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Transition metal-catalyzed forming Ci C
bonds from C(sp24)-H bonds

X
@ transition
H metal
@ . or catalyst

Direct Arylation of Heteroaryl C-H Bondsl
X
@ transition
metal
@ . or catalyst
O

Y

X =1, Br, Cl, OR, B, Sn Chem. Rev. 2007, 107, 1747 238 Catal. Sci. Technol. 2016, 6, 20057 2049




DG-assisted C-H ACTIVATION

C-H ACTIVATION of simple arenes Challenges
DG Increase of REACTIVITY

toward transition metals

+ increased reactivity H

because of metal
precoordination
+ high regioselectivity

+ Devise new strategies

+ no extra steps required to control

to install and/or
remove DG

+ possibility of meta
or para selectivity

» REGIOSELECTIVITY

- DG must be pre-installed
and remains in the product

- generally limited to ortho
selectivity

Angew. Chem., Int. Ed. 2012, 51, 102361 10254




Ru(bpy)3Cl; or  Ru(phen);Cl; or fac-[Ir(ppy)s] [Ir(ppy)2(dpbpy)] [Ir{dF(CF3)ppy}:

Ru(bpy)3(PFg)2  Ru(phen);(PFg), (PFe) (dtbpy)](PFe)
b)] e a. o
R R | @) I

% N
HCI
HOOOH EtNONHEt @SQ HOOOH
r r | |
R=BrEosinY 10-Phenyl

Rhodamine 6G (RA 6G) Rose Bengal (RB) Mes-Acr*-Ph

R =NO, Eosin B phenothiazine




Tris {bipyridine ruthe nium i)
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Reductive Quenching Cycles Oxidative Quenching Cycles

Sub or [Red] Sub or [Ox]
PC*
ot -t b I g E a -— -
Sub or [Red] E1r2 2 Sub or [0x]
PC W pc
Sub or [Ox] E1/2d |'§ E..C Sub or [Red]
1/2
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Sub or [Ox] Sub or [Red]
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2.1.1 Aryl diazonium salts as aryl radical precursors

For Arylation of Arene Derivatives.
Pschorr Reaction in Phenanthrene Series by Deronzier

CO,H
CO,H
P Ru(bpy)s(BF4)z (5 mol%) ‘O
BF4s *N O CH;CN R
’ O R 410 nm
CO.H R= H, Br, OMe

BFy N, — 100%
O [Ru2
CO,HSET
|\]2 _ 2 \ 410 nm
Photoredox
N gjr O Q catalysis COE

[Ru3 [Ru?*]

02 ~ OQ
O 002H§_T< COH J

J. Chem. Soc., Perkin Trans. 2 1984, 2, 1093i 1098



X Ru(bpy)s(BF4)2 (5 mol%)
©/ \© 4-CH3;0(CgH4)CH,OH (0.5 equuv)
collidine (0.5 equiv.)

CH3CN X=0,10%
410 nm X = C=0, 25%

lMeO-@- C-H-collH® AV
z 5

nu(bpyyg' Ru(bpy) g

b
JiMeo .@ CHOH «coll @N;@
x .
.H Ruibpy}?
@ - O @ Ny

}CH CN

Ppleme

o




Scheme 3. Merging Pd-Catalyzed C—H Functionalization

Sanford , hd Visible Light Photoredox Catalysis

- _./\ Pd(OAC), (10 mol%)
N [Ru(bpy)3]Cl,*6H,0 (2.5 mol%)
+  Ar—N,BF, -
MeOH, 25 °C
R2 Household light (26 W)
' Household
light
I //,f———“*\\\\
Dua 2
. [Ru(bpy)?T RuEPY)s™]
catalysis PC* N ~
Pd
Photoredox (_,C DG C=-Ar
ArN,BF catalysis o
Pq'
DG C-H
] , [Ru(bpy)s®'] \/
BF; + Ny + Ar PC*
A

C-pg
éi- pgll ’

J. Am. Chem. Soc. 2011, 133,18566i1 18569



Scheme 5. Dual Catalysis Pd(OAc),/9,10-Dihydroacridine
Xu and for Arylation of Acetanilides and Benzamides Using
co-workers Aryldiazonium Salts

