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1) Introduction

Visible light photoredox catalysis

"Ability of metal complexes to engage in single-electron transfer processes with
organic substrates upon photo excitation with visible light ” (MacMillan, Chem.

Rev, 2013, 5322).

Extremely mild conditions: _ room temperature
_ without highly reactive radical initiators

Irridiation source: typically commercial household light bulb

Very low catalyst loading (2 mol% or less)



1) Introduction

Most popular photocatalyst

Absorption at 452 nm (visible light)

Stable, long-lived excited state (t = 1100 ns)
Single electron transfer (SET) catalyst
Effective excited state oxidant and reductant

C. K. Prier, D. A. Rankic, D. W. C. McMillan, Chem. Rev, 2013, 5322 4



1) Introduction

Most popular photocatalyst

Absorption at 452 nm (visible light)

Stable, long-lived excited state (t = 1100 ns)
Single electron transfer (SET) catalyst
Effective excited state oxidant and reductant

Typical procedure for photocatalyst synthesis

2CI

NaH,PO, (9 eq) |

H50, reflux |
73%

Y.Zhoa, Y. Liy, X. Du, R. Han, Y. Ding, J. Mater. Chem. A, 2014, 19308



1) Introduction

Photocatalysts

Metals: ruthenium, irridium, copper

®
~Z N
s
N_~
M/

Ligands
bpy bpm
® b
PP |
|
NN
PPy bpz dF(CF3)ppy

C. K. Prier, D. A. Rankic, D. W. C. McMillan, Chem. Rev, 2013, 5322 5



1) Introduction

oxidant
. L
)
=
Ru(bpy)s™* “Ru(bpy)s™*
Ground State Excited State
Ru(bpy)s®*
€y’ NPT = &g - —— €3
* ‘—> * *
“ f (MLCT) reductant
tog ——— tyq ——— tyq

C. K. Prier, D. A. Rankic, D. W. C. McMillan, Chem. Rev, 2013, 5322 6
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Ru(bpy);?*
excitation Amax = 452 nm
emission
*Ru(bpy);%* ~ Ru(bpy);?*
Amax = 615 nm
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Ru(byp);**
excitation Amax = 452 nm
Ru(byp);* . -
quenching 24 emission
or - *Ru(byp); >
Ru(byp)33+ 7\'max =615 nm

C. K. Prier, D. A. Rankic, D. W. C. McMillan, Chem. Rev, 2013, 5322

Ru(byp),2*



1) Introduction

I
2+ I
Ru(bpy)s : increasing [Q]
I
excitation Amax = 452 nm i
:I
Ru(bpy);* . . !
quenching . 24 emission 24!
or - Ru(bpy); > Ru(bpy);*"]
Ru(bpy);3* Amax = 615 nm .
I A
Stern-Volmer
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Emission intensity Excited state lifetime
without quencher F\‘ | / without quencher |
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Quencher rate constante

1Q] (M)

C. K. Prier, D. A. Rankic, D. W. C. McMillan, Chem. Rev, 2013, 5322 8
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Reductive & oxidative catalyst ?

"The photoexcited species has the remarkable property of being both more
oxidizing and more reducing than the ground-state species “ (MacMillan, Chem.
Rev, 2013, 5322).



1) Introduction

Reductive & oxidative catalyst ?

"The photoexcited species has the remarkable property of being both more
oxidizing and more reducing than the ground-state species “ (MacMillan, Chem.
Rev, 2013, 5322).

-

Ru(bpy)s®* + e- —— *Ru(bpy)s*’ Eqp"" =-0.81V
Reductive _excited species
catalyst
3+ - 2+ mm —
Ru(bpy);™" + e — Ru(bpy)s Eqp™ =+1.20V

ground-state
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1) Introduction

Reductive & oxidative catalyst ?

"The photoexcited species has the remarkable property of being both more
oxidizing and more reducing than the ground-state species “ (MacMillan, Chem.
Rev, 2013, 5322).

-

*Ru(bpy)s®* + & ——=  Ru(bpy)s" Eyp M= 4077 V
Oxidative €Xcited species
catalyst

Ru(bpy);?* + e- —  Ru(bpy);* £, =133V

ground-state 10
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Reductive & oxidative catalyst ?

