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Abstract:
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sustainable and efficient methods for accessing aldehydes and ketones at both laboratory and industrial scales. In recent years
electrochemical oxidations of alcohols have seen increased interest in academic settings as a method to removing the toxic
and environmentally damaging reagents, such as transition metal catalysts, found in classical alcohol oxidations. This review
aims to deliver a concise summary of the current synthetic electrochemical methods available and place them in context of the
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Abstract Given the central role of carbonyl compounds in chemical synthesis, considerable effort has been devoted to
developing more sustainable and efficient methods for accessing aldehydes and ketones at both laboratory and industrial
scales. In recent years electrochemical oxidations of alcohols have seen increased interest in academic settings as a
method to removing the toxic and environmentally damaging reagents, such as transition metal catalysts, found in
classical alcohol oxidations. This review aims to deliver a concise summary of the current synthetic electrochemical
methods available and place them in context of the traditional oxidations they aim to replace.
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The oxidation of alcohols to aldehydes and ketones remains a fundamental transformation in organic
chemistry, underpinning both fine-chemical synthesis and large-scale industrial manufacturing.
Conventional oxidation methods often rely on stoichiometric reagents or precious-metal catalysts,
generating waste and limiting sustainability. As the demand for greener chemical processes intensifies, the
development of environmentally benign oxidation strategies has become a central objective in modern
synthetic research.

Electroorganic synthesis has emerged as a powerful alternative, replacing traditional redox reagents with
electric current as a clean, tunable, and inherently sustainable oxidant. This approach eliminates hazardous
oxidants while enabling precise control over potential, selectivity, and reaction kinetics. In particular, the
electrochemical oxidation of primary and secondary alcohols has gained prominence as a versatile platform
for sustainable oxidation chemistry. Among various strategies, mediated (indirect) electrooxidation has

proven especially effective: instead of direct substrate oxidation at the electrode, a redox-active mediator is
electrochemically generated to perform the oxidation under milder, more selective conditions.

Nitroxyl radicals, halides, and sulfides have emerged as leading mediator systems, each offering distinct
mechanistic profiles, operational advantages, and environmental considerations. Despite substantial
advances, challenges persist regarding scalability, generality, and mechanistic understanding. This review
critically examines the evolution of mediator-enabled electrochemical alcohol oxidation, summarising key
mechanistic insights, highlighting landmark studies, and identifying the remaining hurdles and future
directions necessary for broad and practical adoption.
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1.1) Classical Tempo Oxidations

a) Anelli-Montanari Oxidation’ Aq. NaOCI (0.35 M, 1.25 eq.*)

4-methoxy-TEMPO (0.01 eq.)

KBr (0.1 eq.) _
H AN NN - NN NN
© CH,Cl, O
NaHCOj, buffer (1.25 eq., 0.35 M) 98 %

b) Stahl Protocol?

[Cu(MeCN)4]X (5 mol %) X=OTf-, BF4 or PFg

NANOH
bpy (5 mol %), TEMPO (5 mol %)

NMI (10 mol %), CH5CN, rt,1-24 h

1) Anelli, J. Org. Chem. 1987, 52, 2559.
2) Hoover, J. Am. Chem. Soc. 2011,7133,16901.

\]

*All equivalents are in molar equivalents

1.3 ) Steric and Electronic Effects of substrates

OH (o]
OH OH
R > = I R _ = R _ =
R=H, Me A B
OH OH OH
OH OH OH
H Me H ~
SM1 SM2 SM3
See 1.2 for reaction conditions
SM % Conv % % %C
SM1 100 100 0 0
SM2 96 93 7 0
SM32 89 53 13 33
mol.
SMm3P 100 0 7 93
SM3¢ 92 81 0 19
SM42 75 81 3 16
Sm4¢ 100 11 0 89

3) Semmelhack, J Am Chem Soc. 1983, 105, 4492.