DG

Ar Pd(OAc), (15 mol%)
H 7 AcrH,-A (10 mol%)
R@ T NQBF4 @
MeOH, 25 °C
Blue LEDs (36 W)

J. Org. Chem. 2017, 82, 36221 3630
Scheme 6. Arylation of Benzene Derivatives with

Aryldiazonium Salts

AcrH 2—A

Malacria
and co-workers

[Ru(bpy)3]Cl,#6H,0 (0.5 mol%)
+ Ar—NyBF4 > Ar
CH3CN, rt

Blue LEDs
40 iv.
(40 equiv.) . NO, MeO,C
S8
‘/‘C.
79% 61% 83% 54%

(olmlp=1:1.3:1) (C1/C2=4.1:1)

Org. Chem. Front. 2015, 2, 4641 469



For arylation of heterocycles.

Scheme 7. Arylation of N-Heteroarenes with Aryldiazonium

Salts“
[Ru(bpy);]Cl,26H,0 (2.5 mol%)
+ Ar—N,BF4 - Ar
N% water, 25 °C N
ClH (2.5 equiv.) Household light (45 W)
N,BF,

@ [Ru2+]* ﬁ

Xue and coworkers pC*
. SET Household
N, \ light
Photoredox

O/ catalysis
N2 \/l> [Ru3+] [Ru2+] R
*HN=

Chem. - Eur. J. 2014, 20, 29601 2965



Scheme 8. Arylation of Isoquinolines with Aryldiazonium
Salts

[Ru(bpy)3]Clo26H,0 (2.5 mol%)
+ AF_N28F4 - Ar
CF;CO5H (1-2 equiv.)

N (4 equiv.) MeOH, 25 °C N
Household light (40 W)

Lei and co-workers
J. Org. Chem. 2014, 79, 10682i 10688

Scheme 9. Metal-Free C—H Bond Arylation of Heteroarenes
with Aryldiazonium Salts in the Presence of Eosin Y

K°nig and co-workers O
HO,C
/i\ Eosin Y (1 mol%) A Br Br
+ AF_N28F4 e @Ar
X DMSO, 20 °C X
HO O OH
Br

X=0 (10 equiv>) 530 nm LEDs

X =S (5 equiv.) 17 2 h.
X = NR (2 equiv.)

Br
EosinY

J. Am. Chem. Soc. 2012, 134, 29581 2961




Scheme 11. Iodo-bodipys Photoinduced C—H Bond
Arylation of Heteroarenes with Aryldiazonium Salts

Zhao et al.
/T\ Bodipy (1 mol%)
+ AF_N28F4
X DMSO, 20 °C
Blue LEDs
(10 equiv.) .
X=0,S RSC Adv. 2013, 3, 233771 23388 Bodlpy 1

Scheme 12. 9,10-Dihydro-10-methylacridine Photoinduced
C—H Bond Arylation of Heteroarenes with Aryldiazonium
Salts

Xu and co-workers

/T\ AcrH,-B (10 mol%)
+ AF—NQBF4 I\/\_Ar

X CH3CN, 20 °C
Blue LEDs

(10-20 e
(10235 AcrH,-B

Tetrahedron Lett. 2017, 58, 19391 1942




For arylation of alkenes

Scheme 15. Porphyrin-Induced Arylation of Coumarins with

K° nig and co-workers Diazonium Salts
Kanai and co-workers
o Et,N NEt,
Scheme 14. Photocatalytic Arylation of Alkenes, Alkynes, and o O O
Enones with Diazonium Salts § |
e NLBE CatA, CatBorCatC Ar RT =
— + r—Npbry = . Porphyrin
z DMSO,20°C,2h 7 (5equiv.) O
(5 equiv.) Cat A: [Ru(bpy)3]Cl,*6H,0 (1 mol%) 455nm LEDs + ﬂ
- eosi Ar—N.BE, DMSO,40°C
Cat B: eosin Y (7.5 mol%) 520 nm LEDs T4 yisible light
Cat C: fac-[Ir(ppy)3] (2 mol%) 400 nm LEDs Et;N NEt,
R Ph 5,10,15,20-tetrakis(4-diethylamino
R= CatA CatB — _ phenyl)porphyrin
H o 87% 55% R S
OMe 83% 80% Me  BA% OMe o e~ OMe
NO, 66% 52% Br  63% ﬂ/
— Br  94% 66% ° S
Ph R |
o 0O _Ph Ph
Ph | Z R= CatA
MeO 47% 70%
Cl  48%
o) R =
89% (Cat C) 63% (Cat C) H 0%
4-Br T1%
4] 96%
45%
4-NO,
g | 53%

