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metric unit of 1 contains one Ni(ll) and two L™ ligands, while 2 2*Hydroxybenzaldehyde;
consists of two Nd(Ill) ions, three L™ ligands, and three NOs™ ions. ﬁ'am'noa.r‘t{pyr'r‘.e’ schiff
N ase; antimicrobial activity
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interactions in 2. The discrete [NiL,-3H,O] monomers are further
connected through =n-7 interactions, resulting in a 3-D supra-
molecular structure. Powder XRD and TG-DSC were performed for
1 and 2. Antimicrobial experiments show that 1 displays signifi-
cant antibacterial effect against Bacillary dysentery and Escherichia
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Scheme 1. Synthetic route to Schiff base ligand HL.

1. Introduction

Coordination compounds have attracted considerable scientific interest as a kind of
functional materials due to many applications, as well as their biological activities,
such as antibacterial, antifungal, antiviral, anticancer [1-7]. Exploring new antibacterial
materials such as imidazole derivatives [8, 9], Ag-based complexes [10, 11], Schiff base
derivatives, and metal-based compounds have attracted attention [12-15]. Schiff base
derivatives and metal-based complexes are the hottest research because Schiff base
ligands with —N =CH— functional groups can coordinate with different metals to
improve their antimicrobial activities [16-25]. Designing new materials with better
antibacterial and anticancer activities is of immense importance in medicinal chemis-
try [26].

4-Aminoantipyrine derivatives are important biomodel compounds in biological sys-
tems for their potential biological, pharmacological, and medical applications [27, 28].
Exploring new bioactive compounds of 4-aminoantipyrine derivatives as antitumor,
antibacterial, antiviral, or analgesic drugs is urgently needed. Furthermore, 4-aminoan-
tipyrine derivatives were extensively used in coordination chemistry due to the coord-
ination of keto- or aza-groups [29]. Schiff base and 4-aminoantipyrine derivatives are
good candidates to explore new antibacterial materials. Herein, two monomeric com-
plexes, [NiL,-3H,0] (1) and [Nd,L3(NOs)s] (2), were constructed by a 4-aminoantipyrine
Schiff base ligand, 2-hydroxybenzaldehyde-4-aminoantipyrine (abbreviated as HL,
Scheme 1). The crystal structures of 1 and 2 together with HL were studied. PXRD, TG-
DSC, and UV-Vis experiments and antimicrobial experiments were performed.

2. Experimental
2.1. Materials and instruments

All solvents and starting chemicals were purchased from commercial suppliers and
used without purification. X-ray crystallographic data were collected on a Bruker Apex
Smart APEX Il X-ray single-crystal diffractometer. Elemental analyses for C, H, and N
were carried out on a Perkin Elmer Series Il CHNS/O 2400 element Analyzer. 'H and
3C NMR spectra of the ligand were recorded on a Bruker 400 MHz NMR. IR spectra
were measured from a KBr pellet with a Nicolet iS50 FT-IR spectrometer from 4000 to
400cm™". Thermal analyses were carried out with an STA 449-F5 analyzer with a heat-
ing rate of 5K-min~'. Powder X-ray diffraction (PXRD) patterns were collected in the
20 range of 5°-50° at a scan speed of 0.1°-s~' on a Bruker D8 diffractometer at room



JOURNAL OF COORDINATION CHEMISTRY @ 1041

temperature in a nitrogen atmosphere. The UV-Vis spectra of HL, 1 and 2 were
obtained on a Thermo Evolution 220 UV-Visible spectrophotometer. Conductivity
measurements were performed on a Philips conductivity meter.

