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• Introduction
1. Extending the medicinal chemistry synthetic toolbox and the chemical space

• Medicinal chemistry programmes are based on a limited number of reactions 

>  J. Boström et al., Expanding the medicinal chemistry synthetic toolbox, Nat. Rev. Drug Discov. 2018, 17, 709
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• Pourquoi un nombre limité de reactions ? Parce qu’elles sont robustes

>  J. Boström et al., Expanding the medicinal chemistry synthetic toolbox, Nat. Rev. Drug Discov. 2018, 17, 709

• BUT
> The use of a limited set of reactions in most medicinal chemistry efforts potentially compromises
the quality of drug candidates, for example because the functional group tolerance of the reactions
limits the scope of SAR studies.
> Focusing only on robust reactions may undermine the creativity of chemists.

• Introduction
1. Extending the medicinal chemistry synthetic toolbox and the chemical space
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• Vers le développement de nouvelles stratégies pour un accès optimal à la diversité moléculaire 

>  J. Boström et al., Expanding the medicinal chemistry synthetic toolbox, Nat. Rev. Drug Discov. 2018, 17, 709

• Introduction
1. Extending the medicinal chemistry synthetic toolbox and the chemical space
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>  J. Boström et al., Expanding the medicinal chemistry synthetic toolbox, Nat. Rev. Drug Discov. 2018, 17, 709

• Vers le développement de nouvelles stratégies pour un accès optimal à la diversité moléculaire 

• Introduction
1. Extending the medicinal chemistry synthetic toolbox and the chemical space
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>  J. Boström et al., Expanding the medicinal chemistry synthetic toolbox, Nat. Rev. Drug Discov. 2018, 17, 709

• Vers le développement de nouvelles stratégies pour un accès optimal à la diversité moléculaire 

• Introduction
1. Extending the medicinal chemistry synthetic toolbox and the chemical space
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> Redox-neutral organocatalytic Mitsunobu reactions, Science 2019, 365, 910-914

Réactions de fonctionnalisation C-H & chimie médicinale• Introduction
1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

• Traditional approaches by Functional Group Transformations
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• Introduction
1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

>  D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67

> An infinite choice of starting materials
C–H bonds are found in nearly all organic compounds. 

• Synthesis using Catalytic C-H Functionalization Reactions
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• Introduction
1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

• Synthesis using Catalytic C-H Functionalization Reactions

>  D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67

> C-C, C-O, C-N, C-B, C-Si Bond Forming Reactions
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• Introduction
1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

>  D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67

> New retrosynthetic strategies

• Synthesis using Catalytic C-H Functionalization Reactions
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• Introduction
1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

>  D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67

> Structural core diversification

• Synthesis using Catalytic C-H Functionalization Reactions
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• Introduction
1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

>  D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67

> Conventional Functional-Group Based Reactivity
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• Synthesis using Catalytic C-H Functionalization Reactions
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• Introduction
2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms

• Challenges: Reactivity

High enthalpic stability of C-H bonds : Most of them are stronger than the corresponding C-X bonds

> Therefore a C-H functionalization is thermodynamically unfavored.

Alkanes do not possess high-energy electrons in p or p orbitals > not strongly nucleophilic.
They also lack empty, low-lying p* orbitals > not highly electrophilic or sensitive to light.

> The challenge in C-H functionalization is also attributable to a high kinetic barrier to reactivity

Réactions de fonctionnalisation C-H & chimie médicinale
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• Challenges: Selectivity

1. In most molecules, more than one C-H bond of a certain type, and more than one type of C-H bond exist.
> Therefore, a catalyst should exert high selectivity towards one particular type of C-H bond.

4. Control of the mono-functionalization

2. Once the desired C-X bond is formed (for example, a C(sp3)-OH bond), this bond itself has a lower bond strength than the C-H bond
before, and over-reactions (such as alcohol oxidation to a carbonyl group) can occur.

5. the introduction of a C-X bond might change the reactivity of a whole molecule. 

3. Selectivity for a reaction at an unactivated C-H bond in the presence of C-H bonds that are weaker or more acidic due to a functional
group

• Introduction
2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms

Réactions de fonctionnalisation C-H & chimie médicinale



Ph. DaubanMolécules et Médicaments - Fonctionnalisation C-H – Chapitre 1 - 18

• General mechanisms: Catalytic C-H Activation

•Formation of an organometallic intermediate: Inner sphere mechanism

Directed reactivity

>  D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67

The transition metal catalyst coordinates to a Lewis basic functional group on the molecule, which
brings the catalyst into proximity of a specific C-H bond. In addition to the control of the
regioselectivity, this interaction lowers the energy barrier of the cleavage of this C-H bond, thereby
increasing the rate of the reaction. The formation of 5-membered metallacycles is generally favored.
The resulting alkyl metal intermediate can be trapped with a reactive partner to form a C-X bond

• Introduction
2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
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• General mechanisms: Catalytic C-H Activation

Since C(sp2)-H bonds are, in general, stronger than C(sp3)-H bonds, it might
appear that the activation of C(sp3)-H bonds would be less challenging. While
this is true in reactions that proceed via homolytic bond cleavage, it is not true
for metal-catalyzed C-H bond activation as we must consider the relative
strengths of M-C bonds generated. In general, a metal-C(sp3) bond is weaker
than a metal-C(sp2) bond.

