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observe the morphological character of the black residues obtained from the fourth cycle of the
reusability test. Furthermore, suitable crystals of the N,N°-bis(2-tert-butylphenyl)pyridine-2,6-
dicarboxamide and its palladium complex were elucidated with the X-ray single crystal diffrac-
tion method. Both the ligand and its palladium complex crystallise in a monoclinic system with
space group P2, /c for the HoL* and C2/c for the palladium complex. The structure of the pincer
ligand and its palladium complex were stabilised by intramolecular and intermolecular C-H---O,
C-H:--N, and N-H---N contacts. A Suzuki-Miyaura cross-coupling reaction between aryl halides
and phenylboronic acid was used to assess the catalytic abilities of the palladium pincer com-
plexes. All of the prepared complexes exhibited considerable catalytic activity. However, com-
plexes 4 (Acetonitrile-NZ,N6-bis(2-tert—butylpheny1)pyridine-2,6-dicarboxamidopalladium(II))
and 5 (Acetonitrile—Nz,Ne—bis(2—nitr0pheny1)pyridine—2,6—dicarboxarnidopalladium(II)) provided
almost 100% conversion with nearly 100% yield in the reaction between 4-bromotoluene and
phenylboronic acid. Furthermore, these active complexes catalysed the reaction of the sterically
hindered and deactivated substrates (1-Bromo-4-izobutylbenzene and 2-bromo-6-methoxynaph-
thalene) with phenylboronic acid, and complete conversion and yields up to 100% were ach-
ieved in a short time with the 2-bromo-6-methoxynaphthalene.

1. Introduction

Some of the versatile organometallic catalysts utilized in organic synthesis for the production of carbon-carbon and carbon-
heteroatom bonds include organopalladium compounds. An ideal organometallic catalyst should have strong catalytic activity even
at low catalyst loadings, together with stability and selectivity [1]. Carbon-carbon bond formation reactions are among the important
reactions in chemistry as they provide key steps in the construction of complex bioactive molecules, such as pharmaceuticals and
agrochemicals. These reactions are also essential in the development of innovative organic materials with new electronic, optical, or
mechanical effects that probably play an important role in the evolving branches of nanotechnology [2]. Over the past 40 years, the
most important methodologies for the formation of carbon-carbon bonds have involved the use of transition metals to mediate re-
actions in a controlled and selective manner. C-C cross-coupling reactions are described as carbon-carbon bond reactions that occur
between an organic electrophile and an organometallic nucleophile in the presence of a metal catalyst. The catalysts used in these
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reactions are generally transition-metal complexes, especially nickel and palladium metals. These two metals are involved in the wide
majority of cross-coupling reactions, because of the ease of interchange of redox steps, that is, conversions such as Ni(+2)/Ni(0) and Pd
(+2)/Pd(0), which is a basic necessity to complete the catalytic cycle [3]. The Pd(0)/Pd(II) catalytic cycles are prone to the inherent
drawbacks of f-hydride elimination from Pd (II), often resulting in irreversible rupture of the palladium-carbon bond and subsequent
decomposition of the complex. Various research groups have reported that, in many instances, the true catalysts involved in C-C bond
coupling utilising palladacycles are not necessarily the palladacycles or pincer palladium complexes themselves, but rather palladium
nanoparticles or other weakly low-ligated palladium species. However, Milstein and his colleagues demonstrated that under mild
reaction conditions, the palladium(II) center in pincer complexes can undergo reversible Pd(II) to Pd(IV) transformations, as evidenced
by their study [4]. In contrast to the Pd(0)/Pd(II) cycle, the PA(II)/Pd(IV) cycle offers greater promise for the facile reductive elim-
ination step from a Pd(IV) center and exhibits enhanced chemoselectivity for the oxidative addition on Pd(II). However, the oxidation
of PA(II) to PA(IV) poses a thermodynamically unfavourable process as a result of the electronic deficiency of the PA(IV) center. In this
context, taking into account the strong electron-donating nature of pincer ligands, they appear to be a suitable choice for supporting
and stabilising Pd(IV) complexes. Until now, numerous studies have reported Pd(IV) pincer complexes as catalytic intermediates, thus
broadening the application range of palladium-based catalysts [5-8].

Since the first work on palladium pincer complex catalysts was published by Milstein and coworkers as part of the Heck reaction,
numerous studies on cross-linking reactions have been published. The most extensive studies in this field are Heck-coupling/Heck-type
reactions and Suzuki-Miyaura cross-coupling reactions [9]. Usually homogeneous catalytic systems previously reported are phosphine
ligand-based systems. Though the catalytic activity of transition metal complexes with phosphine ligands is well, the sensibility of
ligands and complexes to air makes them less attractive [10-12]. The electronic and structural properties of the metal center used in
catalysis can be improved by the appropriate selection of the chelating arms of the pincer ligand [13]. The notable stability achieved by
employing tridentate ligands is a fundamental characteristic of pincer complexes, allowing their use as catalysts under
high-temperature conditions [14]. Palladium(II) complexes based on the NNN pincer type ligand have become very remarkable due to
their favourable balance between stability and reactivity and their high catalytic activity in C-C bond formation reactions [15-18].
Furthermore, many of these complexes are stable to air and moisture, making them easy to transport and store, providing long-lasting
catalysts and broad reaction coverage [9]. In view of these studies, the aim of our study is to investigate the new types of pincer
complexes and their catalytic roles in the Suzuki-Miyaura cross-coupling reaction. For this purpose, we synthesised five new
pincer-type pyridine-2,6-dicarboxamide NNN ligands and their palladium complexes and characterised by various methods.
Furthermore, the catalytic activities of the palladium complexes were tested in the Suzuki-Miyaura cross-coupling reaction.

2. Experimental
2.1. Instrumentations

The synthesised compounds were subjected to various analytical techniques to elucidate their properties. 'H and 13C NMR analysis
was carried out using a Bruker UPB Avance-III 400 MHz NMR spectrometer. TMS was used as an internal standard in dimethyl
sulfoxide-dg on the scale in ppm. The pincer ligands were analyzed using FT-IR spectroscopy with a PerkinElmer Frontier Spectrum100
ATR spectrometer. Using a Shimadzu GC-2030 instrument with a 30 m x 0.25 mm RTX-5 capillary column and FID detector, the
catalytic activity of Pd complexes in the C-C cross coupling process was assessed. UV-vis spectroscopy was employed to examine the
spectra of the pincer ligands and their palladium complexes on a Shimadzu UV-3100 spectrometer. With Cu-Ka radiation, X-ray single-
crystal analysis (SCXRD) was performed using a Bruker CCD APEX-II diffractometer. The crystals were kept at room temperature
throughout the analysis, and the solution was achieved using the OLEX2 [19] program, the Superflip [20-22] structure resolution
program, the Charge Flipping resolution technique, and the full matrix least squares method on F? by ShelXL [23], with the refinement
of F? against all reflections. Hydrogen atoms were refined isotropically, and all non-H atoms were refined anisotropically, while the
refinement of the molecule’s molecular structure graphics was created with OLEX2 program [19].

