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’ INTRODUCTION

Since the success of cisplatin, more and more attention has
been paid to metal complexes, which inhibit the proliferation of
cancer cells through a DNA or mitochondria involved path.1,2

Mitochondria are the most important organelles in determining
continued cell survival and cell death. The unique structure and
functional characteristics of mitochondria enable the selective
targeting of drugs that are designed to modulate the function of
these organelles for therapeutic gain.3 Lonidamine, arsenite, and
betulinic acid act directly on mitochondrial membranes and as-
sociated proteins to induce membrane permeabilization. Mito-
chondrial membranes span across a negative potential; most
agents have a positively charged moiety that takes advantage of
electrostatic forces in locating its target.4,5 Biochemically active
Mn(III)�salen and �salphen complexes induce nuclear frag-
mentation and the release of cytochrome c from the mitochon-
dria to cytosol, indicating the involvement of the mitochondrial
pathway of apoptosis.6Manganese(II) ions are the required cofactor
for many ubiquitous enzymes. Mitochondria can accumulate Mn-
(II) ions through anATP-dependentCa transporter.7 The transport
mechanismofMn(II) in vivomaymake it possible forMn(II)-based
compounds to be tumor-targeted. Research has proven that Mn(II)

ions weremainly taken up and transported by a divalentmetal trans-
porter (DMT-1) and a transferrin (Tf) receptor (TfR), which were
highly expressed in some tumor tissues.8�10 Simple Mn(II) salts
have been reported to exert an antiproliferative effect on several
cancer cell lines at rather high concentrations (in the mmol range),
but their application was limited because of their high dose.11 In
another study, we found that theMn(II) complex [(Adpa)Mn(Cl)-
(H2O)] (Adpa = bis(2-pyridylmethyl)amino-2-propionic acid) can
also target mitochondria and inhibit the proliferation of human
glioma cells (U251) with low IC50 (9.5 μM) in vitro.12 So, it is
possible for special Mn(II) complexes to target cancer cells through
an ATP-related Ca transporter. Mitochondrial Ca2+ loading has
profound consequences for mitochondrial function, such as regulat-
ing cellular respiration and mediating cell death by apoptosis or
necrosis.8,13 The ability of Ca2+ to regulate both cell death and pro-
liferation, combined with the potential for pharmacological modula-
tion, offers the opportunity for a set of new drug targets in cancer.

In addition to the attenuation of the absorption of calcium inmito-
chondria, most transitional metal complexes of di(picolyl)amine
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ABSTRACT: In order to find multifunction anticancer com-
plexes, three Mn(II) complexes of N-substituted di(2-pyridyl-
methyl)amine were characterized and used as agents to interfere
with the functions of mitochondria and the metabolite of O2 in
cancer cells. It was found that carboxylate-bridged dimanganese(II)
systems are good models of catalase and exhibit good inhibition of
the proliferation of U251 and HeLa cells. The inhibiting activity of
these manganese(II) complexes on the tumor cells in vitro was
related to their disproportionating H2O2 activity. The reaction of
carboxylate-bridged dimanganese Mn(II) complex with H2O2

forms a stable Mn(III)�(μ-O)2�Mn(IV) complex. Extensive
experimental results show that chloride-bridged dimanganese(II)
complexes could inhibit the swelling of calcium(II) overloadedmitochondria, and carboxylate-bridgedmanganese(II) complexes enhance
the swelling of calcium(II) overloaded mitochondria. These results indicate that the interactions between Mn(II) complexes of
N-substituteddi(picolyl)amine andmitochondria are influenced by the structure and conformation of the complexes.Mn(II) complexes of
N-substituted di(picolyl)amine could be developed asmultifunctional anticancer complexes to interfere with the absorption of calcium(II)
in mitochondria and the metabolite of O2 through the H2O2 or ROS involved signaling induced apoptosis of cancer cells.
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were reported as models of nonheme dioxygenase.14 For example,
Mn(II) complexes of bis(2-pyridylmethyl)benzylamine, nonheme
mimics, can react with H2O2, resulting the intramolecular aromatic
hydroxylation (pro-oxidant).15 The dinuclearmanganese complexes
with pyridine and (pyridylmethyl)amine ligands were able to
catalyze the oxidation of several alkenes to the corresponding
epoxides, using H2O2 as oxidants.

16 The manganese(II) complex
[Mn2(μ-O2CCH3)3L2]

+ (L = bis(pyridylmethyl)amine) and ami-
nopyridine manganese(II) complexes were studied for their ability
to disproportionateH2O2 andproduce highly valued intermediates.

17

These indicated that manganese(II) complexes with the derivatives
of bis(2-pyridylmethyl)amine could disproportionate H2O2 or react
with H2O2 to produce an oxidant. Many manganese(II) complexes
of N-substituted bis(pyridylmethyl)amine, metalloporphyrin, and
Salens were reported as pro-oxidant or as antioxidant.18 There is no
report on whether the manganese(II) complexes could inhibit the
proliferation of cancer cells through attenuating the H2O2 or O2

signaling.
Cellular levels of H2O2 directly or indirectly play a key role in

maglignant transformation and sensitize cancer cells to death.
During the overexpression of H2O2 detoxifying enzymes or human
catalase in vivo, H2O2 concentration decreased, and the cancer cells
reverted to normal appearance.19 Cancer cells are more susceptible
toH2O2 induced cell death thannormal cells are. Therefore, it is pos-
sible for the manganese(II) complexes of N-substituted di(picolyl)-
amines to bemultifunctional complexes that inhibit the proliferation
of cancer cells through attenuating the absorption of Ca2+ and
disproportionation of H2O2. Here, we report the characterization,
interaction with H2O2, attenuation of the absorption of Ca2+ in
mitochondria, and antitumor activities of [(phdpa)2Mn2(μ-Cl)2-
(Cl)2], [(pydpa)2Mn3(H2O)2Cl6], [(Adpa)2Mn2(Ac)(H2O)2]-
(Ac), and [(Adpa)Mn(μ2-O)2Mn(Adpa)]PF6 3 8H2O complexes
((pydpa = N-(3-pyridylmethyl)-bis(2-pyridylmethyl)amine;
phdpa = N-benzyl-bis(2-pyridylmethyl)amine).

