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1.1 Introduction  
Transition metal-catalyzed reactions play a pivotal role in the synthesis of organic 

molecules. Among these, cross-coupling reactions stand out as one of the most powerful 

C−C and C−Heteroatom bond forming strategies. In the last two decades, the use of the 

inert C−H bond as a reactive functional group has become an attractive alternative to cross-

coupling reactions as no pre-functionalization of the starting materials is required, which is 

key to the development of sustainable processes (Scheme 1). Furthermore, the C−H 

functionalization strategy offers new synthetic disconnections and the possibility of late-

stage functionalization.  

 
Scheme 1. Cross-coupling reactions vs. C−H functionalization reactions. / = organic fragments.  
 
Regardless of these advantages, the development of efficient C−H functionalization 

methodologies is challenging due to the low reactivity of the C−H bond resulting from its 

high pKa (>25) and bond dissociation values (85-133 kcal/mol).[1,2] Despite the general 

inertness of the C−H bond, various transition metals (TM),[3] such as Ru,[4] Rh,[5] Pd,[6] Ir,[7] 

Pt[8], Cu[9], Ni[10], Co[10], Fe[10] and Mn[11], can insert into the C−H bonds to form a metal 

complex C−TM, a process known as C−H metalation or C−H activation, that can further react 

to form the functionalized products. Among these transition metals, palladium is the most 

commonly used for C−H functionalization reactions due to its general stability towards air 

and moisture and its exceptional functional group tolerance, which allows the introduction 

of different functionalities.[3b,6b] In the following sub-sections of this introductory Chapter, 

we will focus on Pd-catalyzed C−H functionalization processes, as these are the most 

pertinent to this thesis. 
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1.2 Mechanisms of Pd-catalyzed C−H functionalization processes 
Two main reaction mechanisms have been proposed for the C−H activation step catalyzed 

by palladium: (I) the stepwise electrophilic palladation mechanism (Scheme 2a) and (II) a 

concerted metalation deprotonation (CMD) process (Scheme 2c).[12] The stepwise 

electrophilic palladation mechanism involves electrophilic aromatic substitution (SEAr), 

leading to the formation of the Wheland intermediate, followed by deprotonation with a 

base. This pathway is more likely to occur with electron-rich arenes and functionalization 

occurs at the most basic C−H bond.[12] The CMD mechanism, also known as ambiphilic 

metal-ligand activation (AMLA), is a concerted process. Therefore, a primary KIE is typically 

measured (usually > 2) as long as the C−H activation is the rate-limiting step. Furthermore, 

higher reactivity is observed for electron-poor substrates and functionalization typically 

occurs at the C−H bond with the lowest pKa.[12,13] Further, to explain some of the 

experimental observations, a continuum between the SEAr and CMD mechanisms has been 

proposed.[12b,14] This continuum was further defined by Carrow and co-workers in 2019, by 

introducing the term electrophilic CMD (eCMD)[15] and by the group of Ackermann using the 

term base-assisted internal electrophilic substitution (BIES) (Scheme 2b).[12b,16,17] Both terms 

describe an asynchronous concerted metalation deprotonation process with a polarized 

transition state.[15,16] All possible mechanisms for the C−H activation step require a base, 

often carboxylates, for the inter- or intramolecular abstraction of the proton.[12] 

 
Scheme 2. Reaction mechanisms of PdII-catalyzed C−H activation. = substrate. 

 

Regarding the catalytic cycle of the C−H functionalization, different catalytic cycles with 

different redox manifolds have been reported, including PdII/Pd0, PdII/PdIV and Pd0/PdII 

(Scheme 3).[6c] In the PdII/Pd0 catalytic cycle, the first step is the C−H activation by a PdII 

complex, followed by functionalization and reductive elimination, resulting in the formation 

of Pd0 species. Therefore, to close the catalytic cycle, an oxidant is required to recover the 

active PdII catalyst (Scheme 3a).[6b,12d] The PdII/PdIV catalytic cycle uses highly electrophilic 
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coupling partners, such as aryl and alkyl halides, halogenating agents and hypervalent 

iodines, which oxidize the PdII complex formed after the C−H activation step to high-energy 

PdIV species that undergo rapid reductive elimination resulting in the recovery of a Pd II 

species (Scheme 3b).[6b,6c,12d] The Pd0/PdII catalytic cycle initiates with the oxidative addition 

of an aryl halide to Pd0. The resulting PdII complex can undergo C−H activation, followed by 

functionalization and reductive elimination to recover Pd0 species (Scheme 3c).[6a,6c] Less 

common catalytic cycles such as those involving one-electron processes[12d,18] or bimetallic 

PdIII species are not discussed here.[18,19]  

 
Scheme 3. Possible catalytic cycles of Pd-catalyzed C−H functionalization. = arene substrate,  = introduced FG. 

