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Di-, tri-, and tetranuclear cobalt, copper, and manganese
complexes bridged by μ-hydroxyl groups of tetradentate
Schiff base ligands: structures, magnetic properties, and

antitumor activities
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JIAN-MIN DOU
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[Co2(HL
1)2(H2O)2](NO3) (1), [Cu2(H2L

1)(HL1) (CH3COO)]·H2O (2), [Cu4(HL
1)4(C2H5OH)]·-

C2H5OH·H2O (3), and [Mn3(HL
2)2(CH3OH)2(CH3COO)4]·2(CH3OH)·H2O (4) {H3L

1 = 2-ethyl-2-
(2-hydroxybenzylideneamino)propane-1,3-diol, H3L

2 = 2-ethyl-2-[(2-hydroxynaphthalene-1-yl)meth-
yleneamino]propane-1,3-diol} have been synthesized and characterized by IR spectra, elemental
analyses, single-crystal X-ray diffraction, TGA, XRD, and magnetic measurements. Compound 1
possesses mixed-valence dinuclear {Co2(μ2-O)2} with Co(II) and Co(III) ions linked through μ2-
hydroxyl of Schiff base ligands. Compound 2 displays a binuclear structure with {Cu2(μ2-O)(η

2-
COO)} containing one μ2-hydroxyl and a single syn–syn acetate bridge. Compound 3 is tetranuclear
with a cube-shaped {Cu4(μ3-O)4} core constructed by four Cu(II) centers and four μ3-hydroxyls of
Schiff base ligands. Compound 4 displays a linear trinuclear {Mn3(μ2-O)2(η

2-COO)2} structure in
which the terminal Mn(III) and the central Mn(II) ions are linked by a μ2-hydroxyl of Schiff base
and two syn–syn acetate bridges. The results show that terminal hydroxyl groups of Schiff base
ligands play an important role in assembling polynuclear compounds. Magnetic properties and

*Corresponding author. Email: niumeiju@163.com

© 2014 Taylor & Francis

Journal of Coordination Chemistry, 2014
Vol. 67, No. 1, 81–95, http://dx.doi.org/10.1080/00958972.2013.876625

D
ow

nl
oa

de
d 

by
 [

In
st

itu
te

 O
f 

A
tm

os
ph

er
ic

 P
hy

si
cs

] 
at

 1
5:

11
 0

9 
D

ec
em

be
r 

20
14

 

mailto:niumeiju@163.com
http://dx.doi.org/10.1080/00958972.2013.876625


antitumor activities of these compounds were investigated. The antitumor activities reveal that 1 and
2 are more effective antitumor agents for K-562 and HL-60, respectively.

Keywords: Schiff base; Polynuclear compounds; Hydroxyl group; Magnetic properties; Antitumor
activities

1. Introduction

Synthesis of transition metal polynuclear compounds deserve special attention because of
fascinating structural diversities in metal-organic frameworks and wide applications in catal-
ysis [1], molecular magnetism [2], luminescence [3], heterogeneous catalysts [4], biological
activities [5], etc. Such polynuclear metal compounds can be obtained using multidentate
ligands, which often contain hydroxo and phenoxo donors. These specific structures could
facilitate the formation of multinuclear metal compounds with new architectures bridged by
hydroxo or phenoxo [6–10]. These OH-rich moieties have previously been used in the
assembly of tetranuclear copper, nickel, and manganese cube complexes, and mixed-valence
pentanuclear cobalt, double-cubane clusters [11, 12], etc. However, it is still a challenge to
rationally design and control the coordination mode of ligands to afford various nuclearities.

To study the coordination behavior of these ligands with transition metals, we explore
two OH-rich chelating Schiff bases, 2-ethyl-2-(2-hydroxybenzylideneamino)propane-1,3-
diol (H3L

1) and 2-ethyl-2-((2-hydroxynaphthalene-1-yl)methyleneamino)propane-1,3-diol
(H3L

2). Both ligands contain a tetradentate {NO3} donor set and a flexible hydroxyl moiety
that possess chelating and bridging capabilities. The four potential donor sites and various
coordination modes allow the ligands to synthesize new multinuclear compounds. We pres-
ent the synthesis and structure of [Co2(HL

1)2(H2O)2](NO3) (1), [Cu2(H2L
1)(HL1)

(CH3COO)]·H2O (2), [Cu4(HL
1)4(C2H5OH)]·C2H5OH·H2O (3), and Mn3(HL

2)2(CH3OH)2
(CH3COO)4]·2(CH3OH)·H2O (4). Single-crystal X-ray diffraction results show that the
terminal hydroxyl moieties freely twist and bend to bridge or chelate metals, yielding
compounds with different nuclearities. The magnetic properties and antitumor activities of
the compounds have also been discussed.