Oxidized from

Reductive form

Ru(bpy)s®*
M+

Ru(bpy)s%*
M

Ru(bpy)s*

11
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Il) Reactivity - Reductions

™~ ”
Ru(bpy)s?* s ~  *Ru(bpy)s?
-
Ground state M Excited state M*
Product % D
EMM-- 1 33V EMM-- 4077 V Reductive quenchers

Ru( bpy

Substrate
C. K. Prier, D. A. Rankic, D. W. C. McMillan, Chem. Rev, 2013, 5322 13
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Il) Reactivity - Reductions

Reductions

First reaction demonstrating the potential of visible light
Earliest report by Pac and co-workers in 1981

Reduction of electron-deficient olefins

Reductive quencher

O
CO,Me WNHZ Ru(bpy)3Cl, (2 mol%) CO-M
- e
[ ' N . MeO,C~ >"""2
CO,Me | pyridine/MeOH
Bn visible light
(BNAH) 96 %
2 equiv.

C. Pac, M. lThama, M. Yasuda, Y. Miyauchi, H. Sakurai, J. Am. Chem. Soc., 1981, 6495 14



Il) Reactivity - Reductions

Reductive dehalogenations

Since 1990 reductive dehalogenations started to be studied

Reductive quencher

o) Ru(bpy)sCl, (5 mol%) o)
Br 7 g H
o N MeOH o

Me visible light

S. Fukuzumi, S. Mochizuki, T. Tanaka, J. Phys. Chem. Soc., 1990, 722 15



Il) Reactivity - Reductions

Ru(bpy)s2*

S 0 /\ 0
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S. Fukuzumi, S. Mochizuki, T. Tanaka, J. Phys. Chem. Soc., 1990, 722 16



Il) Reactivity - Reductions

Reductive dehalogenations | ; 3 CO,Me
O ' Br
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J. Phys. Chem. Soc., 1990, 722 J. Am. Chem. Soc., 2009, 8756 17



Il) Reactivity - Reductions

0O @)
Ph
Cl
|
R—I |
Visible light J
|
R—H
R = alkyl, alkenyl or aryl
Y \/
82-97%
e @)
Nature Chem., 2012, 854
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J. Phys. Chem. Soc., 1990, 722 J. Am. Chem. Soc., 2009, 8756 17



Il) Reactivity - Reductions

Reductive dehalogenations

0O O
Ph
Cl
S / /, R
R—I ‘ | _
Visible light J
R—H =
R \\|
R = alkyl, alkenyl or aryl |\\ R
Y Y
82-97% “
Nature Chem., 2012, 854 O Q J. Chem. Soc. Perkin trans, 1984, 1705
Ph)K/ H RO)S/ Ph  Chem. Soc., Chem. Commun., 1987, 546

H

J. Phys. Chem. Soc., 1990, 722 J. Am. Chem. Soc., 2009, 8756 17



Il) Reactivity - Reductions

Reductive cleavage of sulfonium and sulfonyl groups

©
BF
o 4 EtO,C & COEL  Rutbpy)sCl, (1 mol%) O |
S. * ] d

MeCN
Me visible light

Ph
quant.

D. M. Hedstrand, W. M. Kruizinga, R. M. Kellogg, Tetrahedron Lett., 1978, 1255

0 EtO,C ™ COEL  Rutbpy)sCl, (1 mol%) 0
+ >
)S/\Ph N pyridine )S/\Ph
Me

SO,Ph visible light H
97%

K. Nakamura, M. Fujii, H. Mekata, S. Oka, A. Ohno, Chem. Lett., 1986, 87
18



Il) Reactivity - Reductions

Reductions

Reduction of nitro to amines
Reduction of azydes to amines
Reductive epoxide opening
Reduction aziridine opening
Radical cyclization

Reduction of protecting groups

19
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II) Reactivity - Oxidations

Substrate B
Ru(bpy)s®* A
/ M* \
EM*M= 4129V EMYM*= 081V Oxidative quenchers
Product w A
\/\K/
Ru(bpy)s** ",\%/: ~  *Ru(bpy)s**
! i

