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1-1. Photochemical Reaction

Reference
1) Norrish, R. G. W. et al. Nature, 1936, 138, 1016.
2) Norrish, R. G. W. et al. Nature, 1937, 140, 195.

S (cat), hv P
Photoreaction = Reaction which starts with light energy.

Molecular Orbital Diagram

HOMO

LUMO
hv

S0 S1 T1

ISC

Photochemical
Reaction

Photoenergy is 
absorbed by…

Substrate
or

Reagent

Sub-Cat
Complex

Catalyst

Classification of Photochemical Reaction

Photosensitizer

Photoredox

Photosensitizer

Photoredox

1)

2)

1-2.

① Norrish reaction1)2)

R1 R2

O UV light

R1

O

R2

R1 R2

O

R1 R2

Ohv

R1

O UV light
H R3

R1

OH
R3

S1 or T1

R1

O

R2

hv

S1 or T1

R1

O
H R3

R1

O
H R3

R1

OH
R3

Examples of 1) [Photoenergy is absorbed by Substrate (Reagent).]

type I type II

excitation

S0

S1
T1

ISC

excitation fluorescence
phosphorescence

reaction
reaction

Jablonski Diagram
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Reference
3) Ciamician, G. et al. Ber. 1908, 41, 1928.
4) MacMillan. D, W. C. et al. J. Am. Chem. Soc. 2005, 127, 3696-3697.
5) Inoue, M. et al. Angew. Chem. Int. Ed. 2006, 45, 4843-4848.
6) Yoon, T. P. et al. Nat. Commun. 2021, 12, 5735.

② (2+2) Photocycloaddition
R1

R2

R3

R4

+
hv (UV or visible light)

R1

R2 R4

R3 R1

R2

hv R1

R2
T1

R1

R2 R4

R3 R1

R2 R4

R3

MacMillan (2005)4)

Inoue (2006)5)

O

O

OPiv

Me

Me

Cl Cl

Hg lamp
O

O

OPiv

Me

Me

Cl

Cl
O

OO
HO

OMe

Me

Me O

(–)-merrilactone A

O

O
O

H

HMe H O OO
O

OBn
OBn

OBn

OBn

1) hv (350 nm)
2) Pd/C, H2

O

O
O

H

HMe H O OO
O

OH
OH

OH

OH

H
H

(–)-littoralisone

Example of 2) [Photoenergy is absorbed by Sub-Cat complex.]
Yoon (2021)6)

O
N

NMe
Ar1+ Ar2

HA*
blue LED

Ar1 Ar2

O
N

NMe
*

*

O
N

NMe
Ar1

H A*
hv O

N

NMe
Ar1

H A*

bathochromic shift up to 85% yield
up to 99% ee

O
O P O

NHTf

Ar

Ar
HA*

Ar = 4-(CF3)C6H4

Application to Natural Product Synthesis

S0

S0 T1

First Report [Ciamician (1908)3)]
O

carvone

sunlight
1 day–1 year

(summer or fall)
O

carvone camphor

❌
 Regioselectivity

❌

 Diastereoselectivity

❌

 Enantioselectivity

⭕
 Regioselectivity

❌

 Diastereoselectivity

⭕

 Enantioselectivity
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Refference
7) Nicewicz. D. A. et al. Chem. Rev. 2016, 116, 10075-10166.

1-2. Photocatalytic Reaction7)

