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A B S T R A C T   

Triple-Negative Breast Cancer (TNBC) is a highly aggressive form of breast cancer. The high rate of metastasis 
associated with TNBC is attributed to its multidrug resistance, making the treatment of this metastatic condition 
difficult. The development of metal-based antitumor agents was launched with the discovery of cisplatin, fol-
lowed by the development of related antitumor drugs such as carboplatin and oxaliplatin. Yet, the severe side 
effects of this approach represent a limitation for its clinical use. The current search for new metal-based anti-
tumor agents possessing less severe side effects than these platinum-based complexes has focused on various 
complexes of nickel and palladium, the group 10 congeners of platinum. In this work, we have prepared a series 
of SCS-type pincer complexes of nickel and palladium featuring a stable meta-phenylene central moiety and two 
chelating but labile thioamide donor moieties at the peripheries of the ligand. We have demonstrated that the 
complexes in question, namely L1NiCl, L1NiBr, L1PdCl, L2PdCl, and L3PdCl, are active on the proliferation of 
estrogen-dependent breast tumor cells (MCF-7 and MC4L2) and triple-negative breast cancer (4 T1). Among the 
complexes studied, the palladium derivatives were found to be much safer anticancer agents than nickel 
counterparts; these were thus selected for further investigations for their effects on tumor cell adhesion and 
migration as well. The results of our studies show that palladium complexes are effective for inhibiting TNBC 4 
T1 cells adhesion and migration. Finally, the HOMO and LUMO analysis was used to determine the reactivity and 
charge transfer within the compounds.   

Breast cancer (BC) is the most common cancer in women worldwide 
and the second most common cancer overall1. Immunohistochemical 
(IHC) analysis of the tumor expression has revealed three breast cancer 
subtypes: estrogen/progesterone dependent (ER/PR+), the epidermal 
growth factor 2 dependent (HER2+) and Triple-Negative Breast Cancer 
(TNBC)2. The latter, TNBC, which lacks the expression of all three re-
ceptors (ER, PR and HER2), is a highly aggressive breast cancer subtype 
that is responsible for about 20% of breast cancers. The high rates of 

metastasis in these cells is associated with the fact that they frequently 
display multidrug resistance, thus complicating the treatment of this 
metastatic effect3–4. The pattern of metastatic spread in TNBC is 
different from other breast cancer subtypes, frequently resulting in a 
higher likelihood of brain and lung cancer, and less frequently bone 
lesions5. In addition, no specific chemotherapy agent is able to cease 
metastatic spread, and most patients with TNBC die from advanced 
disease within 20 months post progression5,6. 
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Cisplatin and its derivatives, oxaliplatin and carboplatin, are the only 
metal-based chemotherapeutic drugs approved for worldwide clinical 
practice. They have been used and are effective for the treatment of 
numerous human cancers. However, cisplatin has been reported to cause 
drug resistance and several undesirable side effects such as allergic re-
actions, decreased immunity to infections, severe kidney problems, 
gastrointestinal disorders, haemorrhage, and hearing loss7,8. All these 
shortcomings have motivated extensive investigations into alternative 
metal-based cancer therapies that effectively target both cancer cell 
proliferation and metastasis. 

In this context, it has been shown that studying anticancer activity of 
non-platinum metal-based complexes (NPMBC) as chemotropic agents is 
of great importance. For instance, it has been demonstrated that 
NPMBC, besides enhancing the potential of anticancer therapies, can be 
used as monotherapy to prevent cancer cell migration, invasion and/or 
metastasis8–11. These findings were confirmed by Paholak et al.12 using 
an in vivo model. 

In another study, Biancalana et al.13 observed that ruthenium com-
plexes have good cytotoxic activity, with IC50 values substantially lower 
than the values obtained with cisplatin on MDA-MB-231 cells. These 
differences could be due to having different mechanisms of action; for 
instance, cisplatin and ruthenium-based complexes might differ in the 
activation of p53-dependent or p53-independent checkpoints14–17. Since 
platinum-based drugs and NPMBC act on different pathways, NPMBC 
could lead to entirely new therapeutic options for patients with TNBC 
resistant to platinum-based drugs. 

