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Deutsche Zusammenfassung 

Die Weiter Entwicklung stufen- und atomökonomischer CīH-Aktivierungen unter 

Verwendung kostengünstiger und auf der Erde reichlich vorhandener Metalle 

stellt eine entscheidende Rationalisierung der organischen Synthese dar und 

bietet neue Werkzeuge für den Aufbau von CīC-Bindungen, insbesondere in den 

Bereichen der Pharmazeutischen Industrie und Agrochemie und der 

Materialwissenschaften. Diese Dissertation überwindet die erhebliche 

Herausforderung, welche die selektive Funktionalisierung inerter CīH-

Bindungen mit sich bringt, die mit der Allgegenwärtigkeit von CīH-Bindungen in 

organischen Verbindungen einhergeht, und stellt mehrere innovative 

Synthesemethoden vor. Diese Methoden nutzen kostengünstige Ruthenium- und 

Photoelektrokatalyse, um eine nachhaltige und selektive CīH-Aktivierung zu 

erreichen. 

Im Rahmen des ersten Projekts entwickelten wir eine Ruthenium-katalysierte 

meta-CīH-sekundäre Alkylierung und Benzylierung mit einfach herzustellenden 

Katritzky-Pyridiniumsalzen. Die Rutheniumkatalyse zeichnet sich durch eine 

hervorragende Chemoselektivität und eine breite Toleranz gegenüber 

funktionellen Gruppen aus. 

Im zweiten Abschnitt wurde die Mehrkomponentenumwandlung eines anomeren 

Radikals unter Rutheniumkatalyse beschrieben. Es wurden vielseitige 

CīAlkylglykoside mit hoher Meta- und Anomerenselektivität erzeugt. Unsere 

Ruthenium-katalysierte Mehrkomponentenreaktion zeichnet sich durch äußerst 

milde Reaktionsbedingungen und ein breites Substratspektrum aus, was die 

Addition vom Giese-Typ für die Synthese von CīAlkylglykosiden hervorragend 

ermoeglicht. 

Im dritten Projekt haben wir die erste Palladaelektro-CīH-

AktivierungDearomatisierung der Spiroanellierung von 1-Aryl-2-Naphtholen und 

die elektrooxidative Rhodium-katalysierte enantioselektive [3+2]-

Spiroanellierung entwickelt. Die Elektrokatalyse bot einen einfachen Weg zum 

Aufbau strukturell unterschiedlicher spirocyclischer Verbindungen. 
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Im vierten Projekt haben wir eine effiziente eisenkatalysierte 

photoelektrochemische Silanfunktionalisierung entwickelt, um selektiv auf eine 

Vielzahl von Siīeingebauten Oxindolen mit ausgezeichneter Chemo- und 

Regioselektivität zuzugreifen. Die photoelektrochemische Reaktivität von 

Eisen(III)-Komplexen wurde erstmals für die Hydrogermanen-Aktivierung 

untersucht. 

Im fünften Projekt berichteten wir über eine photoelektrochemische Borylierung 

nicht aktivierter C(sp3)īH-Bindungen durch LMCT- und HAT-Prozesse. 
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1. Introduction 

There has been a growing emphasis on environmental concerns over the last few 

decades. Accordingly, novel and efficient processes aimed at modifying or replacing 

traditional technologies are increasingly emerging. This trend is particularly evident in 

the molecular assembly of compounds with transformative applications in drug 

development, energy storage, and material science. In this context, catalysis 

represents a key approach that allows for versatile, efficient, green and economically 

sound transformations to minimize the environmental footprint, as defined by Anastas 

and Werner in their 12 Principles of Green Chemistry.[1] Additionally, catalysis offers 

new disconnections from simple precursors, making it an attractive option for 

practitioners.[2] From an atom- and step-economic perspective, the direct 

functionalization of CīH bonds to form CīC or CīHet bonds stands out as one of the 

most straightforward and valuable approaches in organic synthesis. 

