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Six metal complexes [CuC, H, N O, ] (I), [ZnC;HsNO5] (II), [CoC, H ,N.O. ] (III), [CoC H, N2O_ ] (IV), [NiC H, N0 ] (V)
and [ZnC_H. N.O. ] (VI) have been synthesized under one-pot self-assembly condition with 2,3-pyridinedicarboxylic acid
ligand. The structures of the compounds were characterized by elemental analysis (E.A), infrared spectroscopy (FT-IR),
nuclear magnetic resonance (NMR), ultraviolet visible spectroscopy (UV-vis) and single crystal X-ray diffraction analysis.
Crystal structure reveal that the coordination number of 2,3-pyridinedicarboxylic acid ligand was 6, and each ligand is
connected to a metal ion. The metal is connected to the ligands by n-metal and o-metal bonds, and the structural diversity
is controlled by the core metal ions. The IC,  test showed that complex I-VI had low to medium activity on human tumor
cell line SMMC-7721, and complex VI had the best activity, with IC,, value of 21.80.

Keywords: 2,3-Pyridinedicarboxylic acid; Metal complex; Crystal structure; Antitumor activity.
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Introduction

Due to their distinctive structures and excellent properties,
metal complexes have been widely used in catalysis [1], bi-
osensing [2], gas storage [3] and capture [4] and molecular
recognition and separation [5], and they exhibit antifungal
[6], antituberculous [7], analgesic [8] and anticancer [9] activi-
ties. Organic carboxylic acids are widely used as ligands in the
design of metal-organic complexes because they can bridge
multiple metal ions using various coordination modes, such
as monodentate coordination and bidentate chelation [10]. In
1995, Yaghi's [11] research group first used an organic carbox-
ylic acid as a ligand, reacted with Co metal to produce metal
coordination compounds and proposed the concept of metal-
organic framework materials. Since then, carboxylate mol-
ecules have been studied intensively because they offer differ-
ent design capabilities based on coordination with metal ions
[10]. During the synthesis of metal complexes, there are many
factors affecting the crystal growth, including temperature,
solvent and PH value of the system, among which the proper-
ties of metal ions and organic ligands themselves are the key
factors in the crystal synthesis process [12-14]. It is found that
appropriate metal ions and organic ligands not only directly af-
fect the formation of complexes, but also play a key role in the
spatial structure of the products, so the selection of appropri-
ate ligands is the primary task [15]. Carboxylate oxygen and N

atoms in N-heterocyclic aromatic carboxylate ligands can be
metal-coordinated and can also act as multiple proton donors
and acceptors, thus forming an interesting network structure
[16]. As a bridging ligand, 2,3-pyridine dicarboxylic acid can
react with transition metals. Due to the asymmetric coordi-
nation environment of 2-site and 3-site carboxylic groups in
the pyridine ring, it is a good carboxylate ligand with different
coordination capabilities and flexible and diverse coordination
modes [17-18].

The type of the central metal of the metal complex can af-
fect the inhibition effect of the compound as an anticancer
drug, and the organic ligand coordinated with metal ions will
also have an important impact on its biological activity [19].
The adverse effects of metals may be reduced by coordina-
tion with organic ligands, and in this regard, 2, 3-pyridinic acid
complexes may be a favorable choice [20-21]. Therefore, our
research team successfully synthesized and characterized a
series of copper (II), zinc (II), cobalt (II) and nickel (IT) metal
complexes by one-pot synthesis using 2, 3-pyridine dicarbox-
ylic acid as ligands. In addition, compared with other synthesis
methods, our synthesis method has the advantages of high
yield, low toxicity, no smoke, environmental friendliness and
high cost performance.

In this paper, we report six metal complexes produced with
the one-pot synthesis shown in (Scheme 1), [CuC, H N O ]
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@), [ZnC,HNO,] (1), [CoC,H N,0.] (), [CoC H-
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oNL,0,,1 V), [NiC H, N,O, ] (V) and [ZnC H N.,O, ] (VI),
which were characterized by single crystal X-ray d1ffraction,
UV-vis, FT-IR and E.A. In 2013, Shankar’s group success-
fully synthesized the complex (I)-[CuC, H, N O, ] for the first
time. In the reaction process, Shankar’s group first reacted 2,
3-pyridinic acid with metal salts, and finally added imidazole
molecule. Our group fully reacted carboxylic acid molecule
with imidazole before adding metal salts for the reaction, and
tested the anticancer activity of the resultant complex [22].
In 2018, the Terenti group successfully synthesized the com-
plex (IN)-[CoC, H N,O /] for the first time, during the reac-
tion process, Terenti’s group added (NH,),S,O, (ammonium
persulfate), which is highly oxidizing and corrosive, and is
harmful to the environment and the human body. Our group
directly synthesized the complex (III) using one-pot method,
which has the advantages of high yield, low toxicity, and cost-
effective, and we used nontoxic and non-hazardous solvents
and reagents in all of the reaction process, and synthesized a
high yield of the complex (IIT) [23]. In 2007, Baruah’s team
synthesized the complex [Co(LH),(H,0), (LH,=2,3-pyridindi-
carboxylic acid) for the first time. Compared with the complex
(IV)-[CoC H N,O, ] synthesized by our team, the 3-carboxyl
group of the complex synthesized by Baruah’s team did not
deprotonate. The complex (IV) synthesized by our team was
completely deprotonated, and we tested its anticancer activity
[24]. In 2011, the Baruah group again synthesized the com-
plex [Co(LH),(H,0),, which is very similar to our complex
(V)-[NiC, ,H N.O, ], but with different central metal ions
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Figure 1: Synthetic routes to complexes (I)-(VI).

