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1. Visible Light Photoredox Catalysis (PC)



Visible Light as a Promising Energy Source

Fossil Fuels o Sunlight
l l —is non-renewable, hazardous : O ~ —nearly limitless energy
WLE —will be no longer available
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Photoredox Catalyst as Redox Mediator

Ho O

Rose Bengal Eosin Y Ru(bpy);(PFg), Ir(ppy)o(dtbbpy)PFg
(Amax = 549 nm) (Amax = 524 nm) (Amax = 456 nm) (Mmax = 416 nm)

visible light |
MLCT

Ir(ppy), Ir(ppy),*

Q Irradiated photoredox catalyst works as both oxidant and reductant.



Visible Light Photoredox Catalysis

D
D: amines [Ir(ppy)3] A: benzophenones

enamines alkyl halides
olefins... enones..
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D +0.77 V Quenching -1.73V
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C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Chem. Rev. 2013, 113, 5322.



Photoredox Reactions

B Reductive

E | S —|2+ E
Ru(bpy)sCl, (5 mol%) | NN HH :
AcrH, (1.0 eq.) voNe N TN “ :
1 R 1
HCIO4 MeCN, visible I|ght Ar ! N . .
rt, 8-20 h | L T Me |
X =Br, CI 84%—-quant. ! & AcrH, |
| Ru(bpy);2* :
S. Fukuzumi, S. Mochizuki, T. Tanaka, J. Phys. Chem. 1990, 94, 722.
visible
(o) Ryl light
u
X \
Ar)l\/
Photoredox Rull*
Catalysis
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Photoredox Reactions

B Reductive

__________________________________

fac-Ir(ppy)s (1 mol%)
NBuj3 (2-5 eq.)

: N
Hantzch ester (2.0 eq.) or NP EtO OEt |
HCO.H (5.0 eq.) i \NED\/,@ | |

R-I > R-H M N™ ™M
MeCN, visible light ~ ~Z ¢ n e
R =1° & 2° alkyl r, 2.5-60 h 21 examples
alkenyl, aryl 83-99% Ir(ppY)3 Hantzch ester
J. D. Nguyen, E. M. D'Amato, J. M. R. Narayanam, C. R. J. Stephenson, Nature Chem. 2012, 4, 854.
vi_sible
Tl xl'g(ht
electron donor
Photoredox ..
Ir
. Catalysis
[electron donor]
n
H-atom Ir R-I
transfer
by-products R"- —> R-H
H-atom
(0) (0) transfer
Et0 N okt Bu,N Pr CO,

~

Me N Me



Photoredox Reactions

B Redox-neutral
(0 Ru(bpy)3Cl, (o) (0
0 (5 mol%) AL
Ar + 5 > Ar * "R2
| | R® ipr,NEt, LiBF, ‘
R1 MeCN, rt, 4 h R1
up to 88%, 10:1 dr

J. Duand T. P. Yoon, J. Am. Chem. Soc. 2009, 131, 14604.

(0] (0]
Ph Me
Me
84%
>10:1 dr
(0] (0]
Ph)ﬁ:rm Me
Et
70%
6:1dr
(0] (o)

76%
>10:1 dr

(0] (0]
4-CIPh Me
Me

82%
>10:1 dr

64%
>10:1 dr

(o] (o]
Ph OMe

65%
5:1dr

(0] (o)
4-OMePh
Me
53%
>10:1 dr
(0] (0]
Ph Me
Bu
8%
>10:1 dr
0] (0]
Ph SEt
Me
88%
>10:1 dr

Me

(0] (o)
0 Me
\ |
Me
74%
>10:1 dr
(0] (0]
Ph Me
BnOH,C
61%
>10:1 dr
(0] (0]
Ph Me
Me
61%
>10:1 dr



Photoredox Reactions

B Redox-neutral

L, + O

S. Lin, M. A. Ischay, C. G. Fry, T. P. Yoon, J. Am. Chem. Soc. 2011, 133, 19350.

2

Ru(bpz)3(BArF),

(0.5 mol%)

DCM, 23W CFL

air, rt

visible

Photoredox

Catalysis

lIx
Ru™meo

18 examples, 42-98%

MeO

EN\ 2+ E
NS N]\IA] !
s
N NS I
N_A ENj)IVN !

N’ !

Ru(bpz) 42+

___________________



Photoredox Reactions

B Redox-neutral

A Ir(ppy).(dtbbpy)PFg H
> (2 mOI%) /N -\
HN {“)h + R1=_Ro ——— Af >
\ MeOH, visible light (4)
Ar (3.0-5.0 eq.) r, 12 h R "

25 examples, 27-98%

- \) ,’\\)
L ~ / ° ~
HN\'@ ( )n ? H _N® )n

Ar cleavage Ar

J. Wang, N. Zhang, Angew. Chem. Int. Ed. 2015, 54, 11424.

H H H H H
OO0 OO0 0 OXp
“ Ph Bu~ > Ph FsC Ph Ph !

