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Asymmetric Palladium(0)-Catalyzed C(sp3)-H Arylation and 

Natural Product Synthesis 

Abstract 

Over the last decades, C(sp3)-H activation has emerged as a powerful tool for building 

structural complexity in a step-economical manner. In this context, our group developed diverse 

methodologies and applied them to the synthesis of natural products, bioactive molecules and 

valuable building blocks. 

More recently, our group was attracted, as others, by the development of asymmetric versions 

of such reactions. In this regard, the synthesis of enantioenriched indanes through asymmetric 

palladium-catalyzed C(sp3)-H arylation was described using a chiral binepine ligand for chiral 

induction. This work motivated us to develop other asymmetric reactions and apply them to the 

synthesis of interesting compounds. 

In this optic, we first investigated the use of a chiral anion as an alternative to the classic 

approach using chiral NHC or phosphorylated ligands. This led to the development of a new 

methodology for the synthesis of enantioenriched indolines. 

We then elaborated a divergent asymmetric synthesis of three (nor)illudalanes sesquiterpenes 

using C(sp3)-H arylation as the key step, which demonstrates the potential of such 

transformations to access chiral natural products. 

Finally, we are actually developing a new methodology for the asymmetric C(sp3)-H 

arylation of unactivated methylene positions to prepare valuable indanes related to potential 

natural product targets. 

Keywords: C-H functionalization, C-H activation, asymmetric catalysis, palladium, total 

synthesis, indolines, indanes 
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Ac Acetyl 

Ad Adamantyl 

AIBN Azobisisobutyronitrile 
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Ar Aromatic 
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BINOL 1,1ǋ-bi(2-naphthol) 

Bn Benzyl 

Boc tert-butyloxycarbonyl 

BPA BINOL Phosphoric Acid 
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Bz Benzoyl 

CAAC Cyclic Alkyl Amino Carbene 

CMD Concerted Metalation-Deprotonation 

COD 1,4-cyclooctadiene 

conv. conversion 

Coord. Coordination 

Cp Cyclopentadienyl 

CPME Cyclopentyl methyl ether 

Cy Cyclohexyl 

Cyp Cyclopentyl 

Cys Cysteine 

d.r. diastereomeric ratio 

DABAL -Me3 Bis(trimethylaluminum)-1,4-diazabicyclo[2.2.2]-octane 

dba Dibenzylideneacetone 

DCM Dichloromethane 

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone 

DEE 1,2-diethoxyethane 

DFT Density Functional Theory 

DG Directing Group 

DMAc N,N-dimethylacetamide 
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DMBA 2,2-dimethylbutanoic acid 

DME 1,2-dimethoxyethane 

DMF N,N-dimethylformamide 

DMSO Dimethylsulfoxide 

dtbbpy 4,4ǋ-Di-tert-butyl-2,2ǋ-dipyridyl 

e.r. enantiomeric ratio 

EDG Electron Donating Group 

Et Ethyl 

EWG Electron Withdrawing Group 

Fc Ferrocenyl 

GC-MS Gas Chromatography - Mass Spectrometry 

HAT Hydrogen Atom Transfer 

HetAr Heteroaromatic 

HFIP 1,1,1,3,3,3-Hexafluoro-2-propanol 

His Histidine 

HPLC High-Performance Liquid Chromatography 

IAd 1,3-di-1-adamantylimidazolium 

IBiox Imidazolium Bisoxazoline 

iBu Isobutyl 

IMes 1,3-bis(2,4,6-trimethylphenyl)imidazolinium 

Ind Indanyl 

iPr Isopropyl 

IPr 1,3-bis(2,6-diisopropylphenyl)imidazolium 

L Ligand 

LDA Lithium diisopropylamide 

Me Methyl 

Mes Mesityl 

MOM Methoxymethyl 

MS Molecular Sieves 

NADPH Nicotinamide adenine dinucleotide phosphate 

NBS N-bromosuccinimide 

nBu n-butyl 

NHC N-heterocyclic carbene 

NMR Nuclear Magnetic Resonance 

NOESY Nuclear Overhauser Effect SpectroscopY 
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Ns Nitrobenzenesulfonyl 