1.3 Strategies for efficient C−H functionalization reactions 
Additional to the limitation of the low reactivity of C−H bonds (vide supra), a second main 

challenge is to control the selectivity in these processes as C−H bonds are ubiquitous in 

organic molecules. To overcome these limitations, the use of directing groups,[3d,6,20] 

mediators,[21] templates,[22] or ligands[23] have been proposed (Scheme 4). These 

approaches are discussed in detail in the following sub-sections. 
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Scheme 4. Overview of strategies for selective C(sp2)−H functionalization reactions. 

 

1.3.1 Directing group-assisted C−H functionalization 

1.3.1.1 ortho-Directed C−H functionalization 

The most common strategy to increase the reactivity and selectivity in C−H functionalization 

processes is the use of directing groups. Directing groups (DG) are Lewis basic functionalities 

attached to the substrate that coordinate to the Pd center, thereby guiding the catalyst in 

close proximity to a specific C−H bond. Over the past few decades, considerable effort has 

been devoted to the development of a variety of directing groups, and both C(sp2)−H and 

C(sp3)−H bonds are efficiently functionalized using this approach.[3,4,20] Some of the common 

reported directing groups are outlined in Scheme 5.[3,6b,20]  
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Scheme 5. Examples of DGs for C−H functionalization reactions. 

 

Some of the developed DGs are common functional groups in organic molecules, such as 

carboxylic acids or amides, and can therefore be part of the target molecule, these are 

referred to as native DGs.[24] On the other hand, if the DG is not part of the target molecule, 

extra synthetic steps are required to first install the DG and then remove it after the C−H 

functionalization, reducing the overall efficiency of the strategy.[3,6,20] 

To avoid adding two extra steps to the overall sequence, the use of transient DGs has 

emerged as a valuable alternative. Here, an organic fragment containing a Lewis base 

moiety reversibly binds to the substrate, which thereby can act as a DG. Mostly, this method 

is used for the reversible formation of imine moieties (Scheme 5d) and the DG can be used 

in catalytic amounts and no additional steps are required.[25] 

Regarding the site-selectivity of these processes, for arenes, the C−H activation typically 

occurs at the ortho-position by forming a favorable five- or six-membered palladacycle.[3,6b] 

Therefore, the majority of examples reported in the literature deal with the ortho-

functionalization of arenes, and only recently the functionalization of remote positions have 

been achieved. 
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1.3.1.2 Remote C−H functionalization via traceless DGs 

New strategies have been developed to achieve remote C−H functionalization. The use of 

carboxylic acids as traceless DGs has been elegantly exploited for remote C−H 

functionalization. Here, the carboxylic acid acts as an ortho-directing group, which is remove 

after functionalization via protodecarboxylation, resulting in functionalization at the meta- 

or para-position of the arene (Scheme 6).[26] Both the stepwise sequence[27,28] and the one-

pot procedure[29-32] have been reported, with the former using several catalytic systems 

based on Cu,[27,33,34] Ag,[35,36] Pd,[37–39] and Rh[40] for the protodecarboxylation. 

 
Scheme 6. Remote C−H functionalization via traceless DG strategy. 
 

Furthermore, a one-pot strategy that combines carboxylation with a sequence of arylation 

and decarboxylation for both phenols and fluoroarenes has been reported. For phenol 

substrates the carboxylation was achieved via the well-known Kolbe-Schmitt reaction, 

which was followed by arylation and decarboxylation in the same pot, via simple addition 

of the necessary reagents (Scheme 7a).[41] To carboxylate fluoroarenes, organolithium or 

Grignard reagents were quenched with CO2, and after simple evaporation of the solvent, 

reagents for arylation/decarboxylation were added, resulting in meta-arylated fluoroarenes 

(Scheme 7b).[42] 

 
Scheme 7. One-pot procedures of carboxylation, C−H arylation, decarboxylation. PEPPSI-iPr = [1,3-Bis(2,6-

Diisopropylphenyl)imidazol-2-ylidene](3-chloropyridyl)palladium(II)dichloride.  
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The decarboxylation strategy has also been applied to achieve the complementary site-

selectivity in heteroarenes.[43] Overall, the tandem reaction of carboxylate-directed ortho-

C−H functionalization and decarboxylation represents a valuable strategy to achieve remote 

C−H functionalization with high selectivity and good overall yield. Nevertheless, high 

temperatures are required to remove the carboxylate unit, limiting the group tolerance of 

the method. 