’EXPERIMENTAL SECTION

Materials and Methods. All chemicals used for synthesis were of
reagent grade and used without further purification (Sinopharm Chemi-
cal Reagent Co. Ltd., China). Bis(2-pyridylmethyl)amino-2-propionic
acid (Adpa), N-benzyl-di(pyridylmethyl)amine (phdpa), and [(phdpa)2-
Mn2(μ-Cl)2(Cl)2] (1) were synthesized according to the reported pro-
cedures.12,15 The C, H, andNmicroanalyses were performed on a Vario EL
elemental analyzer. Themolar electrical conductivities containing 10�4 mol
L�1 complex were measured at 25.0 ( 0.1 �C using a BSA-A conduct-
ometer. The electronic absorption spectra were recorded in the 900�
190 nm region using a Varian Cary 50-BIO UV�vis spectrophotometer.
The IR spectra were recorded on a Nicolet-470 spectrophotometer in the
range 4000�400 cm�1. The1HNMRand 13CNMRspectraweremeasured
on a Bruker 400 MHz spectrometer. The electrospray mass spectra (ES-
MS) were determined on a Finnigan LCQ mass spectrograph, and the
concentration of samples was about 1.0 μmol L�1. The diluted solution was
electrosprayed at a flow rate of 5� 10�6 L�1 min�1 with a needled voltage
of +4.5 kV.Themobile phasewasmethanol. Electrochemicalmeasurements
were carried out on a model 730C Electrochemical Workstation (Shanghai
Chenhua Instruments). Analyte concentrations were typically 0.5�1.0 mM
in anhydrous acetonitrile containing 0.1 M [(nBu)4N]ClO4. Unless stated
otherwise, a Teflon-shrouded glassy carbon working electrode, a Pt wire
auxiliary electrode, and an SCE reference electrode were employed and
calibrated externally, using 0.1 mM solutions of ferrocene in 0.1 M
[(nBu)4N]ClO4/CH3CN).Cyclic voltammogramswere obtained at sweep
rates between 20 and 100 mV s�1. For reversible processes, the half-wave
potential values are reported. Redox potentials are reported (10 mV.

Synthesis of N-(3-Pyridyl)methyl-di(pyridylmethyl)amine
(pydpa). A mixture of di(2-picolyl)amine (6 mmol, 1.2 g), pyridyl-
methyl chloride (6 mmol, 762 mg), and Et3N (6 mmol, 625 mg) in
25 mL of CH2Cl2 was stirred at room temperature for 36 h. Then the
solution was washed with 20 mL of 1 M NaOH and water, dried with
sodium sulfate, and concentrated to give an oil liquid after column
chromatography on silica gel. Yield: 915 mg (60%). Anal. Calcd (%) for
C18H18N4: C, 74.46; H, 6.25; N, 19.30. Found: C, 74.52; H, 6.22; N,
19.21. IR (KBr) υ/cm�1: 3010 m, 2924 m, 1674 s, 1588 s, 1474 s, 1430
m, 1356 m, 762 s, 714 s, 622 s. 1H NMR (400 MHz, CDCl3): δ 3.65 (s,
2H, �CH2(m-Py)), 3.76 (s, 4H, �CH2Py), 7.0�9.0 (m, 12H, Py or
m-Py). 13C NMR (400 MHz, CDCl3): δ 55.7 (CH2�m-Py), 59.9
(�CH2Py), 120�260 (Py or C�m-Py).
Synthesis of [(pydpa)2Mn3(H2O)2Cl6] (2). A solution of

MnCl2 3 4H2O (298 mg, 1.5 mmol) in ethanol (10 mL) was added to
a stirred ethanol solution (10 mL) of N-(3-pyridyl)methyl-di(pyridyl-
methyl)amine (pydpa) (290.1 mg, 1.0 mmol). The mixture was heated
to 70 �C for 1.5 h, and then it was cooled to room temperature. Ethyl
ether (20.0 mL) was added to precipitate the products. After filtration, a
light yellow solid was obtained. Yield: 384 mg (77%). Anal. Calcd (%)
for C36H40Cl6Mn3N8O2: C, 43.49; H, 4.05; N, 11.27. Found: C, 43.56;
H, 3.99; N, 11.34. Molar conductance in H2O (ΛM): 21 S m

2 M�1. IR
(KBr) υ/cm�1: 3317 s, 3058 m, 3012 m, 2925m, 1648 s, 1601s, 1481m,
780 s, 673 s, 649 s. UV�vis (H2O/nm) (ε � 10 �4/M�1 cm�1): 196
(2.36), 260 (1.15).
Synthesis of [(Adpa)2Mn2(Ac)(H2O)2](Ac) (3). A solution of

Adpa (2.0 mmol, 598 mg) in methanol (6 mL) was mixed with Mn-
Ac2 3 6H2O (2.0 mmol, 508 mg), and then the mixture was refluxed at
80 �C for 1 h. After the solution was cooled, an excess amount of diethyl
ether was added, and the obtained yellow brown precipitate was dried
under vacuum. Yield: 685 mg (85%). Anal. Calcd (%) for C34H44-
Mn2N6O10: C, 50.63; H, 5.50; N, 10.42. Found: C, 50.38; H, 5.38; N,
10.18. Molar conductance in H2O (ΛM): 101 S m2 M�1. IR (KBr)
ν/cm�1: 3404 m, 2986, 2911 m, 1604 s, 1572 m, 1475 m, 1442 s, 1380 s,
1312 s, δ(CH, pyridine) 766 s. UV�vis (EtOH/nm) (ε � 10�4/
M�1 cm�1): 215(0.979), 259(1.148). ESI-MS (CH3OH): m/z =
709.42(100) [(Adpa)2Mn2(μ-Ac)]

+.
Synthesis of [(Adpa)Mn(μ2-O)2Mn(Adpa)]PF6 3 8H2O (4).

