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ALPHA-DIIMINE NICKEL (II) AND PALLADIUM (II) COMPLEXES IN CROSS- 

COUPLING REACTIONS 

Md Muktadir Talukder, PhD 

The University of Texas at Dallas, 2020 

ABSTRACT 

Supervising Professor:  Mihaela C. Stefan, Chair 

Cross-couplings reactions are the most versatile synthetic tools and extensively applied for organic 

syntheses in the industrial production plants. Traditionally established cross-coupling reactions, 

including Suzuki–Miyaura, have been investigated over the last two decades because of synthetic 

applicability for manufacturing valuable functionalized building blocks in organic electronics, 

natural products, and drug discovery. Apart from Suzuki–Miyaura carbon-carbon cross-coupling, 

carbon-sulfur cross-coupling has been established as a potential synthetic method for synthesizing 

biologically and pharmaceutically active compounds. Remarkably, the introduction of 

heteroaromatics through carbon-sulfur cross-coupling added a new dimension to the 

pharmaceutical industries. Recently, direct arylation has gained much popularity for making π-

conjugated monomers and polymers through carbon-carbon bond formation that is an alternative 

tool to the Suzuki–Miyaura cross-coupling technique. Nonetheless, these useful synthetic 

procedures are facing enormous challenges arising from the catalytic systems. A significant 

portion of the catalysts employed in these cross-coupling reactions are air- and moisture-sensitive. 

Moreover, thermal instability is another drawback of implementing in elevated temperature. 

Dr. Michael C. Biewer, Co-Chair 
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Notably, ligand design plays a crucial role in catalytic outcomes. The existing ligand design for 

the cross-coupling reactions lacks essential features, including steric and electronic requirements. 

Consequently, these shortcomings are subject to the poor catalytic performance that significantly 

hinders the industrial-scale application. In this dissertation, ligand design based on α-diimine 

frameworks is investigated in the Suzuki–Miyaura cross-coupling, carbon-sulfur cross-coupling, 

and direct arylation methods. Both nickel and palladium complexes with α-diimine cores were 

synthesized and applied to examine their potential scope in the cross-coupling reactions.  

Recent advances in the nickel and palladium-based catalytic systems in the cross-coupling 

reactions are described in chapter 1. In situ and well-defined nickel and palladium catalytic systems 

are discussed in this chapter. Moreover, existing challenges and possible solutions are also 

explained.  

Chapter 2 is designed to investigate the potential application of α-diimine-based nickel (II) and 

palladium (II) complexes in the Suzuki–Miyaura cross-coupling reaction. Notably, ligand design 

is extensively examined for making four different complexes by varying the ligand structure and 

metal center. Notably, a wide variety of substrates having challenging functional moieties are 

synthesized through carbon-carbon cross-coupling.  

Chapter 3 describes the synthesis and application of α-diimine-based nickel (II) and palladium (II) 

complexes in the carbon-sulfur cross-coupling. Both mono- and dinuclear complexes are 

synthesized and practiced for making aryl/alkyl sulfides. Mostly, pharmaceutically relevant 

heteroaryl moieties both from thiols and aryl halides are coupled.  

Chapter 4 is dedicated to examining the α-diimine-based nickel (II) and palladium (II) complexes 

in making valuable functionalized π-conjugated monomers through the direct arylation method. 
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Mainly, five-membered heteroaromatics, including thiazole and thiophene derivatives, are applied 

with a wide variety of aryl halides. Moreover, the findings propose that α-diimine-based 

complexes can deliver direct arylation as an alternative technique to the carbon-carbon bond 

formation through Suzuki–Miyaura cross-coupling. 
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1.1 Abstract 

In the last two decades, transition metal-catalyzed cross-coupling reactions have received 

significant recognition for making functionalized biaryl compounds possessing valuable 

applications in organic electronics, natural products, and drug discovery. Compared to other cross-

coupling reactions, Suzuki–Miyaura, Stille, Sonogashira, and Heck type cross-coupling synthetic 

tools are widely applied for generating C-C bonds.1 Furthermore, different synthetic methods have 

emerged to construct carbon-heteroatom bonds by employing transition metal catalysts. 

Especially, the C-S bond formation prevails as one of the most relevant chemical transformations 

for pharmaceutical industries.2 Moreover, direct heteroarylation has arisen as an alternative 

synthetic method for synthesizing biaryl compounds through C-C bond formation because of 

sustainable choices to the existing cross-coupling reactions.3 

1.2 Suzuki–Miyaura Cross-Coupling (SMC) 

Suzuki–Miyaura cross-coupling (SMC) reaction is a remarkably powerful synthetic tool 

for the construction of C-C bonds.4 This useful method is widely utilized in the areas of natural 

product synthesis, supramolecular chemistry, catalysis, and materials science. Notably, fine 

chemical, pharmaceutical, and agrochemical industries heavily rely on the SMC reaction (Figure 

1.1).5 Since the discovery in 1979, transition-metal-catalyzed SMC between an organic halide and 

organoboron compound has become the most suitable approach in C-C bond formation.6-7 In 

contrast to the existing Stille, Sonogashira, and Heck type reactions, the SMC reaction offers 

additional advantages. This is associated with mild reaction settings and the broad substrate scope 

and functional group tolerance. Moreover, organoboron compounds are easy to synthesize and 
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demonstrate high air- and moisture stabilities. Also, low-toxicity associated with the organoboron 

compounds and easy separation provide additional advantages in SMC reaction.8 

 

Figure 1.1. Pharmaceutically active building blocks through SMC. 

1.2.1 General Reaction Mechanism of SMC 

The general reaction mechanism of SMC is shown in Figure 1.2.9 This mechanism is 

explained by the prospect of the palladium catalyst. In the first step, the organopalladium 

intermediate (3) is produced from the oxidative addition of halide to the palladium. The base reacts 

with the organopalladium species to form the respected intermediate (4). Afterward, 

transmetallation happens to form another organopalladium species (8) by reacting intermediate 4 

with the boron-ate complex (6). In the final step, the biaryl products (9) are formed from the 

restoration of the catalyst through reductive elimination.  

1.2.2 Palladium-Based Catalytic Systems in SMC 

SMC reaction through Pd/C catalytic systems have been exhibited promising performance 

since the introduction by Marck and coworkers in 1994.10 This catalyst can be used for coupling 

various aryl and heteroaryl moieties. Usually, Pd/C has manifested good performance having 

aqueous solvents with or without the employment of phosphine ligands. Nishida and co-workers 
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noticed that SMC reactions of haloquinolines and halopyridines necessitate the usage of a 

 

Figure 1.2. General reaction mechanism of SMC.9 

phosphine ligand for Pd/C systems.11 Homogenous SMC reaction is facilitated by incorporating 

electron-rich and bulky ligands.1 Both oxidative addition and reductive elimination are promoted 

by introducing those ligands. Ligand-free Pd-catalyzed SMC reaction has received noticeable 

attention because most of the ligand-promoted systems suffer from the air- and moisture 

sensitivity.9 Moreover, Chand et al. has published ligand-free Pd nanoparticles for SMC at ambient 

temperature. For this purpose, the palladium nanoparticles were generated by applying Pd(OAc)2 

with an equimolar mixture of methanol and acetonitrile.12 Lately, the supported transition metal 

catalytic system has gained popularity in SMC. For instance, a magnetic lignosulfonate-supported 

Pd complex has been applied in SMC as a renewable source of catalyst in the aqueous medium.13 
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Moreover, azine-linked covalent organic polymer-supported ultrafine Pd nanoparticles have been 

synthesized as a promising catalytic system for SMC.14  

 

Figure 1.3. Examples of palladium-based catalytic systems in SMC. 

Compared to the aforementioned catalytic systems for in situ generations of catalytically active Pd 

species, a significant shift has been identified towards well-defined Pd catalysts in SMC. 

Buchwald-type palladacycle,15 allyl-based precatalysts,16 and PEPPSI-based precatalyst17 are 

among the Pd-based popular systems in SMC. Buchwald and co-workers have applied the XPhos-

based palladium complexes at room temperature for coupling fluorinated boronic acid with a wide 

variety of aryl and heteroaryl halides (Figure 1.3).15 Particularly, this catalytic system has the 

capacity to couple five-membered 2-heterocyclic boronic acids having extremely mild reaction 

settings. Nolan-type allyl-based precatalysts offer significant improvement in SMC regarding the 
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easy and efficient synthesis of the well-defined palladium catalyst (Figure 1.3).16 They 

successfully utilized [Pd(IPr*)(cin)Cl] for synthesizing tetra-ortho-substituted biaryls (67–99%) 

with inexpensive base and mild reaction conditions. In 2019, Liu and co-workers have investigated 

the catalytic performance of N‑heterocarbene palladium catalysts containing dianisole backbones 

(Figure 1.3).17 For understanding the steric effects of the catalysts in the reaction outcomes, the 

ligand design was diversified with various alky and aryl substituents in the backbone. Notably, 

more steric bulk of the catalysts promoted to couple challenging heteroaryl boronic acids with a 

diverse class of aryl halides.  These catalytic tools incorporate a wide variety of nucleophiles and 

electrophiles. Moreover, bulky and heteroaryl organoboron compounds have been successfully 

attached for making functionalized biaryl or biheteroaryl building blocks. Additionally, they have 

exhibited good to excellent functional group tolerance.  

1.2.3 Nickel-Based Catalytic Systems in SMC 

Recently, nickel-catalyzed SMC reaction has gained much popularity compared to the 

well-established palladium-based synthetic tools. Nickel is comparatively much cheaper and earth-

abundant than the palladium metal.4 Furthermore, high valent Pd(III) and Pd(IV) species have been 

studied, whereas nickel displays Ni(0)/Ni(II) as well as Ni(I)/Ni(III) oxidation states. On the other 

hand, nickel exhibits more nucleophilic character because of higher electron density and smaller 

size than the palladium.18 Consequently, a significant shift has been identified in the SMC through 

nickel-catalyzed cross-coupling reactions.  

A crucial aspect of the use of Ni as a catalyst is the design of the ligand. Several ligands of 

different bulkiness and functionality have been developed to tune the stereoelectronic properties 

of Ni-based complexes. Analogous of the ligands that have been used for Pd-catalyzed SMC have  
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Figure 1.4. Examples of nickel-based catalytic systems in SMC. 

been tried for Ni-catalyzed SMC, such as the sterically demanding, electron-rich phosphine19 and 

N-heterocyclic carbenes (NHC).20 Ni(dppf)Cl2 (dppf = 1,1’-bis(diphenylphosphino)ferrocene) 

precatalyst is one of the first to be successfully used for the coupling of aryl chlorides and 

arylboronic acids.21 Other catalysts reported for SMC are Ni(dppe)Cl2 (dppe = 1,2-

bis(diphenylphosphino)ethane),22 and the more bench-stable catalysts are Ni(1-

naphthyl)(PCy3)2Cl (PCy3 = tricylohexylphosphine),23 and Ni(cinnamyl)(dppf)Cl.24 Several other 

Ni catalysts of lower oxidation states have also been reported such as Ni(dppf)Cl2,
25 and Ni(COD)2 

(COD = 1,5-cyclooctadiene).25 Ni(COD)2 is still in use, but it is relatively expensive, thermally 

unstable, and air sensitive.26 Recently well-defined Ni-based catalysts are gaining popularity for 

making air- and moisture stable catalytic systems in SMC. The fundamental reason is that the in-
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situ generations of catalytically active species are air- and moisture-sensitive.26 Accordingly, 

investigations have been carried out for the construction of more practical well-defined nickel-

based catalysts.27-29 For instance, Tonzetich and co-workers have investigated the SMC reaction 

mechanism by introducing a nickel pincer catalyst (Figure 1.4).27 [NiCl(PhPNP)] (PhPNP = anion 

of 2,5-bis(diphenylphosphinomethyl)pyrrole) exhibited Ni(I)/Ni(III) process in which the boronic 

acid participated as the source of nucleophile as well as reductant. The first application of low-

valent NHC-phosphite nickel complexes has been reported by Duczynski et al., where three-

coordinate Ni- (NHC) [P(OAr3)]2 complexes were synthesized and employed in SMC (Figure 

1.4).28 This catalytic system was successfully applied for coupling phenylboronic acid with a 

library of aryl tosylates. Furthermore, nickel(II) benzimidazolin-2-ylidene complexes including 

thioether side chains have been utilized in SMC (Figure 1.4).29 This catalytic method afforded 

good to excellent yields for coupling electron-poor aryl chlorides with boronic acids. 

 

1.2.4 Existing Challenges in Ni and Pd-Catalyzed SMC 

Although significant improvement has been made in Ni and Pd-based systems for SMC; 

however, these catalytic systems need proper alteration for overcoming the existing challenges. 

For instance, protodeboronation is a common problem in SMC which significantly reduce the 

catalytic performance.30 Protodeboronation is a chemical phenomenon in which a carbon-

hydrogen bond is formed by protonolysis of the organoborane compounds. For this reason, an 

excess amount of organoborane compounds are required for obtaining the desired yields in SMC. 

Moreover, the need to activate the precatalysts is another concern in SMC. Also, air- and moisture 

sensitivity, as well as thermal instability, presents enormous obstacles in SMC through the existing 
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Ni and Pd systems.26 Furthermore, elevated temperature (100−130 °C), high catalyst loading 

(2.5−10 mol %), and prolonged reaction time (12−48 h) profoundly affect their success in SMC.26-

27, 29 

1.3 Carbon-Sulfur (C-S) Cross-Coupling 

Carbon-heteroatom bond formation remains one of the most prevalent synthetic tools in 

organometallic processes. Compared to C-N and C-O cross-coupling, C-S is an underdeveloped 

synthetic method for synthesizing valuable functionalized biarylsulfides.31 Prominently, C-S bond 

construction continues as one of the most important chemical transformations that possess 

immense potential in pharmaceutical applications. Moreover, biarylsulfides building blocks  

 

Figure 1.5. Biologically and pharmaceutically active aryl sulfides. 

through C-S cross-coupling are found in natural products that exhibit activities against HIV, 

cancer, Alzheimer’s disease, asthma, and inflammation (Figure 1.5).2 Synthesizing aryl sulfides 

without the employment of transition metal-catalyzed systems are usually inefficient, and have 

severely limited functional group tolerance. Few of these techniques include aromatic substitution 

reactions, nucleophilic attack on disulfides, and metal-mediated disulfide reductions.32 

Accordingly, more practical and effective synthetic tools have arisen within transition metal 

catalysis for creating aryl sulfides through C-S cross-coupling.  
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1.3.1 General Reaction Mechanism of C-S Cross-coupling 

In 1978, Migita et al. has reported the first palladium-catalyzed thiolation of aryl halides 

from using Pd[PPh3]4.
33 Although this method is restricted to aryl bromides and needs high 

temperatures; however, the synthesized biaryl sulfides afford good yields. Generally, bidentate 

phosphine ligands are utilized in C-S cross-coupling by Migita's technique. Bidentate phosphine 

ligands exhibit success because of their capacity to stay coordinated with the metal upon the attack  

 

Figure 1.6. General reaction mechanism of C-S cross-coupling.38 

of the thiolates.34 The general reaction mechanism of C-S cross-coupling is explained in Figure 

1.6. In the first step, oxidative addition occurs between the halide and the palladium complex to 

form the organopalladium species (3). After that, the organopalladium species go through the 

transmetallation process with a thiol-containing compound to form organopalladium species (5). 

Simultaneously, off-cycle by-product bridging  (II) or anionic thiolate complexes (I) are formed. 
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In the final step, reductive elimination takes place to form the sulfide product (6) and restores the 

original palladium catalyst.  

1.3.2 Palladium-Based Catalytic Systems in C-S Cross-Coupling 

The first practical synthesis of aryl sulfide from aryl chlorides was disclosed by Buchwald 

and coworkers.35 This study examined a wide variety of mono- and bidentate phosphine ligands 

including DiPPF ligand. This catalytic system is highly effective and has good functional group 

tolerance. Electron-rich aryl chlorides require longer reaction times, a weaker base, and higher 

temperatures.  

 

Figure 1.7. Examples of palladium-based catalytic systems in C-S cross-coupling. 

Moreover, bulky monodentate phosphine ligands produced unreactive catalysts in the catalytic 

cycle. This conclusion was reasoned that the inactive palladium species were formed because of 
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the displacement of the monodentate ligands with highly nucleophilic thiolate anions. Hartwig and 

co-workers proposed a chiral diphosphine-based ligand that strongly coordinates with the 

palladium salt for producing profoundly stable and reactive catalytic species.32 The strong 

coordination ability of the Josiphos ligands offers more efficient catalytic systems for coupling 

unprotected phenols, anilines, and acids. The first Pd/C catalyzed arylation of thiols was reported 

by Lin and co-workers.36 Nevertheless, this system only demands activated aryl bromides and 

iodides. Nolan and co-workers have utilized N-heterocyclic carbene (NHC)-based Pd catalyst for 

couplings of aryl and alkyl thiols with halides (Figure 1.7).37 They have successfully employed the 

well-defined  N-heterocyclic carbene (NHC) complex for coupling both deactivated and 

nonactivated aryl halides with a wide variety of alkyl and aryl thiols. Recently, a dinuclear Pd 

catalyst is successfully utilized as a robust method for synthesizing a wide variety of aryl sulfides 

through C-S cross-coupling (Figure 1.7).38 This report established that the dinuclear palladium 

catalyst significantly reduce the off cycle poisonous byproducts. Furthermore, Buchwald and co-

workers have investigated the influence of bulkiness of biaryl monophosphine ligands in C-S 

coupling (Figure 1.7).39 As pharmaceutically relevant heterocycles are challenging to couple in 

harsh conditions, they have utilized the catalytic system possessing soluble bases at room 

temperature. 

1.3.3 Photoredox Catalytic Systems in C-S Cross-Coupling 

Photoredox catalysis has emerged as a powerful synthetic tool for making aryl sulfides 

under mild reaction settings and wider substrate scope. Oderinde et al. has reported dual 

photoredox/Ni-catalyzed system having an Ir-photoredox catalyst for cross-couplings of benzyl, 

alkyl, and aryl thiols with heteroaryl iodides.40 Moreover, photoinduced, copper-catalyzed method 
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was reported for C-S cross-couplings of thiols and halides.41 More recently, Fu and co-workers 

reported [fac-Ir(ppy)3] as an efficient photoredox catalyst without the dual-action having Ni 

catalyst for coupling aryl halides and thiols.31 

1.3.4 Nickel-Based Catalytic Systems in C-S Cross-Coupling 

In 1995, Percec et al. has reported a nickel-catalyzed system in C-S cross-coupling having 

10 mol % diphenylphospinoferrocenyl nickel(II) chloride for coupling aryl mesylates.42. Ying and 

co-workers have developed first N-heterocyclic carbene-based nickel catalyst in C-S cross-

coupling including good to excellent yields.43 Furthermore, a series of well-defined Ni(II) PNP 

 

Figure 1.8. Examples of nickel-based catalytic systems in C-S cross-coupling. 

pincer complexes having anion of 2,5- bis[(dialkyl/aryl-phosphino)methyl]pyrrole was reported in 

C-S coupling in good to excellent yields (Figure 1.8).44 This catalytic system provided good yields 
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with alkyl and aryl thiols; however, limited to aryl iodides. Stewart and co-workers have developed 

a Ni(0) catalytic system by employing Ni[P(OPh)3]4 with xantphos ligands (Figure 1.8).45 This 

air- and moisture stable catalytic system demonstrated wide substrate scope in the presence of 

Cs2CO2. Also, NHC-Ni(II) complexes having a phthalimide fragment and a cyclopentadienyl (Cp) 

ligand is published for C-S cross-coupling of iodobenzene and a wide range of thiols (Figure 1.8).46 

It was concluded that sterically demanding alkyl substrates afford excellent yields having electron-

withdrawing groups. 

1.3.5 Existing Challenges in C-S cross-coupling 

Off-cycle thiolate complexes significantly reduce the inherent performance of Ni and Pd 

catalytic systems in C-S cross-coupling reactions. The poisonous off-cycle byproducts produce 

unreactive catalytic species.38 Moreover, both of the systems require an inert atmosphere which 

greatly interferes with their potential application in pharmaceutical industries regarding large scale 

production. Moreover, glovebox reaction settings, higher temperature (100–150 ⁰C), additives, 

high catalyst loading (5–50 mol%), and longer reaction times (12–72 h) significantly reduce their 

catalytic performance.2 Furthermore, most ligand designs are expensive and require time-

consuming synthetic procedures. Heterocycles are essential structural motif and used as building 

blocks in pharmaceutical industries. Harsh reaction conditions profoundly hinder the cross-

coupling of heteroaryl moieties from both thiols and halides.39 Moreover, poor catalytic 

performance has been identified with the alkyl thiols for alkylthiolation of aryl and heteroaryl 

halides.47 Moreover, Photoredox catalysis has brought recognition as a possible solution, but 

generally applied iridium and ruthenium-based photosensitizers are expensive and possess 

inadequate substrate scope.48 
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1.4 Direct C-H Bond Arylation for C-C Bond Formation 

Biologically active and pharmaceutically relevant compounds heavily depend on the 

functionalized biaryl structural motif. Traditionally, Suzuki, Stille, or Negishi cross-coupling 

reactions are widely used for making those functional materials through the C-C bond formation.49 

Usually, these reactions require the coupling of an organometallic reagent and aryl halide. 

Particularly, the installation of activating groups in the organometallic compounds requires time-

consuming additional steps and often they are very toxic. Accordingly, these processes are 

economically inefficient for industrial designs. Nonetheless, direct C-H bond arylation provides a 

viable alternative for making functionalized biaryls through C-C bond formation.3 Moreover, this 

synthetic tool is more facile and atom-economical. Particularly, functionalized biheteroaryl 

building blocks through direct C-H bond arylation has received significant recognition in the field 

of organic electronics, natural products, and drug discovery.50 In this prospect, transition metal-

catalyzed direct C-H bond arylation of five-membered heteroaromatics is a thriving field for 

producing valuable functional materials.  

1.4.1 General Reaction Mechanism of Direct C-H Bond Arylation 

The reaction mechanism for C-H bond activation has been investigated experimentally and 

computationally. The feasible pathways include heck-type coupling, electrophilic aromatic 

substitution, and concerted metalation-deprotonation (CMD).51 Heterocycles, for instance, 

thiophenes and indoles are considered to follow the CMD pathway from applying a base. For 

explaining the reaction mechanism, CMD coupling of thiophene and bromobenzene using cesium  

carbonate as a base source and palladium/phosphine catalytic system is illustrated in Figure 1.9. 

This catalytic system is a carboxylate-mediated process. The carbon-halogen bond is formed by  
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Figure 1.9. General reaction mechanism of direct C-H bond arylation.51 

the oxidative addition. After that, complex 2 is formed from the exchange of the halogen ligand 

with carboxylate anion. Carboxylate ligand assists to deprotonate the thiophene substrate and 

simultaneously help to form a metal-carbon bond and proceed to the transition state TS (3). Finally, 

the biaryl product (6) is formed from the reductive elimination of the organopalladium species (5) 

and generates the original palladium catalyst.  
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1.4.2 Palladium-Based Catalytic Systems in Direct C-H Bond Arylation 

Among other transition metals, Pd is a commonly used catalyst in the direct C-H bond 

arylation. For instance, Liu et al. has applied palladium pivalate for direct arylation of thiazole 

derivatives under ligand-free conditions. This synthetic strategy allows direct arylation of the 

thiazole units at the 5- position.52 Moreover, Greaney and co-workers reported [1,1′-

bis(diphenylphosphino)ferrocene]dichloropalladium(II), complex with dichloromethane as an 

efficient catalyst for direct arylation of thiazoles in the aqueous medium. But this catalytic system 

requires longer reaction times (24-72h) (Figure 1.10).53 Furthermore, Liu and co-workers have 

reported versatile α-diimine palladium complexes for direct arylation of five-membered 

heteroaromatics with good to excellent yields (Figure 1.10).54 This catalytic system has 

demonstrated promising performance for synthesizing conjugated poly(hetero)arenes under 

aerobic conditions. Direct arylation of pyrroles has been reported with a triethanolamine-mediated 

palladium-catalyzed system.55 C3 and C4 positions of heteroaromatics are challenging for direct 

arylation through Pd-based systems. In this possibility, palladium acetate and sterically relieved 

ferrocenyl diphosphane ligand are used for direct arylation of C3 or C4 of oxazoles, pyrazole, and 

benzofuran using a variety of electron-deficient aryl halides.56 Recently, a catalytic system 

comprising of palladium acetate, tetrafluoroboric acid solution, and lithium tert-butoxide has been 

employed for attaching valuable aryl and heteroaryl moieties to 2-phenylindole.57. Wu and co-

workers have implemented bis(alkoxo)palladium(II) for direct C-H bond arylation of thiophene 

units including different electron-donating and electron-withdrawing groups.58 Lately, Pd-

PEPPSI-type NHC complexes have been synthesized and applied for direct arylation of 

heteroaromatics with (hetero)aryl bromides.59-60 For instance, a series of Pd-PEPPSI-type NHC  



 

18 

 

Figure 1.10. Examples of palladium-based catalytic systems in direct C-H bond arylation. 

complexes containing tetrahydropyrimidin-2-ylidene ligands have been successfully applied in the 

direct arylation of thiophene, furan, and thiazole derivatives (Figure 1.10).60 

1.4.3 Nickel-Based Catalytic Systems in Direct C-H Bond Arylation 

Compared to widely utilized Pd-catalyzed systems, Ni counterparts are less investigated in 

direct arylation, especially in five-membered heteroaromatics. Itami and co-workers have 

successfully used palladium acetate and 1,1'-bis(diphenylphosphino)ferrocene (dppf) ligand for 

direct arylation of thiazole, oxazole, benzothiazole, and benzoxazole as heteroarene coupling 

partners (Figure 1.11).61 Miura and coworkers developed a nickel-catalyzed system by employing 

commercially accessible nickel bromide with 1,10-phenanthroline as a ligand source.62 This 
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catalytic tool afforded useful biaryl compounds from oxazoles and thiazoles. In 2010, Hachiya et 

al. has reported  

 

Figure 1.11. Examples of nickel-based catalytic systems in direct C-H bond arylation. 

nickel(II) bromide 2-methoxyethyl ether complex as an efficient catalyst for applying in direct 

arylation of heteroaromatics with organosilicon reagents (Figure 1.11).63 This catalytic system has 

demonstrated the potential C-H functionalization of organosilicon compounds for synthesizing 

biheteroaromatic monomers. More recently, commercially available bis(1,5-

cyclooctadiene)nickel(0) has been implemented for direct arylation of oxazole and benzoxazole 

(Figure 1.11).64 Notably, both aryl chlorides and bromides were successfully coupled with the 

electrophiles containing free OH and NH groups. 
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1.4.4 Existing Challenges in Ni and Pd-Catalyzed Direct C-H Bond Arylation 

Both Ni and Pd systems are facing inherent challenges from the air- and moisture 

sensitivities. These synthetic tools often require the usage of an inert atmosphere.62 Also, well-

defined catalysts are very limited compared to the in situ generations from expensive metal 

precursors. Moreover, they greatly suffer from high catalyst loading (5 – 10 mol%), high 

temperature (100 – 150 °C), and longer reaction time (12 – 36 h).54, 65 Consequently, a robust 

catalytic system having good to excellent substrate scope and functional group tolerance is yet to 

be recognized in the direct C-H bond arylation of five-membered heteroaromatics.  

1.5 Conclusion 

Various nickel and palladium-catalyzed systems were discussed for Suzuki–Miyaura 

cross-coupling, carbon-sulfur cross-coupling, and direct arylation. Both in situ and well-defined 

catalytic tools were compared for analyzing the catalytic performance. Especially, the ligand 

design in the catalytic system has profound effects regarding the substrate scope and functional 

group tolerance. All the cross-coupling tools have existing challenges including air- and moisture 

sensitivities. Moreover, metal precursors for in situ generations of catalytic species are expensive, 

whereas, for the well-defined catalysts, the ligand design needs multi-step time-consuming 

procedures. Consequently, these setbacks significantly hinder the potential applicability of the 

existing nickel and palladium-based systems in cross-coupling chemistry. 
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2.1 Abstract 

Nickel catalysts represent a low cost and environmentally friendly alternative to palladium-

based catalytic systems in Suzuki–Miyaura cross-coupling (SMC) reactions.  However, nickel 

catalysts have suffered from poor air, moisture, and thermal stabilities, especially at high catalyst 

loading, requiring controlled reaction conditions. In this report, we examine a family of mono and 

dinuclear Ni(II) and Pd(II) complexes with a diverse and versatile α-diimine ligand environment 

for SMC reactions. To evaluate the ligand steric effects, including the bite angle in the reaction 

outcomes, the structural variation of the complexes was achieved by incorporating iminopyridine 

and acenaphthene-based ligands. Moreover, the impact of substrate bulkiness was investigated by 

reacting various aryl bromides with phenylboronic acid, 2-naphthylboronic acid, and 9-

phenanthracenylboronic acid. Yields were best with the dinuclear complex, being nearly 

quantitative (93‒99%), followed by the mononuclear complexes, giving yields of 78‒98%. 