2.2. Synthesis of pyridine-2,6-dicarboxamide NNN pincer ligands

2.2.1. Synthesis method for HpL'3
All experimental process were carried out in open atmosphere. First, the precursor compound pyridine-2,6-dicarbonylchloride was
synthesised from pyridine-2,6-dicarboxylic acid (the synthesis details and characterization data were given in supplementary material)
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Scheme 1. Synthesis of HoL'™ ligands.
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[24]. EtgN (10 mmol, 1.01 g) and related aniline derivatives (2-fluoroaniline, 2-chloroaniline, and 2-bromoaniline, 10 mmol) were
added to the solution of the compound of pyridine-2,6-dicarbonylchloride (5 mmol) in acetonitrile (50 mL), under N5 atmosphere,
respectively. The mixture was stirred at room temperature for 24 h. The precipitated solid was filtered off, washed with ether two
times, and dried in vacuo (Scheme 1).

NZ,N6-bis(2-Fluorophenyl)pyridine-z,6-dicarboxamide (H2L1): Color: White. Yield: 77%. 'H NMR (400 MHz, DMSO-dg): 6 10.93 (s,
2H, NH), 8.40 (t, 2H, Ha,), 8.36-8.32 (m, 1H, Hay), 7.72 (t, 2H, Ha,), 7.39 (t, 4H, Ha,), 7.34-7.31 (m, 2H, Ha,) ppm. 13C NMR (100
MHz, DMSO-dg): § 161.97 (C=0), 155.37, 154.92, 148.27, 140.15, 125.39, 124.92, 124.54 (Cp,) ppm. FTIR (v, Cmfl): 3360, 3272
(N-H), 3091 (Ar-H), 1672 (C=0).

NZ,Né—bis(2—Chlorophenyl)pyridine—z, 6-dicarboxamide (H2L2): Color: White. Yield: 80%. 'H NMR (400 MHz, DMSO-dg): 6 10.90 (s,
2H, NH), 8.42 (t, 2H, Ha,), 8.37-8.33 (m, 1H, Ha,), 7.80 (d, 2H, Hay), 7.65 (dd, 2H, Hy,), 7.48 (td, 2H, Hay), 7.38 (td, 2H, Ha,) ppm. 13C
NMR (100 MHz, DMSO-dg): 5 161.81 (C=0), 148.60, 140.26, 134.18, 127.74, 124.06 (Ca;) ppm. FTIR (v, cm™1): 3363, 3270 (N-H),
3110 (ArH), 1673 (C=0).

NZ,N6—bis(2—Brom0phenyl)pyridine—2,6—dicarboxamide (H2L3): Color: White. Yield: 75%. 'H NMR (400 MHz, DMSO-dg): 6 10.93 (s,
2H, NH), 8.41 (t, 2H, Hp,), 8.34-8.30 (m, 1H, Hy,), 7.78 (dd, 2H, Ha,), 7.69 (dd, 2H, Hy,), 7.50 (td, 2H, Hy,), 7.29 (td, 2H, Hy,) ppm.
13C NMR (100 MHz, DMSO-dg): § 161.83 (C=0), 148.36, 140.25, 132.78, 128.30, 125.39 (Ca,) ppm. FTIR (v, cm™1): 3343, 3263
(N-H), 3113 (ArH), 1673 (C=0).

2.2.2. Synthesis method for H,L*>

The solution of aniline (2-tert-butylaniline, 2-nitroaniline, 10 mmol) and EtgN (10 mmol) in acetonitrile (10 mL) was kept in an ice
bath for 2 h and added dropwise for 3 h over the solution of compound pyridine-2,6 dicarbonylchloride (5 mmol) in acetonitrile (50
mL). The solution was stirred under N, atmosphere. At the end of the reaction, which lasted for 24 h under room conditions, the
solution was evaporated. The resulting white solid product was washed with ether and dried in vacuo (Scheme 1).

NZ,N6—bis(2—tert—Butylphenyl)pyridine—Z, 6-dicarboxamide (H2L4): Color: White. Yield: 80%. 'H NMR (400 MHz, DMSO-dg): 610.87 (s,
2H, NH), 8.39 (t, 2H, Ha,), 8.33-8.29 (m, 1H, Ha,), 7.52 (dd, 2H, Ha,), 7.36-7.29 (m, 4H, Ha,), 7.17 (dd, 2H, Ha,), 1.36 (s, 18H, Hcns)
ppm. 13C NMR (100 MHz, DMSO-dg): 5 162.76 (C=0), 148.97, 147.44, 139.91, 135.77, 131.74, 124.81 (Ca,), 34.96 (Ccys), 31.02
(CHj3) ppm. FTIR (v, cm 1. 3341 (N-H), 3078 (ArH), 1671 (C=0).

N?,NO-bis(2-Nitrophenylpyridine-2,6-dicarboxamide (HaL>): Color: Yellow. Yield: 84%. 'H NMR (400 MHz, DMSO-de): & 11.75 (s,
2H, NH), 8.44-8.36 (mm, 3H, Hy,), 8.20 (t, 4H, Hyy), 7.88 (t, 2H, Ha,), 7.50 (t, 2H, Hap) ppm. '*C NMR (100 MHz, DMSO-de): 5 161.66
(C=0), 147.85, 141.30, 134.91, 125.95, 124.94 (Cp,) ppm. FTIR (v, cm 1y 3372, 3329 (N-H), 3094 (ArH), 1666 (C=0).

2.3. General method for the synthesis of NNN palladium(II) pincer complexes (1-5)

Palladium(II) acetate salt (1.2 mmol) dissolved in hot acetonitrile was added dropwise to the solution of the ligand (1 mmol) in hot
acetonitrile under reflux. When the reaction colour changed from red to yellow, the temperature was reduced and the reaction was
stirred at room temperature for one week. At the end of this period, the solution was evaporated and the oily product obtained was
crystallized from acetonitrile and diethyl ether mixture (Scheme 2).

Acetonitn'le—NZ,Nﬁ—bis(Z—ﬂuorophenyl)pyridine—Z,6-dicarboxamidopalladium(II) (1): Color: Yellow. Yield: 80%. 'H NMR (400 MHz,
DMSO-dg): 6 8.34 (t, 1H, Ha,), 7.83 (d, 2H, Hap,), 7.26-7.12 (m, 8H, Hy,), 2.07 (s, 3H, CH3CN) ppm. 13C NMR (100 MHz, DMSO-dg): 6
166.55 (C=0), 157.12 (Ccn), 154.68, 150.16, 141.09, 132.84, 128.30, 122.85, 114.55 (Cpy), 1.14 (Ccys) ppm.

Acetonim'le-NZ,Né-bis(2-chlorophenyl)pyridine-z,6-dicarboxamidopalladium(l[) (2): Color: Yellow. Yield: 75%. 'H NMR (400 MHz,
DMSO-de): 6 8.35 (t, 1H, Hay), 7.84 (d, 2H, Hay), 7.45 (d, 2H, Hay), 7.28 (t, 4H, Hay), 7.22-7.18 (m, 2H, Hay), 2.07 (s, 3H, CH3CN) ppm.
13C NMR (100 MHz, DMSO-dg): 6 166.10 (C=0), 150.27 (Ccn), 142.79,141.10, 129.72, 128.39, 128.12, 126.13, 125.24, 124.67 (Ca,),
1.13 (CCHS) ppm.

