


analgesic,24 antidepressant and anxiolytic.25,26 In general, these
activities are attributed to the presence of the toxophoric 4NCS
group and the strong aromaticity in the thiadiazole ring system
caused by its two double bonds.18,27

In recent years, transition metal complexes containing
organic N-, S-, O- and P donor ligands have been increasingly
used as precursors for the synthesis of well-defined inorganic
nanomaterials due to their convenient preparation under mild
reaction conditions, excellent reproducibility, and high product
quality.28 Recently, we have reported the synthesis of some late
transition metal complexes based on bis-(3-mercapto-1,2,4-
triazole) and pyrazole derivatives and their application as
precursors for the fabrication of the corresponding nano-
scaled metals or metal oxides.29–31 Moreover, we have found
that the nanostructured materials can be produced from coor-
dination compounds in the absence of any surfactant since the
ligands (1,2,4-triazole and pyrazole derivatives) may act as
capping agents. However, to the best of our knowledge, only a
few articles deal with the preparation of these nanoparticles
from palladium coordination compounds.32

Continuing our ongoing interest in the chemistry of nitrogen
and sulfur heterocycles and their behavior towards late transition
metal ions,33–35 herein, we wish to report the synthesis and
molecular structure of the first palladium complex containing
1,4-bis(5-amino-1,3,4-thiadiazol-2-sulfanyl-methyl)benzene. Due
to notable biological activities of 1,3,4-thiadiazoles and their
complexes, we primarily assessed the anticancer and antibacterial

activities of the synthesized complex. Since such coordination
complexes have the potential to be a suitable precursor for metal-
based nanomaterials,28 the thermal behavior of the synthesized
complex was also explored and the chemical nature, morphology,
and size of the final product (upon pyrolysis) were elucidated.

2. Results and discussion
2.1. Synthesis and characterization of 1�DMF

Complex 1�DMF can be obtained through the reaction of L
(ESI†) with palladium(II) chloride in a molar ratio of 1 : 1 in
dimethylformamide/acetonitrile in excellent yield as a yellowish
air-stable solid mass (Scheme 3).

In the 1H NMR spectrum of 1�DMF in DMSO (Fig. SF4, ESI†),
the signals of the protons of S–CH2 moieties and the aromatic
ring can be observed as multiplets at d = 4.08–4.39 and
6.90–7.37, respectively. The signal at d = 7.38 ppm for one
proton and the multiplets at d = 8.39–9.03 for three protons are
due to the NH2 protons that are exchangeable by D2O (Fig. SF5,
ESI†). The splitting of the signals to multiplets with respect to
those in the free ligand (ESI†) indicates that the ligand occurs
in a non-symmetric mode in the complex. Furthermore, the
1H NMR spectra include three signals at d = 7.95, 2.89, and
2.73 ppm assignable to the CHO group and two methyl moieties
of the DMF molecule in the complex. The FT-IR spectra of
1�DMF show two bands at 3106 cm�1 and 3169 cm�1, which can

Scheme 1 Thio thione or amino imino tautomerism in 5 amino 2 sulfanyl 1,3,4 thiadiazole.

Scheme 2 Possible coordination modes of 5 substituted 2 mercapto 1,3,4 thiadiazole.



be assigned to the valence vibrations of NH bonds of the NH2

moieties (Fig. SF6, ESI†). Moreover, the C N and C–S vibrations
can be observed at 1651 and 723 cm�1. Besides, the Far-IR
spectrum of 1�DMF exhibits two absorption bands at 277 and
327 cm�1, which can be ascribed to the Pd–Cl and Pd–N
vibrations, respectively (Fig. SF7, ESI†).

2.2. Crystal structure analysis of complex 1�DMF

Crystallographic data and selected bond distances and angles
are given in Tables 1 and 2, respectively. According to the

crystallographic data, the complex crystallizes in the monocli-
nic P21/c space group. Complex 1�DMF consists of one neutral
palladacycle, [Pd(L)Cl2] (1), along with one solvent molecule
DMF (Fig. 1).

