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Copper(II) complexes (1–4) of tri- or tetradentate bis(2-meth-
ylbenzimidazolyl)amine ligands (L1–L4) have been prepared
and characterized by spectroscopic methods in solution, as
well as in the solid state by X-ray crystallography. The li-
gands act as tridentate donors towards the cupric ions
through one central amine and two benzimidazole N atoms
in the solid state; a water ligand and a bridging perchlorate
group define the distorted octahedral environments of 2 and
3. Complex 4 has square-pyramidal coordination geometry,
with an additional thioether donor attached to the central N
atom in the axial position. Electrospray mass spectrometry

Introduction

Metal-based drugs have become increasingly relevant as
alternatives to the traditional drugs based on organic com-
pounds and natural products.[1] Among these, cisplatin is
regarded as one of the most effective therapeutic agents in
chemotherapy,[2] despite its high toxicity and the drug resis-
tance phenomena associated with it.[3] Nonetheless, the im-
portance of cisplatin as an anticancer drug triggered a wide-
spread interest in metal complexes as potential medicinal
agents,[4] particularly in search of compounds with less se-
vere side effects.

In this context, copper is an appealing candidate to re-
place platinum in drugs based on its role in biological sys-
tems as an essential element,[5] which could render its com-
plexes less toxic. The molecular mechanisms underlying the

[a] Instituto de Química,
Universidad Nacional Autónoma de México,
Circuito Exterior, Ciudad Universitaria,
México, D.F. 04360, México
Fax: +52-55-56162217
E-mail: joseivan@unam.mx

[b] Facultad de Estudios Superiores Zaragoza,
Universidad Nacional Autónoma de México,
Batalla del 5 de Mayo y Fuerte de Loreto,
México, D.F. 09230, México

[c] Facultad de Química, División de Estudios de Posgrado,
Universidad Nacional Autónoma de México,
Ciudad Universitaria,
México, D.F. 04360, México
Supporting information for this article is available on the
WWW under http://dx.doi.org/10.1002/ejic.201100301.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2011, 3454–34603454

characterized the complexes as monomeric in acetonitrile
solution. Cyclic voltammetry studies established that amine
N benzyl-containing 3 has the highest half-wave redox po-
tential of all of these complexes at –0.08 V (vs. Fc+/Fc) for the
Cu2+/Cu+ couple. The complexes display dose-dependent
cytotoxicity against one human and four murine cancer cell
lines. Complexes 3 and 4 have good antiproliferative activity
against the human chronic leukemia cell line K562. More-
over, for 3 the proliferation of all malignant cell lines de-
creases at concentrations lower than the IC50 for healthy
bone marrow cells.

antitumor activity of copper complexes reported to date are
not fully established. Initial hypotheses considered analo-
gies with Pt to propose DNA binding, intercalation, and
cleavage activity; proteasome inhibition has been postulated
as a possible apoptotic mechanism.[6] Alternatively, evi-
dence for oxidative damage by production of reactive oxy-
gen species (ROS) has also been reported, and a form of
nonapoptotic programmed cell death has also been ob-
served.[7] More recently, caspase inhibition leading to par-
aptotic cell death has also been proposed as a cytotoxic
route.[8] These varied cytotoxic mechanisms could circum-
vent the problem of drug resistance associated with cispla-
tin. Moreover, the properties of copper complexes are
largely dominated by the nature of the ligands,[9] so that
fine-tuning can be in principle achieved by ligand modifica-
tion.