>  D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67

•Formation of an organometallic intermediate: Inner sphere mechanism

Directed reactivity

• Introduction
2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
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• General mechanisms: Catalytic C-H Insertion

>  D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67

•Formation of metal-bound carbene or nitrene: Outer sphere mechanism

Reminiscent of C-H oxidation mediated by cytochrome

• Introduction
2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
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• General mechanisms: Terminology

•C-H Activation / C-H Insertion / C-H Functionalization
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“C-H Activation”
The replacement of a C-H bond by a C-M bond, where M is a transition metal.
“Activation” in this sense means the replacement of a relatively unreactive C-H bond
with a C-M bond, which can much more easily functionalized. A C-H activation followed
by a reaction from C-M to C-X is therefore a key part of a C-H functionalization. 

“C-H Functionalization”
A general term describing the transformation of a C-H bond into a C-X bond. This expression is not very well
defined and most general. In the following, this term is used for a C-H activation followed by a transformation
to a C-X bond. A C-H activation followed by a reaction from C-M to C-X is therefore a key part of a C-H
functionalization. 

“C-H Insertion”
The reaction of a electron-deficient species such as a carbene or a nitrene or a
corresponding (metal)-carbenoid or –nitrenoid that inserts between the C and
the H atom of a C-H bond.

• Introduction
2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
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• General mechanisms: Radical processes

>  D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67

•Hydrogen Atom Transfer & Radical Addition 

• Introduction
2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
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• Catalytic C-H Functionalization by C-H Activation 
1. Mechanistic considerations

• The elementary step of C-H Activation

> G. Poli, Metal-catalyzed C-H Bond Activation/Functionalization: the Fundamentals, J. Mol. Catalysis A: Chemical 2017, 426, 275
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> How is it formed?

> 4 General mechanisms
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• Catalytic C-H Functionalization by C-H Activation 
1. Mechanistic considerations

• C-H Activation by Oxidative Addition

> G. Poli, Metal-catalyzed C-H Bond Activation/Functionalization: the Fundamentals, J. Mol. Catalysis A: Chemical 2017, 426, 275

Interaction from a metal-based occupied
dp orbital to the s* orbital of the coordinated C-
H bond (reverse CT)

Oxidative addition favored :
low valent electron rich transition metals (d8 low-valent 2nd & 

3rd raw late TM complexes) 

posses high-energy dp and ds orbitals
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• Catalytic C-H Functionalization by C-H Activation 
1. Mechanistic considerations

• C-H Activation by Oxidative Addition

> S. Murai et al., Efficient catalytic addition of aromatic C-H bonds to olefins, Nature 1993, 366, 529

Prototypical example: Reaction de Murai
Ruthenium-catalyzed ortho-alkylation of aromatic ketones

Réactions de fonctionnalisation C-H & chimie médicinale
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• Catalytic C-H Functionalization by C-H Activation 
1. Mechanistic considerations

Réactions de fonctionnalisation C-H & chimie médicinale

> D. Maiti et al., Arene diversification through distal C(sp2)-H functionalization, Science 2021, 372, 701

> Steric control

16 e-

Dimer Ir(I) Monomer Ir(III)

• C-H Activation by Oxidative Addition
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• Catalytic C-H Functionalization by C-H Activation 
1. Mechanistic considerations

• C-H Activation by Electrophilic Substitution

> G. Poli, Metal-catalyzed C-H Bond Activation/Functionalization: the Fundamentals, J. Mol. Catalysis A: Chemical 2017, 426, 275

Interaction from the filled s(C-H) bond to an empty metal-based ds
orbital (forward CT)

Réactions de fonctionnalisation C-H & chimie médicinale

Electrophilic substitution favored :
Electron poor, late transition metals in high oxidation states, 

such as Pd(II), Pt(II), Rh(III), Ir(III) and Ru(II) > Lewis acidic 
metals

possess low-energy dp and ds electrons

the electronic properties of the arene play a fundamental role
Works better with electron-rich arenes

Often analogous to Friedel-Crafts mechanism
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• Catalytic C-H Functionalization by C-H Activation 
1. Mechanistic considerations

• C-H Activation by Concerted Metalated Deprotonation

> G. Poli, Metal-catalyzed C-H Bond Activation/Functionalization: the Fundamentals, J. Mol. Catalysis A: Chemical 2017, 426, 275

