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among the most preferred systems for many reactions such 
as arylation [4], amination [5], and C-C coupling reactions 
[3, 6, 7], thanks to their high efficiency, wide substrate 
range, and good functional group tolerance [8]. Palladium-
catalyzed protocols, such as the Suzuki–Miyaura reaction 
and direct arylation reactions, allow for the synthesis of 
complex molecules in fewer steps and under more envi-
ronmentally sustainable conditions and are widely used in 
many fields, including pharmaceutical chemistry, materials 
science, and agrochemicals [9–11].

One of the key factors directly affecting catalyst per-
formance in such reactions is the ligand environment sur-
rounding the metal center. In recent years, N-heterocyclic 
carbenes (NHCs) have gained prominence as alternatives 
to phosphines in Pd complexes due to their strong σ-donor 
properties, broad electronic tunability, and high thermal and 
chemical stability [12–16]. NHC ligands, thanks to their 
ability to stabilize Pd(II) and Pd(0) species, can effectively 
control the formation and transformation of active species 
throughout the catalytic cycle [13, 15]. In this context, the 
design of NHC-based Pd complexes plays a decisive role in 
both the selectivity and rate of catalytic processes.

Pd-PEPPSI (Pyridine-Enhanced Precatalyst Preparation 
Stabilization and Initiation) complexes, reported by Organ 
in 2006, are particularly notable for their ease of preparation, 

1  Introduction

Transition metal-catalyzed reactions for the formation of 
carbon-carbon and carbon-heteroatom bonds constitute a 
crucial component of modern organic synthesis [1–3]. In 
this context, palladium-based catalysts, in particular, are 
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high stability against air and moisture, and rapid activa-
tion properties [17]. The pyridine auxiliary ligand in these 
complexes directly influences the solubility and activation 
behavior of the precatalyst, significantly impacting cata-
lytic performance. Therefore, structural modifications to 
the ligand architecture of PEPPSI complexes can have pro-
found effects on the efficiency and selectivity of the cata-
lytic system [18–20].

In this study, Pd-PEPPSI complexes containing NHC 
ligands with various structural properties were synthesized, 
and their structural and electronic properties were investi-
gated in detail using both experimental methods (Nuclear 
Magnetic Resonance (NMR), X-ray crystallography, etc.) 
and density functional theory (DFT)-based computational 
approaches. The catalytic activities of the resulting com-
plexes in Suzuki–Miyaura cross-coupling and direct C–H 
arylation reactions were evaluated, and the effects of ligand 
structure on catalytic efficiency, conversion time, and selec-
tivity were comparatively analyzed. In this context, the 
study provides important structural-catalytic relationships 
that can contribute to the design of sustainable and highly 
efficient catalysts.

2  Experimental

2.1  Chemicals and methods

The synthesis of all compounds was executed through the 
utilization of the Schlenk technique in an inert atmosphere. 
It is imperative to note that no purification or drying process 
was performed on the solvents and reagents utilized in the 
experimental setting. The Suzuki reaction was carried out 

in air using a green solvent system composed of isopropa-
nol (i-PrOH)-H2O. While some of the reagents utilized in 
these reactions were synthesized in our laboratory, others, 
including pyridine, n-pentane, dichloromethane (DCM) and 
i-PrOH, were procured from commercial sources.

NMR spectra were taken on a Bruker Ultra Shield 
400  MHz spectrometer using deuterated chloroform 
(CDCl3) as solvent and tetramethyl silane (TMS) as inter-
nal standard. Fourier Transform Infrared Spectroscopy (FT-
IR) spectra were taken in the Perkin Elmer Spectrum 100 
spectrometer in the range of 650–4000 cm− 1. Melting points 
were determined with an Electrothermal melting point 
detector. Gas Chromatography-Mass Spectrometry (GC-
MS) analyses were carried with the GC system of Agilent 
Technologies 6890 N Network system gas chromatography 
equipped with an Agilent Technologies 5973 inert Mass 
Selective Detector.

2.2  The synthesis of NHC-based Pd-PEPPSI 
complexes (2a-e)

NHC based Pd-PEPPSI complexes (2a-e) were obtained 
through a reaction involving 1 mmol of benzimidazolium 
salt, 1 mmol of palladium(II) chloride (PdCl2), 5 mmol of 
potassium carbonate (K2CO3), and a substantial quantity of 
potassium bromide (KBr) in pyridine at 80 °C for a dura-
tion of 5 h. Subsequent to the completion of the reaction, 
the residue was subjected to vacuum removal of pyridine, 
followed by the addition of dichloromethane. The resulting 
suspension was passed over silica gel, and the solvent was 
removed under vacuum. The desired Pd-PEPPSI complexes 
(2a-e) were crystallized in a mixture of DCM and pentane, 
and were isolated with satisfactory yields. The general 
synthesis of Pd-PEPPSI complexes (2a-e) was shown in 
Scheme 1.

2.2.1  Dibromo [1-(2-methylbenzyl)-5,6-dimethyl-3-(2-
(1,3-dioxane-2-yl)ethyl) benzimidazol-2-ylidene]pyridine 
palladium (II), 2a

Yield: Yellow solid, 74%, m.p.:221–222  °C, FT-IR 
ν(C−N):1417  cm− 1, 1H NMR (400  MHz, CDCl3): δ 1.35 
and 2.13 (m, 2  H, NCH2CH2-1,3-dioxane-5-CH2); 2.20 
and 2.34 (s, 6  H, C6H2-CH3-5,6); 2.49 (s, 3  H, (2-CH3)
C6H4-CH2); 2.57 (m, 2  H, NCH2CH2-1,3-dioxane); 3.80 
and 4.14 (m, 4  H, NCH2CH2-1,3-dioxane-4,6-CH2); 4.78 
(t, 1H, J = 8  Hz, NCH2CH2-1,3-dioxane-2-CH); 4.96 
(t, J = 8  Hz, 2  H, NCH2CH2-1,3-dioxane); 6.01 (s, 2  H, 
(3-CH3)C6H4-CH2); 6.68–726 (m, 9 H, (2-CH3)C6H4-CH2, 
C6H4), 7.29–7.33 and 7.72–7.75 (m, 2 H, CHPy); 8.99 (dd,, 
J = 4  Hz, 2  H, CHPy−ortho). 13C NMR (100  MHz, CDCl3): 
δ 19.8 ((2-CH3)C6H5-CH2); 20,2 (C6H2-CH3-5,6); 25.8 
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(NCH2CH2-1,3-dioxane-5-CH2), 34.5 (NCH2CH2-1,3-di-
oxane); 43.9 (NCH2CH2-1,3-dioxane); 50.5 ((2-CH3)
C6H5-CH2), 66.8 (NCH2CH2-1,3-dioxane-4,6-CH2); 99.5 
(NCH2CH2-1,3-dioxane-2-CH); 111.0, 111.4, 124.4, 126.3, 
127.8, 128.4, 130.3, 132.2, 133.2, 133.4, 135.5, 137.8 (Ar-
C); 152.6 (CHPy−ortho); 161.3 (Pd-Ccarbene).