Of great relevance to this topic, many bioactive sulfur-containing 
compounds have displayed protective effects against different types of 
cancer. More interestingly, they are reported as radical scavengers for 
protecting cells from free radicals18. Sulfur-containing compounds also 
interact easily with reactive oxygen species (ROS) owing to their strong 
nucleophilic property19. Thus, the thiyl radical fragment is very 
important for radical scavenging and anti-proliferative effects of these 
family of compounds. 

The above-mentioned points have spurred us to rationally design 
metal-based and sulfur-containing complexes that might possess anti-
cancer properties. In our previous works, we prepared a family of nickel 
complexes featuring SCS thioamide-based pincer ligands20–21. We 
showed that the thioamide-bearing pre-ligands react with the nickel 
precursor via C–H metallation to give nickel complexes chelated by a 
tridentate pincer-type ligand and adopting an approximately square 
planar geometry. This study also examined the antiproliferative activity 
of these nickel complexes against hormone responsive breast cancer 
cells. Our results showed that the nickel compounds had promising 
antitumor activity in vitro, as well as in vivo administration of the 
compound containing iodide ligand and pyrrolidine component in the 
thioamide moieties. These compounds significantly inhibited tumor 
growth in the estrogen-dependent MC4L2 cancer cells in female BALB/c 
mice. We posited that the coordination geometry imposed by the SCS 

ligand played a pivotal role in the biological behavior of the complex. 
Indeed, preliminary studies showed that the planar geometry of these 
compounds are beneficial for promoting drug-DNA intercalation. 

The present study presents a comparison of closely related SCS-type 
pincer complexes of nickel bearing different halide ions, chloride and 
bromide. It is known that halide ions play a critical role in regulating the 
activities of metal-based drugs. For instance, the interaction between 
cisplatin and DNA is related to the presence of labile chloride ions that 
can be exchanged for water molecules, hence forming an electrophilic 
complex22. This leads to the platinum ion interacting with DNA at the N7 
positions of either two guanine or guanine and adenine bases, hindering 
DNA replication and can inhibit transcription. In view of the major role 
played by halide ions in the mechanism of preventing tumor progress, 
we set out to compare antitumor effects of nickel complexes with various 
halides (chloride, bromide and iodide). 

A second focus of the present study is on palladium-based anticancer 
therapeutics. Palladium is very similar to platinum in both its chemical 
and physical properties. Thanks to this similarity, palladium compounds 
have been regarded as a good alternative for platinum antitumor drugs 
for decreasing severe side effects of cisplatin and its family of complexes. 
In general, palladium complexes are less toxic than their platinum 
counterparts. For example, LD50 (median lethal dose) of platinum 
chloride administered orally in rats is 276 mg/kg, while this figure is 
2704 mg/kg for palladium, representing a tenfold lower toxicity for the 
Pd salt22. The lower toxicity of the palladium compounds leads to less 
severe side effects. Many palladium-based anticancer drugs have been 
prepared with sulfur donor ligands, since sulfur-containing compounds 
have also been shown to reduce nephrotoxicity23. 

Therefore, we have prepared a family of palladium complexes 
featuring thioamide ligands for the sake of their activity against different 
breast cancer types. It is worth noting that existing chelating ligands 
promoting metallacyle formation are privileged, as these factors can 
stabilize palladium ions, thus reducing their lability in physiological 
media. It is worth emphasizing that to date no account has been pub-
lished on biological activity and anticancer effect of SCS palladium 
complexes. We believe that palladium ions featuring planar geometry 
and S-donor ligands will have a great impact on the antitumor potency 
of Pd pincer complexes in this project. Therefore, the aim of this work is 
to compare the activities of structurally similar nickel and palladium 
complexes on healthy cells and different types of hormone responsive 
and non-responsive breast tumor cells and, after identifying the more 
cytotoxic complexes, to further investigate their effects on TNBC cell 
adhesion and migration in vitro. MCF-7, MC4L2 and 4 T1 are the three 
cell lines that are treated with nickel and palladium complexes as anti-
cancer agents here. MCF-7 is a double positive human breast cancer 
(ER/PR+ and HER2–). MC4L2 is a triple-positive mouse breast cancer 
cell line (ER/PR/HER2+) and 4 T1 is a triple-negative mouse breast 
cancer cell line (ER/PR/HER2–). 

