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Abstract (in English) 

 

With the common goal of addressing CïH activation challenges in order to accelerate 

its use in industrial applications, in the dissertation presented herein, three projects will 

be presented and discussed.  

In the first chapter, we decided to tackle the concerns behind high catalyst loadings 

(that inherently harm the cost and atom economy of the transformation), and catalyst 

reactivity. Inspired by the concept of hemilability, and in an attempt to enhance the 

steric properties and reactivity of our dual ligand catalyst, we developed a series of 

hemilabile ligands that can switch their binding mode from ə2 to ə1. Using as model 

reaction the already reported nondirected Pd catalyzed C(sp2)ïH olefination of arenes, 

this project enabled the identification of ligands with interesting hemilabile properties.  

In the second chapter, following the principle of sustainable development, we 

addressed the replacement of silver with a more environmentally benign oxidant. The 

advantages of this protocol would be improved atom economy, less generated waste 

and lower cost, i.e. attractive selling points for potential industrial applicability. Taking 

inspiration from the Wacker Process, promising results came from the combination 

between Copper, as co-catalyst, and molecular oxygen as terminal oxidant, in the 

nondirected Pd catalyzed C(sp2)ïH olefination of arenes (as model reaction). Method 

optimization led us to the conclusion that improving gas-liquid mass transfer is crucial 

to the implementation of this method.  

In the third chapter, we focused on how to support industry in the synthesis of complex 

molecules. Since during drug discovery, high throughput screening campaigns are 

done to spot molecules of interest, building libraries of compounds in a fast and efficient 

way, thereby avoiding de novo synthesis, is of utmost importance. Hence, we 

developed and reported a sterically controlled C(sp2)ïH carboxylation and formylation 

of arenes, as a complementary method to electrophilic aromatic substitution 

approaches. 

 

We aspire that the chapters presented will encourage further development and 

improvement of CïH activation methodologies, for practical deployment in industrial 

settings.  
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Abstract (in German) 

 

Mit dem gemeinsamen Ziel, Herausforderungen bei der CïH-Aktivierung zu 

bewªltigen und deren Einsatz in industriellen Anwendungen zu beschleunigen, werden 

in der vorliegenden Dissertation drei Projekte vorgestellt und diskutiert. 

 

Im ersten Kapitel befassten wir uns mit den Problemen hoher Katalysatorbeladungen 

(die die Kosten und die Atomºkonomie der Umwandlung beeintrªchtigen) und der 

Katalysatorreaktivitªt. Inspiriert vom Konzept der Hemilabilitªt und mit dem Ziel, die 

sterischen Eigenschaften und die Reaktivitªt unseres Dualligandenkatalysators zu 

verbessern, entwickelten wir eine Reihe hemilabiler Liganden, die ihren 

Bindungsmodus von ə2 auf ə1 umschalten kºnnen. Anhand der bereits beschriebenen, 

nicht-gerichteten Pd-katalysierten C(sp2)ïH Olefinierung von Arenen als 

Modellreaktion ermºglichte dieses Projekt die Identifizierung von Liganden mit 

interessanten hemilabilen Eigenschaften. 

 

Im zweiten Kapitel befassten wir uns, dem Prinzip der nachhaltigen Entwicklung 

folgend, mit dem Ersatz von Silber durch ein umweltfreundlicheres Oxidationsmittel. 

Die Vorteile dieses Protokolls wªren eine verbesserte Atomºkonomie, weniger Abfall 

und geringere Kosten ï attraktive Argumente f¿r eine potenzielle industrielle 

Anwendung. Inspiriert vom Wacker-Prozess ergaben sich vielversprechende 

Ergebnisse durch die Kombination von Kupfer als Co-Katalysator und molekularem 

Sauerstoff als terminalem Oxidationsmittel in der nicht-gerichteten Pd-katalysierten 

C(sp2)ïH Olefinierung von Arenen (als Modellreaktion). Die Methodenoptimierung 

f¿hrte zu dem Schluss, dass die Verbesserung des Stoffaustauschs zwischen Gas und 

Fl¿ssigkeit entscheidend f¿r die Implementierung dieser Methode ist. 

 

Im dritten Kapitel konzentrierten wir uns darauf, wie die Industrie bei der Synthese 

komplexer Molek¿le unterst¿tzt werden kann. Da in der Wirkstoffforschung 

Hochdurchsatz-Screening-Kampagnen durchgef¿hrt werden, um interessante 

Molek¿le zu identifizieren, ist der schnelle und effiziente Aufbau von 

Substanzbibliotheken, um die De-novo-Synthese zu vermeiden, von grºÇter 

Bedeutung. Daher entwickelten und berichteten wir ¿ber eine sterisch kontrollierte 

C(sp2)ïH Carboxylierung und -Formylierung von Arenen als komplementªre Methode 

zu elektrophilen aromatischen Substitutionsansªtzen. 

 

Wir hoffen, dass die hier vorgestellten Kapitel die Weiterentwicklung und 

Verbesserung von CïH Aktivierungsmethoden zur praktischen Anwendung in 

industriellen Umgebungen anregen werden. 
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1 General Introduction 
 

The imaginary disconnection of chemical bonds in complex molecules into simpler 

precursors is called retrosynthesis. Developed by Nobel Laureate Elias James Corey, 

this innovative and logical process has helped generations of chemists designing 

synthetic routes.1-3 Considering the sweeping evolution of synthetic organic chemistry, 

the number of possible disconnections has increased exponentially, leading to 

sophisticated and elegant synthetic pathways.4-6  

Yet, the disconnections performed in pharmaceutical industry, i.e, the portfolio of 

reactions employed, remains limited.7 A survey covering a five-year period (2017 to 

2021) using as key resource the journal Organic Process Research & Development 

(OPRD), identified that in a total of 212 active pharmaceutical ingredient (API) 

synthesis, almost 50% included at least one transition metal-catalyzed step.8 In over 

80% of the catalytic systems used, Palladium (Pd) was the metal of choice, with 

Miyaura borylation and Suzuki-Miyaura cross-couplings as the most employed 

reactions.  

Catalytic cross-couplings are an indispensable tool in pharmaceutical industry. By 

combining two distinct molecular entities, traditionally an organo(pseudo)halide 

electrophile and an organometallic nucleophile, in the presence of a transition metal 

catalyst, CarbonïCarbon (CïC) or CarbonïHeteroatom (CïX) bonds can be formed 

(Scheme 1.1).9 While initial studies centred on forming C(sp2)ïC(sp2) bonds, 

nowadays the arsenal of electrophiles and nucleophiles has expanded, enabling the 

construction of three-dimensional organic molecules through C(sp3)ïC(sp2) and 

C(sp3)ïC(sp3) bond formation.10, 11 

 

 

{ŎƘŜƳŜ мΦмΥ DŜƴŜǊƛŎ ŎǊƻǎǎπŎƻǳǇƭƛƴƎ ǊŜŀŎǝƻƴ ǎŎƘŜƳŜΦ 

 

It is not surprising that cross-coupling reactions play such an important role in industry, 

in particular pharmaceutical industry. Due to their efficiency, possibility to be performed 

under mild conditions12 and broad functional group tolerance, desired products can be 

delivered in a timely manner.13  

Additionally, cross-couplings are also reliable and low sensitive reactions, elements 

that result in robustness.14  
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Robustness is observed when a reaction was designed to overcome scalability 

challenges while ensuring reproducibility, and easy transfer across different scales and 

setups.15-17 The importance of this parameter becomes apparent in the different stages 

of drug development.  

During the initial phases of drug discovery, minimal quantities (1-2 mg) of compound 

are typically required for biological testing. Hence, the principal goal is to obtain the 

molecule in the fastest and purest way. Therefore, reactions that are robust and with a 

broad substrate scope (such as cross-couplings), are preferred over novel reactions 

that would require optimization. Once the compound evolves from lead to candidate, 

the scale of the synthesis increases (10-100 g) to supply the quantities necessary for 

a broader array of studies. Upon entering clinical trials, kilogram amounts are typically 

required, and if the drug is ultimately approved for the market, production may need to 

be scaled up to tons of material.18, 19 

As the scale increases to comply with compound demand, new challenges arise. 

Firstly, a deep mechanistic understanding is vital to develop efficient scalable and 

robust processes (e.g. impurity identification, catalyst deactivation pathways).15 

Usually perceived as a time-consuming task, the knowledge obtained in these studies 

will prevent setbacksΦ To foresee possible risks in scaling up, an initial experiment 

would be to run a reaction not above five times the original scale (i.e. risk assessment). 

Whilst in a small-scale setup, external cooling is a common approach to control 

increase in reaction temperature, as we move to larger scale setups, the reactionËs 

heat dissipation rate is substantially diminished (square-cube law). To prevent dramatic 

consequences, temperature should be monitored, and order of reagents addition 

adjusted. Purity is of utmost importance, since APIs need to fulfil regulatory policies 

such as current Good Manufacturing Processes (cGMP).20, 21 Thus, to minimize plant 

costs and maximize efficiency, the go-to purification methods are crystallization and 

distillation. In addition, atom- and step-economy, and proper choice of solvent and 

reagents are also critical points to increase the method sustainability.18  

Notwithstanding the advantages of cross-coupling reactions, one of its disadvantages 

is the need for prefunctionalized substrates (e.g. organo(pseudo)halide as 

electrophile). This implies additional synthetic steps to install the linchpin for 

subsequent functionalization, leading to less atom- and step-economy.22 In addition, 

depending on the substrate in hand, the selective introduction of the (pseudo)halide 

can be problematic.  

Thus, as an alternative disconnection to well-stablished cross-couplings, CïH 

activation has the potential to increase molecular complexity in a faster fashion.23  
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1.1 CïH Activation  

 

CïH activation and CïH functionalization are two distinct terms that are often 

indiscriminately used. CïH functionalization encompasses all mechanisms in which a 

moleculeËs CïH bond is converted into a non-CïH bond, despite the eventual 

presence of more reactive functional groups (FG).24 From radical mechanisms25 to 

enzyme catalyzed methods,26 the importance of CïH functionalization is depicted in 

the synthesis of high-value compounds.27, 28 A novel technology within the CïH 

functionalization subset, is CïH activation.  

Through an inner sphere mechanism, a CïH bond is activated by a transition metal 

catalyst, forming a CarbonïMetal (CïM) bond, which due to its much higher reactivity, 

it can subsequently undergo functionalization to form new types of bonds (CïC or Cï

X). Considering that CïH activation goes via an inner-sphere mechanism and CïH 

functionalization can occur via inner- and outer-sphere mechanisms, CïH activation is 

considered a CïH functionalization method, but the reverse relationship does not 

necessarily apply.29  

This innovative disconnection has key advantages, which can be exemplified by 

contrasting it with a cross-coupling approach (Scheme 1.2). While in cross-couplings, 

prefunctionalized substrates are required, in a CïH activation methodology, simpler 

starting materials can be used since no prefunctionalization step is needed. Hence, 

cost and waste generation decrease, in addition to higher step- and atom- economy of 

the synthetic route. During drug discovery, high throughput screening (HTS) 

campaigns are performed in order to identify molecules of interest. Once the hit to lead 

phase is reached, intensive structure-activity relationships (SAR) investigations are 

performed, so the synthesis and diversification of late-stage intermediates in a fast and 

efficient manner is of utmost importance.30 To this end, CïH activation has been useful 

for late-stage functionalization of complex molecules to build compound libraries.31, 32  
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{ŎƘŜƳŜ мΦнΥ /ƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ŀ ǘǊŀŘƛǝƻƴŀƭ ŎǊƻǎǎπŎƻǳǇƭƛƴƎ όtŀǘƘ !ύ ŀƴŘ /ςI ŀŎǝǾŀǝƻƴ όtŀǘƘ .ύΦ ώaϐ Ґ ƳŜǘŀƭΦ {ŎƘŜƳŜ 
ŀŘŀǇǘŜŘ ŦǊƻƳ wŜŦΦ птΦ  

 

Nevertheless, this field still faces several challenges.  

1. Site selectivity 

Selective functionalization of a CïH bond is very challenging due to their ubiquity.  

A common strategy is the use of directing groups (DGs), such as amide, pyridine and 

carboxylic acid (Scheme 1.3). Through chelation to the catalyst, the concentration of 

substrate near the catalyst increases (complex-induced proximity effect), thereby 

enhancing reactivity. Agostic interactions enable the formation of a cyclometallated 

intermediate, that must exhibit both kinetic and thermodynamic stability. The position 

of the DG within the substrate will dictate the selectivity.33 34 Notably, the choice of DG 

(traceless, transient or native) can have a significant impact on step- and atom-

economy of the overall process.35 As a complementary approach to DG strategies, 

nondirected methods with orthogonal reactivity and selectivity have been developed. 

 

 

{ŎƘŜƳŜ мΦоΥ 5ƛǊŜŎǝƴƎ ƎǊƻǳǇ ǿƻǊƪƛƴƎ ǇǊƛƴŎƛǇƭŜΦ 
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To explain the inertness of CïH bonds, the concept of pKa - negative logarithm of a 

moleculeËs acid dissociation constant - needs to be taken into consideration (Scheme 

1.4).36, 37 A low pKa implies higher acidity, i.e, higher stability of the deprotonated 

species upon heterolytic bond cleavage. Hence, in ionic or metal-mediated processes 

(e.g. base-assisted deprotonation pathways), the heterolytic cleavage will 

preferentially take place in more acidic positions, i.e, low pKa. 

 

 

{ŎƘŜƳŜ мΦпΥ ǇYŀ ƻŦ ŎƻƳƳƻƴ /ςI ōƻƴŘǎ ŀŘŀǇǘŜŘ ŦǊƻƳ wŜŦΦ осΦ  

 

Despite developments in transition metal catalysis to lower the large energy barrier to 

cleave non-acidic CïH bonds (pKa > 25), CïH activation is commonly performed under 

harsh reaction conditions (e.g. high temperature and long reaction times) leading to 

potential chemoselectivity issues. 

The high temperatures employed (commonly in between 80 - 120 ÜC) are above the 

boiling point of 1,1,1,3,3,3-Hexafluor-2-propanol (HFIP) (bp(HFIP) = 59 ÜC), the go-to 

solvent typically used in Pd-catalyzed CïH activation protocols.38-41 This solvent 

presents several strengths: its high polarity ensures the solubility of all reaction 

components and therefore a homogenous reaction media; non-nucleophilic nature; 

excellent hydrogen donor (H-donor) enables the stabilization of transition states, 

lowering energy barriers. Yet, its high cost, corrosive nature and unsustainability, are 

some of the drawbacks that limit its application in industry. Identification of new 

solvents capable of substituting HFIP without sacrificing its advantages, is currently a 

major focus area.42  

 

2. (Super-)stoichiometric amounts of oxidant 

The use of oxidants, such as silver salts in (super)-stoichiometric amounts, limits the 

widespread application of CïH activation on large scale, due to added cost, poorer 

atom-economy and waste generation.43 To make this technology more sustainable and 

practical for scaling up, alternative pathways for extracting electrons from the metal 

center and regenerate the active species need to be further developed. 
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Promising strategies are the use of environmental benign oxidants (e.g. molecular 

oxygen) and the use of innovative technologies like electrochemistry,44-46 as it can 

adjust the redox state of the metal by direct application of an electrical potential. It is 

important to consider that some CïH activation methods are redox neutral, 

circumventing the use of external oxidants.47 Further insights into the role of oxidants 

in CïH activation will be discussed in a follow-up chapter (see Chapter 3).  

 

3. High catalyst loadings 

Ideally, a transition metal catalyzed reaction should proceed at the highest rate with 

the lowest possible catalyst loading.48  

During the early stages of drug development, a turnover number (TON) of 102 is usually 

accepted for the catalyst in hand. However, during the commercial process, TON 

higher than 103 are necessary, in order to justify the choice of catalyst in terms of cost 

and activity.8 In addition to cost and catalyst performance, a key concern related to 

high catalyst loadings is the possible contamination of the API, either by metal and/or 

ligand. Strategies to remove residual metal contaminants (e.g. nanofiltration) have 

been developed so that pharmaceutical industry can fulfil tight regulations.49 Regarding 

possible ligand contamination, ñligand-freeò methods have also been reported.50 The 

choice of ligand can also amper the cost effectiveness of the catalytic reaction in case 

several synthetic steps are required to get the ligand.  

Based on these considerations, the development of active catalysts with high turnover 

number can be extremely beneficial for pharmaceutical industry. 

 

4. Lack of information for a broader audience 

The experience and background of a chemist will dictate its preference for certain 

reactions over others. To expand the applicability of any novel technology, it is 

important to bring academia and industry closer together.51, 52  

Considering that in CïH activation protocols, specialized equipment is used (e.g. 

Schlenk tubes, heating blocks), non-experts might assume that without that equipment, 

the reaction might not work. As Glorius and coworkers state, ñ(é) a major hurdle to the 

application of a new chemical methodology to real synthetic problems is a lack of 

information regarding its application beyond the idealized conditions (é)ò.17 Hence, 

providing information such as failed scope entries and a detailed supporting 

information, can prevent not only reproducibility issues53-55 but also frustration when 

non-experts decide to apply a novel technology.  
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1.2 CïH Activation Mechanisms 

 

CïH functionalization mechanistic regimes can be classified into two main categories: 

outer-sphere or inner-sphere mechanism.  

The outer-sphere mechanism does not involve the formation of a CïM bond. Instead, 

insertion of a CïH bond into the ligand of a transition metal complex takes place. 

