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Abstract:  Pathogenic  microorganisms develop  incessant  resistance  toward  antibiotics  through  various
cellular defense mechanisms, thereby creating a search for chemotherapeutic alternatives, the potentials
of which metal complexes of small-molecule drugs offer. In this study, Cu(II) and Co(II) complexes of
mixed piperaquine and diclofenac were synthesized and characterized via magnetic moment determination,
elemental analysis, FTIR, UV-Visible, 1D 1H NMR, 13C NMR spectroscopy and powder XRD, then evaluated
for biological activities in silico and in vitro. The results provide evidence of coordination of the metal ions
to ligands through N, COO and Cl groups with proposed octahedral geometry, low spin, paramagnetic,
polycrystalline complexes. The physicochemical and pharmacokinetic parameters predicted in silico support
bio-functionality  and  safety  of  the  complexes.  The  complexes  demonstrate  strong  inhibition  against
bacterial strains especially Staphylococcus aureus in vitro. Specifically, Cu(II) complex at 1% w/w inhibited
a zone of 100 mm which is in multi-folds of the effects of piperaquine and diclofenac with 32 and 25 mm
respectively, and better than ciprofloxacin with 92 mm. On DPPH assay, both complexes display better
antioxidant potentials with respective IC50 of 165.09 and 382.7 µg/mL compared to ascorbic acid with
7526 µg/mL. Thus, the complexes represent therapeutic models for overcoming antibacterial resistance
upon further study.
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INTRODUCTION

Coordination  chemistry  between  transition  metal
ions and various bioactive organic ligands have been
employed to prepare several metal-organic chemical
frameworks  with  enhanced  pharmacological
properties  than  the  parent  ligands.  Upon
coordination  to  metal  ions,  the  systematic
bioavailability, solubility, inertness for substitution,
planar  biocompatibility  and  other  pharmaceutical

profiles of the ligands become enhanced as well as
the  lipophilicity  of  the  metal  ions  (1–3).. The
interesting medicinal profiles of these metal-based
biomaterials  stimulate  the  innovative  design  of
various  complex  analogues  for  biological
applications. A number of these hybrids are already
approved  or  in  clinical  trials  as  anticancer/anti-
pathogenic  chemotherapeutics.  Notably,  the
platinum-based  anticancer  drugs,  Ga-68-  and  In-
111-based  complexes  for  radioimaging,
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radiolabeling and therapy, gold-based Auranofin for
treating  rheumatoid  arthritis,  bismuth(III)  ion-
inclined  bis(maltolato)oxovanadium(IV)  with
enhanced bioavailability and ability to reduce blood
glucose  in  a  clinical  trial  of  diabetes,  bismuth
subcitrate and bismuth subsalicitrate (Pepto-Bismol)
for  treating  peptic  ulcers  (4,5).  Due  to  its
coordination-induced  action  on  bile  acids  and  the
disruption  of  charged  cell  walls  of  bacteria,  the
latter  was  proposed  for  further  medicinal
applications as an antacid and antibacterial  agent.
Some  other  new  Bi(III)-containing  bioactive
complexes  are  continually  under  evaluation  for
antifungal, anticancer and antibacterial applicability
(4). 

Pathogenic  microorganisms,  especially  bacteria,
rapidly develop several defense mechanisms against
antibiotics. These include the formation of biofilm,
cell wall, encase efflux pumps, regulation of genetic
and other intracellular materials (6). The intensive
application  of  antibiotics  over  a  long  period  and
frequent exposure to non-lethal concentration also
contribute  to  the  incessant  resistance  of  bacteria
towards  small-molecule  drugs  with  specifically
“bullet target” mode of action, which has, in turn,
poses a great threat to the global healthcare (7),
and  thereby  make  a  search  for  innovative
therapeutic  designs  to  overcome these  healthcare
challenge  becomes  imperative.  Consequently,
several  conjugates  involving  antimalarial  and
antimicrobial  ligands  have  been  designed  with
improved  combinatorial  pharmacology  (8).
However,  metal  complex  polymers  inclusively
exhibit  a  multi-target  mechanism  that  favours
several  cellular  processes,  leading  to  their
pleiotropic  effects  on  the  drug-resistant  bacterial
cells,  thus  become  promising  agents  under  the
United Nation (UN) sustainable developmental goal
3.3 for prevention and treatment of communicable
diseases  (9).  Some  of  these  agents  have  been
designed using organic small-drug molecules such
as  sulfadoxine,  sulfisoxazole,  quinazoline,
pyrimethamine,  quinoline,  pyrazolone,
phenylhydrazine etc with improved pharmacological
profiles due to favourable pharmacophoric moieties
of  ligands  (singly/mixed)  in  coordination  to  metal
ions such as Co(II), Cu(II), Mn(II), and Zn(II) (10–
15).  However,  none  has  been  reported  of  mixed
ligands  involving  piperaquine  (Pip)  and  sodium
diclofenac (NaD). In our previous studies, we have
demonstrated  impressive  antioxidant  and
bactericidal  activities  of  Cu(II),  Zn(II),  and Co(II)
complexes consisting of piperaquine, acetaminophen
and acetylsalicylic acid as mixed ligands (16). 

Therefore,  this  study  aims  at  the  preparation  of
coordination  compounds  consisting  of  Co(II)  and
Cu(II) ions in complex with sodium NaD and Pip as
mixed  ligands  using  solvent-based  inorganic
synthetic approach, characterization and evaluation
of antioxidant and antibacterial  activity  in vitro as
well  as  some  in  silico biological  studies,  while
adopting some reported protocols (10,14–18) with
modifications. 