The synthetic methodology used for the preparation of the L1NiCl 

Scheme 1. Synthesis of pincer complex L1NiCl.  
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and L1NiBr via C–H nickelation is shown in Schemes 1 and 2. The SCS 
proligand HL1 was synthesized by the Willgerodt–Kindler reaction 
described in the previous publication24. An initial effort for the prepa-
ration of both complexes was unsuccessful. Unlike the metallation re-
action of this ligand with NiI2 precursor21, preparing chloride and 
bromide counterparts was more challenging and required optimized 
reaction conditions. Initial attempts involving the use of precursors such 
as anhydrous NiCl2 or Ni(OAc)2 proved unsuccessful, regardless of 
whether the reactions were carried out (a) in the presence or absence of 
triethylamine (NEt3), (b) using polar or non-polar solvents, and (c) at 
room temperature or with heating. Optimization studies indicated that 
the crucial factor in the synthesis was the use of the nickel precursor Ni 
(dppp)Cl2 (dppp = 1,3-bis(diphenylphosphino)propane). Using this 

precursor, the C–H nickellation reaction proceeded smoothly to give 
the SCS-type complex L1NiCl. (Scheme 1). The reason for this is likely 
that dppp is playing the role of base here, absorbing the HCl generated in 
the reaction. Moreover, with dppp, we have a monomer that reacts more 
easily, whereas with NiCl2 we have a polymer and the pincer ligand is 
not able to break it up easily. 

Interestingly, the synthesis of the bromo analogue L1NiBr proceeded 
by stirring HL1 with NiBr2, but in this case NEt3 was required to promote 
the C–H nickelation step (Scheme 2). As mentioned above, we have 
reported the synthesis route of iodo analogue L1NiI previously.21 

Comparisons between L1NiCl, L1NiBr and L1NiI, show that the latter 
complex is straightforwardly synthesized without the presence of a base. 
The difference between halide analogues may be attributed to the 
stronger Ni-halide bond which diminishes the formation of the C-Ni 
bond. 

L1NiCl and L1NiBr are stable in ambient atmosphere (moist air) and 
show good solubility in organic solvents such as CH2Cl2, CHCl3, DMF, 
and DMSO. Full characterization of both complexes was accomplished 
by 1H NMR, 13C{1H} NMR, IR, UV–vis spectroscopies and elemental 
analysis. The IR spectra of both complexes show that the ν(C–N) for the 
thioamide group has shifted to higher frequencies relative to the free 
ligand (1508 vs 1498 cm− 1, which implies a moderate reinforcement of 
the C–N interaction in L1NiCl and L1NiBr as a result of S-coordination 
of the thioamide group24. Furthermore, the ν(C–S) vibrational 

Scheme 2. Synthesis of pincer complex L1NiBr.  

Table 1 
Electronic spectral data of HL1, L1NiCl and L1NiBr.  

Compound λmax (nm) ε (Lmol− 1 cm− 1 Assignment 

HL1 230 40,477 π → π*  
285 29,883 n → π* 

L1NiCl 249 94,230 LC  
475 9725 d → d 

L1NiBr 249 60,883 LC  
475 6706 d → d  

Fig. 1. 1H NMR spectrum of L1NiBr showing the equilibrium reaction with solvent.  
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frequencies assigned to the stretching and bending modes of complexes 
were observed at 1170–1174 cm− 1 and 615 cm− 1, respectively, relative 
to the corresponding free ligand values 1170 and 709 cm− 1.25,26 

