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Prologue 

 

The present doctoral thesis is subdivided into five main parts including one chapter on general introduction, three 

chapters describing research results and one general conclusion. At the beginning of each research chapter, a 

specific introduction into the topic is provided followed by results and discussion and a conclusion. The structures 

and references are numbered continuously throughout the thesis. The experimental section is found at the end of 

the thesis.  

Chapter 1: gives an introduction on fundamental aspects of transition metal catalyzed CīH activation and 

summarizes the most successful and pivotal examples for the development of the intramolecular Pd(0)-catalyzed 

CīH activation reaction to form small- and medium-sized rings.  

Chapter 2: presents the design and optimization of a new Pd(0)/NHC* catalytic system for the activation of 

secondary CīH bonds to form chiral indanes. The project was developed in collaboration with Romain Melot, 

Diana Cavalli and Nadja Niggli. The presented results are published in Angew. Chem. Int. Ed. 2021, 60, 

7245ī7250. 

Chapter 3: discusses the influence of Ŭ-substituents on the reactivity of C(sp3)īH bonds based on differences in 

initial rates. Kinetic analysis of the reaction showed that the CīH abstraction step is rate-limiting, thus confirming 

that the comparison is relevant. The study was conducted in collaboration with Dr. Matthew Wheatley and his 

results are included in the chapter. At the time of writing this thesis, the manuscript is in preparation.  

Chapter 4: describes preliminary results on the optimization of an enantioselective Pd(0)/L* catalytic system to 

activate remote C(sp3)īH bonds enabled by 1,4-Pd shift. This strategy has seen significant developments over the 

past 5 years and complements the direct Pd(0)-catalyzed CīH activation methods in terms of structures that can 

be prepared.  

A General conclusion is provided at the end of this thesis.  
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Abstract  

 

Direct transition metal catalyzed CīH bond functionalization has emerged as a powerful strategy to form new 

CīC or CīX bonds over the past decades. Advantages such as no requirement for pre-functionalization of the 

reagents and therefore the reduced metal waste makes it an attractive alternative to the well-established cross-

coupling reactions. In this regard, Pd(0)-catalyzed C(sp3)īH activation has been applied in the past for the 

construction of complex molecules and in numerous total syntheses of natural products. In addition, elegant 

enantioselective methodologies have granted access to important scalemic products for the pharmaceutical and 

agrochemical industry. However, most of these methods rely on the desymmetrization of prochiral alkyl groups 

leading to the formation of the stereogenic center distal to the activation site. The activation of enantiotopic 

secondary CīH bonds remains underdeveloped, mainly attributed to their low intrinsic reactivity, with only one 

report on the synthesis of ɓ-lactams. 

To address this long-standing challenge, a highly reactive Pd/NHC catalytic system was design and optimized 

for the synthesis of chiral indanes. A variety of products were obtained in good to high yields and high 

enantioselectivities using IBioxR NHC ligands developed by the Glorius group. Furthermore, the first synthesis 

of chiral 3ary amides by Pd(0)-catalyzed C(sp3)īH activation was described in consistent high enantioselectivites. 

Moreover, a stereochemical analysis provided valuable insights on the relationship between ligand structure and 

enantioinduction.  

Mechanistic studies were performed on the newly developed Pd/NHC catalyzed activation of methylene CīH 

bonds to examine the selectivity trends observed in the course of the development of the Pd(0)-catalyzed C(sp3)īH 

activation reaction. For instance, primary CīH bonds are preferentially activated over secondary CīH bonds or 

the selectivity between CīH bonds is altered by changing the substituent in Ŭ-position. In contrast to C(sp2)īH 

bond activation, where the use of Hammet plots has helped to quantify the influence of substituents with different 

electronic properties on the CīH activation process, the design and development of new C(sp3)īH activation 

methods has been mainly guided by chemical intuition. In this context, a reactivity scale was constructed putting 

C(sp3)īH bonds differing in Ŭ-substitution on a series of most to least reactive by performing initial rate 

experiments. Prior kinetic isotope studies and kinetic analysis of the reaction to obtain the orders in reaction 

components confirmed the CīH activation step to be rate-limiting, thus suggesting that the comparison of the 

different CīH bonds is significant.    

The activation of remote C(sp3)īH bonds enabled by 1,4-Pd shift has experienced significant growth in the 

past 5 years. With this strategy new type of complex molecules, lacking structural motifs promoting the ring 

closure otherwise required for direct CīH activation, could be synthesized. Nevertheless, no enantioselective 

methods are reported to this date. To this end, new substrates were designed and synthesized and preliminary 

screening of chiral ligand families previously applied in direct enantioselective Pd(0)-catalyzed CīH activation 

was undertaken to contribute to the progress of asymmetric remote C(sp3)īH activation. 
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General Objectives 

 

The objectives of this Doctoral Thesis include the development of an enantioselective method for the activation of 

secondary CīH bonds under Pd(0) catalysis and the study of the operative mechanism. In particular, our 

investigations focused on: 

¶ The synthesis of enantioenriched indanes and amides featuring a tertiary Ŭ-stereogenic center using chiral 

IBiox-type ligands. 

 

¶ The correlation between steric properties of the ligands and enantioselectivity. 

 

¶ The effect of Ŭ-substitution on the reaction rate employing the visual kinetic analysis method variable 

time normalization. 
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Chapter 1: Introduction  

 

1.1 General aspects 

1.1.1 Cross-coupling reactions to form CīC and CīX Bonds  

Synthetic organic chemistry is driven by the formation of new chemical bonds to construct highly complex 

molecules from simple and abundant building blocks. In particular, the formation of CīC bonds is of central 

importance. A major historical milestone was set with the discovery of catalytic cross-coupling reactions 

complementing classical functional group interconversion chemistry. In fact, the pioneering efforts by Heck, 

Suzuki and Negishi on Pd-catalyzed cross-couplings was awarded with the Nobel prize in 2010.[1,2] The general 

catalytic cycle for this transformation starts with the oxidative addition of the active M0 species into the 

carbonīhalogen (or pseudo halogen) bond of substrate 1.1 leading to the formation of oxidative addition complex 

1.2 (Scheme 1.1). Then, transmetalation with a nucleophilic coupling partner, typically of structure RīY, gives 

intermediate 1.3, which upon reductive elimination is transformed to the desired product and the catalytic active 

M0 species is restored.  

 

Scheme 1.1: General catalytic cycle for cross-coupling reactions. 

To date, cross-coupling reactions have been expanded to Cīheteroatom bond formation[3,4] and catalysts based on 

transition metals such as Ni,[2] Co,[5] Fe[2] and Cu[3,4,6,7] have been employed with numerous applications in the  

total synthesis of natural products,[8] medicinal chemistry, agricultural chemistry and ton-scale industrial processes. 

However, despite the great utility of this extremely powerful tool, major drawbacks include the use of expensive 

metal-containing reagents and the high quantities of toxic metal waste that comes with it. Thus, finding more 

environmentally friendly and cheaper alternatives has been a long-standing challenge.  

 

1.1.2 The Hoffmann-Löffler-Freytag reaction-early advances in CīH bond functionalization  

Organic molecules consist of linear or cyclic consecutive hydrocarbon motifs, interrupted by heteroatoms such 

as nitrogen, oxygen, sulfur and phosphorus. Thus, CīH bonds are omnipresent in organic chemistry and their 

direct and selective functionalization to form new CīC, CīO, CīN and CīX bonds constitute a step economical 

and sustainable alternative to cross-coupling chemistry. Molecular diversity can be easily achieved by selective 
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functionalization of distinct CīH bonds based on electronic and steric properties on a complex precursor, 

facilitating late-stage functionalisation of active compounds.[9,10] Additionally, direct CīH functionalization 

eliminates the preparation of metal containing coupling partners as required for cross-couplings, thus significantly 

reducing, synthetic steps, toxic waste and costs. Early advances in CīH bond functionalization were made by 

Hoffmann showing that homolysis of bromo- and chloroamines led to cyclization with methylene or methyl 

groups. Homolysis of the NīBr bond on substrate 1.5 forms a highly reactive N-centered radical, which 

subsequently triggers a 1,5 hydrogen atom transfer (HAT) to form 1.7 after recombination. The ring is then closed 

by nucleophilic substitution completing the synthesis of nicotine (1.8, Scheme 1.2a). Similarly, conanine alkaloids 

were prepared by Buchsacher and Jeger[11] by subjecting substrate 1.9 to a mixture of sulfuric and acetic acid. 

Although this reaction proceeds through an unstable primary radical intermediate 1.11, the 1,5-HAT is facilitated 

by the structural preorganisation of the molecule (Scheme 1.2b). In the same year, Corey reported the synthesis of 

the structural related dehydroconessine employing similar reaction conditions.[12]  

 

Scheme 1.2: Early applications of the Hoffmann-Löffler-Freytag reaction. 

This transformation, to date known as the Hoffman-Löffler-Freytag reaction, set the fundament for the 

consideration of inherently inert CīH bonds as a retron for various functional groups. 

 

1.1.3 Transition metal-catalyzed CīH functionalization 

1.1.3.1 general mechanisms 

In the past decades, transition metal-catalyzed CīH functionalization has experienced significant advancement 

as it constitutes an elegant strategy to introduce molecular complexity starting from simple substrates. However, 

as most organic molecules possess several CīH bonds, the selective functionalization of one CīH bond over the 

other remains highly challenging. As described by Sanford,[13] two main mechanisms are operative in transition 

metal-catalyzed CīH functionalization. (1) In the ñinner-sphereò mechanism, an organometallic intermediate of 

structure 1.13 is formed after CīH bond cleavage (Scheme 1.3a). Regio- and stereoselectivity of functionalization 

are driven by structural and electronic properties of the formed intermediate. In this type of transformation high 

selectivity for the less hindered CīH bond is observed. However, the selectivity can be influenced not only by the 

mechanism of the CīH bond cleavage but also the ligand environment on the metal centre. This mechanism is 

encountered in CīH activation processes but also in the oxidative addition into CīH bonds and ů-bond 

metathesis.[14] 
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Scheme 1.3: a. Inner-sphere mechanism. b. Outer-sphere mechanism. 

(2) The ñouter-sphereò mechanism is reminiscent of biological oxidation reactions catalyzed by cytochrome P450 

and methane monooxygenase.[15,16] Initially, a high oxidation state metal complex 1.15 is formed possessing an 

activated ligand X (Scheme 1.3b). The ligand then reacts with the CīH bond of substrate 1.12 either by direct 

insertion (path I ) or H-atom abstraction/rebound (path II ). As opposed to the inner-sphere mechanism, the substrate 

directly reacts with the ligand and not with the metal center. In this case the selectivity is driven by the build-up 

of cationic or radical character and therefore weaker bonds such as benzylic, allylic, 3ary or in Ŭ-position to 

heteroatoms are cleaved preferentially. Typical reactions proceeding over an outer-sphere mechanism are 

carbenoid [17,18]/nitrenoid[19,20] CīH insertion[17,18] and CīH bond oxidation.[21,22]  

 

1.1.3.2 Transition metal-catalyzed CīH bond activation 

Labinger and Bercaw[23] defined CīH bond activation as a process where a distinct Cī[M] bond is formed after 

cleavage of a CīH bond. Thus, CīH activation falls into the category of inner-sphere mechanisms of CīH 

functionalization (see section 1.1.3.1, Scheme 1.3a). Depending on the nature of the substrate, five different 

mechanisms have been widely accepted.[24,25] (1) In the oxidative addition mechanism the metal species oxidatively 

inserts into the carbon-hydrogen bond of 1.12 leading to transition metal intermediate 1.20 (Scheme 1.4a).  

 

Scheme 1.4: Mechanisms of CīH bond activation. 

 

(2) ů-Bond metathesis proceeds through 4-membered transition state 1.22 leading to the formation of intermediates 

1.23 and 1.24. This pathway is generally preferred by early transition metals (Scheme 1.4b). (3) During the 
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electrophilic substitution mechanism the metal species is attacked by aromatic or unsaturated substrate 1.26 

forming a positively charged metal intermediate 1.27. Abstraction of the proton gives structure 1.28. (4) In the 

base assisted mechanism a carboxylate or carbonate ligand is involved in the proton abstraction over a concerted 

process forming cyclic transition state 1.30. To date, this mechanism is known as concerted metalation 

deprotonation (CMD) or ambiphilic metalīligand activation (AMLA).[26,27] Finally, (5) the Heck-type mechanism 

begins with 1,2-insertion of organometallic species 1.21 into aromatic structures of type 1.32 leading to 

intermediate 1.33. After isomerization, structure 1.34 is formed with the metal and hydrogen substituents in syn 

relationship to each other. ɓ-H Elimination gives then functionalized product 1.35 and metal-hydride species 1.36. 

Additionally, transition metal catalyzed CīH activation reactions can be further subdivided in three different 

classes.[28] (1) Directed CīH activation reactions rely on the coordination of the active catalyst to a Lewis-basic 

acceptor tethered to the substrate (1.37). Upon coordination of the metal structure 1.38 is formed which is 

transformed to product 1.39 by functionalization (Figure 1.1a). Typically, monodentate amides, pyridines, esters 

or imines as well as bidentate directing groups are utilized to ensure selectivity.[29] This strategy, although not ideal 

as often the directing group is not part of the desired product, it is the most widespread one. However, recent 

efforts have been focused on the use of transient directing groups, which are attached to the substrate in situ and 

cleaved after CīH activation.[30ï35] (2) Non-directed or undirected CīH activation exploits the innate reactivity of 

the substrate. Selectivity is thereby guided by factors such as electronic properties of the CīH bond and steric 

hindrance. This method is more attractive since the installation and removal of a directing group can be avoided. 

Instead, the metal catalyst interacts directly with the CīH bond of substrate 1.40 forming metal complex 1.41. 

Product 1.14 is then obtained after functionalization (Figure 1.1b). However, this transformation suffers from 

major drawbacks such as high catalyst loadings, harsh conditions and often difficult separations due to lower 

selectivity leading to mixtures of unseparable products. (3) Finally, in the third type of activation reactions the 

transition metal catalyst oxidatively inserts into a CīLG (LG = leaving group, halogens or pseudohalogens) bond 

of the substrate to form complex 1.43, hence the name oxidative addition-induced CīH activation (Figure 1.1c). 

