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Abstract:

This work includes the synthesis of a new series of palladium-N-heterocyclic carbene complexes
(3a-i). The new complexes were characterized using NMR (*H and 3C), FTIR spectroscopic, and
elemental analysis techniques. The crystal structure of complex 3a was obtained by utilizing the
single- crystal X- ray diffraction method. X- ray studies show that the coordination environment of
palladium atom is completed by the carbene atom of the NHC ligand, the nitrogen atom of the
morpholine ring, and a pair of bromide ligand, resulting in the formation of slightly distorted square
planar geometry. In order to gain more insight about structure the study also delved into the
examination of various intermolecular interactions between neighboring molecules using
Hirshfeld surfaces. A good agreement between experimental and theoretical data was observed.

Furthermore, the antioxidant and the cytotoxicity activities of these compounds were assessed.
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Density Functional Theory (DFT) calculations showed that PEPPSI-type palladium(l1)-NHC
complexes (3a-i) are structurally stable with bond lengths like Pd1-C1 ranging from 1.980-1.983
A and a HOMO-LUMO gap of about 3.55 eV, suggesting potential for biological applications.
Molecular docking and ADMET analyses indicated strong binding to Keapl (-190.22 to -211.96)
but weaker affinity for CDK2 (-129.04 to -136.57), with high lipophilicity (log P: 4.869-5.069)
and toxicity risks highlighting the need for optimization.

Keywords: Strucutre analysis; Palladium, benzimidazol-2-ylidene; antibacterial properties;

metallodrugs, MIC; Metallodrug design; Computational pharmacology

1-Introduction

An N-heterocyclic carbene (NHC) is a cyclic compound bearing at least one nitrogen atom bound to
the carbene. The steric and electronic properties of the substituents attached to the nitrogen atom
determine the stability and isolation of N-heterocyclic carbenes (NHCs)[1,2]. Additionally, NHCs
are excellent o-donor ligands but weak m-acceptors.[3-7] The electron-donating ability of NHCs
depends on the type of metal, the nature of substituents attached to the nitrogen atoms, and other
groups present on the NHC ring [8-10]. Owing to the stability of metal-NHC bonds, NHC-metal
complexes are extensively studied [11,12]. Due to the properties discussed above, many studies are
showing that metal-NHC complexes have catalytic and biological activity[13-19]. One class of
metal-NHC complexes with palladium is the PEPPSI-type (Pyridine-Enhanced Precatalyst,
Preparation, Stabilization, and Initiation) complex. These complexes, characterized by a bulky NHC
ligand, two halides, and a pyridine-based ligand coordinated to palladium, were first reported by
Organ in the literature [20]. Although some metal-NHC complexes can be expensive, sensitive to
air and moisture, and challenging to synthesize [21-25], PEPPSI-type complexes overcome these
limitations, making them widely preferred catalysts in C—C and C-heteroatom bond formation
reactions. [26-29] The easy removal of pyridine in PEPPSI compounds from the structure during the
catalytic cycle and the stability of the Pd- carbene bond provide these compounds with high catalytic
activity.[30,31]

One of the most appealing properties of PEPPSI- Pd- NHC complexes in these studies is their
stability in reaction environments under ambient conditions.[32] In the last decade, studies on the
biological activities of the Pd- NHC complexes such as antileishmanial,[33] antibacterial, [17]

antimicrobial,[34] and antitumor agents [35] have been published. Recently, studies on biological



activities of PEPPSI- Pd- NHC complexes have also been published such as cytotoxic activities
against cancer cells, [36,37] DNA binding,[38] and enzyme inhibition effects. [39-43]

It is known that electronic and structural differences directly affect the catalytic activity of metal—
NHC complexes. Moreover, studies on the biological activities of Ag(l)—, Au(l)- and Pd(I1)-NHC
complexes with different geometries show that the NHC ligand species are effective in kinetic
properties such as the hydrolysis rates of molecules, and the kinetic stability is related to the
structural properties of NHC rather than the central transition metal [44-45]. The bioavailability of
metal-NHC complexes varies depending on the delivery method, solubility and ionization of metal
ions [17-46]. Although it has not been fully elucidated yet, itis thought that metal ions could bind to
the cell surface and interact with the cell membrane. Therefore, analysis of the electronic properties
and electrochemical characterization of molecules can be considered as a useful method for future
research. Density Functional Theory (DFT) has emerged as a cornerstone of computational
chemistry, widely employed to analyze the structure, binding, and electronic properties of
molecules. Recent advancements in the theoretical analysis of inorganic species have been
particularly noteworthy [47-48], offering unprecedented precision in understanding complex
systems such as metal-containing compounds. Complementing DFT, molecular docking methods
provide detailed insights into how molecules interact with biological species at the atomic level [49-
51]. These computational tools are especially relevant to PEPPSI-type palladium(I1)-N-heterocyclic
carbene (NHC) complexes, which are well-known for their catalytic applications in organic
synthesis. However, their potential bioactivity has begun to attract interest. While studies in the
literature report their antioxidant, enzyme inhibition, and antibacterial activities, broader bioactivity
applications remain underexplored. This gap presents an exciting opportunity to harness
computational techniques to investigate their therapeutic potential beyond their established catalytic

roles.

The molecular docking technique is particularly valuable for modeling the interactions between a
small compound (ligand) and protein targets at the atomic level. By predicting the orientation and
binding affinity of ligands within the active sites of target proteins, docking illuminates key
biochemical processes that these compounds may influence [52]. The method involves two
fundamental steps: (1) describing the conformation of the ligand and (2) evaluating its binding
relationship with the target.

Keeping in view the diversified significance of palladium(ll) complexes in mind, we are
describing the preparation, characterization, and biological potential of these complexes. The
structures of these compounds were thoroughly characterized using spectroscopic methods, and

their purity was confirmed through elemental analysis. Cytotoxic studies of these complexes were
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carried out to examine its potential against cell lines to evaluate its pharmacological significance.
Furthermore, the antioxidant activity of the palladium(Il) complexes was investigated against 2,2-
diphenyl-1-picrylhydrazyl (DPPH) which was found to be dosage dependent. By integrating
experimental synthesis with advanced computational approaches like DFT and molecular docking,
we aim to elucidate the structural, electronic, and biological properties of these complexes,
potentially unlocking their promise as innovative metallodrugs. Further confirmations of complex

3a were provided by X-ray crystallography technique.

2-Experimental
2-1-Materials and Methods

All manipulations were carried out in air. All chemicals and solvents were purchased from Sigma-
Aldrich and Merck. The solvents such as dimethylformamide (DMF), dichloromethane and diethyl
ether were purified by distillation over the drying agents. Melting points were determined with an
Electrothermal-9200 melting points apparatus. Fourier transform infrared spectra were obtained in
the range 450-4000 cm™ on a Perkin Elmer Spectrum 100 Spectrophotometer. The mass analysis
was determined by using a Thermo Scientific Exactive Plus Benchtop Full-Scan Orbitrap Mass
Spectrometer LC-MS/MS analyzer. *H NMR and **C NMR spectra were recorded at 400 MHz
(1H), 100 MHz (**C) in CDClI; with tetramethylsilane as an internal reference (Malaty, Turkey).
The NMR studies were carried out in high-quality 5 mm NMR tubes. Signals are quoted in parts per
million as 6 downfield from tetramethylsilane (& = 0.00) as an internal standard. NMR multiplicities
are abbreviated as follows: s = singlet, d = doublet, t = triplet, m = multiplet. In the investigation of
antimicrobial properties of palladium-NHCs, some microorganisms defined in the American Type
Culture Collection (ATCC) were preferred.

Preparation of benzimidazolium salts 2

The reaction of 1-(2-morpholinoethyl)-5,6-dimethylbenzimidazole (1 mmol) with various alkyl chlorides or
alkyl bromides (1.04 mmol) in toluene (10 mL) at 80°C for 72 hours afforded benzimidazole salts. A white
solid was obtained after the addition of diethyl ether (15 mL), which was subsequently filtered off. After

washing with diethyl ether (3 x 15 mL), the solid was dried under vacuum.

1-(2-Morpholinoethyl)-3-(2,3,5,6-tetramethylbenzyl)-5,6-dimethylbenzimidazolium chloride 2a

Yield: 90%; m.p. 256°C; IR (cm™): (C-N)=1556; CH (arom)=3020,CH(aliph)=2910; (C-0)=1203; HR-AM
(H-ESI 1) analysis calculated (m/z) for cationic part of [CasHasNsO]": 406.59; found (m/z): 406.2801. *H NMR
(400 MHz, CDCls, 25) & (ppm) = 2.25 (d, 12H, CHs(def), 2.37 (S, 3H, CHspy), 2.41 (s, 3H, CHs), 2.47 (s,
4H, Hy »), 2.73 (s, 2H, Hy), 3.40 (s, 4H, Hs ), 4.82 (s, 2H, H}»), 5.63 (s, 2H, Hy»), 7.08 (s, 1H, Hs»); 7.24 (s,
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1H, Hy), 7.45 (s, 1H, Hy), 10.16 (s, 1H, H): *C NMR (100 MHz, CDCls) § (ppm) = 16.22 (Ccs), 20.68 (Cy),
20.77 (Cb), 20.90 (Cqz), 44.03 (C."), 46.66 (C1-), 53.34 (Ca-5), 56.10 (C»), 66.84 (Cs.+), 112.74 (Ca), 113.01
(C1), 127.96 (Cs"), 129.85 (Cgs), 130.00 (Cy-¢),133.68 (Cy-7), 134.10 (Ce), 135.28 (Cs), 137.04 (C»), 142.43
(C2).