Initial exploration of the biological activity of copper
complexes with thiosemicarbazones revealed their potential
as antitumor agents.[10] Recent modifications to the ligands
have resulted in higher antitumor activity, as well as lower
toxicity towards normal cells.[11] A related factor regarding
the structure of the ligands is the stability of their copper
complexes, as delivery of copper to the target cells can be
hampered by sequestering agents that mediate copper traf-
ficking in biological systems. The chelating nature of thio-
semicarbazones allow them to strongly bind the copper
ions, and it is reasonable to expect that ligands that give
rise to highly stable tridentate chelates behave in a similar
fashion.
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In light of the wide variety of copper complexes that dis-
play antitumor activity both in vitro and in vivo, determi-
nation of structure–activity relationships is of prime impor-
tance.[7a] However, a clear correlation between the bio-
logical properties of the complexes and their physical and
chemical properties has not emerged to date. Thus far, re-
ports have focused mainly on properties such as the coordi-
nation geometry around the copper ions,[12] the oxidation
state,[13] redox potentials,[14] and ligating atoms (N, O, P, S).
Among nitrogen bases, benzimidazole derivatives display
biological activity of their own,[15] which can be modified
or enhanced by copper coordination.[16] As a new contri-
bution to this emerging field, we report a series of cop-
per(II) complexes with chelating, tri- and tetradentate bis(2-
methylbenzimidazolyl)amine ligands (Scheme 1), which will
provide additional data to the existing list of copper com-
pounds with antitumor activity. Moreover, the introduction
of different substituents at the central amine allows for the
modulation and potential modification of the properties of
the complexes. We report their spectroscopic and structural
characterization, as well as their antiproliferative activity
against murine and human cancer cell lines.

Scheme 1. Bis(benzimidazole)amine ligands L1–L4.

Results and Discussion

We recently reported the synthesis of the BOC-protected
bis(2-methylbenzimidazolyl)amine ligand precursors
BOC2L2–BOC2L4.[17] Preparation of the complexes entailed
the initial deprotection of BOC2L2–BOC2L4 by treatment
with HCl in acetone/water, followed by neutralization with
ethanol/water solutions of NaOH or Na2CO3. This method
allowed the isolation of Ln·xHCl (x �1) as crystalline solids
(Scheme 1). The corresponding copper(II) perchlorate com-
plexes (1–3) were obtained upon reaction of Cu(ClO4)2·
6H2O with one equivalent of Ln·xHCl, or the previously
reported L1.[18] In the case of L4·xHCl, reaction with Cu-
(ClO4)2·6H2O resulted in the formation of a CuII complex
with mixed chloride and perchlorate anions (4-Cl), as well
as the desired bis(perchlorate) copper complex 4; analyti-
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cally pure samples of 4 could not be obtained by this
method, and a different synthetic procedure was devised.
To this end, the source of chloride was eliminated by adding
Cu(ClO4)2·6H2O as a Lewis acidic deprotecting agent to
methanolic solutions of BOC2L4. This method afforded 4
in good yields.

Initial characterization of the complexes entailed IR,
UV/Vis, and MS analysis. The main features in the IR spec-
tra are the bands between 3550 and 3250 cm–1, which corre-
spond to O–H and N–H stretching modes; the bis(2-meth-
ylbenzimidazolyl)amine ligands give rise to C–H stretching
bands between 3164 and 2932 cm–1, and the presence of
perchlorate anions is evidenced by the strong bands at
around 1090–1100 cm–1. The UV/Vis spectra of the com-
plexes in methanolic solutions are characterized by a single
d–d transition band (ε in the range of 90–128 m–1 cm–1) at
λ = 695 for 2, 709 for 3, and 696 nm for 4, consistent with
square-pyramidal coordination geometry.[19] In the case of
4, an additional band at λ = 451 nm (ε = 416 m–1) was as-
signed to the S�Cu ligand-to-metal charge-transfer band
based on reports of a related bis(2-methylpyridyl)amino-
thioether–Cu2+ system.[20] An analogous feature is absent
in 2, indicating that the thiophene sulfur atom does not
coordinate to the metal center in solution. ESI or FAB+

mass spectra of all complexes were acquired in acetonitrile/
methanol in order to determine their behavior in solution.
In all cases the main species detected correspond to mono-
meric complexes with a 1:1 ligand to metal ratio, without
solvent molecules coordinated to the copper ion. In the case
of 2, the FAB+ mass spectrum is characterized by a peak at
m/z = 436, which was assigned to the monocationic species
[(L2-H)Cu]+. The ESI spectrum for 3 contains peaks at m/z
= 429 and 529, assigned to the species [(L3-H)Cu]+ and
[L3CuClO4]+, respectively. Likewise, analysis of solutions of
4 by FAB+ MS revealed the presence of the species [(L4-H)-
Cu]+ at m/z = 504. Additionally, all complexes were charac-
terized by EPR spectroscopy in acetone or acetonitrile solu-
tions at 77 K. The observed spectra correspond to axial
symmetry, in agreement with UV/Vis spectroscopy, and the
complexes are characterized by virtually identical values of
g� = 2.286, g� = 2.069, and A� = 140.9 G.