The oxidation state of the metal is thereby increased by two units and an external base is used to abstract the 

desired proton and form metalated complex 1.44. Upon functionalization and reductive elimination product 1.45 

is formed and the metal catalyst is reduced to its initial oxidation state.[25,36]  

 

Figure 1.1: Different classes of CīH bond activation reactions. a Directed CīH activation b. Undirected CīH activation. c. Oxidative 

addition-induced CīH activation. 
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1.2 Pd-catalyzed CīH bond activation 

Palladium is arguably one of the most widely used transition metals for CīH bond activation reactions and has 

been thoroughly reviewed in several articles.[36ï39] This is mainly attributed to its ability to operate under several 

catalytic manifolds such as Pd(II)-Pd(0), Pd(II)-Pd(IV), and Pd(0)-Pd(II) among others.[38] The two first are more 

widespread in directed CīH activation reactions. Tipically, the Pd(II)-Pd(0) catalytic cycle starts with the 

activation of the CīH bond of substrate 1.47 leading to palladated species 1.48. Ligand exchange, usually by trans 

metalation gives intermediate 1.50 from which product 1.51 is formed by reductive elimination (Scheme 1.5a). 

The resulting Pd(0) species is oxidized to regenerate catalytic active Pd(II) by an external oxidant. Similarly, the 

first step in the Pd(II)-(IV) manifold is the CīH activation of substrate 1.47 giving intermediate 1.48. The 

functional group is then introduced to the catalyst by an oxidative process leading to Pd(IV) intermediate 1.56. 

Product 1.51 is formed by reductive elimination releasing the catalytically active Pd(II) species (Scheme 1.5b).  

 

Scheme 1.5: Catalytic cycles of Pd-catalyzed CīH activation. a Pd(II)-Pd(0) catalysis. b. Pd(II)-Pd(IV) catalysis. c. Pd(0)-Pd(II) catalysis. 

The Pd(0)-Pd(II) manifold is generally operative in non-directed or intramolecular oxidative addition induced CīH 

activation (Scheme 1.5c). in this particular case the catalytic cycle begins with the oxidative addition of the Pd(0) 

species into CīX bond (X = (pseudo-) halogen) of substrate 1.57 generating Pd(II) intermediate 1.58. After ligand 

exchange, CīH bond activation leads to cyclopalladated species 1.60 from which the product is obtained by 

reductive elimination with concomitant reduction of the Pd(II) to the active Pd(0) species. Notably, in all three 
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cases the CīH activation reaction occurs from the Pd(II) species. Although the three manifolds are well established 

in CīH activation transformations,[24,39] the main focus of this introduction is the Pd(0)-Pd(II)-catalyzed 

intramolecular CīH activation. 

 

1.2.1 Pd(0)-catalyzed intramolecular C(sp2)īH bond activation for the formation of small- to medium-sized rings 

The first example of Pd(0)-catalyzed activation of C(sp2)īH bonds was reported by Ames in 1982.[40] Reacting 

cinnoquinoline 1.62a in presence of catalytic Pd(OAc)2 and ethyl acrylate gave dibenzofuranyl 1.63a in 19% yield 

instead of the expected alkenlyation at the 3-position (Scheme 1.6). A similar reaction outcome was observed with 

1.62b giving product 1.63b in 55% yield. In absence of ethyl acrylate no product formation was observed 

presumably, because the acrylate is responsible for the reduction of the Pd(II) precatalyst to the Pd(0) active 

species. Later, examples for the formation of 5 and 6 membered rings from the corresponding aryl iodides and 

arylbromide precursors were presented.[41,42] Substituted dibenzofurans (1.64a-c), carbazole-1-carboxylic acid 

1.65, fluorenone 1.66, lactone 1.67 and lactam 1.68 were prepared in good to high yields.  

 

Scheme 1.6: early contributions to Pd(0)-catalyzed C(sp2)īH activation. 

The first application in the total synthesis of ancistrocladisine (1.72) was reported by the Bringmann group in 

1989 (Scheme 1.7). Starting from substituted phenol 1.69, substrate 1.70 for the Pd(0)-catalyzed C(sp2)īH 

activation was reached by Pictet-Spengler reaction with acetaldehyde and acylation of the phenol with the 

corresponding naphthoyl chloride. Subjecting 1.70 to catalytic amount of Pd(PPh3)2Cl in presence of NaOAc 

afforded 1.71 in 87% yield. The synthesis was completed by opening of the lactone ring, epimerization 



15 

 

 

Scheme 1.7: First application of Pd(0)-catalyzed C(sp2)īH activation: total synthesis of ancistrocladisine (1.72). 

deprotection and imine formation. Although other examples of applications into the synthesis of important natural 

products were demonstrated by the Bringmann group[43,44] the scope of the method is limited and relies on harsh 

conditions including temperatures up to 190 °C.  

Fagnou introduced the use of Buchwald-type ligands for the intramolecular arylation of C(sp2)īH bonds.[45] 

Susbtrates of type 1.73 readily cyclised to tricyclic products 1.74 with high efficiency under catalyst loadings as 

low as 0.1 mol% Pd(OAc)2 and 0.2 mol% of ligand L1.1 (Scheme 1.8a). A broad scope of products featuring 

electron-donating (1.74b) and -withdrawing (1.74c) groups on the aromatic ring was presented. Additionally, the 

oxygen on the tether could be changed to a nitrogen or carbon (1.74d). The formation of a 7-membered ring (1.74f) 

was achieved by introducing an electron-withdrawing group in position of the dimethyl amino group on the biaryl 

ligand. 

 

Scheme 1.8: a. Highly efficient C(sp2)īH arylation using Buchwald-type ligands. b. Application in total synthesis of (R)-Nuciferine (1.77a) 

and (R)-Nornuciferine (1.77b). 
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This improved protocol was applied in the total synthesis of aporphine alkaloids (Scheme 1.8b).[46,47] From 

substrates 1.75a and 1.70b differing in the protecting group of the amine, the corresponding tetracyclic cores 1.76a 

and 1.76b were obtained by C(sp2)īH activation in 84% and 80% yield respectively. (R)-Nuciferine (1.77a) was 

then accessed by reduction of the CO2Me protecting group of 1.76a with LiAlH 4. Similarly, deprotection of the 

CO2tBu group on 1.76b gave (R)-Nornuciferine (1.77b) in remarkable 90% yield. After this report, the field 

experienced a strong growth and several methods relying on the Pd(0)-catalyzed activation of C(sp2)īH activation 

were disclosed.[25,48] 

An important milestone was reached with a thorough mechanistic study of Echavarren and Maseras on the 

formation of phenanthrenes.[49,50] Subjecting substrates of type 1.78 under the conditions optimized by Fagnou and 

subsequent treatment with DDQ gave either product 1.79 or 1.80 depending on the nature of the R substituent on 

the aromatic ring (Scheme 1.9). It was found that when R was electron-withdrawing cyclisation preferentially 

occurred with the substituted aromatic ring giving product 1.79. Conversely, product 1.80 was observed when R 

was of electron-donating nature. This is in disagreement with the electrophilic palladation mechanism originally 

thought to be operative. With density functional theory (DFT) calculations direct ů-bond metathesis (TS1) could 

be ruled out based on the high energy of 43.3 kcal molī1. Instead, a base-assisted proton abstraction mechanism 

either inter- or intramolecular (TS2 and TS3) was found plausible.  

 

Scheme 1.9: Formation of phenanthrenes 1.79 and 1.80 and calculated transition states for C(sp2)īH arylation. 

Enantioselective C(sp2)īH activation methods rely on the desymmetrization of prochiral substrates forming 

the stereogenic center distal to the CīH activation site or on the formation of a chiral axis or plane. The first 

example of asymmetric C(sp2)īH activation was reported by the Cramer group in 2009.[51] Alkenyl triflates 1.81, 

easily accessed from ketone precursors, were subjected to Pd(0) catalysis with chiral taddol-based phosphoramidite 

ligand L1.2a furnishing indanes 1.82 in high yields and enantioselectivities (Scheme 1.10a). Later the 

desymmetrization of arylbromide substrates of type 1.83 to form 7-membered rings using a similar 

phosphoramidite ligand L1.2b was demonstrated by the same group. In this case, the reaction proceeds through a 

thermodynamically unfavoured 8-membered palladacycle. Dibenzazepinone products 1.84 featuring a quaternary 

stereogenic center were obtained in excellent yields and enantioselectivities.  
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Scheme 1.10: First report of enantioselective C(sp2)īH activation. 

The Baudoin group reported the use of bifunctional ligands for enantioselective C(sp2)īH activation. 

Binapthalene derived phosphine ligands L1.3 featuring a carboxylic acid substituent on the aromatic scaffold are 

responsible for both, proton abstraction and enantioinduction (Scheme 1.11a). Substrates 1.85 were efficiently 

converted to dihydrophenanthridines 1.86 with high selectivities of up to 98.5:1.5 e.r. It was found that the length 

of the linker of the carboxylic acid to the aromatic ring has an impact on the enantioselectivity. The e.r. value 

decreased with increasing chain length of the linker. The control experiments with 1.0 equivalent of the potassium 

salt derived from ligand L1.3a omitting Cs2CO3 showed that the product was formed in in comparable yield and 

selectivity. This result suggests that the ligand is operating in bifunctional mode and that Cs2CO3 is not involved 

in the proton abstraction process. Additionally, parallel kinetic resolution from racemic mixtures of 1.85 bearing 

different aromatic groups undergoing CīH activation was achieved leading to the formation of two 

enantioenriched products. A similar protocol was employed in the synthesis of highly strained fluoradenes 1.87 

and other warped molecules of type 1.88 by the same group (Scheme 1.11b). 

 

Scheme 1.11: Binapthalene-derived bifunctional ligands as enantioinductor and active base. 

The use of electrophiles other than aryl- or alkenyl(pseudo-)halides were reported by the Cramer and Tang 

group. In 2017 the reaction of ketene aminal phosphates 1.89, which are more stable than triflate derivatives, to 

chiral isoindolines 1.90 was reported.[52] With electron-rich phospholane ligand L1.4 high yields and selectivities 

were obtained at room temperature (Scheme 1.12a). Interestingly, when the reaction was conducted under 

carboxylate free conditions, i.e. Pd(dba)2 without PivOH, traces of the product were still observed indicating that 

the diphenyl phosphate anion acts as a poor active base. Moreover, a rare example of Pd(0)-catalyzed parallel 
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kinetic resolution was demonstrated. Shortly after, the same group reported the synthesis of 1H-isoindoles 1.92 

bearing highly congested quaternary stereogenic centers from perfluoroalkyl-substituted imidoyl chlorides 1.91 

(Scheme 1.12b).[53] The products could be further elaborated by reducing or nucleophilicly attacking the imine 

moiety. The Tang group reported the synthesis of chiral isoindolines 1.94 from carbamoyl chloride precursors of 

type 1.93 using (R)-Antphos previously developed in the sage group. In this case, CO pressure was essential to 

prevent decarbonylation of the starting materials and ensure high yields and selectivities (Scheme 1.12c).[54] 

 

Scheme 1.121: Use of alkenylphosphate (a), imidoyl chlorides (b) and acyl chlorides (c) as electrophiles. 

In addition to the formation of carbon stereogenic centers, methods to synthesize Si- and P-stereogenic 

compounds have been developed over the past decade.[55] An early example is the synthesis of chiral dibenzosiloles 

1.96 featuring an Si-stereogenic center from triflate precursors 1.95 reported by Hayashi and Shintani.[56] Not only 

was the bidentate phosphine ligand (R,Sp)-L1.6 responsible for high enantioselectivities, it also suppressed the 

formation of achiral 1.97 arising from a 1,5-Pd shift mainly formed with monodentate ligands screened during this 

study (Scheme 1.13a). In 2015, Duan[57] and Ma[58] simultaneously disclosed the synthesis of P-stereogenic 

phosphinic amides 1.97 by desymmetrization of aryl bromides 1.98 (Scheme 1.13b). With almost identical taddol-

derived posphoramidite ligands L1.2b and L1.2b the products were obtained in excellent yields and 

enantioselectivities in both cases. Similar tricyclic P-stereogenic phosphonates 1.99 were also reported by the Tang 

group using Antphos-type ligand L1.6 (Scheme 1.13c). [59] 
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Scheme 1.13: Syntheses of Si-and P-stereogenic compounds: a. benzosiloles 1.96, b. phosphinic amides 1.98 and c. phosphonates 1.99. 

Cui and Xu,[60] and Duan[61] reported the synthesis of P-stereogenic phosphole oxides 1.101 (Scheme 1.14). 

Bidentate phosphine ligands (S,S)-Duphos and (R)-Segphos furnished the products in high yields and 

enantioselectivities. Moreover, Duan also demonstrated that chiral binol-derived phosphoric acids and amides can 

induce enantioselectivity in presence of a non-chiral ligand as a part of the same study. 

 

Scheme 1.14: Enantioselective arylation of phosphine oxides 1.95 to phosphole oxides 1.96. 

The synthesis of planar chiral metallocenes by Pd(0)-catalyzed C(sp2)īH activation was reported by several 

groups. The formation of cyclic lactams 1.102 and 1.103 was reported by the Gu group[62] and Liu & Zhao[63] in 

2014. Although the protocol of Gu was compatible with both ferrocenes and ruthenocenes, the use of (R,Sa)-

OPINAP led to moderate enantioselectivities. Conversely, higher enantioselectivities (up to 97:3 e.r.) were 

reported by Liu and Zhao employing phosphoramide ligand L1.2c (Scheme 1.15a). A major improvement was 

made by introducing chiral bidentate phosphine ligand BINAP as enantioinductor for the formation of 5-membered 

rings in the same year. Gu-You[64] and Kang-Gu[65] independently reported the same reaction forming ferrocenes 

1.104 and metallocenes 1.105 in excellent yields and enantioselectivities. Later, the synthesis of 

ferrocenylpyridines 1.106[66] and C(sp2)īH alkenylation[67] to form ferrocenes of type 1.107 was reported by the 

same group (Scheme 1.15b).  
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Scheme 1.15: Synthesis of planar chiral metallocenes. a. Formation of 6-membered rings. b. Formation of 5-membered rings. 

The Guiry group presented the synthesis of planar, central and axially chiral ferrocenyl diols by applying the 

protocol disclosed by Gu and You.[68] Although the preparation of 1.109 from precursor 1.108 by two-fold CīH 

activation was already reported in the study of the reaction scope, the Guiry group slightly modified the reaction 

conditions to obtain a quantitative yield. 18 different ferrocenyl diols of type 1.110 were prepared by reacting 

1.109 with the corresponding organo-lithium or -Grinard reagents (Scheme 1.16). Ferrocenyl diols 1.110 were 

applied as catalysts in the asymmetric hetero-Diels-Alder reaction leading to moderate to high enantioselectivities.  

 

Scheme 1.16 Synthesis of ferrocenyl diols. 

