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[1965]
Baizer process [Late 20t Century to the present]
C-H activation
Cross-coupling
Flow chemistry
photoelectrocatalysis
Asymmetric catalysis
Nature product synthesis

Green oxidation

300 Kt/year

[1848]

Kolbe reaction r,_lﬂ

[1600] R-COOH —————> R-R
The word [1834]
“electricity” was Faraday’s laws
introduced m = %2"
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nm order nm order
A H :_H
+® ®E E@ @._
+HO @
S, O )
+> | :
Ho | - @/|-
- ! No potential gradient O
IS OS2 in bulk solution i Aosied
3 | : — Applie
& +® : s \ /f :® — potential
+ 8 : Potential curve : @ @
S @
cathode
*y anode (® : Cation part of electrolyte

Fuchigami, Toshio, Mahito Atobe, and Shinsuke Inagi. Fundamentals and applications of organic electrochemistry: synthesis, materials, devices. John Wiley & Sons, 2014.

(=) : Anion part of electrolyte

B Form an electric double layer

B Neutralizing the charge imbalance after electrolysis
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A oxidation @
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B (d) d é
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/ reduction
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Potential
6

Fuchigami, Toshio, Mahito Atobe, and Shinsuke Inagi. Fundamentals and applications of organic electrochemistry: synthesis, materials, devices. John Wiley & Sons, 2014.
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Power Power
Source Source
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Porous
Stir Bar St Bar Membrane
Undivided Cell Divided Cell
Galvavostatic Potentiostatic
(constant current) (constant potential)
@ Easy setup @ Only reproducible with reference electrode

@ Exact equivalents of electrons known @ Equivalents of electrons not directly controlled

@Voltage range not controlled @ adjust the process potential to improve selectivity

Little, R. D. et al. Chem. Rev. 2022, 122, 3292.
Willans, C. E. et al. Green Chem. 2020, 22, 3358.




a) Direct electrocatalysis

Electron
transfer

@

Substrate

Reactive
intermediate

¢

Product

-

AR ELRN

b) Indirect electrocatalysis c) Molecular photoelectrocatalysis

@ @

Medox(;)\‘

Medred Substrate
Electron
transfer
Med red
o+
Med®* Reactive
intermediate

¢

Product

B /ndirect electrocatalysis is discussed in this topic

Little, R. D. et al. Chem. Soc. Rev. 2014, 43, 2492.; Wang, F., Stahl, S. S. Acc. Chem. Res. 2020, 53, 561.
Baran, P. S. et al. Acc. Chem. Res. 2020, 53, 72.; Guo, C. et al. Angew. Chem. Int. Ed. 2020, 59, 12612.

Lennox, A. J. J. et al. Angew. Chem. Int. Ed. 2020, 59, 18866.; Lin, S. et al. Chem. Soc. Rev. 2021, 50, 7941.

Rovis, T. et al. Chem. Rev. 2022, 122, 2487.; Minteer, S. D. et al. Chem. Rev. 2022, 122, 3180.
Cheng, X., Lei, A., Mei, T.-S., Xu, H.-C., Xu, K., Zeng, C. CCS Chem. 2022, 4, 1120.

Med®* *
Substrate

Electron
transfer

Reactive
intermediate

i

Product
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B Elctrochemical series of important organic compounds (potentials against SCE)

i ©
O O e}
cl 0
B
1.76
Me Me

-1 46 -1.20 -0.85

Ep/2 (V \'4] SCE)

-2.29

3.0V l 20V -1 0 +—/ ov +1.0V l +2.0V l +3.0V

| | | |

I I I I

T T Me f Me Sf f
Meﬁ >=/ U ©/Me
Me
()/ ~o /©/\ Mo AN e 1.81 2.15

-2.43

-0.86 0.83 228
-2.34 193
Common Oxidizing Agents
F2 SO, szo? H20, MnO(? HOCI 02
2.62 2.36 1.85 1.45 1.43 1.39 0.99
AG = -nFE%,, Benifits of electrooxidation

m Avoid equivalents of chemical reagents
B Mild condition
60 mV ~ 1.4 kcal ~ AKq = 10 B Control electrode potential to control redox

AAG = 1.4 kcal, AKgq = 10

Nicewicz, D. A. et al. Synlett 2016, 27, 714. 9
Merker Photocatalysis Chart



HEEERB(EAM)

Cytochrome P450 Vitamin B12

Benefits of EAMs catalysis
B Naturally abundant in the earth’s curst
B Low cost and low toxicity relative to other TM
B Present in various metalloproteins
B Multivalent and single-electron catalytic pattern make a diverse reactivity

Can we discover new reactivity that is unique to EAM elctrooxidation?