According to the determined molecular structure, the bito-
pic ligand acts as a bidentate one and coordinates to the metal
center through nitrogen atoms (N2 and N5) of the two hetero-
cycles in a cis fashion. The square planar coordination around
the metal center is completed by two chlorine atoms (Fig. 1,
Cl1–Pd1–Cl2: 91.39(2)1, N2–Pd1–Cl1: 89.901, N5–Pd1–Cl2:
89.691 and N5–Pd1–N2: 89.421). The Pd–N- and Pd–Cl bond
lengths (meanly 2.02 Å and 2.29 Å, respectively) are in good
agreement with the range observed in other cis-
dichloropalladacycles containing nitrogen donor ligands.36,37

Furthermore, the solvent molecule acts as a bridging agent
between two 1,3,4-thiadiazole rings. It links their NH2 groups
through its oxygen atom (O1) via medium-strong hydrogen
bondings (N6� � �O1 : 2.96(2) Å, N6–H6A� � �O1 : 171.4(3)1,
N1� � �O1 : 2.84(2) Å, and N1–H1A� � �O1 : 169.8(3)1) and may be
responsible for further stabilization of the complex (Fig. 1).

Furthermore, the dihedral angles between the ‘‘best planes’’
of the benzene ring and the heterocycles (A: C1, S1, N2, N3, C2),
(B: S4, C11, N4, N5, C12) and (C: C8, C7, C6, C5, C4, C9) are
42.12 (6)1 (A and C) and 45.37 (7)1 (B and C). Moreover, the two
heterocycles coordinating to palladium atoms are tilted by
85.231 with respect to each other.

The crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre (CCDC) as supple-
mentary publication number CCDC 2006283 (1�DMF).†

Scheme 3 Synthesis route of 1�DMF.

Table 1 Crystal data and structure refinement for 1�DMF

Emp. formula C15H19Cl2N7OPdS4

Formula mass 618.91
Crystal size [mm] 0.24 � 0.05 � 0.04
Crystal system Monoclinic
Space group P21/c
a [Å] 8.138(1)
b [Å] 23.012(4)
c [Å] 12.305(2)
a [1] 90
b [1] 96.063(1)
g [1] 90
Volume [Å3] 2291.7(6)
Z 4
Dcalcd [g cm 3] 1.794
Absorp. correct.
m [cm 1] 8.184
F(000) 1240.0
Temp. [K] 180.2
2Y range for data collection/1 6.68 to 124.99
Index range
h 10 - 10
k 30 - 30
l 16 - 8
Reflect. collected 23 896
Radiation Ga Ka (l 1.34143)
Uniq. reflect. (Rint, RSigma) 5473 (0.0173, 0.0119)
Reflect. with I Z 2s (I) 5062
Parameters 347
Goodness of fit on F2 1.024
Final R indexes [I Z 2s (I)] R1 0.0279, wR2 0.0756
Final R indexes [all data] R1 0.0301, wR2 0.0770a

Largest diff. peak/hole/e Å 3 0.80/ 1.03
CCDC number 2006283

a w 1/[s2(Fo
2) + (0.0476P)2 + (1.8570P)]; P [max(Fo

2, 0) + 2 Fc
2]/3.

Table 2 Selected bond distances [Å] and bond angles [1] of 1�DMF

Pd1 Cl1 2.281(6) S3 C10 1.842(3) Cl1 Pd1 Cl2 91.39(2)
Pd1 Cl2 2.301(6) S3 C11 1.746(2) N2 Pd1 Cl1 89.80(6)
Pd1 N2 2.017(2) S4 C11 1.745(3) N2 Pd1 Cl2 174.06(6)
Pd1 N5 2.015(2) S4 C12 1.735(2) N5 Pd1 Cl1 176.91(6)
S1 C1 1.735(2) C13 O1 1.235(3) N5 Pd1 Cl2 89.69(6)
S1 C2 1.734(3) C13 N7 1.324(3) N5 Pd1 N2 89.42(8)
S2 C2 1.753(2) C14 N7 1.457(4) C2 S2 C3 98.18(1)
S2 C3 1.842(3) C15 N7 1.447(4) C11 S3 C10 100.01(1)



2.3. In vitro cytotoxicity studies

2.3.1. Cell viability assay. The cytotoxicity evaluation of L
and 1�DMF against the HCT-116 cell line (Fig. 2) showed that
the increase in their concentration reduced the cell viability
percentage; hence, the cancer cell line viability of the tested
compounds turned out to be dose-dependent. The IC50 of
complex 1�DMF is 500 mM, while it was 1000 mM for L.
The results revealed that the effectiveness of the complex was
higher than the free ligand. However, 1�DMF displayed poor
anticancer activity and remained ineffective against the test
cell lines with respect to the other palladium complexes
(18.09 mM,38 119.0 mM39 and 100 mM40) and cisplatin
(5.18 mM41 and 23.92 mM42) as a standard anticancer drug.
Therefore, 1�DMF was not found to be a suitable candidate for
an anticancer drug.