More recently, the Duan group reported the synthesis of planar chiral benzothiophene-fused ferrocenes 

1.112.[69] In the presence of bidentate (R)-segphos, ferrocenyls 1.111 were efficiently arylated to the corresponding 

products in high yields and enantioselectivities. Moreover, planar chiral benzothiophene-fused ferrocene 1.112a 

featuring a phosphinoxide substituent on the lower Cp ring was reduced to the corresponding phosphine 1.112aa 

and engaged in cross-coupling chemistry. The Suzuki-Miaura coupling between aryl bromide 1.113 and boronic 

acid 1.114 using 1.112aa as chiral ligand led to the formation of biaryl 1.115 in good yield and moderate 

enantioselectivity (Scheme 1.17). 
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Scheme 1.17: Synthesis of of planar chiral benzothiophene-fused ferrocenes 1.107 and application in the Suzuki-Miyaura cross-coupling. 

Enantioselective intramolecular Pd(0)-catalyzed C(sp2)īH activation reactions for the synthesis of molecules 

with chiral axes are more scarce and only two protocols have been presented in the past 5 years. In 2017 The Gu 

group demonstrated the atroposelective synthesis of indole-based biaryls 1.117 by dynamic kinetic CīH 

cyclization of substrates 1.116 (Scheme 1.18a). Using phosphoramite L1.12d, high yields of up to 99% and 

enantioselectivities of 95.5:4.5 were observed. The OMOM substituent on the naphthyl moiety was essential to 

ensure high enantioselectivities as with the less sterically demanding OMe the rotational barrier was too low. 

Shortly after, the Cramer group demonstrated the synthesis of axially chiral dibenzazepinones 1.119 using 

phosphoramidite L1.2b (Scheme 1.18b).[70] In contrast to the approach of Gu, in this case, the axis of chirality is 

formed during the CīH functionalization process by discrimination between enantiotopic faces of a phenyl group. 

Ortho and meta substitution on Ar1 played an important role to ensure high levels of enantioselectivity as non-

substituted products racemized withing 2 hours.   

 

Scheme 1.18: Approaches for the synthesis of axially chiral molecules. A. Dynamic kinetic resolution. b. De novo formation of chiral axis. 

  



22 

 

1.2.2 Pd(0)-catalyzed intramolecular C(sp3)īH bond activation  

The first observation of Pd(0)-catalyzed C(sp3)īH activation was reported by Dyker in 1992 for the synthesis 

of structure 1.123 by self-condensation of three molecules of 2-iodoanisole 1.120 (Scheme 1.19).[71] They proposed 

the formation of cyclopalladated species 1.121 by activation of the OMe group. The new arylīaryl bond on 

intermediate 1.122 is presumably formed by oxidative addition of a new molecule of 1.120 on intermediate 1.121 

and subsequent reductive elimination leading to an overall 1,5-Pd shift to the OMe group.  

 

Scheme 1.19: Early C(sp3)īH activation reactions. 

Later, the same group reported the formation of benzocyclobutenes 1.128 by activation of tBu groups. In 

analogy to the previous report, the activation of the tBu group leads to cyclopalladated species 1.125 followed by 

oxidative addition of another molecule of starting material to give intermediate 1.126. Reductive elimination gives 

structure 1.127 from which product 1.128 is formed by a second CīH activation/reductive elimination sequence. 

In 2003, the Baudoin group reported the use of phosphine ligands for Pd(0)-catalyzed C(sp3)īH activation 

which prevented the self-condensation of the starting material by suppressing competitive oxidative addition to 

PdII intermediates.[72] Depending on the nature of the starting materials 1.129 either olefins 1.130 or 

benzocyclobutenes 1.131 were formed (Scheme 1.20a). The proposed pathway for the formation of the olefin 

products proceeds through the formation of 6-membered palladacycle 1.132 and subsequent ɓ-H elimination and 

reductive elimination. In the case of the benzocyclobutenes direct reductive elimination from 5-membered 

intermediate 1.133 forges the 4-membered ring. In 2007 the same group reported improved reaction conditions for 

the selective dehydrogenation of alkanes using the newly designed F-TOTP (tris(5-fluoro-2-

mehtylphenyl)phosphane) ligand (Scheme 1.20b).[73] Additionally, with the new reaction conditions product 

1.130a was obtained in 82% yield and was further elaborated to the antihypertensive drug verapamil (1.134). 
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Scheme 1.20: a. Preparation of olefins 1.130 or benzocyclobutenes 1.131 by Pd(0)-catalyzed C(sp3)īH functionalization. b. Application of 

improved protocol in the synthesis of verapamil (1.134). 

After the initial report on alkane dehydrogenation of the Baudoin group several, methodologies for the 

formation of small- to medium-sized rings by arylation of C(sp3)īH bonds were reported and an overview is given 

in Scheme 1.21.[36] Examples for the formation of 4-membered rings include the formation of benzocyclobutenes 

1.131 from aryl bromide precursors initially reported by the Baudoin group in 2008.[74] Later, similar products 

were prepared from cheaper and more abundant aryl chlorides.[75] Although benzazetidine intermediates 1.135 

could never be isolated, benzoxazines 1.136 were formed by 4́ electrocyclic opening of the 4-membered ring 

followed by a 6́  electrocyclization of the aza-ortho-xylylene moiety with the carbonyl substituent on the nitrogen 

atom.[76] The formation of 5-membered rings was demonstrated as well by Baudoin and Fagnou in 2010 giving 

indanes, indolines or dihydro benzofuranes of type 1.137. Examples of the more challenging methylene C(sp3)īH 

bond activation were reported by the group of Knochel[77] for the synthesis of strained tricyclic structures 1.138 

and the Baudoin[73] group to access indanes 1.139. Electron-rich trialkyl phosphine PCy3 proved to be the ligand of 

choice for a selection of methods for the formation of 5-membered rings. In fact, dihydrobenzofurans 1.140,[78] 

indolines 1.141,[79] oxindoles 1.142 and sulphonamides 1.143[80] could be prepared in good to high yields under 

similar conditions with PCy3 as the ligand. Oxindoles 1.144 were accessed by activation of congested cyclopropyl 

C(sp3)īH bonds. Nevertheless, the products were obtained in good to excellent yields up to 14:1 d.r. Examples of 

6-membered rings were presented by Knochel[77] (1.145) and Shi[81] (1.146). Remarkably, in the case of Shi, the 

unprotected nitrogen was compatible with the reaction conditions. Additionally, the Baudoin group reported the 

synthesis of tetracyclic structures 1.147 by simultaneous formation of a 6-and a 5-membered ring.[82] This strategy 

was applied in the total synthesis of lycorine alkaloids. Among others, (±)-lycorane (1.148) was prepared in 4 steps 

with an overall yield of 47%.  
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Scheme 1.21: Examples of Pd(0)-catalyzed C(sp3)īH activation for the formation of 4-,5-,6-membered rings. 

In analogy to Pd(0)-catalyzed C(sp2)īH activation, other electrophiles were used for the oxidative addition 

step. For instance, the Takemoto group reported the cyclization of carbamoyl chlorides 1.149 to the corresponding 

oxindole products 1.150 by activation of a benzylic methyl group (Scheme 1.22).[83] Similarly, the Baudoin group 

reported the synthesis of strained ɓ-lactams 1.152 from carbamoyl chlorides 1.151.[84] To prevent in situ 

decarbonylation of the starting material an excess of COgen was added using a two-chamber system developed by 

the Skrydstrup group.[85] In contrast to directly purging the reaction with CO as reported by Takemoto, the use of 

COgen requires fewer safety precautions. An alternative approach for the activation of benzylic C(sp3)īH bonds 

was reported by the Cramer group a few years later.[86] Indoles 1.154 were prepared from imidoyl chlorides 1.153 

in good to high yields using either PCy3 or SIPr as ligand. The latter was usually superior to PCy3 in the case of 6-

substituted imidoyl chlorides. The alkenylation of C(sp3)īH bonds from alkenyl(pseudo-)halide precursors is an 

attractive alternative to the arylation reactions as the double bond in the formed products can be easily reduced. 

Acyclic alkenyl bromide substrates 1.155 were efficiently converted to ɔ-lactams by the Baudoin group in 2016.[87] 

It was found that the substituent in Ŭ-position to the nitrogen is essential for high yields, presumably by inducing 

a significant Thorpe-Ingold effect that is necessary for the ring contraction. In the same year, the Takemoto group 

demonstrated the synthesis of tetrahydro-2H-fluorenes 1.157 by alkenylation of a bezylic methyl group.[88]  
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Scheme 1.21: Synthesis of 5-membered rings by cyclization of carbamoyl chlorides or alkenyl(pseudo-)halides. 

 

1.2.2.1 Application in the total synthesis of natural products 

Although the synthetic relevance of newly described arlyation/alkenylation methodologies has been 

demonstrated by disclosing concise syntheses of natural products, active ingredients or core structures thereof,[87ï

91] significant efforts towards total syntheses of natural products featuring a Pd(0)-catalyzed C(sp3)īH activation 

key step to form small rings were made by the Baudoin group. 

As a part of the newly reported methodology for the formation of hexahydroindoles 1.160 from alkenylbromide 

precursors of type 1.159, the core structure of aeruginosins (1.161) was constructed in 2 additional steps.[92] 

Aeruginosins (1.170) are marine natural products that have shown in vitro inhibition of serine proteases.[93] Their 

structure consists of a 2-carboxy-6-hydroxyoctahydroindole (Choi) and hydroxyphenyllactic (Hpla) subunits 

(Scheme 1.23a). Motivated by these results, two congeners of this family of natural products were prepared a few 

years later.[94] The synthesis of the Choi fragment began with alcohol 1.162 from which the alkenyl bromide 

substrate 1.159a was prepared in 6 steps. Pd(0)-catalyzed C(sp3)īH alkenylation using Pd(Cy3)2 furnished 

hexahydroindole 1.160a in gram-scale with yields ranging between 68-71%. Hydrogenation and further functional 

group transformations led to the Choi fragment in 1.2 g with a yield of 15% over 9 steps. For the Hpla fragment 

they applied a Pd(II)-catalyzed intermolecular C(sp3)īH arylation method reported by the Daugulis group.[95,96] 

The substrate 1.165 for the intermolecular arylation reaction was obtained from 1.164 by benzyl protection, 

hydrolysis to the acid and installation of the 2-(pyridine-2-yl)isopropyl (PIP) amine directing group. Subjecting 

1.165 to Pd(OAc)2 with aryl iodide 1.166 in presence of K2CO3 led to the formation of 1.167 without racemization 

of the labile stereogenic center. Removal of the directing group and amide coupling gave fragments 1.168a and 

1.168b bearing a D-allo-Ile-OMe and D-Leu-OMe hydrophobic amino acid respectively in high yields (Scheme 

1.23b).  
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Scheme 1.23: a Pd(0)-catalyzed C(sp3)īH alkenylation to form hexahydroindoles 1.160. b. Syntheses of Choi and Hpla cores of 

aeruginosins. 

The two fragments were then combined by hydrolysis of the methyl ester on the Hpla fragment followed by peptide 

coupling to give intermediates 1.169a and 1.169b (Scheme 1.24).  

 

Scheme 1.24: Coupling of Choi and Hpla fragments and installation of C-termini. 
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Finally, installation of the c-terminus and global deprotection gave the natural products aeruginosin 98B (1.170a) 

and 298A (1.170b) in 5.1% and 8.2% overall yield respectively. Later, other members of the same family with 

halogen substituents on the aromatic ring were reported by the same group.[97] 

Another major application of Pd(0)-catalyzed C(sp3)īH alkenylation was the divergent total synthesis of 

dithiodiketopiperazine (DTP) natural products (ī)-epicoccin G (1.176) and (ī)-rostratin A (1.177) very recently 

disclosed by the Baudoin group (Scheme 2.25).[98,99] Starting from cheap and abundant cyclohexenone (1.171), 

enantioselective organocatalyzed epoxidation reported by the List group[100,101] gave 1.172 in 97:3 e.r. Subsequent 

triflation followed by regioselective and stereospecific epoxide opening with alanine-tBu ester and acetylation 

gave intermediate 1.173. The free acid derivative of 1.173 obtained by deprotection of the tBu group was 

recrystallized to further improve the d.r. to >99:1 and was then dimerized furnishing dialkenyl triflate 1.174 in 

decagram scale. The key two-fold C(sp3)īH alkenylation was performed by subjecting 1.174 to 4 mol% of 

Pd(PCy3)2 catalyst. The addition of 20 mol% of free PCy3 proved essential to avoid mixtures of substrate 1.174, 

mono-cyclized product and detriflated byproducts. Overall, the common intermediate 1.175 could be prepared in 

51% yield over 7 steps in multigram scale. A 7 step sequence including the oxidation of the double bonds, the 

introduction of sulfur substituents on the diketopiperazine core and deprotections led to (ī)-epicoccin G (1.176) 

in 19.6% over 14 steps in the longest linear sequence which is a major improvement compared to the first synthesis 

(1.5% over 15 steps).[102,103] For (ī)-rostratin A (1.177) 3 additional steps from common intermediate 1.175 were 

required due to the highly challenging installation of the trans,trans ring junction. Nevertheless, the first total 

synthesis of (ī)-rostratin A (1.177) was completed in 12.7% yield over the longest linear sequence of 17 steps 

(Scheme 1.25). Moreover, the high efficiency of the presented route allowed the synthesis of the natural products 

and derivatives in significant amounts which allowed for cytotoxicity assessments of these structures in the 

leukemia cell line K562. 

 

Scheme 1.25: Total synthesis of DTP natural products (ī)-epicoccin G (1.176) and (ī)-rostratin A (1.177) enabled by key two-fold Pd(0)-

catalyzed C(sp3)īH alkenylation. 

