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The cheice of electrode material is critical for achieving optimal yvields
andd sefectivity in synthetic organic efectrochemistry. The material
tmparis significant influence on the Linetics and thenmodynamics of
efectron transfer, and frequently defines the success or failure of

a fransformation. Electrode processes are complex and so the chotce of
a matertal is often empirical and the wnderlving mechanisms and
retfeantale for stecess are wnknown, fn ihis review, we aim to highfigin
recent instances of efectrode choice where rationale is offered, which

showld aid futnre reaction development.

1. Introduction

With hagh conirol ef the rate, location andd driving force of
electron-transfer processes, electrochemistry is uniguely posi-
thned Lo prosdde seleetivity and sustaanabalaty bemefis for the
preparntion of erganic compaunds. As these opport urities are
being realised by academic and indusinal research groups
wisrlibwicle, the field of synthetic orgnnic ¢lectirochemistry has
received redewed imerest over the last 510 vears" ¥ New
synthetic methodobopy and reactivity has been developed,
including processes thal are maore inexpensive, saler and
produce less waste than “classical™ approaches™ "™ Tn addi-
tigsn, the relative easae with which the technigue can be scaled
is. demonstitated by the fact thot several industrial organic
electrochemical processes have been developed.!™ ™

As the electron transfer between electrode and solution-
phase clectrolyie is heterogenous, the development of syn-
thetic arganic electrochemical reactions regquires close alien-
Lot 1o paramelers that are not traditionally cocountered Iy
orgimic chemists As well as oplimising the applied current
density o poiential difference across a oell, electrochemical
repctions can be performed in either batch or (how cells, and
divided or undivided cells. However, it is the clectrodes that
consfitute the mosl imporiant difference, as the sucoess or
selectivity al a particular translormation & highly depensdent
on the material, Mo only does the electrode material idself
detenmine the mechanism of electron transfer, bul the
elecirode separation distance, shape and sire determine the
submerped surface arca, the ficld homogencity and the
resulting current density: all of which con alfect the reaction
outcome. Whike the clectrode material s an additional
pirameter that requires optimisation, it con be exploited 1o
contied amd change the selectivity of a reaction, and provides.
opporumilics o vary reaclivity through electrode-catalysis,
{electrocatalysis), mediator-modiled or chemacally-mosdificd
electrocivlalysas

The abitity of specilic matenals (0 Eive Aplque oEleEICs
ond eleterming the selectivity for synthetic electrochemical
reactions has long been recognised ™' Classical examples
nclude the anodse oxudation of acetic acid magueous
sodations (Figure 1 A), in which the identity of the prosducis.
and eheir distribution varees with dilferent anode maleri-
s and the redection of acrylenitrile in which the
reaction products strongly depend on the cathode material
(Figure 1 BL™™ In this reaction, the formation of adiponi-
trile (1) with cadmium and steel chectrodes is o mega-tonne
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per annuemn indusirial prooess that is
wsed i the production of mylon-bb,
thus cxemplifving the importance of
the contral that the elecinode malenal
imparts, and the possible rnmifications
of i1s variatson, The choice of elecirode
material can impart a more binory
otlcome by swilching reaclivily o oF
ofll Classic examples of this inchude the
citthestlac h:,'dl'ml:'mrl'm'l:inn al fowemal-
dehyde 1o ethybene glyeol, wherein
proxluct is only oblained with the use
of mercury ar carbon cathodes and no
proxduct i ohserved with lead or cadmivm (Figure 105 In
aaddditboan, mecoeory of chirality (ennntiomens excess) was only
observedd with the use nlgr.lphilr: anodes i a decarboxylstive
etherification reaction (Figure 1007 In a more recent
exmmphe, Xu repaarts o drastse change in vield when exploring
the electrode material in an sromatic C-H Munctionalisztion
reaction with electrochemically-generated amidinyl radicaks
(Figure | EJ Yarving the electrolyie or the applicd current
hadd & relatively minor elfect on the vield of the reaction, b
replacing the reticulated vitreows carbon (BYC) anoade with
M completely shul dosa reactivaty, whereas graphile gave an
inlermedinle ouloome.

While tee dilferences m the outcomes of these peactons
with dilferent clectrode materials are stark, the high comples-
ity of electrode processes commonly renders the generation
of eonclusive explanations very difficul. Indeed, it has been
noted elscwhene that it s “impossible 1o select the oplimuem
electrode for a given process on @ theopetical basss Inslead, an
empircal approsch must be used™ P While it 5 true ilat an
empirical approach is corrently the must elficient strategy 1o
oplimise o reaction, an appreciation of he infleence of
electrode materials and a greater understanding of elecinouds
pecocsses shoald bead 1o o more informed approsch and new
oppartunities in the ficld, In addition 1o this, poor reproch-
cibifity a5 & major chillenge that accompanses the use of
electrochemistry in orgamic synthesis, and differences in the
clectrode material. grade and source all eomribute 1o this
problem, Thus an apgrecintion of the impaortant Fclors
assagizled wilh the electrode should facilitate an improved
mtimahsation of the differences between reported and
achicved viclds or selectivity,

I this review, we initially summarnse The most impcrtant
peactical and reactivily considerations For cbectrode materiaks
in organic electrochemistry. Then, our goal s 1o highlight
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Figwre . Examples of the effect of elecirode materials on classic (A-0) and contemporasy (E) reactsons. Gr. = graphite, GC < glassy carbon;

FVIC w peticulated witreous carbon,

examples m which the pedormiance of a partieular electrsle
matenial is found (¢ be uniqee and imporiant, We place an
emphasis on contrbaitions o the Bleratere from the last
decade, while focussing on synthetic organic iranslormations.
and practcal comaderatioms on regular laboratory scales. I
shoaild be noded that although an explanation on electrods
choice is given in an ircreasing number of cases, of the
prodoceds that we hove surveyed from the last decnde, only
a small perecntage (ca. < 53%) provide some supporting
insight, Reaction selectivity and yields can also very muoch
depend on odher reaction parameters, and o il is nod always
clear if the electrode material itsell exclusively defines the
observed differcoce. As this podat adds 10 the ambaguity, U
expmples have been selecied as carclully as possibie, in
preference o providing an exhadsive coverage. Thus, (e
render i referred to o number of enrier review anticks thal
are il relevant 1o tese thermes™ ™ Beyond e scope of
this review are photoclectrodes! 1 and other praciical
pspects of clectrochemistey, which have been addressed in
recent tutorinl reviews =4

