Molécules et Médicaments: de la découverte au développement

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(sp?)-H bond

2. Tuning the regioselective functionalization of C(sp?)-H bond

Application of catalytic C-H functionalization
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« Opportunities provided by C-H Functionalization reactions

transition metal TM-catalyzed C(sp3)—H gadical mgdiatgd '
(TM)-cathyzgd ) functionalization via C(sp®)-H f_uncnonallzatlon
C(sp®)-H activation via metal carbene via HAT
metallocycle

@ [T™] EWG Intermolecular
* HAT

\ H f
™ H sl S
T = © @

size of metalacycle, T = tether T=0,N,C
C—[TM] bond strength electron rich C—H bond weak C-H bond

primary > secondary > tertiary  tertiary > secondary > primary tertiary > secondary > primary

B. Predictable, regioselective radical functionalization of heterocycles

Zn(SO,R),, TBHP
R1_@ .—>

solvent, 50 °C R = CF3, CF,H, i-Pr

b LSF in drug discovery Requirements
C-H functionalization e Structurally complex molecules

* FG tolerance
* High chemoselectivity and site selectivity

* No specific group pre-introduction .wH  Paclitaxel (99)
Emerging reaction manifolds . * Small substituents installation 2 9 C(sp?)-H

: X o :
Opportunities _ e %0 20 C{sp)-H
* SAR exploration :

* Metabolite production
* Chemical biology tool

¢ Physicochemical properties alteration & Difssted CoH Gativation2?
* Handle for further bioconjugation

New modalities New analogue
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale

Total synthesis & Late-stage functionalization of natural products and drugs

The rise of Late-Stage C-H Functionalization

Fluorination (31) Amination (44) Arylation (64)

Oy OH O
o] H
YN+ i QN . >
X A3, (o)
HN N \
R, H 0 o
H S

Aldosterone synthase inhibitor (1) Tranilast biotin conjugate (2) Sulfaphenazole (3)

LSF methodology publications
Methylation (19) (2012-2021) 69 Oxidation (43)

48
43

Q) l )
é 11 - - s
Celecoxib (4) 4 3 e - Phosphodiesterase inhibitor (5)

2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

Trifluoromethylation (31) Borylation (22) Acylation (14)

HN—tBu BPin

F
F
F NZ -
il -0
ol - (j
BocN

Prilocaine (6) c-Met kinase inhibitor (7) Flurbiprofen (8)

Fig. 2. Increase in publications of the most common LSF methodologies from 2012 to 2021 (center). Selected applications of LSF fluorination, ami-
nation, arylation, methylation, oxidation, trifluoromethylation, borylation and acylation found in literature. The number in brackets next to the meth-

odology name states the publication count as of 2021.
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R. E. Martin et al., LSF and its impact in modern drug discovery, Chimia 2022, 76, 258-260 @
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Application of catalytic C-H Functionalization

Total synthesis & Late-stage functionalization of natural products and drugs

« Late-stage functionalization using radical chem|stry

> Sulfinates and fluorine

Reactivity of fluoroalkyl radicals: *CF3 and *CF,H
Electrophilic
e
/m Trifluoromethylation
NaSO,CF;

(44%)
ref. 17

dihydroquinine
H
NaSOZCFa
@@ R () G G
CS C24:1

N 2°H
ref. 17 varenicline (Chantix)

=\
N

i. TFMS, TBHP,
TFA, CH,Cl,/H,0

ii. IPS, TBHP

30%
H N"27"H  (one pot)

Dihydroquinine
(15)

RE+ RNu-

Nucleophilic
Difluoromethylation
DFMS

BuOOH

CH,Clp/H,0
(49%)

DFMS
'BuOOH

CH,Cl,/H,0
(50%)

P.S. Baran et al., Alkyl Sulfinates: radical precursors enabling drug discovery, J. Med. Chem. 2019, 62, 2256
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« Late-stage functionalization using radical chem|stry

> Sulfinates and retrosynthesis

Tebbe Olefination
=

:I'i=CH
0 < ) CH,

L N

R > R™ "H

: N = e
RO 8\ W =
3

N~

4
CF4CO,Et , =2 CH, @

5 1. nBuLi;5 7 | rhy | =— =

Br 2 Tebbe 4. heat % -

N, 3 CHaN2 5. [Pd]Bopiny 4 7, TBHP; 4, [Pd]