In general, Pd(0)-catalyzed C(sp3)īH enables the access to of 4-,5-,6- and 7-membered hetero- or carbocycles with 

5-membered examples being by far the most studied (for an example of 7-membered ring formation see chapter 2, 
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section 2.1.1). The activation of methyl groups is predominant with a few examples of methylene CīH bond 

activation, mainly attributed to higher steric encumbrance and reduced acidity of the CīH bond. Electrophiles such 

as alkenyl(pseudo-) halides, carbamoyl chlorides and imidoyl chlorides are compatible with the reaction giving 

access to non-aromatic products. Moreover, enantioselective versions, which are of high interest for the 

pharmaceutical and medicinal industry were developed (see chapter 2, section 2.1). Finally, a wide range of active 

ingredients and natural products were accessed by Pd(0)-catalyzed C(sp3)īH activation strategies further 

underlining the importance of this method in synthetic organic chemistry.  
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Chapter 2: Palladium(0)-catalyzed enantioselective intramolecular arylation 

of enantiotopic secondary CīH bonds for the synthesis of chiral indanes 

 

2.1 Introduction: Pd(0)-catalyzed enantioselective activation of C(sp3)īH bonds  

The three-dimensional shape of organic molecules is of fundamental importance as it is directly linked to their 

activity in biological systems.[104,105] Therefore, enantioselective transformations have been a field of constant and 

intensive research and in particular transition metal catalysis has been key to develop improved and more efficient 

methods.[106ï110] In this regard, enantioselective Pd-catalyzed C(sp3)īH activation has attracted great interest from 

the synthetic community.[111ï113] For the Pd0-PdII manifold three main strategies have been established over the 

past decades.[112] (1) The desymmetrization of enantiotopic alkyl groups relies on the differentiation of two 

identical alkyl groups on substrates such as 2.1 by the chiral catalyst. In this case, the stereogenic center is formed 

remote to the activated CīH bond on product 2.2 (Scheme 2.1a). (2) The activation of enantiotopic 2ary CīH bonds 

of structure 2.3 leads to chiral product 2.4. The stereogenic center is formed on the same carbon atom of the CīH 

activation site (Scheme 2.1b). Because of unfavorable stereoelectronic properties, this enantioselective C(sp3)ïH 

activation process represents an important challenge. (3) The third strategy is kinetic resolution. Starting from a 

racemic mixture of 2.5 chiral product 2.6 and enriched starting material 2.7 is obtained performing a classic kinetic 

resolution, whereas two different enriched products 2.8 and 2.9 are obtained by parallel kinetic resolution (Scheme 

2.1c). 

 

Scheme 2.1: Strategies for asymmetric Pd(0)-catalyzed C(sp3)īH activation. a. Desymmetrization of enantiotopic alkyl groups. b. Activation 

of enantiotopic 2ary CīH bonds. c. Kinetic resolution. 

 

2.1.1 Activation of methyl and methylene CīH bonds 

The very first example of Pd(0)/Pd(II)-catalyzed enantioselective intramolecular C(sp3)īH activation was 

reported by Kündig in 2011[114] for the synthesis of indolines 2.10 (Scheme 2.2). The activation of secondary CīH 

bonds was achieved in high yields and enantioselectivities employing chiral N-Heterocyclic carbene (NHC) 

ligands L2.1, reported by the same group shortly before.[115ï117] Later, in addition to expanding the scope to primary 

CīH bonds, DFT calculations were performed to elucidate the mode of enantioinduction.[118] It was found that the 

reaction proceeds over a concerted metalation deprotonation mechanism which is also the rate-limiting step with 
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an achiral NHC ligand. However, when a bulky chiral NHC ligand was used, the ligand exchange (bromide for 

pivalate) was rate-limiting. This change in rate-limiting step is probably attributed to high steric congestion 

increasing the ligand exchange barrier. Additionally, the ortho methyl group in ligand L2.1a was essential for high 

enantioinduction. A study on parallel kinetic resolution was presented from the same group shortly after.[119,120] 

Starting from a racemic mixture of substrate 2.11 two different products 2.12 and 2.13 were obtained. Using 

ligands L2.1b or ent-L2.1a up to 49% yield for both products and enantioselectivities of 99:1 and 98:2 respectively 

were achieved. 

 

Scheme 2.2: Pioneering studies on enantioselective C(sp3)īH actvation for the synthesis of indolines. 

At the same time of Kündigs first report, Kagan[121] and Cramer[122,123] disclosed enantioselective 

methodologies for the activation of C(sp3)īH bonds. A limited scope of indoline structures 2.13 was presented by 

Kagan employing commercially available diphosphine ligand DuPhos. The more complete study on indolines 2.14 

by Cramer included the activation of secondary CīH bonds in high yields and enantioselectivities, using chiral 

monodentate phosphine ligand L2.2 designed for this methodology. Interestingly, with chiral trialkyl phosphine 

ligand L2.3, which shows comparable electronic properties to PCy3, indoline 2.15 was prepared with 96% yield 

and 85.5:14.5 e.r. (Scheme 2.3).[123] 

 

Scheme 2.3: Follow-up indoline syntheses by Kagan and Cramer. 

Similarly, the Baudoin group disclosed the synthesis of chiral indanes 2.16 via the desymmetrization of 

enantiotopic methyl groups (Scheme 2.4). Using chiral monodenate binepine ligands of type L2.4, originally 

designed for asymmetric hydrogenations,[124] high yields and enantioselectivities were observed.[125] In 2015 a 

more thorough study was published including the activation of secondary CīH bonds leading to indolines 2.17, 

where up to three adjacent stereogenic centers are controlled at the same time with high level of diastereocontrol. 

Three different ligands were used for the substrate scope. Ferrocenyl-substituted L2.4b was the most effective for 

methyl activation whereas for methylene activation o-tolyl-substituted L2.4c showed the highest reactivity. 

Finally, ligand L2.4d with a 9-methylfluorenyl substituent a pyridine-based substrate could be converted to the 

indane product. DFT computations showed that London dispersion forces between substrate and ligand are 

important to stabilize the transition state.[126]  
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Scheme 2.4: Synthesis of chiral indanes using monodentate binepine ligands. 

Besides chiral ligands, active bases can be used to induce chirality in Pd(0)-catalyzed C(sp3)īH activation. For 

the synthesis of chiral indolines[122] (see Scheme 2.3) the Cramer group hypothesized that the active base relays 

the chiral space created by the ligand to the substrate. Indeed, a matched effect was observed when chiral base (S)-

A1 was used in presence of a Pd(0) catalyst and ligand L2.2a leading to the formation of chiral indoline (2R,3S)-

2.14a in 75% yield and 82:18 e.r. In the mismatched combination, with chiral base (R)-A1, diastereoisomer 

(2S,3R)-2.14a was obtained with a lower 71:29 e.r. Additionally, the same substrate was subjected to reaction 

conditions with an achiral IPr and chiral base A2 resulting in moderate 71:29 enantiomeric ratio (Scheme 2.5a). 

This result further underlined the ability of chiral bases to induce enantioselectivity. In 2017, the Baudoin group 

reported the synthesis of chiral indolines 2.19 using chiral phosphoric acid A3 via desymmetrization of 

enantiotopic methyl groups and 27 examples were reported with high yields and enantioselectivities (Scheme 

2.5b).[127] However, in the case of the less reactive methylene CīH bonds a significant decrease in reactivity was 

observed albeit with consistent high enantioselectivities. Kinetic resolution from rac-2.20 featuring competing 

methyl and methylene groups resulted in the formation of product 2.19a by methyl CīH activation exclusively. In 

contrast to the report of Kündig, product 2.19b arising from methylene CīH bond activation was not observed. 

 
Scheme 2.5: Chiral active base approach to induce chirality for the formation of indolines. 
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The enantioselective Pd(0)-catalyzed CīH activation reaction is a powerful tool for the synthesis of 

biologically active molecules. The first total synthesis of natural products including a Pd(0)-catalyzed 

enantioselective C(sp3)īH activation as key step was reported by the Baudoin group in 2019 (Scheme 2.6).[128,129] 

The norilludalane sesquiterpene natural products (S)-puraquinoic (2.25) acid, (S)-deliquinone (2.26) and (S)-

russujaponol F (2.27) share a bicyclic core with a characteristic quaternary stereogenic center. The formation of 

such quaternary stereogenic centers is a major challenge in synthetic organic chemistry mainly attributed to the 

build-up of high steric bulk in the transition state.[130ï132] The CīH activation precursor 2.22 was obtained in seven 

steps from commercially available 2,5-dimethyl phenol 2.21. Under the conditions reported by Kündig with the 

Hermann-type NHC ligand L2.1a (see Scheme 2.2) indane product 2.23 was obtained in 87% yield and 85:15 d.r. 

The proline-derived auxiliary on 2.22 with an isopropyl ester was essential to enhance selectivity as with the 

methyl ester derivative of 2.22 a significantly lower 66:34 e.r. was observed. Acidic removal of the auxiliary with 

concomitant deprotection of the methoxide led to indane 2.24, whose enantiomeric ratio was further improved by 

recrystallization. Common intermediate 2.25 was prepared in two additional steps from which the three natural 

products 2.26, 2.27 and 2.28 could be accessed in 14 to 15 overall steps for the longest linear sequence. 

 

Scheme 2.6: Total synthesis of (S)-puraquinoic (2.25) acid, (S)-deliquinone (2.26) and (S)-russujaponol F (2.27) by enantioselective Pd(0)-

catalyzed C(sp3)īH activation. 

The enantioselective Pd(0)-catalyzed activation of cyclopropyl CïH bonds has gained great interest. The CīH 

bonds in cyclopropyl rings adopt a more sp2-like character because the pronounced ring strain leads to the overlap 

of the CïH p-orbitals.[133ï135] Thus, the CīH activation process is more facile compared to linear methylene or 

methyl CīH bonds. In 2012 the Cramer group reported the use of taddol derived phosphoramidite ligand L1.2e 

for the synthesis of tetraisoquinolines 2.29 in high yields and enantioselectivities (Scheme 2.7).[123] Interestingly, 

when R2 = H, this methine position was activated preferentially leading to the racemic spiro-fused indoline product. 

Later the scope was expanded to the synthesis of dihydroquinolones and dihydroisoquinolones 2.30 and 2.31, 

respectively employing the same phosphoramidite ligand L1.2e.[136]  
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Scheme 2.7: Synthesis of tetrahydroisoquinolines 2.29, dihydroquinolones 2.30 and dihydoisoquinolones 2.31 and application in the 

synthesis of the core structure of BMS-791325 (2.34). 

The utility of this method was demonstrated in the synthesis of 2.33 in 73% yield and 92.5:7.5 e.r. representing 

the major carbon framework of BMS-791325 (2.34), a hepatitis C virus NS5B replicase inhibitor featuring a highly 

functionalized 7-membered ring.[137] The selectivity could be further increased using more electron-donating 

phosphonite ligand L2.5a.  

In a similar reaction the Charette group observed enantioinduction when using hemilabile phosphine oxide ligand 

BozPhos for the synthesis of cyclopropane-fused azacycle 2.35 (Scheme 2.8). In this case, the palladium source 

played an important role.[138] With Pd2dba3, product 2.35 was obtained in 37% yield and 94:6 e.r. whereas with 

Pd(OAc)2 the yield could be improved to 87% but the e.r. dropped to of 70:30. Later, the same group reported a 

more thorough study on the enantioselective activation of cyclopropanes to access dihydroquinolones 2.36 and 

dihydroisoquinolones 2.37 similar to the reports of the Cramer group (see Scheme 2.7). Using BozPhos as the 

ancillary ligand up to 99% yield and 99:1 e.r. was obtained.[139] 

 

Scheme 2.8: Enantioselective activation of cyclopropane CīH bonds with chiral P,O ligand BozPhos. 

Different electrophiles were used for the intramolecular CïH activation of cyclopropanes. Cyclopropyl-fused 

ɔ-lactams 2.69 were prepared from chloroacetamides 2.38.[140] In this case high enantioselectivities were observed 

using taddol-derived phosphonite ligand L2.5b at relatively mild conditions (Scheme 2.9a). However, when R2 = 

H, only starting material was recovered. The same group reported the synthesis of pyrrolidinones 2.41 from 

imidoyl chlorides 2.40 bearing a perfluorinated alkyl substuent in Ŭ-position to the nitrogen atom (Scheme 

2.9b).[141] Previously employed phosphoramidite and phosphonite ligands of type L1.2 and L2.5 respectively failed 

to provide sufficient reactivity and enantioselectivity. Instead, chiral alkoxy diazaphospholidine (R,R)-L1.5,[142] 

with a backbone reminiscent of the NHC ligands L2.1 described by the Kündig group (see Scheme 2.2), led to the 
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formation of products 2.41 in excellent yields and enantioselectivities. A variety of postfunctionalizations of the 

pyrrolidine products were presented including a one-pot procedure for the formation of product 2.41 with 

subsequent nucleophilic attack on the imine moiety.  

 

Scheme 2.9: Enantioselective activation of cyclopropane CīH bonds from chloroacetamides 2.38 and imidoyl chlorides 2.40. a. Synthesis ɔ-

lactams. b. Synthesis of pyrrolidines. 

The above-described methods mainly rely on the desymmetrization of methylene or methyl groups. 

Consequentially, the stereogenic center is formed in remote to the CīH bond undergoing activation. Examples of 

enantiotopic C(sp3)īH bond activation, where the stereogenic center is formed on the carbon of the activated CīH 

bond are rare. The only precedent was reported by the Cramer group in 2014.[143] ɓ-Lactams 2.42 were prepared 

from chloroacetamide precursors 2.43 in excellent yields and enantioselectivities using taddol derived 

phosphoramidite ligand L1.2f (Scheme 2.10). Chloroacetamides are prone to substitution reactions. Thus, one of 

the major challenges of this protocol was to suppress substitution reactions with nucleophilic reagents in the system 

such as the ligand and the active base. This limitation was overcome using a less nucleophilic phosphoramidite 

ligand compared to phosphines and more sterically demanding AdCO2H as the active base. Additionally, a 

competition experiment was performed with substrate 2.43a containing an electron-rich p-OMe-substituted phenyl 

ring electron-deficient p-CN-substituted phenyl ring. A product ratio of 4.8:1 in favour of structure 2.42a arising 

from the activation of the more acidic benzylic position was observed. 

 

Scheme 2.10: Synthesis of ɓ-lactams by activation of enantiotopic CīH bonds. 
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2.2 Enantioselective Pd(0)-catalyzed intramolecular activation of methylene CīH bonds  

The development of enantioselective transition metal catalyzed CīH functionalization is a long-standing 

challenge as it enables easy access to scalemic intermediates from readily available precursors.[111,144] The 

functionalization of non-activated enantiotopic methylene C(sp3)īH bonds remains underexplored mainly due to 

the high bond dissociation energy of 90-110 kcal molī1 and accessibility because of steric hindrance. To date, the 

enantioselective synthesis of ɓ-lactams reported by the Cramer group, is the only precedent (see section 2.1.1, 

Scheme 2.10). However, this type of CīH bonds is easier to abstract compared to pure secondary aliphatic bonds 

due to the increased acidity arising from mesomeric stabilization. In this doctoral thesis we describe the 

development and optimization of an extremely reactive Pd(0)/NHC catalytic system, which is capable of activating 

secondary enantiotopic C(sp3)īH bonds for the formation of chiral indanes. This is a rare example of 

enantioselective Pd(0)-catalyzed C(sp3)īH bond activation where the stereogenic center is formed on the CīH 

activation site. 