Réactions de fonctionnalisation C-H & chimie médicinale

AGOSTIC INTERACTION: 
It most commonly refers 
to a C-H bond on a ligand 
that undergoes an 
interaction with the 
metal complex. This 
interaction closely 
resembles the transition 
state of an oxidative 
addition or reductive 
elimination reaction. 
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• Catalytic C-H Functionalization by C-H Activation 
1. Mechanistic considerations

• The Fujiwara-Moritani reaction : electrophilic substitution

> Pd-catalyzed oxidative arene C-H alkenylation reactions, Trends in Chemistry 2022, 4, 495

Réactions de fonctionnalisation C-H & chimie médicinale
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• Catalytic C-H Functionalization by C-H Activation 
1. Mechanistic considerations

• The Fujiwara-Moritani reaction : concerted metalated deprotonation

Réactions de fonctionnalisation C-H & chimie médicinale

> Pd-catalyzed oxidative arene C-H alkenylation reactions, Trends in Chemistry 2022, 4, 495
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• Catalytic C-H Functionalization by C-H Activation 
2. Heteroatom-directed C-H Functionalization

• General strategy to control the site-selectivity in C-H Activation

> N. Chatani et al., Strategic evolution in Metal-catalyzed directed C-H Bond Activation, Coord. Chem. Rev. 2021, 431, 213683

> Temporary covalency can be achieved by reversible
coordination between a catalyst having a Lewis acidic
metal center and substrate containing a Lewis basic FG

Réactions de fonctionnalisation C-H & chimie médicinale
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• Catalytic C-H Functionalization by C-H Activation 
2. Heteroatom-directed C-H Functionalization

• Nature of Directing groups for C-H Activation

> N. Chatani et al., Strategic evolution in Metal-catalyzed directed C-H Bond Activation, Coord. Chem. Rev. 2021, 431, 213683

> “Native” coordinating FG
(already present in the molecule)

> Mono-dentate DG

Réactions de fonctionnalisation C-H & chimie médicinale
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• Catalytic C-H Functionalization by C-H Activation 
2. Heteroatom-directed C-H Functionalization

• Mono-Dentate DG: Carbonyl derivatives
> Limitations

- Functional group directed monodentate C−H bond functionalization : arylation, vinylation, oxidation, etc. with many TM catalysts
- A large variety of catalytic reactions involving C(sp2)-H bonds of arenes, heteroarenes, and alkenes have been developed
BUT
- Unexpected reactions occurred in some cases because of the weak coordination of a directing functional group to a metal.
- Directed functionalization of unactivated C(sp3)-H bonds continues to be highly challenging

Réactions de fonctionnalisation C-H & chimie médicinale

• N,N-Bi-Dentate DGs
> Requirements for their design

- Cyclometalations are more facile if a stronger directing group is used or bidentate coordination of the metal is possible
- A removable directing group is required in order to increase the synthetic applicability of C−H bond functionalization reactions 
- Since the arylations likely proceed through high-valent palladium complexes, an anionic auxiliary would help in stabilizing high-energy 
palladium(III) or -(IV) species 

8-AMINOQUINOLINE

2-PICOLINAMIDE

> N. Chatani et al., Bidentate Directing Groups, Chem. Rev. 2020, 120, 1788
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• Catalytic C-H Functionalization by C-H Activation 
2. Heteroatom-directed C-H Functionalization

• N,N-Bi-Dentate DGs
> 8-Aminoquinoline: functionalization of carboxylic acids

> N. Chatani et al., Bidentate Directing Groups, Chem. Rev. 2020, 120, 1788
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• Catalytic C-H Functionalization by C-H Activation 
2. Heteroatom-directed C-H Functionalization

• N,N-Bi-Dentate DGs
> A rich chemistry

> N. Chatani et al., Strategic evolution in Metal-catalyzed directed C-H Bond Activation, Coord. Chem. Rev. 2021, 431, 213683

> BUT not really step-economical
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• Catalytic C-H Functionalization by C-H Activation 
3. Oxidative addition-directed C-H Functionalization

• What about aryl/vinyl halides as DG

> The oxidative addition of a C-X bond to a transition-metal complex gives rise to an organometallic
intermediate that can behave similarly to the previous coordination complexes and, therefore, undergo
intramolecular CH activation in the same way, generally via a base-mediated proton abstraction

> O. Baudoin et al., Functionalization of organic molecules by TM-catalyzed C(sp3)-H activation, Chem. Eur. J. 2010, 16, 2654
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> The oxidative addition brings the palladium
catalyst close to the C-H bond, thus facilitating
the C-H activation through cyclopalladation

> The Halogen can be considered as a traceless DG
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• Catalytic C-H Functionalization by C-H Activation 
3. Oxidative addition-directed C-H Functionalization

