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1.1 General introduction  

Transition metal (TM) catalysis plays a crutial role in the synthesis of 

pharmaceuticals, agrochemicals, and materials by enabling the construction 

of C–C and C–heteroatom bonds.[1]  Particularly, cross-coupling reactions 

like Suzuki-Miyaura, Negishi, and Stille are widely used in both academic 

and industrial research for building diverse molecular architectures.[2]  

Despite the versatility of these reactions, they require substrate pre-

functionalization, leading to longer synthetic routes and undesirable 

stoichiometric byproducts (Scheme 1a).[3] In the last two decades, metal-

catalyzed C–H functionalization has emerged as a more efficient alternative 

that bypasses the need for pre-functionalization and reduces waste (Scheme 

1b).  

 

Scheme 1. General scheme for cross-coupling reactions vs C–H functionalization reactions. 

(a) Cross-coupling reactions and, (b) C–H functionalization reactions. TM = Transition Metal, 

FG = functional group, Blue = substrate. 

Several transition metals (e.g., Ni[6], Cu[7], Ru[8], Rh[9], Pd[10], Ir[11], Au[12], etc.) 

have been successfully employed to promote C–H functionalization 

reactions by forming reactive C–TM-based complexes. Among them, 

palladium has exhibited remarkable versatility, enabling a wide range of 

functionalization reactions with high efficiency and good functional group 

tolerance.[13] In addition, the general stability of palladium under ambient 

conditions (i.e., moisture and air) simplifies reaction setups and enhances 

practicality in both laboratory and industrial settings. In the following sub-

sections of this introductory chapter, we will focus on covering Pd-catalyzed 

C–H processes, as these are the most relevant to this thesis.  
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1.2 Mechanisms of Pd-catalyzed C–H activation and 

functionalization processes 

Typically, the activation of the C–H bond involves the insertion of the 

transition metal into the C–H bond to form a C–TM complex (C–H metalation 

or C–H activation), making this inert bond susceptible to further 

functionalization. The Pd-catalyzed C–H activation step can proceed through 

different well-established pathways, in which the mode of action largely 

depends on the selected Pd catalyst and substrate (Scheme 2): (i) 

electrophilic aromatic substitution (SEAr), (ii) concerted metalation 

deprotonation (CMD)/amphiphilic metal-ligand activation (AMLA), and (iii) 

base-assisted intramolecular electrophilic-type substitution (BIES, also 

known as electrophilic CMD).[14]  

 

Scheme 2. Mechanisms for the C-H activation with palladium. 

In the electrophilic aromatic substitution (SEAr), an electrophilic Pd(II) 

species reacts with an electron-rich substrate, resulting in the formation of a 

Wheland intermediate followed by deprotonation with a base (Scheme 2a). 

The concerted metalation-deprotonation (CMD) mechanism, also known as 

amphiphilic metal-ligand activation (AMLA), is characterized by the 

simultaneous cleavage of the C−H bond and formation of the C−M bond (M 

= metal) within a single transition state (Scheme 2b). During this process, the 

substrate is typically deprotonated by a carboxylate or carbonate base, such 

as pivalate, acetate, and benzoate.[14a] Both the electrophilic CMD (eCMD) 

and base-assisted internal electrophilic substitution (BIES) mechanisms 

proposed by Carrow and Ackermann, respectively, describe an 
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asynchronous concerted metalation deprotonation process with a polarized 

transition state that favors reactions at more π-basic sites (Scheme 2c).16,15] 

For C–H functionalization processes, several catalytic cycles involving 

different oxidation states of palladium, including Pd(0)/Pd(II), Pd(II)/Pd(IV) 

and Pd(II)/Pd(0), have been reported (Scheme 3).[13l,17] In the Pd(0)/Pd(II) 

catalytic cycle, the reaction initiates with the oxidative addition of the Pd(0) 

catalyst to aryl (pseudo)halides. The formed Pd(II) complex undergoes C–H 

activation followed by reductive elimination resulting in the recovery of Pd(0) 

species (Scheme 3a).[13d,14d,17] The Pd(II)/Pd(IV) catalytic cycle involves a C–

H activation via a Pd(II) catalyst, followed by oxidative addition of the Pd(II) 

complex with highly electrophilic coupling partners, such as aryl 

(pseudo)halides and hypervalent iodine compounds, generating Pd(IV) 

species that, after reductive elimination, yield the target product and 

regenerate the Pd(II) catalyst (Scheme 3b).[13g,17] The Pd(II)/Pd(0) catalytic 

cycle starts with a C–H activation step by Pd(II) species followed by 

functionalization and reductive elimination or -hydride elimination, providing 

the product and Pd(0) species. The presence of an external oxidant to 

oxidize the Pd(0) to Pd(II) species is required to close the catalytic cycle 

(Scheme 3c).[13d,13l,14d]   

 

Scheme 3. Catalytic cycles of Pd-catalyzed C–H functionalization 

processes. 
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Scheme 3. Catalytic cycles of Pd-catalyzed C–H functionalization processes (continued). 

1.3 Strategies for efficient C–H functionalization reactions 

Despite the advantages of the C–H functionalization strategy, two main 

limitations, namely (i) the low reactivity of C–H bonds, which are 

characterized by high bond dissociation energies (≥ 90-110 kcal mol–1) and 

high pKa values (>25),[4,5] and (ii) the poor regioselectivity often observed in 

these transformations,[4] limit the advancement of efficient C–H 

functionalization processes. To overcome these limitations, several 

strategies such as the use of directing groups, mediators, templates, or 

ligands have been reported over the last two decades.  

 

In the following subsections, the strategies for the development of efficient 

Pd-catalyzed C(sp2)–H functionalization processes are discussed, focusing 

primarily on ligand-promoted non-directed strategies.  

1.3.1 Directed C–H functionalization 

1.3.1.1 Proximal C–H activation  

To address the challenges of selectivity and reactivity, the chelation-

assisted C–H activation strategy using Lewis base groups, commonly 

referred to as directing groups (DGs), has been introduced. The directing 

groups coordinate with transition metals, facilitating their positioning adjacent 

to C–H bonds, thereby enabling ortho-C–H activation through 5- or 6-

membered cyclometallation (Scheme 4).[13j,18] 
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Scheme 4. Selected examples of DG in Pd-catalyzed proximal C–H activation. L = Lewis base. 

TDG = Transient directing group. 

To date, a variety of directing groups, as shown in Scheme 4, have been 

reported to enable successful C(sp2)–H and C(sp3)–H functionalizations.[18,19] 

The use of these directing groups, including monodentate containing N, O 

and S as well as bidentate, has indeed realized a large number of reactions 

with excellent selectivities (Scheme 4a). Despite the advantages of the DG 

strategy, some of these DGs are not present in the target molecule, and 

therefore additional steps are required to introduce and remove the DG, 

hampering the sustainability aspect of this approach. To avoid these 

additional steps, the use of transient directing groups (TDGs) haven been 

developed. These are defined by their reversible formation and removal 

during the C–H functionalization, typically involving imine formation (Scheme 

4b).[19]  

1.3.1.2 Remote C–H activation 

In recent years, several strategies including the use of traceless DGs, 

mediators and templates for remote C–H functionalization have been 
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described, providing complementary site-selectivity to the ortho-selectivity 

described above.[20] 

Carboxylic acids have been used as traceless directing groups for the remote 

functionalization of arenes (Scheme 5a),[21] where the carboxylic acid first 

serves as an ortho-DG followed by a subsequent protodecarboxylation 

leading to meta-functionalized substrates. Both stepwise and one-pot 

procedures using different catalytic systems have been reported. Despite its 

utility, the method's tolerance to diverse functional groups is limited by the 

high temperatures required for the descarboxylation step.[21a]  

Remote C–H functionalization of arenes has been achieved using 

norbornene (NBE) as a mediator in a modified type of Catellani reaction. 