 

2.2.1 Optimization of reaction conditions  

We envisioned to use substrates of type 2.44 where the modular design allows for easy exchange of the 

aromatic part and the alkyl chain undergoing C(sp3)īH activation by sequential alkylation of a malonic ester. In 

addition, the bulkiness of the malonic esters can tune the Thorpe-Ingold effect required for the ring contraction 

facilitating cyclization to product 2.45 (see experimental part for substrate synthesis). We chose substrate 2.44a 

featuring a fluorine atom para to the alkyl chain to monitor the reaction by 19F NMR spectroscopy. An initial 

screening of achiral ligand classes under reported conditions for C(sp3)īH activation was performed. Mainly 

dehalogenated byproduct 2.45 was observed with trialkyl and triaryl phosphine ligands under the conditions 

described by Ohno[79] for the synthesis of indolines (Table 1, entries 1-4). This observation indicates that the 

putative Pd(II) intermediate does not undergo CīH activation. Consequentially, more strongly ů-donating 

NHC[145] and cyclic alkyl amino carbene (CAAC)[146] ligands, that form more stable and electron-rich metal 

catalysts, were tested. Only starting material 2.44a or protodehalogenation was observed under the conditions 

described by the Kündig group [114] with classic NHC ligands IAd, IMes and IPr (entries 5-7). In the case of CAAC 

ligand L2.6 almost no conversion occurred, presumably due to its higher degree of saturation compared to the 

other NHC ligands, thus leading to decomposition under elevated temperatures.[114] Substantial product formation 

was obtained with IBiox-type ligands developed by the Glorius group.[147] With IBioxMe4 and IBiox6 30% and 

73% of the desired product was observed respectively (entries 9 and 10). 
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Table 2.1: Screening of achiral ligands. 

 

Entry  conditionsa L 
Product ratioa 

2.45a 2.46a 2.44a others 

1 a PCy3 - 75 - 25 

2 a P(tBu)3 5 26 69 - 

3 a CataCXium AÅHCl - 68 26 6 

4 a PPh3 2 82 - 16 

5 b IAdÅHCl 7 13 80 - 

6 b IMesÅHCl - 20 75 5 

7 b IPrÅHCl - 72 19 9 

8 b L2.6 - 4 96 - 

9 b IBioxMe4ÅHOTf 30 55 - 15 

10 b IBiox6ÅHOTf 73 14 - 13 

 

aDetermined by 19F-NMR 

Encouraged by these initial results, we turned our attention to chiral ligands. Binepine ligand L2.4b failed to 

provide any product formation in this case. Instead, Krapcho-type decarboxylation was observed as only side 

product (Table 2, entry 1). Phosphoramidite L1.2b and Phosphinite L2.5c were also not suitable ligands (entries 

2 and 3). Surprisingly, no traces of product 2.45a were observed with NHC ligand L2.1a (entry 4). Chiral IBiox 

ligands IBioxMenth and IBioxtBu gave product 2.45 with 41% and 33% product formation and high to excellent 

86:14 and 99:1 e.r. respectively (entries 5 and 6).   
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Table 2.2: Screening of chiral ligands. 

 

Entry  Conditions L 
Product ratioa 

 

2.45a 2.46a 2.44a others e.r.b 

1 a L2.4ÅHBF4 - - - 100 n.d.c 

2 b L1.2b - 7 93 - n.d.c 

3 b L2.5c - 31 57 12 n.d.c 

4 c L2.1aÅHI - 10 90 - n.d.c 

5 c IBioxMenthÅHOTf 41 34 19 6 86:14 

6 c IBiox tBuÅHOTf 33 47 11 - 99:1 

 

aDetermined by 19F-NMR. bDetermined by HPLC on a chiral stationary phase. cn.d. = not determined. 

These results prompted us to prepare chiral congeners of the same IBioxR ligand family and examine them in 

our reaction. Identical results were obtained with IBioxiPr and IBioxCy, with 13% of product 2.45a along with 

37% of proto-dehalogenated byproduct 2.46a (Table 2.3, entries 1 and 2). In the case of IBioxiBu very poor 

reactivity was observed leading mainly to recovery of starting material 2.44a (entry 3). A 1:1 ratio of product 

2.45a and byproduct 2.46a were formed with IBioxAd as ligand (entry 4). The e.r. of 95:5 was comparable to the 

one obtained with IBioxtBu (see Table 2.2, entry 6). Further optimization was undertaken with IBioxAd because 

the best reactivity/enantioselectivity compromise was obtained. 
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Table 2.3: Screening of chiral IBioxR-type ligands. 

 

Entry  L  
Product ratioa 

 

2.45a 2.46a 2.44a others e.r.b 

1 IBiox iPrÅHOTf 13 37 45 5 n.d.b 

2 IBioxCyÅHOTf 13 37 45 5 n.d.b 

3 IBiox iBuÅHOTf 1 19 79 1 n.d.c 

4 IBioxAdÅHOTf 40 40 10 10 95:5 

 

aDetermined by 19F-NMR. bDetermined by HPLC on a chiral stationary phase. cn.d. = not determined. 

Reaction parameters such as concentration, temperature and base loading were evaluated. Diluting the reaction 

from 0.1 M to 0.05 M gave 53% of 2.45a and 98:2 e.r. (Table 2.4, entry 1). Conversely, a higher 0.2 M 

concentration led to slightly increased product formation of 60% and unchanged 98:2 e.r. (entry 2). At 120 °C only 

traces of product 2.45a were observed along with 69% of starting material 2.44a indicating that higher 

temperatures are required to achieve full conversion (entry 3). At 140 °C again full conversion was observed with 

55% product formation (entry 4). Combining a concentration of 0.2 M with a lower temperature of 140 °C slightly 

increased the product formation to 59% (entry 5). At 160 °C a marginal increase in product formation to 60% and 

63% was obtained with 2.0 or 3.0 equiv of Cs2CO3 loading (entries 6 and 7). With 2.0 equiv of Cs2CO3 at 140 °C 

resulted in lower product formation of 49% (entry 8).  

Table 2.4: Effect of concentration, temperature and amount of stoichiometric base Cs2CO3 on the product formation. 

  

Entry  Conc. [M] T [°C]  
Cs2CO3 

(equiv) 
Product ratioa 

 

2.45a 2.46a 2.44a others e.r.b 

1 0.05 160 1.5 53 35 6 6 98:2 

2 0.2 160 1.5 60 28 - 12 98:2 

3 0.1 120 1.5 7 20 69 4 n.d.c 

4 0.1 140 1.5 55 38 - 7 98:2 

5 0.2 140 1.5 59 35 - 6 n.d.b 

6 0.1 160 2.0 60 25 - 15 98:2 

7 0.1 160 3.0 63 24 - 13 n.d.b 
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8 0.1 140 2.0 49 42 - 9 n.d.b 
aDetermined by 19F-NMR. bDetermined by HPLC on a chiral stationary phase. cn.d. = not determined. 

Solvent and base screenings were conducted at a 0.1 M concentration. The active base screening with 1.5 or 

2.0 equiv Cs2CO3 at either 140 °C or 160 °C showed that pivalate derivatives were the most effective (Table 2.5, 

entries 1-6). Since the free pivalic acid and its cesium salt performed similarly giving 65% product formation, we 

decided to continue our study with CsOPiv for practicality reasons. Changing mesitylene for the more polar n-

dibutyl ether solvent did not have any positive effect (entry 7). In xylenes, product 2.45a was obtained with 

comparable product formation of 62%. (entry 8). In presence of 3Å and 4Å molecular sieves the product formation 

dropped significantly to 15% and 36% respectively (entries 9 and 10). Conversely, 5Å molecular sieves proved to 

be highly beneficial as indane 2.45a was formed in 80% together with 18% of proto-dehalogenated byproduct 2.46 

(entry 11). Different active base loading did not give improved results (entries 12 and 13). Performing the reaction 

in isolated isomers o- and p-xylenes was not fruitful either (entries 14 and 15). 

Table 2.5: Influence of active base, amount of stoichiometric base Cs2CO3, temperature and solvent on the formation of product 2.45a. 

 

Entry  
Active base 

(equiv) 

Cs2CO3 

(equiv) 
T [°C]  Solvent 

Product ratioa  

2.45a 2.46a 2.44a others e.r.b 

1 PivOH (0.3) 2.0 160 mesitylene 65 24 - 11 98:2 

2 PivOH (0.3) 2.0 140 mesitylene 32 38 23 7 98:2 

3 CsOAc (1.0) 1.5 160 mesitylene 14 41 43 2 n.d.c 

4 CF3CO2Cs (1.0) 1.5 160 mesitylene 51 39 10 - n.d.c 

5 AdCO2H (0.3) 2.0 160 mesitylene 22 33 43 2 n.d.c 

6 MesCO2H (0.3) 2.0 160 mesitylene 60 25 - 15 98:2 

7 CsOPiv (1.0) 1.5 140 nBu2O 57 39 - 4 n.d.c 

8 CsOPiv (1.0) 1.5 140 xylenes 62 33 - 5 98:2 

9d CsOPiv (1.0) 1.5 140 xylenes 15 32 18 35 n.d.c 

10e CsOPiv (1.0) 1.5 140 xylenes 36 31 4 29 n.d.c 

11f CsOPiv (1.0) 1.5 140 xylenes 80 18 - 2 98:2 

12f CsOPiv (0.3) 1.5 140 xylenes 72 20 - 8 n.d.c 

13f CsOPiv (0.3) 2.0 140 xylenes 71 26 - 3 n.d.c 

14f CsOPiv (1.0) 1.5 140 o-xylenes 77 20 - 3 n.d.c 

15f CsOPiv (1.0) 1.5 140 p-xylenes 74 24 - 2 n.d.c 

aDetermined by 19F-NMR. bDetermined by HPLC on a chiral stationary phase. cn.d. = not determined. dReaction perfomed in presence of 3Å 

(25 mg/ 0.1 mmol). eReaction perfomed in presence of 4Å (25 mg/ 0.1 mmol). fReaction perfomed in presence of 5Å (25 mg/ 0.1 mmol) 
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Despite the high product formation of 80% (Table 2.5, entry 11), the separation from the proto-dehalogenated 

byproduct was very challenging. Thus, additional palladium sources were screened to suppress the dehalogenation.  

Table 2.6: Screening of Pd(II) precatalysts. 

 

Entry  [Pd] (mol%)  
Product ratioa 

2.45a 2.46a 2.44a others 

1 Pd(ˊ-allyl)Cp (10) 15 34 14 37 

2 Pd(ˊ-cin)Cp (10) 26 35 - 39 

3 [Pd(ˊ-allyl)Cl] 2 (5) 79 16 - 5 

aDetermined by 19F-NMR. bDetermined by HPLC on a chiral stationary phase. cn.d. = not determined 

Precatalysts Pd(ˊ-allyl)Cp and Pd(ˊ-cin)Cp led to poor product formation of 15% and 26% respectively (Table 

2.6, entries 1 and 2). A similar reactivity was observed with [Pd(ˊ-allyl)Cl]2 giving 79% of indane 2.45a. This 

precatalyst was chosen for further studies due to its straightforward preparation with high purity, thus preventing 

reproducibility issues.  

With no major improvement after the screening of palladium sources we turned back to the active and 

stoichiometric bases. Keeping Cs2CO3 as the base, with xanthoic acid, dibenzyl phosphonate, PivNHOH only 

traces of product 2.45a were observed (Table 2.7, entries 1-3).  

Table 2.7: Second screening of active and stoichiometric base. 

 

Entry  active base base 
Product ratioa 

2.45a 2.46a 2.44a others 

1 xanthoic acid Cs2CO3 - 11 87 2 

2 dibenzyl phosphate Cs2CO3 3 8 88 1 

3 PivNHOH Cs2CO3 4 14 66 16 

4 hexanoic acid Cs2CO3 61 30 2 7 

5 AdCO2H Cs2CO3 5 3 91 1 

6 MesCO2H Cs2CO3 14 14 67 5 

7 AcOH Cs2CO3 1 8 88 3 

8 CsOPiv K2CO3 4 17 35 44 

9 CsOPiv Rb2CO3 35 18 - 47 

10 CsOPiv K3PO4 12 18 45 25 

11 CsOPiv CsOH 3 32 57 8 
aDetermined by 19F-NMR. 
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With hexanoic acid a significant product formation of 61% was observed however, still not outperforming CsOPiv 

(entry 4). Retesting AdCO2H, MesCO2H and AcOH under the new conditions was not beneficial (entries 5-7). The 

size of the counter ion of different carbonate sources played an important role, as with the smaller K+ and Rb+ 

(compared to Cs+) a significant lower product formation of 4% and 35% respectively was observed (entries 8 and 

9). Presumably, this behaviour is attributed to increased solubility of the carbonate as the larger counter ion 

dissociates more easily. With K3PO4 only traces of indane 2.45a were observed (entry 10). Similarly, with CsOH 

only 3% of the product was formed. Unfortunately, in this optimizations no increase in product formation was 

observed and therefore the e.r. values were not recorded. 

We reevaluated the solvent effect under the new reaction conditions. With etheric solvents CPME, 1,4-dioxane 

and nBu2O, no improvement compared to xylenes was made (Table 2.8, entries 1-3). With t-Amyl alcohol as the 

reaction medium no product was observed (entry 4). Aromatic solvents such as pseudocumene, cumene and p-

cymene, led to significant lower product formation (entries 6-7). In toluene, 76% of 2.45a was obtained (entry 8). 

Ŭ,Ŭ,Ŭ,-Trifluorotoluene outperformed xylenes giving a product formation of 84% and 98:2 e.r. (entry 9). This result 

could be further improved to 95% together with only traces of dehalogenated byproduct 2.46a using freshly 

distilled and degassed solvent (entry 10). The 98:2 enantiomeric ratio remained stable. 

Table 2.8: Screening of solvents. 

 

Entry  solvent 
Product ratioa 

e.r.b 

2.45a 2.46a 2.44a others 

1 CPME 45 34 - 21 n.d.c 

2 1,4-dioxane 25 23 31 21 n.d.c 

3 nBu2O 60 33 - 7 n.d.c 

4 t-amylOH - 26 40 34 n.d.c 

5 pseudocumene 40 36 20 4 n.d.c 

6 cumene 24 37 7 32 n.d.c 

7 p-cymene 4 55 22 19 n.d.c 

8 toluene 76 21 - 3 n.d.c 

9 Ŭ,Ŭ,Ŭ,-

trifluorotoluene  
84 14 - 2 98:2 

10c Ŭ,Ŭ,Ŭ,-

trifluorotoluene  
95 2 - 3 98:2 

aDetermined by 19F-NMR. bDetermined by HPLC on a chiral stationary phase. cn.d. = not determined. dReaction run with freshly distilled and 

degassed solvent. 
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The chiral IBioxR ligands were revisited in Ŭ,Ŭ,Ŭ,-trifluorotoluene. IBioxMenthÅHOTf gave product 2.45a in 

high 89% isolated yield albeit in low 14:86 e.r. (Table 2.9, entry 1). IBioxiPrÅHOTf led to 14% yield and a similar 

85:15 e.r. (entry 2). Slightly higher e.r. was observed with IBioxCyÅHOTf despite a moderate 39% yield (entry 3). 