OH

@Reaction interrupted after
passage of 1 C/mol of diol.
bReaction allowed to proceed
until current decayed.
CThe diol was added to 2

equiv. of preformed T1
at- 60 °C

Lk

O
T1

Figure 1 Nitroxyl mediated electrochemical oxidation of alcohols to aldehydes and ketones 1

1.2 )Seminal Work -0
I =
2 ' . CioH2i ~ /©/\/
OH 2 cm” Ptgauge (+)] ' | Ptor Cu wire (-) o O
— ' 81%,4h 83 %, 24 h
Ri R, Anode 2,6-lutidine (1.5 mL), TEMPO (Y mol. )]\ X =10 X = 50
0.2 M LiCIO, in CH;CN (25 mL) R Re
X mmol ea), 0. 4 3 Y=0.2 Y =0.05
Cathode 0.2 M LiCIO,4 in CH3CN, R, = alkyl, aryl
1,2 dibromoethane (large excess) R, =alkyl, H from 2-(2-hydroxyethyl)cyclohexan-1-ol
23 °C, 0.5-24 h, 300-10 mA o 88 %,1.5h
X=24
3) Semmelhack, J Am Chem Soc. 1983; 105, 4492. V=05
1.4 ) Effect of Catayst Structure®
(0]
@ Q JV A Jv ° JV OH
N_ . N_ . WN\ . \ WN\ . kﬁ\ . 1ayo o
0 0 o} N o) o S
AZADO ABNO TEMPO Keto ABNO ACT 4-oxo-TEMPO
0.45 0.48 0.53 0.65 .69 (0]
N / \\ \ t Qg0 ‘%
1l
(0]
I T T T |
0.5 0.7
(V) vs Ag/AgCl

Decreasing reaction rates in bleach/nitroxyl oxidation of alcohols in basic conditions

N Rate affected by concentration of

2) and 5) Tsunaga, Electrochim. Acta. 1973, 18, 241.

"active" oxidising species 1b

Electrodes tuned to redox pot. of
nitroxyl catalyst means rate more
affected byelectrophilicity of 1b

EoR

1.6 ) Diverging Mechanisms

6) Bailey, J Org Chem. 2007, 72, 4504.
7) Bobbitt, J Org Chem. 2014, 79, 1055.

1 | o)\o
1 u
+ N - E
OH 0 E
R : H™ X
OJ Lo 12 H : OH o®
e : . %L /b \\N
: H
N Base '
o oH e Basic conditions Acidic conditions
R E !
- H : i 7[ jT
® i OJ\O
N :
1} '
O :

8) Kishioka, Chem Lett. 1998, 27, 343
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2.1) Undivided Batch Cell Electrolysis

N1 (20 mol %)

o

NHAc

\
OH

N1 (ACT)

Cyr (+) Ni (-) ) !
)O\H 0.1 M LiCIO4 in MeCN (4 mL) i
R Ry 5mA, 24-48 h R Rp
R4 = Aryl, heteroaryl, allyl, alkyl
2 mmol R, = H, Alkyl, Aryl
(0]
Cle N} %
| D \/\/\)l\ X X
=

1a77% 48 h 1b 77% 48 h
9) Schroeder, RSC Adv. 2023, 13, 25459.

1¢ 59% 24 h

2.2) Influence of steric hindrance in TEMPO catalysts

7

OH OH OH
N
N (0.1 mol eq.) N N
on Pt PLC) NaBr (4.0 eq.) o m S N
R OR g R )l\R X X o
1 2 DCM/sat. aq NaHCOg, rt 1 2
50 mA, 3.0 F/mol R4 = Aryl, alkyl N2 X =Cl N4 X =Cl N6 N7
R, = Alkyl, H N3 X=H N5 X=H

N2 99 % N2 99 % N2 99 % N272%

N3 99 % N3 96 % N3 86 % N3 75%

N4 80 % N N4 99 % N4 92 % SN N4 97 %

0 N5 99 % ©AO N5 90 % o) N5 82 % o) N5 99 %

N6 99 % N6 82 % H N6 76 % N6 74 %

N7 92 % N7 99 % N N7 23 % N7 56 %

2a 2b 2c 2c

10) Demizu, Tetrahedron Lett. 2008, 49, 48

2.3 ) Non-covalent Catalyst Immobilization

cC )
+ A
mwenT Pt wire (-)
OH 0.05 mol% pyrene-TEMPO (o)
Ar H 99:1 H,O:CH3CN Ar)l\

