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Self-made setup Beaker type batch reactor Parralel plate flow reactor
Overview
1) Electrophile-electrophile (XEC) cross coupling
1.1 Origins

1.2 sp3-sp? coupling
1.3 sp3-sp? coupling

Anode(+) Cathode(! )

Rotating cylinder electrode reactor HTe' Chem

Not covered

I Baran echem (only as comparison)
I Applications in total synthesis

see Pollatos, Baran, Chemrxiv 02 June 2026
I Bioelectrocatalysis

2) Olefins A /)

2.1 Oxidative vs. reductive eHAT Electrolyte
2.2 Functionalizations and applications
3) Functionalizations with heteroatoms
3.1 Benylic position
3.2 Arenes
4) Shono oxidation
5) Applications

Essential Literature
Baran, Chem. Rev. 2017, 117, 13230. IKA ElectraSyn
Baran, Acc. Chem. Res. 2020, 53, 72.
Stahl, Chem. Rev. 2018, 118, 4834.

Lin, Chem. Soc. Rev. 2021, 50, 7941.
Lin, Chem. Soc. Rev. 2023, 52, 8106.
Dempsey, J. Chem. Educ. 2018, 95, 197.

Previous related group meetings:
Electrochemistry in Synthesis (Ambhaikar, 2005)
Electroorganic Chemistry (Rosen, 2014)
Electroorganic Chemistry: Choice of Electrodes (Kawamata, 2016)
Electrochemical Flow Reactors (Chen, 2020)
Electroorganic Chemistry: Silicon, Phosphorus, and Sulfur (Jiang, 2023)

B Minteer, Chem. Rev. 2020, 120, 12903.

I Electrophotocatalysis
Lambert, Chem. Rev. 2024, 124, 12264.

I Electrochemistry vs. photochemistry
Rovis, Chem. Rev. 2022, 122, 2, 2487.

I (Late stage) C-H activation
Ackermann, Chem. Rev. 2023, 123, 11269.

Only partialy covered

I Redox mediators
I Fluorination
I Asymmetric synthesis

Some keywords and concepts

Constant potential electrolysis (CPE) vs constant current (CCE)

I" Redox mediators: electron-shuttle, C-H activation
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HAT vs SET
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' Weix, 2010: stoichiometric reductant [R] = Mn® or TDAE —
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E (cross electrophile coupling: XEC J E
: Waurtz, 1855: reductive coupling :
5 2R-X + 2Na —» R-R + 2NaX 5
E Justus Liebigs Ann. Chem. 1855, 96, 364. E
1Jennings, 1976 6 PZrichon, 1988 6 :
' I '
; Al(+) Al(t) Br Zn(+) C(!), CCE ccl -
E Fe(a(?aFc):l)E’ (122 \n/”lol%) (b (e . NiCl,(bipy) (5 mol%) 3 :
56( V\Br 3 >6 6 6 W\(\ ) + CC|4 E
' nBuyl, nBuyNBF,4 '
: PPh, (11Dm,v(|)'|:°/or)t, Et,NBr 11% 3% 32% THF/TMU (L:1), rt :
: ' . ; 9 :
+ J. Org. Chem. 1976, 41,1976. w/o PPhg: electrode fouling J. Org. Chenz.oléé& 53, 4720."
: Gosmini, 2008 : Zn® or Mg® chem. Commun. 2008, 44, 5019 Me,N NMe, ! Hansen, 2017: method generalized (Ar-alkyl!) 9

20iC 72-94% ee

cat. Nil, MeN pag’ Me2 . Zn(+t) TIVC(::I('(g C§3E

. o r cat. Ni me Ar—Alk 85%

y Ar—I  1—AlK > Ar—Alk 2

: dttbpy, 0-(Ph,P),CgH,4, pyridine O +Br7N"pn > Ar—Ar 11%

: DMPU, 80iC, [R] 40-88% EL.OC dmbpy, Nal Ar—H 4%

: 2 65iC

‘kinetic cross selectivity

Nl&qgi)péiz?rd&”(ﬁg_l) . ) Systematic screening of anode material (Zn, Fe, Al, Mg),

