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A B S T R A C T   

The coronavirus disease 2019 (COVID-19) pandemic has posed a threat to public health throughout the world 
since the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) was discovered in late 2019. Since the 
beginning of the pandemic, scientists have done a tremendous amount of work in this area. However, among 
these studies, the investigation of the effect of newly synthesized compounds against coronavirus is rather weak. 
Examining the newly synthesized compounds with a computer-assisted molecular docking study provides quite 
an advantage in terms of the estimation and analysis of the biochemical activity and binding affinity of existing 
synthesized compounds against a biological target in a labor, time, and cost-saving way. In this study, the SNS 
pincer type 2,6-bis[[(4-methylphenyl)thio]methyl]pyridine ligand(L) (1) and its novel Pd(II) complexes ([Pd(κ2- 
L)(OAc)2]⋅3H2O (2) and [Pd(κ2-L)Cl2]⋅3H2O (3)) were synthesized and characterized by using FT-IR, UV–Vis, 
NMR, mass and elemental analysis techniques. The synthesized Pd complexes exhibited a square planar struc-
ture. The compounds were found to have non-electrolytic behavior. In the meantime, in silico investigations have 
defined and justified interaction processes between these molecules and Pd(II) at the atomic level. Furthermore, 
using molecular docking against target proteins of SARS-CoV-2, the efficiency of the SNS pincer type ligand and 
its Pd (II) complexes produced was studied and discussed for the first time. The experimental data has been 
supported and illuminated using computational visual methods and molecular docking, and the findings pro-
duced indicate compatibility. The binding energy values of the relevant compounds on the four protein model 
structures of SARS-CoV-2 (Main Protease, Papain-like protease, RdRp without RNA, and RdRp with RNA) are 
represented. Compound 2 ([Pd(κ2-L)(OAc)2]⋅3H2O) is the structure that exhibits the highest biochemical activity. 
According to all of the docking studies, Papain-like protease is the SARS-CoV-2 protein with which the three 
compounds exhibit mutual interaction. The compound 2 structure, in particular, is the most effective in terms of 
structural and interaction with the targets, as well as binding orientations.   

1. Introduction 

The coronavirus disease 2019 (COVID-19), caused by the severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2), started in 
December 2019 in Wuhan, China. From the day it started, it still affects 
every aspect of life on earth. It is a known fact that SARS-CoV-2 attacks 
different parts of the human body, such as the lungs, heart, brain, and 
kidneys, causing multi-organ infections. In addition to vaccines for this 
situation, studies to find safe, effective, and economical drugs against 
COVID-19 continue. Based on the literature, focused on the nonstruc-
tural protein targets of SARS-CoV-2, Major protease (Mpro), Papain-like 
protease (PLpro), RdRp-RTR, and RdRp-RNA [1–9]. Because, replication 

of SARS-CoV-2, a positive-stranded RNA virus, occurs through the 
multi-subunit replication and transcription complex of viral 
non-structural proteins (nsps) [10]. Of these, chymotrypsin-like prote-
ase (3CLpro, major protease, Mpro, corresponding to nsp5) is a viral 
cysteine protease responsible for the maturation of the viral polyprotein 
required for infection. Many drugs are the focus of discovery. 
Papain-like protease (PLpro, a domain of nsp3) is a viral cysteine pro-
tease responsible for the maturation of the viral polyprotein required for 
infection. It also has a role in suppressing the host immune response. 
Apart from these, the core component of the replication and transcrip-
tion complex is the catalytic subunit (nsp12) of an RNA-dependent RNA 
polymerase (RdRp) [11,12]. Nsp12 is a polymerase that binds to its main 
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cofactors, nsp7 and nsp8 [13,14]. RdRp is also the target of a class of 
antiviral drugs with nucleotide analogs; this category includes remde-
sivir [15–17], a prodrug that is converted into the active drug in the 
form of triphosphate [remdesivir triphosphate (RTP)] within cells [18]. 
Inhibition of viral replication through inhibition of nsp7, nsp8, and 
nsp12-nsp7-nsp8 complex [14,19–22] RdRp is a viable pathway to 
therapy. For the reasons mentioned above, studies on these 4 
non-structural protein structures of SARS-CoV-2 were discussed and 
examined. 