© #aae The futhors, Paiilinhed by WilepVCH GrbH

2. Electrode Selection
2.1 Practicel Aspects

The primary judgement of candidate materials will be
based on their performance in the reaction. e, yickids and
sebectivity, bul current elficicmcies, obvious signs of corrosion,
custl, availability and machinabality are other critical faclors,
the relative importance of which will vary aceording 1o the
specific process. In odher applications of electrochemisiny-
swch a5 thise [oowssed on energy of bulk scale cominodily
prodhuction=small, single digit differences of eMcency gains
can be cxtremscly crtical, [or example from the e of
w precise grade of graphite. However, in osganic synthesis
where the scales are comparatively smaller, livger gains in
vield or complete switches in seleclivily become  more
wmporiant. This is because the cost of the electiole matenial
andd the man-hours that are required 1o oplimise & process
ot b bakaneed against the costs of the reagents and the
value of the product. For eximple, a5 the price of electnicity 5
tvpacally low comparcd o the contents of a reaction misiurc,
wchieving small gains in current efficiency is nol the highest

Aaprw Cha, Int, B 3638, 55, 6366 - (E1Ey
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priomty for reaction opimisation. This will only become
i comsaderninon ol the scale s oimcreased and the value of
produet is lowerned.

Whild electroxles can in pnncipal be made from any
conductive material, in order (o make wn approgriate choice
there are o and  electrochemacal
propenies b consider. An idealised electrode material shauld
be inexpensive, non-loxie, stible Lo a wide rdge of lemper
atures, pressures and solvents, yet able (o be manipulated into
forms [or electirde consruchion, such as rods, wires, plates,
fopms and meshes Most electrodes consist of o singla
matenal, bul o support maferaal commibined with an electro
active coating. such as PL can also be used™ In orgonic
wilvents, whach are more resistive than aguents svslems, Lhe
s of 3-dimensicnal. high surfoce aren electrodes is pdvania-
peous, s they mpar decresded current densily aned cell
potentinl. Thus the use of RVC or earbon felt can increass
productivity @ higher currems can be applied ™ ™ Between
electrode materinks, surface aren can vary dromutically, Tor
cxample, the surface area of a “smooth electrode™ can be up
to 3 orders of magnitude bower tham o porous surface, such os
platimsed platinam ™

An electnode should be stable and resist cormosion. An
exceplion Lo this B when the electrsbe 5 sacrificial, lor
example when metal onisation is inlended as a counter
glectrode process, or when the metal 1ons ame wsed 1o qlalulioe
o product, such as in a carboxylation reaction.*™ Degradation
ol electrades by mechanical aclion can OCcur &% 4 conseguenos
of convection forces in the reaction vessel, such as the releass
of graphite pamiculates, which requires separation via filica-
tin. In addiion, frgile matenals, sach as low pore density
BYC, can lead o difficuliics i physical handling  and
manipadition, Swelling of the electrode can also be problem-
atic wilh ceran cheetrode materialiclectrolyie combinations

The wse of electiroddes with ||igh| mt.iw.li'n-'il'r.' lends i an
ohimic (1B) drop, which creates the regquisement lor a highe
cell potentinl, This excess energy input s likely lost ns heat
ity the reactian modinm, which s inelicient and meay I
deleterious 1o the reaction outcome.™ On an industrinl scale,
this can lmin the chaice of malerals (o only these that are
highly conductive, or regquire special electnnde  archilec
tures ™! Once a material is formed into an electrode, a low
ohmic ressipnce commection shaoeld alay be made.

nummber ol mechancal

2.2, Reaciivity Azpects

The mechanism for clectron transfer at an clectnmbe
pecurs between wo bmiting scenarias, In the Dirst limiting
case (Fgure 2 A the electrode surfacs is intimately involved
in Lhe mechanism of electron transfer and acts as o catalvst in
the reaction; i.e. . electrocatalysis!™! The products, mechanism
and Emeties of clectrsle reacthwon o ths case are highly
dependent on the compositien of the clectrode material,
meanang that small dellerences may be extremely agmificant
in determiming the outcoms of the reaction, Conversely, inthe
wecond hmiing ¢ase (Figure 2H ), the electrode 1 completely
inen and provides o source or sink of elecirons that are
tramsderred in an outer-sphere manner between the substrae

Angra, Chem. Ind. Fd D20, 59, 1IRSE - W3Ry
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Figure 2. The two imiting cases for sleciron-transfer.

ad clecirode. The identity of the products formed, and Uhe
mechanism and kinetics of their formation shoald be inde-
pendent of the matenal.

The potentin]l required beyond that pecessitoled by
thermasdynumies W drve a reaction al a practical rate B
referred 1o as the overporeniial ()™ The observed over-
potential m g pantcolar system 5 a somoof the mdividual
awgrprlentials for each step in the process, such as adsonpdion,
charpe-transfer. desorpiion and mass-iraspor (diflfusaon,
conveclion amd migration) overpotentials. As the electrode
mnlerial dictates te mechansm of cbeciron transfer, il s Uhe
biggest contributing factor to the overall overpotentinl of
a proecss, This imponant factor will be responsible  for
outcome varintions observed duning renction oplimisation.,

