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e Introduction Réactions de fonctionnalisation C-H & chimie médicinale

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

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

Figure 1| Common chemical reactions in drug discovery and develop-
ment. a | The uptake of new chemical reactions is slow, and a few have
consistently dominated the past decades. The percentages of the five most
frequently used reaction types (amide formation, Suzuki-Miyaura reaction, R-X + R—OH R.__R' R stk
aromatic nucleophilic substitutions, amine Boc-deprotection and electro- o R/&O + R PPh,Br
philic reactions with amines) along with all other reaction types to produce X = Leaving Group, e.g. Br, |

(c) Ether formation (Williamson synthesis / Mitsunobu reaction) (j) Wittig reaction

P m P R'may be H
compounds in drug discovery programmes are given
(e) Sulphonamide formation
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1. Extending the medicinal chemistry synthetic toolbox and the chemical space

« Pourquoi un nombre limité de reactions ? Parce qu’elles sont robustes

In drug discovery “robust reactions” are reproducible chemical transformations with the fol-
lowing characteristics:

® Provide structures relevant for drug discovery

¢ Technically straightforward (no special equipment needed)

e Moderately sensitive to reaction parameters

Broad availability of starting materials and reagents
Broad functional group tolerance including polar functionalities
Time for delivery of the target compounds is reasonably short

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.

2
L 08 ICSh

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

Molécules et Médicaments - Fonctionnalisation C-H — Chapitre 1 - 3 Ph. Dauban




e Introduction Réactions de fonctionnalisation C-H & chimie médicinale

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

« Vers le développement de nouvelles stratégies pour un accés optimal a la diversité moléculaire

Robust late stage functionalization (LSF) can be a very useful drug design strategy. Although
similar molecules often show similar properties, small changes can lead to profound influence
on activity and properties.8? Strategic hydroxylation,!© fluorination,’ methylation? and intro-

duction of “necessary nitrogens” 1314 are examples where further synthetic innovation can
be highly impactful.
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1. Extending the medicinal chemistry synthetic toolbox and the chemical space

Vers le développement de nouvelles stratégies pour un accés optimal a la diversité moléculaire
Tactic 1: Hydroxylation

Hydroxylation can for example provide im- Late-Stage Functionalization
proved activity, selectivity, solubility and li- through
pophilicity. Reduction in lipophilicity can Microsomal Oxidation
improve metabolic clearance, although in- \

creased rates of Phase Il metabolism (e.g.

glucuronidation) can occur. Quite a few

chemical and biochemical and hydroxylation

methods are emerging. \ — /
o

* Reduced CYP oxidation
PDE2 inhibitor PDE2 inhibitor

lead (1) * Increased drug-likeness candidate (2)
(1LipE, tLipMetE)

o)
NH,CI
OEt b)/ch:Et )Hj
S o N PDE2IC 0.6nM PDE2IC_, 0.4nM

LipMetE 1.9 LipMetE 2.4
LipE 5.9 LipE 74

OH

Scheme 4. Synthesis of Candidate 2, Leveraging the
Symmetry of Diester—Imidazole 11

“Reagents and conditions: (a) K,CO;, H,0/EtOH, H,NOSO;H, 0—
25 °C, 78%; (b) DIPEA, 2-Me-THEF, reflux; (c) NBS, HOAc/MeCN,
70 °C, 48%, 2 steps; (d) 1,2,4-triazole, POCl;, NEt;, CH,Cl,; (e)
pyrrolidine, NEt;, CH,Cl,, 25 °C, 86%, 2 steps; (f) 10, Pd(dppf)Cl,-
CH,Cl,, Na,CO,, dioxane/H,0, 110 °C, 91%; (g) LiBH,, THF, 50

°C, 98%; (h) 1 M HCl, THF, reflux, 92%. .\gﬂ; s

J. Bostrom et al., Expanding the medicinal chemistry synthetic toolbox, Nat. Rev. Drug Discov. 2018, 17, 709 @
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1. Extending the medicinal chemistry synthetic toolbox and the chemical space

« Vers le développement de nouvelles stratégies pour un accés optimal a la diversité moléculaire
Tactic 2: Methylation Tactic 3: Fluorination

Strategic methylation can produce com- Aromatic fluorination is a common strategy
pounds with pronounced improvements in to reduce metabolic liabilities and improve
activity, safety and DMPK properties. biological activity. The fluorine can serve to
New late stage methylation methods with blocks C-H *hot-spots™ susceptible to PA50

regio- or stereochemical control could have oxidation. Aliphatic fluorines can reduce lipo-
A RS BLTBEEE philicity, modulate the pKa of ionisable cen-
9 y pRIposs: ters and add conformational rigidity to struc-
tures.

Solvent

‘ f
@Q» L ot
Ny T 13 R

Nonbasic Hydroxylation
amine

480 fold
F boost in
potency A H-bond

required maintained

i Metabolism
blocked

=>
ol -

Odanacatib

Figure 13 Use of nonbasic amine as amide isostere in the discovery of odanacatib.
A second fluorine blocks the oxidation of the isopropyl group to improve
pharmacokinetics.

ciglcsn
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1. Extending the medicinal chemistry synthetic toolbox and the chemical space

« Vers le développement de nouvelles stratégies pour un accés optimal a la diversité moléculaire
Tactic 4: Necessary nitrogens

The ubiquity of nitrogen heterocycles in drug
molecules reflects their importance in molec-
ular recognition and property modulation.®
New methods compatible with the presence
of aromatic nitrogens in intermediates, en-
ables the production of diverse and function-
alized hydrophilic compounds.

HO
Penicillin G Ampicillin
Gram positive activity Gram positive and negative activity
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« Introduction Réactions de fonctionnalisation C-H & chimie médicinale
1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

« Traditional approaches by Functional Group Transformations

Since 1950s

|
cn _?—FGz

X Atom and step economy X Atom and step economy
X Amounts of waste X Amounts of waste

X Selectivity v/ Selectivity

X FG tolerance /FG tolerance

The 1967 Mitsunobu inversion protocol Stille “C-C" Cross coupling reaction
PPh;

H
N : Pd© (catalyti 1_R2
(1.0 equiv) e g“ H R'-Sn(alkyl)3 R?-X —’I.(cajylc) = +  X—Sn(alkyl);
J\ 2 N co. Etr R‘/\R2 g Coupled product
R >y o V2

Et0,C” SN
(1.0 equiv) P R = allyl, alkenyl, aryl; R? = alkenyl, aryl, acyl; X = Cl, Br, I, OTf, OPO(OR),
» Typical reaction mass efficiency = 21%

* Discovery :- in 1978 john Kenneth stille
tolerate a wide variety of functional groups;
Are not sensitive to moisture or oxygen unlike other reactive organometallic compounds;
I _— __— Are easily prepared, isolated, and stored. The main disadvantages are their toxicity and
A addition” SR Nyl the difficulty to remove the traces of tin by-products from the reaction mixture.
EtO,C Z: PPhs Et0,C FI’Ph3 - 1. \ Organotin reagent contains bulky group that’s why reaction undergoes very slow and
T therefore it requires optimization.
Step #3:
H  COEt

= OH
NN
EtO,C

2% ®PPhs R1J\R2 Substitution
with inversion
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« Introduction Réactions de fonctionnalisation C-H & chimie médicinale
1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

« Synthesis using Catalytic C-H Functionalization Reactions

Since 1990s

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

@ ) ‘
%00 % 3,

H
C

bowl
Polyarene materials

/Atom and step economy
v/ Amounts of waste
/Selectivity

/FG tolerance

Quinine : > AN protein

Pharmaceuticals and
biological probes Bio- and synthetic polymers
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1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

Synthesis using Catalytic C-H Functionalization Reactions

Since 1990s

> C-C, C-0O, C-N, C-B, C-Si Bond Forming Reactions

from a c-Met N3
kinase inhibitor O” "OH from a Gibberellic
acid derivative
A\
“N

|
N-

/Atom and step economy
v/ Amounts of waste
/Selectivity

/FG tolerance

0 from Artemisinin
H CcO 2Me
aH

from 1- benzyl -3-phenyl-

triazole

[Si] = SiMe(OTMS),

: from Brucine
from Desloratadine
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« Introduction Réactions de fonctionnalisation C-H & chimie médicinale
1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

« Synthesis using Catalytic C-H Functionalization Reactions

Since 1990s

> New retrosynthetic strategies
TRADITIONAL APPROACHES:

TRANSITION METAL-CATALYZED
CROSS-COUPLING PROCESSES:

/Atom and step economy
v/ Amounts of waste
/Selectivity

/FG tolerance

C-H BOND FUNCTIONALIZATION:

H FG FG

R1_X + K’)\RS : R1/YkR3

2 .
R® 3 R 2 e csn

D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67 @
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1. Catalytic C-H Functionalization Reactions vs. Functional Group Transformations

« Synthesis using Catalytic C-H Functionalization Reactions

Since 1990s

> Structural core diversification

one step one step

structural core

/Atom and step economy .—X one step
v/ Amounts of waste

/Selectivity

/FG tolerance

| A\
Y

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

« Synthesis using Catalytic C-H Functionalization Reactions

Since 1990s

/Atom and step economy
v/ Amounts of waste
/Selectivity

/FG tolerance

What kind of reacti

Aromatic Alkene
substitution  oxidation o)

H
0 X

N/ HN\n/
O)\ °

Amide
chemistry

Carbonyl
chemistry

Directed

C(sp?)-H

Allylic HAT  Activation
C-H Bond H H H 0]

A

N"H

H a-Nitrogen

0] C-H Bond
Directed
C(sp?)-H
Activation

Benzylic H
C-H Bond

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

NHR Amino acid
CF3 chemistry
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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.