Consequently, α-diimine-based ligands have the potential to deliver Ni-based systems as 

sustainable catalysts in SMC.  

2.2 Introduction 

The Suzuki-Miyaura cross-coupling (SMC) reaction is one of the most prevalent methods 

of synthesizing biaryl compounds through the C-C bond constructions in the pharmaceutical 

industry.1–5 Compared to other transition metals, palladium-based catalytic systems such as 

Buchwald-type palladacycles,6 Nolan-type allyl-based pre-catalysts,7–9 Organ-type PEPPSI-based 

pre-catalysts,10–12 and others,13–18 have promising substrate versatility. However, the auxiliary 

ligands for these catalysts are expensive and often require time-consuming and complex synthesis 
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procedures.19,20 Due to the cost and toxicity of palladium, nickel-based catalysts have received 

considerable recognition for their use in SMC in recent years.20–25 

 

Figure 2.1. Previous examples of α-diimine-based catalysts and summary of current work in SMC. 

The smaller size of Ni(0) relative Pd(0) results in higher nucleophilicity and facilitates the 

oxidative addition of non-traditional substrates.20,24,25–29 In the early stages of nickel catalyst 

development,  Ni(COD)2 (COD = 1,5-cyclooctadiene) was used as a Ni(0) precursor along with a 

free ligand for producing catalytically active species.23,25,30,31 Ni(COD)2 is relatively expensive, 

thermally unstable, and air-sensitive.20,32,33 As opposed to nickel-based systems in SMC, various 

well-defined palladium catalysts have been reported.20,34–36 Consequently, studies have been 

conducted for the development of more practicable well-defined nickel-based catalysts.32,33,37–46 

Nonetheless, the greater expansion of nickel-based catalytic systems in SMC is facing inherent 

challenges from the activation of pre-catalysts,41,43,44 and air- and moisture sensitivity.20,25,37,43,46 

Moreover, high catalyst loading (2.5–10 mol%),25,41,43,44,46,47 elevated temperature (100–130 

°C),25,44,47–50 and prolonged reaction time (12–48 h)25,41,44,46,48,50,51 significantly affect their 

prospects in SMC compared to the Pd counterparts. Also, there is a need for a large excess of the 
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boronic acid (2.5–5 equivalent)25,41,43,44,48 for generating the desired yield due to competitive 

protodeboronation.52  

Sterically hindered ligands are perceived to be advantageous in SMC reactions because 

they facilitate the oxidative addition and reductive elimination for incorporating a wide variety of 

substrates.17,53–59 Due to these factors, α-diimine-based catalysts represent an outstanding 

candidate for SMC. After the introduction of Brookhart-type α-diimine-based transition metal 

catalysts, notable progress has been made in olefin polymerization owing to its structural 

versatility, facile synthesis, and air, moisture, and thermal stabilities.60–67 Moreover, steric and 

electronic properties are highly adjustable through the insertion of the various functional groups 

in the ligand environment.65,68–70 In SMC, the bulky α-diimine ligand containing electron-donating 

groups in the N-aryl moieties enhances the catalytic performance from generating the catalytic 

species in situ with the metal precursor.71,72 Although well-defined α-diimine complexes are less 

explored in SMC, and their outcomes are promising (Figure 2.1). For instance, in milder reaction 

settings, moderate activity (Yields = 60–95%) of an α-diimine Pd(II) complex was observed 

possessing chiral sec-phenethyl groups in the ligand environment.73 Moreover, Pd-diimine with 

functionalized mesoporous silica SBA-15 is reported as a highly efficient catalyst for coupling 

various aryl halides, including chlorinated aromatics.74 Furthermore, a series of α-diimine methyl 

palladium chloride complexes bearing bulky 9,10-dihydro-9,10-ethanoanthracene-11,12-diimine 

moieties have been applied in SMC with a low concentration of 0.01 mol%.75 This study also 

established that electron-donating and bulky substituents in the N-aryl rings are responsible for 

superior catalytic performance. Liu et al.19 developed Pd(II) complexes containing N,N′-bis(2,4,6-

trimethylphenyl)ethane-1,2-diamine), analogous to an α-diimine ligand for SMC of aryl chlorides 
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having 0.01 mol % of catalyst loading with excellent yields (90-95%). In pursuit of a sustainable 

alternative to the Pd catalysts, a porous organic polymer-based Ni(II)-α-diimine was successfully 

synthesized and used in SMC of various aryl halides and boronic acids.76 

In this report, to explore the promising features of the α-diimine system in SMC, four nickel 

(II) and palladium (II) complexes were synthesized from iminopyridine and acenaphthene-based 

ligands. Reaction outcomes were analyzed and correlated with the steric attributes and 

coordination nature of the synthesized mono- and dinuclear complexes. Also, the influence of the 

sterics of the substrates was examined by reacting various aryl bromides with phenylboronic acid, 

2-naphthylboronic acid, and 9-phenanthracenylboronic acid.  

2.3 Results and discussion 

2.3.1 Synthesis of α-Diimine Nickel (II) and Palladium (II) Complexes.  

The ligands were obtained through condensation reactions shown in Scheme 2.1. The 

iminopyridine-based ligand (1a) was synthesized from the condensation reaction of 2-

pyridinecarboxaldehyde and 2-tert-butylaniline in dimethylformamide. The acenaphthene-based 

ligand (1b) was prepared from the condensation reaction of acenaphthoquinone and 2-tert-

butylaniline in methanol containing a small amount of formic acid.77 The reaction of NiCl2(DME) 

(DME = ethylene glycol dimethyl ether) with one equivalent of the ligand 1a in dichloromethane 

produced the mono-ligated Ni B, whereas two equivalents afforded the bis-ligated Ni A 

complex.78 For the synthesis of the Pd(II) Complexes, Pd A and Pd B, PdCl2(COD) (COD = 1,5-

cyclooctadiene) was reacted in dichloromethane with one equivalent of the iminiopyridine and 

acenaphthene-based ligands, respectively.77 These complexes were obtained as light-yellow, dark-
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yellow, or orange powder in 68–85% yields. To characterize the synthesized complexes, elemental 

analysis and X-ray crystallography were performed. 

 

Scheme 2.1. Synthesis of α-diimine nickel (II) and palladium (II) complexes. 

2.3.2 X-ray Crystallography 

ORTEP diagrams of the synthesized complexes are displayed in Figure 2.2. X-ray 

diffraction analysis of the Ni(II) complexes was conducted after obtaining suitable single crystals 

by slow diffusion of diethyl ether  into a saturated methanol solution at room temperature. The bis-

ligated complex, Ni A, exhibited a distorted octahedral geometry. Four nitrogen atoms originating 

from iminopyridine ligands are coordinated directly to the nickel center along with two terminal 

chlorine atoms. The monoligated complex, Ni B, formed a distorted octahedral geometry as a 

centrosymmetric dimer at the two-nickel center. Each nickel atom is coordinated with two nitrogen 

atoms from an iminopyridine ligand, two bridging chlorine atoms, one terminal chlorine, and one 

additional oxygen from the methanol solvent. Additionally, ether solvent molecules are filling the 
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structural voids in the structural packing of Ni B. Moreover, N-aryl rings having tert-butyl group 

both in Ni A and Ni B are approximately perpendicular to the coordination plane and opposite to 

each other. The free chlorine atom attached to the nickel center is roughly perpendicular to the 

coordination plane.  

 

Figure 2.2. ORTEP diagrams of the synthesized α-diimine complexes. Solvents of crystallization 

in the structural packing have been omitted for clarity (Ni B & Pd B). 

For XRD analysis of the remaining two Pd(II) complexes, suitable single crystals were obtained 

by slow evaporation of saturated dimethylsulfoxide (DMSO) solution at room temperature. Both 

Pd A and Pd B exhibited a distorted square planar geometry. In the Pd B crystal structure, there 

are two crystallographically unique complexes and two crystallographically unique DMSO solvent 

molecules (Figure S3). The main difference in the Pd complexes is the orientation of tert-butyl 

substituents, where the DMSO solvent molecules are filling the structural voids between the 

complexes. Unit cell representations of the synthesized complexes are illustrated in Figure S4–S7. 

Information regarding the crystal data collection, refinement, selected bond distances along with 

bond angles is compiled in Table S1–S4. 
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2.3.3 Thermal Properties of the Complexes.  

Thermal properties of the synthesized complexes were studied with thermal gravimetric 

analysis (TGA) and differential scanning calorimetry (DSC). The corresponding TGA curves and 

DSC thermograms are presented in Figure 2.3. All the complexes except Ni B were thermally 

stable, having decomposition temperature (Td at 95% weight) more than 200 °C.  

 

Figure 2.3. TGA (a–d) and DSC (e–h) curves of the synthesized α-diimine complexes. 

The corresponding decomposition temperatures of Ni A, Ni B, Pd A, and Pd B are 252, 120, 204, 

and 201 °C, respectively. A bridge-like structure in the mono-ligated (Ni B) complex is responsible 

for the lower thermal stability compared to the bis-ligated complex (Ni A).78 The results were 

consistent 
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with the DSC data of the complexes. The thermally less stable Ni B did not reveal any prominent 

melting or cold crystallization peak, while the remaining complexes exhibited both melting and 

crystallization. Ni A displayed a sharp melting peak in the heating cycle at 177.4 °C and cold 

crystallization peak in the cooling cycle at 161.2 °C, respectively, while Pd A showed the 

corresponding peaks at 99.4 and 78.5 °C. However, Pd B revealed an additional peak in the heating 

trace at 53.4 °C apart from its crystallization and melting temperatures at 50.2 and 217.0 °C. Some 

trace peaks are recognized in the DSC of Ni A as well. 

2.3.4 Optimization of Reaction Conditions for Suzuki–Miyaura Cross-coupling (SMC) 

To explore the catalytic performance of the synthesized α-diimine complexes in Suzuki–

Miyaura cross-coupling (SMC), both nickel and palladium-catalyzed systems were established. 

For this purpose, the reaction between phenylboronic acid and bromobenzene was chosen for 

optimizing the conditions for Ni A and Pd A, respectively. As the base79,80 and solvent81 have a 

vital role in SMC, these parameters were analyzed with 0.1 mol% of the complexes at 60 °C for 4 

h (Table 2.1). Previously nickel-based systems found success in SMC from using 1,4-dioxane and 

K3PO4.
25,45,50 Consequently, this combination contributed the best yield for Ni A (entry 4, Table 

2.1). Moreover, the catalytic system containing DMF and K2CO3 worked well for Pd A (entry 5, 

Table 2.1). To find the optimum reaction temperature, another set of reactions was conducted from 

40–100 °C (Table 2.2). Ni A exhibited an increase in yield by raising the temperature to 80 °C; 

however, a decrease is observed at 100 °C (entry 3 & 4, Table 2). Conversely, the yield for Pd A 

did not improve by raising the temperature above 60 °C.  

Subsequently, the most critical variations were examined regarding the concentration of 

the complexes, base, and boronic acid (Table 2.3). As the transmetalation process in the catalytic  
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Table 2.1. Optimization of Solvent and Basea 

 

 

 

 

 

 

 

 

 

 

 

 

cycle starts with the reaction of the organoboronic acid and base, it is crucial to determine the best 

ratio.79 Four experiments were conducted by adjusting the base concentration while keeping the 

complex as 0.1 mol% and 1.1 equivalent of boronic acid. Both for Ni A and Pd A, the yields 

improved from increasing the base concentration; however, further adding decreased the yields 

(entry 1–4, Table 2.3). The base activates the boronic acid and assists in engaging in the catalytic 

cycle.82,83 Nonetheless, the excess use of base might have some detrimental effects. The decrease 

in yields in the presence of excess base has been previously observed in both Ni and Pd catalytic 

systems.50,84 The next seven experiments are dedicated to Ni A regarding the variation in the  

entry solvent base 

yield (%)b 

(Ni A) 

yield (%)b 

(Pd A) 

1 H2O K2CO3 34 61 

2 H2O K3PO4 29 59 

3 
1,4-

Dioxane 
K2CO3 61 63 

4 
1,4-

Dioxane 
K3PO4 68 57 

5 DMF K2CO3 53 85 

6 DMF K3PO4 51 73 

aReaction conditions: bromobenzene (1 mmol), phenylboronic acid 

(1.1 mmol), base (1 mmol), 0.1 mol% of Ni A or Pd A, solvent (6 mL). 

bIsolated yields from flash column chromatography (n-hexane as 

eluent). 
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Table 2.2. Optimization of Temperaturea 

 

 

 

 

 

 

 

 

 

 

concentration of boronic acid and complex along with the influence of reaction time. Although the 

increased ratio of boronic acid did not increase the yield, an increased amount of Ni A having 0.3 

mol% afforded a higher yield (entry 8, Table 2.3). Increasing the reaction time to six hours mostly 

generated quantitative yields (98%) using Ni A with the optimized conditions (entry 10, Table 

2.3). Likewise, similar variations were performed for Pd A. The highest yield was achieved by 

running the reaction for four hours with 0.2 mol% of Pd A, 1.1 equivalent of boronic acid, and 1.5 

equivalent of base (entry 13, Table 2.3). 

2.3.5 Substrate Scope 

For exploring the substrate scope in SMC, all the complexes were reacted with 

phenylboronic acid and a variety of aryl bromides (Figure 2.4). A total of eleven compounds were  

entry temp (°C) 

yield (%)b 

(Ni A) 

yield (%)b 

(Pd A) 

1 40 – 53 

2 60 68 85 

3 80 79 77 

4 100 71 – 

aReaction conditions: bromobenzene (1 mmol), phenylboronic acid 

(1.1 mmol), base (1 mmol), 0.1 mol% of Ni A or Pd A, solvent (6 mL). 

Entry 1 for only Pd A, whereas 4 for Ni A. bIsolated yields from flash 

column chromatography (n-hexane as eluent). 
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Table 2.3. Concentration optimization of Complex, Boronic Acid, and Basea 

 

entry time (h) 
complex 

(mol%) 

boronic acid 

(equivalent) 

base 

(equivalent) 

yield (%)b 

(Ni A) 

yield (%)b 

(Pd A) 

1 4 0.1 1.1 1 79 85 

2 4 0.1 1.1 1.5 83 91 

3 4 0.1 1.1 2 87 83 

4 4 0.1 1.1 2.5 80 – 

5 4 0.1 1.3 2 81 – 

6 4 0.1 1.5 2 77 – 

7 4 0.2 1.1 2 92 – 

8 4 0.3 1.1 2 96 – 

9 4 0.4 1.1 2 90 – 

10 6 0.3 1.1 2 98 – 

11 8 0.3 1.1 2 88 – 

12 4 0.1 1.3 1.5 – 87 

13 4 0.2 1.1 1.5 – 96 

14 4 0.3 1.1 1.5 – 84 

15 6 0.2 1.1 1.5 – 89 

16 3 0.2 1.1 1.5 – 78 

aReaction conditions: bromobenzene (1 mmol), phenylboronic acid, base, solvent (6 mL), Ni A or Pd A. Entry 4–11 only for Ni A, 

whereas entry 12–16 only for Pd A. bIsolated yields from flash column chromatography (n-hexane as eluent).  

synthesized using four catalysts. Generally, Ni B exhibited the highest yields followed by Pd B, 

Pd A, and Ni A. Variation in the type and position of the functional groups is well tolerated, with 

Ni B having quantitative yields (94–99%), and Pd B suffering only a very minor decrease,  
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Figure 2.4. Substrate scope: phenylboronic acid. 

retaining excellent yields (89–98%). Pd A afforded satisfactory yields (85–96%), whereas Ni A 

gave lower yields (78–98%).  For instance, ortho and para aldehyde functionality in 1A7 and 1A8 

did not significantly affect the catalytic performance of Ni B and Pd B. All the complexes provided 

modest to quantitative yields (84–99%) for 1A1 and 1A5. In contrast, Pd nanoparticles having 

amine-functionalized graphene oxide produced 96% of 1A1 through aryl iodide, whereas aryl 

bromide manifested only 50% in 1A5.14 Recently, a cobalt(II) phthalocyanine complex assembled 

to a nickel oxide semiconductor was applied in SMC for generating 1A5; still, the recorded yield 

is low as 39%.85 Furthermore, compounds 1A6 and 1A8 presented comparable yields with Ni B 

and Pd B compared to a reported study containing higher concentration (2–4 mol%) of 1,1'-

bis(diphenylphosphino)ferrocene-based commercially accessible catalysts.45 PdCu bimetallic 
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nanoparticles supported with diamines yielded only 78% of 1A6, whereas all the applied 

complexes afforded 81–94% yields.86  

Moreover, Ni B, Pd B, and Pd A manifested higher yields (91–98%) in 1A8 compared to 

the catalytic system (90%) composed of magnetic lignosulfonate-supported Pd complex.15 

Furthermore, a nickel catalyst comprised of a metal-organic framework afforded only 79% of 

1A8.51 Bithiophene, an active unit in organic semiconductors that demands particular ligands 

associated with poisonous tin reagents for engaging in the coupling reactions.87 Besides, the 

highest recorded yield (90%) for 1A10 through SMC containing commercially available 

palladium(II) acetate is lower than we have obtained within Ni B (96%) and Pd B (95%).88 

Moreover, nickel(II) benzimidazolin-2-ylidene complex was unsuccessful in SMC for combining 

phenylboronic acid with 2-bromothiophene.37 Likewise, 1,4-dibromo-2,3,5,6-tetrafluorobenzene, 

an essential unit in the polyfluorinated organic compounds was successfully attached through Ni 

B and Pd B catalytic systems, including yields over 90%.     

2.3.6 Expansion of Substrate Scope 

As Ni B and Pd B manifested excellent yields with phenylboronic acid, the ability to couple 

more sterically demanding aromatic cores was analyzed by reacting 2-naphthylboronic acid and 

9-phenanthracenylboronic acid with aryl bromides (Figure 2.5). Introducing 2-naphthylboronic 

acid with comparable aryl bromides applied in the first series, Ni B and Pd B produced quantitative 

(95–99%) and modest (89–95%) yields, respectively. For instance, compounds 2A1–2A3 and 

1A1–1A3 exhibited similar yields with Ni B and Pd B (Figure 2.4 & 2.5). Notably, Ni B and Pd 

B afforded more than 90% yields for unsubstituted biaryl compounds 1A2 and 2A1 synthesized 

from phenylboronic acid and 2-naphthylboronic acid, respectively, whereas, a catalytic system  
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Figure 2.5. Expansion of substrate scope. 

comprising hexylbiguanide as a free ligand and commercially available palladium(II) acetate 

presented only 22% yield.13 In OLED application, anthracene is an essential structural motif that 

contributes strong blue electroluminescence associated with a low electronic bandgap.89 In this 

interest, both sterically hindered 9,10-dibromoanthracene and 2-naphthylboronic acid were 

successfully coupled for generating 2A4, maintaining a comparable yield to 1A9 (Figure 2.4 & 
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2.5) regardless of the steric difference. Moreover, catalytic systems comprised of Ni B and Pd B 

provided much higher yields (95 & 92% respectively) of 2A4 than the highest reported yield (70%) 

in SMC through commercially available palladium(II) acetate.90 2A6 afforded more desirable 

yields (97 & 93%) compared to the catalytic system (87%), possessing an aminophosphine 

palladium pincer complex.91 Moreover, variation in the relative position of the aldehyde group did 

not affect much in the yields of 2A7 & 2A8. Biphenyl compounds occupying nitrile functionality 

have applications in medicinal chemistry.92 For instance, 2-cyano-4′-methyl biphenyl is an 

essential intermediate that arises through SMC and is frequently employed in the sartan class of 

drugs.3 Here, 2A10 having a 2,6-difluorobenzonitrile moiety, is successfully synthesized with 

excellent yields (95 & 97%). 

Using 9-phenanthracenylboronic acid as a coupling partner with some of the aryl bromides 

used before, the catalytic performance did not alter appreciably (Figure 2.5). For example, 

comparable yields are noted among the unsubstituted biaryl compounds 2A1, 2A2, 3A1, and 3A2 

synthesizing from 2-naphthylboronic acid and 9-phenanthracenylboronic acid. Additionally, the 

para-substituted phenyl moieties possessing acetyl, hydroxyl, and nitro functionality in the biaryl 

compounds 2A5, 2A6, 2A9, 3A3, 3A6, and 3A7 have similar yields.  Ortho or para-substitution 

with an aldehyde functionality manifested analogous yields in the biaryl compounds, for instance, 

2A7, 2A8, 3A4, and 3A5. Also, 3A4 provided higher yields through Ni B (95%) and Pd B (90%) 

than the catalytic system possessing 5 mol% of commercially available 

bis(triphenylphosphine)palladium(II) dichloride.93 The highest reported yield of 3A6 is achieved 

through SMC of 4-methoxyphenylboronic acid and 9-bromophenanthrene followed by the 

demethylation process.94 Also, the yield is much lower (80%) than our catalytic systems 
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comprising Ni B (96%) and Pd B (94%). Compound 3A7 exhibited better yields with Ni B (95%) 

and Pd B (93%) than the reported yield (54%) with commercially available Pd(PPh3)4, including 

lithium N-phenylsydnone-4-carboxylate as an additive.95 Moreover, the catalytic system 

containing palladium carbodicarbene complex afforded 84% of 3A7 by running the reaction for 

20 h at 120 °C.96  

Steric hindrance of the bulky aryl boronic acid has previously been found to reduce the 

yield by inhibiting the transmetalation process.12,56 However, the catalytic systems using Ni B and 

Pd B demonstrated excellent yields, while using sterically challenging 2-naphthylboronic and 9-

phenanthracenylboronic acid. Analogous to Ni B, NHC-based palladium dimer complexes with 

bridging structure have been applied successfully in SMC for generating tetra-ortho-substituted 

biphenyl from sterically hindered substrates.34,55,97 To reduce the protodeboronation, a significant 

excess of boronic acid is usually applied not only to manage unwanted side reactions but also to 

generate desired yields.52 A considerable portion of the reported studies of Ni-catalyzed SMC 

employed approximately 2.5 equivalent or more of boronic acid.25,41,43,44,48 However, within our 

optimized conditions, Ni B provided quantitative yields from applying a small excess of boronic 

acid (1.1 equivalent). 

   The thermal stability of a catalyst is crucial to preserve the inherent catalytic performance 

over prolonged reaction times, particularly for industrial applications. Supported transition metal 

catalytic system usually demonstrates thermal stability for SMC application.15,49 Nonetheless, a 

major portion of the catalytic systems in SMC are lacking thermal properties as they demand high 

catalyst loading and temperature along with extended reaction time.41,43,44,46,47,50,96 In contrast, our 

complexes' high thermal stability is evident from the data presented earlier (Figure 2.3). Although 
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Ni B is comparatively less stable due to its bridge-like structure, the optimized temperature (80 

°C) used in SMC reactions is much lower than the decomposition temperature (Td = 120 °C at 95% 

weight). 

 

Figure 2.6. Percent buried volume (%Vbur) and topographic steric map of the complexes (a-d), 

including their performance with phenylbornic acid (e). 

 

2.3.7 Steric Effect vs. Catalytic Performance 

To quantify the steric attributes of the synthesized complexes and correlate the outcomes 

in SMC, the percent buried volume (%Vbur) was applied as a molecular descriptor. %Vbur 

calculation has received much popularity for evaluating the catalytic performance of N-

heterocyclic carbene (NHC) and other ligand-based complexes.12,98–103 Moreover, steric 

topography around the metal center represents vital information regarding the catalytic 

performance in SMC.10 We have used SambVca 2.1, a free web tool developed by Falivene et 

al.,104 for generating topographic steric maps associated with the %Vbur. The topographic steric 

map illustrates the steric profile via colored contours surrounding the metal center by splitting the 
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entire %Vbur into four quadrants. These features of the synthesized complexes are displayed in 

Figure 2.6a–d. 

   Ni A exhibits a %Vbur of 36.1, whereas Pd A displays a more prominent %Vbur of 44. 

Moreover, Pd B shows even a higher %Vbur (47.3) and provides a symmetrical steric map. The 

higher steric hindrance arises from the bulky acenaphthene ligand environment containing the tert-

butyl group in the ortho position of N-aryl rings. Interestingly, Ni B having a bridge-like structure, 

provides the highest %Vbur (51.3). Higher steric bulk and higher bite angle are correlated with the 

higher catalytic performance of Pd A (%Vbur & bite angle = 44 & 80.72(6)) compared to Ni A 

(%Vbur & bite angle = 36.1 & 78.4(2)) in the first series with phenylboronic acid (Figure 2.6e). 

Higher steric hindrance facilitates the SMC,53–55 and consequently, Pd A is providing better yields 

than Ni A. The bite angle of bidentate ligands plays an essential role in the metal-catalyzed 

reactions regarding the stabilization or destabilization of critical intermediates of the reaction 

mechanism.105 For example, bulkiness, combined with the wider bite angle, facilitates the 

reductive elimination in palladium catalysis through orbital overlapping.106,107 Accordingly, a 

wider bite angle associated with Pd A is responsible for better yields than Ni A. Similar 

understandings are applicable for evaluating the improved performance of Pd B (%Vbur & bite 

angle = 47.3 & 81.32 (13)) over Pd A with regards to phenylboronic acid (Figure 2.6e). The 

electron-donating tert-butyl group in the ortho position of the N-aryl rings has a noticeable impact 

on the metal center in Pd B. The combination of sterics, and the electronic effects of the ligand 

environment facilitate the oxidative addition and reductive elimination in the SMC mechanism.55–

59 These effects were recognized in SMC by Huo et al.75 when using an α-diimine Pd complex 

comprising electron-donating and withdrawing groups on the N-aryl rings of the ligand 
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environment. The increase of both electron-donating ability and steric hindrance manifested 

excellent yields through the enhanced rate of oxidative addition and, ultimately, stabilization of 

the metal center. In contrast, the electron-withdrawing groups resulted in low yields. Therefore, 

the tert-butyl group in the N-aryl rings of Pd B enhances the electron-density near the metal center. 

Consequently, an electron-rich environment associated with the higher sterics and bite angle is 

subject to Pd B for becoming a more competent catalyst than Pd A. 

Although Ni B has a lower bite angle (79.16 (8)), this monoligated dinuclear nickel 

complex has the highest steric hindrance (%Vbur = 51.3) compared to the remaining mononuclear 

complexes. Accordingly, Ni B presented the highest yields with phenylboronic acid, 2-

naphthylboronic acid, and 9-phenanthracenylboronic acid. Apart from the metal identity and 

electron density, the coordination number of the metal complex offers additional advantages in 

reductive elimination.108,109 Moreover, the dinuclear complex has more offerings than 

mononuclear counterparts in cross-coupling chemistry.110,111 Consequently, Ni B, a dinuclear five-

coordinate complex (except the coordinated solvent molecules) have surpassed other four- or six-

coordinate mononuclear complexes regarding the catalytic performance. 

2.4 Conclusion 

   The unique advantages of α-diimine transition metal complexes in Suzuki–Miyaura 

cross-coupling (SMC) was demonstrated through the synthesis of four nickel (II) and palladium 

(II) complexes. The effect of sterics on the reaction outcomes was shown by synthesizing 

iminopyridine and acenaphthene-based α-diimine ligand frameworks. Percent buried volume 

(%Vbur) and topographic steric maps illustrated the variation in the steric profile of the complexes 

and ultimately was correlated with catalytic performance. Accordingly, Ni B, a dinuclear bridge-
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like five-coordinate nickel complex with the highest steric hindrance afforded quantitative yields 

compared to the four- or six-coordinate mononuclear complexes (Pd B, Pd A, and Ni A). 

Moreover, the robust catalytic system containing Ni B did not compromise its performance upon 

sterically demanding 2-naphthylboronic acid and 9-phenanthracenylboronic acid. Furthermore, 

structural versatility, facile synthesis, air- and moisture, and thermal stability of the α-diimine 

complexes provide outstanding advantages in SMC. Therefore, recognizing sustainable choices to 

Pd, Ni-based systems with α-diimine ligands have the potential to be at the forefront in SMC. 

 

2.5 Experimental section 

2.5.1 General materials and method 

The required chemicals were obtained from Sigma-Aldrich or Fisher Scientific and 

employed without additional refinement otherwise specified. For reporting 1NMR spectra, a 500 

MHz Bruker AVANCE IIITM spectrometer was operated, maintaining chloroform as the 

reference solvent. To obtain TGA and DSC spectra of the synthesized complexes, the Mettler 

Toledo TGA/DSC-1 system was utilized. For this purpose, an inert atmosphere containing 

nitrogen, including a heating rate of 10 °C/min and subsequently a cooling rate of −10 °C/min 

were considered. Thermo FLASH 2000 CHN elemental analyzer was operated to characterize the 

α-diimine transition metal complexes. ESI-MS were collected by operating a Waters ACQUITY 

UPLC M-Class, including BEH C4 column for separation, whereas Water Synapt G2- Si Q-TOF 

was used for detection. Furthermore, SambVca 2.1, a web tool, was applied for acquiring the 

percent buried volumes (%Vbur) and topographic steric maps of the α-diimine transition metal 

complexes. 
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2.5.2 Single-Crystal XRD Data Acquisition and Characterization 

Bruker Kappa D8 Quest CPAD diffractometer possessing an Incoatec microfocus Mo Kα 

radiation source (λ = 0.71073 Å) was employed for receiving the single-crystal X-ray diffraction 

data sets. A Photon 100 CMOS detector was applied for the measurements possessing an Oxford 

Cryosystems cooler. In the Bruker APEX3 graphical interface, cell refinement and data reduction 

were performed with Bruker SAINT. Eventually, Bruker SADABS and XPREP were involved for 

scaling with multi-scan absorption correction and evaluating space groups, sequentially. 