The scale of the epidemic all over the world is so worrying that 
thousands of people die every day. To prevent this, a state of mobili-
zation has been observed all over the world, and working groups have 
been channeled into this area. Many studies have been done on COVID- 
19, and drugs that are on the market or newly synthesized substances 
have been tried in this area. The World Health Organization (WHO) has 
made a special call to work on this area. Drug or drug active ingredient 
studies that can be effective in this field have gained great momentum 
recently. As a result, studies in this field can be a guide for humanity to 
get rid of this epidemic in a short time. When we look at the literature 
studies on the thioether compounds used in this study on COVID-19, it 
can be seen that the compounds have applications in quite different 
areas. This is the first study to theoretically examine the efficiency of 
SNS pincer thioether structures against target proteins of SARS-CoV-2. 

Thioethers are ether analogs with sulfur replacing oxygen; their 
general formula is R–S− R′. Recently, a significant increase has been 
observed in studies on these compounds. This is because the richness in 
the usage areas of the compound is noticed. Thioethers are a type of 
compound that attracts attention in terms of catalytic as well as bio-
logical importance [23–27]. Moreover, thioether compounds are prac-
tically applied in many fields [28,29]. 

Recently, thioether compounds have gained importance in terms of 
inorganic chemistry. Due to the donor atom(s) in their structure, thio-
ethers act as ligands and can form complexes. When we look at the 
literature, various crystal conformation properties and application areas 
of both thioethers and their complexes attract attention. The properties 
of thioether compounds include medicinal chemistry applications, 

catalytic activity, lubricating effect, and biological and photo-
luminescent properties [30–46]. Our aim in this study is to reveal with 
theoretical calculations whether the SNS-type pincer compound and its 
metal complexes will be effective against target proteins of SARS-CoV-2. 

In this study, a thioether-pyridine ligand (L) (1) and novel its Pd(II) 
complexes ([Pd(κ2-L)(OAc)2]⋅3H2O (2) and [Pd(κ2-L)Cl2]⋅3H2O (3)) 
(Scheme 1) were synthesized and characterized by using NMR, UV–Vis, 
FT-IR, and elemental analysis techniques. In the meantime, interaction 
mechanisms among these compounds and Pd(II) at the atomic level were 
described and rationalized by in silico studies. Further, the effectiveness 
of the pincer ligand and its Pd (II) complexes synthesized was investi-
gated and discussed by molecular docking against COVID-19. 

2. Experimental 

2.1. General 

All the reagents and chemicals (95–99% purity) were purchased 
from Sigma, Merck, Fluka, and Aldrich and used without further puri-
fication. In the literature, the ligand was synthesized for the first time by 
Parker et al., in 1985 [47]. However, the ligand was obtained by setting 
up other reaction conditions. The difference between this study from the 
literature is that it was synthesized using a different starting material (2, 
6-di(chloromethyl)pyridine) in the presence of a weak base and at room 
temperature. The reaction parameters in the literature and our study are 
given comparatively in the supplementary data (Table S1). The FT-IR 
spectra of the synthesized compounds were recorded using the Perki-
nElmer Spectrum 100 FT-IR spectrometer system attached to ATR in the 
range of 4000–400 cm− 1. UV–Visible spectra of the synthesized com-
pounds were collected on a PG Instruments T80+ UV/Vis Spectropho-
tometer. The mass spectra of the compounds were taken on the 
LCMS-8030 Shimadzu model device. Elemental analyses (C, H, N, and 
S) were executed using a Thermo Scientific Flash 2000 elemental 
analyzer. At 25 ◦C, the molar conductances of the pincer-type metal 
complexes were measured in DMF using a Thermo Scientific electron 
corporation model conductivitymeter. The NMR analysis was performed 
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Scheme 1. Synthesis of the pincer ligand (L) and its metal complexes.  
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at room temperature on samples dissolved in DMSO-d6 with TMS as an 
internal standard. 1H and 13C NMR spectra were acquired using a Bruker 
High-Performance Digital FT-NMR (400 MHz) spectrometer. 