BDEs of C—H Bonds (kcal mol)

Bond Dissociation

H

H H H H H H

|‘| \ cH, eHeH, )\ \)\ /ﬁ\ Energy
133 113 11

H
Bond kcal /mol (kJ/mol)
105 101 99 98 97 99 (413)

H 83 (347)

H H H
v \)\ @ H3C\0) 73 (305)
86 (358)

Source: Blanksby, S. J.; Ellison, G. B. Acc. Chem. Res. 2003, 36, 255-263.

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

> The challenge in C-H functionalization is also attributable to a high kinetic barrier to reactivity
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2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms

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.

Strongest C-H bond B ciassical electrophilic aromatic substitution
ox. addn. preferred
\ I EDG

H R
i H fast reactivit
Similar ™™ H R '\ ast reactivity

s towards an electrophile
reactivity

E+
slow reactivity
towards an electrophile

L

Weakest C-H bond

radical can abstract EDG = Electron donating group EWG = Electron withdrawing group

Reg|0|somer|c mixture

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.

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

4. Control of the mono-functionalization

5. the introduction of a C-X bond might change the reactivity of a whole molecule.
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« Introduction Réactions de fonctionnalisation C-H & chimie médicinale
2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms

« General mechanisms: Catalytic C-H Activation

«Formation of an organometallic intermediate: Inner sphere mechanism

Directed reactivity

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

FG
R X
R /X\kMLn I R /x\ /R
H R M\H R
' e
10

1-2

i RW R? RW R?
SRR —
FG X

FG\ H i i FG—ML,
ML,

X =C, O, N, Halide

e&icsn
D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67 @

Molécules et Médicaments - Fonctionnalisation C-H — Chapitre 1 - 18

Ph. Dauban



e Introduction Réactions de fonctionnalisation C-H & chimie médicinale

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

« General mechanisms: Catalytic C-H Activation

«Formation of an organometallic intermediate: Inner sphere mechanism

Directed reactivity

FG
R /X‘ML,, | RX R R X
H R M R
—— " ———-
10

1-

RWW ng(aﬁ/nz RYQ(RZ
BT B
FG\ H FG—ML, FG X

ML, X =C, O, N, Halide

i SHls CHs  Since C(sp2)-H bonds are, in general, stronger than C(sp3)-H bonds, it might
O wed

H3C_5_H H3C—g;|l3-| appear that the activation of C(sp®)-H bonds would be less challenging. While

113 keal/mol 111 kcal/mol 101 kcal/mol 99 kcal/mol 97 kcal/mol  this is true in reactions that proceed via homolytic bond cleavage, it is not true
Rh for metal-catalyzed C-H bond activation as we must consider the relative
485 520 416 keal/mol strengths of M-C bonds generated. In general, a metal-C(sp3) bond is weaker

589  62.4 50.3 kcal/mol than a metal-C(sp?) bond.
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2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms

« General mechanisms: Catalytic C-H Insertion

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

Reminiscent of C-H oxidation mediated by cytochrome

R R
H X=ML, 4 :_ X,H
AN, — f/X‘ML" —— ﬁ
= X 9 0-1( Y/go 0-1( Y/gO
R=C,N

OH oM OH
Alkanes

- Engineered P450s
Chemo-activated P450s
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2. Catalytic C-H Functionalization Reactions: challenges & general mechanisms

General mechanisms: Terminology

«C-H Activation / C-H Insertion / C-H Functionalization

“C-H Activation”

The replacement of a C-H bond by a C-M bond, where M is a transition metal. “C-H Insertion”

“Activation” in this sense means the replacement of a relatively unreactive C-H bond  The reaction of a electron-deficient species such as a carbene or a nitrene or a
with a C-M bond, which can much more easily functionalized. A C-H activation followed  corresponding (metal)-carbenoid or —nitrenoid that inserts between the C and
by a reaction from C-M to C-X is therefore a key part of a C-H functionalization. the H atom of a C-H bond.

GP : N, IPh

KT

L,M=X

<

“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 ‘iﬁlcsn
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. %

Molécules et Médicaments - Fonctionnalisation C-H — Chapitre 1 - 21 Ph. Dauban



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

General mechanisms: Radical processes

«Hydrogen Atom Transfer & Radical Addition

radical
formatlon

Yj\

H

H.transfer B(OH)s

+
3042-

Ar-B(OH),
SO, $,042-
radical

trappmg Ag(l)  Ag(l)

84 85 86

Conanine

D. Sames et al., C-H Bond Functionalization in Complex Organic Synthesis, Science 2006, 312, 67
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e (Catalytic C-H Functionalization by C-H Activation
1. Mechanistic considerations

« The elementary step of C-H Activation

C-H Activation
"Inner-Sphere" mechanism

—C-H
/

N
—C-ML,,
/

[N

> How is it formed?

X

Réactions de fonctionnalisation C-H & chimie médicinale

> 4 General mechanisms

Oxidative addition

MO KXNOOHHAKK

Electrophilic substitution
H

y_ v
E ‘ H

X
_+ X amy

Base-assisted metallation
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1. Mechanistic considerations

C-H Activation by Oxidative Addition

Nucleophilic C-H activation

G)

o*C-H
Oxidative addition favored :

low valent electron rich transition metals (d® low-valent 2nd &
3rd raw late TM complexes)

posses high-energy dm and do orbitals

ocC-H

Interaction from a metal-based occupied
dm orbital to the o* orbital of the coordinated C-
H bond (reverse CT)
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e Catalytic C-H Functionalization by C-H Activation Réactions de fonctionnalisation C-H & chimie médicinale

1. Mechanistic considerations
C-H Activation by Oxidative Addition

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

R3 RU"(';(gg.l)élpo/P)hé))a Rqu(CO)(PPh3)3
Time > . l/\w

toluene, 135 °C
(100 mol%) (100-600 mol%)

Selected examples:

0O 0o O 0o
Si(OEt)s Ph
Ph

2 h, 93% Yield 48 h, 36% Yield 1 h, 84% Yield, 6:1 (linear:branched)

Si(OEt); Si(OEt)s Sl(OEt)3

R

0.5 h, quantitative N.R. 48 h, 99% Yield
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e (Catalytic C-H Functionalization by C-H Activation
1. Mechanistic considerations

« C-H Activation by Oxidative Addition

> Steric control

Bu
Monomer Ir(lll)

Dimer Ir(l) \_
COE
PinB.. | \BPin

vil~
N, | N=
/_ N
BPin By

o

PinB,., .BPin

Ir
vil~
N. | 'N=
TN
BPin By

BHPin o4
8

16 e

7

Ir(H1)/1r(V)
catalytic cycle

B

i
PinB

1

: H
PinB.) $\BPin

Réactions de fonctionnalisation C-H & chimie médicinale

1,3-disubstituted arenes
Cl HBpin Cl

/@\ [I(COD)Cl], Cat. /@
cl H Ligand= dtbpy cl Bpin

1 2

® Regioselectivity controled by steric effects

e,

Oxidative
addition

Ir

viv
N, | N=
/_ N
RDin
u BPin Bu
9

Reductive
elimination
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1,2-disubstituted arenes
HBpin

R4
Rz [I(COD)CI], Cat.
3 H Ligand= dtbpy
H
Ry Ri
oL
+ S A—
4a Bpin 4b 1l
Bpin

mixture of isomers

D. Maiti et al., Arene diversification through distal C(sp?)-H functionalization, Science 2021, 372, 701
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1. Mechanistic considerations

« C-H Activation by Electrophilic Substitution

Electrophilic C-H activation Nucleophilic C-H activation
@ @ Electrophilic substitution favored :
QG*C-H Electron poor, late transition metals in high oxidation states,
such as Pd(ll), Pt(I1), Rh(lI1), Ir(11l) and Ru(ll) > Lewis acidic
metals