2.2.2  Dibromo [1-(3-methylbenzyl)-5,6-dimethyl-3-(2-
(1,3-dioxane-2-yl)ethyl) benzimidazol-2-ylidene]pyridine 
palladium (II), 2b

Yield: Yellow crystalline solid, 70%, m.p.:167–168  °C, 
FT-IR ν(C−N):1405  cm− 1, 1H NMR (400  MHz, CDCl3): 
δ 1.36 and 2.13 (m, 2  H, NCH2CH2-1,3-dioxane-5-CH2); 
2.22 (s, 6  H, C6H2-CH3-5,6); 2.32 (s, 3  H, (3-CH3)C6H4-
CH2); 2.58 (m, 2 H, NCH2CH2-1,3-dioxane); 3.80 and 4.14 
(m, 4  H, NCH2CH2-1,3-dioxane-4,6-CH2); 4.78 (t, 1H, 
J = 8  Hz, NCH2CH2-1,3-dioxane-2-CH); 4.97 (t, J = 8  Hz, 
2 H, NCH2CH2-1,3-dioxane); 6.03 (s, 2 H, (3-CH3)C6H4-
CH2); 7.10–7.26 (m, 9  H, (3-CH3)C6H4-CH2, C6H4), 
7.30–7.34 and 7.72–7.76 (m, 2 H, CHPy); 9.03 (d,, J = 4 Hz, 
2 H, CHPy−ortho). 13C NMR (100 MHz, CDCl3): δ 20.2 ((3-
CH3)C6H5-CH2); 21.4 (C6H2-CH3-5,6); 25.8 (NCH2CH2-
1,3-dioxane-5-CH2), 34.5 (NCH2CH2-1,3-dioxane); 43.8 
(NCH2CH2-1,3-dioxane); 53.3 ((3-CH3)C6H5-CH2), 66.7 
(NCH2CH2-1,3-dioxane-4,6-CH2); 99.5 (NCH2CH2-1,3-di-
oxane-2-CH); 111.6, 124.5, 125.0, 128.5, 128.7, 132.1, 
132.2, 133.1, 133.6, 135.1, 137.8, 138.5 (Ar-C); 152.6 
(CHPy−ortho); 161.0 (Pd-Ccarbene).

2.2.3  Dibromo [1-(4-methylbenzyl)-5,6-dimethyl-3-(2-
(1,3-dioxane-2-yl)ethyl) benzimidazol-2-ylidene]pyridine 
palladium (II), 2c

Yield: Yellow solid, 73%, m.p.:196–197  °C, FT-IR 
ν(C−N):1444  cm− 1, 1H NMR (400  MHz, CDCl3): δ 1.35 
and 2.12 (m, 2  H, NCH2CH2-1,3-dioxane-5-CH2); 2.21 
(s, 3 H, (4-CH3)C6H4-CH2); 2.32 (s, 6 H, C6H2-CH3-5,6); 
2.57 (q,, J = 8 Hz, 2 H, NCH2CH2-1,3-dioxane); 3.80 and 
4.14 (m, 4 H, NCH2CH2-1,3-dioxane-4,6-CH2); 4.78 (t, 1H, 
J = 8  Hz, NCH2CH2-1,3-dioxane-2-CH); 4.97 (t, J = 8  Hz, 
2 H, NCH2CH2-1,3-dioxane); 6.05 (s, 2 H, (4-CH3)C6H4-
CH2); 6.80–7.34 (m, 9  H, (4-CH3)C6H4-CH2, C6H4), 
7.44–7.47 and 7.72–7.76 (m, 2 H, CHPy); 9.03 (d,, J = 4 Hz, 
2 H, CHPy−ortho). 13C NMR (100 MHz, CDCl3): δ 20.2 ((4-
CH3)C6H5-CH2); 21.2 (C6H2-CH3-5,6); 25.8 (NCH2CH2-
1,3-dioxane-5-CH2), 34.5 (NCH2CH2-1,3-dioxane); 43.8 
(NCH2CH2-1,3-dioxane); 53.4 ((4-CH3)C6H5-CH2), 66.7 
(NCH2CH2-1,3-dioxane-4,6-CH2); 99.5 (NCH2CH2-1,3-di-
oxane-2-CH); 110.9, 111.7, 124.5, 127.9, 129.4, 132.0, 
132.1, 132.9, 133.7, 137.6, 137.8 (Ar-C); 152.6 (CHPy−ortho); 
160.9 (Pd-Ccarbene).

2.2.4  Dibromo [1-(3,5-dimethylbenzyl)-5,6-dimethyl-3-(2-
(1,3-dioxane-2-yl)ethyl) benzimidazol-2-ylidene]pyridine 
palladium (II), 2d

Yield: Yellow solid, 68%, m.p.:244–245  °C, FT-IR 
ν(C−N):1405 cm− 1, 1H NMR (400 MHz, CDCl3): δ 1.38 and 
2.17 (m, 2 H, NCH2CH2-1,3-dioxane-5-CH2); 2.23 and 2.33 
(s, 3 H, (3,5-CH3)C6H4-CH2); 2.29 (s, 6 H, C6H2-CH3-5,6); 
2.57 (q,, J = 8 Hz, 2 H, NCH2CH2-1,3-dioxane); 3.80 and 
4.14 (m, 4 H, NCH2CH2-1,3-dioxane-4,6-CH2); 4.78 (t, 1H, 
J = 4  Hz, NCH2CH2-1,3-dioxane-2-CH); 4.97 (t, J = 8  Hz, 
2 H, NCH2CH2-1,3-dioxane); 5.98 (s, 2 H, (3,5-CH3)C6H4-
CH2); 6.86–6.93 and 7.20–7.29 (m, 9  H, (3,5-CH3)C6H4-
CH2, C6H4), 7.31–7.34 and 7.72–7.76 (m, 2 H, CHPy); 9.02 
(d,, J = 4 Hz, 2 H, CHPy−ortho). 13C NMR (100 MHz, CDCl3): 
δ 20.2 ((3,5-CH3)C6H5-CH2); 21.3 (C6H2-CH3-5,6); 25.8 
(NCH2CH2-1,3-dioxane-5-CH2), 34.6 (NCH2CH2-1,3-di-
oxane); 43.8 (NCH2CH2-1,3-dioxane); 53.2 ((3,5-CH3)
C6H5-CH2), 66.7 (NCH2CH2-1,3-dioxane-4,6-CH2); 99.5 
(NCH2CH2-1,3-dioxane-2-CH); 110.9, 111.6, 124.5, 125.7, 
129.6, 132.0, 132.1, 133.1, 133.6, 135.1, 137.8, 138.2 (Ar-
C); 152.6 (CHPy−ortho); 160.9 (Pd-Ccarbene).