Conversely, as briefly mentioned in Section 1.1 (vide supra), an inner-sphere 

mechanism proceeds through the coordination of a CïH bond directly to the metal 

center, forming an organometallic species, being the requirement for a method to be 

classified as CïH activation pathway.56 Considering the topic of this dissertation, outer-

sphere mechanisms will not be discussed, and relevant literature provided.57-59  

Within the inner-sphere manifold, the common CïH activation mechanisms are:29, 56, 

60-62 1) oxidative addition; 2) ů-bond metathesis; 3) electrophilic substitution 

mechanisms and 4) base-assisted concerted CïH activation mechanisms The type of 

inner-sphere mechanism will be determined based on the nature and oxidation state 

of the metal.  

Oxidative addition is the typical pathway for electron rich late transition metal 

complexes. Upon coordination of the transition metal into the CïH bond, a three-

membered transition state is formed. The concerted formation of a CïM and a MïH 

bonds (i.e. and organometallic hydride) increase the oxidation state of the metal by 2 

(Scheme 1.5). 

 

 

{ŎƘŜƳŜ мΦрΥ hȄƛŘŀǝǾŜ ŀŘŘƛǝƻƴΦ 

 

Contrary to an oxidative addition pathway, in ů-bond metathesis the oxidation state of 

the metal remains unchanged. In this common pathway for electrophilic early transition 

metals, two ů bonds are broken and two new ů bonds are formed. A four-membered 

transition state is formed in which the hydrogen atom of the CïH bond to be cleaved, 

will be transferred to the substituent (e.g. boryl or silyl group) attached to the metal 

center (Scheme 1.6). 
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{ŎƘŜƳŜ мΦсΥ ̀πōƻƴŘ ƳŜǘŀǘƘŜǎƛǎΦ 

Electrophilic substitution mechanisms are usually performed using electron-poor late 

transition metals, like Pd (II) sources, showing parallels to electrophilic aromatic 

substitution (SEAr) (Scheme 1.7). In this mechanism the substrate (e.g. electron rich 

(hetero)arene) undergoes nucleophilic attack on the electrophilic metal center, 

generating a Wheland complex. Aromaticity is restored by subsequent deprotonation 

of the ů-complex, affording the metal-arene complex.  

 

 

{ŎƘŜƳŜ мΦтΥ 9ƭŜŎǘǊƻǇƘƛƭƛŎ ǎǳōǎǝǘǳǝƻƴΦ 

 

The mechanisms outlined above are seen as classical CïH activation mechanisms. To 

help understand previously obtained selectivities, an additional mechanistic category 

was discovered: base-assisted concerted CïH activation mechanisms (Scheme 1.8).63 

In this mechanistic manifold, with the assistance of a heteroatomËs lone pair (e.g. 

oxygen atom from a carboxylate ligand) located next to the metal center, a proton is 

removed. Depending on the direction and extent of polarization between the substrate 

and the catalyst, base-assisted concerted CïH activation mechanisms can be further 

differentiated: concerted metalation-deprotonation (CMD) mechanisms, ambiphilic 

metal ligand activation (AMLA) mechanisms and base-assisted internal electrophilic 

substitution (BIES) mechanisms, also named electrophilic CMD (eCMD) mechanism. 

For a more detailed discussion into the different mechanisms, relevant literature will be 

provided.64, 65 

 

 

{ŎƘŜƳŜ мΦуΥ .ŀǎŜπŀǎǎƛǎǘŜŘ ŎƻƴŎŜǊǘŜŘ /ςI ŀŎǝǾŀǝƻƴ ƳŜŎƘŀƴƛǎƳΦ 
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This brief explanation into the various CïH activation mechanisms aim to show the 

reader that intricate organic systems must be studied mechanistically, in order to 

facilitate reaction optimization. Thanks to advances in computational methods and 

computer power, complex systems can now be more easily investigated. For example, 

in-depth analysis of transition states in the rate-determining step can reveal the 

underlying factors controlling selectivity and reactivity.61  
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1.3 Application of CïH Activation on a Preparative Scale 

 

Notwithstanding the difficulties still associated with CïH activation, this novel 

technology has been successfully applied in the production of pharmaceuticals, such 

as LSZ102 (Scheme 1.9). Back in 2020, LSZ102 was in Phase I/IB as a drug candidate 

for the treatment of estrogen receptor Ŭ-positive breast cancer. To address the growing 

demand for API, an efficient synthetic route was developed by Baenziger and 

coworkers.66 During route scouting, one proposed strategy was a Negishi cross- 

coupling reaction however, waste generation (zinc waste) and additional functional 

group interconversions, prompted the authors to apply an alternative disconnection. 

Palladium (Pd) has been applied in a wide range of industrial applications owing to its 

advantages over other metals: its typical higher reactivity over other metals (TON up 

to 106), not only promotes functionalization of less reactive substrates but also milder 

reaction conditions.49 Hence, Pd-catalyzed CïH activation was pursued.  

 

 

{ŎƘŜƳŜ мΦфΥ /ςI ŀŎǝǾŀǝƻƴ ŀǇǇǊƻŀŎƘ ƛƴ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ [{½млнΦ {ŎƘŜƳŜ ŀŘŀǇǘŜŘ ŦǊƻƳ wŜŦΦ птΦ 

 

Using a low catalyst loading (Pd(OAc)2 in 4 mol%) and in the absence of oxidant, the 

desired product was obtained in high conversions (less than 2% of starting material 1 

left). To purge impurities, the product from CïH activation was not isolated but 

converted to the betaine co-crystal 2. On a 35 kg scale reaction, 2 was afforded in 85% 

yield. 

The authors also state that when using recrystalized 1, the ligand and metal loading 

could be further decreased. Despite not proceeding with these conditions, this shows 

how starting material purity can have a tremendous impact in reaction optimization. 

Additional information to ensure reproducibility included: water content should be 

below 400 ppm; inert conditions are required; and high-purity grade quality Pd(OAc)2 

supplied by Johnson Matthey gave the best results.  
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Related to the tight regulations in API manufacturing (vide supra), the authors identified 

a suitable Pd scavenger, 3-mercaptopropyl ethyl sulfide silica. Ultimately, the final API 

LSZ102 was obtained from an acetic acid/H2O system in 76% yield.  

Examples like the one above show how CïH activation can streamline the synthesis 

of relevant molecules. Considering the prevalence of aromatic compounds in API, 

formation of a CïC bond or a CïHeteroatom bond, can not only enhance molecular 

complexity, but also serve as a linchpin for further functionalization.  

Given the versatility of organo-Pd intermediates and the relevance of C=C in organic 

chemistry, several methodologies for Pd-catalysed olefination of arenes have been 

developed throughout the last decades. 
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1.4 Pd Catalysed C(sp2)ïH Olefination of Arenes 

 

Independently discovered by Mizoroki67 and Heck68 in the early 1970s, the Mizoroki-

Heck reaction is a common strategy to construct CïC bonds between aryl and olefinic 

moieties (Scheme 1.10). By coupling aryl (pseudo)halides (4) with olefins, substituted 

olefins (5) are generated. The method has been widely applicable in natural product 

synthesis but also in industry owing to its mild conditions and broad functional group 

tolerance.49, 69 The catalytic cycle starts with reduction of the Pd(II) complex to Pd(0) 

using phosphines or amines. Pd(0) insertion into the aryl-(pseudo)halogen bond takes 

place via oxidative addition, with concomitant increase in the oxidation state (Pd(II)). 

Upon coordination of the olefin to the metal center of the aryl-Pd(II) species, 

carbopalladation takes place, and the substituted olefin released by ɓ-hydride 

elimination. The last step of the catalytic cycle is reductive elimination in the presence 

of stoichiometric amounts of base to regenerate the active Pd(II) catalyst. 

 

 

{ŎƘŜƳŜ мΦмлΥ DŜƴŜǊŀƭ ŘŜǎŎǊƛǇǝƻƴ ƻŦ aƛȊƻǊƻƪƛπIŜŎƪ ƻƭŜŬƴŀǝƻƴ ŀƭƻƴƎ ǿƛǘƘ ǊŜŀŎǝƻƴ ƳŜŎƘŀƴƛǎƳΦ 

 

Despite its enormous utility, one of the major disadvantages of cross-coupling 

reactions is the need for prefunctionalized substrates, which could become problematic 

to obtain in situations where selectively introducing a (pseudo)halide in a specific 

position is challenging. 
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Hence, throughout the last decades, enormous advances in the field of Pd catalyzed 

C(sp2)ïH olefination of arenes have been accomplished, either in the presence of DGs 

(directed approaches) or, preferentially, in its absence (nondirected approaches). 

 

1.4.1 Directed Pd Catalysed C(sp2)ïH Olefination of Arenes  

 

Profiting from an acceleration through the complex-induced proximity effect, the use of 

directing groups was reported by Miura and de Vries in 1998 and 2002, respectively 

(Scheme 1.11). Miura investigated the use of sulfonamides and carboxylic acids to 

selectively achieve ortho-functionalization which upon intramolecular nucleophilic 

cyclization, dihydrophenanthridines and lactones could be afforded (Scheme 1.11, A 

and B).70 de Vries developed a mild method to ortho-functionalize aniline derivatives 

(Scheme 1.11, C).71 The reaction could be carried out at 20 ÜC with benzoquinone 

playing two roles: terminal oxidant and as ligand, stabilizing the catalyst against 

decomposition. Installing a DG typically requires additional synthetic steps, decreasing 

the step economy of the process.  

 

 

{ŎƘŜƳŜ мΦммΥ 9ȄŀƳǇƭŜǎ ƻŦ ŘƛǊŜŎǘŜŘ tŘ ŎŀǘŀƭȅǎŜŘ /όǎǇнύςI ƻƭŜŬƴŀǝƻƴ ƻŦ ŀǊŜƴŜǎ ǳǎƛƴƎ ŀǎ ŘƛǊŜŎǝƴƎ ƎǊƻǳǇǎ !ύ ǎǳƭŦƻƴŀƳƛŘŜǎΣ .ύ 
ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘǎ ŀƴŘ /ύ ŀƴƛƭƛƴŜ ŘŜǊƛǾŀǝǾŜǎΦ 

To bypass the requirement for DGs, it is crucial to develop Pd-catalyzed 

transformations in which its reactivity and selectivity is governed by either substrate 

control and/or catalyst control.72  
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1.4.2 Nondirected Pd Catalysed C(sp2)ïH Olefination of Arenes 

 

Previously to the development of the Mizoroki-Heck reaction, in the late 1960s Fujiwara 

and Moritani reported the first nondirected Pd-mediated C(sp2)ïH activation of arenes 

using stoichiometric amounts of a styrene-Pd chloride complex.73 Two years later, the 

same authors published a catalytic version of the same reaction.74 This reaction was 

run under O2 atmosphere and used Cu(OAc)2 as a redox mediator, similarly to the 

Wacker oxidation.75 The catalytic cycle begins with C H activation of benzene (3) by 

Pd(OAc)Ϝ, followed by carbopalladation and ɓ-hydride elimination to yield the 

olefinated arene (6) (Scheme 1.12). Even though the need for prefunctionalized 

substrates is obviated, the Fujiwara-Moritani reaction requires excess arene to induce 

sufficient reactivity. This inhibits the wide applicability of the method especially in the 

early stages of drug development, where chemists usually work on small scale (10s to 

100s of milligrams).76 

 

 

{ŎƘŜƳŜ мΦмнΥ DŜƴŜǊŀƭ ŘŜǎŎǊƛǇǝƻƴ ƻŦ CǳƧƛǿŀǊŀπaƻǊƛǘŀƴƛ ǊŜŀŎǝƻƴ ŀƭƻƴƎ ǿƛǘƘ ǊŜŀŎǝƻƴ ƳŜŎƘŀƴƛǎƳΦ 

 

In 2009, an olefination of highly electron deficient arenes protocol with the ultimate goal 

of synthetizing 1,2,4-trisubstituted arenes was published by Yu (Scheme 1.13).77 To 

promote the reaction, the authors envisioned a ligand with minimal steric bulk around 

the coordinating nitrogen atom, but with higher steric hindrance on the side chain 

carbon atoms (L1). 
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By gradually increasing the steric bulk on these distal atoms, a pair of ligands would 

experience significant mutual steric repulsion when both attempt to coordinate to the 

metal center. As a result, only one ligand could bind to Pd, creating a free coordination 

site for the substrate. From the regioisomeric ratios obtained, electronic factors in 

combination to steric hindrance dictate the regioselectivity (Scheme 1.13, 9a-9c). A 

subsequent mechanistic study supports these observations.78 In spite of using the 

arene in excess, the use of O2 as terminal oxidant is an advantage of the method, due 

to less generated waste.  

 

 

{ŎƘŜƳŜ мΦмоΥ tŘπŎŀǘŀƭȅȊŜŘ ƻƭŜŬƴŀǝƻƴ ƻŦ ŜƭŜŎǘǊƻƴπŘŜŬŎƛŜƴǘ ŀǊŜƴŜǎ ŘŜǾŜƭƻǇŜŘ ōȅ ¸ǳ ŀƴŘ ŎƻǿƻǊƪŜǊǎΦ 

 

A method using a commercially available ligand (L2, Scheme 1.14) and tert-

butylperoxybenzoate as oxidant was later reported by Sanford (Scheme 1.14).79 L2 

was the best ligand, influencing reaction rate as well as site selectivity. The authors 

compared L1 (vide supra) with L2 and noticed that under their optimized conditions, 

L1 gave lower reaction rate and yields than L2, suggesting that the influence of ligands 

on the reactivity of Pd-catalysts can strongly depend on the oxidant used.80 

Functionalization of EW substrates afforded lower yields in comparison to some scope 

entries also investigated by Yu (e.g. Entry 9a Scheme 1.13 vs Entry 9a, Scheme 1.14). 

Though the method still requires excess arene, low ligand loading can be used due to 

catalyst reactivity. 
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{ŎƘŜƳŜ мΦмпΥ tŘπŎŀǘŀƭȅȊŜŘ ƻƭŜŬƴŀǝƻƴ ƻŦ ŀǊŜƴŜǎ ǳǎƛƴƎ ŀ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ƭƛƎŀƴŘ ŘŜǾŜƭƻǇŜŘ ōȅ {ŀƴŦƻǊŘ ŀƴŘ ŎƻǿƻǊƪŜǊǎΦ  

 

To increase the repertoire of ligands for nondirected CïH activation methods, 

Fern§ndez-Ib§¶ez investigated the performance of thioethercarboxylates ligands 

(Scheme 1.15, L3).81 Regioisomeric mixtures obtained using electron-rich and 

electron-poor arenes show that electronically favoured positions are preferentially 

functionalized (Scheme 1.15, Entry 9f, 9g, 9a, 9e). Even though for some examples 

the arene could be used as limiting reagent, in most case it was used in excess, limiting 

its applicability in late-stage functionalization (LSF) where starting material can be 

scarce. 

 

 

{ŎƘŜƳŜ мΦмрΥ tŘπŎŀǘŀƭȅȊŜŘ ƻƭŜŬƴŀǝƻƴ ƻŦ ŀǊŜƴŜǎ ǳǎƛƴƎ ŀ {ΣhπōƛŘŜƴǘŀǘŜ ƭƛƎŀƴŘ ŘŜǾŜƭƻǇŜŘ ōȅ CŜǊƴłƴŘŜȊπLōłƷŜȊ ŀƴŘ ŎƻǿƻǊƪŜǊǎΦ 

 

Until this stage, it is already possible to conclude how challenging the development of 

efficient catalytic systems for the nondirected Pd-catalyzed C(sp2)ïH olefination of 

arenes can be, especially if these methods are to be applicable in the upscaling 

synthesis, where cost, trace metal contamination and step count are key parameters 

when developing a route. 
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Therefore, it would be highly attractive to develop methods with the arene as a limiting 

reagent (arene limited), without DGs (nondirected), and that could afford 

complementary regioselectivities to electronically controlled methods. To meet that 

need, two highly innovative studies were reported: Yu in late 201782, and van 

Gemmeren in early 201883.  

Using an electron deficient pyridone ligand (Scheme 1.16-A, L4), Yu developed an 

arene limited Pd-catalyzed nondirected C(sp2)ïH olefination of electron-rich and 

electron-poor arenes.82 The ligand functions as an X-type ligand and as internal base, 

facilitating CïH bond cleavage via CMD mechanism. Additionally, it stabilizes the 

catalyst by forming a more robust complex with Pd, thereby preventing decomposition 

(L4:Pd = 2:1). The broad scope shows that the catalyst is more sensitive to electronic 

factors (Scheme 1.16, Entry 9h-9k). 

Multiple studies had been published using mono protected amino acids (MPAA) as 

highly efficient ligands for directed-Pd catalyzed CïH activation.84-87 Drawing 

inspiration from them, van Gemmeren and coworkers developed a dual ligand Pd-

catalyzed nondirected C(sp2)ïH olefination (Scheme 1.16-B).83 The synergy between 

an N-heterocyclic ligand as monodentate ligand (Scheme 1.16-B, L5) and Ac-Gly-OH 

as bidentate ligand (Scheme 1.16-B, L6) generated a very reactive catalytic species 

(L5:L6:Pd = 1:1:1), capable of using the arene as limiting reagent and avoiding the use 

of DGs. This novel catalyst is more sterically sensitive, offering complementary 

selectivity patterns to the method developed by Yu (Scheme 1.16, Entry 9h, 9i, 9a, 9k). 