!
\
do Y

AN

[ )
I\
\
o Bl
dn + g oC-H

Reverse CT (Ectq) |Forward CT (Ecto) Reverse CT (Ectq)| Forward CT (Ect2)
M — CH M =— CH M— CH M= CH

possess low-energy dnt and do electrons

the electronic properties of the arene play a fundamental role
Works better with electron-rich arenes
Often analogous to Friedel-Crafts mechanism

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

Electrophilic palladation

o i Pd(Il) " Pd(ll)
< 5 Pd(Il) ' = </ \E

H "Wheland-like intermediate"

electron-
rich

arenes )

‘3 ICSN

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

« C-H Activation by Concerted Metalated Deprotonation

Concerted Metallation
Deprotonation (CMD)

* internal base C—H deprotonation via six-membered TS
« little charge buildup during TS, donating ligands tolerate«
« relative basicity of C-H bond and internal base critical
[Step 1] « often preceded by agostic complex formation
M = Pd
(this work)

Covalent (3c-2e)

AGOSTIC INTERACTION:

It most commonly refers

/H 18~23A to a C-H bond on a ligand
R—E that  undergoes  an
90 ~ 140° interaction  with  the

8 metal  complex.  This

agostic interaction closely

(T tallation) / a donation resembles the transition
tep ) e on state of an oxidative

Reductive elimination OcH addition  or  reductive

elimination reaction.

Coupling product
pling p o

2
e ICSh

. Poli, Metal-catalyzed C-H Bond Activation/Functionalization: the Fundamentals, J. Mol. Catalysis A: Chemical 2017, 426, 275 @
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1. Mechanistic considerations

« The Fujiwara-Moritani reaction : electrophilic substitution

(A) (B) General catalytic cycle

Mizoroki-Heck reaction H  c.H activation

PR -< [O] 1 HX
Y \ \ Pd"X
i {)\ ﬁY = E 2 - N > 2
X

Pd° @=rd'x
X = halide, triflate, etc. Y\:
R
Fujiwara-Moritani reaction

Pd(ll)

5
B0 ‘N’ Pd(OAC), (5 mol%)
Pd~ Cu(OAc), (1 equiv.
/>_CH3 Rz\)\ gl O >
S .5 DCE:AcOH (1.5:1)
(@) ( : equw.) 60 °C

3
Pd(OAc), R2 s R
No directing group
No ligand R4

70-90%

2
e ICSh

Pd-catalyzed oxidative arene C-H alkenylation reactions, Trends in Chemistry 2022, 4, 495 @
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1. Mechanistic considerations

« The Fujiwara-Moritani reaction : concerted metalated deprotonation

(A) (B) General catalytic cycle

Mizoroki-Heck reaction H  c.H activation

=~ (O] I HX
% Pd'X
RE S P90 g€ o Sl
X Y 5 Pd° @.

X = halide, triflate, etc.

Fujiwara-Moritani reaction

" Pd(ll) N
- Y  -HX

Syn p-elimination

OAc
/
Pd.g P PR32 equiv)

" )—CHs ’ PA(TFA), (5 mol%)
H—0 Cu(OAc), (2.1 equiv.)

(b) NHTS ™ chaeN, 120 °C
Pd(OAC),

Directing group 29-89%
No ligand

Pd-catalyzed oxidative arene C-H alkenylation reactions, Trends in Chemistry 2022, 4, 495
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Chimie Médicinale : introduction et princines généraux

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

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

2
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2. Heteroatom-directed C-H Functionalization

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

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

LPd(ll) N N=

Selectivity Guidelines:

/

5-member (a) metallacycle
is favored over 6-member (c)

L
/

1° Csp®-H (a) is favored
over 2° Csp*-H (b)

DG = Various N- and O-donor P A
neutral and anionic groups. .

L m directed Csp>H functionalizations, activation generally occurs at \
~("Tn the most sterically-accessible (e) site resulting from a 5-member
chelate; electronics have little effect on reactivity

Figure 4. General Strategy for Directed C-H Functionalization OAc
N

acetoxylation d |
——
conditions \@ﬁ\
OAc
.OAc

acetoxylation i

—
conditions

o

Figure 6. Directed Organometallic C-H Functionalization Selectivity f’,ﬁlcsn
Demonstrated with Acetoxylation? ‘\g,\,

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

« Nature of Directing groups for C-H Activation

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

> Mono-dentate DG

Functionalization
(FG)

. FG'
ﬁfG H_{L ORO NR2 1{&
L ‘a,ﬂ 0 0

| via metallacycle H)\\ R ‘L{N\n/ L'KH\H/NMGQ % NMe, w N

LI L 2 0 B

Some important chemical functions that act as a monoden-
tate directing group.

2
e ICSh

N. Chatani et al., Strategic evolution in Metal-catalyzed directed C-H Bond Activation, Coord. Chem. Rev. 2021, 431, 213683 @
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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(sp?)-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

« 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

- Aremovable 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(lll) or -(IV) species

OMe

8-AMINOQUINOLINE 5 mol% Pd(OAc),
Arl, AgOAc, 110 °C
NH

_N | o

O Me ~-N o
1-8, 92%

2-PICOLINAMIDE ) N
@ 5 mol% Pd(OAc), OYO oM
Arl, AgOAc, 130°C N ©/
%

HN A~
1-11, 76%

2
e ICSh

N. Chatani et al., Bidentate Directing Groups, Chem. Rev. 2020, 120, 1788 @
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2. Heteroatom-directed C-H Functionalization

N,N-Bi-Dentate DGs

> 8-Aminoquinoline: functionalization of carboxylic acids

8-aminoquinoline
(AQ)
NH2 o

X s A

R™ CI 4 solvent, temp., time R™ TAQ

Figure 15. 8-Aminoquinoline Directing Group Installation

Common Conditions

Solvent: CH,CI, (0.66 M)

8-Aminoquinoline:

Acid Chloride:

1.0 equiv.

1.5 equiv.

Temperature: 230

Time: 6 h

0
Pd(OAc), : %
| e ¥
N_~ -HOAc dn N._J —HOAc Pd” Nes

1 OAc
J R

>ﬁ a* ine
" N

base 5;:)® Pd" “reductive —pgV

N

eliminaton |/ \R N

7

Réactions de fonctionnalisation C-H & chimie médicinale

0

LPd(ll), LAg(l),
T AR+ Al -
LA H solvent, temp., time

Figure 16. 8-Aminoquinoline as Directing Group in C-H Arylation

Common Conditions

Solvent: neat, under air atmosphere

Aryl Iodide: 4.0 equiv.

Pd(II) Source: Pd(OACc), (5 mol %)

Ag(I) Source: AgOAc (1.1 equiv.)

Temperature: 1702

Time: 5 min-5 h

0 base 0
RJ\ < RJLOH

AQ solvent, temp., time

Figure 17. 8-Aminoquinoline Directing Group Removal

Common Conditions

Solvent: ethanol

Base: NaOH (15 equiv.)

Temperature: 130 °C

Time: 72 h

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

N,N-Bi-Dentate DGs

> A rich chemistry

me " Fm
i .-\ Allylation
. me S y

4 Alkylation
F/CI/Br/I

Halogenation

0\

OR/SR/SeR
Chalcogenatlon

fFG

| Alkenylatlon

L0

Fm = Arylation
Amination

\ <“”‘
fm/ SN

AIkynyIatlon
CF; Fm f Fm

Tnfluoromethylation - Annulatlon

Carbonylatlon Cyanatlon

> BUT not really step-economical

Removable directing group assisted C-H bond functionalization

EHn\FG (“FFG”)
N DG

H " OH
ﬁFGﬂ
M—DG

via metallacycle

Installation of
a directing group (DG)

Functionalization
(FG)

4 N‘EH\FG/W

FG'

Removal of
a directing group (DG)

Réactions de fonctionnalisation C-H & chimie médicinale

| Traceless directing group (DG) assisted C-H bond functionalization

E*F : EH\FGﬂ
L H %

installation
of DG

One step process
(C-H functionalization & removal of DG)

FG'

nFG

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

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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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

Insertion
then
reductive

elimination
—_—

R

Reductive
elimination
_>

R Pd(0) R Base
H idati H
X oxidative Pd CMD Pd B-

addition *X -HX elimination
_>

> The oxidative addition brings the palladium
catalyst close to the C-H bond, thus facilitating

the C-H activation through cyclopalladation
trans-

metallation
—

> The Halogen can be considered as a traceless DG

0. Baudoin et al., Functionalization of organic molecules by TM-catalyzed C(sp3)-H activation, Chem. Eur. J. 2010, 16, 2654
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3. Oxidative addition-directed C-H Functionalization

« Aryl halides as DG

> Historical background  \Which mechanismf How a Pd(ll)

» Dyker Me initial step (o)

o} + DMF Pd(OAc), ~ 2PPh; PPhs
Pd(OAc), (10 mol %) O J<N___Pd(OAC) — E AcO-Pd;0Ac
2 (I
DMF, 110 °C iy

e ‘
7 + Pd(0) Pd(0)PPhs(OAc) <——

L ?
or the C-H activation step? complex can be engaged in an

f oxidative addition?