Both complexes exhibit an intense electronic absorption band at λmax 
249 nm in their UV–vis spectra (Fig. S1 and Table 1), which is assigned 
to the LC (ligand-centered) transition in the HL1.27 Moreover, they show 
absorption at about 475 nm ascribed to a d–d transition1A1g→1A2g). The 
low energy band is typical of d–d transition in square planar Ni(II) 
complexes with a mixed coordination sphere containing nitrogen, oxy-
gen, and sulfur atoms.28 The 1H NMR spectra of the complexes (Fig. 1) 
document the disappearance of the signal for C2-H of the central ben-
zene ring. The 13C{1H} NMR spectra also provide support for the C–H 
nickelation at the C2 position: a significant downfield shift is noted for 
the C2 carbon resonance relative to the corresponding resonance in the 
free proligand HL1 (δ 145.1–147.0 ppm vs. δ 128.5 ppm). The impact of 
the interaction between the Ni center and the aryl moiety is also 
apparent in significant shifts in the 13C resonances of the aromatic 
ring.24 It is also worth noting that these spectra show two sets of signals 
in the aliphatic and aromatic regions for L1NiBr, indicating two species 

involved in dynamic exchange.21,29–32 This is thought to arise from the 
equilibrium displacement of the labile halides by the fairly nucleophilic 
solvent CD3CN, thus forming in-situ generated cationic complexes. 
Finally, the 13C signals appearing downfield of δ 195 ppm are ascribed to 
the thioamide carbon (C––S) in these complexes. 

Fig. 2 illustrates the solid state structures of L1NiCl and L1NiBr, 
assigned by X-ray crystallography; the crystallographic data and 
selected bond lengths and angles of the complexes are summarized in 
Tables S1 and S2, respectively. The asymmetric unit in the crystal 
structure of L1NiCl consists of half a molecule, for which the full 
molecule is generated by a C2 symmetry axis. In the packing diagrams of 
complexes, adjacent molecules are connected to each other via CH…π 
and CH…S interactions (Fig. 3 and Fig. S2). 

As shown in the molecular diagrams, the nickel(II) center in both 
complexes is bonded to a meridional, tridentate SCS pincer ligand 
forming two symmetrical 5-membered metallacycle rings. In both cases, 
sum of the bond angles around the Ni(II) center is ca. 360◦, indicating a 
nearly ideal square planar molecular geometry. On the other hand, there 
is a slight tilting of the central benzene ring out of the coordination 

Fig. 2. The molecular structure of L1NiCl (A) and L1NiBr (B) with displacement ellipsoids drawn at the 50% probability level.  
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plane, as reflected by the angle between this ring and the SCS plane: 
2.38◦ (L1NiCl) and 3.78◦ (L1NiBr). The Ni1–Cl1 and Ni1–Br1 bond 
lengths are 2.2262(5) and 2.3643 (9) Å, respectively, which are smaller 
than the reported Ni1–I bond length (2.5620 (7) Å) in L1NiI.21 

Moreover, the Ni–C(aryl) bond lengths in two SCS complexes are 
1.873(2) Å (L1NiCl), and 1.863 (5) Å (L1NiBr). These are within range of 
the corresponding distances reported for nickel SCS complexes,21 as well 
as m-phenylene-based nickel PCP pincer and C,P cyclonickellated com-
plexes (1.880(2)–1.931(2)),33–35 but longer than in the recently pub-
lished nickel NCN pincer complexes (1.822(2)–1.825(5).36 

To evaluate the in vitro cytotoxicity of the nickel complexes, the 
triple-negative 4 T1 and the estrogen-responsive MCF-7 breast cancer 
cell lines were exposed to each of the L1NiCl and L1NiBr at the con-
centrations of 10 µM to 100 µM for 48 h. The MTT-dye reduction method 
was employed to determine the half-maximal inhibitory concentration 
(IC50) of the complexes. The cytotoxic activity of cisplatin, a standard 
anti-cancer drug, was evaluated under the same experimental conditions 
for comparison proposes. Both nickel complexes displayed good cyto-
toxicity against 4 T1 and MCF-7 breast cancer cells; they also showed 
low toxicity (IC50 values >100 µM) on MF normal cells when compared 
with cisplatin. 