: RRREEEEEECE R PO PR ‘ with By(Pin), current, equiv. electrons, etc

1 JACS. 2010, 132, 3, 920. Chem. Sci., 2013, 4, 4022-4029 Org. Lett. 2017,19, 3755.
Reisman, 2013: first asymmetric XEC Reisman, 2019: first asymmetric electrochemical XEC 6
; cat. NiCl,(dme) o ' ]
: 0 cl (R,R)-Ph-BOX Zn(+) RVC(), CCE R, :
' )]\ + )\ - )J\I/RZ Cl cat. NiCl,(dme) s ;
R >C ARy un® DMBA T f B Ar)\R pEp— >R ;
' ’ r 1 2 ,R)- '
! DMA/THF DMA, 0;C up to 95% ee '

JACS. 2013,135, 7442. ACS Catal. 2019, 9, 6751.
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Sevov 2020: overcharge protection via redox shuttle: short curcuit CCE

Zn (+) Ni(! ), CCE R
X R Cat-1 (2.5 mol%)
YO )\ Shuttle (5 mol%) YO R
m b7 B > II\ 7~
r R
X KPFg, DMA, 1t, 2.5 F/mol X

|
LNi(I1)-Br

RBr .
Ri1.9v ) AT R
LNi(1) nE Y

E1/2 Shuttle Ar-H Ar-R
w/o 7% 43%

A\ o N1.99v  68% 4%
OA L=Ni(lln N1.82v 3% 97%
CNi(III)-Ar R
. Me
LNi(ll)-Ar / -
decomp at Zn —
| K2.0V =
cathodic N N
redution N—-l |
. N—Ni-OAc
-Ni=N I
: CCE short curcuit : C Y, kj N=
i wheni>Kegy ! N \
------------ ' Shuttle Cat-1 7
Eq N1.82V
JACS. 2020, 142, 5884. Me

Mei 2020: redox relay/chain walking

Fe (+) Ni-foam(! ) Ar
B M
AI’/ I‘+ Br/\(\‘)/n\Ph CCE eﬁ)\Ph

_ cat. Ni(ClO,), x 6H,0
n=012 phenantroline

> n
H
DMA, rt \8\
ACIE. 2020, 59, 6520. Ph

thermodyn sink

Chao Li 2021: aliphatic alcohol-precursor

C (+) Ni(!)
CCE
[Ni], dttbpy

Me . . Me
LiBr (1 equiv.) 920
DIPEA, NMP, rt, 14h 0
*an.ox. ®
PPhS Br
Br, Ph OPPh4 PhWBr
Me Me

JACS. 2021,143, 3536.

Kalyani 2023: amin

e precursor via Katrizky salts; redox shuttle

Ph cond. A
Ph 1jArBr
N Co (+) SS(!), CCE
| @ @ B NiBr,(dme) (10 mol%)
Ph™ "O” "Ph | Ligand (12 mol%) R
A — s e > L
R NH, Nal (1 eq.) R™ “Ar
R R 4 F/mol, 2 mA
DMA, 80;C
Ereq = N1.43V
1; reversible @80;C
2j irrevers @80iC, revers. @rt
Me
Me OMe 7""""""""""1 dttbpy -> faster OA

condition A: < 5%
condition B: 96%

2iABr 2 (terpy),Ni -> redox shuttle @N1.5V
adaptions 3. 1.4 V limit
cond.B 4. rt

ACS Catal. 2023,13, 9336.

|sp3-sp2-XEC!'

