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Abstract

Three new ligands, N-(8-quinolyl)pyridine-2-carboxamide (HL1), N-(8-quinolyl)glycine-N′-Boc-carboxamide
(HL2), N-(8-quinolyl)-L-alanine-N′-Boc-carboxamide (HL3), and their Cu(II) complexes have been synthesized.
Crystallographic data reveal that complex I, [Cu(L1)(Ac)(H2O)], is penta-coordinated with a square-pyramidal
geometry while complexes V [Cu(L2

′)(H2O)] and VI [Cu(L3
′)(H2O)] are tetra-coordinated to give square planar

geometry. In vitro tests showed that the Cu(II) complexes with L1 (I-IV) exhibited cytotoxicity at a concentration
of 10−8 M against murine leukemia P-388 and human leukemia HL-60 cell lines, which is more potent than
cisplatin. However, ligands HL2 and HL3 and their corresponding copper complexes demonstrated very weak in
vitro activities towards the cell lines examined. ESMS data shows that complex I binds rapidly with 5′-GMP to
form 1:1 and 2:2 adduct.

Introduction

The medicinal application of metal complexes has
been a subject of great interest recently (Chem Rev
1999; Guo & Sadler 1999; Guo & Sadler 2000).
Apart from the huge success of platinum-based drugs,
some other metal compounds such as titanium and
ruthenium complexes have shown some potential for
chemotherapy. The toxicity of metallodrugs is prob-
lematic, therefore it is proposed that drugs based on
essential metals may be less toxic, which has led
to the investigation of copper-based drugs. Copper
complexes have indeed demonstrated a wide range of
pharmacological activity such as antiviral (Kaska et al.
1978; Ranford et al. 1993; West & Owens 1998), an-
ticancer (Berners-Price et al. 1987; Moubaraki et al.
1999; Kong et al. 2000) and anti-inflammatory activity
(Andrade et al. 2000). It was found that copper com-
plexes often demonstrate enhanced biological activity

than the parent ligand alone (Mohindru et al. 1983;
Ainscough et al. 1998).

One of the major intracellular targets of anticancer
metallodrugs is DNA, therefore metal complexes that
can bind to specific nucleobases of DNA are of inter-
ests in the development of antitumour agents. Copper
complexes of 1, 10-phenanthroline and its derivatives
are able to target DNA and have been used as DNA
nuclease and as footprinting agents (Sigman, 1990;
Mazumder et al. 1993; Sigman et al. 1993; Ma-
hadevan & Palaniandavar 1998). Modification of 1,10-
phenanthroline copper complex has resulted discovery
of a series of anticancer agents casiopeinas (Ruiz-
Ramirez et al. 1993, 1995; Vizcaya-Ruiz et al. 2000),
and one of the complexes has been shown to induce
apoptosis of murine leukemia cell lines (Vizcaya-Ruiz
et al. 2000). Recently it was reported that some cop-
per complexes with nitrogen containing heterocyclic
ligand exhibited potent antitumor activity (Broomhead



486

et al. 1998; Madarász et al. 2000; Gokhale et al.
2001).

In this work we have designed three novel lig-
ands, N-(8-quinolyl)-2-pyridinecarboxamide (Zhang
et al. 2001) (HL1), N-(8-quinolyl)glycine-N′-Boc-
carboxamide (HL2) and N-(8-quinolyl)-L-alanine-N′-
Boc-carboxamide (HL3) (Chart 1). In these ligands,
the amino-quinoline moiety is condensed with either
picolinic acid or amino acids glycine or L-alanine. We
have investigated their chelating behavior towards Cu
(II) in order to reveal the ligand influence on the geom-
etry and subsequently the biological activity of the
resulting complexes. The in vitro cytotoxicity of both
ligands and their complexes against human leukaemia
(HL-60), murine leukaemia (P388), human hepatoma
(BEL-7402) and human lung adenocarcinoma (A-549)
cell lines are reported.

Experimental section

Chemical materials

Cu(Ac)2
.H2O, Cu(NO3)2

.3H2O and CuCl2.2H2O
were received from the First Reagent Factory of
Shanghai, Cu(ClO4)2

.6H2O was synthesized using
CuCO3 and HClO4. Pyridine-2-carboxylic acid was
purchased from Merck Corporation, di-tert-butyl di-
carbonate and 8-aminoquinoline from Acros Organ-
ics. Guanosine-5′-monophosphate(5′-GMP), glycine,
L-alanine and Calf thymus DNA were all from Sigma.
All the solvents were of analytical reagent grade and
used without further purification.