2.2.5  Dibromo [1-(2,4,6-trimethylbenzyl)-5,6-dimethyl-
3-(2-(1,3-dioxane-2-yl)ethyl) benzimidazol-2-ylidene]
pyridine palladium (II), 2e

Yield: Yellow solid, 75%, m.p.:184–185  °C, FT-IR 
ν(C−N):1406 cm− 1, 1H NMR (400 MHz, CDCl3): δ 1.31 and 
2.07 (m, 2  H, NCH2CH2-1,3-dioxane-5-CH2); 2.28 and 
2.30 (s, 3  H, (2,4,6-CH3)C6H4-CH2); 2.35 (s, 6  H, C6H2-
CH3-5,6); 2.55 (q,, J = 8 Hz, 2 H, NCH2CH2-1,3-dioxane); 
3.77 and 3.94 (m, 4  H, NCH2CH2-1,3-dioxane-4,6-CH2); 
4.73 (t, 1H, J = 4  Hz, NCH2CH2-1,3-dioxane-2-CH); 4.95 
(t, J = 8  Hz, 2  H, NCH2CH2-1,3-dioxane); 6.03 (s, 2  H, 
(2,4,6-CH3)C6H4-CH2); 6.92–7.03 and 7.19–7.26 (m, 9 H, 
(2,4,6-CH3)C6H4-CH2, C6H4), 7.31–7.43 and 7.74–7.79 (m, 
2 H, CHPy); 9.03 (t,, J = 4 Hz, 2 H, CHPy−ortho). 13C NMR 
(100  MHz, CDCl3): δ 20.3 ((2,4,6-CH3)C6H5-CH2); 20.9 
(C6H2-CH3-5,6); 25.8 (NCH2CH2-1,3-dioxane-5-CH2), 34.6 
(NCH2CH2-1,3-dioxane); 46.7 (NCH2CH2-1,3-dioxane); 
50.5 ((2,4,6-CH3)C6H5-CH2), 66.7 (NCH2CH2-1,3-diox-
ane-4,6-CH2); 99.6 (NCH2CH2-1,3-dioxane-2-CH); 110.7, 
111.7, 112.8, 124.5, 125.0, 127.8, 129.4, 130.0, 131.7, 138.5 
(Ar-C); 152.6 (CHPy−ortho); 160.6 (Pd-Ccarbene).

2.3  X-ray crystallography

Intensity data of 2b were collected on a Bruker D8 QUEST 
diffractometer at 296(2) K using graphite-monochromated 
Mo Kα radiation by applying the φ and ω scan methods. 
Data collection was carried out using APEX2 [21] while cell 
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non-metal atoms (C, H, N, O, and Br), while the LANL2DZ 
effective core potential were used for the Pd center [29]. 
Molecular visualizations including optimized geometries, 
frontier molecular orbitals, and electrostatic potential sur-
faces were generated using GaussView 6 software [30]. The 
absence of imaginary vibrational frequencies confirmed that 
all structures correspond to local minima on the potential 
energy surface.

The thermodynamic parameters, including enthalpy 
(ΔH), entropy (S), Gibbs free energy (ΔG), and heat capac-
ity at constant volume (Cv), were derived from vibrational 
frequency calculations using standard statistical thermody-
namics [31–35]. The main contribution to these quantities 
arises from vibrational modes. Accordingly, the vibrational 
energy (Evib), vibrational entropy (Svib), and vibrational 
heat capacity (Cvvib) for compounds 2a–e were calculated 
using Eqs. (1)–(5), based on the harmonic oscillator approx-
imation. The following explanations refer to the terms given 
in the equations: Θν,j = hνj /k →vibrational temperature, k→ 
Boltzmann constant, h→ Planck constant, and νj→ jth fun-
damental frequency.

Q = Qtrans. × Qrot. × Qvib.Qelec.� (1)

Qvib. =
3N−6∏
j=1

e−Θν,j/2T

(
1 − e−

Θν,j
T

) � (2)

Evib. = Nk

3N−6∑
j=1


Θν,j

2
+ Θν,je−Θν,j/T

(
1 − e−

Θν,j
T

)

� (3)

Svib. = Nk
3N−6∑
j=1

[
Θν,j/T(

eΘν,j/T − 1
) − ln

(
1 − e−Θν,j/T

)]
� (4)

Cvvib. = Nk
3N−6∑
j=1

[(
Θv,j

T

)2
eΘν,j/T

(
eΘν,j/T − 1

)2

]
� (5)

FMO (Frontier Molecular Orbital) theory computations 
were carried out to gain insights into the reactive sites and 
chemical reactivity behavior of compounds 2a–e. Ioniza-
tion energy (I) (I = –EHOMO) and electron affinity (A) (A = 
–ELUMO) values were derived based on Koopmans’ theorem 
[36], relating them to the energies of the HOMO and LUMO 
orbitals. Furthermore, several quantum chemical reactiv-
ity descriptors including chemical hardness (η), chemical 
potential (µ), electronegativity (χ), electrophilicity index 
(ω), maximum charge transfer capacity (∆Nmax), back-
donation energy (∆Eback−donation), electron-accepting power 
(ω⁺), and electron-donating power (ω⁻) were calculated 

refinement and data reduction were applied using SAINT 
[21]. The structure was solved by a dual-space algorithm 
using SHELXT-2018 [22] and refined by means of the full-
matrix least-squares calculations on F2 using SHELXL-2019 
[23]. All the H atoms were inserted in idealized positions 
and treated using a riding model, fixing the bond lengths at 
0.98, 0.93, 0.97 and 0.96 Å for methine CH, aromatic CH, 
CH2 and CH3 atoms, respectively. The displacement param-
eters of the H atoms were fixed at Uiso(H) = 1.2Ueq (1.5Ueq 
for CH3). Table 1 compiles information on crystal data, data 
collection, and structure refinement. Molecular graphic was 
generated utilizing OLEX2 [24].