2.2. Synthesis of Schiff base ligand

An equimolar ethanol solution of 4-aminoantipyrine (0.4064 g, 2 mmol) and salicylalde-
hyde (0.2442 g, 2 mmol) was mixed and slightly heated (70 °C) for 6 h with stirring. The
yellow resultant precipitate was filtered, washed several times with cold ethanol and
then dried in vacuo over anhydrous CaCl, (Yield: 80%). The yellow precipitate was dis-
solved in methanol, and fine yellow crystals were obtained upon slow evaporation at
room temperature. 'H NMR (400 MHz, DMSO-d¢) d: 12.98 (s, 1H), 9.71 (s, TH), 7.55 (t,
2H), 7.47 (s, 2H), 7.40 (t, 3H), 7.32 (t, 1H), 6.92 (t, 2H), 3.21 (s, 3H), 2.40 (s, 3H). '*C NMR
(100 MHz, DMSO-dg) d: 159.9, 159.5, 157.9, 150.7, 134.7, 132.2, 131.6, 129.7, 127.7,
125.4, 120.7, 119.7, 116.9, 114.5, 35.6, 10.3. IR (KBr pellet, cm™"): 3424(w), 3062(w),
2936(w), 1606(s), 1655(s), 1592(s), 1456(m), 1348(m), 1269(m), 1153(m), 1139(m),
768(m), 730(w). Elemental analyses for C;gH;;N30, (%): C, 70.36; H, 5.54; N, 13.68.
Found: C, 70.24; H, 5.48; N, 13.48.

2.3. Synthesis of [NilL,-3H,0] (1)

The nickel complex was synthesized by HL (0.03074g, 0.1 mmol) and triethylamine
(0.01mL). The resulting mixture was added to ethanol solution of NiCl,-6H,0
(0.02377 g, 0.1 mmol) and mixed. The reactants were transformed into 20 mL Teflon-
sealed autoclave and subsequently heated to 85°C for 72 h under autogenous pres-
sure. After slowly cooling to room temperature, dark green crystals were formed. The
crystals were isolated by filtration and washed with ethanol (Yield: 45%). IR (KBr pellet,
cm™'): 3852(w), 3750(w), 3648(w), 2360(s), 1606(s), 1533(s), 1435(s), 1395(m), 1331(m),
1202(m), 1153(m), 1042(m), 746(m), 734(w). Elemental analyses for C3gH3gNgNiO; (%):
C, 62.72; H, 5.28; N, 11.58. Found: C, 62.67; H, 5.34; N, 11.53.

2.4. Synthesis Of [Nd2L3(NO3)3] (2)

The synthesis procedure of 2 is similar with 1 except using neodymium nitrate at
80°C for 72h (Yield: 65%). IR (KBr pellet, cm™"): 3396(w), 1543(s), 1470(s), 1301(s),
1182(m), 1156(m), 1032(m), 843(m), 738(m), 715(w), 690(w). Elemental analyses for
Cs4H4gN13Nd5045 (%): C, 46.50; H, 3.44; N, 12.05. Found: C, 46.40; H, 3.32; N, 12.10.

2.5. Antimicrobial testing

Antimicrobial activities of the free ligand and the two complexes were tested in vitro
by the disk diffusion method [30]. The test organisms were grown on nutrient agar
media in petri plates. HL, 1 and 2 were prepared in DMSO (0.001 mol/L) and soaked in
filter paper disks of 6 mm diameter and 0.3 mm thickness. The filter paper disks were
placed on the previously seeded plates and incubated at 37 °C and after an incubation
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period of 36h at 37°C, the diameters of inhibition area in mm were measured to
evaluate antimicrobial activities of the compounds.

2.6. MIC experiment

Minimum inhibitory concentrations (MICs) were evaluated using a broth microdilution
method. The corresponding strains (Bacillary Dysentery or Escherichia coli) were seeded
in culture medium and incubated at 37 °C for 20 h. It was subcultured and incubated
in fresh culture medium for 20 h. The wells of a 96-well flat-bottomed microplate were
filled with 100 uL of exponentially growing culture medium. Complex 1 and ciprofloxa-
cin were dissolved in fresh culture medium with 1% DMSO, and the final solutions
(1 mM, 100 uL) were added to the first well of each row and mixed evenly. The mixture
solution of these wells (180 uL) was transferred to the second wells of each row.
Similarly, a series of different concentration drug solutions (1 mM to 1.95uM) was
obtained in each row according to multiple dilution method. The last two wells of
each row containing only the culture medium without diluted mixture solution were
used as negative controls. The prepared strain solution (B. Dysentery or E. coli) (5 uL,
5 x 10* CFU/mL) was added to the wells of a 96-well microplate except the last wells
of each row that were used as negative controls. The penultimate wells of each row
were used as positive controls. The absorbance of each well was determined using an
automatic ELISA tray reader adjusted at 620 nm [31]. The plate was incubated at 37 °C
for 24h, and the absorbance was read again in the reader at the same wavelength.
These absorbance values were subtracted from those obtained before incubation. This
procedure eliminated the interference of the tested substance. All tests were per-
formed in triplicate. The MIC values for a drug were expressed as the lowest concen-
tration that inhibits the bacterial growth.