Moreover, for solving the structure, SHELXTL (intrinsic phasing method)112 was exercised before 

using SHELXL2017113 for refining the structure. Finally, ORTEP-3 for Windows was utilized for 

molecular graphics, including publCIF software for preparing the Crystallographic Information 

File (CIF). 

2.5.3 Percent Buried Volume and Steric Map 

The percent buried volumes (%VBur), and steric maps were obtained with SambVca 2.1, 

developed by Falivene et al.104 CIF or converted XYZ files of the synthesized complexes were 

uploaded in that freely available web tool. For all the calculations, similar parameters were 

maintained, including 3.5 Å as the radius of the sphere surrounding the metal center. A mesh of 

0.1 Å and the bond radii scaled by 1.17 were exercised. The accessed web address is 

https://www.molnac.unisa.it/OMtools/sambvca2.1/index.html. 

2.5.4 Synthesis of Iminopyridine-Based Ligand (1a) 

N-(2-(tert-butyl)phenyl)-1-(pyridin-2-yl)methanimine (1a) was synthesized by combining 

2-pyridinecarboxaldehyde (3 mL, 0.032 mol), and 2-tert-butylaniline (4.78 g, 0.032 mol) in a one-

neck 100 mL flask having DMF (40 mL) as the reaction medium with anhydrous MgSO4 (120 mg, 
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1 mmol). The reaction mixture was stirred for 12 hours at room temperature. After that three 

extractions were performed with ethyl acetate (30 mL) and distilled water (30 mL). The crude 

product was obtained after drying the ethyl acetate layer with anhydrous MgSO4 followed by 

rotary evaporation. Flash column chromatography having n-hexane as an eluent was used to isolate 

the pure product as a light-yellow oil (Yield = 6.24 g, 81.65 %). ESI-MS m/z [M+H]+ = 239.0013 

(calculated for C16H18N2 = 239.0024). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 8.70 (d, J = 

4.7 Hz, 1H), 8.49 (s, 1H), 8.24 (d, J = 7.9 Hz, 1H), 7.80 (t, J = 7.80 Hz, 1H), 7.42 (d, J = 7.75 Hz, 

1H), 7.34 (t, J = 5.0 Hz, 1H), 7.19 – 7.26 (m, 2H), 6.94 (d, J = 7.50 Hz, 1H), 1.48 (s, 9H). 1H NMR 

data is consistent with the reported literature.114 

2.5.5 Synthesis of Acenaphthene-Based Ligand (1b) 

N1,N2-Bis(2-(tert-butyl)phenyl)acenaphthylene-1,2-diimine (1b) was synthesized from an 

adapted procedure.77 In a 100.0 mL one-neck round bottom flask, 2-tert-butylaniline (2.87 g, 19.2 

mmol) and acenaphthoquinone (1.71 g, 9.39 mmol) were mixed in methanol (50 mL) containing 

formic acid (1 mL). The reaction mixture was stirred for 10 hours at room temperature. After that, 

it was filtered and washed with cold methanol ( 40.0 mL). The solid product was dissolved in 

dichloromethane and after filtration through celite, it was evaporated at room temperature. The 

pure product was isolated as an orange solid (Yield = 3.28 g, 78.63 %). ESI-MS m/z [M+H]+ = 

445.0064 (calculated for C32H32N2 = 445.0079). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

7.87 (d, J = 8.25 Hz, 2H), 7.54 (dd, J = 7.10, 5.50 Hz, 2H), 7.37 (t, J = 7.95 Hz, 2H), 7.20 – 7.25 

(m, 4H), 6.94 (d, J = 6.95 Hz, 2H), 6.84 (d, J = 7.20 Hz, 2H), 1.40 (s, 18H). 1H NMR data is 

consistent with the reported literature.77 
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2.5.6 Synthesis of Bis-Ligated Nickel(II) Complex (Ni A) 

Complex Ni A was synthesized from an adapted procedure.78 In a dry one-neck (50.0 mL) 

round bottom flask, dichloro(dimethoxyethane)nickel(II) NiCl2(DME) (219.72 mg, 1 mmol) and 

ligand 1a (525 mg, 2 mmol) were added, and it was purged with nitrogen gas. Then, 

dichloromethane (15 mL) was transferred to the flask, and the reaction mixture was stirred under 

the nitrogen atmosphere at room temperature. After stirring for 24 hours, precipitated solid from 

the reaction mixture was filtered and washed with dichloromethane (30 mL) and diethyl ether (30 

mL). The pure product was isolated as a dark-yellow solid after drying in the vacuum for 24 hours 

(Yield = 474.21 mg, 78.22 %). Elemental analysis: calculated for C32H36Cl2N4Ni: C = 63.40, H = 

5.99, N = 9.24 ; found: C = 63.32, H = 6.08, N = 9.28. For single-crystal XRD analysis, a suitable 

single crystal was grown by vapor diffusion of diethyl ether into a saturated methanol solution of 

the complex at room temperature. Crystal color: yellow; crystal shape: plate; crystal size: 0.30 × 

0.22 × 0.01 mm3. 

2.5.7 Synthesis of Mono-Ligated Nickel(II) Complex (Ni B) 

Complex Ni B was synthesized from an adapted procedure.78 In a dry one-neck (50 mL) 

round bottom flask, NiCl2(DME) (219.72 mg, 1 mmol), and ligand 1a (238.33 mg, 1 mmol) were 

added, and it was purged with nitrogen gas. Then, dichloromethane (15 mL) was transferred to the 

flask, and the reaction mixture was stirred under the nitrogen atmosphere at room temperature. 

After stirring for 24 hours, precipitated solid from the reaction mixture was filtered and washed 

with dichloromethane (30 mL) and diethyl ether (30 mL). The pure product was isolated as a light-

yellow solid after drying in the vacuum for 24 hours (Yield = 502.29 mg, 68.26 %). Elemental 

analysis: calculated for C32H36Cl4N4Ni2: C = 52.23, H = 4.93, N = 7.61; found: C = 52.31, H = 
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4.88, N = 7.53. For single-crystal XRD analysis, a suitable single crystal was grown by vapor 

diffusion of diethyl ether into a saturated methanol solution of the complex at room temperature. 

Crystal color: yellow; crystal shape: fragment; crystal size: 0.36 × 0.24 × 0.12 mm3. 

2.5.8 Synthesis of Iminopyridine-Based Palladium(II) Complex (Pd A) 

Complex Pd A was synthesized from an adapted procedure.77 In a dry one-neck (25 mL) 

round bottom flask, dichloro(1,5-cyclooctadiene)palladium(II) known as PdCl2(cod) (200 mg, 0.7 

mmol) and ligand 1a (166.83 mg, 0.70 mmol) were added and it was purged with nitrogen gas. 

Then, dichloromethane (10 mL) was transferred to the flask, and the reaction mixture was stirred 

under the nitrogen atmosphere at room temperature. After stirring for 8 hours, precipitated solid 

from the reaction mixture was filtered and washed with dichloromethane (30 mL) and hexane (30 

mL). The pure product was isolated as a dark-yellow solid after drying in the vacuum for 24 hours 

(Yield = 244.75 mg, 84.12 %). Elemental analysis: calculated for C16H18Cl2N2Pd: C = 46.23, H = 

4.37, N = 6.74 ; found: C = 46.17, H = 4.40, N = 6.79. For single-crystal XRD analysis, a suitable 

single crystal was grown from slow evaporation of saturated dimethylsulfoxide solution of the 

complex at room temperature. Crystal color: yellow; crystal shape: tablet; crystal size: 0.34 × 0.16 

× 0.04 mm3. 

2.5.9 Synthesis of Acenaphthene-Based Palladium(II) Complex (Pd B) 

Complex Pd B was synthesized from implementing the above procedure from PdCl2(cod) 

(200 mg, 0.7 mmol) and ligand 1b (311.23 mg, 0.70 mmol). The pure product was isolated as an 

orange solid (Yield = 337.43 mg, 77.51 %). Elemental analysis: calculated for C32H32Cl2N2Pd: C 

= 61.80, H = 5.19, N = 4.50; found: C = 61.91, H = 5.23, N = 4.46. For single-crystal XRD analysis, 

a suitable single crystal was grown from slow evaporation of saturated dimethylsulfoxide solution 
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of the complex at room temperature. Crystal color: orange; crystal shape: fragment; crystal size: 

0.20 × 0.15 × 0.07 mm3. 

2.5.10 General Procedure for Nickel-Catalyzed Suzuki–Miyaura Cross-Coupling 

25 mL two-neck round-bottom flask equipped with a condenser was used for the reaction 

setup, where aryl bromide (1 mmol), boronic acid (1.1 mmol), K3PO4 (2 mmol), 0.3 mol% of 

complex Ni A or Ni B, and 1,4-dioxane (6 mL) were combined. The reaction mixture was stirred 

in the air atmosphere for 6 h at 80 °C. After cooling the mixture at room temperature, subsequently, 

three extractions were performed with ethyl acetate (10 mL) and distilled water (10 mL). The crude 

product was obtained after drying the ethyl acetate layer with anhydrous MgSO4 followed by 

rotary evaporation. Column chromatography having n-hexane or a mixture of n-hexane-ethyl 

acetate as the eluent was used to isolate the pure product.  

2.5.11 General Procedure for Palladium-Catalyzed Suzuki–Miyaura Cross-Coupling 

25 mL two-neck round-bottom flask equipped with a condenser was used for the reaction 

setup, where aryl bromide (1 mmol), boronic acid (1.1 mmol), K2CO3 (1.5 mmol), 0.2 mol% of 

complex Pd A or Pd B, and DMF (6 mL) were combined. The reaction mixture was stirred in the 

air atmosphere for 4 h at 60 °C. After cooling the mixture at room temperature, subsequently, three 

extractions were performed with ethyl acetate (10 mL) and distilled water (10 mL). The crude 

product was obtained after drying the ethyl acetate layer with anhydrous MgSO4 followed by 

rotary evaporation. Column chromatography having n-hexane or a mixture of n-hexane-ethyl 

acetate as the eluent was used to isolate the pure product. 
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2.6 Characterization of the synthesized biaryl products 

Biphenyl (1A1). Eluent: n-hexane. White solid. Yield: 151.2 mg, 98% (Ni A); 152.6 mg, 

99% (Ni B); 148.2 mg, 96% (Pd A); 152.2 mg, 98% (Pd B). ESI-MS m/z [M+H]+ = 155.0712 

(calculated for C12H10 = 155.0732). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 7.60 (d, J = 7.7 

Hz, 4H), 7.45 (t, J = 7.5 Hz, 4H), 7.36 (t, J = 7.4 Hz, 2H). 1H NMR data is consistent with the 

reported literature.91,115,116 

2-Phenylnaphthalene (1A2 & 2A1). Eluent: n-hexane. White solid. Yield for 1A2: 187.8 

mg, 92% (Ni A); 198.2 mg, 97% (Ni B); 190 mg, 93% (Pd A); 196.2 mg, 96% (Pd B). Yield for 

2A1: 202.2 mg, 99% (Ni B); 189.8 mg, 93% (Pd B). ESI-MS m/z [M+H]+ = 205.0813 (calculated 

for C16H12 = 205.0867). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 8.05 (s, 1H), 7.92 (t, J = 

8.6 Hz, 2H), 7.87 (d, J = 7.5 Hz, 1H), 7.77–7.73 (m, 3H), 7.53–7.48 (m, 4H), 7.39 (t, J = 7.3 Hz, 

1H). 1H NMR data is consistent with the reported literature.115,117 

9-Phenylphenanthrene (1A3 & 3A1). Eluent: n-hexane. Light brown solid. Yield for 

1A3: 226.4 mg, 89% (Ni A); 249.2 mg, 98% (Ni B); 239 mg, 94% (Pd A); 241.6 mg, 95% (Pd B). 

Yield for 3A1: 249.2 mg, 98% (Ni B); 231.2 mg, 91% (Pd B). ESI-MS m/z [M+H]+ = 255.0631 

(calculated for C20H14 = 255.0539). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 8.80 (d, J = 8.3 

Hz, 1H), 8.74 (d, J = 8.2 Hz, 1H), 7.92 (dd, J = 14.0, 5.5 Hz, 2H), 7.68 (t, J = 9.6, 3H), 7.63 (t, J 

= 7.6 Hz, 1H), 7.58–7.52 (m, 5H), 7.47 (t, J = 6.6 Hz, 1H). 1H NMR data is consistent with the 

reported literature.118 

4-Acetylbiphenyl (1A4). Eluent: n-hexane and ethyl acetate 20:1 (V/V). White solid. 

Yield: 153 mg, 78% (Ni A); 184.4 mg, 94% (Ni B); 174.6 mg, 89% (Pd A); 178.6 mg, 91% (Pd 

B). ESI-MS m/z [M+H]+ = 197.0512 (calculated for C14H12O = 197.0593). 1H NMR (500 MHz, 
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CDCl3, 300 K), δ (ppm): 8.04 (d, J = 8.4 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 7.63 (d, J = 7.2 Hz, 

2H), 7.48 (t, J = 7.3 Hz, 2H), 7.41 (t, J = 7.3 Hz, 1H), 2.64 (s, 3H). 1H NMR data is consistent 

with the reported literature.96,115,116,119,120 

4-Phenylphenol (1A5). Eluent: n-hexane and ethyl acetate 15:1 (V/V). White solid. Yield: 

142.8 mg, 84% (Ni A); 166.6 mg, 98% (Ni B); 158.2 mg, 93% (Pd A); 161.4 mg, 95% (Pd B). 

ESI-MS m/z [M+H]+ = 171.0798 (calculated for C12H10O = 171.0755). 1H NMR (500 MHz, 

CDCl3, 300 K), δ (ppm): 7.55–7.53 (m, 2H), 7.48 (d, J = 8.6, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.31 

(t, J = 7.3 Hz, 1H), 6.91 (d, J = 8.6 Hz, 2H), 4.72 (s, 1H). 1H NMR data is consistent with the 

reported literature.115,119 

5-Phenyl-1H-indole (1A6). Eluent: n-hexane and ethyl acetate 20:1 (V/V). Light brown 

solid. Yield: 156.6 mg, 81% (Ni A); 181.6 mg, 94% (Ni B); 164.2 mg, 85% (Pd A); 171.8 mg, 

89% (Pd B). ESI-MS m/z [M+H]+ = 194.0898 (calculated for C14H11N = 194.0951). 1H NMR (500 

MHz, CDCl3, 300 K), δ (ppm): 8.17 (s, 1H), 7.87 (s, 1H), 7.66 (d, J = 7.9 Hz, 2H), 7.45 (t, J = 

10.4 Hz, 4H), 7.31 (t, J = 7.4 Hz, 1H), 7.24 (d, J = 2.7 Hz, 1H), 6.61 (d, J = 2.0 Hz, 1H). 1H NMR 

data is consistent with the reported literature.121 

Biphenyl-2-carboxaldehyde (1A7). Eluent: n-hexane and ethyl acetate 20:1 (V/V). Light 

brown solid. Yield: 154.8 mg, 85% (Ni A); 175 mg, 96% ( Ni B); 158.6 mg, 87% (Pd A); 169.4 

mg, 93% (Pd B). ESI-MS m/z [M+H]+ = 183.0098 (calculated for C13H10O = 183.0075). 1H NMR 

(500 MHz, CDCl3, 300 K), δ (ppm): 9.99 (s, 1H), 8.04 (d, J = 7.8 Hz, 1H), 7.66–7.63 (m, 1H), 

7.52–7.45 (m, 5H), 7.40–7.38 (m, 2H). 1H NMR data is consistent with the reported literature.119 

Biphenyl-4-carboxaldehyde (1A8). Eluent: n-hexane and ethyl acetate 20:1 (V/V). White 

solid. Yield: 145.6 mg, 80% (Ni A); 178.6 mg, 98% (Ni B); 165.8 mg, 91% (Pd A); 171.2 mg, 
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94% (Pd B). ESI-MS m/z [M+H]+ = 183.0011 (calculated for C13H10O = 183.0035). 1H NMR (500 

MHz, CDCl3, 300 K), δ (ppm): 10.06 (s, 1H), 7.96 (d, J = 8.0 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H), 

7.64 (d, J = 7.4 Hz, 2H), 7.49 (t, J = 7.2 Hz, 2H), 7.42 (t, J = 7.5 Hz, 1H). 1H NMR data is consistent 

with the reported literature.115,116 

9,10-Diphenylanthracene (1A9). Eluent: n-hexane and ethyl acetate 30:1 (V/V). White 

solid. Yield: 261 mg, 79% (Ni A); 320.6 mg, 97% (Ni B); 294.2 mg, 89% (Pd A); 313.8 mg, 95% 

(Pd B). ESI-MS m/z [M+H]+ = 331.0914 (calculated for C26H18 = 331.0869). 1H NMR (500 MHz, 

CDCl3, 300 K), δ (ppm): 7.70 (dd, J = 6.8, 3.6 Hz, 4H), 7.61 (t, J = 7.2 Hz, 4H), 7.55 (t, J = 7.2 

Hz, 2H), 7.49 (d, J = 7.0 Hz, 4H), 7.33 (dd, J = 6.8, 3.7 Hz, 4H). 1H NMR data is consistent with 

the reported literature.90,122 

5,5'-Diphenyl-2,2'-bithiophene (1A10). Eluent: n-hexane and ethyl acetate 30:1 (V/V). 

Light grey solid. Yield: 280.2 mg, 88% (Ni A); 305.6 mg, 96% (Ni B); 286.6 mg, 90% (Pd A); 

302.4 mg, 95% (Pd B). ESI-MS m/z [M+H]+ = 319.0531 (calculated for C20H14S2 = 319.0491). 1H 

NMR (500 MHz, CDCl3, 300 K), δ (ppm): 7.61 (d, J = 7.7 Hz, 4H), 7.39 (t, J = 7.5 Hz, 4H), 7.29 

(d, J = 7.5 Hz, 2H), 7.24 (d, J = 3.8 Hz, 2H), 7.17 (d, J = 3.7 Hz, 2H). 1H NMR data is consistent 

with the reported literature.88 

1, 4 -Diphenyltetrafluorobenzene (1A11). Eluent: n-hexane. Light green solid. Yield: 

235.6 mg, 78% (Ni A); 284.2 mg, 94% (Ni B); 256.8 mg, 85% (Pd A); 275 mg, 91% ( Pd B). ESI-

MS m/z [M+H]+ = 303.039 (calculated for C18H10F4 = 303.0183). 1H NMR (500 MHz, CDCl3, 

300 K), δ (ppm): 7.53–7.47 (m, 10H). 1H NMR data is consistent with the reported literature.123 

2,2'-Binaphthalene (2A2). Eluent: n-hexane. White solid. Yield: 246.4 mg, 97% (Ni B); 

238.8 mg, 94% (Pd B). ESI-MS m/z [M+H]+ = 255.0099 (calculated for C20H14 = 255.0044). 1H 
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NMR (500 MHz, CDCl3, 300 K), δ (ppm): 8.18 (s, 2 H), 7.96 (dd, J = 8.0, 5.0 Hz, 4 H), 7.89 (d, J 

= 7.1 Hz, 4 H), 7.55–7.49 (m, 4 H). 1H NMR data is consistent with the reported literature.124,125 

9-(naphthalen-2-yl)phenanthrene (2A3 & 3A2). Eluent: n-hexane. White solid. Yield for 

2A3 for : 292.2 mg, 96% (Ni B); 286.2 mg, 94% (Pd B). Yield for 3A2: 289 mg, 95% (Ni B); 277 

mg, 91% (Pd B). ESI-MS m/z [M+H]+ = 305.0861 (calculated for C24H16 = 305.0364). 1H NMR 

(500 MHz, CDCl3, 300 K), δ (ppm): 8.81 (d, J = 8.3 Hz, 1H), 8.76 (d, J = 8.2 Hz, 1H), 8.04 (s, 

1H), 8.0–7.92 (m, 5H), 7.79 (s, 1H), 7.71–7.63 (m, 4H), 7.58–7.55 (m, 3H). 1H NMR data is 

consistent with the reported literature.118 

9,10-Di(naphthalen-2-yl)anthracene (2A4). Eluent: n-hexane. White solid. Yield: 409 

mg, 95% (Ni B); 396.2 mg, 92% (Pd B). ESI-MS m/z [M+H]+ = 431.0217 (calculated for C34H22 

= 431.0129). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 8.09 (d, J = 8.3 Hz, 2H), 8.04 (d, J = 

6.6 Hz, 2H), 8.01 (s, 2H), 7.94 (d, J = 7.4 Hz, 2H), 7.74 (dd, J = 6.8, 3.5 Hz, 4H), 7.65 (br, 1H), 

7.63–7.60 (m, 5H), 7.32 (dd, J = 6.9, 3.7 Hz, 4H). 1H NMR data is consistent with the reported 

literature.90 

1-(4-(naphthalen-2-yl)phenyl)ethan-1-one (2A5). Eluent: n-hexane and ethyl acetate 

30:1 (V/V). White solid. Yield: 241.4 mg, 98% (Ni B); 219.2 mg, 89% (Pd B). ESI-MS m/z 

[M+H]+ = 247.0098 (calculated for C18H14O = 247.0064). 1H NMR (500 MHz, CDCl3, 300 K), δ 

(ppm): 8.09 (d, J = 4.4 Hz, 2H), 8.07 (s, 1H), 7.96–7.91 (m, 2H), 7.88 (d, J = 8.2 Hz, 1H), 7.82 (d, 

J = 7.5 Hz, 2H), 7.76 (d, J = 8.5 Hz, 1H), 7.55–7.50 (m, 2H), 2.66 (s, 3H). 1H NMR data is 

consistent with the reported literature.125 

4-(naphthalen-2-yl)phenol (2A6). Eluent: n-hexane and ethyl acetate 20:1 (V/V). White 

solid. Yield: 213.6 mg, 97% (Ni B); 204.8 mg, 93% ( Pd B). ESI-MS m/z [M+H]+ = 221.0349 
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(calculated for C16H12O = 221.0467). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 7.98 (s, 1H), 

7.90–7.80 (m, 3H), 7.70 (dd, J = 8.5, 6.7 Hz, 1H), 7.62 (d, J = 8.5 Hz, 2H), 7.51–7.45 (m, 2H), 

6.95 (d, J = 8.5 Hz, 2H), 4.81 (s, 1H). As opposed to the obtained 1H NMR data, it is quite unlikely 

to have a singlet peak at 9.65 ppm in the reported literature.91,126 

2-(naphthalen-2-yl)benzaldehyde (2A7). Eluent: n-hexane and ethyl acetate 20:1 (V/V). 

White solid. Yield: 220.4 mg, 95% (Ni B); 213.4 mg, 92% (Pd B). ESI-MS m/z [M+H]+ = 

233.0088 (calculated for C17H12O = 233.0104). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

10.03 (s, 1H), 8.06 (d, J = 7.8 Hz, 1H), 7.94 (d, J = 8.3 Hz, 1H), 7.92–7.88 (m, 2H), 7.82 (br, 1H), 

7.68 (t, J = 7.4 Hz, 1H), 7.56–7.52 (m, 5H). 1H NMR data is consistent with the reported 

literature.93 

4-(naphthalen-2-yl)benzaldehyde (2A8). Eluent: n-hexane and ethyl acetate 20:1 (V/V). 

White solid. Yield: 225.2 mg, 97% (Ni B); 218.8 mg, 94% (Pd B). ESI-MS m/z [M+H]+ = 

233.0122 (calculated for C17H12O = 233.0104). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

10.09 (s, 1H), 8.11 (s, 1H), 8.04–7.89 (m, 7H), 7.79 (dd, J = 17, 8.2 Hz, 1H), 7.57–7.53 (m, 2H). 

1NMR data is consistent with the reported literature.116 

2-(4-nitrophenyl)naphthalene (2A9). Eluent: n-hexane and ethyl acetate 20:1 (V/V). 

Light grey solid. Yield: 239.2 mg, 96% (Ni B); 231.8 mg, 93% ( Pd B). ESI-MS m/z [M+H]+ = 

250.0178 (calculated for C16H11NO2 = 250.0116). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

8.35 (d, J = 8.6 Hz, 2H) 8.10 (s, 1H) 7.97 (d, J = 8.5 Hz, 1H), 7.95–7.93 (m, 1H), 7.91–7.87 (m, 

3H), 7.75 (d, J = 8.4 Hz, 1 H), 7.56–7.55 (t, J = 4.4 Hz, 2 H). 1H NMR data is consistent with the 

reported literature.127 
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2,6-Difluoro-4-(naphthalen-2-yl)benzonitrile (2A10). Eluent: n-hexane and ethyl acetate 

20:1 (V/V). Light yellow solid. Yield: 257.2 mg, 97% (Ni B); 251.8 mg, 95% (Pd B). ESI-MS m/z 

[M+H]+ = 266.0635 (calculated for C17H9F2N = 266.0710). 1H NMR (500 MHz, CDCl3, 300 K), 

δ (ppm): 8.05 (s, 1H), 7.97 (d, J = 8.5 Hz, 1H), 7.94–7.89 (m, 2H), 7.65 (dd, J = 8.6, 6.8 Hz, 1H), 

7.57 (dd, J = 6.2, 3.0 Hz, 2H), 7.40 (d, J = 8.8 Hz, 2H).  

1-(4-(phenanthren-9-yl)phenyl)ethan-1-one (3A3). Eluent: n-hexane and ethyl acetate 

20:1 (V/V). Light grey solid. Yield: 275.6 mg, 93% (Ni B); 254.8 mg, 86% (Pd B). ESI-MS m/z 

[M+H]+ = 297.0813 (calculated for C22H16O = 297.0936). 1H NMR (500 MHz, CDCl3, 300 K), δ 

(ppm): 8.80 (d, J = 8.3 Hz, 1H), 8.75 (d, J = 8.2 Hz, 1H), 8.13 (d, J = 8.05 Hz, 2H), 7.91 (d, J = 

7.8 Hz, 1H), 7.85 (d, J = 8.2 Hz, 1H), 7.71–7.62 (m, 6H), 7.55 (t, J = 2.9 Hz, 1H), 2.71 (s, 3H). 1H 

NMR data is consistent with the reported literature.120 

2-(phenanthren-9-yl)benzaldehyde (3A4). Eluent: n-hexane and ethyl acetate 20:1 

(V/V). White solid. Yield: 268.2 mg, 95% (Ni B); 254 mg, 90% (Pd B). ESI-MS m/z [M+H]+ = 

283.0204 (calculated for C21H14O = 283.0127). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 9.74 

(s, 1H), 8.80 (d, J = 8.25 Hz, 1H), 8.76 (d, J = 8.35 Hz, 1H), 8.16 (d, J = 7.8 Hz, 1H), 7.90 (d, J = 

7.8 Hz, 1H), 7.75–7.70 (m, 4H), 7.68–7.66 (m, 1H), 7.64–7.60 (m, 1H), 7.54–7.51 (m, 3H). 1H 

NMR data is consistent with the reported.93 

4-(phenanthren-9-yl)benzaldehyde (3A5). Eluent: n-hexane and ethyl acetate 20:1 

(V/V). White solid. Yield: 271 mg, 96% (Ni B); 262.4 mg, 93% (Pd B). ESI-MS m/z [M+H]+ = 

283.0087 (calculated for C21H14O = 283.0127). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

10.15 (s, 1H), 8.80 (d, J = 8.3 Hz, 1H), 8.74 (d, J = 8.3 Hz, 1H), 8.05 (d, J = 7.9 Hz, 2H), 7.92 (d, 
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J = 7.8 Hz, 1H), 7.84 (d, J = 8.25 Hz, 1H), 7.75–7.69 (m, 5H), 7.65 (t, J = 7.6 Hz, 1H), 7.56 (t, J 

= 7.85 Hz, 1H). 1H NMR data is consistent with the reported literature.128 

4-(phenanthren-9-yl)phenol (3A6). Eluent: n-hexane and ethyl acetate 20:1 (V/V). White 

solid. Yield: 259.4 mg, 96% ( Ni B); 254 mg, 94% (Pd B). ESI-MS m/z [M+H]+ = 271.0483 

(calculated for C20H14O = 271.0456). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 8.78 (d, J = 

8.25 Hz, 1H), 8.73 (d, J = 8.2 Hz, 1H), 7.95 (d, J = 8.25 Hz, 1H), 7.89 (d, J = 7.9 Hz, 1H), 7.69–

7.65 (m, 3H), 7.62 (t, J = 6.8 Hz, 1H), 7.55 (d, J = 7.1 Hz, 1H), 7.43 (d, J = 8.5 Hz, 2H), 6.99 (d, 

J = 8.55 Hz, 2H), 4.90 (s, 1H). 1H NMR data is consistent with the reported literature.94 

9-(4-nitrophenyl)phenanthrene (3A7). Eluent: n-hexane and ethyl acetate 20:1 (V/V). 