2.4  Computational theory

All geometry optimizations and vibrational frequency 
analyses for compounds 2a–e were conducted using the 
GAUSSIAN 16 software package [25]. The B3LYP hybrid 
exchange-correlation functional [26–28] was employed 
throughout, together with the 6-311 + + G(d, p) basis set for 

Table 1  Crystal data and structure refinement parameters for 2b
CCDC depository 2,482,468
Color/shape Yellow/block
Chemical formula [PdBr2(C23H28N2O2)(C5H5N)]
Formula weight 709.79
Temperature (K) 296(2)
Wavelength (Å) 0.71073 Mo Kα
Crystal system Monoclinic
Space group P21/n (No. 14)
Unit cell parameters
 a, b, c (Å) 13.384(3), 14.613(4), 14.474(4)
 α, β, γ (°) 90, 92.055(8), 90
Volume (Å3) 2829.0(13)
Z 4
Dcalc. (g/cm3) 1.667
μ (mm−1) 3.510
Absorption correction Multi-scan
Tmin., Tmax. 0.6542, 0.7454
F000 1416
Crystal size (mm3) 0.04 × 0.03 × 0.01
Diffractometer Bruker D8 QUEST
Measurement method φ and ω scan
Index ranges −16 ≤ h ≤ 15, −18 ≤ k ≤ 18, 

−18 ≤ l ≤ 18
θ range for data collection (°) 1.981 ≤ θ ≤ 26.759
Reflections collected 72,577
Independent/observed reflections 5972/2993
Rint. 0.1198
Refinement method Full-matrix least-squares on F2

Data/restraints/parameters 5972/0/328
Goodness-of-fit on F2 1.025
Final R indices [I > 2σ(I)] R1 = 0.0523, wR2 = 0.0933
R indices (all data) R1 = 0.1458, wR2 = 0.1198
Δρmax., Δρmin. (e/Å3) 0.52, −0.99
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drying over magnesium sulfate (MgSO4), followed by filtra-
tion through short silica to eliminate palladium residue. The 
yields were calculated by taking into account the conver-
sions of aryl chlorides to products.

2.6  General procedure for the direct arylation of 
heteroaromatics with aryl bromides

The following reagents were dissolved in 2 mL of N, 
N-dimethyl acetamide (DMAc) in a Schlenk tube under 
argon atmosphere, as previously described in the literature 
[46]: a heteroarene (2.0 mmol), an aryl bromide (1.0 mmol), 
potassium acetate (KOAc) (1.0 mmol), and Pd-PEPPSI 
complexes (2a-e) (1 mol %). Subsequent to stirring at 120 
°C for 2 h, the reaction mixture was cooled to room tem-
perature and the solvent was removed under vacuum. The 
crude products were subsequently purified by column chro-
matography (silica gel 60–120 mesh) with diethyl ether/n-
hexane (1:5). The purity of the compounds was verified 
through gas chromatography (GC). The conversions were 
calculated by taking into account the conversions of aryl 
bromides to products.

3  Results and discussion

3.1  Synthesis and characterization of Pd-PEPPSI 
complexes (2a-e)

The molecular design of the palladium complexes was 
meticulously developed by taking into account the steric 
and electronic properties of the R substituents on the NHC 
ligands. Pd complexes (2a–e) were synthesized as illus-
trated in Scheme 1, via the reaction of the corresponding 
NHC precursors with PdCl2, K₂CO3, and KBr in pyridine (5 
mL), affording the Pd-PEPPSI complexes. These complexes 
were isolated as yellow solids in high yields and demon-
strated excellent stability toward air and moisture.

The structural characterization of the Pd-PEPPSI com-
plexes was performed using FT-IR spectroscopy, as well 
as proton (1H) and carbon-13 (13C) NMR spectroscopy. In 
addition, the structure of the complex 2b was elucidated 
by single crystal X-ray diffraction analysis. In the FT-IR 
spectra, the characteristic stretching vibrations of the (CN) 
groups were observed in the range of 1405–1417 cm⁻¹. All 
NMR spectra were recorded in CDCl₃. In the 1H NMR spec-
tra, the ortho protons of the coordinated pyridine ligands 
appeared at 8.99, 9.03, 9.03, 9.02 and 9.03 ppm for com-
plexes 2a–e, respectively. The 13C NMR spectra revealed 
downfield-shifted signals corresponding to the carbene car-
bon atoms (NCN), located at 161.3, 161.0, 160.9, 160.9, and 
160.6 ppm, respectively. The melting points, yields, and 13C 

using Eqs. (6, 7, 8, 9, 10, 11, 12, 13) as reported in the lit-
erature [37–43].

?= −
I + A

2
� (6)

? = I − A

2
� (7)

χ = I + A

2
� (8)

ω = µ2

2?
� (9)

ω+ ≈ (I + 3A)2
/(16(I − A))� (10)

ω− ≈ (3I + A)2
/(16(I − A))� (11)

∆Nmax = I + A

2(I − A) � (12)

∆ϵback−donation = −η

4 � (13)

Within the framework of the employed theoretical approach, 
Natural Bond Orbital (NBO) analysis was conducted for 
compounds 2a–e based on second-order perturbation theory 
applied to the Fock matrix elements [44, 45]. This analysis 
enabled the evaluation of intramolecular donor–acceptor 
interactions and the corresponding stabilization energies. 
These energies were determined using Eq. (14), which 
involves the following parameters: E(2) denotes the stabili-
zation energy; qi corresponds to the occupancy of the donor 
orbital; Fiⱼ represents the off-diagonal element of the Fock 
matrix; εi and εⱼ are the diagonal elements referring to the 
energies of the donor and acceptor orbitals, respectively.

E(2) = ∆Eij = qi

[
(Fij)2

(ϵj − ϵi)

]
� (14)

2.5  General procedure for the Suzuki reaction 
catalyzed by Pd-PEPPSI complexes

The Pd-PEPPSI complex (0.25% mol), base (1 mmol), aryl 
halide (1 mmol), and phenylboronic acid (1.2 mmol) were 
placed into a 10-ml tube under air. Subsequently, a 1:3 mix-
ture of i-PrOH and water was added to the tube. The mix-
ture was subjected to heating at a temperature of 60 °C for 
a duration of three hours. The mixture was extracted with 
dichloromethane. The organic phase was then subjected to 
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3.2  Description of the structure

The molecular structure of 2b with the atom-numbering 
scheme is shown in Fig. 1, while selected bond lengths and 
angles are listed in Table 3.

The complex is composed of a 1-[2-(1,3-dioxan-2-yl)
ethyl]-5,6-dimethyl-3-(3-methylbenzyl)-2,3-dihydro-1H-
benzo[d]imidazole ligand with a PdII metal center, a pyri-
dine ligand and two bromo ligands in a trans configuration. 
The cis angles varying from 87.83(14) to 92.21(12)° and the 
trans angles changing from 175.33(3) to 175.7(2)° deviate 
from their expected values of 90 and 180°. For quantitative 
evaluation of the extent of distortion around the metal cen-
ter, the four-coordinate structural indexes τ4 [47], τ ′

4 [48] 
and τδ  [49],

τ4 = 360◦ − (α + β)
360◦ − 2θ

τ ′
4 = β − α

360◦ − θ
+ 180◦ − β

180◦ − θ
τδ = 360◦ − (α + β)

360◦ − 2θ
× α

β

where α and β (β > α) are the two greatest valence angles 
and θ is the ideal tetrahedral angle (109.5°), are employed. 
The τ4, τ ′

4 and τδ  values for ideal square-planar and tetrahe-
dral coordination spheres are 0 and 1, respectively. All the 
τ4, τ ′

4 and τδ  values are 0.06, showing a slightly distorted 
square-planar structure. In the square-planar environment, 
the Pd atom is lying − 0.0042(4) Å out the coordination 
plane defined by atoms Br1, Br2, N3 and C1.

