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Contemporary definition

“Photoredox catalysis is a branch of catalysis that harnesses the energy of visible light
to accelerate a chemical reaction via a single-electron transfer.”

- Wikipedia

“In a general sense, this approach relies on the ability of metal complexes and organic
dyes to engage in single-electron transfer processes with organic substrates upon
photoexcitation with visible light.”

-MacMillan

Early reports: late 1950’s

Methylene blue
EDTA
1,10-phenantroline
Fe3+ > Fe2+
acetate buffer, pH 5
visible light

C. K. Prier, D.A. Rankic, D.W. C. MacMillan, Chem. Rev., 2013, | | 3,5322
G. K. Oster, G. Oster, . Am. Chem. Soc., 1959, 81, 5543



Introduction

Applications in CO, reduction, radical polymerization initiation...
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Early applications in organic chemistry:

EtOOC COOEt [Ru(bpy)slCl, FOOC COOEt
RLS+R2 ™ [Ru(bpy);]Cl, ﬁ R1-H RZ\S/RS
R3 N 25°C, room light ,TII

| 20 min, MeCN
100%
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Introduction

Applications in CO2 reduction, radical polymerization initiation...

[Ru(bpy)3]Cl, 0 » 0
[Ru(bpy)o(CO),](PFg)2 ) B ppy ) By
TEOAPIF HCOO EtO DME RT  EO .
€0 ~ _ OMe ible light Ph
visible light Ph visible lig 07 OMe

Early applications in organic chemistry:

EtOOC COOEt [Ru(bpy)slCl, FOOC COOEt
RLS+R2 ™ [Ru(bpy);]Cl, ﬁ R1-H RZ\S/RS
R3 N 25°C, room light ,TII

| 20 min, MeCN
100%

How does it work!?

J.W.Tucker, C.R.]. Stephenson, J. Org. Chem., 2012, 77, 1617-1622
H. Ishida, T. Terada, K. Tanaka, T. Tanaka, Inorg. Chem., 1990, 29, 905-91 |
B. P. Fors, C. ). Hawker, Angew. Chem. Int. Ed., 2012, 5, 8850-8853



Photoredox catalysis: general process

reductive P = photocatalyst, photoredox catalyst
quenching ) ]
. . S . . ET D = electron donor species (amine, alcohol,
b P D —>P DS —> P DS , :
thiol, electron-rich arene...)
hv
— p* _ET A = electron acceptor species (carbonyl, halide,
A P A _ S, P AS _ET P AS electron-poor arene)
oxidative S = Redox neutral substrate
quenching

“Transition metal mediated photoredox catalysis”, S. Crossley, Shenvi Lab Group Meeting, 14/09/2015
J-W.Tucker, C.R.]. Stephenson, J. Org. Chem., 2012,77,1617-1622
C. K. Prier, D.A. Rankic, D.W. C. MacMillan, Chem. Rev., 2013, | 13,5322
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thiol, electron-rich arene...)
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— p* _ET A = electron acceptor species (carbonyl, halide,
s+ - S . - ET
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“Transition metal mediated photoredox catalysis”, S. Crossley, Shenvi Lab Group Meeting, 14/09/2015
J-W.Tucker, C.R.]. Stephenson, J. Org. Chem., 2012,77,1617-1622
C. K. Prier, D.A. Rankic, D.W. C. MacMillan, Chem. Rev., 2013, | 13,5322



Photoredox catalysis: what about the catalyst?

0]
P
Br l l Br
HO (e} OH
Br

Br

Organic dye

excited vibrational states
(excited rotational states not shoyrn)

A= photon absorption

F = fluorescence (emission)
P = phosphorescence

S = singlet state

T = triplet state

IC = internal conyersion
ISC = intersystem crossing

T,
T

Ic

IC
F

A 4
electronic ground state

0

http://www.shsu.edu/~chm_tgc/chemilumdir/JABLON.GIF



TM Photoredox catalysis: metals and ligands

Mostly Ru?* and Ir3*

“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
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Electronic configuration

Ru?*: [Kr]3f!44d° Ir3*: [Xe]4f'45d°

d® complexes
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TM Photoredox catalysis: metals and ligands

Mostly Ru?* and Ir3*

Electronic configuration

Ru?*: [Kr]3f!44d° Ir3*: [Xe]4f'45d°

d® complexes

Ligand field theory:

xL
- g
d orbitals + 4» + 4_ + + o Octahedrgl ccémplexes
Ligand field low-spin d° state
stabilisation engery # 4} # tog substitutionally inert
M+ ML+

“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015



TM Photoredox catalysis: intrinsic properties of metal

Increasing electronegativity

Sc Ti \'} Cr Mn Fe Co Ni Cu Zn

Y Zr Nb Mo Tc Ru Rh Pd Ag Cd

La Hf Ta W Re Os Ir Pt Au Hg

Decreasing enthalpy
of hydration of cation

Ru(bpy)s?* Ir(bpy) 33+
Ru(I)*/Ru(lll) =-0.81 V Ir(I)*/Ir(IV) = - 0.88 V Decreasing enthalpy of hydration of cation
Ru(I)*/Ru(l) =0.77 V Ir(1)*/Ir(1l) =1.81 V

Similar reducing properties
Ir complex stronger oxidant than Ru complex

(same set of ligand)

“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
“Chemistry: Principles, Patterns, and Applications”, Chapter 23, B. A. Averill, P. Eldredge,

Increasing
electronegativity



Electrochemical Series of Photocatalysts and Common Organic Compounds
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TM Photoredox catalysis: metals and ligands

tBu

fac-Ir(ppy)s fac-Ir(dF-ppy); Ir(dF-CF3-ppy),(dtbpy)* Ir(ppy)2(dtbpy)*
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TM Photoredox catalysis: metals and ligands

K fac-Ir(ppy)s fac-Ir(dF-ppy)s /K Ir(dF-CF3-ppy),(dtbpy)* Ir(ppy)z(dtbpyr/

Ir complexes: homoleptic

Ru complexes: homoleptic i
P P and heteroleptic



TM Photoredox catalysis: usual ligand type

~N

Type bpy Type ppy
neutral anionic
LL LX

“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
E.Y.Li,Y.-M. Cheng, C.-C. Hsu, P-T. Chou, G.-H. Lee, Inorg. Chem., 2006, 45, 963 |
P. G. Bomben, K. C. D. Robson, P.A. Sedach, C. P. Berlinguette, Inorg. Chem., 2009, 48, 963 |
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~N

Type bpy Type ppy
neutral anionic
LL LX

Found in Ru?* Strong e- donation
Found in Ir3* (better stabilisation)

“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
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TM Photoredox catalysis: usual ligand type

~N

Type bpy Type ppy
neutral anionic
LL LX

Found in Ru?* Strong e- donation
Found in Ir3* (better stabilisation)

Heteroleptic complexes: Spin-Orbit coupling disrupted, MLCT less efficient
SO (Ir) > SO (Ru) =» compensation

“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
E.Y.Li,Y.-M. Cheng, C.-C. Hsu, P-T. Chou, G.-H. Lee, Inorg. Chem., 2006, 45, 963 |
P. G. Bomben, K. C. D. Robson, P.A. Sedach, C. P. Berlinguette, Inorg. Chem., 2009, 48, 963 |



TM Photoredox catalysis: usual ligand type

~N

Type bpy Type ppy
neutral anionic
LL LX

Found in Ru?* Strong e- donation
Found in Ir3* (better stabilisation)

Heteroleptic complexes: Spin-Orbit coupling disrupted, MLCT less efficient
SO (Ir) > SO (Ru) =» compensation

Ru complexes mostly homoleptic and LL ligands

“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
E.Y.Li,Y.-M. Cheng, C.-C. Hsu, P-T. Chou, G.-H. Lee, Inorg. Chem., 2006, 45, 963 |
P. G. Bomben, K. C. D. Robson, P.A. Sedach, C. P. Berlinguette, Inorg. Chem., 2009, 48, 963 |