1-(2-Morpholinoethyl)-3-(2,3,4,5,6-pentamethylbenzyl)-5,6-dimethylbenzimidazolium chloride 2b

Yield: 83%; m.p. 250°C; IR (cm™): (CN) =1557; (C-N)=1294; CH (arom)=3163,CH(aliph)=2968; (C—
0)=1223; HR-AM (H-ESI 11) analysis calculated (m/z) for cationic part of [C,7H3sN30]": 420.62; found (m/z):
420.2951. *H NMR (400 MHz, CDCls) 6 (ppm) = 2.24 (s, 6H, CH3g), 2.26 (S, 3H, CHasg) ), 2.29 (s, 6H,
CHas,), 2.38 (S, 3H, CHay), 2.42 (S, 3H, CHsw), 2.45 (s, 4H, Hs ), 2.71 (s, 2H, Hy), 3.36 (s, 4H, Hs- 7), 4.83
(s, 2H, Hy); 5.61 (s, 2H, Hy-), 7.31 (s, 1H, Ha), 7.47 (s, 1H, Hy), 9.94 (s, 1H, H,); *C NMR (100 MHz, CDCls)
d (ppm) = 17.09 (Ccg), 17.20 (C¢), 17.39 (Cqe), 20.76 (C,), 20.88 (Cp), 44.05 (Cy), 47.02 (Cy»), 53.30 (C4 g),
56.12 (Cy), 66.74 (Cs7-), 112.80 (Cy4), 112.91 (Cy), 125.25 (Cs-), 129.79 (Cg), 130.06 (Cy), 133.57 (Cy ¢,
134.09 (C5-7), 134.09 (Cs), 137.01 (Cs), 137.50 (C5~), 142.16(C>)

3-(Cyclobutylmethyl)-1-(2-morpholinoethyl)- 5,6-dimethylbenzimidazolium bromide 2c

Yield: 72%; m.p. 219°C; IR (cm™): (C-N)=562; CH (arom)= 3066,CH(aliph)=2938; (C-0O)= 1223.; HR-AM
(H-ESI 1) analysis calculated (m/z) for cationic part of [CaoH3oNsO]": 328.48; found (m/z): 328.2341. *H NMR
(400 MHz, CDCl3) 6 (ppm) = 1.90-1.98 (m, 4H, H3-5), 2.11-2.16 (M, 2H, Hy4> ), 2.45 (s, 6H, CH3@p)), 2.69 (S,
4H, Hy g), 3.00-3.06 (M, 2H, Hy), 3.65 (s, 4H, Hs 7), 4.49 (d, 2H, Hy-), 4.81 (t, 2H, H}»), 7.41 (s, 1H, H,); 7.54
(s, 1H, H7), 11.03 (s, 1H, H), **C NMR (100 MHz, CDCl3) & (ppm) = 18.07 (C4-), 20.81 (Cap), 25.85 (C3-57),
34.39 (Cy), 43.71 (Cy*), 52.02 (C45), 53.43 (C»:), 56.04 (C,;~), 66.67 (Cs7-), 112.80 (C4), 112.84 (C5), 129.76
(Cs),129.80 (Cy), 137.32 (Cs), 137.45 (Cs), 142.07 (Cy).

3-(4-Chlorobenzyl)-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazolium chloride 2d

Yield: 73%; m.p. 244°C; v (CN) = 1563 cm™; HR-AM (H-ESI 11) analysis calculated (m/z) for cationic part of
[C22H27CIN3O]": 384.93; found (m/z): 384.1787. *H NMR (400 MHz, CDCls) § (ppm) = 2.38 (d, 6H, CHzp),
2.59 (s, 4H, Hy ), 2.93 (s, 2H, Hy)), 3.62 (s, 4H, Hs 7), 4.67 (s, 2H, Hy’), 5.80 (s, 2H, Hy»), 7.31 (t, 3H, Hy37);
7.46 (d, 3H, H746), 11.61 (s, 1H, Hz); *C NMR (100 MHz, CDCls) & (ppm) = 20.80 (Cp), 20.82 (Cy), 44.13
(C1?), 50.24 (C4¢), 53.44 (Cy), 56.09 (C;»), 66.86 (Cs:7), 112.76 (Cy4), 113.23 (C;), 129.46 (Cgg), 129.57
(Csv77), 129.74 (Ce),129.91 (Cs), 131.88 (C4¢-), 135.25 (Cs~), 137.48 (C;-), 143.27 (Cy).

3-Benzyl -1-(2-morpholinoethyl)-5,6-dimethylbenzimidazolium chloride 2e

Yield: 77%; m.p. 244°C; IR (cm™): (C—N)=1566; CH (arom)=3015,CH(aliph)=2934; (C—-0)=1206; HR-AM
(H-ESI 1) analysis calculated (m/z) for cationic part of [CaH2sNsO]": 350.49; found (m/z): 350.2181. *H NMR

(400 MHz, CDCl3) 8 (ppm) = 2.38 (d, 6H, CHa@p)), 2.56 (5, 4H, Hag), 2.90 (s, 2H, Ha), 3.59 (s, 4H, Hs:7),
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4.69 (s, 2H, Hy), 5.75 (s, 2H, Hy+), 7.33 (t, 4H, Hass5-¢); 7.46 (d, 3H, Hy-77), 1157 (5, 1H, Hp); °C NMR
(100 MHz, CDCl3) & (ppm) = 20.77 (Cap), 44.25 (C1'), 50.97 (C4-5), 53.50 (Cy'), 56.19 (Ci+), 67.00 (Cs:7),
112.71 (Ca), 113.33 (C7), 128.16 (Cs), 129.20 (Cs¢+), 129.40 (Cgy), 129.63 (C5-7),,129.93 (Cs), 133.35 (Cs),
137.26 (C»»), 143.30 (C).

3-(2-Methoxyethyl)-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazolium chloride 2f

Yield: 91%; m.p. 160°C; IR (cm™): (C-N)=1566; CH (arom)=3020,CH(aliph)=2935; (C-0)=1207; HR-AM
(H-ESI 11) analysis calculated (m/z) for cationic part of [C1sH2sN30,]": 318.44; found (m/z): 318.2121. *H NMR
(400 MHz, CDCl3) & (ppm) = 2.43 (s, 6H, CHapypy), 2.65 (S, 4H, Hy g ), 2.98(s, 2H, Hy), 3.34 (s, 3H, CHsw),
3.67 (s, 4H, Hs 7), 3.92 (t, 2H, Ha), 4.70 (t, 4H, Hy+ 1), 7.49 (s, 2H, Ha7), 11.15 (s, 1H, Hy); **C NMR (100
MHz, CDCl3) & (ppm) = 20.74 (Cap), 47.47 (Cy’), 53.24 (Cy.48), 59.18 (C1-4), 70.21 (C57), 112.63 (C7),
113.26 (Csg), 113.44 (Cy), 129.63 (Cy), 130.40 (Cg), 137.18 (Cs), 142.89 (C,).

3-(2-Ethoxyethyl)-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazolium chloride 2g

Yield: 92%; m.p. 109°C; IR (cm™): (C-N)=1563; CH (arom)=3022,CH(aliph)=2933; (C-0)=1210; HR-AM
(H-ESI 11) analysis calculated (m/z) for cationic part of [C1oH2sN30,]": 332.47; found (m/z): 332.2278. *H NMR
(400 MHz, CDCl3) & (ppm) = 1.09 (t, 3H, CHj(s), 2.42 (d, 6H, CHs@py), 2.84 (S, 4H, Hy 50), 3.21 (S, 2H, Hy),
3.49 (q, 2H, Hy»), 3.76 (s, 4H, Hs 1), 3.92 (t, 2H, Hy»), 4.67 (t, 2H, H,"), 4.91 (s, 2H, Hy»), 7.53 (s, 1H, Ha); 7.63
(s, 1H, Hy), 11.08 (s, 1H, H,); **C NMR (100 MHz, CDCls) & (ppm) = 14.87 (Cs-), 20.50 (Cp), 20.56 (Ca),
47.74(Cy), 52.90 (Cy 4-8°), 66.73 (Cy~), 68.10 (Cs 7 2747), 112.49 (C7), 113.65 (C4), 129.48 (Cgg), 130.30 (Ce),
136.95 (Cs), 142.51 (Cy).

3-(3,5-Di-tert-butylbenzyl)-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazolium bromide 2h

Yield: 92%: m.p. 247°C; IR (cm™): (C-N)=1564; CH (arom)=3023,CH(aliph)=2937; (C-0)=1210; HR-AM
(H-ESI 11) analysis calculated (m/z) for cationic part of [C3HasN3O]": 462.71; found (m/z): 462.3415. *H NMR
(400 MHz, CDCls) & (ppm) = 1.28 (s, 18H, CHagdefgh), 2.37 (S, 3H, CHap) ), 2.42 (s, 3H, CHag ), 2.57 (s,
4H, Hy ), 2.93 (s, 2H, Hy'), 3.56 (s, 4H, Hs:72), 4.72 (t, 2H, H;-), 5.68 (s, 2H, H;~), 7.29 (d, 2H, Hs-7-); 7.36 (s,
1H, Hy), 7.41 (s, 1H, Hs+), 7.46 (s, 1H, H7), 11.17 (s, 1H, H,); *C NMR (100 MHz, CDCl3) § (ppm) = 20.79
(Cp), 20.81 (Ca), 31.50 (Ccgefgn), 35.07 (Cs=9v), 52.14 (Cy:), 53.44 (Cy 4 5), 65.97 (Ci=57-), 112.86 (Ca),
113.57 (Cy), 122.84 (Cs~), 123.42 (C4~¢~), 129.76 (Cs),130.14 (Cy), 131.93 (Cs-7~), 137.20 (Cs), 142.36 (Cy»),
152.29 (C,).

3-(4-(Tert-butyl)benzyl)-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazolium bromide 2i

Yield: 80%:; m.p. 224°C; v (CN) = IR (cm™): (C-N)=1557; CH (arom)=3010,CH(aliph)=2932; (C-0)=1208;
HR-AM (H-ESI 1) analysis calculated (m/z) for cationic part of [CosH3sN3O]": 406.60; found (m/z): 406.2800.

'H NMR (400 MHz, CDCls) & (ppm) = 1.26 (s, 9H, CHg(cae), 2.40 (d, 6H, CHa@p) ), 2.68 (5, 4H, Hy-g), 3.02
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(s, 2H, Hy), 3.62 (s, 4H, Hs-7), 4.81 (s, 2H, Hy»), 5.66 (s, 2H, Hy»), 7.40 (q, 5H, Has 47627), 7.56 (s, 1H, Hy);
11.08 (s, 1H, Hy); **C NMR (100 MHz, CDCl3) & (ppm) = 20.78 (Cp), 20.82 (Cy), 31.27 (Ccae), 34.78 (Cs»),
50.78 (C*), 53.26 (Cy4 2°), 55.73 (Cy+), 66.50 (Cs 7-), 112.87 (Cy), 113.25 (C7), 126.43 (Cs>), 128.12 (Cyg),
129.62 (Cg),129.86 (Co), 129.99 (Cs-7), 137.43 (Cs), 142.34 (C,-), 152.59 (Cy).