0.2 M NaHCO3:Na,CO; (1:1)
0.7 V vs Ag/AgCI

saliealiien
MeS O,N

150 min, 74 %

Pyrene-TEMPO
~ 2000 Turnovers

. o ) 0
50 min, 91% 40 min, 95% In 1:1 Hy0:CHACN
Applied Synthesis
CcC .
+ 8
MWCNT*( ) Pt wire (-)
)NI\ S OH 0.1 mol% pyrene-TEMPO
SN 1:1 H,0:CH4CN
éone 0.2 M NaHCO4:Na,COj3 (1:1)

0.7 V vs Ag/AgCl

NI A OH
A
! rosuvastin
SO,Me F (Crestor™)

11) Das, Angew Chem Int Ed. 2017, 56, 8892

CI).
N

*Carbon cloth/Multiwalled carbon nanotubes

Figure 2 Nitroxyl mediated electrochemical oxidation of alcohols to aldehydes and ketones 2

2.4)) Continuous Flow Electrosynthesis

104 200 mL min"
on (il \
il ACT (5 mol%)
Ar H Nig 67V0.33-LDH/ACT
10 mmol 1.45V vs RHE

0.5 M Na,CO3 in Me;CN

o cl

17 min, 99% 15 min, 98% 11 m

Catalyst-Electrode interactions

‘I Anode

® N=0

R=NHAc
12) Li, Nat Commun. 2025, 16, 266

OH - ,
m 150 mA cm
’ ACT (5 mol%)
g Nig 67V 33-LDH/ACT
H 3.2-4.0 V vs RHE
0.5 M Na,CO4:CH,CN (6:4)

Ar

in, 93%

2.6 ) Selected Reviews

15) Nutting, Chem Rev. 2018, 118, 4834
16) Ciriminna, ChemistryOpen. 2017, 6, 5

2.5) Other Immobilised Catalysts — . . —
F ? Q
E°"PIPO =0.29 V N N
E°" TEMPO =0.26 V Cg (+)
OH
Stability of reduced form N N~ ~UN -
Adsorption to electrode T Y
N N
Cataytic activity observes as \f
o homogenous electrocatalyst HN_ PIPO
tert CgHq7
OJ\O 13) Place, Electroanalysis. 2024, 36 L I
= _0
W ) P R = aryl, allyl (|) NC-
R oH 0.2 M aqg NaHCO "o O-Sli—O N
. aq Na 3
0-5mmol "3V vs AgiagCi’  85-99% conv | T H
99% selectivity I
4 substrates N TEMPO@DE = WE
14) Palmisano, Adv Synth Catal. 2006, 348, 2033
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3.1) lodide Mediated Oxidations