+©0Ac + AcOH
> Oxidative addition \

®
PhsP—OAc

Ar
xpa! X—PdlV ®
+H,0 | -H
Me ArBr \
Me (jjﬁye o
A1 A2 A3 I

PPhs + AcOH
Ar Me  Me Ar Me s

e

Pd"X I
Pd
A4 A5

_>7

I o .
. i s
@[ )H Pd(QAc), (10 mof), How can you explain the formation of thi
K,CO3, nBu,NBr
O 2 3 4 )

9
DMF, 100°C O polycycle*

2
90% agiCsn

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

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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1. Mechanistic considerations

« The elementary step of C-H Insertion

C-H Insertion
"Outer-Sphere" mechanism

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

GP=X GP : N,, IPh

R2: o
/ E ° Im,,"'
C :

w1 N 3
'm,R1 i R/

Carbene Nitrene

L,M=X

> How does it react?

—C—-H
/

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

2
e ICSh

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

General background on carbene/nitrene species

> Electronic configuration

R %,
,"l, e, "0,.

6 1 /C . N Carbene : Nitrene 6 2 ., /
R’ R’ R

Singlet state Singlet state Triplet state Triplet state

> 2 electron shared with p orbital and o orbital

> resembles biradical
> Typical angle & (calculated) : 130-150 °

> unshared electron pair (o orbital) and empty p orbital
> Ambiphilic: paired electrons = Nu : empty orbital =
>many R & R' groups can stabilize singlet carbene (more than triplet carbene).
> Typical angle @' (calculated) : 100-110°
. . b. For a free carbene interacting with a C-H bond:
* Triplet more stable than singlet (R=H, alkyl)

C-Ho C-H o*
Singlet R—QQ"“‘R —_— C%
0® S Wy $ ““

The frontier orbitals of carbene carbon center and the C-H bond were
both 2p or 2p-hybridized orbitals, which matched perfectly with each
other at energy level. Besides, their frontier orbitals were also
symetrically matched, offering them possibility to get a very good
overlap.

RC:=R Triplet

* Unless, added stabilization possible (X=0, N, S, halogen etc.) Free carbenes: great reactivity but poor selectivity.

R H

R Q..
C - X—C
®

ey

2x3°C-H, 12 x1° C-H y ]
8 * @9} (CSN

H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417 @
Ph. Dauban
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e (Catalytic C-H Functionalization by
1. Mechanistic considerations

« General background on METAL-carbene/nitrene species > _ with two molecules of water bound

C-H Insertion

> Dirhodium(ll)-Carbene/Nitrene complexes

Based on their unique molecular and electronic structure, Rh(Il) 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.

Fischer carbene complex

T

d
dr " ; e
G %_»

Fischer carbene complex Singlet metal-

free carbene
_ LR R
LM< ~= LnM=
R R

favored
A E =~ 8 - 10 kcal/mol
Large AE
In Fischer carbene,

to carbene, so the carbon
center of the carbene is
more electronphilic than
the metal.

LUMO is closer in energy sp? A

¢ Formed by a singlet free
carbene and a late TM with
a low oxidation state (a low
energy d orbital).

¢ Electrophilic carbene

'l " Metal d-orbitals

/ LUMO

e

J. Am. Chem. Soc. 1984 106, 1576

H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417 @
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to the apical positions

Diazo Decomposition:

Carbene
o—interaction

*
Ncarbene = © Rh-Rh(d,2)

7 back-bonding

T'Rh-Rh(dxz) = Pcarbene

o* Rh-Rh (d,2) .j‘i@csn
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1. Mechanistic considerations

« General background on METAL-carbene/nitrene species

> Mechanism of Rhodium(ll)-catalyzed C-H insertion > c-donation

R
. Ny

~_—R?

R,

Rh
~ | o
> n-back-
donation

iminoiodane

RO,SN= Rh—Rh
7| 7|

2
e ICSh

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

« General background on METAL-carbene/nitrene species

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

For a TM carbene interacting with a C-H bond:

drn /" S A\CH o

&
~
~
<\
i~
\\\ “"l
~

C-H o to empty pn of carbene
filled to empty d

R1 _

/

,Cf“

—— Rh—\o

> Concerted
3-centers 2-electrons
Transition State
e&icsn

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

« General background on METAL-carbene/nitrene species

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

R s

Shown here is a scheme that shows the 3 /
-~ .- 6+

possible conformations of the key step in this H~- C ~

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 > Concerted

shown in the calculations transition state C Asynchronous
was found to be the most favorable. Transition State

(o] a=90°
o~ 117-165°

2
e ICSh

H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417 @
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1. Mechanistic considerations
« General background on METAL-carbene/nitrene species
> Mechanism of Rhodium(ll)-catalyzed C-H insertion: concerted pathway and test experiments

> Stereochemical probe

Evidence for a singlet carbenoid species: 3-centered, 2-electron transition state.
C-H Insertion is Stereospecific

H3C O
Rh,(OAC), CO,CHg3

CO,CHj

—_—
/‘CH3 N2 CH2C|2 kK
H3C CHs

96% ee
96% ee

Taber J. Am. Chem. Soc, 1985, 107, 196

H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417
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e (Catalytic C-H Functionalization by C-H Insertion
1. Mechanistic considerations

« General background on METAL-carbene/nitrene species

> Mechanism of Rhodium(ll)-catalyzed C-H insertion of nitrene Me  NHTces

[Mn"(CIPc)]CI (10 mol%)

AgSbFg (10 mol%) OAc

>

Phi=NTces (2 equiv.)
CgHe, 40 °C

> A more complicated picture
PhI(CO5R"), + HoNR

)

Phi=NR

52, 99% e.e. 53, 0% e.e.

product Concerted C—H
Insertion Pathway
L (Rh")

enantiomerically
pure

Me. _A__O._ _NH
R gl

4 O
[RN;(OzCR)4]
PhI(OAC),, MgO

]

HNJ<

o)

CHs l racemic
L
{
|

Me

Me e

5 10 20 30 three—centefed
t/min —

Concerted asynchronous insertion:

-examples: Rh

-turnover-limiting step is normally
formation of iminoiodane
-three-centered transition state
-reactivity trends are dictated by the
electron density of the reacting site
(e.g. more electron-rich C-H bonds,
such as 3°, are more reactive)

Radical C—H Abstraction/
Rebound Pathway
(Fe', pu', cu', Mn')

K

R™ Ro

Radical C-H abstraction/rebound:
-examples: Fe, Mn, Cu, Ru, Ag, Co
-turnover-limiting step is normally C-H
abstraction

-carbon-centered radical intermediate;
lifetime of intermediate can be tuned
by changing metal and ligand
environment around metal center
-reactivity trends are dictated by the
BDE of the reacting site (lower BDE =
more reactive)

2
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H. M. L. Davies et al., Catalytic C-H Functionalization by Metal Carbenoid and Nitrenoid Insertion, Nature 2008, 451, 417 @
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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

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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e Catalytic C-H Functionalization by C-H Insertion Réactions de fonctionnalisation C-H & chimie médicinale
2. Carbene chemistry

« General trends in catalytic carbene C-H insertion

> Diazo vs. Carbene Diazo ester Metal carbene

N
)

Increased oa R
stability ‘N=N=C_
A Change of polarity

| —

Increased R =H.alkyl,aryl  EWG = CO,R, CONR, COR .N_% %/R
. — — \

/" CO,R’

reactivity <

\ Nucleophilic Electrophilic
center center

> A COMPLETE REVERSAL IN THE REACTIVITY SCALE!!!
More stable and selective

ML, ML, ML,

. A N

EWG EWG H™ EWG EWG EDG

Acceptor/Acceptor metal carbene  Acceptor metal carbene Acceptor/Donor metal carbene

A

<
N

More electrophilic and reactive

EWG = CO,R, COR, CONR,, CN, PO(OR),, CF3
EDG = vinyl, aryl, heteroaryl P
M = Pd, Rh, Ru, Cu, Ag, Fe, etc @e,Csn

HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857 @
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2. Carbene chemistry

« General trends in catalytic carbene C-H insertion

> Reactivity of metal-carbenes

M M M M

PR N PR X

EWG EWG H EWG EDG EWG R/H EDG

Acceptor/Acceptor Acceptor-only Donor/Acceptor Donor-only

> Suitable for intramolecular reactions > Suitable for intermolecular reactions
Issue in intermolecular processes: dimerization The donor group has a stabilizing effect, reducing
R R the electrophilicity of the carbene. Its lifetime is

nucleophilic 2 . sl
N > \er . increased, thus the selectivity is improved

. R R' . .