Ground state M Excited state M*

C. K. Prier, D. A. Rankic, D. W. C. McMillan, Chem. Rev, 2013, 5322 21



II) Reactivity - Oxidations

——————————————————————————————————————————————————————————————————————

: 0 i
: — F : .
: N/ \ \ N (l: NH; :
\= Z CI”H > Br ® l
: N> I
i viologens polyhalomethanes aryldiamonium salts :

C. K. Prier, D. A. Rankic, D. W. C. McMillan, Chem. Rev, 2013, 5322 21



II) Reactivity - Oxidations

Oxidative reactions

Single-electron oxidation of particulary electron-rich functional groups:
Electron-rich arenes
Electron-rich amines

Since 1984, oxidative reactions were studied

oxidative quencher

O
OH 4-8 mol% Ru(bpy)sCl5 0O
) N NH, 3 equiv. collidine _ J
Ar ?\rl) MeCN Ar
2

visible light }
Ar = p-OMe, p-Me, Ph, furan 21-100%

H. Cano-Yelo, A. Deronzier, Tetrahedron Lett., 1984, 5517 .



II) Reactivity - Oxidations

Aerobic oxidation of benzylic halides

OMe B o
5 mol% R |
X N )\ 0.5 mol% Ru(bpy)sCl; _ )k
» Ph™CO,Et air, DMA, visible light Ph™ “CO,Et
N
(20 mol%)

Y. Sy, L. Zhang, N. Jiao, Org. Lett., 2011, 2168 23



II) Reactivity - Oxidations

Aerobic oxidation of benzylic halides

OMe B o
5 mol° |
X N )\ 0.5 mol% Ru(bpy);Cl, _ )k
» Ph™CO,Et air, DMA, visible light Ph™ “CO,Et

N
(20 mol%) /)
O,

OMe
. ' Ph” “CO,Et
Ru(bpy)s |
/ B
fﬁ

CO,Et

F”(‘%?: Ru(bpy);** /
)\

Y.Suy, L. Zhang, N. Jiao, Org. Lett., 2011, 2168 CO,Et 23



II) Reactivity - Oxidations

Amine oxidation to iminium ions

1 mol% Ir(ppy),(ftbbpy)PFg
N visible light i ©\/)\l\
[I : oh g Z® Ph

@

J Electrophile

Ph

NO,

A. G. Condie, J. C. Gonzalez-Gomez, C. R. J. Stephenson, J. Am. Chem. Soc., 2010, 1464 24



II) Reactivity - Oxidations

Amine oxidation to iminium ions

Ph Z

/ @ Ph
©if<?"\l J Nucleophile
“Ph
W on
N.
Ph
*Ir(ppy),(ftbbpy)” Ir(ppy)2(ftbbpy) NO,

A

Ir(ppy),(ftbbpy)”

A. G. Condie, J. C. Gonzalez-Gomez, C. R. J. Stephenson, J. Am. Chem. Soc., 2010, 1464 24



II) Reactivity - Oxidations

Amine oxidation to iminium ions

©\/> Photocatalyst
N visible light } ©©\1 .
Ph 7 “ & Ph

@
j Nucleophile
Nucleophiles |
i o
' KCN  TMSCF3; =—Ph )k | N
' (94%) (75%) (88%) i Ph
e o) | f
~-P

EtO~7 >

ol /J\Ph N

(89%) (96%) (83%) H

______________________________________________
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II) Reactivity - Oxidations

Oxidations

Oxidative biaryl coupling
Oxidative conversion of thiobenzanilides to benzothiazoles

©/N78(Ph @[:\%ph

a-arylation of amides
Oxidative deprotection of PMB

\

25
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lll) Enantioselective catalysis

Enantiomeric forms of Ru(bpy),>*

|
|

N

/| N _
| | | Octahedral metal complexes
\/N///, ”N\ .
A\ 'TUVN/ C3 symmetry axis
| | : .

I/ NS N Induce enantioselectivity ?

g

27



lll) Enantioselective catalysis

Ru(menbpy),>* used for enantioselective synthesis ?

Prepared as mixture of A and A forms
Diastereomers with R substituents
Simply to separe by column chromatography

+

A-Ru(menbpy)s?

T. Hamada, H. Ishida, S. Usui, Y. Watanabe, K. Tsumura, K. Ohkubo, , J. Chem. Soc.,
Chem. Commun., 1993, 909 28



lll) Enantioselective catalysis

Ru(menbpy),>* used for enantioselective synthesis ?