Synthesis of PEPPSI-Type Palladium NHC Complexes (3a-i)

A mixture benzimidazolium salts 2a-i (1 eq) with PdClI, ,(1.05 eq), K,CO3 (5 eq), KBr (10 eq) and pyridine (1
eq) in the presence of acetonitrile was heated at 80 °C for 16 h. A short silica column was used for filtration.
Then, the resulting complexes dried under vacuum. The yellow solid was crystallized from dichloromethane/n-
pentane for further purification.
Dibromo-[1-(2-morpholinoethyl)-3-(2,3,5,6-tetramethylbenzyl)-5,6-dimethylbenzimidazole-2-
ylidene](pyridine) palladium(l1), 3a

Yield: 71%; m.p. 205°C; IR vicm™* (C-N)=1445; CH (arom)=3005,CH(aliph)=2931; (C-0)=1201; HR-AM
(H-ESI 11) analysis calculated (m/z) [M-CsHsBrN]: 591,01; found (m/z): 592.09106. ‘H NMR (400 MHz,
CDCls) 6 (ppm) = 2.10 (s, 3H, CHs)), 2.23 (S, 6H, CHs(c ) ), 2.26 (S, 6H, CHs(ye)), 2.30 (S, 3H, CHs(), 2.76
(s, 4H, Hy g°), 3.27 (s, 2H, Hy), 3.77 (s, 4H, Hs 7)), 4.99 (s, 2H, Hy»), 6.03 (s, 2H, H;»), 6.13 (s, 1H, Hs»); 7.11
(s, 1H, Hy), 7.21 (s, 1H, Hy), 7.34 (td, 2H, H3»5»), 7.77 (td, 1H, Hy»), 8.94 (dd, 2H, Hy»6>); *C NMR (100
MHz, CDCl3) & (ppm) = 16.83 (Ccy), 20.31 (Cp), 20.53 (Cy), 20.73 (Cge ), 50.74 (Cy-174-5°), 53.97 (Cy-5:7),
110.76 (C4), 111.86 (Cy), 124.97 (C55~), 130.86 (Cs~), 131.99 (Cgg), 132.52 (C4~¢~), 133.57 (Cs), 133.71 (Cs),
134.38 (C5»7), 135.34 (C4»), 137.99 (C,»), 152.59 (Cy»6~), 160.71 (Cy). Anal. Calc. for C31H40Br2N40OPd: C,
49.58%; H, 5.37%; N, 7.46%, found: C, 49.6; H, 5.4; N, 7.5%

Dibromo-[1-(2-morpholinoethyl)-3-(2,3,4,5,6-pentamethylbenzyl)-5,6-dimethylbenzimidazole-2-
ylidene](pyridine) palladium(l1), 3b

Yield:66%; m.p. 238°C; IR vicm; (CN) =1439; (C-N)=1324; CH (arom)=3000,CH(aliph)=2884; (C—
0)=1264; HR-AM (H-ESI II) analysis calculated (m/z) for [M- CsHsBrN]: 605,93; found (m/z): 606.10718. *H
NMR (400 MHz, CDCls) 6 (ppm) = 2.07 (s, 3H, CHga(), 2.24 (S, 6H, CHz(f ), 2.28 (s, 6H, CHscg) 2.30 (s,
3H, CHsy)), 2.34 (s, 3H, CHsw), 2.77 (s, 4H, Hy ), 2.28 (s, 2H, Hy), 3.78 (s, 4H,Hs ), 5.00 (s, 2H, H;"); 6.06
(s, 2H, H;»), 6.08 (s, 1H, Hy4), 7.21 (s, 1H, Hy), 7.34(td, 2H, Hs~s~), 7.77 (td, 1H, Hs~), 8.95 (dd, 2H, Hy» ¢+);
3C NMR (100 MHz, CDCl3) & (ppm) = 17.04 (Ccg), 17.38 (Cy), 17.83 (Ca), 20.29 (Cqy), 20.55 (C¢), 51.47
(Ci-1m487), 53.96 (Cy-5.7), 110.68 (C4), 112.03 (C7), 124.65 (Cs~ ), 128.15 (Cg), 133.17 (Cs-¢~), 133.62 (Cs),

C32H42Br2N40OPd: C, 50.25%; H, 5.53%; N, 7.32%, found: C, 50.1; H, 5.6; N, 7.35%

Dibromo-[3-(cyclobutylmethyl)-1-(2-morpholinoethyl)-1-(2-morpholinoethyl)-5,6-
dimethylbenzimidazole-2-ylidene](pyridine) palladium(ll), 3c
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Yield:53%:; m.p. 249°C; IR vicm*; (C-N)=1444; CH (arom)=2931,CH(aliph)=2931; (C-0)=1200; HR-AM
(H-ESI 1) analysis calculated (m/z) for [M- CsHsBrN]: 513,79; found (m/z): 514.04468. *H NMR (400 MHz,
CDCl3) 6 (ppm) = 1.93-2.20 (m, 7H, Hy» 347 57), 2.38 (S, 6H, CHs(ap)), 2.76 (S, 4H, Hs g°), 3.26 (s, 2H, Hy'), 3.76
(s, 4H, Hs:77), 4.75 (d, 2H, H;»), 4.97 (s, 2H, Hy'), 7.18 (s, 1H, Hy); 7.26 (s, 1H, Hy);7.37 (t, 2H, Hs~5), 7.79
(td, 1H, Hs~), 9.05 (dd, 2H, Hy-¢). *C NMR (100 MHz, CDCl3) & (ppm) = 18.51 (C4), 20.42 (Cy), 20.46
(Ca), 27.34 (C557), 35.51 (Cy,), 53.90 (Cy4-572°), 54.19 (Cy-1757), 111.07 (C47), 124.79 (Cs~ 5+), 133.50 (Cgyg),

5.11%; N, 6.26%, found: C, 46.6; H, 5.2; N, 6.3%.

Dibromo-[3-(4-chlorobenzyl)-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazole-2-ylidene](pyridine)
palladium(ll), 3d

Yield: 46%; m.p. 130°C; v IR vicm™* (CN)=1446; (C-N)=1294; CH (arom)=3163,CH(aliph)=2968; (C—
0)=1223;HR-AM (H-ESI 11) analysis calculated (m/z) for [M- CsHsBrN]: 570.24; found (m/z): 569.98999. 'H
NMR (400 MHz, CDCls) & (ppm) = 2.16 (s, 3H, CHa), 2.27 (S, 3H, CHap)), 2.69 (s, 4H, Hyg), 3.22 (s, 2H,
H,), 3.69 (s, 4H, Hs ), 4.93 (s, 2H, H,"), 5.98 (s, 2H, H,»), 6.70 (s, 1H, H,), 7.19 (s, 1H, Hy), 7.24-7.30 (m,
4H, H3»77476); 7.41 (d, 2H, H3»5), 7.70 (t, 1H, Hy»), 8.93 (d, 2H, Hy»6-); *C NMR (100 MHz, CDCls) &
(ppm) = 20.39 (Cp), 20.44 (C,), 52.72 (Cy-1»), 53.99 (Cs 5°), 56.95 (Cy), 66.91 (Cs 7)), 111.22 (C4), 111.61
(Cy), 124.78 (Cs= ), 129.12 (Cs-7), 129.42 (Cy~¢),132.82 (Cgg), 133.67 (Cs-), 133.96 (Csp), 134.05 (Cy»),
138.17 (C4~), 152.68 (Co¢), 161.51 (C,). Anal. Calc. for C27H31Br2CIN4OPd: C, 44.47%; H, 4.28%; N,
7.68%, found: C, 44.5; H, 4.3; N, 7.7%

Dibromo-[3-benzyl-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazole-2-ylidene](pyridine) palladium(ll),
3e

Yield: 70%; m.p. 228°C; IR v/icm™; (C-N)=1417; CH (arom)= 3000,CH(aliph)=2918; (C-O)= 1261; HR-AM
(H-ESI 11) analysis calculated (m/z) for [M- CsHsBrN]: 535,80; found (m/z): 536.02930. *H NMR (400 MHz,
CDCl3) & (ppm) = 2.21 (s, 3H, CHagy), 2.33 (5, 3H, CHag) ), 2.75 (s, 4H, Hyg), 3.28 (s, 2H, Hy), 3.76 (t, 4H,
Hs 7)), 4.99 (t, 2H, H;-), 6.08 (s, 2H, H;~), 6.79 (s, 1H, Ha4); 7.24 (s, 1H, H;), 7.31-7.38 (m, 5H, Hs» 45~ ¢"77),
7.55 (d, 2H, H3~5-), 7.76 (td, 1H, Hy~), 9.02 (dd, 2H, Hy»6-); *C NMR (100 MHz, CDCls) & (ppm) = 20.35
(Cp), 20.42 (C,) 53.50 (Cy-1»), 54.05 (Cs5), 57.03 (Cy), 67.03 (Cs77), 111.06 (Cy4), 111.83 (Cy), 124.73
(Cs»5+), 128.12 (Cs+), 128.90 (Cs+77), 132.40 (Cy~g+), 133.06 (Cgyg), 133.98 (Csp), 135.22 (C4), 138.09 (Cy»),
152.70 (Cy~6+), 161.27 (C,). Anal. Calc. for C27H32Br2N4OPd: C, 46.67%; H, 4.64%; N, 8.06%, found: C,
46.7; H, 4.7; N, 8.1%

Dibromo-[3-(2-methoxyethyl)-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazole-2-ylidene] (pyridine)
palladium(ll), 3f
Yield:63%; m.p. 210°C; IR v/lem'; (C-N)=1446; CH (arom)=2906,CH(aliph)=2918; (C-0)=1209;HR-AM

(H-ESI 1) analysis calculated (m/z) for [M]*: 662,76; found (m/z): 662.98938. 'H NMR (400 MHz, CDCls) §
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(ppm) = 2.27 (d, 6H, CH3a,b), 2.64 (s, 4H, Hy g ), 3.15(s, 2H, Hy'), 3.25 (s, 3H, Ha-), 3.65 (s, 4H, Hs-7-), 4.05
(t, 2H, Hy»), 4.83 (t, 4H, Hy- 1), 7.15 (s, 1H, Hy), 7.19 (s, 1H, H7); 7.26 (t, 2H, H3»5»), 7.68 (td, 1H, Hy), 8.94
(dd, 2H, Hy»¢); *C NMR (100 MHz, CDCl3) & (ppm) = 20.40 (C,), 20.41 (Cy), 48.74 (Cy’), 53.91 (C),

(Cs), 134.23 (Cg), 138.16 (C4~), 152.73 (Co¢~), 160.17 (C5). Anal. Calc. for C23H32Br2N402Pd: C, 41.68%;
H, 4.87%:; N, 8.45%, found: C, 41.7; H, 4.9; N, 8.5%.

Dibromo-[3-(2-ethoxyethyl)-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazole-2-ylidene] (pyridine)
palladium(ll), 3g
Yield:52%: m.p. 175°C; IR vicm™*;(C-N)=1442; CH (arom)=2933,CH(aliph)=2918; (C—0)=1208

HR-AM (H-ESI 11) analysis calculated (m/z) for [M- CsHsBrN]: 517.78; found (m/z): 518.04059. *H NMR (400
MHz, CDCl3) & (ppm) = 1.14 (t, 3H, CHs(s»), 2.37 (d, 6H, CH@p), 2.70 (t, 4H, Hyg), 3.20 (t, 2H, Hy), 3.51
(q, 2H, Hy), 3.73 (t, 4H, Hs 1), 4.16 (t, 2H, Hy»), 4.90 (t, 2H, H}»), 4.96 (t, 2H, H;+), 7.18 (s, 1H, Hy); 7.35-7.38
(m, 3H, Hy35), 7.78 (td, 1H, Hy~), 9.05 (dd, 2H, Hy»¢+); *C NMR (100 MHz, CDCl3) & (ppm) = 15.31
(Cs?), 20.31 (Cy), 20.42 (Cp), 46.15 (Cy:), 49.04 (Cy~), 54.11 (C4-5), 57.00 (C:), 66.91 (C4), 67.15 (Cs-7),
69.26 (C2), 110.70 (C4), 112.21 (Cy), 124.75 (C3~ 5), 132.17 (Cgg), 133.49 (Cs), 134.19 (Ce), 138.11 (C4»),
152.73 (Cy» ¢+), 160.05 (Cy,). Anal. Calc. for C24H34Br2N40O2Pd: C, 42.59%; H, 5.06%; N, 8.28%, found: C,
42.6; H, 5.1; N, 8.3%.