Ph OH Ph Ph
*  PhBr >
\/\r PPhs (7 equiv.) \/Y

Potentials vs Fc/Fct Eypp (Zn) < 1.5V Table for biphenyl-Br + cyclohex-Br

Pyridine-2,6-bis(carboximidamide)
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Vo o . e _ ' 3.en3 ]
1 Lin 2022: XEC via radical polar cross over  nature. 2022, 604, 292. : Gong, 2011: stoich reductant: Org. Lett. 201113, 2138. Sp-sp _XEC.
i i e i
: Tix Mo () S0 i - Ni(cod), (10 moloc) N ;
R )<R N Br” R, > & )(R\R4 N Pybox (8 mol%)
' 2 . 3 N 2 3 ' R Br - '
o 3iR2av 1j: N2.7v THF, 1t ! + NN 7n (3 eq) R :
: 2 Fimol : DMA, rt :
: i Br 0% :
' l_e 1 1 equiv. 3 equiv. ° '
: o | R,© ~ by o :
L ST - = | IR faster association Wt NI) ;
' Ry™ R R,” "R Sn2 ' '
; :Q|u 2024: electrochemistry: kinetic cross selectivity ;
: + Nat Catal. 2024,7, 412. o Fe (+) Ni-foam(! ) :
R, = stablizing group (Ph, Bpin, Si, olefin, etc.) CCE
' (Protodebromination/elimination) ' '
b e e e e nn AN e N1 cat. NiBr,(dme), Ilgand :
. Kappe, Cantillo 2023: cross selectivity through electrolyte : o Nal, DMF, rt '
i + 1equiv. 3equiv. 37 F/mol, 5 mA :
; Al (+) GC(!) ; ditopy 43%  25%  37% :
; ©/\/OTS O\ CCE ! terpy  85% 17% 13% .
: + > : :
' . 1 1i (69% w 1.5 eq. of 2j RBr) '
' Br cat. NiBry(dme), dttbpy ' red. el R 2R ;
! (e} electrolyte ! Ni(l) -—-—— N|(|I|) -«—— Ni(I)-1iR :
: X : steady :
' DMA, rt ' 2iR '
: 3 E/mol + turnover T :
; X 1 at cathode '
' JACS. 2023, 145, 17023. : LR=X gET iR --»faster rxn with Ni(l)
: ; : 2 Ni(0) + —2Ni(l) + :
slow generation 2iR=X iR ---more persistent .
ligand species determines
+ electrolyte  yield (C-C) NiL reduction potential -> rate
' : ' . B
NBoc i nBUsNPFs 2% (homocoupling) ECSps'CSps- R-1 + RBr (excess)
! Me’ <:| ' nBuyNCI 42% (homocoupling) : MeO '
! viable 0 » NBuyNI 66% (beta-elim.) ! PhO OH !
44% 1 NaBr 79% 80% MeO 74%
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i Lin 2022 : reductive eHAT: coupling with electrophiles

R R — — R R
R see below
Co(ll Co(ll P ~
R’g cathodic ( )\\ R& ( )).\/H R& RJ\/\X
| reduction | MHAT R MHAT . |
Co(ll)—H ———> L ~—— H—Co(Ill) ~ Co(Il)
Mg (+) C('), CCE co(l) R anodic C (+) Pt(!), CCE
[Co-salen], reagent W Co(lll) H W [Co-salen], PhMeSiH,
nBuyNCIO4 L R — : rea, ent
2.5 F/mol, 10 mA k> Kyer [}R]/ [0] PhMeSiH, nBufl]\IPFG
DMF, 22iC Kao > Kce 12 h 1 mA
l coy cov) % THF/HFIP (3:1), 22iC
(0] (0]
91% H H
D i R>|\/ R>|\/ Z |
Me ¢ radical polar ¢ N X _
N O =
82[%/ /’L A crossover - Me RJ:I |§ = glgyf) érsy|
0 47% Me R
85% "
MeO MeO (@] R)@\/H R)@\/ 63-84%
reagent: D;CO,D  reagent: ArCN 68%

JACS. 2022, 144, 17783.

JACS. 2020,142, 20661.

ACS Catal. 2022,12, 10572.

Acc. Chem. Res. 2026, 59, 1918.
cis aziridines: ACIE. 2026, 65, e4116549

Lin 2019: oxidative asymmetric difunctionalization

C (+) Pt(!), CCE

JACS. 2019, 141, 14480.