 

 

{ŎƘŜƳŜ мΦмсΥ CƛǊǎǘ tŘπŎŀǘŀƭȅȊŜŘΣ ŀǊŜƴŜπƭƛƳƛǘŜŘΣ ƴƻƴŘƛǊŜŎǘŜŘ ƻƭŜŬƴŀǝƻƴ ƻŦ ŀǊŜƴŜǎ ōȅ !ύ ¸ǳ ό¸ύ ŀƴŘ ŎƻǿƻǊƪŜǊǎ ŀƴŘ .ύ Ǿŀƴ 
DŜƳƳŜǊŜƴ όǾDύ ŀƴŘ ŎƻǿƻǊƪŜǊǎΦ 

 

For a deeper understanding of the role of each ligand, experimental and computational 

mechanistic studies were performed.88 
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Kinetic Isotope Effect (KIE) experiments showed that the CïH activation step is rate-

determining. Initial rates for arene and olefin were assessed. The order of arene (0.9) 

proved that the CïH activation step is rate determining. Contrary to an expected zero 

order since it enters the catalytic cycle after the rate limiting step, the order obtained 

for olefin was 0.2. This prompted van Gemmeren and coworkers to assume that the 

CïH activation step was in principle reversible: while most of the starting material is 

converted to product (once CïH activation takes place), a small fraction reverts to 

starting material (retro CïH activation). CïH activation remains pivotal to the observed 

reactivity, but altering olefin concentration can shift the equilibrium between olefination 

and retro CïH activation. The hypothesis was further supported by reversibility 

experiments using d5-HFIP-benzoate, which underwent significant Hydrogen-

Deuterium (H/D) exchange in the absence of a coupling partner whilst decreased retro 

CïH activation occurred once olefin was added.  

Subsequently, the authors performed stoichiometry variation experiments to assess 

the composition of the active catalyst. Higher reactivity was obtained using a ratio of 

1:3:2 (Pd:L6:L7) than using a 1:1:1 ratio (Pd:L6:L7), however the regioisomeric ratios 

obtained were similar in both conditions. This suggests that under the optimized 

conditions, the same active species is generated as in the 1:1:1 ratio experiment. Next, 

the authors investigated the initial rates of reactions and concluded that increasing 

loadings of either ligand had a negative impact in the catalysis, probably by inhibiting 

the formation of active 1:1:1(Pd:L6:L7) complex into inactive species that contained a 

second equivalent of either ligand. To establish the nuclearity of the catalytic system, 

kinetic measurements (supported by mass spectrometry and NMR studies) showed 

that the active species (II) is mononuclear with a 1:1:1 (Pd:L6:L7) stoichiometry, and it 

is in equilibrium with the resting state (I) which has a 1:1:2 (Pd:L6:L7) stoichiometry 

(and further mononuclear inactive species). DFT were also performed. They revealed 

a very low energy barrier for the CïH activation of benzene (21.6 kcal mol-1) which 

prompted the authors to run the reactions at lower temperatures than the higher 

optimal temperature (90 ÜC). Results proved that reactions could be run at 30 ÜC, with 

catalyst turnover at 40 ÜC. It is probable that a higher optimal temperature is necessary 

to supress catalyst decomposition pathways in order to have high yields. Based on all 

the information gathered the authors propose a catalytic cycle (Scheme 1.17). 7 

undergoes CïH activation to form intermediate III. Ligand exchange occurs and the 

coupling partner (olefin) and acetate enter in the coordination sphere of Pd. 

Carbopalladation takes place via two possible pathways (III to IV or III to V), followed 

by ɓ-hydride elimination (VI). Finally, product liberation (9) and reductive elimination 

take place, and Pd(0) is reoxidized by silver as terminal oxidant, closing the cycle. 
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{ŎƘŜƳŜ мΦмтΥ tǊƻǇƻǎŜŘ ŎŀǘŀƭȅǝŎ ŎȅŎƭŜ ŦƻǊ ǘƘŜ ƴƻƴŘƛǊŜŎǘŜŘ tŘπŎŀǘŀƭȅȊŜŘ ƻƭŜŬƴŀǝƻƴ ƻŦ ŀǊŜƴŜǎΦ 

 

This study reinforces the potential of designing highly active dual ligand catalysts and 

follow up publications from van Gemmeren and coworkers reiterate that.89 Both ligands 

have distinct roles (Scheme 1.18). On one hand, the monodentate N-heterocyclic 

ligand can tune the systemËs reactivity and selectivity (based on its steric and electronic 

properties) and prevents catalyst decomposition. 
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On the other hand, the bidentate ligand establishes the intended arrangement of 

ligands surrounding the metal; act as an internal base in the CïH activation step via 

CMD mechanism and its secondary donor site offers a means to finetune the catalyst's 

properties by altering the donor strength. Modifying the site between a neutral (L-type) 

and anionic (X-type) donor enables control over the overall charge of the catalytically 

active species. In addition, the linker length and substitution pattern determine the bite 

angle and enable precise tuning of the steric environment around the catalyst. 

 

 

{ŎƘŜƳŜ мΦмуΥ /ƻƴŎŜǇǘ ōŜƘƛƴŘ ǘƘŜ Řǳŀƭ ƭƛƎŀƴŘ Ŏŀǘŀƭȅǎǘ ŘŜǎƛƎƴΦ 

 

The de-deuteration studies performed during the mechanistic studies were key to 

confirm CïH activation reversibility. Built upon the fact that the degree of de-

deuteration was high in the absence of coupling partner, van Gemmeren and co-

workers successfully developed a dual ligand-enabled nondirected deuteration of 

arenes (Scheme 1.19).90 This method stands out due to the use of low cost D2O, high 

functional group tolerance, and suitability for late-stage deuteration (Scheme 1.19, 

10a-10c). Depending on the electronic nature of the arene, two sets of conditions were 

developed: for electron-rich substrates L8 proved to be the best ligand along with 

stoichiometric amounts of silver fluoride (AgF) (Scheme 1.19, Conditions A); for 

electron-poor substrates L9 was the optimal ligand along higher temperatures 

(Scheme 1.19, Conditions B).  
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{ŎƘŜƳŜ мΦмфΥ 5ǳŀƭ ƭƛƎŀƴŘπŜƴŀōƭŜŘ ƴƻƴŘƛǊŜŎǘŜŘ ŘŜǳǘŜǊŀǝƻƴ ƻŦ ŀǊŜƴŜǎΦ 

 

The effectiveness of this protocol follows the principle of microscopic reversibility 

(Scheme 1.20)91: upon CïH activation and in the presence of D2O, a proton can be 

exchanged by deuterium, allowing the incorporation of deuterium into the substrate 

molecule. In the reverse reaction (i.e. de-deuteration) the same transition state is 

formed. Considering that the oxidation state of the metal does not change, no 

reoxidation step takes place. Therefore, silver salts could either be omitted or used in 

stoichiometric amounts, acting for example as Lewis acids. 

 

{ŎƘŜƳŜ мΦнлΥ 5ŜǳǘŜǊƛǳƳ ƛƴŎƻǊǇƻǊŀǝƻƴ ǘǊŀƴǎƛǝƻƴ ǎǘŀǘŜ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ǊŜǾŜǊǎƛōƛƭƛǘȅ ƻŦ ǘƘŜ /ςI ŀŎǝǾŀǝƻƴ ǎǘŜǇΦ !ŘŀǇǘŜŘ ŦǊƻƳ 
wŜŦΦ рнΦ ¢ƘŜ ƭƛƎŀƴŘǎ ǳǎŜŘ ŀǎ ƳƻƴƻŘŜƴǘŀǘŜ ŀƴŘ ōƛŘŜƴǘŀǘŜ ŎƘƻǎŜƴ ǘƻ ŜȄŜƳǇƭƛŦȅ ǘƘŜ ǘǊŀƴǎƛǝƻƴ ǎǘŀǘŜΣ ǿŜǊŜ ǘƘŜ ƻƴŜǎ ǳǎŜŘ ƛƴ ǘƘŜ 
ƳŜŎƘŀƴƛǎǝŎ ǎǘǳŘƛŜǎ ŦƻǊ ǘƘŜ ƴƻƴŘƛǊŜŎǘŜŘ tŘ ŎŀǘŀƭȅȊŜŘ /όǎǇнύςI ƻƭŜŬƴŀǝƻƴ ƻŦ ŀǊŜƴŜǎ όwŜŦΦ ууύΦ  
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Although attention should also be given to other publications from van Gemmeren and 

coworkers on the topic of (de)-deuteration,52, 92-94 they will not be analysed in detail in 

the context of this thesis. 

As previously mentioned during the mechanistic investigations, the authors observed 

that higher loadings of either ligand led to lower reaction rates (vide supra). For the 

pyridine-type ligand L7, the reaction rate increased until flattening out in a range 

between 0.1 and 0.2 equivalents. Addition of even larger amounts, further decreased 

the rate, indicating that the catalyst was shifting from the active state complex towards 

the resting state. For the bidentate ligand L6, 0.1 equivalents lead to a maximum in 

reactivity. Additionally, previous reports depict that pyridine-type ligands, in particular 

3-6-disubstituted pyridines can dramatically improving regioselectivity and reactivity.83, 

88, 90  

Considering these observations and motivated to generate more resilient dual ligand 

catalyst with high steric control, a new dual ligand design was idealized based on the 

concept of hemilability. 
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2 Design and Development of Hemilabile Ligands 

for the Nondirected Pd Catalyzed C(sp2)ïH 

Olefination of Arenes 

2.1 Introduction 

 

In 1979, Jeffrey and Rauchfuss introduced the concept of hemilabile ligands while 

investigating ruthenium complexes (Scheme 2.1-A).95 Using as ligand 2-

(diphenylphosphino)anisole (L10), the authors observed that RuïO bonds could easily 

dissociate from the metal center, furnishing a free coordination site for the substrate. 

Upon reaction with carbon monoxide (CO) or tert-butyl isocyanide ((CH3)3CNC), 

complex III would be formed. 

 

 

{ŎƘŜƳŜ нΦмΥ !ύ CƛǊǎǘ ǊŜǇƻǊǘ ƻŦ ŀ ƘŜƳƛƭŀōƛƭŜ ƭƛƎŀƴŘ ŀƴŘ .ύ ƛǘǎ ƎŜƴŜǊŀƭ ǊŜǇǊŜǎŜƴǘŀǝƻƴΦ 

 

A hemilabile ligand is usually constituted by two distinct functionalities, in order to 

enhance the contrast of their interactions with a metal center (Scheme 2.1-B): a 

ñsubstitutionally inertò group strongly coordinates to the metal (e.g phosphorus atom in 

L10) and a ñsubstitutionally labileò group is a weak bonding group (e.g Lewis-basic 

groups, such as ether moiety in L10) that can readily be displaced, generating the 

active catalyst.96 Afterwards, a small molecule can coordinate to the metal center (e.g. 

CO in Scheme 2.1 or a solvent molecule). A linker connects these two functionalities, 

directly affecting the position of both groups and their coordination to the metal center.  
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Recoordination of the substitutionally labile group becomes favourable not only when 

the small molecule is either transformed into a less coordinating species or eliminated 

from the reaction mixture, but also to stabilize low coordinate intermediates, thereby 

disfavouring the metal-substrate complex. This ability to ñself-tuneò denticity is the 

hallmark of hemilabile ligands.97 

Continuing with Scheme 2.1-A as example: in its ñclosedò form (I) (ə2-P,O) the ligand 

stabilizes and protects the catalyst against decomposition, whilst in its ñopenò form (II) 

(ə1-P), a vacant site will be created for the next steps of the catalytic cycle. The energy 

difference between the open (II) and closed (I) states should be small to allow the 

process to be reversible.98  

Based on its properties, hemilabile ligands offer promising features for the design of 

novel catalytic systems and have been used in many applications such as chemical 

sensing and homogeneous transition metal catalysis.99 Depending on the choice of 

substitutionally inert and labile groups, different steric and electronic properties will be 

conferred to the metal, offering immense possibilities to tackle different 

transformations. To showcase the intricacies of ligand hemilability in Pd-catalysed Cï

H functionalization, three examples will be discussed.  

Sulfoxide based ligands are used in a wide range of transition metal catalyzed 

reactions.100 For the synthesis of 1,3-oxazolidin-2-ones and 1,3-oxazinan-2-ones via 

intramolecular Pd(II)-catalyzed allylic amination of N-sulfonyl carbamates, hemilabile 

ligand L11 (a mixture of meso and racemic product) with equal substitutionally inert 

and labile group was employed (Scheme 2.2).101-103 In a follow up computational study, 

results show that substrate coordination to the metal center occur via an associative 

substitution reaction, leading to a shift in ligand coordination mode (from ə2-S,S to ə1-

S).104 An alternative hypothesis would be the release of acetate (via a dissociative 

mechanism) while the bis(sulfoxide) ligand L11 remained in ə2-S,S coordination mode. 

However, the energy barrier for this step would be substantially high, going against 

experimental evidence that the CïH activation step is the rate limiting step. In the later 

stages of the catalytic cycle, the ligand goes back to ə2-S,S to protect the metal against 

decomposition. 
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{ŎƘŜƳŜ нΦнΥ LƴǘǊŀƳƻƭŜŎǳƭŀǊ tŘπŎŀǘŀƭȅȊŜŘ ŀƭƭȅƭƛŎ ŀƳƛƴŀǝƻƴ ƻŦ bπǎǳƭŦƻƴȅƭ ŎŀǊōŀƳŀǘŜǎ ǳǎƛƴƎ ƘŜƳƛƭŀōƛƭŜ ƭƛƎŀƴŘ [ммΦ wŜŀŎǝƻƴ 
ƳŜŎƘŀƴƛǎƳ ǳǎƛƴƎ мм ŀǎ ƳƻŘŜƭ ǎǳōǎǘǊŀǘŜ ŦƻǊ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ мΣоπƻȄŀȊƻƭƛŘƛƴπнƻƴŜǎΦ 

 

Hor and coworkers investigated the use of hemilabile ferrocenyl based ligands in the 

Suzuki-Miyaura cross-coupling reaction of aryl chlorides with aryl boronic acids 

(Scheme 2.3-A and B).105 The ligand design proposed by the authors was a strong 

coordinating phosphine as substitutionally inert group, a weakly basic acetal as 

substitutionally labile group, and a ferrocene backbone as linker (L14). Comparison 

with control ligands (L12 and L13) in a model reaction revealed that in the presence of 

only strong donor groups, biaryl formation (13) was very low. Whereas using hemilabile 

ligand L14, product was obtained in quantitative yield, showing that high reactivity can 

be achieved when both distinct functionalities are present in the ligand. To further 

elucidate which species are formed in solution, the synthesis of some palladium 

complexes using aryl iodide (14) as coupling partner was attempted (Scheme 2.3-B). 

The major species in solution (confirmed by 1H NMR spectroscopy) was a 

mononuclear species coordinated in a ə2-P,O fashion (I). 
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{ŎƘŜƳŜ нΦоΥ {ǳȊǳƪƛπaƛȅŀǳǊŀ ŎǊƻǎǎπŎƻǳǇƭƛƴƎ ǊŜŀŎǝƻƴ ƻŦ ŀǊȅƭ ŎƘƭƻǊƛŘŜǎ ǿƛǘƘ ŀǊȅƭ ōƻǊƻƴƛŎ ŀŎƛŘǎ ǳǎƛƴƎ ƘŜƳƛƭŀōƛƭŜ ƭƛƎŀƴŘ [мпΦ ŀD/ 
ȅƛŜƭŘΦ LǎƻƭŀǘŜŘ ȅƛŜƭŘ ƻŦ рф҈ ǿƘŜƴ ǳǎƛƴƎ р Ƴƻƭ҈ tŘόh!Ŏύн ŀƴŘ с Ƴƻƭ҈ ƻŦ [мнΦ  

 

Ojwach and coworkers investigated the use of hemilabile ligands in ethylene 

oligomerization reactions (Scheme 2.4).106 The main ligand design featured an 

(imino)pyridine backbone with different substitutionally labile groups. In the case of the 

most reactive ligand L15, the substitutionally labile group was an methoxy group. Upon 

reaction with [PdCl(Me)(cod)], I was obtained which by subsequent treatment with 

sodium tetra(3,5-ditrifluoromethyl)phenylborate, complex II was afforded. Studies by 
1H NMR and X-ray crystallography confirmed the presence of I and II. When ethylene 

was added, the weakly coordinating methoxy group dissociated from the metal center, 

allowing substrate coordination (III). Additional data from density functional theory 

(DFT) studies showed that the most active ligand exhibited a large PdïO bond length, 

which increases the likelihood of displacing the methoxy group when substrate 

molecules are present. Contrary to the previously discussed examples (Scheme 2.2 

and 2.3), ligand L15 switches tridentate to bidentate (ə3-N,N,O to ə2-N,N). 

 

{ŎƘŜƳŜ нΦпΥ !ǇǇƭƛŎŀǝƻƴ ƻŦ ƘŜƳƛƭŀōƛƭŜ ƭƛƎŀƴŘ [мр ƛƴ ŜǘƘȅƭŜƴŜ ƻƭƛƎƻƳŜǊƛȊŀǝƻƴ ǊŜŀŎǝƻƴǎΦ 
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нΦн Motivation and Goals  

 

Considering our report in the nondirected Pd catalyzed C(sp2)ïH olefination of arenes 

(see Section 1.4.2), we became interested in tackling its weaknesses and further 

develop its strengths.  

