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含吡啶⁃2，6⁃二羧酸的钴􀃭配合物的合成、
表征、抗肿瘤活性和理论计算
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摘要：以吡啶⁃2，6⁃二羧酸作为配体，在水热条件下合成了一种新的钴配合物：[Co(Hpdc)(bpy)Cl]·C2H5OH(H2pdc=吡啶⁃2，6⁃二羧

酸，bpy=2，2′⁃联吡啶)，并对其进行了红外和X射线单晶衍射表征。为了深入揭示该配合物的电子结构，采用密度泛函理论来

研究其电荷分布、静电势、前沿分子轨道以及在溶液条件下的相关电子性能。我们采用溴化噻唑蓝四氮唑(MTT)法测试了该配

合物对慢性粒细胞白血病(K562)和食管癌(OE⁃19)细胞的抗肿瘤活性，其 IC50值仅为(0.22±0.05) μg·mL-1和(0.82±0.16) μg·mL-1
(即(0.48±0.11) μmol·L-1和(1.77±0.35) μmol·L-1)，表明该化合物对这2种癌细胞系具有较强的细胞毒性。
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Synthesis, Characterization, Antitumor Activity, and Theoretical Calculations
of Co􀃭 Complex Based on Pyridine⁃2,6⁃dicarboxylic Acid
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Abstract: A new cobalt complex, namely [Co(Hpdc) (bpy)Cl]·C2H5OH (bpy=2,2′ ⁃bipyridine), was synthesized by
using pyridine⁃2,6⁃dicarboxylic acid (H2pdc) as ligand under hydrothermal condition, and followed by experimental
characterization of infrared spectroscopy and X⁃ray single⁃crystal diffraction. To deeply reveal the electronic struc⁃
ture of this complex, density functional theory calculations were employed to investigate its charge distribution, elec⁃
trostatic potential, frontier molecular orbitals, and relevant electronic properties under aqueous condition. Moreover,
the antitumor activity of this complex was evaluated by thiazolyl blue tetrazolium bromide (MTT) assay in chronic
myelocytic leukemia (K562) and esophageal carcinoma (OE⁃19) cancer cell lines, and the resulting IC50 values were
estimated to be as low as (0.22±0.05) μg·mL-1 and (0.82±0.16) μg·mL-1 (i. e., (0.48±0.11) μmol·L-1 and (1.77±
0.35) μmol·L-1) for K562 and OE⁃19, respectively, demonstrating its cytotoxic activity against these two cancer cell
lines. CCDC: 1994088.
Keywords: cobalt􀃭 complex; crystal structure; antitumor activity; DFT calculation
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0 Introduction

Nowadays, cancers have become the most serious
threat to human′s health worldwide[1]. It is reported that
annual cancer cases will rise to 26 million within the
next twenty years[2]. Unfortunately, there is no effective
therapy for curing most of tumors up to now, and thus,
it is still greatly desired to explore novel chemothera⁃
peutic agents for oncotherapy[3⁃4]. Consequently, plenti⁃
ful efforts have been devoted to exploring new antitu⁃
mor drugs during the past decades. Among them, metal⁃
lotherapeutics have attracted great attention since the
discovery of cisplatin more than five decades ago[5⁃7].
Such metal⁃base drugs can prevent cancer cell division
and then result in cancer cell apoptosis by inducing
DNA damage and disrupting DNA repair process[8⁃9].

It is known that cisplatin is one of the most com⁃
monly used drugs in clinical treatment of numerous
forms of human cancers, such as testicular and ovarian
cancers, neck and head tumors[10⁃12]. Despite the great
utility of cisplatin, its therapeutic value is also accom⁃
panied by serious side effects[13] and the increasing
drug resistance[14]. This has created a continuous mo⁃
mentum in developing platinum ⁃ based drugs[15⁃16], and
thus a few drugs, such as carboplatin, oxaliplatin, neda⁃
platin, lobaplatin, and heptaplatin have been success⁃
fully employed for clinical use in the past several
decades. Such great successful clinical applications of
platinum ⁃based complexes as well as the accompany⁃
ing toxicity and resistance have stimulated more
research interests to search for other alternative transi⁃
tion metal (TM) coordination complexes in the area of
metallotherapeutics.