2.7. X-ray crystallographic study

Suitable crystals were selected for single-crystal X-ray diffraction, and the data were
collected on a Bruker Apex Smart APEX Il X-Ray Single Crystal diffractometer with
graphite-monochromated Mo-Ka radiation (.=0.71073A) from an enhanced optic
X-ray tube. Data reductions and absorption corrections were performed using the
SAINT and SADABS software packages, respectively. The structure was solved by
direct methods and refined by full-matrix least-squares methods on F* using
SHELXS-97 and SHELXL-97, with atomic scattering factors for neutral atoms.
Hydrogens were placed in calculated positions and refined as riding atoms with a
uniform value of Ui, [32]. The guest solvent molecules in 1 are highly disordered
and removed using PLATON squeeze refinement [33]. Elemental analyses and TGA
data reveal that the chemical formula in 1 contains three water molecules. Selected
crystal data and structural refinement parameters are summarized in Table 1. Selected
bond lengths (A) and angles (°) for 1 and 2 are summarized in supporting informa-
tion Table S1.
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Compound HL 1 2
Formula CygHq7N30, C36H3,NgNiO, CsqHsgN1,Nd,045
Mr. 307.35 671.38 1393.52
Crystal system Monoclinic Monoclinic Monoclinic
Space group Py(T)/n Py(1)/n Py(1)/n

V4 4 4 4

a/k 7.5418(12) 10.5012(15) 11.5683(5)
b /A 7.4448(12) 13.453(2) 36.3925(15)
c /A 27.102(4) 25.460(3) 12.7904(6)
o /° 90.00 920 920

B 95.402(7) 92.601(5) 94.358(2)
y/° 90.00 90 90
Temperature /K 296 173 173

v /A3 1514.9(4) 3593.1(8) 5369.2(4)
D /g-cm’ 1.348 1.241 1.724

n /mm’” 0.090 0.585 1.995
F(000) 648 1400 2784
Crystal size/mm?> 0.26 x 0.17 x 0.08 0.18 x 0.15 x 0.12 0.09 x 0.08 x 0.05
Observed reflections 6529 15879 37876
Independent reflections 2554 6309 9467
Observed reflections (I > 2a(1)) 1447 3503 6475

Rint 0.0705 0.1129 0.0987

GOF on F 1.046 1.041 1.046

RiWR, [I > 20(l)]
R1,wWR; [all data]
CCDC No.

0.0673, 0.1385
0.1431, 0.1749
1972985

0.0687, 0.1670
0.0953, 0.1073
1936719

0.0561, 0.0820
0.1060, 0.0938
1935952

o \

2y,

Figure 1. Molecular structure of HL.

3. Results and discussion
3.1. Crystal structure of the ligand

As depicted in Figure 1, the molecular structure of HL was confirmed by single X-ray
diffraction analysis, which confirmed that the Schiff base was synthesized by conden-
sation of 2-hydroxybenzaldehyde and 4-aminoantipyrine. In the free ligand, the phen-
olic ring is nearly coplanar with the pyrazole ring with a dihedral angle of 5.8(1)°,
while the phenyl ring deviated a lot from the pyrazole ring with a dihedral angle of
43.3(1)°. There are m-m interactions between free ligands. As shown in Figure 2, the
pyrazole ring of one L™ is parallel to the adjacent phenolic ring of the other free
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Figure 2. Two ligands are connected by n—7 interactions (green-dotted lines).

ligand with the dihedral angle of 0° and the centroid-to-centroid distance of 3.8852(5)
A. So every two ligands are further connected by 7-7 interactions.