Results have shown that the pyridine ligand (L7) is essential for reactivity, in particular 

3,6-disubstituted pyridines, and mechanistic investigations showed that higher 

loadings of the monodentate ligand L7 leads to lower reaction rates. Since the resting 

state of our catalyst requires two equivalents of the pyridine ligand, we wondered if the 

second pyridine equivalent could be substituted by a weak Lewis base (Scheme 2.5-

A): this moiety would not only stabilize the catalyst against decomposition but would 

also dissociate more easily from the metal center, generating the active catalyst.  

Examples of hemilabile ligands (see Section 2.1) confirm that they are an effective way 

to stabilize low coordinate intermediates against decomposition pathways, potentially 

leading to higher turnover number (TON). Therefore, lower catalyst loadings could be 

used, reducing the overall cost of the transformation as well as possible presence of 

metal/ligand contaminants in the final product. The latter is especially relevant for the 

synthesis of active pharmaceutical ingredients (API), since pharmaceutical industry 

need to comply with regulatory policies (e.g. Good Manufacturing Practise, GMP). In 

the quest for a high-performance catalyst that can exhibit high reactivity, selectivity and 

lifetime, we aimed to develop a series of 3,6-disubstituted pyridines with hemilabile 

character (Scheme 2.5-B). As substitutionally inert group, we chose a pyridine scaffold 

with an electron withdrawing group (EWG) on the 3-position to prevent excessive 

binding to the metal center. Connected by an aliphatic linker (with variable lengths), a 

weak Lewis-basic groups (on the 6-position) will act as substitutionally labile groups. 

Upon dissociation of this group, the active catalyst would be generated. To induce this 

step, the level of coordination between both groups should be adjusted. Using this 

framework, we hypothesized that lower ligand loadings could be applied, and higher 

reactivities in the Pd catalyzed C(sp2)ïH olefination of arenes could be unlocked.  

 

{ŎƘŜƳŜ нΦрΥ !ύ /ŀǘŀƭȅǎǘ ǊŜǎǝƴƎ ŀƴŘ ŀŎǝǾŜ ǎǘŀǘŜ ōŀǎŜŘ ƻƴ ǘƘŜ ƘŜƳƛƭŀōƛƭŜ ƭƛƎŀƴŘ ŘŜǎƛƎƴΤ .ύ оΣсπŘƛǎǳōǎǝǘǳǘŜŘ ǇȅǊƛŘƛƴŜ ƭƛƎŀƴŘ 
ŘŜǎƛƎƴΦ 
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2.3 Discussion and Results 

 

2.3.1 Workflow Planning 

 

The workflow plan consisted of three steps (Scheme 2.6). 

Firstly, a wide variety of 3,6-disubstituted pyridines with different electronic properties 

were synthetized. Reversibility experiments performed during the mechanistic 

studies88 (see Section 1.4.2), revealed that in the absence of a coupling partner, 

1,1,1,3,3,3-hexafluoropropan-2-yl benzoate-d5 (d5-HFIP-benzoate), underwent 

significant H/D exchange. Hence as second step, to test ligand efficiency in the 

reversibility of the CïH activation step, ligands were subsequently applied in a model 

H/D exchange reaction using as substrate d5-HFIP-benzoate. The deuterium 

percentages were calculated by mass spectrometric analysis.52 For clarification, not all 

ligands were tested in H/D exchange reactions. The goal of the second step is to start 

building SAR between the different ligands based on their reactivity. Essentially, the 

SAR will help improve ligand design: once a promising ligand design was discovered, 

attention was directed towards the third step of the workflow.  

The third step is investigation of the most promising ligands in the model reaction - 

nondirected Pd catalyzed C(sp2)ïH olefination of arenes ï in the presence of ethyl 

acrylate (8) as coupling partner, and using a non-deuterated substrate (1,1,1,3,3,3 

hexafluoropropan-2-yl benzoate, HFIP-benzoate). The use of a substrate bearing a 

strong EWG enables us to optimize the conditions to a broader extent. The studies 

involved ligand loading, temperature and time screening, and catalyst loading 

experiments.  
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{ŎƘŜƳŜ нΦсΥ ²ƻǊƪƅƻǿ ǇƭŀƴΦ 

Overall, the workflow plan is an iterative process: as a ligand proves to be promising, 

ligand design in improved and more ligands are synthetized for follow-up testing. In 

addition to self-synthetized ligands, commercially available 3,6-disubstituted pyridines 

that had potential hemilabile behaviour were also screened (L16 and L17). 
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2.3.2 Ligand Synthesis 

 

The initial stages of the project consisted in the synthesis of a wide variety of 3,6-

disubstituted pyridines. Inspired by hemilabile ligand design present in the literature, 

different Lewis-basic groups were inserted in the 6-position of the pyridine ring, 

designed to act as substitutionally labile groups. All the self-synthetized ligands had a 

trifluoromethyl group (-CF3) on the 3-position of the pyridine ring, to enhance catalyst 

electrophilicity and prevent strong binding to Pd. Depending on the group present in 

the 6-position, the following self-synthetized ligands can be subdivided into different 

families: amides and amines; thioethers and their corresponding sulfones and 

sulfoxides; and ethers.  

It is relevant to keep in mind that further discussion behind ligand design rational will 

be present in the follow-up chapters. Yet, based on the substantial amount of work 

developed to access, in most cases, previously unknown compounds in the literature, 

a section will be devoted to their synthesis. The ligands that are not discussed in this 

section and are mentioned in the follow-up discussion (see Section 2.3.3 and 2.3.4, 

L16 and L17) are commercially available ligands that had the potential to present 

hemilabile character.  

Acylation of primary amine 15 afforded the desired secondary amide L18 (Scheme 

2.7-A). Amide stability results from the conjugation of the nitrogenËs lone pair with the 

carbonyl group, making it less nucleophilic and basic. Hence, we hypothesize that the 

ligand can successfully shift its coordination mode from ə2-N,N to ə1-N. Tertiary amide 

L19 was obtained by N-methylation of secondary amide L18 using iodomethane (CH3I) 

as methylation reagent (Scheme 2.7-B).  

To study the effect of tertiary amines as substitutionally labile group, ligand L20 was 

obtained in a 2-step synthetic route (Scheme 2.7-C): alcohol oxidation (16) using Dess- 

Martin periodinane gave aldehyde 17, followed by reductive amination. From this 

family of ligands and to the best of our knowledge, both L19 and L20 are not present 

in the literature. 
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{ŎƘŜƳŜ нΦтΥ !ύ {ȅƴǘƘŜǎƛǎ ƻŦ [муΣ .ύ [мф ŀƴŘ /ύ [нлΦ 

Thioethers were subsequently synthetized. Via bimolecular nucleophilic substitution 

(SN2) reaction, ligand L21 was obtained (Scheme 2.8-A). Inspired by the use of 

hemilabile sulfoxide-based ligands in intramolecular Pd(II)-catalyzed allylic amination 

of N-sulfonyl carbamates (see Section 2.1),101-103 we decided to synthetize the 

sulfoxide counterpart of L21 (L22), but also its sulfone counterpart L23 (Scheme 2.8-

B). Depending on the number of equivalents used, oxidation with meta-

chloroperoxybenzoic acid (mCPBA) afforded L22 and L23 (Scheme2.8-B). A key 

difference between the ligand design of L22 and L23 is the coordination with Pd: while 

L22 is expected to shift its coordination mode from ə2-N,S to ə1-N, L23 is expected to 

switch between ə2-N,O to ə1-N.  

 

 

{ŎƘŜƳŜ нΦуΥ !ύ {ȅƴǘƘŜǎƛǎ ƻŦ [нм ŀƴŘ .ύ ǎȅƴǘƘŜǎƛǎ ƻŦ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǎǳƭŦƻȄƛŘŜ [нн ŀƴŘ ǎǳƭŦƻƴŜ [ноΦ 

 

To investigate the impact of different substituents attached to the S-atom in the 

catalysis, L24 was synthetized (Scheme 2.9-A). Similarly to L21, L24 was also 

oxidized with mCPBA affording its sulfoxide (L25) and sulfone (L26) counterparts 

(Scheme 2.9-B). To the best of our knowledge, all the ligands from this family are not 

reported in the literature. 
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{ŎƘŜƳŜ нΦфΥ !ύ {ȅƴǘƘŜǎƛǎ ƻŦ [нп ŀƴŘ .ύ ǎȅƴǘƘŜǎƛǎ ƻŦ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǎǳƭŦƻȄƛŘŜ [нс ŀƴŘ ǎǳƭŦƻƴŜ [нрΦ 

 

Influenced by the ligand design using a methoxy group as substitutionally labile group 

(see Section 2.1),106 ligand L27 was synthetized. O-methylation of 16 using CH3I 

afforded L27 (Scheme 2.10-A). Considering that all self-synthetized ligands so far 

would create a 5-member palladacycle, a 4-step synthetic route was developed to get 

L28, starting with a Copper-mediated nucleophilic substitution reaction, followed by 

Krapcho decarboxylation, ester reduction and alcohol methylation (Scheme 2.10-B). 

Additionally, L29 was synthetized via Kumada coupling (Scheme 2.10-C). This ligand 

does not possess the characteristics to be classified as hemilabile, and its purpose will 

be further discussed in the next chapters. To the best of our knowledge, ligand L28 is 

not reported in the literature. 
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{ŎƘŜƳŜ нΦмлΥ !ύ {ȅƴǘƘŜǎƛǎ ƻŦ [нтΣ .ύ [ну ŀƴŘ /ύ [нфΦ 

 

In order to obtain ether derivatives with different electronic properties so that SAR can 

be subsequently established, electron withdrawing groups (EWG) and electron 

donating groups (EDG) were inserted in the 6-position of the pyridine ring (Scheme 

2.11, A, B and C). L30 was obtained by nucleophilic aromatic substitution (SNAr) 

reaction using as electrophile 24. Conversely, ligand L31 and L32 were obtained via 

SN2 reaction. To the best of our knowledge, ligands L30, L31 and L32 are not reported 

in the literature. 
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{ŎƘŜƳŜ нΦммΥ !ύ {ȅƴǘƘŜǎƛǎ ƻŦ [олΣ .ύ [ом ŀƴŘ /ύ [онΦ 

 

Overall, a variety of sterically and electronically different substituents were inserted on 

the 6-position of the pyridine ring. Even though we cannot confirm yet hemilabile 

behaviour, we hypothesize that the substitutionally labile groups present in each ligand 

can potentially coordinate to the metal center (i.e. resting state) but also easily 

dissociate from it, generating the active catalyst.  
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2.3.3 Reversibility Experiments 

 

Since the aim of the project is to further enhance the strengths and obliviate the 

weaknesses of the nondirected Pd catalyzed C(sp2)ïH olefination of arenes83, 88 using 

hemilabile ligands, the reaction conditions applied in the reversibility experiments were 

identical to the model reaction. Even though silver salts can be either reduced to 

catalytic amounts or eliminated in (de)-deuteration protocols90, 93 (see Section 1.4.2) 

we hypothesized that using identical conditions to our olefination reaction would create 

more meaningful data, that could then be more easily transferred to the model reaction. 

The only adjustments were regarding ligand loading. In the optimized reaction 

conditions for the nondirected Pd catalyzed C(sp2)ïH olefination of arenes, both 

ligands were used in excess: N-Acetyl Glycine (Ac-Gly-OH, L6) in 30 mol% and L7 in 

20 mol%, i.e, 1:3:2-stoichiometry (ratios given as Pd(OAc)2/L6/L7). Since the active 

catalyst is a 1:1:1 complex, the ligand loadings for the H/D experiments were adjusted 

from the optimized reaction conditions: L6 will be used in 10 mol%, as well as the 

hemilabile ligand. Due to its second coordination site, the ligand can either create the 

resting state of the catalyst (1:1:2) or the active state (1:1:1). Therefore, the aim is to 

identify a ligand that presents superior H/D exchange than L7 in 10 mol%. 

Reversibility experiments began with the evaluation of the monodentate ligand methyl 

6-methylnicotinate (L7). These results will be essential for follow-up comparison. From 

the results obtained (Scheme 2.12), when L7 is used in 10 mol% (Scheme 2.12, Entry 

1), H/D exchange is already observed after 6 h. If used in 20 mol% (Scheme 2.12, 

Entry 2), an increase in H/D exchange in observed.  

 

 

{ŎƘŜƳŜ нΦмнΥ Lƴƛǝŀƭ Iκ5 ŜȄŎƘŀƴƎŜ ŜȄǇŜǊƛƳŜƴǘǎ ǳǎƛƴƎ [т ŀǎ ƳƻƴƻŘŜƴǘŀǘŜ ƭƛƎŀƴŘΦ 
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For clarity, the degree of de-deuteration provided in the following tables is calculated 

taking into account the number of D-atoms that can undergo H/D exchange (in this 

case 5) and the ñLabel Atom Sumò (e.g. Scheme 2.12, Entry 1: ((5-4.89)/5)x100 = 

2.2%).93  

The self-synthetized ligands in addition to two commercially available ligands (L16 and 

L17) were then tested (Scheme 2.13). Possibly due to very weak coordination ability 

of the nitrile moiety, and consequently poor stabilization of the metal center, 

commercially available L16 (Scheme 2.13, Entry 1) afforded no isotope exchange, 

being excluded from subsequent testing in the olefination reaction. Secondary amide 

L18 (Scheme 2.13, Entry 2) provided higher H/D exchange than L19, L20 and L17 

(Scheme 2.13, Entry 3, 4, 5), but not superior to L7 (Scheme 2.12, Entry 1). 

 

 

{ŎƘŜƳŜ нΦмоΥ Iκ5 ŜȄŎƘŀƴƎŜ ŜȄǇŜǊƛƳŜƴǘǎ ǳǎƛƴƎ ǎŜƭŦπ ǎȅƴǘƘŜǝȊŜŘ ƭƛƎŀƴŘǎ ŀƴŘ ŎƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ ƻƴŜǎΦ  
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Thioethers along with their corresponding sulfoxide and sulfone were investigated 

(Scheme 2.14).107, 108 According to the results, L24 (Scheme 2.14, Entry 4) gave 

superior results to L7 (Scheme 2.12, Entry 1) and outperformed its aliphatic chain 

counterpart L21 (Scheme 2.14, Entry 1). A possible reason for the lower H/D exchange 

in L21 (Scheme 2.14, Entry 1) could be aliphatic C(sp3)ïH activation with the pyridine 

ring acting as DG.109  

Conversely, the higher H/D exchange in L24 (Scheme 2.14, Entry 4) could derive from 

a ́-stacking type interaction between the ligand and the substrate, stabilizing the 

catalytic system to a higher degree, and consequently affording higher isotope 

exchange. Catalyst poison due to strong coordination of the oxygen lone pair in L25 

(Scheme 2.14, Entry 5) could be a possible explanation for the unobserved H/D 

exchange. In general, increasing the oxidation state of the sulphur atom did not lead 

to improvements in H/D exchange (Scheme 2.14, Entry 2, 3, 5, 6). Based on that, 

ligands L25 and L26 (entry 5 and 6) were not investigated in the model reaction.  
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{ŎƘŜƳŜ нΦмпΥ Iκ5 ŜȄŎƘŀƴƎŜ ŜȄǇŜǊƛƳŜƴǘǎ ǳǎƛƴƎ ǎŜƭŦπǎȅƴǘƘŜǝȊŜŘ ƭƛƎŀƴŘǎΦ 

 

Additionally, weak oxygen donor atom as Lewis base was also investigated (Scheme 

2.14, Entry 7). Even though it did not afford higher H/D exchange than L7, this was the 

second-best ligand followed by L24 (Scheme 2.14, Entry 4). 

In general, the degrees of de-deuteration obtained for the hemilabile ligands were not 

substantially higher than the monodentate ligand used in the nondirected Pd catalyzed 

C(sp2)ïH olefination of arenes (L7).83, 88 In hindsight, a possible reason behind the low 

de-deuteration could be the choice of reaction conditions employed in the reversibility 

studies, which also explains the low de-deuteration degree for L7. 
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Considering the presence of an EWG in the starting material ([D]27), harsher reaction 

conditions (e.g. higher temperatures and/or higher reaction times) could have provided 

more meaningful data into the feasibility of the CïH activation step. 

Yet, all ligands that afforded a degree of de-deuteration higher than 0.2% were tested 

in the olefination reaction, reaching the third step of the workflow. 
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2.3.4 Ligand Screening for the Nondirected Pd Catalyzed C(sp2)ïH 

Olefination of Arenes 

 

Similarly to the previous chapter and to facilitate further comparison between ligands, 

the current ligand used in the nondirected Pd catalyzed C(sp2)ïH olefination of arenes 

(L7) was investigated (Scheme 2.15). 

Using as starting material a challenging electron-poor substrate (27), the goal of our 

catalyst is to functionalize positions previously inaccessible by SEAr methodologies. 

The selectivity obtained shows that our catalyst has a preference for electron-rich 

positions since meta was the major functionalization site. Our goal is to enhance the 

steric sensitivity of our catalyst, i.e, preferential functionalization in sterically accessible 

positions (meta and para isomers) and no ortho product formation (directed 

functionalization).  