• Aryl halides as DG
> Historical background

> O. Baudoin et al., Functionalization of organic molecules by TM-catalyzed C(sp3)-H activation, Chem. Eur. J. 2010, 16, 2654

> Oxidative addition

Réactions de fonctionnalisation C-H & chimie médicinale
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• Catalytic C-H Functionalization by C-H Activation (inner-sphere mechanism)
 1. Mechanistic considerations
 2. Heteroatom-directed C-H Functionalization
 3. Oxidative addition-directed C-H Functionalization

• Catalytic C-H Functionalization by C-H Insertion (outer-sphere mechanism)
 1. Mechanistic considerations
 2. Carbene chemistry
 3. Nitrene chemistry
 4. C-H oxidation

• Catalytic C-H Functionalization using radicals
 1. Historical reactions and mechanistic considerations 
 2. Hydrogen Atom Transfer (HAT)
 3. Minisci-type Reaction 

• Application of catalytic C-H functionalization
 Total synthesis & Late-stage functionalization of natural products and drugs
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• Catalytic C-H Functionalization by C-H Insertion 
1. Mechanistic considerations

• The elementary step of C-H Insertion

> H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417

MLn

C
H

X

GP X GP : N2, IPh

LnM X

C H

C-H Insertion
"Outer-Sphere" mechanism

> How does it react?

N
R

C
R1

R2

Carbene Nitrene

> 1st step: An electrophilic TM promotes the irreversible extrusion 
of a leaving group to generate a M=X species

> 2nd step: Metal mediated insertion of X into a C-H bond

Réactions de fonctionnalisation C-H & chimie médicinale
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• Catalytic C-H Functionalization by C-H Insertion 
1. Mechanistic considerations

• General background on carbene/nitrene species

> H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417

> Electronic configuration
N

R
C

R1

R2

Carbene Nitrene

N
R
Singlet state

C
R2

R1

Singlet state

𝛳1 N
R
Triplet state

C
R2

R1

Triplet state

𝛳2

> unshared electron pair (s orbital) and empty p orbital
> Ambiphilic: paired electrons = Nu : empty orbital = E
> many R & R' groups can stabilize singlet carbene (more than triplet carbene).
> Typical angle 𝚹1 (calculated) : 100-110°

> 2 electron shared with p orbital and s orbital
> resembles biradical
> Typical angle 𝚹2 (calculated) : 130-150°
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• Catalytic C-H Functionalization by C-H Insertion 
1. Mechanistic considerations

> H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417

> Dirhodium(II)-Carbene/Nitrene complexes

Based on their unique molecular and electronic structure, Rh(II) dimers have proven the most
effective for catalysis of C-H insertion reactions
Rhodium complexes are Lewis acidic and bind additional ligands at two open axial sites. Binding
of a second ligand after addition of a first to an axial site is less favorable and catalysis is thought
to occur only at a single Rh center. The second Rh center acts as an electron reservoir.

• General background on METAL-carbene/nitrene species > … with two molecules of water bound 
to the apical positions 
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• Catalytic C-H Functionalization by C-H Insertion 
1. Mechanistic considerations

> H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417

> Mechanism of Rhodium(II)-catalyzed C-H insertion > s-donation

Rh2L4

R22R11

N2

N2

Rh

R11 R22

OO
Rh

O

O
O

O
Rh

O
O

R

R

R

R

OO
Rh

O

O
O

O
Rh

O
O

R

R

R

R

R11 R22

OO
Rh

O

O
O

O
Rh

O
O

R

R

R

R

R11 R22

R11 R22

O O

Rh Rh
R1 R2

N
N

> p-back-
donation

• General background on METAL-carbene/nitrene species
O O

Rh Rh
R1 R2

N
N

R1 R2

N
N
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• Catalytic C-H Functionalization by C-H Insertion 
1. Mechanistic considerations

> H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417

> Mechanism of Rhodium(II)-catalyzed C-H insertion

Rh2L4

C HRh

R11 R22

CH

R22R11

N2

N2

Rh

R11 R22

δ+
δ−

> Concerted 
3-centers 2-electrons 

Transition State

• General background on METAL-carbene/nitrene species
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• Catalytic C-H Functionalization by C-H Insertion 
1. Mechanistic considerations

> H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417

> Mechanism of Rhodium(II)-catalyzed C-H insertion

> Concerted 
Asynchronous 

Transition State

Rh2L4
C

H

R11R
22

C HRh

R11 R22

CH

R22R11

N2

N2

Rh

R11 R22

δ+
δ−

Shown here is a scheme that shows the 3
possible conformations of the key step in this
reaction, the approach of the substrate to
the carbenoid. Computational chemistry has
been used to deduce the angle of attack.
Based on the significant hydride character
shown in the calculations transition state C
was found to be the most favorable.