cat cat
*

cat
•+

hv

A

A•–B

B
•+ Oxidative

Quenching

cat cat
*

cat
•–

hv

B

B•+A

A
•– Reductive

Quenching

① Photoredox Catalyst

cat cat
*

hv
② Photosensitizer

cat is an excited
state reductant

cat is an excited
state oxidant

CC*

SETSET SET SET

EnT

Ru(bpy)3
2+

t2g

eg

π*L hv
MLCT
ISC t2g

eg

π*L

Ru(bpy)3
2+ Ru(bpy)3

2+ *

A A•–

t2g

eg

π*L

Ru(bpy)3
3+

t2g

eg

π*L

Ru(bpy)3
+

Oxidative
Quenching

Reductive
Quenching

B

B•+
C

C*

SET

SETEnT

t2g

eg

π*L

Ru(bpy)3
2+

Examples of Photocatalyst

Molecular Orbital Diagram

ON

NN

N
Ir

N
N

N
N

N

N
Ru

2+

F3C F

F

F F

CF3

t-Bu

t-Bu

Ir(dF(CF3)ppy)2(dtbbpy)+

+

N

NN
Ir

Ir(ppy)3

Ar

Ar

Ar
Pyrylium

N
Me

Ar

Acridinium

NC CN
N

N
N N

4CzIPN
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Reference
8) Wenger, O. S. et al. Coord. Chem. Rev. 2020, 405, 213129.

Photophysical and Electrochemical Properties
Transition Metal Catalysis8)

Organocatalysis7)
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Reference
9) MacMillan, D. W. C. et al. Science. 2011, 334, 1114-1117.
10) Yoon, T. P. et al. J. Am. Chem. Soc. 2011, 133, 19350-19353.

Example 1. α-Amino C-H Arylation [MacMillan (2011)9)]

Example 2. Radical Cation (4+2) Cycloaddition [Yoon (2011)10)]

EDG

R1

+ R2

Ru(bpz)3(BArF)2 (0.5 mol%)

CH2Cl2, RT, air
fluorescent light or sun light

EDG

R1

R2

up to 98% yield

Reductive
Quenching

N
Ar

+
X

CN

EWG

Ir(ppy)3 (1.0 mol%)

NaOAc, DMA, RT
fluorescent light

X

EWG

N
Ar

up to 98% yield

Oxidative
Quenching
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Reference
11) Yoon, T. P. et al. Angew. Chem. Int. Ed. 2017, 56, 11891-11895.
12) Tanino, K. et. al. Science 2004, 305, 495.

Example 3. (2+2) Photocycloaddition [Yoon (2017)11)]

OH O

Ar1 + Ar2

Ru(bpy)3Cl2 (5 mol%)
Sc(OTf)3 (20 mol%)

MeCN, RT
23W CFL Ar1 Ar2

OOH

up to 97% yieldphotosensitizer

Example 4. Singlet Oxygen [Tanino (2004)12)]

OAc

Me Me

O

Me

O

Me

TBS RB (cat.)

O2, CH2Cl2
0 ºC, 12 h

halogen lamp

AcO

Me

O

Me

Me

O Me

O OTBS

Norzoanthamine

OHO

I

I I

I

OH

O

O

Cl

Cl

Cl

Cl

RB
(Rose Bengal)

ISC MLCT

RBRB*
hv

3O2
1O2

O

Me

TBS O

Me

TBSDiels-Alder
O O

Me

O O
OTBS

photosensitizer
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1-3. Application of Photochemistry to “Classical” Reaction

Photo
Chemistry×“Classical”

Reaction

Topic 1. Oxidative Cleavage
              1,2-Dihydroxydation

Environmentally Friendly
 - Reduce Waste
 - Don’t Use Toxic Reagent 
Mild Condition
 - Higher Chemoselectivity
 - Broaden Scope
 - Natural Product Synthesis
 - Late Stage Functionalization

❌
 Stoichiomeric Waste

❌

 Use of Toxic Reagent

❌

 Harsh Condition

❌

 Low Chemoselectivity

“Classical”

O3, OsO4 ArNO2 + purple LED

Photochemical

Topic 2. Decarboxylation Pb(OAc)4 [IrⅢ], [CuⅡ], [FeⅢ] + blue LEDs
(stoichiometric) (catalytic)

Topic 3. Nucleophilic Addition
[Cr] + Mn0

(stoichiometric)

[Cr] + [IrⅢ] + HE + blue LEDs

(catalytic) (stoichiometric)

Topic 4. Pinacol Coupling SmI2
(stoichiometric)

SmI2
(catalytic)

+ ligand + blue LEDs

Topic 5. Proposal ? ???
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2-1 “Classical” Reaction

Reference
13) Leonori, D. et al. Nature. 2022, 610, 81-86.
14) Leonori, D. et al. Angew. Chem. Int. Ed. 2022, 62, e202214508.

