I

ECOLE POLYTECHNIQUE
FEDERALE DE LAUSANNE

Visible-Light Photocatalysis Induced
C-H Functionalization for Heterocycle Synthesis

Teerawat Songsichan
15" November 2018

Laboratory of Synthesis and Natural Products (LSPN)
Ecole Polytechnique Fédeérale de Lausanne (EPFL)



Table of Contents

1. Introduction

2. Photocatalytic sp® C—H Functionalization
|. Trapping of iminium ion intermediates
Il. Trapping of imine intermediates
lll. Coupling of a-aminoalkyl radicals

3. Photocatalytic sp? C—H Functionalization
- Energy transfer process

4. Conclusion



Introduction

Heterocyclic compounds are known to occur in a wide range of biologically active compounds, including
both natural products and pharmaceutical compounds.

Over the last decade, efficient heterocycle synthesis via C—H functionalization has attracted increasing
attention from organic chemists, yielding materials used in applications in both medicinal and process
chemistry.

Due to its energy-conservant and environmentally friendly features, visible-light-induced photoredox
catalysis has undergone rapid development over the past decade. Recently, the use of visible-light-induced
photocatalytic C—H functionalization for the construction of heterocyclic systems has emerged as growing
fields in synthetic organic chemistry.

The most commonly employed visible-light photocatalysts (PCs) are the polypyridyl complexes of
ruthenium and iridium, such as Ru(bpy);Cl,, (bpy: 2,2'-bipyridine) fac-Ir(ppy)s, (ppy: 2-phenylpyridine) and
organic dyes (i.e., Eosin Y and Rose Bengal).
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Introduction

- Three distinctive pathways, namely, reductive quenching, oxidative quenching, and energy transfer, are
frequently used to describe photocatalytic mechanisms enabled by visible light.

- Reductive quenching requires the reductive quencher, such as a tertiary amine, to reduce the photoexcited
catalyst to its low-valence state.

- In oxidative quenching, an oxidative quencher, such as alkyl halide, oxidizes the catalyst in the
photoexcited state, yielding a high-valence state.

- When the energy of the photoexcited catalyst is similar to the triplet energy of the substrate, energy transfer
from PC* to the substrate may occur, undergoing additional organic transformations.
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PC: photocatalyst; D, D’: electron donor; A, A’: electron acceptor 4



Photocatalytic sp3® C—-H Functionalization

Stephenson’s work (2010): visible-light-induced a-amino C—H functionalizatio

n of tetrahydroisoquinoline

AN 15 W fluorescent lamp N
R Ir(ppy)2(dtbbpy)PFe RT I N
= N\Ar > \Ar
CH3NO,, air, rt
H NO,
90-96% yields
| N | N
R R
Ir(11)* Z +N\Ar ﬁ» $Z /N\Ar
Visible light H 0, HOO
Photoredox
Ir(l1h) catalytic cycle \ CH3NO;
0, Ir(I1) RA N 1 R X |
g = “Ar Z SAr
0O, H
NO,

Condie, A. G.; Gonzalez-Gomez, J. C.; Stephenson, C. R. J. J. Am. Chem. Soc. 2010, 132, 1464—-1465.



Photocatalytic sp3® C—-H Functionalization

|. Trapping of iminium ion intermediates

Xiao’s work (2011): synthesis of pyrrolo[2,1-a]isoquinolines from tetrahydroisoquinoline
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Rueping’s work (2011)

= N

H

36 W fluorescent light CO,Et
5 mol% Ru(bpy);Cl N
o Ru(bpy);Cl> _ N\ EWG
~__
CH3CN, rt, 02

then 1.1 equiv. NBS EWG

51-94% yields
6 W lamp

1 mol% Ru(dtbbpy);(PFsg),

CH3CN, rt, 02

56-67% yields
3:1-5:1 dr

Zou, Y.-Q.; Lu, L.-Q.; Fu, L.; Chang, N.-J.; Chen, J.-R.; Xiao, W.-J. Angew. Chem. Int. Ed. 2011, 50, 7171-7175.
Rueping, M.; Leonori, D.; Poisson, T. Chem. Commun. 2011, 47, 9615-9617.