a ∼ 117-165°

• General background on METAL-carbene/nitrene species
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• Catalytic C-H Functionalization by C-H Insertion 
1. Mechanistic considerations

> H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417

> Mechanism of Rhodium(II)-catalyzed C-H insertion: concerted pathway and test experiments 

> Stereochemical probe

• General background on METAL-carbene/nitrene species
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• Catalytic C-H Functionalization by C-H Insertion 
1. Mechanistic considerations

> H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417

> Mechanism of Rhodium(II)-catalyzed C-H insertion of nitrene

> A more complicated picture

• General background on METAL-carbene/nitrene species
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• Introduction
 1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations
 2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
 
• Catalytic C-H Functionalization by C-H Activation (inner-sphere mechanism)
 1. Mechanistic considerations
 2. Heteroatom-directed C-H Functionalization
 3. Oxidative addition-directed C-H Functionalization

• Catalytic C-H Functionalization by C-H Insertion (outer-sphere mechanism)
 1. Mechanistic considerations
 2. Carbene chemistry
 3. Nitrene chemistry
 4. C-H oxidation

• Catalytic C-H Functionalization using radicals
 1. Historical reactions and mechanistic considerations 
 2. Hydrogen Atom Transfer (HAT)
 3. Minisci-type Reaction 

• Application of catalytic C-H functionalization
 Total synthesis & Late-stage functionalization of natural products and drugs
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• Catalytic C-H Functionalization by C-H Insertion 
2. Carbene chemistry

• General trends in catalytic carbene C-H insertion
> Diazo vs. Carbene

> A COMPLETE REVERSAL IN THE REACTIVITY SCALE!!!

> HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857
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• Catalytic C-H Functionalization by C-H Insertion 
2. Carbene chemistry

• General trends in catalytic carbene C-H insertion
> Reactivity of metal-carbenes

> Suitable for intramolecular reactions
Issue in intermolecular processes: dimerization

> Suitable for intermolecular reactions
The donor group has a stabilizing effect, reducing
the electrophilicity of the carbene. Its lifetime is
increased, thus the selectivity is improved

> The starting diazos are often unstable
Recent studies have demonstrated their 
utility in intramolecular reactions

> HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857
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• Catalytic C-H Functionalization by C-H Insertion 
2. Carbene chemistry

• General trends in catalytic carbene C-H insertion
> Site-selectivity (or regioselectivity) issue: substrate parameters

> High selectivity for 5-
membered ring formation 

explained by a highly 
ordered TS CO2Me

Me

Ph

> HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857
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• Catalytic C-H Functionalization by C-H Insertion 
2. Carbene chemistry

• General trends in catalytic carbene C-H insertion

> The selectivity is controlled by a combination of STERIC and ELECTRONIC factors 

> Going back to the mechanism: reactions will be favored at sites that stabilize the build-up of positive charge

EDG > Stabilizing effect

EWG > Destabilizing effect

EWG

EDG

H

O

σ*C-H

> Site-selectivity (or regioselectivity) issue: substrate parameters

> HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857
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• Catalytic C-H Functionalization by C-H Insertion 
2. Carbene chemistry

• General trends in catalytic carbene C-H insertion

> The selectivity is controlled by a combination of STERIC and ELECTRONIC factors 

> Going back to the mechanism: reactions will be favored at sites that stabilize the build-up of positive charge

H
R

H
R

R

H
R

RR

1o

2o

3o

Reactivity due to Electronic Factors

> Site-selectivity (or regioselectivity) issue: substrate parameters

> HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857
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• Catalytic C-H Functionalization by C-H Insertion 
2. Carbene chemistry

• General trends in catalytic carbene C-H insertion

> The selectivity is controlled by a combination of STERIC and ELECTRONIC factors 

> Going back to the mechanism: reactions will be favored at sites that stabilize the build-up of positive charge

H
R

H
R

R

H
R

RR

1o

2o

3o

Reactivity due to Electronic Factors

Reactivity due to Steric Factors

> Site-selectivity (or regioselectivity) issue: Rh-complex parameters

> HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857
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• Catalytic C-H Functionalization by C-H Insertion 
2. Carbene chemistry

• General trends in catalytic carbene C-H insertion

> The selectivity is controlled by a combination of STERIC and ELECTRONIC factors 

> Site-selectivity (or regioselectivity) issue

> Going back to the mechanism: reactions will be favored at sites that stabilize the build-up of positive charge

H
R

H
R

R

H
R

RR

1o

2o

3o

Reactivity due to Electronic Factors

Reactivity due to Steric Factors
> HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857
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• Catalytic C-H Functionalization by C-H Insertion 
2. Carbene chemistry

• General trends in catalytic carbene C-H insertion

> The selectivity is controlled by a combination of STERIC and ELECTRONIC factors 