TM Photoredox catalysis: heteroleptic VS homoleptic

Heteroleptic: spatial modification of HOMO/LUMO

Ir(ppy);™

“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
A.B.Tamayo et al., J.Am. Chem. Soc., 2003, |25, 7377-7387
M.S. Lowry et al., Chem. Mater., 2005, | 7,5712-5719



TM Photoredox catalysis: heteroleptic VS homoleptic

Heteroleptic: spatial modification of HOMO/LUMO

Ir(ppy);™

Ir(ppy),(dtbbpy)*

HOMO LUMO

“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
A.B.Tamayo et al., J.Am. Chem. Soc., 2003, |25, 7377-7387
M.S. Lowry et al., Chem. Mater., 2005, | 7,5712-5719



TM Photoredox catalysis: effects of ligand on redox potentials

fac-Ir(ppy); Ir(ppy)2(dtbpy)* Ir(dF-CF3-ppy),(dtbpy)*

Ir(I)*/Ir(IV) = - 1.73 V Ir(I)*/Ir(IV) = - 0.96 V Ir(I)*/Ir(IV) = - 0.89 V
Ir(1)*/Ir(1l) = 0.31 V Ir(11)*/Ir(11) = 0.66 V r(H)*r(ll) = 1.21 V

“Electrochemical Series of Photocatalysts and Common Organic Coumpounds”, D. DiRocco, 2014, Merck
“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015



TM Photoredox catalysis: effects of ligand on redox potentials

fac-Ir(ppy); Ir(ppy)2(dtbpy)* Ir(dF-CF3-ppy),(dtbpy)*
Ir()*/Ir(IV) = - 1.73 V Ir(11)*/1r(IV) = - 0.96 V Ir(1)*/1r(IV) = - 0.89 V
Ir(1)*/1r(1l) = 0.31 V Ir(11)*/1r(11) = 0.66 V Ir()*/r(1) = 1.21 V

LL to LX ligand: electron density on the metal increases =» Reductive power increases

“Electrochemical Series of Photocatalysts and Common Organic Coumpounds”, D. DiRocco, 2014, Merck
“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015



TM Photoredox catalysis: effects of ligand on redox potentials

fac-Ir(ppy); Ir(ppy)2(dtbpy)* Ir(dF-CF3-ppy),(dtbpy)*

Ir(I)*/Ir(IV) = - 1.73 V Ir(I)*/Ir(IV) = - 0.96 V Ir(I)*/Ir(IV) = - 0.89 V
Ir(1)*/Ir(1l) = 0.31 V Ir(111)*/Ir(11) = 0.66 V r(H)*r(ll) = 1.21 V

LL to LX ligand: electron density on the metal increases =» Reductive power increases
EWG on ligands: electron density on the metal decreases = Oxidative power increases

“Electrochemical Series of Photocatalysts and Common Organic Coumpounds”, D. DiRocco, 2014, Merck
“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015



TM Photoredox catalysis: effects of ligand on redox potentials

fac-Ir(ppy); Ir(ppy)2(dtbpy)* Ir(dF-CF3-ppy),(dtbpy)*

Ir(I)*/Ir(IV) = - 1.73 V Ir(I)*/Ir(IV) = - 0.96 V Ir(I)*/Ir(IV) = - 0.89 V
Ir(1)*/Ir(1l) = 0.31 V Ir(111)*/Ir(11) = 0.66 V r(H)*r(ll) = 1.21 V

LL to LX ligand: electron density on the metal increases =» Reductive power increases
EWG on ligands: electron density on the metal decreases = Oxidative power increases

TM/ligand complexes = tunable catalysts

“Electrochemical Series of Photocatalysts and Common Organic Coumpounds”, D. DiRocco, 2014, Merck
“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015



Photoredox catalysis: active species

_\ZCI'

- eg*
- T
L
Ground state
[Ru(bpy);]Cl,

octahedral, d®
low-spin configuration

(substitutionally inert)
Aax = 452 nm

C. K. Prier, D.A. Rankic, D.W. C. MacMillan, Chem. Rev,, 2013, | 1 3,5322-5363
“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
N. H. Damrauer, G. Cerullo,A.Yeh,T. R. Boussie, C.V. Shank, J. K. McCusker, Science, 1997, 275, 54-57
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- eg*
- T
L
Ground state
[Ru(bpy);]Cl,

octahedral, d®
low-spin configuration

(substitutionally inert)
Aax = 452 nm

C. K. Prier, D.A. Rankic, D.W. C. MacMillan, Chem. Rev,, 2013, | 1 3,5322-5363
“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
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Photoredox catalysis: active species

_\ZCI'
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,,,,, N
“Rull
/‘U\N S
N | =
! Photon
Z absorption
—_—
MLCT
- &g — — €
— a* + i
A bW
Ground state Excited singlet state "MLCT
t=100-300 1015 s
[Ru(bpy);]Cl

octahedral, d®
low-spin configuration

(substitutionally inert)
Aax = 452 nm

C. K. Prier, D.A. Rankic, D.W. C. MacMillan, Chem. Rev,, 2013, | 1 3,5322-5363
“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
N. H. Damrauer, G. Cerullo,A.Yeh,T. R. Boussie, C.V. Shank, J. K. McCusker, Science, 1997, 275, 54-57



Photoredox catalysis: active species

_\2CI'
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,,,,, A
“Rull
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N\ | Z
! Photon
Z absorption
B
MLCT
- &g - eq _ eq
. TC* + J'[* + TE*
o 4w 4w
Ground state Excited singlet state 'TMLCT Excited triplet state SMLCT
t=100-300 1015 s t=1100109s
[Ru(bpy);]Cl,

octahedral, d®
low-spin configuration

(substitutionally inert)
Aax = 452 nm

C. K. Prier, D.A. Rankic, D.W. C. MacMillan, Chem. Rev,, 2013, | 1 3,5322-5363
“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
N. H. Damrauer, G. Cerullo,A.Yeh,T. R. Boussie, C.V. Shank, J. K. McCusker, Science, 1997, 275, 54-57



Photoredox catalysis: active species

_\2CI'

AN
,,,,, A
“Rull
-~ ‘ u\N S
N\ | Z
! Photon
Z absorption
B
MLCT
- &g - eq _ eq
. TC* + J'[* + TE*
o 4w 4w
Ground state Excited singlet state 'TMLCT Excited triplet state SMLCT
t=100-300 1015 s t=1100109s
[Ru(bpy);]Cl,

octahedral, d®
low-spin configuration

(substitutionally inert)
Aax = 452 nm

t('"MLCT) < t(*MLCT)

C. K. Prier, D.A. Rankic, D.W. C. MacMillan, Chem. Rev,, 2013, | 1 3,5322-5363
“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
N. H. Damrauer, G. Cerullo,A.Yeh,T. R. Boussie, C.V. Shank, J. K. McCusker, Science, 1997, 275, 54-57



Photoredox catalysis: Thermodynamics and kinetics

Ru*(bpy) s®*
ISC
Reductive quenching Ru(bpy)s* TRu*(bpy) 52+ Ru(bpy) 33+ Oxidative quenching
hv
Ru(ll)/Ru(l) =-1.33 V Ru(l1)/Ru(ll) =1.29 V
Ru(bpy)32*

“Behind the scenes with Transition Metal Photocatalysts”, E. R.Welin, MacMillan Group Meetings, 12/02/2015
C. K. Prier, D.A. Rankic, D.W. C. MacMillan, Chem. Rev.,, 2013, | 13,5322-5363
J.W.Tucker, C.R.]. Stephenson, J. Org. Chem., 2012, 77, 1617-1622