MATERIALS AND METHOD

Materials
The materials were used as commercially obtained
without further purification. These include copper(II)
chloride  hexahydrate  (CuCl2.6H2O),  cobalt(II)
chloride  hexahydrate  (CoCl2.6H2O),  distilled  H2O,
ethanol,  methanol,  acetone,  dimethyl  sulfoxide
(DMSO), lactic acid, acetic anhydride, and silica gel-
coated thin layer chromatographic (TLC) plate from
Sigma Aldrich, England. The ligands, Pip and NaD
were obtained from Zhuhai Rundu Pharmaceuticals,
China  and  Tuyil  Pharmaceutical,  Nigeria,
respectively.

Synthesis  of  Copper(II)  Complex  of  Mixed
Piperaquine and Diclofenac
The Cu(II) complex of mixed Pip and NaD ligands
was prepared by reacting a 0.002 mol of CuCl2.6H2O
previously dissolved in 20 mL of distilled H2O with
0.002 mol Pip in 20 of mL hot distilled water and
subsequently adding a solution containing 0.002 mol
NaD  in  20  mL  of  methanol.  The  mixture  was
refluxed for 2 hours and 30 minutes after which the
resulting  stable  precipitates  formed  (Scheme  1)
were  filtered,  washed  with  hot  water,  then  cold
water twice to remove unreacted ligands and kept in
a desiccator with CaSO4 for 24 hours. The progress
of the reaction was monitored using TLC. Yield: 3.62
g  (38%);  M.P.  231  –  232  ˚C;  UV  (DMSO)  λmax

(nm): 248, 342, 704; FTIR (KBr) ν max  (cm-1) 3323
(H2O),  1592  (COO)asy,  1380  (COO)sym,  741,  662
(CCl), 504, 562 (Cu-O/N);  1H NMR (d6-DMSO, 400
MHz) 6.27 (d, J = 7.2 Hz), 6.86 (d), 7.05 (d), 7.18
(d), 7.51 (d, 8.4 Hz), 7.66 (d, J= 9.6 Hz), 8.21(br,
s),  3.45  (br),  3.21  (br),  3.16  (s),  2.06  (br,  s),
3.91(br),  1.20 (s) ppm.  13C-NMR (d6-DMSO, ~100
MHz) 49.1, 49.4, 51.4, 53.7, 116.4, 121.3, 124.4,
126.1,  127.1,  128.1,  129.6,  130.4,  131.4,  137.5,
143.1 ppm. Anal. Calcd. Mass fractions of elements,
w/%, for C43H53Cl6CuN7O8 (Mr = 1073) are C 48.17,
H 4.98, Cu 5.93, N 9.14; Found: C 47.21, H 5.35,
Cu 6.14, N 9.80.
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Scheme 1: Proposed reaction pattern between mixed piperaquine/diclofenac and Cu(II) ion. 

Synthesis of Cobalt(II) Complex of Mixed 
Piperaquine and Diclofenac
The  Co(II)  complex  of  mixed  Pip  and  NaD  was
synthesized  by  refluxing  0.002  mol  of  NaD
previously dissolved in 20 mL methanol with 0.002
mol of Pip dissolved in 20 mL hot water and 0.002
mol  of  CoCl2.6H2O  under  constant  stirring  for  5
hours  and  30  minutes  after  which  a  stable  pink
precipitate was formed (Scheme 2). The precipitates
were  filtered,  washed  with  hot  water,  then  twice
with  cold  water  and  dried  in  a  desiccator  for  24
hours. The progress of the reaction was monitored
using TLC. Yield: 4.12 g (47%); M.P. 230 – 234 ˚C;

UV (DMSO) λmax (nm): 232, 450, 662; IR (KBr) VRmax

(cm-1) 3323 (H2O), 1590 (COO)asy, 1380 (COO)sym,
741,  662 (CCl),  520, 574 (Co-O/N);  1H NMR (d6-
DMSO, 400 MHz) 2.07 (s), 3.17 (s), 3.71 (s), 6.28
(d, J= 8.4Hz), 6.86 (t), 7.06 (t), 7.16 (s), 7.19 (d,
J=8.0Hz), 7.50 (d, J-=8.00Hz), 7.20 (d, J=8.8 Hz)
ppm.  13C-NMR (d6-DMSO, ~100 MHz) 49.3, 116.5,
121.5,  125.9,  128.2,  129.8,  130.4,  131.5,  137.5,
143.2. Q= 125.9, 130.4, 139.5, 143.2 ppm. Anal.
Calcd.  Mass  fractions  of  elements,  w/%,  for
C43H51Cl6CoN7O7 (Mr = 1050) are C 49.21, H 4.90,
Co 5.62, N 9.34; Found: C 48.16, H 4.85, Co 5.81,
N 9.48.
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Scheme 2: Proposed reaction pattern between mixed piperaquine/diclofenac and Co(II) ion. 

Characterization
The melting point of the synthesized complexes was
recorded on a Gallenkamp melting point apparatus.
Solubility  tests  of  the  ligands  and  the  complexes
were carried out  using acetone,  dilute  lactic  acid,
distilled  water,  methanol  and  dimethyl  sulfoxide
while the ionic properties of the ligands and their
corresponding  metal  complexes  were  measured
using  a  conductivity  meter  CDM  210,  MeterLab
model. The functional groups in the ligands and the
complexes as well as the coordination-induced shifts
in  spectral  bands  were  identified  by  loading  their
disc-powder on FTIR (Shimadzu, Japan) with a scan
range of 400-4000 cm-1 wavenumber, resolution of
4  cm-1 using  KBr  pellets  as  blank.  The  electronic
(UV-Visible)  spectra  of  the  complexes  in  solution
were  run  in  the  range  190-900  nm  on  a  Perkin
Elmer 20ג  spectrophotometer  with  the  samples
placed in quartz cuvettes of 1 cm path length and
DMSO  was  used  as  a  blank.  The  magnetic
susceptibility of the metal chelates was determined
on  a  Gouy  balance  at  room  temperature  using
Hg[Co(SCN)4]  with  the  corrections  of  diamagnetic
on Pascal’s constants.