3.2. 'h NMR spectra of the ligand

The "H NMR spectra of the ligand were obtained in DMSO-dg using TMS as an internal
standard. The free ligand has a sharp singlet at 12.98 ppm, which is due to hydrogen-
bonded phenolic protons. The sharp singlet at 9.71 ppm is from the CH=N proton.
The nine protons of four triplets and one doublet within the range 6.92-7.55 ppm
should be the two aromatic ring protons. The signals for the two -CHs groups were
observed at 3.21 (N-CHs) and 2.40 ppm, respectively.

3.3. Crystal structure of 1

X-ray crystallographic analysis reveals that 1 crystallizes in monoclinic space group P,(7)/n.
The asymmetric unit contains one Ni(ll) and two unique L™ ligands. As shown in Figure 3,
the central Ni(ll) in 1 lies nearly in the twofold rotation axis, coordinated with two triden-
tate L~ ligands. Each ligand provides two O atoms (one hydroxy and one carbonyl) and
one N atom forming five- and six-membered chelating rings. Ni(ll) has a slightly distorted
octahedral geometry by four oxygen and two nitrogen atoms. The four oxygens (O(1),
0(2), O(3), and O(4)) and Ni(1) are nearly coplanar with two nitrogens on both sides. The
bond lengths [Ni-N=2.029(5), 2.045(5) and Ni-O of 1.989(4) to 2.184(4) A] around Ni(ll)
ions are within normal ranges. The two L™ ligands have similar configurations in 1, differ-
ent than free ligand. The pyrazole ring of one ligand has a dihedral angle of 46.9(2)° with
the phenyl ring and an angle of 15.6(2)° with the phenolic ring, while the pyrazole ring
the other ligand has a dihedral angle of 52.6(2)° and 12.0(2)°, respectively.

There are intermolecular n—n interactions in 1. The pyrazole ring of one L™ is nearly
parallel to the adjacent phenolic ring of the other L™ with dihedral angle of 15.6(2)°
and centroid-to-centroid distance of 3.7257(4) A; the other L™ ligand has dihedral
angle of 17.8(2)° and centroid-to-centroid distance of 3.8146 A. Every phenolic ring in
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Figure 4. Packing diagram of 1 showing four individual 7— interactions (green-dotted lines).

1 is further connected to adjacent pyrazole ring of the other L™ ligand, so 1 is further
connected through four individual 7—= interactions (Figure 4). Thus, the 0-D discrete
[NiL,] monomers are further connected through 7-7 interactions, resulting in a 3-D
supramolecular structure.

3.4. Crystal structure of 2

Complex 2 crystallizes in the monoclinic space group P5(7)/n. lts asymmetric unit consists
of two Nd(lll) ions, three L™ ligands, and three NOs;™ ions. As depicted in Figure 5, Nd, is
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Figure 5. Molecular structure of 2.

nine-coordinate with one nitrogen from one L™, four oxygen atoms from two NOs3™ ions
and four oxygens from three L™ ligands, two oxygens from hydroxy and carbonyl of one
L™ ligand, and two oxygens from two hydroxy groups of two L™ ligands. Nd, is also nine-
coordinate by two nitrogens from two L™ ligands, two oxygens from one NOs™ ion, and
five oxygens from three L™ ligands in a distorted polyhedral geometry, in which four oxy-
gens from two hydroxy and carbonyl groups of two L™ ligands. The coordination environ-
ment of Nd, and Nd; ions is different. Nd; and Nd, are further bridged by three p,-O
atoms from hydroxy of three L™ ligands to form a [Nd,(u,—0)s] dimer. Each ligand provides
two O atoms (one u;-O from carbonyl, one u,-O from hydroxy) and one N-forming five-
and six-membered chelating rings. The three L™ ligands in 2 have different configurations.
Two L™ ligands are similar configurations with dihedral angles between pyrazole ring and
phenolic ring of 57.4(2)° and phenyl ring of 32.9(2)° in one ligand. The dihedral angle
between pyrazole ring and phenolic ring is 46.3(2)° and phenyl ring of 34.4(2)° in the other
ligand. The third L™ is very different with angles between pyrazole ring and phenolic ring,
phenyl ring of 70.3(2)° and 54.2(2)°, respectively.