2. Experimental

2.1. General procedures and materials

All reagents and solvents were commercially available and used without purification. The
ligands were synthesized as described [13–15] and are given in scheme 1. H3L

1 and H3L
2 were

obtained by condensation of salicylaldehyde or 2-hydroxy-1-naphthaldehyde with 2-amino-2-
ethyl-1,3-propanediol in a 1 : 1M ratio in methanol. We previously reportedH3L

2 [16].
CAUTION: Perchlorate salts are potentially explosive and should be handled in small

quantities.
H3L

1: Yield: 87%. m.p.: 94–96 °C. Selected IR (KBr pellet: cm−1): 3444(s, νO‒H), 1644(s,
νC=N), 1210(w, νPh‒O).

1H NMR data (400MHz, CDCl3) δ/ppm 8.510(s, 1H, ‒CH=N), 7.920–
6.753(m, 4H, AR‒H), 3.920–3.631(t, 4H, ‒CH2OH), 1.490–1.434(m, 2H, ‒CH2CH3), 0.902–
0.854(t, 3H, ‒CH3);

13C NMR (CDCl3): δ/ppm 164.829(1C, ‒CH=N), 163.792(1C, AR‒OH),
133.216, 132.229, 126.658, 122.563, 116.354(5C, ‒C6H4), 66.300(2C, ‒CH2OH), 65.386(1C,
tert-C), 25.972(1C, ‒CH2CH3), 7.362(‒CH2CH3). Anal. Calcd (%) for C12H17NO3 (Mw,
223.27): C, 64.55; H, 7.67; N, 6.27%. Found: C, 64.31; H, 7.49; N, 6.39%.
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2.2. Syntheses

2.2.1. Synthesis of [Co2(HL1)2(H2O)2](NO3) (1). A methanol solution (10 mL) of Co
(NO3)2·6H2O (0.2911 g, 1 mM) was added dropwise to a stirring methanol solution (10
mL) containing H3L

1 (0.2233 g, 1 mM). After the addition of tetraethyl ammonium hydrox-
ide aqueous solution (20%, about 1 mL), the mixture was stirred at room temperature for 4
h and then filtered. Brown crystals suitable for X-ray data collection were obtained by slow
evaporation of methanol solution for one week.

Yield: 68%. m.p.: 343–346 °C. Selected IR (KBr pellet: cm‒1): 3433(s, νO‒H), 1637(m,
νC=N), 1382, 859(m, νNO3) [17], 1195(m, νPh‒O), 623(m, νCo‒N), 509(m, νCo‒O), 474(m,
νCo‒O) [18]. Anal. Calcd (%) for C24H34Co2N3O11 (Mw, 658.41): C, 43.78; H, 5.21; N,
6.38%. Found: C, 43.89; H, 4.91; N, 6.59%.

The synthetic procedures for other compounds were very similar to 1 and are discussed
below.

2.2.2. Synthesis of [Cu2(H2L
1)(HL1)(CH3COO)]·H2O (2). Tetraethyl ammonium

hydroxide aqueous solution (20%, about 1 mL) was added to methanol solution of Cu
(CH3COO)2·H2O (0.1996 g, 1 mM) and H3L

1 (0.2233 g, 1 mM). The mixture was stirred at
room temperature for 4 h and then filtered. Green crystals suitable for X-ray data collection
were obtained by slow evaporation of methanol solution for one week.

Yield: 78%. m.p.: 273–276 °C. Selected IR (KBr pellet, cm‒1): 3513(s, νO‒H), 1627(s,
νC=N), 1570(vs νasCOO‒), 1445(s, νsCOO‒), 587(m, νCu‒N), 461(m, νCu‒O). Anal. Calcd (%)
for C26H36Cu2N2O9 (Mw, 647.65): C, 48.22; H, 5.60; N, 4.32. Found: C, 48.36; H, 5.45;
N, 4.21.

2.2.3. Synthesis of [Cu4(HL1)4(C2H5OH)]·C2H5OH·H2O (3). Tetraethyl ammonium
hydroxide aqueous solution (20%, about 1 mL) was added to ethanol solution of Cu
(ClO4)2·6H2O (0.3705 g, 1 mM) and H3L

1 (0.2233 g, 1 mM). The mixture was stirred at
room temperature for 4 h and then filtered. Green crystals suitable for X-ray data collection
were obtained by slow evaporation of ethanol solution for one week.

Yield: 66%. m.p.: 255–258 °C. Selected IR (KBr pellet: cm‒1): 3447(s, νO‒H), 1624(s,
νC=N), 586(m, νCu‒N), 469(m, νCu‒O). Anal. Calcd (%) for C52H74Cu4N4O15 (Mw, 1249.36):
C, 49.99; H, 5.97; N, 4.48%. Found: C, 50.45; H, 5.63; N, 4.82%.

2.2.4. Synthesis of [Mn3(HL2)2(CH3OH)2(CH3COO)4]·2(CH3OH)·H2O (4). Tetraethyl
ammonium hydroxide aqueous solution (20%, about 1 mL) was added to methanol solution
of Mn(CH3COO)2·4H2O (0.2451 g, 1 mM) and H3L

2 (0.2733 g, 1 mM). The mixture was
stirred at room temperature for 4 h and then filtered. Dark brown crystals were obtained
from the solution for one week.