J. Liu et al. Chem. Rev. 2014, 114, 4366. 10
Bullock R. M., Chen J. G., Gagliardi L. et al. Science, 2020, 369, 786.
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electron configuration: 3d®4s?
range of oxidation state: O to +6

Co

electron configuration: 3d’4s?
range of oxidation state: -1 to +5

electron configuration: 3d®4s?
range of oxidation state: O to +4

12
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B Different approaches for the generation of high-valent iron-oxo species

[0] LFe

(ROOR’, PhIO)

B high-valent iron-oxo species generated in OER

Multiple reactivity @

C—H ———> C—OH

C—OH — > C=0

oO—0Jd—

O,

Oxidation of organic molecular?

Q
S S
VAN —_—— PACAN
H,0
o)
B anode
/|\ —_— /|\

J. H. Dawson et al.Chem. Rev., 1996, 96, 2841.
J.T. Groves et al. Chem. Rev., 2018, 118, 2491. 13
T. J. Meyer et al. J. Am. Chem. Soc., 2014, 136, 5531.
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c )—Ifl Pt

H oH Fe-TAML (510 moi%) o
A o K PO
CH3CN/H,0

B Benzylic C-H Bonds

o) o) 0 o)
sl ool call s s
N
MeO O,N Z

79% yield 77% yield 31% yield 45% yield
B Alcohols
O (0]
O v Z%
85% yield 95% yield 94% yield 84% yield

N N
0 ') OH N 7
LFg )j\ or )\ N/ e\N§<
2 BH* H 0
2¢" _ Which oxidation state of Iron is the
2 B - . . - ’?
o, oH ’ active species in catalytic cycle”
LFe Jo oo I ”

anode Stahl, S. S. et al. Chem. Sci. 2019, 10, 7542.



E / V (vs Ag/AgCl)

RES5SHNHEEHR.

0 L] L] L]
-0.1 0.4 0.8 1.2
E IV (vs Ag/AQCI)
1.2
FeV
1.1 1 (iii) @:weeeseee @ veiees Oenvernnns @i ®
1 -
0.9 1
FeV
0.8 1
0.7 le~1H*
(i) o...... y = -0.059x + 0.997
0.6 1 R W °
mo Tt PY
0.5 1 Fe
0.4 ' .
5.5 6.5 7.5
pH (Aqueous Buffer)

8.5

(i)

(if)

(i)

4.

wtse

S,

N\ /N
/Fe\ —
N N

o I

-e,-H"

s

[Fe'(OHo)I

oHPO

IS
@)
_
®

+e,+H*

PCET

+ e

- 2e”

[Fe"V-0-Fe!']*

+ 2e”
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6.0
- 0.8V
D_ 1 . 5 " 4 0 J
< £ 5
2 =20 - <
5 - "
4
3 00 03 06 09 12 15 =
& E I V(vs Ag/AgCl) o
=] Q
S @
g g
< 0.5 _g
<
O T -
250 400 550 700 850 1000
A/ nm

2.
LFe!V-0-FeL |

2 LFe!'-OH,| —>

Comfirmed by in-situ UV-vis

KeSHEELR)

1.5 4

0.5 -

6.0 7.0 =
4.0 125V 601 ~ <k o
<" ~ A
20 - E
-~ ] R 4
s A + 1250 mV o 4
r———————s e e SH
03 06 09 12 15 2 & AT
E I V(vs AgiAgCl) 5 3.0 i S, ©/K
g A g
=201 4 e A .goomv
‘i. ....................... @
2 Y : |
v 0 30 60 % 120
250 400 550 700 850 1000 )
t / min
A/ nm
LFe'-OH,
=&, [FI” -2¢€,2H"
0.8V 1.25V
o OH —
S o |
LFeV-oH | LEeV=0 | active

LFeV-OH_l_%\
H,0 ?