1.1. Transition Metal-Catalyzed CïH Functionalization 

Since the discovery and extensive exploration of metathesis[3] and cross-couplings,[4] 

both in catalytic modes and in industrial applications, the synthesis of organic 

compounds has undergone a revolutionary transformation. A shift from step-intensive 

functional group interconversions to palladium-catalyzed cross-coupling reactions has 

emerged, exemplified by Kumada-Corriu,[5] Negishi,[6] Magita-Kosogi-Stille,[7] Suzuki-

Miyaura,[8] Hiyama[9] cross-couplings, involving the coupling of aryl halides or pseudo-

halides with various organometallic nucleophiles (Scheme 1.1.1). These valuable 

synthetsis methods for the formation of CīC bonds were honored with the Nobel Prize 

in Chemistry in 2010, not only for their efficiency in organic synthesis but also for 

revolutionizing our approach to bond formation.[10] However, the requirement of pre-

functionalized starting materials necessitates additional steps in the preparation 

process. Furthermore, some organometallic nucleophiles, such as organomagnesium 

reagents for Kumada-Corriu cross-coupling, organozinc reagents for Negishi cross-

coupling, and toxic organostannane reagents for Stille coupling, are either air- or 

moisture-sensitive. Additionally, the chemical waste associated with the preparation of 

these starting materials and the stoichiometric byproducts of these reactions 

significantly limit their further applications. 
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In this context, the amalgamation of direct CīH activation and catalysis offers an 

efficient and environmentally benign platform for developing novel and valuable 

products in synthetic chemistry.[11] In this approach, the organometallic nucleophile is 

substituted by an inert CïH bond, eliminating the necessity for multi-step sequences 

to access the sensitive and potentially toxic organic nucleophile (Scheme 1.1.1). 

 

Scheme 1.1.1. Conceptual advantages of CïH functionalization over classical cross-couplings. 

Due to the inherent advantages of the CïH functionalization approach, considerable 

efforts have been dedicated to mechanistic studies aimed at understanding the CïH 

cleavage step in transition metal-catalyzed CīH functionalization. The CīH metalation 

step (Scheme 1.1.2) may involve several distinct transition states. Mechanistic 

modes[12] encompass oxidative addition (OA), ů-bond metathesis, 1,2-addition, 

electrophilic substitution, and base-assisted metalation. CïH cleavage via oxidative 

addition is typically observed in electron-rich metal centers (Scheme 1.1.2a), where 

the key interaction of the ů* orbital of the CïH bond with the metal center induces a 

formal two-electron transfer from the metal to the ligand. Cyclometallation proceeds 

with high-valent early transition metals, especially for metal hydride and metal alkyl 

complexes (Scheme 1.1.2b). The 1,2-addition with an M=X bond is mostly observed 

with group IV and V metal imido-complexes (Scheme 1.1.2c). CïH cleavage via 
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electrophilic substitution is generally observed with electron-poor late-transition metals 

(Scheme 1.1.2d). Base-assisted metalation is related to complexes bearing a 

carboxylate chelating base (Scheme 1.1.2e). 

 

Scheme 1.1.2. Different modes of CïH bond metalation step. 

CïHY cleavage mediated by the base-assisted metalation pathway can be further 

categorized (Scheme 1.1.3).[13] Initially proposed by Sakaki[14] as a deprotonated 

transition state, Fagnou introduced the term 'concerted metalation-deprotonation' 

(CMD).[15] The agostic interaction between the CïH bond and the metal center was 

also studied by Macgregor and Davies, and it was named ambiphilic metal ligand 

activation (AMLA).[16] The deprotonation in CMD leads to a preferential activation of 

electron-deficient substrates through kinetic CïH acidity control. In contrast, 

Ackermann introduced the base-assisted internal electrophilic substitution (BIES) for 

the preferred activation of electron-rich substrates, proceeding in a 

deprotonative/electrophilic substitution-type pathway.[17] 
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Scheme 1.1.3. Comparison of transition state structures in base-assisted metalation. 

Functionalization of unreactive CīH bonds, utilized as latent functional groups, offers 

a straightforward approach towards molecular complexity. However, organic 

molecules typically contain multiple CīH bonds with approximate dissociation 

energies, making the selective functionalization of a specific CīH bond challenging. 

Over the last few decades, various approaches have been developed to address 

selectivity issues (Scheme 1.1.4). Selective modification can be achieved through the 

inherent properties of the molecule based on electronic or steric differences. 

Alternatively, the installation of auxiliaries with Lewis-basic functionalities enables 

chemo-selective ortho-CīH functionalization of aromatics or remote CīH 

transformations. 