[25]. In 2020, Soudani’s team synthesized the monodeproton-
ated complex [Zn(2,3-pdcH),(H,0),] (2,3-pdcH =2,3-pyridinic
acid) using the reaction of 2, 3-pyridinic anhydride and zinc
dichloride, using the same reaction method as our team. How-
ever, our team has tested the anti-cancer activity of complex
(VD)-[ZnC H N.,O, ], and the anti-cancer activity is good
[26]. Complex (II)-[ZnC H/NO.] is a novel metal complex
synthesized by our team and has good anticancer activity.
Cancer is the most serious disease nowadays, and scholars are
actively searching for drugs that can treat cancer, while our
synthetic complexes have good cytotoxicity to lung cancer

cells, but negligible toxicity to normal cells.

Experimental

General Experimental Details

2,3-Pyridinedicarboxylic acid, Cu(OAC),*H.0,
Zn(OAC),*2H,0, Co(NO,),*6H,0, CoCl,*6H,0, NiCl «6H,O
and ZnCl,were purchased from Acros. The reagents were
obtained from commercial sources. All reactions were per-
formed in flame-dried glassware under normal atmospheric
pressure. Nuclear magnetic resonance (NMR) spectra were
acquired on a 500 MHz Bruker Advance lll spectrometer. In-
frared spectra were recorded on a Mattson Galaxy Series FTIR
3000 spectrometer; peaks are reported in cm™. Elemental
analysis was performed on a VARIO ELIIl elemental analyser.
The crystal structures were determined by using a Gemini S
Ultra diffractometer. The chemical shifts of *H and *C NMR
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are reported in ppm, with referenced to 7.26 ppm of CDCls;
the concentration of DMSO-ds is 2.50 ppm. Use the following
abbreviations: s = singlet, d = doublet, t = triplet, q = quartet,
m = multistate. The melting points were determined by the
Yanaco miniature melting point device MP-J3 and the SANSYO
Melting point instrument (SMP-500).

Cytotoxicity assay

The human hepatocellular carcinoma cell line SMMC-7721
was used as the research object to carry out in vitro kill-
ing experiment. These cell lines were obtained from ATCC
(Manassas, VA, USA). The cells were cultured in RMPI-1640
or DMEM (Biological Industries, Kibbutz Beit Haemek, and Is-
rael) supplemented with 10% foetal bovine serum (Biological
Industries) at 37 °C in a humidified atmosphere with 5% CO..
Cytotoxicity was tested by MTS method (Promega, Madison,
WI, USA). In this project, 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) was used as the research object to evaluate its inhibi-
tory effect on tumor cells by testing its killing effect on tumor
cells. In short, 96 holes in the cells culture dish, each hole is
planted with a batch of cells. Culture at 37 °C for 12 hours and
add 100 uM of the substance to be measured. After incubation
for 48 h, the growth of the cells was detected by MTS meth-
od. Compounds with 50% growth inhibition rate were further
evaluated using cisplatin and paclitaxel (Sigma, St. Louis, MO,
USA) as positive controls at concentrations of 0.064, 0.32, 1.6,
8, 40 and 100 pM.

General Procedure for the Syntheses of Complexes (1)-(VI)

The ligand and metal salts (molar ratio of 1:1) were heated
and refluxed for 48 h, then filtration was conducted immedi-
ately after the reaction, and the filtrate was retained for slow
volatilization. The metal-ligand complexes were successfully
synthesized by reacting the 2,3-pyridinedicarboxylic acid li-
gand with Cu(OAC),*H,0, Zn(OAC),*2H,0, Co(NO,),*6H,0,
CoCl,*6H,0, NiCl,*6H,0 and ZnCl,, and the resulting crystals
were analysed and characterized by X-ray diffraction, FT-IR,
'"H NMR, *C NMR, UV-vis and E.A. The first key was to find
the right ligands, and then the ligands and the corresponding
metal salts were reacted together. At the end of the reaction,
filtration was carried out, and a suitable solvent for crystal pre-
cipitation was found. The selection among available solvents
such as anhydrous methanol, ethanol, chloroform, etc., was
the most critical step. The crystals were frozen in a refrigerator
if these substances did not precipitate at room temperature.