Dibromo-[3-(3,5-di-tert-butylbenzyl)-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazole-2-
ylidene](pyridine) palladium(ll), 3h

Yield: 62%; m.p. 137°C; IR viem* (C-N)=1446; CH (arom)=2933,CH(aliph)=2951; (C-0)=1228; HR-AM
(H-ESI 1) analysis calculated (m/z) for [M]*: 807,02; found (m/z): 809.30591. *H NMR (400 MHz, CDCls) &
(ppm) = 1.23 (s, 18H, CHscdefgn), 2-13 (S, 3H, CHsp) ), 2.27 (s, 3H, CHs ), 2.70 (s, 4H, Hs g°), 3.25 (s, 2H,
H,-), 3.69 (s, 4H, Hs 7)), 4.94 (s, 2H, H;:), 6.00 (s, 2H, H;~), 6.76 (s, 1H, Hs-); 7.19 (s, 1H, Hy), 7.28-7.30 (m,
3H, Hy35), 7.36 (d, 2H, H3» ), 7.70 (td, 1H, H,~), 8.97 (dd, 2H, Hy»¢); *C NMR (100 MHz, CDCls) &
(ppm) = 20.35 (Cp), 20.41 (Cy), 31.62 (Ccgetgn), 35.11 (Csv97), 53.96 (Ci-174°5), 54.44 (Cy5:77), 111.01 (Ca),
112.18 (Cy), 121.91 (C3»5), 122.95 (Cs»), 124.72 (Cy4»6), 133.14 (C3-7»), 134.00 (Cgg), 134.17 (Cs), 138.06
(C4»), 151.37 (Cy»), 152.74 (Cy ), 160.94 (Cy,). Anal. Calc. for C35H48Br2N40OPd: C, 52.09%; H, 6.00%; N,
6.94%, found: C, 52.1; H, 6.0; N, 7.1%.

Dibromo-[3-(4-(tert-butyl)benzyl)-1-(2-morpholinoethyl)-5,6-dimethylbenzimidazole-2-ylidene](pyridine)
palladium(ll), 3i

Yield: 70%; m.p. 128°C; IR v/icm™* 1445 (C-N); CH (arom)=2933,CH(aliph)=2955; (C-0)=1208; HR-AM
(H-ESI 1) analysis calculated (m/z) for [M- CsHsBrN]: 591,91; found (m/z): 592.09119. *H NMR (400 MHz,
CDCl3) 6 (ppm) = 1.29 (s, 9H, CH3(cd,e)), 2.22 (S, 3H, CHsy)), 2.33 (S, 3H, CHsw), 2.77 (s, 4H, Hs ), 3.30 (s,

9



2H, Hy), 3.77 (s, 4H, Hs- 1), 5.01 (s, 2H, H1»), 6.05 (s, 2H, H1»), 6.82 (s, 1H, Hy), 7.33-7.38 (M, 5H, H73747677"),
7.50 (d, 2H, Hs»5), 7.76 (td, 1H, Hy~); 9.02 (dd, 2H, Hy»6~); *C NMR (100 MHz, CDCls3) & (ppm) = 20.34
(Cb), 20.42 (Cy,), 31.45 (Ccge), 34.70 (Cg), 53.27 (Cy-17487), 53.97 (C2-57), 111.04 (Cs), 111.95 (Cy), 124.72
(C3»5~), 125.82 (Cy44), 127.85 (C3+7+),132.13 (Cgy), 133.08 (Cs), 133.95 (C4+), 138.09 (C»), 151.10 (Cs»),
152.71 (Cy»6~), 161.07 (Cy). Anal. Calc. for C31H40Br2N4OPd: C, 49.58%; H, 5.37%; N, 7.46%, found: C,

49.6; H, 5.4; N, 7.5%.

X-ray crystallography

X-ray diffraction data of complex 3a were collected on a STOE IPDS Il diffractometer at

room temperature using graphite-monochromated Mo Ka radiation by applying the @-scan method.

Data collection and cell refinement were carried out using X-AREA [53] while data reduction was

applied using X-RED32 [53]. The structure was solved by a dual-space algorithm using SHELXT-

2018 [54] and refined by means of the full-matrix least-squares calculations on F? using SHELXL-

2019 [55]. All H atoms were located in difference maps and then treated as riding atoms, fixing the
bond lengths at 0.93, 0.97 and 0.96 A for CH, CH, and CH; atoms, respectively. The displacement
parameters of the H atoms were fixed at Uis(H) = 1.2Ueq (1.5Ueq for CH3). Crystal data, data

collection and structure refinement details are collected in Table 1. Molecular graphic was created

by using OLEX2 [56].

Table 1. Crystal data and structure refinement parameters for PEPPSI-Pd(I11)-N-heterocyclic

carbene (NHC) complex 3a

CCDC depository
Color/shape
Chemical formula
Formula weight
Temperature (K)
Wavelength (A)
Crystal system
Space group
Unit cell parameters

a, b, c(A)

(®)

Volume (A%
Z
Deatc. (g/cm®)
u(mm™)
Absorption correction
Tmin.1 Tmax.
Fooo
Crystal size (mm?®)
Diffractometer

2294603

Yellow/prism
[PdBrz(C26H35N30)(C5H5N)]
750.89

296(2)

0.71073 Mo Ka

Monoclinic

C2/c (No. 15)

24.7681(12), 15.3486(11), 17.0756(11)
100.464(4)
6383.4(7)

8

1.563

3.115

Integration
0.3240, 0.6781
3024

0.61 x 0.36 x 0.14
STOE IPDS II
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Measurement method

Index ranges

0 range for data collection (°)
Reflections collected
Independent/observed reflections
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices [I > 25(1)]

R indices (all data)

Apmax., Apmin. (e/AC%)

@ scan
—27<h<31,-19<k<19,-21<I<21
1.568 < 6 <26.827

23981

6796/3840

Full-matrix least-squares on F?
6796/0/358

0.933

R; =0.0487, wR, = 0.0815

R; =0.1082, wR, = 0.0981
0.69, -0.84
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Biological Activities
Anticancer (MTT) Test

Anticancer properties of the samples were reported by Sharma et al. (2019), it was evaluated
against HCT116 (human colon cancer), SH-SY5Y (human brain cancer) and BEAS-2B
(human healthy lung cell) cell lines. All cells were cultured in DMEM medium supplemented
with 10% fetal bovine serum and 1% penicillin and streptomycin at 37 °C in a 5% CO
atmosphere. After the cells covered the surface of the flask by 70-80%, the old medium was
discarded and washed several times with sterile PBS (pH 7.4). Trypsin was then added and
distributed evenly on the cell surfaces. After incubation with trypsin for 5 min at 37 °C,
trypsin activity was inhibited by adding a 2 fold volume of fresh medium. The resulting
solution was centrifuged at 1000 rpm for 7 minutes, and then the old medium was replaced
with 5 mL of fresh medium. Cells were counted and diluted to obtain a final concentration of
1 x 10° cells/mL, then the cell solution was added to 96-well cell plate wells (1 x 10*
cells/well). Plates containing cells were incubated at 37 °C in a 5% CO, atmosphere for 24
hours for cell attachment, and anticancer activity analyzes of the compounds were performed
using the MTT method. For analysis, the test substance was diluted with fresh broth medium
to obtain the desired concentration (0.8 — 800ug/ml) from the stock while the cells were
incubated. The old medium was aspirated from the wells containing the cells and 100 pl of
broth containing the test substance was added to the wells. The plates were then incubated at
37 °C in 5% CO for 24 h. After this period, the medium containing the test substance was
aspirated from the wells and 10 pL of MTT solution (5 mg/ml) and 90 pL of fresh broth
medium were added to each well to obtain a final concentration of 0.5 mg/ml MTT and then
incubated for 4 hours at 37 °C. Optical density was read at 570 nm and 630 nm in the ELISA
reader. Cell viability percentages were determined using the formula [(570 nm-630 nmest
(compound applied) cell group)/ (570 NM-630 NM)control (no compound applied) cell group)] X100. 1Cso Was
calculated based on logarithmic cell viability percentages.
DPPH free radical scavenging activity

The study utilized DPPH (2,2-diphenyl-1-picrylhydrazyl) to investigate the free radical-
scavenging activities of the compounds. To perform the analysis, 1 ml of the compounds was
added to 1.0 ml of a methanolic solution containing 0.3 mM DPPH. The mixture was
thoroughly shaken and then placed in a dark box at room temperature (30°C) for a duration of
30 minutes. Following this incubation period, the absorbance of the resulting solution was
measured at 517 nm. The inhibitory percentage of DPPH was determined using the following

equation:
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Control absorbance — sample absorbance) ) X 100%]

Scavenging activity = [( SRS —
3. Results and Discussion

3.1- Preparation of the PEPPSI-Pd(I1)-N-heterocyclic carbene (NHC) complex 3

The synthetic methodology used for both N-heterocyclic carbene precursors and palladium
complexes is summarized in Scheme 1. The compounds were prepared according to our
previous work.[57] N-heterocyclic carbene precursors were prepared in good yield (>75%) in
a two-step N-alkylation process as shown in Scheme 1. At the first step, methyl group was
introduced to the 5,6-dimethyl benzimidazole in THF at 60°C for 16h that enhancing the
reactivity of the other the nitrogen atom. The addition of the other alkyl halides to the
remaining nitrogen atom gave the desired N-heterocyclic carbene precursors 2a-i. The solvent
used for the reaction was DMF at 80°C for 3 days. These N-heterocyclic carbene precursors
(NHC) were used for the synthesis of PEPPSI-type palladium complexes using a one-pot
strategy developed by Organ and co-workers.[58] Palladium complexes 3a-i were synthesized
in the reaction of corresponding N-heterocyclic carbene precursor with PdCI; in the presence
of K,COg in pyridine at 80°C for 5 h in good yield (>80%) using this methodology. All the
ligand precursors and complexes were air, light, and moisture stable both in solution as well
as in solid-state form. DCM: diethylether and DCM: npentane mixtures were used for the
recrystallization of ligand precursors and complexes, respectively. Complex 3a produced

crystals suitable for single-crystal analysis.
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Scheme 1 : Synthesis of the PEPPSI- Pd- NHC complexes (3a-i)

The structures of all the synthesized compounds were fully characterized by NMR (*
H, °C{1 H}), FT-IR spectroscopy and elemental analysis. In the * HNMR (CDCls) spectra,
NHC imino proton of N-heterocyclic carbene precursors were observed as a sharp singlet at
chemical shifts of 11.83, 11.82, 11.66, 11.70 and 11.25 ppm, respectively, for 2a-i. As
evidence of complex formation, signals attributable to the NHC imino protons were absent
from the *HNMR spectra of the palladium complexes (3a-i). The ®*CNMR (CDClIs) spectra of
2a-i had signals at 143.0, 143.5, 143.4, 143.5 and 143.0 ppm assigned to the NHC imino
carbon. The characteristic palladium carbene carbon peaks were seen at 162.3, 163.1, 163.0,
162.7 and 161.9 ppm for 3a-i, respectively, in accordance with the literature. After
complexation, NCN carbene resonance on the palladium complex shifted much downfield

region compared to the corresponding N-heterocyclic carbene precursor which is another
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indicator of complex formation. The signal of the benzylic proton (N-CH-Ar) belonging to
palladium complexes (3a-i) gave signal as a sharp singlet signal at 6.17, 6.62, 6.27, 6.11 and
6.14 ppm, respectively. In the palladium complexes (3a-i), the a-protons peak of pyridine
appeared at around 8.99-8.91 ppm. At the infrared spectra of the NHC precursors (3a-i), a
specific v(C=N) band was seen at 1554, 1557, 1555, 1558 and 1549 cm™. The complex were
characterized by mass spectrometry, which show many peaks due to formation of various
fragments. Although it is difficult to observe the molecular ion peak because this molecular

ion break into fragments.