The Pd─CNHC bond distance [1.945(5) Å] is smaller than 
the sum of the individual covalent radii of the palladium 
and carbon atoms (2.12 Å), while the Pd─Npyridine bond 
distance [2.087(4) Å] is close to the sum of the individual 
covalent radii of the palladium and nitrogen atoms (2.10 Å) 
[50]. These values are in good agreement with those found 
in precedent Pd-NHC-Pyridine-Br2 complexes [51–59]. In 
the imidazole ring, the N1─C1 and N2─C1 bonds are nearly 
equal [1.346(6) and 1.354(6) Å] and the N─C─N ring angle 
at the carbene center is 106.7(4)°. The carbene ring is ori-
ented perpendiculary to the PdCNBr2 coordination plane 
with a dihedral angle of 81.13(14)°. The dioxane ring adopts 
the usual chair conformation and the puckering parameters 
[60] are Q = 0.541(6) Å, q2 = 0.054(6) Å, q3 = − 0.539(6) Å, 
θ = 174.6(6)° and φ2 = 244(6)° for the atom sequence C20/
O1/C21/C22/C23/O2.

3.3  Molecular structure and physicochemical 
properties

The computationally optimized structural parameters of 
2a-e were obtained using the B3LYP functional combined 
with the 6-311 + + G(d, p)/LANL2DZ basis set, and com-
pared with experimental X-ray crystallography data. Table 
S1, which presents a comparative summary of the optimized 

NMR chemical shift values of the Pd complexes are pre-
sented in Table 2.

The absence of the characteristic resonances of the benz-
imidazolium salts in the NMR spectra of the complexes pro-
vides strong evidence for the successful formation of the 
Pd-PEPPSI framework. All data are compatible with liter-
atüre [51]. Comprehensive spectral data are available in the 
Supporting Information (Fig. S1-S10).

Table 2  General information about Pd-PEPPSI complexes
Compound M-Ccarbene Yield (%) Melting point
2a 161.33 74 221-222
2b 161.03 70 167-168
2c 160.89 73 196-197
2d 160.94 68 244-245
2e 160.58 75 184-185

Table 3  Selected geometric parameters for 2b
Bond lengths (Å)
 Pd1─Br1 2.4314(10) N1─C1 1.346(6)
 Pd1─Br2 2.4243(9) N1─C2 1.391(6)
 Pd1─N3 2.087(4) N2─C1 1.354(6)
 Pd1─C1 1.945(5) N2─C9 1.401(6)
Bond angles (°)
 Br1─Pd1─Br2 175.33(3) Br2─Pd1─C1 87.83(14)
 Br1─Pd1─N3 92.21(12) N3─Pd1─C1 175.7(2)
 Br2─Pd1─N3 90.71(11 N1─C1─N2 106.7(4)
 Br1─Pd1─C1 89.51(14)

Fig. 1  Molecular structure of 2b showing the atom-labelling scheme. 
Displacement ellipsoids are drawn at the 20% probability level and H 
atoms are omitted for clarity
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coordination bonds highlight the limitations inherent in the 
computational approach. Overall, the complex’s geometry 
shows good agreement between theoretical and experimen-
tal results. Furtermore, the structural and electronic features 
obtained from X-ray diffraction and DFT calculations pro-
vide important insight into the observed catalytic behavior 
of the Pd–PEPPSI complexes. The short Pd–Ccarbene bond 
distances and the nearly linear N–Pd–C arrangement indi-
cate strong σ-donation from the NHC ligand to the Pd cen-
ter, which enhances the electron density on palladium. This 
electronic enrichment is crucial for facilitating the oxidative 
addition step of aryl halides, generally considered the rate-
determining step in both Suzuki–Miyaura and direct aryla-
tion reactions.

Furthermore, thermodynamic properties and physi-
cal parameters of compounds 2a-e were calculated, and 
the resulting data are compiled and presented in Table  4. 
The dipole moment (DM) values range from 2.13 to 2.51 
Debye, indicating moderate polarity across all structures. 
The slight variation in DM suggests subtle changes in the 
overall charge distribution or molecular geometry, with 
complex 2c showing the highest polarity (2.51 D) and 2e 
the lowest (2.13 D). The total energy (ΔE), enthalpy (ΔH), 
and Gibbs free energy (ΔG) values show a clear trend of 
increasing stability from 2a to 2e, with 2e being the most 
stable structure.The energy difference between 2a and 2e 
is substantial (~ 78.6 a.u. in ΔE), which suggests significant 
structural differences that lead to enhanced stabilization. 
These findings indicate that the introduction of the 2,4,6-tri-
methylbenzyl substituent contributes substantially to the 
stabilization of the complex, as reflected in the markedly 
lower Gibbs free energy of complex 2e. On the other hand, 
the heat capacity (Cv) and entropy (S) also increase from 2a 
to 2e, with Cv rising from 135.883 to 147.912 cal/molK and 

and experimental structural data, is included in the supple-
mentary material. Also, Fig.  2 represents the optimized 
structures of 2a–e complexes. The calculated Pd–Br bond 
lengths (2.515–2.520 Å) were found to be approximately 
0.09 Å longer than the experimental values (2.4314/2.4243 
Å). This systematic deviation may be attributed to the known 
limitations of the employed DFT method in modeling hal-
ogen-metal bonds or insufficient inclusion of relativistic 
effects. Similarly, the Pd1–N3 bond length was overesti-
mated by about 0.087 Å relative to the experimental value of 
2.087 Å. In contrast, the Pd1–C1 bond length was predicted 
at 1.983–1.985 Å, showing good agreement with the experi-
mental value of 1.945 Å. The C–N bond lengths within the 
benzimidazole ligand framework matched the experimen-
tal data closely, with deviations typically within ± 0.01 Å, 
indicating the computational method accurately describes 
the covalent bonding in the ligand backbone. Analysis of 
bond angles around the Pd center showed values close to an 
ideal square planar geometry. The Br1–Pd1–Br2 angle was 
near-linear both experimentally (175.33°) and computation-
ally (174.80-175.08°), indicating minimal distortion along 
this coordination axis. Minor deviations (~ 1–2°) observed 
in Br–Pd–N3 and Br–Pd1–C1 angles could be due to ste-
ric effects or crystal packing forces. The most notable dif-
ference was observed in the N3–Pd1–C1 angle, which was 
nearly perfectly linear in the calculations (179.1-179.7°) but 
measured at 175.7° experimentally. This discrepancy may 
arise from weak intermolecular interactions in the crystal 
lattice or solid-state effects that are not accounted for in gas-
phase optimizations. Overall, DFT optimizations performed 
at the B3LYP/6-311 + + G(d, p)/LANL2DZ level yield 
structural parameters largely consistent with experimental 
data. The ligand framework bond lengths and angles are 
well reproduced, while minor discrepancies in Pd-centered 