Powder X-ray Diffraction Spectroscopy
D8 Advance diffractometer, with the measurement
of  continuous ∂-∂ scan in  a  locked coupled-mode
having a tube of  Cu-Kα radiation (λKα1=1.5406Å)
and  detector  of  LynxEye  (Position  sensitive
detector)  was  employed  for  the  powder  X-ray
diffraction analysis at iThemba Scientific Lab., South
Africa. The diffractograms were studied to identify
the powdered-crystal structures and morphology of
the  complexes  while  the  value  for  2θ for  Miller
indices estimation was determined using the Bragg’s
law (Eq. 1) (19,20): 

λ=2dhklsinθ (Eq. 1)

Where λ = X-ray wavelength (Cu = 1.5406 Å), d =
interplanar distance and θ = diffraction angle.

The  crystalline  domain  sizes  indicated  by  the
broadening of the peak especially when the sizes of
the  crystal  become  small  were  estimated
theoretically  using  the  Scherrer  equation  (Eq.  2)
(21):
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D= k λ
β cosθ

 (Eq. 2)

Where D = crystalline  domain size,  k  = Scherrer
constant usually given as 0.9 and β = peak width at
half of its height

1H  NMR,  13C  NMR  and  DEPT-135  NMR
Spectroscopy
The  Nuclear  magnetic  resonance  (NMR)
spectroscopy NMR spectra  of  the  complexes were
recorded at 25 °C on a Bruker Avance 400 MHz NMR
spectrometer (Germany),  with  deuterated Dimethyl
sulfoxide (DMSO) used as a solvent. Chemical shifts
of  1H  (δH)  and  13C  (δC)  and  DEPT (δC) were
determined in ppm, relative to tetramethylsilane as
reference.

Elemental Analyses
The percentage by mass of some major elements in
the complexes such as C, H, N and Cu/Co (M) was
determined  using  the  Vario  El  Cube  Elemental

Analyzer  at  the  Central  Analytical  Facilities,
Stellenbosch University, South Africa.

Preliminary  Test  for  Water  Molecule  and
Chloride Ion
The  presence  of  water  of  crystallization  within  or
outside  the  coordination  sphere  of  each  complex
was assessed using cobalt chloride paper. The color
change  of  the  paper  from  blue  to  pink  indicates
positive  test.  For  the  chloride  ion  outside  the
coordination  sphere,  aqueous  AgNO3 and  NH4OH
were used for confirmation on the solution of each
complex while a white precipitate soluble in excess
NH4OH indicate  the  presence of  uncoordinated Cl-

ion.

Determination of Water of Crystallization
The presence of some water of crystallization in the
complexes is confirmed by heating the sample to a
constant  weight,  testing  the  gas  evolved  with
cobalt(II)  chloride  paper,  anhydrous  copper  (II)
sulfate. The amount of water of crystallization was
determined using the Eq. 3 below.

mass of anhydrous complex
molecular mass of anhydrous complex

=mass of hydrated complex
molecular mass of hydrated complex

 (Eq. 3)

Biological activity
In silico predictions of biological activity and ADMET
properties
The broad spectrum of biological activities resulting
from the interactions of the synthesized complexes
with various enzymes/proteins responsible for bio-
functions was predicted using the cheminformatics
and bioinformatics interface of Molinspiration server
(https://molinspiration.com/cgi-bin/properties)  by
the input of SMILES file in each case. The Java tools
incorporated  within  the  server  supports
computational  analysis  through  the  algorithm  of
active  training  sets  generation  from  which  the
cumulative  bioactivity  of  the  target  molecules  is
predicted through probable fragments. Each sample
was scored for likeliness in activity through various
inhibition  mechanisms  on  G  protein-coupled
receptor  (GPCR),  kinase,  nuclear  receptor,  and
enzyme as well as ability to modulate ion channel.

The physicochemical and pharmacokinetics profiles
of  the  complexes  were  predicted  in  terms  of
adsorption, distribution, metabolism, excretion and
toxicity (ADMET) using the web-based Swiss ADME
computational tools by inputting the SMILES file of
each complex (17,22). The properties further reveal
the drug-likeness of the molecules under study.

Antioxidant properties
The  sample  of  each  complex  and  the  standard,
ascorbic acid was weighed into the sample bottle, 9
mL of  the  solvent  was  added to  each  sample  to
make  a  solution  of  100,  200,  300,  400  and  500
µg/mL. Each solution was then partitioned into three
(3 mL each) for triplicate tests and transferred into

the test tube. A 0.0039 g of DPPH was weighed into
a  reagent  bottle  and  100 mL of  the  ethanol  was
added and 3 mL of DPPH solution was added into
each test tube containing the test sample. The setup
in  test  tubes  was  kept  in  a  dark  room for  thirty
minutes after which absorbance was read at 517 nm
wavelength.  The  IC50,  which  stands  for  the
concentration  of  fraction  required  for  50%
scavenging activity, was calculated from the dose-
inhibition  linear  regression  equation  (eqn.  4)  for
each complex. 

%inhibition=
(Abscontrol –Abs sample)
Abscontrol

×100  

(4)

Antibacterial Screening
The  solutions  of  the  ligands  and  the  synthesized
complexes  were  tested  against  strains  of  some
gram-positive  and  gram-negative  bacteria,
Pneumonia  aeruginosa,  Escherichia  coli and
Staphylococcus aureus to  determine  and compare
their  potential  bactericidal  activities  by  measuring
their  inhibition  zones  around  the  inoculated
organism wells, adopting agar dilution techniques as
well as the standard recommendation of Clinical and
Laboratory Standards Institute, 29th Edition (16,23).