2.2. Synthesis 

2.2.1. Synthesis of ligand (L) (1) 
The ligand 2,6-bis[[(4-methylphenyl)thio]methyl]pyridine (L) (1) 

was prepared by stiring a solution of 4-methylbenzenethiol (0.248 g, 2 
mmol) and 2,6-bis(chloromethyl)pyridine (0.176 g, 1 mmol) in the 
presence of pyridine (0.158 g, 2 mmol) and potassium iodide (0.166 g, 1 
mmol) in THF to room temperature for 48 h. The reaction mixture was 
then poured into ice water and extracted three times with chloroform. 
The organic phase was evaporated to dryness. L was obtained as a 
viscous oil yellow liquid. (74%) (Scheme 1); IR, (ATR) cm-1: 3068, 3051 
(C–H)aromatic, 2956, 2920, 2852 (C–H)aliphatic, 1567 (C––N)pyridine, 760 
(C–S–C); 1H NMR DMSO-d6,400 MHz): δ 7.62 (t, 1H, J = 8 Hz, H-4),7.40 
(d, 2H, J = 8 Hz, H-3), 7.23 (t, 4H, J = 8 Hz, H-8), 7.08 (d, 4H, J = 8 Hz, 
H-7), 4.24 (s, 4H, H-5), 2.24 (s, 6H, H-10); 13C NMR (DMSO-d6,400 
MHz): δ 157.55 (C––N), 137.84 (C-4), 135.90 (C-9), 132.64 (C-6), 
130.06 (C-8), 129.37 (C-7), 121.77 (C-3), 39.55 (C-5), 20.99 (C-10); 
UV–Vis (DMF) λmax (Abs): 280 (3.47), 271 (3.58) nm; ΛM (10-3 M, in 
DMF, μS/cm): 8.02. Anal. Calc. For C21H21NS2(351.53): C, 71.75: H, 
6.02: N, 3.98: S, 18.24 %. Found: C, 70.93: H, 6.35: N, 3.62: S, 18.67 %. 

2.2.2. Synthesis of [Pd(κ2-L)(OAc)2]⋅3H2O (2) 
The 2 complex was synthesized by adding the solution of Pd(OAc)2 

(0.168 g, 0.75 mmol) in methanol/THF (1:1) and the ligand 2,6-bis[[(4- 
methylphenyl)thio]methyl]pyridine (0.263, 0.75 mmol). The obtained 
product was washed in methanol and purified water. Moreover, the 
obtained product was gradually purified with the vapor diffusion of Et2O 
to a THF solution of complex 2, which was a brown-colored compound 
(Fig. 1). Yield: 0.316 g (50%). 175 ◦C decompose. IR, (ATR) v, cm-1: 
3378 (O–H), 3071 (C–H)aromatic, 2990, 2969, 2901 (C–H)aliphatic, 1588 
(C––N)pyridine, 799 (C–S–C), 598 (M − N), 488 (M − S); 1H NMR DMSO- 

d6,400 MHz): δ 7.64 (t, 1H, J = 8 Hz, H-4),7.33 (d, 2H, J = 8 Hz, H-3), 
7.24 (d, 4H, J = 8 Hz, H-8), 7.08 (d, 4H, J = 8 Hz, H-7), 4.24 (s, 4H, H-5), 
2.24 (s, 6H, H-10),1.87 (s, 6H, Hacetate); 13C NMR (DMSO-d6,400 
MHz): δ172.64 (C––O, C-12),157.98 (C––N, C-2), 137.83 (C-4), 135.94 
(C-9), 132.62 (C-6), 130.07 (C-8), 129.33 (C-7), 121.82 (C-3), 40.37 (C- 
5), 21.70 (C-10), 20.98 (C-11); UV–Vis (DMF) λmax (Abs):270 (2.94), 391 
(1.27), 485 (0.36) nm; ΛM (10-3 M, in DMF, μS/cm): 1.80. μeff: 
diamagnetic.ESI-MS, m/z: 578.05 [Pd+L+2(OAc)]]+.Anal.Calc. for 
C25H33NO7PdS2(630.08); C, 47.66; H, 5.28; N, 2.22; S, 10.18. Found: C, 
48.04; H, 4.43; N, 2.84; S, 10.62 %. 