1.3.1.3 Remote C−H functionalization via Pd/NBE cooperative catalysis 

The remote C−H functionalization of arenes has been accomplished via the Pd/Norbornene 

(NBE) cooperative catalysis, known as the Catellani type reaction.[21] In the original Catellani 

reaction, the first step of the catalytic cycle involves the oxidative addition of Pd0 species to 

an aryl halide to form an aryl-PdII complex. Recently, the use of C−H bonds instead of the 

aryl halide, to form the aryl-PdII complex (I) has been reported in a type of modified Catellani 

reaction.[21] After the formation of the aryl-PdII complex (I), NBE insertion takes place 

positioning the palladium center close to the adjacent hydrogen, resulting after the C−H 

activation in the formation of the aryl-norbornylpalladacycle (ANP) (III) intermediate. 

Subsequently, an electrophile can react with the ANP complex via oxidative addition, which 

undergoes reductive elimination providing the functionalization at the meta-position. 

Finally, the NBE is expelled via β-carbon elimination and after proto-depalladation, the 

catalyst is recovered (Scheme 8).[21d,21e] 

 
Scheme 8. General catalytic cycle of directing group assisted Catellani-type reaction. 
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The first examples of the modified Catellani reaction were reported in 2015 by the groups 

of Dong[44] and Yu,[45] both of which require the use of DGs for the first C−H activation step. 

The group of Dong employed dimethylamine as DG, NBE and AsPh3 as ligand to achieve the 

meta-arylation with aryl-iodides bearing ortho-coordinating groups (Scheme 9a).[44] In Yu’s 

work, the modified amide- CONHArF – was used as DG[46] for the meta-C−H alkylation and 

arylation using, in the latest, mainly aryl-iodides with ortho-EWG groups (Scheme 9b).[45] 

Later, the meta-arylation of nosyl- and oxalyl amide-protected amines using simple NBE as 

mediator and aryl halides as coupling partners were reported (Scheme 9c-d).[47,48] 

A breakthrough in the field of Pd/NBE catalysis initiated by C−H activation was the discovery 

of a modified NBE, namely 2-carbomethoxynorbornene (NBE-CO2Me), which allowed the 

use of less reactive electrophiles, such as aryl iodides without ortho-coordination groups or 

longer alkyl iodides (Scheme 9e).[49] In the following years, several methodologies using the 

C2 modified NBE were reported for a variety of substrates containing DGs, including 

anilines,[50–52] phenols[50,51] with a pyridine DG, 2-benzyl heterocycles,[50] 

benzylsulfonamide,[53] phenylacetic acids[54] and others (Scheme 9f-k).[55-60] Additionally, to 

the arylation and alkylation, amination,[51] alkynylation[51], and chlorination[52] were 

achieved in 2016 by the group of Yu (Scheme 9f). In most of these transformations, pyridine- 

and pyridone- based ligands as well as mono-N-protected amino acid (MPAA)[56] ligands 

were employed to enhance the C−H activation. 
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Scheme 9. Overview of Pd-catalyzed meta-C−H functionalization via ortho-DG/ NBE mediator. 

 

The enantioselective version of the modified Catellani reaction has been developed for 

benzylamines and homobenzylamines using catalytic amounts of chiral norbornene methyl 

(1S,4R)-bicyclo[2.2.1]hept-2-ene-2-carboxylate ((+)-NBE-CO2Me) (Scheme 10a).[61,62] 

Similarly, the atroposelective remote meta-C−H activation of 2-arylanilines has recently 

been reported (Scheme 10b).[63] Furthermore, the synthesis of planar chiral ferrocenes was 
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achieved via enantioselective remote C−H activation using chiral MPAA ligands and a 

racemic NBE (Scheme 10c).[64]  

 
Scheme 10. Overview of Pd-catalyzed enantioselective C−H functionalization via ortho-DG/ NBE mediator. 