O.A. Oxidative Addition 

Ox. Oxidation 

PG Protecting Group 

Ph Phenyl 

Piv Pivaloyl 

R.E. Reductive Elimination 

RCM Ring-Closing Metathesis 

SpiCy Spirocyclohexyl 

T°C Temperature 

TADDOL Ŭ,Ŭ,Ŭ',Ŭ'-tetraaryl-2,2-disubstituted 1,3-dioxolane-4,5-dimethanol 

tBu tert-butyl 

Tf Triflate 

TFA Trifluoroacetic acid 

TFE 2,2,2-Trifluoroethanol 

THF Tetrahydrofurane 

TIPS Triisopropylsilyl 

TM Transmetalation 

TMB Trimethoxybenzyl 

tol Tolyl 

Ts Tosyl 

VCD Vibrational Circular Dichroism 

-́All  -́allyl 

-́cin -́cinnamyl 
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1. General Introduction 

1.1. From the Concept of Chirality in Chemistry to Asymmetric 

Synthesis 

1.1.1. Early History of Chira lity  in Chemistry 

The history of chirality in Chemistry began in the nineteenth century with the discovery of 

the rotation of linearly polarized light. The French physicist F. J. D. Arago observed in 1811 

that quartz can induce this rotation.1 Few years later, in 1820, the English astronomer Sir J. F. 

W. Herschel observed that quartz can adopt crystalline structures that are mirror images of each 

other.2 When linearly polarized light passes through those two types of quartz, an equal amount 

of rotation is measured, but in opposite directions. In the meantime, in 1815, J. B. Biot 

discovered that certain liquids and vapors of organic substances can rotate the axis of polarized 

light as well.3 This was first observed for oil of turpentine, and then for plenty of other liquids 

like sugars or tartaric acid solutions. 

Later, L. Pasteur made a discovery which is considered as the foundation of stereochemistry.4 

Before he began his experiments on this subject, it was already well-known that tartaric acid 

was optically active and dextrorotatory in solution. Nevertheless, an isomeric compound of 

tartaric acid, discovered during the production of natural tartaric acid, and called at that time 

paratartaric acid, did not show the same optical activity. L. Pasteur observed that crystals of 

sodium ammonium paratartrate present two distinct structures, which are mirror images of each 

other. In solution, those two types of crystals present an equal optical activity, but in opposite 

directions. L. Pasteur proposed that tartaric acid should exist in two chiral forms and concluded 

that paratartaric acid is an equimolar mixture thereof. 

J. H. vanôt Hoff5 and J. A. Le Bel,6 in 1874, proposed that the optical activity of organic 

compounds may be linked to a tetrahedral geometry of carbon atoms. Indeed, if the 4 atoms 

linked to a carbon are different, the obtained tetrahedron can exist in two different structures, 

mirror images of each other. Later, A. Werner similarly proposed an octahedral arrangement 

for metal complexes showing optical activity.7 

Since these important discoveries, the chemistry community disclosed that molecular 

chirality plays a key role in science and technology. Two enantiomers can have extremely 

different properties, like flavor or odor for example, due to chiral recognition.8,9 Unfortunately, 
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these differences can as well transform a useful drug into a terrible poison.10ï12 In regard of the 

importance of chiral molecules, the field of asymmetric synthesis has become a fundamental 

topic in research and chemists have now been working intensively since decades on the 

development of effective ways to control stereochemistry. 

1.1.2. Asymmetric Synthesis 

Since the beginning of the twentieth century, researchers have developed many smart 

strategies to isolate or prepare enantioenriched compounds. The first one, introduced by L. 

Pasteur, is the isolation of enantioenriched crystals from a racemic mixture.4 This method is 

called spontaneous resolution. Besides the important results that this method gave in the early 

age of asymmetric chemistry, this type of resolution is only possible for a reduced number of 

compounds. Later, chemists found that resolution of racemates is also possible by formation of 

ionic or covalent bond with an enantiopure substance, usually an abundant natural molecule. 

The formed diastereomeric mixture can then be separated via crystallization or 

chromatography, and the introduced bond cleaved to release the enantioenriched product.13 This 

method is still broadly used and convenient on large scale for separation by crystallization, but 

not general.14 More recently, a lot of efforts have been made to directly separate enantiomers 

by chromatography using a chiral stationary phase. This is now the method of choice for the 

analysis of enantiomeric mixtures.15 However, the separation of enantiomers via this way is 

generally limited to small amounts of material. 