Spectroscopy

The infrared spectra were recorded on a Bruker
VECTOR22 spectrometer as KBr pellets (4000–
500 cm−1), and elemental analysis was performed
on a Perkin-Elmer 240C analytical instrument. Elec-
tron paramagnetic resonance spectra were recorded on
an ER 200-D-SRC 10/12 spectrometer at X-band at
110 K. Electrospray mass spectra were recorded us-
ing an LCQ electron spray mass spectrometer (ESMS.
Finnigan) by loading 1.0 µl of solution into the in-
jection valve of the LCQ unit and then injecting into
the mobile phase solution (50% of aqueous methanol)
which was carried through the electrospray interface
into the mass analyzer at a rate of 200 µl min−1.
The voltage employed at the electrospray needles was
5 kV, and the capillary was heated to 200 ◦C. A maxi-
mum ion injection time of 200 ms along with 10 scans

was set. Negative ion mass spectra were obtained.
The predicted isotope distribution patterns for each of
the complexes were calculated using the Isopro 3.0
program (Yergey 1983).

Preparations

The elemental analyses and yields of the compounds
reported below are listed in Table 1.

N-(8-Quinolyl)pyridine-2-carboxamide (HL1)

The ligand HL1 was synthesized according to a liter-
ature method used for the preparation of carboxam-
ides (Leung et al. 1991). To the mixture of 7 mmol
pyridine-2-carboxylic acid (0.875 g) and one mol.
equiv. of 8-aminoquinoline (1.009 g) in 70 ml pyri-
dine was slowly added one mol. equiv. of triphenyl
phosphite under stirring when the mixture was heated
to 100 ◦C. The reaction was left stirring for 4 h and
then cooled down to room temperature. The solvent
was removed by rotary evaporator to give a pale brown
solution. Colorless crystals were received from pyri-
dine and ethanol. IR (KBr, cm−1): νCO: 1687 (s). The
crystal structure of HL1 has been reported separately
(Zhang et al. 2001).

N-(8-quinolyl)glycine-N′-Boc-carboxamide (HL2)
and N-(8-quinolyl)-L-alanine-N′-Boc-carboxamide
(HL3)

Ligand HL2 was obtained by the following procedure.
To a cooled solution of glycine (1.5 g, 20 mmol) in
dioxane (16 ml), water (8 ml), 1 M NaOH (42 ml) and
di-tert-butyl dicarbonate (4.8 g; 22 mmol) were added
with stirring. The reaction was continued at 0 ◦C for
1 h, and then at room temperature for overnight. The
resulting mixture was titrated with a saturated citric
acid solution to adjust the pH to about 5, and then ex-
tracted with ethyl acetate (2×70 ml). The ethyl acetate
layer was dried with Na2SO4 and concentrated to give
pale yellow syrup of N-(tert-Butoxycarbonyl)glycine.
Yield: 3.33 g, 95%. This product (1.23 g; 7 mmol) was
dissolved in THF (35 ml), cooled to about −15 ◦C to
which triethylamine (7 mmol) and ClCO2Et (7 mmol)
were added slowly by syringe. After stirring at −15 ◦C
for 1 h, a cold (−15 ◦C) solution of 1 mol. equiv. of 8-
aminoquinoline (1.008 g) in THF (15 ml) was added.
The reaction was continued at −15 ◦C for 1 h and then
at room temperature for overnight. The resulting mix-
ture was filtered, and the filtrate was concentrated to
give HL2. IR (KBr, cm−1): νCO: 1713 (s) and 1677 (s).
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Chart. 1. Chemical structure of the novel ligands used for the preparation of the Cu(II) complexes.

Table 1. Elemental analysis of the compounds.