There are two individual n-7 stacking interactions within 2. As shown in Figure 6,
the pyrazole ring of one L™ (connecting Nd2) is nearly parallel to the phenolic ring of
the other L™ ligand with dihedral angle of 15.7(2)° and centroid-to-centroid distance
of 3.5397(1) A. At the same time, the pyrazole ring of one L~ (connecting Nd1) is
nearly parallel to the phenolic ring of the other L™ ligand with dihedral angle of
17.3(3)° and centroid-to-centroid distance of 3.6287(1) A. So the two L~ ligands are
further connected by intramolecular n-7 stacking interactions.

3.5. Conductance measurements

The molar conductivities of 1 and 2 in DMSO (1 mM) were measured at room tem-
perature. The molar conductance of the free ligand, 1 and 2 is 2, 10, and
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Figure 6. Two individual n—7 interactions within 2 (green-dotted lines show the m—= interaction).

. Experimental
Experimental

Simulated

Simulated

5 10 15 20 2|5 30 35 40 45 50 5 10 15 20 2|5 3‘0 3l5 40 45 50
0
20/ (°) 20/ (°)

Figure 7. Powder XRD patterns of 1 and 2.

110ohm ™ "mol™" cm?, respectively. It is concluded from the results that the free ligand
and 1 and 2 have low molar conductance values, indicating non-electrolytic nature of
the free ligand and two complexes, so there are no anions present outside the coord-
ination sphere.

3.6. Powder X-ray patterns and thermalgravimetric analyses

PXRD experiments were carried out to check the phase purity and homogeneity of 1
and 2. As presented in Figure 7, the main peak positions of the experimental patterns
match well with the simulated ones from their single-crystal X-ray structures using
Mercury 3.0 software, indicating consistency with bulk samples. Pyrolysis behaviors of
1 and 2 were also investigated with thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC). TGA analysis (Figure 8) reveals that 1 has two weight loss
steps. The first of 7.34% at 150°C with a small endothermic peak corresponds to the
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Figure 8. TG-DSC curves of 1 and 2.
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Figure 9. UV-Vis spectra of the free ligand, 1 and 2 in DMSO solution.

loss of three guest water molecules (calcd 7.44%). The framework decomposed sharply
at 350°C with a big exothermic peak. The residual species were assumed to be NiO
above 500°C (obsd. 10.36%, calcd 10.30%). For 2, the first gradual weight loss of 9.0%
from 50 — 300°C corresponds to the loss of two coordinated NOs;™ ions (calcd 8.9%),
which is followed closely with the collapse of the whole framework at 300 — 630°C.
The residue above 700°C should be an equimolar mixture of neodymium carbonate
and neodymium nitrate (obsd. 38.8%, calcd 38.21%).

3.7. UV-Vis absorption spectra

UV-Vis absorption spectra of the free ligand, 1 and 2 were recorded in DMSO solution
from 260-600 nm at room temperature (Figure 9). The ligand displays moderate inten-
sity absorption at 355nm from the n—-rm* transition of the C=N bonds in aromatic
rings. Compound 2 has similar absorption bands with that of the free ligand with
stronger intensity. For 1, the first double absorption peaks at 324 and 338 nm should
be due to the intraligand charge transfer transitions. The strong absorption peak at
430nm is typical for octahedrally coordinated Ni(ll) complexes [34]. The extinction
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Table 2. Antibacterial results of 1, 2, HL and ciprofloxacin by inhibition zone diameter (mm).

Tested material B. dysentery E. coli S. aureus C. albicans
1 22 12 —_ —_
2 — — 8 —
HL — — — —
Ciprofloxacin 26 12 27 —

B. dysentery E. coli

Figure 10. Images of inhibition zones for 1 against B. dysentery and E. coli.

coefficients of the free ligand, 1 and 2 are 6.6 x 10, 1.36 x 10>, and 1.96 x 103
L-mol~".cm™", respectively.