1.3.2 Template-assisted remote C−H functionalization 
1.3.2.1 Covalently attached templates 

In addition to the approaches previously discussed, strategies involving templates with DGs 

have been developed. The template is attached to the substrate via a functional group and 

consist of a linker with an end-on DG, which positions the palladium center in close 

proximity to a remote C−H bond, facilitating its functionalization.[22] The vast majority of 

templates contain the nitrile moiety as end-on DG, owing to its rigid linear structure.[22,65] 

However, other templates containing stronger DGs such as pyridine[66-–68] and pyrimidine[69–

71] have been also developed. In most of the cases the presence of MPAA ligands is required 

to enhance the reactivity of the C−H bond.[22,65] Although early examples focused on meta-

selective C−H functionalization of arenes[72] using a U-shape template (Scheme 11a), the 

approach was later extended to the para-functionalization of arenes[73] requiring a D-

shaped template (Scheme 11b). Several transformations such as olefination, cyanation, 

arylation, alkylation, alkynylation, halogenation, hydroxylation, acetoxylation, and silylation 

were reported using this approach. Substrates with a variety of functional groups, including 

carboxylic acids,[74,75] alcohols,[76,77] amines,[78–80] sulfonates[68,69] and phosphonates have 

been used,[81] providing the functionalized products with moderate to high selectivity and 

reactivity.[22,65]  
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Scheme 11. Selected examples of Pd-catalyzed template directed C−H functionalization. 

Additionally, to improve the para-selectivity of these transformations, the groups of Yu[82] 

and Maiti[83] combined meta-directing templates (U-shape) with a NBE-CO2Me mediator 

(Scheme 12). The reactions proceeded in HFIP at high temperatures (80-120 °C) using MPAA 

ligands and AgOAc.  

Scheme 12. Overview of Pd-catalyzed para-C−H functionalization via template and NBE combination. 

Unfortunately, the practicality of this strategy is severely limited by the tedious synthesis of 

the templates and the need for their installation and removal from the substrate. In 
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addition, in these transformations super-stoichiometric amounts of silver salts are often 

required as a terminal oxidant and/or to form a bimetallic catalyst with Pd.[22,65] 

1.3.2.2 Non-covalently attached templates 

The use of non-covalent interactions between template and substrate to achieve remote 

C−H functionalization is an attractive alternative to covalently attached templates (Scheme 

13a). While this strategy was first introduced for Ir-catalyzed C−H borylation reactions,[84,85] 

it has recently been applied to palladium catalysis. Initially, bifunctional templates with two 

distinct metal centers were designed for the olefination of N-heteroarenes. Here, one metal 

center is responsible for coordination with the heteroatom of the substrate, while the other 

activates a distant C−H bond (Scheme 13b).[86,82] 

Scheme 13. Pd-catalyzed non-covalent template-directed C−H functionalization of heteroarenes. 

For simple arenes, the concept is still in its infancy and only three meta-C−H olefination 

methodologies have been reported for palladium catalysis (Scheme 14).[87-89] In 2021, the 

groups of Xu and Jin, designed a directing ligand (DL1) containing a N,N’-disubstituted urea 

moiety, which acts as a hydrogen-bond donor, and a nitrile that acts as directing group. 

Using this approach, aromatic ketones, aldehydes, benzoate esters, and benzamides were 

olefinated at the meta-position with moderate to excellent selectivity (Scheme 14b). Here, 

the DL1 was used in stochiometric amount.[87] In contrast, in 2023 the group of Maiti 

introduced a non-covalent template (DL2), which can be used in catalytic amounts (10 

mol%). Instead of neutral hydrogen bonding, charge-induced hydrogen bonding was 

employed by using an anionic sulfonate group on the DL, which is designed to form strong 

H-bonding with the acidic proton of the amide group of the substrate. In this approach a 

pyrimidine based DG was employed (Scheme 14c).[88] In both above-discussed 

methodologies, Ac-Gly-OH was used as an additional ligand to promote the C−H activation. 

Remarkably, at the same time, the group of van Gemmeren revealed that Ac-Gly-OH itself 

can act as a directing ligand. Here, cationic N,N,N-trimethyl-1-phenylmethanaminium 
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bromide derivatives were employed as substrates. This cationic group interacts with the 

ligand via charge-charge and charge-dipole interactions. The carboxylic acid moiety of the 

ligand coordinates with Pd to position the catalyst close to the meta-C−H bond. A second 

molecule of Ac-Gly-OH is believed to act as a typical ligand, reducing the energy barrier of 

the C−H activation. For the reaction in total 1.1 eq. of Ac-Gly-OH ligand is employed and 

good selectivity and reactivity were obtained (Scheme 14d).[89] Although this strategy is still 

in its infancy it has great potential for developing efficient and selective C−H 

functionalization reactions at remote positions.  