Photoredox catalysis: Thermodynamics and kinetics

Ru*(bpy)s®*
ISC
Reductive quenching Ru(bpy)s* TRu*(bpy) 52+ Ru(bpy) 33+ Oxidative quenching
hv
Ru(ll)/Ru(l) = -1.33 V Ru(lll)y/Ru(ll) =1.29 V
Ru(bpy)s?*

R.A. Marcus, J. Chem. Phys., 1956, 24,966
AVery Brief Introduction of the Concepts of Marcus Theory,V. Shurtleff, MacMillan Group Meetings, 26/06/2016
J.W.Tucker, C.R.]. Stephenson, J. Org. Chem., 2012, 77, 1617-1622



Photoredox catalysis: Thermodynamics and kinetics

Ru*(bpy) s®*
ISC
Reductive quenching Ru(bpy)s* TRu*(bpy) 52+ Ru(bpy) 33+ Oxidative quenching
hv
Ru(ll)/Ru(l) =-1.33 V Ru(ll)/Ru(ll) =1.29 V
Ru(bpy)32*
ABC
A AG° <0 (somewhat negative)
@ AGH>0, rate ky
. Beware of B AG° = -\ (quite negative)
the Marcus AG* =0, rate kg > ka
§ sct . .
inversion
e
C AG°<<0 (very negative)
reaction coordinate ' AGF > 0, rate kC < kB

-
?

reaction coordinate
R.A.Marcus, J. Chem. Phys., 1956, 24,966
AVery Brief Introduction of the Concepts of Marcus Theory,V. Shurtleff, MacMillan Group Meetings, 26/06/2016
J.W.Tucker, C.R.]. Stephenson, J. Org. Chem., 2012, 77, 1617-1622



Functional group interconversion



Reduction of electron-deficient olefins

Ru(bpy)3CI2 (2 mol%)
BNAH (2.0 equiv.) COOMe

L

visible light, 96%

C. Pac, M. lhama, M.Yasuda, Y. Miyauchi, H. Sakurai, J. Am. Chem. Soc., 1981, 103, 6495-6497



Reduction of electron-deficient olefins

Ru(bpy)3CI2 (2 mol%)
BNAH (2.0 equiv.) COOMe

L

visible light, 96%

<L COOMe
Ru(bpy)g+ [~ oo '
g,
i -
MeOOC  COOMe
0.77V *Ru(bpy)s?*  Ru(bpy)s*
133V e
o) o)
NH NH
076V | Yk : ffk g
N N
M
Bn Bn Meooc~ - COOMe
BNAH —H*
H+, e-
o)
(E)kNH2 T N
\N+ N N -V LV A
-0.94V
Bn Bn MeOOC/\/COONIe
NS e

C. Pac, M. lhama, M.Yasuda, Y. Miyauchi, H. Sakurai, J. Am. Chem. Soc., 1981, 103, 6495-6497



Reduction of electron-deficient olefins

Ru(bpy)3CI2 (2 mol%)
BNAH (2.0 equiv.) COOMe

L

visible light, 96%

S oo, a

b COOMe' CN

Ru(bpy)g2+ (=777 T ' @N /(j/V
i NC H3CO

61% 33%

o

RN

i

3
MeOOC  COOMe
0.77V *Ru(bpy)s®*  Ru(bpy)s*

H+ F

0] 0]
0.76V IE)LNHZ ffk i k 33% /
y y
Bn Bn

M
' Meooc~ > COOMe
_H+
BNAH
H+ e-
(0]
=~ | NH, | | NH5
\N+ N N -V LV A
) -0.94V

C. Pac, M. lhama, M.Yasuda, Y. Miyauchi, H. Sakurai, J. Am. Chem. Soc., 1981, 103, 6495-6497



Reduction of electron-deficient olefins

Ru(bpy)3CI2 (2 mol%)
BNAH (2.0 equiv.)

L

MeOOC COOMe pyridine/MeOH
visible light, 96%
<L COOMe!
Ru(bpy)g2t (""" mmmmoos ’
Ny,
i -
MeOOC  COOMe
0.77V *Ru(bpy)s?*  Ru(bpy)s*
-1.33V L
o) 0
NH NH
076V | Yk ; fﬁ)k ;
N N
M
Bn Bn Meooc~ - COOMe
BNAH -H*
[ ]
H+, e-
o)
oY e Oy '
\N+ N N -V LV A
-0.94V
Bn Bn MeOOC/\/COONIe
\_/ ______________________ [ ]

COOMe

MeOOC

(o

61%

o

33%

CN

P

33%

o

SM doesn’t quench *Ru(bpy),2*

=>» Reductive quenching
BNAH-4,4-d,: next to no deuteration
CH,OD, CD;0D: deuteration

=» Direct H transfer negligeable
Last ET from Ru(bpy)+ or BNA®

/

C. Pac, M. lhama, M.Yasuda, Y. Miyauchi, H. Sakurai, J. Am. Chem. Soc., 1981, 103, 6495-6497



Reductive dehalogenation: activated halides

Ru(bpy)3sCls (5 mol%)
@ 9,10-dihydro-10-methylacridine

B

A

MeCN, visible light Ph

S. Fukuzumi, S. Mochizuki, T.Tanaka, J. Phys. Chem., 1990, 94, 722-726
S. Fukuzumi, S. Mochizuki, K. Hironaka, T. Tanaka, J. Am. Chem. Soc., 1987, 109, 305-316



Reductive dehalogenation: activated halides

Ru(bpy)3sCls (5 mol%)
@ 9,10-dihydro-10-methylacridine

B

A

MeCN, visible light Ph

= Ru(bpy) 32+
RO

0.77 VVRu(bpy)z>*  Ru(bpy)s*

~1.33V) i .o
Ph™ o AN

0.57-0.80V (m
' ' ’Tl SN NF

S. Fukuzumi, S. Mochizuki, T.Tanaka, J. Phys. Chem., 1990, 94, 722-726
S. Fukuzumi, S. Mochizuki, K. Hironaka, T. Tanaka, J. Am. Chem. Soc., 1987, 109, 305-316



Reductive dehalogenation: activated halides

Ru(bpy)3sCls (5 mol%)
@ 9,10-dihydro-10-methylacridine

B

@)
- . ph)J\
MeCN, visible light

- | Ru(bpy)s2*
N

0.77 VVRu(bpy)z>*  Ru(bpy)s*

0.57-0.80V (jﬁ@
|

~1.33V) i .o
Ph™ o AN

LI

» Bromide doesn’t quench Ru(bpy);**
=» reductive quenching
¢ Addition of HCIO,: quenching by AcrH, decreases

> AcrH, = AcrH;* (weaker reductant)
* More HCIO,: increase of quenching and reaction conversion

S. Fukuzumi, S. Mochizuki, T.Tanaka, J. Phys. Chem., 1990, 94, 722-726
S. Fukuzumi, S. Mochizuki, K. Hironaka, T. Tanaka, J. Am. Chem. Soc., 1987, 109, 305-316



Reductive dehalogenation: activated halides

Ru(bpy)3sCls (5 mol%)
@ 9,10-dihydro-10-methylacridine

B

A

MeCN, visible light Ph
\
/ N
Ru(bpy) 52+
‘é‘ -+
*Ru( bpy u(bpy)s®
H
0 0]

N Ph)'\/Br ™ o
/

/ O
o
N+

S. Fukuzumi, S. Mochizuki, T.Tanaka, J. Phys. Chem., 1990, 94, 722-726
S. Fukuzumi, S. Mochizuki, K. Hironaka, T. Tanaka, J. Am. Chem. Soc., 1987, 109, 305-316



Reductive dehalogenation: activated halides

Ru(bpy)3sCls (5 mol%)
@ 9,10-dihydro-10-methylacridine

B

A

MeCN, visible light Ph
\
/ N
Ru(bpy) 52+
“ +
“Ru( bpy u(bpy)s®

H
0 O

Pthr Ph)'\/Br - Ph)K
/

/ O
-
N+

* Large quantities of HCIO,
=>» induces oxidative quenching
* Reduction of phenacyl chloride possible

S. Fukuzumi, S. Mochizuki, T.Tanaka, J. Phys. Chem., 1990, 94, 722-726
S. Fukuzumi, S. Mochizuki, K. Hironaka, T. Tanaka, J. Am. Chem. Soc., 1987, 109, 305-316



Reductive dehalogenation: activated halides

Ru(bpy)3Cls (2.5 mol%)
i-ProNEt /HCOOH (10 equiv.)
or
i-ProNEt (2.0 equiv.) / Hantzsch ester (1.1 equiv.)
R-X > R-H
DMF, rt, 4-24h
visible light

J. M.R. Narayanam, ]. W.Tucker, C.R.]. Stephenson, J. Am. Chem. Soc., 2009, /31, 87568757
U. Pischel et al., J. Am. Chem. Soc., 2000, /22,2027-2043



Reductive dehalogenation: activated halides

Ru(bpy)3Cls (2.5 mol%)
i-ProNEt /HCOOH (10 equiv.)
or
i-ProNEt (2.0 equiv.) / Hantzsch ester (1.1 equiv.)