Cu-oxidation protection

A AT cu(0Th, (3 mol%) cN o
AN M€ cho COH : + BOX-lig (6 mol%)  OHC -
+  Mg(#)c() cce MeO IPr : 9 > \©/\/Ph
2iR-Br > + 1.5 Ph,—P—H nNBU4NPFg, TFE, DMF 55%, 90%ee
+ LiOTf, DMF MeO FsC : + 2 F/mol, 3 mA, 22iC
reagent 4 F/mol, 10 mA, 22;C 62% 67% E » TMSCN
reagent: DMF reagent: CO, : CIZN ° I 1137
Cath. A : H—R L*Cu(l) L*Cu(lln) ‘}’NN R
red. : LrCu(ll) + R 1iPro //-O|Pr:
AT ) : R Ar N R ’
: reagent : ! ; ST
2R — Ar/\/R 3 Ar/\/R g : t------?.’lQQ-.QZ‘---- LYCU() ommemeen +  anxillary coordination

kAO > I(coupling

Kim 2022 : oxidative eHAT: access to weak nucleophiles and strained rings l 2: Olefins !

Compare olefin ketone coupling: Baran, JACS. 2020, 142, 20979.

Alkyl halide as reagent. Lin, JACS. 2023, 145, 22298.
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Nevado 2023 : no sacfificial anode JACS. 2023, 145, 6270.
COOH
X

X C (+) C(!), CCE

Mg () PtC) . Iy Br 1% HFIP Br
X=N,0 co Qiu, ACIE, 2022, P
2 61, e202207746 + (S : + > T CaHy
rac R | X=OH,NHTs *~r®© ! Br NBU,NBF, By
® \ gr C (+) Ni-foam(! ), CCE : 5 eq. MeCN, rt 55%. 3 Fimol
Et3N cat. NiBr(dme), [Box*] Ph ; '
\ EtsN k 2 xe '
MgCl, (25 mol%) S X L Cl Me C ) C(l). CCE
d DMA, rt : NHPG N2e "} Cl H Cl 1 ,Me (+) C(),
steady \ ® | b SIS MeMnCl, ¥H,0 (5 mol%)
procurment )\/NHPG XAT 2X ! + \n/ >Benzene+ Ph )(\CI
Ph L N el nBuy;NBF, me' cl
® . : MeCN, 50iC
, : on. 0. X Cl ’ 92% 76%
Doyle 2017 : Arylation (Mn%):  7n anode: n.d. Zn°: 25%, 60% ee o lindane 3.5eq. 11 F/mol
yields and ee less Here: 72%, 92% ee Mg®: 20%, 50% ee ' also: DCE neat Science. 2021, 371, 507.
............................................................... X O e L e
Wickens 2021: Odication poolO JACS. 2021, 143, 21503. .
NHtBu ? . Bn
+ ! '
> @S—_S_@ AN j/\S@\ :
S : 0
S nBu,NPFg, MeCN 1/ R\ 729% (4:1 Z:E 139% (52001 ZE) |+ . 13
Ph R 31 0 (4:1 Z:E) 0 (>20:1 Z:E) 1 primary amine
bullky or secondary ' Cs,CO;5
amine + DIPEA Nature. 2021, 596, 74.

Gnaim 2026 : electrolyte guided selectivity JACS. 2026, 148, 14866.

Mg _(+) Ni(! ), CCE Mg (+) Ni(! ), CCE &
O - LiBF,4 (0.5 M) ©/\ nBuyNBF, (0.1 M) . O ) NEt,
Et
O hexyl-NH,, H,O DMF, 20 mA, 4 F/mol O N O Me

72% NBuN,4
' ©

\p '
strong ion pair weak ion pair
n G

Li9 um-part.: styrene adsorption " G = K38 kcal/mol
-> high local concentration

DMF, 10 mA, 3.7 F/mol ®

escape into 52% 66%
solution with EtOAc O\/O

= +3 kcal/mol

Waldvogel, Morandi 2021 : eChem-halogen-shuttle l 2: Olefins I
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i Stahl 2022 : study between HAT and SET Xu 2026: through SET and flow 1 Lei 2022: alcohol metathesis through AP @; Functionalizations ]
Benzyl
2 functionalization H TS~ \H TS<\H
cl - Pt (+) Pt(! ), AP
_Me N—=OH Me | Me 50 Hz, sine-wave Me
Ar + + HO/\/OH
>
o nBu,NBF, OH
s 5 eq. _ 5V, 3.5h,
RVC (+) Pt(!), CCE Pt (+) C(! ), CCE ome 110 CH4CN, 50iC o
EOX ~0.5V PyHBF4 CF3803H
CHCl>/MeCN (1:2) CH,Cl,/HFIP (4:1) cond. yield conv.
20 mA, 2 F/mol, rt 108 mA, 2.8 F/mol, rt DC 48% 95%