In recent years, a great amount of Co⁃based com⁃
pounds with antitumor activities have been achieved by
employing different kinds of ligands[17⁃21]. To explore
novel Co ⁃ based antitumor compounds, an interesting
multidentate ligand, pyridine⁃2, 6⁃dicarboxylic acid
(H2pdc) attracted our great interest because that it has
a rigid 120° angle between the central pyridine ring
and two carboxylate groups, and therefore could poten⁃
tially provide various coordination modes to form both
discrete and consecutive metal complexes[22]. Up to

now, a large number of coordination compounds with
intriguing topological structures have been constructed
by using this ligand[23⁃29]. Motivated by the above infor⁃
mation, a novel Co􀃭⁃based coordination compound [Co
(Hpdc) (bpy)Cl] ·C2H5OH (bpy=2, 2′ ⁃ bipyridine) has
been synthesized in this work. This complex was char⁃
acterized by experimental analyses and theoretical
computations. Theoretical results indicate that this com⁃
plex is a good candidate for antitumor agents, and there⁃
fore, its inhibition against chronic myelocytic leukemia
(K562) and esophageal carcinoma (OE ⁃ 19) cells was
determined by using thiazolyl blue tetrazolium bromide
(MTT) assay. Our results reveal that this complex pos⁃
sesses certain antiproliferation effects on both of K562
and OE ⁃ 19 cells with low IC50 values of (0.22±0.05)
μg·mL-1 and (0.82±0.16) μg·mL-1, respectively.
1 Experimental and theoretical methods

1.1 Materials and physical measurements
All chemicals were purchased commercially and

used without further purification. The K562 and OE⁃19
cells were obtained from Shanghai Institute of Materia
Medica, Chinese Academy of Sciences. Elemental anal⁃
yses (C, H, N) were carried out with a Perkin⁃Elmer
240 elemental analyzer. Infrared spectrum was record⁃
ed in a range of 400~4 000 cm-1 on a Perkin⁃Elmer
Spectrum⁃2000 FT⁃IR spectrometer using KBr pellets.
1.2 Experimental synthesis

A mixture of H2pdc (2.05 mmol, 0.342 g) and 2,2′⁃
bipyridine (1.20 mmol, 0.294 g) was dissolved in deion⁃
ized water (10 mL). After stirring for 15 minutes, 1.20
mmol CoCl2·6H2O (0.286 g) was added into the above
solution along with adding 5 mL absolute ethyl alcohol.
Then, the mixture was continuously stirred at room tem⁃
perature for 3 h, resulting in pellucid light green solu⁃
tion. After being filtrated and the filtration standing at
room temperature for one week, reddish brown colum⁃
nar crystals of [Co(Hpdc) (bpy)Cl] ·C2H5OH were
obtained (Yield: 55% based on Co). Anal. Calcd. for
C19H18ClCoN3O5(%): C, 49.32; H, 3.92; N, 9.08. Found
(%): C, 49.23; H, 3.99; N, 9.16. IR (KBr pellet, cm-1):
3 590~2 815 (br), 2 360 (w), 1 619 (vs), 1 430 (m), 993
(w), 734 (w).
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1.3 Crystal structural determination

X⁃ray data of Co(Hpdc) (bpy)Cl·C2H5OH was col⁃
lected on a Rigaku Saturn 724 CCD diffractometer
equipped with a graphite⁃monochromator Mo Kα radia⁃
tion (λ=0.071 073 nm) using an ω scan mode at 293(2)
K. Absorption corrections were applied using multi⁃
scan methods. Data reduction was performed using the
Rigaku Americas Corporation′s Crystalclear pro⁃
gram[30]. This structure was solved by direct methods
and refined by full⁃matrix least⁃squares using the
SHELXS⁃97[31] and SHELXL⁃2018/1[32], respectively.
All non⁃hydrogen atoms were refined anisotropically.
Hydrogen atoms were located geometrically and treated
as riding atoms with a common fixed isotropic thermal
parameter.