2.2.3. Synthesis of [Pd(κ2-L)Cl2]⋅3H2O (3) 
The 3 complex was synthesized by the similar route given as com-

pound 2 using PdCl2 (0.069 g, 0.392 mmol) and 2,6-bis[[(4-methyl-
phenyl)thio]methyl]pyridine L (0.138 g, 0.392 mmol). The obtained 
product was washed in methanol and purified water. The obtained 
product was gradually purified with the vapor diffusion of Et2O to a THF 
solution of complex 3, which was a yellowish brown colored compound 
(Fig. 1). Yield: 0.139 g (59%). 136 ◦C decompose. IR, (ATR) v, cm-1: 
3381 (O–H), 3058 (C–H)aromatic, 2987, 2970, 2901 (C–H)aliphatic, 1568 
(C––N)pyridine, 804 (C–S–C), 597 (M − N), 492 (M − S); 1H NMR DMSO- 
d6,400 MHz): δ 8.20 (t, 1H, J = 8 Hz, H-4),7.81 (d, 4H, J = 8 Hz, H-7), 
7.77 (d, 2H, J = 8 Hz, H-3), 7.70 (t, 1H, J = 8 Hz, H-4′), 7.36 (d, 4H, H- 
8), 7.27–7.22 (m, 6H, H-3’ - H-7′), 7.09 (d, 4H, J = 8 Hz, H-8′), 5.38 (s, 
4H, H-5 - H-5′), 4.27 (s, 4H, H-5 - H-5′), 2.34 (s, 6H, H-10), 2.25 (s, 6H, 
H-10′); 13C NMR (DMSO-d6,400 MHz): δ 163.12 (C––N), 156.86 
(C––N)’, 141.86 (C-4), 136.30 (C-4)’, 131.93 (C-9), 131.50 (C-9)’, 
131.31 (C-6), 130.52 (C-6)’, 130.13 (C-8), 129.80 (C-8)’, 128.58 (C-7), 
126.16 (C-7)’, 123.65 (C-3), 122.55 (C-3)’, 50.53 (CH2 and (CH2)’), 
38.66 (CH2 and (CH2)’), 21.29 (CH3), 21.02 (CH3)’; UV–Vis (DMF) λmax 
(Abs):271 (1.428), 328 (0.624), 414 (0.344) nm; ΛM (10-3 M, in DMF, 
μS/cm): 5.36. μeff: diamagnetic. ESI-MS, m/z: 583.95 
[Pd+L+2Cl+3H2O]]+, 493.95 [Pd+L+Cl]]+.Anal.Calc. for 
C21H23ClNOPdS2 (582.98); C, 43.27; H, 4.67; N, 2.40; S, 11.00. Found: 
C, 43.90; H, 4.47; N, 2.84; S, 11.45 %. 