Acetonilrile—NZ,N6—bis(2—bromophenyl)pyridine—2,6—dicarboxamidopalladium(l[) (3): Color: Yellow. Yield: 84%. 'H NMR (400 MHz,
DMSO-dg): 6 8.34 (t, 1H, Ha,), 7.85 (d, 2H, Ha,), 7.62 (dd, 2H, Ha,), 7.35-7.29 (m, 4H, Ha,), 7.12 (td, 2H, Ha,). 2.07 (s, 3H, CH3CN)
ppm. 3C NMR (100 MHz, DMSO-de): 5 166.81 (C=0), 151.23 (Can), 145.47, 129.41, 127.77, 125.89, 121.78 (Cap), 1.12 (Ccys) ppm.

Acetonitrile-NZ,Né-bis(2-tert—butylphenyl)pyridine-Z, 6-dicarboxamidopalladium(II) (4): Color: Yellow. Yield: 78%. 1 NMR (400 MHz,
DMSO-de): 6 8.33 (t, 1H, Hap), 7.80 (d, 2H, Ha,), 7.36 (dd, 2H, Ha,), 7.19 (dd, 1H, Ha,), 7.15 (dd, 2H, Ha,), 7.12 (td, 3H, Ha,), 2.10 (s,
3H, CH5CN), 1.51 (s, 18H, Hcys) ppm. 3C NMR (100 MHz, DMSO-de): § 167.67 (C=0), 152.35 (Ccy), 146.70, 145.66,141.77, 130.28,

[
=
R R N
o o o | o
. N . + Pd(OAc); ——» R N—PE_N R
H | H MeCN

l

/

R :F, Cl, Br, C4Hg, NO,

Scheme 2. Synthesis of NNN palladium(II) pincer complexes.
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126.98, 126,48, 125.21, 125.10 (Ca,), 35.53 (Ccus), 31.43 (CHs), 1.12 (Ccys) ppm.

Acetonim'le—NZ,N6—bis(2—nitrophenyl)pyridine—2,6—dicarboxamidopalladium([l) (5): Color: Yellow. Yield: 82%. 'H NMR (400 MHz,
DMSO-dg): 6 8.40 (t, 1H, Hy,), 7.91 (t, 4H, Hp,), 7.69 (td, 2H, Hp,), 7.41 (td, 4H, Hp,), 2.10 (s, 3H, CH3CN) ppm. 13C NMR (100 MHz,
DMSO-dg): § 167.58 (C=0), 150.94 (Ccn), 145.52, 142.51, 133.14, 126.38, 125.41, 124.32 (Ca,), 1.12 (Ccys) ppm.

2.4. Suguki-Miyaura cross-coupling reaction method

The reaction of phenylboronic acid (1.2 mmol), arylbromide (1.0 mmol), organic solvent (2 mL), base (1.2 mmol), and palladium
catalyst (0.001 mmol) was carried out in a closed tube at 110 °C for the required duration. The resulting mixture was subsequently
treated with brine and saturated ammonium chloride solution, and the organic phase was separated and dried using anhydrous
NaySO4. The dried mixture was then filtered and evaporated [25,26]. To isolate the product, the crude mixture was mixed with ethyl
acetate (15 mL) and subjected to chromatography on silicagel. The resulting isolated product was then characterized using 'H NMR
and GC analysis, with dodecane added as an internal standard prior to the GC analysis.

3. Results and discussion
3.1. Synthesis

In the first step of the synthesis part of this study, new pyridine-2,6-dicarboxamide, NNN pincer-type ligands were synthesised and
the synthesised compounds were characterised by 'H NMR, 13C NMR, COSY, HMQC and FT-IR techniques. In the second step of the
synthesis, palladium (II) complexes of these NNN pincer-type ligands were synthesised by the method specified in the synthesis part
and their structures were elucidated by 'H NMR, 3C NMR, and FT-IR methods. Characterisation data for all prepared compounds are
in agreement with the values in the literature [27-29].

FTIR measurements of the synthesised ligands were performed in the range of 450-4000 cm™!. When the frequencies of the
functional groups in the structure of the ligands were examined, the stretching frequencies of the NH groups were recorded in the range
of 3263-3372 cm ™! for the HoL'™® compounds [30,31]. The stretching vibrations detected at 1672, 1673, 1673, 1671, and 1666 em™!
for the HoL!™® ligands, respectively, are assigned to the carbonyl (C=0) stretching vibration mode and these results are in agreement
with previous studies [32-34]. In agreement with previous work [34], the IR frequencies of the v(Ca,-H) group in the structure of the
compounds were monitored in the range of 3078-3113 cm™'. The data obtained from the FTIR study are compatible with the literature
[35-37] and these data confirmed the structure of the prepared NNN pincer type compounds.

In the 'H NMR spectrum of pincer ligands, amide proton signals appeared at 5 10.93, 10.90, 10.93, 10.87, 11.75 ppm, respectively,
for the HoL!" compounds [38]. Due to the electronegative nature of the nitro group, the amide proton of the HyL®> compound was
resonated in the lower field (6 11.75 ppm). The protons of the pyridine ring, which are common in the structure of the compounds,
resonate in common, except for the HyL®> compound, in the triplet form of two protons in the range of 5 8.37-8.29 ppm, and the
remaining proton as a multiplet in specific intervals for each compound. In the compound H,L>, three protons in the pyridine ring were
observed as multiplets in the range of § 8.44-8.36 ppm. According to the data from the literature [39], other aromatic protons were
found in the predicted range of 5 8.20-7.17 ppm. The methyl protons in the tert-butyl group in the HoL* compound appeared as a
singlet at 5 1.36 ppm. The signals from the carbonyl group were found in the 13C NMR spectra at 161.97, 161.81, 161.83, 162.76 and
161.66 ppm for the HoL'~> compounds, respectively. The aromatic carbons in the structure of the ligands emerged between the range
of 5 155.37-124.06 ppm. Although the quaternary carbon of the tert-butyl group in the HoL* compound resonated at 5 34.96 ppm, the
carbons of the methyl group were also observed at § 31.02 ppm [40].

In the 'H NMR spectra of the complexes, after complexation, the absence of resonance of the amide protons confirmed the co-
ordination of amide nitrogen atoms with the Pd(II) ion after deprotonation [41]. In addition to this observation, the resonance values
of the aromatic protons shifted as a consequence of coordination with the palldium (II) ion. In the 'H NMR spectra of the palladium
complex 4, the methyl protons shifted to a downfield (5 1.51 ppm) different from the free ligand, due to electron withdrawal by the
metal ion, leading to a decrease in the electron density [42]. The chemical shift value of CH3CN methyl protons that have attached to
palladium were detected at 5 2.07 and 2.10 ppm in the 'H NMR spectra of the complexes [43]. In the 3C NMR spectra of the com-
plexes, carbons of the CN and CH3 groups of acetonitrile coordinating with palladium were observed in the range of § 150.27-157.12
and 1.12-1.14 ppm, respectively [44]. Carbonyl carbons of the palladium complexes were detected in the lower region between the §
166.10-167.67 ppm different from the free ligands. The resonance values of the aromatic carbons shifted for each palladium complex
after the complexation. In the >C NMR spectra of the palladium complex 4, the resonance values of the tert-butyl group shifted to
downfield. As a result of this, the quaternary carbon of the ligand (6 34.96 ppm) emerged at § 35.53 ppm and the methyl carbon (6
31.02 ppm) appeared at § 31.43 ppm.