2_
LFe"V-0-FelL |
active

% LFe''-OH,
H,0

[LFe"(OH,)I
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ek Dy

Fe-bTAML (5 mol%)
= K,HPO, (0.1 M) _ A\
Ecen = 0.8 V vs Ag/AgNO3
CH3;CN/H,O =41, rt

86% yield 92% yield 62% yield 75% yield
0 : Vg o 17
LFe A\ N>‘ éN _/Z)
2 BH* @E >Fe'7' N—-Me
N
Hy0 N ON—
2 B: o) ﬁl\ ©
X —
LFe Ligand modification

anode X = CI/H,O

Gupta, S. S. et al. Chem. Sci. 2020, 11, 11877.
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m Acceptorless alcohol dehydrogenation (AAD) “Fe!

~H
T

Fe-pincer

Fe-pincer

— )]\ + H2

harsh condition

= Flectrocatalytic alcohol oxidation

_H

)<H

Fe-pincer

2 BH, 2e-‘\@
0
)]\ + 2e” + 2 H* o

/ > A
I\
Anode as e acceptor o B N, |\|P1Pr2
Base as H* acceptor e
pPr, | co
H

H,Fe-pincer

Crabtree, R. H. et al. Chem. Rev. 2017, 117, 9228.
Shimizu, K. et al. Green Chem. 2018, 20, 2933. 18
Waymouth, R. M. et al. Inorg. Chem. 2020, 59, 1453.



AAD vs BILEFERS S

H H
|~ [\ 7N
\P Prz N/, \\P Pr2 N’, \\P Pr2
/ PP, | “CO PPr, | CO
P’ Pr2 r2
H H
Fe-pmcer H,Fe-pincer Fe-pincer

m pK, match between base and catalysts(or intermeidates)

m Mediate potential to control electron transfer

19



Current (mA)

Current (uA)

15

1.0 T

05 T

0.0

200 20.0
] H H
,- 034V i 0.74V
150 N’I,Fe,‘,P Pra 150 N{ PPry  pase
. ' | Fe! -
10.0 + PIPrZ | CO 1 1 PlPr/l \ W/O base
‘ H ! — 100 7 2
| 3 | H
. | €
s0 Fe-pincer I g H,Fe-pincer
1 o 5.0 ':"
i
00 T 1 ] 1
I 0.0 1 1
| 1 |
1 1
50—+ ¥ T 1
-1.2 1.0 0.8 0.6 -0.4 0.2 0.0 0.2 5.0 + T ™ T +
Potential (V v. Fc/Fc+) -1.25 -1.00 -0.75 -0.50
Potential (V v. Fc/Fc+)
1.00
1le- oxidation w/o base e : "
1 2e-oxidation in basic condition
075 +
a
E
£ 050
0.25 +
0 10Ioo zoloo 3600 40I00 soloo 6000 0.00 " f y y
Time (4 | . F N 0 1800 T:::?s) 5400 7200
Q =nFA [H2Fe-pincer]

REENHEAFRIEBURN

20



B A2e/2H* ECEC pathway

REENHEAFRIEBURN

[HFe-pincer]*

BH, 1 e

[H,Fe-pincer]*

- BH

>

-0.74V

N, PPr,
‘Fe!
N
PP, | O H

Fe-pincer

H,Fe-pincer

21
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B Experiment and DFT calculation explain the 2e/2H* ECEC pathway

(/

P! Pr2
H

\\P Pr2

CO

Fe-pincer

| H,Fe-pincer + KO'Bu ——>&— Fe-pincer

H,Fe-pincer + KO'Bu + [Cp*,Fe][BFy] ——— Fe-pincer

\\P Pr2 o)

—»(/ + J\

Hs, = Pr2 HsC™  CHs

H<
o

H™1°C

CHj;

HzFe-pmcer

Path A: N-H deprotonation first V Path B: Fe-H deprotonation first

+ +
. o HOH g8V HoH HOH  gesv HoH
via [Fe-pincer] - | | » | |
Fe—N -0.74V (expt) Fe—N Fe—N -0.74V (expt) Fe—N
2 H,Fe-pincer
16.2 12.7
Jat
2 + 14 eq. KO'Bu
H H —* PHa +
. » ' | ﬂ» | _l oxidation potential Tﬂ» '?_l
2 + 14 eqKO'Bu + 2 eq. [Cp’,Fe][BF,] Fe—N Fe—N Fe—N Fe—N
Jr ‘ \ . 25.8 -2.9 29.8 10.8
1 Fe-pincer
. 1 J N 2.81V N -2.81V
\V/ ’ Fe—N ———> Fe—N Fe—N ——> Fe—N
lé 0 lé 0 1 Il(l 1 (I)O 9I0 86 ?b 6‘0 5‘0 4I0 3IO ZID 1I0 - I1(]

f1 (ppm)