For many teactions, such as the Hydrogen Evolution
Renction {HER ) or f,h;ﬁ'un. Evolution Besction (DER), the
decrase in overpsential theough mew clectmde matenals s
the subject of intense investigation.™ ™ Small efficicncy gains
will transkate into large cost savings whon these processes arc
conducted on scale, Howewer, of grenter imporance o
syathelic erganic clecirochemistry s the sclectivily chanpes
or suppressicn of side reactions thai are enobled by the
cilferent overpatentials for sach proccss on differenl chee-
Ininle malenials An example of this control in a subsirabe.
reductbon reaction is 10 suppress competing proion redsction
(HER) by choosing o cothode materinl thad bhas a high
owcrparlential for this process. Indecd, the overpolentials on
common clectrode materials vares conssderably for the HER
and OER, Table 1 and Figure 3. A low overpotential for the
desired redox reaction will not only enswre the reactvon can be
deiven more - efficienily buat will improve  schectivily over
l;l.mrputi.rtj: processes. The |.m.'r|'.l1:l|-|.'n|:i.al. Tor sedlvent oxicsliom
of reduction can abso vary signilicanily on different clectrode
materials"™ This variation has implications for the width of
the potential solveni window that is available 1o a reaction
ind therelore o the exient of redox chemistry that can be
performed, Figure 4

The stability of an ¢lectrode is important for ensunng
kongevily of use, However, the stability of the subsimie or the
imlermeshintes produced om the electracle i also impsortanl Hor
ensuring high yvields of produet. A compoand can irmeversibly
binad aned decompose on the surface, lkeading 1o a decreased

m.:rla;l.-ﬂnmr_wg
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Table 11 Dwverpeteniuals (HER and OFR) snd condisctivities far variows electrade materualbs,

g s r s o o
Elncirode Hz Evadution i * v 0y Evolulion =i Conductvily® | Elscinods i Evolution i * O: Evolution f* % Condouclivily?
Material i Wl r Bicem {107 Malpnal r MeOH H0 Sdom (B0

= " 1 .=

== —=pr

By M

n o

By Pd

Lo Lo
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L] i o

Co <[] 30,4 = &n
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Hy 1,04 15 1,04 5 Stesl 47 038 * 14 1.40
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Creerpatentul is atso nfluenced by supporting chectralyte ™ solvent ™ """ R cyrrert denuity™ ™ concentration,™'™ pemperature,”™ and any
additives™ "™ ", which will all affect the direct application of these figures. * Hydrogen evolubon (HER) overpotential recorded at | mAom 7 35°C,
1w HTI far H.50,) in the wohwert specified, unless otherwise indicsted. HER data for various sllops {nod listed) sbso availabide "™ * rpcoeded ot
210 " Acm " Oygen evalution (DER] everpotential recorded at § mAcm ¥, 25°C, 1M KOH in water, unless othenwise indicated, * Reconded at 273
K [excepn Hy, glassy carbson, BOD that were recorded o) 298 &), data taken from el [121, 127 exeopt whene specifically given, " 1w KOH. " 05w H50,
! Highly dependant on daping snd Treatmen “pH 14

Hydrogen Evalution Cverpatential 3 4 . - Cooygen Evolution Cverpatential
- - T- m
AR T ta T L]
Hg n ‘.: " & W L] TH ¥ A & ™
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1 1L i3 1k 2 LTI v 9 (1l - |-'£1‘ =T'|= & I
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Frgwee |- HER ard OER averpotentuals taken fram Tibke 1 faveraged where relevard) far warious electicde mateiils,
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Figwee 4 Solver windews varlous electrade material and electrobpte combenations. ™ "™ [ current dernity cut-off at f= 0.1 mbcm ),
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mass balanee amd yield of prodect {Figure 3 AL Strategies for
prafling organic compounds onlo electrsle  surfoces  Tor
intentional surface modification have also been reporied ™™
Hovwever, unimlentional gralling can VaTY i d-,:grnﬂ.: depend-
ing on the specific redox event, electrolyvie and electrods
material. The resull s a pasbvited electiode with decreased
electrode activity due to the formation of an electrically
msulatmg laver, Elecirde passivalmon can be detecied by
cycling a cvelic voltammetry (CW)y experiment and observing
the current decrease with each eyele]™ ™ with the current not
being restored 1o its onigioal value wntil the ebectirods is
clemmed. Examples of electrimle pasivation are Lghl oxade
films on metals that are formed at high anodic potentials ™™
mmsclubde oxicdation prodocts, polymer deposis penerated by
anedic oxidation of olefinic, aromatic or phepolic com-
poumds™ = ar sdutions of HF or jonic liguads™ ™ Opaimi
sation of the electrode material is o key 155k in remedying this
elfect (Figuare 3B} Chher methods that have been shawn 1o
be effective include pulse electrolysis™ sonication, ™ alter-
matiag the polarty of the clectrodes (which can also effest e
renction sebectivity or vield) ™ and the vse of mediators (o
shautile redox equivalents from the electrode to the subsirale
in the bulk phase.! ™™ Ahernatively, the sddition of sdditives
con merease Lhe sslubliny of the insuliting polymers i the
electrolyte or protect the electrode surface, which has been
shavwvn 1o be highly effective in a recent electrochemical Buceh
reduction.”™

A} Grafting and B] Rermedying methods
#lectrode

| |
+ ElBCTrade At il
“’f.mwn-m' « Altesia
" ~Pulwdm
thoan » Additren
+ Medisted electnon transfe:
Gratting Medt . . @
Filen farmaticn Med X.

Figwer 5 Electrode passivation

2.3 Trends

The [aciors that contfibute to the chodce of clectrods
material vary and can be very specific,. The number of
clectrode materials available bas increased over time and
trends of use hove i:h:ln-,!:l.:n:l. and evedved, For example, lead
and mwercwry woee proviousty preferred due o their high
h:':lrnp_n:n owverpedlential () and stabiliy 1o ocdic media,
With mercury being in the lguid siate, the surfpce is
constantly rencwed and can oremun cean and free of
impunitics. However, concern over the high toxicity of these
metals has lamited more recen wide-spread use and henoe
other matenals hove anracted greater avention. Modemn
orginie ekectrichemical methodolopy relics maore heavily on
platinum, which is robust, casy to clean and redox siable, as
well as carbon-based elecirodes that are more mexpensive