Yield: 72%. m.p.: 263–265 °C. Selected IR (KBr pellet: cm‒1): 3435(s, νO‒H), 1621(s,
νC=N), 1540 (s, νsCOO‒), 1384(s, νasCOO‒), 1216(m, νPh‒O), 588(m, νMn‒N), 470(m, νMn‒O).
Anal. Calcd (%) for C46H74Mn3N2O22 (Mw, 1171.89): C, 47.15; H, 6.36; N, 2.39%. Found:
C, 47.56; H, 6.69; N, 2.12%.

Multi-nuclear complexes 83
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2.3. Physical measurements

IR spectra in KBr pellets (4000–400 cm−1) were recorded on a Nicolet-5700 FT-IR spectro-
photometer. Elemental analyses for C, H, and N were performed on a Perkin-Elmer 2400-II
microanalysis instrument. 1H and 13C NMR spectra were obtained on a Varian Mercury
Plus 400MHz NMR spectrometer. Chemical shifts are reported in ppm with respect to the
references and are stated relative to external tetramethylsilane for 1H and 13C NMR.
Variable temperature susceptibility measurements were carried out with a SQUID MPMS
XL7 magnetometer from 2.0 to 300 K at a magnetic field of 1 kOe. The molar susceptibility
was corrected from the sample holder and the diamagnetic contributions of all constituent
atoms using Pascal’s constants.

2.4. X-ray crystallography

Suitable single crystals of 1–4 were mounted in glass capillaries and intensity data were
measured on a Siemens Smart CCD diffractometer using graphite-monochromated Mo Kα
radiation (λ = 0.71073 Å) at 298 K. Semi-empirical absorption corrections (multiscan) were
applied with SADABS [19]. The structures were solved by direct methods and refined by
full-matrix least-squares on Fo

2 with SHELXS-97 and SHELXL-97 [19]. Non-hydrogen
atoms were refined anisotropically. Hydrogens were included in calculated positions and
refined with isotropic thermal parameters riding on those of the parent atoms.

2.5. Anticancer activities

The anticancer activities of the compounds were studied using MTT assay [20] based on
the cleavage of the yellow tetrazolium salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diph-
enyltetrazoliumbromide] to purple formazan crystals by metabolically active cells that could
be quantified at 570 nm in DMSO. Cell lines of K-562 (human chronic neutrophilic leuke-
mia) and HL-60 (human promyelocytic leukemia) were seeded in 96-well culture plates in
RPMI-1640 medium containing 10% FBS and 1% antibiotics, maintained at 37 °C, 5%
CO2 in the CO2 incubator for 24 h. Various concentrations of compounds dissolved in
CH3OH were added to the cells and incubation was continued for 48 h. After treatment,
MTT was dissolved in the medium and added to each well, and then incubated for an
additional 4 h. Following the removal of volatile materials, 100 μL of DMSO was added to
dissolve the crystals. A reading was taken on a plate reader and absorbance was measured
at 570 nm. Activities of compounds were measured as the percentage ratio of the absor-
bance of the treated cells to the untreated controls. The IC50 values were determined by
non-linear regression analysis.

3. Results and discussion

3.1. Syntheses

The polynuclear compounds 1–4 have been prepared by simple reactions which involve the
ligand in polar solvent, followed by complexation with the corresponding metal salt at room
temperature with constant stirring. During the reaction, tetraethyl ammonium hydroxide is

84 M.-J. Niu et al.
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added to deprotonate the ligands. The ligands are deprotonated at different levels and bound
to the metal center either tri- or tetradentate.

3.2. Descriptions of structures

The crystallographic data, selected bond lengths and angles, and hydrogen bonding
geometries are listed in tables 1–3. The supramolecular structures from hydrogen bonding
interactions are listed in Supplementary material (figures S1–S4, see online supplemental
material at http://dx.doi.org/10.1080/00958972.2013.876625).

3.2.1. Structure of [Co2(HL1)2(H2O)2](NO3) (1). X-ray diffraction indicated that 1 crys-
tallizes in the orthorhombic Pna21 space group containing a [Co2(HL

1)2]
+ and a NO3

‒ per
asymmetric unit (figure 1). Two crystallographically independent cobalts are six-coordinate
with tetragonal bipyramidal coordination geometries. For Co(1), four O(2), O(3), O(5), and
O(6) of two deprotonated HL1

2‒ and two aqua O(7) and O(8) form the coordination sphere
with the two waters at apical positions. The equatorial plane of Co(2) is composed of two
phenolic oxygens (O(1) and O(4)) and two terminal hydroxyl oxygens (O(2) and O(6))
of two (HL1)2‒. The axial positions are occupied by two nitrogens of a different (HL1)2‒.
Co‒O and Co‒N bonds are 1.892(4)‒2.092(4) Å. Co‒O bonds in the square plane are
2.027–2.093 Å, while the Co‒O and Co‒N distances along the apical positions (2.109–
2.146 Å) are elongated due to the Jahn–Teller effect [21]. The oxidation states of Co(1) and
Co(2) could be identified as +2 and +3, respectively, consistent with the overall charge
balance of the system [16] and the magnetic measurements [22]. The Schiff base is incom-
pletely deprotonated and μ2-η

1 :η1 :η2 : η1 connecting Co(1) and Co(2) ions (scheme 2a),
forming a dinuclear Co2(μ2-O)2 core with the Co···Co distance of 2.963(12) Å. The Co‒O‒
Co angles are 98.14(16)° and 96.99(16)°.