Synthesis of the 2,3-pyridine dicarboxylate copper complex
(I

2,3-Pyridine dicarboxylic acid (0.167 g, 1 mmol) and imid-
azole (0.068 g, 1 mmol) were weighed into a 100 ml round-
bottomed flask and stirred with 20 ml of deionized water to
dissolve them; Cu(OAC).¢H-0 (0.200 g, 1 mmol) was added
to the above solution and heated at 90 °C for 48 h. After the
reaction was complete, the solution was filtered into a 50 ml
beaker while it was hot. The beaker was covered with a layer
of plastic wrap that was pierced with a fine needle to allow
the solvent to evaporate naturally at room temperature. Af-

ter 3 days, blue crystals had separated out, which were suit-
able for X-ray single-crystal analysis. The yield was 70%, m. p.
260-265 °C. IR (KBr, u, cm™): 3430 (-O-H), 3140 (-N-H), 3070
(-C-H), 2970, 2540, 1950, 1780, 1650 (-C=0), 1580 (-C=C),
1430 (-C=N), 1350 (-C-C), 1270, 1230, 1175, 1160, 1120 (-C-
0), 1070, 910, 867, 836, 731, 696, 634 (-Cu-0), 557 (-Cu-N).
For [CuC20H20N6010] anal. calcd., %: N, 14.797; C, 42.29; H,
3.537. Found, %: N, 15.29; C, 41.87; H, 3.911.

Synthesis of the 2,3-pyridine dicarboxylate zinc complex (II)
Complex (II) was synthesized according to the general pro-
cedure using 2,3-pyridine dicarboxylic acid (0.167 g, 1 mmol)
and Zn(OAC),*H,0 (0.220 g, 1 mmol). After 3 days of natural
evaporation, white crystals appeared at the walls of the ves-
sel, which were suitable for X-ray single-crystal analysis. The
yield was 70%, m. p. 320-325 °C. IR (KBr, v, cm™): 3380 (-O-
H), 3280 (-C-H), 2530, 2250, 2000, 1960, 1910, 1630 (-C=0),
1590, 1560 (-C=C), 1460 (-C=N), 1410, 1380 (-C-C), 1280,
1240, 1160, 1110 (-C-0O), 1060, 885, 831, 713, 676, 619 (-Zn-
0), 549 (-Zn-N). For [ZnC_H,NO, ] anal. calcd., %: N, 4.63; C,
27.79; H, 3.665. Found, %: N, 4.98; C, 28.07%; H, 3.465%.

Synthesis of the 2,3-pyridine dicarboxylate cobalt complex
(I11)

Complex (IIT) was synthesized according to the general pro-
cedure using 2,3-pyridine dicarboxylic acid (0.167 g, 1 mmol)
and Co(NO,),*6H,0 (0.247 g, 1 mmol). After 2 days of natu-
ral evaporation, amaranth crystals appeared at the walls of the
vessel, which were suitable for X-ray single-crystal analysis.
The yield was 90%, m. p. 240-245 °C. IR (KBr, v, cm™'): 3500
(Vo) 3440 (-O-H), 3100 (-C-H), 2930, 2630, 2520, 1940,
1760, 1720, 1680 (-C=0), 1600 (-C=C), 1460 (-C=N), 1340
(-C-0), 1280, 1230, 1110 (-C-0O), 1010, 839, 696, 620 (-Co-
0), 567 (-Co-N). '"H NMR (600 MHz, DMSO) ¢ 8.56-8.57
(d, 1H), 8.52-8.43 (d, 1H), 8.40-8.45 (t, 3H), 8.04-8.09
(m, 2H), 7.86-7.88 (t, 1H), 7.65-7.66 (d, 1H); *C NMR
(151 MHz, DMSO) ¢ 170.82, 170.75, 169.99, 166.69,
166.59, 166.41, 151.16, 150.76, 150.01, 148.45,
147.43,147.13,140.79, 140.11, 139.90, 136.11, 135.68,
135.54, 131.5, 130.61, 130.52. For [CoC, H ,N,O ] anal.
caled., %: N, 6.87; C, 41.26; H, 2.968. Found, %: N, 7.22; C,
41.47; H, 3.390.

Synthesis of the 2,3-pyridine dicarboxylate cobalt complex
(IV)

Complex (I'V) was synthesized according to the general proce-
dure using 2,3-pyridine dicarboxylic acid (0.167 g, 1 mmol) and
Co(Cl),*6H,0 (0.238 g, 1 mmol). After 2 days of natural evap-
oration, orange red crystals appeared at the walls of the vessel,
which were suitable for X-ray single-crystal analysis. The yield
was 85%, m. p. 210-215 °C. IR (KBr, v, cm™'): 3410 (-O-H),
3090 (-C-H), 1680 (-C=0), 1560 (-C=C), 1440 (-C=N), 1380
(-C-C), 1270, 1170, 1100 (-C-0), 878, 831, 758, 687, 656 (-Co-
0), 592 (-Co-N). For [CoC, ,H, N.O, ] anal. calcd., %: N, 6.12,
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C, 39.37, H, 3.06%. Found, %: N, 6.56, C, 39.33, H, 3.198.