RESULTS AND DISCUSSION

Some physicochemical properties such as solubility,
melting  point,  and  color  of  the  ligands  and  the
corresponding  metal  complexes  are  presented  in
Table  1.  The  complexes,  ligands  and  metal  salts
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were mostly insoluble in organic solvents of acetone
and methanol but all are soluble in DMSO, possibly
due  to  its  high  polarity  and  donor  strength  (14)
which enhance its ionic interaction with the samples
in  solution.  The ionic  nature  of  the  complexes as
shown by the conductivity results could be traced to
the presence of electropositive metal  ions in their
structures  compared  to  the  parent  ligands.  The
melting  points  of  the  complexes  are  lower  when
compared  to  the  salts/ligands  and  the  sharpness
could imply a good purity  of the complexes (24).
The  significant  changes  in  the  melting  points,  as
well  as  colors  between  the  ligands  and  their
respective  metal  complexes,  indicate  a  change  in
the  atomic  structures,  possibly  due  to  chemical
coordination.  Invariably,  this  could  affect  new
electronic  transitions  and  the  ligand-metal  lattice
structures  (12,25)  as  we  observed  in  the
subsequent characterization results.

The Infra-Red spectroscopy data of the ligands and
the  metal  complexes  are  presented  in  Table  2,
Figures 1 & 2. The spectra of the ligands and metal
complexes were  studied and compared to  identify
the mode and sites of metal-ligand chelation. The
band at 3259 cm-1 which could be assigned to the
N-H group of  NaD ligand disappeared  in  the  two
complexes. Similarly, the stretching bands at 3286
and 3433 cm-1 attributable to the two asymmetric
piperazinyl  and  imine  N-groups  of  the  Pip  ligand
have  significantly  undergone  bathochromic  and
hypsochromic shifts respectively in the complexes,
indicating  the  possibility  of  their  participation  in

coordination. More so, the spectral  bands of 1398
and  1575  cm-1 which  are  assignable  to  the
symmetric and asymmetric COO group in the NaD
ligand  have  shifted  to  a  higher  and  lower
wavenumber of  1592/1590  and 1380/1380  in  the
Cu(II)  and  Co(II)  complexes  respectively  with  a
significant  difference.  The  difference  in  the
asymmetric  and  symmetric  stretching  vibration  of
the COO groups, Δ = (COO)ѵ asy - (COO)ѵ sym gave a
value  of  212 and 210 cm-1 for  Cu(II)  and Co(II)
complex respectively, indicating the contribution of
the COO of NaD to coordination as a monodentate
ligand  (15)  with  the  Δ  value  of  177  cm-1 which
agrees  with  the  ionic  value  of  NaD.  These  also
support  the  possibility  of  bidentate-chelation
between NaD to both Cu(II) and Co(II) ions through
the NH and COO (25,26). In a similar pattern, Pip, a
nitrogen-based  ligand,  shows  coordination  to  the
metal  ions  through  the  amine  N  and  the  Cl  as
evidenced by the disappearance of the band 3286
cm-1 attributable to the amine N with Δ value of 147
cm-1, and also the hypsochromic shift of C-Cl band
at 650 cm-1 in the ligand to 662 cm-1 in the metal
complexes, indicating the possibility of coordination
through the Cl group. These rationally suggest the
ligand  to  act  as  a  bidentate  ligand  (16).  The
complexes show weak/medium bands in the range
504 – 662 cm-1 which are tentatively assigned to M-
N/O/Cl stretching vibrations and also contributing to
the evidence of coordination. The spectra bands at
3433 and 3323 in both ligands and the complexes
indicate H2O-metal chelation (Figures 1 & 2) (27).

Table 2: Major IR bands of the ligands and their complexes.
Ligands/
Complexes

 (ѵ NH)asy
(NH)sym cm ¹־

δ 
(NH)
cm ¹־

 (COO)asy ѵ
(COO)sym cm ¹־

ѵ
(CCl)
cm-1

Δ
cm-1

 (MO/N)ѵ
cm-1

NaD 3259 1507 1575
1398

747 177        --

Pip 3433
3286 

1503 - 650 147        -

[Cu(NaD)(Pip)] 3323 1506 1592
1380

741
662

212 504, 562
614

[Co(NaD)(Pip)]  3323 1506 1590
1380

741
662

210 for

COO

520, 574, 
611
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Table 1: Some physicochemical parameters of the ligands and metal complexes.
Complexes/
Ligands/Metals

Cond. (Ω-1cm-1) Solubility M.P. (°C) Color

D. H20 LA AES DMSO Me2CO MeOH

NaD - NS S PS S PS S 289-290°C White

Pip - PS S+Δ PS S PS NS 250-252°C White

CuCl2.6H2O ND S S NS S NS NS 486-490°C Blue

CoCl2.6H2O ND S S S S S NS 735-737°C Brick Red

[Cu(NaD)(Pip)] 1.6 × 10-4 PS+Δ NS PS+Δ S NS S+Δ 231-232°C Blue

[Co(Pip)(NaD)] 2.1 × 10-4 NS NS NS S NS PS+Δ 230-234°C Brown
S = Soluble, NS = Not soluble, PS = Partially soluble, Δ =Heat, AES= Aqua ethanolic solution LA= Lactic acid,
D.H2O=Distilled water, DMSO= Dimethyl sulfoxide, MeOH = Methanol, Me2CO = Acetone, ND = Not determined.



Figure 1: FTIR Image of [Cu(NaD)(Pip)].

Figure 2: FTIR Image of [Co(NaD)(Pip)].