 
Scheme 14. Pd-catalyzed non-covalent template-directed C−H functionalization of arenes. DL= directing ligand.  

 

1.3.3 Ligand-enabled non-directed C−H functionalization  

The use of directing groups to achieve site-selective C−H functionalization reactions is a 

highly effective strategy for a wide range of molecules. However, the presence of the DG 

itself limits the broad applicability of the C−H functionalization strategy, as the DG, or the 

precursor to introduce the DG moiety, must be present in the target molecule. Additionally, 

this strategy mainly provided ortho-functionalized products (vide supra). In recent years, 

the approach of non-directed C−H functionalization has become a very attractive alternative 

to the use of DGs, offering a more general approach and the possibility for orthogonal 

selectivity.[90,91] However, the non-directed C−H functionalization of simple arenes is 

challenging and low reactivity and site-selectivity are usually observed.[90a,92,93]  

In recent years, a breakthrough in non-directed C−H activation has been achieved mainly 

through the discovery of ligands that can promote the C−H activation step and control the 

site-selectivity of the process. In this section, we will discuss the recent developments in the 

non-directed C−H functionalization of simple arenes, with particular emphasis on the 

influence of ligands on reactivity and regioselectivity. 
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In 2009 the group of Yu reported the use of 2,6-dialkyl-pyridine ligand L1 for the C−H 

olefination of simple arenes bearing electron-withdrawing groups (EWG), providing the 

olefinated products in moderate to good yields and moderate site-selectivities in favor of 

the meta-product (meta:para 4:1). The reaction required an excess of the arene substrate, 

a 1 to 2 ratio Pd:L1 and oxygen as the terminal oxidant. The critical role of the ligand was 

demonstrated by the fact that the reaction without the ligand gave only 15% yield (Scheme 

15).[94,95]  

 
Scheme 15. Pd/Pyridine ligand catalyzed C−H olefination of simple arenes with EWGs. 

Three years later, the group of Sanford showed that the use of simpler pyridine-based 

ligands in a 1:1 ratio ligand to palladium increased the reactivity, allowing to have a broader 

substrate scope. Further, it was observed that using acridine L13 as the ligand the selectivity 

was enhanced. While oxygen could be used as a terminal oxidant, tert-butyl 

peroxybenzoate provided improved reproducibility (Scheme 16).[96]  

Scheme 16. Pd/Pyridine ligand catalyzed C−H olefination of simple arenes. 

The same group expanded these studies to the acetoxylation reaction using PhI(OAc)2 and 

an excess of the arene substrate (10 eq.). The use of pyridine as ligand in a 1:0.9 ratio with 

Pd(OAc)2 led to dramatic enhancement of the reactivity and regioselectivity (Scheme 

17a).[97] Later, the influence of different pyridine-based ligands on the regioselectivity of the 

C−H acetoxylation was investigated. It was found that the presence of acridine in a threefold 

excess over palladium afforded the products in good yields and high regioselectivities 

(Scheme 17b).[98] Furthermore, the expensive ArI(OAc)2 was replaced by potassium 

persulfate (K2S2O8) by employing a pyridinium-substituted pyridine ligand (L15), that acts as 

a phase transfer catalyst to bring the poorly soluble S2O8
2− in solution (Scheme 17c).[99] 

Subsequently, our group introduced a picolinic acid ligand (L16) that exhibited enhanced 
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catalytic activity, reaching a turnover number (TON) of 7800. Moreover, this ligand 

demonstrated improved regioselectivity by favoring the less sterically hindered position, a 

notable advancement over reactions conducted without the ligand (Scheme 17d).[100] In 

addition, several cross-dehydrogenative couplings of simple arenes have been shown to be 

improved by the use of pyridine-based ligands.[101–103] 

Scheme 17. Pd/Pyridine ligand catalyzed C−H acetoxylation of simple arenes. 