The coordination environment around the CuII centers
was established unambiguously by X-ray diffraction analy-
sis. The structure of the related complex [(L1)CuCl2] has
been reported previously,[21] therefore we decided not to
pursue the crystallization of the analogous complex [(L1)-
Cu(ClO4)2] (1). All of the complexes [including {(L1)-
CuCl2}] feature the bis(benzimidazolyl)amines acting as tri-
dentate ligands; [(L1)CuCl2] has a square-pyramidal coordi-
nation geometry, with the basal positions occupied by three
N atoms and one chloride ligand, and the axial position by
the second chloride. In the case of [(L2)CuClO4(H2O)]ClO4

(2) and [(L3)CuClO4(H2O)]ClO4 (3), the fourth basal posi-
tion is occupied by a water molecule, with Cu1–O1 bond
lengths of 1.983(3) and 1.985(2) Å, respectively. Although
both complexes appear to have a distorted square-planar
geometry, analysis of the extended structure shows the pres-
ence of Cu–O interactions with coordinated perchlorate



I. Castillo et al.FULL PAPER
anions (Figures 1 and 2), which generate linear coordina-
tion polymers characterized by Cu1–O2 and Cu1–O3 dis-
tances of 2.443(4) and 2.619(4) for 2 and 2.465(2) and
2.628(2) Å for 3. Thus, these complexes have distorted octa-
hedral coordination environments, with meridional bis(2-
methylbenzimidazolyl)amine ligands, and elongated Cu–
O(perchlorate) bonds due to Jahn–Teller effects (see
Table 1). Notably, the thiophene sulfur atom of 2 does not
coordinate to the Cu2+ center [Cu1···S22 distance
5.568(4) Å].

Figure 1. ORTEP diagram of 2 at 50% probability level. Hydrogen
atoms, a molecule of water, one perchlorate, and minor-occupancy
disordered atoms are omitted for clarity.

Figure 2. ORTEP diagram of 3 at 50% probability level. Hydrogen
atoms, a molecule of water, one perchlorate, and minor-occupancy
disordered atoms are omitted for clarity.

Although we were not able to obtain X-ray quality crys-
tals of the bis(perchlorate) CuII complex of L4, substitution
of one perchlorate for chloride allowed us to establish the
solid-state structure of [CuL4Cl]ClO4 (4-Cl), which is analo-
gous to bis(2-methylpyridyl)aminothioether–Cu2+.[20] The
nitrogen atoms coordinate in a meridional arrangement, as
observed for 2 and 3 (Table 1). In contrast to the structure
of 2, complex 4-Cl has a Cu1–S24 bond [2.749(1) Å] with
the thioether arm in an apical position; this Cu–S distance
is considerably longer than that reported for bis(2-meth-
ylpyridyl)aminothioether–Cu2+ [2.604(1) Å].[20] The thio-
ether ligand and the chloride ion in the fourth basal posi-
tion [Cu1–Cl1 2.277(1) Å], define the square pyramidal ge-
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Table 1. Selected bond lengths (Å) and angles (°) for complexes 2,
3, and 4-Cl.

Complex 2

Cu1–N1 1.943(4) Cu1–O1 1.983(3)
Cu1–N11 1.943(4) Cu1–O2 2.443(4)
Cu1–N21 2.112(3) Cu1–O3 2.619(4)

N1–Cu1–N11 164.26(14) N11–Cu1–O1 98.76(14)
N1–Cu1–N21 81.96(14) N11–Cu1–O2 100.92(12)
N11–Cu1–N21 82.35(14) N11–Cu1–O3 92.67(13)
N1–Cu1–O1 96.38(14) N21–Cu1–O1 168.40(13)
N1–Cu1–O2 84.81(13) N21–Cu1–O2 106.93(12)
N1–Cu1–O3 84.23(13) N21–Cu1–O3 82.90(12)

Complex 3

Cu1–N1 1.945(3) Cu1–O1 1.985(2)
Cu1–N11 1.942(4) Cu1–O2 2.465(2)
Cu1–N21 2.104(2) Cu1–O3 2.628(2)