Finally, IBioxtBuÅHOTf and IBioxAdÅHOTf performed similarly giving indane product in 88% and 91% yield 

respectively and 98:2 e.r. (entries 4 and 5). 

Table 2.9: Screening of IBioxR ligands under optimized conditions. 

 

Entry  L  yield (%)a e.r.b 

1 IBioxMenthÅHOTf 89 14:86 

2 IBioxiPrÅHOTf 14 85:15 

3 IBioxCyÅHOTf 39 7:93 

4 IBioxtBuÅHOTf 88 98:2 

5 IBioxAdÅHOTf 91 98:2 

aYield of isolated product. bDetermined by HPLC on a chiral stationary phase. 

 

2.2.2 Scope of the Pd(0)-catalyzed asymmetric synthesis of indanes  

The reaction scope was investigated under the finalized conditions. Precursors 2.44b-e with aliphatic chains 

varying in length and steric bulk were suitable substrates giving indane products 2.45b-e in good to high yields 

and high enantioselectivities (Scheme 2.11). Additionally, product 2.45c could be prepared from both the 

corresponding aryl bromide and aryl chloride precursor, demonstrating the compatibility of the protocol with more 

economical and readily available aryl chlorides. Alkyl chains with a terminal fluorine atom (2.45f) and functional 

groups such as esters (2.45g), protected alcohols (2.45h, 2.45i) and protected amides (2.45j) were well tolerated. 

To demonstrate the robustness of the method, product 2.45j was prepared in a 2.0 mmol scale in slightly lower 

63% yield but high >99:1 e.r. after recrystallization. The malonic ester moiety plays a fundamental role for the 

cyclization of the products as it induces a Thorpe-Ingold effect that contracts the bond angle bringing the targeted 

CīH bond closer to the Pd-catalyst.[148] More sterically demanding ethyl and isopropyl esters were employed 

(2.45k, 2.45l). The latter was obtained with moderate 34% isolated yield due to the difficult separation from the 

protodehalogenated byproduct. Products with fluorine substituents meta or para to the newly formed CīC bond 

were obtained in high yields and enantioselectivity (2.45m, 2.45a). Notably, 2.45a was prepared with the well-

defined [Pd(IBioxAd)(ˊ-allyl)Cl] complex in comparable yield and selectivity. Electron withdrawing substituents 

on the aromatic ring such as NO2, CF3, CO2Me an SO2Me were also compatible with the protocol (2.45n, 2.45o, 

2.45p, 2.45q). Despite the moderate yield, substrate 2.44r featuring a strongly electron donating 1,3-dioxolan 

substituent was converted into the product in comparable enantioselectivity. Finally, tricyclic product 2.45s arising 

from two-fold CīH activation was prepared by doubling the catalyst loading.  
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Scheme 2.11: Scope of the reaction. aAfter recrystallization. bReaction performed with [Pd(IBIoxAd)(ˊ-allyl)Cl] complex. cReaction 

performed in presence of 10 mol% [Pd(ˊ-allyl)Cl] 2 and 20 mol% of IBioxAdÅHOTf. 

Chiral tertiary amides are highly desirable motifs found in natural and synthetic molecules with numerous 

applications in the pharmaceutical industry.[149ï151] However, due to its acidic stereogenic center in Ŭ-position of 

the carbonyl they are very challenging to access. We therefore attempted the synthesis of product 2.45t by 

activating the methylene CīH bond in Ŭ-position of a dimethyl amide substituent. Surprisingly, the product was 

obtained in almost quantitative yield and a high 95:5 e.r. (Table 2.10, entry 1). With substrate 2.44u bearing a 

morpholine amide functional group lower yield and a decrease in enantioselectivity to 68:32 e.r. was observed 

(entry 2). We hypothesized that racemization occurred after the reaction went to full completion and therefore 

reduced the reaction time from 18 to 8 h. Indeed, enantioselectivity was restored to 97:3 (entry 3). Similarly, 

product 2.45v was obtained in 80% yield and 70:30 e.r. (entry 4) after 18 h and reducing the reaction time to 4 h 

increased the enantioselectivity again to 98:2 e.r. (entry 5). Methyl ester 2.44w however, gave only racemic product 

2.45w before full completion. This suggests, that the racemization process is faster than the CīH activation 

reaction. Nevertheless, we prepared three tertiary amides 2.45t-v by enantioselective Pd(0)-catalyzed C(sp3)īH 

bond activation, which, to our knowledge, is the first report of this kind of transformation.  
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Table 2.10: Synthesis of 3ary amides. 

 

Entry  Product R t [h]  Yield [%] a e.r.b 

1 2.45t NMe2 18 94 95:5 

2 2.45u NC4H8O 18 87 68:32 

3 2.45u NC4H8O 8 95 97:3 

4 2.45v N(Me)OMe 18 80 70:30 

5 2.45v N(Me)OMe 4 75 98:2 

6 2.45w OMe 2 n.d.c 55:45 
aYield of isolated product. bDetermined by HPLC on a chiral stationary phase. cn.d. = not determined. 

Heteroaromatic substrates were less efficient, displaying low product formation or no reactivity at all. For 

pyridine derived substrates 2.44x and 2.44y, the reaction did not reach full conversion and only a product formation 

of 55% was observed for both entries (Scheme 2.12). The product could not be separated by column 

chromatography because the reaction mixture contained substantial amounts of starting aryl bromide and 

dehalogenated byproduct. In the case of pyrazine- and quinolone- based substrates 2.44z and 2.44aa only traces 

of the product were observed. Presumably, coordination of the nitrogen to Pd led to catalyst sequestration. For 

thiazole-derived substrates 2.44ab and 2.44ac similar results were obtained. High amounts of proto-

dehalogenation and starting material were observed, presumably due to the challenging reductive elimination to 

form the strained 5,5-fused ring system. Substrates featuring strongly electron-donating substituents in para and 

meta position to the bromine on the aromatic ring (2.44ad, 2.44ae and 244af) were not efficient leading to mainly 

proto-dehalogenation. Finally, the modification of the ring-contracting substituents from a malonic ester to a 

dimethyl ether (2.44ag) to tune the Thorpe-Ingold effect had a negative impact on the reaction outcome. Also in 

this case, mostly proto-dehalogenation together with non-converted starting material was observed. 

 

Scheme 2.12: Unsuccessful CīH activation substrates. 
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To demonstrate the utility of the chiral indanes 2.45 we aimed to derivatize representative examples. Based on 

recent literature reports converting malonic acids to gem-difluoro and fully decarboxylated derivatives,[152,153] we 

envisaged to prepare products 2.45cb and 2.45cc (Scheme 2.13a). However, subjecting starting material 2.45ca, 

which was obtained from racemic 2.45c by saponification, to Ag-catalyzed gem-difluorination conditions was 

unsuccessful. Similarly, product 2.45cc was not observed under photoinduced decarboxylation conditions. These 

results prompted us to select substrate 2.45j  featuring a heavy phthalimide functional group and change our 

functionalization strategies (Scheme 2.12b). Deprotection of the phthalimide moiety with hydrazine hydrate and 

concomitant cyclization led to cis-configured tricyclic structure 2.45ja in very high yield and as single observable 

diastereoisomer. Additionally, spirocyclic dimethyl-barbiturate derivative 2.45jb was prepared from 2.45j by 

condensation with urea and subsequent methylation.  

 

Scheme 2.13: Derivatizations of indane products 2.45. 

Efforts to grow crystals suitable for X-ray analysis were unsuccessful. Therefore, the stereogenic center was 

determined to have the R configuration based on the vibrational circular dichroism (VCD) spectroscopy analysis 

of products 2.45c, 2.45t and 2.45ja performed in collaboration with Prof. Dr. Thomas Bürgi (see experimental 

section for further details). 

In order to determine the kinetic isotope effect (KIE) protiated 2.44ah and deuterated 2.44ah-d5 were prepared 

and parallel kinetic experiments were performed using the well-defined [Pd(IBioxtBu)(ˊ-allyl)Cl] complex. The 

observed induction period is attributed to the reduction of the Pd(II) precatalyst to the Pd(0) active species[154] and 

therefore an exact value could not be determined. Nevertheless, a clear isotope effect is visible as the reaction 

profile for protiated 2.44ah (deep blue curve) is steeper than the one of deuterated 2.44ah-d5 (deep red curve). 

This result suggests that the CīH activation step is rate-limiting.  
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Figure 2.1: Parallel KIE experiments with 2.45ah and 2.45ah-d5. 

 

2.2.3 Evaluation of steric properties of IBioxR ligands 

In parallel to this study, investigations on new modifications of IBiox-type ligands were ongoing in our group. 

IBioxMe4tBu was designed and prepared by introducing methyl groups in Ŭ-position of the oxygen in the 

bioxazoline scaffold in collaboration with Diana Cavalli. This would bring the substituents on the stereogenic 

centers closer to each other leading to a tighter chiral space enhancing the enantioinduction. Satisfyingly, using 

IBioxMe4tBu under our optimized conditions led to product 2.45a in almost enantiopure form although in slightly 

lower 78% yield (Scheme 2.14). Additionally, we could improve the e.r. of product 2.45n, with the lowest e.r. in 

the scope, from 94:6 to 98.5:1.5 with the newly synthesized ligand.  

 

Scheme 2.14: Influence of gem-dimethyl substitution on the bioxazoline scaffold of IBioxMe4tBu on the enantioinduction. 

We studied the correlation between enantioinduction and the structure of the ligand. A typical model to describe 

sterics for NHC ligands is the percentage of buried volume (%VBur), originally presented by Nolan and Cavallo.[155] 

The %VBur value is defined as the percentage of the total volume of a sphere occupied by the ligand. The metal 

center is thereby positioned at the core of the sphere with a defined radius r (Figure 2.2a). The potential 

coordination sphere of the metal is represented by the volume of the sphere. We calculated the %VBur values of 

IBioxAd, IBioxtBu, IBioxiPr, IBioxCy, IBioxMenth and IBioxMe4tBu entering the parameters of the [Pd(NHC)(ˊ-

allyl)Cl] complexes obtained by DFT structure optimization in the sambVca (Salerno molecular buried volume 

calculation) online tool (Figure 2.2b).[156] 
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Figure 2.2: a. Schematic representation of %VBur.  b. Heat maps of the IBioxR-type NHC ligands and their %VBur/%VBur(QD) values. %VBur(QD) 

= [%VBur(NE quadrant) + %VBur(SWquadrant) ī %VBur(NW quadrant) ī %VBur(SE quadrant)]/2. 

The quadrant difference buried volume (%VBur(QD)) is then obtained by adding the %VBur of the more occupied 

quadrants of the heat map and substracting the %VBur of the less populated quadrants. 

No direct correlation between the enantiomeric ratio and the %VBur was observed when plotting the 

enantiomeric ratio as a function of the %VBur, (Figure 2.3a). However, the enantiomeric ratio clearly increases with 

the %VBur(QD) (Figure 2.3b). This provides an explanation why the more congested cage-like structure of 

IBioxMenth is the least effective in terms of enantioinduction compared to the IBioxR ligands featuring a tertiary 

stereogenic center on the bisoxazoline backbone.  

 

 

 

 

 

 

 

 

 

  

Figure 2.3: Study of ligand structure and enantioselectivity. a. %VBur as a function of enantioselectivity. b. %VBur(QD)  as a function of 

enantioselectivity 
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2.2.4 Application of enantioselective Pd(0)-catalyzed C(sp3)īH bond activation in total synthesis of natural 

products 

Because chiral indanes are common motives in natural products,[157] we thought of demonstrating the utility of 

our methodology in the total synthesis of prenylated flavonoids indidene A-C (2.47-2.49) and Renifolin D-H (2.50-

2.54) (Scheme 2.15a).[158,159] Indidene A-C (2.47-2.49) were isolated from the bark of the Streblus indicus tree, 

and exhibit cytotoxic activity against human lung epithelial A549 and human breast adenocarcinoma MCF-7 cell 

lines with IC50 values ranging from 2.2 Ñ 0.1 to 7.2 Ñ 0.9 ɛM making them desirable targets for drug development. 

We envisioned that the synthesis of representative structures indidenene A (2.47), renifolin D (2.50) and  

indidene C (2.49) could be realized in a divergent fashion via common intermediate 2.56 (Scheme 2.15b).  

 

Scheme 2.152: Application of  enantioselective Pd(0)-catalyzed C(sp3)īH activation of secondary CīH bonds. a. Prenylated flavonoids 

natural products featuring a chiral indane core. b. Representative retrosynthetic analysis of indidenene A (2.47), renifolin D (2.50) and 

indidene C (2.49). 

Weinreb-amide formation followed by nucleophilic addition of Grignard reagent derived from 2.57 would give 

intermediate 2.55. Global deprotection would directly lead to the first natural product, indinedine A (2.47), and 

further dehydration of the tertiary alcohol would form Renifolin D (2.50) featuring an isopropenyl substituent on 

the 5-membered ring. The biaryl scaffold of indidene C (2.49) is envisioned to be constructed by employing a 
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Pd(II)-catalyzed directed C(sp2)īH arylation strategy[160] between structure 2.57 and common intermediate 2.56 

using the carboxylic acid substituent as traceless directing group. Following deprotection reactions would then 

grant access to the natural product. Common intermediate 2.56 is traced back to structure 2.58 by attack of the 

methyl ester with an excess of MeMgBr followed by deprotection of the aliphatic alcohol and oxidation to the 

corresponding carboxylic acid. Trans configured 2.58 would be prepared by krapcho-type monodecarboxylation 

of 2.45 which in turn is accessed by our developed enantioselective Pd(0)/NHC catalyzed arylation of secondary 

C(sp3)īH bonds. Substrate 2.44 for the enantioselective CīH activation could be prepared from cheap and readily 

available benzodioxole 2.59 via a sequence of functional group manipulations including lithiathion/formylation, 

reduction to the benzylic alcohol, Appel-type reaction and sequential alkylation of dimethyl malonate. 