As shown in Fig. S3, the compounds display concentration- 

dependent cytotoxicity against both cancer cell lines. L1NiBr has 
potent cytotoxic activity against 4 T1 and MCF-7 cancer cell lines with 
IC50 values of 65 µM and 26 µM, respectively (Table 2). Higher cytotoxic 
activity was observed on 4 T1 and MCF-7 cancer cell lines treated by 
L1NiCl with IC50 values of 19 µM and 25 µM, respectively. Thereby, the 
latter exerted high cytotoxicity on both estrogen-responsive and unre-
sponsive breast cancer. The reason for this may be attributed to the 
structure of L1NiCl. As crystallographic data have shown, this com-
pound possesses a regular square planar geometry without any devia-
tion, making the complex ideally suited for potential intercalation into 
DNA, which is likely to result in enhanced antitumor activity. 

We evaluated the cytotoxicity of three palladium(II) complexes 
(L1PdCl, L2PdCl and L3PdCl) against three breast cancer cells: 
hormone-responsive (MCF7), triple-positive (MC4L2) and triple- 
negative (4 T1). These complexes possess structures based on tri-
dentate thioamide ligands with pyrrolidine, piperidine and morpholine 
moieties (Fig. 4). All three breast cancer cells were incubated with 
different doses of the palladium complexes (5–200 μM) with different 
exposure times (24, 48, and 72 h). As was the case for the nickel com-
plexes, the cytotoxic activity of cisplatin was evaluated under the same 
conditions as a standard reference for comparison purposes. IC50 values 
were calculated from curves constructed by plotting cell viability (%) 
versus compound concentration (µM) (Fig. S4). 

The results indicated that reduction of cancer cell viability for three 
complexes is time- and dose-dependent, and cell death has increased 
with growing compound concentrations (Table 3). One striking point is 
that L2PdCl containing piperidine moiety was almost more cytotoxic 
among three complexes in the aforementioned times. In addition, 
L2PdCl and L3PdCl are complexes that are effective at a short exposure 
time of 24 h. The activity of L3PdCl at this time could be attributed to the 
existing of morpholine rings in its structure, it seems that the presence of 
oxygen in the morpholine unit may exert influence on its antitumor 
activity. One likely reason for this behavior may be the participation of 
oxygen in donor–acceptor type interactions with the substrate, i.e., 
formation of a strong complex with its target.37 For instance, it can 
engage in H-bonding with the amino acid residues and nucleotides in 
protein and DNA of damaged cells, and this may accelerate denaturation 
of their structures in the cancerous cells. Further studies such as DNA- 
binding analysis are needed to determine the antitumor mechanism of 
complexes. Our previous study20 has shown that complex L3NiI binds to 
DNA by non-covalent interaction, broadly through the intercalation 
mode. We estimate that due to the almost flat square structure of the 
complexes, one of the possible mechanisms of interaction with DNA 
could be the intercalation binding. 

Finally, the cytotoxic activity of the complexes and cisplatin on 
normal cells MF has been assayed and the results indicated that all 
palladium complexes have lower cytotoxic effect on normal cells amid 
complexes as well as cisplatin in different exposure times. As was 
mentioned earlier, antitumor effect of SCS-nickel and -palladium com-
plexes has received little attention in the literature. Indeed, to our 
knowledge, this study is the first account of antitumor activity of SCS 
palladium complexes. Churusova et al.38 reported the preparation of the 
structurally related NNS- and NNN-type pincer complexes of palladium 
based on carboxamide ligands functionalized with amino acids. These 
compounds have been examined against a variety of cancer cells 
including MCF7 breast cancer and exhibited the range of IC50 values 
between 5.5 and 22.0 μM which is comparable with our results. 

