activities on MCF-7 (wild type) breast cancer cell lines [42]. Li et al. reported that
water-soluble mononuclear Cu(II) complex showed considerable cytotoxic activity against
Hela cells, better than cisplain [43]. Subha ef al. reported that binary and mixed ligand Cu
(II) complexes containing amino acid Schiff base and heterocyclic nitrogen co-ligands,
imidazole, and pyridine had cytotoxic effects on breast cancer cell lines (MCF-7) [44]. Zhao

Figure 8. Clonogenic assay of HT-1080 cell line performed in 12 well plates. Cells were treated with 4 for seven -
days. (A) Control, (B) 25 uM, (C) 50 uM and (D) 100 uM.



Downloaded by [Mizoram University] at 14:43 28 December 2015

4014 O. Orhan et al.

Control 25 uM

50 uM 100 pM

Figure 9. DAPI nuclear staining for 4. (A) Control, (B) 25 pM, (C) 50 uM and (D) 100 puM; 24 h incubation.

et al. reported that copper(Il)-based complexes had cytotoxic effects on several human
alimentary system carcinoma cell lines (SGC7901, EC109, SMMC7721, and HT29) [45].
The differences in the antiproliferative effects of 1, 2, 3, and 4 indicate that the pyridine-
2,6-dicarboxylate complexes have different antiproliferative activities on fibrosarcoma cell
line. Consequently, our data based on clonogenic and quick cell proliferation assay demon-
strate that 4 is very active with higher antiproliferative effects than the other complexes.
Targeting apoptosis or autophagy is a promising strategy for cancer drug discovery. The
present data will aid in future work. In investigating the agents that trigger programmed cell
death, the sensitivity of tumor cells indicates the success of chemotherapies and the reduced
costs of treatment. Thus, this study provides strong evidence that 4 is a promising new
compound. Further mechanistic and in vivo studies are needed to better understand the
metabolic effects of this compound.

Supplementary material

CCDC-988051, 988052 and 988053 contains the supplementary crystallographic data for
1-3. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retriev
ing.html or from the Cambridge Crystallographic Data Center, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax:+44 1223 336 033; or E-mail: deposit@ccdc.cam.ac.uk.
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