We started the forward synthesis of natural products indidene A (2.47), renifolin D (2.50) and indidene C (2.49) 

with commercially available dioxolane 2.59 (Scheme 2.16). Following a literature procedure,[161] intermediate 2.60 

was obtained over 3 steps in 83% overall yield. Alkylation of methyl malonate at room temperature afforded 

benzylic malonate 2.61. Then, alkylation with the desired alkylbromide allowed for the installation of chains 

bearing protected alcohols in good yields. We selected benzyl (Bn) (2.44ai) and tert-butyldimethylsilyl (TBS) 

(2.44aj) protecting groups due to their orthogonality to the protected catechol moiety. 

 

Scheme 2.16: Synthetic route to model substrates 2.44ai and 2.44aj for the enantioselective Pd(0)-catalyzed C(sp3)īH activation. 

Subsequently, substrates 2.44ai and 2.44aj were subjected to our optimized conditions. The reaction was 

monitored by GC-MS and 83% of product 2.45ai was observed along with 12% proto-dehalogenation byproduct 

2.46ai (Table 2.11, entry 1). The product could not be isolated due to difficulties in separation from the proto-

dehalogenated byproduct. Nevertheless, the e.r. of the crude mixture could be determined to be 98:2. Less product 

formation and increased proto-dehalogenation was observed with TBS protected substrate 2.44aj, presumably due 

to higher steric hindrance interfering with the CīH activation process (entry 2).  

Table 2.11: Test of modelsubstrates for the enantioselective Pd(0)-catalyzed C(sp3)īH activation key step of the total synthesis. 

 

Entry  Substrate PG 
Product ratioa 

e.r.b 

2.45 2.46 2.44 others 

1 2.45ai Bn 83 12 - 5 98:2 

2 2.45aj TBS 62 31 - 7 n.d.c 
aDetermined by GC-MS. bDetermined by HPLC on a chiral stationary phase. cn.d. = not determined. 
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With these preliminary results, the fundament for the total synthesis was layed as it was proven that the key 

enantioselective C(sp3)īH activation occurs in high product formation and excellent enantioselectivity. Efforts to 

complete the total syntheses are currently ongoing in the group. 

 

2.3 Expansion of enantioselective Pd(0)-catalyzed activation of secondary CīH bonds to different 

substrate families  

To explore chemical diversity, we prepared new substrates for our developed enantioselective Pd(0)-catalyzed 

methodology including sulfonamide 2.62 amide 2.63 and biaryl-based substrates 2.64 and 2.65 (Scheme 2.17). A 

brief screening under our optimized conditions with achiral ligand IBiox6ÅHOTf showed that sulfonamide 2.62 

and amide 2.63 were not compatible with our protocol as mostly starting material and proto-dehalogenation were 

observed by GC-MS. With the biaryl substrates the possibility of forming larger 6- or 7-membered rings was 

interrogated. With 2.64 again no product was observed. Although GC-MS analysis showed the presence of product 

2.65 1H NMR spectrum of the crude mixture was not insightful and the isolation of the compound for 

characterization was not successful due to the low amount observed and the presence of the proto-dehalogenated 

byproduct.  

 

Scheme 2.17: Substrate screening for Pd(0)-catalyzed enantioselective activation of secondary CīH bonds. 

We turned our attention to the enantioselective synthesis of benzocyclobutenes of type 2.67 from aryl bromides 

2.66. Chiral benzocyclobutenes are highly desirable motifs found in several bioactive and pharmaceutical 

compounds. In this context, we also thought of targeting the long-standing challenge that is the formation of tertiary 

stereogenic centers in Ŭ-position to an amide with our substrate design. Moreover, since the first report from the 

Baudoin group in 2008 on the racemic synthesis of benzocyclobutenes by Pd(0)-catalyzed C(sp3)īH 

activation,[74,75] no enantioselective version has been published to date. Thus, structure 2.66a was subjected to the 

reported conditions for the formation of benzocyclobutenes by Pd(0) catalysis. With trialkylphosphine ligand 

PtBu3 at 140 °C in the presence of Cs2CO3 in DMF only Krapcho-type monodecarboxylation of the starting 

material was observed (Table 2.12, entry 1). Using our optimized conditions with achiral NHC ligand 

IBiox6ÅHOTf a complex mixture of different products was observed on GC-MS and NMR analysis of the crude 

mixture was not conclusive (entry 2). We then tested substrate 2.66b bearing a more acidic CīH bond in Ŭ-position 

to an ester group. Similarly, with PtBu3 decarboxylation of the malonate occurred and with the NHC ligand a 

complex mixture was obtained.  
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Table 2.12: Screening of conditions for the formation of benzocyclobutenes. 

 

Entry  R conditions observation 

1 NMe2 a mono decarboxylated 2.66a 

2 NMe2 b complex mixture of products 

3 OMe a mono decarboxylated 2.66b 

4 OMe b complex mixture of products 

 

To further expand and establish the synthesis of chiral tertiary amides by Pd(0)-catalyzed C(sp3)īH activation, 

we prepared glycine derived substrates of type 2.68. Subjecting substrate 2.68a to our optimized conditions led to 

recovery of starting material. Based on this result we modified the substrate changing the protecting group from 

COCF3 to COAd to increase steric bulk at this position and therefore enhance the Thorpe-Ingold effect. 

Additionally, we introduced a methyl ester in place of the tBu ester to reduce the steric hindrance, thus making the 

CīH bond in Ŭ-position more accessible for activation. Under the same conditions, with substrate 2.68b mainly 

starting material with traces of proto-dehalogenated byproduct 2.70b was obtained. Changing to a more classical 

catalytic system with phosphine ligands PCy3 and PPh3 was not fruitful either as mainly starting material and other 

not identifiable byproducts by both GC-MS and NMR spectroscopy, were observed (entries 3 and 4).  

Table 2.13: Screening of conditions for the formation of indolines. 

 

Entry  Substrate PG R conditionsa 
Product ratioa 

2.69 2.70 2.68 others 

1 2.68a COCF3 tBu a - 6 94 - 

2 2.68b COAd OMe a - 2 98 - 

3 2.68b COAd OMe b - - 78 - 

4 2.68b COAd OMe c - - 62 38 
aDetermined by GC-MS. 
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Finally, we engaged sulfonamide 2.71 to our optimized conditions with achiral IBiox6ÅHOTf. The mass of a 

CīH activation product, along with not identifiable traces of other byproducts, was observed by GC-MS analysis. 

NMR analysis of the crude mixture indicated the formation of product 2.72 arising from the activation of the 

C(sp2)īH bond of the aromatic ring on the sulfone (Scheme 2.18). 

 

Scheme 2.18: Construction of 8-membered ring (2.72) via methyl C(sp3)īH activation. 

Interestingly, the formation of a thermodynamically unfavored 8-membered palladacycle by activation of the 

C(sp2)īH bond was preferred over the activation of a secondary C(sp3)īH bond to form 2.73. Future efforts will 

focus on the suppression of this pathway by blocking this position. 
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2.4 Conclusion 

The enantioselective synthesis of chiral indanes by Pd(0)-catalyzed arylation of secondary CīH bonds was 

developed. Key for the realization of this project was the design of an Pd/IBioxR catalytic system which 

outperformed previously applied phosphine based ligands in the activation of C(sp3)īH bonds. The reaction proved 

to be tolerant to numerous functional groups as a broad variety of chiral indanes were obtained in high yields and 

enantioselectvities (up to 95% and >99:1 e.r.). Moreover, the first synthesis of chiral 3ary amides featuring a labile 

stereogenic center was achieved by Pd(0)-catalyzed C(sp3)īH activation with consistent high enantioselectivities. 

Additionally, with a steric analysis of IBioxR ligands the correlation between the ligand structure and 

enantioselectivity could be elucidated. The e.r. does not correlate directly with the %VBur however it was found to 

increase as a function of %VBur(QD). The total synthesis of prenylated chalcones natural products featuring a chiral 

indane core is envisaged as an application for the developed method. Preliminary results showed that the key 

enantioselective C(sp3)īH activation step in high product formation and consistent high e.r. of 98:2. To date, 

attempts to expand the protocol to new substrates for the formation of smaller or bigger rings and tertiary 

stereogenic centers in Ŭ-position to carbonyls were unsuccessful.   
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Chapter 3: The effect of Ŭ-substitution on the reactivity of Pd(0)-catalyzed 

C(sp3)īH activation for the formation of indanes 

 

3.1 Introduction  

Mechanistic studies are central to the development of synthetic organic chemistry as they allow for the 

understanding of previously unknown features of reaction mechanisms and can enable rational design for the 

development of new reactions or the improvement of existing methods. In this context, DFT calculations have 

been demonstrated to be a powerful computational tool to support such studies in CīH bond activation, providing 

insights that would otherwise be difficult or impossible to obtain experimentally.[162] For the Pd(0)-catalyzed 

oxidative addition induced C(sp3)īH activation important developments towards understanding the operational 

mechanism have been made over the past two decades. In this context, the Fagnou group reported the synthesis of 

benzohydrofurans 1.140 from aryl bromide precursors 3.1 (Scheme 3.1).[78] With DFT methods the CīH bond 

insertion pathway proceeding through a Pd(IV) intermediate could be excluded based on the calculated energy of 

47.7 kcal molī1. Instead, intramolecular carboxylate assisted transition state 3.3 was found to have a ȹGÿ
298K value 

of 27.7 kcal molī1 in benzene. The kinetic isotope effect was determined both experimentally and computationally 

resulting in 5.4 and 3.6 respectively. This is in accordance with the proton abstraction being the rate-limiting 

step.[163] Additionally, during the study of the reaction scope important site-selectivity trends were observed. 

Methyl groups were preferentially activated over methylene groups (1.140b and 1.140c) however, the formation 

of a 6-membered ring arising from the activation of the terminal methyl CīH bond on the ethyl substituents was 

not observed. With a substrate bearing a C(sp2)īH bond that could compete in the reaction, this position was 

favored, forming a 7-membered palladacycle to give structure 3.4 rather than the activation of the methyl CīH 

bond.  

 

Scheme 3.1: Synthesis of benzohydrofurans 1.140 by Pd(0)-catalyzed C(sp3)īH activation. 

To rationalize the observed site selectivity, the transition states for the activation of the three different C(sp3)īH 

bonds on substrate 3.1b were calculated (Scheme 3.2). The lowest energy-barrier of 27.0 kcal molī1 was obtained 

for transition state 3.5, derived from the activation of the methyl CīH bond followed by transition state 3.6 with 

32.5 kcal molī1 arising from the activation of the methylene CīH bond on the ethyl substituent. The activation of 

the terminal methyl group CīH bond of the ethyl substituent requires an activation energy of 33.1 kcal molī1 

further underlining the greater ease with which the activation of the C(sp2)īH bond occurs to form product 3.4 

over a 7-membered palladacycle.   



56 

 

 

Scheme 3.2: Calculated transition states for the activation CīH bond of the methyl group (3.5), methylene CīH bond (3.6) and terminal 
methyl CīH bond (3.7) of the ethyl substituent. 

In 2008 the Baudoin group disclosed a thorough mechanistic study based on the formation of 

benzocyclobutenes 1.131 from aryl bromide precursors 3.8 (Scheme 3.3).[74] To gain a complete mechanistic 

picture of the reaction, the authors computationally interrogated the critical mechanistic steps: 1) oxidative 

addition, 2) CīH bond activation and 3) reductive elimination. It was found that the oxidative addition proceeds 

through transition state 3.9 with a low activation barrier of 4.7 kcal molī1 forming an oxidative addition complex 

with the aryl substituent in the trans position relative to the phosphine ligand. Following ligand exchange with 

carbonate, proton transfer perpendicular to the PhīPdīP plane via CMD transition state 3.10 takes place with an 

activation barrier of 27.6 kcal molī1. This result is in line with the value obtained by the Fagnou group although 

the aryl and the ligand were arranged in a cis fashion during the transition state in their case (see Scheme 3.1). 

Finally, reductive elimination was found to proceed through transition state 3.11 lacking the protonated active 

base, as no minima could be located with the base still coordinated. Although, a high ring strain builds up during 

the CīC coupling process the calculated energy of 22.5 kcal molī1 is lower than for the proton abstraction process. 

Thus, the CīH activation is rate-limiting, which is supported by a significant primary KIE being observed. 

 

Scheme 3.3: Synthesis of benzocyclobutenes 1.131 and computational investigation of oxidative addition, CMD and reductive elimination. 

The synthesis of amides 1.142 and sulfonamides 1.143 from substrates of type 3.12 and 3.13 respectively was 

used by the Fagnou group to further elucidate the mechanism of the Pd(0)-catalyzed C(sp3)īH activation by both, 

experimental and DFT methods (Scheme 3.4).[80] For the formation of amides 1.142 an energy barrier of  

29.1 kcal molī1 was obtained for the proton abstraction via CMD transition state 3.14. This step was proven to be 

rate-limiting by the measurement of an intra- and intermolecular KIE of 3.4 and 6.5 respectively, which are in the 

range of previously disclosed KIE values.   
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Scheme 3.4: a. Synthesis of amides and sulfonamides by intramolecular C(sp3)īH arylation. b. Measurement of intra- and intermolecular 
KIE. 

To show that pivalate is directly involved in the proton abstraction step, stoichiometric experiments with the 

oxidative addition complexes 3.15b and 3.16b derived from 3.12b and 3.13b in the absence of either Cs2CO3 or 

CsOPiv were performed (Scheme 3.5a). Interestingly, no product was observed when only Cs2CO3 (10 equiv) was 

added to the reaction mixture. Even though amide 1.142b and sulfonamide 1.143b were obtained in 28% and 35% 

respectively in the presence of only CsOPiv (10 equiv), high yields could only be obtained with a mixture of 

Cs2CO3 (10 equiv) and CsOPiv (3.0 equiv). Therefore, the authors concluded that the Cs2CO3 is involved in the 

deprotonation of the PivOH ligand on 3.17 after CMD to render the process irreversible by impeding the reopening 

of the palladacycle and pushing the equilibrium towards 3.18 (Scheme 3.5b). This conclusion was further 

supported by DFT calculations as acetate derivative of 3.17 was calculated to be a highly energetic ground state 

structure and could readily revert to the starting material.  

 

Scheme 3.5: Stoichiometric experiments to elucidate the role of CsOPiv and Cs2CO3. 

Following this, kinetic studies were performed to obtain the order in substrate, catalyst, ligand and active base. 

The reaction was found to be of zeroth order in substrate indicating that the oxidative addition is not rate-limiting. 