Fig. 1. The geometry optimized form, HOMO, and LUMO molecular orbitals of the synthesized compounds (1–3) are computed at DFT/B3LYP/LanL2DZ basis set 
in G09. 
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2.3. Computational part 

The related compounds (1–3) underwent geometry optimization at 
the DFT/B3LYP/LanL2DZ level in Gaussian09 (G09) [48]. Their chem-
ical activity behaviors were estimated and elucidated by the quantum 
chemical descriptors obtained from in silico studies [49]. In addition, 
molecular electrostatic potential surface (MEPS) and frontier molecular 
orbitals (FMOs) were also created to obtain important insights into the 
Pd(II) complexes. Afterward, molecular docking studies were performed 
between the aforementioned compounds and different SARS-CoV2 
target proteins via Auto Dock 4.2 [50]. Firstly, X-ray structures of the 
selected SARS-CoV2 targets, as described above part, were uploaded 
from PDB [51] and given in supplementary data. Then the compounds 
and targets were prepared by using the sub-protocol of Discovery Studio 
(DS) 3.5 [52] as described in the previous study [53]. For the related 
proteins, the active region size was determined as 30 × 30 × 30 with 
0.375 Å grid spacing. The other docking parameters were set to the 
software’s default values. To fully search for the possible conformations 
and binding sites, a Lamarckian genetic algorithm (LGA) was further 
employed. The DS 3.5 program [52] was utilized for the assessment of 
the docking results and visualization of the possible protein-ligand 
interactions. 

3. Results 

3.1. Synthesis and characterization of compounds 

Ligand (1) was obtained from the reaction of 2,6-bis(chloromethyl) 
pyridine and 4-methylbenzenethiol (1:2) in THF solvent at room tem-
perature. Complexes 2 and 3 were formed by reacting 2,6-bis[[(4-meth-
ylphenyl)thio]methyl]pyridine with Pd(OAc)2 and PdCl2 (1:1) in THF/ 
methanol solvent and at 65 ◦C, respectively. At room conditions, the Pd 
complexes are solid. In addition, these complexes are dissolved in 
common organic solvents such as DMSO, DMF and THF. It was observed 
that the electrolytic conductivity measurements were between 1.80 and 
8.02 μS/cm. NMR spectra of the compounds were recorded in DMSO-d6. 
When the 1H NMR spectrum of the ligand is examined, the H-4 proton in 
the para position concerning the pyridine nitrogen is seen as a triplet at 
7.62 ppm (1H), and the H-3 proton in the meta position for the pyridine 
nitrogen is seen as a doublet at 7.40 ppm (2H). H-5 Protons belonging to 
the –CH2-S- groups were observed as a singlet at 4.24 ppm (4H). Methyl 
group protons (-CH3) (H-10) attached to the phenyl ring were seen 
singlet at 2.24 ppm (6H) [47]. Complex 2 is partially soluble in 
NMR-active solvents compared to other compounds. When the 1H NMR 
spectrum of complex 2 is examined, aromatic protons (11H) as multiplet 
at 7.64–7.08 ppm, –CH2-S- protons (H-5) (4H) as a singlet at 4.24 ppm, 
-CH3 protons (H-10) (6H) as a singlet at 2.24 ppm, and -CH3 protons 
(H-11) (6H) belonging to the acetate group as a singlet at 1.87 ppm were 
recorded. In the 1H NMR spectrum of complex 3, H-4 (1H) and H-4’ (1H) 
protons at 8.20 and 7.70 ppm and as triplets, H-7 (4H) and H-3 (2H) 
protons at 7.81 and 7.77 ppm as a doublet, H-3′ and H-7′ as a multiplet at 
7.27–7.22 ppm (6H), H-8 (4H) and H-8′(4H) as a doublet at 7.36 and 
7.09 ppm, H-5 (4H) and H-5’ (4H) protons at 5.38 and 4.27 ppm as a 
singlet, and finally H-10 (6H) and H-10’ (6H) protons were observed as a 
singlet at 2.34 and 2.25 ppm [32,54]. Details are given in Fig. S1- S6 in 
the supplementary data. 