Figure 1. View of the molecular structure of 1. For clarity, only the hydrogens on hydroxyl of Schiff base ligands
are shown. Other hydrogens are omitted. The dinuclear unit is highlighted with black bonds. Co, purple; O, red; N,
blue; C, gray; H, white (see http://dx.doi.org/10.1080/00958972.2013.876625 for color version).
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Neighboring binuclear species in the crystal lattice are linked by intermolecular O(7)‒H
(7B)···O(4) hydrogen bonds into a 1-D zigzag chain structure. Adjacent chains are further
linked by NO3

‒ through O(7)‒H(7C)···O(10) and O(5)‒H(5A)···O(11) hydrogen bonding
interactions into a 3-D hydrogen-bonded network (figure S1).

3.2.2. Structure of [Cu2(H2L
1)(HL1)·(CH3COO)]·H2O (2). Compound 2 is a dinuclear

copper complex. The asymmetric unit contains two geometrically distinct copper centers,
two Schiff base ligands, one acetate, and one free water (figure 2). The Cu(1) center is
four-coordinate by imine N(1), phenolic oxygen O(1), and hydroxyl oxygen O(2) of one
(HL1)

2‒, as well as acetate O(4), forming a slightly distorted square-planar coordination. Cu
(1) is displaced by 0.134(2) Å from the least-square plane defined by the four donors with a
mean deviation from the plane of 0.166(2) Å. Cu(2) has a distorted square-pyramidal geom-
etry with τ = 0.287 [trigonality index τ = (β‒α)/60, where β and α are the two largest ligand–
metal–ligand angles; τ = 0 and 1 for the perfect square-pyramidal and trigonal-bipyramidal
geometries, respectively [23]]. The basal plane is occupied by O(6), N(2), and O(7) of the
other (H2L1)

‒ and one O(5) of acetate; the apical position is occupied by phenolic O(2).
The apical Cu(2)‒O(2) bond length is longer than the corresponding ones in the basal plane,
slightly elongated due to the Jahn–Teller effect of Cu with a d9 configuration [8]. Cu(2)
deviates 0.205(2) Å from the basal plane and the mean deviation of the donors from the
basal plane is 0.612(2) Å.

For charge balance, the two crystallographically independent Schiff base ligands
should be incompletely deprotonated (HL1)2‒ and (H2L

1)–, respectively. Considering the
strong O‒H···O hydrogen interactions between the coordinated hydroxyl O(7) and O(2) of
two different Schiff base ligands, the ligand with O7 should be assigned to be protonated
with H on O7 (table 2). The ligands adopt μ2-η

1 :η1 : η2 : η0 and μ-η1 : η1 : η1 : η0 coordination
modes [scheme 2(b) and (c)], respectively, connecting two coppers together with syn–syn
bidentate acetate to form a Cu2(μ2-O)(μ-COO) core. The Cu(1)···Cu(2) distance and the

Figure 2. View of the molecular structure of 2. For clarity, only the hydrogens on hydroxyl of Schiff base ligands
are shown. Other hydrogens are omitted. The dinuclear unit is highlighted with black bonds. Cu, sky-blue; O, red;
N, blue; C, gray; H, white (see http://dx.doi.org/10.1080/00958972.2013.876625 for color version).
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Table 1. Crystallographic data and structure refinement parameters for 1–4.

Compounds 1 2 3 4
Formulas C24H34Co2N3O11 C26H36Cu2N2O9 C52H74Cu4N4O15 C46H74Mn3N2O22

Crystal system Orthorhombic Triclinic Triclinic Monoclinic
Space group Pna21 P-1 P-1 P21/c
Formula weight 658.41 647.65 1249.36 1171.89
a, Å 10.104(3) 8.7530(11) 13.0373(13) 9.5347(7)
b, Å 18.588(5) 11.6346(14) 15.0722(15) 9.7892(8)
c, Å 14.367(4) 15.0184(18) 15.9924(16) 29.018(2)
α, ° 90 100.0240(10) 64.0790(10) 90
β, ° 90 94.5920(10) 85.834(2) 92.3990(10)
γ, ° 90 111.163(2) 85.967(2) 90
V, Å3 2698.3(13) 1387.4(3) 2816.3(5) 2706.1(4)
Z 4 2 2 2
T, K 298(2) 298(2) 298(2) 298(2)
λ, Å 0.71073 0.71073 0.71073 0.71073
ρ, g cm−3 1.621 1.550 1.473 1.438
Reflections collected 10,998 7316 14,085 13,270
Unique 4594 4834 9748 4779
Rint 0.0608 0.0286 0.0438 0.0485
R1 [I > 2σ(I)]a, R1 (all data)

a 0.0494, 0.0722 0.0430, 0.0641 0.0708, 0.1341 0.0694, 0.1163
wR2 [I > 2σ(I)], wR2 (all data) 0.1195, 0.1367 0.1051, 0.1134 0.1740, 0.2273 0.1856, 0.2342

aR =∑ (|Fo– Fc|)/∑|Fo|·wR = {∑[w(|Fo– Fc|)
2]/∑[w|Fo|

2]}1/2.