76% 57% 92%  COEt 95%

10



Photoredox Reactions

B Oxidative
Ir(dF(CF3)ppy).(dtbbpy)PFg R2__NO,
= .Ar (1 mol%)
R1— | N > p _Ar
N R2CH,NO,, rt, visible light g1~ 1 N
10-72 h X

9 examples, 27-96%

A. G. Condie, J. C. Gonzalez-Gbémez, C. R. J. Stephenson, J. Am. Chem. Soc. 2010, 132, 1464.

visible
light R2__NO,
It ‘\
0, = N’ Ar
Photoredox R1-— |
|+ N

Catalysis Ar




Photoredox Reactions

B Oxidative

X
A-Ru(menbpy), OO
X (0.5 mol%) OH
oH Cof(acac); (1.2 eq.; OH
MeCN, visible light OO
rt X

H, 4% ee
OMe, 16% ee
T. Hamada, H. Ishida, S. Usui, Y. Watanabe, K. Tsumura, K. Ohkubo, J. Chem. Soc. Chem. Commun.
1993, 909.

Cror
_—
OH 70
Rull* Y + HO
S
Photoredox Rul Rull* \/ fast OH
Catalysis
Photoredox X

S Ru!
Ru'l Co(acac), + acac Catalysis ! (R)

©
Co(acac); Rull Co(acac), + acac

Co(acac);



2. PC + Transition Metal Catalysis (Ni, Pd, Pt, Cu)



Transition Metal Catalysis and Photoredox Catalysis

Ar—Nu Ar-X
M n+
Reductive Oxidative
Elimination Addition
Transiton
Metal
Catalysis
Nu X,
M(n+2)+ M(n+2)+
/ 4
Ar Ar

Ligand Exchange
or
Transmetalation Nu

O Two-electron redox pathway 14



“Metallaphotoredox Catalysis”

R—Nu Reductive

2 Elimination

R M (n+2)+
Mn+

Transition Metal

SET

Catalysis
I\

. R
M(n+1)+ ‘Mn+1)+
|

Nu Ligand Exchange
or
Transmetalation

blue
LED

2N

Photoredox *

PC
Cataly3|s
/

=~~~

SET| R-X

Y

R+ x©

Mechanistic Concept from my previous work
(W.-J.Yoo, T. Tsukamoto, S. Kobayashi, Org. Lett. 2015, 17, 3640.)

O Single-electron oxidation of metal species

O Single-electron reduction of alkyl halide

15



First example in “Metallaphotoredox Catalysis”

B Sonogashira coupling

Ar—-Br +
R

[Pd(MeCN),]Cl, (4 mol%)
Ru(bpy)3(PFg)2 (8 mol%)

P(1Bu); (4 mol%)

o
o

——R

_ Ph, SiMle, NEts/DMF = 1/4, rt

150 W Xe lamp

9 examples, 85-99% GC yield
(w/o hv: trace-36% GC yield)

M. Osawa, H. Nagai, M. Akita, Dalton Trans. 2007, 827.

Zoom in

conversionrate/ % ¢
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0
o
I

=2
=
I

H
©
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N
o
]

time/h

——R

(a): Under light irradiation
(b): Dark (dash line)
(c): On and off



“Metallaphotoredox Catalysis” —Palladium-

B Directed C-H activation

Pd(OAc), (10 mol%)
Ir(ppy)2(dtbbpy)PFg (5 mol%)
DG N [ArN3]BF,4 (2.0 eq.) DG
| R - |
H O\F 26 W lightbulb, MeOH Ar
rt, 4-10 h

D. Kalyani, K. B. McMurtrey, S. R. Newfeldt, M. S. Sanford, J. Am. Chem. Soc. 2011, 133, 18566.
DG

<L ) _R <CH

-H
c L., |v W
< vi_sible
C Ar i N"g\ht

” ** Transition Metal Photoredox Iplit*
( \ Catalysis Catalysis
(L lI'P|dI“‘“\\\ Irlv 4%\ [Aer]BF4
c” | ™ ©

Ar Ar +N, +BF,




“Metallaphotoredox Catalysis” —Palladium-

B Cross Dehydrogenative Coupling

Pd(OAc), (10 mol%)

Ir(pPY)2(PPY)PFg (3 mol%)
R1 — K2C03 (3.0 eq.)
> R1 %
XN
H

11 W lamp, DMF
C°2R3 rt, 24 h

J. Zoller, D. C. Fabry, M. A. Ronge, M. Rueping, Angew Chem. Int. Ed. 2014, 53, 13264.

COZMe
AcOH ©\

CI)Ac

©\Pd" CO,Me Pd(OAc), 0,

I

N [O] " 02°@
Transition Metal '