T1%
ChemistryOpen 2012, 1, 1307 133 Cnhem. Commun. 2015, 51, 97181 9721




| Radical Precursors for

Xue, Xiao, and co-workers

Scheme 16. Arylation of (Hetero)arenes with
Diaryliodonium Salts

N H Ar—I—Ar—| ' OTf [Ru(bpy)3]0|2°5|'{20
@ (1 mol%)
+ or @ Ar
-+ - CH41CN, 25 °C
Mest—I—Ar  OTf Blue LEDs

(50 equiv.)

Tobhisu, Chatani and co-workers

Scheme 17. Phenylation of (Hetero )arenes with
Diaryliodonium Salts

[Ir(ppy)2(bpy)IPFg

H . (1 mol%)
+ Ph—I—Ph' PFg
RT

el

Ph Ph
=N
Ph [_)—@ 54% 75%
[)_ 54% (C2/C3/C4 = 56:31:12) 33% C2/C4/C5 = 31:57:12

87% 91% 89% 85%

[)_O E)_@co?wle HCOQME

40% 60% 66%
N —
% COQM e COzMG
N=
45% 51%

Synlett 2013, 24, 5077 513,

(40 equiv.) White LEDs
N
7 Nephy 7 Neph NN
e &
1 mol% 1
Ph,IPFs (2)
h 0y —= (\ Ph O\
| / N rt, 16-23 h Ph
(ca. 40 equiv) white LED
Ent Variation from Yield with Yield with
Y the “standard conditions” pyridine®/ % pyrrole/ %
1 None 57 (54:30:16) 88
2 Without 1 9 (56:44:0) 54
3 Without LED (in dark) 0 trace
4 Under an atmosphere of air 57 (59:27:14) 75

Chem. Lett. 2013, 42, 1203i 1205




2.1.3 Aryl Halides as Aryl Radical Precursors

Scheme 18. C—H Bond Arylation of Arenes Using Aryl
Halides and Ir-Photoredox Catalyst

For Arylation of Arenes R=
.y fac-[Ir(ppy)s] P Ho85%
O/ e | py 03 mol%) ’(j_ R 4OMe 76%
. | _ 0
tBuOK (3 equiv.) Ph A g_gmz gg;o
. DMSO, RT 4CFs 67%
67 equiv. P
(67 equiv.) 14W CFL 4-Cl  48%
4-| 46%
Li and co-workers A
[Ir3*]* > '
SET Ar—1 - A T
H
s [Ir4*] O/
]
SET

[|r3+] Ar
==
tBuOH
Ar

Org. Lett. 2013, 15, 26641 2667




Scheme 19. Organic Photoredox Catalyst for the
Perfluoroarylation of (Hetero)arene Derivatives

HO,C ‘

R R
Eosin Y (5 mol%) Br Br
+ Ar[:_ Br > ArF
Et,N (2 equiv.)
CH4CN, 40 °C HO O OH
535 nm LEDs Br Br
. . o | EosinY
Ko nig a) reductive quenching cycle : b) oxidative quenching cycle
EtsN Et N.+ .
eosin Y* eosinY CeFeBr CBF5Br:
k /% CgFsBr ; %—«
ﬁ‘ \ eosin Y CeFsBr o eosin Y* eosinY