White solid. Yield: 284.2 mg, 95% ( Ni B); 278.4 mg, 93% ( Pd B). ESI-MS m/z [M+H]+ = 

300.0297 (calculated for C20H13NO2 = 300.0641). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

8.81 (d, J = 8.3 Hz, 1H), 8.75 (d, J = 8.3 Hz, 1H), 8.39 (d, J = 8.7 Hz, 2H), 7.92 (d, J = 7.9 Hz, 

1H), 7.79 (d, J = 8.25 Hz, 1H), 7.74-7.69 (m, 5H), 7.66 (t, J = 6.9 Hz, 1H), 7.57 (t, J = 7.0 Hz, 

1H). 1H NMR data is consistent with the reported literature.96 

 

2.7 Supporting Information 
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Figure 2.7. 1H NMR spectrum of ligand 1a. 

 

Figure 2.8. 1H NMR spectrum of ligand 1b. 
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Figure 2.9. Twin ORTEP (a) and packing (b) of complex Pd B. 

 

Figure 2.10. Unit cell representation of complex Pd B. 
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Figure 2.11. Unit cell representation of complex Pd A. 

 

Figure 2.12. Unit cell representation of complex Ni A. 
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Figure 2.13. Unit cell representation of complex Ni B. 

 

 

 

 

 

 

 

 



 

64 

Table 2.4. Crystal data, data collection and refinement for complex Ni A and Ni B. 

CCDC 2004629 2004628 

Complexes Ni A Ni B 

Crystallized 

from 

Et2O/CH3OH Et2O/CH3OH 

Chemical 

formula 

C32H36Cl2N4Ni C34H44Cl4N4Ni2O2·1.429(C4H10O) 

Formula 

weight [g mol-

1] 

606.26 905.88 

Crystal color, 

habit 

Yellow, Plate Yellow, Fragment 

Crystal size 

(mm3) 

0.30 × 0.22 × 

0.01 

0.36 × 0.24 × 0.12 

T (K) 100 100 

Crystal system Monoclinic Tetragonal 

Space group P21/c I41/a 

a, b, c (Å) 12.730 (4), 

14.003 (4), 8.513 

(2) 

a = 24.275 (5), c = 18.364 (6) 

α, β, γ (°) β = 106.232 (10)  

V (Å3) 1456.9 (7) 10822 (6) 

Z 2 8 

Dx (Mg m-3) 1.382 1.112 

μ (Mo-Kα) 

(mm−1) 

0.88 0.93 

F (000), θ 

range (°) 

636, 2.2–27.5 3808, 2.5–30.4 

No. of 

measured, 

independent 

and observed 

[I > 2σ(I)] 

reflections 

 

34420, 34420, 

22811 

199886, 8273, 6515 

Rint 0.123 0.057 

Δρmax, Δρmin (e 

Å−3) 

 

1.65, −1.48 

 

0.79, −0.81 

No. of 

parameters 

183 250 

Refinement 

R[F2 > 2σ(F2)], 

wR(F2), S 

 

0.103, 0.261, 

1.06 

0.053, 0.175, 1.27 
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Table 2.5. Crystal data, data collection and refinement for complex Pd A and Pd B. 

CCDC 2004630 2004631 

Complexes Pd A Pd B 

Crystallized 

from 

DMSO DMSO 

Chemical 

formula 

C16H18Cl2N2Pd C32H32Cl2N2Pd·C2H6OS 

Formula weight 

[g mol-1] 

415.62 700.02 

Crystal color, 

habit 

Yellow, Tablet Orange, Fragment 

Crystal size 

(mm3) 

0.34 × 0.16 × 0.04 0.20 × 0.15 × 0.07 

T (K) 100 100 

Crystal system Triclinic Monoclinic 

Space group 

P

_

1   

P21/n 

a, b, c (Å) 8.623 (3), 9.493 

(3), 11.552 (4) 

19.383 (4), 20.236 (4), 

19.392 (4) 

α, β, γ (°) 112.209 (10), 

107.067 (9), 

96.813 (10) 

β = 119.84 (1) 

V (Å3) 808.2 (4) 6598 (3) 

Z 2 8 

Dx (Mg m-3) 1.708 1.409 

μ (Mo-Kα) 

(mm−1) 

1.47 0.82 

F (000), θ range 

(°) 

416, 2.4–30.5 2880, 2.3–26.9 

No. of measured, 

independent and 

observed [I > 

2σ(I)] reflections 

 

25531, 4950, 4558 110929, 15135, 13225 

Rint 0.034 0.069 

Δρmax, Δρmin (e 

Å−3) 

 

0.81, −0.99 1.53, −1.02 

No. of 

parameters 

194 756 

Refinement R[F2 

> 2σ(F2)], 

wR(F2), S 

 

0.022, 0.054, 1.12 0.040, 0.095, 1.07 
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Table 2.6. Selected bond lengths and angles for complexes Ni A and Ni B 

Complex Selected bond distances (Å) 

 

Selected bond angles [°] 

 

Ni A Ni1—N1i 2.099 (6), Ni1—N1 

2.099 (6), Ni1—N2 2.188 (6), 

Ni1—N2i 2.188 (6), Ni1—Cl1i 

2.373 (2), Ni1—Cl1 2.373 (2) 

N1i—Ni1—N1 180.0, N1i—Ni1—

N2 101.6 (2), N1—Ni1—N2 78.4 

(2), N1i—Ni1—N2i 78.4 (2), N1—

Ni1—N2i 101.6 (2), N2—Ni1—N2i 

180.0 (3), N1i—Ni1—Cl1i 87.47 

(18), N1—Ni1—Cl1i 92.53 (18), 

N2—Ni1—Cl1i 87.14 (17), N2i—

Ni1—Cl1i 92.86 (17), N1i—Ni1—

Cl1 92.53 (18), N1—Ni1—Cl1 

87.47 (18), N2—Ni1—Cl1 92.86 

(17), N2i—Ni1—Cl1 87.14 (17), 

Cl1i—Ni1—Cl1 180.0 

Ni B Ni1—N1 2.060 (2), Ni1—N2 2.111 

(2), Ni1—Cl1 2.3765 (8), Ni1—Cl2 

2.3850 (9), Ni1—Cl1i 2.4344 (8), 

Cl1—Ni1i 2.4343 (8) 

N1—Ni1—N2 79.16 (8), N1—

Ni1—Cl1 174.14 (6), N2—Ni1—

Cl1 95.05 (6), N1—Ni1—Cl2 

90.46 (7), N2—Ni1—Cl2 100.09 

(7), Cl1—Ni1—Cl2 91.40 (3), 

N1—Ni1—Cl1i 94.46 (6), N2—

Ni1—Cl1i 167.34 (7), Cl1—Ni1—

Cl1i 91.06 (2), Cl2—Ni1—Cl1i 

90.81 (2), Ni1—Cl1—Ni1i 88.94 

(2) 

 

 

Table 2.7. Selected bond lengths and angles for complexes Pd A and Pd B. 

Complex Selected bond distances (Å): 

Pd1—N1, Pd1—N2, Pd1—Cl2, 

Pd1—Cl1 

Selected bond angles [°]: 

N1—Pd1—N2, N1—Pd1—Cl2, 

N2—Pd1—Cl2, N1—Pd1—Cl1, 

N2—Pd1—Cl1, Cl2—Pd1—Cl1 

Pd A 2.0383 (15), 2.0392 (15), 2.2694 

(7), 2.2929 (8) 

80.72 (6), 173.55 (4), 93.50 (5), 

95.22 (5), 175.92 (4), 90.54 (3) 

Pd B 2.062 (3), 2.054 (3), 2.2830 (11), 

2.2769 (11) 

81.32 (13), 175.42 (9), 94.42 (10), 

92.92 (9), 173.44 (10), 91.24 (4) 
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Figure 2.14. 1H NMR spectrum of 1A1. 

 

Figure 2.15. 1H NMR spectrum of 1A2 & 2A1. 
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Figure 2.16. 1H NMR spectrum of 1A3 & 3A1 

 

Figure 2.17. 1H NMR spectrum of 1A4. 
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Figure 2.18. 1H NMR spectrum of 1A5. 

 

Figure 2.19. 1H NMR spectrum of 1A6. 
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Figure 2.20. 1H NMR spectrum of 1A7. 

 

Figure 2.21. 1H NMR spectrum of 1A8. 
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Figure 2.22. 1H NMR spectrum of 1A9. 

 

Figure 2.23. 1H NMR spectrum of 1A10. 
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Figure 2.24. 1H NMR spectrum of 1A11. 

 

Figure 2.25. 1H NMR spectrum of 2A2. 
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Figure 2.26. 1H NMR spectrum of 2A3 & 3A2. 

 

Figure 2.27. 1H NMR spectrum of 2A4. 
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Figure 2.28. 1H NMR spectrum of 2A5. 

 

Figure 2.29. 1H NMR spectrum of 2A6. 
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Figure 2.30. 1H NMR spectrum of 2A7. 

 

Figure 2.31. 1H NMR spectrum of 2A8. 
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Figure 2.32. 1H NMR spectrum of 2A9. 

 

Figure 2.33. 1H NMR spectrum of 2A10. 
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Figure 2.34. 1H NMR spectrum of 3A3. 

 

Figure 2.35. 1H NMR spectrum of 3A4. 
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Figure 2.36. 1H NMR spectrum of 3A5.

Figure 2.37. 1H NMR spectrum of 3A6. 
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Figure 2.38. 1H NMR spectrum of 3A7. 
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3.1 Abstract  

 

The usefulness of transition metal catalytic systems in C-S cross-coupling reactions is 

significantly reduced by air- and moisture sensitivity, as well as harsh reaction conditions. Herein, 

we report four highly air- and moisture-stable well-defined mononuclear and bridged dinuclear α‐

diimine Ni (II) and Pd (II) complexes for C-S cross-coupling. Various ligand frameworks, 

including acenaphthene- and iminopyridine-based ligands, were employed, and the resulting steric 

properties of the catalysts were evaluated and correlated with reaction outcomes. Under aerobic 

conditions and low temperatures, both Ni and Pd systems exhibited broader substrate scope and 

functional group tolerance than previously reported catalysts. Over 40 compounds were 

synthesized from thiols containing alkyl, benzyl, and heteroaryl groups. Also, pharmaceutically 

active heteroaryl moieties are incorporated from thiol and halide sources. Notably, the bridged 

dinuclear five-coordinate Ni complex has outperformed the remaining three mono four- or six-

coordinate complexes by giving almost quantitative yields across a broad scope of substrates. 

3.2 Introduction 

Numerous innovative synthetic methods have arisen from the desire to form carbon-

heteroatom bonds through transition metal catalysts.1-2 C-S bond formation remains one of the 

most valuable chemical transformations for pharmaceutical applications.3-4 The first transition 

metal-catalyzed C-S cross-coupling reaction between thiols and aryl halides was reported by 

Migita et al. using Pd(PPh3)4.
5-6 Subsequently, extensive studies have been performed using Pd7-16 

and other transition metals, including  Co,17 Ni,18-25 Cu,26-28 Rh,29 and In.30 

Many Pd-catalyzed systems are air- and moisture sensitive. Besides, systems for in 

situ catalyst generation suffer from expensive precursors.8 Moreover, deactivation of Pd catalysts 
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through off-cycle thiolate complexes significantly reduces their efficacy.8, 13 Recently, Ni-based 

systems have gained popularity for their environmental friendliness, cost-effectiveness, and 

decreased tendency to deposit metallic nanoparticles.31 Still, Pd and Ni-catalytic systems demand 

high catalyst loading (5–50 mol%),8, 18, 22-25, 31 high temperature (100–150 ⁰C),7, 9, 11-12, 15-16, 23, 31 

glovebox settings,13, 15, 19, 23 expensively designed ligands,3, 17 additives,20, 23-24 and longer reaction 

times (12–72 h).7-9, 11-13, 15, 18, 23, 25, 29, 31 Consequently, harsh reaction conditions significantly hinder 

the C-S coupling of alkyl-substituted thiols20, 32 and pharmaceutically important heterocycles.14, 33 

Photoredox catalysis has attracted attention as a possible solution, but widely used iridium and 

ruthenium-based photosensitizers are expensive and have inadequate substrate scope.22 

 

Figure 3.1. Overview of transition metal-catalyzed C-S cross-coupling. 

To overcome the existing challenges in transition metal-catalyzed C-S coupling, the 

influence of steric topography around the metal center and the ligand bite angle has been  studied. 

For instance, promoting oxidative addition and reductive elimination through higher steric bulk 

and ligand bite angle significantly reduces the off-cycle thiolate complexes.9-13 Moreover, 

Scattolin et al. has reported a bridged dinuclear Pd catalyst in C-S cross-coupling that displayed 

promising performance by preventing off-cycle thiolate complexes.8 In light of these factors, α-

diimine-based transition metal catalysts represent an excellent candidate for C-S cross-coupling 
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due to tunable sterics and bite angles. Olefin polymerization was revolutionized through the 

introduction of Brookhart-type α-diimine transition metal catalysts, bringing facile synthesis, 

structural versatility, high thermal stability as well as air and moisture stabilities.34-36 In addition, 

electronic and steric features, including the ligand bite angle, are adjustable by incorporating 

various functional moieties in the ligand structure.34, 37-38 

In a recent publication, we have demonstrated a series of α‐diimine Ni(II) and Pd(II) 

complexes for C-C bond formation through the Suzuki–Miyaura cross-coupling reaction. The 

catalytic performance exhibited a correlation with the steric bulk and ligand bite angle of the 

complexes.34 Here, we have investigated the promising features of α‐diimine transition metal 

complexes in C-S cross-coupling (Figure 1). We report the first application of mono- and dinuclear 

Ni (II) and Pd (II) complexes in C-S cross-coupling. Acenaphthene and iminopyridine-based 

ligands were applied to synthesize the Ni (II) and Pd (II) complexes. Variation in the steric features 

was analyzed and correlated to the reaction outcomes. Notably, significant consideration was given 

to examine the substrate scope through the coupling of thiols containing heteroaryl or alkyl 

moieties with various aryl halides. 

3.3 Results and Discussion 

3.3.1 Synthesis and Characterization of α-Diimine Nickel (II) and Palladium (II) Complexes 

Synthesis and structural characterization of the complexes are displayed in Scheme 3.1. 

The ligands and complexes were synthesized by adopt-ing a reported procedure.34 Iminopyridine 

(1a, 1b & 1d) and acenaphthene-based (1c) ligands were prepared through condensation reactions 

of primary aryl amines with 2-pyridinecarboxaldehyde and acenaphthoquinone, respectively. Two  
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Scheme 3.1. Synthesis, ORTEP diagrams, ligand bite angle, percent buried volume, and steric 

maps of the α‐diimine Ni(II) and Pd(II) Complexes. 

equivalents of the ligand 1a with NiCl2(DME) afforded the mononuclear bis-ligated com-plex, Ni 

A-1, whereas one equivalent of ligand 1d  generated the dinuclear monoligated complex, Ni B-1.  
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The remaining two mononuclear Pd (II) complexes, Pd A-1 and Pd B-1 are synthesized by reacting 

the ligands 1b and 1c with one equivalent of PdCl2(COD), respectively. 

   Scheme 3.1 shows the ORTEP diagrams of the synthesized complexes. Distorted 

octahedral geometry is observed in both Ni A-1 and Ni B-1. For Ni A-1, the nickel atom is co-

ordinated by two free chlorine atoms and four nitrogen atoms of the iminopyridine ligands. It has 

some positional disorder resulting from the phenyl ring bearing the butyl substituent, however, this 

does not significantly alter the packing of the complex in the solid-state. Ni B-1 is a cen-

trosymmetric dimer with an octahedral geometry about each of the two nickel centers. Two 

nitrogen atoms arising from the ligand are directly coordinated with each of the nickel centers as 

well as three bridging chlorine atoms. A methanol molecule from the solvent used in crystal growth 

is coordinated to each Ni center. In addition, one free methanol and a chloride anion are present in 

the structural packing of Ni B-1. Meanwhile, Pd A-1 and Pd B-1 exhibit a distorted square planar 

geometry with two nitrogen at-oms from the ligand that are directly coordinated with the Pd center 

along with two free chlorine atoms. Pd B-1 has some positional disorder from one of the butyl 

chains. Unit cell representations, crystal data collection, selected bond angles, and distances are 

provided in the supporting information.     

3.3.2 Reaction conditions optimization in C-S Cross-Coupling 

Both Ni- and Pd-based catalytic systems are established through Ni A-1 and Pd A-1, 

respectively. For this purpose, 0.5 mol% of these complexes are employed with 2-

bromonaphthalene (2a), and 1-hexanethiol (2b). The base, solvent, and temperature were screened 

by running the reaction with a molar ratio of 2a and 2b as 1:1.5 (Table 3.1). At 40 °C, nine 

experiments (Table 3.1, entry 1-9) were executed for finding the best solvent and base combination 
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for both Ni A-1 and Pd A-1 catalytic systems. Water and NaOH provided the best yield for Pd A-

1, whereas 1,4-dioxane and KOH for Ni A-1 (Table 3.1, entry 5 & 7). Another five experiments 

are performed from 30-80 °C for finding the optimum temperature (Table 3.1, entry 10-14). 

Comparing to the previously obtained highest yield for Ni A-1 (Table 1, entry 7), altering the 

temperature did not improve the performance (Table 3.1, entry 10-14). On the other hand, Pd A-1 

generated the best yield by increasing the temperature to 60 °C (Table 3.1, entry 10).Another set 

of experiments was performed to identify the optimum concentration of complexes. In addition,  

Table 3.1. Optimization of base, solvent, and temperaturea 

 

entry temp solvent  base 
yield (%)b (Ni 

A-1 / Pd A-1) 

1 40 DMF KOH 22 / 33 

2 40 DMF NaOH 22 / 65 

3 40 DMF K2CO3 43 / 57 

4 40 H2O KOH 34 / 49 

5 40 H2O NaOH 40 / 66 

6 40 H2O K2CO3 47 / 51 

7 40 1,4-dioxane KOH 58 / 51 

8 40 1,4-dioxane NaOH 42 / 58 

9 40 1,4-dioxane K2CO3 19 / 50 

10 30 H2O NaOH 36 / 61 

11 60 H2O NaOH 33 / 71 

12 80 H2O NaOH 27 / 63 

13 30 1,4-dioxane KOH 41 / 47 

14 60 1,4-dioxane KOH 36 / 49 

aReaction conditions: 2-bromonaphthalene (2a) (1 mmol), 1-

hexanethiol (2b) (1.5 mmol), base (1.2 mmol), 0.5 mol% of Ni A-1 

or Pd A-1, and solvent (5 mL). bIsolated yields after silica gel column 

chromatography.  
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Table 3.2. Optimization of time, concentration of complex, and halide/base ratioa 

 

entry time com (mol%) halide / base 
yield (%)b (Ni 

A-1 / Pd A-1) 

1 4 0.5 1 / 1.5 65 / 83 

2 4 0.5 1 / 1.8 56 / 77 

3 4 1 1 / 1.5 81 / 89 

4 4 1.5 1 / 1.5 73 / 94 

5 4 2 1 / 1.5 - / 91 

6 6 1 1 / 1.5 89 / 87 

7 8 1 1 / 1.5 78 /- 

8 6 1.5 1 / 1.5 69 / 88 

9 3 1.5 1 / 1.5 65 / 79 

aReaction conditions: 2-bromonaphthalene (2a) (1 mmol), 1-

hexanethiol (2b) (1.5 mmol), base , Ni A1 or Pd A1, and solvent (5 

mL). bIsolated yields after silica gel column chromatography. Entry 

5 for only Pd A-1; entry 7 for Ni A-1 only.  

the ratio of 2a, and the base at different times was analyzed for finding the optimum conditions 

(Table 3.2). At 0.5 mol% of complexes, both Ni A-1 and Pd A-1 experienced an increase in yields 

by changing the ratio of 2a and the base from 1:1.2 to 1:1.5; however, a decrease is observed when 

applying 1:1.8 (Table 3.2, entry 1 & 2). With the optimized conditions, Pd A-1 provided the 

highest yield (94%)  from using 1.5 mol% of the complex for four hours, whereas 1 mol% of the 

complex for six hours afforded the best yield (89%) for Ni A-1 (Table 3.2, entry 4 & 6).  

3.3.3 Evaluation of the Complexes in C-S Cross-Coupling 

Percent buried volume (%Vbur) is used as a molecular descriptor for estimating the 

complexes' catalytic performance in C-S cross-coupling. %Vbur has been used for quantifying the 

steric attributes of catalysts.34, 39-40 Here, we have applied SambVca 2.1, a free web application 
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designed by Falivene et al., to produce the topographic steric maps and calculate the %Vbur of the 

complexes (Scheme 3.1).40 Ni A-1 exhibits the lowest buried volume (%Vbur = 34.5) and ligand 

bite angle (N1—Ni1—N2 = 78.13 (6)). Pd A-1 has a higher buried volume (%Vbur = 35.1) and 

ligand bite angle (N1—Pd1—N2 = 80.62 (8)) than Ni A1. Pd B-1, having an acenaphthene-based 

symmetrical ligand structure, shows a notable increase in the buried volume (%Vbur = 37.3) and 

ligand bite angle (N1—Pd1—N2 = 81.22 (10)). The bridged dinuclear Ni B-1 complex has a lower 

bite angle (N1—Ni—N8 = 79.02 (8)); however, it has the highest buried volume (%Vbur = 52.1) 

of the synthesized complexes. 

%Vbur and ligand bite angles of the complexes are examined for correlation with the 

reaction outcomes (Scheme 3.1). For this purpose, nine compounds were synthesized by applying 

each of the four complexes (Figure 3.2). Thiols containing alkyl, benzyl, and heteroaryl moieties 

were reacted with aryl or heteroaryl bromides. Generally, the bridged dinuclear Ni B-1 complex 

provided the highest yields. Pd B-1 was superior to the Pd A-1 and Ni A-1, whereas Ni A-

1 exhibited the lowest yields. The difference in the catalytic performance is more significant in the 

compounds containing heteroaryl moieties (Scheme 2, CD6-CD9). Greater steric bulk and ligand 

bite angle facilitates the reductive elimination and oxidative addition.9-13 Moreover, reductive 

elimination is promoted by greater orbital overlap due to a wider bite angle.34, 41 Accordingly, Pd 

A-1, possessing a higher %Vbur and ligand bite angle, affords better yields than Ni A-1. For 

understanding the improved performance of Pd B-1, similar observations are relevant. Noticeably, 

the bridged dinuclear Ni B-1, with an overwhelming amount of steric bulk, has outperformed the 

remaining three mononuclear complexes. 
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Figure 3.2. Evaluation of the Complexes in C-S Cross-Coupling 

Off-cycle thiolate complexes are responsible for diminishing the catalytic performance of 

transition metal complexes in C-S cross-coupling.8, 13 A dinuclear Pd complex overcomes this 

shortcoming by preventing the formation of off-cycle complexes.8 Higher nucleophilicity 

emerging from the smaller size of Ni(0) compared to Pd(0) promotes oxidative addition.34 

Moreover, in reductive elimination, the six-coordinate complex generates a five-coordinate 

intermediate through ligand loss rather than the direct coupling compared to a five-coordinate 

complex.42 Accordingly, without the coordinated solvent methanol, the bridged dinuclear five-

coordinate Ni B-1 complex has outperformed the remaining three mononuclear four- or six-

coordinate complexes in the reaction performance. 

3.3.4 Expansion of Substrate Scope: Aromatics 

Two promising complexes, Ni B-1 and Pd B-1 were selected for expansion of substrate 

scope in C-S cross-coupling (Figure 3.3). Different primary and tertiary alkyl thiols as well as 
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benzyl thiols were reacted with aryl bromides for synthesizing sixteen compounds carrying 

hydroxyl, acetyl, nitro, and nitrile functionality. Ni B-1 outperformed Pd B-1 with nearly 

quantitative yields, whereas Pd B-1 afforded lesser, but still excellent yields. 

 

Figure 3.3. Expansion of Substrate Scope: Aromatics 

Aryl halides containing free hydroxyl groups are challenging to couple with thiols because 

they often need to be protected with a silyl group.16 However, in our attempts, without protecting 

the free hydroxyl group, high yields are recorded from 4-bromophenol and different alkyl thiols. 

For instance, thiols containing tert-butyl or bulkier triphenylmethyl moieties gave comparable 

yields. Aryl halides containing reactive acetyl functionality are another class of compounds which 

often result in poor yields in C-S cross-coupling with alkyl thiols.32 Nonetheless, introducing acetyl 
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functionality through 4-bromoacetophenone and alkyl thiols did not significantly adversely 

impact Ni B-1 and Pd B-1 catalytic systems, which continued to deliver excellent to quantitative 

yields. 

Nitroaromatic compounds are very useful building blocks for nucleophilic aromatic 

substitution. Alkylation of nitroaromatic compounds through C-C cross-coupling is achieved by 

utilizing pyrophoric organometallic reagents such as butyllithium.43 C-S cross-coupling allows a 

more desirable way to produce the alkylthiolated nitroaromatic compounds. We have employed 

alkyl and benzyl thiols for alkylthiolation of 1-bromo-4-nitrobenzene obtaining yields of 91-98%. 

Aryl nitriles are biologically active organic compounds found in pharmaceuticals and natural 

products. Nitrile functionality has the capacity to install other useful functionality including 

amines, aldehydes, and acid derivatives.44 Here, we have synthesized four alkylthiolated 

benzonitriles through Ni B-1 and Pd B-1 systems with excellent yields. Both 4-bromobenzonitrile 

and 4-Bromo-2,6-difluorobenzonitrile are coupled with tert-butylthiol with similar yields. 

3.3.5. Expansion of Substrate Scope: Heteroaromatics 

The field of organic electronics heavily depends on the five-membered heteroaryl 

compounds. Alkylated thiophene and thiazole moieties in particular are essential building blocks 

for designing photovoltaic materials.45-46 Alkylthiol side chains have been shown to improve the 

photovoltaic properties of the polymer.47 We have synthesized eleven compounds containing 

different alkylthiol side chains on the thiophene and thiazole units (Figure 3.4, CD26-CD36). 

These useful compounds have the potential to be utilized as building blocks for organic 

semiconducting materials. Through Ni B-1 and Pd B-1, we have obtained good to quantitative  
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Figure 3.4. Expansion of substrate scope: Heteroaromatics.  

yields (88‒99%) for alkylthiolation of 2-bromothiophene, 3-bromothiophene, and 2-

bromothiazole with various alkyl thiols. Nitrogen as an additional heteroatom in the thiazole unit 

did not significantly decrease the yields compared to the one heteroatom in thiophene units. 

Moreover, alkylthiolation of 2-acetyl-5-bromothiophene with primary and tertiary thiols gave 

comparable yields (Figure 3.4, CD35 & CD36) to the products from unsubstituted 

bromothiophenes and bromothiazole (Figure 3.4, CD26-CD34). Moreover, a heteroaryl ring 

possessing an ortho-substituted hydroxyl group is successfully coupled with 1-decanethiol (Figure 

3.4, CD37). 

Having demonstrated C-S coupling from alkyl thiols, we now extend the scope of these 

catalysts by introducing 4-pyridinethiol for attaching heteroaryl ring with para-substituted aryl 

bromide containing hydroxy, acetyl, nitro, and nitrile functionality (Figure 3.4, CD38-CD41). 
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Introducing a heteroaryl moiety in the presence of these reactive groups, Ni B-1 and Pd B-

1 maintained good to excellent yields. Wang et al. has reported an electrochemical system for 

synthesizing CD41 (Figure 3.4) by in situ production of the catalyst in glovebox settings.18 In 

contrast, well-defined Ni B-1 and Pd B-1 catalytic systems have afforded excellent yields in 

aerobic reaction settings. Moreover, the need for harsh reaction conditions profoundly limits the 

C-S coupling of alkyl and heteroaryl thiols for generating medicinally important heteroaryl 

compounds.14, 20, 32-33 However, Ni B-1 and Pd B-1 manifested promising performance in milder 

reaction settings.  

3.4 Conclusion 

We have demonstrated highly air- and moisture-stable well-defined α‐diimine Ni (II) and 

Pd (II) complexes in C-S cross-coupling. Versatile features of the α‐diimine environment are 

examined by synthesizing four mono- and bridged dinuclear complexes from iminopyridine and 

acenaphthene-based ligand cores. Further, topographic steric maps and percent buried volume of 

the complexes are generated for understanding the shift in the steric characteristics. Steric 

attributes affiliated with the coordination nature are analyzed and correlated with the catalytic 

performance in Ni and Pd-based systems. Prominently, the highest steric bulk associated with the 

bridged dinuclear Ni B-1 afforded nearly quantitative yields in the cross-coupling of alkyl, 

heteroaryl thiols with aryl and heteroaryl bromides. Accordingly, Ni-based systems within α‐

diimine frameworks have the capacity to be more sustainable and economical substitutes for Pd 

analogs for fabricating pharmaceutically active building blocks in C-S cross-coupling. 