Catalysis Photoredox il
r

H
AcOH /&
@Pd" CO,Me Catalysis

[Pd]
plll*

visible

Y CO,Me light
B
Z N
H



“Metallaphotoredox Catalysis” —Gold-

B Redox-neutral Cyclization

Au(PPh3)NTf,
(10 mol%)
YH ® O Ru(bpy)3(PFe),
Rs_( R? NoBF, (2.5 mol%)
+ >
KM?\ 4 §> MeOH, 23 W lamp
R1 —/"R4 rt, 4-12 h
Y =0, NTs (4.0 eq.) 18 examples, 32-84 %
n=1,2
B. Sahoo, M. N. Hopkinson, F. Glorius, J. Am. Chem. Soc. 2013, 135, 5505.
reductive Ar

elimination L
product PheP-Au
V 0 visible
N light
Ph,P -Au! \) RU"\

OH ( Transition Metal Photoredox
Rul*

Catalysis Catalysis
PhsP-Au Ar

| Rull
PhoP AL { [ArN,]BF,
©

\T \) Ar +N, + BF,
|




“Metallaphotoredox Catalysis” —Gold-

B Redox-neutral Ring expansion

Au(PPh3)CI (10 mol%) | |
OH _ Ru(bpy)3(PFg) (2.5 mol%) o R : al |
+ AerBF4 - \ | | !
n (3.0eq.) MeOH/MeCN, visible light d), Ar | UI\) |
rt, 5-24 h 26 examples, 32-90 % ! - |
. Ru(bpy)z?* |
X.-Z. Shu, M. Zhang, Y. He, H. Frei, F. D. Toste, J. Am. Chem. Soc. 2014, 136, 5844.
PhN2BF 4 Ny, BF -
—X y,

[Ru(bpy)sl2* sa\
[Ru(bpy)al®”
visible
light |
{ : ]

= L-A:u .
[Ru(bpy)s}? ¢l
L SET :
Phs
[PhaP-Ph]* SET NS
‘_\; Ph—Aul] i
reductive Cl

| 9]
elimination ] T | CgHys
L =PhgP reductive 3
elimination //. > Ph
6 D

coordination /
OH CgHy; o

\’> I CeH
D OH CgH-;g ring o 13'L
4 |j—“(\““’:U’L expansion _. A;';m
<1 :
DI

10 20



“Metallaphotoredox Catalysis” —Nickel-

B Suzuki—Miyaura coupling of aryl halide and sp®-hybridized RBF;K

1-PFg (2 mol%)
Ni(COD), (3 mol%) |

~ dtbbpy (3 mol%)
Ar' " BFK  +  Br—Ar > AT CAR
2,6-lutidine (3.5 eq.)
Acetone/MeOH (1/1) F .
26W CFL, rt, 24 h 1
J. C. Tellis, D. N. Primer, G. A. Molander, Science 2014, 345, 433.
Oxidative Ar2-Br
Addition
L. 1 Ar? L blue
~ . ~ .0
(nisg, (om o=
Ar /8 ] \/
Nickel Photoredox '
SET Ir
Catalysis Cataly5|s
- 1 I\ Y,
L.l Ar2 L. [Ir]
(i (; sNi—xX —~SET 1 gk
Br *

L
Reductive ; Ar /8

Elimination
Ar - Ar2

O Driven by the one-electron oxidation of organic molecule.



“Metallaphotoredox Catalysis” —Nickel-

B Decarboxylative coupling of a-amino acids and aryl halides

Ir(dF(CF3)ppy).(dtbbpy)PFg

(1 mol%)
NiCl, glyme (10 mol%)
o dtbbpy (15 mol%)
N + Ar—X
) DMF, 26 W CFL
Boc OH 23°C,72h

(X =1, Br, Cl)

Z. Zuo, D. T. Ahneman, L. Chu, J. A. Terrett, A. G. Doyle, D. W. C. MacMillan, :

Science 2014, 345, 437.

amino acid O\

N CO,H —-H*, CO, N
Boc-Pro-OH (3) | \ / |
Boc / SET \ Boc
*If(2) Irlt (5)
oxidant reductant
Photoredox
Catalytic LNil —
Cycle
SET
g
Household Light Bulb I (1) Nickel
Catalytic
6 L,Ni° Cycle
Synergistic
Catalysis

* Photoredox

A
* Nickel para-iodotoluene

\
Boc
Me

(£)-benzylic amine 10

|

1
Ak—NilL, 8

|

Ar

(/
l}l 4

Boc



“Metallaphotoredox Catalysis” —Copper-

B Trifluoromethylation

CuOAc (20 mol%)
RU(bpy)3C|2’6H20 (1 mol%)
Ar-B(OH), + CFyl > Ar—CF,
K2CO3 (1.0 eq), DMF
(50 eq) 26W ||ghth|b 22 examples, 39-93%
60°C,12h