Angra, Chem. Ind. Fd D20, 59, 1IRSE - W3Ry
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and thus appropriate when the scale of o reaction renders ihe
cost of platinum prohibative (Figure 63/ B Gy carbon i
the most commonly wsed carbon material, which B ihe
TulleErens :|I||:rln1ru.' ol :.Hl.'h-:m.""l amd inclules the high
surface area foam form, RVC!™ Graphite is also o commonly
wsed Lo of carbon clecirode, which is less chemically iner
than plassy carbon bt more conductive™ and & bess
expensive. The dinmond alledrope of carbon can also e
used, Boron Doped Dipmond (BRI has emerged as o uniges
material and is becoming increpsingly popalar ™ There
hos also been evidence for the cosergenese of new materinks,
melikls or allows psed as electrodes in organie syntheses, such
a5 leaded bronze, tantalum, niobium or molybdenm, """
Moy doubt this trend will conlinoe as the elecirode processes
with each materizl become better understood. wider range of
malermlz are adopled, and the Tortbher development of
idcalised materinks

Baeon Duapesd Diasreesd
MUy

Platinism

Wikl

Ladiled Brais
Iz

Gruphiie

Glpwwy Carhon
linceang

RYGH

Figure §. Ocourrence of elecirode materials used jcathode or ancde]
im & wursey af 915 synthetic clectrochemical peotocals pulilished
between 2000-2017.

3. Electrocatalysis: Specific Adsorption and Surface
Interactions

Al the extremily of the first limatimg case (Figure 21, He
clectrode  surfece is explcitly involved 0 the reaction
mechanism throwegh \Fh::.-il'u: ifsorpison amad surface inleracs
thoms, As well as providing the required redox eguivatents, the
electode surface serves ti calalvse the reaclion, amd 15 thus
known as elecirocanalviie Savdant defined “Electrocatalysis™
i the lemm 1o “pame colrlyvsis af electrechemioal reactiony by
serfiee swtex of e electrode™ P which s distinet from
medinted  electralysis  thi urnp!n:.-m modecularly  defined
calalysts. The precise pature of these interactions varics
depends on ench specihic reiclion and can oflen be the subject
of much debate, Nevenheless, theoretical models e improy-
it anad can now deseribe catalyvlic reactions in great detail '
The strength of inlemetion (adsorption vs. desorption), the
temeng and onder of eleciron ransfers and the concerednes
of sleps are all relevanl when considening the mechanism,
Auborplion describes a varsely of more specifis interactions of
o subsirate with the elecirode. such as strong ehectrostadic
mleractims, s-urleractimns and chemesal bmeds As well as the
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smonoih maderial Wsell, the sites of binding and caialysis may
b impu:ri1:i|.'s, edpe or end atoms;, deposiled nanopartecles,
thin (lms or singbe atoms of a secondary or different maierial
to the bulk material M4

The srength of interaction betwesn subsirnte and elec-
trisle shoulbd be strong enough 1o hgeer a reaction, but pol
o stromg that the product faiks (o dissociate and desorh, This
balance s known as the Sabatier principle™! and has been
shown to contribute to the bell curves observed for rates of
electrocatalytic HER ™ [n arpamic electrochemisiry, it i3
common for products to avoid dissociation from the clectrods
( Figure 5A), which can bead o decompusition and a bow mass
balance at the end of reaction,

2.1. Working Electrode Matenal

I a classacal exampde. e extenl of electrocatalysis in the
oxidntive decarboxyintive Kodbe pnd Flofer-Moest reagtions
s been the subject of much debate in the llersiure over the
vears!"™ 1 In one study, the product distributions from the
use ol & platinum and carbon ansdes were comipared. 1 was
found that the ratie of -clectiron s Z-eleciron oxidation
praslusts (e, ratio of products-irem-radicals over prodiscs-
from-cotions) was musch greater with piatinum anodes than
with graphite anodes [Figure 73" Carbon anodes are more
ellicient than platinam anodes of removing a secord electnon,
Lo form a catin {walh o probon I:mi."“' The dilference wos
progeosed to be due o o greater iendency of radicals to adsorb
onto carbon because of the presciees of paramagseise conines
in the malerial. Thus, the adworbed radicals on carbon
undergo funher oxidation to form a carbecatton that is then
electrodatically repelled and primed o react with pocleo-
philea. However, the radecals produced on a platinum surface
nre largely desorbed ond so participate in radical renctions.
i elfect has also been recorded in other translonmalion,
such as in the electrochemical cyclisation of dicnes, in which
Moeller observes a difference in the elficieney ol 1- v 2-

electron pathwavs when wsing platioum and carbon ano-
dea 14

A) Anedic decarboxylation of phenylacetic acld
rA

Minireviews

More recenily, elecirocatalysis has been especially poied
for cathodic processes; 11 has even been remiarked that i
deetms dprcertan tun fotnlly ineer elecirodes et [ wirfiin the
ciihodre n'r.lrm"'."“l In particular, the du!h;lln:rgun:llin:rn of wrwl
and nlkyl-halides with different cathadic materials hos been
the sibject of significant investigation ™71 The owver-
potential, concenedness and degree of interaction varies with
chilferent electrode materials and can lead 1o the formition of
different product distributions. For example. the use of silver
citl lsbes sigmlicantly decrenses e over-polentinl necssary
to cleave & C—X bond™ compared to mercury or glassy
carbon cathodes In the reducton of lmear alkyliodsies on
smoath silver cathodes, there s evidence for the transient
formation of [Ag' K| 1 species on the imerface ™ The
formition of such specics will siabilise the radical and ensune
@ bvwer reduction owerpaslential. Comparesd wath glassy
carbon ¢lectrodes, copper has also been found to show
exceptional clectrocatalvic progeries, cther as & smogdh
metal or when deposited onto a condiecting surface,!™