A more synthetic approach for the preparation of enantioenriched compounds consists in the 

use of naturally abundant chiral molecules (chiral pool) and further modifications via known 

synthetic methods.14 This strategy proved to be useful, but cannot be applied to every synthetic 

problem. Hence, chemists developed methodologies using chiral reagents or chiral auxiliaries 

as new ways to prepare enantioenriched compounds.16 These synthetic tools have become 

highly popular and are now part of the knowledge that every synthetic chemist should handle. 

Nevertheless, major drawbacks of such methods are the stochiometric use of a chiral molecule 

or the additional steps required for installation and removal of an auxiliary. For these reasons, 

organic chemists turned their attention to asymmetric catalysis as an alternative to other 

methods. Theoretically, asymmetric catalysis is an ideal solution for synthesizing optically 

active compounds by chirality multiplication using small amounts of homemade catalysts.17,18 
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1.2. Asymmetric Catalysis 

1.2.1. Fundamentals 

Catalysis consists in increasing the rate of a reaction by addition of a small amount of catalyst 

regenerated in the end of the reaction without modification of the overall standard Gibbs energy. 

In asymmetric catalysis, the objective is to tune carefully a chiral catalyst to induce an energy 

differentiation in diastereomeric transition states (prochiral substrate-catalyst complex) (Figure 

1.1, left). This differentiation is induced by the combination of both an ideal three-dimensional 

arrangement and a suitable kinetic. The enantioselectivity of a catalyzed reaction is 

exponentially related to the free energy of activation difference (ȹȹGÿ) (Figure 1.1, right ). 

Besides careful control of the enantio-determining step, the catalyst must be well-designed to 

allow all other steps of the catalytic cycle.19,20 

  

Figure 1.1. Left ï simplified profile of an asymmetric catalysed reaction (one step). Right ï free energy of 

activation as a function of the enantiomeric ratio at different temperatures. 

Relatively to overall activation barriers or individual bond energies,21 the values of ȹȹGÿ 

necessary to achieve high enantioselectivities are small (Figure 1.1, right ). Nevertheless, such 

differentiations are difficult to achieve and require a precise identification of the involved 

interactions. 

Despite the fact that many beautiful examples of enantioselective reactions can be found in 

bio- or organocatalysis, this introduction will be focused on metal-based asymmetric catalysis, 

for the sake of conciseness. The use of a catalyst based on the combination of a metal with 

chiral ligands constitute a powerful strategy. Indeed, the flexibility of such systems is broad. 

The range of available metals with their different properties combined with the variety of 

possible chiral ligands allows a considerable number of possibilities. This explains the 

popularity of this field since the middle of the twentieth century. 
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1.2.2. Major Contribution s 

Despite early examples of asymmetric syntheses of polymers by Natta in the sixties, the first 

example of asymmetric organometallic catalysis was the cyclopropanation of alkenes described 

by H. Nozaki, R. Noyori et al. in 1966.22 Although only low enantioselectivity was achieved 

(6% ee) using a Salen-copper catalyst (Scheme 1.1), this result initiated further investigations 

in this field. Since this decade, the area of asymmetric catalysis has never stopped growing 

(Figure 1.2). 

 

Scheme 1.1. Seminal work on copper-catalyzed asymmetric cyclopropanation. 

  

Figure 1.2. SciFinder® results for asymmetric catalysis ï publications per year.  

Asymmetric hydrogenation is certainly one of the subjects that impacted the most this 

domain, thanks to the extensive work of R. Noyori, W. S. Knowles, H. Kagan and others.23 

Indeed, the development of C2-symmetrical diphosphine ligands, like DIOP (Scheme 1.2b), 

which was introduced by Kagan,24 was a great advancement and inspiration to induce 

effectively enantioselectivity. This early age of asymmetric hydrogenation culminated in 1975 

with the famous Monsanto process for L-dopa.25 Knowles developed the hydrogenation of 1.9 

with rhodium and DIPAMP with excellent enantioselectivity (Scheme 1.2a). This was the first 

industrial application of asymmetric synthesis and the first milestone in this field.  

Another major contributor to the popularity of asymmetric methodologies is K. B. Sharpless. 

His work on the functionalization of olefins is now part of the classics in enantioselective 
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synthesis. In 1980, he developed the asymmetric epoxidation of allylic alcohols, using a 

combination of titanium and tartrate esters.26 This method proved to be broadly applicable and 

predictable with a simple model despite a non-obvious enantiodetermining dititanium 

transition-state. Moreover, enantioselective dihydroxylation27 and aminohydroxylation28 are 

also important parts of his legacy to organic chemistry. 