3.2. The analysis of molecular structure

The good quality block white crystals of the N2 N°-bis(2-tert-butylphenyl)pyridine-2,6-dicarboxamide (H,L*) ligand and the block
yellow crystals of its NNN Pd pincer complex 4 were obtained in acetonitrile and the appropriate crystals were chosen for the X-ray
single crystal analysis. HoL* crystallized in the monoclinic space group P2;/c with Z = 4 while complex 4 generated in the monoclinic
space group C2/c with Z = 8. Detailed crystallographic data and structure refinement parameters for both H,L* and complex 4 can be
found in Table 1, and the molecular structure of the synthesised HoL* ligand and its Pd complex 4 are depicted in Fig. 1a (HoL*) and 1b
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(Complex 4).

In the crystal structure of the ligand, the carbonyl groups have a specific bond length for a double bond such as C1-02 1.213(4) and
01-C17 1.228(4) A [45,46]. All C-N bonds in the structure are shorter than the average length of the C-N bond, which is 1.48 A
(Table 2) [27,45]. The angles, which are C12-N1-C16 118.4(2) and C17-N3-C18 124.0(3)° in the structure of the pincer ligand, which
are close to 120°, show the sp2 hybridization of the N1 and N3 atoms (Table 2).

The Pd complex was formed by the coordination of the Pd(II) ion with the pyridine nitrogen of the ligand and the nitrogen of the
two amide groups in the ligand and the nitrogen of an acetonitrile compound. The sum of the angles around the Pd(II) metal center is
360°, which is indicating a square planar geometry (Table 2) [47]. Four-coordination of Pd has resulted in the formation of two
five-membered chelate rings such as Pd1-N3-C1-C2-N1 and Pd1-N2-C7-C6-N1 (Fig. 1b). The chelate bite angles of these
five-membered rings in complex 4 are N1-Pd1-N3 = 81.01(19) and N1-Pd1-N2 = 80.59(19)°. In addition, the bite angles of N
(amide)-Pd-Nacetonitrile are found as N3-Pd1-N4 = 95.8(2) and N2-Pd1-N4 = 102.8(2)°. Furthermore, the angle of the Npy,.
idine-Pd-Nacetonitrile Pond was detected as N1-Pd1-N4 = 174.1(2)° (Table 2). The dihedral angle of N-C-C-N (Pd1-N1-C2-C1-N3 and
Pd1-N1-C6-C7-N2) which contains amide nitrogen and pyridyl rings in the complex is 1.46°, demonstrates that the rings are almost
coplanar [48]. Furthermore, the maximum deviation from the Pd1-N1-C2-C1-N3 plane was found to be 0.046 A for the N3 atom,
while it was determined to be 0.039 A for the N2 atom in the Pd1-N1-C6-C7-N2 plane.

The length of the Pd-Nacetonitrile Pond, which is Pd1-N4 = 2.022(5) Ain complex 4 is compatible with the length of the Pd-Nace.-
tonitrile PONd found in previous studies [44,49]. It was determined that the length of the carbonyl bond (C1-01 = 1.243(7) f\) in the Pd
complex was longer than that of the free ligand (C1-02 = 1.213(4) 7\) due to complexation. Some of the C-N bond lengths (C7-N2 =
1.354(7) and C2-N1 = 1.347(8) ;\) of the Pd complex are longer than the corresponding bond lengths in the free ligand (C17-N3 =
1.348(4) and C12-N1 = 1.330(4) 10\) as a consequence of coordination with the Pd metal (Table 2).

The crystal structure of the NNN pincer ligand and its Pd complex is consolidated through the intramolecular and intermolecular
contacts that are formed between C-H---N, C-H---O and N-H---N. While an intermolecular interaction (C5-H5---O1}, with symmetry
code i = x,y, 1 + ) contributing to crystal packing was detected in the HoL* ligand, three intermolecular connections (C4-H4---02 &,
C20-H20---02  and C29-H29C.--01 i", with symmetry codes ii = x, 2-y, —1/2 + z; iii = 1/2-x, 3/2-y, 1-z; iv = x, 1-y, 1/2 + 2) were
found in the Pd complex. The crystal packing of the pincer ligand H,L* and the Pd complex 4 are illustrated in Fig. 2a (H,L*) and 2b
(Complex 4). The intramolecular and intermolecular interactions of the H,L* and Pd complex 4 are illustrated in Fig. 3a (H,L* and 3b
(Complex 4) and Fig. 4a (H2L4) and 4b (Complex 4), respectively, and the parameters of the intermolecular and intramolecular H-
bonds for the HoL* and complex 4 are given in Table 3.

The pincer ligand HoL* contains intermolecular ring interactions, which are in the offset face-to-face manner. The convenient -1
contacts are generally described with interplanar distances between 3.3 and 3.8 A and the displacement angle up to 20° [50,51]. The
acceptable -1 interactions in H,L* occurred between the Cg(l)---Cg(2)i 3.885(2) A (Symmetry code: i = 1-x, 1-y, 1-z) and Cg(3)---Cg
(3)” 3.8087(18) A (Symmetry code: v = -x, 1-y, -z) with displacement angles 22.2 and 24.9°, respectively. Other r---t interactions found
in HyL* are above 3.8 A and show weaker interactions. The detailed geometrical data of -1 interactions of the HyL* ligand is listed in

Table 1

Crystal structure refinement parameters of the HoL* and complex 4.
Parameters H2L4 Complex 4
Empirical formula Cy7H31N30, Ca9H32N405Pd
Formula weight 429.55 574.98
Temperature 273.15K 298.15 K
Crystal system Monoclinic Monoclinic
Space group P2,/c C2/c

a
b
Cc
p
Volume
VA

p

1
F(000)

Crystal size

Radiation

20 range for data collection
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [I > 26 ()]
Final R indexes [all data]
Largest diff. peak/hole
CCDC no*

12.8772(5) A

14.1350(6) A

13.0122(5) A

91.093(2)°

2368.04(16) A®

4

1.205 g/cm®

0.604 mm™!

920.0

0.317 x 0.297 x 0.156 mm®
CuKo (A = 1.54178 A)
6.866°~136.464°
~15<h<15-16<k<17,-15<1<15
13492

4292 [Rin; = 0.1523, Ryigma = 0.1227]
4292/0/296

1.029

R; = 0.0935, WR, = 0.2287
Ry = 0.1547, R, = 0.2685
0.48/-0.43 e A2

2259839

28.276(5) A

15.649(2) A

14.735(2) A

112.481(9)°

6024.7(16) A®

8

1.268 g/cm®

5.196 mm !

2368.0

0.295 x 0.276 x 0.134 mm®
CuKa (A = 1.54178 A)
6.584°-136.48°
—34<h<34,-18<k<17,-17<1<17
47331

5508 [Rint = 0.1209, Rsigma = 0.0515]
5508/0/333

1.065

R; = 0.0607, WR, = 0.1611
Ry = 0.0792, WR, = 0.1749
0.88/-1.10 e A~2

2259840

*Supplementary crystallographic data (CCDC 2259839 and 2259840) can be obtained free of charge via https://www.ccdc.cam.ac.uk/structures/.
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Fig. 1. Crystal structure of (a) H,L* and (b) complex 4.