> INTERMOLECULAR Carbene C-H Insertions

> Site-selectivity (or regioselectivity) issue: substrate parameters

> HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857
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• Introduction
 1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations
 2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
 
• Catalytic C-H Functionalization by C-H Activation (inner-sphere mechanism)
 1. Mechanistic considerations
 2. Heteroatom-directed C-H Functionalization
 3. Oxidative addition-directed C-H Functionalization

• Catalytic C-H Functionalization by C-H Insertion (outer-sphere mechanism)
 1. Mechanistic considerations
 2. Carbene chemistry
 3. Nitrene chemistry
 4. C-H oxidation

• Catalytic C-H Functionalization using radicals
 1. Historical reactions and mechanistic considerations 
 2. Hydrogen Atom Transfer (HAT)
 3. Minisci-type Reaction 

• Application of catalytic C-H functionalization
 Total synthesis & Late-stage functionalization of natural products and drugs
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• Catalytic C-H Functionalization by C-H Insertion 
3. Nitrene chemistry

• Catalytic C(sp3)-H amination mediated by iodine(III) oxidants
> Seminal papers

> P. Dauban et al., Dirhodium(II)-catalyzed C(sp3)-H amination using iodine(III) oxidants, Adv. Organomet. Chem. 2015, 64, 77-118

J. Du Bois et al. Angew. Chem. Int. Ed. 2001, 40, 598 J. Am. Chem. Soc. 2001, 123, 6935.

O NH2

O

PhI(OAc)2, MgO

5 mol% Rh2(OAc)4

O
HN

O

72% O
S

NH2

OO
O

S
HN

OO

91%

PhI(OAc)2, MgO

2 mol% Rh2(OAc)4

H
H

Rh2(esp)2

O

Me
Me

OO
RhO O

RhO
Me

Me
O

O

Me
Me

Me
Me

The chelate effect of the bridging tetradentate dicarboxylate ligand
esp increase the stability of the Rh complex

J. Am. Chem. Soc. 2004, 126, 15378

> General trend in intramolecular reactions: 5 vs. 6-membered rings
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• Catalytic C-H Functionalization by C-H Insertion 
3. Nitrene chemistry

• Catalytic C(sp3)-H amination mediated by iodine(III) oxidants

> P. Dauban et al., Dirhodium(II)-catalyzed C(sp3)-H amination using iodine(III) oxidants, Adv. Organomet. Chem. 2015, 64, 77-118

As in the case of carbenes
> The selectivity is controlled by a combination of STERIC and ELECTRONIC factors 

> Site-selectivity (or regioselectivity) issue: substrate parameters

Réactions de fonctionnalisation C-H & chimie médicinale
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• Introduction
 1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations
 2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
 
• Catalytic C-H Functionalization by C-H Activation (inner-sphere mechanism)
 1. Mechanistic considerations
 2. Heteroatom-directed C-H Functionalization
 3. Oxidative addition-directed C-H Functionalization

• Catalytic C-H Functionalization by C-H Insertion (outer-sphere mechanism)
 1. Mechanistic considerations
 2. Carbene chemistry
 3. Nitrene chemistry
 4. C-H oxidation

• Catalytic C-H Functionalization using radicals
 1. Historical reactions and mechanistic considerations 
 2. Hydrogen Atom Transfer (HAT)
 3. Minisci-type Reaction 

• Application of catalytic C-H functionalization
 Total synthesis & Late-stage functionalization of natural products and drugs
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

• C-H Oxidation in Nature

> I. G. Denisov et al, Structure and chemistry of Cytochrome P450, Chem. Rev. 2005, 105, 2253-2277

> Taking inspiration from Cytochrome P450
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

• C-H Oxidation in the Laboratory

> M. C. White et al, Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988-14009

> Increasing the s-donation of the amine ligands and rigidification + key role of AcOH additive
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

• C-H Oxidation in the Laboratory

> M. C. White et al, Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988-14009

> Site-selectivity (or regioselectivity) issue
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

• C-H Oxidation in the Laboratory

> M. C. White et al, Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988-14009

> Site-selectivity (or regioselectivity) issue
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

Réactions de fonctionnalisation C-H & chimie médicinale

• C-H Oxidation in the Laboratory
> Factors affecting C–H bond cleavage

> M. Fagnoni et al., Direct Photocatalyzed Hydrogen Atom Transfer (HAT) for Aliphatic C−H Bonds Elaboration, Chem. Rev. 2022, 122, 1875
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

Réactions de fonctionnalisation C-H & chimie médicinale

• C-H Oxidation in the Laboratory
> Stereoelectronic effects

> Activation & deactivation of benzylic C−H bonds guided by stereoelectronic effects in HAT, Eur. J. Org. Chem. 2023, 26, e2023000419
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