An aqueous solution of H2O2 (wt = 30%) (1 mL) was added dropwise
to the solution of 3 (1.0 mmol, 808 mg) in water (25 mL) at 0 �C. After
the mixture was stirred for 6 h, a dark green solution was obtained. Then
KPF6 (0.54 mmol, 100 mg) was added to the green solution. Green
precipitate thus was obtained by filtration, and the dark green crystals
suitable for X-ray diffraction studies were obtained by the slow evapora-
tion of the filtrate. Yield: 671 mg (26%). Anal. Calcd (%) for C30H48-
F6Mn2N6O14P: C, 37.09; H, 4.98; N, 8.65.; Found: C, 36.38; H, 4.51; N,
8.68. Molar conductance in DMF (ΛM): 89 Sm

2M�1. IR (KBr, ν/cm�1):
3427 s, 3083 w, 2987, 2931 w, 1677 s, 1601 s, 1481 m, 1444 s, 1388 m,
ν(PF6

�) 841 vs, 556 s, δ(CH, pyridine) 781, 763m, ν(Mn�O�Mn) 698,
680m, 670m, 611 m. UV�vis (MeCN/nm) (ε� 10�4/M�1 cm�1): 210
(2.897), 259 (2.144), 380 (0.137), 440 (0.109), 549 (0.0433), 653
(0.0342). ESI-MS (CH3OH): m/z = 682.25(22) [(Adpa)Mn(μ-O)2Mn-
(Adpa)]+, m/z = 209.42(100) [(Adpa)MnIV(μ-OH)+(Ac)+(H2O)]

2+ or
[(Adpa)MnIII+(Ac)+2(H2O)]

2+.
X-ray Crystal Structure Determinations.Crystallographic data

for [(phdpa)2Mn2(μ-Cl)2(Cl)2] (1), [(pydpa)2Mn3(H2O)2Cl6] (2),
and [(Adpa)Mn(μ2-O)2Mn(Adpa)]PF6 3 8H2O (4) are listed in Table
S1 in the Supporting Information. The crystals of the complexes were
selected for lattice parameter determination and collection of intensity
data at 293 K on a Rigaku Mercury2 CCD area detector (MSC Inc.,
2005) with monochromatized Mo KR radiation (λ = 0.71073 Å). The
data was corrected for Lorenz and polarization effects during the data
reduction. A semiempirical absorption correction from equivalents was
applied on the basis of multiscans. The structure was solved by direct
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methods and refined on F2 by the full-matrix least-squares methods,
using SHELXTL version 5.10.20 All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were introduced in their calculated
positions. All computations were carried out using the SHELXTL-PC
program package.
Catalase-like Activity. All of the reactions between the complexes

and dihydrogen peroxide were performed in buffered (Tris/Tris-HCl,
0.1 mol L�1, NaClO4 0.1 mol L�1, pH = 7.1) or water solutions at 0 and
37 �C. The reactivity of the complexes with H2O2 was first investigated
in water via UV�vis spectroscopy titration at 0 and 37 �C. After the
solution (10 mL) of complexes (0.1 mol L�1) was stirred at 0 and 37 �C
for 30 min, 0.1 mL of H2O2 aqueous solution (30%) was added, and the
spectra were recorded at 10 min intervals at 0 �C or 2 min intervals at
37 �C. A similar study was performed using the buffered system (Tris/
Tris-HCl, 0.1 mol L�1, NaClO4 0.1 mol L�1, pH = 7.1).

The volumetric measurements of the evolved dioxygen produced
during the reactionof the complexeswithH2O2were performed in triplicate
as follows: a 10 mL round-bottom flask containing a complex (1.0 �
10�3 mol L�1, 5.0 mL) in MeCN solvent (or a buffered system) was
placed in an ice (273.0( 0.1 K) bath. The flask was closed with a rubber
septum, and a cannula was used to connect the reaction flask to an in-
verted graduated pipet, filled with water. While the solution containing
the complex was being stirred, a solution of 0.5 mL of H2O2 aqueous
solution was added through the septum using a microsyringe. The volume
of oxygen produced was measured in the pipet. The kinetics measure-
ments of complexes 3 and 4 were performed in MeCN solution at 0 �C.
Different concentrations of dihydrogen peroxide were prepared by diluting
the 30% H2O2 aqueous solution with acetonitrile solution or Tris-HCl
buffer solution. The optimum reaction order of the substrate with re-
spect to the complexes was determined by reacting different concentra-
tions of complexes with a constant concentration of substrate. Similarly,
the optimum reaction order of the complexes with respect to the sub-
strate was determined by reacting different concentrations of substrate
with a constant concentration of complexes.
Cytotoxicity Testing. The cytotoxicity assay used two kinds of cell

lines (HeLa cells: human cervical cancer cells; and U251 cells: human
glioma cells). U251 cells were cultured in RMPI 1640 medium contain-
ing 4.8 g/L of HEPES and 2.2 g/L NaHCO3 and supplemented with
penicillin/streptomycin (1000 units/mL) and 10% calf serum. HeLa
cells were cultured in DMEM medium containing 10% fetal bovine
serum. All cells were grown at 37 �C in a humidified atmosphere in the
presence of 5% CO2. Cells were seeded at a density of 4� 104 cells/mL
into 96 sterile well plates and grown in 5%CO2 at 37 �C. Test complexes
were dissolved in H2O for 1�3 (or DMSO for 4) and diluted with
culture media. After 24 h, the complexes were added, and the same
samples were kept for 48 h. Cell viability was determined by the 3-[4,5-
dimethylthiazol-2-yl]-2,5-diphenpyltetrazolium bromide (MTT) assay
by measuring the absorbance at 570 nm with an ELISA reader. IC50 was
calculated using software provided by Nanjing University. Each test was
performed in triplicate. Comparisons were made by one-way analysis of
variance. Differences were considered to be significant when p < 0.05. All
experiments were repeated at least three times.
Mitochondrial Swelling. Liver mitochondria were isolated by

