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2. Background information

> Flow Reactor

Ni(ClOy4),* 6H,0 (10 mol%), ligand (10 mol%) ;
Agzo (1 eqUiV) CH2C|2 35°C
HN-ED / Feng's work (up to 3 mmol scale)

9 ON -
NP GRS
+ \\ this work llm S @ﬁ)\/? Q:%g)’\ ke
zc s

ad %2 I B £ 1 I

10.8 grams, 69% vyield, 94% e.e.
Ni(PPh3),Cl, (5 mol%), L1 (10 mol%), n-BuyNBF, (10 mol%) : [32 mmol scale]
PhCF4/HFIP, 0.1 mL min~' (t, = 120 s), 35 mA, rt [4 parallel reactors, 40 h]

batch, three electrode configuration ' Cl
N | I controlled anode potential = 3.0 V '
\ Ni(OAc), (10 mol%), L2 (20 mol%)

guinuclidine (50 mol%), n-Bu,NPFg (2 equiv), 0 °C

44 i Ph wNH CI i
/ Guo's work (up to 2 mmol scale) ] l
: P YNH Cl
R _ : :
Y. \ this work llmr : '
- : L : 8.1 grams, 55% yield, 88% e.e.
OH ; Cl - [32 mmol scale]

Ni(OAc),*4H,0 (10 mol%), L2 (20 mol%), Et4NNO5 (0.3 equiv) e
toluene/HFIP, 0.2 mL min~" (t = 150 s), 28 mA, rt [4 parallel reactors, 10 h]



3. Electrochemically driven radical reactions
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3.1 Direct electrolysis

Challenge: itk Pt LS IR 75 10 1 Fi 6 R R BRETFER TG LR EIETHT !
electrical double layer (EDL) — K4 H T # %
/

&
: diffusion layer bulk solution
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3.1.1 Radical Cyclization Reactions

Electrochemical intramolecular amination

of tri- and tetrasubstituted olefins

Electrochemical dehydrogenative
cyclization cascade
3 1 1
2 R e ﬁ_h—ﬁ It PMR r2 , i RVC Pt PMR R’
PMP\NHRf\’R‘i 10 mA, undivided cell =<N T AR PP, | | R? 10 mA. undivided cel :<N R2
-
5 : -
O)\X R’R AcNMe,/AcOH (40:1) X~ o =3 TFA (1 equiv), Et;NPFe N R3
Et4NPFg, 110 °C - s RS 4
1 2(X=0,N,C) RS R4 DMF, 110 C R
5 6
= | 3 s ] H* 3 i} |
-H* "'""RZ R p PMP\ B2R A PMF{ R -3e
PMP . N~ Ricyclization;  N-Z R LR? N R2 _3H*
0 G s O AL —* B o
0~ "X~ "R - X~ Rt Ry N R3
5
L 3 4 - R R4
- 7 8 -
J. Am. Chem. Soc. 2017, 139, 2956.

Sci. China Chem. 2019, 62, 1501-1503.
J=Y) 2,6 HIE Bl TEY 1,5: BE YL EM!
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3.1.1 Radical Cyclization Reactions

A. Aromatic C—-H/N—H coupling via amidinyl radicals

»
W NH RVC Pt X "

10 mA, undivided cell ¥ N\
NJ\L - \\. I N>—\‘l
L Et,NPF; (1 equiv) o
N MeOH, reflux

A. Synthesis of N-heteroaromatics via cyclization of iminyl radical cations

RVC ﬁ_h—h Pt

5 mA, undivided cell

HFIP/MeOH, RT

— R R = == g
+- =€ ,X . . “. X H
-HY LY | N Y* %
© ~ [0 o —.
L - - - \\ N JK\ \ o N .:
o anode | . \
_NH /NH ‘--"' o
i - 4 J 17 18