N1–Cu1–N11 164.34(10) N11–Cu1–O1 96.71(10)
N1–Cu1–N21 82.63(10) N11–Cu1–O2 87.74(10)
N11–Cu1–N21 81.72(10) N11–Cu1–O3 82.38(10)
N1–Cu1–O1 98.57(10) N21–Cu1–O1 169.52(10)
N1–Cu1–O2 97.04(10) N21–Cu1–O2 105.47(9)
N1–Cu1–O3 95.13(11) N21–Cu1–O3 83.10(9)

Complex 4-Cl

Cu1–N1 1.950(3) Cu1–Cl1 2.277(1)
Cu1–N11 1.948(3) Cu1–S24 2.749(1)
Cu1–N21 2.133(4)

N1–Cu1–N11 161.83(15) N11–Cu1–Cl1 97.19(10)
N1–Cu1–N21 82.54(14) N11–Cu1–S24 95.35(10)
N11–Cu1–N21 81.03(14) N21–Cu1–Cl1 172.68(10)
N1–Cu1–Cl1 98.13(11) N21–Cu1–S24 83.07(10)
N1–Cu1–S24 90.30(11) Cl1–Cu1–S24 104.19(4)

ometry around the cupric ion. The additional perchlorate
anion does not have significant interactions with the cat-
ionic [CuL4Cl]+ unit (Figure 3).

Figure 3. ORTEP diagram of 4-Cl at 50% probability level. Hydro-
gen atoms, one perchlorate, and a molecule of water are omitted
for clarity.
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Antiproliferative Studies

The antiproliferative effect of the complexes was evalu-
ated on murine (WEHI-3, P388, Raw 264.7) and human
(K562) leukemia cell lines, as well as on the murine lung
fibrosarcoma L929 and healthy murine bone marrow cells.
Incubation of the different cell lines with increasing concen-
trations of the copper complexes revealed a dose-dependent
inhibition of cell growth in all cases (Supporting Infor-
mation, Figures S1 and S2). As a general observation, 1 dis-
plays a low inhibitory effect against all cell lines tested,
which appears to indicate that the third substituent on the
central nitrogen atom is necessary for any significant cyto-
toxic activity of the complexes. In addition, it can be specu-
lated that the nearly planar arrangement of the two benz-
imidazole units and the cupric ion is not a requirement for
biological activity to be observed, as is the case when DNA
intercalation occurs in related bisbenzimidazole[22] or (N-
heterocyclic)–Cu systems.[23]

The murine macrophage leukemia cell lines P388 and
Raw 264.7 are more sensitive to the thioether-containing
complex 4, whereas myelomonocytic WEHI-3, the human
chronic leukemia cell line K562, and the lung sarcoma cell
line L929, have comparable sensitivity to all copper com-
plexes at concentrations up to 15 µm. Interestingly, 3, and
to a lesser degree 4, have a reasonable inhibitory effect on
the human cell line K562 compared to the low toxicity ex-
hibited against healthy bone marrow cells (Figure 4 and
Table 2). Regarding the cytotoxicity against bone marrow
cells, thiophene-derived complex 2 has the highest toxicity,
whereas thioether-containing complex 4 has IC50 values for
all cell lines that are lower or comparable to the value for
bone marrow cells, except for K562. Finally, for 3 the prolif-
eration of all cell lines decreases at concentrations lower
than the IC50 for bone marrow, making it markedly less
toxic towards healthy cells. These observations mark 3 as a
viable candidate for further modification in order to in-

Figure 4. Proliferation inhibition of the human leukemia cell line
K562 after treatment with cisplatin and copper complexes 1–4.

Table 2. IC50 values for the different cell lines based on the values presented in Figure 4.

