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A heterobinuclear complex [CoNa(C15H10NO4F)2(CH3OH)]2 with Schiff base (C15H10NO4F: 2-amino-4-
fluorobenzoic acidΉ3-methoxysalicylaldehyde) was synthesized and characterized by IR spectroscopy, 
elemental analysis and single crystal X-ray diffraction. X-ray crystallography shows that the cobalt atom 
is six-coordinated by two nitrogen atoms from -C=N-, two carboxylate oxygen atoms and two hydroxyl 
oxygen atoms in different ligands, while the sodium atom is seven-coordinated by two methoxy oxygen 
atoms, two hydroxyl oxygen atoms in different ligands, two oxygen atoms in the same carboxylate and 
one oxygen atom of solvent methanol. The anticancer activity of the complex on human breast cancer 
MDA-MB-231 cells was investigated. The studies indicate that the complex can inhibit the cellular 
proliferation. In addition, it has proteasome-inhibitory activity in human breast cancer MDA-MB-231 
cells. The inhibition of the tumor proteasomal activity results in the accumulation of ubiquitinated 
proteins and ubiquitinated form of IκB-α, a natural proteasome substrate, followed by induction of 
apoptosis. The results suggest that the Schiff base metal complex, as a potent proteasome inhibitor, has 
potential to be developed into a novel anticancer drug. 
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1. Introduction  

Schiff bases are a class of organic compounds that contain carbon and 
nitrogen double bond (-C=N-), such as the imine and azomethine group, 
which have potential applications as antibacterial, anticancer, and 
antiviral agents [1–3]. Interest in the use of metallic compounds for cancer 
treatment has been increasing since the discovery of cisplatin as one of the 
anticancer drugs [4]. In recent years many Schiff base metal complexes 
have been given a lot of attention by chemists. Clinical studies suggest the 
use of proteasome inhibitors as potential novel anticancer agents [5-8]. 
Proteasome inhibitors are known to induce cell death rapidly and 
selectively in oncogene-transformed but not untransformed and normal 
cells. The ubiquitin-proteasome pathway, which plays a significant role in 
regulating cell proliferation and cell death, has been widely studied in 
human cancers [9, 10]. The proteasome is a massive multicatalytic 
protease responsible for degrading a large number of cellular proteins. 
These target proteins are first tagged with ubiquitin in order to be 
degraded by the proteasome, and then target the substrate protein to the 
26S proteasome for destruction. The 20S proteasome, the core of 26S 
proteasome complex, contains at least three distinct catalytic activities 
including the chymotrypsin-like (CT-like) activity [11, 12]. Several studies 
have shown that inhibition of the proteasomal chymotrypsin-like activity 
resulted in the accumulation of several target proteins, such as IκB-α, Bax 
and p27, and induction of apoptosis in various types of tumor cells [13, 
14]. So the biological activity researches of metal complexes are hot 
research fields in chemistry and biology [15]. In this paper, a 
heterobinuclear cobalt(ІІІ) sodium(І) Schiff base complex was synthesized 
and characterized. The anticancer activity of the complex was investigated 
and the studies indicated that the complex was capable of inhibiting the 
chymotrypsin-like activity of the proteasome, followed by the induction of 
apoptosis. 

 
 
 

 

2. Experimental  Methods 

2.1 Measurement and Reagents 

Infrared spectra were recorded as KBr pellets on a Nicolet 170SX 
spectrometer in the 4000 – 400 cm–1 region. Elemental analyses (C, H, and 
N) were performed on a model 2400 Perkin Elmer analyzer. The X-ray 
diffraction data were collected on an Enraf-Nonius CAD-4 X-ray single-
crystal diffractometer. All the chemicals were used without further 
purification in this work. 2-amino-4-fluorobenzoic acid, sodium 
hydroxide, 3-methoxysalicylaldehyde and cobalt acetate were all 
purchased from Aladdin. The chemical agents, DMSO and 3-[4,5-
dimethyltiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) were 
purchased from Sigma-Aldrich (St. Louis, MO). All compounds were made 
as 50 mM stocks in DMSO and stored at 4 °C. DMEM/F12 (1:1) and 
penicillin/streptomycin were purchased from Invitrogen (Carlsbad, CA). 
Fetal bovine serum (FBS) was purchased from Aleken Biologicals (Nash, 
TX, USA). The fluorogenic peptide substrate Suc-LLVY-AMC (for the CT-
activity assay) was purchased from Calbiochem (San Diego, CA). Rabbit 
polyclonal antibody against human poly (ADP-ribose) polymerase (PARP) 
(H-250) was purchased from BD Bioscience Pharmingen (San Diego, CA). 
Mouse monoclonal antibodies against ubiquitin (P4D1) and IκB-α (H-4), 
goat polyclonal antibody against β-actin (C-11) and all secondary 
antibodies were purchased from Santa Cruz (Santa Cruz, CA). 
 