Table 4 and the Cg---Cg interactions of the HoL* ligand are shown in Fig. 5a.

The C-H ... © interactions comprise the interaction of an aromatic ring’s electron-rich n-cloud with a partially positive H atom.
According to previous studies, the distance of meaningful G-H.--r contact is in the range of 2.8-3.2 A [52]. Two stacking C-H---t
interactions were found in complex 4. These interactions are occurred among the carbon atom of the molecule, which acts a hydrogen
bond donor to the centroid of the phenyl ring in the next molecule [53]. The existed C-H---n stacking interactions in complex 4 are
C19-H19---Cg(2)" 2.84 A (Sym: vi = 1/2-x, 3/2-y, 1-z) and C29-H29B---Cg(5)"" 2.62 A (Sym: vii = x, 1-y, 1/2 + 2), in addition the
C-H---m angles are 147 and 143°, for these interactions, respectively. The C-H:--t angles are under the favourable value, which is 180°,
and this may be generated from the steric hindrance in the complex [54]. The detailed geometric information of C-H:--n stacking
contacts of the complex 4 is given in Table 4 and the illustration of the C-H---x stacking contacts of the complex 4 is shown in Fig. 5b.

3.3. UV-Visible study

UV-vis analyses of NNN pincer ligands and their Pd(II) complexes were performed at the 200-800 nm range in acetonitrile at room
temperature. An absorption band was determined for the HoL? and HoL? ligands at 278 nm. Although two distinct shoulders were
detected in 220 and 280 nm for H,L! and 221 and 268 nm for HoL* spectra, three shoulders were observed at 223, 261, and 309 nm,
respectively, for the HoL® ligand. These observed peaks in the ligands are assigned to intraligand n — ©* and & — ©* transitions in the
UV region [27,55]. After complexation, the peaks that were detected in the 220-223 and 261-280 nm range in the ligands were
slightly blue-shifted to 218-222 and 260-266 nm in their Pd(II) complex spectra. Furthermore, the new absorption bands that formed
between 311 and 321 nm belong to Ligand — Metal charge transfer transitions [56]. The UV absorption spectra of the NNN pincer
ligands and their Pd(II) complexes are shown in Fig. 6a and b, respectively.

3.4. Suzuki-Miyaura cross-coupling reaction

To obtain the optimal Suzuki-Miyaura cross-coupling reaction conditions, the effects of solvent, catalyst ratio, base, temperature,
and time were examined for the Suzuki-Miyaura cross-coupling reaction in an optimisation study. For this purpose, 4-bromotoluene
was used as the substrate and complex 3 as the model catalyst. 0.005 mmol of catalyst 3 was used for preliminary tests. All reactions
were performed under aerobic conditions. To find the appropriate base, the reactions were carried out with KOH, K2CO3, K3POy,
NayCOs, Cs2CO3 and EtsN, as the base and DMF were used as solvent in this stage. At the end of the reaction, KoCO3 provided the
highest conversion (47.2%, Table 5, entry 2). Among other bases. Although inorganic bases provide varying amounts of conversion, as
is known, the least coupling product (2.2% yield, Table 5, entry 6) was obtained when Et3N, an organic base, was used. As determined
in previous studies, potassium-containing bases with a “cation effect” are extremely important for the activation of boronic acid. In
addition, being easily accessible and inexpensive has allowed bases such as potassium-containing KoCO3 and KOH to be widely used in
coupling reactions [57-60]. Optimisation reactions were carried out at 90, 100, 110 and 120 °C, with K5COs as the base. Since there
was no significant difference between 110 and 120 °C (Table 5, entries 9 and 10) according to the conversions and it is also important
to perform the reactions under milder conditions, the optimal reaction temperature for the coupling reactions was accepted as 110 °C.
DMF, toluene, EtOH, ACN, 1,4-dioxane, H,O, EtOH-H,0 (v/v: 1:1 mL), 1,4-dioxane-H5O (v/v = 1:1 mL) were evulated as solvent, in
the presence of K;CO3 at 110 °C. EtOH was found to be the best solvent as we obtained a 100% conversion with 98.6% yield (Table 5,
Entry 12). In Suzuki C-C coupling reactions, it’s crucial to ensure that the catalyst and substrates are as soluble as possible in polar
solvents like ethanol [61]. The reactions were then carried out in different time intervals with different mole ratios of the model
catalyst under the optimum base, solvent, and temperature determined for the Suzuki-Miyaura cross-coupling reaction. The effect of
catalyst amount was investigated, entries 23, 25 and 26 in Table 5, indicate the effect of catalyst loading on the performance of
complex 3. When catalyst loading decreased to 0.001 mmol, 86% conversion with 86% yield was obtained in half an hour (Table 5,
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Table 2
Selected bond distance (A) and bond angles, (°) for pincer ligand H,L* and complex 4.

Bond Distance (A) Bond Angle (°)
N2, NO-bis(2-tert-Butylphenyl)pyridine-2,6-dicarboxamide (H,L*)

01-C17 1.228(4) C1-N2-C2 130.2(3)
02-C1 1.213(4) C12-N1-Cl6 118.4(2)
N2-C2 1.418(4) C17-N3-C18 124.0(3)
N2-C1 1.341(4) C6-C5-C4 120.1(3)
N1-C12 1.330(4) C5-C6-C7 119.4(4)
N1-C16 1.341(4) C6-C7-C2 120.9(3)
N3-C17 1.348(4) C7-C2-N2 119.2(3)
N3-C18 1.427(4) C7-C2-C3 121.2(3)
C5-Cé6 1.356(6) C3-C2-N2 119.6(3)
C5-C4 1.388(5) 02-C1-N2 126.8(3)
C6-C7 1.382(5) 02-C1-C12 120.3(3)
C7-C2 1.394(4) N2-C1-C12 112.8(2)
C2-C3 1.411(4) N1-Cl12-C1 117.8(2)
C1-C12 1.512(4) N1-C12-C13 122.8(3)
Cl12-C13 1.383(4) C13-C12-C1 119.4(3)
Cl6-C17 1.485(4) N1-C16-C17 117.4(2)
C16-C15 1.393(4) N1-C16-C15 122.0(3)
C18C19 1.401(4) C15-C16-C17 120.5(3)
C18-C23 1.382(5) 01-C17-N3 123.6(3)
C19-C24 1.538(4) 01-C17-C16 121.6(3)
C19-C20 1.396(4) N3-C17-Cl6 114.7(3)

Acetonitrile-N? N°-bis(2-tert-butylphenyl) pyridine-2,6-dicarboxamidopalladium(II) (Complex 4)