 

 



 

105 

3.5. Experimental Section 

3.5.1 General Materials and Methods 

All the chemicals were purchased from Fisher Scientific or Sigma-Aldrich and applied 

without further purification unless described. The 1H NMR and 13C NMR spectra were obtained 

by operating a 500 MHz Bruker AVANCE III spectrometer, using chloroform as the reference 

solvent. Elemental analysis of the synthesized α-diimine complexes was achieved through Thermo 

FLASH 2000 CHN elemental analyzer. A Waters ACQUITY UPLC M-Class was applied for 

collecting the ESI-MS data. SambVca 2.1, a free web tool, was employed to generate the 

topographic steric maps and percent buried volume (%Vbur) of the α-diimine complexes. All the 

reactions except for the synthesis of the α-diimine complexes were performed in air. As the thiols 

have an offensive smell, proper work practices were followed.  

3.5.2 Single-Crystal XRD Data Characterization 

For collecting the single-crystal X-ray diffraction data, an Incoatec microfocus Mo Kα 

radiation source (λ = 0.71073 Å) was applied within a Bruker Kappa D8 Quest CPAD 

diffractometer. For the measurements, a Photon 100 CMOS detector was used, including an Oxford 

Cryosystems cooler. Data reduction and cell refinement were achieved through Bruker SAINT and 

Bruker APEX3 graphical interface. The space groups' estimation and multi-scan absorption 

correction were implemented using Bruker XPREP and SADABS, respectively. SHELXTL 

(intrinsic phasing method)48 and SHELXL201749 were used for solving and refining the structure, 

sequentially. Ultimately, ORTEP-3 was used for molecular graphics and publCIF software for 

obtaining the crystallographic Information File (CIF). 
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3.5.3 Steric Map and Percent Buried Volume 

For generating the steric maps and the percent buried volumes (%VBur), SambVca 2.140 

was applied through https://www.molnac.unisa.it/OMtools/sambvca2.1/index.html. In this 

purpose, CIF or converted XYZ files of the complexes were applied including the radius of the 

sphere as 3.5 Å, bond radii scaled by 1.17, and a mesh of 0.1 Å. 

3.5.4 Synthesis of Iminopyridine Ligand N-(4-butylphenyl)-1-(pyridin-2-yl)methanimine 

(1a). 

The iminopyridine ligand 1a was synthesized by following a reported procedure.34 A one-

neck 100 mL flask was charged with 2-pyridinecarboxaldehyde (3 mL, 0.032 mol), 4-butylaniline 

(5.05 mL, 0.032 mol), DMF (40 mL), and anhydrous MgSO4 (120 mg, 1 mmol). After stirring the 

reaction mixture for 12 hours at room temperature, three extractions were performed with ethyl 

acetate (40 mL) and distilled water (40 mL). The ethyl acetate layer was dried with anhydrous 

MgSO4. The crude product from the rotary evaporation was purified by employing n-hexane as an 

eluent through silica gel column chromatography. The pure product was isolated as a yellow oil 

(Yield = 5.98 g, 78.65 %). ESI-MS m/z [M+H]+ = 239.0083 (calculated for C16H18N2 = 239.0054). 

1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 8.69 (d, J = 4.70 Hz, 1H), 8.64 (s, 1H), 8.19 (d, J = 

7.90 Hz, 1H), 7.76 (t, J = 7.80 Hz, 1H), 7.31 (q, J = 5.65 Hz, 1H), 7.23 (q, J = 8.05 Hz, 4H), 2.63 

(t, J = 7.70 Hz, 2H), 1.62 (q, J = 7.55 Hz, 2H), 1.33 – 1.41 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H). 

3.5.5 Synthesis of Iminopyridine Ligand N-(4-isopropylphenyl)-1-(pyridin-2-yl)methanimine 

(1b).50  

The iminopyridine ligand 1b was synthesized by employing the above procedure using 2-

pyridinecarboxaldehyde (3 mL, 0.032 mol), and 4-isopropylaniline (4.4 mL, 0.032 mol). The pure 
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product was isolated as a light-yellow oil (Yield = Yield = 5.66 g, 78.81 %). ESI-MS m/z [M+H]+ 

= 225.0013 (calculated for C15H16N2 = 225.0097). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

8.70 (d, J = 4.65 Hz, 1H), 8.62 (s, 1H), 8.20 (d, J = 7.90 Hz, 1H), 7.79 (t, J = 7.65 Hz, 1H), 7.34 

(t, J = 5.65 Hz, 1H), 7.25 (br, 4H), 2.94 (br, 1H), 1.27 (br, 6H).  

3.5.6 Synthesis of Iminopyridine Ligand N-(2-isopropylphenyl)-1-(pyridin-2-yl)methanimine 

(1d).51  

The iminopyridine ligand 1d was synthesized by employing the above procedure using 2-

pyridinecarboxaldehyde (3 mL, 0.032 mol), and 2-isopropylaniline (4.5 mL, 0.032 mol). The pure 

product was isolated as a light orange oil (Yield = 6.29 g, 87.67 %). ESI-MS m/z [M+H]+ = 

225.0057 (calculated for C15H16N2 = 225.0074). 1H NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

8.71 (d, J = 4.60 Hz, 1H), 8.53 (s, 1H), 8.26 (d, J = 7.90 Hz, 1H), 7.82 (t, J = 7.65 Hz, 1H), 7.33 – 

7.38 (m, 2H), 7.21 – 7.25 (m, 2H), 7.00 (d, J = 6.95 Hz, 1H), 3.52 – 3.60 (m, 1H), 1.26 (d, J = 6.95 

Hz, 6H). 

3.5.7 Synthesis of the Acenaphthene Ligand N1,N2-bis(4-butylphenyl)acenaphthylene-1,2-

diimine (1c).  

The acenaphthene ligand 1c was synthesized by following a reported procedure.34 A one-

neck 100 mL flask was charged with acenaphthoquinone (1.71 g, 9.39 mmol), 4-butylaniline (2.87 

g, 19.2 mmol), methanol (50 mL), and formic acid (1 mL). The reaction mixture was filtered after 

stirring for 10 h at room temperature. The isolated solid was washed with cold methanol (50 mL) 

followed by dissolving in dichloromethane. After filtering the solution through celite, the pure 

product was obtained as an orange solid from slow evaporation (Yield = 2.98 g, 71.55 %). ESI-

MS m/z [M+H]+ = 445.0069 (calculated for C32H32N2 = 445.0014). 1H NMR (500 MHz, CDCl3, 
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300 K), δ (ppm): 7.87 (d, J= 8.2 Hz, 2H), 7.36 (t, J= 7.60 Hz, 2H), 7.27 (d, J = 7.90 Hz, 4H), 7.04 

(d, J = 8.20 Hz, 4H), 6.87 (d, J = 7.25 Hz, 2H), 2.71 (t, J = 7.7 Hz, 4H), 1.70 (q, J = 7.40 Hz, 4H), 

1.40 – 1.47 (m, 4H), 0.99 (t, J = 7.35 Hz, 6H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

161.41, 149.53, 141.73, 139.06, 132.69, 131.25, 128.84, 128.76, 127.62, 123.89, 118.23, 35.30, 

33.81, 22.49, 14.12.  

3.5.8 Synthesis of the Iminiopyridine Bis-Ligated Nickel(II) Complex (Ni A-1) 

Complex Ni A-1 was synthesized by following a reported procedure.34 A one-neck 50 mL 

flask was charged with dichloro- (dimethoxyethane)nickel(II) NiCl2(DME) (219.72 mg, 1 mmol) 

with a magnetic stirrer. The flask was purged with nitrogen gas before adding the ligand 1a (525 

mg, 2 mmol) dissolved in dichloromethane (15 mL). The reaction mixture was filtered after stirring 

for 24 h at room temperature under a nitrogen atmosphere. The precipitated solid was washed with 

hexane (40 mL) and diethyl ether (40 mL). After drying for 24 h in vacuum, the pure product was 

isolated as a green solid (Yield = 474.21 mg, 78.22%). Elemental analysis: calculated for 

C32H36Cl2N4Ni: C, 63.40; H, 5.99; N, 9.24. Found: C, 63.30; H, 6.06; N, 9.17. Methanol solvent 

was used to make a saturated solution of the complex. After slow evaporation at room temperature, 

a suitable single crystal was obtained for single-crystal XRD analysis. Crystal size: 0.50 × 0.25 × 

0.07 mm3; crystal color: yellow; crystal shape: tablet. 

3.5.9 Synthesis of the Iminopyridine Palladium(II) Complex (Pd A-1) 

Complex Pd A-1 was synthesized by following a reported procedure.34 A one-neck 50 mL 

flask was charged with ligand 1b (166.83 mg, 0.70 mmol), dichloro(1,5-

cyclooctadiene)palladium(II) known as PdCl2(cod) (200 mg, 0.7 mmol) and a magnetic stirrer. The 

flask was purged with nitrogen gas before adding dichloromethane (15 mL). The reaction mixture 



 

109 

was filtered after stirring for 8 h at room temperature under a nitrogen atmosphere. The precipitated 

solid was washed with hexane (40 mL) and diethyl ether (40 mL). After drying for 24 h in vacuum, 

the pure product was isolated as a dark orange solid (Yield = 174.21 mg, 83.56%). Elemental 

analysis: calculated for C15H16Cl2N2Pd: C, 44.86; H, 4.02; N, 6.98. Found: C, 44.79; H, 4.09; N, 

6.88. Dimethylsulfoxide solvent was used to make a saturated solution of the complex. After slow 

evaporation at room temperature, a suitable single crystal was obtained for single-crystal XRD 

analysis. Crystal size: 0.70 × 0.64 × 0.08 mm3; crystal color: orange; crystal shape: plate. 

3.5.10 Synthesis of the Acenaphthene Palladium(II) Complex (Pd B-1) 

Complex Pd B-1 was synthesized utilizing the aforementioned procedure from PdCl2(cod) 

(200 mg, 0.7 mmol) and ligand 1c (311.23 mg, 0.70 mmol). The pure product was isolated as a 

dark orange solid (Yield = 421.21 mg, 87.28%). Elemental analysis: calculated for C32H32Cl2N2Pd: 

C, 61.80; H, 5.19; N, 4.50. Found: C, 61.71; H, 5.09; N, 4.63. Dimethylsulfoxide solvent was used 

to make a saturated solution of the complex. After slow evaporation at room temperature, a suitable 

single crystal was obtained for single-crystal XRD analysis. Crystal size: 0.36 × 0.34 × 0.12 mm3; 

crystal color: orange; crystal shape: tablet. 

3.5.11 Synthesis of the Iminiopyridine Monoligated Nickel(II) Complex (Ni B-1) 

Complex Ni B-1 was synthesized utilizing the procedure for Ni A-1 possessing ligand 1d 

(525 mg, 1 mmol) and dichloro- (dimethoxyethane)nickel(II) NiCl2(DME) (219.72 mg, 1 mmol). 

The pure product was isolated as a dark green solid (Yield = 595.27 mg, 89.45%). Elemental 

analysis: calculated for C30H32Cl4N4Ni2: C, 50.91; H, 4.56; N, 7.92. Found: C, 50.78; H, 4.41; N, 

7.84. Methanol solvent was used to make a saturated solution of the complex. After slow 
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evaporation at room temperature, a suitable single crystal was obtained for single-crystal XRD 

analysis. Crystal size: 0.54 × 0.34 × 0.16 mm3; crystal color: green; crystal shape: fragment. 

3.5.12 General Procedure for Nickel-Catalyzed C-S Cross-Coupling 

A one-neck 25 mL flask was charged with thiol (1.5 mmol), aryl halide (1 mmol), KOH 

(1.5 mmol), 1,4-dioxane (5 mL), 1 mol% of complex Ni A-1 or Ni B-1, and a magnetic stirrer. 

After capping with a rubber septum, the reaction mixture was stirred for 6 h at 40 °C in air. Three 

extractions were carried out with water (20 mL) and ethyl acetate (20 mL). The crude product was 

collected after subsequent drying and concentrating the ethyl acetate layer. The pure product was 

isolated after silica gel (200−300 mesh) column chromatography purification. 

3.5.13 General Procedure for Palladium-Catalyzed C-S Cross-Coupling 

A two-neck 25 mL flask carrying a condenser was charged with thiol (1.5 mmol), aryl 

halide (1 mmol), NaOH (1.5 mmol), H2O (5 mL), 1.5 of complex Pd A-1 or Pd B-1, and a 

magnetic stirrer. After capping with rubber septa, the reaction mixture was stirred for 4 h at 60 °C 

in air. Three extractions were carried out with water (20 mL) and ethyl acetate (20 mL). The crude 

product was collected after subsequent drying and concentrating the ethyl acetate layer. The pure 

product was isolated after silica gel (200−300 mesh) column chromatography purification. 

3.6 Characterization of the Synthesized C-S Coupled Compounds 

Hexyl(naphthalen-2-yl)sulfane (CD1).30 Silica gel column chromatography having 

eluent as n-hexane. Colorless oil. Yield: 217.5 mg, 89% (Ni A-1); 237.1 mg, 97% (Ni B-1); 229.7 

mg, 94% (Pd A-1); 232.1 mg, 95% (Pd B-1). ESI-MS m/z [M + H]+ = 245.0029 (calculated for 

C16H20S, 245.0047). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.81 – 7.75 (m, 4H), 7.50 – 

7.42 (m, 3H), 3.04 (t, J = 7.39 Hz, 2H), 1.75 – 1.69 (m, 2H), 1.52 – 1.46 (m, 2H), 1.20 (s, 4H), 
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0.89 (t, J = 6.65 Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 134.80, 133.94, 131.74, 

128.36, 127.81, 127.34, 127.09, 126.55, 126.42, 125.55, 33.63, 31.49, 29.20, 28.69, 22.66, 14.12. 

Decyl(naphthalen-2-yl)sulfane (CD2). Silica gel column chromatography having eluent 

as n-hexane. Colorless oil. Yield: 243.4 mg, 81 % (Ni A-1); 294.4 mg, 98% (Ni B-1); 276.4 mg, 

92% (Pd A-1); 285.4 mg, 95% (Pd B-1). ESI-MS m/z [M + H]+ = 301.0075 (calculated for 

C20H28S, 301.0147). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.773–7.832 (m, 4H), 7.448 – 

7.525 (m, 3H), 3.058-3.087 (t, J = 7.47 Hz, 2H), 1.733 – 1.793 (m, 2H), 1.499-1.527 (m, 2H), 1.34 

(12H), 0.97 (t, J = 6.56 Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 134.83, 133.93, 

131.70, 128.32, 127.77, 127.27, 127.04, 126.52, 126.32, 125.47, 33.54, 32.01, 29.66, 29.63, 29.43, 

29.29, 29.20, 28.99, 22.79, 14.23.  

Hexyl(naphthalen-1-yl)sulfane (CD3).30 Silica gel column chromatography having 

eluent as n-hexane. Colorless oil. Yield: 212.6 mg, 87% (Ni A-1); 234.6 mg, 96% (Ni B-1); 212.6 

mg, 87% (Pd A-1); 222.4 mg, 91% (Pd B-1). ESI-MS m/z [M + H]+ = 245.0021 (calculated for 

C16H20S, 245.00847). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.50 (d, J = 8.36 Hz, 1H), 

7.89 (d, J = 8.02 Hz, 1H), 7.76 (d, J = 8.18 Hz, 1H), 7.63 – 7.60 (m, 2H), 7.55 (t, J = 7.80 Hz, 1H), 

7.46 (t, J = 7.70 Hz, 1H), 3.04 (t, J = 7.35 Hz, 2H), 1.75 – 1.72 (m, 2H), 1.52 – 1.49 (m, 2H), 1.36 

(s, 4H), 0.96 (t, J = 6.67 Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 134.39, 133.97, 

132.95, 128.57, 127.40, 126.83, 126.26, 126.18, 125.59, 125.10, 34.26, 31.47, 29.20, 28.65, 22.62, 

14.09. 

Decyl(naphthalen-1-yl)sulfane (CD4).30 Silica gel column chromatography having eluent 

as n-hexane. Colorless oil. Yield: 270.4 mg, 90% (Ni A-1); 288.4 mg, 96% (Ni B-1); 276.4 mg, 

92% (Pd A-1); 285.4 mg, 95% (Pd B-1). ESI-MS m/z [M + H]+ = 301.0103 (calculated for 
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C20H28S, 301.0089). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.49 (d, J = 8.41 Hz, 1H) 7.88 

(d, J = 7.95 Hz, 1H), 7.75 (d, J = 8.2 Hz, 1H), 7.71 – 7.57 (m, 2H), 7.56 (t, J = 6.72 Hz, 1H), 7.45 

(t, J = 7.75 Hz, 1H), 3.03 (t, J = 7.38 Hz, 2H), 1.76 – 1.70 (m, 2H), 1.55 – 1.49 (m, 2H), 1.32 (s, 

12H), 0.97 (t, J = 6.99 Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 134.43, 134.01, 

132.99, 128.61, 127.45, 126.86, 126.29, 126.22, 125.63, 125.14, 34.29, 32.02, 29.66, 29.63, 29.43, 

29.32, 29. 27, 29. 02, 22.81, 14.23. 

Benzyl(naphthalen-2-yl)sulfane(CD5).52 Silica gel column chromatography having 

eluent as n-hexane. Yellow oil. Yield: 227.8 mg, 91% (Ni A-1); 245.3 mg, 98% (Ni B-1); 232.8 

mg, 93% (Pd A-1); 240.3 mg, 96% (Pd B-1). ESI-MS m/z [M + H]+ = 251.0119 (calculated for 

C17H14S, 251.0128). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.88 (s, 1H), 7.83 – 7.77 (m, 

2H), 7.72 (s, 1H), 7.70 (s, 1H), 7.48 – 7.40 (m, 4H), 7.34 – 7.22 (m, 3H), 4.22 (s, 2H). 13C NMR 

(500 MHz, CDCl3, 300 K), δ (ppm): 137.51, 134.1, 132.47, 132.05, 128.99, 128.67, 127.85, 

127.57, 127.36, 127.29, 126.76, 126.60, 126.35, 125.87, 39.09. 

4-(phenylthio)pyridine (CD6).53 Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 10:1 (v/v). Yellow solid. Yield: 146.0 mg, 78% (Ni A-1); 181.6 mg, 

97% (Ni B-1); 155.4 mg, 83% (Pd A-1); 168.5 mg, 90% (Pd B-1). ESI-MS m/z [M + H]+ = 

188.0013 (calculated for C11H9NS, 188.026). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.362 

(2H), 7.448-7.547 (m, 5H), 6.941 (2H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 150.43, 

149.48, 135.26, 130.01, 129.76, 129.54, 120.99.  

4-(naphthalen-2-ylthio)pyridine (CD7).54 Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 10:1 (v/v). Yellow solid. Yield: 170.8 mg, 72% (Ni A-1); 

232.5 mg, 98% (Ni B-1); 163.7 mg, 69% (Pd A-1); 215.9 mg, 91% (Pd B-1). ESI-MS m/z [M + 
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H]+ = 238.0128 (calculated for C15H11NS, 238.0113). 1H NMR (500 MHz, CDCl3, 300 K): δ 

(ppm): 8.339 (s, 2H), 8.106 (s, 1H), 7.835-7.907 (m, 3H), 7.520-7.589 (m, 3H), 6.979 (s, 2H). 13C 

NMR (500 MHz, CDCl3, 300 K), δ (ppm): 150.46, 149.49, 135.21, 134.03, 133.53, 131.25, 129.86, 

128.02, 128.00, 127.59, 127.12, 126.78, 121.17. 

4-(naphthalen-1-ylthio)pyridine (CD8). Silica gel column chromatography having eluent 

as n-hexane and ethyl acetate of 10:1 (v/v). Dark yellow solid. Yield: 180.3 mg, 76% (Ni A-1); 

220.7 mg, 93% (Ni B-1); 199.3 mg, 84% (Pd A-1); 211.2 mg, 89% (Pd B-1). ESI-MS m/z [M + 

H]+ = 238.0102 (calculated for C15H11NS, 238.0113). 1H NMR (500 MHz, CDCl3, 300 K): δ 

(ppm): 8.25(m, 3H), 7.98(d, J = 8.25 Hz, 1H), 7.90(d, J = 7.45 Hz, 1H), 7.76(d, J = 6.92 Hz, 1H) 

7.52 (m, 3H), 6.80 (d, J = 6.25 Hz, 2H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 150.14, 

149.33, 135.92, 134.46, 134.34, 131.41, 128.85, 127.72, 126.85, 126.08, 125.99, 125.62, 120.48. 

2-methyl-5-(tritylthio)pyrimidine (CD9). Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 10:1 (v/v). Dark yellow solid. Yield: 232.1 mg, 63% (Ni 

A-1); 350.0 mg, 95% (Ni B-1); 257.9 mg, 70% (Pd A-1); 331.6 mg, 90% (Pd B-1). ESI-MS m/z 

[M + H]+ = 369.0183 (calculated for C24H20N2S, 369.0155). 1H NMR (500 MHz, CDCl3, 300 K): 

δ (ppm): 8.35 (s, 2H), 7.00-7.10 (m, 9H), 6.88 (d, J = 6.0 Hz, 6H), 2.50 (s, 3H). 13C NMR (500 

MHz, CDCl3, 300 K), δ (ppm): 158.47, 144.58, 143.34, 131.75, 130.88, 129.47, 128.59, 126.70, 

56.54. 

4-(hexylthio)phenol (CD10). Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 10:1 (v/v). White solid. Yield: 204.0 mg, 97% (Ni B-1); 191.4 mg, 

91% (Pd B-1). ESI-MS m/z [M + H]+ = 211.0015 (calculated for C12H18OS, 211.0034). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.28 (d, J = 8.50 Hz, 2H), 6.77 (d, J = 8.50 Hz, 2H), 5.28 (s, 
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1H), 2.80 (t, J = 7.39 Hz, 2H), 1.60 – 1.54 (m, 2H), 1.41 – 1.36 (m, 2H), 1.29 – 1.25 (m, 4H), 0.89 

(t, J = 6.90 Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 153.93, 133.26, 127.17, 116.13, 

36.01, 31.51, 29.43, 28.51, 22.66, 14.13. 

4-(decylthio)phenol (CD11). Silica gel column chromatography having eluent as n-hexane 

and ethyl acetate of 10:1 (v/v). White solid. Yield: 255.7 mg, 96% (Ni B-1); 247.7 mg, 93% (Pd 

B-1). ESI-MS m/z [M + H]+ = 267.0126 (calculated for C16H26OS, 267.0076). 1H NMR (500 MHz, 

CDCl3, 300 K): δ (ppm): 7.28 (d, J = 8.27 Hz, 2H), 6.77 (d, J = 8.28 Hz, 2H), 5.38 (s, 1H), 2.80 

(t, J = 7.32 Hz, 2H), 1.58 – 1.54 (m, 2H), 1.37 (br, 2H), 1.25 (br, 12H), 0.87 (t, J = 6.45 Hz, 3H). 

13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 154.99, 133.27, 127.15, 116.12, 36.02, 32.02, 29.67, 

29.65, 29.48, 29.43, 29.31, 28.85, 22.81, 14.23. 

4-(benzylthio)phenol (CD12).55 Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 20:1 (v/v). White solid. Yield: 211.9 mg, 98% (Ni B-1); 196.8 mg, 

91% (Pd B-1). ESI-MS m/z [M + H]+ = 217.0103 (calculated for C13H12OS, 217.0018). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.07 – 7.17 (m, 7H), 6.61 – 6.63 (m, 2H), 4.90 (br, 1H), 3.89 

(s, 2H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 155.44, 138.17, 134.48, 129.01, 128.48, 

127.11, 126.18, 116.06, 41.37.  

4-(tritylthio)phenol (CD13). Silica gel column chromatography having eluent as n-hexane 

and ethyl acetate of 30:1 (v/v). White solid. Yield: 364.8 mg, 99% (Ni B-1); 350.0 mg, 95% (Pd 

B-1). ESI-MS m/z [M + H]+ = 369.0063 (calculated for C25H20OS, 369.0071). 1H NMR (500 MHz, 

CDCl3, 300 K): δ (ppm): 7.80 – 7.82 (m, 4H), 7.59 (t, J = 7.4 Hz, 2H), 7.49 (t, J = 7.8 Hz, 4H), 

7.28 (t, J = 7.2 Hz, 4H), 7.21 (m, 3H), 7.11 – 7.13 (m, 3H). 13C NMR (500 MHz, CDCl3, 300 K), 

δ (ppm): 144.05, 137.78, 132.55, 131.33, 130.20, 129.60, 128.42, 127.53, 126.44. 
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4-(tert-butylthio)phenol (CD14).12 Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 10:1 (v/v). White solid. Yield: 174.9 mg, 96% (Ni B-1); 169.5 mg, 

93% (Pd B-1). ESI-MS m/z [M + H]+ = 183.0169 (calculated for C10H14OS, 183.0146). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.39 (d, J = 8.58 Hz, 2H), 6.80 (d, J = 8.59 Hz, 2H), 5.762 

(br, 1H), 1.26 (s, 9H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 156.52, 139.18, 123.58, 

115.72, 45.83, 30.81. 

1-(4-(tert-butylthio)phenyl)ethan-1-one (CD15).26 Silica gel column chromatography 

having eluent as n-hexane and ethyl acetate of 20:1 (v/v). Brown solid. Yield: 204.1 mg, 98% (Ni 

B-1); 187.4 mg, 90% (Pd B-1). ESI-MS m/z [M + H]+ = 209.0254 (calculated for C12H16OS, 

209.0187). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.89 (d, J = 8.24 Hz, 2H), 7.60 (d, J = 

8.23 Hz, 2H), 2.60 (s, 3H), 1.32 (s, 9H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 197.82, 

139.56, 137.00, 136.92, 128.31, 47.01, 31.24, 26.78.  

1-(4-(hexylthio)phenyl)ethan-1-one (CD16).32 Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 10:1 (v/v). Brown solid. Yield: 289.5 mg, 99% (Ni B-1); 

272.0 mg, 93% (Pd B-1). ESI-MS m/z [M + H]+ = 237.0033 (calculated for C14H20OS, 237.0067). 

1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.85 (d, J = 8.44 Hz, 2H), 7.29 (d, J = 8.48 Hz, 2H), 

3.00 (t, J = 7.40 Hz, 2H), 2.57 (s, 3H), 1.73 – 1.67 (m, 2H), 1.49 – 1.43 (m, 2H), 1.32 (br, 4H), 

0.90 (t, J = 6.73 Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 197.03, 145.04, 133.71, 

128.72, 126.23, 31.97, 31.33, 28.72, 28.57, 26.36, 22.52, 14.00. 

1-(4-(decylthio)phenyl)ethan-1-one (CD17). Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 10:1 (v/v). White solid. Yield: 274.9 mg, 94% (Ni B-1); 

269.0 mg, 92% (Pd B-1). ESI-MS m/z [M + H]+ = 293.0167 (calculated for C18H28OS, 293.0172). 
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1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.84 (d, J = 8.46 Hz, 2H), 7.29 (d, J = 8.47 Hz, 2H), 

2.98 (t, J = 7.41 Hz, 2H), 2.56 (s, 3H), 1.72 – 1.66 (m, 2H), 1.47 – 1.41 (m, 2H), 1.26 (s, 12H), 

0.88 (t, J = 6.83 Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 197.30, 145.16, 133.86, 

128.87, 126.40, 32.12, 32.01, 29.65, 29.61, 29.42, 29.27, 29.03, 28.88, 26.54, 22.80, 14.23. 

tert-butyl(4-nitrophenyl)sulfane (CD18).56 Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 20:1 (v/v). White solid. Yield: 202.8 mg, 96% (Ni B-1); 

204.9 mg, 97% (Pd B-1). ESI-MS m/z [M + H]+ = 212.0102 (calculated for C10H13NO2S, 

212.0197). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.21 (d, J = 8.49 Hz, 2H), 6.53 (d, J = 

8.50 Hz, 2H), 1.17 (s, 9H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 147.23, 138.87, 120.69, 

114.99, 45.40, 30.80. 

Hexyl(4-nitrophenyl)sulfane (CD19).57 Silica gel column chromatography having eluent 

as n-hexane and ethyl acetate of 10:1 (v/v). White solid. Yield: 234.5 mg, 98% (Ni B-1); 229.7 

mg, 96% (Pd B-1). ESI-MS m/z [M + H]+ = 240.0063 (calculated for C12H17NO2S, 240.0017). 1H 

NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.51 (d, J = 8.34 Hz, 2H), 6.85 (d, J = 8.29 Hz, 2H), 

3.05 (t, J = 7.41 Hz, 2H), 1.87 – 1.82 (m, 2H), 1.68 – 1.65 (m, 2H), 1.58 – 1.54 (m, 4H), 1.16 (t, J 

= 6.96 Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 145.64, 133.66, 124.03, 115.73, 

36.50, 31.47, 29.45, 28.45, 22.61, 14.09. 

