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Molécules et Médicaments: de la découverte au développement

• Réactions de fonctionnalisation C-H et chimie médicinale
 
 Réactions robustes de la chimie médicinale
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 Late-stage functionalization
  

 

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

> C-C, C-O, C-N, C-B, C-Si Bond Forming Reactions

> New retrosynthetic strategies

> Structural core diversification
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 Réactions de fonctionnalisation C-H: challenges 

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 > not strongly nucleophilic.
> not highly electrophilic or sensitive to light.

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

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

• Reactivity

• Selectivity
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 Réactions de fonctionnalisation C-H: terminologie 

MLn

C H

C MLn

H

X C
H

C-H Activation
"Inner-Sphere" mechanism

X

90-105 kcal.mol-1

50-80 kcal.mol-1

GP X GP : N2, IPh

LnM X

C H

C-H Insertion
"Outer-Sphere" mechanism

“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.
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 Réactions de fonctionnalisation C-H : activation C-H C-H Activation by Oxidative Addition
 
• Mécanismes

Oxidative addition favored :
low valent electron rich transition metals Rh(I), Ir(I), Ru(0) 

(d8 low-valent 2nd & 3rd raw late TM complexes) 

posses high-energy dp and ds orbitals

> 4 General mechanisms

XXXXXXXXXXXXX
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 C-H Activation by Oxidative Addition 

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

16 e-

Dimer Ir(I) Monomer Ir(III)

Iridium-catalyzed borylation > Steric control
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 C-H Activation by Electrophilic Substitution C-H Activation by Concerted Metalated Deprotonation

• Mécanismes

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

oxidation states, such as Pd(II), Pt(II)

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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 Activation C-H: Groupements directeurs

• C-H Activation by s-bond metathesis • Native coordinating group

8-AMINOQUINOLINE

2-PICOLINAMIDE

• Bidentate Directing group
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  Activation C-H: Groupements directeurs
• Aryl/vinyl halides as Directing groups
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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

> Oxidative addition



Ph. DaubanMolécules et Médicaments – Chapitre 5c - 10

Molécules et Médicaments: de la découverte au développement

•  Réactions de fonctionnalisation C-H et chimie médicinale
 

 Réactions de fonctionnalisation C-H : insertion C-H 

• Carbène-Nitrène

> Concerted 
Asynchronous 

Transition State

Rh2L4
C

H

R11R
22

C HRh

R11 R22

CH

R22R11

N2

N2

Rh

R11 R22

δ+
δ−

O O

Rh Rh
R1 R2

N
N

> p-back-donation

O O

Rh Rh
R1 R2

N
N

R1 R2

N
N

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.

> Stereochemical probe

> s-donation

N
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N
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C
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Neutral, divalent carbon species containing 6 valence electrons Neutral, monovalent nitrogen species containing 6 valence electrons
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 Insertion C-H de carbènes 

• Reactivity
R1 R2

N
N

R1 R2

N
N

> R = EDG or Electron-Donating Group

> A COMPLETE REVERSAL IN THE REACTIVITY SCALE!!!

> 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
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  Insertion C-H de carbènes 

• Selectivity

H
R

H
R

R

H
R

RR

1o

2o

3o

Reactivity due to 
Electronic Factors

Reactivity due to 
Steric Factors

> The selectivity is controlled by a combination of STERIC and ELECTRONIC factors (Intra- and Inter-molecular reactions) 
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  Insertion C-H de nitrènes 

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

As in the case of carbenes
> The selectivity is controlled by a combination of 

STERIC and ELECTRONIC factors + BDE 
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 Oxydation de liaisons C-H 
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 Réactions de fonctionnalisation C-H : HAT : transfert d’atome d’hydrogène

• BDE: Thermodynamic factor
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 HAT : transfert d’atome d’hydrogène

• Polarity: kinetic factor

Electrophilic radicals abstract 
δ− ‘hydridic’ hydrogen atoms

Nucleophilic radicals abstract 
δ+ ‘protic’ hydrogen atoms
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 HAT : transfert d’atome d’hydrogène

Polarity: kinetic factor

An ELECTROPHILIC radical will react via a HAT to 
generate a NUCLEOPHILIC radical 

BDE: env. 96 kcal/mol

BDE: env. 90 kcal/mol

BDE: env. 90 kcal/mol

BDE: env. 105 kcal/mol

BDE (C-H) > BDE (S-H) > BDE (Si-H)
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 Réactions de fonctionnalisation C-H : la réaction de Minisci 

• Alkyl sulfinates

> Alkyl sulfinates: generally nucleophilic so will react with electrophilic p-systems at their more electron-deficient sites
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 Réactions de fonctionnalisation C-H : Applications de la réaction de Minisci 
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 Réactions de fonctionnalisation C-H : fluoration et méthylation 
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 Réactions de fonctionnalisation C-H : Propriétés physicochimiques (solubilité). Chemical Biology
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 Réactions de fonctionnalisation C-H : Applications en diversité moléculaire 

1) CH bond nucleophilicity, 
2) steric hindrance to reagent approach, 
3) strain release in transition state formation.
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 Réactions de fonctionnalisation C-H : Nouvelles rétrosynthèses et SAR en chimie médicinale 

> Opportunities in Medicinal 
Chemistry
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 Réactions de fonctionnalisation C-H : General strategy for late-stage C-H functionalization 
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 Réactions de fonctionnalisation C-H : General strategy for late-stage C-H functionalization 
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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
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

• 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

• 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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• 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

> Metallophotoredox catalysis

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

Réactions de fonctionnalisation C-H & chimie médicinale