CCDC: 1994088.
1.4 Computational details

The geometric structure of [Co(Hpdc)(bpy)Cl] with
all real frequencies was optimized by using the PBE0
method in conjunction with the LANL2DZ basis set for
Co atom and 6⁃31+G(d, p) basis set for the other atoms.
The doublet structure with the lowest spin state is
found to be the most stable molecular configuration of
[Co(Hpdc) (bpy)Cl] by considering different spin states
in structural optimization. The electrostatic potential
(ESP), nature population analysis (NPA) charges, fron⁃
tier molecular orbitals (FMO), and various electronic
properties of [Co(Hpdc) (bpy)Cl] were obtained at the
PBE0/6 ⁃31++G(d, p) & LANL2DZ level based on the
optimized configuration. Herein, chemical hardness
(η), global electronegativity ( χ), electrophilicity index
(ω), chemical potential (CP) and softness (S) are
defined as follows[33⁃35]:

χ=|VIE + VEA|2 (1)
CP= |VIE + VEA|2 (2)
η=VIE - VEA2 (3)
ω=(CP) 22η (4)
S= 12η (5)
To minimize the inaccuracy of the aforementioned

parameters due to the self⁃interaction error (SIE) of
density functional theory (DFT) methods[36⁃37], the verti⁃
cal electronic affinity (VEA) and vertical ionization
energy (VIE) were not directly approximated from the
HOMO⁃LUMO energy (i. e., Koopman′s theorem).
Instead, they are calculated by using the following
equations[38]:

VIE=Ecation-Eneutral (6)
VIE=Eneutral-Eanion (7)

where Eneutral represents the electronic energy of the
optimized neutral structure, while Ecation and Eanion are
the cationic and anionic energies calculated at opti⁃
mized neutral geometry, respectively.

All the above calculations were carried out by us⁃
ing the Gaussian 16 program package[39], in which the
self ⁃ consistent reaction field (SCRF) calculations with
the polarizable continuum model (PCM) [40] were per⁃
formed to consider the solvent effect of water. Dimen⁃
sional plots of molecular configurations and orbitals
were generated with the GaussView program[41]. The
electrostatic potential (ESP) was obtained by employ⁃
ing Multiwfn program package[42] in conjunction with
the VMD software[43].
1.5 In vitro cytotoxicity

Cytotoxicity of this complex was assessed by MTT
assay. Briefly, the K562 and OE⁃19 cells were cultivat⁃
ed into suspension cells in the 0.25% pancreatic pro⁃
tein. Then, the suspension liquid with 1×105 cells per
milliliter was seeded into a 96⁃well culture plate with
100 μL per well. After incubation at 37 ℃ in a 5%
(V/V) CO2 incubator for 24 h, the samples containing
the synthesized complex of serial concentrations were
added into the wells of the experimental groups (10 μL
per well). DMSO without this complex was added into
the well of the control group (10 μL per well). The cells
were sequentially incubated for 72 h, followed by the
addition of 20 μL MTT solution (5 mg·mL-1) to each
well and further cultivation for 4 h. Afterwards, the
supernatant with MTT was removed and followed by
the addition of 150 μL DMSO to dissolve formazan dye
for 10 min at room temperature along with slow oscilla⁃
tion. Finally, the optical density (OD) at 490 nm was
read by an enzyme ⁃ linked immunosorbent assay
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(ELISA) reader and the inhibition rate (IR=(1-ODcomplex/
ODblank)×100%) were calculated. The median inhibitory
concentration (IC50) values were obtained from the re⁃
sults of quadruplicate determinations of at least three
independent experiments. Herein, the samples contain⁃
ing the titled complex were obtained by dissolving the
isolated crystals into the DMSO following the high tem⁃
perature sterilization. Thereafter, these solutions were
diluted by RPMI 1640 nutrient solution to the concen⁃
trations of 100, 50, 25, 12.5, 6.25, 3.13, 1.56, and 0.78
μg·mL-1.
2 Results and discussion