o :
1 84% : OH Pt (+) Ni (-) o ©
Ptor C (+) Ptor C (-) CeH )]\ By mor) E Ar Arp i O i h
OH fo) 67113 ' Arj Kl (12.5 mol%) Arq Ph)H(Ph ~ Ph NS Ph
- > (0] ! e} NaOMe (62.5 mol%) o} \
R OR, Kl (25 mol%) R R, )l\ ~ i 8mmol MeOH (40 mL), 15-50 °C 14 examples o] O O o] o]
60mmol  H20orH0-BuOHor o o CsH1s ? CaHo : 2.1-2.8 F mol!, 300 mA e 78%, 15°C 75%, 15°C 78%, 15°C 86%, 30°C
H,0/t-BuOH/hexane (15 mL) pr : Divided cell P " ° 2.1 Fmol ! 2.1 F mol ! 2.4 F mol -’ 2.7 F mol !
Undivided cell (4.7 F mol™, 0.1 eq KI) : vie
$19) OkimotosChiominform. 200353000 W A0 Y O e
Pt (+) Pt (-) : 0 o
OH . 0 Q
2 : Pt (+) Ni (-)
' OH [} Ph S Ph X
KI (22 mol eq.) : )]\ Ph)l\Ph PP / | N
. H,0/t-BUOH (1:1, 5.4 mL) . ¢ AT A KI (125 mol%) At Ar, NO, z
<" NCH,0H 13 mﬁ c(;n1d 1&3 F”mol'1 <" YCH,OH : A 5Amm°| | " ONI\I/TO;()(SO m:;/)) y 13 examples 83% 77% 96% 72%
ndivided ce IO \"> = el alve ' o). up to 96% 13.4 F mol! 13.4 F mol™! 7.2 F mol”! 13.4 F mol™
0.022 mmol 86 5 300 mA, 7.2-13.4 F mol! yield
17) Shono, Tetrahedron Lett. 1979, 20, 165 '
18) Yoshikawa, Chem Pharm Bull. 1997, 45, 570 1 20) Okimoto, Synth. Comm. 2011, 41, 3134
General Mechanism | 3.2 ) Bromide Mediated Oxidations
| o o (0] O o
OH Pt(+) Pt () o] /\/\/\)I\ é )I\/\OH
+ - -~
- " R "Ry PVP-LiEY Ril R, 85% 80% 72% 40% 40%
OH 2 ~ | CH5CN (3 mL)
mmo 2.4 F mol, 50 mA Yield of up to 0
Rq=Ph, alkyl " 500c, Undivided cell 85% oven8 NN
R, = alkyl examples 52% o
0
2 o] 2e° NN O +
. ” PVP-HBr | X | = Recyclable by filtration 0
X nHBr N/ /\/\/\/\OJ\/C7H15
n
21) Moriyama, J Org Chem. 2014, 79, 6094 _22) Yoshida, J Org Chem. 1980, 45,5269 33
3.2.1) Oxidation of a-hydroxycarbonyls Undivided Cell 5 3.2.2 ) Oxidation of primary benzylic alcohols
o ' o} o} o
7 OMe R=H, 87% (6 F) 5 |—;&| u
OH Pt (+ ot o R =Br, 95% (6 F) " H Me
" ™ ©) R o 0 R=CF3,80% (6F) ! OH PL() PLE) 0 ON
R1)\'( 2 > R1)HW/ 2 5 > 96% 1% 0%
o) NaBr (2 mol eq) e} Divided Cell . Ar” Ry HBr (3 mol eq.) R "Ry 55F o 6F o 6F
H,0:CH,Cl; (1:1) 15 examples ' 10 s CH5Cl (25 mL) 14 examples
R, = Aryl,alkyl 2.0-8.5 F mol-! up to 96% 0 0 0 ' Ra = H, alkyl 25 % aq. NaBr (50 mL) up to 96% H H
R, = Aryl, ester 100 mA cm=2 yield \)f\[(\ )H(ov » )H(Ph : 30 mA cm?, 2-6 F mol™ rt yield
s 3 3 0 Cl MeO
86% 60% 95% 5 90% 4%
23) Maekawa, Chem. Lett. 1994, 23, 1017 2F 2F 35F ' 24) Raju, Tetrahedron Lett. 2007, 48, 3681 55F 2F