 

Scheme 1.1.4. Strategies for regioselectivity control.   
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1.2. Ruthenium-Catalyzed meta-CïH Activation 

Over the past two decades, significant strides have been achieved in CïH 

functionalization through the cleavage of organometallic CïH bonds, thereby 

introducing a novel synthetic toolkit for molecular synthesis. Notably, 4d and 5d 

transition metals have emerged as the preferred catalysts for these methods. Despite 

the establishment of numerous reaction pathways operating under mild conditions, 

concerns related to sustainability and resource economy have surfaced, given the 

expensive and potentially toxic nature of most of these metals. However, the unique 

position of ruthenium as a 4d transition metal distinguishes it by being both cost-

effective and versatile, offering a broad spectrum of distinct catalytic applications.[18] 

The pioneering example of ruthenium-catalyzed CïH activation dates back to 1986, as 

documented by Lewis and Smith[19]. Their work was motivated by earlier stoichiometric 

investigations conducted by Chatt[20]. Employing a sophisticated methodology, which 

marked the advent of the first transient directing group approach,[21] Lewis and Smith 

successfully achieved ruthenium-catalyzed hydroarylation of ethylene gas with phenol 

1. This process yielded a blend of mono- and disubstituted products 3 and 4 (Scheme 

1.2.1). Despite the harsh reaction conditions, this study served as a catalyst itself, 

propelling subsequent applications and exploration in the realm of ruthenium-catalyzed 

CïH activation. 

 

Scheme 1.2.1. First ruthenium-catalyzed CïH alkylation via phosphite assistance. 

Nearly a decade later, Murai presented a remarkable contribution with his research on 

ruthenium(0)-catalyzed CïH hydroarylation of olefins 6 facilitated by ketone assistance 

(Scheme 1.2.2), [22]. The ruthenium precatalyst, RuH2(CO)(PPh3)3, upon heating 

generated a ruthenium (0) species that facilitated crucial CïH cleavage through 

oxidative addition. This process resulted in a ruthenium hydride species, which then 
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underwent reductive elimination, yielding linear anti-Markovnikov addition products 

upon insertion into the olefin. Demonstrating versatility, this reaction protocol proved 

applicable to a range of aromatic ketones 5 and diverse olefins 6, allowing for chemo- 

and site-selective functionalization under relatively mild and synthetically 

advantageous reaction conditions. 

 

Scheme 1.2.2. Ruthenium-catalyzed CïH hydroarylation via ketone assistance. 

The use of cyclometalated complexes was initially demonstrated by Roper/Wright in 

the stoichiometric nitration of ruthenium-benzene complexes[23]. Subsequently, the 

groups of Roper/Wright,[24] van Koten,[25] and Coudret[26] extended this method to 

encompass oxidative transformations and halogenations of cyclometalated ruthenium 

complexes in a stoichiometric fashion. Drawing inspiration from these reports on 
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remote CīH functionalizations of ruthenium complexes, several protocols for 

ruthenium-catalyzed meta-selective CïH functionalizations of diverse substrates were 

developed over the last decade. These protocols facilitated the user-friendly 

construction of both CïC and Cïheteroatom bonds, and their development and 

application will be discussed herein up until January 2024. 

1.2.1 Ruthenium-Catalyzed meta-CïH Alkylation 

The catalytic ortho-selective CïH alkylations of arenes 8a with unactivated alkyl 

bromides 9 were first reported by Ackermann's group in 2009 (Scheme 1.2.1.1a).[27] 

Subsequently, the same group observed the catalytic remote CïH functionalization via 

ortho-metalation.[28] Ruthenium-catalyzed CïH alkylations using primary alkyl 

bromides resulted in the formation of the ortho-alkylated product facilitated by chelation 

assistance. However, when para-methoxyphenyl pyridine 8b was subjected to the 

reaction with 1-bromohexane 9, it yielded the ortho-alkylated product 10b alongside 

the meta-decorated arene 11a albeit in a relatively low yield (Scheme 1.2.1.1). 

 

Scheme 1.2.1.1 Ruthenium catalysis for CïH alkylation with n-hexyl bromide. 