B. Cascade electrochemical cyclization/Me oxidation

B. Avoiding overoxidation by controlled potential electrolysis

o =& BT
MeO o> “ 0> - RVC Iﬁ_l'_ﬁ Pt N
‘ 0 constant potential | MeO o 10 mA, undivided cell X
MeO -2 1.5V vs SCE | \ N > R N
13 > MeO = )\ EtyNPFg (0.5 equiv) )’*N\
FIRSAEE, - : o™ N MeOH, reflux O  Bn
rt, 9h 14 (nonitidine), 72% yield én 19 :
(Epj2 = 1.57 V vs SCE) 20, R = Me, 0%
21, R = CH(OMe),, 80%

Angew. Chem. Int. Ed. 2017, 56, 12732. Angew. Chem. Int. Ed. 2017, 56, 587. 12



3.1.1 Radical Cyclization Reactions

NH RVC ﬁ_h_l!] Pt
10 mA, undivided cell
0
N

’ Bl Et;NPFg (0.5 equiv)

| MeOH, reflux
@ 19 20, R = Me, 0%
21, R = CH(OMe),, 80%
C. Cyclic voltammograms
8 =
— 19
—_ 20
G- — 21
JEYI19
< 4 -
= .
= | P20
2- P A 21
0 -
12 1.6

EIVvs SCE
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3.1.2 Intermolecular Radical Reactions

Reactivities of alkene radical cations Eleciroiysiz:abvinyl ether io MeOH

Ar [ - OMe
Ar m== Nuc Nuc MeO \)\
, [ /o : ;
/—/—/ or s 4k— Ar T"‘ Ar/_/ - ﬁ_h_[!l i OEt
1 2

Ar Ar Ar i B i [ e 24, 68%
; cm x

OMe

Radical cation Ll i “ e ® Etoj/\)\OEt
Alkene precursor N3~ o MeOH OMe
il 25, 22%
2.9x10° 1x 10" 8.9 x 10° 5.9 x 108
JERE H H 2 B 7
1.4 x 10° 1x 1010 6 x 10° 9.7 x 108 v EBRWIEME: K EABRSE LA Z,

O Challenge: A#ZIEFFERNEERERM. .
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3.1.2 Intermolecular Radical Reactions

A. Electrochemical alkene carbohydroxylation with organotrifluoroborates and H,O

c F '_h Pt Proposed Mechanism
R' 5 mA, undivided cell OH R?2
/& t  KFsB—R? > /|\/ anode [1 cathode
Ar KHCO; (1.5 equiv) AT g1 L J_
2 27 i CH3CN/H,0 (14:1 2
6 (3 equiv) 3 : EC( ) 8 . 2H,0 )
{ L =
Q L ., other potential products 2 Ar 26
I ) 5 R
. - [ AN 2HO- + Hy
OH FZ : i T
Ay Ar/h\/OH Ar 7 IR On —
________ 9 .5 ...m - 27 \BF; ALY 28 peeeeeeeeeee
EDL bulk

1 —
B. Comparision with homogenous conditions R R= _E =—R?

|/ A o eo! 5

cat. [Mes-Acr']CIO4~ Ph 35 : S E)@E © :

Ph cat. [CO] Tra 1 + H,0 o . [c) ! !
& > Ph)\?o L ! e il © R x E ®®e: @ E

Ph MeCN/H,0 (10:1) , bothvia . AR T
26a blue LED, rt, 24 h 32,58% 1 py ' <&+ N St ,

LT oAnGeau) " EPh)\“ : J. Am. Chem. Soc. 2018, 140, 16387.
RO Wil ol MR G ool ] R BRI HAF LTI
_ 5 4 ; .
oo ety 0 R F R I | s

27a (3 equiv) Ph



3.1.2 Intermolecular Radical Reactions

0 RVC I!I_I'_h Pt o
YLNHAF 37 10 mA, undivided cell
>  HF,C

Ail NHAr?
+ EtsNPFg (1 equiv) HO Ar
CF,HSO,NHNHBoc  acetone/H,0 (1:2), 70 °C
38 (2 equiv) 39
0 " A
—CFH A Ar’ e

41
o) ~8
HFZC/\i)LNHArz

— AI'1 40 -

ChemSusChem. 2019, 12, 3060.
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3.1.3 Electrolysis in Continuous

Dehydrogenative cyclization via arene
radical cation

@)

e
N

MeQO 43

(Epf2 =1.45Vvs SCE)