N
' Br Br Br Br
Z o Uses strong base and CH N, °|S|ngle Stelp o 2 & b ~ ¢ A
6 5, *3%overallyield nnate selectivity X X S % X
07 “CF, CF3 N" Ner, CF3

X=N,CH

CN

“Reagents and conditions: (a) X CH, MsCl 18 crown-6, KF, DMF
100 °C;'7 X = N: Tebbe reagent;'® (b) CH,N,;"® (c) Xylenes reflux'®,

l‘& ICSh

P.S. Baran et al., Alkyl Sulfinates: radical precursors enabling drug discovery, J. Med. Chem. 2019, 62, 2256 @
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« Solar synthesis

> Photochemical reactions: Norrish-Type

solar spectrum i | lesivgs I-_Cg, Me ————» .~ Ethane

5 - o o > ~"\ Propane
b e T TR B S BT

Butanone Excited state Acyl and alkyl
radicals

visible light

infrared
(53%)

intensity
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T. P. Yoon et al., Solar Synthesis: Prospects in Visible Light Photocatalysis, Science 2014, 343, 1239176 @
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Application of catalytic C-H Functionalization
Total synthesis & Late-stage functionalization of natural products and drugs

Solar synthesis
> Visible Light PhotoCatalysis

solar spectrum

visible light

infrared
(53%)

intensity

300-450 |

AWMV

Réactions de fonctionnalisation C-H & chimie médicinale

Photocatalysis

\
Liss,

©

L /
donor 4 ’—L

acceptor

|

‘M

A
ki 18

)

colored
[ EDA complex “

KEDA:‘

/\

Electron Transfer
Photoredox catalysis

Energy Transfer
Photosensitization

light

new opportunities
r |—> for radical

i ®J;

charge-transfer
interaction

triplet alkenes

T. P. Yoon et al., Solar Synthesis: Prospects in Visible Light Photocatalysis, Science 2014, 343, 1239176
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« Use of visible light

> Visible Light Photoredox Catalysis

B Absorption at 452 nm (visible light)

W Stable, long-lived excited state (t = 1100 ns)

tog
B Single electron transfer (SET) catalyst

W Effective excited state oxidant and reductant Ru(bpy)s**

Ground State
Ru(bpy)s**

Ru(bpy);3* + e > Ru(bpy);2* - E;/,"/" = +1.29 V — Non reductant T oxidant
Ru(bpy)s?* + e > Ru(bpy)s* - Ey),"! =-1.33 V — Non oxidant

*
€q

—»

MLCT
Metal to Ligand reductant

m Max absorption at 375 nm (visible light)

ISC
tog InterSystem
Crossing =-081V

m Long-lived excited state (1 =1.9 us) 1 Charge Transfer 1 -
S f

"N
E’ 2III

’ 2
m Single-electron transfer catalyst g

tog

m Effective oxidant and reductant Ru(bpy)s2* *Ru(bpy)s2* Ru(bpy)s™*
3
Ground State Excited State
Ir(ppy)3 m Triplet energy of 56 kcal mol-! . . ”
Ru(bpy);** + "> Ru*(bpy);
Ey/,"/" = -0.81 V — Reductant

D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363 @
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« Use of visible light

> Visible Light Photoredox Catalysis

~ Scheme 32. a-Arylation of Amides via Hydrogen Atom
Abstraction

1.0 mol% Ru(bpy);Cl,, 5 equiv. (NH4),S,0g, 1 equiv. nucleophile, DMF, visible light

139 S,05%
*Ru(bpy);®* ' . . .

140 7 Oxidative
\ quenching
hydrogen atom Ru(bpy);** Ru(bpy),** CyC| e>

abstraction ’ .
Oxidation

802 + SO,

—_—
MLCT
Metal to Ligand reductant
Charge Transfer

1 ISC 1E —’

E e
tog InterSystem trg 12
Crossing -

Ru(bpy),* *Ru(bpy)s**
Ground State Excited State

3+ - * 2+ %
89% 66% Ru(bpy);™ + & > Ru*(bpy)s oélcsn

E;;;"/" = -0.81 V - Reductant

D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363 @
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« Use of visible light

> Visible Light Photoredox Catalysis Ru*(bpy)3** + e"> Ru(bpy)s*
Ey;,"/' =+0.77 V - Oxidant

B Absorption at 452 nm (visible light)
W Stable, long-lived excited state (t = 1100 ns) oxidant
V