The cleetrocatalyiie dehalogenation of aryl-halides can
oeeur via a stepwise electron transfer-clenvage mechanism., or
aconcerled proces. Riccenl anilyss of an extensive range of
callisds materials revealed & strong dependency of the
ascchiiism of debrominaiion on the electrode miaterial
(Figure 8)./"" Eblectron transfer cocificients (o) give an
psdication of how reactant or produsi-like the transation stale
is in ferms of its electrical behaviour, These were extrached
from Vs Iy analysis of the differcice between e peak
potentin] and kall-wave potentiol, and used as an indicstion
for the mechanisan A value of o sagnificantly lower than 0.5
inddicates o conceried mechanism, whereas n stepwise miech-
amism will cither kave an o smaificantly hgher than 005 3
cleavape is the RIS or nnl:r slphily bower tham (05 i ET s the
RIS Thus, reduction potentials and electson transfer coel-
fients were measured by eyclic vollammetry for the
reduction of different aromatic romides on dilfenent elec-
fraxbe muterials. Cndy 4 of the 11 mateninls showed redection
feamires iy the O% Ag and glassy carbon were found 1o both
follow o concerled mechanism: Ag exhibited o remarkable
clectrocatabyibe activity with & 0% Y loser overpolential than

an | Radical: Cationic
T4
[ DTS

% O *:"“"‘:.‘"‘““

N, — 08 S 6""?5

Frgwre 7. Preduct distributsons ansing from ancdic decarbosylation om enher platinum or graphite elecsrodes
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Comcerted Cath = Ag and GO
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Figuwre & Mechanstc elucidatson of redisctve debeosmination on differ
ent cathode matenials.

glossy carbon. This averpotentiol dilference is a considerable
thermodynamic mprovement amd demonstrades the signifi-
cant ¢ffect that materials can have on the overpotential of an
elecirochemical redox event. Cu and #n electrodes were
Found 1o give step-wise mechanisms, with rate determining
ET aml cleavage stepe, respectively

The cothade material can determine the distribution of
prochusts from a reaction. The reduetion produces ol alkylha-
lides hove been reported by Peters to vary secording fo the
cathode matenial ™ '™ On wvitreous carbon catliodes, n-
decane and 1-decene wre vielded from the reduction of
pslewlecane, whilst on a silver cathisle, o dimenie product was
formed. When testing secondary alky] halides, it was inferest-
ing o note teat the product destrbution sswitched, such tha
dimers were predominately formed at carbon-based cothodes,

Axoading the adsorpiien of reagents and the sulseguent
electrocatalysis of competing side-reactions can be critical to
the sucoess of o destred reaction. This can be achieved wsimg
an electrode material with o high overpotentinl for the
compeling processes, For example. in a rediuction reactaon,
compeling profon reduction can be avobdad through the ose
of a cathisde with a high overpolential for that proocss, such as
|1'I.'|~'.'r._1.' carbon, mercury or lend. Lesd hos found use for this
reason m the deoxygenation of amides and sulloxides (Fig-
are YA Amides are thermodynamically - difficult to
reduce and the preseace of aad B neccssary 1o provede e
equivalents of protons Therelore, it was imporiant (0 ose
a matersal thal preferentially reducss mnbdes over prolois,
ond lend was found to be superior for that

A} Amide reduction

o i o

P'-'J'l'u"""r"“" :

* +
HoOB o Me™"Rme, Et
20,500, H,50,, MelH, 45°C

B Oxime reduction
T2.8 e

] H?m‘ }

Figure g. AB] Cathode materisl with a high averpetential far protan
reduction it necersary Tor aitaining pood selectiviry Tor subsbane
Ui

Angra, Chem. Ind. Fd D20, 59, 1IRSE - W3Ry

Minireviews

£ 3aso The Asthon. Publabed By '&ley-YTH GmbH

'ELLEL!L N

I the reduction of menthone oximes 10 mentbylamines
{ Figure WE), Waldvegpel screened culhode materals 1o aviid
any compeiing proton reduction"™ "™ Those with only
i mideraie h}'drcl-gun overpedential, suech as lamum, ron,
copper. dine, indivm. tin and bismuth, all faibed (o produce the
disired product, and s 0 Was decessary o e o high
overpolential materinl, such as bead or mercuny The clectrods
oateral abso mfluenced the selectivity al Use fesclion:
whereas, mercury wnd cadmium cathodes led 0 prasounced
dustereoselectvity, lead or copperiead gave either no or
litghe selectivity, The authors proposed that good diastergo-
selbectivily was due o stabalisation of the reactive mlermedi-
ate by stronger binding to the electrode sarface and sbowing
down conformational switching,

The efficicncy of the electrochemical reductive carba-
wlation of mmimes 0 yvield N-bromoaminag neicds alzo depends
o the cathode material {Figure 10AL™ In this case. the
vield was propesed o correlate sith e strength of subsirale
mfsorplion onto the electrode surfoce, Silver was noted (o
exhibil pronounced specilic adsorption of imines, which leads
o o higher concentration of imines on the ¢lectrode surfsce,
amd therelore more lacile decomposation and aeseleraled
imine dimerisation. Highest vields were reporied vsing nickel
callssbes. When adapting the reacton into [low, Alobe
considersd cathode materials with a high overpotentinl for
carbon dioxide reduction {Figure 0B In this example,
the overpoientials {determined by linear sseeep volthmmetry)
correluted strongly with sield. Gilassy carbemn gave Use highess
efficiency, followed by graphite, then platinum and lasthy
siltver. Reduction of the imine 10 a radical anion 5 meocssany
for o prodoctive reaction (o take place, Any competing direct
COy redoction decreases charge elfickency and reaction
wielcls

The electrochembeal  hydrodechlonnation of 3.5 6-10-
chioropicolinic acid {3,56-T) is an example of a reaction in
which the catbode malerial proved absolutely cructal 1o
reaction success!"™ Using copper, glassy carbon or nickel