The reaction is first order in catalyst. Excess of PCy3 did not interfere with catalysis as even with a ratio of 12:1 

ligand to Pd the reaction rate remained unchanged. Finally, the order in pivalate was found to be 1 for ratios of 

pivalate/Pd < 3:1. In the case of pivalate/Pd > 3:1 ratio, the zeroth order in pivalate was likely obtained due to 

saturation kinetics. Additionally, DFT calculations and experimental analysis indicated that pivalate promotes 

phosphine dissociation by ə2-coordination, which is essential for the CīH activation to occur.  
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3.2 The effect of Ŭ-substitution on the reactivity of Pd(0)-catalyzed C(sp3)īH arylation 

The field of intramolecular Pd(0)-catalyzed C(sp3)īH activation has experienced significant development over 

the past two decades as it constitutes a straightforward method to introduce molecular complexity from simple 

precursors. Consequently, many reports of both enantioselective and non-enantioselective Pd(0)-catalyzed 

C(sp3)īH activation methodologies have been disclosed with impressive applications in natural product synthesis 

and other active compounds.[36,164] Throughout these studies, general trends for the activation of different types of 

C(sp3)īH bonds have been observed. For instance, methyl CīH bonds are preferentially activated when in 

competition with methylene bonds and the presence of a heteroatom in Ŭ-position increasing the acidity of the 

CīH bond may facilitate the activation process.[78] For C(sp2)īH activation this effects are well understood as 

Hammet plots constitute a reliable tool for quantification of the influence of arene substitution.[50,165ï167] However, 

for C(sp3)īH activation these effects remain unexplored as there is no comparable system for alkyl substituents. 

Consequently, the design and development of new methods is reliant upon experience and chemical intuition rather 

than accurate data. This lack of quantitative data in C(sp3)īH activation might be attributed to the significant 

challenge that was until recently the activation of methylene CīH bonds. Recently, we reported a highly reactive 

Pd/NHC system for the enantioselective activation of methylene bonds (see chapter 2), which enabled the present 

study.[168] In this doctoral thesis we report on the effect of Ŭ-substitution on the reactivity of Pd(0)-catalyzed 

methylene C(sp3)īH activation by measurement and comparison of relative initial rates accompanied by 

experimental and DFT studies for a complete mechanistic picture. 

 

3.2.1 Optimization of the catalytic system.  

At the outset of this study the previously disclosed Pd/NHC catalytic system had to be re-optimized as a 

substantial induction period was observed during the KIE studies (see chapter 2, Figure 2.1). This induction period, 

presumably originating from the reduction of the Pd(II) precatalyst to the Pd(0) active species, significantly 

interfered with the reliable evaluation of the kinetic curves. To overcome this challenge we decided to use Pd/NHC 

complex 3.19 similar to the ones reported by the Hazari group (Figure 3.1).[169,170] The sterically demanding 1-tBu-

indenyl ancillary ligand on this catalyst prevents the formation of off-cycle dimeric Pd(I) species by 

disproportionation, which slows down the generation of the Pd(0) active species. We tested this new catalyst under 

our optimized conditions with previously synthesized substrate 2.44ah and stopped parallel experiments at 

different reaction times. The formation of product 2.45ah was monitored by 19F NMR spectroscopy using 

fluorobenzene as external standard (see experimental section for more details). Pleasingly, when this complex was 

employed as the catalyst, an induction period was not observed, confirming that catalyst 3.19 is compatible for 

this study.  
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Figure 3.1: Initial rate experiment of C(sp3)-H activation of with substrate 2.44ah employing new catalyst 3.19. aDetermined by 19F 
NMR using fluoronobenzene as external standard. 

We began this study by examining the effects of different activators which play the role of reducing the Pd(II) 

precatalyst 3.19 by attacking the 1-tBu-indenyl ligand. The reactions were stopped at t = 120 min as a point of 

reference in order to observe any effect on the rate of the reaction. With the standard conditions product 2.45ah is 

formed in 35% yield (Table 3.1, entry 1). Increasing the equivalents of CsOPiv from 0.3 to 0.6 led to a comparable 

yield of 36% (entry 2). We therefore further increased the loading of CsOPiv to 1.5 equivalents but in this case the 

yield was decreased probably because the high amount of solids in the reaction mixture interfered with the stirring 

(entry 3). When KOPiv was used as an additive, a much lower yield was observed. This is consistent with the use 

of a more sparingly soluble carboxylate salt (entry 4). With the less sterically demanding CsOAc only traces of 

the product were observed (entry 5). The addition of 1,3-dimethylbarbituric acid (DMBA) was not fruitful and 

with PivNHOH again only traces of the product were observed (entries 6 and 7).  

Table 3.1: Screening of activators  

 

Entry  activator (equiv) yield (%)a 

1 CsOPiv (0.3) 35 

2 CsOPiv (0.6) 36 

3 CsOPiv (1.5) 30 

4 KOPiv (0.3) 19 

5 CsOAc (0.3) 9 

6 DMBA (0.3) - 

7 PivNHOH (0.3) 2 

aDetermined by 19F NMR using fluoronobenzene as external standard. 
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Subsequently we turned our attention to different temperatures and concentrations. When the concentration 

was increased from 0.1 M to 0.2 M, a marginally higher yield of 38% was observed. However, dilution to 0.05 M 

almost completely shut down the reaction, as only trace amounts of the product was observed (Table 3.2, entries 

1 and 2). Increasing the temperature to 150 °C and 160 °C could have led to catalyst decomposition as only traces 

of the product was observed (entries 3 and 4).  

Table 3.2: influence of concentration and temperature on the formation of product 2.145ah. 

 

Entry  concentration 

(M)  

Temperature 

(°C) 

yield (%)a 

1 0.2 140 38 

2 0.05 140 4 

3 0.1 150 3 

4 0.1 160 4 

aDetermined by 19F NMR using fluoronobenzene as external standard. 

 

3.2.2 Mechanistic aspects of the Pd(0)-catalyzed methylene C(sp3)īH bond activation: KIE, orders in reaction 

components and stirring rate experiments 

Having established a robust catalytic system, we had to ensure that the CīH activation step is rate-limiting 

before examining the reactivity of different CīH bonds. This would enable us to conclude that differences in the 

rate could be attributed to differences in the CīH bonds, rather than a different process in the reaction. Thus, we 

performed intermolecular parallel KIE experiments with substrates 2.44ah and 2.44ah-d5 and obtained a value of 

3.5, which confirms that the proton abstraction process is rate-limiting (Figure 3.2). Additionally, the calculated 

value of 4.8 is in accordance with our experimental observation. Based on these results, it is likely that the CīH 

activation is the rate-limiting step and that differences in the observed initial rates will be correlated to the 

differences in the reactivity of CīH bonds with differing Ŭ-substituents.  
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Figure 3.2: Parallel KIE experiments with substrates 2.44ah and 2.44ah-d5. 
aDetermined by 19F NMR using fluoronobenzene as external 

standard. 

To obtain deeper insights into the reaction mechanism the order of each reaction component was determined 

using the Variable Time Normalization Analaysis (VTNA) developed by Burés in collaboration with Dr. Matthew 

Wheatley.[171] This method enables kinetic data to be gathered using relatively few data points and is determined 

by the overlay of the graphs.  

Initially we examined the order in substrate, as this was reported to be zero order by Fagnou. Initial rate 

experiments at 0.1 M (black squares) and 0.2 M (red triangles) of 2.44ah led to overlay of the curves when the 

exponent was set to 0 (Figure 3.3a). Zeroth order in substrate suggests that oxidative addition is not rate-limiting 

which is in accordance to the positive KIE. As expected, the reaction is first order in catalyst as observed with 

experiments at 0.01 M (black triangles) and 0.02 M (red squares) catalyst concentration. This supports the KIE 

suggesting that CīH activation is the rate-limiting step as it means that this step is on-cycle. In the study of the 

Baudoin group, Cs2CO3 acted as the active base. In this case, zeroth order was observed in Cs2CO3, however this 

can be explained by poor solubility of this component in CF3Ph. Finally, the order in pivalate was found to be 0 

for concentrations of 0.015 M (blue triangles) 0.03 M (orange squares) and 0.06 M (black circles) (Figure 3.3d). 

This is in contrast to the report of Fagnou employing a Pd(0)/phosphine catalytic system where an order of 1 was 

observed for ratios of pivalate/Pd < 3:1 whereas saturation kinetics were observed for a ratio of pivalate/Pd > 3:1. 

Zeroth order in pivalate for our case could be explained by the pivalate being involved in the off-cycle activation 

of the Pd(II) precatalyst but not in the CīH activation step. However, upon examining the solubility of CsOPiv in 

CF3Ph, it was found to be insoluble at even low concentrations. This means that it is possible that the zero order 

kinetics we observe are as a direct result of saturation with respect to the concentration of CsOPiv, whereby adding 

more of this component does not increase the amount of this species in solution.  
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Figure 3.3: Determination of order in a. substrate, b. catalyst, c. Cs2CO3 and d. CsOPiv by VTNA. 
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Next, we examined the influence of the stirring on the rate of the reaction. Since the reaction set up is 

heterogeneous, the stirring rate might affect the concentration of a component which is involved in the rate-limiting 

step such as CsOPiv or Cs2CO3.[172,173] Indeed, when the reaction was stirred at a rate of 250 rpm (blue crosses) 

almost no product was observed (Figure 3.4). When comparing these results with the standard stirring rate for 

these reactions (1000 rpm, purple squares) it is clear that there is a significant difference in the reaction due to the 

stirring rate. This is a result of the Gibbs-Thomson effect, as smaller particles have a higher chemical potential and 

therefore more of the compound is solvated. The increase in reaction rate with higher concentration of the species 

in solution, suggests that one or both scarcely soluble reaction components (Cs2CO3 or CsOPiv) play an important 

role in the CīH abstraction process.  

 

  

Figure 3.4: influence of stirring on reaction rate. aDetermined by 19F NMR using fluoronobenzene as external standard. 

Based on the obtained data supported by DFT calculations (see section 3.2.4) and on the results of previous 

mechanistic studies, we propose the following catalytic cycle for the Pd(0)-catalyzed methylene C(sp3)īH bond 

activation shown in Scheme 3.6. First, precatalyst 3.19 is reduced to the Pd(0) active species. Reports by the Nolan 

group for similar Pd/NHC systems suggest that this process occurs by nucleophilic attack of an activator species 

on the alkenyl ancillary ligand.[174,175] Unfortunately, stoichiometric experiments with only precatalyst 3.19 and 

CsOPiv as activator have as yet failed to give structure 3.20. However, this is perhaps due to a challenging ligand 

exchange being required. After generating the active Pd(0) species, it oxidatively inserts into the CīBr bond to 

give complex 3.21. Subsequent ligand exchange with a carboxylate ligand gives intermediate 3.22 from which 

CīH bond activation via a CMD transition state (3.23) takes place leading to palladacycle 3.24. Finally, reductive 

elimination closes the new 5-membered ring giving indanes 2.45 and restores the Pd(0) active species.  
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Scheme 3.6: Proposed catalytic cycle for the Pd(0)-catalyzed activation of methylene CīH bonds. 

 

3.2.3 Influence of Ŭ-substitution on the reactivity of methylene C(sp3)īH bonds 

Having studied the general aspects of the mechanism and showed that the CīH activation step is likely to be 

rate-limiting, we turned our attention to the influence of Ŭ-substitution on the reaction rate. We envisioned using 

substrate 2.44ah as the base line and set the obtained relative rate to 1 (Figure 3.5). Consequently, the rates obtained 

with the other substrates are set on scale compared to the base line rate of 1. The substrate featuring the most acidic 

CīH bond (2.44ak, R = CO2Me) displayed the fastest rate with a reaction 22.1 times faster than the standard 

reaction. On the other side of the scale, substrate 2.44ap bearing a OMe group in Ŭ-position reacted much more 

slowly with a relative rate of 0.583. In between these two substrates, the observed trends were not trivial. For 

instance, the activation of a cyclopropyl CīH bond on substrate 2.44al occurs 15.8 times faster than the standard 

reaction. In this particular case, spirocyclic product 2.45al was obtained by activation of the most hindered 

position, underlining the preference for the formation of a 6-membered palladacycle. The observed high rate is 

presumably attributed to the increased sp2 character of the CīH bond associated with strained cyclopropane 

rings.[176] Substrate 2.44am, where R = CONMe2 reacted 15.2 times faster. When compared to substrate 2.44ak 

the slower reaction rate is in line with the lesser electron-withdrawing ability of amides relative to esters, which is 

translated in lower acidity of the CīH bond. For the activation of the methyl CīH bond on substrate 2.44an a 

higher reaction rate was observed compared to the activation of the benzylic CīH bond (2.44ao) although the pKa 

value of a methyl proton is significantly higher than that of a benzylic proton (~56 vs.~43). This suggests that the 

rate of activation is not solely dependent on the electronic nature of the CīH bond but steric effects have a 

significant impact. In summary, this leads to the following overall order of activation: CO2Me (2.44ak) > cPr 

(2.44al) > CONMe2 (2.44am) > H (2.44an) >> Ph (2.44ao) > Me (2.44ah) > OMe (2.44ap).  
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Figure 3.5: Initial rate experiments to determine the relative rate constants krel.
 aDetermined by 19F NMR using fluoronobenzene as 

external standard. 

 

3.2.4 DFT calculations 

To support our experimental data, DFT calculations were performed using the BP86 functional in collaboration 

with Prof. Dr. Stuart A. Macgregor. As experimental evidence for the role of CsOPiv and Cs2CO3 has thus far 

proven to be elusive, both reaction profiles were calculated individually using our model substrate 2.44ah (R = 

Me group) at 413 K. Setting oxidative addition complex 3.25 as the zero point, an energy barrier of 26.7 kcal molī1 

was calculated for the CīH activation step via transition state TS(3.25-3.26) (Scheme 3.7a). From palladacycle 

3.26, reductive elimination with the protonated carbonate base still coordinated to the Pd center goes through the 

highly energetic transition state TS(3.26-3.28) with an energy barrier of 24.3 kcal molī1. However, from 

intermediate 3.27, formed after dissociation of HCO3
ī, reductive elimination is energetically more favorable 

leading to the product 2.45ah over transition state TS(3.27-2.45ah) which lies 12.5 kcal molī1 lower in energy. 

Overall, the CīH activation process is computed to be rate-limiting which is in accordance to our experimentally 

obtained positive KIE value. With CsOPiv as the active base, the proton abstraction process takes place from 

intermediate I(3.28-3.29) (Scheme 3.7b). Again, reductive elimination with coordinated PivOH (3.29) is less 

favorable than from palladacycle 3.30 (ȹGÿ 15.0 vs 11.5 kcal molī1). However, in this reaction profile the reductive 

elimination step lies higher in energy than the CīH activation.  
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