2.3.2. Morphological assessments. The DAPI stained mor-
phologically normal nuclei blue having round shape, and sharp
edges are shown in the control groups (Fig. 3), leading to a
significant increase in rounded cells in L and complex 1�DMF
groups. Consequently, it was clearly observed that apoptotic
cells were increased due to the presence of deformed and
fragmented nuclei with condensed chromatin in the L or
1�DMF groups (shown with arrows). In addition, the apoptotic

cells in the complex 1�DMF groups were more than in the
L groups. Consequently, cancer cell death in the complex
1�DMF groups was greater than in the ligand groups indicating
more effectiveness of complex 1�DMF. This result was in agree-
ment with MTT assay results.

2.3.3. Antibacterial activity. The antibacterial activity of the
ligand and its palladium(II) complex was tested in vitro against
two pathogenic bacterial strains involving one Gram-negative
(Escherichia coli ATCC 25922, PTCC 1399) and one Gram-
positive bacterial strain (Staphylococcus aureus ATCC 6538,
PTCC 1112). The bacterial suspensions treated with the ligand,
its palladium complex along with the ligand- and complex-free
control samples after cultivation (r.t., 24 h) and incubation
(37 1C, 24 h) are presented in Fig. SF8 and SF9 (ESI†).
The results of the biological investigations are summarized in
Table ST1 (ESI†). According to the test results, the complex
exhibits excellent antibacterial activity towards Gram-negative
as well as Gram-positive bacterial strains, since almost no
bacterial colonies could be observed in the cultures treated
with the complex after cultivation and incubation for all the
dilutions (Fig. SF8c and SF9c, ESI†). Yet, the ligand displays
higher activity against Gram-negative bacterial strains than
against Gram-positive ones. The rates of antibacterial activity
against Gram-negative bacterial strains of 99.93% for 1�DMF
and 99.33% for L indicate that the ligand and its palladium
complex show similar strong biological effects towards this
microorganism. This is while the antibacterial rates of the test
samples against Gram-positive bacteria were found to be
99.33% for 1�DMF and 84% for L, which represents an increase
in the antibacterial potency of the ligand after coordination to
the metal ion.

2.4. Thermal gravimetric analysis

The thermal stability of the complex has been studied using the
thermal gravimetric analysis technique (TGA). The TG curve of
the complex undergoes a decomposition process over three
stages (Fig. 4). The initial weight loss from ambient tempera-
ture to 230 1C is associated with the removal of one DMF
molecule along with the two NH2 groups of the ligand (found:
13.9%; calc.: 14%). The observed weight loss in the temperature
region of 230 1C to 317 1C is related to the removal of two halide
ions (found: 11.2%, calc.: 11%). Finally, the last thermal
decomposition occurs in the temperature range of
317–450 1C, which could be attributed to the total decomposi-
tion of the ligand (found: 54.9%, calc.: 54.3%). The TG analysis
of 1�DMF revealed that the final product of the thermal
decomposition of the complex at 600 1C is PdO (found:
19.93%, calc.: 19.7%). In order to determine the chemical and
morphological structure of the final product from the TG
analysis, the resulting material (sample) was analyzed via
X-ray powder diffraction (XRD), scanning electron microscopy
(SEM) and energy-dispersive X-ray spectroscopy (EDX). The
sharp diffraction peaks observed in the powder XRD pattern
of the sample (Fig. SF10, ESI†) indicate a high crystallinity of
the sample. The XRD pattern shows solely the reflections from
the (101), (110), (112), (103), (200), (004) and (211) diffraction

Fig. 2 Cell viability percentage of HCT 116 with increasing concentration
of L (blue), and complex 1�DMF (red).

Fig. 1 Molecular structure of 1�DMF (thermal ellipsoids are depicted at the
50% probability level), showing the hydrogen bondings between NH2

moieties and DMF.



planes, which are characteristic of the PdO phase (JCPDS-No.
411107) and confirm its phase purity. The EDX analysis shows
the presence of the elements palladium and oxygen, which also
confirmed the formation of PdO (Fig. SF11, ESI†). The mor-
phology of the resulting compound was determined via scan-
ning electron microscopy (SEM). The SEM image of the product
obtained from the thermolysis of 1�DMF revealed the formation
of PdO nanoparticles (Fig. SF12, ESI†). The mean crystallite size
for the PdO nanoscaled material was determined from the
Debye–Scherrer equation and was found to be 39 nm.43

3. Conclusions

In this report, a novel palladium(II) complex containing dipodal
bis-1,3,4-thiadiazole-based ligands has been introduced.
The molecular structure of complex 1�DMF revealed that ligand
L coordinates to the palladium(II) chloride moiety using its
endocyclic hydrazinic nitrogen atoms of the 1,3,4-thiadiazole
system in a cis fashion.