Y. Ye, M. S. Sanford, J. Am. Chem. Soc. 2012, 134, 9034.

I
RF. +1I- Rr‘
Ru(bpy)s>* Ru(bpy)s* v
Rr'
CU”X;} /
visible ]
light 0 @
Ru(bpy)s?**
Cu'X X,Cu"-R

(V) (i) Aryl-B(OH);
Re
Re—Aryl XCu"

Aryl BOH),(X)

23



Contents

3. My Previous Work (PC + Cu)
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“Metallaphotoredox Catalysis”

R—Nu Reductive

2 Elimination

R M (n+2)+
Mn+

Transition Metal

SET

Catalysis
I\

. R
M(n+1)+ ‘Mn+1)+
|

Nu Ligand Exchange
or
Transmetalation

blue
LED

2N

Photoredox *

PC
Cataly3|s
/

=~~~

SET| R-X

Y

R+ x©

Mechanistic Concept from my previous work
(W.-J.Yoo, T. Tsukamoto, S. Kobayashi, Org. Lett. 2015, 17, 3640.)

O Single-electron oxidation of metal species

O Single-electron reduction of alkyl halide

25



Topics

1. Visible-Light-Mediated Chan—Lam Coupling Reaction

Arl_ _Ar2
N

Photo
Ar'-NH, + Ar2-B(OH), Redox |_ COPPer
Cat. : H

26



Chan-Lam Coupling Reactions (1)

RZ\_ Cu'salt _;-X X
1—XH + — —-R2
R Q_B(OH)Z solvent | P R

X=NR, O, S r

D. M. T. Chan, K. L. Monaco, R.-P. Wang, M. P. Winters, Tetrahedron Lett. 1998, 39, 2933.
D. A. Evans, J. L. Katz, T. R. West, Tetrahedron Lett. 1998, 39, 2937.

P.Y. S. Lam, C. G. Clark, S. Saubern, J. Adams, M. P. Winters, D. M. T. Chan, A. Combs, Tetrahedron Lett.
1998, 39, 2933.

O Stoichiometric Cu! salt

cat. Cu(OAc), H
R\— cat. myristic acid Ar,N S ~y COA
Ar—NH, + \ / B(OH), > | —-R T2
2,6-lutidine, solvent y/ myristic acid
rt, open air

R = Alkyl, OR: 50-91%

vigorous stirring - _ ) ¢1:'<10% (GC)

J. C. Antilla, S. L. Buchwald. Org. Lett. 2001, 3, 2077.

O Catalytic amount of Cu' species
O Limited substrate scope



Chan-Lam Coupling Reactions (1)

. .cu'
N
H +
Ligand Exchange
&

R +
¢ )—B(OH),

Transmetallation

N
Ar2

eductive “Arl
|\\ imination
~
Ar'___cu" /-<&
QN' I
. H Cu
02@
Copper
slow PP [0]
R Catalysis
\\
0, I Z 1]
Cu
Arl Ar'=NH,

cat. Cu(OAc),

cat. myristic acid

R /—
Ar—NH, + \F/:/>—|3(0H)2

rt, open air

vigorous stirring
J. C. Antilla, S. L. Buchwald. Org. Lett. 2001, 3, 2077.

2,6-lutidine, solvent

R = Alkyl, OR: 50-91%
R = p-Cl: <10% (GC)

CO,H
o,

myristic acid

O Catalytic amount of Cu' species

O Limited substrate scope




Chan-Lam Coupling Reactions (2)

=T

Ar'-NH, + Ar2-B(OH), ac2

Photoredox/Copper Dual Catalysis

.Cu _Cu
ArHN \©\ — 3 |ArHN \@\
O] by O
el [O] by O, cl

slow electron-poor

_Cu _Cu
ArHN \©\ > |ArHN \@\
o] b
[O] by ol

Cl photoredox
catalyst electron-poor

acceleration
29



Control Experiments

Ir(ppy); (1 mol%) 1
Cu(OAc), (10 mol%) H i
myristic acid (20 mol%) _N N7 NS
PhNH, + CI—@—B(OH)Z > Ph | > Z é/\)
2,6-lutidine (1.0 eq.) Z
(1.5 eq.) MeCN/MePh (1/1), 35 °C Cl rPPY)s
open air, blue LED CO.H
p 20h n:/(::jtlzc a:id

Screened conditions

O Visible light photoredox catalysts
O Transition metal catalysts

O Solvents
Ir(ppy); blue LED Cu(OAc), & myristic acid yield [%]t@
2 X X 4 7
3 v 4 4 >95

[al Determined by 'H-NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard.



Substrate Scope (1)

Ir(ppy)3 (1 mol%)
Cu(OAc), (10 mol%) H g i

myristic acid (20 mol%) ,N
ArNH2 + CI_Q_B(OH)Z > Ar
2,6-lutidine (1.0 eq.)