R-X > R-H
DMF, rt, 4-24h
visible light
O
R ~
R’ H

0.77 V *Ru(bpy)s®*  Ru(bpy)s*
>_< H ><
he h

~
0.68V NY WNT/ fNY

J. M.R. Narayanam, ]. W.Tucker, C.R.]. Stephenson, J. Am. Chem. Soc., 2009, /31, 87568757
U. Pischel et al., J. Am. Chem. Soc., 2000, /22,2027-2043



Reductive dehalogenation: activated halides

Ru(bpy)3Cls (2.5 mol%)
i-ProNEt /HCOOH (10 equiv.)
or
i-ProNEt (2.0 equiv.) / Hantzsch ester (1.1 equiv.)
R-X > R-H
DMF, rt, 4-24h
visible light

R X 4{ \

0.77V *Ru(bmﬁ_gbpy)s+ ><
H
YooY ~

0.68V (NY FNT/ fN|+T/

COOMe O O OH
H Ph
I N S A o o
“COOMe
N H

\_<

Boc Bn
95% 95% from Br 88% from CI 81% from CI 89% from CI
80% from ClI Hantzsch ester Hantzsch ester Hantzsch ester

J. M.R. Narayanam, ]. W.Tucker, C.R.]. Stephenson, J. Am. Chem. Soc., 2009, /31, 87568757
U. Pischel et al., J. Am. Chem. Soc., 2000, /22,2027-2043



Reductive dehalogenation: unactivated iodides

Ir(ppy) 3 (1.0-2.5 mol%)
n-BusN (2-10 equiv.)
HCOOH (5-10 equiv.) or Hantzsch ester (1.1 equiv.)

R-X R-H

DMF , 2.5-60h
visible light

AP
H ) o \a
N ' MeOOC NH,
M H "0
BnO™ 4 \\)\/ /
( H ,//K H
5 (@]

95% 85% 83% 93%

J. D. Nguyen, E. M. D’Amato, J. M. R. Narayanam, C. R.]. Stephenson, Nature Chem., 2012, 4, 854859



Reductive dehalogenation: unactivated iodides

Ir(ppy) 3 (1.0-2.5 mol%)
n-BusN (2-10 equiv.)
HCOOH (5-10 equiv.) or Hantzsch ester (1.1 equiv.)

R-X R-H

DMF , 2.5-60h
visible light

A°
H \ o\ F o

N : MeOOC NH,

/M H e

BnO™ 4 (" /

( H o K H

5 0
9

95% 85% 83% 3%

Use of Ir(ppy);: better reducing power E = -1.73V

-1.59V < E (iodobenzene) < -2.24V

J. D. Nguyen, E. M. D’Amato, J. M. R. Narayanam, C. R.]. Stephenson, Nature Chem., 2012, 4, 854859



N™™ N ~N
SRS
“ryll
| \N/TU\N/\

N A

Ru*(I)/Ru(l) = 1.45V

Reduction of hydrazides and hydrazines

O @)

Ph)J\N’Ph Ph)l\ Ph 74%

N
\ Ru(bpz)3(PFg)» (2 mol%) H

NH> >
MeCN/MeOH, 24-48h
\N,Ph air, visible light \H/Ph 83%
NH,

M. Zhu, N. Zheng, Synthesis, 2011, 4,2223-2236



NS ONTTSN : : :
N, | N Reduction of hydrazides and hydrazines
“Rull
~~
|J\‘/,L N|/\N 0 0
N~ Z 74%
[ \])V Ph)]\N,Ph Ph)LN,Ph
NG NH,  Ru(bP2)s(PFe); (2 mol%) H
¢ Ph MeCN/MeOH, 24-48h Ph
Ru*(Il)/Ru(l) = 1.45V SN air, visible light SN 83%
|
NH, H
(I)H
R l}l N\O,OH > R l}l'N\O » R '}l
Ph Ph Ph
T ~,  Ru(bp2)a?
g
Rny-No© Ry M R H
Ph T
*Ru(bpz) 52+ Ru(bpz)s* Ph Ph
ozT
. _H+ +e
R\N,NH R N,NHz FLN/NHZ
Ph Ph Ph

M. Zhu, N. Zheng, Synthesis, 2011, 4,2223-2236



Reduction of azides

Ng Ru(bpy)3sCl, (5 mol%) NH,

i-PrNEt,/HCOOH (10 equiv.)
Hantzsch ester (1.5 equiv.)
CHCl, rt, 2h
visible light

R R

Y. Chen, A. S. Kamlet, J. B. Steinman, D. R. Liu, Nature Chem., 2011, 3, 146-153



Reduction of azides

Ru(bpy)3sCl, (5 mol%)
N3 i PINEtL/HCOOH (10 equiv) M2
Hantzsch ester (1.5 equiv.)
CHJCl,, rt, 2h
visible light

R R
e N H H
! Na: -N_ — l{l
PArT Ar” Nt - Ar”

+eo
n, _ Ru(bpy)s?* "N i~ProNEt
an, T l(, 4(

: NI =

T
+
Z_

+eo
i-ProNEt i-ProNEt

Y. Chen, A. S. Kamlet, J. B. Steinman, D. R. Liu, Nature Chem., 2011, 3, 146-153



Reduction of azides

Ru(bpy)sCl, (5 mol%)

N3 i PINEtL/HCOOH (10 equiv) M2
Hantzsch ester (1.5 equiv.)
CHJCl,, rt, 2h
visible light

R R
------- H H
' ap-Na N — > N
Ar Ar” . ONt- Ar

& = Ar ) 3 o
= . Ru(bpy) 42+ N i-ProNEt
8 T £C» —

+eo
i-ProNEt i-ProNEt

* Work in aqueous media, linked to DNA, sugars
* Chemoselective: inert to halides, mesylates, aldehydes, free hydroxyl,
carboxylic acids, amides, alkenes, alkynes

Y. Chen, A. S. Kamlet, J. B. Steinman, D. R. Liu, Nature Chem., 2011, 3, 146-153



Deprotection of p-Methoxybenzylether

Ir(dF(CF 3)ppy)o(dtbbpy)PFg (1 mol%)
- SN BrCClj3 (2.0 equiv.)
| > R” “OH
F F P MeCN, 12-18h
OMe blue LEDs

J.W.Tucker, J. M. R. Narayanam, P.S. Shah, C. R. . Stephenson, Chem. Commun., 2011, 47, 5040-5042



I

i

=121V ~IrLg8+

BI’CC|3

Deprotection of p-Methoxybenzylether

Ir(dF(CF 3)ppy)o(dtbbpy)PFg (1 mol%)

N BrCCl5 (2.0 equiv.)
NS 3
R O | > R/\OH
Pz MeCN, 12-18h
OMe blue LEDs
R0
OMeE
kg3 o [ T ey 0