Compounds Found (Calc.) (%) Yield (%)

C H N

HL1 71.9(72.3) 4.43(4.42) 16.5(16.7) 71

HL2 63.5(63.8) 6.29(6.31) 14.7(14.0) 92

HL3 64.6(64.8) 6.68(6.67) 6.4(6.3) 90

Complex I 52.4(52.5) 3.85(3.86) 10.9(10.8) 72

Complex II 41.8(42.0) 2.79(2.80) 9.8(9.8) 75

Complex III 46.3(46.0) 3.04(3.07) 14.5(14.3) 80

Complex IV 49.0(49.3) 3.33(3.29) 11.4(11.5) 85

Complex V 46.3(46.1) 3.81(3.84) 12.2(12.4) 81

Complex VI 47.3(47.9) 3.74(3.71) 11.9(12.0) 78
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Table 2. Crystal data and structure refinement for Complexes I, V and VI.

Complex Complex I Complex V Complex VI

Empirical formula C17H15CuN3O4 C13H13N3O4Cu C14H16N3O4Cu

Formula weight 388.86 338.80 352.83

Temperature/K 293(2) 293(2) 293(2)

Crystal size/mm 0.38 × 0.24 × 0.14 0.25 × 0.20 × 0.15 0.25 × 0.20 × 0.15

Crystal habit/color Prism/Dark green Prism/mauve Prism/mauve

Crystal system Monoclinic Monoclinic Monoclinic

Space group P21/n P21/n P21

a/Å 8.364(1) 9.571(2) 7.852(2)

b/Å 14.025(1) 9.404(2) 7.778(2)

c/Å 14.144(1) 14.935(3) 23.164(5)

α/◦ 90 90 90

β/◦ 99.438(1) 107.489(4) 92.44(3)

γ /◦ 90 90 90

V/Å3 1636.7(3) 1282.1(5) 1413.5(5)

Z 4 4 4

Calculated density/Mg m−3 1.578 1.755 1.658

Absorption coefficient (mm−1) 1.362 1.724 1.568

F(000) 796 692 724

θ Range for data collection/◦ 2.06 to 28.27 2.26 to 28.18 2.60 to 28.27

Limiting indices −11 ≤ h ≤ 10, −12 ≤ h ≤ 12, −10 ≤ h ≤ 9,

−18 ≤ k ≤ 17, −12 ≤ k ≤ 12, −6 ≤ k ≤ 10,

−12 ≤ l ≤ 18 −16 ≤ l ≤ 19 −30 ≤ l ≤ 14

Reflections collected 11461 7636 5301

Independent reflections 3999(Rint=0.0685) 2915(Rint=0.0730) 3909(Rint=0.0490)

Absorption correction Empirical Empirical Empirical

Max. and min. Transmission 0.8322 and 0.6256 1 and 0.736 1 and 0.765

Data/restraints/parameters 3999/0/228 2915 / 0 / 191 3909 / 1 / 401

Goodness-of-fit on F2 1.039 1.015 1.048

Final R indices [I>2σ (I)] R1=0.0421, WR2= R1=0.0472, R1=0.0438,

0.0978 WR2=0.0793 WR2=0.0640

Largest diff. peak and hole/eÅ−3 0.575 and −0.965 0.842 and −0.416 0.505 and −0.547

Refinement method Full-matrix Full matrix Full-matrix

least-squares on F2 least-squares on F2 least-squares on F2

HL3 was synthesized following the same procedure
using the amino acid L-alanine as the starting material.
IR (KBr, cm−1): νCO: 1700 (s) and 1677 (s).

Complexes I - IV: [Cu(L1)(X)(H2O)] (X = Ac, ClO4,
NO3 and Cl, respectively)

Complex I was prepared as follows. To a solution of
Cu(Ac)2

.H2O (0.2 mmol, 40 mg) in 2 ml methanol
was added dropwise the solution of HL1 (0.2 mmol,
49.8 mg) in 2 ml CH3OH with stirring. The mixture
was then refluxed for 2 h. Single crystals suitable
for X-ray diffraction were obtained by slow evap-
oration of a methanol solution. IR (KBr, cm−1):

νOH: ∼ 3388 (m, b), νCO: 1621 (s). λmax, nm (ε)
(MeOH): 252 (33.26× 103 M−1 cm−1), 359 (9.473×
103 M−1 cm−1), 614.5 (37.68 M−1 cm−1).