Réactions de fonctionnalisation C-H & chimie médicinale

• C-H Oxidation in the Laboratory
> Factors affecting C–H bond cleavage

> M. Fagnoni et al., Direct Photocatalyzed Hydrogen Atom Transfer (HAT) for Aliphatic C−H Bonds Elaboration, Chem. Rev. 2022, 122, 1875
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

Réactions de fonctionnalisation C-H & chimie médicinale

• C-H Oxidation in the Laboratory
> Remote oxidation by reversal of polarity: the case of amine

Oxidation of C—H bonds in amine containing substrate has traditionally represented a challenging problem for several reasons. 
In first place, amine oxidation is often easier than C–H oxidation.
In addition, amines readily bind to metal centers, causing the deactivation of metal catalysts

> M. C. White et al., Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

Réactions de fonctionnalisation C-H & chimie médicinale

• C-H Oxidation in the Laboratory
> Remote oxidation by reversal of polarity: How to stop the C-H oxidation at the alcohol level?

> M. C. White et al., Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

Réactions de fonctionnalisation C-H & chimie médicinale

• C-H Oxidation in the Laboratory
> Factors affecting C–H bond cleavage

> M. Fagnoni et al., Direct Photocatalyzed Hydrogen Atom Transfer (HAT) for Aliphatic C−H Bonds Elaboration, Chem. Rev. 2022, 122, 1875
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• Catalytic C-H Functionalization by C-H Insertion 
4. C-H oxidation

Réactions de fonctionnalisation C-H & chimie médicinale

• C-H Oxidation in the Laboratory

> M. C. White et al., Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988

> Steric effects:
From Substrate-controlled to Catalyst-controlled C-H oxidation
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• Introduction
 1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations
 2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
 
• Catalytic C-H Functionalization by C-H Activation (inner-sphere mechanism)
 1. Mechanistic considerations
 2. Heteroatom-directed C-H Functionalization
 3. Oxidative addition-directed C-H Functionalization

• Catalytic C-H Functionalization by C-H Insertion (outer-sphere mechanism)
 1. Mechanistic considerations
 2. Carbene chemistry
 3. Nitrene chemistry
 4. C-H oxidation

• Catalytic C-H Functionalization using radicals
 1. Historical reactions and mechanistic considerations 
 2. Hydrogen Atom Transfer (HAT)
 3. Minisci-type Reaction 

• Application of catalytic C-H functionalization
 Total synthesis & Late-stage functionalization of natural products and drugs
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• The Hoffman-Löffler-Freytag Reaction (1883)

N

H

Br N

1. H2SO4, 140 oC 

2. HO-

> First Application:

N

H
N
Br

N

Nicotine
N

> Initial Discovery

> D. Nagib et al., Remote C-H Functionalization via Selective Hydrogen Atom Transfer, Synthesis 2018, 50, 1569

• Catalytic C-H Functionalization using radicals
1. Historical reactions and mechanistic considerations

Catalytic C-H Bond Functionalization Reactions
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• The Hoffman-Löffler-Freytag Reaction (1883)

> Mechanism

> D. Nagib et al., Remote C-H Functionalization via Selective Hydrogen Atom Transfer, Synthesis 2018, 50, 1569
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• Catalytic C-H Functionalization using radicals
1. Historical reactions and mechanistic considerations

Catalytic C-H Bond Functionalization Reactions
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• The Minisci Reaction (1968)

> Mechanism

> R. J. Phipps et al., Recent advances in Minisci-type reactions, Angew. Chem. Int. Ed 2019, 58, 13666

• Catalytic C-H Functionalization using radicals
1. Historical reactions and mechanistic considerations

Catalytic C-H Bond Functionalization Reactions
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• Introduction
 1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations
 2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
 
• Catalytic C-H Functionalization by C-H Activation (inner-sphere mechanism)
 1. Mechanistic considerations
 2. Heteroatom-directed C-H Functionalization
 3. Oxidative addition-directed C-H Functionalization

• Catalytic C-H Functionalization by C-H Insertion (outer-sphere mechanism)
 1. Mechanistic considerations
 2. Carbene chemistry
 3. Nitrene chemistry
 4. C-H oxidation

• Catalytic C-H Functionalization using radicals
 1. Historical reactions and mechanistic considerations 
 2. Hydrogen Atom Transfer (HAT)
 3. Minisci-type Reaction 

• Application of catalytic C-H functionalization
 Total synthesis & Late-stage functionalization of natural products and drugs

Chimie Médicinale : introduction et principes généraux
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• Guiding factors in radical chemistry

> D. Nagib et al., Remote C-H Functionalization via Selective Hydrogen Atom Transfer, Synthesis 2018, 50, 1569

> Bond Dissociation Energy (BDE) and H-Abstractor
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• Catalytic C-H Functionalization using radicals
2. Hydrogen Atom Transfer
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• Guiding factors in radical chemistry
> Bond Dissociation Energy (BDE) and selectivity