B Single electron transfer (SET) catalyst

M Effective excited state oxidant and reductant

Ru(bpy),?*

Ru(bpy);3* + e = Ru(bpy);?* - 51/2"'/" =+1.29 V- Non reductant

Ru(bpy),*

Ru(bpy);?* + e > Ru(bpy)s* - E;;,"' =-1.33 V - Non oxidant ! l reductant

*

= &

m Max absorption at 375 nm (visible light) e

Metal to Ligand
m Long-lived excited state (1 =1.9 us) 1 Charge Transfer
ISC

tog InterSystem trg
Crossing

m Single-electron transfer catalyst

m Effective oxidant and reductant Ru(bpy)s2* *Ru(bpy)s2* by
Ground State Excited State

Ir(ppy); m Triplet energy of 56 kcal mol-!

2
Ru(bpy)s* 1‘&}, Icsn
Ground State

D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363 @
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale

Total synthesis & Late-stage functionalization of natural products and drugs

« Use of visible light

> Visible Light Photoredox Catalysis Ru*(bpy)3** + e"> Ru(bpy)s*
Ey;,"/' =+0.77 V - Oxidant

Scheme 4. Reductive Dehalogenation of Phenacyl Bromides

O 5 mol% Ru(bpy)30I2

MeCN, visible I/ght

—>
MLCT

Metal to Ligand
Charge Transfer

|

== 1y InterSystem trg
Crossing

m Effective oxidant and reductant Ru(bpy)s2* *Ru(bpy);**

Ground State Excited State
Ir(ppy); m Triplet energy of 56 kcal mol-!

D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« Use of visible light

> Visible Light Photoredox Catalysis

B Absorption at 452 nm (visible light)

W Stable, long-lived excited state (t = 1100 ns)

tog
B Single electron transfer (SET) catalyst

W Effective excited state oxidant and reductant Ru(bpy)s**

Ground State
Ru(bpy)s**

Ru(bpy);3* + e > Ru(bpy);2* - E;/,"/" = +1.29 V — Non reductant T oxidant
Ru(bpy)s?* + e > Ru(bpy)s* - Ey),"! =-1.33 V — Non oxidant

*
€q

—»

MLCT
Metal to Ligand reductant

m Max absorption at 375 nm (visible light)

ISC
tog InterSystem
Crossing =-081V

m Long-lived excited state (1 =1.9 us) 1 Charge Transfer 1 -
S f

"N
E’ 2III

’ 2
m Single-electron transfer catalyst g

tog

m Effective oxidant and reductant Ru(bpy)s2* *Ru(bpy)s2* Ru(bpy)s™*
3
Ground State Excited State
Ir(ppy)3 m Triplet energy of 56 kcal mol-! . . ”
Ru(bpy);** + "> Ru*(bpy);
Ey/,"/" = -0.81 V — Reductant

D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363 @
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« Use of visible light
> Visible Light Photoredox Catalysis REDOX NEUTRAL REACTIONS

Scheme 39. Mechanism of the Photoredox ATRA

m radical-polar crossover

*Ru(bpy)s2* Ru(bpy)s>*

COVY e
Ru(bpy);** o~ ](R /g

177

176
g /\g\
X R

/\ R' radical propagation

(A) Evidence for radical-polar crossover
EtO,C

Et0,C_ _CO,Et

hotoredo Eret
p. redox o
173 ATRA 181, 75%

EtO,C

182, 10%
D. W.C. MacMillan et al., Visible Light Photoredox Catalysis with TM Complexes, Chem. Rev. 2013, 113, 5322-5363 @
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» Application of catalytic C-H Functionalization Catalytic C-H Bond Functionalization Reactions

Total synthesis & Late-stage functionalization of natural products and drugs

. Intermolecular HAT

> Metallophotoredox catalysis

Traditional Cross-Coupling Regioselectivity Controlled by Nucleophile Pre-Activation

B \© transition metal

M = Zn, B(OH),, Mg, Sn electrophile well-precedented and
regiospecific coupling

Boc

Catalyst Controls Selectivity Among Multiple sp® C-H Bonds in Cross-Coupling

©
o0
AN

H4C J\CHa

CHj

H4C /I\CHa

triple catalytic O

activation
19 sp® C-H bonds single C—H functionalization
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D. W. C. MacMillan et al., Native functionality in triple catalytic cross coupling, Science 2015, 352, 1304 @
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e Application of catalytic C-H Functionalization
Total synthesis & Late-stage functionalization of natural products and drugs

. Intermolecular HAT

> Metallophotoredox catalysis

3-acetoxyquinuclidine (1.1 equiv.)