Complex II, III and IV were also synthesized ac-
cording to the same procedure using Cu(ClO4)2

.6H2O
(74.1 mg, 0.2 mmol), Cu(NO3)2

.3H2O (48.4 mg,
0.2 mmol) and CuCl2.2H2O (34.1 mg, 0.2 mmol),
respectively, as the starting salt. IR (KBr, cm−1):
complex II: νOH: ∼ 3474 (m, b), νCO: 1630 (s);
complex III: νOH: ∼ 3423 (m, b), νCO: 1630 (s);
Complex IV: νOH: ∼ 3447 (m, b), νCO: 1642 (s).
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Complexes [Cu(L2
′)(H2O)] (V) and [Cu(L3

′)(H2O)]
(VI)

These two complexes were synthesized following the
same procedure as that for complex I using HL2 or
HL3 as the starting ligand. It should be noted that dur-
ing the refluxing process, the tertiary butyl ester was
changed to methyl ester, i.e. L2 to L2

′ and L3 to L3
′

(Chart 1). Single crystals suitable for X-ray diffrac-
tion were obtained by slow evaporation of a methanol
solution. IR for complex V (KBr, cm−1): νOH: ∼ 3425
(m, b), νCO: 1598 (s) and 1570 (s). IR for complex VI
(KBr, cm−1): νOH: ∼ 3425 (m, b), νCO: 1593 (s) and
1550 (s).

X-Ray structure determination

The raw data of complexes I, V and VI were all col-
lected on a Siemens SMART CCD diffractometer at
room temperature. The collected data were reduced
using the program SAINT (Sheldrick 1996) and em-
pirical absorption correction was carried out using
the SADABS (Sheldrick 1996) Program. The struc-
ture was solved by direct methods that revealed the
position of all non-hydrogen atoms and refined us-
ing the full-matrix least-squares method on F2

obs by
using the SHELXTL (Sheldrick 1996) software pack-
age. All non-H atoms were anisotropically refined.
Hydrogen atoms on carbons were located geometri-
cally, hydrogen atoms of water molecules were found
from difference Fourier Map, all the hydrogen atoms
were refined in riding mode. The molecular graphics
were created using SHELXTL. Atomic scattering fac-
tors and anomalous dispersion correction were taken
from the International Table for X-ray Crystallography
(Wilson 1992).

Cytotoxicity assays

The cytotoxicities of HL1, HL2, HL3 and copper (II)
complexes (I–VI) were investigated as follows. Tumor
cell lines were grown in RPMI-1640 medium sup-
plemented with 10% (vol/vol) heat-inactivated fetal
bovine serum, 2 mmol/l glutamine, 100 U/ml peni-
cillin, and 100 µg/ml streptomycin (GIBCO, Grand
Island, NY) in a highly humidified atmosphere of 95%
air with 5% CO2 at 37 ◦C.

Growth inhibitory effect of copper complexes on
the murine leukemia P-388 and human leukemia HL-
60 cells was measured by the microculture tetrazolium
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium
bromide, MTT] assay (Alley et al. 1988). Briefly,

Cells in 100 µl culture medium were plated in each
well of 96-well plates (Falcon, Calif.). The cells were
treated in triplicate with grade concentrations of the
three ligands, their copper complexes and the refer-
ence drug cisplatin at 37 ◦C for 48 h. A 20 µL aliquot
of MTT solution (5 mg/ml) was added directly to all
the appropriate wells. The culture was then incubated
for 4 h. Then 100 µl ‘triplex solution’ (10% SDS-5%
isobutanol-12 mM HCl) was added. After the plates
were incubated at 37 ◦C overnight, they were mea-
sured by the absorbance at 570 nm using a multiwell
spectrophotometer (VERSA Max, Molecular Devices,
USA).

For human hepatocarcinoma BEL-7402, lung ade-
nocarcinoma A-549 and colon adenocarcinoma HCT-
116 cell lines, the growth inhibition was analyzed
by the sulforhodamine B (SRB) assay (Skehan et al.
1990). Briefly, adherent cells in a 100 µl medium
were seeded in 96-well plates and allowed to attach
for 24 h before drug addition. The cell densities were
selected based on preliminary tests to maintain con-
trol cells in an exponential phase of growth during
the period of the experiment and to obtain a linear
relationship between the optical density (OD) and the
number of viable cells. Each cell line was exposed to
grade concentrations of the compounds at desired final
concentrations for 72 h and each concentration was
tested in triplicate wells. After exposure, cells were
fixed by gentle addition of 100 µl of cold (4 ◦C) 10%
trichloroacetic acid to each well, followed by incuba-
tion at 4 ◦C for 1 h. Plates were washed with deionized
water five times and allowed to air dry. Cells were
stained by addition of 100 µl SRB solution (0.4% SRB
(w/v) in 1% acetic acid (v/v) to wells for 15 min. Then
plates were quickly washed five times with 1% acetic
acid to remove any unbound dye and allowed to air
dry. Bound dye was solubilized with 10 mmol ml−1