 

Scheme 1.2. (a) Synthesis of L-DOPA by Knowles and Monsanto. (b) Examples of other diphosphine ligands. 

The development, in 1980, of BINAP (Scheme 1.2b) by R. Noyori29 is also another 

breakthrough in this history. The combination of this ligand with ruthenium gave impressive 

results in the hydrogenation of unsaturated substrates such as alkenes or carbonyls. 

Additionally, BINAP with rhodium allowed the effective isomerization of allyl amines to 

enamines. For instance, this found an industrial application in the synthesis of (-)-menthol 

(Scheme 1.3), known as the Takasago process.29,30 

 

Scheme 1.3. Takasago process for the industrial synthesis of (-)-menthol. 

There are many other excellent chemists who contributed to the notoriety of this field and 

that should be cited here. As examples, B. M. Trost, E. N. Jacobsen, H. Yamamoto, M. 

Shibasaki, D. MacMillan, or A. Pfaltz and his work on the development of new ligand classes, 
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such as semicorins, bisoxazolines or PHOX.31,32 All the work done by those giants of 

asymmetric catalysis constituted solid foundations and an inspiration for our contemporary 

research.  

1.3. Metal-Catalyzed C-H Bond Functionalization 

1.3.1. Generalities 

The direct functionalization of C-H bonds is one of the long-standing objectives in organic 

synthesis. Indeed, C-H bonds are the most common bonds found in organic materials. Direct 

functionalization of this type of bonds would avoid classical functional groups manipulations 

and bring to more atom-economical processes. Most reactions developed in organic synthesis 

take advantage of polarized or polarizable reactive bonds. In contrast, aliphatic or aromatic C-

H bonds are intrinsically stable due to their low polarization and strong ů-bond character.33 

Nevertheless, the cleavage of such bonds in alkanes or arenes is commonly used since 

thousands of years to generate energy via combustion. Even in organic synthesis, radical 

cleavage, carbene insertion or metalation with strongly basic reagents have been known for a 

long time. Thus, the challenge in the development of reactions for C-H bond functionalization 

is to conduct this type of transformations selectively. The selectivity of the previously enounced 

transformations can be predicted thanks to electronic or steric factors. However, selectivity 

becomes a challenge when a non-reactive C-H bond must be functionalized preferentially to 

another or when multiple reactive C-H bonds are present. One solution found to solve this issue 

was to use a preinstalled functional group to selectively generate a reactive species. This 

reactive species will then react with a close C-H bond for further functionalization.34ï36 This 

strategy was used for radical shift and carbene intramolecular C-H insertion. Moreover, such 

methods were successfully applied in total synthesis.37,38 Over the time, metal-catalysis has 

emerged as an elegant solution and toolbox for C-H functionalization. Different reactivities 

were observed and further developed to promote a wide range of transformations.39 

1.3.2. Classification 

Metal-catalyzed C-H functionalization can be divided into five major groups: 1) C-H 

oxidation; 2) C-H insertion; 3) C-H oxidative addition; 4) C-H activation; 5) ů-bond metathesis. 

The first two involve an outer-sphere coordination mechanism, without formation of a carbon-

metal bond, but only via coordination of the oxo-metal or carbenoid/nitrenoid-metal species. 

The last three imply an inner-sphere coordination mechanism, with formation of a carbon-metal 
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bond generated via direct oxidative addition, C-H activation or ů-bond metathesis (Scheme 

1.4).39,40  

 

Scheme 1.4. Different groups of metal catalyzed C-H functionalization. 

These different types of C-H functionalization possess their own particularities, advantages 

and drawbacks due to distinct mechanisms and related interactions. In the next part, we will 

discuss the application of these different strategies for asymmetric C(sp3)-H functionalization. 

Moreover, we will focus on enantioselective metal-catalyzed C(sp3)-H functionalization 

reactions in which the generated stereocenter results from the C(sp3)-H bond cleavage 

exclusively. Therefore, diastereoselective reactions, C(sp2)-H functionalization and 

enantioselective reactions relying on another enantio-determining step will not be discussed. 