Subsequently, Ackermann's group demonstrated a strategy for remote meta-CïH 

alkylations using secondary alkyl bromides 12 via carboxylate-assisted ortho-

ruthenation, resulting in the formation of meta-alkylated arenes 11 with excellent levels 

of position-selectivity (Scheme 1.2.1.2).[29] Heteroarenes, such as pyridines, 
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pyrimidines, and azoles, proved to be successful directing groups in the catalytic 

regime. Comprehensive mechanistic studies of this transformation supported a 

reversible CïH ruthenation and subsequent site-selective alkylation, proposed to 

proceed through the strong influence of the RuïC(sp2) ů-bond. It is noteworthy that the 

enantiomerically-enriched alkyl bromide (S)-12a led to the racemic product 11b 

(Scheme 1.2.1.2b). Additionally, the inclusion of the typical radical scavenger TEMPO 

completely inhibited the meta-CïH alkylation, providing robust evidence for homolytic 

CïBr cleavage. 

 

Scheme 1.2.1.2 Remote meta-CïH alkylations with secondary alkyl halides. 

Base on Ackermannôs findings, Ackermann[30] and late Frost[31] reported on ruthenium-

catalyzed tertiary CïH alkylations occurring in the meta-position (Scheme 1.2.1.3). 

Ackermann's protocol highlighted the first use of monoprotected amino acids (MPAA) 

as ligands for ruthenium-catalyzed CïH activation (Scheme 1.2.1.3a). Furthermore, 

the versatility of the method extended beyond arenes 8 bearing pyridines or azoles as 

directing groups; even removable pyrimidyl anilines were efficiently converted to the 

desired products 14[30]. Frost's procedure, on the other hand, demonstrated 

effectiveness not only with alkyl bromides 13 but also with commercially available and 

less reactive tertiary alkyl chlorides 13ab (Scheme 1.2.1.3b).[31] 
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Scheme 1.2.1.3 meta-CïH Alkylations with tertiary alkyl halides. 

Both contributions provided additional evidence supporting a radical pathway. Thus, 

Ackermann group proposed the following catalytic cycle (Scheme 1.2.1.4)[30]. The 

catalytically active complex I undergoes an initial reversible ortho-CïH ruthenation, 

forming intermediate II. Subsequently, a single-electron transfer to alkyl halide 13, 

followed by radical addition at the para-position relative to the RuïC bond, generates 

the radical intermediate III. Rearomatization and hydrogen-atom abstraction then led 

to the formation of the ruthenacycle intermediate IV, which undergoes proto-

demetalation. This process ultimately yields the alkylated product 14 while 

regenerating the catalytically active complex I. 
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Scheme 1.2.1.4 Proposed catalytic cycle for remote CïH alkylations via ortho-ruthenation. 

Until recently, most protocols for ruthenium-catalyzed meta-CïH alkylations were 

limited to strongly coordinating directing groups, such as 2-arylpyridines 8, which 

present challenges in terms of modification or removal. In 2017, Ackermann reported 

a breakthrough in remote meta-CïH alkylation by viable imines 15, followed by 

hydrolysis to yield meta-decorated ketones 16 (Scheme 1.2.1.5)[32]. Furthermore, the 

resultant ketones 16 were easily diversified into various structural motifs, 

encompassing phenols, anilines, carboxylic acids, and indoles. 
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Scheme 1.2.1.5 Remote meta-CïH alkylation with transformable/removable directing groups. 

Subsequently, azobenzenes 17[33] and phenoxypyridines 19[34] were utilized as 

adaptable and removable directing groups in ruthenium-catalyzed remote CïH 

alkylations, facilitating the synthesis of meta-decorated anilines and phenols upon the 

removal of the directing group (Scheme 1.2.1.6). 

 

Scheme 1.2.1.6 Remote meta-CïH alkylation with removable directing groups. 

Due to the pivotal role of organofluorine compounds in agrochemicals, 

pharmaceuticals, and materials sciences, the collaborative action of phosphine and 

carboxylate ligands in ruthenium(II) catalysis facilitated remote meta-CïH mono- and 

difluoromethylations utilizing fluorinated alkyl bromides 21, as initially introduced by 

Ackermann (Scheme 1.2.1.7).[35] Subsequently, Wang group reported a dual 

ruthenium and palladium catalysis approach for remote mono- and difluoro 

methylations.[36] 
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Scheme 1.2.1.7 Ruthenium-catalyzed meta-CïH mono- and difluoromethylations. 