Decyl(4-nitrophenyl)sulfane (CD20). Silica gel column chromatography having eluent as 

n-hexane and ethyl acetate of 10:1 (v/v). White solid. Yield: 280.6 mg, 95% (Ni B-1); 280.6 mg, 

95% (Pd B-1). ESI-MS m/z [M + H]+ = 296.0028 (calculated for C16H25NO2S, 296.0046). 1H 

NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.27 (d, J = 7.16 Hz, 2H), 6.66 (d, J = 7.09 Hz, 2H), 

2.80 (t, J = 6.84 Hz, 2H), 1.60 – 1.58 (m, 2H), 1.41 (br, 2H), 1.29 (br, 12H), 0.92 (t, J = 6.68 Hz, 
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3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 145.47, 133,80, 129.32, 115.70, 36.54, 32.02, 

29.67, 29.54, 29.43, 29.32, 28.85, 22.80, 14.24. 

Benzyl(4-nitrophenyl)sulfane (CD21).58 Silica gel column chromatography having eluent 

as n-hexane and ethyl acetate of 20:1 (v/v). White solid. Yield: 237.9 mg, 97% (Ni B-1); 223.2 

mg, 91% (Pd B-1). ESI-MS m/z [M + H]+ = 246.0215 (calculated for C13H11NO2S, 246.00138). 

1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.29 – 7.15 (m, 7H), 6.58 (d, J = 7.56 Hz, 2H), 3.97 

(s, 2H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 146.22, 138.57, 134.80, 129.05, 126.94, 

123.22, 115.64, 41.92. 

4-(tert-butylthio)-2,6-difluorobenzonitrile (CD22). Silica gel column chromatography 

having eluent as n-hexane and ethyl acetate of  10:1 (v/v). White solid. Yield: 215.9mg, 95% (Ni 

B-1); 209.1 mg, 92% (Pd B-1). ESI-MS m/z [M + H]+ = 228.0192 (calculated for C11H11F2NS, 

228.0075). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.78 (s, 2H), 1.32 (s, 9H). 13C NMR 

(500 MHz, CDCl3, 300 K), δ (ppm): 146.39, 138.21, 138.12, 129.09, 117.20, 49.74, 31.19.   

4-(tert-butylthio)benzonitrile (CD23).59 Silica gel column chromatography having eluent 

as n-hexane and ethyl acetate of 30:1 (v/v). White solid. Yield: 187.4 mg, 98% (Ni B-1); 177.8 

mg, 93% (Pd B-1). ESI-MS m/z [M + H] + = 192.0351 (calculated for C11H13NS, 192.0187). 1H 

NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.57-7.61 (m, 4H), 1.30 (s, 9H). 13C NMR (500 MHz, 

CDCl3, 300 K), δ (ppm): 139.87, 137.18, 131.94, 118.57, 112.18, 47.35, 31.13. 

4-(decylthio)-2,6-difluorobenzonitrile (CD24). Silica gel column chromatography 

having eluent as n-hexane and ethyl acetate of 30:1 (v/v). White solid. Yield: 295.8 mg, 95% (Ni 

B-1); 277.1 mg, 89% (Pd B-1). ESI-MS m/z [M + H] + = 312.0217 (calculated for C17H23F2NS, 

312.0146). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.30 (s, 1H), 7.23 (s, 1H), 3.03, (t, J = 
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7.01 Hz, 2H), 1.76 – 1.73 (m, 2H), 1.32 (s, 14H), 0.92 (t, J = 6.43 Hz, 3H). 13C NMR (500 MHz, 

CDCl3, 300 K), δ (ppm): 146.29, 127.73, 126.30, 114.78, 110.37, 33.31, 32.02, 29.65, 29.57, 29.42, 

29.21, 28.89, 28.55, 22.81, 14.24.  

4-(decylthio)benzonitrile (CD25). Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 10:1 (v/v). White solid. Yield: 256.1 mg, 93% (Ni B-1); 247.9 mg, 

90% (Pd B-1). ESI-MS m/z [M + H]+ = 276.0078 (calculated for C17H25NS, 276.0043). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.51 (d, J = 8.41 Hz, 2H), 7.28 (d, J = 8.41 Hz, 2H), 2.96 (t, 

J = 7.40 Hz, 2H), 1.66-1.72 (m, 2H), 1.41-1.47 (m, 2H), 1.261 (b, 12H), 0.88 (t, J = 6.91 Hz, 3H). 

13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 145.48, 132.32, 126.82, 119.09, 108.06, 32.07, 

32.01, 29.64, 29.59, 29.41, 29.24, 29.00, 28.71, 22.80, 14.23. 

3-(tert-butylthio)thiophene (CD26). Silica gel column chromatography having eluent as 

n-hexane and ethyl acetate of 30:1 (v/v). Colorless oil. Yield: 165.4 mg, 96% (Ni B-1); 163.6 mg, 

95% (Pd B-1). ESI-MS m/z [M + H]+ = 173.0032 (calculated for C8H12S2, 173.0077). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.43(d, 1H), 7.31 (m, 1H), 7.10 (d, 1H), 1.31 (s, 9H). 13C 

NMR (500 MHz, CDCl3, 300 K), δ (ppm): 134.51, 131.98, 129.22, 125.30, 45.96, 31.05. 

3-(hexylthio)thiophene (CD27).60 Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 30:1 (v/v). Colorless oil. Yield: 196.3 mg, 98% (Ni B-1); 182.3 mg, 

91% (Pd B-1). ESI-MS m/z [M + H]+ = 201.0032 (calculated for C10H16S2, 201.0077). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.30 (dd, J = 7.96 Hz, J = 4.96 Hz, 1H), 7.10 (d, J = 7.95 Hz, 

1H), 7.01 (d, J = 4.95 Hz, 1H), 2.84 (t, J = 7.62 Hz, 2H), 1.57-1.61 (m, 2H), 1.37-1.40 (m, 2H), 

1.26-1.31 (m, 4H), 0.87-0.90 (m, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 132.49, 

129.78, 126.09, 122.99, 35.47, 31.49, 29.50, 28.51, 22.69, 14.12 
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3-(decylthio)thiophene (CD28).61 Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 30:1 (v/v). Colorless oil. Yield: 253.9 mg, 99% (Ni B-1); 238.5 mg, 

93% (Pd B-1). ESI-MS m/z [M + H]+ = 257.0068 (calculated for C14H24S2, 257.0057). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.31 (d, J = 2.89 Hz, 1H), 7.12 (d, J = 2.69 Hz, 1H), 7.02 (d, 

J = 4.92 Hz, 1H), 2.85 (t, J = 7.28 Hz, 2H), 1.64 – 1.61 (m, 2H), 1.29 (s, 14H), 0.90 (t, J = 6.82 

Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 132.51, 129.73, 126.03, 122.90, 35.43, 

32.00, 29.65, 29.62, 29.51, 29.41, 29.28, 28.82, 22.79, 14.21. 

2-(tert-butylthio)thiophene (CD29). Silica gel column chromatography having eluent as 

n-hexane and ethyl acetate of 30:1 (v/v). Colorless oil. Yield: 167.1 mg, 97% (Ni B-1); 155.0 mg, 

90% (Pd B-1). ESI-MS m/z [M + H]+ = 173.0029 (calculated for C8H12S2, 173.0077). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.41 (d, J = 5.37 Hz, 1H), 7.14 (d, J = 3.50 Hz, 1H), 7.02-

7.04 (dd, J = 5.36 Hz, J = Hz, 3.49, 1H), 1.31 (s, 9H). 13C NMR (500 MHz, CDCl3, 300 K), δ 

(ppm): 137.02, 132.02, 130.83, 127.60, 46.84, 30.67. 

2-(hexylthio)thiophene (CD30).60 Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 30:1 (v/v). Colorless oil. Yield: 196.3 mg, 98% (Ni B-1); 192.3 mg, 

96% (Pd B-1). ESI-MS m/z [M + H]+ = 201.0051 (calculated for C10H16S2, 201.0077). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.30 (dd, J = 5.35, 1.10 Hz, 1H), 7.11 (dd, J = 3.55, 1.10 Hz, 

1H), 6.97 (dd, J = 5.25, 3.62 Hz, 1H), 2.80 (t, J = 7.07 Hz, 2H), 1.65 – 1.56 (m, 2H), 1.44 – 1.38 

(m, 2H) 1.33 – 1.28 (m, 4H), 0.91 (t, J = 6.99 Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ 

(ppm): 135.16, 133.21, 128.87, 127.47, 39.05, 31.44, 29.45, 28.19, 22.62, 14.10. 

2-(decylthio)thiophene (CD31).62 Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 30:1 (v/v). Colorless oil. Yield: 238.5 mg, 93% (Ni B-1); 233.3 mg, 
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91% (Pd B-1). ESI-MS m/z [M + H]+ = 257.0093 (calculated for C14H24S2, 257.0057). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.32 (dd, J = 5.33, 0.86 Hz, 1H), 7.11 (dd, J = 3.45, 0.91 Hz, 

1H), 6.96 (dd, J = 5.30, 3.55 Hz, 1H), 2.80 (t, J = 7.37 Hz, 2H), 1.65 – 1.59 (m, 2H), 1.42 – 1.39 

(m, 2H) 1.28, (s, 12H), 0.90 (t, J = 6.89 Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

135.21, 133.20, 128.86, 127.46, 39.07, 32.01, 29.65, 29.62, 29.51, 29.42, 29.26, 28.54, 22.79, 

14.21. 

2-(tert-butylthio)thiazole (CD32). Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 10:1 (v/v). Colorless oil. Yield: 162.8 mg, 94% (Ni B-1); 152.4 mg, 

88% (Pd B-1). ESI-MS m/z [M + H]+ = 174.0193 (calculated for C7H11NS2, 174.0094). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.78 (d, J = 3.40 Hz, 1H), 7.31 (d, J = 3.43 Hz, 1H), 1.38(s, 

9H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 160.39, 143.99, 122.72, 49.42, 30.94. 

2-(hexylthio)thiazole (CD33). Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 10:1 (v/v). Colorless oil. Yield: 195.3 mg, 97% (Ni B-1); 189.2 mg, 

94% (Pd B-1). ESI-MS m/z [M + H]+ = 202.0241 (calculated for C9H15NS2, 202.0176). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.63 (d, J = 3.36 Hz, 1H), 7.18 (d, J = 3.38 Hz, 1H), 3.19 (t, 

J = 7.30 Hz, 2H), 1.72-1.75 (m, 2H), 1.41-1.44 (m, 2H), 1.29 (b, 4H), 0.87 (t, J = 6.84 Hz, 3H). 

13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 165.51, 142.79, 118.65, 34.72, 31.36, 29.29, 28.51, 

22.59, 14.07.  

2-(decylthio)thiazole (CD34). Silica gel column chromatography having eluent as n-

hexane and ethyl acetate of 10:1 (v/v). Colorless oil. Yield: 242.0 mg, 94% (Ni B-1); 234.2 mg, 

91% (Pd B-1). ESI-MS m/z [M + H]+ = 258.0075 (calculated for C13H23NS2, 258.0034). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 7.63 (d, J = 3.35 Hz,1H), 7.17 (d, J = 3.37 Hz, 1H), 3.18 (t, 
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J = 7.37 Hz, 2H), 1.76 – 1.70 (m, 2H), 1.43 – 1.39 (m, 2H), 1.24 (s, 12H), 0.86 (t, J = 6.87 Hz, 

3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 165.49, 142.77, 118.61, 34.69, 31.96, 29.59, 

29.54, 29.37, 29.31, 29.17, 28.82, 22.75, 14.17. 

1-(5-(tert-butylthio)thiophen-2-yl)ethan-1-one (CD35). Silica gel column 

chromatography having eluent as n-hexane and ethyl acetate of 10:1 (v/v). Light brown solid. 

Yield: 207.9 mg, 97% (Ni B-1); 199.3 mg, 93% (Pd B-1). ESI-MS m/z [M + H]+ = 215.0066 

(calculated for C10H14OS2, 215.0079). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.59 (d, J = 

3.77 Hz, 1H), 7.13 (d, J = 3.78 Hz, 1H), 2.52 (s, 3H), 1.34 (s, 9H). 13C NMR (500 MHz, CDCl3, 

300 K), δ (ppm): 190.18, 147.96, 142.41, 137.25, 132.30, 48.22, 30.85, 26.79. 

1-(5-(decylthio)thiophen-2-yl)ethan-1-one (CD36). Silica gel column chromatography 

having eluent as n-hexane and ethyl acetate of 10:1 (v/v). Light brown solid. Yield: 280.5 mg, 94% 

(Ni B-1); 271.6 mg, 91% (Pd B-1). ESI-MS m/z [M+H]+ = 299.0127 (calculated for C16H26OS2, 

299.0093). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.52 (d, 1H, J = 3.90 Hz), 6.96 (d, 1H, J 

= 3.91 Hz), 2.95 (t, 2H, J = 7.38 Hz), 2.50 (s, 3H), 1.64-1.71 (m, 2H), 1.37-1.41 (m, 2H), 1.25 (s, 

12H), 0.87 (t, 3H, J = 6.90 Hz). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 189.73, 148.42, 

144.38, 132.97, 129.42, 37.49, 32.00, 29.63, 29.58, 29.40, 29.34, 29.20, 28.71, 26.44, 22.79, 14.22. 

5-(decylthio)-2-methylpyrimidin-4-ol (CD37). Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 10:1 (v/v). White solid. Yield: 259.8 mg, 92% (Ni B-1); 

240.0 mg, 85% (Pd B-1). ESI-MS m/z [M + H]+ = 283.0015 (calculated for C15H26N2OS, 

283.0078). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 13.31 (br, 1H), 6.10(s, 1H), 2.94 (t, J = 

7.37 Hz, 2H), 2.43 (s, 3H), 1.68-1.71 (m, 2H), 1.41-1.43 (m, 2H), 1.25 (b, 12H), 0.87 (t, J = 6.85 
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Hz, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 171.38, 164.24, 158.11, 104.58, 32.01, 

30.66, 29.65, 29.59, 29.41, 29.23, 29.00, 28.77, 22.79, 21.62, 14.22.  

4-(pyridin-4-ylthio)phenol (CD38). Silica gel column chromatography having eluent as 

n-hexane and ethyl acetate of 5:1 (v/v). Light brown solid. Yield: 203.1 mg, 92% (Ni B-1); 174.8 

mg, 86% (Pd B-1). ESI-MS m/z [M + H]+ = 204.0067 (calculated for C11H9NOS, 204.0024). 1H 

NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.38 (br, 2H), 7.35 (t, J = 8.03 Hz, 2H), 7.17 (d, J = 

7.43 Hz, 1H), 7.02 (d, J = 7.63 Hz, 2H), 6.76 (d, J = 6.11 Hz, 2H). 13C NMR (500 MHz, CDCl3, 

300 K), δ (ppm): 165.00, 154.14, 151.40, 130.34, 125.59, 120.95, 112.34. 

1-(4-(pyridin-4-ylthio)phenyl)ethan-1-one (CD39).63 Silica gel column chromatography 

having eluent as n-hexane and ethyl acetate of 5:1 (v/v). Light grey solid. Yield: 217.8 mg, 95% 

(Ni B-1); 204.0 mg, 89% (Pd B-1). ESI-MS m/z [M + H]+ = 230.0157 (calculated for C13H11NOS, 

230.0086). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.42 (s, 2H), 7.97 (d, 2H, J = 8.31 Hz), 

7.56 (d, 2H, J = 8.31 Hz), 7.06 (s, 2H), 2.62 (s, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

197.15, 149.96, 147.92, 137.28, 137.11, 133.50, 129.57, 122.51, 26.75. 

4-((4-nitrophenyl)thio)pyridine (CD40).64 Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 5:1 (v/v). Light brown solid. Yield: 216.0 mg, 93% (Ni B-

1); 209.0 mg, 90% (Pd B-1). ESI-MS m/z [M + H]+ = 233.059 (calculated for C11H8N2O2S, 

233.0042). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.11 (d, J = 9.43 Hz, 2H), 7.40 (d, J = 

8.70 Hz, 2H), 6.60 (d, J = 9.44 Hz, 2H), 6.46 (d, J = 8.69 Hz, 2H). 13C NMR (500 MHz, CDCl3, 

300 K), δ (ppm): 154.36, 146.22, 138.04, 126.24, 117.42, 110.37. 

4-(pyridin-4-ylthio)benzonitrile (CD41).18 Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 5:1 (v/v). White solid. Yield: 203.7 mg, 96% (Ni B-1); 
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191.0 mg, 90% (Pd B-1). ESI-MS m/z [M + H]+ = 213.0107 (calculated for C12H8N2S, 213.0043). 

1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.47 (d, J = 5.47 Hz, 1H), 7.66 (d, J = 8.39 Hz, 1H), 

7.53 (d, J = 8.36 Hz, 1H), 7.10 (d, J = 6.09 Hz, 1H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

150.20, 146.49, 138.40, 133.21, 133.07, 123.30, 118.14, 112.42. 

 

3.7 Supporting Information 

 

Figure 3.5. 1H NMR spectrum of ligand 1a. 
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Figure 3.6. 1H NMR spectrum of ligand 1b.

 

Figure 3.7. 1H NMR spectrum of ligand 1c. 
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Figure 3.8. 13C NMR spectrum of ligand 1c. 

Figure 3.9. 1H NMR spectrum of ligand 1d. 
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Figure 3.10. Unit cell representation of complex Ni A-1 (Positional disorder with dashed bonds). 

 

Figure 3.11. Unit cell representation of complex Ni A-1 (Positional disorder with solid bonds). 
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Figure 3.12. Unit cell representation of complex Pd A-1. 

 

Figure 3.13. Unit cell representation of complex Pd B-1. 
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Figure 3.14. Unit cell representation of complex Ni B-1. 
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Table 3.3. Crystal data, data collection and refinement for complex Ni A-1 and Pd A-1. 

CCDC  2038719 2038722 

Complexes Ni A-1 Pd A-1 

Crystallized 

from 

CH3OH DMSO 

Chemical 

formula 

C32H36Cl2N4Ni C15H16Cl2N2Pd 

Formula weight 

[g mol-1] 

606.26 401.60 

Crystal color, 

habit 

Yellow, Tablet Orange, Plate 

Crystal size 

(mm3) 

0.50 × 0.25 × 

0.07 

0.70 × 0.64 × 0.08 

T (K) 100 100 

Crystal system Monoclinic Monoclinic 

Space group P21/c P21/c 

a, b, c (Å) 13.952 (4), 

14.687 (5), 

14.567 (6) 

19.833 (6), 5.9500 (18), 13.250 (4) 

α, β, γ (°) β = 93.406 (8) β = 96.399 (8) 

V (Å3) 2979.7 (18) 1553.9 (8) 

Z 4 4 

Dx (Mg m-3) 1.351 1.717 

μ (Mo-Kα) 

(mm−1) 

0.86 1.53 

F (000), θ range 

(°) 

1272, 2.4–30.5 800, 3.1–30.5 

No. of 

measured, 

independent 

and observed [I 

> 2σ(I)] 

reflections 

 

91886, 9100, 

7220 

30945, 4762, 4030 

Rint 0.056 0.058 

Δρmax, Δρmin (e 

Å−3) 

 

0.66, −0.55 0.61, −1.04 

No. of 

parameters 

385 184 

Refinement 

R[F2 > 2σ(F2)], 

wR(F2), S 

 

0.038, 0.084, 

1.07 

0.035, 0.068, 1.08 
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Table 3.4. Crystal data, data collection and refinement for complex Pd B-1 and Ni B-1. 

CCDC 2038721 2038720 

Complexes Pd B-1 Ni B-1 

Crystallized 

from 

DMSO CH3OH 

Chemical 

formula 

C32H32Cl2N2Pd C32H40Cl3N4Ni2O2·2(CH4O)·Cl 

Formula weight 

[g mol-1] 

621.89 835.98 

Crystal color, 

habit 

Orange, Tablet Green, Fragment 

Crystal size 

(mm3) 

0.36 × 0.34 × 

0.12 

0.54 × 0.34 × 0.16 

T (K) 250 100 

Crystal system Triclinic Monoclinic 

Space group 

P

_

1   

C2/c 

a, b, c (Å) 10.101 (4), 

12.023 (4), 

12.119 (4) 

18.633 (5), 8.056 (3), 26.341 (7) 

α, β, γ (°) 90.332 (9), 

96.382 (8), 

97.934 (12) 

β = 102.394 (12) 

V (Å3) 1448.3 (8) 3861.9 (19) 

Z 2 4 

Dx (Mg m-3) 1.426 1.438 

μ (Mo-Kα) 

(mm−1) 

0.85 1.29 

F (000), θ range 

(°) 

636, 2.5–27.5 1744, 2.5–30.2 

No. of 

measured, 

independent 

and observed [I 

> 2σ(I)] 

reflections 

 

25778, 6617, 

5385 

54385, 5913, 4527 

Rint 0.047 0.087 

Δρmax, Δρmin (e 

Å−3) 

 

0.48, −0.51 0.75, −0.93 

No. of 

parameters 

335 233 

Refinement 

R[F2 > 2σ(F2)], 

wR(F2), S 

0.047, 0.079, 

1.12 

0.040, 0.109, 1.14 
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Table 3.5. Selected bond lengths and angles for complexes Ni A-1 and Ni B-1. 

Complex Selected bond distances (Å) 

 

Selected bond angles [°] 

 

Ni A-1 Ni1—N3 2.0825 (15), Ni1—N1 

2.0847 (15), Ni1—N4 2.1481 (15), 

Ni1—N2 2.1549 (15), Ni1—Cl1 

2.3709 (7), Ni1—Cl2 2.3962 (8) 

N1—Ni1—N2 78.13 (6), N3—

Ni1—N2 97.85 (6), N3—Ni1—N4 

77.44 (6), N1—Ni1—N4 91.38 (6), 

Cl1—Ni1—Cl2 97.00 (3) 

Ni B-1 Ni—N1 2.0683 (19), Ni—N8 

2.0863 (19), Ni—Cl1 2.3949 (8), 

Ni—Cl1i 2.4189 (8), Ni—Cl2 

2.4352 (8), Ni—Nii 2.9809 (9) 

N1—Ni—N8 79.02 (8), N8—Ni—

Cl1 95.62 (6), N1—Ni—Cl1i 97.53 

(6), Cl1—Ni—Cl1i 87.83 (3), N1—

Ni—Cl2 90.87 (6), N8—Ni—Cl2 

95.25 (5), Cl1—Ni—Cl2 85.22 (2), 

Cl1i—Ni—Cl2 84.70 (2), Nii—

Cl2—Ni 75.47 (3) 

 

 

 

Table 3.6. Selected bond lengths and angles for complexes Pd A-1 and Pd B-1. 

Complex Selected bond distances (Å): 

Pd1—N1, Pd1—N2, Pd1—Cl2, 

Pd1—Cl1 

Selected bond angles [°]: 

N1—Pd1—N2, N1—Pd1—Cl2, 

N2—Pd1—Cl2, N1—Pd1—Cl1, 

N2—Pd1—Cl1, Cl2—Pd1—Cl1 

Pd A-1 2.028 (2), 2.039 (2), 2.2820 (8), 

2.2886 (8) 

80.62 (8), 176.38 (6), 95.91 (6), 

93.58 (6), 173.95 (6), 89.86 (3) 

Pd B-1 2.052 (3), 2.046 (2), 2.2694 (10), 

2.2734 (10) 

81.22 (10), 173.82 (7), 94.30 (8), 

94.65 (7), 173.35 (8), 90.20 (4) 
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Figure 3.15. 1H NMR spectrum of CD1. 

 

Figure 3.16. 13C NMR spectrum of CD1. 
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Figure 3.17. 1H NMR spectrum of CD2. 

 

Figure 3.18. 13C NMR spectrum of CD2. 
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Figure 3.19. 1H NMR spectrum of CD3. 

 

Figure 3.20. 13C NMR spectrum of CD3. 
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Figure 3.21. 1H NMR spectrum of CD4. 

 

Figure 3.22. 13C NMR spectrum of CD4. 
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Figure 3.23. 1H NMR spectrum of CD5. 

 

Figure 3.24. 13C NMR spectrum of CD5. 
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Figure 3.25. 1H NMR spectrum of CD6. 

 

Figure 3.26. 13C NMR spectrum of CD6. 
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Figure 3.27. 1H NMR spectrum of CD7. 

 

Figure 3.28. 13C NMR spectrum of CD7. 
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Figure 3.29. 1H NMR spectrum of CD8. 

 

Figure 3.30. 13C NMR spectrum of CD8. 
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Figure 3.31. 1H NMR spectrum of CD9. 

 

Figure 3.32. 13C NMR spectrum of CD9. 
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Figure 3.33. 1H NMR spectrum of CD10. 

 

Figure 3.34. 13C NMR spectrum of CD10. 
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Figure 3.35. 1H NMR spectrum of CD11. 

 

Figure 3.36. 13C NMR spectrum of CD11. 
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Figure 3.37. 1H NMR spectrum of CD12. 

 

Figure 3.38. 13C NMR spectrum of CD12. 
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Figure 3.39. 1H NMR spectrum of CD13. 

 

Figure 3.40. 13C NMR spectrum of CD13. 
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Figure 3.41. 1H NMR spectrum of CD14. 

 

Figure 3.42. 13C NMR spectrum of CD14. 
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Figure 3.43. 1H NMR spectrum of CD15. 

 

Figure 3.44. 13C NMR spectrum of CD15 
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Figure 3.45. 1H NMR spectrum of CD16. 

 

Figure 3.46. 13C NMR spectrum of CD16. 
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Figure 3.47. 1H NMR spectrum of CD17. 

 

Figure 3.48. 13C NMR spectrum of CD17. 
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Figure 3.49. 1H NMR spectrum of CD18. 

 

Figure 3.50. 13C NMR spectrum of CD18. 
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Figure 3.51. 1H NMR spectrum of CD19. 

 

Figure 3.52. 13C NMR spectrum of CD19. 
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Figure 3.53. 1H NMR spectrum of CD20. 

 

Figure 3.54. 13C NMR spectrum of CD20. 
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Figure 3.55. 1H NMR spectrum of CD21.

 

Figure 3.56. 13C NMR spectrum of CD21. 
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Figure 3.57. 1H NMR spectrum of CD22. 

 

Figure 3.58. 13C NMR spectrum of CD22. 
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Figure 3.59. 1H NMR spectrum of CD23. 

 

Figure 3.60. 13C NMR spectrum of CD23. 
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Figure 3.61. 1H NMR spectrum of CD24. 

 

Figure 3.62. 13C NMR spectrum of CD24. 
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Figure 3.63. 1H NMR spectrum of CD25. 

 

Figure 3.64. 13C NMR spectrum of CD25. 
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Figure 3.65. 1H NMR spectrum of CD26. 

 

Figure 3.66. 13C NMR spectrum of CD26. 
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Figure 3.67. 1H NMR spectrum of CD27. 

 

Figure 3.68. 13C NMR spectrum of CD27. 
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Figure 3.69. 1H NMR spectrum of CD28. 

 

Figure 3.70. 13C NMR spectrum of CD28. 
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Figure 3.71. 1H NMR spectrum of CD29. 

 

Figure 3.72. 13C NMR spectrum of CD29. 
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Figure 3.73. 1H NMR spectrum of CD30. 

 

Figure 3.74. 13C NMR spectrum of CD30. 
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Figure 3.75. 1H NMR spectrum of CD31. 

 

Figure 3.76. 13C NMR spectrum of CD31. 



 

163 

 

Figure 3.77. 1H NMR spectrum of CD32. 

 

Figure 3.78. 13C NMR spectrum of CD32. 
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Figure 3.79. 1H NMR spectrum of CD33. 

 

Figure 3.80. 13C NMR spectrum of CD33. 
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Figure 3.81. 1H NMR spectrum of CD34. 

 

Figure 3.82. 13C NMR spectrum of CD34. 
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Figure 3.83. 1H NMR spectrum of CD35. 

 

Figure 3.84. 13C NMR spectrum of CD35. 
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Figure 3.85. 1H NMR spectrum of CD36. 

 

Figure 3.86. 13C NMR spectrum of CD36. 



 

168 

 

Figure 3.87. 1H NMR spectrum of CD37. 

 

Figure 3.88. 13C NMR spectrum of CD37. 
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Figure 3.89. 1H NMR spectrum of CD38. 

 

Figure 3.90. 13C NMR spectrum of CD38. 
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Figure 3.91. 1H NMR spectrum of CD39. 

 

Figure 3.92. 13C NMR spectrum of CD39. 
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Figure 3.93. 1H NMR spectrum of CD40. 

 

Figure 3.94. 13C NMR spectrum of CD40. 
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Figure 3.95. 1H NMR spectrum of CD41. 