Tris (pH 10.5) prior to reading plates. The OD (Optical
Density) value was read on a plate reader (Molecu-
lar Devices, VERSAmax) at a wavelength of 515 nm.
Media and DMSO control wells, in which compounds
were absent, were included in all the experiments. The
growth inhibitory rate of treated cells was calculated
by (ODcontrol − ODtest) / ODcontrol × 100%.

The reaction of complex I with nucleotide 5′-GMP

To the solution of complex I (15.5 mg, 0.04 mmol) in
3 ml methanol one mol. equiv. of 5′-GMP (16.3 mg)
in 3.5 ml H2O was added with stirring. The reaction
was continued for 1 h at room temperature. The pH
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Table 3. Selected bond distances (Å) and angles (◦) for Com-
plex I.

Cu(1)-N(1) 2.026(2) Cu(1)-N(2) 1.943(2)

Cu(1)-N(3) 2.018(2) Cu(1)-O(2) 2.309(2)

Cu(1)-O(3) 1.958(2) N(1)-C(5) 1.350(3)

C(5)-C(6) 1.504(4) C(6)-N(2) 1.341(3)

N(2)-C(7) 1.387(3) N(3)-C(15) 1.364(3)

N(3)-C(14) 1.325(3) C(6)-O(1) 1.243(3)

O(2)-Cu(1)-N(1) 95.11(7) N(1)-Cu(1)-N(2) 81.36(8)

O(2)-Cu(1)-N(2) 96.47(8) N(2)-Cu(1)-N(3) 81.92(8)

O(2)-Cu(1)-N(3) 91.63(8) N(3)-Cu(1)-O(3) 98.07(8)

O(2)-Cu(1)-O(3) 90.95(7) O(3)-Cu(1)-N(2) 170.58(7)

O(3)-Cu(1)-N(1) 97.62(8) N(3)-Cu(1)-N(1) 162.57(8)

N(1)-C(5)-C(6) 116.1(2) C(5)-C(6)-N(2) 111.4(2)

C(6)-N(2)-C(7) 125.6(2) C(5)-C(6)-O(1) 120.4(2)

value of the above solutions is 6.0 and no buffer was
used. ESMS were recorded about 1 h after the mixing
of complex I with 5′-GMP.

Results and discussion

Crystallography of complexes I, V and VI

The crystal data, data collection, structural solution
and refinement parameters for complexes I, V and VI
are summarized in Table 2.

The selected bond distances and angles of complex
I are listed in Table 3. As can be seen from Figure 1,
Cu(II) is bonded to the acetate ligand through O(3)
and to the L through three nitrogen atoms [pyridine
N(1), amide N(2) and quinoline N(3)] with N(1) and
N(2) being in cis position. A water molecule is coor-
dinated to Cu(II) through O(2), therefore, in complex
I Cu(II) adopts a standard square-pyramidal arrange-
ment with O(2) occupying its apex and with N(1),
N(2), N(3) and O(3) lying on the basal plane. Lig-
and L1 may be considered as the basic plane of the
molecule and the mean deviation from CuN3O plane
[Cu(1)- N(1)- N(2)- N(3)-O(3)] is 0.04 Å, while the
Cu(II) atom show deviations of the order of −0.05 Å
away from the basic plane. The approximately square-
planar coordination of the Cu(II) atom generates two
five-membered rings and the torsion angles of Cu(1)-
N(1)-C(5)-C(6), Cu(1)-N(2)-C(6)-C(5), Cu(1)-N(2)-
C(7)-C(15) and Cu(1)-N(3)-C(15)-C(7) are -3.2(3)◦,
-1.6(3)◦, -1.2(3)◦ and 0.3(3)◦, respectively.

Table 4. Selected bond distances (Å) and angles (◦) for
Complex V and Complex VI.