In the mass spectrum, the molecular ion peak was observed at m/z: 
578.05 for complex 2 and 583.95 for complex 3 (see Fig. S7 and Fig. S8 
in supplementary data). When the FT-IR spectra are examined, the 
stretching vibration band of the (C––N) group in the pyridine ring is 
observed at 1567 cm-1 in the ligand, while it is observed at 1588 cm-1 

and 1568 cm-1 in the 2 and 3 complexes, respectively. This shift of 1–21 
cm-1 in the azomethine group indicates that the complexation may occur 
over the nitrogen atom of the pyridine ring [55]. However, considering 
that the shift in complex 3 is as small as 1 cm-1, the structure we have 
proposed regarding the structure of complex 3 may be in a constant state 

of transformation. While the M − N interaction was observed at 598 cm-1 

in complex 2, it was observed at 597 cm-1 in complex 3 [56,57]. Again, 
the M − S interaction was recorded at 488 cm-1 in complex 2, while it 
was recorded at 492 cm-1 in complex 3 [32,38,58] (see Figs. S9- S11 in 
supplementary data). 

UV–Vis measurements of the compounds were taken in DMF solvent 
and the range of 190–1100 nm. When the UV–Vis spectra were exam-
ined, π-π* transitions of phenyl rings at 270 and 280 nm, n- π* transitions 
of thioether and pyridine rings at 328 and 391 nm, and d-d transitions at 
414 and 485 nm were observed [54] (see Fig. S12 in supplementary 
data). 

3.2. Computational part 

The DFT/B3LYP/LanL2DZ basis set was used to optimize the ge-
ometry of synthesized ligand (1) and complexes (2 and 3). At the same 
time, the frontier molecular orbitals (HOMO and LUMO) and the mo-
lecular electrostatic potential surface of the related compounds were 
generated with the same basis set in Fig. 1 and Fig. S13, respectively. 
Then, Fig. 2 displays the biochemical activities of the ligand and the two 
possible complexes. The electrophilicity ω index has become a useful 
tool for assessing the reactivity of organic compounds that are engaged 
in polar reactions [59]. In 2002, a systematic examination of the elec-
trophilicity of several chemicals used in Diels-Alder processes led to the 
creation of a single electrophilicity ω scale [60]. The electrophilicity ω 
index was used to study the three-atom components (TACs) involved in 
[3 + 2] cycloaddition (32CA) reactions in 2003, allowing for ration-
alization of their reactivity in polar processes [61]. The electrophilicity 
scale enables organic compounds to be classified as strong electrophiles 
(ω > 1.5 eV), moderate electrophiles (0.8 < ω < 1.5 eV), and marginal 
electrophiles (ω < 0.8 eV) [60,62]. Compound 2 is the structure that 
exhibits the highest biochemical activity (63.231). Compound 3 
(48.810) and the last ligand form (9.505) are located, respectively. 

Besides these, it has been investigated by the molecular docking 
simulation technique, which is one of the in silico methods, to determine 
whether the relevant ligand (1) and complexes (2 and 3) have biological 
activity against proteins of the virus causing the current global problem 
of COVID-19 disease. The binding energy values of the relevant com-
pounds on the four protein model structures of SARS-CoV-2 (Main 
Protease, Papain-like protease, RdRp without RNA, and RdRp with RNA) 
are represented in Fig. 3. Based on the obtained analysis results, the 
ligand structure (1) has − 8.50 and − 8.10 kcal/mol of binding energy 
values against SARS-CoV-2 proteins, which are especially RdRp with 
RNA and Papain-like protease target proteins. The first of the complexes 
of this ligand with Pd metal, compound 2, predominantly demonstrates 
− 9.07 kcal/mol of binding energy with the Main Protease target. It also 
exhibits the second-best binding tendency with Papain-like protease of 
SARS-CoV-2. Compound 3, the second possible complex structure of the 
ligand with Pd metal, forms − 8.44 and − 8.21 kcal/mol of binding en-
ergy values with Papain-like protease and Main Protease, respectively. 