(1.5 eq.) MeCN/MePh (1/1), 35 °C lr(ppv)s
open air, blue LED co

20 h oo, O

myristic acid

J'o, oMo, oo, o

93% (7%*) Quant. (23%*) 95% (11%%) Quant. (12%*)
H H H H
eO Cl Br Cl cl Cl NC Cl
43% (37%*) 91% (7%*) Quant. (9%*) 71% (15%*)
EtO,C~ : : ~Cl Ac” : : ~Cl F,C”7 : : ~C ; : ~C
42% (11%*) 47% (13%*) 72% (15%*)
5% (10%*)

*in the absence of Ir(ppy); and blue LED irradiation. 31



Substrate Scope (2)

Ir(ppy)3 (1 mol%)
Cu(OAc), (10 mol%)

myristic acid (20 mol%)

PhNH, + Ar—B(OH), > N

2,6-lutidine (1.0 eq.) Ph
(1.5eq.) MeCN/MePh (1/1), 35 °C
open air, blue LED

20 h
H H H
OC. O, O
Br Cl F
89% (12%%) 93% (7%%) 79% (12%%)
H H H
SACHNGASHNGAS!
CN Z Z Ac CO5Me
43% (5%*) 47% (18%%) 62% (19%%)

*in the absence of Ir(ppy); and blue LED irradiation.

gﬂw@

|T(PPV)3

CO,H
e

myristic acid

saol

85% (19%*)

65% (17%*)



Mechanistic Study (1)

Ar! -NH,

+ Ar2-B(OH),

Photoredox/Copper Dual Catalysis

O Proposed Mechanism A

blue

1 *
Ir

0,

Ir

Ir

Arl_

Arl

H
. .N
Reductive  Ar2
Elimjnation
Ar2 —
Lm
.Cu |
H Cu
Copper
Catalysis
;I\rz Cu"
I
.Cu
& ~-
Ligand Exchange
&
Transmetallation

Ir(ppy)3

"Ar!
Visible light photoredox
catalyst helps the form-
ation of Cu(lll) species.
[0 [ Stern—Volmer Plot
O Kinetic Study

‘< ar-nn, - Anaerobic Reaction

+

Ar2—B(OH), 33



Mechanistic Study (2)

O Stern-Volmer Plot Study fac-lr(ppy)3.sollutiqns (O._0122 mM in MeCN) were excited at 320 nm
and the emission intensity at 518 nm was observed.

2 4 2
15 3 1.5
o/l 16 1,/1 2 /1 16
0.5 1 \ 0.5
0 0 0
0 0.002  0.004  0.006 0 0.005 0.01 0.015 0 0.005 0.01
4-Cyanophenyl Aniline [M] 2,6-Lutidine [M]
boronic Acid [M]
300 100
250 80
200
60
1o/l 150 1,/1
100 40
50 20
0 . 0
0 0.002 0004 0.006 0.008 0.01  0.012 0 0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004
Copper(ll) Acetate [M] 4-Chloro-N-phenylaniline [M]

4 Ir(ppy);* can react only with Cu(OAc), and the product.



Mechanistic Study (3)

O Proposed Mechanism B
H

N.
Reductive Ar? Arl

Elimination
‘?‘r2 /<
blue i Al _cd

LED Arl_ _Ar2 N I

‘N H Cu
H
. Copper
I _ [O]
Catalysis
1.® Ar2
O \ A ~'\?’Ar Ar? cd'
L
Ir H Ar'_ .Cu
N
H Ar'—NH,
0.9 Ligand Exchange .
2 &

Transmetallation  Ar2-B(OH),

35



Mechanistic Study (4)

4 Kinetic Study Ir(ppy)s (1 Mol%)

Cu(OAc), (10 mol%) S
myristic acid (20 mol%) h,‘
PhNH, + CI_Q_B(OH)Z N <
2,6-lutidine (1.0 eq. ) _
(1.5 eq.) MeCN/MePh (1/1), 35 °C
open air, blue LED Ir(ppy)3
20 h

80

70

—~ 60
2

~ 50
S

Q2 40
>

o 30

S 2

10

0

0 60 120 180 240
Time (min)

O Proposed Mechanism B is not major pathway.