After 24 h (either in 10 or 20 mol%), the catalyst is still active (Scheme 2.15, Entry 4 

and 8) with slightly higher reactivity when used in 10 mol%. Since the jump in yield 

from 24 h to 48 h is not significant (Scheme 2.15, Entry 3-8), this might indicate that 

L7 is stabilizing the Pd catalyst to some extent, decreasing the rate of productive 

catalysis. Therefore, once comparing ligand performance, we seek a ligand in which 

the ratio of the rate of deactivation versus the rate of productive catalysis is as low as 

possible.110 

 

 

 

 

 

 

 

{ŎƘŜƳŜ нΦмрΥ ¢ƛƳŜ ǎŎǊŜŜƴƛƴƎ ǳǎƛƴƎ ǘǿƻ ŘƛũŜǊŜƴǘ ƭƻŀŘƛƴƎǎ ƻŦ [тΦ  

 

Self-synthetized ligands in addition to commercially available L17 were then 

investigated in the model reaction for 6 and 24 h (Scheme 2.16).  

  10 mol% LX    20 mol% LX  

Entry  time (h)  yield (%)  o:m:p  Entry  time (h)  yield (%)  o:m:p  

1 3 15 19:68:13 5 3 13 19:69:12 

2 6 20 19:68:13 6 6 18 19:69:12 

3 24 37 18:69:13 7 24 34 18:70:12 

4 48 40 18:69:13 8 48 40 18:70:12 
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{ŎƘŜƳŜ нΦмсΥ [ƛƎŀƴŘ ǎŎǊŜŜƴƛƴƎ ǳƴŘŜǊ ŘƛũŜǊŜƴǘ ǊŜŀŎǝƻƴ ǝƳŜǎΦ 

 

Supported by the reversibility experiments (Scheme 2.13, Entry 2 and 3), L18 afforded 

higher reactivity than L19 (Scheme 2.16, Entry 1-4). Yet, the poor regioselectivity in 

combination with previous observations,83 suggested that L18 was behaving as a 

bidentate ligand instead of hemilabile. Control experiments (Scheme 2.17) showed that 

in presence of Ac-Gly-OH L6 (Scheme 2.17, Entry 3) poor reactivity and steric control 

were observed. However, in the presence of L18 (Scheme 2.17, Entry 2), reactivity is 

improved almost to the same extent when both ligands are employed (Scheme 2.17, 

Entry 1) and the steric control is enhanced (Scheme 2.17, Entry 1 vs 2). 
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Hence, we concluded that ligand L18 promotes catalytic activity acting as a bidentate 

ligand instead of hemilabile, and Ac-Gly-OH (L6) is acting as a spectator decreasing 

the steric control of the catalyst. These experiments are key to understand ligand 

behaviour in the catalytic cycle.  

Even though the reversibility experiments suggested that L24 (Scheme 2.14, Entry 4) 

was more reactive than L21-L23 (Scheme 2.14, Entry 1-3), after testing in the model 

reaction, L23 (Scheme 2.16, Entry 13 and 14) was the only ligand from this subfamily 

that led to product formation. A very weak Pd-S bond could be a possible explanation 

for no product formation using L21, L22 and L24 (Scheme 2.16, Entry 9-12 and Entry 

15-16): low coordinate Pd species are not stabilized, triggering catalyst decomposition 

(e.g. Pd (0) black formation).77 

H/D exchange results indicate how viable CïH bond cleavage is to occur. Hence, the 

results above might suggest that even though L23 was not the most reactive for CïH 

activation step, this ligand might, for example, reduce the energy barrier in the 

subsequent carbopalladation step, leading to product formation, contrary to the other 

ligands.88  

 

 

{ŎƘŜƳŜ нΦмтΥ /ƻƴǘǊƻƭ ŜȄǇŜǊƛƳŜƴǘǎ ŎƻƴŬǊƳƛƴƎ ǘƘŀǘ [му ŀŎǘǎ ŀǎ ōƛŘŜƴǘŀǘŜ ƭƛƎŀƴŘΦ 

 

Ligands L20 and L17(Scheme 2.16, Entry 5-8) depicted poor reactivity in addition to 

poor steric control compared to L7 (Scheme 2.15). The results suggest that probably 

the Lewis-basic groups intended to perform as substitutionally labile groups, might bind 

too strongly to the metal center, blocking the formation of the active catalyst.  

Contrary to L7, L27 (Scheme 2.18, Entry 1) showed improved steric control (i.e. less 

ortho functionalization) and higher reactivity than all ligands previously discussed. No 

increment in yield was observed after 24 h, implying that the catalyst might be inactive 

from that time onwards. 
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Based on L27 promising results, several questions were raised in order to improve 

catalyst activity:  

1. Furnishing a 6-membered palladacycle by increasing L27 linker chain can 

enhance catalyst reactivity? 

After 48 h, L28 (Scheme 2.18, Entry 4-5) presented poor efficiency, either in 10 or 20 

mol%, confirming that ring size can influence catalyst performance.111, 112  

 

 

{ŎƘŜƳŜ нΦмуΥ /ƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ [нт ŀƴŘ [ну ǘƻ ŘŜǘŜŎǘ ǘǊŜƴŘǎ ƛƴ ǊŜŀŎǝǾƛǘȅΦ 

 

2.  Is ligand L27 acting in a hemilabile fashion? 

To confirm L27 hemilabile behaviour, a ligand with an n-propyl chain was synthetized 

(L29, Scheme 2.19). A dramatic decrease in reactivity in addition to poor steric control, 

highlights the role of the oxygen containing side arm, giving further evidence that the 

ligand might tune its denticity from ə2-N, O to ə1-N.98 

 

 

{ŎƘŜƳŜ нΦмфΥ LƴǾŜǎǝƎŀǝƴƎ ǘƘŜ ƘŜƳƛƭŀōƛƭŜ ōŜƘŀǾƛƻǳǊ ƻŦ [нт ǳǎƛƴƎ [нф ŀǎ ŎƻƴǘǊƻƭ ƭƛƎŀƴŘΦ 
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3. From a SAR point of view: what does lead to L27 performance? Is it the 

substituent on the 3-position or on the 6-position of the pyridine ring?  

Even though the ideal conditions would require 10 mol% of hemilabile ligand, ligand 

loading experiments can be elucidating to see possible differences between each 

catalyst. Hence, commercially available L33 (Scheme 2.20-A) was investigated, and 

to allow cross-check, missing data points from L27 were investigated (Scheme 2.20-

B). The structural difference between L33 and L27 is the substituent on the 6-position.  

The lower ortho functionalization using L27 hints that higher steric bulk (i.e. higher A-

value)91 on the 6-position of the pyridine ring is crucial to achieve improved steric 

control. In terms of catalyst performance, L33 affords product formation after 24 h (in 

both loadings), contrary to L27. In addition, a slight increase in reactivity is observed 

when higher L33 loadings are employed, showing that higher ligand loadings do not 

lead to lower reaction rates, in contrast to L7. 
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  10 mol% LX    20 mol% LX  

Entry  time (h)  yield (%)  o:m:p  Entry  time (h)  yield (%)  o:m:p  

1 3 8 20:66:14 5 3 15 19:67:14 

2 6 18 20:66:14 6 6 21 19:67:14 

3 24 36 19:67:14 7 24 40 19:67:14 

4 48 40 19:67:14 8 48 44 18:68:14 

 

 

 

{ŎƘŜƳŜ нΦнлΥ ¢ƛƳŜ ǎŎǊŜŜƴƛƴƎ ǳǎƛƴƎ ǘǿƻ ŘƛũŜǊŜƴǘ ƭƻŀŘƛƴƎǎ ƻŦ !ύ [оо ŀƴŘ .ύ [нтΦ 

 

Plotting the data from L27, L33 and L7 (Figure 2.1 and 2.2) illustrates that hemilabile 

ligand L27 reaches a plateau after 24 h (in both loadings), whilst catalysts containing 

L33 and L7 are still active, even though product is afforded at a slower rate than in the 

first 24 h. We wondered if during the catalysis, the substitutionally labile ether moiety 

in L27 might be too strongly coordinated to the metal center, preventing the formation 

of the active catalyst and subsequent substrate coordination. This decrease in catalyst 

lifetime could in principle be optimized with ligand finetuning.  

  10 mol% LX    20 mol% LX  

Entry  time (h)  yield (%)  o:m:p  Entry  time (h)  yield (%)  o:m:p  

1 3 11 15:71:14 5 3 16 14:72:14 

2 6 20 15:71:14 6 6 22 14:72:14 

3 24 34 14:72:14 7 24 34 14:72:14 

4 48 33 15:71:14 8 48 35 14:72:14 
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CƛƎǳǊŜ нΦмΥ tƭƻǘ ƻŦ ƻƭŜŬƴŀǘŜŘ ǇǊƻŘǳŎǘ ȅƛŜƭŘ ό҈ύ Ǿǎ ǊŜŀŎǝƻƴ ǝƳŜ όƘύ ǳǎƛƴƎ ƭƛƎŀƴŘǎ [тΣ [нт ŀƴŘ [оо ƛƴ мл Ƴƻƭ҈Φ 

 

 

 

 

 

 

 

 

 

CƛƎǳǊŜ нΦнΥ tƭƻǘ ƻŦ ƻƭŜŬƴŀǘŜŘ ǇǊƻŘǳŎǘ ȅƛŜƭŘ ό҈ύ Ǿǎ ǊŜŀŎǝƻƴ ǝƳŜ όƘύ ǳǎƛƴƎ ƭƛƎŀƴŘǎ [тΣ [нт ŀƴŘ [оо ƛƴ нл Ƴƻƭ҈Φ 

 

Ultimately, these SAR-based experiments, indicated that depending on the choice of 

substituent in the 6-position of the pyridine ring, steric control of the catalyst can be 

enhanced (in the case of the ether as substitutionally labile group in L27) and/or 

reactivity increased (in the case of the methyl group in L33).  
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4. Can we increase catalyst reactivity by investigating electronically different ether 

derivatives? 

Results have shown that both -CF3 and -CO2Me moieties on the 3-position of the 

pyridine ring led to quite similar reactivities and regioselectivities. Therefore, we 

decided to keep using the -CF3 group on the 3-position since it tolerates a wider range 

of reaction conditions to successfully synthetize 3,6-disubstituted pyridines. 

Considering that L27 affords improved steric control due to its higher A-factor in 

comparison with L33 and to suppress possible catalyst deactivation, we decided to 

synthetize electronically different substitutionally labile ether derivatives with increased 

steric hindrance. As pointed out earlier, hemilabile ligands are reported to stabilize low-

coordinate intermediates, however this stabilization needs to be adjusted so that 

productive catalysis is not compromised. We anticipate that a weaker coordinating 

substitutionally labile group than -OMe group (L27) could result in higher TON than 

L33 and L7.  
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2.3.5 Finetuning of the Hemilabile Ligand Design 

 

Three different ligands were proposed and tested in the model reaction (Scheme 2.21). 

The ligands should be electron deficient enough to impart electrophilic character to the 

metal center, leading to a faster metalation of the aromatic CïH bond.113 The results 

show that L30 (Scheme 2.21, Entry 1) and L31 (Scheme 2.21, Entry 2) follow these 

criteria, with L32 (Scheme 2.21, Entry 3) showing slightly lower reactivity. Based on 

the modest improvement in reactivity and steric sensitivity in comparison to L27, L32 

was not further pursued.  

Even though we could consider 6% yield gap within the error bar between 

measurements (see Scheme 2.21, Entry 1 and 2 versus Entry 3), we decided to take 

these small increments in yield as significant. Nevertheless, the similarities between 

L7 and L33 in terms of reactivity and regio-control with L30 and L31, prompted us to 

investigate toluene (30) as starting material.  

 

 

{ŎƘŜƳŜ нΦнмΥ [ƛƎŀƴŘ ǎŎǊŜŜƴƛƴƎΦ 

 

Its higher reactivity versus HFIP-benzoate (27) was immediately observed in the high 

conversions (Scheme 2.22). As the reaction times increases from 3 to 24 h, all ligands 

depict an increase in ligand performance, expect for L31 (Scheme 2.22, Entry 3-4): in 

the first 3 h the catalyst shows the highest reaction rate (in between the ligands tested), 

reaching a plateau after 24 h, which suggests that the catalyst might be inactive after 

24h. 
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L7 (Scheme 2.22, Entry 8) and L33 (Scheme 2.22, Entry 6) are the ligands with better 

performance after 24 h. The poor reaction chemoselectivity already observed after 3h, 

indicates that by-products might be formed. Considering that, lower temperature was 

investigated (Scheme 2.23).  

 

 

{ŎƘŜƳŜ нΦннΥ [ƛƎŀƴŘ ǎŎǊŜŜƴƛƴƎ ǳǎƛƴƎ ŀƴ ŜƭŜŎǘǊƻƴ ǊƛŎƘ ŀǊŜƴŜ όолύ ŀǎ ǎǘŀǊǝƴƎ ƳŀǘŜǊƛŀƭΦ 

 

Based on the mechanistic studies, catalyst turnover is already observed at 40 ÜC.88 

Using this temperature for the follow up screening, revealed interesting trends. After 

3h, a dramatic decrease in reactivity is observed for all ligands once the temperature 

drops by 50 ÜC (Scheme 2.22, Entries 1, 3, 7 versus Scheme 2.23, Entries 1, 3, 5). 

After 72 h, chemoselectivity remains a hurdle. From the observed regioselectivities 

throughout the course of the reaction, using L30 and L31, it is possible that di-

olefinated product is being formed as a side product, due to a decrease in ortho and 

meta product and increase in para isomer after 72 h. Notwithstanding, almost no 

product is formed after 3 h using L7, highlighting that the choice of temperature can be 

determining to see ligand trends.  
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{ŎƘŜƳŜ нΦноΥ [ƛƎŀƴŘ ǎŎǊŜŜƴƛƴƎ ǳǎƛƴƎ ŀƴ ŜƭŜŎǘǊƻƴ ǊƛŎƘ ŀǊŜƴŜ όолύ ŀǎ ǎǘŀǊǝƴƎ ƳŀǘŜǊƛŀƭ ŀǘ пл ȏ/Φ 

 

To improve chemoselectivity and further investigate catalyst activity, catalyst loading 

experiments were performed at different temperatures (Scheme 2.24). Using 

Pd(OAc)2, L6 and ligand L30, L31 and L7 all in 2 mol%, results revealed that as the 

temperature increases, the yield increases for all ligands, whilst chemoselectivity 

worsens. With the best chemoselectivity observed at 80 ÜC (Scheme 2.24, Entry 

2,6,10), it is relevant to point out the highest reactivity was given by L31 (Scheme 2.24, 

Entry 6). Control experiment only in the presence of L6 (Scheme 2.24, Entry 13 and 

14), showed that the catalyst functionalizes preferentially the electronically favoured 

positions, so the combination of L30, L31, or L7 with Ac-Gly-OH (L6) is crucial to 

achieve higher steric control and reactivity.89 
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{ŎƘŜƳŜ нΦнпΥ /ŀǘŀƭȅǎǘ ƭƻŀŘƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎΦ 

 

Catalyst loadings experiments depicted an improved performance of L31. However, 

advances in catalysis, especially in this project, implied a significant improvement in 

the process efficiency in terms of time, cost and use of easy to access ligand scaffolds. 

Even though the synthetic route to obtain L31 is not lengthy, its benefits in comparison 

to L7 are not significant.  
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2.4 Summary  

 

Inspired by the potential of hemilabile ligands in transition metal catalyzed reactions, 

the goal of this project was to design and develop hemilabile ligands with potential 

industrial application for the nondirected Pd catalyzed C(sp2)ïH olefination of arenes.  

An iterative workflow consisting of three steps was followed. Firstly, a wide range of 

3,6-disubstituted pyridines with different electronic properties were synthetized. The 

goal was to build SAR for further enhancing catalytic reactivity. To prompt the feasibility 

of the CïH activation step, reversibility studies were executed. Despite obtaining 

mainly low de-deuteration degrees (under the reaction conditions chosen for these 

studies), ligands that presented more that 0.2% degree of de-deuteration were tested 

in the model reaction. Upon testing in the model reaction, and further ligand finetuning, 

we were able to identify interesting hemilabile ligands: L27, L30 and L31. Additional 

experiments with a ligand lacking a Lewis-basic site (L29) were key to confirm 

hemilabile behaviour.  

Given the extensive work undertaken and the lack of substantial improvement to the 

published conditions, I have chosen to temporarily halt further development of this 

project. 
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2.5 Future Directions 

 

The discussion of the results highlighted what could have been approached differently. 

Hence, suggestions of which aspects could be further explored will be provided.  

As briefly mentioned during the reversibility studies, the chosen reaction conditions 

could have been the reason behind the low H/D exchange. Drawing lessons from it 

plus considering on-going investigations by van Gemmeren and coworkers, different 

reaction conditions could be tried to observe the full potential of hemilabile ligands and 

improve catalyst design (Scheme 2.25).  

Considering that no reoxidation of Pd is required in the de-deuteration mechanism, 

silver salts could either be removed from the reaction conditions, or used in catalytic 

amounts (e.g. 30 mol%) since silver salts can play multiple roles, such as Lewis acid. 

A small screening of silver salts can elucidate whether they have an impact on the 

reaction outcome or not. 

One of the roles of the bidentate ligand is to act as an internal base in the CïH 

activation step via CMD mechanism. Follow-up investigation on de-deuteration has 

shown that addition of carbonates as external base such as potassium carbonate 

(K2CO3) in stoichiometric amounts (e.g. 1 or 2 equiv.) can enhance de-deuteration 

degree, possibly to aid in the CïH activation step. Therefore, probing the effect of 

external base could be relevant to study.  