.68V

IrLg4+

CClg

J.W.Tucker, J. M. R. Narayanam, P.S. Shah, C. R. . Stephenson, Chem. Commun., 2011, 47, 5040-5042



Deprotection of p-Methoxybenzylether

Ir(dF(CF 3)ppy)o(dtbbpy)PFg (1 mol%)

AN SN BrCClj3 (2.0 equiv.)
RE O > R”OH
F F — MeCN, 12-18h
OMe blue LEDs
R0
OMeE
Uy IrL g3+ O
T, !
PN ;
1.68V R0 ‘ R OMe
=121V *IrLgs+ IrL g4+ OMe T
BrCClg CCl,

69% 80%2 84% 92%?2 79%2

J.W.Tucker, J. M. R. Narayanam, P.S. Shah, C. R. . Stephenson, Chem. Commun., 2011, 47, 5040-5042



Aerobic oxitation of benzylic halides

Ru(bpy)3Cls (0.5 mol%)
4-methoxypyridine (20 mol%)
Br Li,CO3 (1.0 equiv.) O

PN BN

Ar COOR  DMA, 25°C, air, 24-48h Ar COOR

-

Y.Su, L. Zhang, N. Jiao, Org. Lett., 2011, 13,2168-2171



Aerobic oxitation of benzylic halides

Ru(bpy)3Cls (0.5 mol%)
4-methoxypyridine (20 mol%)
Br Li,CO3 (1.0 equiv.) O

PN BN

Ar COOR  DMA, 25°C, air, 24-48h Ar COOR

! Br
if\_r__%p_QQF},
OMe
Ru(bpy)s2*
air, base A
-------- | +/ OMe
N
Ar” “COOR
Ru(bpy)s2t [
OMe 0, i Br HBr )(i
. Ar” >COOR ~— > Ar” “COOR j>*§—*’Ar COOR
| 0, 0, T
Ru(bpy)s* i
Ar” "COOR
O,

-

Y.Su, L. Zhang, N. Jiao, Org. Lett., 2011, 13,2168-2171
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Aerobic oxitation of benzylic halides

Ru(bpy)3Cls (0.5 mol%)
4-methoxypyridine (20 mol%)
Br Li,CO3 (1.0 equiv.) O

PN BN

Ar COOR  DMA, 25°C, air, 24-48h Ar COOR

' Br :
if\_r__%p_QQBJ
OMe
Ru(bpy)s2*
air, base A
Ru(bpy)s* =~ ---->- | OMe
N
Ar)\COOR
Ru(bpy) 42+ . o,
i PYs O Br HBr | O :
M OMe . O, )\ ! )k !
. Ar” ~COOR ~ > Ar” “COOR %‘%’;Ar COOR;
| 0, O, T
*Ru(bpy)s?*  Ru(bpy)s* i
Ar” >COOR
O, O,
(@] Cl 0
0 _ m 0
COOPr
Ph)kCOOEt Ph Ph)J\Ph O
Cl o) O
75% 75% 82% 40% 0%
from Cl 2.5 equiv. of pyridine

CSzCO3
Y.Su, L. Zhang, N. Jiao, Org. Lett., 2011, 13,2168-2171



C-C Bond Formation



Reductive radical cyclization

Et3N (2.0 equiv.)

>
y

Me0OC, SQOMe X\ Ru(bpy)3CI2 (1 mol%) MeOOC. [ ‘S

DMF, blue LEDs
69%

J.W.Tucker, J. D. Nguyen, J. M. R. Narayanam, S.W. Krabbe, C. R.]. Stephenson, Chem. Commun, 2010, 46, 4985-4987



Reductive radical cyclization

Et3N (2.0 equiv.)

>
y

Me0OC, SQOMe X\ Ru(bpy)3CI2 (1 mol%) MeOOC. [ ‘S

DMF, blue LEDs
69%

_________________________

MeOOC CQOMe S\

u(bpy)s?
g
MeOOC COOMe MeOOC
L@ —
u(bpy)s*

*Ru( bpy

4 TN.
) ) MeOOC@I\IS

_____________________

J.W.Tucker, J. D. Nguyen, J. M. R. Narayanam, S.W. Krabbe, C. R.]. Stephenson, Chem. Commun, 2010, 46, 4985-4987



Reductive radical cyclization

EtsN (2.0 equiv.)

>

M
MeOOC C%?Me X\ Ru(bpy)sClz (1 mol%) Meooc. 7O° eg

DMF, blue LEDs
69%

_________________________

MeoOC, FQOMe S\
;: y 4 0
/—_
Ru(bpy)32* AV — \VN
g OH Br//
MeOOC. . coome MeOOC j 4
)s?* L@ %

*Ru(bpy Ru(bpy)s* Ir(ppy) o(dtbbpy)PFg

>_< (1 mol%)
N7

N N COOMe | Br

™M™ e ,\5 % Y %
\ SN
o OH —

85% 73%

_____________________

J.W.Tucker, J. D. Nguyen, J. M. R. Narayanam, S.W. Krabbe, C. R.]. Stephenson, Chem. Commun, 2010, 46, 4985-4987



Atom Transfer Radical Addition

Ru(bpy)3Cls (1.0 mol%)

10 mol% LiBr R R
X R —— =X
DMSO, visible light R' X

J.W.Tucker, J. D. Nguyen, J. M. R. Narayanam, S.W. Krabbe, C. R.]. Stephenson, Chem. Commun, 2010, 46, 4985-4987



Atom Transfer Radical Addition

Ru(bpy)3Cls (1.0 mol%)

10 mol% LiBr R R
R-X  ANZp — )X
DMSO, visible light R' X

Radical-polar crossover
. X
. LiX
R/\/\R' —_— R/\)\R'
£ Ru(bpy)g2*

M, /
RX X
R/\)\R'

“Ru(bpy)s*  Ru(bpy)®* R~ > R

Radical propagation
el

/\X

J.W.Tucker, J. D. Nguyen, J. M. R. Narayanam, S.W. Krabbe, C. R.]. Stephenson, Chem. Commun, 2010, 46, 4985-4987



Atom Transfer Radical Addition

Ru(bpy)3Cls (1.0 mol%)

10 mol% LiBr R R
X R —— =X
DMSO, visible light R' X

Radical-polar crossover

. X
LiX /\)\

R R R
u(bpy)s?
g
—_— R/\)\R'

R
*Ru bpy o4 bpy R/\/\R,

Radical propagation

. /\R'
NHE EtO,C Br

N 0C —> NHB 99%

~ EtO,C oc

F
EtOZC \Br
O =Ny .
N - | 90%
= CO,Et F.C o
2 3 \)\/\CO_QEt

J.W.Tucker, J. D. Nguyen, J. M. R. Narayanam, S.W. Krabbe, C. R.]. Stephenson, Chem. Commun, 2010, 46, 4985-4987



a-Amino C-H arylation
N Ir(ppy)3 (1 Mol%)
ol N NaOAc (2.0 equiv.)  ( =X
| - \ ) EWG
N X DMA, 23°C, 12h N
R visible light R
EWG (26W CFL)

A.McNally, C. K. Prier, D.W. C. MacMillan, Science, 201 1,334, 1 1 [4-1117



a-Amino C-H arylation
N Ir(ppy)3 (1 Mol%)
ol N NaOAc (2.0 equiv.)  ( =X
| - \ ) EWG
N X DMA, 23°C, 12h N
R visible light R
EWG (26W CFL)

Ir(ppy) 3

S (
N«  —— N
*|r(ppy)3>_%(ppy)3+ R j
T X~ ‘: X — /_\

A.McNally, C. K. Prier, D.W. C. MacMillan, Science, 201 1,334, 1 1 [4-1117



o.-Amino C-H arylation

Ir(ppy)3 (1 mol%)