IC50 (μm)
P388 K562 WEHI-3 Raw 264.7 L929 Bone marrow

Cisplatin 1.0 �0.3 14.9�9.1 2.1 �0.6 1.2�0.2 2.4�0.7 2.6�1.7
1 �120� 26.0 �120�37.7 54.6 �25.9 91.1�22.4 48.7�0.4 �120�2.8
2 66.5 � 11.9 54.9 �9.5 38.0 �9.0 34.9 �11.3 26.2�11.1 24.6�3.9
3 45.4 �12.4 29.33 �6.5 22.1 �5.2 20.0 �2.8 34.5�7.8 48.3�3.5
4 24.4 �12.2 45.6 �0.9 21.3�3.1 11.1�21.9 24.8�7.0 26.7�10.7
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crease its antiproliferative activity against malignant cell
lines, affecting the bone marrow cells only at higher doses.
Although the mechanisms of copper entry into the cell are
unknown, analogy with cisplatin requires the involvement
of the copper transporter 1 protein.[24] An alternative
mechanism involves passive diffusion through the hydro-
phobic cell membrane, which could explain the need of the
substituent at the central nitrogen atom resulting in more
hydrophobic copper complexes.[8]

Electrochemical Studies

Characterization of the ligands by cyclic voltammetry at
a concentration of 1 mm in acetonitrile solution, and a scan
rate of 0.200 Vs–1 revealed several oxidation processes for
all of L1–L4, and the peaks are distinct from those of the
metal-centered redox process (Supporting Information, Fig-
ures S3 and S4). The redox potentials for the Cu2+/Cu+

couple of the complexes were determined under the same
conditions except for 1, which, due to its poor solubility,
was examined at a concentration of 0.6 mm (compared to
1 mm for all other complexes, Table 3). The reduction sig-
nals behave reversibly, allowing the determination of the an-
odic, cathodic, and half-wave potentials (E1/2 relative to the
Fc+/Fc couple, see Figure 5). The half-wave potential of 1 at
E1/2 = –0.24 V indicates that it is the most resistant towards
reduction from the cupric to the cuprous complex. Com-
plexes 2 and 3 have E1/2 values of –0.09 and –0.08 V, respec-
tively, indicating that they can be reduced to the cuprous
complexes more easily than 1 or 4. The half-wave potential
of 4 has an intermediate value of –0.12 V. Analysis of the
combined data suggests that higher redox potentials, par-
ticularly that of 3, may result in higher cytotoxicity.

Table 3. Redox potentials of complexes 1–4 (V, E vs. Fc+/Fc).

Complex Eap Ecp E1/2

1 –0.16 –0.32 –0.24
2 –0.01 –0.16 –0.09
3 0.04 –0.19 –0.08
4 –0.06 –0.17 –0.12

Thus, these trends indicate that there might be a corre-
lation between the biological activity and the redox poten-
tial of the complexes. Copper has been implicated in the
generation of ROS, which can be responsible for oxidative
damage, leading to cell death.[25] Although further studies
are required to test whether that mechanism is operating
with the complexes reported here, the ligands employed
provide a versatile platform to introduce modifications,
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Figure 5. Cyclic voltammograms of in situ prepared cuprous com-
plexes of L1–L4, in the potential range relevant to the Cu2+/Cu+

redox process.

which could result in complexes that, as in the case of 3,
could be reduced with relative ease, thereby establishing a
potential role for cuprous species in antiproliferative ac-
tivity.

Conclusions

We have synthesized and characterized copper complexes
with tri- and tetradentate ligands that share a bis(benzimid-
azolyl)amine structural motif. These monomeric complexes
display dose-dependent cytotoxicity towards one human
and several murine cancer cell lines. Based on the antiprolif-
erative activity of the complexes, it is noteworthy that com-
plexes 3 and 4 have an efficiency that, although lower than
that of cisplatin against the human leukemia cell line K562,
is promising due to the relatively high IC50 against healthy
bone marrow cells. Both complexes share a common six-
membered aromatic ring attached to the central amine,
though they differ in the length of the arm connecting the
aromatic group to the nitrogen atom, as well as the presence
of a thioether linkage in 4. Modifications at the central ni-
trogen position could allow us to determine the role of the
aromatic group, as well as the potential involvement of sul-
fur in the biological activity of these complexes. Although
it is tempting to propose that the substituent at the central
nitrogen atom increases the lipophilicity of the ligand, lead-
ing to higher cytotoxicity as recently proposed,[8] further
studies are required to verify this hypothesis. With regard
to 3, its low toxicity towards healthy bone marrow cells,
mark it as a candidate for structural modifications, which
will focus on the introduction of functional groups that
could lead to higher redox potentials for the Cu2+/Cu+ cou-
ple. Ideally, such modifications would result in higher anti-
proliferative activities against malignant cell lines, while
keeping a relatively high IC50 for bone marrow cells. The
design and development of new benzimidazole-amine de-
rived copper complexes is underway.
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Experimental Section
General: The BOC-protected ligands (BOC2Ln) were prepared ac-
cording to a literature procedure.[17] All other reagents and solvents
were obtained from commercial suppliers, and were used without
further purification. Elemental analyses were determined with an
Exeter Analytical CE-440 apparatus. UV/Vis spectra were recorded
with a Shimadzu UV-160U spectrophotometer; melting points were
determined with an Electrothermal Mel-Temp apparatus and are
uncorrected; IR spectra were recorded with a Bruker Tensor 27
spectrophotometer in the 4000–400 cm–1 region as KBr disks; mass
spectra were obtained with a JEOL JMS-SX-102A mass spectrom-
eter at an accelerating voltage of 10 kV, with a nitrobenzyl alcohol
matrix and Xenon atoms at 6 keV (FAB+), or a Bruker Daltonics
Esquire 6000 spectrometer with ion trap (Electrospray).