Unlike the traditional Catellani approach, which begins with the oxidative 

addition of Pd(0) to aryl halides, this reaction initiates with a C–H activation 

step (Scheme 5b).[22] This strategy, introduced by Dong[23] and Yu[24] with 

directing groups such as amines and amides, respectively, has proven 

effective for the meta-functionalization of arenes. Additionally, 

enantioselective versions of these reactions have been developed using 

chiral NBEs or chiral ligands.[25]  

Furthermore, strategies employing well-designed templates have been 

developed, where the template is attached to the substrate via a functional 

group. The template, consisting of a linker with an end-on DG, positions the 

palladium center close to a remote C−H bond, facilitating its 

functionalization.[26] Various templates with different linkers and end-on DGs, 

such as the linear nitrile[27] or the stronger pyridine and pyrimidine DGs [28], 

have been reported (Scheme 5c). Early examples focused on meta-selective 

C–H functionalization using U-shaped templates[27,28], which were later 

extended to enable para-functionalization using D-shaped templates.[26e,29] 

Although several transformations have been accomplished with the 

assistance of mono-N-protected amino acid (MPAA) ligands to enhance C–

H bond reactivity, the practicality of these methodologies is hindered by the 

tedious template synthesis.[26] Recently, the non-covalent version of the 

template strategy has been reported, offering a promising approach for 

remote C–H functionalization.[30] This strategy was initially developed for Ir-

catalyzed reactions[31] and recently extended to Pd catalysis, allowing 

several C–H olefination reactions.[30] 
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Scheme 5. Strategies for Pd-catalyzed remote C–H activation. 

1.3.2 Non-directed C–H functionalization 

As summarized in section 1.3.1, directed C–H activation has been the 

primary research focus for two decades. It has enabled selective ortho-

metalation and functionalization, as well as remote C–H activation through 

mediators (e.g. carboxylic acid, NBE) and templates. Despite the benefits of 

using directed C–H activation, the additional steps required to install the DG 

or templates and their subsequent removal after the functionalization, unless 

desired in the target end products, hinder its efficiency.  

Non-directed C–H activation, in which the catalyst initiates the C–H activation 

step without relying on a DG in the substrate, is a more straightforward 

strategy that can bypass the extra synthetic steps required in the DG 

approach, and therefore shows greater step- and atom economy.[32] In 

addition, this approach brings the possibility of complementary site-

selectivity to the directed approach. However, the non-directed C−H 

functionalization of simple arenes is challenging as low reactivity and site-

selectivity are usually observed.[32e] 
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Pd-catalyzed directing group free C−H functionalization of arenes usually 

requires a large excess of arene substrates, which are often used as 

(co)solvents. Recently, the application of external ligands has shown great 

promise in this field by enhancing the C–H activation step.[32e-h,l] In this 

regard, it was not until 2017 that the discovery of new catalytic systems 

allowed these transformations to be carried out with a limited amount of 

arenes.[32i,j]  

In this section, we will review the representative works on ligand-enabled 

non-directed C–H functionalization and illustrate the ligand effect on 

reactivity and regioselectivity.  

1.3.2.1 Non-directed C–H functionalization using an excess of the arene 

As early as 1967, Fujiwara and Moritani reported a Pd-promoted C–H 

olefination of benzene using the stochiometric amount of a Pd complex and 

benzene as a solvent.[33] After, the catalytic version of this reaction was 

developed, which suffers from harsh reaction conditions and benzene as the 

solvent (Scheme 6).[34]  

 

Scheme 6. Fujiwara–Moritani reaction. 

Since this early work, significant improvements have been made in this field 

with the introduction of ligands to enhance Pd catalysis. In 2009, Yu and co-

workers disclosed a non-directed meta-C–H olefination of electron-deficient 

arenes using the bulky ligand 2,6-dialkylpyridine L1 and oxygen (1 atm.) as 

the sole oxidant (Scheme 7a).[35] The control experiments carried out in the 

absence of L1 provided products with less than 15% yield, highlighting the 

key role of the ligand. Three years later, Sanford’s group reported a similar 

C–H olefination reaction with a broader substrate scope using the 

commercially available pyridine ligand L2 (Scheme 7b).[36] The 

regioselectivities of electron-deficient arenes were almost the same as those 

obtained in Yu’s work.[35]  
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Scheme 7. Pd-catalyzed non-directed C–H olefination assisted by pyridine-based ligands. 

Besides the aforementioned C–H olefinations of arenes, acetoxylation 

reactions have also been explored.[37] Sanford’s group described a catalytic 

system employing Pd(OAc)2 and pyridine L3 for the acetoxylation of 

unactivated aromatic C–H bonds (Scheme 8a).[38] The optimized results are 

achieved with a 1:0.9 palladium/pyridine ratio, significantly enhancing both 

reactivity and site-selectivity. Next, the same group developed a catalytic 

system composed of Pd(OAc)2 and a pyridinium-substituted ligand L4 for the 

C–H acetoxylation of benzene using potassium persulfate (K2S2O8) as 

oxidant. The new catalytic system exhibits significantly enhanced activity 

compared to the reaction without ligands (Scheme 8b).[39] Mechanistic 

studies suggest that a key role of the cationic ligand L4 is to act as a phase 

transfer catalyst, facilitating the transfer of poorly soluble persulfate. In the 

same year, they demonstrated that acridine L5 effectively promotes site-

selectivity in C–H acetoxylation of simple arenes, especially when combined 

with MesI(OAc)2 as the terminal oxidant (Scheme 8c).[40]  

Subsequently, our group reported the C–H acetoxylation of simple arenes 

using Pd(OAc)2 and 6-fluoropicolinic acid ligand L6. The desired products 

were acquired with high yields and site-selectivity. (Scheme 8d).[41] To date, 

this work represents the highest turnover number (7800 TON) achieved in 

palladium-catalyzed C–H acetoxylation of benzene. 
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Scheme 8. Pd-catalyzed C–H acetoxylation assisted by pyridine-based ligands. 

Besides pyridines-based ligands, MPAA has been used to assist non-

directed C–H functionalization processes. For instance, Zeng and co-

workers disclosed the use of MPAA (Ac-Val-OH L7 and Ac-Ile-OH L8) to 

achieve the non-directed C–H olefination of pyridines and a variety of 

electron-deficient arenes (Scheme 9).[42]  
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Scheme 9. Pd-catalyzed C–H olefination assisted by MPAA ligand. 