Synthesis of the 2,3-pyridine dicarboxylate nickel complex
V)

Complex (V) was synthesized according to the general proce-
dure using 2,3-pyridine dicarboxylic acid (0.167 g, 1 mmol) and
Ni(Cl),*6H,0 (0.238 g, 1 mmol). After 3 days of natural evap-
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oration, baby blue crystals appeared on the walls of the ves-
sel, which were suitable for X-ray single-crystal analysis. The
yield was 78%, m. p. 230-235 °C. IR (KBr, o, cm™): 3420 (-O-
H), 3100 (-C-H), 1680 (-C=0), 1560 (-C=C), 1440 (-C=N),
1370 (-C-C), 1270, 1180, 1110 (-C-0O), 875, 821, 759, 690,
658 (-Ni-O), 598 (-Ni-N). For [NiC H, N O, ] anal. calcd.,

1477107 2710

%: N, 6.32; C, 37.96; H, 2.730. Found, %: N, 6.65; C, 38.37;

Synthesis of the 2,3-pyridine dicarboxylate zinc complex (VI)
Complex (VI) was synthesized according to the general proce-
dure, with 2,3-pyridine dicarboxylic acid (0.167 g, 1 mmol) and
Ni(Cl),*6H,0 (0.136 g, 1 mmol) dissolved by stirring in 10 ml
of deionized water and 10 ml of anhydrous ethanol. After 3 days
of natural evaporation, white crystals appeared on the walls of
the vessel, which were suitable for X-ray single-crystal analy-
sis. The yield was 83%, m. p. 240-245 °C. IR (KBr, v, cm™):
3440 (-O-H), 3100 (-C-H), 1690 (-C=0), 1560 (-C=C), 1440
(-C=N), 1390 (-C-C), 1270, 1180, 1110 (-C-0O), 872, 823, 757,
691, 660 (-Zn-0), 590 (-Zn-N). 'HNMR (600 MHz, DMSO)
0 8.49-8.59 (t, 4H), 7.82-7.84 (m, 2H); 3*C NMR (151
MHz, DMSO) 6 166.75,166.73,166.35,166.34,148.92,
148.90, 148.87,146.88,142.20,142.14,132.35,127.96,
127.95, 88.01. For [ZnC H N O ]anal. calcd., %: N, 6.96,
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C, 37.80, H, 3.506. Found, %: N, 6.52, C, 38.17, H, 3.222.

X-ray structure

X-ray diffraction data for complexes (I)-(VI) were collected
at room temperature using graphite-monochromatic Mo Ka
radiation (A= 0.71073 A) on an Oxford Diffraction Geminis

diffractometer. Structure solutions and refinements for com-
plexes I-VI were carried out with the programs SHELXT [27]
and SHELXL-2018/3 [28], respectively. MERCURY [29] was
employed for molecular graphics and OLEX2 [30]. In (I)-(V]),
anisotropic purification of non-hydrogen atoms and isotropic
restriction purification of hydrogen atoms are performed. Ta-
ble 1 summarizes the crystallography and refining parameters
of the I-IV complexes. The selected bond lengths and bond
angles are listed in Table 1 respectively, while the hydrogen
bonds of complex I-IV are listed in Table 2 respectively.

Results and discussion
Materials and methods

Complexes (I)-(IV) were synthesized by a one-pot method,
and the synthetic routes are shown in (Figure 2). Complexes
(D-(1v) were synthesised in deionized water or anhydrous
ethanol from the 2,3-pyridine dicarboxylic acid ligand and dif-
ferent metal salts, such as Cu(OAC),*H,0, Zn(OAC),*2H,0,
Co(NO,),*6H,0, CoCl,*6H,0, NiClL*6H,0, ZnCl, (1:1 eq.)
while heated at reflux 48 h. The solutions were filtered while
hot so the solvents evaporated naturally at room temperature
to precipitate crystals. The products were characterized by
XRD, FT-IR, 1H NMR, 13C NMR, UV-vis and E.A.

Crystal structure analyses of complexes (1)-(1V)
The crystal structures and stereograms of complexes (I)-(IV)

Table 1: Cell parameters and crystallographic data for complexes (I)—(VI).