2.1 Crystal structure
The synthesized complex [Co(Hpdc) (bpy)Cl] ·

C2H5OH appears as a reddish brown columnar crystal.
Herein, the crystal structure of this complex is shown
in Fig.1 in conjunction with the theoretically optimized
molecular structure of [Co(Hpdc)(bpy)Cl], while the 3D
network is given in Fig. S1 (Supporting information).
Crystallographic data are collected in Table 1, and
selected bond lengths and angles from experimental
and theoretical characterization are listed in Table S1.

As shown in Table 1, the crystal structure of
[Co(Hpdc) (bpy)Cl] ·C2H5OH belongs to P21/n space
group of monoclinic system. As shown in Fig. 1a, its
molecular structure in the crystal is composed of one
Co2+ , one 2, 6 ⁃Hpdc- anion, one 2, 2′ ⁃ bipyridine, one
Cl-, and one guest alcohol molecule. It is observed that

the Co2+ ion in this complex is six ⁃ coordinated: two
carboxylate oxygen atoms and one nitrogen atom
from the pdc2- ligand, two nitrogen atoms from 2, 2′⁃
bipyridine, and one Cl- anion. As shown in Table S1,
the bond lengths of Co—N1, Co—N2, Co—N3, Co—
O1, Co—O3, and Co—Cl are 0.208 43(13), 0.212 80(14),
0.209 60(16), 0.218 12(13), 0.232 20(14), and 0.234 26(10)
nm, respectively, which are consistent with those of pre⁃
viously reported Co ⁃ based complexes[44⁃45]. These sub⁃
units of [Co(Hpdc)(bpy)Cl]·C2H5OH are linked togeth⁃
er by hydrogen bonds to form a stable 3D framework
(Fig.S1), and the values of hydrogen bond lengths and
angles for [Co(Hpdc) (bpy)Cl] ·C2H5OH are listed in
Table S2.

It is known that the practical application of such
complex usually needs to dissolve it into water. Thus, it
is meaningful to further reveal the electronic structure
and relevant properties of this novel complex dissolved

aR1=∑||Fo|-|Fc||/∑|Fo|; bwR2={∑[w(Fo2-Fc2)2]/∑[w(Fo2)2]}1/2

Table 1 Crystallographic data collection and structure refinement details of [Co(Hpdc)(bpy)Cl]·C2H5OH

Empirical formula
Formula weight
Crystal system
Space group
a / nm
b / nm
c / nm
β / (°)
V / nm3
Z

μ / mm-1
Dc / (g·cm-3)
θ range / (°)

C19H18ClCoN3O5
462.74
Monoclinic
P21/n
1.089 8(2)
1.712 5(3)
1.141 2(2)
105.29(3)
2.054 3(8)
4
1.001
1.496
3.01~27.48

Index ranges
Reflection collected
Unique reflection
Observed reflection [I>2σ(I)]
F(000)
Rint
Goodness of fit on F 2
R1 [I > 2σ(I)]a
wR2 [I>2σ(I)]b
R1 (all data)
wR2 (all data)
(Δρ)max, (Δρ)min / (e·nm-3)

-14 ≤ h ≤ 14, -22 ≤ k ≤ 22, -13 ≤ l ≤ 14
19 862
4 696
4 095
948
0.024 7
0.986
0.031 0
0.081 7
0.037 1
0.085 5
579, -315