Bromoca of imines

) rhanylation -

10 mdcm < M

In
Al Cath B steal | 41
N A o— H Fh Cu | X7
P 2 MPa £, Ll R
S Wb CoH Ag i 25

OF
B] Flosw hydrocarbexylation of imines Carh,
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Figure 15, A} Increased adsorption af enire on Ag cathode leading to
decompatition and denenzateon aviided. B] Matedials with Bagh over-
palentisl fies C0; reducticn regquingd feat MLgiring Figheit peoduct
vuebds,
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cnthodes, ihe reaction was compleiely unsueccessful (Fig-
agre LA Only the wse of silver produced any desired 3.5
dichloropicolinie acsd (3) product. o compound with signifi-
cind |1h..1rr:1:m-|.'ulk'.'|l relevance, 0L was proposcd Thot the
owerpodential for proten reduction was Bower with the use of
Cuoandd M1, makmg subsirale redisctiion mare dallicull. The
productivity of silver cathodes compared (o plossy carbon
(R07) cathodes was asenbed 10 an electrocatalyiie elleéct ol
silver that was not possible on carbon (Figure [1B), Interest-
ingly, the selectivity of hydrodechborination wis fommd Lo be
dependent on the pH as well. Electrostatic forces engemndered
high selectivily for the 3 5cubstituted somer (3) al pH 3, and
the 3.G-substituted Bomer (4) a1 pH L3 (97% ) (Figure 11B)

A) Dechlorination of trichlarapicalinic acid

LT |
€l F'-im"
o ¢ U Zf. 1o
o il i o B H' Ha,HPl:I. COM OF "N "COM
2 4
pH vaslation at Ag cathade

o x]

P ._x. —a-71 %3 - i Cath. I . | 4
F \ -._.-"H._\.‘ Agmesh | S8 40 35
~ 80 - Agiiol | 94 42 11
T - . » GCdk | 94 o @
:—m - fufosm | ¥ O a

| - B Hifoam | 98 "}
o 5 pd 14 5
B] Madel for pH dependent dechlorination
I:Cl; e

m'!{ pH3 pHE M o
H=Bi % !

R TR [ _ a

BT £l ol A FerrpeT ik
W = H

| I ! AR

Figure s &) Unique dectrocatalyiic behaviowr of Ag exploibed for
dechlorination of 1. with trend a1 different pHs. B} Proposed pH

dependent adsorption mode,

2.2 Counter Electrode Moterial: E.l:l-l:l'.l'l;l'ﬂ'lmd Base

As owell as toning the overpotentinl on the working
clectrode. the overpotential on the counter clectnads reaction
is also ampaortand Lo consicder and has often been shown o e
key 1o the suecess of a reacthon, OF particulady Treguent
conseguence is the reduction of profoas o evalve bwdrogen
(HER) ai the cathode to form a e, The concept of formiig
clectrogenermted bases (EGBs, Figure 12 A0 i it from
a provbase for utilisason in oo syoathetic transfommation was
firsd reported i 96T Using electrochempitry allows the
conceniration and basicity of the reaction 1o be carefully
contredled,"™ angd changmg the counteron milocnces both
the stability and reactivity of the EGE"™

Torgenerale bases elecirochemically [ EGE ], the reduction
potentind of the pro-base must be less negative than any other
speecies i The reaction (includimg the product ), which renders

il Minireviews

& e The Authors, Publivhed by Wilep-%CH GombH

mﬁmqirmudmumﬁn
ﬂ_ Pro-buseH  EGE
MeOw Ml
W WG T HO
B) Electrochemical sulfinate coupling
i ensd
mﬂﬂi cfimn Qe
—_—
P50, Ha
LiCa,
MeChH, 0

C) Electrachemical Hofmann rearrangement
5 e

AL | S

el M bR, 207
O} Imtramiolecular cyclisation of Acentred radicals

128 A
; '_il:ath.
'FEH.F'C'

Bl NOH

MM MeaOH
Figuirg 12, A) Gereration of a base on the cathode. B-D0) A low over-
polential for proton reduction on the counter elecirode renders.
a milder generation of a base, which mproves product yelds.

the m‘urpﬁl-.'nl:i-.nt Towr proton reduction vilal for sucoess (o be
achicved, By promoding hydiosen esoelution over other
Fhltl,!'rLIiiIJ redoective proCesses, the chaice of cothasde material
inflluences the outcome of anodic ramformations ™™ ™™
A exampde of thiz is in the synthesis of (E)lvinylsulfones
(e cnpamic acsds, in which Wang found a signifecant
dependence of the reaction on the counter electrode material
i Figure 12 B Woidist the reaction is axbdative with respect
oy the subsirates, the cathodee peneration of base B reguined
for Uhe degrotonation of the carboxylic acid. Platinam was the
best performing cathade matenal, which has the howest
ovcrparlential for proton reduction. whilst glassy earbon,
which has o higher i!l'l.'l.':ITll'll.-l.!nII.'Il. resulled in a decreiased
vicld. Materials with a mediom ry performed in-between
these two cases Thos, o boower potentinl difference is MECEsRHTY
with M under constant current clectrolysis conditions, which
Firmifs coHmipeting redfiection  processes, Similarly,  Zhang
switchad from carbon 1o platinum counter clectiodes in an
glectrochemical Holmann rearrangement, oo madore n.':u]it:,
form methoxide on the cathode and found that yickds
improved {Figure 12037

The electrochemicnl oxidative formation of N-centred
radicals and their mtramolecular eyclisation onto alkenes has
been developed by Mocller and Xo "™ "™ Elcctrode materi-
s were thoroughly analyvsed by Wirth when the process wies
transferred o o Aow cell set up™ Interestingly, it was found
that the chowee of counter electrode matennl had a saronger
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influgnce on vield than the chobee of the working elecinods
material. A wield of awver %% was achieved with o platinum
cothosde, aroumd 60% with nickel, and no reaction occerred
wilh n Fmphilc cathode []'ili_un.: 1213, These results directly
correlate with the over-potentiaks for proden reduction (M =

{09 Ve MNi= 32y graghule = —147 ¥, Tahble 1. Yiells
woene comsistent (e, < 3% ) between the anodic materials
testedd wath o M1 cathode. Cormect chowe of cathode
therefore mennt the anode matenal cowld be chosen by cost,
rather Than die Lo ats miluence on the reacton.