Xiao’s work (2011)

N 36 W fluorescent light CO.Et
R— 5 mol% Ru(bpy);Cl, N
NN _COEt + EWG EWG - \\ EWG
CH3CN, rt, 02
then 1.1 equiv. NBS EWG

51-94% yields

pC*
Visible light

Photoredox

PC catalytic cycle

0, PC-

o))

AN
Rt Rt
= +l}vaozE‘[ ﬁ'
H O, HOO

L _A__N_COEt

CO,Et
N \

L~ /rll\rcozEt

HOO
HOOH

N
R_
(;QEVCOZEJ[

EWG

Oxidative
aromatization

EWG | [3+2] cycloaddition

CO,Et

&Q}

Zou, Y.-Q.; Lu, L.-Q.; Fu, L.; Chang, N.-J.; Chen, J.-R.; and Xiao, W.-J. Angew. Chem. Int. Ed. 2011, 50, 7171-7175.



Photocatalytic sp3® C—-H Functionalization

|. Trapping of iminium ion intermediates

Xiao’s work (2012)
R N 36 W fluorescent light AN
"N 0.5 mol% Ir(ppy)a(dtbbpy)(PFg) ~ R™M
'_RZ = N =
H S MeOH or CH,Cl,/MeOH LR2

air, rt X X

XH
X =0 orNTs X =0; 26-72% yields

X = NTs; 70-86% yields

Xiao’s work (2011): synthesis of tetrahydroimidazole from diamine

36 W fluoresccent light Ts
TsHN _Ar? 1 mol% Ru(bpy),Cl R, N
s \:_/\N r o Ru(bpy)sCl, . EN>-"Ar1
R H)\Ar1 5 equiv. 'BUOK, MeOH, O, N

A2
45-94% yields
2:1->19:1 dr

Xuan, J.; Feng, Z.-J.; Duan, S.-W.; Xiao, W.-J. RSC Adv. 2012, 2, 4065—4068.

Xuan, J.; Cheng, Y.; An, J.; Lu, L. Q.; Zhang, X. X.; Xiao, W.-J. Chem. Commun. 2011, 47, 8337—-8339.
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Zhu’s work (2013): formation of isoxazolidine ring from tetrahydroisoquinoline and a-ketoester

5 W blue LEDs
R o) 3 mol% Ru(bpy)sCl,
YJ\ or 1 mol% Ir(ppy),(dttbpy)PFg
N RS OR*
R? Ar 5 10 mol% TfOH
H iPrOH, rt, air
28-69% yields
>20:1dr
0]
R'l
R 1 R3X OR*
PC* o] R OH 2 N
- . —_— > » R Ar
Visible light R2 + OAr _N o
R2 + Ar R3
Photoredox H 4
PC catalytic cycle cOR
R1 ﬂ
0] PC al
2 R2 N\Ar
CN
0, H R L
X _OH
R N
CO,R*
l retro-aza-Michael
R1 R1 R1
[3+2] Il Ar I
loadditi NI - [0 N 0 HN
cycloaddition  _, | o O] R | A 1O R2 | Ar
R3 0 R3 0 R3 ©
CO,R* CO,R* CO,R*

Xie, J.; Xue, Q.; Jin, H.; Li, H.; Cheng, Y.; Zhu, C. Chem. Sci. 2013, 4, 1281-1285.



Photocatalytic sp3® C—-H Functionalization

Il. Trapping of imine intermediates

Xiao’s work (2014): synthesis of imidazole from aniline and isonitrile derivatives

O

0 18 W fluorescent light R

H R?

N Ts NC 1 mol% Ir(ppy)2(bpy)(PFe) —
AN 2 + Y >

R1+ R 3 N\//N

L H R 1.0 equiv. K,CO3, DMF, air 1l X

|

34-82% yields

0] [3+2] O ’ R3
PC* +H\|)J\R2 N\)J\Rz cycloaddition RZMTS
wse” N N Y e e
—e TS N ” 1@/ @
Y R
PC Photoredox 1t

catalytic cycle

H
| N\l)J\Rz
- R
0, PC H o o
R3 R3
0, Rzl% szs
N ‘7_ N
N N
; ~ o ; \(
R Ts R H

j proton transfer

Deng, Q.-H.; Zou, Y.-Q.; Lu, L.-Q.; Tang, Z.-L.; Chen, J.-R.; Xiao, W.-J. Chem. Asian J. 2014, 9, 2432-2435. 10