L e

O 0 .
Q_C&’ Ther : @ \eosinY Et,N

-e

ACS Catal. 2016, 6, 3691 375



Scheme 20. Arylation of Anilines via EDA Complex

;
NR'2 NR',
2 (het)Ar-Br >
R @ " iProNEt (0.5 equiv.) RZ@-(het]Ar
. CH3CN, 25°C
(5 equiv.) 455 nm LEDs
O
O @) 0
S Phﬁ NH2 S \
NHz 573 é/g &/g =
N S T
. 0 0, Ph
K° nig and 3% 55% 78%
9 (o/lp=3.8:1) (ofp =1.2:1) (olp = 2.8:1) 529

co-workers

+=
NR’
a's | g1 L D ewe
Br—Ng~ ~EWG 455 nm Br s “EWG | Br E,
) - i _NR,

WG / \ NR12 4
E NR
S HAT EWG i/ ‘l 2
e, H* S

C

EDA

Org. Lett. 2017, 19, 59761 5979




K° nig and co-workers Hawker, Alaniz,

Scheme 21. C—H Bond Arylation of Pyrroles with Aryl Scheme 25. 10-Phenylphenothiazine as Organic Photoredox
Halides Using N,N-Bis(2,6-diisopropylphenyl)perylene- Catalyst for C—H Bond Arylation of Pyrroles
3,4,9,10-bis(dicarboximide) (PDI) as Organic Photoredox

Catalyst

E)
i . (509 uiv OC1 (5 mol%)
R PDI (10 mol%) N ;pr’©\ BusN ( ) @ :©
| N usN (5 equiv.
L " Ciee e L Q o L
- | ’ 380 nm LEDs
( ) 55%
Ac
H
N
[
(50 equiv.)
"

77% (from X =1) 52% (from X =1)
70% (from X =Cl)  6&% (from X = Br)

455 nm LEDs
OC2 (5 mol%)

61% (from X = Cl) Qe

BusN (5 equiv.) H /@ j@\
N 0”7 "N" 0 DMSO, 25 °C N
. , | =~ iPr Er oy 380 nmLEDs | 4
EtsN PDI 50%
o R PDI Br J. Org. Chem. 2016, 81, 7155i 7160
Et;N N
PDI weete | [ Ackermann
) ) Scheme 27. Arylation of Thiazole with Aryl Iodide Using Ir/
Ar—X Ar

X Cu Dual Catalytic System
Cul (20 mol%)

PDI
\ S I fac-[Ir(ppy)a] (2 mol%
C - L
@ N LiOtBu (3 equiv.)
PDI

(5 equiv) DMF 35 °C
Science 2014, 346, 7251 728 ' Blue LEDs

50%

Angew. Chem., Int. Ed. 2016, 55, 47591 4762 22



K° nig and co-workers

Scheme 28. Arylation of (Hetero)arenes Using Aryl
Bromides and Chlorides”

[Ru(bpy)s]Cly*6H,0 (1 mol%)

H Pyrene (5 mol%)
DIPEA (1.4 equiv.)
. DMSO, 25°C
(10 equiv.) Blue LEDs
N.__~ \(
(DIPEA) YN —
+e
D41a N SET
[Ru(bpy);“’] pyrene
PC*
m Photoredox - pyrene
455 nm) catalysis
(455 nm (pyre"e) Ar-X X = Br or CI
[Ru(bpy)s**]
PC

~
NR e, -H* \r
[’)—Ar L)—Ar

U S

Angew. Chem., Int. Ed. 2017, 56, 85447 8549



Glorius and co-workers

Scheme 29. Arylation of (Hetero )arenes with Aryl Carboxylic
Acids
[I{dF(CF3)ppyla(dtbpy)]PFg

~__H EtO,C. CO.Et 3 mol% 5
Br Cs,C04 (2 equiv.)