The  electronic  spectra,  magnetic  moment,  and
elemental analysis results of the synthesized metal
complexes are reported in Table 3. The Cu(II) and
Co(II)  complexes  have  a  low  spin  of  d9  and  d7

configurations  respectively  with  the  highest  filled
orbital as 2t2g (xy, xz, yz). Thus, the ground state
is  paramagnetic  and  labelled  2Eg and  4T1g

respectively.  The electronic spectra of the ligands
in DMSO exhibited transition at 202 nm – 379 nm
which were assigned to intra-ligand transitions (n

 σ*, n  π* and π  π*). The UV-Visible spectra→ → →
of  the  [Cu(Pip)(NaD)] show  a  single  broad
absorption band at 704 nm assignable to 2Eg  → 2T2g

transition,  while  [Co(Pip)(NaD)] had  three bands
within the visible region, 450, 539, and 662 nm
assignable  to  4T1g(F)   → 4T2g(F),  4T1g(F)  → 4A2g(F)
and 4T1g(F)  → 4T1g(P) transitions respectively, thus,
suggesting the formation of  octahedral  geometry
with hybridizations of sp3d2 and dsp3d  for [Cu(Pip)
(NaD)]  and  [Co(Pip)(NaD)]  respectively
(17,28,29).  The  magnetic  susceptibility
measurement revealed that the Cu(II)- and Co(II)-

containing  complexes  have  effective  magnetic
moments  of  1.53  and  1.47  B.M.  respectively,
further  strengthening  the  octahedral  geometry
suggested  for  the  complexes  arising  from  their
unpaired electrons (17,30,31). The presence of the
ligands in the complexes as proposed (Schemes 1
& 2) was supported with good consistency between
the  CHNS  elemental  analysis  results
(Supplementary file) and the suggested molecular
formulas.

The  preliminary  assay  by  heating  indicates  the
presence  of  water  of  crystallization  in  the
complexes when each sample was gently heated to
a constant  weight of 3.38 and 3.91 g for Cu(II)
and Co(II) complex, respectively. This was further
confirmed by testing the evolved gases with cobalt
chloride  paper  which changed from blue  to  pink
color.  The  estimates  using  Eq.  3  support  the
proposal  of  4  and  3  molecules  water  of
crystallization in one molecule of their respective
complexes.  Although,  a  more  accurate  analysis
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such  as  the  thermogravimetric  analysis  (TGA)  is
required  for  further  confirmation.  In  a  similar
preliminary test,  a white precipitate was observed
upon the addition of aqueous AgNO3 to the solution
of each complex. The precipitates became dissolved
when  excess  NH4OH  was  added,  tentatively
indicating  the  presence  of  Cl- outside  the
coordination sphere.

1H  NMR,  13C  NMR  and  DEPT-135  NMR
Spectroscopy
The 1HNMR spectrum (Figure 3A) of [Cu(Pip)(NaD)]
whose  formation  was  reported  at  the  synthesis
section (Scheme 1), was run in deuterated DMSO.
From the NaD moiety, the signals at 8.21 and 3.45
ppm  are  both  singlets  and  can  be  assigned  to
nitrogen  proton  between  the  aromatic  rings  and
methylene proton situated between carbonyl carbon
and aromatic  ring which might  have shifted them
further upfield. In the aromatic region, the signals
at 7.18 (s) and the doublet 7.66 ppm (d, J= 9.6 Hz)
can  be  assigned  to  other  unsubstituted  benzene
rings of  the NaD ligand. The chemical shifts  were
rather downfield compared to neighboring benzene
which is doubly substituted with chlorine atoms. On
the Pip moiety, the chemical shifts at 6.27 ppm (d, J
= 7.2 Hz) and 7.51 ppm (d, J = 8.4 Hz) could be
rationally  assigned  to  the  unsubstituted  benzene
rings while the downfield signals at 1.20, 2.06, 3.16
and 3.21 ppm are assignable to the shielded CH2

groups  of  the  piperazinyl  moieties.  The  13C-NMR
(Figure  3B)  in  the  same  vein  shows  21  carbon
atoms  as  expected  of  both  Pip  and  NaD  in  the
aromatic  carbons  (116.1  -  143.1)  ppm.  However,
the reduced intensities of signals at 49.1, 49.4, 51.5
and 53.7 ppm can be ascribed to the methylene of
the  two  ligands  contained  in  the  aliphatic  region.
Thus,  the  two  ligands  are  represented  in  the
complex accordingly.

From the nuclear magnetic resonance spectroscopy
values  obtained  for  [Co(Pip)(NaD)]  using  DMSO,
both  ligands  were  adequately  represented.  More
study of  the NaD moiety (Scheme 2) reveals two
conspicuous singlets at 3.17 and 3.71 ppm (Figure
3C), corresponding to the protons adjacent to the
carbonyl carbon and the amino proton in between
the  benzene  rings  respectively.  Downfield  the
aromatic region, the only singlet at 7.16 ppm is due
to  an  aromatic  proton  adjacent  to  the  chloro-
substituted carbon in the Pip ring. Since there are
four doublets overall, the more deshielded protons
would be those close  to the  chlorine atom in  the
diclofenac moiety. This is because of the electron-
withdrawing  ability  of  chlorine  atoms,  thereby
shifting the protons further downfield at 7.50 ppm.

Similarly, the doublet on the chloro substituted ring
on  the  Pip  would  also  feel  this  effect  and  their
neighborhood  with  chlorine.  This  has  also  caused
the protons deshielded although not as the previous
one.  Therefore,  the  signal  at  7.20  ppm  can  be
reasonably assigned to them. Other signals at 7.19
and 6.25 ppm are assignable to the doublet of the
remaining rings in Pip and NaD moiety respectively.
Also, the triplets at 6.86 ppm and 7.06 ppm from
the  spectra  can  be  unambiguously  assigned  to
signals  of  the  two  rings  of  the  NaD  ligand.  The
difference  in  values  is  due  to  the  proximity  of
protons  to  an  electron-withdrawing  entity  (7.06
ppm)  and  others  for  electron  donor  substituents
attach to the resonating rings.