2.2 Synthesis of the Ligand 

2-amino-4-fluorobenzoic acid (0.154 g, 1.0 mmol) and sodium 
hydroxide (0.39 g, 1.0 mmol) were dissolved in methanol (40 mL) with 
magnetic stirring, and then 3-methoxysalicylaldehyde (0.152 g, 1.0 mmol) 
was added dropwise to the solution. The reaction mixture was stirred 
under reflux at 55 °C for 5 h to give a bright orange clear solution. The 
solution was evaporated to 5 mL and the orange precipitate was filtered 
off and dried under vacuum. The synthesis reaction of the ligand is shown 
in Scheme 1. Elemental Anal Calc (%) for the ligand: C 62.34, H 3.83, N 4.85. 
Found (%): C 62.32, H 3.83, N 4.84. IR (KBr, cm-1): 1,611 (s), 1,563(s), 
1,486 (m), 1,457 (m), 1,362 (s), 1,246 (s), 1,226 (w), 1,117 (m), 1,035 (w), 
922 (m), 803 (m), 747 (w), 546 (m), 475 (m). 
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Scheme 1  The synthesis of the Schiff base ligand 

 

2.3 Synthesis of the Complex 

The Schiff base ligand (0.289 g, 1.0 mmol) was dissolved in methanol 
(20 mL). A solution of Co(OAc)2.4H2O (0.249 g, 1.0 mmol) in methanol (20 
mL) was added dropwise to the above solution with stirring and the 
mixture was refluxed for 5 h at 55 °C to give a bright red clear solution. 
The solution was cooled to room temperature and then filtered. The 
filtrate was left for slow evaporation at room temperature. The block-
shaped crystals were formed in the solution two weeks later. Elemental 
Anal Calc (%) for [CoNa(C15H10NO4F)2(CH3OH)]2: C 54.08, H 3.51, N 4.07. 
Found (%): C 54.09, H 3.52, N 4.07. IR (KBr, cm-1): 1,586 (s), 1,539 (s), 
1,435 (s), 1,407 (m), 1,362 (m), 1,237 (s), 1,195 (s), 1,083 (m), 947 (s), 879 
(m), 857 (m), 786 (s), 731 (m), 664 (s), 594 (m), 463 (s). 
 
2.4 X-Ray Structure Determination 

The single crystal with dimensions of 0.11×0.10×0.07 mm was mounted 
on an Enraf-Nonius CAD-4 X-ray single-crystal diffractometer. All data 
were collected at 298(2) K with a graphite-monochromatized MoKα 
radiation (λ = 0.71073 Å) by using a ω–2θ scan mode. 2969 reflections 
intensities with I > 2σ(I) was considered to be observed and used in the 
subsequent refinements. The structure was solved by direct methods 
using SHELXS-97 [16]. The non-hydrogen atoms were defined by the 
Fourier synthesis method. Positional and thermal parameters were 
refined by the full matrix least-squares method (on F2) to convergence. A 
summary of the key crystallographic information is given in Table 1, and 
the selected bond lengths and bond angles are listed in Table 2. 

Crystallographic information of the Schiff base coordination complex 
has been deposited with the Cambridge Crystallographic Data Centre as 
supplementary publication number CCDC (1012454). The copy of the data 
may be obtained free of charge on application to CCDC, 12 Union Road, 
Cambridge CB2 1 EB, UK. 