31P NMR spectra
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B A example of stoichiometric oxidation using Co'"P; complex

Ph T2+
Ph o7
! [Co(CH3CN)e](BF4)2 \_ _PPh
Synthesis of Co complex P o e

Co''P;, 94% yield

h\ 12+ HO |
. . . C . PPh 10 equiv. 'ProEtN
Stoichiometric Oxidation E -Gy 2 + >
thN \\ MeCN
\ 23 °C
2.0 equiv. Co''P4 10 equiv.
Ph
+ BnOH <
-H* - PhCHO - - ;
2 Co”P3 O—Co”P3 . HCOIIP3 disproportionation o
+ +
CO”P3 CO“P3

Appel, A. M. et al. ACS Catal. 2021, 11, 6384.

LiAIH,

CH4CN
2 h, -50 -

23 °C

2.0 equiv. Co'P4

HCo"'P;

Co'P5

+

EE—-

2:1 1.0 equiv.
99% vyield

2 Co'P5

23
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B Electrooxidation of Co'P, to Co'"P; closed the cycle

anode

Co'Ps

iProEtNH*

iPryEtN
HCo'"'P,

pK, = 8.5
.
anode

OH
Egen = -0.63 V vs Fc*/0

0.1 mol% Co'P;
CH3CN, 'PryEtN

OH
CO”P3 {\k
Eqpp = -0.78\/\'3h
|
[Co"P5]—0
pPK, = 12-17 pp
IProEtN

iPryEtNH*
S pK, = 18.1

Ph

[Co'P3]—0

Il
HCo'P, o

E1/2=-1.0V )J\

H” ~Ph

Appel, A. M. et al. ACS Catal. 2021, 11, 6384.
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Ni'-catalyst
A

H*-Base \
J | ze_
Base

N _H
</ tBu
\P//, | .”‘\I—
NX_ NI
R P L
tBu

HeSHBEAFRELRN

Ni'-catalyst

BuyNPFg (0.1 M)

MeCN, v = 50 mV-S™'

| R' R H H‘R;__]2+
H N N’—— \O Rl
~ ' < B
@) R \\Pg /‘\L
DN
R P L
Bu
Cya 2+
P, .NCMe / Base
'Ni||
P”  “NCMe
Cy,
inactive
+
L = CH4CN, Base, Y H'-Base
or Alcohol
H
R\ \R'_|+
N '
</ tBu o R
/ <\/PI' /|| L
N—\_¢ ™~
NP L
@) R tBu
A

Appel, A. M. et al. Chem. Commun.

2015, 51, 6172.
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C F?I C MeO OMe
Ni(OTf), (5 mol%)/Ligand (6 mol%) M

>
H,0 (30 equiv.) —N N
TBABF, (0.05 M)

MeCN, rt, i= 10 mA

wn=0

O O CHO O
o I I I
I S S S
Ph_-S<_-Ph
O Cl F
78% yield 74% yield 53% yield 83% yield
O

O
I S
AT S

S Ne S~
o @

63% yield 76% yield 79% yield 79% yield
standard condition
CF; P » [(CF3 P=0
3 3.5h 3
90% yield

Jiao, N. et al. Nat. Catal. 2021, 4, 116.
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B Pathways of the generation of Ni(ll)-oxo species

~
> LN;'" Ni''L

Catalytically inactive

B Unstable Ni(0) pre-catalyst
‘ B /ntramolecular oxygenation

B [ /imited to RNC or PR3 ligand

_ (1) Reduction to LNi(l) 10 (3) Oxygenation
LNi(Il) » LNi |
(2) Reaction with O, ~0 / \‘ \a/
Sub Sub—0O
2 e” reduction /O Ligand oxygenation
LNi(0) > LN | > (LO)Ni(0)
0O, ~o
T Excess L
LO

Fujita, K. et al. Inorg. Chem. 2004, 43, 3324.
Wieghardt, K., Driess, M. A. et al. Angew. Chem. Int. Ed. 2008, 47, 7110.
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B Cascade-activation strategy for the electrochemical Ni(ii)-catalyzed oxygenation