The  13C-NMR  (Figure  3D)  supports  the  above
assignment and further corroborated by DEPT-135
values. When intensities of the signals are carefully
observed, the total  number of carbon atoms from
the spectra matches the two ligands which further
explain their  involvement in  the coordination.  The
DEPT-135  (Figures  3E  &  3F)  also  revealed
quaternary  carbons  between  130.4  –  143.2  ppm
(15,25). 

Some  copper(II)  complexes  reported  exhibit
paramagnetism  in  relevance  to  their  electronic
configurations which allow a dx

2
-y

2  d→ xy transition
and  this  supports  various  biomedical  applications
including imaging, on-site delivery and antimicrobial
effects  (32).  Suggestively,  the  broad,  almost
unreadable signals between 3.45 – 3.91 ppm and
3.17  –  3.89  ppm  in  Cu(II)  and  Co(II)  complex,
respectively (Figure 3A & 3C) could have rationally
resulted from the effects of  the unpaired electron
spin  exerted  on  the  nuclear  spin  relaxation,
depending  strongly  on  the  spatial  distance  of  the
paramagnetic centre to the nucleus and the nature
of  the  paramagnetic  center  itself.  The  pseudo-
contact  shifts  possibly  induced  by  the  interaction
between  nucleus  spin  and  the  magnetic  dipole
produced by the spinning of unpaired electrons. It
could be suggested that the nucleus of atoms bond
directly  to  the  paramagnetic  center  (33,34)  and
further  supports  the  argument  for  paramagnetic
complex  formation  in  both  cases  as  previously
proposed from the electronic configuration, possible
hybridization,  electronic  transition  and  magnetic
moments. The essential application mostly relevant
to this study is their DNA cleaving ability peculiar to
Cu(II) and Co(II) ions (35), which further supports
the  bactericidal  activity  of  their  complexes.
Nonetheless,  electron  paramagnetic  resonance
(EPR) is necessarily required for further validation of
this biologically important hypothesis.
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Figure 3: Nuclear magnetic spectra of the complexes (A) 1H NMR of [Cu(Pip)(NaD)] (B) 13C NMR of
[Cu(Pip)(NaD)] (C) 1H NMR of [Co(Pip)(NaD)] (D) 13C NMR of [Co(Pip)(NaD)] (E) DEPT-135 NMR of [Cu(Pip)

(NaD)] (F) DEPT-135 NMR of [Co(Pip)(NaD)]
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Table 3: Results of Electronic Transition and Elemental Analysis.
Compounds λmax

(nm)
ῡ
 (cm-1)

Transition μeff (B.M) Elemental % Calculated (Found)

C H N M

NaD 270
364

42553
25381

π  π*→
n  π*→

-

Pip 202
379

49505
26385

n  σ*→
n  π*→

-

[Cu(Pip)(NaD)] 704
342
248

14205
29240
40323

2Eg  → 2T2g

n  π*→
 π  π*→

1.53

48.17 (47.21) 4.98 (5.35) 9.14 (9.80)

5.93 (6.14)

[Co(Pip)(NaD)] 662
539
450
232

15106
18553
22222
43103

4T1g(F)  → 4T2g(F)
4T1g(F)  → 4A2g(F)
4T1g(F)  → 4T1g(P)
n  π*→

1.47

49.21 (48.16) 4.90 (4.85) 9.34 (9.48)

5.62 (5.81)



Powder X-ray Diffraction
The XRD data presented in Tables 4 & 5 revealed
the  diffraction  patterns  of  the  complexes,  the
estimated  Miller  indexing  (hkl)  and  the  crystal
structures  by  mathematical  method  (36). The
interplanar  distances,  “d”  was  determined  using
Bragg’s  equation  (Eq.  1). The  diffractograms
indicate that the two complexes are polycrystallites
in structure due to their peak profiles. The result
data in Table 4 & 5 confirm some of the crystals as
simple,  body-centered,  face-centered  cubic  and
overall orthorhombic having conformed to the eqn.
5 & 6 (36–38):

1
d2=

h2+k2+l2

a2
(Eq. 5) 

for reflections cubic crystal and

 

1
d2=

h2

a2 + k
2

b2 +
l2

c2
(Eq. 6) 

for overall orthorhombic conformations (28,36).

The  data  also  confirmed  the  novelty  of  the
complexes, i.e. different from those of the existing
organic  and  inorganic  compounds  on  the  JCPDS
files,  as supporting evidence of  new compounds.
Also, the atomic lattice structure of the ligands and
that of the metal salts (found in the existing JCPDS
data files) have changed in the complexes possibly
due to coordination. The sharp distinctive peaks in
the diffractograms (Figures 4 & 5) further indicate
good  purity  of  the  complexes,  although,  purer
single  crystals  could  not  be  obtained  from  the
recrystallization process after several attempts.

Table 4: Miller indexing, interplanar distances and crystalline system of [Cu(Pip)(NaD)].
Peak 
No. h2+k2+l2 hkl 2θ obs. 2θ Cal.

d-sp 
obs.

d-sp 
cal. Rel. I Lattice

1 3 111 15.22 15.21 5.82 5.82 69 10.0856
2 4 200 18.82 18.55 4.78 4.71 78 9.4283
3 5 210 20.4 20.49 4.33 4.35 89 9.7203
4 8 220 24.41 25.06 3.55 3.64 97 10.3051
5 10 310 28.49 27.34 3.26 3.13 100 9.8952
6 12 222 30.04 28.68 3.11 2.97 78 10.2936
7 13 320 32.06 32.9 2.72 2.79 78 10.0547

Lattice Parameters: a = 10.09 Å, b = 9.43 Å, c = 9.72 Å, Average Lattice = 9.97 (Å); Cubic Crystals
with Reflections in Simple, Face-centered and Body-centered.