Testing harsher reaction conditions in the reversibility studies, such as higher 

temperatures and higher reaction times, could provide further knowledge. HFIP 

benzoate (27) is a highly electron-deficient substrate, and consequently harder to 

functionalize, so increasing temperatures to 120 ÜC can lead to unseen reactivities 

using the hemilabile ligands.  

Additionally, reversibility reaction in the presence of H2O as additive (e.g. 10 ɛL) can 

also be studied, since it was observed that addition of H2O promotes increase in de-

deuteration. 
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{ŎƘŜƳŜ нΦнрΥ {ǳƎƎŜǎǝƻƴǎ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ ǊŜŀŎǝƻƴ ŎƻƴŘƛǝƻƴǎ ŦƻǊ ǘƘŜ ǊŜǾŜǊǎƛōƛƭƛǘȅ ǎǘǳŘƛŜǎΦ 

 

Improvement in the ligand design, to ultimately create highly electrophilic Pd catalysts, 

is an additional suggestion. Taking inspiration from the ligand L15 depicted in Scheme 

2.4, a shift in coordination from ə3 to ə2, would not only offer the inherent advantages 

of hemilabile ligands, but in principle could also obliviate the use of Ac-Gly-OH (L6), 

making the process more atom economic. One possibility could be testing different 

Lewis-basic groups as substitutionally labile groups and acetate ions acting as external 

base (Scheme 2.26-A). Alternatively, adding Lewis-basic groups that not only act as 

substitutionally labile but also as CMD-base (Scheme 2.26-B).  

 

 

{ŎƘŜƳŜ нΦнсΥ ¢ǿƻ ǇƻǎǎƛōƭŜ ƴŜǿ ƭƛƎŀƴŘ ŘŜǎƛƎƴǎ ŀƴŘ ƛǘǎ ƳƻŘŜ ƻŦ ŀŎǝƻƴΦ 
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To suppress side product formation (observed when using toluene as starting material), 

reactions could be run under microwave conditions. Based on its advantages such as 

high temperature and heating control and faster reaction times, side product formation 

could be diminished as well as catalyst loading.114, 115 

It is possible that precatalyst formation in situ is required so that the active catalyst 

species can be delivered, the so-called induction period.116 Hence, to ensure ligation 

of the ligands to the metal before the start of productive catalysis, it would be interesting 

to perform some experiments in which the ligands and the Pd are stirred for some time 

at a lower temperature than HFIP boiling point, followed by the addition of the 

remaining components.  

Considered as a ñmagic solventò, HFIP has been the solvent of choice in several 

transition metal catalyzed reactions, playing a role in stabilizing intermediates (i.e, high 

solvation of transition states) and, consequently, lowering energy barriers.117, 118 Due 

to its low pKa, HFIP can be deprotonated and coordinate to the catalytic center.119-121 

Thus, we considered whether HFIP could behave as an anionic ligand and thus inhibit 

the hemilabile ligand to modulate the catalysis as idealized. It has been reported that 

due to the inherent reactivity of heteroarenes, solvents like ethanol are suitable to 

develop CïH activation methodologies. Hence, we speculate that the design of more 

active catalysts, following the hemilabile ligand design, could lead to arene 

functionalization in the presence of other solvents, such as ethanol.42, 122 

Additionally, the workflow described herein, could also be further improved, especially 

in the choice of reaction conditions for the reversibility experiments. As previously 

discussed, the reaction conditions used in the reversibility experiments were almost 

identical to the model reaction (nondirected Pd catalyzed C(sp2)ïH olefination of 

arenes). However, based on the knowledge subsequently developed within the group 

in H/D exchange, reaction conditions could be further optimized so that more insights 

into the feasibility of the CïH activation can be provided.  
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3 Silver-free Nondirected Pd Catalyzed C(sp2)ïH 

Olefination of Arenes 

3.1 Introduction 

 

Back in 1987, the United Nations defined sustainable development as ñdevelopment 

that meets the needs of the present without compromising the ability of future 

generations to meet their own needs.".123 Chemists, in academia and industry, have a 

critical role in fulfilling this principle. Hence, when designing a new process, accessing 

its impact (e.g. waste generation, use of highly toxic reagents) is of utmost 

importance.124  

Advances in sustainability have been made in the growing field of CïH activation.35, 47, 

125 However, the use of silver salts typically in (super-) stoichiometric amounts, still 

hampers the widespread use of this technology.  

Silver salts exhibit multifunctional behaviour (Scheme 3.1): as an activator to generate 

the active species from the metal precursor; as a (co-)catalyst in the CïH activation 

step (e.g. formation of bi- or multimetallic Metal-Ag complexes); as a Lewis acid to 

enhance the electrophilic character of substrates; as a halide scavenger, removing 

halides that may decrease catalyst turnover; as terminal oxidant to restore the active 

catalyst; and additionally it can support the coupling step.43 

Its role in the catalytic cycle will dictate whether it will be used in catalytic or 

stoichiometric amounts. When used as a Lewis acid or (co-)catalyst, silver salts can 

be used catalytically. Conversely, silver salts are used in (super-)stoichiometric 

amounts when employed as halide scavenger or terminal oxidant. Mechanistic 

investigations to elucidate the role of silver in a CïH activation protocol are crucial, 

directly influencing waste production and cost.  

 



ср 
 

 

{ŎƘŜƳŜ оΦмΥ DŜƴŜǊŀƭ ǊŜǇǊŜǎŜƴǘŀǝƻƴ ƻŦ ǘƘŜ ǇƻǎǎƛōƭŜ ƳŜŎƘŀƴƛǎǝŎ ǊƻƭŜǎ ƻŦ ǎƛƭǾŜǊ ƛƴ /ςI ŀŎǝǾŀǝƻƴΦ !ŘŀǇǘŜŘ ŦǊƻƳ wŜŦΦ поΦ 

 

In the context of this dissertation, we will concentrate on the role of silver as terminal 

oxidant, and how CïH functionalization methodologies have efficiently replaced it with 

cheaper and greener oxidants. 

Back in 2010, Ritter and co-workers developed a nondirected C(sp2)ïH cyanation 

protocol, using a dual ligand-based catalyst: quinoxaline (L34) as monodentate ligand 

and N-Acetyl-L-Alanine (L35) as bidentate ligand (Scheme 3.2).126 During reaction 

optimization, several oxidants were tested in stoichiometric amounts. From all the 

Cu(II) sources tested, Cu(OAc)2 proved to be the best oxidant, whereas Ag2CO3 

afforded low yields. Even though during scope studies Ag2CO3 was used to provide 

higher yields in the cyanation of some electron-deficient arenes, the authors could 

efficiently use Cu(OAc)2 to promote Pd(0) reoxidation. 
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{ŎƘŜƳŜ оΦнΥ hȄƛŘŀƴǘ ǎŎǊŜŜƴƛƴƎ ǇŜǊŦƻǊƳŜŘ ŘǳǊƛƴƎ ǊŜŀŎǝƻƴ ƻǇǝƳƛȊŀǝƻƴ ŦƻǊ ǘƘŜ /όǎǇнύςI Ŏȅŀƴŀǝƻƴ ǳǎƛƴƎ ƻǊǘƘƻπȄȅƭŜƴŜ ŀǎ 
ǎǳōǎǘǊŀǘŜΤ ŀΦ ̧ƛŜƭŘ ŘŜǘŜǊƳƛƴŜŘ ōȅ D/ ǳǎƛƴƎ ƳŜǎƛǘȅƭŜƴŜ ŀǎ ƛƴǘŜǊƴŀƭ ǎǘŀƴŘŀǊŘΦ 

 

When substituting silver for an alternative oxidant, the standard reduction potential of 

a chemical species needs to be addressed, i.e, the tendency of a species to gain or 

lose electrons. However, the redox potentials values tabulated for simple metal ions 

(typically measured in aqueous solutions) can significantly change depending on the 

solvent, temperature and ligands attached to the metal center.127, 128 Using as example 

the oxidant screening pursued for the nondirected C(sp2)ïH cyanation of arenes 

(Scheme 3.2): the standard redox potentials of Cu(II)/Cu(I) (E0
red = 0.16 VSHE) versus 

Ag(I)/Ag(0) (E0
red = 0.79 VSHE) clearly illustrate that under aqueous and standard 

conditions (T= 298.15 K and 1 atm), Ag(I) is a stronger oxidizing agent that Cu(II). 

Since no standard reduction potentials for their dual ligand-based catalyst is provided, 

we can propose that under the reaction conditions depicted in Scheme 3.2, silver might 

be a less selective oxidant in comparison to copper. 

A possible set back when using strong oxidants (i.e. high standard reduction potentials) 

in transition metal catalyzed reactions, is reaching undesired oxidation states, 

undermining productive catalysis. Therefore, besides investigating the thermodynamic 

feasibility of an oxidant to restore the active catalyst, the oxidation step must proceed 

at a rate that surpasses competing decomposition pathways.129  

Continuous improvement of methods remains essential. As previously illustrated (see 

Section 1.4.1), de Vries, van Leeuwen and coworkers used benzoquinone (BQ) in 

stoichiometric amounts to reoxidize Pd(0) to Pd(II) in their directed C(sp2)ïH olefination 

of aniline derivatives (Scheme 3.3, B).71 A few years later, Liu, Guo and coworkers, 

using catalytic amounts of Cu(OAc)2 in combination with molecular oxygen, 

successfully improved the previous method not only in terms of atom economy but also 

in enhanced reactivity (Scheme 3.3, A). 130 
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{ŎƘŜƳŜ оΦоΥ /ƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ŘƛǊŜŎǘŜŘ /όǎǇнύςI ƻƭŜŬƴŀǝƻƴ ƻŦ ŀǊŜƴŜǎ ǳǎƛƴƎ !ύ /ǳόh!Ŏύн ŀƴŘ hн ŀǎ ƻȄƛŘŀƴǘ ǎȅǎǘŜƳ ŀƴŘ .ύ 
ōŜƴȊƻǉǳƛƴƻƴŜ ό.vύΦ 

 

During reaction optimization, the authors highlight certain aspects that warrant 

consideration. Attempts to increase the yield, prompted the authors to investigate 

byproduct formation. At 80 ÜC, they observed acrylate polymerization, which could be 

reduced upon lowering the reaction temperature to 60 ÜC. Additionally, while 

investigating the optimal copper loading, they found that higher loadings lead to a slight 

drop in yield, possibly due to copper coordination to the nitrogen atom of the DG.  

This oxidant system presented by Liu, Guo and coworkers definitely presents 

similarities with the Wacker process.131 Invented in 1959, the Wacker process is an 

industrial transformation that produces acetaldehyde from ethylene (Scheme 3.4).  

 

 

{ŎƘŜƳŜ оΦпΥ aŜŎƘŀƴƛǎƳ ƻŦ ǘƘŜ ²ŀŎƪŜǊ ǇǊƻŎŜǎǎ ŦƻǊ ǘƘŜ ǇǊƻŘǳŎǝƻƴ ƻŦ ŀŎŜǘŀƭŘŜƘȅŘŜΦ 

 

The catalytic cycle starts with the formation of a ɖ2-Pd-olefin complex (I), followed by 

nucleophilic addition of H2O (II). Subsequent ɓ-hydride elimination step affords 

acetaldehyde and Pd(0). To restore the Pd(II) active catalyst, copper(II) chloride 

(CuCl2) as co-catalyst reoxidizes Pd(0) to Pd(II), whilst the Cu(I) formed is reoxidized 

by molecular oxygen.132  
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Linking an environmental benign oxidant as molecular oxygen to catalytic 

transformation brings several advantages such as lower cost, improved product 

isolation and increased atom economy.133, 134  

One challenge in the application of molecular oxygen is how to improve gas-liquid 

mass transfer efficiently. The volumetric mass transfer coefficient (kLa) reflects the rate 

at which a gas gets dissolved into a liquid medium.135 Properties such as agitation, air 

flow rate, air pressure, temperature, geometry of the vessel/reactor and liquid medium 

properties (e.g. viscosity or density), can impact kLa values.136 

Since molecular oxygen has a low solubility in organic solvents, and typically in 

mechanically agitated vessels, impellers are the main primary gas dispersion device, 

investigating its rotation speed, number and shape of blades can improve mass 

transfer. Studies by Arjunwadkar and coworkers have observed that the kLa can 

increase depending on the impeller design used in the bioreactor.137 Likewise in a 

bioreactor, research conducted by ¥zbek and coworkers identified that higher impeller 

speed (from 100 rpm to 500 rpm) enhanced the kLa from 7.9 h-1 to 316.4 h-1.138 Gas 

flow rate can also display a positive impact. Puthli and coworkers reported that higher 

gas flow rate lead to higher kLa.139 Due to the fact that kLa is such a sensitive 

parameter, once the best conditions to get high kLa are identified, this parameter 

should then remain constant in subsequent experiments, in order to ensure proper 

method development and high reproducibility.140 

Mechanistically speaking, there are three mechanistic proposals for the oxidation of 

Pd(0) to Pd(II) using molecular oxygen (Scheme 3.5).134  

 

 

{ŎƘŜƳŜ оΦрΥ ¢ƘǊŜŜ ƳŜŎƘŀƴƛǎǝŎ ǇǊƻǇƻǎŀƭǎ ŦƻǊ ǘƘŜ ƻȄƛŘŀǝƻƴ ƻŦ tŘ ǳǎƛƴƎ ƳƻƭŜŎǳƭŀǊ ƻȄȅƎŜƴ ŀǎ ǘŜǊƳƛƴŀƭ ƻȄƛŘŀƴǘΦ !ŘŀǇǘŜŘ ŦǊƻƳ 
wŜŦΦ момΦ 

 

Via an associative substitution mechanism, Pd(0) reacts with molecular oxygen 

generating peroxopalladium complex I, with concomitant increase in oxidation state. 
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In the presence of acid (e.g. acetic acid), protonolysis of I takes place, forming II along 

with H2O2 (Scheme 3.5-A).  

The second mechanistic proposal, similarly to the first one, also generates H2O2 

(Scheme 3.5-B).Molecular oxygen will insert into the PdïH bond from the Pd(II) hydride 

intermediate (III), forming a hydroperoxypalladium(II) species IV, which will 

subsequently undergo protonolysis. It is likely that nitrogen donor ligands promote this 

pathway by stabilizing the +2 oxidation state of Pd during the catalytic cycle. 

The third catalytic proposal, contrary to the previous two, does not generate H2O2: the 

peroxopalladium complex (I) undergoes reaction with a reduced metal specie, 

producing two equivalents of the oxidized catalyst (V) (Scheme 3.5-C).  
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3.2 Motivation and Goals 

 

The range of roles that silver can assume in CïH activation will dictate whether silver 

is used catalytically or (super-)stoichiometrically. Focusing the present discussion in 

the use of silver as terminal oxidant, the development of more sustainable and 

economically viable oxidant systems, not only will have an impact in the future 

generations but will also allow the increased implementation of CïH activation 

processes in large scale endeavours. The industrial success of the Wacker process in 

addition to studies by Stahl and coworkers, have inspired us to investigate an 

alternative and greener oxidant system in a model reaction.  

Using as model reaction the nondirected Pd catalyzed C(sp2)ïH olefination of arenes, 

similarly to the previous chapter, we became interest in investigating silver 

replacements. With HFIP-benzoate (27) as starting material and keeping the dual 

ligand system constant throughout the whole studies ï L7 as monodentate and L6 as 

bidentate ï we decided to begin our studies with the screening of several oxidants in 

stoichiometric amounts, to verify their suitability in comparison to silver.  

Ultimately, the goal is to find an environmentally benign oxidant system that efficiently 

restores Pd(0) to Pd(II), without compromising reactivity and steric control.  
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3.3 Discussion of results 

 

To begin our investigation on silver replacement, we decided to investigate alternative 

oxidants in stoichiometric amounts (Scheme 3.6).  

 

 

{ŎƘŜƳŜ оΦсΥ hȄƛŘŀƴǘ ǎŎǊŜŜƴƛƴƎ ƛƴ ǎǘƻƛŎƘƛƻƳŜǘǊƛŎ ŀƳƻǳƴǘǎΦ 

 

In the presence of AgOAc in stoichiometric amounts, after 47 h at 90 ÜC, a yield of 51% 

was obtained (Scheme 3.6, Entry 1), similar to the previously reported results.88 BQ, 

Cu(OAc)2 and MnO2 (Scheme 3.6, Entry 2, 3 and 5) presented similar reactivity, whilst 

BQ depicted higher steric control. Cu(OAc)2 in combination with potassium 

trifluoroacetate (KTFA) as base (Scheme 3.6, Entry 4) as reported by Ritter and 

coworkers,126 was not superior to the use of Cu(OAc)2 individually. 
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Although Cu(OAc)2 gave the highest yield, a possible explanation behind its lower 

reactivity in comparison to AgOAc could be analogous to the one presented by Liu, 

Guo and coworkers: competition between Cu and Pd for the ligands can inhibit catalyst 

turnover.130 

Oxidants such as oxone (KHSO5), potassium thiosulfate (K2S2O3) and 

(diacetoxyiodo)benzene (PIDA), gave not only poor reactivity but also poor steric 

control (Scheme 3.6, Entry 6,7 and 8). Hydrogen peroxide (H2O2), as a stronger 

oxidant than molecular oxygen afforded almost no product formation, possibly over 

oxidizing the catalyst to undesired oxidation states (Scheme 3.6, Entry 9). Tert-

butylhydroperoxide (TBHP) either in H2O or in decane (Scheme 3.6, Entry 10 and 11) 

proved to be not competent oxidants, affording poor reactivity and regioselectivity.  