Electrochemical Studies: Measurements were made under a N2 at-
mosphere in anhydrous acetonitrile with a potentiostat-galvanostat
EG&G PAR model 263A with a glassy carbon working electrode
and a platinum wire auxiliary electrode, with (C4H9)4NPF6 as the
supporting electrolyte. Potentials were recorded vs. a pseudorefer-
ence electrode of AgCl(s)/Ag(wire) immersed in a 0.1 m (C4H9)4-
NCl acetonitrile solution. The working electrode was polished with
alumina, and washed with acetonitrile prior to measurements. All
voltammograms were started from the current null potential (Ei =

0) and were scanned in both directions, positive and negative, at a
scan rate of 0.200 Vs–1. In agreement with IUPAC convention, the
voltammogram of the Fc+/Fc system was obtained to establish the
values of the anodic (Eap) and cathodic (Ecp) peak potentials. The
electrolytic domain under the working conditions was –2.2 to 3.2 V
relative to AgCl(s)/Ag(wire).

EPR Spectroscopy: EPR measurements were made at room tem-
perature or 77 K in quartz tubes with a Jeol JES-TE300 spectrome-
ter operating at X band frequency (9.4 GHz) at 100 KHz field
modulation, with a cylindrical cavity (TE011 mode). Spectra were
acquired in the solid state and in frozen acetone solutions except
for 4, which was acquired in acetonitrile. The external measurement
of the static magnetic field was made with a precision gaussmeter
Jeol ES-FC5. Spectral acquisition, manipulations, and simulations
were performed using the program ESPRIT-382, v1.916.

X-ray Crystallography: Selected crystallographic data are presented
in Table 4. Single crystals were mounted at 298 K in a Bruker
SMART diffractometer equipped with an Apex CCD area detector.
Frames were collected by omega scans, and integrated with the
Bruker SAINT software package using the appropriate unit cell.[26]

The structures were solved using the SHELXS-97 program[27] and
refined by full-matrix least-squares on F2 with SHELXL-97.[28]

Weighted R factors, Rw, and all goodness of fit indicators, S, were
based on F2. The observed criterion of (F2 � 2σF2) was used only
for calculating the R-factors. All non-hydrogen atoms were refined
with anisotropic thermal parameters in the final cycles of refine-
ment. Hydrogen atoms were placed in idealized positions, with C–
H distances of 0.93 Å and 0.98 Å for aromatic and saturated car-
bon atoms, respectively. The isotropic thermal parameters of the
hydrogen atoms were assigned the values of Uiso = 1.2 times the
thermal parameters of the parent non-hydrogen atom.

CCDC-796149 (for 2), -796150 (for 3), and -796151 (for 4-Cl) con-
tain the crystallographic data for this article. These data can be
obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.

Ligand Deprotection: To BOC2Ln (1 mmol) dissolved in acetone
was added HCl (3 m, 4 mL), and the mixture was stirred for 12 h at
room temperature. After slow evaporation of acetone, the product
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Table 4. Crystal data and structure refinement for compounds 2, 3, and 4-Cl.