N,/|M  Umpolung of Reactivity == y—¢ The starting diazos are often unstable
R R Recent studies have demonstrated their

, , side reaction

_>R\|\[/|rR . clectrophilic R R | utility in intramolecular reactions

'M'

Scheme 2 Homo-dimerization of diazo precursors.

2
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HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857 @
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2. Carbene chemistry

« General trends in catalytic carbene C-H insertion

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

B intramolecular C-H insertion > intermolecular C-H insertion

B 5-membered ring formation > other size ring formation

o O

Rh(OAc),

C02 Me \ \COQMe

N, CH,Cl,

r ot

nCgH7
> High selectivity for 5- 68%
membered ring formation
explained by a highly J‘O

ordered TS \r’°| Rh-o CO-Me Ph .wCO,Me
Rh-o)\ 7 ha(OCt)4
—_—
" /—‘ Na CH,Cl,
w_k@ 91%
N.®

Me
24

CO,R

H
W\‘g Rh2L4 ; 7 equitorial

Me ‘Me
27 31 cig’lcsn

HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857 @
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2. Carbene chemistry

« General trends in catalytic carbene C-H insertion

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

> 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

R'_s R®
\6[-( | | EDG > Stabilizing effect
~... 6+
et ’C\\ EWG > Destabilizing effect

O

H
No O Rh(Il) /d\ﬁ
—> Me CO,Me
Me

83%
exclusive product

i 0
@ = Rh(ll)
(o) EDG
(6 O MeO -
0*cH
H H

Stork Tet. Lett. 1988, 29, 2283 -
ciglcsn

HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857 @

Molécules et Médicaments - Fonctionnalisation C-H — Chapitre 1 - 54 Ph. Dauban



e Catalytic C-H Functionalization by C-H Insertion Réactions de fonctionnalisation C-H & chimie médicinale

2. Carbene chemistry

« General trends in catalytic carbene C-H insertion

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

Reactivity due to Electronic Factors R . R2/

.o 6+
10 _/—H \[(’C\\

R _—

No
N2 N2 N2 [ 0
L B L 0 i 0
/\\X ’ /\t/[ ’ \/\X ’
R
R R R R

Taber, JACS 1986, 108, 7686.

Ny Unusual result:
|

0 researchers since have
found that allylic and
X benzylic C-H bonds are

2%allylic = 3:1 actually highly reactive

2
e ICSh

HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857 %
Ph. Dauban
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2. Carbene chemistry

« General trends in catalytic carbene C-H insertion
> Site-selectivity (or regioselectivity) issue: Rh-complex parameters
> 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

Reactivity due to Electronic Factors R . R2/

,—H
A" R

[ o O
(0]
o, zjq
CO,R
CO,R
2° C-H insertion 3° C-H insertion

Catalyst Ratio.
Note: [Rha(OAC)4] 37 :63
acam: acetamide [Rhy(TFA)4] 56 : 44
TPA: triphenylacetate [Rha(acam),] 14 : 86
Piv: pivalate ‘BuzCO,H [Rha(Piv)y] 37 :63
BzO: benzoic acid [Rhy(OBz)4] 54 : 46

TPA: OCOCPh; [Rh,(OCOCHPh,),] 64 : 36
[Rh,(OCOCMePh,),] 82:18

Y [Rhy(TPA),4] 96:4 Y
bulkier less hindered C-H favored

Reactivity due to Steric Factors Angew. Chem. Int. £d. 1994, 33, 1797

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

« General trends in catalytic carbene C-H insertion
> Site-selectivity (or regioselectivity) issue
> 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

Reactivity due to Electronic Factors R . R2

\ﬁ:C/6+
N
\-

1° C-H sterically favoured
electronically disfavoured

2° C-H sterically favoured ﬂ 2° C—H sterically favoured
electronically favoured \ CH, / electronically disfavoured

EDG H EWG

3° C-H sterically disfavoured
electronically favoured N
Reactivity due to Steric Factors @5y /CN

HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857 @
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2. Carbene chemistry

« General trends in catalytic carbene C-H insertion
> Site-selectivity (or regioselectivity) issue: substrate parameters
> The selectivity is controlled by a combination of STERIC and ELECTRONIC factors

hen rationalize the > INTERMOLECULAR Carbene C-H Insertions

redict t
Can youp these examples?

site-selectivity{ in

H

OMe OMe
TMSO\T/A\T/J:::]/ AcO\T/A\T/I:::]/
H H H H

2
‘%J5ﬂ

HML Davies, Guiding principles for intermolecular C-H functionalization with rhodium carbenes, Chem. Soc. Rev. 2011, 40, 1857 @
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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

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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e Catalytic C-H Functionalization by C-H Insertion Réactions de fonctionnalisation C-H & chimie médicinale

3. Nitrene chemistry

« Catalytic C(sp3)-H amination mediated by iodine(lll) oxidants

> Seminal papers
O

2 H
\/"k/o NH PhI(OAc),, MgO HN% . QP Phi(OAc),, MgO
\n/ 2 > \/:k/o ‘ S >
5 5 mol% Rh,(OAC), Y 2% 2 mol% Rhy(OAc), 919

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

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

> General trend in intramolecular reactions: 5 vs. 6-membered rings

H XNH, 1-2 mol% 3 HN-X

G > Rt/ D
R Phi(OAC),, MgO RN n

0] NTces Q\S/,O O\\S/,O
HN” " ~NBoc HN" 0

HN HN
1, 1, '
J. Am. Chem. Soc. 2004, 126, 15378 RY A NTees R/ NH R1“%\) R1“;\/ NTroc
R2 R2 R2 R2
31-93% 30-91% 73-99% 25-88%
7 examples 6 examples 11 examples 8 examples

Teces: O 0O ] ¥ \]

CISC/\O/S}‘ Natural .prog:lucts 1,3-diamines 1,2-diamines
saxitoxin

2
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P. Dauban et al., Dirhodium(Il)-catalyzed C(sp3)-H amination using iodine(lll) oxidants, Adv. Organomet. Chem. 2015, 64, 77-118 @
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3. Nitrene chemistry

« Catalytic C(sp3)-H amination mediated by iodine(lll) oxidants

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

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

Regioselectivity

, Benzylic, allylic, 3° C-H bonds
" Sites adjacent to EDG

1° C-H bonds
Sites adjacent to EWG

Impact of conformational and stereoelectronic factor

Rh,(OAc), cat. o)

ess which C-H bond will ‘ c; :’AZI(()OAC)Z O~o P A

Can you gu o

react?

THF

2
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P. Dauban et al., Dirhodium(Il)-catalyzed C(sp3)-H amination using iodine(lll) oxidants, Adv. Organomet. Chem. 2015, 64, 77-118 %
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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

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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e (Catalytic C-H Functionalization by C-H Insertion
4. C-H oxidation

« C-H Oxidation in Nature

> Taking inspiration from Cytochrome P450

Biological Oxidation: Cytochrome P-450

Me Me Me
N o Me p450cav o
HO,C =
H

HO,C
Protoporphyrin IX

OH
<2% 15% 22%

ACO/\/\/\/\
17% 21% 24%

Fe(porphyrin)
cat.

Réactions de fonctionnalisation C-H & chimie médicinale

—_—
(1 equiv.)*
8% GC yield” (oxidant)
0.24% (substrate)

@

33 equiv.

Early examples of non-enzymatic aliphatic C-H
oxidations used large excesses of substrates,
with low yields and poor selectivities when
multiple sites of C-H oxidation were possible

Mn(TDCPP)CI

Ho0,
—_—

n=2 o n=2 n=2

GC ratios:
64%

n=2

excess
28% 3% (+4% 1-isomer)

7% GC yield (oxidant)
Fe(TPP)X 0.34% (substrate)
Mn(TPP)X Groves JACS 1979, 101, 1032.

Mansuy JACS 1988, 110, 8462.