3.8. Antimicrobial studies

Antimicrobial properties of the free ligand, 1 and 2 in DMSO were assessed by evalu-
ating their activity using the disk diffusion method. Gram-positive bacteria
Staphylococcus aureus, Gram-negative bacteria bacillary dysentery and E. coli, and fun-
gal Candida albicans were selected to evaluate the antimicrobial activities [35].
Ciprofloxacin was chosen as the positive control drug. Four parallel experiments were
performed, and the average diameters are listed in Table 2. As shown in Figure 10,
the average diameter of inhibition zone reaches 22 mm, which shows significant inhib-
ition of 1 against B. dysentery, but is still lower than the positive control drug cipro-
floxacin of 30nm. The average inhibition zone diameter of 1 against E. coli was
12 mm, which means moderate inhibition, whereas no inhibition effect towards Gram-
positive bacteria S. aureus of 1 could be observed, nor antifungal activity against C.
albicans under identical experimental conditions. The results showed that 1 has anti-
bacterial activities against Gram-negative bacteria B. dysentery and E. coli. The anti-
microbial results show that 2 has limited inhibition effect against S. aureus with
average diameter of 8 mm, while no inhibition effect toward B. dysentery, E. coli, and
C. albicans. The antimicrobial results show the inhibition effects of the ligand towards
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S. aureus, B. dysentery, E. coli, and C. albicans are small under identical experimental
conditions, indicating that the Schiff base does not have significant antimicro-
bial activity.

The MIC determined by the spectrophotometric method was defined as the con-
centration at which there was a sharp decline in the absorbance value (supporting
information Figure S3). For 1, MIC values of B. dysentery and E. coli. are 500 and
1000 uM, respectively, higher than the positive control drug ciprofloxacin (125 and
250 uM). The MIC values of 1 are consistent with the results of previous antibacterial
experiments. Complex 1 showed moderate antibacterial activity against B. dysentery
and relatively weak antibacterial activity against E. coli. Although antibacterial activities
of 1 against both strains are weaker than that of ciprofloxacin, these findings are sig-
nificant to the design of antibacterial compounds. New Schiff base complexes with 4-
aminoantipyrine derivates can be obtained by introducing different types of substitu-
ents into the benzene ring, which may enhance the antibacterial activity of these com-
plexes. Further research is in progress.

On comparing biological activity of the Schiff base and its metal complexes, the
antibacterial activity follows the order of 1> 2 > L. Neither the free ligand nor the two
complexes showed inhibition on Candida. One possible reason is that the transition
metal ions are drug carriers making the complex have better distribution coefficient of
lipid and water [36]. As a result, the complex could reach the target site through the
biofilm easier and enhanced its efficacy. Another possible reason is that the increase
in antibacterial activity of 1 may be due to the presence of metal ions coordinated
with the donor atoms of the Schiff base ligand, rearranging into a distorted octahedral
geometry which might affect normal cell processes, such as cellular uptake, protein,
and/or DNA biosyntheses [37, 38]. As a rare earth metal ion, Nd(lll) usually possesses
certain antibacterial activity; however, 2 does not show antibacterial activity, which is
possibly caused by the unique molecular structure of the complex. It is important to
study the relationship between the structure of Schiff base complex and the antibac-
terial activity in order to define the mechanism of pharmacological activities.

4, Conclusion

Complexes 1 and 2 were synthesized with a tridentate 4-aminoantipyrine-derived
Schiff base ligand HL and characterized by single-crystal X-ray diffraction. They both
have discrete monomer structures, and there are n—n interactions between monomer
1 and within monomer 2. Monomer 1 is further connected through n—7n interactions,
resulting in a 3-D supramolecular structure. HL has configurations in 1 and 2 different
than that of free ligand. The antimicrobial results showed 1 has significant antibacter-
ial effect against B. dysentery and E. coli in comparison with that of Schiff base ligand.
We expect that this synthetic strategy may open a new way to fabrication of com-
plexes based on 4-aminoantipyrine Schiff bases as antibacterial materials.
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