The screening of ligand L and complex 1�DMF against two
bacterial pathogens (a Gram-positive bacterial strain (Staphylo-
coccus aureus) and a Gram-negative bacterial strain (Escherichia
coli)) and human colon cancer cell lines (HCT-116) was carried
out. The results revealed that the cancer cell line viability of L
and 1�DMF was dose-dependent and showed cytotoxic activity

against the tested cell lines lower than cisplatin, while they
exhibited very high to excellent antibacterial activities.

The thermal investigations indicated that the complex
decomposes at about 600 1C resulting in the formation of
uniform, pure palladium(II) oxide nanoparticles (mean crystal-
lite size of 39 nm). The nature, chemical composition, and
morphology of the produced nanostructure were thoroughly
studied using various techniques.

This novel bioactive complex may be a promising candidate
for pharmaceutical applications due to its interesting antibac-
terial properties. Besides, this coordination complex may be
considered as a useful surrogate to other precursors for the
fabrication of the palladium(II) oxide nanostructure.

4. Experimental section
4.1. Materials and instruments

All reagents and solvents were purchased from Merck and
Fluka and used without further purification. The microorgan-
isms used in this study were obtained from the microorganism
bank of the Iranian Biological Resource Center.

FT-IR spectra were recorded as KBr discs (4000–400 cm�1) or
Nujol mulls (CsI cells 500–200 cm�1) using a PerkinElmer 400
spectrometer. The 1H NMR spectra were recorded on a Bruker-
AQS AVANCE 300 MHz spectrometer using TMS (d = 0.0 ppm)
as an internal standard. LC/MS-API was recorded on an alliance
2695 system. Elemental analyses (C, H, and N) were performed
on an Elementar Vario EL III elemental analyzer. Thermogravi-
metric analysis (TGA) was performed on a Mettler-Toledo
TGA/SDTA 851e thermal analyzer in a flowing air atmosphere
at a heating rate of 10 1C min�1 from 25 to 800 1C. The powder
X-ray diffraction measurements were carried out using an
X’PERT-PRO diffractometer with a Cu anode that generated
Cu Ka radiation, l = 1.5406 Å.

4.2. Synthesis of complex 1�DMF

To a hot solution of L (0.1 g, 0.27 mmol) in DMF (10 mL) was
added a hot solution of PdCl2 (0.048 g, 0.27 mmol) in CH3CN
(10 mL) under stirring and the resulting mixture was stirred for
24 h. The completion of the reaction was monitored by TLC,
using n-hexane : ethyl acetate : ethanol (5 : 3 : 1) as an eluent.
The yellow precipitate was filtered, washed with DMF and
CH3CN (10 mL for each solvent) and air dried. Yield: 0.15 g

Fig. 3 DAPI staining of (a) control, (b) L, and (c) complex 1�DMF onto treated HCT 116.

Fig. 4 TGA curve of complex 1�DMF.



for 20 min at room temperature and washed once more with
PBS. The DAPI solution (1 mg mL�1) was added to each well of
cells and was left for 10–60 s. Then, the unincorporated DAPI
solution was removed, and the wells were washed with PBS.
Finally, the wells were observed using a fluorescence
microscope.

4.4.3. In vitro antibacterial assay. The antibacterial beha-
vior of the ligand and its palladium complex against two
bacterial strains was evaluated using the plate colony-
counting method. In order to determine the rate of bacterial
growth, bacterial suspensions of Staphylococcus aureus (ATCC
6538, PTCC 1112) and Escherichia coli (ATCC 25922, PTCC 1399)
were prepared using the direct colony method, where the
colonies were taken directly from the plate of fresh-cultivated
bacteria and were suspended in sterile 0.9% normal saline.
Then, these initial suspensions were adjusted to match the
turbidity of a 0.5 McFarland standard (corresponding to the
1.5 � 108 colony forming units (CFU) per mL using 0.05 mL
1.175% w/v BaCl2�2H2O + 99.5 mL 1% w/v H2SO4). The initial
suspensions were then 10-fold serially diluted (up to 10�2) in
saline (0.9%). The resulting suspension with a concentration of
1.5 � 106 CFU per mL was also used as the control sample
(blank sample). On the other hand, the solutions of the ligand
and its palladium complex in dimethyl sulfoxide (5 mM) were
prepared by dissolving the ligand (3.68 g, 10 mmol) in DMSO
(2 mL) and 1�DMF (6.19 g, 10 mmol) in DMSO (2 mL) and used
as test substances. The bacterial suspensions (2 mL) were next
spread over the surface of nutrient agar plates containing the
test substances (0.5 mL). The plates were incubated at ambient
temperature for 24 h. After incubation for 24 h at 37 1C, the
samples were 10-fold serially diluted in saline (up to 10�5).
1 mL of each dilution was transferred to agar plates. The
number of surviving bacterial colonies (measured in CFUs)
was quantitated after cultivation at ambient temperature for
24 h and subsequent incubation of the plates at 37 1C for 24 h.
The rates of colony-forming units (R) were calculated considering
the dilution factor using the following equation:

R = [(N control N sample)/N control] � 100%

where N control and N sample represent the average number of
bacterial colonies of the control sample (containing no anti-
bacterial agent), and ligand- and complex-test samples, respec-
tively. All the tests were performed in triplicate.
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(90%), mp: 285 1C (dec.); elemental calculations for 
C15H19Cl2N7OPdS4 (618.94): C, 29.11; H, 3.09; N, 15.84. Found: 
C, 29.18; H, 2.94; N, 15.45%. FT-IR (KBr, n, cm�1): 3403 (m), 
3366 (m), 3253 (m, nN–H), 3169 (m, nN–H), 2969 (w), 2731 (w), 
1643 (s), 1618 (s, nC N), 1513 (s), 1422 (m), 1388 (w), 1346 (w), 
1246 (w), 1096 (s), 1025 (m), 888 (w), 833 (w), 779 (w), 662 
(w, nC–S), 633 (w), 558 (w), 475 (w). FT-IR (Nujol mull, n, cm�1): 
327 (m, nPd–N), 277 (m, nPd–Cl). 1H NMR (d, DMSO-d6, 500 MHz): 
8.4–9.03 (m, 3H, NH2, exchangeable with D2O), 7.95 (s, 1H, 
CHDMF), 7.38 (s, 1H, NH2, exchangeable with D2O), 6.90–7.35 
(m, 4H, CH Ar), 4.08–4.39 (m, 4H, CH2S), 2.73 and 2.89 (s, 6H, 
CH3DMF).

4.3. Crystal structure analysis of complex 1�DMF

The selected crystal of 1�DMF was covered with perfluorinated 
oil and mounted on a STOE StadiVari single-crystal diffract-
ometer (Ga Ka radiation with l = 1.34143 Å). The orientation 
matrix and the unit cell dimensions were determined from 
30 375 reflections. Using Olex2,44 the structure was solved with 
the ShelXT45 structure solution program using Intrinsic Phas-
ing and refined with the ShelX46 refinement package using 
Least Squares minimization. All non-hydrogen atoms were 
refined with anisotropic displacement parameters; hydrogen 
atoms could be localized and were refined freely.

4.4. In vitro cytotoxic assay

4.4.1. MTT assay. The MTT assay was performed on human 
colon cancer cell lines, HCT-116, for the evaluation of cell 
viability of L and complex 1�DMF. For this purpose, plates of 
96 wells were filled with 100 mL culture medium containing 
5 � 103 seeded cells and incubated at 37 1C for 24 h. After 
medium removal, the cells were treated with the above two 
compounds in the range of 0–4 mM for 72 h. 10 mL of MTT 
solution (5 mg mL�1 in RPMI-1640 without phenol red) was 
then added to each well and incubated in darkness at 37 1C for 
4 h to form formazan crystals. Finally, the media were removed, 
and the formazan crystals were dissolved by the addition of 
DMSO (100 mL). The absorbance of the supernatant solution 
was recorded after 20 min at 570 nm using a Microplate Reader 
(Biotek, USA). Cell viability percentage was determined as 
follows:

Cell viability = (ODtreated/ODcontrol) � 100%

where ODtreated and ODcontrol are the optical densities of the 
treated cells and untreated cells, respectively.

4.4.2. DAPI staining. DAPI is a blue fluorescent probe that 
fluoresces brightly upon selective binding to the minor groove 
of double-stranded DNA, where its fluorescence is approxi-
mately 20-fold greater than in the non-bound state.47 DAPI 
staining can be demonstrated by apoptotic induction and 
nuclear change of cancer cell lines treated with the drug 
candidate. In this experiment, the colon cancer cell lines 
HCT-116 were seeded in 6-well plates. After the cells reached 
the desired density, they were treated with IC50 of the ligand 
(1000 mM) and complex 1�DMF (500 mM) for 72 h, separately.48 

The wells were then washed with PBS and fixed with methanol
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