conventional differential centrifugation from adult rats.21 Livers were
homogenized in 250 mM sucrose, 1 mM EGTA, and 10 mM HEPES
buffer (pH 7.4). The mitochondrial suspension was washed twice in the
same medium containing 0.1 mM EGTA, and the final pellet was re-
suspended in 250 mM sucrose to a final protein concentration of
80�100 mg/mL. Mitochondria (0.4 mg of protein) were incubated in
1.5 mL of a medium containing 125 mM sucrose, 65 mM KCl, 10 mM
HEPES-KOH (pH 7.4), and 5 mM potassium succinate (+ 2.5 μM
rotenone) at 25 �C. Test complexes were dissolved in H2O and diluted
with culture media. Various concentrations of tested complexes (1�
100 μM) were added to the assay mixture. Swelling was initiated by the

addition of 50 μMCaCl2 to the sample cuvette at 25 �C. Ciclosporin A
(CsA) (5 μM) was used as a positive reference. Mitochondrial swelling
was estimated from the decrease in absorbance at 540 nmmeasured by a
Hitachi U-2000 spectrophotometer. The extent of mitochondrial swel-
ling was assayed bymeasuring the decrease in absorbance (A) at 540 nm,
and the inhibitory rate of mitochondrial swelling was calculated as fol-
lows: 100(ΔAcontrol � ΔAdrug)/ΔAcontrol, ΔA = ΔA0min � A.
Measurement of ROS. ROS levels were measured using the ROS

Assay Kit from Beyotime (Beyotime, China), per the manufacturers’
protocol.22

’RESULTS AND DISCUSSION

Characterization of Complexes. The IR spectra show two
pyridyl ring bands of υas(CdN) at approximately 1648 and
1601 cm�1 and theδ(CH) vibration of the pyridyl ring at 780 cm�1

for complexes 1�4, and all of the bands were shifted compared to
the free ligands. These shifts suggest that the nitrogen atom of the
pyridyl rings donates a pair of electrons each to the central metal,
forming coordinated bands. Two new bands at 680 and 698 cm�1

for complex 4 are assigned to the Mn-oxo streching vibration
and breath vibrations of high valent Mn(III)�oxo�Mn(IV)
(Figure S1 in the Supporting Information). The bis(μ-oxo)
Mn2

III,IV bipyridine complex reported by Cooper revealed the
Mn�oxo vibration at 676 cm�1 and the bis(μ-oxo)Mn2

III,IV�bpg
(bpg = bis(picolyl)glycylamine) complex at 700 cm�1,16,23 which
were similar to the complex 4, indicating the possible existence of a
Mn(III)�oxo�Mn(IV) core. The strong broad peaks at 3317�
3400 cm�1 for complexes 2�4 indicate the existence of water
molecules. The bands at 1549 and 1417 cm�1 for complexes 3 and
4 were attributed to the antisymmetrical and symmetrical stretch-
ing vibrations of the syn�syn 1,3-bridging acetate.24 Two strong
bands at 814 and 560 cm�1 in complex 4 were assigned to the
noncoordinated PF6

�.
A typical absorption band at 259 nm in the UV�vis spectra of

complexes 1�4 was due to a π f π* transition involving the
pyridine groups of the ligands. Two obvious shoulder bands at
380 nm (ε = 1368) and 440 nm (ε = 1085) and two wider
absorption bands at 549 nm (ε = 433) and 653 nm (ε = 342) for
complex 4 in MeCNwere reminiscent of the ones usually observed
for a mixed-valence MnIII(μ-O)2MnIVcore (Figure 1).25�28 The
bands in the range 400�700 nm belonged to the dimer MnIII,IV

(μ-O)2, for which 430 nm was assigned to an oxo f MnIV

charge-transfer transition (LMCT) and 550 and 630 nm were
assigned to theMnIV d�d transitions, respectively.25 The band at
430 nm was also assgined to the MnIV d�d transitions by Krebs.26

This suggested that complex 4 contained the [MnIII(μ-O)2MnIV]3+

core, which was consistent with the crystallography result.
The neutral complex [(phdpa)2Mn2Cl2(u-Cl)2] (1) could not

be detected under the ES-MS conditions, the main peak for 1 at
m/z = 380 (100) corresponds to the species [(phdpa)MnCl]+,
indicating that the coordinated Cl� anion could be lost under the
ES-MS conditions.15 The main peak of [(Adpa)2Mn2(Ac)(H2-
O)2](Ac) (3) at m/z = 709 (100) corresponds to species [(Ad-
pa)2Mn2(μ-Ac)]

+, which is formed as a result of the loss of the
coordinated two water molecules from [(Adpa)2Mn2(Ac)(H2-
O)2](Ac) (3) under the ES-MS conditions (Figure S7 in the Sup-
porting Information).The peak for3 atm/z=783 (28) corresponds
to species [(Adpa)2Mn2(μ-Ac)(H2O)+2(CH3OH)]

+. The peak
of species [(Adpa)Mn(μ-O)2Mn(Adpa)]+ at m/z = 682.25 (22)
confirms the existence of complex 4 in methanol solution. The
main peak at m/z = 209.42 (100) corresponds to the species
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[(Adpa)MnIV(μ-OH)+(Ac)+(H2O)]
2+ or [(Adpa)MnIII+(Ac)

+2(H2O)]
2+. Experimental results indicate that complexes 1 and

4 under the ES-MS conditions could dissociate into mono-
nuclear manganese complexes, but the dinuclear structure of
complex 3 is preserved in solution.
DG-TSC. Thermal analysis (TG) curves of 3 in the range

0�1000 �C are shown in Figure 2. The 4.67% weight loss at the
range of 25�120 �C corresponds to the loss of two water mol-
ecules in 3 (calcd 4.47%). Two Ac� ions decomposed in the tem-
perature range 120�260 �C, resulting in a 14.37% weight loss
(calcd 14.64%). The 49.17%weight loss in the temperature range
260�470 �C corresponds to the loss of two di(pyridylmethyl)-
amine groups from the ligand (Adpa) (calcd 49.13%). Thermal
analysis results confirm the existence of [(Adpa)2Mn2(Ac)-
(H2O)2](Ac) (3). The 3.90% weight loss in the temperature
range 0�160 �C for 2 corresponds to the loss of two coordinated
water molecules (calcd 3.83%) (Figure S2a in the Supporting
Information). The weight loss of 14.27% at 25�240 �C for 4 is
attributed to the loss of eight water molecules (calcd 14.4%)
(Figure S2b in the Supporting Information), which is consistent
with the crystal structure. In the temperature range 240�500 �C,
the 53.1% weight loss corresponds to the further loss of ligands
(Adpa) (calcd 55.5%). Thermal analysis results suggest the for-
mation of the titled complexes.