Bonds and angles Complex V Complex VI A

Cu(1)-N(1) 1.986(3) 1.997(5) 1.982(4)

Cu(1)-N(2) 1.906(3) 1.911(4) 1.917(4)

Cu(1)-N(3) 1.933(3) 1.927(5) 1.921(4)

Cu(1)-O(4) 1.950(2) 1.938(4) 1.951(4)

C(1)-N(2) 1.405(4) 1.380(7) v1.391(6)

N(2)-C(10) 1.339(4) 1.318(7) 1.321(7)

C(10)-O(1) 1.241(4) 1.253(7) 1.237(7)

C(11)-N(3) 1.472(4) 1.448(6) 1.453(6)

N(3)-C(12) 1.310(4) 1.327(8) 1.310(8)

C(12)-O(2) 1.248(4) 1.209(9) 1.221(8)

N(1)-Cu(1)-N(2) 83.32(11) 82.90(18) 83.20(18)

N(1)-Cu(1)-O(4) 96.45(10) 98.18(18) 95.40(18)

N(2)-Cu(1)-N(3) 84.91(11) 83.55(18) 83.67(19)

N(2)-Cu(1)-O(4) 177.11(11) 178.12(17) 178.34(19)

N(3)-Cu(1)-O(4) 95.36(10) 95.31(18) 97.78(19)

C(10)-C(11)-N(3) 111.7(3) 109.1(5) 109.7(5)

The three Cu-N bond distances are in the nor-
mal ranges according to the corresponding bond and
are comparable to those in [Cu(bpb)(H2O)] (Chap-
man et al. 1980) and [Cu(APPy)] (Rowland et al.
2001). However, the average Cu-N (pyridine or quino-
line) bond lengths [2.022(2) Å] are significantly longer
(0.08 Å) than the Cu-N (amide) bond in the same
compound, this may be due to the different electron-
donating abilities of amide N and heterocyclic N
atoms (Zhang et al. 2001). The Cu-O(3) (acetate) bond
length is in the expected ranges. As can be noted,
the coordination of Cu (II) did not change signifi-
cantly the bond lengths of the ligand L1. The water
molecule forms hydrogen bonds with carbonyl oxygen
atoms of adjacent chelate molecules. The D· · · A sep-
arations are 2.790(4) and 2.799(4) Å for O(2)·O(1A),
O(2)·O(4B), respectively (symmetry code A: −0.5+x,
0.5-y, -0.5+z. B: 0.5-x, -0.5+y, 0.5-z). The D-H·A
angles are ca. 172◦ and 175◦ for O(2)-H(2B)·O(1A),
O(2)-H(2C)· · ·O(4B), respectively. There are strong
intermolecular π − π stacking interactions between
the quinolyl and quinolyl rings, quinolyl and pyridyl
rings in neighboring molecules to stabilize the crystal
packing. The intermolecular π−π stacking interaction
were characterized by the dihedral angles of 0◦ and
3.8◦ for pairs of stacked quinolyl rings, and pyridyl
and quinolyl rings respectively, and the shortest in-
termolecular atom·atom separations of these stacking
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Fig. 1. The structure of complex I with atom numbering scheme. Thermal ellipsoids are drawn at 50% probability.

rings are 3.42 Å, 3.39 Å for C(7)-C(11C), C(12)-
C(1D), respectively (symmetry codes, C: -x, 1-y, 1-z,
D: -1+x, y,z).

The selected bond distances and angles of com-
plex V and VI are listed in Table 4. Figures 2 and
3 show the ORTEP drawings of the asymmetric unit
with an atom-numbering scheme of complex V and
VI, respectively. Cu(II) in complex V as well as in
complex VI is bonded to a water molecule through
O(4) and to the ligand through three nitrogen atoms
[quinoline N(1), amide N(2) and N(3)] with N(2) and
N(3) being in cis position. Thus in the two complexes,
Cu(II) both adopt standard planar arrangement with
N(1), N(2), N(3) and O(4) lying on the basic plane.
The mean deviations from CuN3O plane [Cu(1)-N(1)-
N(2)-N(3)-O(4)] are 0.0276 Å to complex V and
0.0242 Å to complex VI, while the Cu(II) ions show
deviations of the order of −0.0138 Å for V and
0.0098 Å for VI away from the basic plane separately.
While complexes I and V crystallized in the space
group P21/n, chiral complex VI crystallized in chiral
space group P21, with two independent molecules in
the unit cell that adopt head-to-tail configuration.