Since 2008, mono-N-protected amino acid have been used as ligands to increase the 

reactivity in directed C−H functionalization reactions.[104] However, it was not until 2013 that 

this class of ligands was employed for non-directed C−H olefination of pyridines and arenes 

bearing EWGs. The best result was obtained with isoleucine as ligand, and the electronically 
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favored meta-product was the major regioisomer, with a ratio of meta:para 4:1-2.3:1. In 

contrast, reactions without a ligand only produced trace amounts of product (Scheme 

18).[105] 

 
Scheme 18. Pd/MPAA ligand catalyzed C−H olefination of simple arenes. 

In 2014 the group of Duan reported a bidentate monoanionic nitrogen ligand L18, which 

enabled the olefination of simple arenes bearing both, electron-withdrawing groups (EWGs) 

and electron-donating groups (EDGs). The arenes were used as solvents, and high 

temperatures and stochiometric amounts of Cu(OAc)2 were needed. Nonetheless, 20 mol% 

Cu(OAc)2 in combination with 1 atm oxygen provided good reactivity as well. Interestingly, 

the meta-isomer was in all cases the major regioisomer, even for ortho-/para-directing 

substrates like anisole (Scheme 19).[106] In 2021 the group of Albéniz reported a similar 

ligand, namely [2,2’-bipyridin]-6(1H)-one, which gave similar results, including the 

preference for meta-selectivity. An excess of the arene substrate (30-45 eq.) was still used. 

However, no additional oxidant was required and only 10 mol% Na2MoO4∙2H20 was used as 

a weak base.[107] 

Scheme 19. Pd/ bidentate monoanionic nitrogen ligand catalyzed C−H olefination of simple arenes. 

A major breakthrough in the field of non-directed C−H functionalization was achieved in 

2017 when Yu’s group, van Gemmeren’s group and our own group, reported the use of 

three different catalytic systems that allowed the use of arenes as limiting reagents. 

Our group reported a new type of bidentate S,O-ligand, namely α-phenylthio carboxylic 

acids, that accelerates the palladium-catalyzed C−H activation of simple arenes. The 

olefination,[108] acetoxylation and allylation[109] were achieved and in all cases an 
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acceleration of the reaction rate was observed in comparison to the reaction without ligand. 

Although simple arenes were used in excess, this seminal paper reported the first examples 

of using estrone and naproxene derivatives as limiting reagents with high yields. Both 

arenes with EDGs and EWGs were included in the substrate scope and the regioselectivity 

was mainly dictated by the electronic properties of the substrate. For the reoxidation of Pd0, 

an organic oxidant, namely tert-butyl peroxybenzoate, was employed (Scheme 20a).[108] In 

the following years, the new catalytic system based on the Pd/S,O-ligand L19 was 

successfully applied to the development of highly efficient C−H olefination reactions of 

thiophenes (C2),[110] anilines (para),[111] indolines (C5) and tetrahydroquinolines (C6) (THQ) 

(Scheme 20b)[112] using the arene as limiting reagent. The olefination of THQ derivatives was 

further applied to the divergent total synthesis of 10 yaequinolone-related natural products 

via late stage olefination.[113] Next to the olefination, the para-alkynylation of aniline 

derivatives was demonstrated using an S,O-ligand with a cyclopropyl-core L20 (Scheme 

20c).[114] Mechanistic studies indicate that the S,O-ligand triggers the formation of more 

reactive cationic palladium species towards C−H activation.[115] Due to the catalytic activity 

of the S,O-ligand, other research groups have incorporated the S,O-ligand into 

heterogeneous catalysis[116,117] and used it in electro-catalyzed direct alkenylations of non-

directed arenes.[118] 
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Scheme 20. Selective examples of Pd/ S,O-ligand catalyzed C−H functionalization of simple arenes.  

Next to the S,O-ligand, the group of Yu introduced 2-pyridone ligands as a new X-type ligand 

for the C−H olefination and carboxylation of simple arenes using 3 eq. of AgOAc as terminal 

oxidant. An impressive substrate scope was reported using the arene substrate as a limiting 

reagent. The scope included simple arenes bearing EWGs and EDGs, heteroaromatic 

compounds, natural products and drug molecules. The selectivity was dictated by both the 

electronic and steric effects of the substrates. However, the presence of 2-pyridone-based 

ligands increases the influence of the steric effect, and favors the functionalization at the 

most accessible position. The ligand was found to accelerate the C−H activation step and 

prevent catalyst decomposition by forming a more stable Pd complex (Scheme 21a).[119,120] 

In the same year, the group of Yu employed 2-pyridone ligands with different substitution 

patterns (L23 or L24) in the non-directed cyanation of simple arenes, using the arene as a 

limiting reagent, AgCN as a cyanation reagent and AgOAc as the only terminal oxidant. 