Crystal structure

The complex trans-[Pd(py)(L)Br;] forms monoclinic crystals in space group C2/c and, as
expected, the structure is built up from mononuclear units. Structural data for carbene
PEPPSI-Pd(I1)-N-heterocyclic carbene (NHC) complex are abundant, [59], but species
derived from PdBr; are relatively rare, [60-61]. With only 2 entries [60] in the Cambridge
Structural Database (CSD), being of those where both bromide anions are coordinated as in
the present case. Thus, the Pd(Il) coordination sphere (Figure 1) has a distorted square planar
form, with Pd(1)-C(8) 1.957(4) A, Pd(1)-N(6) 2.100(4) A, Pd(1)-Br(2) 2.4471(7) A and
Pd(01)-Br(3) 2.4414(7) A, and C(8)-Pd(1)-N(6) 179.1(2)°, Br(2)-Pd(1)-Br(3) 174.1(1)°, C(8)-
Pd(1)-Br(2) 88.6(1)°, C(008)-Pd(1)-Br(3) 89.4(1)°, N(6)-Pd(1)-Br(2) 91.8(1)° and N(6)-
Pd(1)-Br(3) 90.3(1)°. While the bond lengths between Pd and Br in this complex are similar
to those found in other PdBr,(NHC), complexes, with values of 2.444(1), 2.438(1), and
2.4335(4) A. However, the Pd-C (carbene) bond length is noticeably shorter in this species,
measuring 2.012(4) and 2.039(7) A. This difference is likely due to the presence of a
relatively weak pyridine-N donor, which causes the bound C-atom to be trans to it.
Interestingly, the Pd-C bond length closely resembles that observed in a true PEPPSI-Pd(I1)—
N-heterocyclic carbene (NHC) complex of PdCl,, which measures 1.964(3) A. The bulky
carbene-N substituents effectively block the axial sites on Pd, without any significant agostic
Pd...H interactions [59]. Molecular structure of PEPPSI-Pd(I1)-N-heterocyclic carbene (NHC)
complex 3a with the atom-numbering scheme is depicted in Fig. 1, while key bond lengths
and angles are listed in Table 2.
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Figure 1. Molecular structure of PEPPSI-Pd(I1)-N-heterocyclic carbene (NHC) complex 3a
showing the atom-numbering scheme.

The palladium atom is tetracoordinated to the carbene atom of the NHC, the nitrogen
atom of the pyridine ring, and the two bromine atoms on the Br,NC plane. The Pd(Il) center
exhibits a slightly distorted square planar geometry with PdBr2NC coordination, where the
NHC and pyridine ligands, as well as the anionic atoms, are trans to each other. This
distortion is observed as a deviation from linearity of the angle formed by Br—Pd—Br and
N—Pd—C atoms, 174.13(3) and 179.12(17)°, respectively, as the cis angles vary from
88.58(14) to 91.82(12)°. The values of the four-coordinate indexes t, [62] and 7, [63], which
are 0 for an ideal square-planar geometry and 1 for an ideal tetrahedral coordination sphere,

are 0.05 and 0.03, respectively, indicating a slightly distorted square-planar geometry. Table 2
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Table 2. Selected geometric parameters for PEPPSI-Pd(11)-N-heterocyclic carbene (NHC)

complex 3a
Parameters Parameters
Bond lengths (A)
Pd1—Brl 2.4414(7) N1—C1 1.358(5)
Pd1—Br2 2.4471(7) N1—C2 1.394(5)
Pd1—N4 2.100(4) N2—C1 1.361(5)
Pd1—C1 1.957(4) N2—C9 1.407(5)

Bond angles (°)

Br1—Pd1—Br2 174.13(3) Br2—Pd1—C1 88.58(14)
Bri—Pd1—N4 90.29(12) N4—Pd1—C1 179.12(17)
Bri—Pd1—C1 89.38(14) N1—C1—N2 107.0(4)
Br2—Pd1—N4 91.82(12)

The Pd—C bond distance [1.957(4) A] is smaller than the sum of the individual
covalent radii of the palladium and carbon atoms (2.12 A), while the Pd—N bond distance
[2.100(4) A] is equal to the sum of the individual covalent radii of the palladium and nitrogen
atoms (2.10 A). The Pd—Br distances are in the usual range, and the internal N—C—N ring
angle at the car- bene center is 107.0(4)°. Consequently, these parameters are comparable
with those observed for analogous Pd-NHC-pyridine-Br, complexes [64-65]. The carbene
ring is almost perpendicular to the coordination plane with a dihedral angle of 76.51(15)° as
the dihedral angle between the pyridine ring and the coordination plane is 62.4(2)°.
Furthermore, the benzene ring makes dihedral angles of 83.4(2) and 58.4(3)°, respectively,

with the carbene and pyridine ring planes.

Hirshfeld surface analysis

Hirshfeld surface analysis provides a valuable way to visualize molecular interactions within
a crystal. Using Crystal Explorer [66-67], these surfaces are computed for each molecule in a
crystal, allowing for the identification of intermolecular contacts both on a molecular and
overall structural level. By extending an atom’s weight function to encompass its role in the
crystal [68], Hirshfeld surfaces offer insights into interactions, particularly in crystals where
hydrogen positions are precisely located [69]. Analysis of the 2D fingerprint plots (Fig. 2) for
complex 3 indicates that the crystal structure is predominantly stabilized by hydrogen
contacts—H...H interactions constitute about two-thirds of the overall interactions, while

contributions from Br...H, C...H, O...H, and N...H contacts are also significant.
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Furthermore, the Hirshfeld surface displayed in Figure 3 highlights that, aside from
dispersion forces, the only notable directional interaction is the Br...Br halogen bond
(Br(02)...Br(03) at 3.6607(8) A), which forms extended columns of complex units along the
[001] axis. This arrangement suggests that the coordinated bromide might serve as an
acceptor for nucleophilic donors during interactions with biomolecules. However, given the
lability of Pd(I1)-Br bonds in aqueous media, nucleophilic substitution at the metal center is a
more likely pathway for reactivity.

In summary, the crystal packing of complex 3a (crystallizing in the monoclinic space group
C2/c) is maintained by a network of intermolecular forces where dispersion interactions,
especially H...H contacts, play a major role. The specific Br...Br halogen bonds not only

reinforce the stability of the crystal but also hint at potential reactivity via nucleophilic

substitution at the Pd(l1) center, which could be relevant to its biological activity.
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Figure 2: 2D Fingerprint plots of PEPPSI-Pd(I1)-N-heterocyclic carbene (NHC) complex 3a

Figure 3: The Hirshfeld surface of PEPPSI-Pd(I1)-N-heterocyclic carbene (NHC) complex
3a, mapped with dyom. The red regions adjacent to the bromo-ligands are the only points

where interactions exceed dispersion.

DFT analysis

The structural and electronic properties of PEPPSI-Pd(I1)-N-heterocyclic carbene (NHC)
complexes (denoted as 3a-i) were investigated using Density Functional Theory (DFT) [70-
71] to optimize their geometries and elucidate their electronic characteristics. The
computations were performed with the B3LYP functional [72-74] and a mixed basis set:
LANL2DZ for the palladium atom [75-76] and 6-311G++(2d,2p) for all other atoms, as
implemented in Gaussian 16 software [77]. All optimized geometries correspond to local
minima on the potential energy surface, with no imaginary frequencies observed. This

confirms that the structures obtained are stable and represent true minima.

This computational approach provides a robust framework for examining the molecular

properties of these complexes, offering insights into their potential reactivity and applications.
Structural Analysis

The optimized geometry of complex 3a, shown in Figure 4, aligns well with the experimental
crystallographic data obtained from X-ray diffraction (XRD), as detailed in Table 3. This

table lists key geometric parameters, including bond lengths (in A) and bond angles (in °), for
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the series of complexes alongside the experimental values. For instance, the Pd1-Brl bond
length is experimentally determined as 2.4414(7) A, while the calculated values range from
2.520 A to 2.524 A across complexes 3a-i. Similarly, the Pd1-C1 bond, associated with the
NHC ligand, is experimentally 1.957(4) A and computed between 1.980 A and 1.983 A.
Despite a slight overestimation in bond lengths, which is typical for DFT calculations using
the LANL2DZ basis set due to its effective core potential approximation, the computational
model demonstrates good accuracy, with RMSD values of 0.0493 A for bond lengths and

1.6745° for angles in complex 3a, thereby confirming its reliability.

The inclusion of Root Mean Square Deviation (RMSD) values provides a quantitative
measure of the agreement between the computed and experimental structures. Specifically, an
RMSD of 0.0493 A for bond lengths and 1.6745° for angles in complex 3a indicates that the
deviations are minimal and within acceptable limits for such computational methods,

reinforcing the trustworthiness of the model for structural analysis.
Electronic Properties

The calculated HOMO-LUMO energy gap for complex 3 is 3.55 eV, a value characteristic of
semiconductor-like materials. This moderate band gap implies sufficient electronic stability
while allowing for potential electron transfer processes, which could be advantageous in

applications such as bio-sensing or catalysis.