In an elegant example of the imporiance of counter
electrode malerial, Xuo recently reported a complete selectiv.
iy switch when the eathode materin]l was switched from
platinum to lead ™ The reaction is an oxidative TEMIPOD
citalveed intramoleculnr arene aminition from oxime 8
(Figure 13 When platimem was msed as the counter glec-
trawde, thee low overpatential for proton reduction resulted in
thi N-oxide product & remaning intsct. However, when lead
was gmploved. the deoxypenated helerocycle 7 was returmed,
This is because lead has a much higher hydrogen over-
potentind for profon reduction, meaning profton reduction is
masre elalliealt and s S-oxede 6 now preferentially redisced on

the counter ebectrogde,
oF H: = B5%

Figwee 15, Low owerpotentaal for progon reduction on PY counler
electiode frves 6, Bul high overpatentiol on Pl msand § is prelecen-
leally rediuted 16 give T

muderl
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33 Modified Electrode Surfaces

The avsdification of electrode surfaces to ol catelvsis of
aresction and decrease the overpotential for electron trnsler
1% i lechnwgue that is well estabbished, cspecinlly for encrgy:
related applications, sech as the HER, OER and COh
reduction.™ * For synthetic applcations, the immobilisstion
of tethering of clectron transfer mediators onto electnode
surinces, either nwnh:nll'r."""' or mwonecovile r|.1|:|.1""'I hins been
showvn to amprove the cllicicncy of reactions. Carbon electio-
des are especially effective supporis for calalysls os they can
b readily functionabised.™ For example, oxidation produces
0 high density of surfnce :Jrlm:,-l groups wilh whch nmisde
bonds can be formed, or the single cleciron reductbon of
dimzomum calions reveals prene radicals tha n.:.al.‘li]'r.' o bine
with graphitic electrodes™™ ™ Further details of the medi-
mor-immobilisation approach ere, however, beyomd Hhe scopee
of this review, and the interested reader is direcied to other
relevant reviews ™™

The bulk surfoce maodification of electrodes through. for
cxample, polymer coaling or nanoparticle  depositeon 15
comparatively less well explodted for orpanic synthesis
comparcd 1o energy  applications"™ A recent example

Angra, Chem. Ind. Fd D20, 59, 1IRSE - W3Ry
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demonsirated thai the in situ generation of an active Mo”
tnwver om the susface of a Mo anode was responsable for Fn:nllg,'
cilanced vields in the dehydrogenative coupling of arenes
qiﬁgun: |:-H.':"'I|I Whilsl thas arene |.'|.1upl'i|.1|¢ rencion coulsd T
performed with BDL: P Ao, V. Cr or W oelectrodes. the
ellickency was bess optumud than with Use use of Mo Only very
bow levels of molybdenum were detected by mass spectrom-
elry in the clectralvie solutbon, which s evidence that Lhe
active Mo species is only present on the surface and not
rebeased o solution.

Flpure 1. Surface modification threugh = silu generation of actve
Mo" coating on ancde,

4- Double Layer Control

Upon application of a podential o an electrode in
salubion, an ordering process occurs (o form & structere of
oppositely charged wons and solvent maoleaules at the surfaee,
commonly known as the Helmboliz double laver, There have
been several theoretical models proposed for this interfacial
region (Helmholie, Gouy—Chapman, Sterm) bat the precise
behaviowr depends on the aatwre of electrode (materal and
surface properties), as well ax the composilion of the electro-
Ivie (supporing clecirolvie, solvent)”" Unbike under sque-
owts comafitions, the structure wmd thickness of the double layer
i organke sofvents B ot well-undersiood. Neveriheless, Uhe
structure determines the podential distribution close Lo the
sirface and the uniformity of current. The double layer ths
influences the local driving force for electron transfer. which
dictermines the kinetics of electron wransfer.

Wakdvogel manipulated the interfaciol region in the
recuctbon of menthene oximes through the additon o
guilernary ammonium sals (Figure 913" These small,
hard catbenic specics form o compact and robust layer on Uhe
canlhsle suwrfnce I:r"lgurl: 15A0 It was Foand th di- or polys
ammonium salts separated by an alkyl chain also gave
supenior renclion adoormes, possthly doe o an enfnopic
cllect. The hard, lipoplilic taver was able 10 exclude both
soilvent amcl prodons Irom the surfmce, and decrease ssdes
reactions. The ammonium salts serve (o altcnuale corTosion
o The lesd cathasle, xuppn.-ming the Formatsan of lead sulfaie
depsits 1o keep a shiny intact surface. The adsorplion of
mmmsmgm cnlions also serves o merease the h}'l.!mgun
owerpodential of the cothode by reduacing the rate of the HER.
This effect was [urher studied m an amede deoxygenalion
reaction.""™ It was proposed that the cationic lnver still allows
the tunnelling of elecirons 10 reduce substrate, bul prolom
are repelled due 1@ coulembic repulsion. By aveiding com-
peling  prodon redecton, the double laver prodects the
clectrode from corrosion. and leads 10 an improved perios-
mance Another example of the use of guatermary ammonim
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A) The double layer
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B} Xu's hydroxyalkynylation of alkenes
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Figwee 1. A) Cartosan of the intesfacial dowuble laper formed at @ cath-
pde; B) double laper-cenirelled selectvity of nucleophile sttack; ) ax-
chusion of MeOH fram dewble leper promaies cpelizaicn

salts o suppress hyvdrogen evolution was demonsirated by
Bhanage in the reduction of N-slkoxyamides 1o esters!"™!
Reactive species, such as cations or radicals, can reashily
react with solvent modecules to form undesired produocis
However, when foemed ol an electrode walthin the doahle
lawer, sodvent can be excluded. which can aid reactivity and
cnhance selecuvily. An clegant example of this s from X,
whe reponed an alkyoyl-hyvdrosvlation reacteon of alkenes,
which i lighly repo- and chemo-selective and proposcd o
only be successiul because the selectivity-determining nlkyne
acdhatien sfep occurs within the polarised doable laver {(Fig-
ure 5B The negatively charged alkyoyltrilloorobsorate
nucleophile & altracied o the region and creates a localised

m.:rl;l.-nrl:lhr_-nl;
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high comcentration, while competing neuiral nuceophiles,
sipch s waler, are excloded. Oxicdation ol an cleclrode was
found to be essential for these reasons, as photochemieal or
chemecal oxication condilyoms halitled dhrect reacisn with
witer in preference 1o alkvne,