In an attempt to make this protocol more sustainable, some control experiments were 

performed (Scheme 3.7). Identical to the results above (see Scheme 3.6; Entry 1), 

AgOAc in stoichiometric amounts, afforded a yield of 51% (Scheme 3.7, Entry 1). 

Taking into account that the reaction in the absence of AgOAc (Scheme 3.7, Entry 2) 

was not run under inert conditions, a yield of 22% indicated that catalyst turnover might 

have been enabled by the molecular oxygen present the atmosphere and in the 

solvent. Once running the reaction with degassed HFIP and under protective gas 

atmosphere (Scheme 3.7, Entry 3), the significant drop in yield confirmed our 

hypothesis.  

 

 

{ŎƘŜƳŜ оΦтΥ /ƻƴǘǊƻƭ ǊŜŀŎǝƻƴǎΦ 

Another interesting observation was the decrease in meta-product in the absence of 

AgOAc (Scheme 3.7, Entry 2). A possible explanation could be that silver can act as a 

Lewis acid, turning the substrate even more electron-deficient, and consequently, 

enhancing electronic factors over steric factors. To evaluate this additional role of silver 

in the mechanism, silver loading experiments were performed (Scheme 3.8, Entry 1-

4). Results show that the higher the loading, the higher the reactivity. 
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Catalytic silver loadings low as 10 mol% already depict an impact in regioselectivity 

(Scheme 3.8, Entry 1 vs Scheme 3.7, Entry 2), indicating that in our model reaction, 

silver not only acts as a terminal oxidant but also as a Lewis acid. If this proves to be 

the case, a Lewis acid additive could be added to the reaction conditions and silver 

loadings could be reduced. However, this premise was not further investigated.  

Interestingly, once AgOAc is added in 10 mol%, the yield drops relative to its complete 

absence (Scheme 3.8, Entry 1 vs Scheme 3.7, Entry 2), suggesting that silver is 

quenching the molecular oxygen present in the solvent/atmosphere from oxidizing the 

metal catalyst. To elucidate this possible inhibitory role, a reaction was performed using 

AgOAc in 10 mol% in addition to molecular oxygen (1 atm) (Scheme 3.8, Entry 5). The 

similar outcome in terms of reactivity in both reactions, validate the hypothesis.  

 

 

{ŎƘŜƳŜ оΦуΥ {ƛƭǾŜǊ ƭƻŀŘƛƴƎ ŜȄǇŜǊƛƳŜƴǘǎΦ 

 

From these experiments we can conclude that molecular oxygen dissolved in the 

solvent and present in the atmosphere can, to a certain extent, oxidize Pd(0) to Pd(II). 

Therefore, inspired by the Wacker process, we started investigating the combination 

between co-oxidants (in catalytic amounts) with molecular oxygen.  

Reactions were performed using 1 atm of molecular oxygen (see Supporting 

Information, General procedure D). Investigation of copper (I) (Scheme 3.9, Entry 1-3) 

and copper (II) sources (Scheme 3.9, Entry 4-10) showed that after 18 h, catalyst 

turnover was depicted by some copper sources (Scheme 3.9, Entry 1,6 and 10), with 

Cu(NO3)2Ŀ3H2O (Scheme 3.9, Entry 10) giving the highest yield after 18 h. The most 

promising co-oxidants were then investigated for 47 h in addition to other reagents that 

have been reported to be used in combination with molecular oxygen (Scheme 

3.10).141-143  
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{ŎƘŜƳŜ оΦфΥ /ƻπƻȄƛŘŀƴǘ ǎŎǊŜŜƴƛƴƎ ǇŜǊŦƻǊƳŜŘ ŘǳǊƛƴƎ му ƘΦ 

 

Cu(OAc)2 and Cu(NO3)2Ŀ3H2O (Scheme 3.10, Entry 2 and 4) afforded a substantial 

increase in yield after 47 h, whereas Cu2O and CuCO3 did not (Scheme 3.10, Entry 1 

and 3). Two additional copper (II) sources were tested affording poor yield and 

regioselectivity (Scheme 3.10, Entry 5 and 6). Even though BQ afforded higher yields 

in combination with O2 than when used in stochiometric amounts (Scheme 3.10, Entry 

7 vs Scheme 3.6, Entry 2), its reactivity is not superior to the use of Cu(OAc)2 or 

Cu(NO3) 3H2O. Apart from 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) that 

gave almost no reactivity (Scheme 3.10, Entry 8), MnO2, 2,2,6,6-

tetramethylpiperidinyloxyl (TEMPO) and (4-acetamido-2,2,6,6-tetramethylpiperidin-1-

yl)oxyl) (4-acetamido-TEMPO) (Scheme 3.10, Entry 9-11), gave a regioisomeric ratio 

similar to the result obtained in the absence AgOAc (Scheme 3.7, Entry 2), but lower 

reactivity. It is important to note that the combination of the best co-oxidants ï Cu(OAc)2 

and Cu(NO3)2Ŀ3H2O ï with molecular oxygen (1 atm), afforded higher reactivity than 

oxygen solely (present in the solvent and atmosphere) (Scheme 3.7, Entry 2).  
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{ŎƘŜƳŜ оΦмлΥ /ƻπƻȄƛŘŀƴǘ ǎŎǊŜŜƴƛƴƎ ǇŜǊŦƻǊƳŜŘ ŘǳǊƛƴƎ пт ƘΦ 
Based on these results, we started to evaluate more in depth the two optimal copper 

sources - Cu(OAc)2 and Cu(NO3)2Ŀ3H2O ï in combination with molecular oxygen.  

The reader should be made aware that this project encountered challenges with 

reproducibility. In some cases, the high level of irreproducibility between each 

screening, prevented us from drawing accurate conclusions. Notwithstanding, to 

ensure that similar pitfalls are not repeated and the methodology improved, non-

reproducible results will still be discussed. To enhance the readability of this chapter, 

screening tables will have a so-called ñcontrol reactionò: a reaction done in a previous 

screening that allows the operator and the reader to assess the degree of variability 

between screening. In rare cases a control reaction is not depicted, for e.g. in case a 

new general procedure was designed, and new data points are still being generated. 

Throughout the whole discussion, possibilities behind the observed reproducibility will 

be presented. 
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3.3.1 Initial Stages of Optimization 

 

Cu(OAc)2 and Cu(NO3)2Ŀ3H2O were tested for longer reaction times (Scheme 3.11). 

While Cu(NO3)2Ŀ3H2O reactivity reached a plateau after 72 h (Scheme 3.11, Entry 1-

3), Cu(OAc)2 depicted a drop in yield from 47 h (see Scheme 3.10, Entry 2) to 72 h 

(Scheme 3.11, Entry 4-5) followed by an increase in yield after 96 h. To rectify any 

possible errors, both 72 h reactions were repeated (Scheme 3.11, Entry 2 and 5), with 

similar results being obtained for both copper sources. The irregular behaviour 

exhibited by Cu(OAc)2, in addition to the fluctuation in conversion (Scheme 3.11, Entry 

4-6), prompted us to stick to Cu(NO3)2Ŀ3H2O since it depicts higher reactivity and steric 

control.  

 

 

{ŎƘŜƳŜ оΦммΥ ¢ƛƳŜ ǎŎǊŜŜƴƛƴƎ ǳǎƛƴƎ /ǳόh!Ŏύн ŀƴŘ /ǳόbhоύнΦоIнh ŀǎ ŎƻπƻȄƛŘŀƴǘǎΦ 

 

To enhance reactivity and conversion, temperature as well as co-oxidant loading were 

increased (Scheme 3.12). The good result from the control reaction (Scheme 3.12, 

Entry 1 equal to Scheme 3.11, Entry 2) allows us to draw meaningful conclusions. 

Independently of whether the reaction is run at 90 or 120 ÜC, the yield and conversion 

drop once the loading is increased to 20 mol%.  
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A potential explanation for this is that the higher the copper loading, in this case an 

even higher loading than Pd itself, the higher the chances that copper is competing for 

the ligands, preventing productive catalysis. Testing lower co-catalyst loadings was 

investigated at a later stage of this project.  

Increase in temperature, either using 10 or 20 mol% of Cu, gives similar results as 

performing the reaction at 90 ÜC (Scheme 3.12, Entry 1 vs 3; Scheme 3.12, Entry 2 vs 

4). In all entries, the chemoselectivity depicted is very good. Therefore, subsequent 

reactions will be performed at 90 ÜC and using 10 mol% of co-catalyst.  

 

 

{ŎƘŜƳŜ оΦмнΥ ¢ŜǎǝƴƎ ǘƘŜ ŜũŜŎǘ ƻŦ ƘƛƎƘŜǊ ǘŜƳǇŜǊŀǘǳǊŜǎ ŀƴŘ ƭƻŀŘƛƴƎǎΦ 

 

Since HFIP-benzoate (27) is a very electron-deficient substrate, we decided to 

investigate an electron-rich substrate ï ortho-xylene (32) - in order to see its reactivity 

under the new oxidation system (Scheme 3.13). Choosing as control reaction the exact 

conditions previously reported by van Gemmeren and co-workers (Scheme 3.13, Entry 

1), a yield similar to the one reported was obtained.83 When using Cu(NO3)2Ŀ3H2O in 

combination with molecular oxygen (Scheme 3.13, Entry 2), very low yields in 

comparison to AgOAc were obtained. Typically, all screening reactions are done on a 

0.1 mmol scale, however these 2 reactions (Scheme 3.13, Entry 1 and 2) were done 

on a 0.2 mmol scale to fully reproduce the previously reported conditions.83 To 

crosscheck that increasing the scale is not the factor undermining the yield, a reaction 

was run on the usual scale (0.1 mmol) for longer reaction times (Scheme 3.13, Entry 

3), so that we could additionally compare with a previous result using HFIP-benzoate 

(27) (Scheme 3.11, Entry 3). 
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The fact that the yield is lower comparing to the use of silver and surprisingly lower 

than when using HFIP-benzoate (27) as starting material, prompted use to propose 

that the rate-determining step might be the reoxidation of Pd(0) to Pd(II), and not the 

CïH activation step.134, 144  

 

 

{ŎƘŜƳŜ оΦмоΥ ¢ŜǎǝƴƎ ƻǊǘƘƻπȄȅƭŜƴŜ ŀǎ ǎǳōǎǘǊŀǘŜΦ 

 

In light of this knowledge, we conducted a few more experiments testing different 

parameters to explore potential improvements (Scheme 3.14). The solubility of 

molecular oxygen in organic solvents is poor.145, 146 Hence, based on the factors that 

can enhance kLa (see Section 3.1), we investigated different stirring bars (see 

Supporting Information, Section 5.3.1), as analogues to impellers in small-scale 

experiments (Scheme 3.14, Entry 4); instead of letting the solution simply thaw under 

flow of molecular oxygen atmosphere, we investigated its vigorous stirring at room 

temperature for 10 minutes under molecular oxygen flow (Scheme 3.14, Entry 1-4).  

In the ideal gas law,147  

ὴὠ ὲὙὝ 

where ὴ is the absolute pressure of the gas (Pa), ὠ is the volume of the gas (m3), ὲ is 

the number of moles of gas (mol), Ὑ is the universal gas constant (8.314 m3.Pa.K-1.mol-

1) and Ὕ is temperature (in kelvins), if ὠ and Ὕ are kept constant, ὲ is proportional to ὠ. 

Therefore, using a Schlenk of higher volume (25 mL), we assumed that more oxygen 

would be present in the headspace, and Pd(0) reoxidation would be more feasible 

(Scheme 3.14, Entry 4). 
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Additionally, since after 72 h using Cu(NO3)2Ŀ3H2O in combination with molecular 

oxygen no more product is formed (Scheme 3.11, Entry 2), ethyl acrylate was added 

in higher amounts, to see whether more desired product is afforded, in case possible 

side reactions between coupling partner and O2 are taking place (Scheme 3.14, Entry 

3).148 The results from these experiments are summarized in the following Scheme 

3.14.  

Evidence of non-reproducible results are visible in Entry 1 and 2. As previously 

mentioned (vide supra), in case a new general procedure is designed, there could be 

a lack of a control reaction. In Scheme 3.14, Entry 1 was performed in a different 

day/screening. It is important to recall that under a different general procedure, 

Cu(NO3)2Ŀ3H2O in combination with O2 after 72 h, led to a yield of approximately 40% 

(Scheme 3.11, Entry 1 and 2). When Entry 1 (Scheme 3.14) afforded a similar result, 

we were surprised to see that vigorous stirring under flow of molecular oxygen led to 

no significant differences. Upon reaction repetition, i.e, our control reaction for this 

screening (Scheme 3.14, Entry 2), a significant drop in yield was observed. Even 

though we could argue that the control reaction led to the actual accurate result, other 

causes seemed more plausible, based on the hurdles faced while setting up the 

reactions.  

 

 

{ŎƘŜƳŜ оΦмпΥ ¢ŜǎǝƴƎ ƻŦ ŘƛũŜǊŜƴǘ ǇŀǊŀƳŜƴǘǎΦ 

As the project occurred across several seasons, we noticed at this point that the 

humidity conditions had fluctuated. Hence, while in the beginning the hygroscopic 

behaviour of Cu(NO3)2Ŀ3H2O was not observed, during this screening, challenges in 

weighing the copper source were tremendous. 
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Therefore, weighing Cu(NO3)2Ŀ3H2O outside of the glovebox could be the potential 

source of error within the reactions. Cu(NO3)2Ŀ3H2O was then stored in the glovebox 

and in all follow up reactions, the copper source was weighted in the glovebox.  

Moreover, the reaction stirring can be another reason behind these results. In the Pd-

catalyzed ortho-arylation of anilides using molecular oxygen as terminal oxidant, 

Buchwald and coworkers state in the Supporting Information: ñAgitation is very 

important for the reaction outcome! The reaction mixture has to be vigorously stirred 

to obtain high yields and reproducible results.ò.149 

The vigorous mixing induced by stirring, improves the interaction between the gas and 

liquid phase, leading to higher yields.140 
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3.3.2 Learning from Data: Iterative Method Optimization 

 

Drawing on the collected data and observations, in all the following screenings, 

Cu(NO3)2Ŀ3H2O was weighted in the glovebox, and vigorous stirring was applied while 

stirring the reaction mixture under O2 flow (see Supporting Information, General 

Procedure E).  

Based on these modifications, the new time screening results (Scheme 3.15, Entry 1-

3) show that using the new procedure, contrary to the initial results, reactivity is 

observed after 72 h, reaching a yield of 52%. I recall that after 72 h, using the initial 

protocol developed, a maximum yield of 39% could be obtained (Scheme 3.11, Entry 

2). Addition of water (Scheme 3.15, Entry 4) undermined reactivity (Scheme 3.15, Entry 

1 vs 4), proving that humidity could be the factor behind the previous discussed 

irreproducibility (vide supra).  

 

 

{ŎƘŜƳŜ оΦмрΥ ¢ƛƳŜ ǎŎǊŜŜƴƛƴƎ ŀƴŘ ǘŜǎǝƴƎ ǿŀǘŜǊ ŀǎ ŀŘŘƛǝǾŜΦ 

 

Since the nondirected Pd catalyzed C(sp2)ïH olefination of arenes leads to 51% yield 

after 47h (Scheme 3.7, Entry 1), our target is to exceed this benchmark. Keeping in 

mind potential competition between the present metals in solution for the ligands, 

reducing the Cu(II) source to 5 mol% gave an increase in yield (Scheme 3.16, Entry 

1). To improve solubility of molecular oxygen, instead of vigorously stirring the reaction 

mixture under O2 flow at room temperature, the stirring was done at lower temperatures 

(Scheme 3.16, Entry 2),146 also showing an increase in reactivity in comparison to the 

control reaction (Scheme 3.16, Entry 3). 
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Although these deviations improved reaction performance, we speculated that, when 

combined with other factors, they could lead to even greater enhancements.  

 

 

{ŎƘŜƳŜ оΦмсΥ !ŘŘƛǝƻƴŀƭ ǎŎǊŜŜƴƛƴƎ ǘŀōƭŜ ǘƻ ŜǾŀƭǳŀǘŜ ƭƻǿŜǊ /ǳόLLύ ǎŀƭǘ ƭƻŀŘƛƴƎǎ ŀƴŘ ŘŜŎǊŜŀǎŜŘ ǘŜƳǇŜǊŀǘǳǊŜǎ ǘƻ ŘƛǎǎƻƭǾŜ 
ƳƻƭŜŎǳƭŀǊ ƻȄȅƎŜƴΦ 

 

So far, all reactions were done at 1 atm. To see whether increase in absolute pressure 

can lead to enhanced reactivity, we decided to run the reactions at different pressures 

combined with lower loading of Cu(II) salt (Scheme 3.17). The following table is a 

combination of two individual screening. Since the control-reaction executed in each 

screening presented results within the error margin from previous screenings, both 

screenings were combined for easier readability. 

The fact that, independently of which pressure we applied, the results exhibited such 

a big variation, drawing conclusions is challenging. Comparing Entry 2 and 4 versus 

Entry 3 and 5, it suggests that regardless of how much molecular oxygen pressure we 

apply, the result is similar. Even though it is an approximation, the ideal gas law 

proposes that an increase in pressure of molecular oxygen is directly proportional to 

the number of moles.   