OAc

Molécules et Médicaments - Fonctionnalisation C-H — Chapitre 1 - 63

|. G. Denisov et al, Structure and chemistry of Cytochrome P450, Chem. Rev. 2005, 105, 2253-2277
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4. C-H oxidation

« C-H Oxidation in the Laboratory

> Increasing the o-donation of the amine ligands and rigidification + key role of AcOH additive

OH

H
= iron cat. (5 mol%) (SbFe)2
jogu ey iVs)
PivO ) Pi N

H20, (1.2 equiv.) PiVO [, N, | NCCH,

(1 equiv.) CH3CN, rt stereospecific |- LN
>99:1 dr >99:1 dr Fe h
[;N/ | "NccH,

AcOH Yield® Conv.° Select.’ N
Entry Catalyst (equiv.) (%) (%) (%) \\Ej
Fe(PDP)

1 Fe(MEP)2 0 7 12 56
2 Fe(PDP) 0 14 15 92

3 Fe(MEP)? 05 26 41 62 Fe(PDP)
H 3X| AcOH
4

: O
Fe(PDP) 0.5 38 42 90 ! H,0, C. Rebound . stereospecific —
' Fe(PDP)
5¢ Fe(PDP) | 0.5 51 - - :@ CHACN, ij O>g/\)\/ ot o>%/\)\/

aFe(MEP) = [Fe(mep)(CH3CN),](SbFe), Plsolated yield. rt, 30 min )0 >99:1dr. H202 )0 >99:1dr
Conversion of starting material. ?Selectivity for desired 92% © ' . 0 57% yield
product (yield/conversion). ¢lterative addition protocol: 3x ho-hing-opemng

[catalyst (5 mol%), AcOH (0.5 equiv.), H,O, (1.2 equiv.)].

(1 equiv.) yield

n=2 Fe(cl?altjp) n=2
HOZC}W COgtBU - 7 s HOZC/(/\)\[A/ COQtBU
H,O

. . § s s F 22
Flgur.e 12'. Discovery of Fe(PDP) catalysis for preparative aliphatic C— H PR 33%O+ 19% lactone
H oxidations.

2
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M. C. White et al, Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988-14009 @
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4. C-H oxidation

« C-H Oxidation in the Laboratory
> Site-selectivity (or regioselectivity) issue

z !
2° 3°

H H H H R R
A \)<r~ [H}\/EWG< H}\/\EVT/CE

steric intermediate reactivity
access steric and electronic
- properties

electron-rich
character

|. electronics

MeO

[l. sterics
QAC

[11:1]

2
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M. C. White et al, Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988-14009 @
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Catalytic C-H Functionalization by C-H Insertion

4, C-H oxidation

C-H Oxidation in the Laboratory

> Site-selectivity (or regioselectivity) issue

Hyperconjugative Activation
Groups such as cyclopropanes and oxygen, have lone
pairs that are arranged in space so as to
hyperconjugatively activate the adjacent C-H bond,
increasing selectivity for that position (note that these
groups are generally inductively withdrawing!)

H Fe(PDP) 0

P

H,O,/ACOH  ,--
il - —T~EAG

Q 9

Isolated

Substrate % Yield (rsm)

Major Product

Hyperconjugative
orbital overlapping

62% (17%)
[C5:66 =6:1]

O O O
6
MeOJ]\/<l/\/ MeOJJ\/Q/lSK/

52% (15%)
[1G1:G2 =571

hyperconjugatively
H < activated
(R.R)-
Fe(PDP)
cat.

_ standard g
% cond. %

Réactions de fonctionnalisation C-H & chimie médicinale

SN 6

O 7

41% (---)

(-)-ambroxide

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

« C-H Oxidation in the Laboratory

> Factors affecting C—H bond cleavage

>\ > > >> ™ -
I, Iy I v -

: . % Steric / Torsional

Bond strength Hyperconjugative effect Strain release sffst Polar effect

(2-8)"

0 .
[J Vi == oH ) Mg
n )‘H N N N

Vi j 7
Hyperconjugative @ IXp IXc

effect Stereoelectronic effect a-C-H activation a-C-H deactivation

Uncomplexed:
preferentially
targeted by Cat1

Complexed:
preferentially

L/ targeted by Cat2
H

Supramolecular control

2
e ICSh

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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4, C-H oxidation

C-H Oxidation in the Laboratory

> Stereoelectronic effects

hv
tBuO—-OtBu —_—

DTBP

fBu0° + R-H fBUOH + R’
R-0-0O°

oxidation products
)J\N/\Ph DTBP, 310 nm, O, N)J\ph % )J\l}]/\Ph + PhCHO

. 8h. MeCN Ph)
Pda(21%)  P4b(3%)  Pdc (3%)

Ph
S4 (28% conv.)

@E: _/< DTBP, 310 nm, O, 4/<
1h, MeCN

S6 (>99% conv.) P6a 92%

2.1x10° e 3.6 x 107

b li tivati fi
[Iack of benzylic activa’ L Oy L orced]

by stereoelectronics effects

2
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Activation & deactivation of benzylic C-H bonds guided by stereoelectronic effects in HAT, Eur. J. Org. Chem. 2023, 26, e202300041@
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4. C-H oxidation

« C-H Oxidation in the Laboratory

> Factors affecting C—H bond cleavage

X1 e | S e

1, Iy I
. _ Steric / Torsional
Bond strength Hyperconjugative effect Straln release effect Polar effect

H OH (2-8)*

° i O ""O~p5-OH
[(‘/% v == ) Y \J,H << \ >> \+| Mg

N _H N H N
Vil b CsHy4 © ~ ~~ \r ~~ T
Hyperconjugative VIil, IX, Xy IX,

effect Stereoelectronic effect a-C-H activation a-C-H deactivation

Uncomplexed:
preferentially
targeted by Cat1

Complexed:
preferentially

/ targeted by Cat2

Supramolecular control

2
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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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4. C-H oxidation

« 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

Neutral conditions: Acidic conditions:

/\(")/\N'R (1) H*

n 1

H* or HBF,

and/or or BF3OEt2
0o
X ON-R
R

I
1
1
1
1
B veran et —
N il LN Remote C-H oxidation Re /(@) exdation
1
1
1
1
1
1

(1) HBF, or BF;-OEt,
(2) Fe cat/H,0,/AcOH

b
H
65% (31%) 56% (26%) 59% (25%)

N H,N
@ ' el
n "o

32% (24%) n=1,66% (18%) 56% (22%) -
>20:1 y/B n=2,62% (16%) (S,S)-Fe(pdp) (S.S)-Fe(“"pdp)

2
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M. C. White et al., Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988 @
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4, C-H oxidation

« C-H Oxidation in the Laboratory

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

Mn(%PSmcp) (0.5 mol%)
H,0, (0.5 equiv)
XH AcOH (2 equiv)

R™ "R"  HFIP,0°C,1h

Activated i H-D Deactivated
R&"Y N Yo - toward HAT

toward HAT ’ ~D
e T O O7 O

59% (A:K97:3vs. 1 : 4) 72% (A:K 97 : 3vs. 1 :3in ACN) 56% (A:K95:5vs. 7

+

e H H

i = D A7 b o O D 0
o ) 1

Il
Y = OH, OR, NRCR, NH,,NHR, NR>

H—D = TFE, HFIP 80% (A:K95:5vs. 1:1.5) 89% (A:K98:2vs. 1:3) 68% (A:K 97:3 vs. 1 :1.5)

Scheme 13.14 (Catalytic hydroxylation of methylenes in HFIP. Values in italics (orange)
indicate the alcohol/ketone ratio observed when the reaction is conducted in acetonitrile.

2
e ICSh

M. C. White et al., Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988 @
Ph. Dauban
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e Catalytic C-H Functionalization by C-H Insertion Réactions de fonctionnalisation C-H & chimie médicinale
4. C-H oxidation

« C-H Oxidation in the Laboratory

> Factors affecting C—H bond cleavage

: H<_»Me
A > > >> \/ H/
Ia Ib Ic v

1} \'/
H Steric / Torsional

Bond strength Hyperconjugative effect Strain release effect Polar effect

(2-8)"

0 D >> OH "1 \ M

CsH CsH
Vil Vil 51111 5111 \‘ j
Hyperconjugative 2 b Viil, Viil,, IX,, IX,

effect Stereoelectronic effect a-C-H activation a-C-H deactivation

Uncomplexed:
preferentially
targeted by Cat1

Complexed:
preferentially

E,/"’ targeted by Cat2
H

Supramolecular control

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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e Catalytic C-H Functionalization by C-H Insertion Réactions de fonctionnalisation C-H & chimie médicinale
4. C-H oxidation

« C-H Oxidation in the Laboratory

> Steric effects:
From Substrate-controlled to Catalyst-controlled C-H oxidation

Previous Work: This Work: Catalyst Control
Substrate Control

5 SUBSTRATE - CATALYST
H :,OH CONTROL H ©  CONTROL

restricted : £ : g
.. trajectory ¥ [ 1 ' (S,9)-2
Pt ", - i,

54% yield C10 52% yield C9
22% (+)-23 (o) <5% (+)-24 0
(+)-24

e L
Colwe =145° . (a:b) | Ratio | Ratio (+)-artemisinin 22 (a:b) | Ratio | Ratio
B [ c9:C10 1:1.3 1:2 Cc9:C10 17:1 11:1
(R,R)-Fe(PDP) 1 (R,R)-Fe(CF4-PDP) 2