Fig.1 Molecular structures of (a) [Co(Hpdc)(bpy)Cl]·
C2H5OH obtained by experiment and (b)
[Co(Hpdc)(bpy)Cl] in water from theoretical
calculation with atom numbering
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in water. So, the isolated [Co(Hpdc)(bpy)Cl] motif from
experimental crystal structure has been re⁃optimized at
the PBE0/6⁃31+G(d, p)&LANL2DZ level by consider⁃
ing the water solvent. Herein, the ethanol molecule in
this complex has been neglected because that ethanol
is easily dissolved in water and then has little effect on
the structure and properties of [Co(Hpdc) (bpy)Cl] in
aqueous solution. After optimization, it is found that
the calculated Co—N1 (0.195 6 nm), Co—N2 (0.198 0
nm), Co—N3 (0.200 0 nm), Co—O1 (0.215 9 nm), and
Co—Cl (0.233 8 nm) bond lengths are slightly shorter
than those obtained by the single crystal XRD experi⁃
ment, while the bond length of Co—O3 (0.245 5 nm) is
longer than that from the experiment. And the differ⁃
ences between the theoretical and the experimental val⁃
ues of ∠N—Co—N and ∠O—Co—O angles are small⁃
er than 9° . Hence, the optimized Co(Hpdc) (bpy)Cl in
aqueous solution exhibits a very similar geometric
structure to that obtained from crystal characterization,
indicating that the used theoretical method in this work
is reliable. The slight inconsistencies in the bond
lengths and angles are commonly found in previously
reported literatures[44,46⁃48], which can be attributed to
the fact that the environment of crystal lattice in the ex⁃
periment is different from the aqueous condition used
in theoretical simulation.
2.2 Experimental and theoretical characterization

Firstly, the experimental IR spectrum of this stud⁃
ied complex has been shown in Fig. S2. Herein, the
strong vibrations appearing around 1 620 and 1 400
cm-1 correspond to the asymmetric and symmetric
stretching vibrations of the carboxylate group, respec⁃
tively. The absorption bands in a range of 650~670
cm-1 and 720~750 cm-1 in the fingerprint region are
attributed to Co—O and Co—N vibrations, respectively.

In view of the fact that the synthesized complex
will become a monomer after being dissolved into
water, the molecular model from theoretical optimiza⁃
tion will be closer to its real state after entering cells.
Therefore, a detailed study on the electronic structure
of this complex was performed on the basis of the theo⁃
retically optimized [Co(Hpdc) (bpy)Cl]. The charge
distribution, ESP, FMO, and various global reactivity

parameters of [Co(Hpdc) (bpy)Cl] in aqueous solution
will be discussed in the following sections.

To clearly reveal the distribution of charges in
this complex, the calculated NPA charges of [Co(Hpdc)
(bpy)Cl] are displayed in Fig.S3. It can be seen that the
negative charges mainly distribute on the electronega⁃
tive O, N, and Cl atoms in [Co(Hpdc)(bpy)Cl], while Co
carries a positive charge of 0.580. In addition, the ESP
picture of [Co(Hpdc) (bpy)Cl] is given in Fig. 2. As
shown in Fig. 2, the positive electrostatic potential
mainly locates on peripheral hydrogen atoms of Hpdc-
and bpy ligands. It is found that the hydrogen of car⁃
boxyl in [Co(Hpdc)(bpy)Cl] has the largest positive po⁃
tential of 317.02 kJ·mol-1, indicating that this hydro⁃
gen atom has a large tendency to form hydrogen bond
with N or O atoms of DNA bases when it approaches
DNA in cells. In another respect, the Cl atoms in
[Co(Hpdc) (bpy)Cl] are surrounded by large negative
potential, which is consistent with the NBO analysis.
Also, the HOMO and LUMO orbitals of [Co(Hpdc)(bpy)
Cl] are depicted in Fig.3. It is observed that this com⁃
plex has large HOMO⁃LUMO gaps of 4.30 and 4.40 eV
for α and β electrons, indicating that it also has high
chemical stability.