: CH4CN, 55 °C
(100 equiv.) (3.5 equiv.) B?UE LEDs
R=
= o-Br 81% = CN  Br
TR ol 54% )H | | Ph
o,p-Cl; 84% Ph” = Ph “CFj
P- Ph  68% ~So
p- OTBS 54%
Ph@ a e a
56% TB% 41%
(C2/C3/C4 = 21:50:29) (C2/C3/C4 = 5:80:35)
Bu
iBu Bu
[ “
=N =N
67% cl 67% 59%

(C2lothers = 62:38)  (C3KCA+C5}YCB = 37:22:41)

Mechanism

Ar— C02

co

._5‘,& Ar— Co2

EtOzC COzEt

Ar— COZBr

Cr”
Br

4a

[Irs*]
Blue LEDs
Photoredox

) catalysis
Ir¥*]
[ [Ir¥*]

I'

rearomatrzatton1 1e

AY “@

B c:o2

PC (3 mol%), (NH,);S;0s Ph
(3.5 equiv), Cs,COs (2 equiv) E:[
CeHe, hv, temp.,22h Br

3b
@ 55°C, 1%
@ 130 °C, 27%

Chem. Sci. 2017, 8, 36181 3622



2.1.5 Benzenesulfonyl Chlorides as Aryl Radical

Precursors for Arvlation of Heteroarenes

Natarajan et al.

Scheme 30. Arylation of Heteroarenes with Arenesulfonyl

Chlorides
RI
@ M oson  FURHICe6HO 3 moit Af @sogm
+ Cl= r +yx
’ Na,CO; (1 equiv.) U [Ruz*] j
(1 equiv.) (1 equiv.) %'l"sC[‘égT + 80, + CI PC
ue s

SET Blue LEDs

R
OMe Cl CO,Me @
‘rlq \ \ \ Photoredox
] N N N catalysis
N\ N \ | N X [Ru] [Ru?']

| OMe
| }q N \
N ; SET )
B Y N HCI
\ " o MeO,C—( | X
29 69% R ; X R
82% 799, 56% . R R‘E)—Q
NO5 NO5 A * B
@] S S
N N\ C— !
T4% 3% 61%

Tetrahedron 2016, 72, 25211 2526



2.2 Photocatalyzed alkylation of C(sp?)-H bonds

2.2.1 Alkyl bromides as alkyl radical precursors

For intramolecular alkylation of heteroarenes.

Scheme 63. Photoredox-Catalyzed Intramolecular Alkylation
of Indoles and Pyrroles

Stephenson f MEOLC o e
et al 7N Br [Ru(bpy)s]Cl> (1.0 mol%) N
MeO,C CO,Me NEt; (2 equiv.) N
DMF, RT 60 %
visible light
. [Ru(byp)s>*]*
Et;N: ) \
Household
Et;N light
* Photoredox
] catalysis
[Ru(bpy)S +] [RU(bp 2+
PC* V
@ COzMG kl/
\_/_( COsMe
CO,M
* j o Br \_/_%Ogl\ﬂe
MeO.C 002Me MeO:C 0. Me MeO:C co,Me

e S

Org. Lett. 2010, 12, 3681 371



For intramolecular alkylation of arenes.

Wei Yu
Scheme 65. Synthesis of 3,3-Disubstituted Oxindoles from 2-

Bromoanilides

R3

@BriEWG fac-{Ir(ppy)s] (2 mol %) @fim
» R1 @)
DMF, RT N
visible light R2
80-95%

Scheme 66. Reduction of 2-Bromoanilide by Ru(bpy);**/

©\ LCOMe
I}l 0

NEt,
@\BrICOMe
N (@]

Me
Br.| . EWG
©\ I fac-{Ir(ppy)a]*

PC*
RS EWG -Br VISIble
Photoredox
N™ "0 catalysis

A R fac-[I Fr)(ggy)g] fac-llr ppy)a]

[Ru(bpy)s]Cl2 (2 mol %)

NEt; (2.0 equiv.)
DMF, RT.
visible light 30 %

R
Org. Biomol. Chem. 2012, 10, 498i 501

Zhang et al.
Scheme 68. Visible Light Assisted Synthesis of 2-
Azaspiro[4.5]decanes

RS
MeO 0 % Br fac-{Ir(ppy)s] (1 mol %) N
R2 o
\©\/N Li2CO;3 (1.0 equiv.) a
"R DMA, RT o W
Blue LEDs (7 W)

PC* \ &
Photoredox \\

catalysis

fac-[Ir(ppy)s]
PC

66 % 45%

D” “‘k

RO o fac-[Ir(ppy)a]”
o fac- [Ir(ppy)sl

0

N N base N
0] O —
R R.& o

Chem. Commun. 2016, 52, 37091 3712



For Intermolecular Alkylation of Heteroarenes

Barriault et al.