Pd1-N1 1.917(5) N1-Pd1-N2 80.59(19)
Pd1-N2 2.041(4) N1-Pd1-N3 81.01(19)
Pd1-N3 2.021(5) N1-Pd1-N4 174.1(2)
Pd1-N4 2.022(5) N3-Pd1-N2 161.45(19)
02-C7 1.220(7) N3-Pd1-N4 95.8(2)
01-C1 1.243(7) N4-Pd1-N2 102.8(2)
N1-C2 1.347(8) C2-N1-Pd1 117.8(4)
N1-C6 1.334(7) C6-N1-Pd1 118.3(4)
N2-C7 1.354(7) C6-N1-C2 123.6(5)
N2-C8 1.444(7) C7-N2-Pd1 114.6(4)
N3-C18 1.446(7) C7-N2-C8 120.5(5)
N3-C1 1.336(8) C8-N2-Pd1 123.8(3)
N4-C28 1.134(8) C18-N3-Pd1 125.3(4)
C7-C6 1.507(8) C1-N3-Pd1 114.8(4)
C2-C1 1.513(8) C1-N3-C18 119.1(5)
C2-C3 1.384(8) C28-N4-Pd1 162.0(6)
C18-C19 1.373(8) 02-C7-N2 127.1(6)
C18-C23 1.404(8) 02-C7-C6 121.0(5)
C6-C5 1.379(8) N2-C7-C6 111.9(5)
C19-C20 1.383(9) N1-C2-C1 113.1(5)
C8-C13 1.404(9) N1-C2-C3 118.9(6)
C4-C3 1.386(9) N1-C6-C7 114.2(5)
C4-C5 1.385(9) N1-C6-C5 119.0(6)
C11-C10 1.361(10) C13-C8-N2 123.8(5)
C23-C22 1.401(9) C9-C8-N2 114.3(6)

entry 23) and more than 97% conversion with over 97% yield, in 5 h (Table 5, entry 24). When the catalyst loading continued to be
reduced, 89% conversion and 89% coupling products were obtained with 0.0002 mmol catalyst in 12 h, while 86% conversion and
86% coupling product were obtained in 12 h when the catalyst ratio was reduced to 0.0001 mmol (Table 5, entries 26 and 25).

Quaternary ammonium salts are known to exert an activating effect on the reaction of arylhalides with phenylboronic acids [62].
Based on this, the effect of tetraethylammonium bromide salt on activity was investigated in this study, but no contribution was
observed to increase conversion (Table 5, entry 22).

As a result of the optimisation study with the chosen model catalyst, the optimum base, solvent, time, temperature, and catalyst
ratio were investigated for the Suzuki-Miyaura cross-coupling reaction; according to the results the best conditions are identified as
follows: K2COs3, EtOH, 5 h, 110 °C and 0.001 mmol of catalyst. After the optimum reaction conditions were determined, the activity
analyses of the other catalysts were carried out under these determined parameters.

The catalytic activities of the other Pd complexes 1, 2, 4, and 5, which contain different ligand substitutions, were tested under
optimised conditions. The results are shown in Table 6. To determine the catalytic activity of Pd complexes, 4-bromotoluene was first
used as a substrate in the Suzuki coupling reaction with phenylboronic acid. All palladium complexes were utilized as catalyst in the
reaction, conversion rates were determined for each hour, with a maximum of 5 h. All complexes were found to catalyse the coupling of
phenylboronic acid with 4-bromotoluene to form the coupling product 4-methylbiphenyl in good yields. In general, the use of
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Fig. 3. The intramolecular hydrogen bonds of the (a) H,L* and (b) Pd complex 4 generated by the N-H---N, C-H---O, and C-H---N interactions.

deactivated aryl bromides, substituted with electron-donating groups such as -methyl or -methoxy, for the Suzuki C-C coupling re-
actions decelerates the reaction [63-65]. However, the 1, 2, 4, and 5 Pd complexes which have ortho-substituted F, Cl, tert-butyl, and
NO,, groups, respectively, served as an effective catalyst for the coupling reaction and formed good yields with 4-bromotoluene, which
has a donating group at the para position on the phenyl ring. In 1 h, 80% conversion with 80% yield and 79% conversion with 79%
yield were obtained from 1 to 2 complexes, respectively. The highest conversion and yield of these complexes were obtained at the
fourth hour (Table 6, entries 1 and 2). However, there was an increase in the conversion rates provided by these two complexes until
the first 4 h, but a slight decrease was observed in the last hour. This is most likely because the catalyst may be saturated after the first 4
h. An excellent yield was achieved from the 4 and 5 complexes, with more than 99% conversion for complex 4 and more than 98%
conversion for complex 5 in 1 h (Table 6, entries 3 and 4). Complex 4 contains sterically hindered bulky tert-butyl group, which ac-
celerates the oxidative addition of aryl bromides [66]. In the coupling reaction of 4-bromotoluene with phenylboronic acid, the
catalytic activity of the 4 and 5 complexes, which provide better conversion than other Pd complexes, was then investigated in
coupling reactions using substrates of 1-bromo-4-isobutylbenzene and 2-bromo-6-methoxynaphthalene. The complexes showed good
conversion and ensured high yields of coupling products from these bulky deactivated and sterically hindered substrates. In the re-
action of 1-bromo-4-isobutyl benzene, complex 4 produced more than 98% conversion and over 98% yield in 1 h (Table 6, entry 5),
while complex 5 formed more than 94% conversion and more than 94% coupling product in 1 h (Table 6, entry 6). Furthermore,
complex 5 reached more than 96% conversion and generated over 96% yield of the coupling product in 2 h (Table 6, entry 7). In the
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Fig. 4. (a) The intermolecular hydrogen bonds via C-H---O interactions led to formation of zig-zag motif in H,L* and (b) intermolecular hydrogen
bonds generated by the C-H:--O contacts in Pd complex 4.

Table 3

Inter molecular and intramolecular hydrogen bonds for H,L* and complex 4 (10%, °) *.
D-H--A d(D-H) d(H---A) d(D---A) 2 (D-H---A)
H,L*
N2-H2---N1 0.86 2.19 2.654(3) 114
N3-H3:--N1 0.86 2.31 2.689 (3) 107
C5-H5.--01¢ 0.93 2.54 3.405(5) 155
C7-H7---02 0.93 2.22 2.871(5) 126
C9-H9C---N2 0.96 2.52 3.162(5) 124
C11-H11A.-N2 0.96 2.50 3.109(5) 121
C25-H25B---N3 0.96 2.52 3.131(5) 122
C26-H26B---N3 0.96 2.55 3.163(5) 121
Complex 4
C4-H4...021 0.93 2.54 3.365(9) 149
C16-H16A---02 0.96 2.37 3.185(14) 142
C17-H17C.--N2 0.96 2.44 3.093(12) 125
C20-H20---021 0.93 2.59 3.363(10) 140
C25-H25A---N3 0.96 2.50 3.165(16) 126
C26-H26C---01 0.96 2.48 3.392(17) 158
C26-H26C:--N3 0.96 2.54 3.218(17) 128
C29-H29C---01" 0.96 2.42 3.219(11) 141

*Symmetry code: i =x,y, 1 + 2 ii = x, 2-y, —1/2 + z; iii = 1/2-x, 3/2-y, 1-z;iv = x, 1-y, 1/2 + 2.

Suzuki coupling of 2-bromo-6-methoxynaphthalene, both complexes 4 and 5 gave almost %100 excellent yields in 1 h (Table 6, entries
8 and 9).