As can be seen from Table 4, all the corre-
sponding bonds and angles in the two complexes
are similar to each other, and comparable to those
in complex I. The Cu-O (aqua) in complex I is
significantly longer than that in complexes V and

VI due to the Jahn-Teller effect. The water mole-
cule forms both intra- and inter-molecular hydro-
gen bonds with carbonyl oxygen atoms. In com-
plex V, the D·A separations are 2.580 and 2.634 Å for
O(4)· · · O(2) and O(4)· · ·O(1A), respectively (sym-
metry code, A: 0.5-x, -0.5+y, 0.5-z), the D-H· · · A
angles are ca. 163◦ and 172◦ for O(4)-H(4B)· · ·O(2),
O(4)-H(4C)· · ·O(1A) respectively. In complex VI,
the D· · · A separations are 2.566 Å, 2.638 Å,
2.542 Å and 2.671 Å for O(4)· · · O(2), O(4)· · · O(1B),
O(4A)· · · O(2A) and O(4A)· · · O(1AB), respectively
(symmetry code, B: x, y-1, z), the D-H· · · A
angles are ca. 148◦, 169◦, 145◦ and 169◦ for
O(4)-H(4C)· · ·O(2), O(4)-H(4B)· · ·O(1B), O(4A)-
H(4AC)· · · O(2A) and O(4A)-H(4AB)· · ·O(1AB), re-
spectively.

It is interesting to note that Cu (II) in complex I
is penta-coordinated while in complexes V and VI is
tetra-coordinated. Due to the Jahn-Teller effects, Cu
(II) does not bind to the fifth and sixth ligands strongly,
even aqua (Cotton & Wilkinson 1988). It is likely that
very strong intra-molecular H-bonding between O(2)
and O(4) in complexes V and VI stabilized the aqua-
ligand which precludes the binding of acetate ligand
and hence the aqua ligand in apical position. As it will
be shown below, complex I also demonstrated very
different cytotoxicity, compared to complexes V and
VI, towards the cell lines examined.
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Fig. 2. The structure of complex V with atom numbering scheme. Thermal ellipsoids are drawn at 50% probability.

Fig. 3. The structure of complex V with atom numbering scheme. Thermal ellipsoids are drawn at 50% probability.

Biological activity

Figure 4 showed that both of HL1 and complex I ex-
hibited significant in vitro anticancer activities against
the examined leukemia and human solid tumor cell
lines. The two leukemia cell lines were more sensitive
to HL1 and complex I than the two solid tumor cell
lines. At the concentration of 1 × 10−7 mol/l of HL1
and complex I, the growth inhibition of both P-388
and HL-60 cells were above 50.0%, whereas those of
A-549 and BEL-7402 cells were below 15.0%. Com-

plex I exhibited stronger in vitro antitumor activities
than did the free ligand against three human tumor
cell lines. In HL-60, A-549, and BEL-7402 cells, the
growth inhibitory rates of complex I were 84.9, 12.6,
and 15.0% whereas those of HL1 were 74.2, 11.0, and
0.0%, respectively, at the same molarity concentration
of 1 × 10−7. It is notable that HL1 and complex I
exerted more potent cytotoxic activity than did cis-
platin, a clinically-used metal-containing antitumor
drug, in our test system (see Figure S1). Additionally,
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Fig. S1. Cytotoxic activity of cisplatin against tumor cell lines: [�:
Human leukaemia cells (HL-60),�: Murine leukaemia cells (P388),
�: Human liver cancer cells (BEL-7402), �: Human lung cancer
cells (A-549)].

Fig. 4. Cytotoxic activity of HL1 (a) and complex VI (b) against
selected tumor cell lines: [�: Human leukaemia cells (HL-60),�: Murine leukaemia cells (P388), σ : Human liver cancer cells
(BEL-7402), τ : Human lung cancer cells (A-549)].

their growth inhibition was in a dose-dependent man-
ner as seen from Figure 4. As shown in Figure S2,
complexes II, III and IV also exhibit potent in vitro
cytotoxicity against the examined cell lines, suggest-
ing that anions do not affect the activity of the Cu (II)
complex. In contrast, ligands HL2, HL3 and their cop-
per complexes (V and VI) are almost inactive to the

Fig. S2. Cytotoxic activity of complexes II (a), III (b) and IV (c)
against selected tumor cell lines [p(g/ml) as −log (g/ml)]: [�: Hu-
man leukaemia cells (HL-60), �: Murine leukaemia cells (P388),
�: Human liver cancer cells (BEL-7402), �: Humang lung cancer
cells (A-549)].

examined cell lines, as shown in Figures S3 and S4.
The activity differences between complex I and com-
plexes V and VI may be correlated to the geometrical
differences between them, as well as to the differences
in functional groups.