Complex I I I v A% VI

Empirical formula [CuC, H,N.O, ] [ZnCH,NO] [CoC, H,N.O.] | [CoC H, N,O T | [NiCH NO,I | [ZnC H NO, ]
Formula mass 567.96 284.52 611.31 425.17 424.95 431.61

Temp. (K) 100.0(1) 100.0(1) 100.0(1) 296(2) 100.0(1) 100.0(1)
Wavelength (A) 1.34139 1.34139 1.34139 0.7107 1.34139 1.34139
Crystal system triclinic orthorhombic monoclinic monoclinic monoclinic monoclinic
Space group P-1 Pca2, P2 /c P2,/n P2,/n P2,/n

a(A) 6.6806(3) 16.2041(15) 15.528(3) 9.2999(15) 9.2105(6) 9.3125(6)

b (A) 8.0049(3) 6.7589(6) 7.6013(17) 7.9219(14) 7.9008(5) 7.9024(5)

c(A) 11.7640(5) 8.4570(8) 21.350(6) 10.4140(19) 10.2306(6) 10.2525(6)
8(°) 78.929(2) 90 110.927(9) 95.331(5) 95.283(3) 95.244(2)
Volume (A3) 597.14(4) 926.23(15) 2353.8(10) 763.9(2) 741.32(8) 751.33(8)

z 1 4 4 2 2 2

D, (gcm™) 1579 2.040 1.725 1.848 1.904 1.908

u (mm) 5.326 2.616 4.512 1.189 7.553 1.903

F (000) 291 576 1248 430 432 436

¥ range (°) 11.75-45.174 9.496-117.78 5.3-89.974 5.62-50.044 124725_2 14.48-144.974
Total relfec. 16194 6371 9869 10944 16867 12160

Unique reflections | 3579 1828 2745 1342 2215 2236

R1, wR2[I>20(l)] | 0.0651,0.1827 0.0346, 0.0824 0.0708, 0.1567 | 0.0455,0.1001 | 0.0344,0.0932 | 0.0509, 0.1506
R1, wR2 [all data] 0.0671, 0.1854 0.0429, 0.0870 0.1350,0.1880 | 0.0661,0.1106 | 0.0389,0.0957 | 0.0531,0.1524
Residuals (e.A%) 0.69, -0.88 0.61,-0.50 0.46, -0.59 0.44,-0.36 0.69,-0.58 0.83,-1.56
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Table 2: Hydrogen bond lengths (A) and bond angles (°) for complexes (D)—(VI).

D-H---A (complex I) d(D-H)/A | d(H--A)/A | d(D---A)/A | ~DHA/°
C8-H8...02" 0.95 2.29 3.197(3) 159.7
C10-H10...02 0.95 2.54 3.163(4) 123.2
N2-H2...04 0.90 1.84 2.734(3) 170.7
N3-H3A...052 0.82 1.81 2.628(3) 171.9
05-H5A...03 0.76 1.96 2.699(3) 164.1
05-H5B...033 0.87 1.87 2.730(3) 171.7
D-H---A (complex II) d(D-H)/A | d(H--A)/A | d(D--A)/A | LDHA/°
05-H5A...03! 0.87 1.86 2.713(5) 164.9
05-H5B...07? 0.87 1.91 2.772(5) 173.2
06-H6A...02 0.87 1.89 2.716(6) 156.9
06-H6B...04 0.87 1.87 2.733(5) 168.3
07-H7A...03* 0.88 1.96 2.713(4) 1433
07-H7B...02* 0.88 1.86 2.729(4) 175
D-H---A (complex I1I) d(D-H)/A | d(H--A)/A | d(D--A)/A | ~DHA/°
C19-H19...010* 0.95 2.23 2.951(11) | 131.6
03-H3A...01 W[ 0.84 1.7 2.541(8) 176.3
07-H7..02 WL 0.84 1.73 2.560(9) 167.9
012-H12A...03 W[ 0.84 1.78 2.612(10) | 171.7
02 W-H2 WA...03W? 0.87 2.18 2.850(10) | 133.2
02 W-H2 WB...07 0.87 2.25 2.999(10) | 144.9
01 W-H1 W...011* 0.87 1.99 2.750(9) 145.7
01 W-H1 WA...04° 0.87 1.92 2.771(8) 166.5
03 W-H3 WA...025 0.80 2.04 2.832(9) 174.1
03 W-H3 WB...06’ 0.87 1.86 2.716(9) 166
D-H---A (complex IV) d(D-H)/A | d(H--A)/A | d(D--A)/A | LDHA/°
05-H5A...04! 0.85 1.98 2.810(4) 165.9
05-H5B...04 0.85 2.03 2.866(4) 169.4
D-H---A (complex V) d(D-H)/A | d(H--A)/A | d(D--A)/A | LDHA/°
05-H5A...04! 0.87 1.96 2.8280(18) | 172.5
05-H5B...04 0.87 1.96 2.8036(19) | 162.9
D-H---A (complex VI) d(D-H)/A | d(H--A)/A | d(D--A)/A | ~DHA/°
05-H5A...04! 0.87 1.97 2.835(2) 169.3

are shown in (Figure 1a), and the coordination environment
is shown for each metal atom in complexes (I)-(IV) in (Figure
1b). Under these experimental conditions, the space groups of
complexes (I)/(I1)/(III) were P-1/Pca21/P21/c, respectively,
and those of complexes (IV)/(V)/(VI) were P21/n (Table 1).
For the mononuclear metal complexes (1)-(1V), there was only
one metal ion. For complex (1), the symmetric unit contained a
copper ion, two 2,3-pyridine dicarboxylic acid molecules, two
imidazole molecules and two water molecules. For complex
(IT), the asymmetric unit comprised one zinc ion, one 2,3-pyr-
idine dicarboxylic acid molecule and three water molecules.
For complex (III), the asymmetric unit contained one cobalt
ion, three 2,3-pyridine dicarboxylic acid molecules and three
water molecules. Complexes (IV)- (VI) were all consistent
except for the metal ions, and they contained two 2,3-pyridine
dicarboxylic acid molecules and two water molecules.