 

 
Table 1   Crystallographic data and structure refinement for the complex 

Empirical formula C31H24CoF2N2NaO9 

Formula weight   688.44                                               

Wavelength (Å) 0.71073                                              

Crystal system and Space group  Monoclinic and P21/C    

a (Å) 14.6610(12)     

b (Å) 11.0801(11)      

c (Å) 20.5409(19)     

α (˚)  β (˚)  γ (˚)   90  122.482(2)  90    

Volume (Å3) 2814.8(4)                                          

Z 4         

Calculated density (g/cm3) 1.625                                       

Absorption coefficient (mm-1) 0.701                                            

F(000)   1408                                                   

Crystal size (mm) 0.11 × 0.10 × 0.07                                  

θ range for data collection (˚) 2.18 to 25.02                                     

Limiting indices -17 ≤ h ≤ 16     

 -12 ≤ k ≤ 13     

 -19 ≤ l ≤ 24     

Reflections collected / unique 13887 / 4961 [Rint = 0.0889]                         

Completeness to θ = 25.02 99.8                                                 

Max. and min. transmission 0.9526 and 0.9269                                     

Data / restraints / parameters 4961 / 0 / 415                                        

Goodness of fit on F2 1.005                                         

R1A, wR2B [I > 2σ(I)] R1 = 0.0465, wR2 = 0.0713                             

R1A, wR2B (all data) R1 = 0.0904, wR2 = 0.0791                             

Largest diff. peak and hole (e. Å3) 0.496 and -0.449       

w = 1 / [σ2 (Fo2) + (0.0975P)2 + 5.1937P ], with P = ( Fo2 + 2 Fc2 ) / 3. 

 

Table 2   Selected bond lengths and angles for the complex  (Å, °) 

Bond Dist. Bond Dist. 

Co(1)—O(7) 1.886(2) Na(1)—O(4) 2.449(3) 

Co(1)—O(3) 1.895(2) Na(1)—O(8) 2.509(3) 

Co(1)—N(2) 1.904(3) Na(1)—O(1A) 2.573(2) 

Co(1)—N(1) 1.910(3) N(1)—C(8) 1.280(4) 

Co(1)—O(5) 1.890(2) N(2)—C(23) 1.281(4) 

Na(1)—O(3) 2.389(3) N(2)—C(18) 1.433(4) 

Na(1)—O(7) 2.401(2) C(1)—O(2) 1.226(4) 

Na(1)—O(9) 

 

2.418(3) 

 

C(1)—O(1) 

 

1.290(4) 

 

Bond Angle Bond Angle 

O(7)—Co(1)—O(3) 84.40(10) O(3)—Na(1)—O(4) 65.13(8) 

O(7)—Co(1)—N(2) 90.27(11) O(4)—Na(1)—O(7) 126.16(9) 

O(3)—Co(1)—N(2) 173.38(11) O(4)—Na(1)—O(9) 85.89(10) 

O(3)—Co(1)—N(1) 90.17(11) O(7)—Na(1)—O(2A) 148.95(11) 

N(2)—Co(1)—N(1) 95.37(11) O(3)—Na(1)—O(9) 86.86(9) 

O(7)—Co(1)—O(1) 88.07(10) O(9)—Na(1)—O(7) 74.88(9) 

O(3)—Co(1)—O(1) 89.78(9) O(3)—Na(1)—O(8) 124.88(9) 

N(2)—Co(1)—O(1) 93.98(10) O(7)—Na(1)—O(8) 63.39(8) 

N(1)—Co(1)—O(1) 88.51(11) O(8)—Na(1)—O(9) 94.67(11) 

O(7)—Co(1)—O(5) 89.64(10) O(8)—Na(1)—O(2A) 86.31(9) 

O(3)—Co(1)—O(5) 88.18(9) O(8)—Na(1)—O(4) 169.98(9) 

N(2)—Co(1)—O(5) 87.85(10) C(8)—N(1)—Co(1) 123.1(2) 

N(1)—Co(1)—O(5) 93.59(11) C(3)—N(1)—Co(1) 117.8(2) 

O(1)—Co(1)—O(5) 177.07(9) C(3)—N(1)—C(8) 118.9(3) 

Symmetry codes: A: -x+1, -y+1, -z+1. 

 

2.5 Anticancer Activity Studies 

2.5.1 Cell Culture and Whole Cell Extract Preparation 

MDA-MB-231 cells were obtained from the American Type Culture 
Collection (ATCC) (Manassas, VA) and cultured in DMEM/F-12 (1:1) 
respectively, supplemented with 10% fetal bovine serum (FBS), 100 
units/ml penicillin and 100 μg/ml streptomycin from Life Technology 
(Carlsbad, CA). The breast cancer cells were maintained at 37 °C in an 
atmosphere containing 5% CO2. The cells were harvested, lysed and 
supernatants were collected as whole cell extracts used for western blot 
analysis [17]. 
 