When we consider the interactions of the compounds (1–3) under 

9.505 

63.231 
48.810 

0.000
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Fig. 2. The biochemical reactivity of the synthesized compounds (1–3).  
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consideration against different SARS-CoV-2 proteins, first of all, com-
pound 1, namely the ligand structure, tends to bind the best way with 
the target protein, RdRp with RNA, according to the lowest binding 
energy values (-8.50 kcal/mol) in Fig. 3. Then, when the interaction of 
the complex structures formed by the Pd metal and the ligand with 
different SARS-CoV-2 proteins was investigated, both complexes (2 and 
3) showed the best binding affinity with Main Protease and Papain-like 
protease targets. When we evaluate the details with the visualizations 
given in Fig. 4, Compound 2 forms one electrostatic (His41) and seven 
hydrophobic interactions (Cys44, Met49, Pro52, Pro168, Tyr54, 
Cys145, and Met49) with Main Protease. 

On the other hand, compound 2 shows predominantly better in-
teractions than compound 3 when looking at their interactions against 
the Papain-like protease target of compounds 2 and 3. This is illustrated 
in Fig. 5 where compound 2 makes H-bonding with Gly271, Cys270 
residues, electrostatic interaction with Asp164, pi-sulfur bonding with 
Met208, and Tyr264, and hydrophobic interactions with Leu162, 
Tyr264, Met208, Leu162, and Pro248 in the binding site of the target 
model. In contrast, compound 3 exhibited electrostatic interaction with 

Arg166, hydrogen bonding with Met208, as well as hydrophobic in-
teractions with Tyr264, Tyr207, Met208, and Arg166 of the same target. 
In addition, it draws attention to the differences in the binding orien-
tations of the related compounds in the binding site of the target. 

In line with all the docking results obtained, Papain-like protease is 
the SARS-CoV-2 protein with which the three compounds exhibited 
mutual interaction, Fig. 6A. In addition, compounds 2 and 3, that is, Pd 
metal complex structures, interact more effectively with the specified 
targets, and especially Compound 2 structure is the most effective, both 
with its structural and interaction with the targets and with their binding 
orientations, Fig. 6B. 

4. Discussion 

SNS pincer-type thioether compounds have been used in many fields. 
However, this is the first study of such compounds on COVID-19. In this 
study, SNS pincer-type ligand and two Pd(II) complexes were synthe-
sized and characterized. It is seen that the ligand and its palladium 
complexes do not have electrolytic conductivity [56,63]. At the same 

Fig. 3. The binding energy values of the synthesized compounds (1–3) against four different SARS-CoV-2 proteins.  

Fig. 4. 3D orientations of compounds 2 (green, stick) and 3 (orange, stick) in the active site of Main Protease. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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time, the molar conductivity values of the complexes show that the 
complex structures are neutral and not in the ionic state. All compounds 
were analyzed by characterization techniques such as NMR, FT-IR, 
UV–Vis, mass, elemental analysis, and electrolytic conductivity. A sur-
prise was encountered when examining the structure of complex com-
pounds. As expected in complex 2, a 1:1 metal-ligand-containing 
complex was formed, while in complex 3, we detected a surprisingly 
different state. When the NMR values of complex 3 were examined, it 
was seen that the metal-ligand ratio was 2:2 in the structure. However, 
when the mass results were examined, it was determined that the 
complex was 1:1. A similar event is found in literature reviews, albeit 
rarely. Kozlov et al. stated in a study they conducted in 2011 that there is 
a similar situation. In the study, they explained that the pincer Pd(II) 
complex actively transforms into each other as 1:1 and 2:2 in the 
structure [64]. It is thought that this is also the case in Complex 3 and 

that the formation energies of complexes with metal-ligand ratios of 1:1 
and 2:2 are very close to each other. Therefore these structures are 
converted into each other in the solution environment. Unfortunately, 
single-crystal X-ray analysis could not be performed because the struc-
tures could not be obtained as single crystals despite crystallization ef-
forts. A four-coordinated square-plane structure is proposed for Pd(II) 
complexes [65–68]. 