> D. Nagib et al., Remote C-H Functionalization via Selective Hydrogen Atom Transfer, Synthesis 2018, 50, 1569

In the absence of directing or polar effects

Catalytic C-H Bond Functionalization Reactions• Catalytic C-H Functionalization using radicals
2. Hydrogen Atom Transfer
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> Radical polarity ou philicity Despite being uncharged species, radicals can have a nucleophilic or electrophilic character

> E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486

• Guiding factors in radical chemistry

Electrophilic radicals 
abstract δ− ‘hydridic’ 
hydrogen atoms

Nucleophilic radicals abstract 
δ+ ‘protic’ hydrogen atoms
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> Radical polarity ou philicity Despite being uncharged species, radicals can have a nucleophilic or electrophilic character

> E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486

• Guiding factors in radical chemistry

Electrophilic radicals 
abstract δ− ‘hydridic’ 
hydrogen atoms

Nucleophilic radicals 
abstract δ+ ‘protic’ hydrogen 
atoms

Catalytic C-H Bond Functionalization Reactions• Catalytic C-H Functionalization using radicals
2. Hydrogen Atom Transfer
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> Radical polarity ou philicity Despite being uncharged species, radicals can have a nucleophilic or electrophilic character

> E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486

• Guiding factors in radical chemistry

Catalytic C-H Bond Functionalization Reactions• Catalytic C-H Functionalization using radicals
2. Hydrogen Atom Transfer
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Catalytic C-H Bond Functionalization Reactions

> Polarity effect in HAT reactions: matched polarity

> E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486

• Guiding factors in radical chemistry
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An ELECTROPHILIC radical will react via a 
HAT to generate a NUCLEOPHILIC radical 
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> Polarity effect in HAT reactions: matched polarity

> E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486

• Guiding factors in radical chemistry

Nucleophilic radicals 
abstract δ+ ‘protic’ hydrogen 
atoms electrophilic radicals 

abstract δ− ‘hydridic’ 
hydrogen atoms

BDE: env. 90 kcal/mol

BDE: env. 96 kcal/mol

BDE: Thermodynamic factor
Polarity: kinetic factor
Both are favored in this case

BDE: env. 90 kcal/mol

BDE: env. 105 kcal/mol

d-

d+
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> E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486

• Guiding factors in radical chemistry
> Polarity effect in HAT reactions: what happens in the case of mismatched polarity?

d+

d-

d-

d+

Catalytic C-H Bond Functionalization Reactions• Catalytic C-H Functionalization using radicals
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> E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486

• Guiding factors in radical chemistry

• Catalytic C-H Functionalization using radicals
2. Hydrogen Atom Transfer

> At which location might radical C-H abstraction occur?

> How can we predict which radical is likely to abstract the most reactive H?

Catalytic C-H Bond Functionalization Reactions
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Réactions de fonctionnalisation C-H et chimie médicinale
 

• Introduction
 1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations
 2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms
 
• Catalytic C-H Functionalization by C-H Activation (inner-sphere mechanism)
 1. Mechanistic considerations
 2. Heteroatom-directed C-H Functionalization
 3. Oxidative addition-directed C-H Functionalization

• Catalytic C-H Functionalization by C-H Insertion (outer-sphere mechanism)
 1. Mechanistic considerations
 2. Carbene chemistry
 3. Nitrene chemistry
 4. C-H oxidation

• Catalytic C-H Functionalization using radicals
 1. Historical reactions and mechanistic considerations 
 2. Hydrogen Atom Transfer (HAT)
 3. Minisci-type Reaction 

• Application of catalytic C-H functionalization
 Total synthesis & Late-stage functionalization of natural products and drugs

Chimie Médicinale : introduction et principes généraux
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> The Borono-Minisci reaction 

• Intermolecular radical C-H functionalization

> P. S. Baran et al., Direct C-H arylation of electron-deficient heterocycles with arylboronic acids, J. Am. Chem. Soc. 2010, 132, 13194

Ar. weakly nucleophilic
But pyridine highly activated by the acid

Catalytic C-H Bond Functionalization Reactions• Catalytic C-H Functionalization using radicals
3. Minisci-type Reaction
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> Alkyl sulfinates

• Intermolecular radical C-H functionalization

> P. S. Baran et al., Practical and innate C-H functionalization of heterocycles, Nature 2012, 492, 95

Catalytic C-H Bond Functionalization Reactions• Catalytic C-H Functionalization using radicals
3. Minisci-type Reaction
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> Alkyl sulfinates

• Intermolecular radical C-H functionalization

> PS Baran et al., Radical-based regioselective C-H functionalization of electron-deficient heteroarenes, J. Am. Chem. Soc. 2013, 135, 12122

• Catalytic C-H Functionalization using radicals
3. Minisci-type Reaction

In DMSO

Catalytic C-H Bond Functionalization Reactions