Batch: 63%, 10:1 r.r.
(milligram scale, not scalable)

MeCN/THF, reflux
EtyNPFg (1 equiv)
10mA, t=3.5h

O batch Iﬂl
+
NH
MeO — __ )
Ilf’_;‘;‘-flll] '
42 flow \UUwdU

(Epj2 = 1.55 V vs SCE)

MeCN/THF, rt
Et4NPFg (0.1 equiv) Flow: 63%, >20:1 r.r.
50mA, £, <50s (gram scale)

wum,
o *
G
N >
.
- x - |
H "
. .
*
ams

Org. Lett. 2017, 19, 6332.
JEH) 5 =1 1 B BT

Q,

45

Dehydrogenative cyclization of thioamidyl
radical
MeCN/TFA (9:1)

Sc(OTf)3 (0.3 equiv)
3.5mA

Mi

MeCN/TFA (9:1)
Sc(OTf)5 (0.3 equiv)
35 mA

s, i'Pr
48

{'P r batch
NH

{Pr .;'Pr
SN O NH
- QO
(@) (@)
46 47

Batch: 46, 44% + 47, 18%
Flow: 46, 67% (gram scale, no 47)

Angew. Chem. Int. Ed. 2019, 58, 6650.

G fCBLI (LR GCBLE) : B REMmEIRN 1
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3.1.3 Electrolysis in Continuous

Dehydrogenative cyclization via arene radical cation

H L T
R " QI R-OR
[ = \
= —> R-— OR
+ .{?PR Z

% .-,P"u.
P(OR)s o (IR - R = EDG, EWG
B LA O e-rich and -deficient arenes Q catalyst- and oxidant-free © easy scale-up
FFLER ) E mesitylene @_ O
& /kt<75 s +  P(OEt);, MeCN [a] P—-OFEt

- OEt

L #5/E1£1710 day!
HgO, MeCN
Nt b boimaod 27, 83% (55.0 g)

BT B =N E R
Angew. Chem. Int. Ed. 2019, 58, 6650.
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3.1.3 EIectronS|s in Contmuous

Conditions NMR Yield of 2

b&EH,0: 1EHRNVE

\\

%

AT B A
T R, RGN

Standardconditions:P(OEt); (5 equiv) + HEO (2 equw)

Conditions|: P(OEt); (5 equiv) - - |
Conditionsll: P(OEt) (3 equw}+lHF’O(OEt)2 (2 equiv)
Conditions|Il: P(OEt); (3 equiv) HF’O(OE’[)Z (0.2 equiv) 1

- e e e e e e e s ol

anode I
|

HPO(OR),

%\\\ EO—P—OEt | o
R=Et L H

AH = -5.4 kcal mol ™’

ToH T AT 5 2 N1%

—OR
— ‘

78%

0%

58%

79%

cathode

| A 8H,0: 5=iraE
BT Jol TV 1 B T
2H*

’) oI 5=frs#
Hy Bk B 2 8
GHRIEE
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3.1.3 Electrolysis in Continuous

reductive

Unlocking the Potential of Oxidative Asymmetric
Catalysis with Continuous Flow Electrochemistry

FFEERB) B E M E I RIS T “PXIFEL S HIRE! e s
A

oxidative
undivided single-pass [much less explored]

continuous flow reactor

WJ

constant current

[V] continuous production
[V] easy scale up

Y
®

[] diverse transformations

[v] reduced use of electrolyte & additives

J. Am. Chem. Soc. 2024,

5 146, asap.
E " Ph / p
: Ph

106 grams i 10.8 grams 8.1 grams 9.6 grams

97% e.e. ; 94% e.e. 88% e.e. 92% e.e.