Overall Orthorhombic, a1 ≠ a2 ≠ a3; α = β = γ = 90˚

Table 5: Miller indexing, interplanar distances and crystal system of [Co(Pip)(NaD)].
Peak
No. h2+k2+l2 hkl

2θ
obsd.

2θ
Calcd.

d-sp
obsd.

d-sp
calcd. Rel. I Lattice

1 3 111 10.73 10.73 8.24 8.24 92 14.3041
2 6 211 15.26 15.21 5.82 5.8 95 14.2226

3 9
300,
221 18.93 18.83 4.71 4.68 80 14.0637

4 11 311 20.54 20.4 4.35 4.32 90 14.3266
5 16 400 24.44 24.71 3.6 3.64 98 14.5573
6 21 421 28.53 27.77 3.21 3.13 100 14.3277

Lattice Parameters: a = 14.30 Å, b = 14.22 Å, c = 14.06 Å, Average Lattice = 14.30 (Å); Cubic
Crystals with Reflections in Simple, Face-centered and Body-centered.

Overall Orthorhombic, a1 ≠ a2 ≠ a3; α = β = γ = 90˚
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Figure 4: X-ray Diffraction Pattern of [Cu(Pip)(NaD)].
 

Figure 5: X-ray Diffraction Pattern of [Co(Pip)(NaD)]

Water of Crystallization
In addition to the positive result  obtained for the
presence of molecules of water of crystallization in
the complexes using preliminary chloride paper test,
the amount of the water molecules in each complex

was  determined  using  thermal  analysis  (Eq.  3).
When  1.00  g  of  each  for  Cu(II)  and  Co(II)
complexes  with  respective  estimated  molecular
weights of 1073 and 1050 were subjected to heating
gently.  The  weight  continuously  reduced  until  it
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became constant at 0.93 and 0.95 g, respectively.
Using  Eq.  3,  the  water  of  crystallization  was
deduced as 4.19 (≈4) and 2.91 (≈3) for Cu(II) and
Co(II) complex, respectively. These values together
with  other  characterization  data  were  used  to
propose  the  structure  of  the  complexes  in  the
absence of single crystals.

Biological Study
In silico predictions of biological activity and ADMET
properties
The  bioactivity  profiles  of  the  complexes  are
predicted  in  silico  in  comparison  with  the  parent
ligands,  Pip and NaD to observe the possibility of
enhanced  interaction  with  biological  targets  and
pharmacology due to coordination (Table 6). These
interactions  with  major  targets  for  essential

biofunctionalities  such  as  the  GPCR,  ion  channel,
kinases,  nuclear  receptor,  protease  and  enzymes
are  evaluated in  terms of  binding affinity.  All  the
complexes  virtually  demonstrate  higher  binding
affinity  against  the  receptors  than  the  parent  Pip
and  NaD  as  indicated  by  lower  binding  scores
(especially the more negative ones). Although  the
geometric  structures  of  the  complexes  are  larger
than the respective ligands, however, the enhanced
binding affinity to the receptor as deduced for the
complexes could be due to additive interactions of
the  metal  ions  and  stabilization  to  the  protein
structures which sometimes naturally contain Cu(II)
and  Co(II)  as  cofactors  (39). The  theoretical
interactions with these targets further predict their
applicability  as  bioactive  agents  and  promising
bioactivity (17).

Table 6: Predicted bioactivity profile of the ligands and their complexes.
Compound GPCR

Ligand
Ion
Channel
Modulator

Kinase 
Inhibitor

Nuclear
Receptor 
Ligand

Protease
Inhibitor

Enzyme
Inhibitor

Pip 0.22 0.12 0.25 -0.09 0.01 0.09
NaD 0.16 0.20 0.19 0.11 -0.06 0.25
[Cu(Pip)(NaD)] -1.58 -2.69 -2.35 -2.64 -1.26 -2.14
[Co(Pip)(NaD)] -2.00 -3.00 -2.78 -3.04 -1.59 -2.58

The physicochemical parameters predicted for both
the ligands, Pip and NaD and their metal complexes
are  presented  (Table  7).  Only  the  ligand,  NaD
possesses  a  molecular  weight  <500,  others  are
higher  especially  the  complexes  due  to  the
coordination with the metal ions and other ligands.
They  are  poorly  soluble  in  water  with  fair  molar
refractivity  except  for  NaD  which  is  moderately
soluble.  This  could  be  traced  to  the  lipophilicity

induced by the aromatic rings in the ligand moieties.
They have hydrogen bond donor (HBD) groups  <5
and hydrogen bond acceptors (HBA) <10 except the
ligands.  These  are  favorable  pharmacophores  for
interaction  with  residues  within  various  biological
targets. They display topological polar surface area
(TPSA)  >60Å  standard  compared  to  the  parent
ligands  possibly  due  to  their  new  structural
morphology brought about by coordination.

Table 7: Physicochemical properties of Pip, NaD and their complexes.
Compound Mol.wt Fraction 

Csp3a
HBAb HBDc Molar

Refractivity
Water
Solubility

TPSAd

(Å2)
Pip 535.51 0.38 4 0 168.72 Poorly

soluble
38.74

NaD 296.15 0.07 2 2 77.55 Moderately
soluble

49.33

[Cu(Pip)(NaD)] 893.19 0.28 6 0 246.70 Poorly
soluble

68.28

[Co(Pip)(NaD)] 924.61 0.28 8 2 252.79 Poorly
soluble

86.74

a: The ratio of sp3 hybridized carbon over the total number of carbon atoms in a molecule; b: The
number of hydrogen bond acceptors; c: The number of hydrogen bond donors; d: Topological polar
surface area.