1 mol% Ir[dF(CF 3)ppy].(dtbbpy)PFg
nickel catalyst

Catalytic C-H Bond Functionalization Reactions

application to methylation

O\H + Me-OTs O‘Me

N K»CO; (1.0 €q.) N
R MeCN/H,0 R
A,

(1eq) K~3

blue LEDs

[Ir] (1 mol%),
[Ni] (2 mol%)
CsBr (1.2 eq.)

2 examples:
R = Ac, 61% yield
R = Boc, 41% yield®

(2eq)

Br
! CO,Me

Boc H,0 (40 equiv.), DMSO (0.25 M)

34 W blue LEDs, fan

MeO

e

C—-H nucleophile aryl halide

—
"
visible light

oy

Il (2)
oxidant

N-Boc

pyrrolidine
HAT catalyst

photocatalyst

Il (1)

H
Photoredox
Aj Catalytic
) / [ N \ Cycle
E” abstract 5
‘hydridic’ H atom

HAT SET

) Ir' (4)
Organocatalytic reductant
Cycle

"0

CO,Me

aryl bromide

D. W. C. MacMillan et al., Native functionality in triple catalytic cross coupling, Science 2015, 352, 1304
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1 mol% NiBry+*3H,0, 1 mol% 4,7-dOMe-phen

"
Boc
CO,Me

C-H arylated product

12

L,Ni'—Br

Nickel
Catalytic
Cycle

AIk—Nl”'L

/(
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Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale

Total synthesis & Late-stage functionalization of natural products and drugs

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

H OH (2-8)"

o} e
0" ""O-p-OH

- vua Vil Can " CsHy T 7
Hyperconjugative Vi, Viil, IX, IXy, 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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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« C-H Oxidation in the Laboratory

> Activation of alcohol

Can we activate strong C-H bonds in the presence of weaker C-H bonds? Selective alkylation of alcohol C-H in the presence of ether C-H (@ = strong C-H = weaker C-H)

o)
H 0.0

H 0 O Me A A
ij/ s Me)J\H ©/\H g Ho)\Me ). ><Me 7880 on

‘0
88.0 keal/mol 88.8 kcal/mol 89.4 kcal/mol 89.8 kcal/mol 92.0 kcal/mol 92.0 keal/mol A A
BzO OH

Proton-coupled C-H bond activation of strong o-C—H bonds:

decreased

H-bond acceptor "JeH
CsHyy™” “OH H

OH

~N
W o CeHy” O 0OH

R
catalyst gf ?
" o : | /\/\/é
1 = v &
Joy =141 Hz catalytic [
M

strong C—H bond catalytic C-H bond weakening C—H bond activation
(+)-22 R=0Bz, 81% yield )-24 71% yield*
21 85% yieldt (1:1 d.r.) (+)-23 R=0TBS, 73% yieldt (2:1dr) 25 77% yield* (>20:1 d.r.)

3 i
light [ N i Selective alkylation of alcohol C-H in the presence of allylic, benzylic C-H (@ = strong C-H @ = weaker C-H)
HAT *

oxidant Catalytic

2 H
= OH
v el (2) Cycle skl ®) y
/ \ /> YR

SET HAT

- \\ 4

H-Bond
Activation

Catalytic
Cycle
photocat. (1) Ir' (5)
Ir[dF(CF3)ppy]z(dtbbpy)* reductant
R (e}

\ i / |
SET H,04P0O--H
-MeOH 9 7
MeO,C OH /\COZMG

] \)\ / three catalyst

R system
Michael acceptor 26 70% yieldt (>20:1 d.r.) (+)-27 75% yield*t (+)-28 73% yield (#)-29 75% yield

N

10 O

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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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale

Total synthesis & Late-stage functionalization of natural products and drugs

« Introduction of oxetanes

> Back to the chemistry of Oxetanes

a) Oxetane

Paterno-Biichi Williamson synthesis

P fs, oAt

'
'
Privileged motif in :
medicinal chemistry '

Reactivity and selectivity »
'

substrate dependent Starting materials not

easily accessible

Versatile synthetic
intermediate

U

UV irradiation required

R 1\/% Photoredox method
Mild, selectlve, general

Alcohol
abundant, native

Radical addition

+1e”

Radical intermediate

b) Known synthetic strategies

c) Oxetanes from simple alcohols, conceptual strategy

NC CN

PN g NJ¢[N »

Quinuclidine (10 - 25 mol%)
4CzIPN (5 mol%)
BusNPO4H; (25 mol%)

CH3CN - Blue LED

Ring expansion then add KO'Bu, 60 °C

Quinuclidine, BugNPO4H,,
4CzIPN (cat.)