20



3.1.3 Electrolysis in Continuous

IBu-BF 3K
(1.5 equiv)

Mes

il

;e
Washing with ¢ (2 mLmin™)

aqueous KPFg

Photochem Electrochem

e cer e e e ===
g g g

e
‘ S : (flow) (batch) ! | _
Fj” l ------------------ I ---------------- - Bu N = 'Bu
|_!7hBF4_ Ph 6
47 (10.00 g, 0.05 M) First alkylation Workup Second alkylation 36, 80% (10.88 q)
FFLEER 30 B & e FE BT FBFukuzumi EELL 7B & I BN 25 5 !
(b) tBu-BF4K (0.075 M)
-
Mes TEMPO (0.005 M), !Et_31N (0.15M)  TfOH (0‘03,8_“;1) (0.2,|21L min~") TEMPO (0.01 M), EtzN (0.3 M)
e (0.2 mL min™") (0.4 mL min™") i -+ (0.2mL min™)
L
1(2.00 g, 0.025 M) \
o : 45 mA (0.4 mL min™) 35, 51% (1.40 g)
(0.038 f{n) (0.2 mL min™") [Removal of
gas bubbles]

First alkylation Second alkylation



3.2 Molecular Electrocatalysis

Mechanisms for molecular electrocatalysis

T HFEEE B B IR ATH 77 7 B 1 2 ], S
HKEEIL, BIRMEAE]. R, EREZHIEE
i, BEELFHIN FEFEMNS LIELFEIE

Outer-Sphere Mechanism Inner-Sphere Mechanism

l—ll— l—ll—
[Cat]ox\ / A 3; /[Cat]ox\g A

e
\ SET or HAT [Cat-Al,

\[Cat]red/ \‘ B- \[Cat]red/é B

O ShaREANLH . O AERELDLE: 50k

75 Y Z 18] ) B AL THEAF SR ZH
18] B A & = K BEALIAI R 2 B

A RUR L PR R

Electrocatalysts employed in Xu’s studies

tBu tBu Br

Q Q Q .
Br NOBr
(szFe Q Q 50 Q’Br 51

7 N

(TEMPO)

Y

/
.

\}

{/
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3.2.1 Radical Formation via Outer-sphere Mechanism

R R? HO |%'_“| [ R1 R2 [32 o
| + jff- R I & @
R HO 10 mol % NArs l » .
alkenes 1,2- and 1,3-diols undivided cell

(excess)

(2 ,4- Bf'zC6H3)3N

A. Mechanism for the electrocatalytic dehydrogenative alkene annulation with diols

anode ; cathode
]
= - Ph. _Ph AL
8l » NAr T 26a
e
/ 52
‘..\
Pha<Ph  HO 2H'\ | -
NATS S j 53
51 “3.43 ;Y HO
LR Md L g
H
. Ph.Ph OH 2
| ~ Nar, \]: j
e\/ 52 o~ 4
Ph o
\ PhagPh OH _ . o
NAI’S —_—
T 51 O~ 55 O~ 56 —

B. Oxidation potentials
R1

< EIBRAGUEL (0.2V)

RZ N R

e
57,R'=Br,R?=H

C. Cyclic voltammetry

O ShaREALE] . ML SR Z T8 B B A

10 +
R1 <=.
58, R' = CO,Me, R? = H =
106 126 148 168 1.95 0 52
B — 262
: i : ; 5, -5 : :
1.0 1.2 14 16 1.8 2.0 15 2.0
E/V vs SCE E/V vs SCE
D. Electrocatalytic dehydrogenative alkene annulation with diols
Ph
Ph ﬁ""h op\ O cat.  yield% of 56
= rvcll [pt j % 5 o
PR 263 divided cell, 12.5 mA 0 none 58 (6% of 56-1
¥ o Ph and 16% of 56-2)
HO 1D molts) XM 57 5(65% of 26a)
FICORTEBN)  phcp (O 58 44 (38% of 26a)
53 Et4NPF5 (1 equiv) 2 L/O 9
HO MeCN, 80 °C 56-1 s
(40 equiv) s

Nat. Commun. 2018, 9, 3551.
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3.2.1 Radical Formation via Outer-sphere Mechanism