Surprisingly, when the 1H NMR spectrum of Complex 3 was exam-
ined, it was seen that the number of protons had doubled. However, it 
has been observed that the protons, which are described as the same in 
the structure, are not exactly in the same place, but peak very close to 
each other. This indicates that the metal-ligand ratio of our structure is 
likely to be 2:2. When the mass spectra are evaluated, as expected in 
complex 2 and complex 3, molecular ion peaks of complexes with a 1:1 
metal-ligand ratio are observed. Contrary to what is seen in the NMR 

Fig. 5. 3D orientations of compounds 2 (green, stick) and 3 (orange, stick) in the active site of Papain-like protease. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 6. Superimposed forms of compound 1 (light blue, stick), compound 2 (green, stick) and 3 (orange, stick) in the active site of A) Papain-like protease B) Main 
Protease. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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spectrum of Complex 3, a molecular ion peak of a 2:2 metal-ligand ratio 
could not be observed in the mass spectrum of this complex. This 
strengthens our idea that it can be in transformation in both forms in the 
solution environment [64]. 

The biochemical activity analysis shows us that the complex state 
with Pd metal is more reactive than the ligand state, and especially 
compound 2, containing acetate groups form complexes with Pd metal is 
more effective than compound 3 with chlorine atoms attached (Figs. 1 
and 2). 

This is because compound 1 exhibits pi-sulfur bond interactions with 
the Cys813 residue of the target and the T: A13 nucleotide of DNA, as 
well as hydrophobic interaction with Leu758, Trp598, Ala688, Val588, 
Met601, Leu758, Lys593, and Ile589 residues. This situation is given in 
Figs. S14–A a three-dimensional illustration of the obtained docked 
complex (see Figs. S14–A in supplementary data). On the other hand, the 
same compound (1) shows the second-highest binding affinity with the 
target structure, Papain-like protease. When we focus on the remarked 
docking here, we see in Figs. S14–B that compound 1 carried out elec-
trostatic interaction (Asp164 and Glu167) and also hydrophobic inter-
action (Tyr264, Leu185, Leu199, Pro248, Tyr207, Met 208) with 
Papain-like protease as the target (see Figs. S14–B and Table S2 in 
supplementary data.). 

Compound 3 tends to bind fewer affinity against the target than 
compound 2, compared to exhibiting three electrostatic interactions, 
one hydrogen bond, one pi-lone pair interaction, and four hydrophobic 
interactions with the same target (Fig. 4). This may be due not only to 
the interaction types, but also to the surface area and functional struc-
ture content of the binding compounds, and most importantly, the 
appropriate orientation of the relevant compounds, especially com-
pound 2, in the binding site of the target protein. 

5. Conclusions 

In conclusion, the pyridine-thioether-based SNS pincer ligand has 
been synthesized and metallated with Pd(OAc)2 and PdCl2. In the case of 
the methylphenyl substituent, the spectroscopic and microanalytical 
data supported the anticipated four-coordinate geometries of Pd(κ2-L)X2 
(X = OAc, Cl). In contrast, when the ligand possessed a 4-methylphenyl 
substituent, Pd(OAc)2 yielded analogous Pd(κ2-L)(OAc)2 species (2) but 
surprisingly the PdCl2 metallation yielded analogous, Pd(κ2-L)Cl2/ 
Pd2(κ2-L)2Cl4, (3). It has been reported in the literature that the complex 
structure can be in constant transformation in the solution medium, 
albeit rarely. This may be the case within the structure of Complex 3. 
The computational visual method and molecular docking have been 
made to support and illuminate the experimental data, and the obtained 
results show compatibility with each other. Compound 2 is the structure 
that exhibits the highest biochemical activity. According to all of the 
docking studies, Papain-like protease is the SARS-CoV-2 protein with 
which the three compounds exhibit mutual interaction. The structure of 
compound 2 (Pd(κ2-L)(OAc)2) is very effective, both in terms of struc-
tural and interaction with the targets, as well as binding orientations. 
Moreover, in this study, the computational visual method study of new 
SNS pincer-type compounds against target proteins of SARS-CoV-2 was 
performed for the first time, thus expanding the application area of 
pincer compounds. 
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