In the crystal structure of complex (I), the coordination envi-
ronment of the central metal Cul exhibited a hexagonal regu-
lar octahedron (Fig. 2b). The copper atom was bonded to the
two nitrogen atoms (N1, N17) in the two different 2,3-pyridine
dicarboxylic acid ligands and two oxygen atoms (01, O1') and
the other two oxygen atoms (042, 042) of the two pyridine di-
carboxylate ligands extended into space. The lengths of the six
bonds were d 1=1.9722) A, d 1=1.9658(18) A,

Cul-N1/N1 Cul-O1/01

deyios os = 2:4351(18) A. With the copper atoms defined as
the centre, the cis angles were 91.69(8)°, 88.31(8)°, 96.93(8)°,
83.07(8)°, 95.96(8)° and 84.04(7)°; the trans angles were all
180°, which was similar to other analogues [31, 32]. In the
crystals, the pyridine rings belonging to adjacent complexes
were stacked in a parallel displacement pattern, and there
was a three-dimensional hydrogen bond network formed by

waters and the uncoordinated imidazole molecules (Table S1
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and Fig. S1).

In the crystals of complex (II), the coordination environment
of the Zn1 central metal showed an irregular octahedral ge-
ometry with hexagonal coordination (Fig. 2b). The zinc atom
was bonded with a nitrogen atom (N1) from the 2,3-pyridine
dicarboxylic acid ligand, an oxygen atom from a deproton-
ated 2-carboxylic acid group (01), three oxygen atoms from
the three coordinated water molecules (05, 06, O7) and the
oxygen atom (04") from another 2,3-pyridine dicarboxylate li-
gand. The six key lengths were d, -N1 =2.139(4) A, d, -01=
2.063(3) A, d, -041=12.102(4) A, d, -05 =2.072(3) A, dzn1-

Znl Znl

06 = 2.082(4) A, and d, -07 = 2.230(3) A, which confirmed
the formation of irregular octahedra. During crystallization,
hydrogen bonds were formed between the hydrogen atoms of
the water molecules and the oxygen atoms of the 2,3-pyridine
dicarboxylate ligands [33]. The hydrogen bonding interactions
between the 2,3-pyridine dicarboxylic acid ligands and water
molecules and the p-p stacking interactions between the wa-
ter molecules may have led to the stacking arrangement of the
molecules in the crystals [34] (Table S1 and Fig. S1).

In complex (III), the coordination environment of the Col
central metal exhibited a hexagonal twisted octahedral geom-
etry (Fig. 2b). The cobalt atom was coordinated by three nitro-
gen atoms (N1, N2, N3) and three oxygen atoms (01, 05, 09)

from three different 2,3-pyridine dicarboxylic acid ligands. The
longest axis comprised the Col-N1 and Col-N2 bonds, and
their lengths were 1.939(7) A and 1.911(7) A, respectively. The
shortest axis comprised the Co1-01 and Co1-09 bonds, with
lengths of 1.876(6) A and 1.877(6) A, respectively. The last
axis comprised the Co1-05 and Co1-N3 bonds, with lengths of
1.901(6) A and 1.899(7) A, respectively; these were compara-
ble to those of reported analogues [35, 36]. In the crystal, each
2,3-pyridine dicarboxylic acid ligand was coordinated with Col
via bidentate chelation involving the pyridine nitrogen atom
and the oxygen atom to form a five-membered chelate ring.
The remaining protonated carboxyl groups did not undergo
coordination but formed intramolecular hydrogen bonds with
the three water molecules, resulting in a three-dimensional
hydrogen bond network [37] (Table S1 and Fig. S1).

In complex (IV), the Col central metal was coordinated with
two nitrogen atoms (N1, N1') from two different 2,3-pyridine
dicarboxylic acid ligands, two oxygen atoms from the depro-
tonated 2-carboxylic acid groups (01, 01"), and two oxygen
atoms (05, 051) from two coordinated water molecules (Fig.
2b). Therefore, an octahedral geometry was adopted. The
bond angles 01-Co1-01", 0O5'-Co1-05, and N1'-Co1-N1 were
all 180°, which confirmed that all atoms were arranged in the
same planes relative to the metal centre. The longest axis

(IIT) a b

V)a

(IV) a b

Figure 2a: Complexes (I)—(VI). shown as ORTEP molecular structures with 30% probabilities for the thermal ellipsoids.
2b: Coordination environments of the metal atoms in complexes (I)—(VI).
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Figure 3: IR spectra of complexes (I)—(VI). in the 4000-500
cm-1 region.