OMe

o P om

5 mol % Cnge OYN

D='< _/_\_ >: 1,4- c?clohexamene Dh[)):o

THF/MeOH, reflux

>25 examples 70% yield

up to 96% yield, >20:1 dr

: Xt T4 e HIX-HYFF, EEX-HETA{E P B B |
|

: BT R TG H FS !
M%W?W%?ﬁ%s@@%ﬂﬁ?%%kﬁ%ﬁu
Y < & ¥ # (PCET) |

flikigie: FERKEBIERA,
T B Re B B 52 1%

Proposed Mechanism
anode I cathode
I |
Ar\
)\ MeOH &
@ " 59 [Ep,.'g >1.5V] \/
Fell AI‘\. /
i/ <> )\ MeO-
A +1/2 H,
> 60 [E,, = 0.61 V]
L ,
X . BGBHEER
[Ep;Q =0.55 V] O)"\'a’
61
[Epr2 vs SCE for Ar = 4-CN-CgHy (39a), THF/MeOH (5:1)]

Angew. Chem. Int. Ed. 2016, 55, 2226.
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3.2.1 Radical Formation via Outer-sphere Mechanism

~Z "N o RVC I!]_I'_ﬂl Pt Ph

ivi iPr
A NH | | 7.5 mA, undivided cell _ Z NN
- 50 (10 mol%) XN OH
66 NaHCO3;, Et4NBF4 67
MeCN/H>0 (9:1), reflux
1.76 V - :
—————————— ~. imidazo-fused heteroaromatics ST T T T T T T
Z N il : Bh Ph | . !
- -—— ' 2N % g |
N I b | ) | | N7\ iPr + OH I szFe—O.SS \%
P T N" AN -CO, |
5 S — o O
: 02\0 iPr >f :
0.66 V , L 0 .
---------- L TRTBTBHAMNEANFREE  Smmmmmooo-
Re T 50, Ar=4-1Bu-CgHy 70, Ar=4-Me-CeHy !
\ / :
.»"N—N\ [Epf2 0.68 V) vs SCE, [Ep,fz =0.64 Vvs SCE, '
Ar Ar MeCN/H,0 (9:1)] MeCN/H,0 (9:1)] :
cat. 67, 89% vyield 67, 69% vyield

_______________________________________________________________

Angew. Chem. Int. Ed. 2018, 57, 1636.



3.2.1 Radical Formation via Outer-sphere Mechanism

1
Rf 8
NJ\R‘?

Ar 79
+

CO,Me
COR3

80 (R = OMe)
81 (R = alkyl)

LS

R3 = OMe R1AEXCOZMG
(-_)- -
[547] [4+1] N CO,Me
RvC Pt :ﬂ\r 82
7.5 or 2 mA, undivided cell
‘J\ R2
49 (20 mol %) >=O
nBuyNPFg (1 equiv) 3
HCO-Na (0.3 or 0 equiv) [4+2] CO,Me
tBuOMe/MeCN/H,0 (20:3:1) R’ ——
reflux R3 = alkyl N R3
|
Ar 83
MeO,C.. _COR3 Q ]
. »\RZ - Hgo
R‘I = @]

I
Ar 85

& CO,Me
—_— R1
NJ\RZ COR3

R2
=0

NH
Ar 86

Electrocatalytic synthesis of N-heterocycles
via dehydrogenative annulation

j \/S\| - OMe
/\N/ /
/l\l

Y e

tBu

| B (.52 V//
V/

Angew. Chem. Int. Ed. 2018, 57, 14070.
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3.2.1 Radical Formation via Outer-sphere Mechanism

Pt

TEMPO
= 0
R (5 mol %)
] Divergent synthesis ~1 Atom economical
1 Paired electrolysis ~] Regioselective

Angew. Chem. Int. Ed. 2018, 57, 14070.

BIRM LA LI L FEE: N BG1F “BEF G EY)” EFEMEE
JHC-H B GEETH 1) !
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3.2.1 Radical Formation via Outer-sphere Mechanism

cathode

anode 27— |
ﬂ oHO- M2
+
N H

4 i iEe
2H,0

0
o-[ TEMPO*




3.2.2 Radical Formation via Inner-sphere Mechanism

Electrocatalytic cyclization of N-aryl Proposed mechanism
thioamides anode T cathode
I l
N
RVC F)—ﬂ] Pt " = | S 57
3 divided cell, 10 mA XS
).L undiviaed ce m - L/I />_R \ N nPr
H 3 TEMPO (5 mol %) N H - |
nBusNBF (20 mol %) E., =12V vs SCE
% MeOH/MeCN (1:1), RT 88 p/

B. Cyclic voltammograms of TEMPO

20] —— TEMPO
| — TEMPO +87a
10
9 O ABRELHLE: TART
AT SR Z 8K
o4 HAIERE (0.58V) .