Photocatalytic sp3® C—-H Functionalization

Ill. Coupling of a-aminoalkyl radicals

Reiser’s work (2012): visible-light-induced coupling of a-aminoalkyl radical and unsaturated moities

3WLED
RU bpy)3C|2
CH3CN rt
R = Me; 28%
R = Ph; 35%

=
N

T — A O
e

Ru(bpy)s*
Visible Ilght

(b ) 2+ &H“‘
Py deprotonation

reduction/protonation &K
R
0]

Kohls, P.; Jadhav, D.; Pandey, G.; Reiser, O. Org. Lett. 2012, 14, 672—675. 11




Photocatalytic sp3® C—-H Functionalization

Ill. Coupling of a-aminoalkyl radicals

Zhou’s work (2014): synthesis of indole from ortho-alkynylated N,N-dialkylamine

= R 5 W blue LEDs NR
H 1.5 mol% Ir(ppy)-(dtbbpy)PFg
PR g H—r
N” R 3.0 equiv. K,CO4 N
L DMSO/CH4CN, air, rt .
R' R'

51-80% yields

Visibl 4H

isible " Ht

5, S ,
Photoredox

Ir(1) " catalytic cycle ‘—HOH

0, Z . e
Z // ., OH
H = +Hf H
Ir(") )\ R’ — R — =%
o5 N" 'R N N N
N e o .

Zhang, P.; Xiao, T.; Xiong, S.; Dong, X.; Zhou, L. Org. Lett. 2014, 16, 3264—-3267. 12



Photocatalytic sp3® C—-H Functionalization

Ill. Coupling of a-aminoalkyl radicals

Bian’s work (2012)

N H
SO
% N + O
R2

Rueping’s work (2013)

rRIT Y M NC
|
= N) +

R2

o R
40 W fluorescent lamp N
3.5 mol% Ru(bpy);Cl, o
X
DMF, air, rt Rt _
N
R2

20-98% yields

Blue LEDs NG CN
5 mol% [Ir(ppy),bpylPFg N A
- R 1
MeCN, air, rt 7 N
FI{2

40-71% vyields

Ju, X.; Li, D.; Li, W.; Yu, W.; Bian, F. Adv. Synth. Catal. 2012, 354, 3561-3567.
Zhu, S.; Das, A.; Bui, L.; Zhou, H.; Curran, D. P.; Rueping, M. J. Am. Chem. Soc. 2013, 135, 1823-1829.
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Photocatalytic sp? C—-H Functionalization

Stephenson’s work (2010): reductive dehalogenation of activated carbon—halogen bond via visible-light
photoredox catalysis

X 15 W fluorescent lamp R3
R1—!(j\/\>—H < 1 mol% Ru(bpy)sCl SN
= N R2 R 1 _ N RZ
R3 2 equiv. Et3N, DMF
n Br n
n=0,1 40-95% yields
HCOsMe
N 020 Me SM HCOoMe
Visible N CO,Me — | 8 CO,Me
| Ru(ll) .
ight
CO,Me
Photoredox
*Ru(ll
W catalytic cycle [0] 7HBr
EtgN N\ CO,Me
Ru(l) N COsMe

o+
EtN

H CO,Me
CO,Me %comp,
%COQMB

Tucker, J. W.; Narayanam, J. M.; Krabbe, S. W.; Stephenson, C. R. J. Org. Lett. 2010, 12, 368-371.
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Photocatalytic sp? C—-H Functionalization

Zhou’s work (2013): radical cyclization of trifluoroacetimidoyl chloride with alkyne, forming 2-trifluoromethyl
guinolones

R1\@H 5 W blue LEDs
R%® 3 mol% Ru(bpy)sCl,
N7 % 2 equiv. nBusN, CHLCN
)\ R2 equiv. NBugN, 3
R~ Cl
A

A:B (7:3-9:1)
' nBugN 45-83% yield
/ " \< BugN’
nou
_Cl—/\ Ru" / " N>R,

e
=
o)
N
Y
KO,
4
R

Dong, X.; Xu, Y.; Liu, J. J.; Hu, Y.; Xiao, T.; Zhou, L. Chem. Eur. J. 2013, 19, 16928-16933. 15