: AC, 35 Hz, 3.5h 66% 71%
v 2x SET

: o AnodiX OX. AC 50 HZ 35h 87% 89% CathodiC I’ed. :
: ' ' 16% 17% 2XSET
' Ar—\ meta-stable | @ AC, 300 Hz, 3.5h 0 o :
: 0-N flow: N7l AC, 50 Hz, 4.5h 75% ;
: 22s residence Eox ~ 2.0V :
' K time ©)\ Ered ~ 0.7V ACIE. 2022, 61, €202201543 '
203 Nu (10 eq) Ts. Ts. Ts.
: l MeCN it NH NH NH :
+  photocat = free OH, NH, ¥ Me Me Me
' = OR, NR, F, Ar, etc. —_— —_— '
bArT N oH o AT g " ;
: e R :
: ields: 50-80% ®OMe Meom 0 ® O-R '
: yields: 50-80% | , - :
! JACS. 2022, 144, 15295. - '
: ACIE. 2026, 65, 16, €9433561. ; shortlved ... shortlved . shortlived
' Xu 2025: same concept for electron rich arenes: reaching the ceiling Yoshida 2013 6 Nicewicz 2015 ¢ Sanford 2024 ( ¥
! divided cell, batch !
' Cl practical ceiling N '
: Br Br z Br N N :
' | Sc(OTf)3 4
. g NH, ~-H"
: | :
: — J°T— CrO| I
! Br Br Br R .
; 85% EDG/H !
1 ~ E ~0.5v . :
i Eox~25V Red Max. potential ~ Ejeq = 1.8V E,eq = 2.20V E,oq = 2.65V :
; Nucleophiles NH; azoles, NH3 only low pKA ;
ACIE. 2025, 64, £202513864. Arenes electron rich electron rich more

Potentials vs SCE JACS. 2013, 135, 5000. Science. 2015, 349, 1326. JACS. 2024, 146, 14799. 7
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' Luo 2020, Electrochemically generated benzyne

ACIE. 2020, 59, 14347.

O
Ligand (20 mol%)

CO,Et
Pt(+) Pt()

>

Co(OAc), x 4H,0 (20 mol%)
nBuyNBF,4, MeCN, r.t.
2 mA, 5h

53%, 92%ee

3 N |O HoN B E
COZEt 2N, n :
@l @ Sy o /r :

Me\ !

anodic oxidation:
' 2N,

| contd. f

l}l ligand

prev. only from Pb(OAC), - giaplization proposed Me

Shono oxidation: Expansion beyond cation pool for cation pool @N78;C (4; Shono-Oxidation )
+ ACS Electrochem. 2026, 2, 14. + /y ' ]
; JUa [F'] 3 eq. Boc —N N—S oA , - N :
' v Nu 2-10 eq. 4 re” Sy anodic ¢ Ta "y !
1 See also < > o =N ' R 1 MeOH | ! !
1 Malin : alpha amide on peptides N MeCN, rt Me F NN NMe i \N/ oxidation \(3// \N/\OMe E
1 JACS. 2021, 143, 11811. PG b I I !
DIPEA (6 eq.) 56%, 82% (dr 76:24) VLEWG EWG EWG __. A
: T BFs ¥ EtO, (5 €q) . : :
' MeCN, rt :
e . 9\0 :
oY CHPY) T ' 0 0=S :
X  — : ' R,Zn (3 eq.) o >s? N :
' '\N/ Me,NBF, E \N/\O/\CF-O,: BF; ¥ OEb (5 eq.) ,/Slz’ o 0* ll\l “ - h/cps :
 pg TFErt ! ' ! > © I < / N :
: PG , ILL ' PG ' MeCN. 0iC Me N “‘( I A :
1 : 1 [ 1 | 1
i if basic nitrogen: fnar:/elxrr]]%gr;oeunﬂ : UMe OMe FN\=N :
; +TFA R Rt ' 24%, 89%, (dr 79:21) 88, 76% 62%, 71% (dr > 95:5) ;

Derosa 2024: stop potential drift from substrate-decomp. with CPE
JACS. 2024, 146, 28663.