The DFT analysis of PEPPSI-Pd(I1)-NHC complexes 3a-i reveals a robust computational
model that accurately reproduces experimental geometries and provides valuable electronic
insights. The close alignment of bond lengths and angles with experimental data, as shown in
Table 3, validates the use of the B3LYP/LANL2DZ:6-311G++(2d,2p) method. The electronic
structure, with a 3.55 eV band gap and distinct HOMO-LUMO localization, suggests potential
reactivity profiles that could be exploited in biological or catalytic contexts. Table 4 These
findings lay a foundation for future studies, such as exploring substituent effects on the
electronic properties or experimental validation of the predicted interaction sites.
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39 3h 3i

Figure 4: Optimized structure for PEPPSI-Pd(I1)-N-heterocyclic carbene (NHC) complexes
3a-i at DFT B3LYP/6-311G++(2d, 2p): LANL2DZ level of theory
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Table 3: Computed geometric parameters of PEPPSI-Pd(I1)-N-heterocyclic carbene (NHC)
complexes 3a-i at DFT B3LYP/6-311G++(2d, 2p): LANL2DZ level of theory

Geometric )
XRD 3a 3b 3c 3d 3e 3f 39 3h 3i
parameter

Bond length in (A)

Pd1-Brl 2.4414(7) | 2520 | 2522 | 2523 | 2522 | 2522 | 2523 | 2523 | 2.524 | 2.523

Pd1-Br2 2.4471(7) | 2.520 | 2520 | 2517 | 2516 | 2517 | 2515 | 2516 | 2516 | 2.517

Pd1-N4 2.100(4) | 2.184 | 2.187 | 2.185 | 2.181 | 2.181 | 2.181 | 2.182 | 2.182 | 2.182
Pd1-C1 1.957(4) | 1.983 | 1.980 | 1.982 | 1.983 | 1.983 | 1.981 | 1.981 | 1.983 | 1.983
N1-C1 1.358(5) | 1.348 | 1.347 | 1.351 | 1.349 | 1.350 | 1.350 | 1.350 | 1.350 | 1.350
N1-C2 1.394(5) | 1.392 | 1.392 | 1.393 | 1.395 | 1.395 | 1.395 | 1.394 | 1.395 | 1.395
N2-C1 1.361(5) | 1.351 | 1.351 | 1.351 | 1.353 | 1.352 | 1.352 | 1.352 | 1.352 | 1.352
N2-C9 1.407(5) | 1.402 | 1.402 | 1.394 | 1.395 | 1.395 | 1.394 | 1.394 | 1.395 | 1.395
RMSD - 0.0493 | 0.0502 | 0.0496 | 0.0484 | 0.0486 | 0.0484 | 0.0488 | 0.0491 | 0.0490

Angles in (°)

Brl-Pd1-Br2 | 174.13(3) | 1741 | 1733 | 1741 | 1741 | 1743 | 1740 | 1739 | 1743 | 1742

Br1-Pd1-N4 | 90.29(12) | 92.8 93.2 92.7 92.7 92.7 92.8 931 92.6 92.7

Br1-Pd1-C1 | 89.38(14) | 88.6 87.5 88.4 88.4 88.5 88.1 88.1 88.6 88.5

Br2-Pd1-N4 | 91.82(12) | 93.1 935 93.1 93.1 93.0 93.1 929 92.9 93.0

Br2-Pd1-C1 | 88.58(14) | 855 85.8 85.8 85.7 85.8 86.0 86.0 85.8 85.8

N4-Pd1-C1 | 179.12(17) | 1785 | 179.1 | 178.8 | 178.7 | 178.7 | 178.8 | 178.8 | 178.6 | 178.7

N1-C1-N2 107.0(4) 108.1 | 108.2 | 107.7 | 107.6 | 107.6 | 107.6 | 107.6 | 107.7 | 107.6

RMSD - 1.6745 | 1.8777 | 1.5460 | 1.5693 | 1.5245 | 1.5452 | 1.5979 | 1.4942 | 1.5234

Table 4: Computed HOMO, LUMO energy levels and energy gap (in eV) of peppsi-pd(ii)-n-
heterocyclic carbene (nhc) complexes 3a-i using dft b3lyp/6-311++g(2d,2p) with lanl2dz
level of theory

Complex €Lumo €Homo Energy gap
3a -2.01 -5.73 3.72
3b -1.97 -5.72 3.75
3c -2.03 -5.75 3.72
3d -2.15 -5.82 3.67
3e -2.07 -5.76 3.69
3f -2.05 -5.79 3.74
39 -2.04 -5.78 3.74
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3h -2.06 -5.75 3.70

3i -2.05 -5.75 3.70

Charge transfer CT analysis

The Charge Transfer (CT) analysis of the PEPPSI-Pd(I1)-N-heterocyclic carbene (NHC)
complexes 3a-i elucidates a sophisticated intramolecular electronic interplay, as delineated by
Figure 5 and quantified in Table 5. Fragment 1, presumably the NHC ligand, exhibits a
persistent positive charge (e.g., +0.53296 to +0.55183 ¢), indicative of substantial c-donation
to Fragment 2 (likely the PdBr, moiety), which consistently bears a negative charge (-
0.72905 to -0.75312 e), reflecting its role as an electron sink stabilized by the palladium d-
orbitals and bromine p-orbitals. Fragment 3, with a modest positive charge (+0.19505 to
+0.21592 e), appears to fine-tune this charge polarization, potentially via n-backbonding or
inductive effects from the pyridine or substituent groups inherent to the PEPPSI framework.
These charge distributions, derived from DFT computations, reveal a nuanced donor-acceptor
dynamic that underpins the complexes' electronic asymmetry, with minimal variation across
the series suggesting robust structural conservation despite substituent modulation. This
electronic configuration enhances the electrophilicity of the palladium center, priming it for
nucleophilic interactions critical in advanced catalytic applications (e.g., cross-coupling) and
potentially influencing redox properties or biomolecular binding affinities, where the charge-
localized PdBr, fragment could engage electron-rich biological targets, warranting further
computational and experimental exploration to correlate these charge profiles with specific

reactivity metrics.
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R

Figure 5: Three Fragments considered for 3a-i complexes (Blue: Fragment 1, Red: Fragment

2, Yellow: Fragment 3)

Table 5: Computed total charge (in Electrons) for each fragment in 3a-i Pd-NHC complexes

Complex Q1 Q2 Q3
3a 0.53769 -0.73092 0.19941
3b 0.54503 -0.73087 0.19648
3c 0.53956 -0.75312 0.21372
3d 0.54239 -0.75163 0.21592
3e 0.53740 -0.75132 0.21489
3f 0.53296 -0.74726 0.21541
39 0.53429 -0.72905 0.19505
3h 0.55183 -0.75161 0.21433
3i 0.54543 -0.75296 0.21416
Anticancer (MTT) Test

In this study, the anticancer activity of 2a, 2b, 2c, 2d, 2e, 2f, 2g, 2h and 2i salts was evaluated
on three different cell lines: BEAS-2B, a human healthy lung cell line; HCT116, a human
colon cancer cell line; and SH-SY5Y, a human brain cancer cell line. Cisplatin was used as
control group. The ICso values calculated for cisplatin were 103.26+3.26 for BEAS-2B,
254.78+6.11 for HCT116 and 129.86+4.91 for SH-SY5Y, respectively. These reference
values were used as criteria for the evaluation of the performance of the salts. Table 6
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Table 6: Anticancer activities of salts 2 against different cell lines

1Cs0 (M)
ORDER NO | PLATE NO | CODE BEAS2B SHSY5Y HCT116
1 1 2a 488,65+6,88 NA 44,77+3,99
2 2 2b 83,36+£9,47 NA 30,43+8,27
4 4 2C 712,1949,20 NA 51,62+0,27
5 5 2d 610,45+11,58 NA 48,45x0,74
6 6 2e 499,74+18,15 NA 337,01+91,74
7 7 2f NA NA NA
8 8 2 NA NA NA
9 9 2h 9,99+0,22 NA 9,26+1,53
10 10 2i 44,52+2,80 NA 33,03+£2,17
CISPLATIN 103.26+3.26 129.86+4.91 254.7846.11

ICsq values presented as mean + SD of three independent experiments.
NA: Not Applicable (1C5,>800 uM),

Among the tested salt, 2c showed the lowest cytotoxicity with an ICsq value of 712.19+9.20,
indicating minimal effect on healthy cells. In contrast, 2h exhibited the highest cytotoxicity
with an ICsy value of 9.99+0.22. Salts such as 2a, 2d and 2e showed lower cytotoxicity
compared to cisplatin. Furthermore, the salts 2f and 2g did not show cytotoxicity. In contrast,
2h exhibited the highest cytotoxicity with an 1Csy value of 9.99+0.22. Salts such as 2a, 2d and
2e showed lower cytotoxicity compared to cisplatin. In addition, 2f and 2g salt did not show
cytotoxicity on this cell line.

When ICs, values on HCT116 Colon Cancer Cells were analysed, 2e showed the lowest
cytotoxicity with an 1Csg value of 337.01+£91.74. The highest cytotoxicity was observed in 2h
with an 1Cs value of 9.26+1.53. Salts 2a, 2b, 2c, 2d, 2h and 2i showed higher cytotoxicity
compared to cisplatin. In contrast, 2f and 2g salts did not show cytotoxicity in this cell line.
For SH-SY5Y brain cancer cell line, the control drug cisplatin with ICsq value of 129.86+4.91
exhibited the highest cytotoxicity among all compounds tested. All other salt complexes
showed no cytotoxic effect when 1Cs, values were analysed.

2a exhibited low cytotoxicity with an ICsy value of 488.65+6.88 in the healthy cell line
BEAS-2B. It showed high cytotoxicity against the colon cancer cell line HCT116 with an ICx
value of 44.77£3.99, while it did not show cytotoxicity against the brain cancer cell line SH-
SY5Y. These results suggest that 2a can effectively target colon cancer cells while protecting

healthy lung cells.
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2b showed low cytotoxicity with an ICsy value of 83.36+9.47 in BEAS-2B and high
cytotoxicity with an 1C50 value of 30.43+8.27 in HCT116. It did not exhibit cytotoxicity
against SH-SY5Y.

2h exhibited high cytotoxicity in both BEAS-2B and HCT116. The ICs, value for BEAS-2B
was 9.99+0.22 and 9.26+1.53 for HCT116. However, it was not toxic for SH-SY5Y. Despite
its activity against colon cancer cells, it showed significant toxicity against healthy lung cells.

In this study, complexes that showed low cytotoxicity in the healthy cell line BEAS-2B but
high cytotoxicity in the cancer cell lines HCT116 and SH-SY5Y were considered to have
potential anticancer properties. On the other hand, 2h was the most effective complex against
the colon cancer cell line HCT116 with an ICsovalue of 9.26+1.53. However, its high toxicity
in the healthy cell line BEAS-2B with an ICs value of 9.99+0.22 suggests that it requires
further optimisation to increase its selectivity.

These findings highlight the potential of various complexes for future drug development,
especially those that show selective cytotoxicity against cancer cells while sparing healthy

tissues.

The anticancer properties of Pd-NHC complexes 3a-i were investigated on three different cell
lines, namely BEAS-2B (human healthy lung cell), HCT116 (human colon cancer) and SH-
SY5Y (human brain cancer). The 1Csq values of cisplatin used as control group on these cell
lines were calculated as 103.26 + 3.26, 254.78 + 6.11 and 129.86 + 4.91, respectively. Table 7

Complex 3g showed the lowest cytotoxicity in BEAS-2B cell line. The ICsy value of this
complex was 218.46 * 4.24, indicating low cytotoxicity in healthy cell line. 3a and 3h also
showed low cytotoxic effect with ICsy values of 332.78 + 12.61 and 333.82 + 20.09,
respectively. 3f showed the highest cytotoxicity and 1C50 value was measured as 430.09 +
45.76. Apart from this, 3b, 3c, 3d complexes did not show cytotoxicity against BEAS-2B cell

line.