Although the catalytic system is applicable to a wide range of substrates, an excess of the 
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arene and a higher catalyst loading were required for arenes bearing EWGs (Scheme 

21b).[121] 

Scheme 21. a) Pd/ 2-pyridone catalyzed C−H olefination of simple arenes. b) Pd/ 2-pyridone catalyzed C−H 

cyanation of simple arenes. 

In 2022, the group of Maiti reported a photoinduced[122] and electrooxidative[123] C−H 

olefination of simple arenes, avoiding the need of a terminal oxidant, using the 2-pyridone 

ligand previously reported by the group of Yu (Scheme 22). In the photoinduced C−H 

olefination, a commercially available CFL light bulb (23 W) was used in combination with a 

fluorescein photocatalyst. The reaction was carried out at low temperature and excellent 

regioselectivity towards the more electron-rich position was achieved.[122] The 

electrooxidative reaction was carried out using tetra-N-butylammonium 

hexafluorophosphate (TBAPF6) as electrolyte, a graphite felt anode and a platinum cathode 

using constant current.[123] 
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Scheme 22. a) Photoinduced Pd/ 2-pyridone catalyzed C−H olefination of simple arenes. b) Electrooxidative Pd/ 2-

pyridone catalyzed C−H olefination of simple arenes. 

In addition to the previous reported catalytic systems, in 2018 the group of van Gemmeren 

introduced a ligand combination of pyridine-based ligand and MPAAs in the field of non-

directed C−H functionalization. This ligand combination was employed for the 

olefination,[124-126] cyanation,[127] alkynylation[128-129] of simples arenes and heteroarenes 

using the arene substrates as limiting reagent. The authors proved that the combination of 

ligands is key to achieve high reactivity and site-selectivity. Although electronic effects still 

play a role, the catalyst system appears to be able to override the typical site-selectivity, 

favoring the sterically most accessible position. Nevertheless, in most of the examples 

mixtures of regioisomers were obtained (Scheme 23). Mechanistic investigations indicate 

that while the MPAA acts as an internal base in the CMD mechanism, lowering the energy 

barrier of the C−H activation step, the pyridine type ligand enhances the selectivity and 

prevents catalyst decomposition.[130] 
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Scheme 23. a) Pd/ Pyridine/ MPAA catalyzed C−H olefination of simple arenes. b) Pd/ Pyridine/ MPAA catalyzed 

C−H cyanation of simple arenes. c) Pd/ Pyridine/ MPAA catalyzed C−H alkynylation of simple arenes. d) Pd/ 

Pyridine/ MPAA catalyzed C−H iodination of simple arenes. 

In addition to the cyanation method developed by van Gemmeren's group,[127] a cyanation 

approach for simple arenes was reported by Ritter's group using a combination of 
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quinoxaline L31 and N-acetylated alanine L32 ligands.[131] Here, the electronic properties of 

the arene completely dictated the site-selectivity overriding the steric effects (Scheme 24). 

Scheme 24. Pd/ Pyridine/ MPAA catalyzed C−H cyanation of simple arenes by the group of Ritter. 

In addition, the combination of 2-pyridone and MPAA ligands was successfully applied for 

the chalcogenation of simple arenes (Scheme 25). This ligand combination provided high 

reactivity and site-selectivity in the reaction. The authors proposed that the site-selectivity 

is controlled by the combination of steric and electronic effects of the arene. Computational 

studies suggest that a transmetallation mechanism involving a Pd-Ag heterometallic 

complex is involved.[132] 

 
Scheme 25. Pd/ Pyridone/ MPAA catalyzed C−H chalcogenation of simple arenes. 
 
In 2021, the group of Joo introduced a new category of bidentate nitrogen ligands tailored 

for the C−H olefination of electron-rich arenes, including aromatic ether and amine 

derivatives. The selectivity is predominantly controlled by electronic effects, with the C−H 

olefination taking place in the less hindered position. Reoxidation occurs with oxygen at 

atmospheric pressure, eliminating the need for an additional terminal oxidant (Scheme 

26a).[133] Two years later, the same group published an improved version of the ligand 

containing a pyridone moiety that acts as an internal base in the CMD process, thereby 

facilitating the C−H activation step. Interestingly, this modified ligand shows a preference 

for the meta-position (Scheme 26b).[134] 

1 



Chapter 1 

 

34 

 
Scheme 26. a) Pd/ bidentate nitrogen ligand catalyzed C−H olefination of simple arenes.  