Fig.2 ESP diagram of [Co(Hpdc)(bpy)Cl] in water phase
at PBE0/6⁃31++G(d, p)&LANL2DZ level

Fig.3 Frontier molecular orbitals of [Co(Hpdc)(bpy)Cl] in
water phase at PBE0/6⁃31++G(d, p)&LANL2DZ
level
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To further reveal the electronic properties of this

complex, the global reactivity parameters, including
VEA, VIE, η, χ, ω, CP, and S of [Co(Hpdc) (bpy)Cl]
were also calculated and summarized in Table S3.
These theoretical results may provide some references
for experimentalists in the future. In addition, it is
known that the molecular dipole moment has an obvi⁃
ous effect on the intermolecular interaction between
drug molecules and drug targets[47]. As shown in Table
S3, the dipole moment of [Co(Hpdc)(bpy)Cl] was found
to be 7.17 a.u., indicating that this complex is soluble
in polar solvent, such as water. Moreover, it is reported
that the increase in polarizability of aromatic ring com⁃
plexes can enhance the interaction between them and
the DNA of tumor cells[24]. From Table S3, it is found
that, with two ligands containing aromatic rings, the po⁃
larizability of [Co(Hpdc)(bpy)Cl] is as large as 376 a.u.,
suggesting that this complex is also likely to interact
with DNA. These static electric properties again imply
that this complex is a good candidate to serve as a new
antitumor metallotherapeutic agent. Consequently, it is
of great interest to evaluate the antitumor activity of
this complex in experiment.
2.3 In vitro cytotoxicity

The growth inhibitory effect of [Co(Hpdc)(bpy)Cl]·
C2H5OH on two kinds of human tumor cells, i.e., K562
and OE⁃19 cells in vitro were evaluated by MTT assay.
The inhibition rates on K562 and OE⁃19 under differ⁃
ent concentrations of this complex are listed in Table
S4 and plotted in Fig. 4. As shown in Fig. 4, it is
observed that the inhibition rates on K562 and OE⁃19
gradually increased along with the increasing concen⁃
trations of this complex. In particular, the estimated
IC50 values of this complex for K562 and OE⁃19 cells
were (0.22±0.05) μg·mL-1 and (0.82±0.16) μg·mL-1
(i.e., (0.48±0.11) μmol·L-1 and (1.77±0.35) μmol·L-1),
respectively. These small IC50 values demonstrate that
this complex is quite effective in restraining the growth
of K562 and OE⁃19 cells. Besides, it is noted that the
IC50 value for K562 was much smaller than that for OE⁃
19, indicating that this complex is more cytotoxic for
K562 cells. More interestingly, the IC50 value ((0.22±
0.05) μg·mL-1) of [Co(Hpdc) (bpy)Cl] ·C2H5OH on

K562 cell was less than those of 0.70~1.86 μg·mL-1
previously reported for cisplatin[49⁃52], which further veri⁃
fies the inhibitory effect of this Co⁃based compound on
K562 cells.

3 Conclusions

In summary, a Co 􀃭 ⁃ based coordination com⁃
pound [Co(Hpdc) (bpy)Cl] ·C2H5OH has been synthe⁃
sized and characterized by IR spectrum, elemental
analysis, and single⁃crystal X⁃ray diffraction. Also, the
electronic structure of this complex in water was also
detailedly studied by using DFT calculations. More⁃
over, its antitumor activity was experimentally studied
by MTT assay in K562 and OE ⁃ 19 cancer cell lines.
The experimental results show that this novel complex
indeed exhibits a significant antitumor activity against
K562 and OE ⁃ 19 cells, which demonstrates its great
potential of serving as a new antitumor agent. This
work will not only provide a novel Co⁃based complex as
potential antitumor agent, but also intrigue more inter⁃
est in exploring the synthesis and application of new
coordination complexes in biomedical field.

Supporting information is available at http://www.wjhxxb.cn
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