X
OH 0.5 mol% A-Ru(menbpy);2* OO OH
2 1.2 equiv. Co(acac); OH
RSO0
visible light X

T. Hamada, H. Ishida, S. Usui, Y. Watanabe, K. Tsumura, K. Ohkubo, , J. Chem. Soc.,
Chem. Commun., 1993, 909 29



lll) Enantioselective catalysis

Ru(menbpy)s?
Ground state M

R

*Ru(menbpy)s2*
Excited state M* Ru(menbpy)s”

"

Co(acac)s Co(acac),

30



lll) Enantioselective catalysis

Ru(menbpy);? @

/ Ground state M \ﬁ OH 4, */\
‘( oe "

*Ru(menbpy);2*
Excited state M* Ru(menbpy)s®

W oC ‘

o(acac); Co(acac), O

30



lll) Enantioselective catalysis

Ru(menbpy);? @

*Ru(menbpy);2*
Excited state M* Ru(menbpy)s®

o(acac); Co(acac), O

R= H, 16% ee
OMe, 4% ee

/GroundstateM \ﬁ OH A} */\
‘( ee |

OH

30



lll) Enantioselective catalysis

Low enantioselectivities reflect:
Catalyst:
Only generates reactive radical species
Catalyst does not serve for bond-formation
Not present in the transition-state
No effect on the stereochemical outcome

Low enantioselectivities highlight:
Enantioselectivity challenge

31



lll) Enantioselective catalysis

Enantioselective a-alkylation of aldehydes by visible-light

In 2008, first enantioselective a-alkylation of aldehydes by Nicewicz
and MacMillan.

Dual catalysis: photoredox catalysis & enamine organocatalysis

? Ru En ?
+ P NSRS - 63-93% vyields
Br EWG EWG o
R 0.5 mol% Ru(bpy)3Cl, = 88-96% ee
20 mol% Organocatalyst
2 equiv. 2,6-lutidine
R = alkyl, alkenyl, cyclohexyl, DMF, visible light

Organocatalyst

o 5
i ;[\: >-"'tBu :
! N :
| H 5

. TfOH

D. Nicewicz, D. W. C. MacMillan, Science, 2008, 77 32



lll) Enantioselective catalysis

BI’—\
EWG

Br + EWG Ru(bpy)s*

Ru(bpy)s**  Ruy

-—

% ~ *Ru(bpy)s*

D. Nicewicz, D. W. C. MacMillan, Science, 2008, 77 3



lll) Enantioselective catalysis

R
BI’—\ —<
EWG
@ . 1B
Br + \EWG bpy /i i > u
EWG
Ru(bpy)s?>* (Ru En H
(bpy)s™  \RUy U i
! /

DR O N
’;%‘ *Ru(bpy) 2+J\: >""ﬂ3u i > "1tBu
N
Y 8/

D. Nicewicz, D. W. C. MacMillan, Science, 2008, 77 3



lll) Enantioselective catalysis

Enantioselective a-functionalization of aldehydes
0

k(ca,,
J. Am. Chem. Soc., 2009, 10875

1
S Ir
R R
J. Am. Chem. Soc., 2010, 13600

? CO,Et
KH\CozEt
R

Angew. Chem. Int. Ed., 2011, 951 "



lll) Enantioselective catalysis

Organocatalyst used in combinations with photocatalysts

________________________________________________________________________________________

_________________________________________________________________________________________

Dol

@) N :

H H :

N —N_ H |
i N Ph 5

S ~$<-0TMS !

Ph |

thiourea FaC . FAC
/ O X Q CFa.

O . HCI — | :
N " 1 —i<—OTMS

>-||| N N Br 1 1

N N : :

H Br\%\ : Q CFj .

Br ! !