CN
: =X
NaOAc (2.0 equiv.
N ~X  DMA, 23°C, 12h N

R visible light R
EWG (26W CFL) Boc
N
/\N | X [
|
LI N 'T‘h B
P
ZCN
94% 95%
‘Bn ‘Ph
90% (6.7:1 r.r.) 72%
S
<
N N
Ph
79%
0
N>¥O
\/K/NHAC
F
58%

A.McNally, C. K. Prier, D.W. C. MacMillan, Science, 201 1,334, 1 1 [4-1117



Trifluoromethylation of Arenes via Direct C-H functionalization

X X
M
Y\/) CF45S0,Cl, (1-4 equiv.) Y'rf CF3
Photocatalyst (1-2 mol%)
B >
A \] L) KefPO, MeCN, 23°C A/B\]/CFS CFs
kC/ T visible light mc/ R©/

D.A. Nagib, D.W. C. MacMillan, Nature, 201 1, 480, 224-228



Trifluoromethylation of Arenes via Direct C-H functionalization

X
“/ X
Y\/) CF3S0.Cl, (1-4 equiv.) UCFS

Photocatalyst (1-2 mol%)

A \] L) KefPO, MeCN, 23°C A/B\]/CFS CFs
kC/ L visible light mc/ R©/

My,
“__CF3
.9
*Ru(phen)s2*  Ru(phen)s3+ e ‘.
:RI N
>—< : |/

O T 1

0 .
F2C—S-Cl FsC—S-Cl —~_— CFs
o) 0 \
SO,
CI-

D.A. Nagib, D.W. C. MacMillan, Nature, 201 1, 480, 224-228
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Trifluoromethylation of Arenes via Direct C-H functionalization

X
“/ X
Y\/) CF3S0.Cl, (1-4 equiv.) UCFS

Photocatalyst (1-2 mol%)

A \] L) KefPO, MeCN, 23°C A/B\]/CFS CFs
kC/ L visible light mc/ R©/

70% 74%

D.A. Nagib, D.W. C. MacMillan, Nature, 201 1, 480, 224-228



Trifluoromethylation of Arenes via Direct C-H functionalization

=

X
"

CF3S0O.Cl, (1-4 equiv.)
Photocatalyst (1-2 mol%)

B
i N
Ry
kC/ =
~CFs -H* |~ CFs:
R ToH —>:R©/ :
o ! S

______________

O T 1

—cl FoC-§-Cl —~ CFs
o o) \

SO,
CI-

o
4-CFa-Lipitor __ 7 "N
27% H —

4'-CF5-Lipitor

2-CF4-Lipitor
25%

22%

K5HPO,4, MeCN, 23°C
visible light

A Bx CF3 CF,
L e
C

o e
CF NI
N 3 | CF4
H o s
88% 80% 70%
|
|
” oM N/ OMe l =
82% 78% 87%
CFS M63Si CF3
CFy @ ﬁ
OMe
70% 74% 76%
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D.A. Nagib, D.W. C. MacMillan, Nature, 201 1, 480, 224-228



Merging Photoredox and Organocatalysis: Enantioselective a-Alkylation of Aldehydes

RU(bpy)3C|2 (05 m0|°/o)
organocatalyst (20 mol%)
(0] R 2,6-lutidine (2.0 equiv.) O R

HJK/Y FG)\Br DMF, 23°C H)H)\FG

visible light Y

2.0 equiv.

D.A. Nicewicz, D.W. C. MacMillan, Science, 2008, 322, 77-80



Merging Photoredox and Organocatalysis: Enantioselective a-Alkylation of Aldehydes

Ru(bpy)3sCl, (0.5 mol%)
organocatalyst (20 mol%)

(0] R 2,6-lutidine (2.0 equiv.) O R
HJ\/Y FG)\Br DMF, 23°C H)H)\FG
2.0 equiv visible light Y

o .
5 HJ\ﬁFGE
Y 1

_______________

@)
Me\NJg
Fee 7 T UNTN L e
~. u.Me | \
0] [ © B
Me )\ 1

. N , .
o tBu)\NJr |
Ru(bpy)3* VFG ------- :

FG._

PHOTO Y
REDOX ORGANOCATALYSIS
Ru(bpy)s®* 0 o
Me
\\*_Fjg oo ) eMe NN e
)\N )\

krvi -

D.A. Nicewicz, D.W. C. MacMillan, Science, 2008, 322, 77-80



Merging Photoredox and Organocatalysis: Enantioselective a-Alkylation of Aldehydes

Ru(bpy)3C|2 (05 m0|°/o)
organocatalyst (20 mol%)

(0] R 2,6-lutidine (2.0 equiv.) O R
HJK/Y FG)\Br DMF, 23°C H)H)\FG
2.0 equiv visible light Y
o i
| HJ\ﬁFG | O COOEt
! Y -

_______________

H COOEt
? |
Me\NJg
....... \ Et
0 .Me o
Me Jg tBu)\

FG._ |
N i !
N M H :HJ\ : 86%, 90% ee
T e : :
e t “%Nc FG LY O  COOEt
Ru(bpy)s* g( _______
PHOTO v H COOEt
REDOX ORGANOCATALYSIS H

Ru(bpy)s>* 0 Ph
Me. 92%, 90% ee

Njg N

*Ru(b ‘M

s bl ary ar o coom
; H COOEt

Hex
80%, 88% ee

D.A. Nicewicz, D.W. C. MacMillan, Science, 2008, 322, 77-80

IZ' N
=
[©)

O COOEt
H COOEt

N
Boc

66%, 91% ee

NO,

O

Hex O

84%, 95% ee

o)
OCH,CF4

Hex O

80%, 92% ee



_________________

B-Arylation of Aldehydes and Ketones QAHJ\

Ir(ppy) 3 (1.0 mol%) ol -
organocatalyst (20 mol%) O R J

o) CN
DABCO, AcOH ! H
EWG- H,0, DMPU, 23°C B ;
R X~ visible light X :

M.T. Pirnot, D.A. Rankic, D. B. C. Martin, D.W. C. MacMillan, Science, 2013, 339, 1593-1596



B-Arylation of Aldehydes and Ketones

Ir(ppy) 3 (1.0 mol%)

organocatalyst (20 mol%)

O CN
DABCO, AcOH
H TN
EWG—Ik P H,0, DMPU, 23°C
R X

visible light

; o
ON D N v [ Ha0, -CON-

H
N
\ /R c
Ru(bpy)s*
CN PHOTO
REDOX ORGANOCATALYSIS D -
Ru(bpy)s** N A

\;/\R N\Q/'\R
N A

,HMC

_________________

_________________

M.T. Pirnot, D.A. Rankic, D. B. C. Martin, D.W. C. MacMillan, Science, 2013, 339, 1593-1596
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B-Arylation of Aldehydes and Ketones

Ir(ppy) 3 (1.0 mol%)

'e) CN organocatalyst (20 mol%)
DABCO, AcOH o R
H N - \/EWG
EWG—:k H,0, DMPU, 23°C B
R xZ visible light X
....... ‘ o
0
: : (T T T T TS T e \ H
H : ! CN
Y e e
N E | NC
O !
! ! 63%
L H >~ R
O Pent
0, -CN-
HJ\ | A
CN _N
Ru(bpy)s*
o )2+REDOX ORGANOCATALYSIS N 0%
(bpy)s R
0
N Q /
N
f =R :
- B
\_/ tBu CN
8 70%
>20:1 dr
azepane

e e m -

e e m— -

_________________

_________________

63%
piperidine

0]

g,

82%
55% ee
cinchona derived
catalyst

M.T. Pirnot, D.A. Rankic, D. B. C. Martin, D.W. C. MacMillan, Science, 2013, 339, 1593-1596



Merging Photoredox and TM catalysis: Coupling of a-carboxyl sp3 carbon with Aryl Halides

Ir[dF(CF 3)ppylo(dtbbpy)PFg (1 mol%)
NiCl, glyme (10 mol%)