Cyclic Voltammogramof Complexes.The cyclic voltammo-
gram (CV) of 4 (1� 10�3 M) in CH3CN containing 0.1 M [(n-
Bu)4N]ClO4 under N2 is shown in Figure 3. The CV exhibits a
single reversible oxidation wave corresponding to the MnIIIM-
nIV/MnIVMnIV redox system (E1/2 = 0.71 V; Epa = 0.76 V and Epc =
0.67 V, ΔEp = 90 mV, scan rate =100 mV s�1) and one poorly
reversible reduction wave at E1/2 =�0.07 V (Epa = 0.-0.01 V and
Epc = �0.13 V, ΔEp = 120 mV, scan rate = 100 mV s�1) cor-
responding to the MnIIIMnIV/MnIIIMnIII. The potentials mea-
sured for complex 4 are identical to those described in the lit-
erature.16,18,29

The cyclic voltammogram (CV) of 1 (1 mM) in CH3CN
containing 0.1 M [(nBu)4N]ClO4 under N2 is shown in Figure
S3(a) in the Supporting Information. The CV exhibits a rever-
sible oxidationwave corresponding to theMnIIMnII/MnIIIMnIII redox
system (E1/2 = 0.93 V;ΔEp = 140 mV, scan rate =100mV s�1).30

The cyclic voltammogram (CV) of 3 (1 mM) in CH3CN
containing 0.1 M [(nBu)4N]ClO4 displays a first irreversible
oxidation peak at E1/2 = 0.81 V; Epa = 0.61 V and Epc= 1.01 V,
ΔEp = 400 mV, scan rate =100 mV s�1) corresponding to the
oxidation of the metallic centers of the complex (Figure S3(b) in
the Supporting Information). One poorly reversible oxidation
wave atE1/2 = 0.39V (Epa = 0.35V andEpc = 0.43V,ΔEp = 120mV,
scan rate = 100 mV s�1) corresponding to the MnIIIMnIII/MnIII-
MnIV, which followed the irreversible oxidation peak at�0.32 V.18

Crystal Structure of [(phdpa)2Mn2Cl2(μ2-Cl)2] (1), [(pydpa)2-
Mn3(H2O)2Cl6] (2), and [(Adpa)Mn(μ2-O)2Mn(Adpa)]PF6 38H2O
(4). The molecular structures of [(phdpa)2Mn2Cl2(μ2-Cl)2] (1)
and [(pydpa)2Mn3(H2O)2Cl6] (2) with the atomic labeling scheme
are shown in parts a and b of Figure 4, and the selected bond
lengths and angles are listed in parts a and b of Table S2 in the
Supporting Information. The Mn2 atom in 1 is coordinated by
three N atoms (N1, N2, N3), one chloride atom, and two bridged
chloride anions (Cl1, Cl3), resulting in a six coordinate dinuclear
Mn(II) complex. The complex [(phdpa)2Mn2Cl2(μ2-Cl)2] thus
shows a distorted octahedral geometry. Atoms N1, N4, Cl1, and
Cl3 form the equatorial tetragonal plane (mean deviation =
0.0455), while N2 and Cl4 occupy the apical positions. The Mn1
atom is shifted by 0.3496 Å out of the equatorial plane toward
Cl1. The Mn1�N2 and Mn1�Cl4 bond distances are 2.414(4)
and 2.4221(17) Å, respectively. The N2�Mn1�Cl4 angle is
159.90(10)�. Atoms N2, N5, Cl1, and Cl3 form the distorted
equatorial tetragonal plane (mean deviation = 0.4386), while N6
and Cl2 occupy the apical positions. The Mn2 atom is shifted by
0.3496 Å out of the equatorial plane toward Cl1.
The ligand (pydpa) of 2 acts as a tridentate ligand toward the

Mn2 atom. The Mn1 atom in 2 is coordinated by three N atoms

Figure 1. UV spectrum of complexes 3 ( 3 3 3 ) and 4 (—) in MeCN
(C = 0.113 mmol L�1).

Figure 2. TG plot of complex 3.

Figure 3. Cyclic voltammogram of complex 4 in MeCN + 0.1 M
Bu4NClO4. Sweep rate: 100 mV.
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(N2, N3, N4), one oxygen atom (O1) of the water molecule, and
two chloride anions (Cl1, Cl2), resulting in a distorted octahedral
geometry. Atoms N2, N3, N4, and O1 form the equatorial
tetragonal plane (mean deviation = 0.0801), while Cl1 and Cl2
occupy the apical positions. The Mn2 atom is located in the center
of the equatorial plane (deviation = 00443 Å). The Cl2�Mn1�
Cl1, O1�Mn1�N4, and Cl1�Mn1�N4 angles are 172.79(3),
173.58(9), and 100.06(6)�, respectively. The Cl1 atom of [(pyd-
pa)2Mn3(H2O)2Cl6] coordinates with Mn2 as a bridged atom.
The Mn2 atom is coordinated by two chloride atoms Cl3, Cl3A
(1.5 + x, 0.5 � y, 0.5 + z); two N atoms N1B (0.5 � x, 1.5 + y,
0.5 + z), N1C (1� x,�y� 1, 0.5 + z); and two bridged chloride
atoms Cl1, Cl1A (1.5 + x, 0.5 � y, z) from neighboring

molecules, resulting in a octahedral geometry. The Mn2 atom
is located in the center of the equatorial plane formed by Cl1A,
N1B, N1C, and Cl1 (deviation = 0.0000 Å). The N1B�Mn2�
N1C, Cl3A�Mn2�Cl3, and Cl1�Mn2�Cl1A angles are 180�.
The structural unit [(pydpa)Mn(H2O)(Cl)2] connected through
MnCl2 forms a Mn(II) polymer.
Complex 4 crystallizes in the triclinic space group P�1 with two