On one hand the non-reproducible results (Scheme 3.17, Entry 2 vs 3 and Entry 4 vs 

5) indicate that there is an additional factor that is inhibiting the results from being 

obtained in a consistent fashion. On another hand, it is also possible to suspect that 

there could be an ideal molecular oxygen concentration that can increase reactivity. 
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{ŎƘŜƳŜ оΦмтΥ ¢ŜǎǝƴƎ ŘƛũŜǊŜƴǘ ƳƻƭŜŎǳƭŀǊ ƻȄȅƎŜƴ ǇǊŜǎǎǳǊŜǎΦ 

 

As earlier discussed, the kLa can be positively impacted by higher gas flow rate.139 

Regardless of which general procedure was followed, the flow rate was at any point 

controlled, i.e, the gas flow was simply adjusted in a way that ensured that the tubes 

connecting the gas cylinder and the Schlenk would not detach. It is likely that the gas 

flow rate could be the parameter behind the non-reproducible results discussed herein. 

It is plausible that boosting reactivity and preventing reproducibility issues boils down 

to developing a set-up that guarantees that the pressure is well tuned, and the gas flow 

accurately defined and adjusted. These parameters in addition to others will be further 

mentioned in the Future Directions Section.  

Nevertheless, it is important to reiterate that the lessons learned can hopefully inspire 

future investigations in silver-free CïH activation methodologies.  
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3.4 Summary 

 

An attempt to eliminate silver salts and develop a silver-free nondirected Pd catalyzed 

C(sp2)ïH olefination of arenes was pursued. Encouraged by the catalyst turnover 

exhibited under the exclusive presence of molecular oxygen, we decided to develop 

an oxidant system inspired by the Wacker process. Several co-oxidants in catalytic 

amounts were screened, with Cu(NO3)2Ŀ3H2O as the most promising co-oxidants. 

Since we have observed that ortho-xylene (32), similarly to HFIP-benzoate (27), gave 

low reactivity, we assumed that the rate limiting step was not the CïH activation step, 

but the reoxidation of Pd(0) to Pd(II). Taking this into account, and always improving 

the method in an iterative manner as soon as lessons were learned, we can 

hypothesize from the non-reproducible results, that the reaction set-up must be 

optimized so that gas-liquid mass transfer can work efficiently, and the reoxidation of 

Pd is improved.  

The potential behind the project would greatly benefit the widespread application of  

CïH activation in preparative scales, since the absence of silver would improve the 

atom economy and decrease the cost of the transformation. In addition, it would also 

follow the principles behind a sustainable development. 

Herein, we depict that silver can potentially be replaced, yet given the extensive work 

undertaken and the lack of substantial improvement to the published conditions, I have 

chosen to temporarily halt further development of this project. 
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3.5 Future Directions 

 

The discussion of the results highlighted what could have been approached differently. 

Hence, suggestions of what aspects could be further explored will be provided.  

The first thing that could be optimized is the reaction set-up. Since it is likely that the 

gas-liquid mass transfer might be the reason behind the non-reproducible results, 

evaluation of parameters such as gas pressure, gas flow rate and stirring speed (along 

side with different stirring magnet shapes), would be extremely valuable. Different set-

up ideas can be taken from the literature such as in the nondirected Pd-Catalyzed 

alkenylation of arenes reported by Joo and coworkers in which they use a O2 ballon to 

purge the reaction mixture.150 One limitation of this method is the need to use an 

excess of arene when dealing with electron-deficient arenes. Once the set-up is 

reliable and robust, testing different molecular oxygen pressures is necessary, to 

identify the optimal operating point. In case high pressures are required to give high 

catalyst turnover, performing a reaction in an autoclave could be a possibility. 

Additionally, testing different gas mixtures available in the market (e.g. gas mixtures of 

O2 and N2, gas mixtures of O2 and Ar), or even compressed (dry)-air, are valuable 

experiments.  

Most of the co-oxidants screened were Cu(I) and Cu(II) salts. Drawing inspiration from 

metalloenzymes present in nature, testing Iron (Fe) sources could bring unexpected 

outcomes.151  

In case Cu(NO3)2Ŀ3H2O continues to be the best co-oxidant, testing anhydrous 

Cu(NO3)2 could be beneficial, since water as additive proved to undermine product 

formation. Additionally, acrylate loading experiments could be repeated since it has 

been reported that acrylate polymerization is a potential byproduct.130, 148  

Since silver salts in our model reaction, acts as a Lewis acid and terminal oxidant, in 

principle it might be possible to reduce the silver loading and combining it with a Lewis 

acid. Testing this premise would also improve the current method.  

Last but not least, ligand screening is crucial to determine which ligand combination is 

the most suitable for molecular oxygen mediated oxidation. A particular study by Stahl 

and coworkers has shown that different ligands can dramatically influence the standard 

redox potential of Pd(II)/Pd(0), and consequently how feasible its reoxidation using 

molecular oxygen can be.80 
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4 Sterically Controlled C(sp2)ïH Carboxylation and 

Formylation: A Complementary Strategy to SEAr 

Approaches 
 

4.1 Introduction 

 

The pivotal role of synthetic organic chemistry in tackling some of todayËs most 

pressing societal challenges, like healthcare, is often overlooked. The reality is that 

this discipline is crucial for the production of powerful, affordable and broadly 

accessible medicines. Hence, the development of synthetic methods that can shorten 

synthetic routes to target molecules, have the potential to decrease the time span 

between drug discovery and approval.  

A common approach to functionalize aromatic scaffolds is via SEAr. In the first step, 

the arene nucleophile attacks an electrophile forming a ů- or Wheland complex. Since 

the aromaticity is lost, the first step is rate determining. Subsequently, loss of a proton 

restores aromaticity, giving the desired product (Scheme 4.1-A).152 

The reactionËs reactivity and regioselectivity are determined by the groups attached to 

the arene (Scheme 4.1-B): EDG activate the ring and favour substitution at the ortho 

and para positions; EWG deactivate the ring and favour functionalization on the meta-

position, and halogens are ortho and para directing deactivators.37 

 

{ŎƘŜƳŜ пΦмΥ DŜƴŜǊŀƭ ƳŜŎƘŀƴƛǎƳ ƻŦ {9!Ǌ ό!ύ ŀƴŘ ŜȄǇŜŎǘŜŘ ǊŜƎƛƻǎŜƭŜŎǝǾƛǘȅ ƻŦ {9!Ǌ ό.ύ ōŀǎŜŘ ƻƴ ǘƘŜ ƴŀǘǳǊŜ ƻŦ ǘƘŜ ŀǊŜƴŜ 
ƴǳŎƭŜƻǇƘƛƭŜΦ 

The predicted regioselectivity is one of the strengths of the SEAr mechanism. Thus, 

overriding substrate dependent electronic factors and enable the functionalization of 

positions inaccessible via SEAr with relevant FGs, would be a valuable resource to 

support the streamline exploration of novel chemical domains. 
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Two key FGs that are present in a wide variety of molecules are the formyl- and the 

carboxyl- moiety.153, 154 To access formylated arenes, a possible retrosynthetic 

approach is the Vilsmeier-Haack reaction: electron rich arenes can be formylated using 

a carbon electrophile made in situ from dimethylformamide (DMF) and phosphorus 

oxychloride (POCl3).155 The Ŭ-chloro amine formed upon SEAr is hydrolysed during 

workup, giving the desired aldehyde (Scheme 4.2).  

 

{ŎƘŜƳŜ пΦнΥ ±ƛƭǎƳŜƛŜǊπIŀŀŎƪ ǊŜŀŎǝƻƴ ƳŜŎƘŀƴƛǎƳΦ 

 

For the synthesis of carboxyl-substituted arenes, Grignard reagents in combination 

with carbon dioxide (CO2) is a possible synthetic route (Scheme 4.3).37  

 

 

{ŎƘŜƳŜ пΦоΥ {ȅƴǘƘŜǎƛǎ ƻŦ ŎŀǊōƻȄȅƭƛŎ ŀŎƛŘǎΦ 

Another retrosynthetic approach would be to use olefins as linchpins for subsequent 

oxidative cleavage. Common methods to cleave olefinic bonds and obtain carbonyl 

compounds include ozonolysis, Upjohn hydroxylation followed by diol cleavage, and 

the Johnson-Lemieux oxidation.  

Hence, using as foundation the knowledge already available within the group in the 

nondirected Pd-catalyzed C(sp2)ïH olefination of arenes, we developed a two-step 

protocol to afford aldehydes and carboxylic acids with orthogonal selectivities to the 

classic SEAr mechanism.156 
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Firstly, reoptimization of our dual ligand system to enhance steric control in the 

nondirected Pd-catalyzed C(sp2)ïH olefination of arenes was investigated. Owing to 

the discovery of a novel ligand combination, increased reactivity and selectivity was 

obtained. Subsequently, the obtained C=C bond was directly used in the following step, 

without intermediate purification. With two protocols in hand, the olefinic bond was 

converted to aldehyde under modified LemieuxīJohnson oxidation,157 whereas the 

carboxylic acid was obtained using catalytic osmium tetroxide (OsO4) with oxone as a 

terminal oxidant. 158 

In the following manuscript and supporting information (see Section 4.2 and 5.4, 

respectively), details regarding reaction optimization and subsequent applicability of 

the method in a broad substrate scope will be discussed in detail.  
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4.2 Manuscript 

 

The results were published in Organic Letters and published as:  

 

de Jesus, R., Dey, J., Chakraborty, E. and van Gemmeren, M. 

Org. Lett. 2025, 27, 10849-10854. 

 

For improved readability all the schemes, references and molecule numbering will 

remain identical to the original publication. The supporting information will be attached 

in the appropriate section (see Section 5.4).  
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Sterically Controlled C(sp 2)ïH Carboxylation and 
Formylation: A Complementary Strategy to S EAr 
Approaches  

Rita de Jesus, ÿ Jyotirmoy Dey, ÿ Elisa Chakraborty, Manuel van Gemmeren* 

Otto-Diels-Institut für Organische Chemie, Christian-Albrechts-Universit t zu Kiel, Otto-Hahn-Platz 4, 
24118 Kiel, Germany. 

 

ABSTRACT:  Carboxyl and formyl substituted arenes are key motifs in organic chemistry, typically prepared 
via electrophilic aromatic substitution (SEAr) reactions. SEAr reactions hold tremendous synthetic value and 
one of the key advantages is their predictable regioselectivity. Conversely, certain positions remain out of 
reach, such as sterically accessible but comparably electron-poor sites. Herein, we describe a nondirected 
C(sp2)ïH carboxylation and formylation of arenes enabled by a dual ligand-based catalyst. By optimizing the 
steric control of a nondirected olefination of arenes and combining this method with two distinct protocols for 
the subsequent oxidative cleavage of alkenes, we can generate a complementary set of regioisomeric 
products. The synthetic utility is demonstrated by a broad scope with suitability for late-stage functionalization.

Acyl and carboxyl moieties are among the most 
prevalent functional groups in nature, 1 featuring in 
a wide range of bioactive molecules, 2, 3 fragrances, 
and dyes. 4 Their alkyl/aryl derivatives are prevalent 
as precursors for functional materials5-7 and as key 
synthetic intermediates in natural products 
synthesis. 8, 9 From a retrosynthetic perspective, a 
common way to synthesize acyl- and carboxyl-
substituted arenes is through electrophilic aromatic 
substitution (SEAr) reactions (Scheme 1, path A). 10-

13 Typical methods to install a carboxyl group 
employ organolithium or Grignard reagents in 
combination with CO2. 14-19 Formyl groups are 
introduced using methodologies such as the 
Gattermann-Koch20 and Vilsmeier-Haack21 
reaction, which, upon acid-promoted activation, 
enable the formation of aromatic aldehydes via an 
SEAr pathway. Recently, various milder protocols 
have been reported such as biocatalytic 
approaches22 and heterogeneously catalyzed 
methods using gaseous CO or CO2. 23-25 Transition-
metal-catalyzed cross-coupling methodologies 
giving access to the same product classes have 
also been developed, 18, 26, 27 but predominantly 
remain limited by the reliance on pre-functionalized 
starting materials. 28, 29 Additionally, transition metal-
catalyzed CïH activation as an elegant tool has 
been used on substrates having coordinating 
directing groups (DGs) to enable efficient and 

broadly applicable CïH acylation protocols with 
regioselectivities controlled by the DG. 30 

Scheme 1:  Comparison between SEAr Pathway (Path A) and 
our Sterically Controlled Protocol (Path B). 

 

 
a.Yields and regioisomeric ratios given were determined by 
GC-FID using mesitylene as an internal standard.
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Despite these advances, SEAr reactions and related 
transformations remain among the most extensively 
investigated and widely utilized reactions in organic 
chemistry. One key advantage of these reactions is 
their predictable regioselectivity which stems 
directly from the SEAr mechanism. However, this 
mechanism also implies that certain positions in an 
arene substrate remain out of reach, such as 
sterically accessible but comparably electron-poor 
positions. Recently, arene-limited protocols for the 
palladium-catalyzed nondirected CïH 
activation/functionalization of unbiased arene CïH 
bonds have been developed, which have proven 
useful for late-stage functionalization. 31-39 In this 
context, our group has introduced dual ligand-
based Pd catalysts in which monodentate ligands 
replace the directing group donor atom, allowing 
steric and electronic tuning while stabilizing the 
catalyst. The bidentate ligands position the ligands 
on the metal, facilitate CïH activation via concerted 
metalation-deprotonation (CMD), and can be tuned 
(through donor properties, linker length, and bite 
angle) to optimize sterics and electronics. By 

combining both ligands, the catalyst system enables 
efficient nondirected CïH activation while remaining 
sensitive to both steric and electronic control, with 
steric influences typically dominating the 
regioselectivity. 40, 41 Due to the versatility of C=C 
bonds as linchpins for further transformations, we 
envisaged a two-step protocol. First, through 
reoptimization of our dual ligand- catalyzed 
nondirected olefination of arenes, 34, 42 enhanced 
steric control was achieved using a novel ligand 
combination (Scheme 1, path B). Combining this 
step with subsequent oxidative cleavage, carboxylic 
acid or aldehyde moieties can be accessed. 43-46  

Herein, we report a sterically controlled C(sp2)ïH 
carboxylation and formylation, an orthogonal 
protocol that complements traditional SEAr 
pathways. 47 In order to monitor which factors 
govern the regioselectivity of the olefination step, 
we chose m-cresol ether (1c) as model substrate 
since its sterically and electronically preferred 
positions are orthogonal to one another (Scheme 1, 
path A and B). 

 

Scheme 2: Substrate Scopes for the Synthesis of Carboxylic Acids 

 
a Reactions conducted on a 0.2 mmol scale (the olefination was performed on a 0.2 mmol scale and the crude product underwent 
oxidative cleavage without intermediate purification); b Yields and regioisomeric ratios were determined by 1H NMR using CH2Br2 
as internal standard; c Isolated yields; d Olefination step with ML9 (20 mol%) at 70°C for 48 h; e Isolated after conversion to the 
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methyl ester; f OsO4 (2 mol%), Oxone (6 equiv.), 48 h at room temperature; g 1.0 mmol scale; h The oxidation was conducted 
stepwise, synthesizing 4o and 4q first (cf. Scheme 3 ), followed by further oxidation with KMnO4. 

Scheme 3: Substrate Scopes for the Synthesis of Aldehydes 

 
a Reactions conducted on a 0.2 mmol scale (the olefination was performed on a 0.2 mmol scale and the crude product 

underwent oxidative cleavage without intermediate purification); b Yields and regioisomeric ratios were determined by 1H NMR 
using CH2Br2 as internal standard; c Isolated yields; d Olefination step with ML9 (20 mol%) at 70°C for 48 h; e 1.0 mmol scale. 

 

Based on our previous mechanistic work, we 
expected that fine-tuning the steric and electronic 
properties of both ligands could render the catalyst 
system less electrophilic. This would enable an 
even more synchronous CïH activation pathway, 
thus minimizing electronic influences and allowing 
steric factors to dominate the regioselectivity. 41 
After extensive optimization of the reaction 
conditions, we discovered that the combination 
between phenazine (ML1) as monodentate ligand 
and an N-acylsulfonamide-based bidentate ligand 
(NASA-ligand, BL1 ) delivers optimal results. 
Notably, this catalyst system exhibits a substantially 
higher catalytic activity and an enhanced steric 
control of the regioselectivity compared to previous 
dual ligand-enabled catalysts. Contrary to the SEAr 
mechanism, which provides functionalization mostly 
in the ɔ-position (Scheme 1, path A), 48, 49 our novel 
dual ligand system overrides electronic effects, 
giving functionalization mostly in the sterically 

unhindered ɓ-position (Scheme 1, path B). 
Subsequently, two distinct protocols for oxidative 
cleavage were developed. Carboxylic acids could 
be obtained by using catalytic osmium tetroxide 
(OsO4) along with oxone as a terminal oxidant 
(Scheme 2), 44 whereas aldehydes could be 
synthetized in a two-step protocol, first converting 
the alkene into vicinal diols followed by their 
oxidative cleavage using NaIO4 under modified 
LemieuxïJohnson oxidation (Scheme 3). 43 With the 
optimized conditions in hand, we decided to explore 
the substrate scope to obtain carboxylic acids 
(Scheme 2) and aldehydes (Scheme 3). 2a was 
obtained with meta as major isomer, with 
suppressed ortho-functionalization due to the steric 
bulkiness of the tert-butyl group. Upon oxidative 
cleavage, 3a was obtained in good yield. 1,3-
disubstituted arenes afforded products 2b and 2c in 
high yields with remarkable regioselectivity, similar 
to silyl protected phenol 2d that was obtained with 




























































































































































