Additionally, a bidentate monoanionic type ligand (OH-phen, L9) to promote 

the Pd-catalyzed C–H olefination of arenes has been reported by Duan group 

(Scheme 10a).[38] Although high yields were generally obtained, the meta-

selectivity of arenes bearing EWG is not as high as in previous works.[35,36,42] 

Notably, electron-rich arenes also yielded meta-functionalized products as 

the major products, a rare outcome compared to similar reactions. Similarly, 

another bidentate pyridone-based ligand L10 was used in the non-directed 

C–H olefination of arenes using O2 as the terminal oxidant by the Albéniz 

group (Scheme 10b).[43]  

 

Scheme 10. Pd-catalyzed C–H olefination assisted by pyridone-bidentate ligands. 
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1.3.2.2 Non-directed C–H activation using a limited amount of arene 

Despite the positive effect on reactivity and site-selectivity observed in the 

presence of the aforementioned ligands, an excess amount of arene was still 

required, limiting the applicability of these methods to the functionalization of 

more complex molecules. A breakthrough in this field was achieved in 2017 

when our group, along with Yu’s, and van Gemmeren’s groups, 

independently developed three different catalytic systems that enable the 

arene-limited non-directed C–H functionalizations of arenes.[44] 

Our group discovered a novel type of ligand, thioethercarboxylic acid ligand 

(S,O-ligand) for the C–H olefination of simple arenes (Scheme 11a).[44a] 

Despite the requirement for an excess of simple arenes, our group 

successfully achieved the late-stage functionalizations of estrone and 

naproxen derivatives using just one equivalent of these molecules. The 

substrate scope was subsequently expanded to more challenging aniline 

derivatives including indolines and tetrahydroquinolines, which are typically 

unstable under harsh conditions (Scheme 11b).[45] The S,O-ligand L11 

proved essential in enabling arene-limited C–H olefination of aniline 

derivatives delivering excellent para-selectivity along with a broad substrate 

scope. Building on the success of this methodology, late-stage C–H 

olefination was further applied to the total synthesis of 10 different 

yaequinolone-related natural products using the Pd/S,O-ligand catalysis. 

Additionally, thiophenes and anisoles were found to be compatible with this 

new catalysis (Scheme 11c, 11d).[46] with pentafluoro-S,O-ligand L12 proving 

optimal ligand for anisole substrates.[46b] Concurrently, the Zhu group also 

reported a C–H olefination of anisole derivatives using a Pd/dual-ligand 

catalysis system comprising Ac-Leu-OH L13 and S,O-ligand L14 (Scheme 

11e),[47]  achieving ortho-selectivity, unlike the para-selectivity observed with 

L12 in our studies.[46b] Mechanistic investigations performed in our group 

indicate that the S,O-ligand triggers the formation of more reactive cationic 

palladium species for C–H activation, which explains the observed 

acceleration of the reaction.[48] 
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Scheme 11. Pd-catalyzed C–H olefination assisted by S,O-ligands. 

Inspired by the success of non-directed C–H olefinations using limited 

amounts of starting materials, our group has reported in the course of this 

thesis the combination of Pd/S,O-ligand and a modified norbornene (NBE) 

for the highly selective meta-arylation of anisole derivatives (Scheme 12a).[49] 
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Pentafluoro-S,O-ligand L15 was used for anisoles, in line with our previous 

work on C–H olefination of anisoles.[46b] Notably, anisole substrates bearing 

electron-withdrawing groups are well-tolerated in the reaction, and the 

monoarylation of unsubstituted aryl ethers was achieved, addressing the 

limitations of other catalytic systems.[50] Furthermore, terphenyl derivatives 

could be obtained through a subsequent second C–H arylation, using 

different aryl coupling partners, from the initially formed monoarylated 

product (Scheme 11a). Later, the cooperative catalytic system, Pd/NBE/S,O-

ligand (L16 or L17), was also expanded for the non-directed C–H arylation 

of aniline derivatives (Scheme 12b).[51]  

 

Scheme 12. Pd/NBE-catalyzed meta-C–H arylation assisted by S,O-ligands. 

Other research groups extended the use of the S,O-ligand in heterogeneous 

catalysis[52] and non-directed electrocatalyzed alkenylations of arenes[53]. For 

example, De Vos’ group group incorporated Pd(OAc)₂ and S,O-ligand L18 

into the metal-organic framework MOF 808, achieving a high turnover 

frequency (TOF) of 8.4 h⁻¹ in non-directed C–H olefination (Scheme 13a).[52a] 

Moreover, in the same year, they synthesized a Pd@TiOP-L19 single-site 

catalyst from S,O-ligand L19 for C−H olefination, which showed a TOF nearly 

double that of Pd(OAc)₂ after one hour of reaction.[52a] In 2023, the 

Ackermann group reported an electrochemical approach, avoiding the 

stoichiometric use of external oxidants, for Pd-catalyzed C–H olefination 

assisted by S,O-ligand L16 (Scheme 13b).[53] Interestingly, the 

regioselectivities of some substrates were different from those in previous 
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works,[44-46] with this electro-reaction favoring the ortho-position of anisoles. 

In addition, a wide range of pharmaceutically relevant molecules successfully 

underwent late-stage C–H olefination under the reaction conditions. 

 

Scheme 13. C–H olefination via heterogeneous catalysis and electrocatalysis based on 

Pd/S,O-ligand. 

In 2017, Yu and co-workers reported the use of 2-pyridone-based ligands 

L20 or L21 for non-directed C–H olefination and carboxylation of a wide 

range of arenes, which were used as limiting reagents (Scheme 14a).[44b,54] 

Mechanistic studies revealed that the pyridone ligand plays a dual role: it acts 

as an X-type ligand to stabilize the catalyst, and it serves as an internal base 

to promote the CMD step.[44b] The same research group also reported the 

non-directed C–H cyanation of arenes (1.0 equiv.) facilitated by electron-

deficient 2-pyridone ligands L22 or L23 (Scheme 14b).[55] 

More recently, Maiti’s group developed the photoinduced[56] and 

electrocatalyzed[57] non-directed C–H olefination reactions with 2-pyridone 

ligands (L22 or L24). In the photoinduced olefination, very high site-

selectivity was obtained by combining Pd(OAc)2/pyridone ligand, fluorescein, 

and visible light (Scheme 14c).[56] Moreover, unusual C3-selectivity for non-

substituted thiophene and furan was achieved using this photocatalytic 

approach. The electrocatalyzed reaction showed high site-selectivity under 

oxidant-free conditions.[57]   
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Scheme 14. Pd-catalyzed C–H activation reactions assisted by pyridone ligands. 

The dual ligand system using quinoxaline (L25 and L29), pyridine (L26 and 

L27) and pyridone ligands (L28) has been combined with Pd/NBE catalysis 

to reverse the conventional regioselectivity in non-directed C–H arylations of 

anisoles (meta-), fluorobenzenes (meta-), alkyl benzenes (meta-), and five-

membered heteroarenes (C3) (Scheme 15).[50,58]  
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Scheme 15. Pd-catalyzed meta-C–H arylation assisted by dual ligands. 

The van Gemmeren group pioneered the application of a catalytic system 

that combines pyridine-based ligands and MPAAs (L8, L29-L40) for non-

directed C–H functionalizations of a large variety of aryl substrates (Scheme 

16). This ligand combination was successfully applied to the olefination[59], 

cyanation[60], alkynylation[61], deuteration[62], and iodonation[63] of arenes and 

heteroarenes as the limiting reagent (Scheme 16a-b, d-f). The authors 

claimed that the synergistic combination of these ligands was crucial for 

achieving high reactivity and site-selectivity. They also suggested that the 

regioselectivity was controlled by both steric and electronic effects of 

substrates in olefination, cyanation, and deuteration; whereas it was 

predominantly controlled by steric factors in alkynylation and iodonation. 