R1

R2
OsO4 (cat)

NMO

R1

OH

R2

HO

alkene 1,2-diol

NaIO4

Malaprade
Cleavage

Pb(OAc)4

Criegee
Cleavage

R1 H

O

R2 H

O
+

Carbonyl Compound

R1

R2

alkene

R1 H

O

R2 H

O
+

Carbonyl Compound

O3 then Me2S

Harries
Ozonolysis

2-2 Photochemical Reaction
Oxidative Clevage of Alkene [Leonori (2022)13)]

R1

R4R2

R3

NO2+

nitroarene
(2.0 equiv)

EtOAc (0.08–0.33 M)
or

CH2Cl2 (0.08–0.33 M)
HFIP (1–8 equiv)

–30 ºC, 12–24 h
purple LEDs

R1 R2

O

R3 R4

O
+

up to 94% yield
83 examples

K2HPO4
urea

then

(work up)

Dihydroxylation of Alkene [Leonori (2022)14)]

R1

R4R2

R3

NO2+

nitroarene
(2.0 equiv)

EtOAc (0.17–0.50 M)
or

CH2Cl2 (0.17–0.50 M)
HFIP (4–5 equiv)

–30 ºC, 12–24 h
purple LEDs

10% Pd/C (10 mol%)
KHCO3 (10 equiv)
HCO2H (6 equiv)
MeOH-THF (3:2)

then

–10→25 ºC, 24 h R1

OHHO

R3
R2 R4

up to 81% yield
43 examples

❌
 Use of Toxic Reagent

❌

 Low Chemoselectivity

Ar N

Ar N
O

O

O
N

O
Ar

O

O

H2O, Δ
then

(Cleavage)
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High Turnability of Nitroarene = Regioselective Oxidative Cleavage

NO2R1

R2

R1 = H F CF3 NO2

R2 = H H CF3 CF3

electron rich electron poorvs

Less electrophilic nitroarene increases regioselectivity.

Oxidative Cleavage of Complex Molecules

2-2 Overcoming Limitation of Classical Reaction
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3-1 “Classical” Reaction

Reference
15) MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2014, 136, 10886-10889.
16) MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2015, 137, 624-627.
17) MacMillan, D. W. C. et al. Nature. 2016, 536, 322-325.

R OAg

O Br2

Hunsdieker
Reaction

R Br
R OAg

O

Kochi
Reaction

R Cl

Pb(OAc)4
LiCl

R O

O DC

Kolbe
Coupling

R R

R OH

O 1) SOCl2

NNaO

S

2) R O

O
N

S
Barton ester

(Preactivated)

Bu3SnH + AIBN
or

BrCCl3 + hv R

R

H

Br
or

Barton
Decarboxylation

R O

O [ox]

R O

O – CO2
R

3-2 Photochemical Reaction

MacMillan (2016)17)

R1

R2

CO2H
+ Br R

carboxylic acid
(1.7 equiv)

alkyl halide

Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.0 mol%)
NiCl2•glyme (10 mol%)

4,4’-dOMe-bpy (10 mol%)

K2CO3 (2.0 equiv), H2O (20 equiv)
MeCN (0.1 M), 24 h

blue LEDs

MacMillan (2015)16)

R1

R2

CO2H
+ Br R

carboxylic acid
(1.7 equiv)

vinyl halide

Ir(dF(Me)ppy)2(dtbbpy)PF6 (1.0 mol%)
NiCl2•dtbbpy (2.0 mol%)

DBU (1.7 equiv), DMSO (0.1 M)
RT, 18 h

blue LEDs

R1

R2

R

up to 96% yield
34 examples

MacMillan (2014)15)