Fig. 2  The optimized structures of 
2a-e
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and the ATR solid-state measurements. In addition to the 
stretching vibrations, characteristic ring breathing modes 
of the benzimidazole and pyridine fragments were com-
puted in the 980–1197 cm⁻¹ region. These modes, which 
involve symmetric in-plane deformation of the heteroaro-
matic rings, are sensitive to both metal coordination and 
substitution at the benzyl position [62, 63]. The ring breath-
ing modes of the 1,3-dioxane moiety are clearly observed 
around 791–817 cm⁻¹ in both experimental and theoretical 
spectra. These vibrations originate mainly from the sym-
metric deformation of the dioxane ring coupled with C–O 
stretching motions [64]. Out-of-plane bending (opb) vibra-
tions of aromatic C-H and NCN groups were observed in 
the 671–968 cm− 1 region, showing shifts that depended on 
the substitution pattern of the benzyl groups.

3.5  FMO & MEP analyses

The FMO energies (EHOMO and ELUMO) and related quantum 
chemical reactivity descriptors were calculated for all Pd 
complexes (2a-e). The data, summarized in Table 5, provide 
insight into the electronic characteristics and chemical reac-
tivity of the complexes. The HOMO energies range from 
− 5.876  eV to -5.864  eV, while the LUMO energies vary 
from − 1.891 eV to -1.872 eV. Consequently, the HOMO–
LUMO energy gap (∆E) is relatively consistent across all 
structures, lying between 3.985 eV and 3.992 eV. A narrow 

S from 243.165 to 259.608 cal/molK. The enhancement of 
vibrational contributions to both heat capacity and entropy 
supports the hypothesis of augmented internal degrees of 
freedom in lower-energy structures. The polarizability (α) 
values, ranging from 451.91 to 478.80 a.u., exhibit a grad-
ual increase across the series, which may reflect an enlarge-
ment of the molecular volume or an enhanced polarizability 
of the electron cloud. The higher polarizability observed 
in the more thermodynamically stable structures could be 
attributed to increased electronic delocalization or a more 
extended molecular framework.

3.4  FT-IR spectral analysis

This section presents a comprehensive overview of the theo-
retical and experimental FT-IR vibrational parameters of the 
newly synthesized Pd-NHC complexes 2a–e, summarized 
in Table S3. The experimental FT-IR spectra are provided in 
Figures S12–S16. Harmonic vibrational wavenumbers were 
calculated at the B3LYP/6-311 + + G(d, p) level of theory 
and subsequently scaled to account for anharmonicity and 
basis set effects, using the literature-recommended factors 
of 0.958 for frequencies below 1700 cm− 1 and 0.983 for 
frequencies above 1700 cm− 1 [61]. Aromatic C-H stretch-
ing vibrations were predicted between 3127 and 3157 cm− 1, 
while aliphatic CH2 and CH3 stretching modes computed 
in the 2838–3086 cm− 1 range, in good agreement with 
observed values (2845–3067 cm− 1). The C = C stretching 
vibrations of the benzimidazole and pyridine rings were 
detected at 1518–1603 cm− 1, consistent with calculated 
values of 1544–1594 cm− 1 as pure modes. Characteristic 
C-O stretching vibrations associated with the 1,3-dioxane 
moieties appeared at 887–1243 cm− 1, closely matching 
DFT predictions (891–1243 cm− 1). The diagnostic νCN 
bands of the Pd-NHC complexes 2a-e appear at 1095–1444 
cm− 1 compared to experimental values of 1092–1447 cm− 1, 
corresponding to deviations of approximately 1–7 cm− 1. 
These deviations are fully consistent with the expected per-
formance of B3LYP calculations and can be attributed to 
the differences between gas-phase theoretical calculations 

Table 5  The computed quantum chemical reactivity indices of 2a-e
2a 2b 2c 2d 2e

EHOMO -5.876 -5.876 -5.876 -5.872 -5.864
ELUMO -1.891 -1.887 -1.887 -1.884 -1.872
∆E 3.985 3.989 3.989 3.988 3.992
ղ 1.993 1.995 1.995 1.994 1.996
µ -3.884 -3.882 -3.882 -3.878 -3.868
χ 3.884 3.882 3.882 3.878 3.868
ω 3.785 3.777 3.777 3.771 3.748
ω+ 2.092 2.085 2.085 2.081 2.063
ω- 5.975 5.967 5.967 5.959 5.931
∆Nmax 1.949 1.946 1.946 1.945 1.938
∆Eback -0.498 -0.499 -0.499 -0.499 -0.499

2a 2b 2c 2d 2e
DM (Debye) 2.45 2.37 2.51 2.46 2.13
∆E (a.u.) -6676.552488 -6676.555442 -6676.555738 -6715.856270 -6755.147727
∆H (kJ/mol) -17529189.9 -17529197.0 -17529197.8 -17632376.4 -17735532.3
∆G (kJ/mol) -17529493.2 -17529502.7 -17529503.7 -17632693.7 -17735856.1
∆Ethermal (kcal/mol) 376.349 376.307 376.272 394.500 412.966
∆Evib. (kcal/mol) 374.572 374.530 374.495 392.723 411.189
Cv (cal/molK) 135.883 135.957 135.979 142.106 147.912
Cvvib. (cal/molK) 129.922 129.996 130.017 136.144 141.950
S (cal/molK) 243.165 245.046 245.225 254.378 259.608
Svib. (cal/molK) 159.235 161.031 161.202 170.186 175.257
α (a.u.) 451.91 454.32 454.79 467.19 478.80

Table 4  Thermodynamic and 
physicochemical parameter pre-
dictions for 2a-e
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center and bromide ligands, remaining largely unaffected by 
the substituent variations. It should be noted that, although 
the LUMOs exhibit a predominantly metal-centered charac-
ter similar to the HOMOs, their electron density displays a 
distinctly different spatial symmetry that varies depending 
on the nature and position of the substituents. Figure 3 also 
presents the molecular electrostatic potential (MEP) surface 
maps of the synthesized complexes. In MEP analysis, color 
gradients are used to represent the distribution of electro-
static potential on the molecular surface, facilitating the 
identification of nucleophilic and electrophilic regions [65, 
66]. Within the MEP surface maps, the red color denotes 
regions with a high negative electrostatic potential, typically 
associated with nucleophilic character, while the blue color 
signifies areas of positive potential, corresponding to elec-
trophilic character. MEP maps for complexes 2a-e reveal 
that the negative potential is primarily localized around the 
Pd center and bromide ligands, reflecting the electron-rich 
nature of these regions. Light blue regions primarily local-
ize to the aliphatic side chains and peripheral zones of the 
ligand scaffold.