Blue LED then, KO'Bu
Starting epoxide not

always accessible
Highly basic reagents

R2
(0]
4CzIPN*

H [.“(17 /

HAT cycle SET

AJ/K

4CzIPN
\SET\

+H SR2
/ SR2 ’_SR2 ot/’

Photoredox

cvele  4czIPN

Streamlined synthesis of a bioactive molecule

Androstenedione

M. Silvi et al., Oxetane synthe5|s via alcohol C H functlonallzatlon J. Am. Chem Soc. 2023 145 15688

p synthesi: . b) This methodology, single step
'

Step 1
C3 carbony!
protection
(enamine)

Step 3
Epoxide ring
{ expansion to
oxetane

*
CH,CHS(CH,'Bu),
Quinuclidine (25 mol%)
4CzIPN (5 mol%)
BuyNPO4H; (25 mol%)
i

-
CH,CI; - Blue LED
then add K3PQy4, 80 °C
41% yield
>20:1d.r.

Step 2
Corey-Chaykovsky
epoxidation in C17

Step 4

C3 deprotection :
a - Reverse effect of desoxycorticosterone

acetate on urinary Na and K

Testosterone

2
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W

Ph. Dauban

- Inhibitor of the stimulatory effects of
estrogens on uterus grawth
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« Late-stage fluorination of peptides

> Visible Light Photoredox Catalysis

Solvent

Nonbasic Hydroxylation 0}

amine 0 NaDT, ['8F]NFSI

if \E W - WJ\OH

‘ N ; NH,* HCI hv (365 nm) NH,*HCI
"o

6 H zo-MeCN

4-[8FIFL (7)

H-bond C-H

required maintained abstraction N [8F]-transfer
L]
= Metabolism NH,+HCI

blocked 8

—=> 4 W' W05 He (PhSONe  (PhSO,) IR
® S |
MeO,S W;003, (PhSO2),NH

aumnacaib «rapid (50 min)'8F-fluorination of unprotected amino acids

Figure 13 Use of nonbasic amine as amide isostere in the discovery of odanacatib. AGliBoUs Inbrocass o aeolronic drving or salvent switches
A second fluorine blocks the oxidation of the isopropyl group to improve *aq B ’ pIc Cylg

pharmacokinetics. « product isolated directly as suitable formulation for IV injection

40 min

18F
. ['®FINFSI, NaDT :
H hv, MeCN, H,0, rt H
Penpti N. . » Pepti N. ;
oplice \)L N Peptide Spirle \)L N Peptide
R " o

0 cf/‘;’lcsn
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» Application of catalytic C-H Functionalization Réactions de fonctionnalisation C-H & chimie médicinale
Total synthesis & Late-stage functionalization of natural products and drugs

« Late-stage C-H methylation

Me
Q\W OV 4[80 folld
boostin

potency
TBADT 1 (2.5-5.0 mol%)

0 o :
)J\ Ni(acac), (10 mol%) ¢
Ly KTp* 2 (10 mol% L
; N—0" “Me p* 2 ( ) . N
Acetone [0.1 M] '
% R

NazPO, (2 equiv.)
365 nm, rt, 8-12 hr

C(sp®)—-Me product
1.5-3 equiv.

Filorexant analogue 40 54% yield®

DWC McMillan et al., Late-stage C(sp3)-H Methylation, J. Am. Chem. Soc. 2023, 145, 2787 @
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Application of catalytic C-H Functionalization

Total synthesis & Late-stage functionalization of natural products and drugs

C-H functionalization and molecular diversity

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

Me Mg 37
C2/C3=71

mdvE 38
C2 (a/p = 3.11)
C3 (wp = 7.8/1), 39

Me ME
a/p=7.5M1
40

A relevant example of a
catalyst-controlled reaction

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

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

Me O
OMe Me *g

Me Me Me

Me — _ Fe(PDP) Fe(PDP)
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sclareolide T 5 e
1 equiv. Why this selectivity
in the substrate-

