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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
 4. Unsaturation-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. Intramolecular reactions
 3. Intermolecular reactions

• The issue of  regioselectivity 
 1. Tuning the regioselective functionalization of C(sp2)-H bond
 2. Tuning the regioselective functionalization of C(sp3)-H bond

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

Molécules et Médicaments: de la découverte au développement
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• Opportunities provided by C-H Functionalization reactions

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

Réactions de fonctionnalisation C-H & chimie médicinale
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• The rise of Late-Stage C-H Functionalization

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

Réactions de fonctionnalisation C-H & chimie médicinale

> R. E. Martin et al., LSF and its impact in modern drug discovery, Chimia 2022, 76, 258-260
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• Late-stage functionalization using radical chemistry 

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

Réactions de fonctionnalisation C-H & chimie médicinale

> Sulfinates and fluorine

> P. S. Baran et al., Alkyl Sulfinates: radical precursors enabling drug discovery, J. Med. Chem. 2019, 62, 2256
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• Late-stage functionalization using radical chemistry 

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

Réactions de fonctionnalisation C-H & chimie médicinale

> Sulfinates and retrosynthesis

> P. S. Baran et al., Alkyl Sulfinates: radical precursors enabling drug discovery, J. Med. Chem. 2019, 62, 2256
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> Photochemical reactions: Norrish-Type 

> T. P. Yoon et al., Solar Synthesis: Prospects in Visible Light Photocatalysis, Science 2014, 343, 1239176

• Solar synthesis

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

Réactions de fonctionnalisation C-H & chimie médicinale
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> Visible Light PhotoCatalysis

> T. P. Yoon et al., Solar Synthesis: Prospects in Visible Light Photocatalysis, Science 2014, 343, 1239176

• Solar synthesis

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

Réactions de fonctionnalisation C-H & chimie médicinale
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> Visible Light Photoredox Catalysis

> D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363

Ru(bpy)3
3+ + e- → Ru(bpy)32+ - E1/2III/II = +1.29 V – Non reductant

Ru(bpy)32+ + e- → Ru(bpy)3
+   - E1/2II/I  = -1.33 V  – Non oxidant

ISC
InterSystem 

Crossing

MLCT
Metal to Ligand 
Charge Transfer

• Use of visible light

Ru(bpy)3
3+ + e- → Ru*(bpy)32+ 

E1/2III/II = -0.81 V – Reductant

oxidant

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

Réactions de fonctionnalisation C-H & chimie médicinale
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> Visible Light Photoredox Catalysis

> D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363

ISC
InterSystem 

Crossing
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Metal to Ligand 
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• Use of visible light

Ru(bpy)3
3+ + e- → Ru*(bpy)32+ 

E1/2III/II = -0.81 V – Reductant

Oxidative 
quenching 

cycle > 
Oxidation

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

Réactions de fonctionnalisation C-H & chimie médicinale
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> Visible Light Photoredox Catalysis

> D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363

Ru(bpy)3
3+ + e- → Ru(bpy)32+ - E1/2III/II = +1.29 V – Non reductant

Ru(bpy)32+ + e- → Ru(bpy)3
+   - E1/2II/I  = -1.33 V  – Non oxidant

Ru*(bpy)32+ + e- → Ru(bpy)3
+  

E1/2II/I  = +0.77 V  – Oxidant

ISC
InterSystem 

Crossing

MLCT
Metal to Ligand 
Charge Transfer

• Use of visible light

reductant

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

Réactions de fonctionnalisation C-H & chimie médicinale
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> Visible Light Photoredox Catalysis

> D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363

Ru(bpy)3
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• Use of visible light

Reductive 
quenching 
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Reduction

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

Réactions de fonctionnalisation C-H & chimie médicinale
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> Visible Light Photoredox Catalysis

> D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363
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• Use of visible light

Ru(bpy)3
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E1/2III/II = -0.81 V – Reductant
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• Application of catalytic C-H Functionalization
Total synthesis & Late-stage functionalization of natural products and drugs
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> Visible Light Photoredox Catalysis

> D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363

• Use of visible light

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

Réactions de fonctionnalisation C-H & chimie médicinale
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> Metallophotoredox catalysis

• Intermolecular HAT

> D. W. C. MacMillan et al., Native functionality in triple catalytic cross coupling, Science 2015, 352, 1304

Catalytic C-H Bond Functionalization Reactions• Application of catalytic C-H Functionalization
Total synthesis & Late-stage functionalization of natural products and drugs
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• Intermolecular HAT

> D. W. C. MacMillan et al., Native functionality in triple catalytic cross coupling, Science 2015, 352, 1304

E
.
 abstract δ-

‘hydridic’ H atom

Catalytic C-H Bond Functionalization Reactions

> Metallophotoredox catalysis

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

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

Réactions de fonctionnalisation C-H & chimie médicinale

• C-H Oxidation in the Laboratory
> Activation of alcohol

> DWC McMillan et al, O-H hydrogen bonding promotes HAT from a C-H bonds for C-alkylation of alcohols, Science 2015, 349, 6255
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• Introduction of oxetanes