complex cations, one hexafluoridophosphate anion, and eight water
molecules in the unit cell. The molecular structure of 4 with the
atomic labeling scheme is shown in Figure 4c, and selected bond
lengths and angles are listed in Table S2c of the Supporting
Information. There is a crystallographic inversion center in the
middle of the trivalue cation, rendering the two halves of the mol-
ecule crystallographically equivalent. Each Mn atom in 4 is co-
ordinated by three N atoms (N1, N2, N3), one oxygen atom (O1)
of Adpa, and two oxo bridges (O3, O3A), resulting in a dis-
torted octahedral geometry. Atoms N2, N3, O3, and O3A form
the equatorial tetragonal plane (mean deviation = 0.0362), whileO1
and N1 occupy the apical positions. The Mn atoms are located in
the center of the equatorial plane (deviation =�0.0386 Å). The
O1�Mn1�N1 angle is 156.4(11)�. The manganese centers are
bridged by two oxo groups, resulting in a metal�metal
separation of 2.649(11) Å and a Mn(1)�O(3)�Mn(1A) angle
of 93.67(11)�.
The Mn�Mn distance is in the range of intermanganese dis-

tances (2.643�2.738 Å) as well as Mn�O�Mn angles (92.36�
97.9�) reported for Mn(III,IV) dioxo dimers with tripodal
nitrogen donor ligands.26 The bond lengths for Mn(1)�O(3)
and Mn(1)�O(3A), 1.813(3) and 1.819(2) Å, respectively, are
shorter than those reported for [Mn2(tpa)2(O)2]

2+ (tpa = tris-
(pyridylmethyl)amine) and represent an average for the values of
1.78 Å for Mn(IV) centers and 1.84 Å for Mn(III) centers in
valence localized Mn(III, IV) dioxo dimers.17,26

Catalase-like Activity of Complexes 1�4 Measured by
UV�vis Spectroscopy. The progresses of reactions between
complexes and H2O2 at various conditions were monitored by
UV�vis spectroscopy. When H2O2 was added to the white-
yellow solution of 3, the color of the solution became dark-green,
but no obvious color change was observed in the reaction solu-
tions containing complexes 1 or 2. After the addition of 0.1 mL of
H2O2 (30%) to the aqueous solution of 1 or 2 (1 mM), poorly
resolved absorption bands or shoulders between 400 and 700 nm
appeared, which indicated that complex 1 or 2 could bind with
H2O2 and form unstable high value manganese intermediates
(Figure S4 in the Supporting Information).
The intensity of four obvious bands or shoulders at 380, 440,

549, and 620 nm for 3 both in buffered solutions and in water
solutions increased with the addition of H2O2 (Figure 5a).
Similar absorption bands were observed when mono- or diun-
clear Mn(II) complexes containing tripodal ligands HPClNOL
or tpa were allowed to react with H2O2.

28 These bands were the
typical absorptions of the center of MnIII,IV(μ-O)2, suggesting
that complex 3 could be oxidized by H2O2 to form the [MnIII(μ-
O)2MnIV]3+ core. The intensity of the typical absorption band at
549 nm for 3 reached its maximum in 2 h (in Tris-buffered
solution) and in 3 h (in water) both at 273 K and then decreased
gradually (Figure 5a and b). It was also found that the absorption
at 549 nm decreased at 310 K in only 8 min, suggesting that the
reaction between 3 and H2O2 in buffered solutions at 310 K was
faster than that carried out in water at 273 K. Experimental results
also show that the stability of [MnIII(μ-O)2MnIV]3+ in this system
decreased with the increase of temperature.

Figure 4. Crystal structures of (a) [(phdpa)2Mn2Cl2(μ2-Cl)2] (1),
(b) [(pydpa)2Mn3(H2O)2Cl6] (2), and (c) [(Adpa)Mn(μ2-O)2Mn-
(Adpa)]+ (4). Hydrogen atoms are omitted for clarity.
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The stability of 4 in the presence of H2O2 in MeCN was
measured by the UV-titration method. The results are shown in
Figure 5c. It was found that immediately upon the addition of
H2O2, there was a sharp decrease in the intensity of the band at
549 nm, which slowed to a gradual decrease, which eventually
lead to the disappearance of the band. Then, the color of the
solution was changed from dark green to pale yellow. Combined
with the UV�vis spectra and the color change of the solution, we

deduced that the [MnIII(μ-O)2MnIV]3+ core could be reduced
by the H2O2 to generate the Mn(II or III) species. The reported
Mn(III)/Mn(IV) complex disproportionated H2O2 via the III/III
and IV/IV oxidation state, in which the III/III oxidation states was
an active species.24�28 The reduced active Mn(II or III) species
were further confirmed by the dioxygen evolution of complex 4
(vide infra), which showed a rate increase after 75 min, nearly the
same as the equilibrium time of the titration.
Catalase-like Activity Measured by O2 Evolution—

Kinetics Studies.TheO2 volume evolution was used for the study
of kinetic of H2O2 disproportionation. The H2O2 disproportiona-
tion promoted by complexes 1�3 was carried out in buffered and
unbuffered solutions at 0 and 37 �C, and the disproportionation by
4 was carried out in MeCN at 0 �C. It was found that no gas
evolution could be monitored when 1 and 2 were incubated with
H2O2, even after 3 h under the conditions described above, showing
that 1 and2 could not catalyze the disproportionation of dihydrogen
peroxide (Figure 5a). This was the same as the reduced oxidation
state of Cl� containing manganese complexes with bipa—Mn-
(bipa)Cl2,

26 which also could not disproportionate hydrogen
peroxide. The Cl� inhibition was due to the replacement of a
bridging μ-oxygen ligand by bridging μ-Cl� ligand.31

Complexes 3 and 4 can disproportionate dihydrogen per-
oxide to generate dioxygen. The two complexes can dispropor-
tionate 0.2 mL of aqueous H2O2 to liberate a similar volume of
O2 (Figure 6a). The kinetic plot is shown in Figure S4 in the
Supporting Information. The obtained plot of the initial rate vs
the concentration of the dihydrogen peroxide was fitted by using
the Hill equation (V0 = Vmax [s]

n/(Km + [s]n)). The parameter
Kcat was calculated from the equation Kcat = Vmax/[Et].