Furthermore, their comparative studies determined that the presence 
of the sulfide ancillary donor group is crucial for cytotoxic activity of this 
type of Pd(II) complexes. In another study, the SNO-type tridentate 
pincer palladium complexes with isatin-based thiosemicarbazone li-
gands have been reported to inhibit proliferation of human breast 
(MCF7) cancer cells in vitro. The obtained IC50 values were in the range 
of 22.36–53.37 μM with a short 24 h incubation period.39 

Since many factors can influence the activity of metal complexes, it 
may be difficult to define straightforward structure–activity 

Fig. 3. Packing diagram of L1NiCl along with b axis. Adjacent molecules are 
connected with CH…π interactions. CH…S interaction is also observed among 
neighboring molecules. 

Table 2 
IC50 values (µM) of different SCS nickel and palladium complexes against 
various breast cancer and healthy cells with exposure time of 48 h. The cytotoxic 
activity of cisplatin was evaluated at the same condition as a standard reference.   

MC4L2 4 T1 MCF7 MF 

L1NiCl N.D  19 ± 0.60  25 ± 0.10 >100 
L1NiBr N.D  65 ± 0.20  26 ± 0.01 >100 
L1NiI N.D  40 ± 0.04  40 ± 0.01 >100 
L2NiI N.D  40 ± 0.01  40 ± 0.01 >100 
L3NiI N.D  40 ± 0.03  40 ± 0.01 100 
L4NiI N.D  100 ± 0.01  200 ± 0.09 >100 
L1PdCl 40 ± 0.03  40 ± 0.07  100 ± 0.01 >200 
L2PdCl 20 ± 0.23  20 ± 0.04  20 ± 0.01 >200 
L3PdCl 100 ± 0.07  100 ± 0.03  40 ± 0.41 >200 
cisplatin 10 ± 0.01  17 ± 0.08  12 ± 0.30 10 ± 0.50  
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relationships describing promising anticancer agents. However, some 
tentative conclusions can be drawn from the in vitro studies of the title 
nickel and palladium complexes, which could be helpful in further work 

on the design of new tumor active metal complexes. We tabulated IC50 
values of nine SCS nickel and palladium complexes as well as cisplatin 
against various breast cancer and healthy cells with an exposure time of 
48 h (Table 2). Some data of the table have been taken from our previous 
publications20,21 and we reported them for comparison. As mentioned 
above, the amine moieties present in the skeleton of the SCS-type pincer 
ligands, namely pyrrolidine, piperidine, morpholine, and cyclohexyl-
amine (Fig. 4), appear to play an important role in the biological 
properties probed in the present study. The highlights of our findings 
from the antitumor activity of various nickel and palladium complexes 
based on S,C,S type pincer ligands are listed below:  

(1) Among the L1Ni complexes with various halide ions, the largest 
cytotoxicity on double-positive breast cancer MCF7 cells belongs 
to L1NiCl and the cytotoxicity ratio is as follows: 
L1NiCl > L1NiBr > L1NiI. It has been established that the leaving 
group LG has a pivotal role in the drug pharmacokinetics, 
allowing the metal antitumor agent to reach its target and to get 
activated by hydrolysis with the exchange of LG labile ligands 
with water molecules.40 In this regard, the water solubility of the 
complex is an important issue that can modulate the toxicity of 
the drug.  

(2) Palladium complexes showed the lowest toxicity on healthy cells 
among the studied compounds, which is an advantage. They 
could be considered as safe antitumor agents.  

(3) Various IC50 values were obtained against different types of 
breast cancer cells using the same complex. It shows that in 
addition to the molecular structure of the complex, the structure 
of tumor cells is also effective.  

(4) L4NiI containing cyclohexylamine fragment displayed moderate 
cytotoxic activity among all complexes. It seems that the high 
steric hindrance of the amine fragment causes a decrease in 
cytotoxic activity. Similar behavior has been reported for some 
platinum complexes, in which steric effects resulted in dimin-
ishing of binding to DNA and therefore declining the antitumor 
activity.  

(5) Comparisons between nickel and palladium complexes showed 
that they showed almost the same anticancer properties against 
different cancer cells and there is not much difference between 

Fig. 4. List of nickel and palladium SCS complexes screened for antitumor activity.  