Figure 3 Halide Mediated Oxidations 1

Template for SynOpen

Thieme



SynOpen

Graphical Review

4.1) Bromide Mediated Oxidations continued

4.2) Selective oxidation of 1,2-diols

/ i ? : (6] (6]
. e N 9 : Pt (+) Pt()
OH Pt(+) Pte) 0 N A >H\/OH ! HQ OH O OH OH OH WOH
R "R, MgBr,+6H,0 (1 eq) R1)1\R2 NHAC o] " R, Ry MeB(OH), (0.02 eq) Ri R, OH O
1 mmol H,O/AcOMe (5:1, 6 mL) 41 examplgs 50%.10 F 85% : KBr (0.5 eq), H,O (‘_11”1'-) 10 examples, from cis-diol  from trans-diol i
50 mA, 4 F mol'!, 0°C  up to 98% yield 65%, 6 F ' Ry = alkyl, aryl 10 mA, 3 F mol o o o 71%
T 0.5 mmol 2 eq MgBry-6H,0 | 1 0°C. Under dark up to 98% 98% 81%
Undivided cell H,0:CH,Cl, (5:1) 1 Ry = alkyl ,» Under dar YEL
25) Yamamoto, Tetrahedron Green Chem. 2023, 1, 100010. 2 2 1 26) William, Adv Synth Catal. 2014, 356, 934
4.3 ) Photoelectrochemical Ring opening Halogenation o | .
{
Br R =H93% Br
R= CI 80%
Pt (+) zn () R R=CNTO% N Br
RPH 3 Fmol’, 50 mA 7 7% H
mol™, m, R_ OH 2
B 0.5 mmol, 6 F
R)LM/\X/\/ r 5 )
n MgBr,+6H,0 (1 eq) y Br -Hy0 + OH
) X | Me,NOH (0.5 eq) 18 examples J/ N Br T
mmo H,0:AcOMe (5:1, 6 mL) up to 93% N d B
R = (Het)ar, alkyl 0°C, Undivided cell yield tome R 615” R (,)
X = CHy, O, NCO,Me 27W CFL 7% 2 48% R oH*
AcOMe (2 mL), 4 F AcOMe (2mL), 6 F
27) Yamamoto, J Org Chem. 2021, 86, 16177
4.4) Electrochemical Ring Opening Halogenation of Cyclopropanes 4.5) Chloride Mediated Oxidations
O
/\)ol\/\ 7] O R=H,94% H
Br = o
o Cqr (+) Cqr () o) Ph X - Pt (+) Pt (-) o H § - S'\g:’.,/sa * m
><L o MeO 71% PS J N o
Ri MgBr, or Mgl; (1 eq) R X R=1,87% R{” R, 12% NaClin 0.36M HCI (60 mL) R/ "R, R R =NO,, 0% 72%
o L, R CH3CN:H,0 (2:1) Ry o o] 10 mmol 30 mA cm-1, 2 F mol-1 14 examples o o
Ry=1%and 2° alkyl, aryl 3.6 mA cm™, rt 17 examples up to CHCI, (20 mL) up to 96% yield O
Rp=H,1°and 2°alkyl  yndivided cell 98% yield Br Ph Ry = Aryl 2 \ / H \)K
Piv R, = H, alkyl
OTBDPS Br 1% 78%
28) Barysevich, Synlett. 2021, 32, 1934 84% 94% 29) Bosco, J Phys Org Chem. 2015, 28, 591
4.6 ) Selective Oxidation of Cholic Acid 1 4.7 ) Chemoselective oxidation of Secondary Alcohols
o 5 o
oH X(*) zre) COH | OH Cor () Fe () Q \(v))K/ ©)J\ /©)LH
O - oH o )I\ o
' > (0]
COZH NaCl (12 eq) ' R1 R2 AcOH (2.5 eq) R1 R2 78% 68% (GC 72%
I\.laCIO4 (.1 15 M) Ho™ o . 0.6 mmol MeyNCI (2.5 eq) 13 examples
Hz0:DME (1:2, 200 mL) L CH,CN:H,0 (40:1, 33 mL) up to 96% yield o o
- 2 50-300 mA, rt - T T 'Ry =aryl, #
HO OH ™ X =Ti/PbO, X =Ti/PbO, :alkyl 45F mol'', 5 mA
4 mmol Undivided cell pH = 5-6, 50 mA pH = 5-6, 50 mA 'R, = H. alkyl Undivided cell OH
1h, 60% 1h, 0% 2T
0 0, '
23;1430? 406hh’1oog°/ 5 76% (GC) 46%
30) Medici, Steroids, 2001, 66, 63 'R ’ ° 1 31) Sommer, Synlett. 2022, 33, 166
Figure 4 Halide Mediated Oxidations 2
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5.1 ) Synthesis of Unsatured Ketones from Allylic Alcohols 4 5.2 ) Nitrate Mediated Oxidation of Aromatic Alcohols
0 R=H,95% (2 F)
—pr ol o : o Riuermen
_— = = s
R7 R, 2 F mol!, 50 mA R1J\,(R2 (1)81% (2)81% OH Cor (*) SS0) OH R (MeCN instead of CHCl,)
o - e
1 mmol 0°C, Undivided cell (0] o o Ri R, 0.83% NaNOs R; R,
R ZQ[zj;lalk:l caCl, (2 eq), MeOH:MeCN (2:1, 6 mL) DBU 10 mmol in 0.37 MHCI (60 mL) 10 examples
2= : CaCly (2 eq), MeOH:Me 1,6m CHCl3 (20 mL) up to 95% yield
2: CaBr,-H,0 (2 eq), TFE:MeCN (5:1, 6 mL) . 1eh Ri=AYl 50 mA cm?2, 2-4 F mol” i
3: MgCl, (2 eq), MeOH:MeCN (2:1, 6 mL) A gg‘)o/ o R, = H, Alkyl rt
i
75% (2 F) 32% (4 F) 71% (4 F)
32) Yamamoto, ChemElectroChem. 2019, 6, 4169 33) Christopher, Tetrahedron Letters. 2012, 53, 2802
5.3 ) Sulfide Mediated Oxidation of Alcohols o o 5.4 ) Sulfide Mediated Oxidation of Primary Alcohols