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

AE=182 AE=177

more strain _

more reactive towards C-H oxidation

(+)-sclareolide (27)

O O o}

SYOE[
M
I Br.. A C TR
Me Me Me
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b

46 42
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« C-H functionalization for the improvement of physical properties

> C-H Oxidation
HO Me

Me>/

%,
%,

¢ Lupane triterpene family
e Potent in vitro bioactivity
« Solubility limits medicinal  HO™ 3 H
potential Me Me 7
HO-directed J HOO-directed
C-HIO] C-H[O]

—guided- o —guided-
Ir C-H R HO-directed
activation

e —

—guided-
dioxirane HO

C_H [0 ﬁe“ M;a i Entry Substrate Relative Solubility
“innate— R = CH,OH betulin (1) Enhancement: .
R = CO,H betulinic acid (2) Assay 1 (FaSSIF)

Ji

274 x
8.00 %

121 x

no change
0.056 x
0.112xM
0.019x!
0.002 x

Can a panel of chemical
and enzymatic C-H
oxidation methods solve
this problem?
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Figure 1. Diversification of the lupane core by C—H oxidation.
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« C-H functionalization and chemical biology

> |ldentification 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.

-
-

O\\ /O H (@]
Me, o ( a v

/S\ N O\ 1
N s o 3 '

@)

?
Rhy(esp),, Phl(O,CtBu),,
Me benzene, rt, 30 min

_ 28% + 62% rec. S.M
eupalmerin acetate

(EuPA) (82)
ICs¢ in HL-60 cells
(95% CI) = 3.0 uM (2.4-3.7)

EuPAyne (84)
dr=1:1
ICs0 in HL-60 cells
(95% CI) = 14 uM (8-25)

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

> A landmark example: Quinine

A brief summary of the history of quinine total synthesis:
C-N bond disconnection represents a key disconnection in all quinine total syntheses

(-)-Quinine (99)

: first asymmetric

total synthesis

CO,H U/
HO,C ~_/FIN

(A) Retrosynthesis of (-)-quinine (Maulide)
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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 @
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C-H Functionalization and synthesis

> A landmark example of synthesis
(A) Retrosynthesis of (-)-quinine (Maulide) lirected C-H activation > But there is room for improvement

z h Summary of Failed Attempts for C—H Functionalization

%N / conditions R
MeO FG.Z DGHNZﬂJ DGHN Z‘J

3 N N I

““OH

C—-H Vinylation

Coupling partners investigated:

(B) Forward synthesis
AN A 0T A 0Bpink #F 0S0,CsF

MeO
CDI ) 1) RuCls, NalO, C-H Alkenylation
. Pd(OAc), 2) MeNHOMe
H,N — ‘ _» AQZCO3 DGHN HATU, Et;N Coupling partners investigated:
2N 2 )

C-H Alkynylation
o H Coupling partners investigated:

MeO a8 IBX, p-TsOH - three steps | Br
CD - ot B2 o o
N N T™S
106 105 104
105, LIHMDS;
MsNHNH,, Ti(O/Pr)5Cl |

MsHN 7~
OMe \
N>~

N > Opportunities in Medicinal Chemistry

“OH ; (-)-Quinine (99) )
ten steps LLS, 5.4% @e.ICsN
107 N (+)-quinine accessed $

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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C-H Functionalization and synthesis

> A landmark example: opportunities

Table 1: In vivo activity of the racemic aryl analogues (£)-15b and (£)-

H e 15c and (—)-quinine hydrochloride as a reference against P. berghei in
HzNZ@ (1) 2-picolinic acid DGHNH%_I (2) Ar-l, Pd(OAC),  DGHN aj mice
—_ » - = -
N In I

(65%) i (40-94%)
(#)-2 (+)-3 (£)-4a-j

M
MeO, OMe

12
MeO (1) DG removal (3) aldol
H (2) oxidation _ (4) reduction
DGH N DGHN Z 3 ZN o “OH  C3-aryl analogues
N

(+)-4b: R = CF3 -15b: R = CF5 (d.r. > 16:1
4a (90%) 4b (88%) 4c (94%) 4d (94%) (£)-4c: R = OMe 23-150: R= OMBe((dTr.>> 15:1) )

MeO,C

Substance Dose Parasitemia Survival®
[mg/kg]  reduction [%]®@  [days]
DGHN DGHN DGHN :
i ¢ 30 42 euthanized
ZN (=)-quinine hydrochloride 100 30 710