2.5.2 Cell Proliferation Assay 

The effect of the complex on cell proliferation was determined by 3-
[4,5-dimethyltiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) assay. 
MDA-MB-231 cells were seeded in triplicate in a 96-well plate and 
incubated at 37 °C until 70–80% confluent, then treated with the indicated 
concentration of the complex and the ligand for 24 h. Media was then 
removed and MTT solution (1 mg/ml) was added followed by a 2 h 
incubation period. MTT was then removed and 100 μl DMSO added to 
dissolve the metabolized MTT product, followed by measuring the 
absorbance values on a Victor 3 multi-label plate reader (PerkinElmer 
Wellesley, MA). 
 
2.5.3 Proteasomal CT-like Assay using Breast Cancer Cells 

MDA-MB-231 cells were treated as indicated, lysed and protein 
concentrations measured by the Bio-Rad Protein Assay (Bio-Rad Hercules, 
CA). Whole cell extracts (10 μg) were incubated for 2 h at 37 °C in 100 μl 
of assay buffer (20 mM Tris–HCl, PH 7.5) with 20 μM fluorogenic peptide 
substrate Suc-LLVY-AMC. Proteasomal CT-like activity was measured 
using the Wallac Victor 3 Multi-label Counter with an excitation filter of 
365 nm and emission filter of 460 nm. 
 
2.5.4 Western Blot Assay 

Proteins (30 μg) from whole cell extracts were separated by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred to a nitrocellulose membrane, followed by visualization with 
an enhanced chemiluminescence reagent (Denville Scientific Metuchen, 
NJ) [18]. 
 
2.5.5 Cellular Morphology Analysis 

Cellular morphology changes were observed using a Zeiss (Thornwood, 
NY) Axiovert 25 microscope with phase contrast. 
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3. Results and Discussion 

3.1 Crystal Structure of the Complex 

The crystallographic structural analysis reveals that the Co(ІІІ) Na(І) 
complex crystallizes in the monoclinic crystal system, space group P21/C. 
X-ray crystallography shows that the cobalt atom is six-coordinated by 
two nitrogen atoms from -C=N-, two carboxylate oxygen atoms and two 
hydroxyl oxygen atoms in different ligands, while the sodium atom is 
seven-coordinated by two methoxy oxygen atoms, two hydroxyl oxygen 
atoms in different ligands, two oxygen atoms in the same carboxylate and 
one oxygen atom of solvent methanol, forming a novel heterobinuclear 
Co(ІІІ) Na(І) complex. The complex is centrosymmetric, the Co(1A) 
Na(1A) complex molecule is generated by the centrosymmetry operation 
based on the Co(1) Na(1) complex molecule. The crystal structure of the 
complex is shown in Fig. 1. The bond lengths of N(1)–C(8) and N(2)–C(23) 
are 1.280 and 1.281 Å, respectively, which are close to the usual -C=N- 
double bond at 1.303 and 1.306 Å [19]. The bond angles O(1)-Co(1)-N(1) 
(88.51°), O(1)-Co(1)-N(2) (93.98°), O(1)-Co(1)-O(3) (89.78°), O(1)-Co(1)-
O(7) (88.07°), O(5)-Co(1)-N(1) (93.59°), O(5)-Co(1)-N(2) (87.85°), O(5)-
Co(1)-O(3) (88.18°), and O(5)-Co(1)-O(7) (89.64°) are all different to the 
ideal value of 90°. While the O(1)-Co(1)-O(5) angle (177.07°) is the closest 
to 180° than all another bond angles, indicating that the central Co(1) 
adopts a distorted octahedral geometry. Four atoms N(1), N(2), O(3), and 
O(7) define the basal plane, while O(1) and O(5) are located in the apical 
positions of the octahedral structure [20]. The complex molecules are 
linked into a chain structure through C–H…F intermolecular hydrogen 
bonds (Fig. 2). The chain structures are linked by C–H…F hydrogen bonds 
and F…F bonds to give a 3 D structure (Fig. 3). 
 

 

Fig. 1 Crystal structure of [CoNa(C15H10NO4F)2(CH3OH)]2. All hydrogen atoms and 
free solvent methanol molecules are omitted for clarity. 

 
 

 

Fig. 2 The chain structure of the complex. All hydrogen atoms and free solvent 
methanol molecules are omitted for clarity, except for those engaged in hydrogen 
bonding. 
 
 

 

Fig. 3 3D structure of the complex. All hydrogen atoms and free solvent methanol 
molecules are omitted for clarity, except for those engaged in hydrogen bonding. 