 

Figure 3.96. 13C NMR spectrum of CD41. 
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4.1 Abstract 

 

Transition metal-catalyzed direct C-H bond arylation has been studied for synthesizing 

structurally diverse and valuable functionalized (hetero)aryl building blocks. Nonetheless, air- and 

moisture sensitivity along with harsh reaction settings significantly reduce the efficacy of this atom 

economical and cost-effective synthetic tool. Herein, we have developed highly air- and moisture 

stable iminopyridine-based α‐diimine Nickel (II) and Palladium (II) complexes in direct C-H bond 

arylation of thiazole and thiophene derivatives. Steric features of the synthesized complexes were 

investigated for evaluating the catalytic performance. Under aerobic conditions and lower 

temperatures, both Ni and Pd catalytic systems manifested broader substrate scope and functional 

group tolerance. Particularly, a series of biheteroaryl and π-conjugated poly(hetero)arenes were 

synthesized from different five-membered heteroaromatics including 3,4-ethylenedioxythiophene 

(EDOT). Moreover, catalytic systems afforded good to excellent yields having low catalyst 

loading (0.1-0.4 mol%). Consequently, α‐diimine-based systems have the potential to be employed 

in direct C-H arylation for producing valuable functional materials.  

4.2 Introduction  

Direct C-H bond arylation of heteroaromatics through transition metal catalytic systems 

has recently drawn notable recognition.1-4 Compared to traditional Negishi, Suzuki, or Stille cross-

coupling for making biaryl building blocks, direct arylation offers atom-economical and facile 

synthetic tools.3-6 Consequently, this synthetic tool has emerged as the most desirable method for 

synthesizing biaryl building blocks. Five-membered heteroaryl moieties containing biaryl building 

blocks are essential in organic field-effect transistors (OFETs),7 organic solar cells (OSC),8 and 

organic light-emitting diodes (OLEDs).9  
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Compared to other transition metal-catalyzed systems, palladium-based systems for direct 

C-H bond arylation have been extensively studied over the last decade.10-28 However, the 

environmental and financial costs associated with the Pd-systems has led the researcher to explore 

more sustainable choices. In this aspect, Ni-based systems are gaining popularity.29-32 Nonetheless, 

a major portion of Pd and Ni-catalyzed systems are air- and moisture sensitive.10, 16, 18, 29-31, 33 

Moreover, both Pd and Ni-systems often require in situ catalyst generation from expensive 

precursors.16, 19, 30-33 Furthermore, these systems greatly suffer from high catalyst loading (5 – 10 

mol%),10-11, 19, 29-31, 33 longer reaction time (12 – 36 h),10-13, 15-16, 27-29, 33 high temperature (100 – 150 

°C),10, 12-17, 27-31, 33 and time-consuming synthesis of ligands.2  

Transition metal catalysts containing N-heterocyclic carbene (NHC) ligands have been widely 

studied in direct arylation because of their tunable sterics and electron-rich environment. 

Particularly, the higher steric bulk is perceived to be advantageous in the catalytic performance.1-

2, 25, 27-28 Transition metal catalysts based on α‐diimine ligand frameworks have the potential to 

diversify the sterics for developing more efficient catalytic systems in direct arylation. Brookhart-

type α-diimine transition metal catalysts have transformed the olefin polymerization field. High 

thermal stability, high air- and moisture stability, structural versatility, and facile synthesis have 

attracted researchers to employ this catalytic system in other fields.12-14, 34-36 Moreover, steric and 

electronic characteristics are highly adaptable by attaching different valuable groups in the ligand 

frameworks.34, 37-38 Inadequate research has been identified with the α‐diimine-based Pd catalysts; 

however, there is no report with Ni-based systems in direct arylation.12-14  

Herein, we report the first application of iminopyridine-based α‐diimine Ni (II) and Pd (II) 

complexes in direct C-H bond arylation of five-membered heteroaromatics. The variation in the 
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sterics was analyzed and correlated with the reaction performance by synthesizing four Ni (II) and 

Pd (II) complexes from two iminopyridine ligands. For investigating the substrate scope, different 

five-membered rings, including thiazole and thiophene units, are applied for synthesizing 

biheteroaryl as well as π-conjugated poly(hetero)arenes with numerous aryl halides. Various 

reactive groups originating from both five-membered rings, and aryl halides are coupled for 

examining the functional group tolerance. 

4.3 Results and Discussion 

4.3.1 Synthesis and Characterization of α-Diimine Nickel (II) and Palladium (II) Complexes 

Synthesis of the complexes and ORTEP diagrams are shown in Scheme 4.1. By adopting a 

previously published procedure, two ligands and four complexes were synthesized.34 For this 

purpose, 2-pyridinecarboxaldehyde was reacted with 2-ethylaniline, and 2,3-dimethylaniline for 

synthesizing the ligands L A-1 and L A-2, respectively. For the Ni (II) complexes, Ni X-1 and Ni 

X-2, both ligands were reacted with one equivalent of NiCl2(DME). Correspondingly, Pd (II) 

complexes, Pd X-1 and Pd X-2 were synthesized by reacting one equivalent of  PdCl2(COD) with 

the ligands. Both Ni X-1 and Ni X-2 exhibit a distorted octahedral geometry having two free 

chlorine atoms and four nitrogen atoms from two unit of ligands are directly coordinated with the 

nickel center. For Ni X-2, there is positionally disordered solvent that appears to be acetonitrile 

(which was used for crystallization). Meanwhile, a distorted square planar geometry is displayed 

for Pd X-1 and Pd X-2 with two nitrogen atoms directly coordinated with the Pd center possessing 

two free chlorine atoms. Crystal data collection, unit cell representations selected bond angles, and 

distances are provided in the supporting information. 



 

183 

Scheme 4.1. Synthesis, ORTEP diagrams, percent buried volume, and topographic steric maps of 

the α‐diimine Ni(II) and Pd(II) Complexes. 

4.3.2 Optimization of Reaction Conditions in Direct C-H Bond Arylation 

Ni X-1 and Pd X-1 are applied for establishing the Ni- and Pd-based catalytic systems, 

respectively. For this purpose, the reaction of 4-methylthiazole (2a), and 2-bromonaphthalene (2b) 

was analyzed with 0.1 mol% of the complexes for obtaining the most suitable base, solvent, and 

acid combination (Table 4.1). In the first twelve experiments (Table 4.1, entry 1-12), we applied 

pivalic acid (PivOH) and altered the base and solvent for optimizing the conditions. Ni X-1  
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Table 4.1. Optimization of base, solvent, and acida 

 

entry base solvent  acid 
yield (%)b (Ni 

X-1 / Pd X-1) 

1 K2CO3 DMF PivOH 51 / 39 

2 K3PO4 DMF PivOH 68 / 55 

3 NaOH DMF PivOH 43 / 51 

4 K2CO3 H2O PivOH 34 / 49 

5 K3PO4 H2O PivOH 40 / 46 

6 NaOH H2O PivOH 57 / 51 

7 K2CO3 MeCN PivOH 58 / 51 

8 K3PO4 MeCN PivOH 42 / 58 

9 NaOH MeCN PivOH 19 / 76 

10 K2CO3 1,4-dioxane PivOH 53 / 71 

11 K3PO4 1,4-dioxane PivOH 47 / 43 

12 NaOH 1,4-dioxane PivOH 56 / 66 

13 K3PO4 DMF PhCOOH 53 / 45 

14 NaOH MeCN PhCOOH 48 / 37 

aReaction conditions: 4-methylthiazole (1.5 mmol), 2-acetyl-5-

bromothiophene (1 mmol), base (1.5 mmol), 0.1 mol% of  Ni X-1 or 

Pd X-1, solvent (6 mL), PivOH (0.2 mmol) for 6 h at 40 °C. bIsolated 

yields from column chromatography.  

afforded the best yields having K3PO4 and DMF (Table 4.1, entry 2). On the other hand, NaOH, 

and MeCN produced the highest yield for Pd X-1 (Table 4.1, entry 9). Subsequently, additional 

two experiments were performed with benzoic acid; however, the yields for both catalytic systems 

did not improve. 

Another set of experiments were carried out for screening the reaction time, temperature, 

and the catalyst loading (Table 4.2). Keeping the catalyst loading at 0.1 mol%, three experiments 

were conducted by altering the temperature from 60-100 °C for six hours (Table 4.2, entry 1-3). 

The yields for Ni X-1 increased by raising the temperature from 40 to 80 °C; however, decreased  
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Table 4.2. Optimization of time, concentration of complex, and temperaturea 

 

entry time com (mol%) temp (°C) 
yield (%)b (Ni 

X-1 / Pd X-1) 

1 6 0.1 60 76 / 88 

2 6 0.1 80 85 / 77 

3 6 0.1 100 78 / - 

5 6 0.2 60 - / 82 

6 8 0.1 60 - / 96 

7 10 0.1 60 - / 78 

8 4 0.1 60 - / 71 

9 6 0.2 80 91 / - 

10 6 0.3 80 82 / - 

11 8 0.2 80 78 / - 

12 4 0.2 80 80/ - 

aReaction conditions: 4-methylthiazole (1.5 mmol), 2-acetyl-5-

bromothiophene (1 mmol), base (1.5 mmol), Ni X-1 or Pd X-1, 

solvent (6 mL), PivOH (0.2 mmol). bIsolated yields from column 

chromatography. Entry 5-8 for only Pd X-1; entry 9-12 for Ni X-1 

only.  

at 100 °C (Table 4.2, entry 1-3). Meanwhile, Pd X-1 experienced an increase in yield at 60 °C but 

decreased upon increasing the temperature at 80 °C (Table 4.2, entry 1 & 2). Increasing the catalyst 

loading to 0.2 mol%, the yield did not improve for Pd X-1 (Table 4.2, entry 5). Moreover, the 

highest yield was recorded by increasing the reaction time to eight hours having 0.1 mol% of 

complex Pd X-1 (Table 4.2, entry 6). Similar variations were performed for Ni X-1; however, the 

best yields were recorded by utilizing catalyst loading of 0.2 mol% for six hours at 80 °C (Table 

4.2, entry 8).  
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4.3.3 Evaluation of catalytic performance 

Arylated thiazoles are essential building blocks found in the biologically active natural 

products, drug molecules, agrochemicals, and novel optical materials.10-11 We have synthesized 

seven compounds from the 4-methylthiazole unit by applying four complexes (Figure 4.1).  

 

Figure 4.1. Evaluation of catalytic performance. 

Different aryl and heteroaryl bromides including nitrile, acetyl, and nitro functionalities 

were introduced for making the diaryl compounds. Pd X-2 afforded excellent yields (91-98%), 

whereas Pd X-1 provided good yields (78-96%). In addition, both Ni X-1 and Ni X-2 presented 

similar but lower yields (69-91%). For instance, introducing a bulky naphthalene unit for making 

the compound CD1, all the complexes produced nearly excellent yields. However, introducing 

reactive functionalities such as acetyl, nitro, and nitrile, the yields for Pd X-1, and Pd X-2 were 

better than the Ni X-1, and Ni X-2 (Scheme 2, CD2-CD5). These observations are also noticeable 

in compound CD6 and CD7 containing a bulkier anthracene and heteroaryl rings, respectively. 
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Percent buried volume (%VBur) has gained popularity for analyzing the reaction 

outcomes.34, 39-40 For investigating the differences in the catalytic performance, we have generated 

percent buried volume (%VBur) and topographic steric map of the synthesized α-diimine 

complexes from SambVca 2.1, a free web application designed by Falivene et al (Scheme 

4.1).40 Pd X-2 exhibits the highest buried volume (%VBur = 50.3) among the complexes. Pd X-

1 provides improved buried volume than the remaining two Ni complexes, Ni X-1 and Ni X-2. 

Additionally, both Pd complexes have a more desirable ligand bite angle than the Ni counterparts 

(Table 4.5 & 4.6). Consequently, in the seven synthesized compounds, Pd catalytic systems have 

generated nearly excellent yields compared to the Ni systems managing satisfactory yields. Higher 

steric bulk promotes catalytic performance in direct arylation.1-2, 25, 27-28 Moreover, a wider ligand 

bite angle is perceived to be advantageous in the transition metal-catalyzed C-C cross-coupling.34, 

41 Accordingly, Pd X-2, with the highest buried volume, has outperformed the remaining 

complexes.  

4.3.4 Expansion of Substrate Scope: Thiophene Derivatives 

We decided to continue our efforts for the expansion of substrate scope. Based on the 

catalytic performance from Figure 4.1, we decided to apply Ni X-1 and Ni X-1 as Pd and Ni-

catalyzed systems, respectively. In this purpose, different thiophene derivatives were applied for 

direct C-H bond arylation with various aryl and heteroaryl bromides (Figure 4.2). Aryl or 

heteroaryl thiophene building blocks have gained much recognition because of their unique 

physical or biological properties.42 Here, we have synthesized eight compounds carrying mono- or 

di-functionalities including acetyl, nitro, aldehyde, and nitrile groups. Notably, Pd X-2 provided 
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much higher yields (89-97%) than the catalytic system containing Ni X-1 (71-89%). For instance, 

bulky naphthalene units are incorporated with 2-substituted thiophene rings for making CD8 and  

 

Figure 4.2. Expansion of substrate scope: thiophene derivatives.  

CD9. In both compounds possessing reactive aldehyde or nitrile group did not reduce the catalytic 

performance of Pd X-2 (90-92%), whereas the Ni X-1 provided lower yields (82-85%). 

Biheteroaryls are another class of biaryl compounds that presents essential substructures in 

biologically active compounds.43 Moreover, low reactivity and the poisoning of the transition 

metal species by heteroatoms remains a persistent challenge in direct arylation for the coupling of 

heteroarenes and heteroaryl halides.44 In this interest to recognize the efficacy of our catalytic 

systems, we have employed 5-bromo-2-methylpyrimidine for synthesizing biheteroaryl 

compounds CD10 and CD11. Still, Pd X-2 maintained excellent yields (90-96%), whereas Ni X-

1 afforded much lower yields (79-80%). Moreover, the thiophene ring containing acetyl 

functionality was successfully coupled with a bulky naphthalene ring in CD12. Furthermore, three 

biaryl compounds possessing two reactive functional groups were synthesized for observing the 
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effectiveness of both catalytic systems (Figure 4.2, CD-13-CD15). Introducing two functional 

groups did not reduce the catalytic performance appreciably for Pd X-2 (89-90%); however, Ni 

X-1 continued to afford lesser yields (71-77%).  

 

Figure 4.3. Expansion of substrate scope: π-conjugated monomers 

4.3.5 Extension of Substrate Scope: π-Conjugated Monomers 

π-conjugated poly(hetero)arenes are widely studied functional materials for electrochromic 

and optoelectronic device fabrication.42 Here, we have synthesized π-conjugated poly(hetero)aryl 

compounds through double direct C-H bond arylation from five-membered heteroaromatics. 

Anthracene is a valuable supramolecular building block that provides a low electronic bandgap in 

OLED application.45 We have applied both Ni X-1 and Pd X-2 for synthesizing anthracene-based 
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poly(hetero)aryl compounds possessing thiazole or thiophene units (Figure 4.3, CD16 & CD17). 

Moreover, 1,4-dibromobenzene and 4,4'-dibromo-1,1'-biphenyl were successfully applied for 

producing the π-conjugated building blocks holding biologically active thiazole units (Figure 4.3, 

CD18 & CD19). Then, we devoted our efforts to synthesize valuable functional materials from 

3,4-ethylenedioxythiophene (EDOT). Traditionally, EDOT-based monomers are prepared by 

employing Kumada, Stille, Suzuki, and Heck cross-coupling reactions. Nonetheless, these 

methods are not atom economical and require time-consuming additional synthetic steps.5-6 We 

have introduced direct C-H arylation of EDOT for making six valuable π-conjugated monomers 

including acetyl, nitro, and aldehyde functionalities (Figure 4.3, CD20-CD25). In those 

compounds, Pd X-2 presented approximately excellent yields (89-96%), whereas Ni X-1 afforded 

lesser but satisfactory yields (79-89%). Especially, the ortho and para aldehyde group did not 

significantly affect the catalytic performance of Pd X-2, which continued to deliver excellent 

yields (91-94%). Notably, all these compounds were synthesized by precipitation method which 

significantly circumvented the time-consuming column chromatography.  

4.4 Conclusion  

We have demonstrated direct C-H bond arylation of various thiazole and thiophene 

derivatives through iminopyridine-based α‐diimine nickel (II) and palladium (II) complexes. Steric 

attributes of the complexes were correlated to the reaction outcomes by generating percent buried 

volumes and topographic steric maps. Both Ni and Pd catalytic systems were applied for 

investigating the substrate scope in producing biaryl building blocks holding various reactive 

functionalities. Moreover, valuable biheteroaryl compounds were successfully synthesized 

without degrading catalytic performance. Notably, π-conjugated poly(hetero)arenes were prepared 
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from five-membered heteroaromatics maintaining satisfactory to excellent yields. Consequently, 

α‐diimine frameworks have the potentiality to deliver transition metal-catalyzed systems as an 

alternative to other ligand-based counterparts.   

4.5 Experimental 

4.5.1 General Materials and Methods 

All the required chemicals were obtained from Sigma-Aldrich or Fisher Scientific and 

employed without additional purification unless specified. a 500 MHz Bruker AVANCE III 

spectrometer was operated having chloroform as the reference solvent for obtaining the 1H NMR 

and 13C NMR spectra. Synthesized α-diimine complexes were characterized by elemental analysis 

from utilizing Thermo FLASH 2000 CHN elemental analyzer. For collecting the ESI-MS data, a 

Waters ACQUITY UPLC M-Class was employed. To generate the percent buried volume and 

topographic steric maps of the synthesized α-diimine complexes, SambVca 2.1, a web tool, was 

used. All the reactions except for the synthesis of the α-diimine complexes were performed in air. 

 

4.5.2 Single-Crystal XRD Data Characterization 

A Bruker Kappa D8 Quest CPAD diffractometer having an Incoatec microfocus Mo Kα 

radiation source (λ = 0.71073 Å) was implemented for acquiring the single-crystal X-ray 

diffraction data. In addition, an Oxford Cryosystems cooler was applied including a Photon 100 

CMOS detector. Bruker APEX3 graphical interface and Bruker SAINT were applied for achieving 

the data reduction and cell refinement. Moreover, Bruker XPREP and SADABS were used to 

estimate the space group and multi-scan absorption correction, respectively. To solve and refine 

the structure, SHELXTL (intrinsic phasing method)46 and SHELXL201747 were applied, 
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respectively. The publCIF and ORTEP-3 used for the preparation of the crystallographic 

Information File (CIF). 

4.5.3 Steric Map and Percent Buried Volume 

For obtaining the percent buried volumes (%VBur) and topographic steric maps of the 

synthesized α-diimine complexes, SambVca 2.1 was applied.40 The web address for this freely 

available software is https://www.molnac.unisa.it/OMtools/sambvca2.1/index.html. CIF files of 

the synthesized α-diimine complexes or converted XYZ files were uploaded in that software 

having a mesh of 0.1 Å, bond radii scaled by 1.17, and the radius of the sphere as 3.5 Å. 

4.5.4. Synthesis of Iminopyridine Ligand N-(2-ethylphenyl)-1-(pyridin-2-yl)methanimine (L 

A-1) 

The ligand L A-1 was synthesized by adopting a procedure.34 In a one-ncek 100 mL flask, 

2-pyridinecarboxaldehyde (3.0 mL, 0.032 mol) and 2-ethylaniline (3.88 g, 0.032 mol) were mixed 

having anhydrous MgSO4 (120 mg, 1 mmol), and DMF (40 mL) as a solvent. The reaction mixture 

was stirred for ten hours at room temperature. After that, three extractions were performed with 40 

mL of ethyl acetate and 40 mL of distilled water. After drying the ethyl acetate layer with 

anhydrous MgSO4, the crude product was obtained by concentrating with the rotary evaporator. 

The final pure product was collected by employing silica gel column chromatography having n-

hexane as an eluent. The product was isolated as dark-orange oil (Yield = 5.24 g, 77.86 %). ESI-

MS m/z [M + H]+ = 211.0104 (calculated for C14H14N2, 211.0139). 1H NMR (500 MHz, CDCl3, 

300 K): δ (ppm): 8.70 (d, J = 4.15 Hz, 1H), 8.55 (s, 1H), 8.25 (d, J = 7.85 Hz, 1H), 7.78 (t, J = 

7.65 Hz, 1H), 7.34 (t, J = 6.05 Hz, 1H), 7.19 – 7.27 (m, 3H), 7.02 (d, J = 7.35 Hz, 1H), 2.83 (q, J = 

7.45 Hz, 2H), 1.22 (t, J = 7.55 Hz, 3H).  
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4.5.5 Synthesis of Iminopyridine Ligand N-(2,3-dimethylphenyl)-1-(pyridin-2-

yl)methanimine (L A-2)48  

The ligand L A-2 was synthesized by employing the above procedure having from the 

reaction between 2-pyridinecarboxaldehyde (3.0 mL, 0.032 mol) and 2,3-dimethylaniline (3.88 g, 

0.032 mol). The pure product was isolated as dark-yellow oil (Yield = 6.01 g, 89.35 %). ESI-MS 

m/z [M+H]+ = 211.0183 (calculated for C14H14N2 = 211.0139). 1H NMR (500 MHz, CDCl3, 300 

K), δ (ppm): 8.70 (d, J = 4.2 Hz, 1H), 8.51 (s, 1H), 8.27 (d, J = 7.9 Hz, 1H), 7.81 (t, J = 7.55 Hz, 

1H), 7.36 (q, J = 3.7, 1H), 7.14 (t, J = 7.60 Hz, 1H), 7.08 (d, J = 7.35 Hz, 1H), 6.88 (d, J = 7.60 

Hz, 1H), 2.33 (d, J = 3.50 Hz, 6H). 

4.5.6 Synthesis of the Iminiopyridine Bis-Ligated Nickel(II) Complex (Ni X-1) 

Complex Ni X-1 was synthesized by adopting a procedure. NiCl2(DME) (219.72 mg, 1 

mmol) was transferred to a one-neck 50 mL flask having a magnetic stirrer. Before adding the 

ligand L A-1 (420.56 mg, 2 mmol) dissolved in dichloromethane (20 mL), the flask was purged 

with nitrogen. After stirring at room temperature for 24 hours, the precipitated solid was filtered 

and subsequently washed with petroleum ether (40 mL) and hexane (40 mL). The pure product 

was isolated as a light green solid after drying under vacuum for 24 hours (Yield = 480.17 mg, 

87.28 %). Elemental analysis: calculated for C28H28Cl2N4Ni: C, 61.13; H, 5.13; N, 10.18. Found: 

C, 61.23; H, 5.01; N, 10.27. Acetonitrile was applied as a solvent for growing the single crystal 

for XRD analysis. A saturated solution of the complex was formed, and it was slowly evaporated 

over one week. Crystal size: 0.18 × 0.16 × 0.16 mm3; crystal shape: fragment; crystal color: yellow. 
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4.5.7 Synthesis of the Iminiopyridine Bis-Ligated Nickel(II) Complex (Ni X-2) 

The complex Ni X-2 was synthesized by employing the above procedure having the 

reaction between NiCl2(DME) (219.72 mg, 1 mmol) and the ligand L A-2 (420.56 mg, 2 mmol). 

Dark-green solid (Yield = 427.50 mg, 78.20 %). Elemental analysis: calculated for C28H28Cl2N4Ni: 

C, 61.13; H, 5.13; N, 10.18. Found: C, 61.02; H, 5.21; N, 10.06. Acetonitrile was applied as a 

solvent for growing the single crystal for XRD analysis. A saturated solution of the complex was 

formed, and it was slowly evaporated over one week. Crystal size: 0.14 × 0.14 × 0.02 mm3; crystal 

shape: plate; crystal color: yellow. 

4.5.8 Synthesis of the Iminopyridine Palladium(II) Complex (Pd X-1) 

Complex Pd X-1 was synthesized by adopting a procedure. PdCl2(cod) (200 mg, 0.7 

mmol) was transferred to a one-neck 50 mL flask having a magnetic stirrer. Before adding the 

ligand L A-1 (210.28 mg, 1 mmol) dissolved in dichloromethane (20 mL), the flask was purged 

with nitrogen. After stirring at room temperature for 8 hours, the precipitated solid was filtered and 

subsequently washed with petroleum ether (40 mL) and hexane (40 mL). The pure product was 

isolated as a light orange solid after drying under vacuum for 24 hours (Yield = 355.4 mg, 92.14 

%). Elemental analysis: calculated for C14H14Cl2N2Pd: C, 43.38; H, 3.64; N, 7.23. Found: C, 43.49; 

H, 3.57; N, 7.31. Dimethylformamide was applied as a solvent for growing the single crystal for 

XRD analysis. A saturated solution of the complex was formed, and it was slowly evaporated over 

one week. Crystal size: 0.49 × 0.12 × 0.02 mm3; crystal shape: blade; crystal color: orange. 

4.5.9 Synthesis of the Iminopyridine Palladium(II) Complex (Pd X-2) 

The complex Pd X-2 was synthesized by employing the above procedure having the 

reaction between PdCl2(cod) (200 mg, 0.7 mmol) and the ligand L A-2 (210.28 mg, 1 mmol). 
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Orange solid (Yield = 345.45 mg, 89.50 %). Elemental analysis: calculated for C14H14Cl2N2Pd: C, 

43.38; H, 3.64; N, 7.23. Found: C, 43.41; H, 3.72; N, 7.16. Dimethylformamide was applied as a 

solvent for growing the single crystal for XRD analysis. A saturated solution of the complex was 

formed, and it was slowly evaporated over one week. Crystal size: 0.20 × 0.16 × 0.12 mm3; crystal 

shape: block; crystal color: orange. 

4.5.10 General Procedure for Nickel-Catalyzed Direct Arylation 

All the reactions were performed in air. A 25 mL one-neck round bottom flask was 

equipped with a condenser. For the single  C-H activation, the reaction setup was maintained with 

heteroaryl derivative (1.5 mmol), aryl halide (1 mmol), DMF (6 mL), K3PO4 (1.5 mmol), 0.2 mol% 

of Ni X-1 or Ni X-2, and PivOH (0.2 mmol). The reaction mixture was stirred for six hours at 80 

°C. For the double C-H activation with bis-halogenated aromatics, the reaction setup was 

maintained with heteroaryl derivative (2.5 mmol), aryl halide (1 mmol), DMF (6 mL), K3PO4 (3 

mmol), 0.4 mol% of Ni X-1, and PivOH (0.4 mmol). The reaction mixture was stirred for six hours 

at 80 °C. For the double C-H activation with mono-halogenated aromatics, the reaction setup was 

maintained with heteroaryl derivative (1 mmol), aryl halide (2.5 mmol), DMF (6 mL), K3PO4 (3 

mmol), 0.4 mol% of Ni X-1, and PivOH (0.4 mmol). The reaction mixture was stirred for six hours 

at 80 °C. After that, the reaction mixture was cooled to the room temperature and it was poured 

into a 100 mL beaker containing 40 mL of water. Three extractions were carried out with 20 mL 

of ethyl acetate and 20 mL of water. The ethyl acetate layer was dried over anhydrous MgSO4 and 

concentrated through rotary evaporation for obtaining the crude product. The pure product was 

obtained by either precipitation or using silica gel (200−300 mesh) column chromatography.  
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4.5.11 General Procedure for Palladium-Catalyzed Direct Arylation 

All the reactions were performed in air. A 25 mL one-neck round bottom flask was 

equipped with a condenser. For the single C-H activation, the reaction setup was maintained with 

heteroaryl derivative (1.5 mmol), aryl halide (1 mmol), MeCN (6 mL), NaOH (1.5 mmol), 0.1 

mol% of Pd X-1 or Pd X-2, and PivOH (0.2 mmol). The reaction mixture was stirred for eight 

hours at 60 °C. For the double C-H activation with bis-halogenated aromatics, the reaction setup 

was maintained with heteroaryl derivative (2.5 mmol), aryl halide (1 mmol), MeCN (6 mL), NaOH 

(3 mmol), 0.2 mol% of Pd X-2, and PivOH (0.4 mmol). The reaction mixture was stirred for eight 

hours at 60 °C. For the double C-H activation with mono-halogenated aromatics, the reaction setup 

was maintained with heteroaryl derivative (1 mmol), aryl halide (2.5 mmol), MeCN (6 mL), NaOH 

(3 mmol), 0.2 mol% of Pd X-2, and PivOH (0.4 mmol). The reaction mixture was stirred for eight 

hours at 60 °C. After that, the reaction mixture was cooled to the room temperature and it was 

poured into a 100 mL beaker containing 40 mL of water. Three extractions were carried out with 

20 mL of ethyl acetate and 20 mL of water. The ethyl acetate layer was dried over anhydrous 

MgSO4 and concentrated through rotary evaporation for obtaining the crude product. The pure 

product was obtained by either precipitation or using silica gel (200−300 mesh) column 

chromatography.  

4.6 Characterization of the Synthesized Direct Arylated Compounds 

4-methyl-5-(naphthalen-2-yl)thiazole (CD1). Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 10:1 (v/v). Colorless oil. Yield: 205.1 mg, 91% (Ni X-1); 

200.5 mg, 89% (Ni X-2); 216.3 mg, 96% (Pd X-1); 220.80 mg, 98% (Pd X-2). ESI-MS m/z [M + 

H]+ = 226.0021 (calculated for C14H11NS, 226.0087). 1H NMR (500 MHz, CDCl3, 300 K): δ 
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(ppm): 8.73 (s, 1H), 7.91 – 7.86 (m, 4H), 7.56 – 7.51 (m, 3H), 2,61 (s, 3H). 13C NMR (500 MHz, 

CDCl3, 300 K), δ (ppm): 150.56, 148.85, 133.32, 132.71, 132.08, 129.42, 128.48, 128.40, 128.07, 

127.80, 127.16, 126.76, 126.61, 30.93. 