Mechanistic investigations revealed that the MPAA acts as an internal base 

in a CMD mechanism, thereby reducing the energy barrier of the C–H 

activation step, while the pyridine-type ligand enhances selectivity and 

prevents catalyst decomposition.[64] Similarly, Ritter’s group described the 

use of a dual ligand system, comprising a quinoxaline L29 and an MPAA, to 

promote the non-directed C–H  cyanation of arenes (Scheme 16c).[65] Despite 

the low regioselectivity exhibited by this methodology, the advantage lies in 

the use of a safer cyanating reagent. The versatility of dual ligand systems 

(2-pyridone L40 and Ac-Gly-OH L31) was also proven in the non-directed 

C–H chalcogenation of arenes and heteroarenes by Maiti and co-workers 

(Scheme 16g).[66]  
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Scheme 16. Pd-catalyzed C–H activation reactions assisted by dual ligands. 
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Joo and co-workers introduced an arene limited version of the non-directed 

C–H olefination assisted by novel N,N-bidentate ligands (L41 and L42) 

(Scheme 17a,b).[67] Interestingly, the regioselectivity of the reaction was 

altered to an unusual meta-selectivity with the pyridone-pyrazole ligand L42 

(Scheme 17b).[67c] Furthermore, the one-step synthesized ligand L43 also 

facilitated the deuteration of simple arenes (Scheme 17c).[67c]  

 

Scheme 17. Pd-catalyzed arene-limited C–H activation reactions with N,N-bidentate ligands. 

In 2020, the Čorić group introduced a novel approach, employing spatial 

anion control for the precise tailoring of catalytic sites aimed at C–H bond 

activation, resulting in the successful non-directed C–H arylation of arenes 

(Scheme 18).[68] Arenes containing activating substituents or bulky groups 

undergo the reaction at less sterically hindered and electron-rich C–H bonds 

when using a catalytic system consisting of a Pd(II) pre-catalyst and the 

dicarboxylate ligand L44.[68a] However, for substrates bearing small alkyl 

groups, particularly endocyclic methylene, the reaction exhibits a preference 

at the site adjacent to the alkyl group, deviating from the conventional steric 

and electronic control observed in other non-directed C–H functionalization 

reactions.[68b] Computational studies suggest that weak interaction between 

the C–H bonds of the alkyl groups and the oxygen atom of the carboxylate 
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in L44 influences the selectivity-determining C–H activation step, leading to 

this unique regioselectivity. 

 

Scheme 18. Pd-catalyzed C–H arylation with dicarboxylate ligand. 

In summary, several classes of ligands have been employed to promote 

Pd-catalyzed arene limited non-directed C–H functionalization reactions, 

with the pyridone-based ligand reported by Yu's group, the dual ligand 

system described by van Gemmeren's group, and the S,O-ligand discovered 

in our group being the most versatile, allowing to introduce several different 

functionalities in a wide range of arenes. In general, Pd/S,O-ligand, and 

Pd/pyridone ligand catalytic systems are sensitive to both steric and 

electronic effects of substrates.[44a,b,45-46,48-49,51,54-56] The dual ligand system 

consisting of a pyridine-based ligand and an MPAA shows higher sensitivity 

to steric factors.[61,63]   

1.4 Thesis outline 

The goal of this thesis is to develop efficient C−H functionalization 

reactions of directing group-free arenes by developing active catalysts that 

increase both the reactivity and the site-selective of these processes. To 

achieve this goal, we will exploit the potential and advantages of the Pd/S,O-

ligand catalytic systems previously established in our group. In Chapter 2, 

the C–H alkynylation of aniline derivatives is described with remarkable para-

selectivity. The derivatization of the resulting alkynylated products is also 

presented. In Chapter 3, an efficient C–H arylation is achieved under mild 
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reaction conditions through Pd/S,O-ligand catalysis. The methodology is 

shown to be applicable to a wide range of anisole derivatives and enables 

late-stage functionalization of complex molecules. A preliminary mechanistic 

study suggests that a Pd(II)/Pd(0) manifold is operative. Chapter 4 focuses 

on the development of an oxidative C–H homocoupling of arenes. The 

reactions proceed efficiently at room temperature using 1 atmosphere of O2 

as the sole oxidant, demonstrating the versatility of the Pd/S,O-ligand 

catalysis. Furthermore, the methodology is also applicable to the synthesis 

of pharmaceutically and industrially valuable substrates. 

 

  



Pd-catalyzed C–H Functionalization of Arenes: General Introduction

 

33 

1.5 References and notes 
[1] H. Yorimitsu, M. Kotora, N. T. Patil, Chem. Rec. 2021, 21, 3335. 

[2] For selected reviews, see: a) A. Suzuki, N. Miyaura, Chem. Rev., 1995, 95, 2457; b) S. P. 

Stanforth, Tetrahedron, 1998, 54, 263; c) J. Hassan, M. Sévignon, C. Gozzi, E. Schulz, M. 

Lemaire, Chem. Rev., 2002, 102, 1359; d) K. C. Nicolaou, P. G. Bulger, and D. Sarlah, Angew. 

Chem. Int. Ed., 2005, 44, 4442; e) J. P. Corbet, G. Mignani, Chem. Rev., 2006, 106, 2651. 

[3] a) F. Lv, Z. J. Yao, Sci. China Chem., 2017, 60, 701; b) Y. Yang, J. Lan, J. You, Chem. Rev., 

2017, 117, 8787; c) P. Y. Choy, S. M. Wong, A. Kapdi, F. Y. Kwong, Org. Chem. Front., 2018, 

5, 288. 

[4] T. Rogge, N. Kaplaneris, N. Chatani, J. Kim, S. Chang, B. Punji, L. L. Schafer, D. G. Musaev, 

J. Wencel-Delord, C. A. Roberts, R. Sarpong, Z. E. Wilson, M. A. Brimble, M. J. Johansson, 

L. Ackermann, Nat. Rev. Methods Primers, 2021, 1, 43. 

[5] Y. R. Luo, Handbook of bond dissociation energies in organic compounds; CRC Press: Boca 

Raton, 2007. 

[6] a) L. C. Misal Castro, N. Chatani, Chem. Lett. 2015, 44, 410; b) X. Yang, G. Shan, L. Wang, 

Y. Rao, Tetrahedron Lett., 2016, 57, 819; c) A. A. Mishra, D. Subhedar, B. M. Bhanage, Chem. 

Rec. 2019, 19, 1829; d) S. M. Khake, N. Chatani, Trends in Chemistry, 2019, 1, 524; e) S. M. 

Khake, N. Chatani, Chem, 2020, 6, 1056; f) Liu, Y.-H., Xia, Y.-N. and Shi, B.-F., Chin. J. 

Chem., 2020, 38, 635; g) N. Chatani, Acc. Chem. Res., 2023, 56, 3053. 

[7] a) A. E. Wendlandt, A. M. Suess, and S. S. Stahl, Angew. Chem. Int. Ed., 2011, 50, 11062; 

b) X. Guo, D. Gu, Z. Wu, W. Zhang, Chem. Rev. 2015, 115, 1622; c) Liu, J., Chen, G. and 

Tan, Z., Adv. Synth. Catal., 2016, 358, 1174; d) T. Aneeja, M. Neetha, C. M. A. Afsina, G. 

Anilkumar, RSC Adv. 2020, 10, 34429. 

[8] a) P. B. Arockiam, C. Bruneau, P. H. Dixneuf, Chem. Rev. 2012, 112, 5879; b) S. De Sarkar, 

W. Liu, S. I. Kozhushkov, L. Ackermann, Adv. Synth. Catal. 2014, 356, 1461; c) Z. Wang, P. 

Xie, Y. Xia, Chin. Chem. Lett., 2018, 29, 47; d) G. Duarah, P. P. Kaishap, T. Begum, S. Gogoi, 

Adv. Synth. Catal., 2019, 361, 654; e) K. S. Singh, Catalysts, 2019, 9, 173; f) R. Kaur, N. Jain, 

Chem. Asian J., 2022, 17, e202200944; g) K. S. Singh, ChemistrySelect, 2024, 9, 

e202303955. 