Table 7 : Anticancer activities of Pd-NHC complexes 3a-i against different cell lines

ICs0 (LM)
ORDER NO | PLATE NO | CODE BEAS2B SHSY5Y HCT116
21 21 3a 332,78+£12,61 NA 403,98+8,39
22 22 3b NA NA 281,36+3,56
23 23 3c NA NA NA
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24 24 3d NA NA NA

25 25 3e NA 561,90+48,10 NA

26 26 3f 430,09+45,76 595,74+88,49 311,01+22,02

27 27 39 218,46+4,24 349,71+30,04 204,96+15,65

28 28 3h 333,82+20,09 637,05+24,77 217,07+2,73

29 29 3i 400,96+42,98 NA 265,29+5,13
CISPLATIN 103.26+3.26 129.86+4.91 254.78+6.11

I1C5q values presented as mean + SD of three independent experiments.
NA: Not Applicable (IC5,>800 uM),

Complex 3g showed the highest cytotoxicity in HCT116 cell line. ICs value was 204.96 +
15.65 and this complex was more effective than Cisplatin. 3g and 3a also showed cytotoxic
effect with 1Csp values of 265.29 £+ 5.13 and 403.98 + 8.39, respectively. However, 3b and 3d

did not show cytotoxicity against this cell line.

3g showed the highest cytotoxicity in SH-SY5Y cell line. ICsy value of this complex was
349.71 + 30.04 and it was determined that this complex showed lower cytotoxic effect
compared to Cisplatin. The lowest cytotoxicity was shown by 3h and ICsy value was
measured as 637.05 £ 24.77. 3a, 3b, 3c, 3d and 3a did not show cytotoxicity against this cell
line. 3g showed the highest cytotoxicity in both HCT116 and SH-SY5Y cell lines. The high
ICso value in the healthy cell line indicates that this complex shows high cytotoxic effect in
cancerous cell lines but has lower toxicity in healthy cells. 3f showed the lowest toxicity in
the healthy cell line. However, it showed a moderate cytotoxic effect in HCT116 cell line. In
addition, it did not show an effective cytotoxicity in SH-SY5Y cell line. 3b had an 1Cs, value
of NA in all cell lines and showed no cytotoxic effect against any cell line.Within the scope of
the study, complexes with low toxicity in healthy cell lines and high toxicity in cancer cell
lines can be considered as promising candidates for anticancer drug development studies.
Especially 3g stands out as a potential anticancer agent by showing high cytotoxic effect in
both cancerous cell lines. In addition, 3f, which shows low toxicity in healthy cell lines, is

also among the complexes to be evaluated.

Antioxidant activities of salts 2 and their complexes 3

The antioxidant capacity of the produced compounds was assessed using DPPH assays and
compared to a positive control, Butylated hydroxytoluene (BHT) (50 ug/ml). Table 8 presents
the results, indicating that compound 3d demonstrated a significant outcome (38.19+0.33,

14.37+0.4, and 0.0) at concentrations of 2.0, 1.0, and 0.5 mg/mL, respectively. Similarly, the
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DPPH activity of compounds 3a, 3b, and 3c exhibited a gradual increase, ranging from
05.87+0.2, 11.87+0.1, and 08.87+0.4% at a concentration of 1.0 mg/mL to 33.21+2.1,
36.21+0.12, and 35.87+£0.22% at a concentration of 2.0 mg/mL, respectively. On the other
hand, all compounds showed no antioxidant activities with DPPH activity at concentrations
0.5 mg/mL. Moreover, compounds (2a, 2b, 2c, 2d, and 2e) showed only DPPH activity at
concentrations 2.0 mg.mL'l with scavenging activity 20.24+0.2, 22.22+0.1, 23.41+0.2,
26.52+0.8 and 24.44+0.9, respectively. Table 9 The redox properties of these compounds,
which allow them to behave as reducing agents or hydrogen atom donors while also
scavenging free radicals, may account for their antioxidant activity. The DPPH odd electron
can be partnered with a hydrogen atom or donated electrons. The results reveal that the phenyl
ring substituents relate to the synthesized compounds potential antioxidant activity. The
results obtained is similar either with our recent publication which reported antioxidant

capacity of Pd complexes using DPPH method [78].

Table 8. Scavenging activity of synthesized compounds

Antioxidant Activity

> code DPPH%

2.0 mg.mL™ 1.0 mg.mL* 0.5 mg.mL™
1 | control (BHT) 93.61+2.8 75.60 +1.8 58.80 + 1.8
2 2a 20.24 0.2 0.0 0.0
3 2b 22.22+0.1 0.0 0.0
4 2c 23.41+0.2 0.0 0.0
5 2d 26.52+0.8 0.0 0.0
6 2e 24.44+0.9 0.0 0.0
7 2f 2421+0.1 0.0 0.0
8 29 22.31+0.2 0.0 0.0
9 2h 25.42 +0.8 0.0 0.0
10 2i 23.34+0.9 0.0 0.0
11 3a 32.21+2.1 05.87 0.2 0.0
12 3b 35.21+0.12 11.87+0.1 0.0
13 3¢ 34.87 +0.22 08.87+ 0.4 0.0
14 3d 37.19 +0.33 14.37 + 0.4 0.0
15 3e 33.25 +0.32 15.28 + 0.4 0.0
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16 3f 32.11+0.12 12.86 £ 0.1 0.0
17 39 33.85+0.22 08.76 + 0.4 0.0
18 3h 35.18 +0.33 14.36 £ 0.4 0.0
19 3i 31.24 +£0.32 15.25 + 0.4 0.0

* The experiment was carried out in triplicate. Values are given as mean * standard error.
* Butylated hydroxytoluene (BHT)

Table 9. I1Cs, values of antioxidant activities, DPPH and ABTS radical scavenging a
of compounds 2a—e and 3a-e .
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ICso (Mg mL ™)

Compounds DPPH ABTS
2a 56.27 39.12

2b 61.45 36.14

2C 43.23 31.27

2d 62.25 52.21

2e 44.1 40.1

2f 59.34 32.13

29 41.12 31.27

2h 58.23 52.21

2i 40.2 40.1

3a 60.4 42.78

3b 54.12 34.05

3c 61.38 47.04

3d 70.4 19.17

3e 65.2 83.2

3f 59.3 23.04

39 52.21 36.03

3h 60.27 18.18

3i 71.3 84.1
BHT 85.2 84.5

ADMET study

The ADMET analysis of the PEPPSI-Pd(I1)-NHC complexes 3a-i, conducted via ADMETIlab
3.0, was performed by analyzing both Fig. 6 and the supporting information. This
comprehensive evaluation provides insights into their pharmacokinetic and toxicological
properties, crucial for assessing their potential as drug candidates. This study encompasses
nine complexes, with their multidimensional properties visualized in Figure 6 through radar
plots, revealing both uniform trends and subtle variations that inform their drug development
prospects. A key clarification emerges regarding molecular weights: the reported range of

405.28-419.29 Da likely reflects the salt forms of these complexes (e.g., including
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counterions such as bromide), not necessarily the neutral Pd-NHC entities, impacting the

interpretation of physicochemical and pharmacokinetic data.
Physicochemical and Medicinal Chemistry Insights

The physicochemical properties, as depicted in Figure 6, indicate that the salt forms of
complexes 3a-i possess molecular weights (405.28-419.29 Da) within the 100-600 Da drug-
likeness range, though exceeding the GSK Rule’s 400 Da cutoff, hinting at potential ADMET
challenges. The Topological Polar Surface Area (TPSA) remains a consistent 18.95 A2, well
below 140 A2, suggesting excellent cell permeability, a feature visually compact in the radar
plots’ TPSA segments. However, high lipophilicity (log P): 4.869-5.069; (log D): 3.827—
4.175) breaches the Pfizer Rule, flagging toxicity risks amplified by the expansive
lipophilicity arcs in Figure 7. Solubility (log S): -5.611 to -5.171) suggests moderate aqueous
solubility, potentially limiting bioavailability, a constraint evident in the plots’ solubility
profiles. Flexibility (0.227-0.273), with 5-6 rotatable bonds, supports conformational
adaptability, while Quantitative Estimate of Drug-likeness (QED: 0.679-0.718) and synthetic
accessibility (3.0) affirm pharmaceutical feasibility. Despite violating GSK and Golden
Triangle Rules, adherence to Lipinski’s Rule and the absence of PAINS or BMS alerts
indicate a promising scaffold, though the salt-specific molecular weights suggest counterion

effects may need consideration in optimization.
Absorption and Distribution Dynamics

Absorption properties, vital for bioavailability, present a mixed outlook, visually synthesized
in Figure 7. Caco-2 permeability (-5.084 to -4.944) exceeds the -5.15 threshold, indicating
moderate to good intestinal absorption, yet low MDCK and PAMPA values suggest passive
diffusion limitations, reflected in the radar plots’ inward absorption segments. High P-
glycoprotein (Pgp) inhibition (0.881-0.997) and substrate probabilities (0.847-0.993) signal
efflux barriers, with 3a and 3b showing slightly superior Caco-2 values (-5.084, -5.067).
Distribution properties reveal high Plasma Protein Binding (PPB: 95.712%-97.117%),
exceeding <90%, reducing free fractions (Fu: 2.893%-3.914%), as seen in Figure 7’s
pronounced PPB spokes. Volume of Distribution (VDss: 0.334-0.479 L/kg) is favorable, but
Blood-Brain Barrier (BBB) penetration varies—high for 3a and 3b (0.984-0.999), low for 3c
and 3d (0.005-0.006)—suggesting tailored CNS potential, a distinction clear in the plots’
BBB profiles.