Table 2. Selected bond lengths (Å) and angles (°) for 1–4.

1
Co(1)‒O(6) 2.027(4) Co(1)‒O(5) 2.145(4)
Co(1)‒O(2) 2.058(4) Co(2)‒O(2) 1.896(4)
Co(1)‒O(3) 2.110(4) Co(2)‒O(6) 1.892(4)
O(6)‒Co(1)‒O(2) 78.7(2) O(6)‒Co(2)‒O(2) 86.2(2)
Co(2)‒O(2)‒Co(1) 97.0(2) Co(2)‒O(6)‒Co(1) 98.1(2)
O(3)‒Co(1)‒O(5) 176.2(2) N(1)‒Co(2)‒N(2) 173.7(2)

2
Cu(1)‒O(2) 1.957(2) Cu(1)‒O(4) 1.987(2)
Cu(2)‒O(2) 2.316(2) Cu(2)‒O(5) 1.966(2)
O(2)‒Cu(1)‒N(1) 84.58(9) O(1)‒Cu(1)‒N(1) 94.03(9)
O(2)‒Cu(1)‒O(4) 93.60(8) O(5)‒Cu(2)‒O(2) 89.54(8)

3
Cu(1)‒O(2) 1.925(5) Cu(3)‒O(2) 2.781(5)
Cu(1)‒O(5) 1.961(5) Cu(3)‒O(8) 1.941(5)
Cu(1)‒O(8) 2.594(5) Cu(3)‒O(11) 1.946(5)
Cu(2)‒O(5) 1.934(5) Cu(3)‒O(13) 2.564(6)
Cu(2)‒O(8) 1.950(5) Cu(4)‒O(2) 1.954(6)
Cu(2)‒O(11) 2.722(5) Cu(4)‒O(5) 2.558(6)
Cu(4)‒O(11) 1.912(5)
O(8)‒Cu(1)‒O(2) 81.5(2) O(5)‒Cu(2)‒O(8) 88.9(2)
O(8)‒Cu(3)‒O(11) 90.6(2) O(10)‒Cu(4)‒O(2) 94.0(2)

4
Mn(1)‒O(2) 1.875(4) Mn(2)‒O(2) 2.142(4)
Mn(1)‒O(5) 1.961(5) Mn(2)‒O(8) 2.165(5)
Mn(1)‒O(4) 2.286(5) Mn(2)‒O(6) 2.222(4)
Mn(1)‒O(7) 2.205(5)
O(7)‒Mn(1)‒O(4) 175.0(2) O(2)‒Mn(2)‒O(8) 92.2(2)
Mn(1)‒O(2)‒Mn(2) 121.3(2) O(2)‒Mn(2)‒O(6) 88.4(2)
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Cu‒O‒Cu angle are 3.149(8) Å and 94.55(10)°, close to the distances observed for similar
dinuclear copper compounds [24–27].

Additionally, the uncoordinated hydroxyl O(3) and phenolic O(6) participate in intermo-
lecular H-bonding, resulting in a linear structure. The weak C(16)‒H(16)···O(8) interaction
is responsible for the packing into a sheet structure (figure S2).

3.2.3. Structure of [Cu4(HL1)4(C2H5OH)]·C2H5OH·H2O (3). Compound 3 displays a
tetranuclear structure. As shown in figure 3, the asymmetric unit is composed of four crys-
tallographically independent Cu ions, four (HL1)2‒, one coordinated ethanol, one free etha-
nol, and one water. Coppers possess two different coordination environments. Cu(1), Cu(2),
and Cu(4) are five-coordinate with distorted square-pyramidal geometry (τ(Cu(1)) = 0.182,
τ(Cu(2)) = 0.100, and τ(Cu(4)) = 0.158), respectively. The basal plane of each square pyra-
mid is occupied by imine nitrogen and one phenolic oxygen, and hydroxyl oxygen of one
(HL1)

2‒ and one hydroxyl of the other Schiff base. The axial position is occupied by hydro-
xyl oxygen of the third Schiff base ligand. Cu(3) is six-coordinate and exhibits a distorted
tetragonal bipyramid. The equatorial plane is composed of imine nitrogen and one phenolic
oxygen, and hydroxyl oxygen of one (HL1)

2‒ and one hydroxyl of another Schiff base
liand. The hydroxyl oxygen of the third Schiff base ligand and one ethanol are situated at
apical positions.

All coordination spheres are distorted. Cu‒O and Cu‒N bonds in the equatorial planes
and along the axes are 1.900(4)‒1.950(4) and 2.564(5)‒2.722(4) Å due to the Jahn‒Teller
effect. Mean deviations of donors from the plane for these centers are 0.189(2), 0.126(2),
0.106(3), and 0.217(2) Å, respectively. The copper centers deviate from the least-squares
planes by 0.078(3), 0.034(3), 0.024(3), and ‒0.075(3) Å, respectively.