Mechanistic Study (5)

d Proposed Mechanism C

Reductive  Ar2 " Arl

Elimination
;ikrz /<
blue i Arl ,Cu'"

LED .
” CuI
* Copper
" °p [0]
Catalysis
I 2
o Cu | v ,tl\rII C I
0, r ArtN,Cu
H Ar'—NH,
' Ligand Exchange
0, Cu g9 % 9 +

Transmetallation  Ar2-B(OH),

37



Mechanistic Study (6)

(d Anaerobic Reaction
Ir(ppy); (1 mol%)

Cu(OAc), (X eq.)
myristic acid (20 mol%) , Q\©
PhNH, + CI—@—B(OH)Z 3 Ph~ R
2,6-lutidine (1.0 eq.) ”
(1.5 eq.) MeCN/MePh (1/1), 35 °C
atmosphere, blue LED Ir(ppv)s
20 h

entry Ir(ppy); blue LED Cu(OAc), (Xeq.) atmosphere Vyield [%]?!

1 v v 10 mol% 0, 93
2 v v 2.0 eq. Ar 38
3 X X 2.0 eq. Ar 28

[al]solated yield.

O Proposed Mechanism C is not major pathway.

] Proposed Mechanism A is most reasonable.




Topics

2. Visible-Light-Mediated C—-N Ulimann-type Coupling Reaction

R$\ RN

—
Photo

NH + Ar—I Redox |_ CoPPer N-Ar

Cat.

39



C-N Ulimann-type Coupling Reaction (1)

CO,H
Z CO,H Cu (powder) _~ 2
| : > (|
A H,N 210 °C N

Cl
F. Ullmann, Ber. Dtsch. Chem. Ges. 1903, 36, 2382.

O Stoichiometric Cu
O High temperature

o X Cul (10 mol% 27 X
CEY e A renal S
su P ~N LiO™Bu (1.4 eq.) *"TN
H (1.4€d.)  pMeCN or MeCN/'BuOH Ar
X = CH, N hv (254 nm), rt

D. T. Ziegler, J. Choi, J. M. Mufioz-Molina, A. C. Bissember, J. C. Peters, G. C. Fu, J. Am. Chem. Soc. 2013,
135, 13107.

O Catalytic Cu'
0 Room temperature
O Harmful light source, UV



C-N Ulimann-type Coupling Reaction (1)

Pk \i/x Cul (10 mol%) Sl \i/x
L ' > + Ar—I > L " >
sLe"SN LiO'Bu (1.4 eq.) sL-"SN

H (1.4€9.)  pMeCN or MeCN/'BuOH Ar
X=CH,N hv (254 nm), rt
R,N—Cu*- NR2 i
'BUuOH Li—-X
UV irradiation
R,N—H
LiOBu
| 0 ®
lX—Cu-NR2 I Li Copper RoN— Cu NR2
A Catalysis
electron
R,N—R! transfer
Li—X
RoN—Cu 'NRz NR, = carbazolide

D X = halide



C-N Ulimann-type Coupling Reaction (2)

R * N R l\ N
= Photo =
NH + Ar—I Redox |_ COPPer N-Ar
Cat. :
Visible light as alternative energy!
Ligand
Exchange O
|
blue i Cu-N
LED ' o O
u o
\f F G Ar
i Photoredox SET Copper \(
\ Catalysis /\ Catalysis O
—_ III
Ar—| SET O

v

Ar ; Reductlve

A+ 1© N Elimination

42



Optimization

O photocatalyst (2 mol%) O
Cul (10 mol%)

NH + Ph-l N-Ph
O (X eq.) LiotBu_(1.5 eq.), solvent (0.25 M) O
light source, rt, 18 h
entry solvent photocatalyst light source X (eq.) Yyield (%)l
1 DMSO Ir(ppy); white LED 1.5 72
2 DMSO Ir(dFppy), white LED 1.5 41
3 DMSO Ir(ppy).(dtbbpy)PF, white LED 1.5 N.R.
4 DMSO Ir(dF(CF;)ppy).(dtbbpy)PF, white LED 1.5 14
5 DMSO Ru(dtbbpy),;2PF white LED 1.5 22
6 DMSO Ru(bpz);2PF, white LED 1.5 N.R.

\

N N/\[

lal Determined by 'H-NMR analysis using 1,1,2,2-tetrachloroethane as an mternal standard.
ZN,, Im_ N/ =Ny, Im N\/
| \N/ | \N/\

Ir(ppy)s Ir(dFppy); Ir(ppy)(dtbbpy)* Ir(dF(CF)3ppy).(dtbbpy)* Ru(dtbbPV)a Ru(bpz);2*
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Optimization

O photocatalyst (2 mol%) O I NZ
CUI (10 mOI%) """Ilr'I!L"“
NH + Ph-l . N-Ph I\N/ \NI N
O (X eq.) LiOBu (1.5 eq.), solvent (0.25 M) O # Z

light source, rt, 18 h Ir(ppy)s

entry solvent photocatalyst light source X (eq.) Yyield (%)l
1 DMSO Ir(ppy); white LED 1.5 72
2 DMSO Ir(dFppy), white LED 1.5 41
3 DMSO Ir(ppy),(dtbbpy)PF, white LED 1.5 N.R.
4 DMSO Ir(dF(CF;)ppy),(dtbbpy)PF, white LED 1.5 14
5 DMSO Ru(dtbbpy),2PF, white LED 1.5 22
..8_..bwso | Ru(bpz);2PF, __ whiteLED 15 NR.
7 DMSO Ir(ppy); blue LED 1.5 80
8 DMSO Ir(ppy); blue LED 1.1 79