1-(5-(4-methylthiazol-5-yl)thiophen-2-yl)ethan-1-one (CD2). Silica gel column 

chromatography having eluent as n-hexane and ethyl acetate of 10:1 (v/v). Light brown solid. 

Yield: 185.3 mg, 99% (Ni X-1); 183.2 mg, 82% (Ni X-1); 196.5 mg, 96% (Pd X-1); 205.4 mg, 

92% (Pd X-2). ESI-MS m/z [M + H]+ = 224.0035 (calculated for C10H9NOS2, 224.0047). 1H NMR 

(500 MHz, CDCl3, 300 K): δ (ppm): 8.65 (s, 1H), 7.60 (d, J = 4 Hz, 1H), 7.12 (d, J = 4 Hz, 1H), 

2.63 (s, 3H), 2.53 (s, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 190.43, 151.09, 150.81, 

144.20, 141.83, 132.85, 127.55, 125.16, 26.65, 17.03.  

4-methyl-5-(4-nitrophenyl)thiazole (CD3).14 Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 10:1 (v/v). Colorless oil. Yield: 191.6 mg, 87% (Ni X-1); 

187.2 mg, 85% (Ni X-2); 200.4 mg, 91% (Pd X-1); 209.2 mg, 95% (Pd X-2). ESI-MS m/z [M + 

H]+ = 221.0121 (calculated for C10H8N2O2S, 221.0147). 1H NMR (500 MHz, CDCl3, 300 K): δ 

(ppm): 8.76 (s, 1H), 8.25 (d, J = 10 Hz, 2H), 7.59 (d, J = 10 Hz, 2H), 2,57 (s, 3H). 13C NMR (500 

MHz, CDCl3, 300 K), δ (ppm): 151.89, 150.46, 147.14, 138.88, 129.87, 129.81, 124.09, 16.48. 

4-(4-methylthiazol-5-yl)benzonitrile (CD4).27 Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 10:1 (v/v). Light brown oil. Yield: 144.1 mg, 72% (Ni X-

1); 138.1 mg, 69% (Ni X-2); 176.2 mg, 88% (Pd X-1); 188.2 mg, 94% (Pd X-2). ESI-MS m/z [M 

+ H]+ = 201.0101 (calculated for C11H8N2S, 201.0059). 1H NMR (500 MHz, CDCl3, 300 K): δ 

(ppm): 8.74 (s, 1H) 7.69 (d, J = 10 Hz, 2H), 7.54 (d, J = 5 Hz, 2H), 2.55 (s, 3H). 13C NMR (500 
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MHz, CDCl3, 300 K), δ (ppm): 151.63, 150.08, 136.90, 132.56, 130.17, 129.77, 118.50, 111.58, 

16.39. 

1-(4-(4-methylthiazol-5-yl)phenyl)ethan-1-one (CD5).27 Silica gel column 

chromatography having eluent as n-hexane and ethyl acetate of 10:1 (v/v). Light yellow oil. Yield: 

171.6 mg, 79% (Ni X-1); 165.1 mg, 76% (Ni X-2); 195.5 mg, 90% (Pd X-1); 199.9 mg, 92% (Pd 

X-2). ESI-MS m/z [M + H]+ = 218.0109 (calculated for C12H11NOS, 218.0123). 1H NMR (500 

MHz, CDCl3, 300 K): δ (ppm): 8.70 (s, 1H), 7.97 (d, J = 5 Hz, 2H), 7.50 (d, J = 10 Hz, 2H), 2.59 

(s, 3H), 2.54 (s, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 197.28, 151.17, 149.59, 

136.83, 136.22, 130.90, 129.29, 128.77, 26.64, 16.38. 

5-(anthracen-9-yl)-4-methylthiazole (CD6). Silica gel column chromatography having 

eluent as n-hexane and ethyl acetate of 10:1 (v/v). Light yellow solid. Yield: 239.5 mg, 87% (Ni 

X-1); 245.1 mg, 89% (Ni X-2); 250.5 mg, 91% (Pd X-1); 264.3 mg, 96% (Pd X-2). ESI-MS m/z 

[M + H]+ = 276.0019 (calculated for C18H13NS, 276.0026). 1H NMR (500 MHz, CDCl3, 300 K): 

δ (ppm): 9.03 (s, 1H), 8.57 (s, 1H), 8.06 (d, J = 8 Hz, 2H), 7.66 (d, J = 8.5 Hz, 2H), 7.51 – 7.44 

(m, 4H), 2.16 (s, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 152.99, 152.55, 131.84, 

131.44, 128.80, 128.76, 126.60, 125.93, 125.92, 124.67, 15.50.  

4-methyl-5-(2-methylpyrimidin-5-yl)thiazole (CD7). Silica gel column chromatography 

having eluent as n-hexane and ethyl acetate of 10:1 (v/v). Colorless oily liquid. Yield: 147.2 mg, 

77% (Ni X-1); 135.7 mg, 71% (Ni X-2); 149.1 mg, 78% (Pd X-1); 174.1 mg, 91% (Pd X-2). ESI-

MS m/z [M + H]+ = 192.0128 (calculated for C9H9N3S, 192.0113). 1H NMR (500 MHz, CDCl3, 

300 K): δ (ppm): 8.77 (s, 1H), 8.70 (s, 2H), 2.77 (S, 3H), 2.52 (s, 3H). 13C NMR (500 MHz, CDCl3, 

300 K), δ (ppm): 167.55, 156.51, 151.89, 150.78, 124.65, 123.64, 25.89, 15.99. 
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5-(naphthalen-2-yl)thiophene-2-carbaldehyde (CD8).49 Silica gel column 

chromatography having eluent as n-hexane and ethyl acetate of 10:1 (v/v). Light yellow solid. 

Yield: 195.4 mg, 82% (Ni X-1); 214.4 mg, 90% (Pd X-2). ESI-MS m/z [M + H]+ = 239.0152 

(calculated for C15H10OS, 239.0123). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 9.92 (s, 1H), 

8.15 (s, 1H), 7.90 – 7.88 (m, 2H), 7.86 – 7.84 (m, 1H), 7.78 – 7.75 (m, 2H) 7.54 – 7.52 (m, 3H). 

13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 182.87, 154.48, 142.72, 137.56, 133.73, 133.51, 

130.54, 129.16, 128.54, 127.95, 127.16, 127.14, 125.79, 124.51, 124.13. 

5-(naphthalen-1-yl)thiophene-2-carbonitrile (CD9).12 Silica gel column 

chromatography having eluent as n-hexane and ethyl acetate of 10:1 (v/v). Light yellow solid. 

Yield: 200.1 mg, 85% (Ni X-1); 216.4 mg, 92% (Pd X-2). ESI-MS m/z [M + H]+ = 236.0083 

(calculated for C15H9NS, 236.0089). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.18 (d, J = 10 

Hz, 1H), 7.92 - 7.89 (m, 2H), 7.62 (d, J = 5 Hz, 1H), 7.58 – 7.49 (m, 4H), 7.22 (d, J = 5 Hz, 1H) . 

13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 163.90, 147.90, 137.42, 133.97, 131.58, 131.43, 

129.76, 129.45, 128.61, 128.45, 128.21, 126.99, 126.41, 125.43, 125.35. 

5-(2-methylpyrimidin-5-yl)thiophene-2-carbonitrile (CD10). Silica gel column 

chromatography having eluent as n-hexane and ethyl acetate of 10:1 (v/v). Light brown solid. 

Yield: 158.9 mg, 79% (Ni X-1); 193.2 mg, 96% (Pd X-2). ESI-MS m/z [M + H]+ = 202.0074 

(calculated for C10H7N3S, 202.0039). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.84 (s, 2H), 

7.65 (d, J = 5 Hz, 1H), 7.33 (d, J = 5 Hz, 1H), 2.77 (s, 3H). 13C NMR (500 MHz, CDCl3, 300 K), 

δ (ppm): 168.91, 154.19, 144.01, 138.59, 124.94, 123.90, 113.63, 110.50, 25.97. 

1-(5-(2-methylpyrimidin-5-yl)thiophen-2-yl)ethan-1-one (CD11). Silica gel column 

chromatography having eluent as n-hexane and ethyl acetate of 10:1 (v/v). Light brown solid. 
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Yield: 174.6 mg, 80% (Ni X-1); 196.4 mg, 90% (Pd X-2). ESI-MS m/z [M + H]+ = 219.0128 

(calculated for C11H10N2OS, 219.0176). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.87 (s, 

2H), 7.68 (d, J = 5 Hz, 1H), 7.36 (d, J = 5 Hz, 1H), 2.76 (s, 3H), 2.57 (s, 3H). 13C NMR (500 MHz, 

CDCl3, 300 K), δ (ppm): 190.39, 168.40, 154.05, 145.12, 144.75, 133.33, 125.44, 124.83, 26.77, 

25.96. 

    1-(5-(naphthalen-2-yl)thiophen-2-yl)ethan-1-one (CD12).50 Silica gel column 

chromatography having eluent as n-hexane and ethyl acetate of 20:1 (v/v). Light brown solid. 

Yield: 224.5 mg, 89% (Ni X-1); 244.7 mg, 97% (Pd X-2). ESI-MS m/z [M + H]+ = 253.0081 

(calculated for C16H12OS, 253.0048). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.13 (s, 1H), 

7.87 (d, J = 5 Hz, 2H), 7.85 – 7.83 (m, 1H), 7.76 – 7.74 (m, 1H), 7.69 (d, J = 5 Hz, 1H), 7.52 – 

7.50 ( m, 2H), 7.44 (d, J = 5 Hz, 1H), 2.59 (s, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

190.66, 152.96, 143.38, 133.64, 133.56, 130.84, 129.05, 128.47, 127.92, 127.04, 126.95, 125.47, 

124.33, 124.16, 26.74.  

5-(4-acetylphenyl)thiophene-2-carbonitrile (CD13).51 Silica gel column 

chromatography having eluent as n-hexane and ethyl acetate of 30:1 (v/v). Light orange solid. 

Yield: 165.9 mg, 73% (Ni X-1); 202.2 mg, 89% (Pd X-2). ESI-MS m/z [M + H]+ = 228.0063 

(calculated for C13H9NOS, 228.0071). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.99 (d, J = 

10 Hz, 2H), 7.67 (d, J = 10 Hz, 2H), 7.61 (d, J = 5 Hz, 1H), 7.37 (d, J = 5 Hz, 1H), 2.62 (s, 3H). 

13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 197.12, 150.12, 138.55, 137.47, 136.46, 129.42, 

126.53, 124.68, 114.08, 109.83, 26.74. 

1,1'-([2,2'-bithiophene]-5,5'-diyl)bis(ethan-1-one) (CD14).52 Pure product was obtained 

by precipitation method. n-hexane was added to a concentrated dichloromethane solution followed 
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by filtering and washing with n-hexane. Light red solid. Yield: 192.7 mg, 77% (Ni X-1); 225.2 

mg, 90% (Pd X-2). ESI-MS m/z [M + H]+ = 251.0064 (calculated for C12H10O2S2, 251.0078). 1H 

NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.60 (d, J = 5 Hz, 2H), 7.29 (d, J = 5 Hz, 2H), 2.56 (s, 

6H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 190.46, 144.44, 144.14, 133.27, 126.10, 26.76. 

5-(4-nitrophenyl)thiophene-2-carbaldehyde (CD15). Pure product was obtained by 

precipitation method. n-hexane was added to a concentrated dichloromethane solution followed 

by filtering and washing with n-hexane. Light orange solid. Yield: 165.6 mg, 71% (Ni X-1); 209.9 

mg, 90% (Pd X-2). ESI-MS m/z [M + H]+ = 234.0254 (calculated for  C11H7NO3S, 234.0187). 1H 

NMR (500 MHz, CDCl3, 300 K): δ (ppm): 9.95 (s, 1H), 8.29 (d, J = 10 Hz, 2H), 7.84 – 7.80 (m, 

3H), 7.54 (d, J = 5 Hz, 1H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 182.83, 150.54, 148.08, 

144.73, 139.21, 137.12, 127.15, 126.44, 124.72.  

5,5'-(anthracene-9,10-diyl)bis(thiophene-2-carbonitrile) (CD16). Pure product was 

obtained by precipitation method. n-hexane was added to a concentrated dichloromethane solution 

followed by filtering and washing with n-hexane. Light orange solid. Yield: 294.3 mg, 75% (Ni 

X-1); 353.2 mg, 90% (Pd X-2). ESI-MS m/z [M + H]+ = 237.0033 (calculated for C24H12N2S2, 

237.0067). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 7.87 (d, J = 5 Hz, 2H), 7.78 – 7.76 (m, 

4H), 7.51 – 7.49 (m, 4H), 7.25 (t, J = 5 Hz, 2H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 

146.74, 137.88, 131.17, 130.23, 128.23, 126.93, 126.11, 113.99, 111.67. 

9,10-bis(4-methylthiazol-5-yl)anthracene (CD17). Pure product was obtained by 

precipitation method. n-hexane was added to a concentrated dichloromethane solution followed 

by filtering and washing with n-hexane. Light orange solid. Yield: 290.5 mg, 78% (Ni X-1); 331.5 

mg, 89% (Pd X-2). ESI-MS m/z [M + H]+ = 373.0169 (calculated for C22H16N2S2, 373.0132). 1H 
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NMR (500 MHz, CDCl3, 300 K): δ (ppm): 9.06 (s, 2H), 7.74 – 7.71 (m, 4H), 7.47 – 7.45 (m, 4H), 

2.23 (s, 3H), 2.19 (s, 3H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 153.23, 153.20, 152.76, 

152.66, 131.49, 126.54, 126.39, 15.61, 15.54. 

1,4-bis(4-methylthiazol-5-yl)benzene (CD18).10 Pure product was obtained by 

precipitation method. n-hexane was added to a concentrated dichloromethane solution followed 

by filtering and washing with n-hexane. Light red solid. Yield: 239.6 mg, 88% (Ni X-1); 250.5 

mg, 92% (Pd X-2). ESI-MS m/z [M + H]+ = 273.0112 (calculated for C14H12N2S2, 273.0147). 1H 

NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.70 (s, 2H), 7.50 (s, 4H), 2.58 (s, 6H). 13C NMR (500 

MHz, CDCl3, 300 K), δ (ppm): 150.64, 149.00, 131.71, 131.36, 129.62, 16.32. 

4,4'-bis(4-methylthiazol-5-yl)-1,1'-biphenyl (CD19). Pure product was obtained by 

precipitation method. n-hexane was added to a concentrated dichloromethane solution followed 

by filtering and washing with n-hexane. Light red solid. Yield: 282.2 mg, 81% (Ni X-1); 331.0 

mg, 95% (Pd X-2). ESI-MS m/z [M + H]+ = 349.0061 (calculated for C20H16N2S2, 349.0097). 1H 

NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.71 (s, 2H), 7.68 (d, J = 10 Hz, 4H),7.54 (d, J = 10 

Hz, 4H), 2.60 (s, 6H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 150.54, 148.87, 139.93, 

131.65, 131.46, 129.90, 127.42, 16.37. 

5,7-di(naphthalen-2-yl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (CD20). Pure product 

was obtained by precipitation method. n-hexane was added to a concentrated dichloromethane 

solution followed by filtering and washing with n-hexane. Light green solid. Yield: 335.3 mg, 85% 

(Ni X-1); 378.7 mg, 96% (Pd X-2). ESI-MS m/z [M + H]+ = 395.0078 (calculated for C26H18O2S, 

395.0056). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.27 (s, 2H), 7.92 – 7.92 (m, 2H), 7.88 

– 7.81 (m, 6H), 7.50 – 7.43 (m, 4H), 4.44 (s, 4H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 
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139.24, 133.79, 132.36, 130.60, 128.30, 128.20, 127.79, 126.47, 125.84, 124.70, 124.58, 116.00, 

64.79. 

5,7-bis(4-nitrophenyl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (CD21).5 Pure product was 

obtained by precipitation method. n-hexane was added to a concentrated dichloromethane solution 

followed by filtering and washing with n-hexane. Dark orange solid. Yield: 303.6 mg, 79% (Ni X-

1); 342.1 mg, 89% (Pd X-2). ESI-MS m/z [M + H]+ = 385.0205 (calculated for C18H12N2O6S, 

385.0118). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.24 (d, J = 5 Hz, 4H), 7.91 (d, J = 10 

Hz, 4H), 4.47 (s, 4H). 

5,7-bis(2-methylpyrimidin-5-yl)-2,3-dihydrothieno[3,4-b][1,4]dioxine (CD22). Pure 

product was obtained by precipitation method. n-hexane was added to a concentrated 

dichloromethane solution followed by filtering and washing with n-hexane. Light yellow solid. 

Yield: 290.4 mg, 89% (Ni X-1); 300.2 mg, 92% (Pd X-2). ESI-MS m/z [M + H]+ = 327.0092 

(calculated for C16H14N4O2S, 327.0075). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 8.95 (s, 

4H), 4.40 (s, 4H), 2,74 (s, 6H). 13C NMR (500 MHz, CDCl3, 300 K), δ (ppm): 165.88, 153.45, 

140.07, 124.08, 109.82, 64.72, 25.74. 

2,2'-(2,3-dihydrothieno[3,4-b][1,4]dioxine-5,7-diyl)dibenzaldehyde (CD23). Pure 

product was obtained by precipitation method. n-hexane was added to a concentrated 

dichloromethane solution followed by filtering and washing with n-hexane. Dark orange solid. 

Yield: 266.2 mg, 76% (Ni X-1); 329.3 mg, 94% (Pd X-2). ESI-MS m/z [M + H] + = 351.0251 

(calculated for C20H14O4S, 351.0187). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 10.16 (s, 2H), 

8.03 (d, J = 5 Hz, 2H), 7.66 (t, J = 5 Hz, 2H), 7.54 – 7.49 (m, 4H), 4.25 (s, 4H). 13C NMR (500 
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MHz, CDCl3, 300 K), δ (ppm): 192.03, 138.77, 134.65, 134.00, 133.86, 131.25, 128.57, 128.05, 

114.04, 64.83. 

4,4'-(2,3-dihydrothieno[3,4-b][1,4]dioxine-5,7-diyl)dibenzaldehyde (CD24).53 Pure 

product was obtained by precipitation method. n-hexane was added to a concentrated 

dichloromethane solution followed by filtering and washing with n-hexane. Light orange solid. 

Yield: 304.8 mg, 87% (Ni X-1); 318.8 mg, 91% (Pd X-2). ESI-MS m/z [M + H] + = 312.0210 

(calculated for C20H14O4S, 351.0187). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 9.99 (s, 2H), 

7.93 (d, J = 10 Hz, 4H), 7.88 (d, J = 10 Hz, 4H), 4.45 (s, 4H). 13C NMR (500 MHz, CDCl3, 300 

K), δ (ppm): 191.57, 140.71, 138.67, 134.61, 130.35, 126.36, 116.53, 64.82. 

1,1'-((2,3-dihydrothieno[3,4-b][1,4]dioxine-5,7-diyl)bis(4,1-phenylene))bis(ethan-1-

one) (CD25). Pure product was obtained by precipitation method. n-hexane was added to a 

concentrated dichloromethane solution followed by filtering and washing with n-hexane. Light 

orange solid. Yield: 314.1 mg, 83% (Ni X-1); 359.5 mg, 95% (Pd X-2). ESI-MS m/z [M + H]+ = 

379.0048 (calculated for C22H18O4S, 379.0083). 1H NMR (500 MHz, CDCl3, 300 K): δ (ppm): 

7.97 (d, J = 10 Hz, 4H), 7.86 (d, J = 10 Hz, 4H), 4.44 (s, 4H), 2.62 (s, 6H). 13C NMR (500 MHz, 

CDCl3, 300 K), δ (ppm): 197.42, 140.33, 137.40, 135.16, 128.98, 125.93, 116.20, 64.78, 26.65. 

 

4.7 Supporting Information 
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Figure 4.4. 1H NMR spectrum of ligand L A-1.

Figure 4.5. 1H NMR spectrum of ligand L A-2. 
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Figure 4.6. Unit cell representation of complex Ni X-1. 
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Figure 4.7. Unit cell representation of complex Ni X-2. 
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Figure 4.8. Unit cell representation of complex Pd X-1. 
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Figure 4.9. Unit cell representation of complex Pd X-2. 
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Table 4.3. Crystal data, data col lection and refinement for complex Ni X-1 and Ni X-2. 

Complexes Ni X-1 Ni X-2 

Crystallized 

from 

CH3CN CH3CN 

Chemical 

formula 

C28H28Cl2N4Ni C28H28Cl2N4Ni·0.601(C2H3N) 

Formula 

weight [g mol-

1] 

550.15 574.84 

Crystal color, 

habit 

Yellow, 

Fragment 

Yellow, Plate 

Crystal size 

(mm3) 

0.18 × 0.16 × 

0.16 

0.14 × 0.14 × 0.02 

T (K) 100 100 

Crystal system Monoclinic Orthorhombic 

Space group P21/c Pbcn 

a, b, c (Å) 12.196 (3), 

13.347 (3), 8.298 

(2) 

23.142 (8), 15.323 (5), 15.564 (4) 

α, β, γ (°) β = 109.844 (11) 

V (Å3) 1270.7 (6) 5519 (3) 

Z 2 8 

Dx (Mg m-3) 1.438 1.384 

μ (Mo-Kα) 

(mm−1) 

1.00 0.92 

F (000), θ 

range (°) 

572, 2.3–30.5 2394, 2.6–30.5 

No. of 

measured, 

independent 

and observed 

[I > 2σ(I)] 

reflections 

46578, 3876, 

3538 

136290, 8429, 7736 

Rint 0.035 0.097 

Δρmax, Δρmin (e 

Å−3) 

0.71, −0.39 0.94, −1.00 

No. of 

parameters 

161 342 

Refinement 

R[F2 > 2σ(F2)], 

wR(F2), S 

0.029, 0.074, 1.08 0.081, 0.158, 1.31 
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Table 4.4. Crystal data, data col lection and refinement for complex  Pd X-1 and Pd X-2. 

Complexes Pd X-1 Pd X-2 

Crystallized 

from 

DMF DMF 

Chemical 

formula 

C14H14Cl2N2Pd C14H14Cl2N2Pd 

Formula 

weight [g mol-

1] 

387.57 387.57 

Crystal color, 

habit 

Orange, Blade Orange, Block 

Crystal size 

(mm3) 

0.49 × 0.12 × 

0.02 

0.20 × 0.16 × 0.12 

T (K) 100 100 

Crystal system Orthorhombic Triclinic, 

Space group Pbca 

P
_
1   

a, b, c (Å) 5.7395 (17), 

13.363 (3), 

36.945 (9) 

7.935 (2), 9.451 (3), 10.083 (3) 

α, β, γ (°)  97.771 (12), 105.521 (10), 95.285 

(11) 

V (Å3) 2833.4 (13) 715.4 (4) 

Z 8 2 

Dx (Mg m-3) 1.817 1.799 

μ (Mo-Kα) 

(mm−1) 

1.67 1.66 

F (000), θ 

range (°) 

1536, 3.1–30.5 384, 2.2–30.5 

No. of 

measured, 

independent 

and observed 

[I > 2σ(I)] 

reflections 

 

63373, 4329, 

3652 

16360, 4349, 4017 

Rint 0.040 0.036 

Δρmax, Δρmin (e 

Å−3) 

 

0.97, −0.83 0.55, −0.77 

No. of 

parameters 

174 175 

Refinement 

R[F2 > 2σ(F2)], 

wR(F2), S 

 

0.030, 0.063, 1.19 0.024, 0.052, 1.06 
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Table 4.5. Selected bond lengths and angles for complexes Ni A-1 and Ni B-1. 

Complex Selected bond distances (Å) 

 

Selected bond angles [°] 

 

Ni X-1 Ni1—N1i 2.1133 (11), Ni1—N1 

2.1133 (11), Ni1—N2i 2.1380 (12), 

Ni1—N2 2.1380 (11), Ni1—Cl1 

2.3889 (7), Ni1—Cl1i 2.3890 (7) 

N1—Ni1—N2 78.15 (5), N1i—

Ni1—N2 101.85 (5), N1i—Ni1—

N2i 78.15 (5), N1—Ni1—N2i 

101.85 (5), Cl1—Ni1—Cl1i 

179.999 (15) 

Ni X-2 Ni1—N1 2.082 (3), Ni1—N3 2.092 

(3), Ni1—N2 2.127 (3), Ni1—N4 

2.128 (3), Ni1—Cl1 2.3893 (10), 

Ni1—Cl2 2.4239 (10) 

N1—Ni1—N2 77.95 (11), N3—

Ni1—N2 89.36 (10), N3—Ni1—

N4 78.18 (10), N1—Ni1—N4 

99.13 (10), Cl1—Ni1—Cl2 92.66 

(3) 

 

 

Table 4.6. Selected bond lengths and angles for complexes Pd A-1 and Pd B-1. 

Complex Selected bond distances (Å): 

Pd1—N1, Pd1—N2, Pd1—Cl2, 

Pd1—Cl1 

Selected bond angles [°]: 

N1—Pd1—N2, N1—Pd1—Cl2, 

N2—Pd1—Cl2, N1—Pd1—Cl1, 

N2—Pd1—Cl1, Cl2—Pd1—Cl1 

Pd X-1 2.025 (2), 2.045 (2), 2.2894 (8), 

2.2879 (8) 

80.89 (9), 174.53 (6), 94.71 (7), 

93.56 (6), 174.31 (6), 90.76 (3) 

Pd X-2 2.0221 (16), 2.0305 (16), 2.2727 

(8), 2.2945 (7) 

80.27 (6), 174.73 (5), 94.94 (5), 

94.71 (5), 173.69 (5), 90.21 (2) 
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Figure 4.10. 1H NMR spectrum of CD1.

 

Figure 4.11. 13C NMR spectrum of CD1. 



 

214 

Figure 4.12. 1H NMR spectrum of CD2.

 

Figure 4.13. 13C NMR spectrum of CD2. 
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Figure 4.14. 1H NMR spectrum of CD3.

Figure 4.15. 13C NMR spectrum of CD3.
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Figure 4.16. 1H NMR spectrum of CD4.

Figure 4.17. 13C NMR spectrum of CD4.
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Figure 4.18. 1H NMR spectrum of CD5.

Figure 4.19. 13C NMR spectrum of CD5.
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Figure 4.20. 1H NMR spectrum of CD6.

Figure 4.21. 13C NMR spectrum of CD6.



 

219 

Figure 4.22. 1H NMR spectrum of CD7.

Figure 4.23. 13C NMR spectrum of CD7.
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Figure 4.24. 1H NMR spectrum of CD8.

Figure 4.25. 13C NMR spectrum of CD8.
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Figure 4.26. 1H NMR spectrum of CD9.

Figure 4.27. 13C NMR spectrum of CD9.
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Figure 4.28. 1H NMR spectrum of CD10.

Figure 4.29. 13C NMR spectrum of CD10.



 

223 

Figure 4.30. 1H NMR spectrum of CD11.

Figure 4.31. 13C NMR spectrum of CD11.
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Figure 4.32. 1H NMR spectrum of CD12. 

Figure 4.33. 13C NMR spectrum of CD12.
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Figure 4.34. 1H NMR spectrum of CD13.

Figure 4.35. 13C NMR spectrum of CD13.
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Figure 4.36. 1H NMR spectrum of CD14.

Figure 4.37. 13C NMR spectrum of CD14.
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Figure 4.38. 1H NMR spectrum of CD15.

Figure 4.39. 13C NMR spectrum of CD15.
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Figure 4.40. 1H NMR spectrum of CD16.

Figure 4.41. 13C NMR spectrum of CD16.
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Figure 4.42. 1H NMR spectrum of CD17.

Figure 4.43. 13C NMR spectrum of CD17.
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Figure 4.44. 1H NMR spectrum of CD18.

Figure 4.45. 13C NMR spectrum of CD18.
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Figure 4.46. 1H NMR spectrum of CD19. 

Figure 4.47. 13C NMR spectrum of CD19.
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Figure 4.48. 1H NMR spectrum of CD20.

Figure 4.49. 13C NMR spectrum of CD20.
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Figure 4.50. 1H NMR spectrum of CD21.

Figure 4.51. 1H NMR spectrum of CD22.
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Figure 4.52. 13C NMR spectrum of CD22.

Figure 4.53. 1H NMR spectrum of CD23.
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Figure 4.54. 13C NMR spectrum of CD23.

Figure 4.55. 1H NMR spectrum of CD24.
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Figure 4.56. 13C NMR spectrum of CD24.

Figure 4.57. 1H NMR spectrum of CD25.
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Figure 4.58. 13C NMR spectrum of CD25. 
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