[9] a) G. Song, X. Li, Acc. Chem. Res. 2015, 48, 1007; b) S. Rej, N. Chatani, Angew. Chem. Int. 

Ed. 2019, 58, 8243; c) C. -X. Liu, S. -Y. Yin, F. Zhao, H. Yang, Z. Feng, Q. Gu, and S. -L. You, 

Chem. Rev., 2023, 123, 10079. 

[10] a) X. Chen, K. M. Engle, D. H. Wang, J. -Q. Yu, Angew. Chem. Int. Ed., 2009, 48, 5094; b) T. W. 

Lyons, M. S. Sanford, Chem. Rev. 2010, 110, 1147; c) J. He, M. Wasa, K. S. L. Chan, Q. Shao, J. 

-Q. Yu, Chem. Rev. 2017, 117, 8754; d) S. Kancherla, K. B. Jorgensen, M. Á. Fernández-Ibáñez, 

Synthesis, 2019, 51, 643; e) S. Y. Shim, Chem. Eur. J., 2023, 29, e202302620; f)  K. Wu, N. Lam, 

D. A. Strassfeld, Z. Fan, J. X. Qiao, T. Liu, D. Stamos, J. -Q. Yu, Angew. Chem. Int. Ed., 2024, 63, 

e202400509. 

[11] a) S. Pan, T. Shibata, ACS Catal. 2013, 3, 704; b) X. Li, W. Ouyang, J. Nie, S. Ji, Q. Chen, 

Y. Huo, ChemCatChem, 2020, 12, 2358; c) C. Haldar, M. E. Hoque, J. Chaturvedi, M. M. M. 

Hassana and B. Chattopadhyay, Chem. Commun., 2021, 57, 13059; d) S. Pandit, S. Maiti 

and D. Maiti, Org. Chem. Front., 2021, 8, 4349. 

[12] a) R. Skouta, C.-J. Li, Tetrahedron, 2008, 64, 4917; b) J. Xie, C. Pan, A. Abdukader and C. 

Zhu, Chem. Soc. Rev., 2014, 43, 5245; c) S. Kramer, Chem. Eur. J., 2016, 22, 15584; d) G. 

Meera, K. R. Rohit, G. S. S. Treesa, G. Anilkumar, Asian J. Org. Chem., 2020, 9, 144. 

[13] a) C. Jia, T. Kitamura, Y. Fujiwara, Acc. Chem. Res., 2001, 34, 633; b) T. Satoh, M. Miura, 

Chem. Lett., 2007, 36, 200; c) I. V. Seregin, V. Gevorgyan, Chem. Soc. Rev., 2007, 36, 1173; 

d) X. Chen, K. M. Engle, D.-H. Wang, J.-Q. Yu, Angew. Chem. Int. Ed., 2009, 48, 5094; e) L. 

Ackermann, R. Vicente, A. R. Kapdi, Angew. Chem. Int. Ed., 2009, 48, 9792; f) O. Daugulis, 



Chapter 1 

 
 

34 

H.-Q. Do, D. Shabashov, Acc. Chem. Res., 2009, 42, 1074; g) T. W. Lyons, M. S. Sanford, 

Chem. Rev., 2010, 110, 1147; h) C. S. Yeung, V. M. Dong, Chem. Rev., 2011, 111, 1215; i) 

J. Wencel-Delord, T. Dröge, F. Liu, F. Glorius, Chem. Soc. Rev., 2011, 40, 4740; j) K. M. 

Engle, T.-S. Mei, M. Wasa, J.-Q. Yu, Acc. Chem. Res., 2012, 45, 788; k) Z. Huang, G. Dong, 

Tetrahedron, 2014, 55, 5869; l) K. M. Engle, Pure Appl. Chem., 2016, 88, 119.  

[14] For selected reviews on mechanisms of C–H activation, see: a) D. Lapointe, K. Fagnou, 

Chem. Lett., 2010, 39, 1118; b) L. Ackermann, Chem. Rev., 2011, 111, 1315; c) S. I. Gorelsky, 

Coord. Chem. Rev., 2013, 257, 153; d) F. Roudesly, J. Oble, G. Poli, J. Mol. Catal. A. Chem., 

2017, 426, 275; e) D. L. Davies, S. A. Macgregor, C. L. McMullin, Chem. Rev., 2017, 117, 

8649; f) D. Gallego, E. A. Baquero, Open Chem. J., 2018, 16, 1001; g) B. P. Carrow, J. 

Sampson, L. Wang, Isr. J. Chem., 2020, 60, 230; h) R. L. Carvalho, G. G. Dias, C. L. M. 

Pereira, P. Ghosh, D. Maiti, E. N. da Silva Júnior, J. Braz. Chem. Soc., 2021, 32, 917. 

[15] L. Wang, B. P. Carrow, ACS Catal., 2019, 9, 6821. 

[16] T. Rogge, J. C. A. Oliveira, R. Kuniyil, L. Hu, L. Ackermann, ACS Catal., 2020, 10, 10551. 

[17] J. He, M. Wasa, K. S. L. Chan, Q. Shao, J. Yu, Chem. Rev., 2017, 117, 8754. 

[18] For selected reviews on C−H functionalization with directing groups, see: a) F. Zhang and D. 

R. Spring, Chem. Soc. Rev., 2014, 43, 6906; b) Z. Huang, H. N. Lim, F. Mo, M. C. Young and 

G. Dong, Chem. Soc. Rev., 2015, 44, 7764; c) Z. Chen, B. Wang, J. Zhang, W. Yu, Z. Liu and 

Y. Zhang, Org. Chem. Front., 2015, 2, 1107; d) R. Y. Zhu, M. E. Farmer, Y. Q. Chen and J. 

Q. Yu, Angew. Chem. Int. Ed., 2016, 55, 10578; e) C. Ma, P. Fang and T.-S. Mei, ACS Catal., 

2018, 8, 7179; f) C. Sambiagio, D. Schönbauer, R. Blieck, T. Dao-Huy, G. Pototschnig, P. 

Schaaf, T. Wiesinger, M. F. Zia, J. Wencel-Delord, T. Besset, B. U. W. Maes and M. Schnürch, 

Chem. Soc. Rev., 2018, 47, 6603; g) S. Rej and N. Chatani, Angew. Chem. Int. Ed., 2019, 

58, 8304; h) G. Evano and C. Theunissen, Angew. Chem. Int. Ed., 2019, 58, 7202; i) Z. Chen, 

M. Y. Rong, J. Nie, X. F. Zhu, B. F. Shi and J. A. Ma, Chem. Soc. Rev., 2019, 48, 4921; j) Ł. 

Woźniak, J. F. Tan, Q. H. Nguyen, A. Madron du Vigné, V. Smal, Y. X. Cao and N. Cramer, 

Chem. Rev., 2020, 120, 10516; k) S. Rej, Y. Ano and N. Chatani, Chem. Rev., 2020, 120, 

1788; l) G. Meng, N. Y. S. Lam, E. L. Lucas, T. G. Saint-Denis, P. Verma, N. Chekshin and J. 

Q. Yu, J. Am. Chem. Soc., 2020, 142, 10571; m) B. Liu, A. M. Romine, C. Z. Rubel, K. M. 

Engle and B. F. Shi, Chem. Rev., 2021, 121, 14957; n) K. Murali, L. A. Machado, R. L. 