2 3 4-Cl

Formula C21H23Cl2CuN5O10S C23H25Cl2CuN5O10 C28H35Cl2CuN5O6S
Molecular weight 671.94 665.92 704.11
Crystal system monoclinic monoclinic triclinic
Space group P21/c P21/n P1̄
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal color blue blue green
T (K) 298(2) 298(2) 100(2)
Crystal dimensions (mm) 0.26� 0.13� 0.12 0.29� 0.26� 0.22 0.20 � 0.10� 0.08
a (Å) 10.5263(12) 10.7090(8) 10.903(2)
b (Å) 20.659(2) 20.8148(15) 12.689(3)
c (Å) 13.3535(15) 13.3615(10) 13.101(3)
α (°) 90 90 118.776(3)
β (°) 112.113(2) 112.9150(10) 95.781(3)
γ (°) 90 90 103.916(3)
V (Å3) 2690.3(5) 2743.3(4) 1491.3(5)
Ranges –12 � h � 12 –12 � h � 12 –13 � h � 13

–24 � k � 24 –25 � k � 25 –15 � k � 15
–16 � l � 16 –16 � l � 16 –15 � l � 15

ρcalcd. (gcm–3) 1.659 1.612 1.599
Z 4 4 2
F(000) 1372 1364 744
μ (mm–1) 1.152 1.056 1.036
θ range (°) 1.92 to 25.41 1.92 to 25.36 1.83 to 25.36
Absorption correction empirical empirical empirical
Tmax, Tmin 0.8983, 0.7709 0.8044, 0.7654 0.9247, 0.8306
Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 full-matrix least-squares on F2

Independent reflections 4941 5008 5440
Data/restraints/parameters 4941/276/462 5008/88/425 5440/1/368
Goodness-of-fit on F2 1.029 1.020 1.038
R 0.0506 0.0429 0.0582
Rw 0.1091 0.0999 0.1431
Largest diff. peak, hole (eÅ3) 0.531, –0.267 0.433, –0.244 0.941, –0.616

crystallized. The solid was collected by filtration and dissolved in
water. Na2CO3 was added until a pH of 11 was reached, and the
precipitate (Ln·xHCl, x �1) was collected by filtration and dried
under high vacuum.

Synthesis of Complexes: Equimolar amounts of Cu(ClO4)2·6H2O
and Ln·xHCl were dissolved in methanol and stirred for 12 h at
room temperature. The solutions were then evaporated under re-
duced pressure, and the oils were triturated with diethyl ether, fil-
tered, and the solids obtained dried under vacuum.

[CuL1ClO4(MeOH)]ClO4·MeOH (1): L1·xHCl (52 mg,
0.19 mmol), Cu(ClO4)2·6H2O (70 mg, 0.19 mmol), methanol
(5 mL), light blue solid (88 mg, 0.15 mmol, 76.70%). M.p. 236–
238 °C (dec.). C18H23Cl2CuN5O10 (603.86): calcd. C 35.80, H 3.84,
N 11.60; found C 36.04, H 3.83, N 11.28. IR (KBr): ν̃ = 3274
(strong), 2977, 2931 (weak), 1678, 1629, 1545, 1456, 1412, 1391,
1267 (weak), 1110 (very strong), 928, 851, 756, 694, 625
(weak) cm–1. UV/Vis (d–d transition in MeOH, r.t.): λmax (ε,
m–1 cm–1) = 752 (78) nm.

[CuL2ClO4(H2O)]ClO4·H2O (2): L2·xHCl (0.10 g, 0.24 mmol), Cu-
(ClO4)2·6H2O (0.10 g, 0.27 mmol), methanol (5 mL), blue solid
(0.12 g, 0.17 mmol, 70.83%). M.p. 182–185 °C (dec.). MS (FAB+):
m/z = 436 [(L2-H)Cu]+. C21H23Cl2CuN5O10S (671.95): calcd. C
37.54, H 3.45, N 9.46; found C 37.69, H 3.50, N 9.84. IR (KBr): ν̃
= 3530 (strong), 3282 (strong), 3165–3072 (weak), 1623, 1598, 1541,
1478, 1451, 1384, 1332, 1287 (weak), 1091 (very strong), 923, 852,
814, 750, 719, 625, 468 (weak) cm–1. UV/Vis (d–d transition in
MeOH, r.t.): λmax (ε, m–1 cm–1) = 695 (121) nm. Blue X-ray quality
crystals were obtained from crystallization from methanol/water at
4 °C.
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[CuL3ClO4(H2O)]ClO4·H2O (3): L3·xHCl (0.20 g, 0.50 mmol), Cu-
(ClO4)2·6H2O (0.20 g, 0.55 mmol), methanol (10 mL) green solid
(0.15 g, 0.35 mmol, 70.00%). M.p. 272–278 °C (dec.). MS (ESI):
m/z = 429.3 [(L3-H)Cu]+, 529.3 [L3CuClO4]+. C23H25Cl2CuN5O10