As a consequence, the NNN pincer-type-based Pd complexes that we synthesised proved to be very capable in the Suzuki-Miyaura
coupling reaction because they exhibited high activity, good selectivity, and excellent yields of the coupling product. When the results
obtained in this study are evaluated, it is determined that the catalytic activity of our Pd complexes in the Suzuki-Miyaura coupling
reaction was better than the activities of the Pd complexes that have similar NNN ligand structure, which was previously reported by
Jerome et al. [44]. Furthermore, the Pd complexes we synthesised as catalysts achieved high conversion in a much shorter time.

3.4.1. Hg poisoning test

The mercury poisoning test is a very significant way to determine whether the reaction is homogeneous or heterogeneous [67]. To
understand the nature of the Pd complexes, the Suzuki reaction was performed under optimised conditions. 4-Bromotoluene (1.0
mmol), phenylboronic acid (1.2 mmol), KoCO3 (1.2 mmol), EtOH (2 mL), and palladium catalyst (0.001 mmol) and excess Hg (200
molar equivalents of the Pd catalyst) were mixed in a closed reaction tube, and the reaction mixture obtained was stirred for the
required time at 110 °C. The procedure for the Suzuki reaction was then repeated, and the isolated yields were analyzed by GC.
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Table 4
Geometrical parameters of x---n stacking interactions for H,L* and C-H---x contacts for the complex 4 (10\, ).
H,L*
Rings I-J*%! Cg(D)--CgW)° v Cg(D)-perp® Cg(J)-perp’
Cg(l)---Cg(Z)i 3.885(2) 23.6 3.5599(14) 3.5966(16)
Cg(l)-an(Z)'ii 4.096(2) 30.8 —3.5198(14) —3.9255(16)
Cg(2)--ng(1)f__ 3.885(2) 22.2 3.5966(16) 3.5600(14)
Cg(2)--Cg(1)™ 4.096(2) 16.6 —3.9255(16) —3.5198(14)
Cg(3)--~Cg(2)i" 5.930(2) 72.3 1.8025(16) 3.5276(14)
Cg(3)--Cg(3)” 3.8087(18) 24.9 —3.4559(13) —3.4558(13)
Complex 4
C-H.--Cg(J)? H.--Cg H-perp” < C-H--Cg' ' c--Cg~
C19 —Hl9---Cg(2)"‘vn 2.84 —2.83 147 5.33 3.649(7)
C29-H29B:--Cg(5)™ 2.62 —2.58 143 10.64 3.442(10)

2 H,L* Cg(1), Cg(2) and Cg(3) are the centroid of the rings, (N1-C12-C13-C14-C15-C16), (C2-C7), and (C18-C23), respectively. Complex 4: Cg
(2) and Cg(5) are the centroid of the rings, (Pd1-N1-C6-C7-N2) and (C18-C23), respectively.

b Ring number I and J (ring number mentioned over).

¢ Centroid margin among ring I and ring J.

d Angle among the centroid vector Cg(I)---Cg(J) and the normal to plane J.

€ Vertical margin of Cg(I) on ring J (A).

f Vertical margin of Cg(J) on ring I A).

8 Center of gravitation of ring J (ring number mentioned over).

" Vertical margin of H to the ring plane J.

I Angle among C-H and centroid Cg.

J' Angle among Cg-H vector and ring J normal.

¥ Margin among G-atom and the proximate carbon atom in the benzene ring.

1 Symmetry: i = 1-x, 1-y, 1-z;ii=x, 1/2-y, —1/2+ g iii = x, 1/2-y, 1/2 4+ z; iv = -x, 1-y, 1-2; v = -x, 1-y, -z; vi= 1/2-x, 3/2-y, 1-z; vii=x, 1-y, 1/2 + z.

(a) (b)

Fig. 5. (a) n---m interactions in H2L4 and (b) C-H---n contacts for complex 4.

The Hg (0) poisoning test is the most well-known test to reveal the nature of the complexes and is easy to perform on C-C coupling
reactions. Hg(0) amalgamates connect very strongly with Pd(0), Rh(0), and Ni(0) based complexes, thus blocking the access of the
active site to the substrate [63,67]. According to the results of the mercury test, when the conversion rates of the complexes are
examined, it is seen that there is a serious decrease, although not completely suppressed (Table 7). These findings suggest that catalytic
activity is produced by Pd complexes containing the NNN pincer ligand. Because the Pd(0) species are protected by the ligand, the Hg
(0) could not fully extinguish the reaction. However, the fact that Hg(0) does not completely stop the reaction and causes extremely
low conversions under the same conditions can be explained by ligand dissociation [68]. It is important to point that, studies have
reported, not only colloidal Pd(0) but also molecular Pd(0) complexes can be exterminated by elemental mercury [69,70]. Further-
more, Hg(0) poisoning experiments indicate that soluble Pd(0) species are most likely decomposition products of palladacyclines.
Therefore, it can be said that catalytic process based on a homogeneous catalytic mechanism including intermediates Pd(0) and Pd(II)
[711.

The formed ligand-free molecular paladium species continued to react with Hg until these catalytic species were deactivated [72].

10
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Fig. 6. The superposed UV spectrum of the (a) ligands (HZL”’) and (b) Pd(II) complexes in CH3CN.

Therefore, ligand-free species or colloids are likely to be active species for the catalytic reaction [73]. These results have shown that
NNN ligands in the structures of Pd complexes are extremely important for the stabilization of active catalytic species. At the same
time, NNN Pd complexes are intermediate substances required for the generation of effective Pd(0) species in the reaction condition
[63,69,74].

3.4.2. Reusability analysis

According to the results of the Hg test, Complex 5 showed a significant decrease in conversion rate. As a result of this, it has been
determined that Complex 5, with its more heterogeneous character, is more suitable for the reusability test. For this purpose, the
catalytic activity of the black precipitates formed during the reaction of Complex 5 was investigated under optimised conditions for the
reusability test. The procedure for the reusability test is as follows; after each cycle was completed, the mixture was diluted with EtOAc
(15 mL) and the black precipitates obtained were collected by centrifugation and subsequently rinsed with methanol, water, and
diethylether, respectively. Then, dried at 80 °C before using for the next reaction with fresh 4-bromotoluene and phenylboronic acid
[41,75,76]. After four cycles, we observed a considerably decrease in the activity of the complex (from %87 conversion for the first run
to %34 conversion for the fourth run). In fact, the black residues formed at the end of each reaction could be obtained under very
difficult conditions with a significant loss of yield. These results showed how important NNN-pincer ligands are to the catalytic activity
of our Pd complexes, considering their role in stabilising the catalytic species formed in the reaction medium. TEM analysis was
performed for the morphological characterisation of the resulting black residues. TEM images obtained from the fourth cycle (Fig. 7a
and b) indicate that the Pd species are well dispersed. Furthermore, Complex 5 contains nanosized spherical particles.