Table 3: Cytotoxicities of complexes (I)—(VI). to the human tu-
mour cell line SMMC-7721.

Complex IC.,? (M)

I 23.30+1.93
I 21.82 +1.60
I 31.96£2.11
1V 41.22 +0.99
\4 47.69 +2.13
VI 21.80+1.81
cisplatin 16.83 +1.97

“Cytotoxicities were expressed as IC_, values for each cell line,
i.e., the complex concentration that caused a 50% reduction
relative to the untreated SMMC-7721 cells as determined with
the SRB assay. Cisplatin was used as the experimental control.

comprised the Co1-05 and Co1-051 bonds, both of which had
lengths of 2.154(3) A. The shortest axis comprised the Col-
01 and Co1-01" bonds, both of which had lengths of 2.043(2)
A. The last axis comprised Co1-N1 and Co1-N1', both of had
lengths of 2.073(3) A, which were comparable to those of
analogues [38]. In the crystal packing structure, the hydrogen
bonds between the ligands and the water molecules showed
bond spacings of 2.810(4) A and 2.866(4) A (O5-H5A-041 and
05-H5B-042, respectively), and adjacent molecules were con-
nected to form a three-dimensional supramolecular structure
[17] (Table S1 and Fig. S1).

In complex V, the coordination pattern and ligands were simi-
lar to those of complex IV, except that the central metal was
different from that of complex I'V (Fig. 2b). The six bond lengths
were d, -N1/N11=2.0277(14) A, d,,-01/011 = 2.0312(12) A,
and d -05/051 = 2.1120(12) A, which were similar to those
of some analogues. Because the crystal structure was similar
to that of complex (IV), no further discussion is provided. The
hydrogen-bonded ligands and water molecules interacted to
link the adjacent molecules and form a three-dimensional su-
pramolecular structure (Table S1 and Fig. S1).

In complex (VI), the coordination mode and ligands were sim-

1.2
complex I
complex II
1.0 4 complex I
~_360 complex IV
: complex V

0.8 4 complex VI

0.6 4

Absorbance

0.4 4

0.2 4

0.0 T T
200 400 600 800

Wavelength nm

Figure 4: UV-vis spectra of complexes (I)-(VI). in the range
200-800 nm.

ilar to those of complexes (IV) and (V), except that the central
metal was different from those of complexes (IV) and (V) (Fig.
2b). The six bond lengths were d, -N1/N11 = 2.0679(16) A,
d, -01/011 = 2.0598(14) A, and d, -05/051 = 1.833(14) A,
wh|ch were similar to those of analogues. Because the crys-
tal structure was similar to those of complexes (IV) and (V),
no further discussion is provided. Hydrogen bonding between
the ligands and water molecules linked the adjacent mole-
cules and formed a three-dimensional supramolecular struc-

ture (Table S1 and Fig. S1).

IR analyses of complexes I-VI

The IR spectra showed many peaks for all of the complexes
(Fig. 3). In infrared spectroscopy, it is usually found that the
vibrations of O-H groups are most affected by the environ-
ment. Therefore, the O-H group shows a distinct absorption
peak in the infrared spectrum. Generally, the O-H stretching
vibrations give peaks within the range 3750-3000 cm?, and
when there is no hydrogen bonding of the free O-H groups,
they exhibit sharp absorption peaks. When the O-H group has
a hydrogen bonding 0--H/O interaction, a broad absorption
peak is formed, such as with H.O [39]. In the complexes (I)—
(VI) studied here, obvious absorption peaks were observed
in the infrared spectra at 3440-3380 cm?, and all of them were
broad peaks; this indicated that there were hydrogen bond
0O--H/O interactions in the complexes, that is, the complexes
(D—(VI) contained waters of crystallization. In complex (III),
a broad absorption peak also appeared at 3500 cm™?, which
was the infrared absorption peak of a carboxyl group O-H.
The stretching vibrations of N-H groups generate peaks in the
range 3550-3250 cm™. When an associated N-H group is pres-
ent, its stretching vibrational peak moves to lower energy, and
the displacement is generally approximately 100 cm™ [40]. In
complex (I), the absorption peak at 3140 cm-1 was obvious,
and it indicated the presence of associated N-H groups. In the
(D-(VI) complex, the C-H expansion vibration of unsaturated
carbon chains in the aromatic ring has different absorption
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peaks between 3300-3000 cm, while the absorption peak
between 1600-1560 cm™ is the expansion vibration of C= C in
the aromatic ring, which proves that it has an aromatic struc-
ture [41]. In complexes (I)—(VI), the C=0 stretching vibrations
generated peaks within the range 1690-1630 cm?, and the
absorption peaks for C=N, C-O and C-C vibrations were found
at 1460-1000 cm™. Due to the interactions between the met-
als and ligands, peaks for the metal-nitrogen tensile vibrations
were observed within the range 660—-600 cm™ and those for
the metal-oxygen vibrations were in the range 600-500 cm™
[42, 43] (Fig. S2).