R1

R2

CO2H
+ EWG

carboxylic acid
(1.7 equiv)

electrophilic
olefin

Ir(dF(CF3)ppy)2(dtbbpy)PF6 (1.0 mol%)

K2HPO4 (1.2 equiv), DMF (0.1 M)
RT, 18 h

blue LEDs

R1

R2

EWG

up to 97% yield
44 examples

R1

R2

R

up to 85% yield
41 examples

R1

R2

O

O IrⅢ* IrⅡ R1

R2– CO2

EWG
R1

R2

EWG IrⅢIrⅡ

– H+

R1

R2

EWG

[NiⅡ] Br
R

[NiⅢ] Br
R

R1 R2 R1

R2

R

[Ni0]

[NiⅠ]

R1 R2 Br R

[NiⅢ] Br
R

R1 R2 R1

R2

R

IrⅢ

blue LEDs

❌
 Harsh Condition

❌

 Low Chemoselectivity

– [NiⅠ]

– [NiⅠ]

Key point : Oxidant is present in Catalytic Amount.
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3-3 Overcoming Limitation : Generation of Aryl Radical (•Ar)

Reference
18) Ritter, T. et al. J. Am. Chem. Soc. 2021, 143, 5349-5354.
19) MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2022, 144, 8296-8305.
20) MacMillan, D. W. C. et al. J. Am. Chem. Soc. 2022, 144, 6163-6172.

O

O [ox]
O

O
slow

solv-H
O

OH

Ar-H
O

OAr

- Slow CO2 extrusion
  (Undesired side reactions occur.)

Problem

Approach. Decarboxylation via Cu-LMCT
Ritter (2021)18) : Stoichiometric Reaction

O

OHR1

Cu(OTf)2 (2.5 equiv)
[Cu(MeCN)4]BF4 (2.5 equiv)
TBAF(t-BuOH)4 (2.5 equiv)
MeCN (0.025 M), 35 ºC, 6 h

purple LEDs

F
R1

up to 83% yield
28 examples

MacMillan (2022)19)

O

OHR1

[Cu(MeCN)4]BF4 (20–300 mol%)
NFTPT (1.0–2.5 equiv)

X reagent (1.0–1.5 equiv)
MeCN (0.1 M), RT, 6 h

365 nm LEDs

X
R1

(X = F, Cl, Br, I)
up to 97% yield

64 examples
MacMillan (2022)20)

O

OHR1

[Cu(MeCN)4]BF4 (20 mol%)
NFSI (3.0 equiv)

B2pin2 (3.0 equiv)
NaF (1.0 equiv)

LiClO4 (1.0 equiv)
MeCN (0.1 M), RT, 6 h

365 nm LEDs

Bpin
R1

up to 80% yield
26 examples

fast

NMe

Me

Me
F

BF4
–

NFTPT

N

O

O

I N N

O

O

Br
Br

Me
Me

ZnCl2
X reagent

Ar O

O

CuⅡ
hv

Ar O

O

CuⅠLMCT

Key point
- Rapid geometric reorganization and
  ligand exchange of newly formed Cu(I).
    → Suppress BET process.
- [Cu(MeCN)4]BF4 can trap aryl radical fast.
    → Suppress side reaction.
- MeCN has strong C-H bond.
    → Suppress competitive HAT process.
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Reference
21) West, J. G. et al. Nat. Chem. 2023, 15, 1683-1692.
22) Julia-Hernandez, F. et al. Angew. Chem. Int. Ed. 2024, 63, e202311984.