|_/&|

S

0 o N
X ) ' (0] Ph Ph
OH Pt (+) Cqr () )OI\ 85% (11<(e)ququ|de) 49%% (O.::q sulfide) E ol Pt (+) PL() o \/\/\)l\ &
: o o
R "R, Dry PhCN (5 mL) Ri” "Ry 0 CORT R, TFE (2 eq) Ri” "Ry 95% 85% Ph/s\|<
5 mmol n-CgH{7SCH3 (0.5-1 eq) 8 examples up (0] ' 5 mmol PhSMe (1 eq) 4 examples up o o
Ry, Ry = Alkyl NEt,Br (1 eq) to 85% yield | Ry, Ry = Alkyl NEt,Br (0.5 eq) to 95% vyield
2,6-lutidine (0.5 eq) : Pyridine (1 eq) A ) )
o : s mediator give no
5-10 F mol | MeCN (10 mL) -
; 06 mA. 3 F mol 70 pe oxidation product
51% (0.5 eq sulfide)  69% (0.5 eq sulfide) ° 0
10 F 10 |
34) Shono, Tetrahedron Letters. 1979, 20,3861 7 + 35) Matsumura, Tetrahedron. 1995, 51, 6411
5.5 ) Sulfide Mediated Electrochemical Oxidation of Aliphatic alcohols o 1:5.6 ) Proposed Mechanism |
o 5 L
H (0] ]
OH Cor (+) S () o o 5(0"' :
)I\ \IB o (0] : * :
R "R, Me,S (1 eq) R "Ry O g0, o : Rig~ H,
0.2 mmol NBuyBF,4 (1 eq) 27 examples - (NMR)H :
= Alkyl 2,4,6-Collidine (2 eq) up to 98% vyield i : - OH
R,=H,alkyl _HFIP (2 €q), CHyCly (5 mL) f RO .
3 A Molecular Sieves (150 mg) O o 2 _
8.3 mA cm_1’ 6F m0|'1, " TBDPSO/\/\/\/Y NB/\/\/\/\/\/Y : 2e
H H :
89% 91% E o R\(%)/ 2H*
Cq 1SS 9 o)<OO e O/”\oo
or ,
NBuBF, (1eqd) 0.3 mL min™! (— /\H/\=/\MJ\H 5
@\/\OH 24 thlgéﬁié:nz% eq) > %%P @\/§O ° ° : 35) Matsumura, Tetrahedron. 1995, 51, 6411
T HFIP (2 eq) q & 0.2 mmol - 53% - 36) Molloy, Chem Sci., 2025, Advance Article
6.06 F mol " 0 19 -64% 37) Yamamoto, Isr. J. Chem. 2024, 64.
84% (GC)
0.04 M 116 mA 0.72 mmol h-! 38) Lian, Chem. Rec. 2021, 21, 2290, Selected Reviews
36) Molloy, Chem Sci., 2025, Advance Article 39) Bégué, Synlett. 2004, 1, 18
Figure 5 Halide, nitrate and sulifde mediated oxidations of alcohol
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