UV-vis spectral analyses of complexes (I)-(VI)

The solid-state UV-vis. In order to determine their light ab-
sorption properties, the spectra of complex I-VI in the band
of 200-800 nm were recorded (Fig. 4). Complexes I/II/VI at
230-280 nm, complexes III/V at 230-320nm and complex IV
at 230-360nm all have a wide absorption peak. This may be
caused by the n—->c* transition of the C-O/C-N groups in the
complex or by the n->1t* transition of the C=0 group. It is also
possible that the intrinsic absorption peaks of the aromatic
molecules in the complexes overlapped with the n—>mnt* transi-
tions. The absorption peak seen at 383 nm for complex(III)
was produced by an n->mt* transition of the COOH group [44,
45]. Transition metal ions have degenerate d orbitals, and
when dipolar molecules such as H.O or anions such as COO
and CN- are coordinated to the transition metal ions and form
certain geometric shapes, these degenerate d orbitals are
split into energy levels with different energies, and most of
the gaps correspond to the visible region of the spectrum [46].
The central metal of complex (I) is Cu?*, which has a deep blue
color and has the strongest absorbance, so it has the broad-
est absorption peak at 680 nm, which is caused by the d>d*
transitions of Cu?*. The central metals of complexes III/IV are
both Co?, but the color of complex III is orange-red, while
the color of complex IV is light pink, so the absorption peak
of complex IIT at 534 nm is stronger than that of complex IV
at 497 nm, which is caused by the d->d* transitions of Co*".
The central metal of complex V is Ni%*, and its complex color
is light blue with weak absorbance, so there is a weak absorp-
tion peak at 603 nm, which is caused by the d=>d* transitions
of Ni%*. For complexes (I1)/(VI1), the central metal is Zn?*, which
formed colourless complexes that did not absorb visible light,
so no absorption peaks were found [47].

Cytotoxicity assays of complexes (I)-(VI)

Table 3 shows the IC_ values of the six compounds and cisplat-
in, which were tested and calculated by the Reed and Muench
methods [48]. The carboxylic acid metal complexes (I)-(VI)
showed low to moderate activities against the human tumour
cell line SMMC-7721. Complex (VI) showed the best activity,
and the IC_ value was 21.80.

During the study, the physicochemical characteristics of the
ligands and metal ions were considered to understand the
structure-activity relationships of the tested metal complexes.
Structurally, we believe that the central ion of the metal co-

ordination sphere, the properties and mode of coordination
of the ligand, and the properties of the auxiliary ligand are re-
lated to the observed activity [49]. For example, the activities
of the zinc complexes (II) and (VI) were generally higher than
that of the Cu complex (I), the activity of Cu complex (I) was
significantly greater than those of the Co complexes (IIT) and
(IV) and the Ni complex (V). The anticancer activity of the
Zn complex (VI) was better than that of complex (II) because
there were N and O atoms coordinated from the two pyridine
carboxylic acid ligands in complex (VI), which was the most
important factor for the pyridine carboxylic acid metal com-
plexes [50]. A further study of the coordination environments
of metal atoms and their activities is under way in our labora-
tory.

Conclusions

The complexes [CuC,H, N.O, 1 (1), [ZnC.H,NO,] (II), [Co-

2077200 "6 10

C,H,N,0,] (), [CoC H N0, V), [NiCHN,0,]

18773 107 2 1477107 "2

(V) and [ZnC, H, )N,O 1 (VI) were synthesized by a one-pot
method. The crystal structures of these complexes were deter-
mined by X-ray diffraction and characterized by E. A, FT-IR,
NMR and UV-Vis. The single-crystal X-ray data showed that
the complexes 1-6 are all mononuclear metal complexes with
only one central metal ion and all have coordination number
6, forming an octahedral configuration. Complexes (I)—(VI)
showed low to moderate activities against the human tumour
cell line SMMC-7721. Complex (VI) showed the best activity,
and the IC_ was 21.80 pM. It was observed that the anticancer
activities of these complexes depended on the type of metal
ion, cell line and geometry of the corresponding molecule.
These useful results provide the impetus for design and devel-
opment of novel therapeutic drug-like molecules. The synthe-
sized complexes have been tested in catalytic reactions and
provided excellent results. Studies of the catalytic activities of
complexes (I)-(VI) in different organic reactions are currently
underway.

CCDC-2218325 (I), -2218327 (1), -2218326 (1)
, 2218396 (IV), -2218323 (V), -2218324 (VI) are
supplementary crystallographic data for this paper. This
material is freely available from Cambridge’s Cam-
bridge database at: www.ccdc.cam.ac.uk/data_request/cif.

Supporting Information: Bond lengths and angles, crystal
stacking, infrared data.
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