West (2023)21)

R1 R3
R2

Fe(NO3)3•9H2O (5.0 mol%)
TRIP thiol (5.0 mol%)
CHF2CO2H (3.0 equiv) R1 R3

R2

F F

Na2CO3 (10 mol%)
MeCN/H2O (9:1, 0.1 M)

24 h, 390 nm LEDs

Na2CO3 (10 mol%)
MeCN (0.1 M)

24 h, 390 nm LEDs

Fe(OAc)2 (5.0 mol%)
TRIP thiol (5.0 mol%)
CF3CO2H (3.0 equiv) R1 R3

R2

CF3

 up to 89% yield
40 examples

up to 89% yield
34 examples

R1 R3
R2

3-4 Overcoming Limitation : Generation of Trifluoromethyl Radical (•CF3)

F3C O

O

TFA anion

[ox] [ox]

Eox = +2.4 V vs SCE

F3C O

O

[Mn+] F3C O

O

[Mn+]

hv
LMCT

– CO2
CF3

inner-sphere
electron transfer

– [M(n-1)+]

Problem and Approach
Strong oxidant is required

Julia-Hernandez (2024)22)

H
Ar +

F3C ONa

O

(6.0 equiv)

Fe(OTf)2 (10 mol%)
L1 (10 mol%)

K2S2O8 (3.0 equiv)
MeCN (0.1 M), N2, 25 ºC

405 nm LEDs

CF3
Ar

N

N

MeO

MeO
L1

up to 80% yield
39 examples
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Reference
23) Niu, L. et al. Nat. Commun. 2024, 15, 6115.

Niu (2024)23) : Brønsted Acid Unlocked LMCT

R

unactivated
alkene

+
RF O RF

O O

RF = CF3, CHF2 …
(5.0 equiv)

+ N
N

Cl

F 2BF4
–

Selectfluor
(1.5 equiv)

Fe(acac)3 (10 mol%)
oxydibenzene (0.50 equiv)

i-PrOH (2.0 equiv)

MeCN (0.1 M), N2, 12 h
blue LEDs

R

F
RF

up to 82% yield
84 examples

RF O RF

O O
+

Balanced Construction of RFCO2H + RFCO2
–

RF OH

O

MeCN
Brønsted acid

i-PrOH +
RF Oi-Pr

O

RF O RF

O O
+

RF O

O

MeCNPh O Ph RF O

O

Ph

Ph

acetate
MeCN RF O

O

RF N

O

acetate Me

redox
buffer

Brønsted Acid Unlocked Photoactive Species

Mechanism

Brønsted acid
lower LUMO energy
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Reference
24) Nocera, D. G. et al. Science. 2024, 383, 279-284.

Nocera (2024)24) : AgⅡ catalysis

H
Ar +

RF ONa

O

(20 equiv)
MeCN (0.14 M), 6 h, 25 ºC

440 nm LEDs

RF
Ar

up to 68% yield
11 examples

N

N N

N
Ag

Ag salt (2.5 mol%)
bpy (0.50 equiv)

Pt(+)/Ni(–), 1.3 V vs Fc+/Fc Ⅱ

Ag salt
RF = CF3, C2F5, C3F7

2OTf–

Strategy

Mechanism

AgⅡ has lower-energy unoccupied orbital.
  → Longer wavelength light can be used.
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Reference
25) Wang, Z. et al. Angew. Chem. Int. Ed. 2024, 63, e202406109.

4-1 “Classical” Reaction

R1 R2

O
+ R3 Br

Grignard
Reaction

R1 R2

OH
R3

R1 R2

O
+

Reformatsky
Reaction

R1 R2

OH
R3 OR4

O

Br

Mg metal

Zn metal
OR4

O

R1 R2

O
+

NHK Reaction

NiCl2(cat)
CrCl2X R3

NiCl2(cat)
CrCl2(cat)
Mn, TMSClor

R1 R2

OH

R3

4-2 Photochemical Reaction
4-2-1 Asymmetric Reformatsky-type Reaction [Wang (2024)25)]

Y

O
Cl

R1 R1

+
H R2

O
CrCl2 (12 mol%)
(S)-L1 (15 mol%)

P.S. (15 mol%)
Cp2ZrCl2 (1.5 equiv)

Mn (2.0 equiv)
DME (0.2 M), RT, 24 h

Y = OR, NHR

Y

O

R1 R1

R2

OH
N
H

O N N O

Ph
PhPh

Ph i-Pr i-Pr

Dark Condition

(S)-L1

Y

O
Cl

R1 R1

+
H R2

O
Ir(dF(CF3)ppy)2(dtbbpy)PF6 (1.0 mol%)