1.4. Asymmetric Metal-Catalyzed C-H Functionalization 

1.4.1. Generalities 

In asymmetric catalyzed C(sp3)-H functionalization, the generation of chiral centers can be 

divided into three categories.41,42 First, the desymmetrization of C(sp3)-H bonds located on two 

enantiotopic carbons. In this case, the obtained stereocenter is created in an adjacent position to 

the activated site. Secondly, the desymmetrization of the two enantiotopic hydrogen atoms of a 

methylene position with generation of the chiral center directly at the activated site. The last 

one consists in the resolution of a racemic mixture. This third category contains only few 

examples that can be divided in three subcategories. In the case of pure kinetic resolution, only 

one enantiomer of the racemic starting material is functionalized, and the other enantiomer can 

be recovered enantioenriched and unchanged. Secondly, parallel kinetic resolution, where both 

enantiomers react to form two different enantioenriched products, and finally, dynamic kinetic 

resolution, where the racemic mixture is transformed to only one enantiomer. At the time this 
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manuscript was written and to the best of our knowledge there was no reported example of 

dynamic kinetic resolution corresponding to the criteria of this introduction (Scheme 1.5).  

 

Scheme 1.5. Different categories of asymmetric C(sp3)-H functionalization reactions. 

1.4.2. C(sp3)-H Oxidation 

C-H oxidation is a biomimetic approach for C-H functionalization. Indeed, this strategy is 

directly inspired from naturally occurring metalloenzymes that catalyze C-H oxidation. There 

are many examples of metalloenzymes able to oxidize C-H bonds with an impressive level of 

chemo- and enantioselectivity (Scheme 1.6).43ï45 Thus, it is not surprising that chemists took 

the opportunity to reproduce those properties to build new synthetic tools.46 

 

Scheme 1.6. Examples of C-H oxidation by metalloenzymes. 
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C-H oxidation occurs via an outer-sphere mechanism composed of two major steps. First, a 

hydrogen atom transfer (HAT) to a metal-oxo complex proceeds to form a radical pair. Then, 

after a fast O-rebinding, the oxidized product is formed. Enantioselectivity in this process 

comes from both steps. Besides the enantioselectivity of the first HAT step, the radical lifetime, 

and the enantioselectivity of the rebound may have a determining effect on the overall 

stereoselectivity of the reaction. Indeed, depending on the nature of the radical intermediate, 

racemization can occur prior to rebounding (Scheme 1.7a). Moreover, in this type of systems, 

the necessity to use a strong oxidant capable to oxidize aliphatic C-H bonds induces the risk of 

possible overoxidation. For this reason, asymmetric C-H oxidation of enantiotopic protons of a 

methylene position is more challenging than desymmetrization. Indeed, in desymmetrization, 

overoxidation would lead to the corresponding carbonyl with an adjacent stereocenter 

untouched (Scheme 1.7b). 

 

Scheme 1.7. (a) General mechanism of C-H oxidation. (b) Overoxidation issue in asymmetric C-H oxidation. 

Selectivity of C-H oxidation is controlled by the HAT process and depends on many factors. 

Moreover, structural properties play a key role due to radical stabilization. However, selectivity 

also depends on other electronic effects and interactions, such as torsional and 1,3-diaxial 

strains, as well as on the solvent and Lewis acid used.47,48  

The first example of desymmetrization via C-H oxidation was reported by T. Katsuki in 

1998.49 C-H oxidation of tetrahydrofuran and tetrahydropyran derivatives was reported using 2 

mol% of Mn-salen complex 1.34 and iodosobenzene as stochiometric oxidant in chlorobenzene 

at -30°C. The corresponding enantioenriched lactols were isolated in 41-61% yield with 82-

90% ee (Scheme 1.8). Only small amounts of overoxidized lactones were observed probably 



General Introduction 

 26 

 

due to steric congestion in the adjacent position. T. Katsuki then applied this methodology to 

pyrolidines with a broader scope.50 

 

 

Scheme 1.8. Desymmetrizing C-H oxidation using Mn-salen complex.  

Different methodologies were developed for the desymmetrization of indane derivatives to 

form the corresponding enantioenriched indanone products via enantioselective C-H 

overoxidation.46 For example, Nam and Sun prepared enantioenriched spiroindanones using 

catalyst 1.43 with hydrogen peroxide as stochiometric oxidant in presence of 2,2-

dimethylbutanoic acid (DMBA) (Scheme 1.9). This report presents a highly site- and 

enantioselective C-H oxidation under mild conditions and a low catalyst loading.51  

 

Scheme 1.9. Synthesis of spirocyclic indanones via enantioselective C-H oxidation. 