As a result, four Cu centers are connected by four Schiff base ligands (HL1)2‒ in
μ3-η

1 : η1 : η3 : η0 fashion (scheme 2d), resulting in a {Cu4(μ3-O)4} cubane-like structure in
which four coppers and four terminal hydroxyls occupy alternating corners [28]. The
Cu···Cu distances and Cu‒O‒Cu angles are 3.167(1)‒3.591(1) Å and 67.82(15)‒99.20(17)°,
indicating that the cubane is much distorted.

The cubane moieties interact with each other through hydrogen bonding interactions
between C(15), uncoordinated ethanol O(14) and O(12) of free hydroxyl [O(14)‒H(14)···O
(12) and C(15)‒H(15)···O(14)] to form a one-dimensional chain along the c axis. The for-
mation of sheet structure occurs through hydrogen bonding interactions between free water
O(15) and two oxygens [O(6) and O(9)] of uncoordinated hydroxyl groups (figure S3).

Table 3. Hydrogen bonding geometries for 1–4 [(Å) and (°)].

Compound D‒H···A d(H···A) d(D···A) ∠(DHA) Symmetry codes

1 O(7)‒H(7B)···O(4)#1 1.97 2.814(6) 172.3 #1: ‒x + 1, ‒y + 2, z + 1/2; #2: x − 1/2,
‒y + 3/2, zO(7)‒H(7C)···O(10)#2 2.02 2.866(6) 173.0

O(5)‒H(5A)···O(11) 1.95 2.765(6) 177.6
2 O(7)‒H(7)···O(2)#2 1.66 2.474(4) 174.0 #1: ‒x + 1, ‒y + 1, ‒z + 1; #2: x ‒ 1, y, z;

#3: ‒x + 1, ‒y + 1, ‒zO(3)‒H(3)···O(6)#2 1.98 2.803(4) 177.0
C(16)‒H(16)···O(8)#3 2.68 3.571(5) 160.0

3 O(14)‒H(14)···O(12)#1 2.22 3.01(2) 162.5 #1: x + 1, y, z; #2: ‒x + 1, ‒y + 2, ‒z + 1
C(15)‒H(15)···O(14) 2.47 3.36(2) 159.9
O(15)‒H(15D)···O(6) 2.06 2.915(9) 179.8
O(9)‒H(9)···O(15)#2 1.85 2.658(9) 168.2

4 C(9)‒H(9)···O(5)#1 2.63 3.486(8) 153.2 #1: ‒x + 1, y ‒ 1/2, ‒z + 3/2
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3.2.4. Structure of [Mn3(HL2)2(CH3OH)2(CH3COO)4]·2(CH3OH)·H2O (4). Compound
4 possesses a mixed-valence trinuclear structure. Three linear Mn ions are found within the
trinuclear crystal structure [29]. The central Mn(2) is located on a crystallographic inversion
center and flanked by symmetry-related peripheral Mn ions [Mn(1) and Mn(1A)] (figure 4).
Mn(1) resides in a [NO5] distorted octahedral environment formed by N(1), O(1), and O(2)
of the tetradentate Schiff base ligand and O(5) of acetate bridges with one oxygen from a
neutral oxygen donor ligand. The bond lengths are 1.875(4)–2.286(5) Å. Mn(1) deviates
0.084(3) Å from the least-square plane through O(1), N(1), O(2), and O(5), and the mean
deviation of the donors from the plane is 0.034(2) Å. The central Mn(2) is also six-coordi-
nated trans-octahedral environment furnished by four oxygens of syn–syn bridging acetates
in the least-square plane and two μ2-hydroxyl oxygens.

Two deprotonated (HL2)
2‒ exhibit μ2-η

1 : η1 : η2 :η0 coordination (scheme 2e) and cooper-
ate with two syn–syn acetate groups, connecting three Mn centers to form a trinuclear
{Mn3(μ2-O)2(η

2-COO)2} structure. Similar structures have been observed in {[(NiL)
(n-BuOH)]2(μ-OAc)2Ni}·n-BuOH (H2L = 5,5’-dimethoxy-2,2’[(ethylene)dioxybis(nitrilom-
ethylidyne)]diphenol) [30]. The peripheral and center Mn ions are +3 and +2, respectively,
based on bond valence sum calculations [7]. The distance of Mn(1)···Mn(2) is 3.504(1) Å
and the bridging angle of Mn(1)‒O(alkoxide)‒Mn(2) is 121.3(2)°.

In the crystal packing, the sheet structure is obtained through weak hydrogen bond inter-
action C(9)‒H(9)···O(5) (figure S4).