The  predicted  pharmacokinetic  profiles  of  the
ligands and their complexes (Table 8) indicate that
the complexes have low ability for gastrointestinal
absorption compared to the ligand and none of them
can  predictably  penetrate  the  blood-brain  barrier
(BBB), inhibit the cytochrome P450, indicating their
insignificance  for  drug-drug  interaction  to  induce
adverse  effects.  We  observed  that  the  NaD  as  a
ligand on its  own virtually  displays expression for
CYP1A2 as a sign of possible side effects, and this

has been mitigated upon coordination to metal ions,
further  suggesting  less  side  effect  of  the  metal
complexes.  They  all  possess  low  skin  permeation
indicated by Log Kp value of -4.47 to -5.56 cm/s
and are P-G substrates except the ligand Pip and
Cu(II) complex. Although some of them show slight
violations to Lipinski’s Rule of 5 for drugability (40)
due to  higher  molecular  weights  than 500 g/mol,
commonly  to  coordination  compounds  (17,18),
however, they demonstrate good pharmacokinetics
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and bioavailability  amenable for further  bioactivity probes.

Table 8: Pharmacokinetics and toxicological properties of Pip, NaD, and their complexes.
Compound GI

Abs.
BBB
Permeation

P-G
Substrate

CYP1A2
Inhibitor

Log  Kp
(cm/s)

Pip High Yes Yes No -5.56
NaD High Yes No Yes -5.14
[Cu(Pip)(NaD)] Low No Yes No -4.47
[Co(Pip)(NaD)] Low No No No -5.34

Antioxidant Assay
The  generation  of  free  radicals  in  the  body often
results  in  inflammation  and  some  other  ailments
including heart diseases and cancer (15). Therefore,
a bioactive agent with the ability to scavenge the
generated  free  radicals  in  a  biological  system  is
advantageously  preferred  for  therapeutic
applications. The result of antioxidant studies of the

synthesized  metal  complexes  in  comparison  with
ascorbic acid as a standard is contained in Table 9.
From the IC50 values of 165.09 and 382.7 µg/mL,
the  synthesized  metal  complexes  demonstrate
stronger  potentials  to  scavenge free  radicals  than
ascorbic  acid  whose  IC50  value  stands  at  7526
µg/mL and thus, could be good as antioxidants.

Table 9: Results for the DPPH screening for ascorbic acid and the metal complexes.
Concentration 
(μg/mL)

[Cu(Pip)(NaD)] [Co(Pip)(NaD)] Ascorbic Acid

Absorbance %
Inhibition

Absorbance %
Inhibition

Absorbance %
Inhibitio

n
100 0.209±0.167 3308 0.137±0.001 2736.7 0.0074±0.003 87.17

200 0.225±0.218 4348.9 0.159±0.007 3144.8 0.079±0.001 86.31

300 0.270±0.242 4838.8 0.355±0.004 7144.89 0.081±0.003 85.96

400 0.375±0.233 4955 0.345±0.003 6940.81 0.075±0.002 87.00

500 0.336±0.179 5553.1 0.319±0.024 6410.2 0.079±0.001 86.31

IC50 382.7 165.09 7526

Antibacterial activity
The average zones of inhibitions shown in Figure 6
indicate that the metal complexes exhibit stronger
inhibition  effects  on  the  test  organisms  than  the
parent  ligands  and  in  good  competition  with  a
renowned  antibiotic,  ciprofloxacin  at  all
concentrations  in  vitro.  It  could  also  be observed
that antibacterial  potency in each case appears to
be  concentration-dependent  as  the  degree  of
inhibition  increases  with  an  increase  in

concentration  (41).  The  complexes  inhibit  the
bacterial  growth  at  similar  minimal  bactericidal
concentration  and  in  strong  competition  with  a
renowned antibiotic for treating bacterial resistance,
ciprofloxacin.  The  improved activity  of  the  metal-
drug chelates can be justified based on the chelation
effect (42) and this indicates the worthiness of the
complexes  for  therapeutic  transformational  probes
against  drug-resistant  bacterial  infections  upon
further studies.
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Figure 6: Antibacterial Activities of the ligands, the complexes and the controls.

CONCLUSIONS

Synthesis  of  coordination compounds consisting of
Cu(II),  Co(II),  piperaquine,  and  diclofenac  have
been  carried  through  a  reflux  mechanism.  The
characterization results provide succinct evidence of
coordination involving the two ligands, piperaquine
and diclofenac each as bidentate, through NH, COO
and Cl groups, suggesting octahedral geometry, low
spin,  paramagnetism  in  both Cu(II)  and  Co(II)
complexes.  Powder  XRD  data  reveals  the  basic
morphology  of  the  complexes  as  polycrystallites
consisting  of  simple,  face-centered  and  body-
centered  cubes  with  the  overall  orthorhombic
arrangement but not as single crystals possibly due
to  the  presence  of  some  impurity  even  after
recrystallization. The in silico biological studies show
that  the  synthesized  complexes  possess  strong
potentials  for  interaction  with  various  biological
targets  as  therapeutic  agents  and  demonstrate
lesser  expression  for  toxicity.  The  in  vitro
antioxidant  and  antibacterial  assays  portray  the
complexes with higher antioxidant and bactericidal
efficacy than the parent ligands and some renowned
standards.  Although,  the  limitations  in  this  study
include the inability to obtain single crystals of the
complexes  through  which  the  exact  atomic
arrangements  could  be  depicted  by  X-ray
crystallography. Further analyses such as the TGA
and EPR could provide more accurate information on
the  coordinated  water  molecules  as  well  as  the

suggested  paramagnetism,  and  more  robust
biological experiments are required for future study.
However, the research represents a promising model
for  novel  antioxidant  and antibacterial  therapeutic
designs.
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