[21 petermined by TH-NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard.
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Substrate Scope (1)

O Ir(ppy); (2 mol%), Cul (10 mol%) O

NH+ Ar—I o

(1.1 eq.) LiOBu (1.5 eq.), DMSO (0.25 M)
blue LED, degassed, 18 h

E ﬁ
R Al O

N OM N cl N CF, N —@N

51

67% 56% %
{» o i ¢
N N N
\ \ -\
54% 93% 61% 89%

73% 68%



Substrate Scope (2)

t, ||||, '
\

(1.1 eq.) LiOBu (1.5 eq.), DMSO (0.25 M)
blue LED, degassed, 18 h

Ir(ppy); (2 mol%), Cul (10 mol%) g

N\
~,

Ir(PPY)s

&5 ey

1% 66% 1% 70% 46%

" Q
0
A\
O Ph = Ph @

44% N.R. 14% 24% 27%



Control Experiments

O Ir(ppy)s (2 mol%), Cul (10 mol%) g (RL\@

NH + Ph—I >
(1.1 eq.) LiO™Bu (1.5 eq.), DMSO (0.25 M)
blue LED, degassed, 18 h Ir(ppv)s
Ir(ppy)s blue LED Cul yield (%)l
1 v v X 0
2 X X v 0
3 X v v 39
4 v v v 79

[al Determined by 'H-NMR analysis using 1,1,2,2-tetrachloroethane as an internal standard.
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Mechanistic Study

1

O Ir(ppy); (2 mol%), Cul (10 mol%) O (F?'L\‘©
NH + Ph—I NS

O (1.1 eq.) LiOBu (1.5 eq.), DMSO (0.25 M) O é)/\)

blue LED, degassed, 18 h Ir(ppy)3

O Stern—Volmer Plot Study fac-Ir(ppy), solutions (0.0122 mM in DMSO) were excited at 320 nm
and the emission intensity at 518 nm was observed.

5 6
4 5
3 4
| 3
o, I/l
2
14 1
0
0 0.002 0.004 0.006 0.008 0.01 0.012 0.002 0.004 0.006 0.008 0.01 0.012
Carbazole [M] N-phenylcarbazole [M]
5 600
4 500
3 400
| 1./1 300
J, ol
200
14 100
0 0
0 0.002 0.004 0.006 0.008 0.01 0.012 0.002 0.004 0.006 0.008 0.01 0.012

lodobenzene [M] Copper(l) lodide [M]



Proposed Mechanisms

i
Ar—I O Ir(ppy)3 (2 mol%), Cul (10 mol%) O (:.‘H\@

+ Ph—lI > N-Ph SNT NS

Ar. NH
® o (1.1eq) LiO'Bu (1.5 eq.), DMSO (0.25 M) é,@
Li lc'u.(cgz)zl blue LED, degassed, 18 h IH(PPY)s

i c cu{cez),
IVANE.

Ar ‘l\"
Pr.u.)to  [sen Coppe.r l< N
blue Sensitization \ Catalysis |
LED or o Cu—CBZ K oand Cu-—l
T IC“'(CBZ)ZI I Exchange @

<

B csz®

Proposed Mechanism A (=cBZ°)



Proposed Mechanisms

&
v

Ar + |

O Photocatalyst facilitates the
single-electron redox process.

BN

1
Ir(ppy)3 (2 mol%), Cul (10 mol%) O "

N
"Ilr'u“‘

NH + Ph—lI > N-Ph AN S
(1.1 eq.) LiO™Bu (1.5 eq.), DMSO (0.25 M) Z
blue LED, degassed, 18 h Ir(ppY)3
Ar
Ar-| o cufcsz) m
o —— 2 Cu CBZ) Reductive
SET D Ar’ Elimination
J Ilh.
) Photoredox Copper N
r
Catalysis SET Catalysis
1
K of, ©® Cu-CBZ & Cu-l
blue i Li ICu-(CBZ)I | Ligand
LED 2 o Exchange
G
. S}
Proposed Mechanism B (=CBZ")

BN
~



Summary of Master’s Research

1. Visible-Light-Mediated Chan—Lam Coupling Reaction

Copper

Ar'-NH, + Ar2-B(OH), Cat.

21 examples, 42%—quant.

W.-J. Yoo, T. Tsukamoto, S. Kobayashi, Angew. Chem. Int. Ed. 2015, 54, 6587 .