04 05 06 07 08 0.9
E (V) vs SCE

ACS Catal. 2017, 7, 2730.
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3.3 Molecular electrophotocatalysis

FEBMREN ZHIENLLIRES, ALIE

i 1R IR 1R 5 2 T SEBY 3% S5 L BLL IR BE 7T
Electrocatalysis

]V T & TG IR Remarkably
effective “ 1+1>2”
Photoredox Catalysis
TR O 38 B & S B

Advantage:

v’ R AL TR AT DAAE BEAR FE S BAR B 264 B R LR A2 H R E T
v RS EOR SR, ATV R B AL E R R, WS BT R G ) K
Al Al ARSR IR L T AR RN .
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3.3 Molecular electrophotocatalysis

Electrophotocatalytic C-H alkylation of
heteroarenes

®: «lBl
+ o Mes:-Acr (5 mol %) ~ R

TFA (1 equw)

R—BF;K MeCN/H,0 (2:1), RT 93
92 blue LEDs
undivided cell, 2 mA
Selected examples
93a, 65% 93b, 62% F

93¢, 72%

Angew. Chem. Int. Ed. 2019, 58, 4592.

RVC anode

B. Mechanism for electrophotocatalytic C-H alkylation of heteroarenes

il

e

Iy Pt cathode
Eed=_057V "
Mes-Acr* OH* « [
\ |2 \ \ e_
th(h)\:_ r:l J 9a 4
Mes -Acr*’ 2/
E*d =206V
Mes-Acr® /
~_ JSEl* R 1——*
/ ......
R—=BF3K +
Mes-Acr* \ @\)j\
SET
/\ X
Mes-Acr | s
N R
: E vs SCE
\Y _—
bt B R T A A 31



3.3 Molecular electrophotocatalysis

Electrophotocatalytic Decarboxylative C—H Functionalization of Heteroarenes

R=COsH
or

@+ @

R

Angew. Chem. Int. Ed. 2020, 59, 10626.
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3.3 Molecular electrophotocatalysis

Photoelectrochemical asymmetric
catalysis enables site- and enantioselective
cyanation of benzylic C—H bonds

b
QW
SN
Photoelectrochemical
asymmetric catalysis
A
i r T TMSCN - AR
Catalytic AQDS
Catalytic Cu'/L1*
O
<Y
NaO;S SO;Na —N N
o 'BuO.C CO,'Bu
AQDS L1*

Cathode

R (L1%)Cu"(CN),

Ar :
>’_\\ 2 827 AT

[AQDS ", 1**] 3
Site-selective Enantioselective
C—-H cleavage C-C formation
(L1*)Cu'(CN), (L1*)Cu'(CN)

[AQDS-H]*

e /

-
=

e ¥

Anode

Nat. Catal. 2022, 5, 943-951.
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3.3 Molecular electrophotocatalysis

Photoelectrochemical asymmetric catalysis enables
direct and enantioselective decarboxylative cyanation

C. Direct and enantioselective decarboxylative cyanation via photoelectrocatalysis

RHO @@ oN

Ar OH cat. Ce(lll), cat. Cu(ll)/L* Ar
(£) TMSCN

A. Enantioselective decarboxylative reactions

direct enantioselective transformation

rare l

COzH FG
() C
O O enantioenriched
X
o-N || -+R
& =
activation o enantioselective
(+)-NHPI esters transformation

several examples

D. Proposed mechanism

cathode
—] 2e”
)7\
2H* H,
O_0CeVCIs|
i (L1)Cu"(CN),
Ar R Qq Ar)\R q
Ar” R
(L1)Cu'(CN), (L1)Cu'(CN)
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4. Proposal
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