(665.93): calcd. C 41.48, H 3.78, N 10.52; found C 41.19, H 3.72,
N 10.15. IR (KBr): ν̃ = 3541 (strong), 3272 (strong), 3164, 3069,
2953 (weak), 2000–1600, 1598, 1540, 1479, 1453, 1384, 1323, 1287,
1211 (weak), 1090 (very strong), 920, 842, 752, 703, 622, 454, 429
(weak) cm–1. UV/Vis (d–d transition in MeOH, r.t.): λmax (ε,
m–1 cm–1) = 709 (128) nm. Blue X-ray quality crystals were obtained
from crystallization from methanol/water at 4 °C.

[CuL4ClO4(H2O)]ClO4·H2O (4): BOC2L4 (0.38 g, 0.56 mmol), Cu-
(ClO4)2·6H2O (0.21 g, 0.56 mmol), methanol (15 mL), green solid
(0.33 g, 0.47 mmol, 83.68%). M.p. 178–183 °C (dec.). MS (FAB+):
m/z = 504, [(L4-H)Cu]+. C27H31Cl2CuN5O9S (736.08): calcd. C
44.06, H 4.24, N 9.51; found C 44.06, H 4.41, N 9.42. IR (KBr): ν̃
= 3328 (strong), 3072, 2978, 2926 (weak), 1763, 1624, 1543, 1478,
1452, 1381, 1323, 1278 (weak), 1101 (very strong), 923, 811, 750,
624, 435 cm–1. UV/Vis (d–d transition in MeOH, r.t.): λmax (ε,
m–1 cm–1) = 681 (129) nm.

[CuL4Cl(H2O)]ClO4·H2O (4-Cl): L4·xHCl (0.26 g, 0.50 mmol), Cu-
(ClO4)2·6H2O (0.20 g, 0.54 mmol), methanol (15 mL), green solid
(0.38 g, 0.47 mmol, 94.00%). M.p. 138–150 °C (dec.). The com-
pound was not isolated in pure form and probably consists of a
mixture of 4 and 4-Cl. UV/Vis (d–d transition in MeOH, r.t.): λmax

(ε, m–1 cm–1) = 696 (90) nm. A few green X-ray quality crystals were
obtained from crystallization from ethyl acetate/acetonitrile at
–20 °C.
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Biological Assays: The murine (P388, Raw 264.7, WEHI-3) and
human (K562) leukemia cell lines, as well as the murine lung fibro-
sarcoma L929, were acquired from ATCC. Cells were cultivated in
IMDM (Gibco, BRL, USA) supplemented with 10% FBS (Gibco,
BRL, USA) and penicillin at 37 °C, 5% CO2, and humidity at dew-
point level. Biological assays were carried out with cells in 96 well
plates, with initial densities of 5� 104, 3� 105, 1.2� 105, 2.5�

105, and 2 � 105 cells/mL of WEHI-3, P388, Raw 264.7, K562, and
L929, respectively; we also employed 1 � 105 cells/mL with rmIL-
3 (5 ng/mL) of normal mononuclear cell from Balb/c mouse bone
marrow as control. Complexes 1–4 were evaluated at 1.5, 3, 7.5,
15, 30, 60, and 120 μm, and cisplatin was used as reference. The
inhibitory effect on proliferation was evaluated after 72 h for malig-
nant cell lines and 120 h for healthy bone marrow cells by the sulfo-
rhodamine B method,[29] as a measure of the cytotoxicity. Data
are presented as the mean value� the standard deviation of the
proliferation percent of at least three independent assays, each re-
peated four times.

Supporting Information (see footnote on the first page of this arti-
cle): Proliferation inhibition studies, cyclic voltammograms, and
EPR spectra.
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