Although several ligands have been reported to accelerate non-directed C−H arylation 

reactions of arenes, an excess of the arene substrate was required.[90c,135-138]  

 

It was not until 2020 that the group of Čorić reported a Pd-catalyzed C−H arylation using 

arenes as limiting reagents.[139] A rationally designed dicarboxylate ligand was used in 

combination with Pd(OC(CF3)3)2(PhCN)2 as precatalyst and Ar2I(OC(CF3)3) as an arylating 

reagent. The geometry of the anion was designed to stabilize the CMD transition state and 

lower the activation barrier for the C−H activation. The reaction resulted in the arylation of 

simple arenes with EDGs and EWGs on the most electron-rich and least sterically hindered 

C−H site (Scheme 27). Later, the scope of the reaction was extended, and a preference for 

the site adjacent to small alkyl groups was observed, in contrast to typical steric and 

electronic control factors in non-directed C−H functionalization reactions.[140] 
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Scheme 27. a) Pd/ Carboxylate catalyzed C−H arylation of simple arenes.  

To reverse the conventional site-selectivity in the non-directed approach, the Pd/NBE 

cooperative catalyst has been used. The first example was reported in 2019 by the group of 

Yu using the combination of a pyridine-type ligand (L36) and a quinoxaline ligand (L35) 

(Scheme 28a).[141] In 2020 the scope was extended to fluoroarenes and simple arenes. Here, 

the best results were obtained with a combination of pyridine (L38) and pyridone (L37) 

ligands (Scheme 28b).[142] Using this approach, a perfect meta-selectivity was achieved. 

Further, a similar catalytic system was employed by the group of Yu for arylation of five-

membered heteroarenes at the electronically unfavored C4 position (Scheme 28c).[143] In all 

cases, super-stoichiometric amounts of the modified NBE-CO2Me and AgOAc were required 

to obtain good yields. 

 
Scheme 28. Overview of Pd-catalyzed meta-C−H functionalization initiated by non-directed C−H activation/ NBE 
mediator. 
 
In summary, efficient arene-limited non-directed C−H functionalization has been realized 

by the use of three main classes of ligands. In general, the Pd/S,O-ligand is sensitive to 

electronic and steric effects, with functionalization occurring at the most electron-rich and 

least sterically hindered position of the arene.[115] Pyridone-based ligands are also sensitive 
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to both electronic and steric effects although the electronic effects have the greatest 

influence on the site-selectivity.[119] The dual ligand system, which combines a pyridine-

based with an MPAA ligand, appears to be highly sensitive towards steric effects of the 

substrates and, in some cases, can override the electronic preference.[130] The reported 

transition states for the C−H activation using these ligands is outlined in Scheme 29. 

 
Scheme 29. Comparison of the main classes of ligands used in non-directed C−H functionalization. 

1.4 Thesis Outline 
The aim of this thesis is to develop novel catalytic systems that promote efficient C−H 

functionalization reaction of non-directed arenes with high control over the site-selectivity. 

To achieve this goal, the Pd/S,O-ligand catalytic system previously developed in our group 

will be our starting point. Chapter 2 deals with the development of efficient C−H olefination 

reactions of aryl ethers using the Pd/S,O-ligand catalytic system. In this chapter a new S,O-

ligand containing a pentafluoroarene thioether is employed. In Chapter 3, a general method 

for the meta-arylation of aryl ethers using the Pd/S,O-ligand catalyst in combination with 

modified Norbornene (NBE) mediators is described. Several Pd-complexes have been 

isolated and their reactivity explored. Chapter 4 describes the first non-direct-meta-C−H 

arylation of aniline derivatives using the combination of Pd/S,O-ligand catalyst with a NBE 

mediator. This catalytic system permits the use of mild reaction conditions, which are 

required as both substrates and products are relatively unstable. Here, a new type of S,O-

ligand, namely thioetherphenols, and modified NBE mediators are reported. Mechanistic 

studies provide some insight into the factors that promote the second C−H activation step. 

Chapter 5 deals with development of the first meta-methylation reaction of non-directed 

arenes using the Pd/NBE catalysis. In Chapter 6, the role of silver salts in Pd-catalyzed C−H 

arylation reaction is investigated. For the first time, experimental evidence for the role of 

silver as promotor for the oxidative addition step are presented. 
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