- ~ —

roos X dtbbpy (15 mol%) roos
L\N)—COOH | X > Ly \ ’\/R
\ \z Cs,COg3 (1.5 equiv.), DMF, 48-72 h \
R R blue LEDs R

Z.Zuo, D.T.Ahneman, L. Chu, J.A. Terrett,A. G. Doyle, D.W. C. MacMillan, Science, 2014, 345, 437-440



Merging Photoredox and TM catalysis: Coupling of a-carboxyl sp3 carbon with Aryl Halides

Ir[dF(CF 3)ppylo(dtbbpy)PFg (1 mol%)
NiCl, glyme (10 mol%)

- -~ —

roos X dtbbpy (15 mol%) roos
L\N)—COOH | X > Ly \ ’\/R
\ A\ Cs,COg3 (1.5 equiv.), DMF, 48-72 h \
R R blue LEDs R
_|_
o o
N _..Boc .
Boc
-1.37V
0.95V _H X
_____________ -CO, Il L,Ni'X I

s A

9;\ Substrate/’ R """""" :
; Tl L\ X .
£ LNIIX, e '

-1.2V

Z.Zuo, D.T.Ahneman, L. Chu, J.A. Terrett,A. G. Doyle, D.W. C. MacMillan, Science, 2014, 345, 437-440



.

Merging Photoredox and TM catalysis: Coupling of a-carboxyl sp3 carbon with Aryl Halides

Ir[dF(CF 3)ppylo(dtbbpy)PFg (1 mol%)

X

NiCl, glyme (10 mol%)
dtbbpy (15 mol%) roo

~

rT N

. ,—COOH | X
N \z

R R

________________

: R
| ==\
O. N\
N _ Boc |
Boc
-1.37V
0.95V e iy X
Il
R PGRREEEEEEN -CO, Ir NI Alk—lﬁli”'Ln
@COOH: Ar O
: PHOTO N
NB . . REDOX VB N Bo
LL20C ! L,ArNil'X
121V \/lr". L.Ni0 17V
s 4
9;\ Substratel/l R N \
; Il LN X |
£ LNIIX, DR '
-1.2V

Cs,COs (1.5 equiv.), DMF, 48-72h N
blue LEDs R

F
N CN
Boc N
Boc
78% 75%
from Arl from ArBr

[O Ac
NLQ N
B
. ocC Ac NHBoc

61% 72%
from ArBr from ArBr
NHBoc
MesA)TtL e
(@)
& Ac
83% 82%
from ArBr from ArBr

v

Boc

78%
from ArCl

NHBoc

83%
from ArBr

JQON

84%
from ArBr
and
dimethylaniline

Z.Zuo, D.T.Ahneman, L. Chu, J.A. Terrett,A. G. Doyle, D.W. C. MacMillan, Science, 2014, 345, 437-440



Enantioselective Coupling of a-carboxyl sp3 carbon with Aryl Halides

Photocatalyst Me_ Me
SRS,
PFy- FC . a* Me-NH HN—Me S/N N\)
| Ph Ph
< (5.2 (5513
N":‘ ...................................
rBy oN (S,5)-4: Ar=Ph
F.C (S5,5)-8
Ar = Ph
S’N" |\> 3,5-di(t-Bu)
[Ir[dF(CF 3)ppy](ctbbpy))PF g " (S.5)-6:
(1) Ar = 4-(t-Bu)Ph

2 mol% photocat. 1
Me  NHBoc 2 mol% NiClglyme Me  NHBoc

Me/J\/\co,H 2.2mol% (5,5)-6: TBAI= Me)\/‘""
4-bromobenzonitrile )
Boc-Leu-OH optically CN

. Cs,CO,, blue LED v
(1.5 equiv) DME/Moluene, r.t. active

Z.Zuo, H. Cong,W. i, J. Choi, G. C. Fu, D.W. C. MacMillan, . Am. Chem. Soc., 2016, 138, 1832-1835



Photoredox-Assisted Suzuki-type Cross Coupling

4 (2 mol %)
Ni(COD); (3 mol %)

Br dtbbpy (3 mol %)
R1‘©/\BF3K + \©>R2 » R1R2
3.5 equiv 2,6-lutidine
95:5 acetone/MeOH
1.2 equiv 26W CFL, 24 h

J. C.Tellis, D. N. Primer, G.A. Molander, Science, 2014, 345, 433-436



Photoredox-Assisted Suzuki-type Cross Coupling

4 (2 mol %)
Ni(COD), (3 mol %)

Br dtbbpy (3 mol %)
3.5 equiv 2,6-lutidine

. 95:5 acetone/MeOH
1.2 equiv 26W CFL, 24 h

Traditional Cross-Coupling: Two-Electron Transmetalation

. Ar‘\P gl high activati
b « high activation energy
X Ar?-B(OH), R * « rate-limiting step of most
0, i i
pd® Kate""miting < g.OR Suzuld cross coupings
1

step L—PcL~ 8‘,*B‘OR . reguires stoichiometric base,
\‘ high temperature
X-B(OH), R R « transmetalation rate:
CSD s Cspz > Csp3

Ar'-Ar2 A’

Photoredox Cross-Coupling: Single-Electron Transmetalation
R-X(2) SET

R R
/_4 )—BFy ——> R*BH
R -e

Lo, R L.
C SNl C o
L~ X L’ Ir (4) « low activation energy
/8 3 « reactivity dictated by
Ar 7 measurable redox potentials

Cross-Coupling SET Photoredox . * requires no base or heat
Cycle Cycle (I} (8) | « SET rate:
Ar Cgpa > Cgp2 > Cgp

LR Lo . ) SET
NI Cponi-x 11 (S)OJ]:hr Bk
9 Y 1" 6
Ar/8

A" R 7
10

J. C.Tellis, D. N. Primer, G.A. Molander, Science, 2014, 345,433-436



Photoredox-Assisted Suzuki-type Cross Coupling

4 (2 mol %)
Ni(COD); (3 mol %)
dtbbpy (3 mol %

Br
RL©/\ BFiK 4+ \©>R2

3.5 equiv 2, 6-qudme
95:5 acetone/MeOH

1.2 equiv

Traditional Cross-Coupling: Two-Electron Transmetalation

26W CFL, 24 h

. AR g high activati
P . « high activation energy Ar Ph Ph
X ArZ-B(OH), F,( L rate-limiting step of most oF OMe
. rate-limiting O OR Suzuki cross-couplings ) ' ) 3
Pd stop L-Pd_ - BSor| *requires stoichiometric base, 12, 89% (97%) 13, 82% 21,79% 22, 75%
\ high temperature Ar Q\N Ph/j@ Ph/\@
3 « transmetalation rate:
Arl X-B(OH), R R Mo OH
P Cap> Cap2 > Capa F F
Ari-Ar Ar? 14, 99% 15, 70% 25, 56% 26, 63%
Photoredox Cross-Coupling: Single-Electron Transmetalation MeO MeO,C Nig NZ e
16, 94% 17, 75% 29, 75% 30, 90%

R-X (2)

—

R SET o
Y—BFy — ~udH
R - R

Loy R L.
C i IS =X CL’ NI? Ir (4) * low activation energy
A 3 1 « reactivity dictated by
Ar - measurable redox potentials
Cross-Coupling SET Photoredox * requires no base or heat
Cycle Cycle (I} (5) | « SET rate:

Ar

L. rR
L’N"IX C

Csps > Csp2 > Csp

Legiv (-8  |SET
1"

9 \{ 6
-~ Ar/8
Ar R 7
10

BFK

R-BF;K Scope

oae
crr

J. C.Tellis, D. N. Primer, G.A. Molander, Science, 2014, 345,433-436

Ar-Br Scope



Photoredox-Assisted Suzuki-type Cross Coupling

4 (2 mol %)
Ni(COD); (3 mol %)
dtbbpy (3 mol %)