32,33 The
maximum O2 evolution rates were about 8.5 and 5.4 mM s�1 for
3 inMeCNand in a buffered solution, respectively, and 2.24mMs�1

for 4. The UV titration of 3 in an aqueous solution by H2O2 had
demonstrated the formation of 4. For these conditions, the sub-
strate-dependent catalytic disproportionation of dihydrogen peroxide
by complexes 3 and 4 followed similar kinetics (non-Michaelis�
Menten kinetics) (Figure S5 in the Supporting Information).
The catalytic parameters are shown in Table S3 in the Supporting
Information. The similar Hill constants obtained for 3 in both
MeCN and buffered solutions are 3.44 ( 0.58 and 3.24 ( 0.37,
respectively, and the Hill constant for 4 is 2.07. These show that
the catalysts are of a high degree of positive cooperativity.34

Complexes 3 and 4 exhibit high affinity for dihydrogen peroxide
with low Km values, which are only higher than that of complex
[Mn2(L

1)(μ-OAc)(H2O)]
2+ (L1 =N,N,N0,N0-tetrakis(2-methy-

lenebenzimidazolyl)-1,3-diaminopropan-2-ol).35 The turnover
numbers Kcat of the complexes 3 and 4 are 6.28, 9.88, and 3.47,
showing that 3 in buffered solution has the highest catalytic activity
of disproportionation of dihydrogen peroxide , and the turnover
number of 3 is nearly 2- and 3-fold higher than that of 4 inMeCN
and in buffered solution, respectively. These turnover numbers
were higher than that of [TPA2Mn2(μ-Cl)2]

2+ and [TPA2Mn2-
(μ-O)2](ClO4)3

32,33 but were much lower than that of manga-
nese complexes with bpia ligand and N,N0-bis(3-selenomethyl-
salicyladehyde-5-sulfonate) bis(1,3)-diamino-2-hydroxypropane)
Schiff base.26

Complex 3 was considered as a model of the typical carbox-
ylate-bridged dimaganese system, which was key to the activity of
dimanganese catalase enzymes.17,31b Though the three charac-
terized manganese catalases Thermus thermophilus catalase, Lac-
tobacillus plantarum catalase, and Thermoleophilum album catalase
showed much higher catalytic activity of disproportionation of

Figure 5. UV�vis spectra for compounds 3 (parts a and b) and 4 (part c)
after the addition of H2O2 (in MeCN for 4). Insets show the increase
and decrease in intensity of the band at 549 nm. (a) [3] = 1 mM, 0.1 mL
of 30% H2O2 aqueous solution, temperature = 273 K, water as solvent.
The spectra were recorded at 10 min intervals (line a, 0 min; line n,
120 min). (b) [3] = 1 mM, 0.1 mL of 30% H2O2 aqueous solution,
temperature = 310 K, Tris-HCl buffer solution. The spectra were
recorded at 2 min intervals (line a, 0 min; line e, 8 min). (c) [4] = 1 mM,
0.5 mL of 30% H2O2 aqueous solution, temperature = 273 K. The
spectra were recorded at 3 min intervals (line a, 0 min; line I, 60 min).
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dihydrogen peroxide than 3 and 4, the activities of the synthetic
catalasemimics 3 and 4were remarkable (Table S3).36�38 Although
4 was in the oxidation state considered to be the catalytically
inactive, “superoxidized” form ofmanganese catalase, asmentioned
earlier,26 it could catalyze the disproportionation of H2O2 in
MeCN. According the results, the intrinsic H2O2 disproportiona-
tion activities of the complexes were in the order 3 > 4 > 1 = 2.
The catalase activity of 3 under different conditions is shown

in Figure 6b. Though a similar maximum volume of dioxygen was
liberated under different conditions, the maximum dioxygen evo-
lution rates were 5.4 mM s�1 in MeCN and 8.5 mM s�1 in the
Tris-HCl solution at 37 �C. Experimental results show that there
was a lag phase when the reaction was performed in Tris-HCl
solution at 0 �C, resulting from the formation of the active
species after the addition of H2O2, which was much longer than
in the reaction that was performed at 37 �C (3 min). When the
reaction was carried out in the Tris-HCl solution at 37 �C, the
dioxygen evolution rate was 2-fold that of the reaction carried out
at 0 �C. The time needed to disproportionate 0.2 mL of H2O2

was 4 h at 37 �C, but it was more than 7 h at 0 �C. These results
indicated that complex 3 showed higher catalase activity in Tris-
HCl solution, and higher temperature accelerated this reaction.
The condition of the reaction carried out at 37 �C in Tris-HCl
solution was the mimetic condition of the cell environment. Thus,
we deduced that complex 3 would also show good catalase activity
in vitro.

Interaction withMitochondria.Mitochondrial swelling is an
importantmethod to detect mitochondrial functions.22,39 The in-
teraction of the Mn(II) complexes with mitochondria was studied
by measuring the Ca2+ loaded mitochondrial swelling. The Ca2+

loadedmitochondria swelling was enhanced in the presence of com-
plexes 2, 3, and 4 (100μM) (Figure 7 and Figure S6 parts a and b in
the Supporting Information), which is different from the case of
previously reported Mn(II) complex [(Adpa)Mn(Cl)(H2O)]

12

and similar to the case of previously reported nanoparticles dpa-
MnCl2@SiO2.

12,40 However, 1 can inhibit the swelling of Ca2+

loaded mitochondria, which indicates that an interaction between
the Mn(II) complex and mitochondria exists.12,39 Mitochondria are
involved in the maintenance of intracellular Ca2+ homeostasis. One
feature of tumor cells is their dependence on glycolysis for ATP
generation, which induces the release of Ca2+ from the endoplasmic
reticulum and leads to enhanced uptake of Ca2+ by mitochondria.
The complex 1 can inhibit the swelling of Ca2+ overloaded mito-
chondria, indicating that this complex may interfere with the Ca2+

transport system just as manganese (Mn2+) does. TheMn(II) com-
plexes 2 and 3 slightly increased the Ca2+ loaded mitochondrial
swelling, indicating that complexes 2 and 3 interact with mitochon-
dria differently than Mn(II) ions do because the swelling of Ca2+

loaded mitochondria was inhibited completely in the presence of
100 μMMnCl2.