2
e ICSh

M. C. White et al., Aliphatic C-H oxidations for late-stage functionalization, J. Am. Chem. Soc. 2018, 140, 13988 @
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Chimie Médicinale : introduction et princines généraux

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

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

2
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« Catalytic C-H Functionalization using radicals Catalytic C-H Bond Functionalization Reactions

1. Historical reactions and mechanistic considerations

« The Hoffman-Loffler-Freytag Reaction (1883)

Hofmann-Loffler-Freytag Reaction

NH, NCS or

K/I—ll\ BUOCH
>
R

> Initial Discovery > First Application:

1. H,SO,, 140 °C
. > N
\

P

2.HO- N
Nicotine

2
e ICSh

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 Catalytic C-H Bond Functionalization Reactions

1. Historical reactions and mechanistic considerations

« The Hoffman-Loffler-Freytag Reaction (1883)

Hofmann-Loffler-Freytag Reaction

NH, NCS or

K/I—ll\ BUOCH
>
R

r—_—_—_

Initiation | A hv
|

or

Y o H+ radical

R1 R initiator
‘ NN = RAA~OR

> Mechanism s By T | % H homolytic

cleavage

o= — e s ——— —— — A

orkup | Tie !

Reaction

basic 1,5-H

D workup abstraction
R1 . "
v £ <

R

Propagation I lfg ICsn

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

e i o
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« Catalytic C-H Functionalization using radicals Catalytic C-H Bond Functionalization Reactions

1. Historical reactions and mechanistic considerations

« The Minisci Reaction (1968)

~
R-CO,H + @ (NH,)2S,08 ol
5 N "R

N H,SO,

> Mechanism

2Ag® + 5,029 —— 2Ag2® + 250,2°

R-COOH + Ag® —— R +CO, + H® + Ao® " =

radical initiation

S04 0.5S,05%

Ag?*  Ag'

Lé.

XY 4@ S o R® N N 7 e oxidation | =
| J—leJr —|le r = @ LR~ |@ LR e Lo,
N N N H NH W H \

H H H H

|
H

R

2
e ICSh

R.J. Phipps et al., Recent advances in Minisci-type reactions, Angew. Chem. Int. Ed 2019, 58, 13666 @
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Chimie Médicinale : introduction et princines généraux

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

3. Minisci-type Reaction

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

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

« Guiding factors in radical chemistry

> Bond Dissociation Energy (BDE) and H-Abstractor 1154 SommonHydogen

Atom Abstractors

abstractor

mostly

®. ©_ H exothermic

weaker bond

1 ®=H © 10 O o

radical

BDExss stronger bond IS H ° initiator

—_—>
)'( & homolytic
S cleavage
— X

The
BDE o 5 HLF
abs—-H 1 Reaction
basic 1,5-H

workup ® abstraction
R .R

L e

F‘R m H

[For efficient reaction, BDE ,s_q > BDE_ J

BDE: Thermodynamic factor

|

D. Nagib et al., Remote C-H Functionalization via Selective Hydrogen Atom Transfer, Synthesis 2018, 50, 1569 @
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e (Catalytic C-H Functionalization using radicals
2. Hydrogen Atom Transfer

« Guiding factors in radical chemistry

> Bond Dissociation Energy (BDE) and selectivity | Chain Saturated Chain Unsaturated  Cyclic Saturated Cyclic Unsaturated
Hydrocarbons Hydrocarbons Hydrocarbons

Hydrocarbons

H H —---H‘—“//—

b O §

BDE (kcal/mol)) 97

Stability /]\
H
CH
Selectivity of H-abstraction /I\ i HsC ) 3

CH,
¥ HEEH

In the absence of directing or polar effects

BDEG-Ha =97
order of reactivity

BDEc_yy, = 84 = H8 3 1S

BDEc_yc =114 all values in kcal*mol~'

L.

-
~a

~ao
i~

p

~
~

1

e

75

keal/mol O
(298 k)

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

Catalytic C-H Bond Functionalization Reactions

Common Hydrogen
Atom Abstractors

1
HEO

— _O%CHS

CH.
HEEN
J—CHs
o

--H%0

Re

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

« Guiding factors in radical chemistry

> Radical polarity ou philicity Despite being uncharged species, radicals can have a nucleophilic or electrophilic character

A qualitative approach to determining the "philicity"” of a radical

1. Consider the oxidized (cationic) and reduced (anionic) forms of A®

2. Determine which of the forms is more stable

3. Assign the "philicity" of the radical:
a. If A*is more stable, A" is a nucleophilic radical because it wants to lose an e~
b. If A—is more stable, A" is an electrophilic radical because it wants to gain an e~

® -e” . + e ®
AT = — A > A
nucleophilic electrophilic

radicals radicals

Nucleophilic radicals abstract
6- ‘hydridic’
hydrogen atoms

2
e ICSh

E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486 @
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e (Catalytic C-H Functionalization using radicals
2. Hydrogen Atom Transfer

« Guiding factors in radical chemistry

Catalytic C-H Bond Functionalization Reactions

> Radical polarity ou philicity Despite being uncharged species, radicals can have a nucleophilic or electrophilic character

Nucleophilic of electrophilic?

tBu@

more stable

Et,Si ®

more stable

Nucleophilic radicals
abstract

o)

PN

less stable

+e”
tBuO
electrophilic

radical

= e e
nucleophilic
radical

- e_
EtsSi
nucleophilic .

radical

—ar o
—eof— °

enol
radical

e
tBuO

more Sstable

8- ‘hydridic’
hydrogen atoms
electrophilic
radical

'Y

more stable

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

Guiding factors in radical chemistry

> Radical polarity ou philicity Despite being uncharged species, radicals can have a nucleophilic or electrophilic character

Stabilization of alkyl radicals by adjacent groups n-Bonding characteristics determine effect of heteroatom substitution

13
12
New N New ~
SOMO H.g Q@ a gt e s Mg g OR
) H : H='\b / H Unmixed H 0 OR
Unmixed H H \V7
. —_— % . SOMO
| SOMO g n Psomo — Ps

0c-c — Psomo \ Psomo = cN ,
\ : Acceptor
: Acceptor Donor ﬂ (' S'El)el\\/IIvO S orbital
Donor _H_[ [ . . orbital orbital
orbital % i \ / f I $
\‘, ﬂ / A # ," Electron-rich radical: Electron-poor radical:

nucleophile electrophile

Electron-rich radical: Electron-poor radical:

nucleophile electrophile
Heteroatom-centred radicals: electronegativity (y,) relative to carbon " Acyl and imidoy! radicals: [T
/ - /Z U I -
B N (0] O N 0, N mpolung:
2.04 304 3.44 N % traditional reactivity
X

 — —> pattern reversed within

Si Sn : Cl Br S Two-electron chemistry: One-electron chemistry:  one-electron manifold

1.74 1.96 316 296 2.58 electrophiles nucleophiles

Atom is less electronegative Atom is more electronegative

than C: typically [« =le]elall[[] than C: typically [=llEleige]e]gll[e
2
@y iCcsn

E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486 @
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« Catalytic C-H Functionalization using radicals Catalytic C-H Bond Functionalization Reactions
2. Hydrogen Atom Transfer

Guiding factors in radical chemistry

> Polarity effect in HAT reactions: matched polarity
Just like S,2 reactions, polarities of the reactants should be matched for favorable reactivity.

8_

EI" + Nuc-H —>» EI-H + Nuc’
Polarity: kinetic factor o T |

Nuc* + E-H —>» Nuc-H + EI

An ELECTROPHILIC radical will react via a

HAT to generate a NUCLEOPHILIC radical

A, hv
or
radical
initiator F{1

homolytic

c/eeg/(a.g e 6- ’hydrldlc
The hydrogen atom
HLF
Reaction

—

basic 1,5-H
workup abstraction g/
N

2
e ICSh

E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486 @
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« Catalytic C-H Functionalization using radicals Catalytic C-H Bond Functionalization Reactions
2. Hydrogen Atom Transfer

« Guiding factors in radical chemistry

> Polarity effect in HAT reactions: matched polarity
Just like S,2 reactions, polarities of the reactants should be matched for favorable reactivity.

8_
EI* + Nuc-H —>» EI-H + Nuc’

]favored
Nuc* + E-H —>» Nuc-H + EI

Can you predict the reactivity?