Carvalho, L. F. Pedrosa, R. Mukherjee, E. N. Da Silva Júnior, D. Maiti, Chem. Eur. J., 2021, 

27, 12453. 

[19] For selected reviews on C−H functionalization with transient directing groups, see: a) H. Sun, 

N. Guimond, Y. Huang, Org. Biomol. Chem., 2016, 14, 8389; b) O. K. Rasheed, B. Sun, 

ChemistrySelect, 2018, 3, 5689; c) P. Gandeepan, L. Ackermann, Chem, 2018, 4, 199; d) J. 

I. Higham, J. A. Bull, Org. Biomol. Chem., 2020, 18, 7291–7315; e) M. I. Lapuh, S. Mazeh, T. 

Besset, ACS Catal., 2020, 10, 12898; f) B. Zu, Y. Guo, J. Ke, C. He, Synthesis, 2021, 53, 

2029; g) H. Amistadi-Revol, S. Liu, S. Prévost, Eur. J. Org. Chem., 2023, 26,  e202300582. 

[20] a) R. Sharma, K. Thakur, R. Kumar, I. Kumar, U. Sharma, Catal. Rev., 2015, 57, 345; b) R. 

Sharma, U. Sharma, Catal. Rev., 2018, 60, 497. 

[21] For selected reviews on C−H functionalization with traceless directing groups, see: a) M. Font, 

J. M. Quibell, G. J. P. Perry, I. Larrosa, Chem. Commun. 2017, 53, 5584; b) G. Rani, V. 

Luxami, K. Paul, Chem. Commun., 2020, 56, 12479. For selected examples, see c) J. 

Cornella, M. Righi, I. Larrosa, Angew. Chem. Int. Ed., 2011, 50, 9429; d) J. Luo, S. Preciado, 

I. Larrosa, J. Am. Chem. Soc., 2014, 136, 4109; e) J. Luo, S. Preciado, I. Larrosa, Chem. 

Commun., 2015, 51, 3127; f) M. Font, A. R. A. Spencer, I. Larrosa, Chem. Sci., 2018, 9, 7133; 

g) Z. Fu, Y. Jiang, S. Wang, Y. Song, S. Guo, H. Cai, Org. Lett., 2019, 21, 3003; h) Y. 

Taskesenligil, M. Aslan, T. Cogurcu, N. Saracoglu, J. Org. Chem., 2022, 88, 1299. 



Pd-catalyzed C–H Functionalization of Arenes: General Introduction

 

35 

[22] For selected reviews on Pd/NBE cooperative catalysis, see: a) M. Catellani, E. Motti, N. Della 

Ca, Acc. Chem. Res., 2008, 41, 1512; b) A. Martins, B. Mariampillai, M. Lautens, in C−H 

Activation; (Eds: J.-Q Yu, Z. Shi) Springer, Berlin Heidelberg, 2009, Ch. 1, 1–33; c) J. Ye, M. 

Lautens, Nat. Chem., 2015, 7, 863; d) N. Della Ca, M. Fontana, E. Motti, M. Catellani, Acc. 

Chem. Res., 2016, 49, 1389; e) J. Wang, G. Dong, Chem. Rev., 2019, 119, 7478; f) H. G. 

Cheng, S. Chen, R. Chen, Q. Zhou, Angew. Chem. Int. Ed., 2019, 58, 5832; g) K. Zhao, L. 

Ding, Z. Gu, Synlett, 2019, 30, 129; h) S. Dong, X. Luan, Chin. J. Chem., 2021, 39, 1690. For 

selected examples of Pd/NBE catalyzed C−H functionalization reactions, see i) P. X. Shen, 

X. C. Wang, P. Wang, R. Y. Zhu, J. Q. Yu, J. Am. Chem. Soc., 2015, 137, 11574; j) H. Shi, 

P. Wang, S. Suzuki, M. E. Farmer, J. Q. Yu, J. Am. Chem. Soc., 2016, 138, 14876;  k) P. 

Wang, M. E. Farmer, X. Huo, P. Jain, P. X. Shen, M. Ishoey, J. E. Bradner, S. R. Wisniewski, 

M. D. Eastgate, J. Q. Yu, J. Am. Chem. Soc., 2016, 138, 9269; l) P. Wang, G. C. Li, P. Jain, 

M. E. Farmer, J. He, P. X. Shen, J. Q. Yu, J. Am. Chem. Soc., 2016, 138, 14092; m) Q. Ding, 

S. Ye, G. Cheng, P. Wang, M. E. Farmer, J. Q. Yu, J. Am. Chem. Soc., 2017, 139, 417; n) G. 

Cheng, P. Wang, J. Q. Yu, Angew. Chem. Int. Ed., 2017, 56, 8183; o) G. C. Li, P. Wang, M. 

E. Farmer, J. Q. Yu, Angew. Chem. Int. Ed., 2017, 56, 6874; p) P. Wang, M. E. Farmer, J. Q. 

Yu, Angew. Chem. Int. Ed., 2017, 56, 5125; q) M. E. Farmer, P. Wang, H. Shi, J. Q. Yu, ACS 

Catal., 2018, 8, 7362. 

[23] Z. Dong, J. Wang, G. Dong, J. Am. Chem. Soc., 2015, 137, 5887. 

[24] X. C. Wang, W. Gong, L. Z. Fang, R. Y. Zhu, S. Li, K. M. Engle, J. Q. Yu, Nature, 2015, 519, 

334. 

[25] a) H. Shi, A. N. Herron, Y. Shao, Q. Shao, J. -Q. Yu, Nature, 2018, 558, 581; b) D. E. Hill, J. 

-Q. Yu, D. G. Blackmond, J. Org. Chem., 2020, 85, 13674; c) J. -J. Li, J. -H. Zhao, H. -C. 

Shen, K. Wu, X. Kuang, P. Wang, J. -Q. Yu, Chem, 2023, 9, 1452; d) L. Zhou, H. -G. Cheng, 

L. Li, K. Wu, J. Hou, C. Jiao, S. Deng, Z. Liu, J. -Q. Yu, Q. Zhou, Nat. Chem., 2023, 15, 815. 

[26] For selected reviews on template directing groups, see: a) A. Dey, S. Agasti, D. Maiti, Org. 

Biomol. Chem., 2016, 14, 5440; b) A. Dey, S. K. Sinha, T. K. Achar, D. Maiti, Angew. Chem. 

Int. Ed., 2019, 58, 10820; c) R. Ali, R. Siddiqui, Adv. Synth. Catal., 2021, 363, 1290; d) G. 

Meng, N. Y. S. Lam, E. L. Lucas, T. G. Saint-Denis, P. Verma, N. Chekshin, J. Q. Yu, J. Am. 

Chem. Soc., 2020, 142, 10571; e) S. K. Sinha, S. Guin, S. Maiti, J. P. Biswas, S. Porey, D. 

Maiti, Chem. Rev., 2022, 122, 5682.  

[27] For selected examples of template directing groups containing a nitrile moiety, see a) D. Leow, 

G. Li, T. S. Mei, J.-Q. Yu, Nature, 2012, 486, 518; b) S. Lee, H. Lee, K. L. Tan, J. Am. Chem. 

Soc., 2013, 135, 18778; c) A. Maji, B. Bhaskararao, S. Singha, R. B. Sunoj, D. Maiti, Chem. 

Sci., 2016, 7, 3147; d) T. Patra, R. Watile, S. Agasti, T. Naveen, D. Maiti, Chem. Commun., 

2016, 52, 2027; e) S. Xie, S. Li, W. Ma, X. Xu, Z. Jin, Chem. Commun., 2019, 55, 12408. 