Br
R1©/\ BFiK 4+ \©»R2

1.2 equiv

3.5 equiv 2, G-qudme
95:5 acetone/MeOH
26W CFL, 24 h

Traditional Cross-Coupling: Two-Electron Transmetalation

oae
crr

R-BF ;K Scope Ar-Br Scope
. AR g high activati
P : « high activation energy Ar Ph
X Ar®-B(OH), '3 « rate-limiting step of most -
0. Suzuki cross-couplings 3
te-limiti R N ) T ; o . o
Pd° Ka stepl g L-Pd_ - ,B“‘gR - requires stoichiometric base, 12, 89% (97%) 13, 82% 21,79%
v high temperature Ar Ph
Arl X-B(OH), R,\R « transmetalation rate: Ji:(\ M:j@
~Pd Cep > Cop2 > Copa
Ar'-Ar2 Ar 14, 99% 15, 70% 25, 56%
,©/\Ar /@/\ Ph | X OMe
Photoredox Cross-Coupling: Single-Electron Transmetalation MeO MeO,C Nig
R-X (2) R SET o 16, 94% 17, 75% 29, 75%
/ )—BFy R*BH
R
C Lo R L0
't CL’ Ni Ir (4) « low activation energy 4 (2 mol %)
,8 3 1 « reactivity dictated by Me Ni(COD), (3 mol %)
Ar - measurable redox potentials BEK + Br CO,Me L1 (3 mol %) N
Cross-Coupling Photoredox * requires no base or heat \© 3.5 equiv 2,6-utidine
Cycle S€7 Cycle [lr] (5) « SET rate: QSG?SUTHF’/MBOH
. Ar Csps > Cop2 > Cqp a“ Blue LED, 24 h
L. IIIR Lo _ SET k\ racemic o )
L’N X CL,Nu'-x (I (8) A BFK 1.2 equiv \): K j
9 1 6 Ph N N~ ‘', /Ph
Ar
Ar” R 7
10

J. C.Tellis, D. N. Primer, G.A. Molander, Science, 2014, 345,433-436
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Photoredox-Assisted Hiyama-type Cross Coupling

..y  two-electron . Base-free photoredox cross-coupling
transmetalation . Exceptional protic group tolerance

Ry O
)—Sl \C R3 R3
R‘.,
free amines 19 alkyl 20 alkyl
Y w-BFK or "x8v""
®
o)) el
—Si Lepio
0™/ CL’N' " (e l"l
Ar=X
Cross-Coupling P'wrwedox
( Cycle Cycle (i)’
,%;.' R‘rg'.' L
. _;(t;,“m" (t;Ni'-x L Jse .
X
L. I.Al Ria A
CL’N'I'x \T:' 8’
Ar)\ﬂ?

M. Jouffroy, D. N. Primer, G.A. Molander, J. Am. Chem. Soc., 2016, 138, 475-478



Dual Photoredox and TM

10 mol % Pd(OAc),
(\—n 2.5 mol % Ru(bpy)sCl*6H,0 l/\_g
Z 26 W lightbulb Z
N&@R, + [Ph-N,JBF, M:i)n u - N} :_R, Sanford, ]. Am. Chem. Soc., 2011, 133,18566—18569
25 °C Ph
‘- [PhsPAUINTf, (10 mol%)
(YHRz N2 BFs  [Ru(bpy)sl(PFe); (2.5 mol%) /rY R°R
R - 23 Wiluorescentbulb _ R*"A, Glorius, J. Am. Chem. Soc., 2013, 135, 5505-5508
" e degassed MeOH, 4-16 h, rt
1b-j 2b 3bb-jb
Y =0, NTs 4 equiv
n=1,2
o photocat. 1 o
I HO ol & i MacMillan, Angew. Chem. Int. Ed., 2015, 54,7929-7933
base, DMF
aryl halide keto acid aryl ketone

1 mol% Ir photocatalyst 4

~

AN Br N 5 mol% NiCl,eglyme, 5 mol% dtbbpy -~~~ N
L \GR o | R MacMillan, Nature, 2015, 524, 330-334

“v’)\OH 10 mol% quinuclidine ~
K,CO,, MeCN, room temperature, 24 h
Alcohol Aryl bromide blue LEDs Aryl ether
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Conclusions

Extremely versitile
CC, CN, CO, CP, CB bond formation, FGI...
[2+2], [4+2] cycloadditions, oxidative & reductive couplings...

Mild conditions
Room temperature
Stable/commercial reagents

Combination with other types of catalysis
Organocatalysis, TM catalysis, HAT

Rational design

Catalyst
Reaction

Types of catalysts
Cu, Fe,W, ...
Metal-free: organic dyes

« Organic Photoredox Chemistry »
N.A.Romero and D.A. Nicewicz, Chem. Rev., 2016, 16, 10075—10166



| CYANOARENES . | BENZOPHENONES ! | QUINONES T PYRYLIUMS ;
: N f o P o] 1 R 5
s | Hooo! N il
: C Bp P i 24,6 244 :
' CN L berzophencne P 0 ' triphenylpynsium friphenyithicpyrylum &
: DCB C o P AQ 4 (R=H, X=0) [R=H, X=5) :
! l4dicyancberzene | ¢ ¢ 1 anthraguinone | & '
5 - O O P i H . R ‘
: " P MeaN MK NMe: i oN . .
. I Michier's Ketone ' H p-MeO-TPT p-MeO-TIPP :
: CO i ¢ o - on 2.4,4-ts- 2.4,&-His- :
: - Pl o o [4-methoxyphany) [4-methoxyphenyl)thio-
: CN P Q.@ . oDG 11 pyrylium [R=OMe, X=0) pyrylium (R=OMe, X=5) |
: __DCN P FLN Pl 230MCNIem5,6 | trmirmsessszzzzziseesees s
3 l,4dn.yononophlhulcnc5 E fluorenone : ' dcyonq—l,&- :E QUINOLINIUMS NMG* :
] N ' | benzoguinone i R L :
' CN P O . 'y x N-methyiguinolinium :
s . i 2 i o, QueN® :
OOO Co O O S a i N 3cyano-1-melhylquinolinium
s i ‘ i it ;
; P X0 o d c o :
: CN ' xanthone (X=0) i o) : '
: DCA fo X0 P TCEQ : :
1 2104 QnognQsens ... hipxanthene. =8l .. ... HIE S & 1! ¢+ 14} B '
: R ACRIDINIUMS o :
E A O ~ ¥ :
: ] HH :
: 0 0/ o N R L ® o
H N 1 ' | -. :
] | R & R ‘e , NS
: Me . ! X X ® R
: Acr-Me* AC/AOH* ' [FL] = FLH,/FL?* RhEH® :
: 10-methylacricinium |R=H) ocridine orange [R=Me: nc R')/[R=Me. R'=H| |1 Flucrescein (X.Y.I=H) Rhodomine 8 s
: Ph-Acr-Me* AcrF' s [EY] = EYH,/EY? {Y.R"=H: R.R'=E1] :
i 10-methyl-9-phenylacridinium (R=Ph) acriflovin R=H: R'=Me) i1 Eosn Y (X.Y=Be:7=H) Rh4G-H* :
: Mes-Acr-Me* PF/PFH" o [RB] = EYH,/EY? Rhodamine 6G :
¢ 10-methyl-?-mesityiacridinium (R=measity) profiavin [R=H; no R')/{R=H: R'=H) i i Rose Bengoal (X.Y=I; 2=C) (Y=Me; R'sH; RR'=El)

5 3 OO«
§ ’ OO . SO0 = 28 2K
E Me. # N,MeE - — 4

DAP)O PDI pergene dimide
. . PDlI-a (R = 2 6-disopropyiphenyl)
2.7-dimefhyickazopyrenium PDI-b (R = 2.5<filert-butyiohenyl)