Figure 3. View of the molecular structure of 3. For clarity, only the hydrogens on hydroxyl of Schiff base ligands
are shown. Other hydrogens are omitted. The tetranuclear unit is highlighted with black bonds. Cu, sky-blue; O,
red; N, blue; C, gray; H, white (see http://dx.doi.org/10.1080/00958972.2013.876625 for color version).
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3.3. Discussion of structures

The four compounds obtained from the reaction of metal salts with two different OH-rich
Schiff base ligands exhibit diverse multinuclear structures including {Co2(μ2-O)2}, {Cu2(μ2-
O)(η2-COO)}, {Cu4(μ3-O)4}, and {Mn3(μ2-O)2(η

2-COO)2}. The phenomenon is influenced
by several factors, such as coordination geometries of the metal centers, coordination modes
of the Schiff base ligands, ratio of metal to ligand, nature of the counter ions, etc. As shown
in scheme 2, two Schiff base ligands exhibit four different coordination modes in these com-
pounds. Terminal hydroxyl oxygen could act as η1-, η2-, and η3-bridges to connect metal cen-
ters. Additionally, both Schiff base ligands are flexible with respect to the relative orientations
of the N‒C bonds connecting C=N and ‒(CH2CH2OH)2(CH2CH3) groups. As a result, many
conformations of these ligands are formed according to the requirement of the metal centers.
A superimposed picture of the ligands put this into perspective as shown in figure 5.

Except for 1, the other compounds possess free hydroxyl groups involved in the forma-
tion of intra- and intermolecular hydrogen bonds. Other small moieties including water (1),
ethanol (3), and acetate (syn–syn fashion, 2 and 4) furnish the coordination sphere of the
metal ions in addition to the donors of the Schiff base ligands.

3.4. XRD patterns and TGA studies

The experimental XRD patterns agreed well with the simulated ones generated on the basis
of single-crystal analyses for 1–4 (figure S5), suggesting the phase purity of the products.

Figure 4. View of the molecular structure of 4. For clarity, only the hydrogens on hydroxyl of Schiff base ligands
are shown. Other hydrogens are omitted. The dinuclear unit is highlighted with bonds. Mn, dark green; O, red; N,
blue; C, gray; H, white. Symmetry code: A, ‒x + 1, ‒y + 1, ‒z + 1 (see http://dx.doi.org/10.1080/
00958972.2013.876625 for color version).
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The thermal stabilities of 1–4 were investigated using TGA (figure S6). For 1, three
consecutive decompositions are attributed to the gradual release of the Schiff base ligands,
leading to the formation of cobalt oxide as the residue. The TGA curve of 2 shows gradual
weight loss from 99 to 144 °C, corresponding to the loss of free water (found 2.97%, Calcd
2.78%); the second weight loss from 124 to 165 °C corresponds to loss of acetate with mass
loss of 9.38% (Calcd 9.11%); and the third weight loss at 250–290 °C with 50.1% (Calcd
68.9%) corresponds to loss of Schiff base. The residue is CuO [31]. For 3, the first step of
decomposition at 69–125 °C corresponds to loss of solvent molecules with 11.01% (Calcd
9.28%) mass loss, and then 3 decomposed continuously to 284 °C with 65.25% (Calcd
71.82%) corresponding to the gradual loss of Schiff base. The residue is CuO. For 4, the
first weight loss of 9.52% (Calcd 15.87%) below 92 °C is assigned to the liberation of the
solvent. The second weight loss occurs at 150–244 °C, which is attributed to the elimination
of acetate (found 17.69%, Calcd 20.13%). Then, 4 decomposed continuously to 534 °C
with 35.52% (Calcd 46.65%) corresponding to loss of Schiff base. The residue is a mixture
of MnO and Mn2O3.

Figure 5. Overlay of two Schiff base moieties in the four compounds.

Scheme 1. The syntheses of H3L
1 and H3L

2.
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3.5. Magnetic properties

Variable temperature magnetic susceptibility measurements (2–300 K) for 1–4 were
measured on polycrystalline samples using a Quantum Design MPMS-XL 7 SQUID
magnetometer with an applied magnetic field of 1 kOe.

The magnetic properties of 1 are attributed to one octahedrally coordinated Co(II), since
the Co(III) site is diamagnetic. The χMT versus T plot of 1 is shown in figure S7(1).
At 300 K, the experimental χMT value is 1.83 cm3 KM−1, which is lower than that
expected for a high-spin CoII ion (1.87 cm3 KM−1 with S = 3/2, g = 2.0) due to the occur-
rence of an unquenched orbital contribution typical of the 4T1g ground-state in octahedral
high-spin CoII complexes [32]. Upon cooling, χMT gradually decreases to a minimum of
0.83 cm3 KM−1 at 42 K, resulting from the depopulation of the six-Kramers double state
as a consequence of the combined effect of spin–orbit coupling and distortion from octa-
hedral symmetry [33]. In fact, between 300 and 42 K, χMT is dominated by single ion
magnetic behavior of uncoupled Co(II) ions. When the temperature continues to decrease
from 42 K, χMT slowly increases to a maximum of 0.88 cm3 KM−1 at 35 K, indicating
intermolecular ferromagnetic interactions, typical for monomeric systems as expected with
metal centers separated (8.189 Å) in 1. Below 35 K, χMT goes down to 0.56 cm3 KM−1 at
2 K, due to long-range interaction between the highly anisotropic spin carriers [34].