Radical philicity and selectivity of HAT:

O O hydridic BDE: env. 90 kcal/mol
H
BDE: env. 90 kcal/mol protic \
H

BDE: env. 96 kcal/mol {-Bue __. *Ot-Bu  BDE: env. 105 kcal/mol
Nucleophilic radicals more nucleophilic

abstract &6+ ‘protic’ hydrogen E IP

atoms . electrophilic radicals
abstract 6- ‘hydridic’

more electrophilic hydrogen atoms

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

2
e ICSh

E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486 @
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« Catalytic C-H Functionalization using radicals Catalytic C-H Bond Functionalization Reactions
2. Hydrogen Atom Transfer

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

E* + EI2-H —>» EI'-H + EI2 :
disfavored

Nuc'* + Nuc2—H8_—> Nuc'-H + Nuc?

nucleophilic H-source
Et;Si-H 9

H polarity
n-Hex/\/

mismatch
10%

n-Hex” e

nucleophilic Et;SiH /\/H polarity
» I - i
radica catalytic n-Hex match
t-C1oHo5S-H 99%

electrophilic H-source
catalyzes HAT process

Et,SiH

o TABLE 8.4 Average Bond Enthalpies (k]/mol)
m DLP (2 mol%) GA/\MG Single Bonds EilH.ER %
3 413 N—H 391 F=F 55
2 J tC12H258H @ 348 N-N 16

o, 293 N—O 201 -
(C1 rlz:ol A)A) 99% vs 10% 358 N—F 272 [31“ H ,\?;C]
; "—F 185 N—Cl 200
612 without RSH i - NeB: - ois
27
= 240 H—H 436
259 H—F 567
H—Cl 431
R + RS-H ——>» R-H i 323 H—Br 366
Si—Si 226 H—I 29
Nuc' E-H  favorable  nyo p ' si a0
i 368 H-EI" + Nuc®+ H-EI2 —H-Nuc
464

R'S" + Et38|—H H R'S-H Multiple Bonds
Er Nuc—H  favorable EI-H Py

839 \ :
fast 615 5=C H-EI" + EP*
EtsSi* + R-X ———3 Et;Si-X

LT
oz

|

|
—nm

EI'*+ H-EI2

|

& 5,
[Nuc-H-EIP %

mlﬁtl/:wm

|
wenm
g0

CO0ZZNnOo

891 S=¢
79 SN

1072 -

(e XeXsXeXeXe)
[N

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

Molécules et Médicaments - Fonctionnalisation C-H — Chapitre 1 - 86 Ph. Dauban




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

« Guiding factors in radical chemistry

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

_Me F C—H bond
(0]

Catalytic C-H Bond Functionalization Reactions

Expected BDE (kcal mol")

EH HD

H

= HC

A Ph/sll‘M
e
Me B

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

o
86 He
185

SiMe,Ph

SiMe,Ph

Oc_H — dg;results = N\[V[e[TeTelgllII] radicals

will abstract H¢

in 6" on Hg

110-112

99-101
90-92
96-98
90-92
95-96

OMe

SiMe,Ph

He 485 187
X e

SiMe,Ph

Po — 0%c_y results = S eIy radicals

in 6~ on Hg will abstract He ‘\‘/_zlcsn

E. R. Welin et al., Radical philicity and its role in selective organic transformations, Nat. Rev. Chem. 2021, 5, 486
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Chimie Médicinale : introduction et princines généraux

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)

Application of catalytic C-H functionalization
Total synthesis & Late-stage functionalization of natural products and drugs
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« Catalytic C-H Functionalization using radicals Catalytic C-H Bond Functionalization Reactions

3. Minisci-type Reaction

e Intermolecular radical C-H functionalization sp and sp? hybrid radicals: increased s character increases

TS*,y is earlier than

. . . . 9 e
> The Borono-Minisci reaction ; B(OH), o 8%57 ‘
Bu
R

TS*aky1; more likely

’?6 . : to show Elggle]felalie}
6=090° : character
%ﬁz‘% in all cases ' '
6 :

7 Systems are orthogonal;

B

| > |
+_. AgNO3, K28208
N°  62% + 23% rsm

[gram-scale] )

‘Bu

AN

Z
N Ph

TSty ¢ & TS*aky ==
substitutions on 7 system e Yy olod

have minimal effect on SOMO Reaction coordinate

po
o

Scheme 1. Direct Arylation of Quinine®
B‘?”)s Ar-B(OH),

SO, - — S0, $,04% B(OH),
o - /©/3.0 equiv
Ag(ll) AY(l) TFA (3.0 equiv)
A hstl

P
1:1 DCM:H,0, rt
40%

quinine (39)

Ar’ weakly nucleophilic

But pyridine highly activated by the acid O Minisci
83 kcal mol-? ¢ Acyl and alkyl radicals
(refs 2 and 3)

C-B Borono-Minisci
90 kcal mol! ¢ Aryl, allyl and some alkyl
radicals (refs 4 and 5)

>>

Zinc sulphinate salts
. CFS, CFZH, CHZF and some alkyl

: 2
\ radicals (c and Table 1) ‘\‘&}, ICSN

C-S
65 kcal mol™!

P.S. Baran et al., Direct C-H arylation of electron-deficient heterocycles with arylboronic acids, .. Am. Chem. Soc. 2010, 132, 13194 @
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e (Catalytic C-H Functionalization using radicals
3. Minisci-type Reaction

. Intermolecular radical C-H functionalization

> Alkyl sulfinates
2R-SO,Cl + 2Zn

! !

Commercially Added in
available or  excess; the rest
made in-house is filtered away

2

B. Development of zinc sulfinate toolbox for drug discovery.

O

[R—802]zzn‘2H20
or [R-SO,]Na

t-BuOOH
3> R

organic solvent/
39 “ 57

Acronym of zinc  Sigma-Aldrich

R group sulfinate reagent catalog number

_

(R-S0O,),Zn * 2H,0

771406
767840
791105
792187
745405
745499
790788
791040
745480
790796

CF; TFMS
CF.H DFMS
CH,CI MCMS
CH,SO,Ph PSMS
CF,CH; (Na salt) DFES-Na
CH,CF; TFES
CH,CH,CI MCES
CH,CH,CH}, NPS
CH(CH3), IPS
CH,Ph BNS

+ ZnCl,

! !

Desired An impurity that
product can be removed,
if required

A Putative mechanism.
(trace metal)

'BuOOH ﬁ»

~OH

CF3S0,™

ArH
[ArH-CF;]’ -———
'BuOOH

H20 + Ar-C F3

P.S. Baran et al., Practical and innate C-H functionalization of heterocycles, Nature 2012, 492, 95
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BuO' — g BuO- + CF3SOy

P

CF3’

Catalytic C-H Bond Functionalization Reactions

'BUOOH,

O \'-OH

S0,
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« Catalytic C-H Functionalization using radicals Catalytic C-H Bond Functionalization Reactions

3. Minisci-type Reaction

. Intermolecular radical C-H functionalization

> Alkyl sulfinates

CHCIy/H,0
1 I-nnate Reactivity 2 .Conjugate Reactivity 3-Reactivity Modifiers 4.Reaction Conditions CN

Identify sites of innate Identify sites that are made Consider the effects of other substituents and modify
reactivity on the parent more reactive through the the reactivity of activated sites accordingly.
heterocycle. presence of w-electron-

withdrawing groups.

Through choice of reaction
conditions, the balance of
different reactivity determining

factors can be fine-tuned. ”, N

-EWG Halide, Alkoxy (Solvent + acid N

enhanced "effectively"
ortho promote innate reactivity d*tatC2 more &* at C3
deactivate meta
‘ reduce conjugate reactivity C2>>C3

C3>>C2

increase reactivity for
electron-rich systems
solvent usually CHClywater. (i) i-Pr radical: nucleophilic
DMSO/acid mixtures useful for
\& substrates with limited solubility ) c N c N

Activated positions:
aandy

reactive at most
ot site

- 7 N Y\ reactive at
Legend: o-withdrawing DMSO (neutral) most &% site
— -EWG n-donor

‘ reduce innate reactivity N/
influence 6~ atC3 > %

ivall : . H*
O m?::e""g . reacts with electrophilic promoks conjugate reacivity
Activated positions: ortho- radicals at C3 rouss roacha b c2>>C3 C35>> C2

ara to conjugating EWG electron-poor systems
Size of sphere signifies the P bt e

magnitude of the effect

amine deactivates
In DMSO meta

amide activates
ortho—para / 0 analyze based on:

NH Me * heterocycle

« functionality |:>

- radical
e deficient - solvent and pH
pyridine actlvates e rich pyndme

deactivates >9:1 C9 selectwnty

2
[predictable, regioselective direct C-H functionalization of heterocycles] ”&ICSH

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