Table 3 
IC50 values (μM) obtained for L1PdCl, L2PdCl and L3PdCl against various breast 
cancer and healthy cell lines with different exposure times.   

IC50 (μM) Breast cancer cells Complex   

72 h 48 h 24 h 

40 ± 0.33 100 ± 0.01 >200 MCF7  
20 ± 0.21 40 ± 0.03 >200 MC4L2 L1PdCl 
20 ± 0.05 40 ± 0.07 >200 4 T1  
>200 >200 >200 MF  
10 ± 0.06 20 ± 0.01 200 MCF7  
10 ± 0.05 20 ± 0.23 200 MC4L2 L2PdCl 
10 ± 0.02 20 ± 0.04 200 4 T1  
>200 >200 >200 MF  
10 ± 0.01 40 ± 0.41 200 ± 0.03 MCF7  
10 ± 0.03 100 ± 0.07 200 ± 0.02 MC4L2 L3PdCl 
10 ± 0.06 100 ± 0.03 200 ± 0.31 4 T1  
>200 >200 >200 MF   

Fig. 5. Result of the cell adhesion assay at 570 nm. Effect of palladium com-
plexes on the cell adhesion against TNBC 4 T1 cell line. 
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their outcomes. However, we might expect nickel complexes to 
be more active because of the presence of labile Ni2+. But due to 
the formation of the metallacyclic part, which renders greater 
stability for the complex, this expectation is reduced. 

Cancer metastasis is a process in which cancer cells disseminate from 
the primary tumor, resulting in the formation of secondary tumors. The 
properties of cell adhesion and migration are fundamental in regulating 
cell movement and cancer metastasis and are necessary for the cells to 
move into the bloodstream. Since the palladium complexes manifested 
promising antitumor activity against various breast cancer cell lines and 
showed lower activity on healthy cells, they were chosen for further 
investigation and their anticancer activity were measured by adhesion 
and migration of cancer cells. The effect of these complexes on cell 
adhesion and migration was carried out at IC50 values on triple-negative 
breast cancer 4 T1 cell line. We selected TNBC since the remediation of 
this type of breast cancer is a challenging task among various other 
types. As shown in Fig. 5, three complexes inhibited cell adhesion by 
about 11.5% (L1PdCl), 28.8% (L2PdCl) and 42.3% (L3PdCl) with 
respect to the control. Evidently, the latter Pd(II) complex containing 
morpholine ligand remarkably mitigated cell adhesion; consequently, it 
is able to affect the metastatic potential of cancer cells by inhibiting their 
adhesion property. The effect of palladium complexes on 4 T1 cell 
migration was also evaluated using the in vitro scratch-wound assay. 
The studies on cancer cell migration were also accomplished considering 
the IC50 values used in cell adhesion assay. The confluence monolayer of 
4 T1 cells was scratched and incubated in the presence or absence of 
palladium complexes (10–20 μM) for 24 and 48 h. Fig. 6 shows that 
treatment with all palladium complexes reduced the spreading of the 
4T1cells along the edges of the wound compared to an untreated 
control. 

HOMO and LUMO energies are the most important descriptors for 
describing the drug-receptor interaction of the molecules. The small 
energy gap between HOMO and LUMO permits the transfer and ex-
change of electrons, causing an increase in the reactivity of the com-
pounds. The calculations showed that the charge distribution of the 
HOMO level of nickel and palladium complexes mostly localized on the 
Ni(II) or Pd(II) center, sulfur atoms and halide ions. On the other hand, 

the LUMO electrons are largely localized on the CS–N group and aryl 
moiety with partial localization on the Ni(II) or Pd(II) center (Table S3). 
For understanding the biological efficiency of the compounds under 
study, different chemical reactivity descriptors have been calculated 
here. They include EHOMO, ELUMO, the energy gap between these two 
(ΔE), the dipole moment (DM), ionization energy (I), electron affinity 
(A), chemical potential (μ), the hardness (η) and the global electrophi-
licity power (ω). Numerical values for selected descriptors are listed in 
Tables 4 and 5. The calculations showed that the values of ΔE for all 
compounds are almost in the same range. Yet, these figures for L1NiCl 
and L1NiBr are a bit higher than others reflecting their lower reactivity. 
The chemical potential (μ) of all compounds is negative and it means 

Fig. 6. Results of the scratch-wound assay. Effect of palladium complexes on cell migration against TNBC 4 T1 cell line.  