The χMT versus T plot of 2 is shown in figure S7(2). At 300 K, the χMT value is
0.79 cm3 KM−1, slightly higher than that expected (0.75 cm3 KM−1) for two isolated copper
ions with S = 1/2 and g = 2 [35]. Upon cooling, χMT slowly increases to 0.84 cm3 KM−1 at
78 K, followed by a pronounced drop to the minimum value of 0.098 cm3 KM−1 at 2 K.
This increase of χMT at 300–78 K represents a characteristic feature of intramolecular
ferromagnetic interactions between Cu(II) ions. The decrease of χMT below 78 K is due to
superposition with isolated copper ions orbital momentum [36].

The χMT versus T plot of 3 is shown in figure S7(3). The value of χMT at room tempera-
ture is 1.38 cm3 KM−1, less than that expected for four magnetically isolated copper(II) ions

Scheme 2. The coordination modes of the Schiff base ligands.
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(1.50 cm3 KM−1 supposed S = 1/2, g = 2). Upon cooling, the χMT gradually increases
and reaches a maximum of 1.43 cm3 KM−1 at about 100 K, and then rapidly falls to
0.29 cm3 KM−1 at 2 K. The increase of χMT from 100 to 300 K upon cooling indicates the
presence of weak ferromagnetic coupling. The decrease of χMT at low temperature shows
that the magnetic interactions are dominated by an antiferromagnetic interaction among
copper(II) clusters, resulting from μ3-hydroxyl bridges.

The χMT versus T plot of 4 is shown in figure S7(4). At 300 K, the experimental χMT
value is 9.51 cm3 KM−1, slightly lower than the value of 10.37 cm3 KM−1 for two Mn(III)
ions and one high-spin Mn(II) (SMnIII = 2.0, SMnII = 5/2 and assuming gMnII = gMnIII = 2.0)
[37, 13]. Upon cooling, the χMT value gradually decreases and reaches a minimum of 2.66
cm3 KM−1 at 7 K, which reveals an antiferromagnetic coupling in 4. However, with further
cooling, χMT increases to a maximum of 4.66 cm3 KM−1 at 3 K, followed by a drop to
4.03 cm3 KM−1 at 2 K, possibly due to the effect of zero-field splitting arising from the Mn
ions, or to a field-saturation effect, or to both factors [38].

3.6. Antitumor activities

Compounds 1–4 are screened for tumor-inhibiting activity in vitro against the K-562 and
HL-60 cell lines. The corresponding inhibitory concentration IC50 values are listed in table
4. Experiments show that 1 is a more efficient antitumor agent for K-562 and its antitumor
activity is also much higher than that of DDP [39] and CBP [40]. The others do not show
antitumor activity to K-562, perhaps due to poor solubility that controls the rate of entry of
molecules into the cell [41]. Against the HL-60 cell line, 2 exhibits more activity than CBP,
but not as effective as DDP [42–44]. Generally, most chemical, physical, and biological
functions of therapeutic agents are strongly dependent on their special structure. In contrast
to DDP and CBP, 1–4 display novel spatial structures. The test results suggest that the
structures probably contribute to their diverse biofunctions on tumor proliferation. Different
model cell showing different activities suggest that susceptibility to compounds treatment is
largely dependent on cell types.

The study provides insight into expanding multifunctional compounds. It is necessary to
further investigate the antiproliferation mechanism of these agents and explore their applica-
tions. Slight modification based on present structures is expected to enhance anticancer
ability and widen their spectrums to develop preclinical chemotherapeutic agents with high
efficiency and low toxicity.

Table 4. Half maximal inhibitory concentration (μM) of 1–4 against leukemia cell lines.

Compound

IC50 (μM)

K-562 HL-60

1 5.46 >100
2 >100 9.83
3 >100 >100
4 >100 >100
DDP 9.30 2.13
CBP 49.7 23.24
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4. Conclusion

Assembled from two OH-rich Schiff base ligands, four compounds have been synthesized
and characterized. The terminal hydroxyl arm can freely twist, bend, and chelate/bridge the
metals, yielding products with different nuclearities. Compound 1 possesses mixed-valence
dinuclear Co2O2 with Co(II) and Co(III) ions linked through μ2-hydroxyl. Compound 2
displays a binuclear Cu(II) structure containing a μ2-hydroxyl oxygen and a single syn–syn
acetate bridge. Compound 3 is a tetranuclear cube-shaped Cu(II) complex. Compound 4 is
a linear trinuclear-manganese complex in which the terminal Mn(III) and the central Mn(II)
are linked by a μ2-hydroxyl oxygen and two syn–syn acetate bridges. More compounds of
such Schiff base ligands are required to understand the coordination behaviors of the
ligands [45] and factors that modulate the final structure (e.g. MnIII‒CuII heterometallic
aggregates synthesized by reaction in organic solvents) [46]. Although the metal ions are
mediated by the μ-hydroxyl, temperature-dependent magnetic susceptibility measurements
reveal that the compounds exhibit diverse magnetic properties. Work concerning the
magneto-structural correlation and the antitumor activities will be further investigated in our
laboratory.

Supplementary material

Crystallographic data in CIF format have been deposited with the Cambridge Crystallo-
graphic Data Center, CCDC No. 899128 (1), 899130 (2), 899131 (3), 902447 (4). Copies
of the data may be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk).
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