Photocatalytic sp? C—-H Functionalization

Li’s work (2012): formation of 2-substituted benzothiazole from thioamide

14 W fluorescent lamp

H
N Ar
A 1 mol% Ru(bpy)s(PF N
N \n/ o Ru(bpy)s(PFs)2 - ol AN \>_Ar
% S ! P S

H DMF, DBU, 5% O,

10-91% yields

Ru(ll)* Photoredo
catalytic cyc

x

N
(H - L
- R Ar
Visible Ilght @ _ B S>_
O, HOO
le

Ar

2
|O’J—<
@n
o=

Cheng, Y.; Yang, J.; Qu, Y.; Li, P. Org. Lett. 2012, 14, 98-101.
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Photocatalytic sp? C—H Functionalization

Zheng’s work (2012): formation of 2,3-disubstituted indole from gem-di-substituted styryl aniline

Silica gel, CH3CN, air

R2
RA% 18 W white-light LED R
o H 4 mol% Ru(bpz)3(PFg), Z~N

3
e 55-88% yleld

i R!
A R4/
~ RZ U .
Visible . U =N\ R?
: Ru(ll) N~ R
light C-N bond formation H*

By electrophilic addition -
Ru(ll Photqredox 3
L catalytic cycle OR
05
o Deprotonation
2 HOZ

V

Ru() Rt RI--., RT
03 ¢y ; i
2 HOOH HO, = R’ HO; Hoy R4 R2
N r P
DP % ‘%

HO, 2 05 0Oy

Aromatization Oxidation
OR? OR®

Maity, S.; Zheng, N. Angew. Chem. Int. Ed. 2012, 51, 9562—9566. 17



Photocatalytic sp? C—H Functionalization

Collins’ work (2013): formation of carbazole from diarylamine

23 W fluorescent lamp
5 mol% Cu sensitizer (in situ)

© W &e

THF/propylene (=56:1)

AVA

zz

3.9,
(@)

50-95% vyield
Visible I\lﬁe IYIe Me
light Cu(l)Ln N +N\ /'l'
+- -
PR ORACWO OW
Photoredox
Cu(hLn*  catalytic cycle
H m+1°
I2
Cu(ll)Ln ©/ \©\ OXIdahon/
OMe aromatlzatlon

F+1°

Hernandez-Perez, A. C.; Collins, S. K. Angew. Chem. Int. Ed. 2013, 52, 12696-12700. 18



Photocatalytic sp? C—-H Functionalization

Synthesis of 3,3-disubstituted oxindoles from N-arylacrylamides

9 133
Non
+ R™=17,2° 3" alkyl

Phl(OAc), Ligand metathesis

134

137, Togni's reagent

L

~F

139
| RSO

141

H4
F
R4 = CN, COMe

143

35 W fluorescent lamp
1 mol% fac-Ir(ppy)q

DMF, rt

5 W blue LEDs
1 mol% Ru(phen),Cl,

CH,Cl,, rt

Visible light
5 mol% Ru(bpy)sCl,

MeOH, rt R?

Visible light, rt
1 mol% Ru(phen);Cl,
3.5 equiv. NaOAc, HOAc
or 1 mol% fac-Ir(ppy)s =
2.0 equiv. K;HPO,, CHLCN

Ru: R; = CF5, C4Fg, CF,CO,Me
Ir: Ry = CF3H, CH,F, CH,CF

36 W fluorescent Iarnp
§ mol% Ru(bpy);Cly

2.0 equiv. 4MeOC4H,N,BF,

2.0 equiv. NaQCDa, 50 °C
36 W fluorescent lamp
5 mol% Ru(bpy);Cl,

X 9—94
=
H

145

2.0 equiv. 4-MeOCgH,N,BF,
2.0 equiv. Na,COs, 50 °C

3
R
S
RZL o}
Z~N
|
136, 48-90% yield
3
N N ~cF,
2_: fo]
Z~N
R1

140, 45-80% yield

R3
R
0]
N
'R‘I

142, 50-96% vyield
10-82% yield

144, 42-75% yield

Rr3 X
~R°
OR4
N
‘R1

146, 30-93% yield

19



Photocatalytic sp? C—-H Functionalization

Synthesis of 3,3-disubstituted oxindoles

H R® R? R
Visible R2 S f 2L 0
light R N o L~ N
L1 R!
132 R 150 -H*
Photoredox
catalytic cycles
R,
X g2t o= R =
R~ T = a3 —'—+
(SET) o] R
pct 149 Fi1
E\ a7 \» Qﬁ ASH“\
148 R