Besides other examples of desymmetrization, J. Groves, a pioneer in the field of asymmetric 

C-H oxidation described the enantioselective functionalization of enantiotopic methylenes 

protons. His first reports were published in 1989 and 1990 and present the oxidation of benzylic 

positions using chiral iron porphyrin catalyst 1.44.52 Despite moderate yields and 

enantioselectivities, a relevant study was done with deuterated ethylbenzene indicating that 

HAT is the enantiodetermining step of this process (Scheme 1.10). Moreover, a strong isotope 

effect of 6.4 was accompanied with a higher racemization rate of the unfavored radical.  
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Scheme 1.10. C-H oxidation of enantiopure deuterium-labeled ethylbenzene and analysis (spectroscopy, each 

enantiomer). 

Since this discovery, asymmetric C-H oxidation of benzylic positions has been extensively 

studied by different groups. For example, T. Bach described recently the enantioselective C-H 

oxidation of 3,4-dihydroquinolones using a Mn porphyrin complex. In this case, the 

incorporation of a chiral template, able to interact via H-bonding with the substrate, on the 

porphyrin ligand was determining to achieve high enantioselectivity (Scheme 1.11).53 

 

Scheme 1.11. Asymmetric C-H oxidation of 3,4-dihydroquinolones. 

Kinetic resolution is underrepresented in this field. The first report was published by Z. Gross 

in 1999. Resolution of tertiary alkanes was examined using chiral Ru porphyrin complex 1.53 

and 2,6-dichloropyridine N-oxide. However, moderate enantiomeric excess were observed.54 
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Scheme 1.12. Kinetic resolution of alkanes via C-H oxidation. 

1.4.3. C(sp3)-H Insertion 

Asymmetric C-H insertion is an important field in enantioselective C-H functionalization.55ï

57 As for C-H oxidation, C-H insertion also proceeds via an outer-sphere mechanism. After 

formation of a metal carbenoid or nitrenoid, C-H insertion occurs via a 3-centers transition-

state (Scheme 1.13a). Due to the formation of a partial positive charge on the activated site 

during C-H insertion, this type of transformations occurs preferentially at carbocation-

stabilizing positions. However, steric interactions play a crucial role as well and more accessible 

C-H bonds are more prone to react (Scheme 1.13b).  

 

Scheme 1.13. (a) C-H insertion mechanism. (b) Relative rates of reactivity in C-H insertion with Rh2(DOSP)4. 

(c) Metal carbenoids formation ï type of carbenoids. (d) Metal nitrenoids formation. 

 In intramolecular cases, formation of 5-membered rings is favored for carbenoids and 

carbamate nitrenoids, whereas 6-membered rings are preferentially formed for sulfamate 

nitrenoids. The nature of the employed carbene precursor is also determining for the observed 

reactivity and the corresponding metal carbenoids can be divided into three groups: 1) acceptor; 
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2) acceptor/acceptor; 3) acceptor/donor. Acceptor refers to electron withdrawing groups and, 

in contrary, donor refers to electrondonating groups. Acceptors amplify the electrophilic 

character and the reactivity of carbenoids, whereas donors stabilize carbenoids and improve 

their selectivity (Scheme 1.13c). In the case of carbenoids with two different substituents, up 

to two stereocenters are created during C-H insertion. Therefore, diastereomeric mixtures are 

formed. Due to the additional diastereoselectivity issues, the outcome of such transformations 

is more difficult to control. A well-designed catalyst is required to force the approach of the 

substrate from one selected face of the carbenoid and to control the regioselectivity.58 

Nevertheless, this particularity allows the formation of a stereocenter, even in the case of C-H 

insertion into a non-prochiral position. 

In 1990, M. McKervey was the first to report an enantioselective C-H insertion using the 

prolinate dirhodium complex Rh2(S-BSP)4 (Scheme 1.14).59 Only one reaction was described 

with high yield and moderate enantioselectivity (90%, 12% ee). Nevertheless, this result 

brought interest for asymmetric carbenoid C-H insertion. 

 

Scheme 1.14. First example of asymmetric carbenoid C-H insertion 

 

Scheme 1.15. Selected examples of dirhodium catalysts for carbenoid C-H insertion. 




























































































































































































































































































































































































































