Reactions of complex I with nucleotide 5′−GMP

As complex I shows very potent cytotoxicity against
different tumor cell lines, its reactivity towards nu-
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Fig. S3. Cytotoxic activity of HL2 (a) and complex V (b) against
selected tumor cell lines [p(g/ml) as −log (g/ml)]:[�: Human
leukaemia cells (HL-60), �: Murine leukaemia cells (P388), �:
Human liver cancer cells (BEL-7402), �: Humang lung cancer cells
(A-549)].

Fig. S4. Cytotoxic activity of HL3 (a) and complex VI (b) against
selected tumor cell lines [p(g/ml) as −log (g/ml)]:[�: Human
leukaemia cells (HL-60), �: Murine leukaemia cells (P388), �:
Human liver cancer cells (BEL-7402), �: Humang lung cancer cells
(A-549)].

Fig. 5. (a) The ESMS spectrum of the solution of complex I and
5′-GMP 1 h after mixing; (b) The expanded spectrum of peak 1; (c)
Calculated spectrum of peak 1.

cleotide 5′-GMP was investigated at aqueous solution.
Upon mixing the solutions of complex I and 5′-GMP,
pale green precipitates which designated as I-GMP
were formed after a few hours after mixing. The
IR spectrum of the precipitate was recorded, which
shows the presence of phosphate bands at ∼ 1080 and
∼ 980 cm−1, assignable to the stretching vibration of
O-P-O and P-O-C, respectively (Cini & Pifferi 1999).
The EPR data of complex I and I-GMP recorded at
110 K demonstrated that the coordination of complex I
to 5′-GMP did not cause significant variation of the g
values (I: g1, 2.05, g2, 2.10, g3, 2.13; I-GMP: g1, 2.03,
g2, 2.08, g3, 2.18), suggesting the geometry around Cu
(II) was kept unchanged.
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The above reaction was also studied by ESMS
spectrum. Figure 5a shows the ESMS spectrum of
reaction mixture of complex I and 5′-GMP after 1 h
reaction. As noted, all the isotopic peaks were sep-
arated by 1 unit and can be attributed to complexes
with one negative charge. The highest peak that has a
m/z value of 362.5 can be assigned to one negatively
charged 5′-GMP (GMP−). The major product of the
reaction was peak 1 that has a m/z value of 672.3 and
can be assigned to the complex [Cu(L1)(5′-GMP)]−
(Figure 5b). The calculated molecular mass and the
isotopic distribution match perfectly with the formula
(Figure 5c). The m/z value and isotopic distribution
of peak 2 (1347.1) corresponded to the formation of
complex [Cu2(L1)2(5′-GMP)2]−, indicating that the
association of [Cu(L1)(5′-GMP)]− occurred in solu-
tion. The self-stacking of nucleotides and their com-
plexes has been well documented in the literature (for
example, Bianchi et al. 2000).

All the data suggest that upon reacting with the
nucleotide, complex I looses the aqua and acetate lig-
ands which are possibly replaced by the nucleobase
N and phosphate O donors. It is reported Cu (II)
forms chelate complexes with N (7) of purine ring
and with the phosphate group (Lüth et al. 1999). Re-
cent calorimetric data confirm that 5′-GMP has the
highest tendency to form the N (7) and phosphate
macrochelation with Cu (II) compound compared to
other nucleotides (Herrero & Terrón 2000).

In summary, we have shown the changing ligand
from HL1 to HL2 and HL3, the resulting complexes
with Cu (II) may adopt different coordination mode
and geometry. Moreover, very different cytotoxicity
was found for these complexes, among them com-
plex I demonstrated the most potent activity. Com-
plex I is more active than cisplatin in the tumor cell
lines examined. We are currently investigating the
binding mode of complex I towards DNA in order
to elucidate the detailed mechanism of its antitumor
activity.
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