3.6  NBO analysis

In contemporary research, Natural Bond Orbital (NBO) cal-
culations are extensively employed across various molecu-
lar systems to elucidate phenomena such as charge transfer, 
electronic transitions, and potential donor-acceptor interac-
tions. In this study, NBO analyses of the investigated 2a-e 
complexes were performed consistently at the same level 
of theory. A comprehensive summary of the significant 
resonance interactions is presented in Table S2. The atomic 
numbering employed in this section is based on the DFT-
optimized structure presented in Fig.  2. The NBO results 
provide detailed insights into the metal–ligand bonding and 

energy gap is typically associated with higher electronic 
polarizability and reactivity. However, in this case, the vari-
ation is minimal, indicating similar chemical hardness (η) 
among the complexes. The chemical hardness values were 
determined to range from 1.993 to 1.996 eV. The electro-
negativity (χ) values, ranging from 3.868 to 3.884 eV, sug-
gest only slight variations among the 2a-e, indicating that 
their tendencies for electron donation and acceptance are 
largely comparable. The electrophilicity index (ω) exhib-
its a slight decline from 3.785  eV for 2a to 3.748  eV for 
2e, indicating a marginal reduction in electrophilic charac-
ter in the more stable complexes. Likewise, the maximum 
charge transfer capacity (ΔNmax) shows a similar decreas-
ing trend, from 1.949 to 1.938, further supporting the notion 
that complex 2e is more electronically saturated and ther-
modynamically favored. The back-donation energy (ΔEback) 
remains nearly constant at approximately − 0.499 eV across 
all structures, indicating that the extent of back-donation is 
not significantly influenced by structural variations among 
the complexes. Overall, the data indicate that the electronic 
properties of the complexes are largely comparable; how-
ever, complex 2e demonstrates a more stable and less reac-
tive nature, as evidenced by its lower electrophilicity and 
reduced electron-accepting capacity. These observations, 
consistent with the thermodynamic parameters and polariz-
ability analyses, reinforce the conclusion that 2e represents 
the most thermodynamically favorable structure among the 
complexes.

Furthermore, the HOMO–LUMO orbital distributions 
of five structurally related Pd-NHC complexes (2a–e) were 
investigated to evaluate the electronic effects of different 
methyl substitution patterns on the benzyl group of the NHC 
ligand. Figure 3 exhibits the 3D electron density distributions 
on the HOMOs and LUMOs of 2a-e. The HOMO orbitals in 
all complexes were predominantly localized on the Pd (II) 

Fig. 3  HOMO-LUMO and MEP 
diagrams of 2a-e
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(Pd(OAc)2) and PdCl2 as palladium sources afforded yields 
of 53% and 62%, respectively (Table 6, entries 1 and 2). The 
results reveal that the catalytic efficiency strongly depends 
on both the nature of the NHC ligand and the electronic 
properties of the aryl chloride substituent. In the case of aryl 
chlorides bearing electron-withdrawing substituents such as 
COCH3 and CHO, enhanced catalytic activity was observed 
for all Pd–PEPPSI complexes compared to simple Pd pre-
cursors (Pd(OAc)2 and PdCl2). Electron-deficient aryl chlo-
rides are known to facilitate the oxidative addition step by 
increasing the polarization of the C–Cl bond, thereby lower-
ing the activation barrier for Pd(0) insertion. Consequently, 
complexes 2e, 2a, and 2c exhibited superior performance, 
affording yields of up to 79% for 4-chloroacetophenone. 
The presence of strongly σ-donating NHC ligands in these 
complexes further stabilizes the Pd center and promotes 
efficient oxidative addition. For the unsubstituted aryl chlo-
ride (R = H), uniformly high yields (> 79%) were obtained 
with all Pd–PEPPSI complexes, indicating that these cata-
lysts are well suited to activate relatively unactivated C–
Cl bonds. Among them, complex 2e delivered the highest 
yield (88%), followed by 2b (86%) and 2d (83%). This 
enhanced reactivity can be attributed to the optimal bal-
ance between steric bulk and electron donation provided by 
the NHC ligand in 2e, which facilitates oxidative addition 
while minimizing catalyst deactivation pathways such as 
aggregation or formation of inactive Pd species. In contrast, 
aryl chlorides bearing an electron-donating CH3 substituent 
exhibited significantly lower reactivity under identical con-
ditions. Electron-rich substrates reduce the electrophilicity 
of the aryl carbon and strengthen the C–Cl bond, thereby 
disfavoring oxidative addition and leading to decreased cat-
alytic efficiency. Although all catalysts were affected by this 
electronic factor, complex 2e again showed the best perfor-
mance (78% yield), suggesting that its ligand environment 
is particularly effective in compensating for the reduced 
intrinsic reactivity of electron-rich aryl chlorides. The lower 
yields observed with the other complexes highlight the sen-
sitivity of the catalytic system to subtle variations in NHC 
ligand sterics and electronics. Overall, the results highlight 
that Pd–PEPPSI complexes outperform simple Pd salts in 
the Suzuki–Miyaura reaction. Among the tested catalysts, 
complex 2e emerged as the most versatile and efficient over-
all, especially for electron-neutral and electron-deficient 
aryl chlorides. These findings underscore the importance of 
fine-tuning NHC ligand sterics and electronics to optimize 
catalyst performance for different substrate classes. The 
results once again demonstrate that the Suzuki reaction is 
an effective method in terms of both structural diversity and 
efficiency.