12 Experimental results indicate that the interaction
between manganese(II) complexes of N-substituted di(picolyl)
amine and mitochondria is influenced by their structure and con-
formation. Themechanism for how theMn(II) complexes influence
the Ca2+ uptake needs further investigation.

Figure 7. (a) Inhibition of the swelling of Ca2+ loadedmitochondria for
1. Data are mean values for three experiments. Standard deviation <0.06.
(b) Inhibition of the swelling of Ca2+ loadedmitochondria for 1, 2, and 3
in 100 μM. Standard deviation <0.06.

Figure 6. (a) Rates of the O2 evolution of the complexes at 0 �C in
MeCN, [complex] = 1 mM, 0.5 mL of 30% H2O2 aqueous solution,
VMeCN = 5mL. 1(O), 2 (1), 3 (9), 4 (0). (b) Rates of the O2 evolution
of the complex 3 at different conditions, [3] = 1 mM, 0.5 mL of 30%
H2O2 aqueous solution, Vsolvent = 5 mL. 0 �C in MeCN (9), 37 �C in
Tris-HCl (0), 0 �C in Tris-HCl (+), 37 �C in Tris-HCl without 3 (O).



6936 dx.doi.org/10.1021/ic200004y |Inorg. Chem. 2011, 50, 6929–6937

Inorganic Chemistry ARTICLE

Inhibition of the Proliferation of Cancer Cells. Complexes
1�4 were studied for their antitumor activity in vitro by de-
termining the inhibitory percentage against growth of cancer cells
U251 and HeLa using the method of 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenpyltetrazolium bromide reduction (MTT meth-
od). The IC50 values are shown in Table 1. It is interesting to find
that 1 and 2 show low anticancer activities with IC50 larger than
50 μM.Complexes 3 and 4were active against the two cancer cell
types. Complex 4 can inhibit the proliferation of the U251 cancer
cell with IC50 = 6.2 μM, which is more active than Mn(III)-
salphen andMn(III)-salnaphen, whose IC50 values are 17.83 and
25 for CCL228 cells.27 The inhibiting activities of the divalent
manganese(II) complex 3 on the cancer cells are better than
those of 1 and 2, which correlated with their H2O2 dispropor-
tionating activities.
Cancer cells are more susceptible to H2O2 induced cell death

than normal cells. In tumor cells, H2O2 concentration is con-
trolled by catalase.41 So H2O2 is considered a mediator of
apoptotic cell death. The effect of 3 and 4 on the level of ROS
is shown in Figure 8. Extensive experimental results show that
complex 3, a good model of catalse, could induce the increase of
ROS level in HeLa cells, indicating that 3 may initiate ROS-
mediated death of cancer cells. High value manganese(III/IV)
complex 4 causes the decrease of ROS in 3 h, possibly as a result
of the good bind of ROS with 4, which is in agreement with the
result of the UV�vis titration. The increase of ROS level in 6 h
for 4 may be the result of the death of cancer cells signaling the
production of ROS. So we deduced that complexes 3 and 4 may
induce cancer cell death in different paths. Cancer cells use O2 to
generate excessive levels of the reactive oxygen species (ROS)
and H2O2. This alteration in the metabolism of O2 (dysoxic
metabolism) is a common feature of cancer cells and plays an

important role in carcinogenesis.37 Since H2O2 is considered a
mediator of apoptotic cell death, the elimination of the H2O2 and
alteration in the metabolism of O2 is an important path to find
multifunctional anticancer compounds. The low IC50 for com-
plex 3 is possible as a result of its attenuation of the metabolism of
O2 combined with the antioxidant (mimics of catalase) and pro-
oxidant.

’CONCLUSION

The catalase activities of manganese(II) complexes of N-sub-
stituted di(2-pyridylmethyl)amine were influenced by their struc-
tures and conformations. The carboxylate-bridged dimaganese
system is a good model of catalase, with properties of inhibition
of the proliferation of U251 and HeLa. The high inhibiting activity
of 3 on the tumor cells in vitro may be due to its good dis-
proportionating H2O2 activity. Reaction of carboxylate-bridged
dimaganese Mn(II) complex 3 with H2O2 forms a stable Mn-
(III)-(μ-O)2-Mn(IV) complex 4, which also can inhibit the pro-
liferation of cancer cells. So, we deduced that 3 could be used as a
prodrug of 4. In addition, manganese(II) complexes of N-sub-
stituted di(2-pyridylmethyl)amine show different effects on the
absorption of calcium(II) inmitochondria. It is interesting to find
that only 1 exhibits good inhibition of the swelling of calcium(II)
overloaded mitochondria, and complexes 2�4 could enhance
the swelling of calcium(II) overloadedmitochondria. These indicate
that the interaction between Mn(II) complexes of N-substituted
di(picolyl) amine and mitochondria is influenced by their struc-
ture and conformation. Cancer cells use O2 to generate excessive
levels of the reactive oxygen species (ROS) and H2O2. The al-
teration in the metabolism of O2 by Mn(II) complexes plays an
important role in carcinogenesis. Mn(II) complexes of N-sub-
stituted di(picolyl) amine could be developed as multifunctional
anticancer complexes through attenuating the absorption of cal-
cium(II) in mitochondria and interfering the metabolite of O2

formed by H2O2 or ROS involved signaling induced apoptosis of
cancer cells.
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Table 1. IC50 Values of Complexes of Three Cancer Cell
Linesa (μmol/L ( S.D.)

complex U251 Hela

1 60 ( 0.6 64 ( 0.6

2 51.7 ( 0.6 69.4 ( 0.6

3 35.8 ( 0.4 23.1 ( 0.4

4 6.2 ( 0.4 15.2 ( 0.4

5-Fu 32 ( 0.4 32 ( 0.4

KPF6 >100 >100

MnCl2 >100 >100
aAll IC50 values were expressed as mean values of the three experiments.

Figure 8. Effect on the ROS content in HeLa for 3 and 4.
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