MacMillan's imidazolidinone NHC FsC :
35



lll) Enantioselective catalysis

Enantioselective functionalization of ketones

fac-Ir(ppy)s (1 mol%) O

0 CN
DABCO, HOAc, H,0
N DMPU, 23 °C R
CN

organocatalyst (20 mol%)
CN
82% vyield, 50% ee

M.T. Pirnot, D. A. Rankic, D. B. C. Martin, D. W. C. MacMillan, Science, 2013, 1593 36



lll) Enantioselective catalysis

Enantioselective functionalization of ketones

fac-Ir(ppy)s (1 mol%) O

0 CN
DABCO, HOAc, H,0
N DMPU, 23 °C R
CN

organocatalyst (20 mol%)

CN

82% vyield, 50% ee

CN

M.T. Pirnot, D. A. Rankic, D. B. C. Martin, D. W. C. MacMillan, Science, 2013, 1593 36



lll) Enantioselective catalysis

Enantioselective functionalization of ketoesters

o 0 o) Ru(bpy)sCl, (1 mol%) o O
R1OMR2 . Br\)b NaHCO3 MeCN,v:s:ble//ghl; RIO” N R
R3 R3

NH, ( (20 mol%) 0
NH Ph
® 30-96% yield
ng 80-99% ee

Possibility of functionalization of B-ketoamides

Y.-B.Zhu, L. Zhang, S.-Z. Luo, J. Am. Chem. Soc., 2014, 14642 37



lll) Enantioselective catalysis

T3
*j A £k

Y.-B.Zhu, L. Zhang, S.-Z. Luo, J. Am. Chem. Soc. 2014 14642 38



lll) Enantioselective catalysis

Enantioselective functionalization of amines
Stephenson, using Irridium catalyst (JACS, 2010, 1464)

Combination of thiourea catalyst with photocatalyst

X OTBS
Ri— +
= N\Ar %\OMG
R = OMe, CI

G. Bergonzini, C. S. Schindler, C.-J. Wallentin, E. N. Jacobsen, C. R. J. Stephenson, Chem. Sci., 2014, 112

Ru(bpy)sCl, (1 mol%)
CCl, MeCN, 16 h

visible light T
= R _A N
< Ar
(20 mol%) N
o ~co,Me
H H
N/U\/N N CFs  11-72% yields
- \ﬂ/ 42-99% ee
Bu S
CF;
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lll) Enantioselective catalysis

*Ru(bpy)s?* Ru(bpy)s*

B\ /%‘ CCly + CI
CCly,

u(bpy)s**

G. Bergonzini, C. S. Schindler, C.-J. Wallentin, E. N. Jacobsen, C. R. J. Stephenson, Chem. Sci., 2014, 112 40



lll) Enantioselective catalysis

*Ru(bpy)s2 Ru(bpy)s* OTBS
N ok
CCly
u(bpy)s** RI_\
| / N
= TAr
~Cco,Me

G. Bergonzini, C. S. Schindler, C.-J. Wallentin, E. N. Jacobsen, C. R. J. Stephenson, Chem. Sci., 2014, 112 40



lll) Enantioselective catalysis

Ru(bpy)sCly (1 mol%)

©© 0 CH,Cl, visible light ©©
N + g N
~A R)kH SAr

O (5 mol%)

51-94% yields
51-92% ee

T
@)
~
o
T zZ
Y

D. A. DiRocco, T. Rovis, J. Am. Chem. Soc., 2012, 8094 41



lll) Enantioselective catalysis

Ru(bpy)3Cl, (1 mol%)

o CH,Cl, visible light
r O‘>\ (5 mol%) : r
N
N R0

N Br
51-94% vyields
51-92% ee

Ir(ppy)o(dtbbpy)PFg (1 mol%)

R (BzO)z, THF/MeCN, visible light
NI ¥ ‘ i N\A
Ar ‘ ‘ N : r
_N CuBr m

PPh, R
OO 20-90% yields
60-94% ee

l. Perepichka, S. Kundu, Z. Hearne, C.-J. Li, Org. Biomol. Chem., 2015, 447

=

D. A. DiRocco, T. Rovis, J. Am. Chem. Soc., 2012, 8094
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V) Conclusion

- Photocatalysis avoid the use of stoichiometric oxidant or reductant

- Extremely mild conditions were used

- Two properties of the photocatalyst enabling reductions & oxidations
- Access in one-pot to complexes & functionalized molecules

- Variety of substrate

- Enantioselective processes well developed

- Dual catalysis: photocatalyst and metal (Cu, Ni, ..)

43



V) Conclusion

Thank you for your attention

. r I, e

Any questions ? & - /\’1— *
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