electronic delocalization within the Pd (II) complexes. Nota-
bly, the interactions from the σ(Pd1–C9) bonding orbital to 
the σ*(Pd1–Br) antibonding orbitals exhibit moderate stabi-
lization energies ranging from approximately 14 to 20 kcal/
mol across all complexes, indicating a robust bonding inter-
action between the palladium center and both the carbene 
and bromide ligands. Significant π → π* delocalizations 
between aromatic systems were observed, particularly in 
complex 2a, where the π(N6–C26) → π*(N7–C9) interac-
tion shows a substantial stabilization energy of 85.94 kcal/
mol. This suggests an extensive conjugation network and 
effective electron delocalization within the ligand frame-
work. Complexes 2b–e display similar but comparatively 
lower π-delocalization energies (around 20–30  kcal/mol), 
reflecting subtle variations in electronic communication 
influenced by substituent patterns. Lone pairs on the pal-
ladium center (LP) also contribute to metal-to-ligand 
back-donation, as evidenced by LP(Pd1) → π*(N7–C9) 
interactions ranging between 9.64 and 14.87  kcal/mol. 
These interactions highlight the role of Pd in donating elec-
tron density back into ligand antibonding orbitals, thereby 
enhancing complex stability. Throughout all complexes, the 
lone pairs on N8 nitrogen atoms (LP (1) N8) strongly stabi-
lize the Pd–carbene bond, with donor–acceptor interaction 
energies ranging from 17.45 to 21.27 kcal/mol. In summary, 
the NBO analysis demonstrates that the Pd (II) complexes 
possess strong and multifaceted metal-ligand bonding, 
alongside significant ligand-ligand electronic communica-
tion. These factors collectively contribute to the complexes’ 
stability and reactivity profiles.

3.7  The Pd-PEPPSI complexes catalyzed Suzuki 
reaction

The Suzuki reaction is of great importance in modern organic 
synthesis due to its advantages such as high efficiency in 
the formation of carbon-carbon bonds, a wide range of sub-
strates, and mild reaction conditions. This reaction is widely 
used in the synthesis of biologically active molecules, phar-
maceutical compounds, and advanced functional materials. 
To evaluate the catalytic activities of complexes 2a-e, vari-
ous aryl chlorides were coupled with phenylboronic acid, as 
summarized in Table 6. Initially, 4-chloroacetophenone was 
selected as a model substrate for the optimization of reaction 
conditions. A yield of 32% was obtained using K2CO3 as the 
base in an i-PrOH: water solvent system (Table 6, entry 3). 
In contrast, employing dimethylformamide (DMF): water 
as the solvent under otherwise identical conditions signifi-
cantly improved the yield to 61% (Table 6, entry 4). Nota-
bly, when the reaction was conducted in i-PrOH: water using 
optimized conditions, the yield increased to 84% (Table 6, 
entry 5). For comparison, the use of palladium(II) acetate 
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investigated under optimized conditions (DMAc, KOAc, 
120 °C, 2 h). As demonstrated in Table 7, the reaction pro-
ceeded in a highly efficient manner in the presence of all of 
the substrates that were tested. The corresponding arylated 
products were obtained in moderate to excellent yields. The 

3.8  The Pd-PEPPSI complexes catalyzed direct 
arylation of 2-acetylthiophene with aryl bromides

The catalytic activity of the prepared 2a-e complexes in 
the arylation of 2-acetylthiophene with aryl bromides was 

Table 6  Suzuki reaction catalyzed by Pd-PEPPSI complexes

B(OH)2 + Cl R
Base, Solvent

Pd catalyst

R+

1 2

Entry R Time (h) Catalyst Yield (%)

1 2

1 COCH
3

5 Pd(OAc)2 21 32

2 COCH
3

5 PdCl2 17 45

3 COCH
3

3 2b 12 20a

4
5

COCH
3

COCH
3

3

3

2b
2a

13

8

48b

76

6 COCH
3

3 2b 6 71

7 COCH
3

3 2c 14 75

8 COCH
3

3 2d 13 65

9 COCH
3

3 2e 9 81

10 COH 3 2a 11 67

11 COH 3 2b 8 65

12 COH 3 2c 14 67

13 COH 3 2d 5 71

14 COH 3 2e 11 79

15 H 3 2a - 79

16 H 3 2b - 86

17 H 3 2c - 81

18 H 3 2d - 83

19 H 3 2e - 88

20 CH
3

3 2a 31 25

21 CH
3

3 2b 26 17

22 CH
3

3 2c 50 23

23 CH
3

3 2d 41 27

24 CH
3

3 2e 48 30

Conditions: Phenyl boronic acid (1.2 mmol), aryl chloride (1.0 mmol), Pd catalyst (0.25 mol%), Cs2CO3 (1.0 mmol), i-PrOH: Water (1:3), 55 °C, 
3 h. Product purity was checked by GC, yields were calculated according to aryl chloride. a: K2CO3 was used as the base, b: K2CO3 was used 
as the base and DMF: H2O was used as the solvent
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limits the overall reaction rate and product yield under the 
applied conditions. Substrates containing weak electron-
donating groups such as methoxy (Entries 6–10) provided 
only moderate yields (47–65%). This decrease in efficiency 
can be attributed to the strong resonance donation of the 
methoxy group, which increases electron density on the aryl 
carbon bonded to bromine and consequently diminishes 
the electrophilicity of the C–Br bond. As a result, oxidative 
addition to the Pd center becomes less favorable. In contrast, 
aryl bromides containing stronger electron-donating substit-
uents such as methyl groups (Entries 11–15) provided sig-
nificantly higher yields (79–86%). This observation can be 

variation in product yields can be rationalized by considering 
the electronic nature of the aryl bromides and their influence 
on the key steps of the catalytic cycle, particularly oxidative 
addition and subsequent C–H activation. For unsubstituted 
aryl bromides (Entries 1–5), yields in the range of 62–77% 
were obtained, demonstrating that 2a-e complexes can effi-
ciently support the coupling process under optimized condi-
tions. These results indicate that the Pd–PEPPSI framework 
provides a sufficiently active Pd(0) species capable of acti-
vating relatively neutral C–Br bonds. However, the absence 
of strong electronic bias in these substrates results in only 
moderate facilitation of oxidative addition, which likely 

Table 7  Pd-PEPPSI complexes catalyzed direct arylation of 2-acetylthiophene with aryl bromides

S

O

Br+ R

2(a-e) 1 mol %

DMAc, KOAc

2 h, 120 oC

S

O

R

Entry Aryl bromide Product (1a-e) Yield (%)

1
2
3
4
5

2a
2b
2c
2d
2e

62
73
69
68
77

6 2a 47
7 2b 51
8
9
10

2c
2d
2e

59
63
65

11 2a 83
12 2b 84
13 2c 79
14
15

2d
2e

81
86

16 2a 94
17 2b 98
18 2c 96
19
20

2d
2e

98
98

21 - 0
22 PdCl2 54a

Br S

O

BrH3CO S

O
OCH3

BrH3C S

O
CH3

BrH3COC S

O
COCH3

Conditions: 2-acetyl thiophene (2.0 mmol), aryl bromide (1.0 mmol), 2a-e (1 mol %), KOAc (1.0 mmol), N,N-dimethylacetamide (2 ml), 120 °C, 
2 h. Product purity was checked by GC and, yields were calculated according to aryl bromide, a: the reaction was completed in 8 h
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