Stephenson Scheme 74. Examples of Alkylation of Lepidine with
Scheme 69. Photocatalyzed Intermolecular Radical C—H Bromoalkanes
Functionalization of Heteroaromatics

= [Auz(dppm),]CI; (5 mol%) x
bromomalonates  {Ru(opy:IC, i T B T NeoH (05 M), Ar g
AR CO,Et (1 mol%) R COEL (3 equiv) UVA LEDs N "R
TS . e O 00
X CO,Et DMF, RT X COE
blue LEDs e = n
(2 equiv.) A CO,Et P
MeO—QNth (2 equiv.) N7 N” N N
45 % 90 % 93 % 64 %
Scheme 72. Coupling of Substituted Bromomalonates with Ph. /\P’Ph"ﬁ?m.

N, O, and S-Heterocycles v Rep, _PUadpPm)CE (5 moit) @ e
% R =1, 2°, 3° alkyl c Ph i P

- co,Me  facIr(ppy)s] R ph=P e,

o (1 mol%) Ry CO;Me (A AT AUl
X r R 2,6-lutidine (1 equiv.) NP

V

: X )
(5 equiv) MeCN, RT R R =19, 29, 3° alkyl
quiv- Blue LEDs (1 W) 365 nm
N COzMe CO,Me N CO,Et
CO;Me CO,Me WCOQE'[ L /. Photoredox
N “N M [Au—Au'-—Br] catalysis
N € LAy
H N H Inner Sphere [Au™---Au]
57% 77% NBoc 63% Exciplex -
+
R
0 I
MeO,C CO.Et CO.Et Omdatw%\
2 2
; ] ©\/M CO.Et m CO,Et Quench [Au--Au'- Br]
N 0 Me N‘ Me R " —
H Boc N
35% 76% 83% R e

Synlett 2016, 27, 7547 758 Chem. Sci. 2016, 7, 47547 4758



For Intermolecular Alkylation of Arenes.

Cheng et al.
Scheme 77. Regioselective Alkylation of Aniline with a-
Bromoketones
1 _R2 R! _R2
R R . N
[Ru(bpy)s]Cl2 (0.5 mol%) - Ar
* g Ar NaOAc (1.0 equiv.) o
A MeCN, RT R3
R (1.2 equiv.) LEDs
STl
O <N> CN N M\ Me.
S Me\N,Me
e : 3
Ph  83% O [Ruz‘“]* [Ru2+]
R T™MS 51% OMe Me pC*
NHAC 99% N
94 % Household 0
light
CN Ark(
N~ SN A
N Me\
Wog (0 w1 s
N Ar)J\KBr
AN OMe C

62 %

Org. Lett. 2016, 18, 45381 4541




2.2.2 Alkylation of pyridine derivatives using alkylperoxides

as alkyl radical precursors

DiRocco et al

Scheme 78. Methylation of N-Heterocycle with tert- WARNY ('S')
Butylperacetate Using Iridium(I1I) Photoredox Catalyst "t o
I .
[[I{dF (CF3)ppy}2(dtbpy)]PFe Me =N
(1 mol %)
AN
)k -OtBu : - methylated Fasudil methylated Camptothecin methylated Caffeine
@3 Seanenrm LA, ™8
(2.5 equiv.) : ’
450 nm hv 75%
FCF3
\\50 nm
[ | j\
* () Me
F PC @ H Me”™ ~O° ?\/Tft (2.5 equiv.)
—% 0 [[I{dF(CF3)ppy}2(dtbpy)]PFg o)
O HN  N-S (2 mol %) /\ n
— 95 H N-S
PCET / N\  CFsCOH/CH,CN, RT (VA Me
- 450 nm hv 7\
I\ o N

(Ir'] + HOAc Fasudi 56 %

Angew. Chem., Int. Ed. 2014, 53, 4802i 4806




2.2.3 Alkylation of pyridine derivatives and other

heterocycles using alkylboronic acids as alkyl radical precursors

Liu and Chen

Chem. Sci. 2016, 7, 64071 6412