. Me

' 0

' Os C(+) Zn(") Q
' ( ) 2 Ag/AgOTf N’

. ’}l * N 99 v o ’}l H O
. Boc ! nBuy,NPFg, 50F/mol ~ BOC

' Celecoxib MeCN, r.t. CCE: 12%
' CF; CPE@1.78VvsFc CPE: 60%
i Epp =178V Epz = 1.9V

. Mei 2020, 2021, 2023: State of the art asymmetric Shono
' JACS. 2021, 143, 15599. CO,H

(3,

0 mol%

: _PMP
: o] H O H

: o Pt(+) Pt(!)

: H TEMPO (10 mol%

i ' X 1.5 mA, 5h N

' 10 eq DMSO, r.t.

Cu(OTh), - }%PG Cu(OTf),!
p

CHO quinine [Box*]

ACS Electrochem. 2026, 2, 14.

TFA: transient protection of basic nitrogen CCE: potential drifts into substrate oxidation
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Goum 2018 (e-Y-CLIK)JACS. 2018, 140, 17120.

152kDA
monoclonal antibody
0 C(+) Pt(l Q
C )\\NH CP(E), o.ée)v )\\N ene-type
R N 1 » Ar—N n —y
NH ag. PBS (pH 7.4) N o 1xn
Urazole ¢ 2h, 1t PTAD §  Withtyrosine

R = glycan, azide

Chatterjee 2024 (e-CLIK) Nat. Chem.#024, 16, 389.

HNuR

H ' ’ BocN Br N

:  e.g. annili + — QA
"""""""""""""""""""""""""""""""""""""""" ' Br N
H

human human R
antibody C(+) C() antibody Nu”
OH CPE, 0.7V OH
/ TEMPO (cat.) Y/
incorporated >
by genetic N aqg. HEPES (pH 7) H
code 30m, rt
expansion Eox << Tyr Nu: e.g. anniline
Lectka 2023 direct fluorination ® cl
J. Org. Chem. 2023, 88, 2557. I\II_
E( ] (0.25 eq.)
N

Selectfluor (3 eq)

RVC(+) RVC(!)
CCE, AP (2 min)

3 mA, 3 F/mol
MeCN, rt
AcO
Me Me
I—Cl
[(] /K;/ HAT /\;/ selectfluor
Eox = ! 1.8V 1,5-Hat geometry

OH
N—-(

o

84%, 4.8:1 dr

|5:App|ications |
bloconjugauon compare:

ECAL (Baran): target identification tool (pulldown)
—> e-click: select individual target

Stahl, Schreier , first kg scale Ni XEC , OPRD 2026 June 16
' Afimetoran intermed. (BMS)

since 2000: only 6 organic electrosynthesis on
100kg scale towards APIs reported

prev:

' 1) Suzuki
' 70%

E iPr HZ) [Ho]

BocN iPr

N
H

JACS. 2024, 146, 3224t9.

yield

Zn(+) C-felt (1) —
NiBr,(dttbpy), (5mol%)  undivided cell 56%
0.2M LiBr, DMA, rt, 30 mL/min  divided cell 96% (1g or 10g)

: 2.1 F/mol, 3.7 mA/cm,
N> Zn 2* not innocent (neither Fe?*)
' N> higher Br - conc: sequestering of Zn%*
' OPRD

v Zn(+) SS(!)

! NiBr,(dttbpy), (5mol%) in-house-built custom

0.48M LiBr, DMA, rt, 30 mL/min  parallel plate reactor
2.1 F/mol, 10 mA/cm,

2.92 mol, < 2 V,19.6 hours, 82% in-proc., 62% isolated

N> estimated for 100kg rxn: ~25kWh (dishwasher)