 

3.2 Anticancer Activity Studies 

3.2.1 The Complex Inhibit Proliferation of MDA-MB-231 Human Breast 
Cancer Cells 
 

To investigate the proliferation-inhibitory effect of the complex, human 
breast cancer MDA-MB-231 cells were treated with both the complex and 
the ligand dissolved in DMSO in different concentrations followed by 3-
[4,5-dimethyltiazol-2-yl]-2,5-diphenyl-tetrazolium bromide (MTT) assay. 
Cells treated with DMSO were used as solvent control. We found that both 
of them potentially inhibited cellular proliferation (Fig. 4). Moreover, the 
complex had more significant anti-proliferative activity compared with 
the ligand under our experimental condition, resulting in 76% inhibition 
at 20 μM, and 93% inhibition at 40 μM, respectively, after 24 h of 
treatment. The IC50 value of the complex is 11 μmol/L. The proliferation-
inhibitory activity of the complex on human breast cancer MDA-MB-231 
cells is higher than that of cisplatin (IC50: 82 μmol/L) [21]. 

 
 

 

Fig. 4 Anti-proliferation activities of the complex and the ligand on MDA-MB-231 
cells. 

 
 
3.2.2 Concentration-Dependent Proteasome Inhibition and Apoptosis 
Induction in MDA-MB-231 Cells by the Complex 
 

To test whether the complex was able to inhibit tumor cellular 
proteasome activity, and have similar effects as on cell proliferation. MDA-
MB-231 breast cancer cells were treated with various concentrations (5-
40 μM) of the complex and DMSO as control for 24 h. After each treatment, 
proteins were extracted and used for measurement of proteasome activity 
by decreasing levels of cellular proteasomal chymotrypsin-like activity, 
accumulation of ubiquitinated proteins and proteasome target protein 
IκB-α. We found that cellular proteasomal chymotrypsin-like activity in 
MDA-MB-231 cells treated with the complex was significantly inhibited in 
a concentration-dependent manner: the complex at 30 and 40 μM caused 
82 and 86% inhibition, respectively (Fig. 5). Consistently, levels of 
ubiquitinated proteins were accumulated in MDA-MB-231 cells treated 
with the complex in a concentration-dependent manner (Fig. 6). We have 
reported a ubiquitinated form of the well known proteasome target IκB-α 
protein with molecular weight of 56 kDa [22,23]. A similar 
ubiquitinated form of IκB-α protein was accumulated in MDA-MB-231 
cells treated with the complex in a concentration-dependent manner. 
These results support the conclusion that the complex inhibits the cellular 
proteasome activity in MDA-MB-231 human breast cancer cells. 
 
 

 

Fig. 5 Dosage-effects of the complex in the inhibition of the proteasomal 
chymotrypsin-like activity on MDA-MB-231 cells. 
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Fig. 6 Western blot analysis (concentration-dependent) using specific antibodies to 
PARP, IκB-α, ubiquitin and ß-actin. 

 
It has been reported that inhibition of tumor cellular proteasome 

activity is associated with induction of apoptosis [24-26]. To assess the 
ability of the complex to induce apoptosis, we studied morphological 
changes and apoptosis-associated PARP cleavage in the same experiment. 
Changes in cellular apoptotic morphology (rounding and shrinkage) were 
observed in the cells treated with the complex at 30 and 40 μM (Fig. 7). 
Consistent with apoptosis induction, at 24 h, treatment with 30 and 40 μM 
of the complex resulted in generation of PARP cleavage fragment p85 (Fig. 
6). Therefore, the complex induces proteasome inhibition and apoptosis 
in MDA-MB-231 human breast cancer cells in a concentration-dependent 
manner. 
 

 

Fig. 7 Cellular morphological changes of MDA-MB-231 cells treated with the complex 
for 24 h. 

 
 

4. Conclusion 

In this work, a heterobinuclear metal complex 
[CoNa(C15H10NO4F)2(CH3OH)]2 was synthesized and characterized. It 
crystallizes in the monoclinic crystal system, space group P21/C. The 
central cobalt atom is six-coordinated adopting a distorted octahedral 
geometry, while the central sodium atom is seven-coordinated. The 
anticancer activity of the complex was also investigated on MDA-MB-231 
breast cancer cells. The results have shown that the inhibition of the 
proteasomal activity (especially, chymotrypsin-like activity) by the 
complex, can strongly induce apoptosis in the cultured breast cancer MDA-
MB-231 cells. The study reinforces the idea that proteasome targeted 
metal complexes have great potential to be developed into novel 
anticancer drugs. 
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