2. Visible-Light-Mediated C—N Ulimann-type Coupling Reaction

R *\
-
NH + Ar—I EoRES N-Ar

R*\
—

(o7:1 8

19 examples, 44-93%

W.-J. Yoo, T. Tsukamoto, S. Kobayashi, Org. Lett. 2015, 17, 3640.
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Thank you for your attention!
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Questions

1. Please provide the product in the reaction below.

0 /\@FO
0

Ru(bpy)3(BF,), (cat.)

Hantzch ester, PrNEt, DBU
- > A

DCM, blue LED, rt DCM, rt




Questions

2. In which quenching cycle does the following reaction take place?
(Ox. or Red.) Please also rationalize the results of substrate scope.

Ru(phen);Cl,

(o) (1 mol%)
)J\ * MR DMSO, O,, 32 g Ph
Ph COOH » Og, 32 °
(1.5eq.) 36 h

H H H H
79% 72% 61% trace
Rull
126V —€° e© 087V
. L . supported steps
Oxidative
Quenching ©)

- NO)
Cycle @—NHZ — QNHZ : +0.80 V

visible light

Reductive e@
\ o o e
-136V e -~ 0.82V

Ru!

94



Questions

3. Please close the nickel catalysis filling in blanks A—E. Be sure to show
oxidation state of the metal species.

Ru(bpy)3(PFe), (2 mol%)

R o /O ® NiCl,*dme (5 mol%)
>—Si @ «HNEt; + Ar—-X dtbbpy (5 mol%) N
R2 o DMF, visible light

2 rt, 16 h
(1.2 eq.)

r'i" = —EFJH or

=
| "y |HNRRY, 4,__.{;
& [O_~ e

e = . . L-".\/ ura‘\"j

Cross-Coupling , Pholoredox : :
Cycle SET Cycle fir]

i E AN sy
T

\ﬁ’; FJLB,I-

A:"'L"HE 55




Questions

1. Please provide the product in the reaction below.

CO,NPhth

\
+
\
W

i) (COCl)y, DMF, CH,Cly, 0 °C to rt

i) KONPhth, 18-crown-6, THF,
40°C
94%

18

i) 1% Ru(bpy)s(BF 4)2, 2
Hantzsch ester, i-ProNEt
CH,Cl,, blue LEDs, rt

20% RhCl
EtOH, 78 °C

S

70%

ii) DBU, CH,Cly, rt
74% (dr > 20:1)

(-)-solidagolactone (4)

A J

electrophile

1 E or 1
*
| l 9 l
Me ! Me ! Me ’
E
A B C
cuprate or radical equatorial coupling axial coupling

D. S. Mdller, N. L. Untiedt, A. P. Dieskau, G. L. Lackner, L. E. Overman, J. Am. Chem. Soc. 2015, 137, 660.



Questions

2. In which quenching cycle does the following reaction take place?
(Ox. or Red.) Please also rationalize the results of substrate scope.

Ru(phen);Cl,

0]
o (1 mol%)
A * R oS0, 0, 320 o
Ph COOH » V2 I
(1.5eq.) 36 h H

J. Liu, Q. Liu, H. Yi, C. Qin, R. Bai, X. Qi, Y. Lan, A. Lei, Angew. Chem. Int. Ed. 2014, 53, 502.

- Ru(phen);]** -
0, [ “E\p, en)sl RCOCO, CO,
1
Path B RCOCO,* A RS

A7 2+6
+
O HO, +2 ‘/}/
6 ‘\ H20,

[Ru(phen)s*** = ~—— [Ru(phen)s** -
0 25W | ’ \ [ RCONHR']
+
- 9
R'NH, 1+RNH, SETl
2
Path A — :
SET o; RCONHR
. . 0
RINH, [Ru(phen);] 2

5 1]
o7



Questions

3. Please close the nickel catalysis filling in blanks A—E. Be sure to show
oxidation state of the metal species. |

Ru(bpy)3(PFe), (2 mol%)

R o /O ® NiCl,*dme (5 mol%) R |
Z—Si HNEt, + Ar-X dtbbpy (5mol%) \ _ap
R :

o) DMF, visible light ~ R2
2 rt, 16 h
(1.2 eq.)
M. Jouffroy, D. N. Primer, G. A. Molander, J. Am. Chem. Soc. 2015, ASAP. 3
(Y = —BFK or i 5 ﬂr 2
=

Eﬁ(ﬂ "y |HNRRY, 4,__4

2{0) ;

fv
| P O L ﬁ.r'l
I & .
\ _'D 2 2 (L"H'{HE CL“’N'D fir]

Cross-Coupling , Pholoredox :
Cycle SET Cycle fir]

HLE,F:-' H1T,F|'=‘ /\ R

{ A
—— C L; Nl ¥
L L]

Ar Coonex b I__SHE
( i \'ﬁ" FJ[_B',I—
L~ "X =%
A:"’L"HE 58