4e (84%) 4f (79%) 49 (43%)
o ( ()15 b 30 98 841
100 99 2147

g OMe i
(4)-15¢H 30 0 euthanized
—— 100 98 71
[a] Blood for parasitemia determination was collected on day 3 (72 h

g% 4j (26%)* after infection). [b] Mean survival time in days =+ standard deviation.
Mice with a parasitemia reduction <50% were euthanized on day 3
post-infection in order to prevent death, otherwise occurring on day 6.
[c] Purity of >99% determined by HPLC analysis.
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« Late stage C-H Functionalization

> A general strategy

Guided Reaction Manifolds

1. Guided by directing groups. Catalyst or reagent is directed to an adjacent sp? or sp?
C-H bond by a chelating heterocycle or functional group on the substrate. Substitution
ortho to the directing group in sp? systems is most common, although many sp?® systems
as well as long-range directing groups are known.

I\ X
~.N

|
Pd(OAC),, ZN
H (PhMech)z Me

Pd(OAC),,

Me,CO3Bu
Me N 2= Me N Me N
(R (e b | s

o Ac,0O o (0]
38 39 40

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

> A general strategy

Guided Reaction Manifolds

2. Guided by sterics. Bulky catalysts drive reactivity towards sterically accessible C-H
m bonds. This class includes true insertion and H-abstraction reactions, as in Fig. 3, entry

1, where the substrate or catalyst are sterically encumbered. 43, 46 and 49 are bulky

catalysts that override the innate reactivity of C-H bonds in 41, 44 and 47, respectively.

Ir cat 43, Bpin

Bopin,
I M
Me’ Me

4

Fe cat 46, o

Me AcOH, H,0, Me
B
Aco™ Aco™
44 45

Previous Work:
Substrate Control

Approach
Trajectories

Cone =145°

(R,R)-Fe(PDP) 1

OH
L
AcO

66% yield,
19% ketone

(S,S)-
Fe(PDP)
AcOH, H,0,

2°:3°1:3 ACO

This Work: Catalyst Control

restricted
.- trajectory

Trajectories
Cone =76°

(R,R)-Fe(CF3-PDP) 2

(S,S)-
. Fe(CF5-PDP)
AcOH, H,0,

20:302:1 ACO y

51% vyield,
28% alcohol

1 equiv.

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

> A general strategy

Innate Reaction Manifolds

electron-rich C-H bond or formation of a stable radical at an sp?® center usually follows the
same pattern of 3° > 2° > 1°, Reacting C-H bonds tend to be distal from electron

withdrawing groups. When reagents and catalysts are large, sterics may dominate, see
Fig. 4, entry 2.

a 1. Innate insertion or H-abstraction. Although mechanistically distinct, insertion into an

[Rh(acac)sl,, [Rh]

N,CHCO,Et 1 &
cfi gforH o OEt
22

20 21
stabiliization of &+

H-abstraction © — ————— — ©

24 25
stable radical

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

> A general strategy

Innate Reaction Manifolds

3. Addition-elimination at innately electrophilic sp? carbon. Addition-elimination at
an electropositive sp? carbon, typically with nucleophilic radicals, generally occurs on
most electron deficient heterocycle. Selectivity can sometimes be perturbed by addition
of acid.

Me
iPrCOLH,
= _A925:08 o i
2 / s
N 8+ -H N e

Me
29 31

4. Addition-elimination at innately nucleophilic sp? carbon. Addition-elimination at an

electronegative sp? carbon follows electrophilic aromatic substitution patterns.

+
OMe

H || _H*
Br _

33
+ para isomer + para isomer

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

> A general strategy

1.1dentify which C-H bonds are possible
candidates for C-H functionalization.

2.Match each C-H bond to a possible reaction
manifold. Consider if reaction selectivity can
be influenced by choice of reagent or catalyst.

3.Identify which functional groups or building
blocks can be installed using the selected
reaction manifolds.

4.Confirm the proposed products have
desirable physicochemical properties and if
possible perform docking studies.

+ 2. Deprotonation of innately acidic C-H bonds. Deprotonation by strong bases can
bl occur at sp? or sp® centers. Reactivity is driven by the acidity of the C-H bond. If
directing groups steer the base to the site of reaction, see Fig. 4, entry 1.

N
Boc
26 27 28

105 clopidogrel
O\H e [ Q\[Li] ‘ﬂ Q\TMS

| |
Boc Boc
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