@ /\N Sub—0

N

anodi¢ -21& N Sub
AM N ‘

2 HZO%Z H2+ Oz

2 7 l N N casade N N
N N N N N\ /S activation N/
NS e N/ R N[l > Ni'
Ni" _ Ni first / \ _ / \
e activation 0O—~oO e 0O—oO

cathode

28
Jiao, N. et al. Nat. Catal. 2021, 4, 116.
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Mechanism study of the electrochemical Ni(ii)-catalyzed oxygenation

(+)C/(-)Ni, i =10 mA
NiCl, (0.5 mol%)/L1 (0.6 mol%)

H218O 1802
TBABF, (0.05 M)

MeCN, rt, 3 h, Ar m/z = 36
Confirmed by GCMS

(+)C/(-)C, i = 10 mA 0
Ni(OTf 1%)/L2 (0. 19
S\Ph i(OTf), (5 mol%)/L2 (0.6 mol%) .
H,'80 (30 equiv.)
TBABF, (0.05 M), MeCN, rt, 3 h, Ar

S<
Ph” Ph”  ~Ph

~95% '80-labelled

(+)C/(-)Ni, i = 10 mA 0
oS pr NiCly (5 moI%)/L1 (6 mol%) o Sepr
80, (1 atm)

~QEro/ 18M)_
TBABF, (0.05 M), MeCN, rt, 3h, Ar  ~997 “O-labelled

Hy

Comfirmed by GC

29
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7 4135

53

MeO OMe MeO
— (+)C/(-)C, i=10 mA
7 N\ NiCl, (5 mol%)/L1 (6 mol%) 7\
I\ 2 - YN
N N H,0 (30 equiv.), Phenyl sulfide (0.5 mmol) \N"/
[

L2 (6 mol%)
+
Ni(OTf), (5 mol%)

TBABF, (0.05 M), MeCN, rt, 3 h

Ni(l) intermediate
Detected by ESI-HRMS

+
OMe_| MeO OMe
7\
N\ /)
/ " =N_ N
N
/ \
0—o0

Ni(ll)-peroxo intermediate
Detected by ESI-HRMS

274.0242 (intensity: 1.50 x 10%)

\MeO
mna

7 N\

=N_ N
Ni

v

276.0186 (intensity: 7.49E3)

+
OMe_]

/

M

ITeens

ull ] /I \/\
40 s a0 s s

T e
760 IR0
=

m Exclude the pathway of O, generated via cathodic reduction

0]
KO, (1.5 equiv.) " S
Ph/S\Ph > Ph/s\ph Ph” " ~Ph
MeCN, rt, 3 h
Not detected

(+)C/(-)Ni, i = 10 mA O
NiCl, (5 mol%)/L1 (6 mol%) Ph/S\Ph
KO, (1.5 equiv.)
Trace

TBABF,

(0.05 M), MeCN, rt, 3 h, Ar
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Cu

Mn

electron configuration: 3d194s?
range of oxidation state: O to +4

electron configuration: 3d°4s?
range of oxidation state: O to +7

electron configuration: 3d34s?
range of oxidation state: O to +5

32
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Tyr
Uf == <& Ty
HsN<_y 0. S—Cys
H*, e . /Cu\ H
HisN O+R
TEMPOH TEMPO TEMPO?* H

Galactose oxidase
TEMPO-only: 2-electron pathway Cu/TEMPO: 2 x 1-electron pathway

[(bpy)Cu(Il)-OH]*

0
+
Of iy
P N
[O]H, R OH PR
TEMPO* R OH
TEMPO
OH
H+ A
[O] + \_N_/ R™~0 112 0,
S

[(bpy)Cu(l)]* R™ ™0
TEMPOH EH + H,0
[O] = NaOCl, Br,, Phl(OAc),, catalyst NO,/O,, electrode | |
Generate TEMPO- at much lower electrode potentials vs TEMPO*? TEMPOH

Stahl, S. S. et al. Nature 2016, 535, 406.
Ryland, B. L., Stahl, S. S. Angew. Chem. Int. Ed. 2014, 53, 8824.
Ma S. et al. Org. Chem. Front. 2019, 6, 3101.