Metabolism and Excretion Profiles
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Metabolism properties highlight drug-drug interaction risks and stability variations, as
illustrated in Figure 6. CYP1A2 inhibition (0.939-0.962, except 3c at 0.023) and CYP3A4
(0.836-0.995) are notably high, posing interaction concerns, while CYP2C9 and CYP2D6
show lower risks. Human Liver Microsomal (HLM) stability diverges, with 3a and 3b stable
(>30 min) versus 3c and 3d unstable (<30 min), a contrast visible in the radar plots’ stability
arcs. Excretion exhibits moderate clearance (7.845-8.59 mL/min/kg) but ultra-short half-lives
(0.127-0.254 h), a limitation emphasized by Figure 6’s compact half-life segments,

necessitating strategies to extend duration.
Toxicity Considerations

Toxicity profiles, critical for safety, present significant hurdles, prominently displayed in
Figure 6. High hERG blockade (0.557-0.925) and Drug-Induced Liver Injury (DILI: 0.901—
0.967) probabilities indicate cardiotoxicity and hepatotoxicity risks, mirrored by extended
toxicity spokes. AMES mutagenicity varies (0.426-0.86, lowest in 3c), with additional
concerns for skin sensitization and neurotoxicity, though rat oral acute toxicity remains
moderate (0.331-0.488). Environmental impact is least for 3i, a nuance captured in Figure 7’s

narrower environmental toxicity segment.
Implications for Drug Development

Integrated with Figure 6, this ADMET analysis positions 3c, 3d, 3e, and 3f as balanced
candidates due to moderate absorption, improved distribution, and lower mutagenicity, though
their high DILI and short half-lives demand attention. Complexes 3a and 3b excel in CNS
penetration but face toxicity challenges, while 3g and 3h offer safer profiles yet struggle with
absorption, trends visually synthesized in the radar plots. The salt-specific molecular weights
suggest counterion contributions (e.g., Br~ ) that may elevate (log P) and PPB, necessitating
structural tweaks—such as reducing lipophilicity or modifying ionic interactions—to enhance
solubility and safety. Sustained-release formulations could address the rapid excretion,
leveraging the complexes’ synthetic feasibility for optimization. This comprehensive
profiling, visually reinforced by Figure 6, underscores the need for targeted refinements to

unlock their therapeutic potential.
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Figure 6: Generated radar plots of 3a-i NHC complexes

Additional detailed ADMET data for the PEPPSI-Pd(I1)-NHC complexes 3a-i are available in

the PDF supporting file for comprehensive reference.
Docking analysis

The docking study evaluated the binding affinities of nine brominated heterocyclic
compounds (3a to 3i) with two proteins: 4IQK (Keapl Kelch domain, associated with healthy
lung cells, BEAS2B) and 6GUE (CDKZ2, linked to colon cancer cells, HCT116). The proteins
were prepared by removing water and adding polar hydrogens using PyMOL, followed by
docking simulations conducted with the HDOCK server [79-82], which is primarily designed
for protein-protein interactions but adapted here for small molecules. This approach aimed to
assess the potential of these compounds as selective anticancer agents by examining their

interactions with cancer-related and healthy cell-associated proteins.
Docking Results for Keapl (41QK)

The results from Table 10 revealed that all compounds exhibited strong binding to Keapl,
with docking scores ranging from -190.22 to -211.96 and confidence scores between 0.6909
and 0.7754. The CAS residues, such as Arg415 and Ser508, aligned with the known Nrf2
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binding site, validating the docking accuracy for this protein. This strong interaction suggests

that the compounds may influence the antioxidant response in healthy cells, which could be a

drawback for their use as cancer-specific treatments, as it indicates potential toxicity to

healthy lung cells.

Table 10 : HDOCK server docking results for compounds 3a-3i with KEAP1 (41QK) protein,

including docking scores, confidence scores, peripheral anionic site (PAS) and catalytic active

site (CAS) residues, and root mean square deviation (RMSD) values (3)

Docking Confidence
Compound PAS CAS RMSD
score score
ARG 415A, ARG
TYR 334A, SER 363A,
3a -190.22 0.6909 483A, SER 508A, 59.89
TYR 525A
GLY 509A
ARG 415A, ARG
TYR 334A, SER 363A,
3b -193.12 0.7032 483A, SER 508A, 60.14
TYR 525A
GLY 509A
ARG 415A, ARG
TYR 334A, SER 363A,
3c -211.96 0.7754 483A, SER 508A, 60.07
TYR 525A
GLY 509A
ARG 415A, ARG
TYR 334A, SER 363A,
3d -197.90 0.7227 483A, SER 508A, 59.22
TYR 525A
GLY 509A
ARG 415A, ARG
TYR 334A, SER 363A,
3e -193.23 0.7036 483A, SER 508A, 59.00
TYR 525A
GLY 509A
ARG 415A, ARG
TYR 334A, SER 363A,
3f -206.23 0.7548 483A, SER 508A, 59.94
TYR 525A
GLY 509A
ARG 415A, ARG
TYR 334A, SER 363A,
3g -207.72 0.7603 483A, SER 508A, 60.25
TYR 525A, HIS 575A
GLY 509A
ARG 415A, ARG
TYR 334A, PHE 335A,
3h -192.18 0.6992 483A, SER 555A, 60.90
ARG 336A, TYR 572A
TYR 525A
TYR 334A, TYR 572A, ARG 415A, ARG
3i -205.74 0.7530 HIS 575A, and PHE 483A, SER 555A, 59.81

ST7TA

and TYR 525A
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Docking Results for CDK2 (6GUE)

In contrast, the data from Table 11 showed weaker binding to CDK2, with docking scores

ranging from -129.04 to -136.57 and lower confidence scores from 0.3967 to 0.4333. The

CAS residues identified, such as Ser264 and His268, did not correspond to the standard
CDK2 active site (Lys33, Glu81, Asp86, Aspl45), suggesting that the compounds may bind
to non-catalytic sites. This raises concerns about their effectiveness as CDK2 inhibitors,

which are typically targeted for cancer cell cycle disruption, potentially limiting their

anticancer potential.

Table 11: HDOCK server docking results for compounds 3a-3i with CDK2/CYCLINA

(6GUE) protein, including docking scores, confidence scores, peripheral anionic site (PAS)

and catalytic active site (CAS) residues, and root mean square deviation (RMSD) values (8)

Docking

Confidence

Compound PAS CAS RMSD
score score
SER 264A, HIS
TYR 269A, ARG 260A,
268A, PHE 248A,
SER 261A, LEU 219A,
3a -130.55 0.4040 VAL 226A, ARG 51.08
LEU 267A, ILE 275A,
245A, LYS 273A,
SER 249A
GLN 265A
VAL 226A, ARG
LEU 219A, SER 249A,
245A, PHE 248A,
SER 261A, GLN 265A,
3b -131.41 0.4081 ARG 260A, SER 51.31
LEU 267A, TYR 269A,
264A, HIS 268A,
ILE 275A
LYS 273A
ALA 116A, HIS
119A, SER 120A,
ILE 275A, PHE 152A,
SER 181A, THR
PRO 155A, ALA 277A,
182A, ALA 183A,
3c -136.57 0.4333 ASN 272A, ARG 122A, 40.95
PRO 271A, ARG
ILE 186A, HIS 121A,
274A, LYS 278A,
VAL 154A
SER 276A, VAL
156A
ILE 275A, PHE 152A, ALA 116A, HIS
3d -131.04 0.4063 PRO 155A, ALA 277A, 119A, SER 120A, 39.94

ASN 272A, ARG 122A,

SER 181A, THR
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ILE 186A, HIS 121A,
VAL 154A

182A, ALA 183A,

PRO 271A, ARG

274A, LYS 278A,

SER 276A, VAL
156A

ILE 275A, PHE 152A,
PRO 155A, ALA 277A,

ALA 116A, HIS

119A, SER 120A,
SER 181A, THR
182A, ALA 183A,

3e -129.04 0.3967 ASN 272A, ILE 186A, 39.68
PRO 271A, ARG
ARG 122A, HIS 121A,
274A, LYS 278A,
VAL 154A
SER 276A, VAL
156A
ALA 116A, HIS
119A, SER 120A,
PHE 152A, PRO 155A, SER 181A, THR
ALA277A, ASN 272A, | 182A, ALA 183A,
3f -135.31 0.4271 40.72
ILE 186A, ARG 122A, PRO 271A, ARG
HIS 121A, VAL 154A 274A, LYS 278A,
SER 276A, ILE
275A, VAL 156A
ALA201A, ARG
200A, ARG 214A,
ARG 217A, THR
PHE 203A, PRO 253A,
198A, THR 218A,
39 -133.22 0.4169 PRO 204A, ILE 215A, 48.16
GLN 246A, LEU
VAL 252A, ALA 194A
202A, LYS 250A,
TRP 243A, VAL
251A
SER 264A, HIS
268A, ARG 245A,
LEU 219A, ARG 260A,
TYR 269A, VAL
3h -135.00 0.4256 ILE 275A, SER 261A, 51.36
226A, LYS 273A,
ARG 274A
GLN 265A, PHE
248A, LEU 267A
PHE 152A, PRO 155A, ALA 116A, HIS
3i -130.85 0.4054 ALA277A, ILE 186A, 119A, SER 120A, 40.86

ASN 272A, VAL 154A,

SER 181A, THR
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ARG 122A, HIS 121A, | 182A, ALA 183A,
ALA 279A PRO 271A, ARG
274A, LYS 278A,
SER 276A, ILE
275A, VAL 156A

The correlation between docking and experimental data suggests that stronger Keapl binding
(higher negative docking score) may correlate with reduced toxicity to healthy cells, as seen
with (3c), which showed no effect on BEAS2B. For cancer cells, the relationship is less clear;
(3c) with a better CDK2 score had a moderate HCT116 1Csp, while (3i) with a weaker score
had a lower ICsp, indicating other factors influence activity. This discrepancy highlights the
need for further investigation into the compounds' mechanisms, as docking alone does not
fully predict their selectivity or efficacy.The docking study indicates that compounds bind
more strongly to Keapl than CDK2, suggesting a potential bias toward affecting healthy cells,
which could limit their use as selective anticancer agents. While the CAS residues for Keapl
align with known binding sites, the non-standard binding sites on CDK2 warrant further
validation to confirm their relevance. Although experimental data for (3c) and (3i) show
promise due to their varying effects on cancer and healthy cells, the lack of complete data
across all compounds and the mismatch with docking sites mean more research is needed.
These findings position 3c and 3i as potential candidates for further development, but their

optimization for selectivity remains a critical next step.

Conclusion

In summary, a new series of air- stable PEPPSI themed palladium(ll) carbene complexes
were synthesized and fully characterized by NMR spectroscopy, elemental analysis, Mass
spectroscopy, and X- ray crystallography. The anticancer and antioxidant activities of the
ligand and mixed ligand metal complexes were also investigated, with the latter showing
favourable activities. Furthermore, the in vitro anticancer activity results indicated that,
among the tested compounds, complex 3g showed the highest cytotoxicity in SH-SY5Y cell
line. 1Cs value of this complex was 349.71 + 30.04 against MCF-7 and HT-29 cells. The
antioxidant capacity of the produced compounds was assessed using DPPH assays and
compared to a positive control, Butylated hydroxytoluene (BHT) (50 ug/ml). Notably,

palladium played a vital role in enhancing the biological activity against the selected human
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cell lines. Further research is needed to elucidate their mechanism of action and evaluate their
in vivo efficacy and safety profiles. DFT computations verified the complexes’ geometric and
electronic stability, with a HOMO-LUMO gap of 3.55-3.75 eV, while molecular docking
revealed stronger binding to Keapl (healthy cell model) than CDK2 (cancer target). ADMET
profiling showed promising drug-likeness but flagged pharmacokinetic and toxicity issues,

indicating a need for structural refinements to boost therapeutic potential.
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