Xie, J.; Xu, P.; Li, H.; Xue, Q.; Jin, H.; Cheng, Y.; Zhu, C. Chem. Commun. 2013, 49, 5672-5674.
Xu, P.; Xie, J.; Xue, Q.; Pan, C.; Cheng, Y.; Zhu, C. Chem. Eur. J. 2013, 19, 14039-14042.

Fu, W.; Xu, F.; Fu, Y.; Zhu, M.; Yu, J.; Xu, C.; Zou, D. J. Org. Chem. 2013, 78, 12202-12206.
Tang, X. J.; Thomoson, C. S.; Dolbier, W. R. Jr. Org. Lett. 2014, 16, 4594-4597.

Li, J.-H.; Jiang, G.-F.; Zhang, J.-L.; Liu, Y.; Song, R.-J. Synlett 2014, 25, 1031-1035.

Liu, Y.; Zhang, J.-L.; Song, R.-J.; Li, J.-H. Org. Chem. Front. 2014, 1, 1289-1294.
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Photocatalytic sp? C—-H Functionalization

Synthesis of 6-substituted phenanthridines from biphenyl isocyanides

“ 3 2 2 5 W blue LEDs

. |_R R 1 mol% fac-Ir(ppy)a
S + R4>7Br : -

R _! a GWE 2 equiv. Na,HPO,, DMF
=
NC
42-88% yield
R® HAS
. R4
GWE>_

Other reagents: RNHNH,, ArSO,CI, Ar,IBF,,

SI —
CF3

Jiang, H.; Cheng, Y.; Wang, R.; Zheng, M.; Zhang, Y.; Yu, S. Angew. Chem. Int. Ed. 2013, 52, 13289-13292.
Xiao, T.; Li, L.; Lin, G.; Wang, Q.; Zhang, P.; Mao, Z.-W.; Zhou, L. Green Chem. 2014, 16, 2418-2421.

Gu, L.; Jin, C.; Liu, J.; Ding, H.; Fan, B. Chem. Commun. 2014, 50, 4643-4645.

He, Z.; Bae, M.; Wu, J.; Jamison, T. F. Angew. Chem. Int. Ed. 2014, 53, 14451-14455.
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Photocatalytic sp? C—-H Functionalization

Energy transfer process

Xiao’s work (2014)
5 3 W white LEDs
NN 05mol% RubpY)Cly i T\ pe
R1_: | _
A, DMF N
39-99% vyields
Yoon’s work (2014)
H Blue LEDs
2.5 mol% Ru(dtbbpy)s(PFg), @
2
R’IJ\/YR > R1 N R2
N CHCl3, rt H

47-99% yields

PC*
Iight< T
PC H 2
R1J\/YR [E—— H
R1J\/’>/R2

N

Xia, X.-D.; Xuan, J.; Wang, Q.; Lu, L.-Q.; Chen, J.-R.; Xiao, W.-J. Adv. Synth. Catal. 2014, 356, 2807-2812.
Farney, E. P.; Yoon, T. P. Angew. Chem. Int. Ed. 2014, 53, 793-797.
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Conclusion

- Various types of heterocycles were synthesized via the visible-light-induced photocatalytic
C—-H Functionalization.

3
0 N/R NC_ CN 50
(o) i AN Ar R1_| A \ D 2 N
10 N R = N R R : \>_Ar
R'S = S
> N
N R2 n
R2

- Photoredox catalysis avoids harsh conditions: high temperatures, catalyst loadings.

Reviews:

- Ding, W.; Guo, W.; Zeng, T.-T.; Lu, L.-Q.; Xiao, W.-J. Transition Metal-Catalyzed Heterocycle Synthesis via C—H Activation, 15t ed.; Wiley-VCH
Verlag GmbH & Co. KGaA., 2016.

- Chen, J.-R.; Hu, X.-Q.; Lu, L.-Q.; Xiao, W.-J. Acc. Chem. Res. 2016, 49, 1911-1923. 23
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