[28] For selected examples of template directing groups containing a pyridine or pyrimidine moiety, 

see a) L. Chu, M. Shang, K. Tanaka, Q. Chen, N. Pissarnitski, E. Streckfuss, J. Q. Yu, ACS 

Cent. Sci., 2015, 1, 394; b) U. Dutta, A. Modak, B. Bhaskararao, M. Bera, S. Bag, A. Mondal, 

D. W. Lupton, R. B. Sunoj, D. Maiti, ACS Catal., 2017, 7, 3162; c) S. Bag, R. Jayarajan, U. 

Dutta, R. Chowdhury, R. Mondal, D. Maiti, Angew. Chem. Int. Ed., 2017, 56, 12538; d) S. 

Bag, R. Jayarajan, R. Mondal, D. Maiti, Angew. Chem. Int. Ed., 2017, 56, 3182; e) R. 

Jayarajan, J. Das, S. Bag, R. Chowdhury, D. Maiti, Angew. Chem. Int. Ed., 2018, 57, 7659. 

[29] For selected examples of template directing groups for para-C−H activation, see a) S. Bag, 

T. Patra, A. Modak, A. Deb, S. Maity, U. Dutta, A. Dey, R. Kancherla, A. Maji, A. Hazra, M. 

Bera, D. Maiti, J. Am. Chem. Soc. 2015, 137, 11888; b) T. Patra, S. Bag, R. Kancherla, A. 

Mondal, A. Dey, S. Pimparkar, S. Agasti, A. Modak, D. Maiti, Angew. Chem. Int. Ed., 2016, 

55, 7751; c) A. Maji, A. Dahiya, G. Lu, T. Bhattacharya, M. Brochetta, P. Liu, G. Zanoni, D. 



Chapter 1 

 
 

36 

Maiti, Nat. Commun., 2018, 9, 3582; d) S. Pimparkar, T. Bhattacharya, A. Maji, A. Saha, R. 

Jayarajan, U. Dutta, G. Lu, D. W. Lupton, D. Maiti, Chem. Eur. J., 2020, 26, 11558. 

[30] For selected reviews on Ir-catalyzed C−H activation with non-covalent template directing 

groups, see: a) M. T. Mihai, G. R. Genov, R. J. Phipps, Chem. Soc. Rev., 2018, 47, 149; b) 

C. Haldar, M. E. Hoque, J. Chaturvedi, M. M. M. Hassan, B. Chattopadhyay, Chem. Commun., 

2021, 57, 13059.  

[31] a) Z. Zhang, K. Tanaka, J. Yu, Nature, 2017, 543, 538; b) T. K. Achar, K. Ramakrishna, T. 

Pal, S. Porey, P. Dolui, J. P. Biswas, D. Maiti, Chem. Eur. J., 2018, 24, 17906; c) G. Li, Y. 

Yan, P. Zhang, X. Xu, Z. Jin, ACS Catal., 2021, 11, 10460; d) Z. Fan, X. Chen, K. Tanaka, H. 

S. Park, N. Y. S. Lam, J. J. Wong, K. N. Houk, J. Q. Yu, Nature, 2022, 610, 87; e) N. Goswami, 

S. K. Sinha, P. Mondal, S. Adhya, A. Datta, D. Maiti, Chem, 2023, 9, 989; f) A. Mondal, M. 

Díaz-Ruiz, F. Deufel, F. Maseras, M. van Gemmeren, Chem, 2023, 9, 1004. 

[32] For selected general reviews on non-directed C−H functionalization, see: a) I. V. Seregin, V. 

Gevorgyan, Chem. Soc. Rev., 2007, 36, 1173; b) L. Joucla, L. Djakovitch, Adv. Synth. Catal., 

2009, 351, 673; c) S. H. Cho, J. Y. Kim, J. Kwak, S. Chang, Chem. Soc. Rev., 2011, 40, 5068; 

d) D. Zhao, J. You, C. Hu, Chem. Eur. J., 2011, 17, 5466; e) N. Kuhl, M. N. Hopkinson, J. 

Wencel-Delord, F. Glorius, Angew. Chem. Int. Ed., 2012, 51, 10236; f) F. Lv, Z. J. Yao, Sci. 

China Chem., 2017, 60, 701; g) Y. Yang, J. Lan, J. You, Chem. Rev., 2017, 117, 8787; h) P. 

Y. Choy, S. M. Wong, A. Kapdi, F. Y. Kwong, Org. Chem. Front., 2018, 5, 288; i) P. Wedi, M. 

van Gemmeren, Angew. Chem. Int. Ed., 2018, 57, 13016; j) S. Kancherla, K. B. Jorgensen, 

M. Á. Fernández-Ibáñez, Synth., 2019, 51, 643; k) S. Faarasse, N. El Brahmi, G. Guillaumet, 

S. El Kazzouli, Molecules, 2021, 26, 5763; l) T. Tian, Z. Li, C. J. Li, Green Chem., 2021, 23, 

6789. 

[33] I. Moritanl and Y. Fujiwara, Tetrahedron Lett., 1967, 8, 1119. 

[34] For early examples of Fujiwara-Moritani reaction, see a) Y. Fujiwara, I. Moritanl and M. 

Matsuda, Tetrahedron, 1968, 24, 4819; b) Y. Fujiwara, I. Moritanl, M. Matsuda, Tetrahedron 

Lett., 1968, 9, 633; c) Y. Fujiwara, I. Moritanl, M. Matsuda and S. Teranishi, Tetrahedron Lett., 

1968, 9, 3863; d) Y. Fujiwara, I. Moritanl, R. Asano, S. Teranishi, Tetrahedron Lett., 1968, 9, 

6015; e) S. Danno, I. Moritanl, Y. Fujiwara, Tetrahedron, 1969, 25, 4819; f) Y. Fujiwara, I. 

Moritanl, S. Danno, R. Asano and S. Teranishi, J. Am. Chem. Soc., 1969, 91, 7166; g) S. 

Danno, I. Moritanl, Y. Fujiwara, Tetrahedron, 1969, 25, 4809; h) R. Asano, I. Moritanl, Y. 

Fujiwara, S. Teranishi, Bull. Chem. Soc. Jpn., 1973, 46, 663; i) I. Moritanl, Y. Fujiwara, 

Synthesis, 1973, 524; j) J. Tsuji, H. Nagashima, Tetrahedron, 1984, 40, 2699. 

[35] Y.-H. Zhang, B.-F. Shi, J.-Q. Yu, J. Am. Chem. Soc., 2009, 131, 5072. 

[36] A. Kubota, M. H. Emmert, M. S. Sanford, Org. Lett., 2012, 14, 1760. 

[37] a) F. Yang, H. Zhang, X. Liu, B. Wang, L. Ackermann, Chin. J. Org. Chem., 2019, 39, 59. 

[38] M. H. Emmert, A. K. Cook, Y. J. Xie, M. S. Sanford, Angew. Chem. Int. Ed., 2011, 50, 9409 

[39] J. B. Gary, A. K. Cook, M. S. Sanford, ACS Catal., 2013, 3, 700. 

[40] A. K. Cook, M. H. Emmert, M. S. Sanford, Org. Lett., 2013, 15, 5428. 

[41] C. Valderas, K. Naksomboon, M. Á. Fernández-Ibáñez, ChemCatChem, 2016, 8, 3213. 

[42]   X. Cong, H. Tang, C. Wu, X. Zeng, Organometallics, 2013, 32, 6565. 