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

Réactions de fonctionnalisation C-H & chimie médicinale

> M. Silvi et al., Oxetane synthesis via alcohol C-H functionalization, J. Am. Chem. Soc. 2023, 145, 15688

> Back to the chemistry of Oxetanes
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• Late-stage fluorination of peptides
> Visible Light Photoredox Catalysis

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

Réactions de fonctionnalisation C-H & chimie médicinale
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> Visible Light Photoredox Catalysis

• Late-stage C-H methylation

> DWC McMillan et al., Late-stage C(sp3)-H Methylation, J. Am. Chem. Soc. 2023, 145, 2787

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

Réactions de fonctionnalisation C-H & chimie médicinale
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• C-H functionalization and molecular diversity

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

Réactions de fonctionnalisation C-H & chimie médicinale

> X. Lei et al., Late-stage diversification of natural products, ACS Cent. Sci. 2020, 6, 622

> Molecular diversity in terms of substitution (in addition to the site-selectivity)

A relevant example of a 
catalyst-controlled reaction
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• C-H functionalization and molecular diversity

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

Réactions de fonctionnalisation C-H & chimie médicinale

> X. Lei et al., Late-stage diversification of natural products, ACS Cent. Sci. 2020, 6, 622

> Molecular diversity in terms of substitution (in addition to the site-selectivity) 1) CH bond nucleophilicity, 
2) steric hindrance to reagent approach, 
3) strain release in transition state formation.

equatorial C-H bonds are more reactive 
because of both the strain-release effect 
and higher steric accessibilities.
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• C-H functionalization for the improvement of physical properties

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

Réactions de fonctionnalisation C-H & chimie médicinale

> C-H Oxidation

> P. S. Baran et al., Improving physical properties via C-H oxidation, Angew. Chem. Int. Ed. 2014, 53, 12091
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• C-H functionalization and chemical biology

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

Réactions de fonctionnalisation C-H & chimie médicinale

> Identification of the biological target

The target identification process often requires natural product-derived chemical probes, which must retain activities comparable to those of 
the parent compounds. Conventional functionalization of natural products mostly depends on the pre-existing reactive sites present in the 
native structure, which are often required for biological activity. 

Synthesis of the EuPA probe via conventional chemical transformations is very challenging due to the limited number of reactive functional group 
handles within the EuPA skeleton.

Application of Rh-catalyzed selective C−H amination to EuPA gives probe EuPAyne (84) in one step as a 1:1 diastereomeric mixture at the macrocyclic 
allylic position without affecting the bioactive enone double bond, which may form a covalent bond with nucleophilic residues of the target 
protein(s). 

> X. Lei et al., Late-stage diversification of natural products, ACS Cent. Sci. 2020, 6, 622
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• C-H Functionalization and synthesis

> J.-Q. Yu et al., Advancing the logic of chemical synthesis: C-H activation and C-C bond formation, Angew. Chem. Int. Ed. 2021, 60, 15767

Réactions de fonctionnalisation C-H & chimie médicinale

> A landmark example: Quinine

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

> N. Maulide et al., C−H Activation Enables a Concise Total Synthesis of Quinine and Analogues, Angew. Chem. Int. Ed. 2018, 57, 10737

Réactions de fonctionnalisation C-H & chimie médicinale

> A landmark example of synthesis
> But there is room for improvement

> Opportunities in Medicinal Chemistry

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

Réactions de fonctionnalisation C-H & chimie médicinale

> A landmark example: opportunities

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

> N. Maulide et al., C−H Activation Enables a Concise Total Synthesis of Quinine and Analogues, Angew. Chem. Int. Ed. 2018, 57, 10737
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• Late stage C-H Functionalization

Réactions de fonctionnalisation C-H & chimie médicinale

> A general strategy

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

> T. Cernak et al., The medicinal chemist’s toolbox for late stage functionalization of drug-like molecules, Chem. Soc. Rev. 2015, 45, 546
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• Late stage C-H Functionalization

Réactions de fonctionnalisation C-H & chimie médicinale

> A general strategy

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

> T. Cernak et al., The medicinal chemist’s toolbox for late stage functionalization of drug-like molecules, Chem. Soc. Rev. 2015, 45, 546
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• Late stage C-H Functionalization

Réactions de fonctionnalisation C-H & chimie médicinale

> A general strategy

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

> T. Cernak et al., The medicinal chemist’s toolbox for late stage functionalization of drug-like molecules, Chem. Soc. Rev. 2015, 45, 546
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• Late stage C-H Functionalization

Réactions de fonctionnalisation C-H & chimie médicinale

> A general strategy

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

> T. Cernak et al., The medicinal chemist’s toolbox for late stage functionalization of drug-like molecules, Chem. Soc. Rev. 2015, 45, 546
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• Late stage C-H Functionalization

Réactions de fonctionnalisation C-H & chimie médicinale

> A general strategy

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

> T. Cernak et al., The medicinal chemist’s toolbox for late stage functionalization of drug-like molecules, Chem. Soc. Rev. 2015, 45, 546
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