4. Conclusions

The NNN pincer-type novel five-ligand and their Pd(II) complexes were synthesised and characterised with several methods. The
crystal structure of one ligand and its Pd(II) complex (H2L4 and complex 4) was also able to be elucidated with a single-crystal XRD
analysis. The single-crystal XRD data provided us to better understand the molecular structures of the NNN pincer ligand and its Pd
complex. Single crystal XRD results revealed that both the ligand and its Pd complex contain supramolecular interactions. These
intramolecular and intermolecular contacts that are formed between C-H---N, C-H:--O, N-H---N, n---tr and C-H ... m are contributing to
stabilization of the crystal system. In line with previous studies in the literature, pincer complexes are known to be effective in C-C
cross-coupling reactions. On the basis of all of these studies, the catalytic activities of the synthesised Pd(II) complexes were tested in
the Suzuki-Miyaura cross-coupling reaction. According to the results of the catalytic study, it was determined that our pincer-
structured Pd(II) complexes were highly capable of the Suzuki C-C cross-coupling reaction between the sterically hindered and
deactivated aryl bromides and phenylbronic acid at the required reaction times. Furthermore, these Pd(II) complexes demonstrated
good conversion and selectivity at short times with even low catalyst loadings. Among the synthesised complexes, when evaluated on

11
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Table 5
The obtained optimisation parameters for the Suzuki C-C coupling reaction®.

B(OH
(OH)2 B CH Pdcqi.. Base
—_—
* r 3 Solvent CH3

Entry Catalyst (mmol) Base Solvent Temperature (°C) Time (h)  Conversion (%)"  Yield (%)"  Selectivity (%) TON'
1 0.005 KOH DMF 80 12 >13 >1 >11 >27
2 0.005 K,CO3 DMF 80 12 >47 >28 >60 >94
3 0.005 K3POy4 DMF 80 12 >14 >1 >11 >28
4 0.005 Nap,CO3  DMF 80 12 >41 >20 >48 >83
5 0.005 Cs2CO3 DMF 80 12 >13 >0 >3 >27
6 0.005 EtzN DMF 80 12 >43 >2 >5 >87
7 0.005 K»CO3 DMF 90 12 >46 28 >60 >92
8 0.005 K>CO3 DMF 100 12 >50 >35 >65 >100
9 0.005 K»CO3 DMF 110 12 51 36 70 102
10 0.005 K»CO3 DMF 120 12 52 36 69 104
11 0.005 K>CO3 H,O 110 12 82 >76 >93 164
12 0.005 K2CO3 EtOH 110 12 100 >98 >98 200
13 0.005 K>CO3 1,4-Dioxane 110 12 91 >85 94 182
14 0.005 K»CO3 Toluene 110 12 >98 >92 >93 >197
15 0.005 K5CO3 CH3CN 110 12 100 94 94 200
16 0.005 K>CO3 EtyNBr-DMF 110 12 >58 >49 84 >197
17 0.005 K>CO3 EtOH- H,0 110 12 100 >94 >94 200
18 0.005 K»CO3 1,4-Dioxane-H,0 110 12 >97 >94 >97 >194
19 0.005 K2CO3 EtOH 110 2 96 95 >98 192
20 0.005 K>CO3 EtOH-Et4NBr 110 2 98 97¢ >98 196
21 0.005 K»CO3 EtOH 110 4 98 97 >98 196
22 0.005 K2CO3 EtOH-Et4NBr 110 4 98 97¢ >98 196
23 0.001 K»CO3 EtOH 110 0.5 86 86 100 860
24 0.001 K»CO3 EtOH 110 5 >97 >97 100 >970
25 0.0001 K»CO3 EtOH 110 12 86 86 100 8600
26 0.0002 K»CO3 EtOH 110 12 89 89 100 4450

@ Reaction circumstances: 4-Bromotoluene (1.0 mmol), phenylboronic acid (1.2 mmol), base (1.2 mmol), solvent (2 mL).

b Yield and conversion rates were determined by GC analysis based on aryl halides in the presence of dodecane used as internal standard.
¢ Mole product/mole catalyst.

4 Et4,NBr (0.02 mmol).

Table 6
The catalytic activities of NNN Pd pincer complexes in Suzuki-Miyaura C-C coupling reaction®.

Ar-Br + Ph-B(OH),—> Ar-Ph

Entry Catalyst Substrate Time (h) Conversion (%)" Yield (%)" TON'
1 Complex 1 4-Bromotoluene 4 >91 >91 >910
2 Complex 2 4-Bromotoluene 4 >93 >93 >930
3 Complex 4 4-Bromotoluene 1 >99 >99 >990
4 Complex 5 4-Bromotoluene 1 >98 >98 >980
5 Complex 4 1-Bromo-4-izobutylbenzene 1 >98 >98 >980
6 Complex 5 1-Bromo-4-izobutylbenzene 1 >94 >94 >940
7 Complex 5 1-Bromo-4-izobutylbenzene 2 >96 >96 >960
8 Complex 4 2-Bromo-6-methoxynaphthalene 1 100 >99 1000
9 Complex 5 2-Bromo-6-methoxynaphthalene 1 100 >99 1000

@ Reaction circumstances: Ar-Br (1.0 mmol), phenylboronic acid (1.2 mmol), K»CO3 (1.2 mmol), catalysis (0.001 mmol), EtOH (2 mL) at 110 °C.
b Yield and conversion rates were determined by GC analysis based on aryl halides in the presence of dodecane used as internal standard.
¢ Mole product/mole catalyst.

the basis of their high conversion and selectivity that they showed in short time periods, it was determined that complexes 4 and 5
performed higher activity. For example, complete conversion and nearly 100% yield were achieved from the reaction of the 2-bromo-
6-methoxynaphthalene substrate with phenylboronic acid, which Complex 4 and 5 used as catalyst. Reusability analysis was per-
formed with the black residues of complex 5. Unfortunately, progressively lower conversion rates were obtained as a result of each
cycle (from %87 conversion for the first run to %34 conversion for the fourth run). On the basis of the results of the Hg(0) poisoning
test, although a serious decrease in the activity of all PA(II) complexes was observed, it was not completely suppressed, and the reaction
continued at a certain conversion rate. This showed us that our NNN pincer-type ligands are extremely important in terms of stabilising
the active catalytic species formed during the reaction in the medium and are also the distributors of the generated active particles. To
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Table 7
Activation of catalysts in Suzuki-Miyaura coupling reaction between 4-bromotoluene and phenylboronic acid under Hg(0) poisoning effect®.

B(OH
( )2+ H+C B Pdcai, CH
r —_—
3 K,CO3, EOH s

Entry Catalyst Time (h) Conversion (%)" Yield (%)" TON"
1 Complex 1 4 >18 >16 >180
2 Complex 2 4 >38 >36 >380
3 Complex 3 5 >37 >34 >370
4 Complex 4 1 >39 >39 >390
5 Complex 5 1 >16 >16 >160

& Reaction circumstances: Ar-Br (1.0 mmol), phenylboronic acid (1.2 mmol), K,CO3 (1.2 mmol), catalysis (0.001 mmol), EtOH (2 mL) and Hg (200
molar equivalents of the Pd catalyst) at 110 °C.

" Yield and conversion rates were determined by GC analysis based on aryl halides in the presence of dodecane used as internal standard.

¢ Mole product/mole catalyst.

)

Fig. 7. TEM images for complex 5 at (a) 20 nm and (b) 5 nm scales.

contribute to the number of catalytic studies in the scope of cross-coupling reactions, in our current studies, the synthesis of these and
similar pincer complexes and their catalytic applicability in various catalytic reactions continues to be investigated.
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