[43]   F. Villalba, A. C. Albéniz, Adv. Synth. Catal., 2021, 363, 4795. For the same ligand in C–H 

arylation of unprotected anilines, see C. Pinilla, V. Salamanca, A. Lledós and A. C. Albéniz, 

ACS Catal., 2022, 12, 14527.  

[44] a) K. Naksomboon, C. Valderas, M. Gómez-Martínez, Y. Álvarez-Casao, M. Á. Fernández-

Ibáñez, ACS Catal., 2017, 7, 6342; b) P. Wang, P. Verma, G. Xia, J. Shi, J. X. Qiao, S. Tao, 

P. T. W. Cheng, M. A. Poss, M. E. Farmer, K. S. Yeung, J. Q. Yu, Nature, 2017, 551, 489; c) 

H. Chen, P. Wedi, T. Meyer, G. Tavakoli, M. van Gemmeren, Angew. Chem. Int. Ed., 2018, 

57, 2497 



Pd-catalyzed C–H Functionalization of Arenes: General Introduction

 

37 

[45] a) K. Naksomboon, J. Poater, F. M. Bickelhaupt, M. Á. Fernández-Ibáñez, J. Am. Chem. Soc., 

2019, 141, 6719–6725; b) W. L. Jia, N. Westerveld, K. M. Wong, T. Morsch, M. Hakkennes, 

K. Naksomboon, M. Á. Fernández-Ibáñez, Org. Lett., 2019, 21, 9339. 

[46] a) Y. Álvarez-Casao, M. Á. Fernández-Ibáñez, Eur. J. Org. Chem., 2019, 1842; b) V. 

Sukowski, W. -L. Jia, R. van Diest, M. van Borselen and M. Á. Fernández-Ibáñez, Eur. J. Org. 

Chem., 2021, 29, 4132.  

[47] B. Yin, M. Fu, L. Wang, J. Liu and Q. Zhu, Chem. Commun., 2020, 56, 3293. Several 

experiments were conducted within our group to reproduce the reported results for certain 

substrates. However, we were not able to reproduce their results concerning the yields of 

some substrates and regioselectivities.  

[48] K. Naksomboon, E. Gómez-Bengoa, J. Mehara, J. Roithová, E. Otten, M. Á. Fernández-

Ibáñez, Chem. Sci., 2023, 14, 2943. 

[49] V. Sukowski, M. van Borselen, S. Mathew and M. Á. Fernández-Ibáñez, Angew. Chem. Int. 

Ed., 2022, 61, e202201750.  

[50] L. Y. Liu, J. X. Qiao, K. S. Yeung, W. R. Ewing, J. Q. Yu, J. Am. Chem. Soc., 2019, 141, 

14870. 

[51] V. Sukowski, M. van Borselen, S. Mathew, B. de Bruin, M. Á. Fernández-Ibáñez, Angew. 

Chem. Int. Ed., 2024, 63, e202317741.  

[52] a) N. Van Velthoven, M. Henrion, J. Dallenes, A. Krajnc, A. L. Bugaev, P. Liu, S. Bals, A. V. 

Soldatov, G. Mali, D. E. De Vos, ACS Catal., 2020, 10, 5077; b) N. Van Velthoven, Y. Wang, 

H. Van Hees, M. Henrion, A. L. Bugaev, G. Gracy, K. Amro, A. V. Soldatov, J. G. Alauzun, P. 

H. Mutin, D. E. De Vos, ACS Appl. Mater. Interfaces, 2020, 12, 47457.  

[53] Z. Lin, U. Dhawa, X. Hou, M. Surke, B. Yuan, S. W. Li, Y. C. Liou, M. J. Johansson, L. C. Xu, 

C. H. Chao, X. Hong, L. Ackermann, Nat. Commun., 2023, 14, 4224.  

[54] X. Y. Chen, Y. Wu, J. Zhou, P. Wang, J. Q. Yu, Org. Lett., 2019, 21, 1426. 

[55] L. Y. Liu, K. S. Yeung, J. Q. Yu, Chem. Eur. J., 2019, 25, 2199.  

[56] A. Saha, S. Guin, W. Ali, T. Bhattacharya, S. Sasmal, N. Goswami, G. Prakash, S. K. Sinha, 

H. B. Chandrashekar, S. Panda, S. S. Anjana, D. Maiti, J. Am. Chem. Soc., 2022, 144, 1929.  

[57] S. Panja, S. Ahsan, T. Pal, S. Kolb, W. Ali, S. Sharma, C. Das, J. Grover, A. Dutta, D. B. 

Werz, A. Paul, D. Maiti, Chem. Sci., 2022, 13, 9432. 

[58] a) L. Y. Liu, J. X. Qiao, K. S. Yeung, W. R. Ewing, J. Q. Yu, Angew. Chem. Int. Ed., 2020, 59, 

13831; b)  L. Y. Liu, J. X. Qiao, W. R. Ewing, K. S. Yeung, J. Q. Yu, Isr. J. Chem., 2020, 60, 

416. 

[59] a) H. Chen, M. Farizyan, F. Ghiringhelli, M. van Gemmeren, Angew. Chem. Int. Ed., 2020, 

59, 12213; b) C. Santiago, H. Chen, A. Mondal, M. Van Gemmeren, Synlett, 2022, 33, 357. 

[60] H. Chen, A. Mondal, P. Wedi, M. Van Gemmeren, ACS Catal., 2019, 9, 1979.  

[61] a) A. Mondal, H. Chen, L. Flämig, P. Wedi, M. Van Gemmeren, J. Am. Chem. Soc., 2019, 

141, 18662; b) A. Mondal, M. van Gemmeren, Angew. Chem. Int. Ed., 2021, 60, 742. 

[62] a) M. Farizyan, A. Mondal, S. Mal, F. Deufel, and M. van Gemmeren, J. Am. Chem. Soc., 

2021, 143, 16370; b) J. Dey, S. Kaltenberger, M. van Gemmeren, Angew. Chem. Int. Ed., 

2024, e202404421. 

[63] M. Farizyan, R. de Jesus, J. Dey and M. van Gemmeren, Chem. Sci., 2023, 14, 4357. 

[64] P. Wedi, M. Farizyan, K. Bergander, C. Mück-Lichtenfeld, M. van Gemmeren, Angew. Chem. 

Int. Ed., 2021, 60, 15641.  

[65] D. Zhao, P. Xu, T. Ritter, Chem, 2019, 5, 97.  

[66] S. K. Sinha, S. Panja, J. Grover, P. S. Hazra, S. Pandit, Y. Bairagi, X. Zhang, D. Maiti, J. Am. 

Chem. Soc., 2022, 144, 12032.  



Chapter 1 

 
 

38 

[67] a) H. T. Kim, E. Kang, M. Kim, J. M. Joo, Org. Lett., 2021, 23, 3657; b) S. Müller, W. Lee, J. 

Y. Song, E. Kang, J. M. Joo, Chem. Commun., 2022, 58, 10809; c) S. J. Yun, J. Kim, E. Kang, 

H. Jung, H. T. Kim, M. Kim, J. M. Joo, ACS Catal., 2023, 13, 4042.  

[68] a) J. Dhankhar, E. González-Fernández, C. C. Dong, T. K. Mukhopadhyay, A. Linden, I. Čorić, 

J. Am. Chem. Soc., 2020, 142, 19040; b) J. Dhankhar, M. D. Hofer, A. Linden, I. Čorić, Angew. 

Chem. Int. Ed., 2022, 61, e202205470.  

 

 

 

 

 