33



Current (UA)

12 1

10 -

m bpy + Cu(l)(OTf) + TEMPO

8o ;
TEMPO -~ TEMPO
o
E,» =024V
&
(bpy)Cu(l) «}L’ (bpy)Cu(ll)
2
E,,=-0.18V
| T T T T T T T
-0.6 -0.4 0.2 0.0 0.2 0.4

Potential (V versus Cp,Fe*?)

e SBELFEELR)

7 4135

53

m Cu(ll)(OTf), + bpy + TEMPOH + 2,6-lutidine —= bpyCu(l)(OTf) + TEMPO

B Cu(ll)(OTf), + bpy + TEMPO + 2,6-lutidine + BnOH — bpyCu(l)(OTf) + PhCHO

Absorbance (Au)

1.05

0.8 -

0.6 -

0.4 -

0.2+

0.0

TEMPOH 53
(bpy Cu(II)X Ph™ "0 +
(bpy)Cu()X +
BH*X"
Ph” SOH +
b Cu Il X
(bpy)Cu(l)X TEMPO (bpy) ( )

+ BH'X"

SSas

300

|
400

| " | . | ’ 1
500 600 700 800
Wavelength (nm)

B No TEMPO/TEMPOH redox feature in the lack of [H*] source
B Cu(ll) promoted the oxidation of BhOH and TEMPOH in the basic condition 34



log(k/k,)

0.4 T

meSBEtFERLR]

03] (©EPYCWTEMPO

0.2

anode

LCu(ll)

LCu(l)

TEMPOH, RCHO

2] 0.3 - TEMPO

0.1—. 2 =
0.0- . i"
' S
—0.1- ]
_0.2_- =
—0.3—‘ g
-0.4 . T T T T T T -0.4
-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 -0.4
&
RCH,OH, EtsN
rate-limitin
Et;N*
[O]H,
LCu(l)OCH,R
TEMPO ' [O] + HT

0.0

0.4

0.6 0.8

rate-limiting

35



0]

AN

Ph Me

93% yield, 87% ee

9

aqueous
phase
(ClO)

[CI"]

DCM

anode

EHESHNEAFENRE

69% yield, 43% ee

A b

Mn-salen (5 mol%) o)

aqg. NaCl (1 M):DCM = 3:1
g. (1 M): o /Q\
rt, i = 6.7 mA/cm?

80% yield, 81% ee 30% yield, 26% ee

phase 0
a ||

0 =N, N=
M+
@@ /~\ tBu G o Bu
cr

Tanaka, H. et al. J. Electroanal. Chem. 2001, 507, 75.



+ 2e”

cathode

H;0*

+ 2H20

H20,
+ 20H"

AeSNBELFERLRN

V'VO(acac),

VVO(acac),O0H

A o

/—\

Water-soluble olefins

Atobe, M. et al. Electrochim. Acta 2003, 48, 1041.

H4C CHs
O Q O
= \U/ \
\ o o=
Ha CH
VVO(acac),

37
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[(bpy)Cu(l)-OH]*

Oxidation of alcohol

o OH =

y’é O—l /N R ~
N N, \PPr N R

>Fe'” “ 2 </ 1B E coPPh2
o PPr,

pd

pzd

0 )
N N ) /Il: AT P \
N7 v
H NP L \
d O H R tBu \

Stahl, 2019
Stahl, 2016 oxidation of activated C-H Waymouth, 2019 Appel, 2015 Appel, 2021
Epoxidation of olefins S/P-oxidation
o X ma o
> 2 =N, N= HsC, CHs MeQ oMe |
N N__( .~ o
N Mn + =0.]1.© —
Fe N—Me RS N1Ve \ / \
N/ \N—< tBu OO tBu \ AVA \ /
\ 0" o= =N N
d tBu tBu H3;C CHj3 \Ni','
Gupta, 2020 Tanaka, 2000 Atobe, 2002 Ning Jiao, 2021

B Obstacle remain:

1.
2.
3.

High-valent metal complexs are unstable in a relatively high potential
Reaction pattern is still relatively single
Rare examples of enantioselective transformation 39



O—J— 0"

Sub

H (0]
—= > —=w=0-"2> \)J\OH

I
+
/N\\ —_— -

- = >:O

unactivated C—H —— > C=0

Sub —x

X=H,0

modified electrode

®S

®

photoelectrocatalysis
lower potential
better selectvity
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Key: Ligand design
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Biomimetic catalysis
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