Following this, Frost and coworkers demonstrated the effectiveness of ruthenium(II) 

biscarboxylates in collaboration with phosphine ligands or palladium co-catalysts for 

remote meta-CïH alkylations of Ŭ-halo carbonyl compounds 21a (Scheme 

1.2.1.8a).[37] This synergistic ruthenium catalysis proved versatile, extending its 

applicability not only to pyridines, pyrimidines, or removable pyrazoles as directing 

groups but also to transformable imidates, purines, and imines under milder conditions, 

as exemplified by Ackermann group(Scheme 1.2.1.8b).[38] Recently, Liang employed 

the cooperative action of phosphine and carboxylate ligands in a multicomponent 

ruthenium-catalyzed site-selective CïH Domino functionalization. (Scheme 

1.2.1.8c).[39] 



Introduction 

13 

 

 

Scheme 1.2.1.8 Remote CïH alkylations with Ŭ-bromocarbonyl compounds. 

Detailed mechanistic studies, including investigations with radical scavengers, 

diastereomerically pure alkyl bromides, and radical clock experiments, were conducted 

by Frost,[37] Ackermann,[38] and Liang,[39] providing robust evidence for a radical 

mechanism, as earlier suggested[30]. Ackermann's group further supported this with 

electron paramagnetic resonance (EPR) experiments, strongly indicating homolytic Cï

X bond cleavage[38]. Computational studies employing Fukui indices were carried out 

to elucidate the site-selectivity of meta-CïC bond formation. Radical Fukui indices of 

ruthenium(III) species proved instrumental in explaining the site-selectivity of CïC 

bond formation at the para-position with respect to ruthenium, as demonstrated by 

Ackermann[38].Based on these mechanistic studies, Ackermann's group proposed a 

plausible catalytic cycle that commences with a reversible, carboxylate-assisted CïH 

ruthenation of arene 8c (Scheme 1.2.1.9). Following this, a single-electron transfer 

takes place from ruthenacycle I to alkyl halides 21, resulting in the creation of 
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ruthenium(III) intermediate III and alkyl radical VI. Subsequently, the alkyl radical VI 

attacks the aromatic moiety at the position para to ruthenium, forming the ruthenacycle 

intermediate IV. Rearomatization, followed by proto-demetallation, yields the desired 

meta-substituted product and regenerates the catalytically active ruthenium(II) 

complex I. 

 

Scheme 1.2.1.9 Proposed catalytic cycle for the synergistic ruthenium-phosphine catalysis. 

It is noteworthy that the proposed catalytic cycle for synergistic ruthenium(II)-catalyzed 

remote CïH functionalizations encompasses the formation of the arene-ligand-free 

phosphine-coordinated ruthenacycle intermediate I. (Scheme 1.2.1.10). Ackermann's 

group further advanced remote CïH alkylation by employing the well-defined arene-

ligand-free catalyst [Ru(OAc)2(PPh3)2].[40] Arenes 8 containing heterocyclic directing 

groups, including transformable oxazolines, removable pyrazoles, and biologically 

relevant purines, were smoothly converted to meta-alkylated products 14 under the 

catalytic regime, showcasing exceptional levels of position-selectivity. 
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Scheme 1.2.1.10 Remote CïH alkylations using arene-ligand-free ruthenium complex. 

Very recently, Ackermann's group demonstrated a breakthrough in remote meta-CïH 

alkylation (Scheme 1.2.1.11).[41] At ambient temperature, the excitation process of 

ruthenium(II) intermediates during the remote meta-CïH alkylation by visible light led 

to the formation of the excited state, which underwent efficient single-electron transfer 

to alkyl halide 13. Remarkably, photoredox ruthenium catalysis demonstrated 

compatibility with monosaccharide, menthol, and steroid motifs. These photocatalytic 

reactions were conducted under milder reaction conditions and without the 

requirement of any additional exogenous photocatalysts. 

 

Scheme 1.2.1.11 Photo-induced ruthenium-catalyzed meta-CïH alkylations with alkyl bromides. 

Simultaneously, Greaney reported a remote CïH alkylation mediated by visible light 

(Scheme 1.2.1.12).[42] Secondary and tertiary alkyl iodides 13ac produced the meta-

decorated products 14b, whereas the selectivity shifted from meta to ortho when 

primary alkyl halides were employed. Importantly, the photocatalytic reactions were 

carried out using 2-Me-THF as the solvent. 

 

Scheme 1.2.1.12 Remote meta-CïH alkylations under visible light irradiation. 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