Table 4 
MO energies, energy band gaps and dipole moments of the complexes.  

Complex EHOMO (eV) ELUMO (eV) ΔE (eV) DM (Debye) 

L1NiCl − 0.2806 − 0.0364  0.2442  16.0200 
L1NiBr − 0.2816 − 0.0360  0.2456  16.1256 
L1NiI − 0.2672 − 0.0347  0.2325  14.4199 
L2NiI − 0.2690 − 0.0382  0.2308  13.5847 
L3NiI − 0.2783 − 0.0485  0.2298  12.7544 
L4NiI − 0.2820 − 0.0504  0.2316  12.4760 
L1PdCl − 0.2734 − 0.0367  0.2367  17.5293 
L2PdCl − 0.2743 − 0.0404  0.2339  16.3552 
L3PdCl − 0.2836 − 0.0503  0.2333  15.7533  

Table 5 
Electronic descriptors calculated from DFT calculations.  

Complex I (eV) A (eV) ω (Debye/V) η (eV) μ (eV) 

L1NiCl  0.2806  0.0364  0.1028  0.1221 − 0.1585 
L1NiBr  0.2816  0.0360  0.1026  0.1228 − 0.1588 
L1NiI  0.2672  0.0347  0.0979  0.1162 − 0.1509 
L2NiI  0.2690  0.0382  0.1022  0.1154 − 0.1536 
L3NiI  0.2783  0.0485  0.1161  0.1149 − 0.1634 
L4NiI  0.2820  0.0504  0.1192  0.1158 − 0.1662 
L1PdCl  0.2734  0.0367  0.1015  0.1183 − 0.1550 
L2PdCl  0.2743  0.0404  0.1058  0.1169 − 0.1573 
L3PdCl  0.2836  0.0503  0.1194  0.1166 − 0.1669  
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that they are stable. The polarity of the molecule is generally expressed 
in terms of DM, and polar molecules dissociating better than non-polar 
molecules. As can be seen from Table 4, L1PdCl has the highest DM. The 
global hardness of L1NiCl and L1NiBr is the most. The hardness in-
dicates the resistance towards the deformation of the electron cloud of 
chemical systems under small perturbation encountered during the 
chemical process.41 The global electrophilicity power measures the 
stabilization in energy when the system acquires an additional elec-
tronic charge from the environment. L3NiI has the lowest ω. 

In conclusion, this report has examined different reaction conditions 
for promoting the C–H nickelation of the thioamide-based SCS ligands. 
The nickel and palladium complexes obtained from the chelation of 
these ligands ((HL1-HL4) were then investigated against hormone- 
responsive and triple-negative breast cancer cells. Our findings 
revealed that cytotoxicity of compounds prepared here is dependent on 
the nature of central metal and different amine moieties in the structure 
of SCS ligands. For example, the palladium complex with piperidine 
moiety is more active among all other complexes. Taken together, the 
results show that palladium complexes are safer anticancer agents than 
nickel complexes. They also inhibit TNBC 4 T1 cell proliferation, 
adhesion, and migration. Also, this work supports the evidence that 
palladium complexes should be further studied to explore their potential 
of action using in vivo models, which may be contributing to the 
development of new antitumor drugs to be utilized in TNBC treatment. 
In addition, future studies can be based on employing other amine 
moieties featuring aromatic segments such as benzylamine and 1-naph-
thylamine in the structure of the SCS ligand. This may enhance the 
lipophilicity of compounds due to existing phenyl rings and facilitate 
their passage through cell membranes; consequently, promote their 
activity. The HOMO and LUMO analysis were used to determine the 
charge transfer within the compounds and the calculated HOMO and 
LUMO energies may reflect the chemical activity of the compounds. 
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