CrCl2 (12 mol%)
(S)-L1 (15 mol%)

P.S. (15 mol%)
Cp2ZrCl2 (1.5 equiv)

DIPEA (1.0 equiv), HE (2.0 equiv)
DME (0.2 M), RT, 24 h

blue LEDs

Y = OR, NHR

Y

O

R1 R1

R2

OH

Photochemical Condition

❌
 Stoichiometric Waste

up to 90% yield
up to 99% ee
21 examples

R3 MgBr

R3 OR4

O

ZnBr

CrⅢ R3

Mn0

CrⅢ

CrⅡ1/2

1/2MnⅡ

Dark Condition Photochemical Condition
HE

DIPEA

CrⅢ

CrⅡ

HE•+

DIPEA•+

IrⅡ

IrⅢ* IrⅢ

blue LEDs

Barbier Reaction

Zn, Mg, Sn, Sm etc…

R1 R2

O
+ R3 Br R1 R2

OH
R3

R3 [M]
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Reference
26) Glorius, F. et al. J. Am. Chem. Soc. 2018, 140, 12705-12709.
27) Kanai, M. et al. Chem. Sci. 2019, 10, 3459-3465.

4-2-2 NHK Reaction

C-H
activation

H

R PC

[CrⅢ]

R

NHK
Reaction

Cr R1 R2

OH
R

homoallylic
alcohol

R1 R2

O
Strategy

Glorius (2018)26)

H R
+

Ar

O

H
(3.0 equiv)

Ir(dF(CF3)ppy)2(dtbbpy)PF6 (2.0 mol%)
CrCl2 (10 mol%)

Li2CO3 (20 mol%)
DMF (0.2 M), RT, 24 h

blue LEDs

R
OH

Ar

up to 92% yield
29 examples

Kanai (2019)27)

H R5
+

Ar

O

H

PC (2.0 mol%)
CrCl2 (5.0 mol%)

L5 (5.0 mol%)
Mg(ClO4)2 (1.0 equiv)

CH2Cl2 (0.2 M), RT, 12 h
430 nm LEDs

R2

OH

Ar
up to 99% yield

up to 99% ee
>20:1 dr

22 examplesR4
R2

R3

R3

R4
R5

* *

O

N N

O

L5

N
Me

Me Me

PC
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Reference
28) Nemoto, T. et al. J. Am. Chem. Soc. 2024, 146, 20904-20912.

4-1 “Classical” Reaction

R1 R2

O Mg(Hg) or SmI2
R1

R2

OH
R1

R2

OH

R1 R2

O[M] ❌
 Stoichiometric Waste

pinacol
coupling

R1 R2

O
R1

R2

OH
R1

R2

OH

McMurry
coupling

TiCl4-Zn

4-2 Photochemical Reaction
Nemoto (2024)28)

Ar R

O

Sm(OTf)3 (1.0 mol%)
DPA 1 (1.0 mol%)
DIPEA (1.0 equiv)
H2O (0.69 equiv)

THF, RT, 22 h
451 nm LEDs

Ar Ar
R OH

R OH

Ph

Ph
P
O

Ph
P
O

Ph
Ph

DPA 1

Ph

Ph
P
O

Ph
P
O

Ph
Ph

SmⅢ

up to >99% yield
44 examples

blue LEDs

antenna

Ph

Ph
P
O

Ph
P
O

Ph
Ph

SmⅢ

*

DIPEA

– DIPEA

Ph

Ph
P
O

Ph
P
O

Ph
Ph

SmⅢ
Ph

Ph
P
O

Ph
P
O

Ph
Ph

SmⅡ

e–

Effect of Antenna Ligand (Stern-Volmer experiment)

Ph

Ph
P
O

Ph
P
O

Ph
Ph

DPA 1

Ph

Ph
DPA

Sm(OTf)3 + Sm(OTf)3 +

(x equiv) (x equiv)