Mocller also demopstrated Ul an ordered double laver
can improve selectivity in an intramodecular cvelisation
reaclion by promoling cyclisaleon over solvent irappang
(Figure I5CL™ ™ The anodic oxidation and the ensuing
cvelsation ocour withm the ordered environment of the
double layer at the anode surfsce. which slows diffusion and
exclmdes the methanod from the elecimxle surface that could
otfierwise inlerfere with evelisation. Silv] protection of the
mlermal alcobhol masety of the subsirale was 25l necessany o
prevent the intramobeculnr trapping by this competing
nucleophilie

5. Inert Electrodes

Al the other end of the scale to the significant involve-
asenl ol s clectrode amd hagh levels of clectrocitalysis s
electromn  transfer from an inen elecirode that does nod
participale 0 the mechanmism and has Ile subsiralte or
intermeddinle  adsorption. An  owlersphere-type  electron
transler mechani=m is mose dominant, which resilts in high
overparlentials for specific reactions. The best-Enown inert
mnlerial 4 horon |.1|.1|1|.'|J dismond (B, the vse of which n
organic electrosynihesis has primarily been driven by 'Wald-
vogel P2 alibough, the level of interaction of an
elecirode in a reactbon i very dallicult 1o determine, BIMD
his the highest known overpotendial for the oxygen and
h-_..uirnp:n evedution reactions, which indicaies ve ¥ lovw levels
of mileraction. Because ol this, BIMD also offers a very high
pnl:..rn.li:ll window pnd = I'l'tph[]' (humii._'.\l'l:-' mmerl. However, it
hias been shown that the level of bosen doping can actually
affect selectivity,™ amd sp* non-diamond carbon impuritics
alters e potential window, "™ implying that the maerial s
not perfectly inert, BT has been reported o yviekd diller-
cices in selectivily 1o ofher malerals Bovanous reaclions,
sich as U0k redsction.™ ™ However, herein, we describe
several synithetic onganie examples that have reguired the usc
i & mowre inert elecirode, which B hos Tallilled Meore
spectfic features of BDD and s general use has been well
reviewedd elsin e pe |52

The clectrochemical C-H amination of arcrcs via Zincke
imlermedintes () was reporicd by Yoshicda osang o carbon fel
anode and platinum plate cathode, Figure 16/ However,
the SCOPE WS limited to eleciron rich mings containeng
mecthoxny groups. In oan clfon w whben the soope towand
wrenes with less electron density, Waldwvopel explored the use
of different anode materials in the reaction.™ While retain-
ueg thee P counter Cathode in o divided cell set up, the wse of
carbon fel or Deece anodes were confinmed o give maderate
o psier resulis for the wmimation of alkylatod arenes These
poreus carbon materials have high surface arca, which causes
dilfusion of the radical cation away from Lhe elecirode 1o be
meore difficult, os i is labkle 10 adsork and oxidise Tenher
Platinum, glosy carbon amd isosuic graphile angle malen-
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Ancdic amination of arenes Al Anodic Methouylation
Hmdom Al % LIV
i " BDOD | 60 Oite Mel) e
An. Cath Ly, _N: M C-Felt| 10 a0 Pr .
e —_— -
PyridineMecH T ¥ KO, MeOH 10 i
Ole & ieh Mel DM e
:An: Plati lll\/f Glassy Carbon 9 Mol OmeH” OMe An, | 10 1
Lad
] T 8 BOD | 100 1]
; - .:g.-::-rle v Py — Illf___..;l:: B Fr | 100 1
] ylens — = 12 GC| @ S0
. _5,"' MeC ‘I"'me DDQ/CANEASE | 0 50-100
' = B) E5SR spectra obtained for methoxyl radical on several
ol A =y o A O e T L ORR £ Pl S TR alectrode materials

Figeae 16, Ancdic amination ol arenes by Waldvopel vhinwing whigque
perlormance of BOD anode. Cyclic volammagrams of m-sylene {red)
and rrr\-rrll{«l'n" wih pyridine [Dlug), o platmum, glassy carben and
BOMD. Greer dashed bem bighlights the unalfected axidation fosture of
wyleree wpon additicn of pyridine on BOD anade.

als all returmed very poor vields, with clecirode fouling
observed with the fommer wo and corrosion with the latler,
However, switching 1o 0 BIDD anode resulted inoa significant
bt dn vield, wp o 60% OV studies were conducted 1o gain
greater insight inmte the enhanced performance of BIMD
compared Lo platenim and glassy carbon, OV imaces of xylene
(red) and xylene with pyridine (bloe) were recorded and
compared [ Figure 161 With the e of Pfoand glassy carbon
angdes, the oxidation feature of xylens disappeared wpon
additicn of pyridine. However, with a BRD anode the CV
trace wns oniflecied, and the oxidition of ri:_l.'lnlrn.' Wils
retained. This wend correlates with the outoome of the
pmination renction ot each anode material,

A electrochemical dimethoxylaton was a key swep in
Mishivimn and Emagn’s svnthesis of { £ -parmsitenone™ "
[t s of B and P for the oxidation of 9 gave excellent
yiglds of the desired proghuct 10, However, glassy carban or
the we of chemical oxilants retumed & dilfenent, aldehyde
procluct 11 (Figure 17A), Ansdic oxidation of 9 leads 19 the
radical cation 12 from which 11 i formed from metlaxide
dhepriotommang the benayvlic posation (via moule ¢), Abthough
mcthoxide attack of the ring leads to the prosduct 10 {via mowle
ar), The anode matenal dependency on the reaction selectivily
suggests an allernative electrode material-dependent mech-
amism. ESR stodies revealed the formatson of mul]'l.n'c}]
radicals, most efficiency with a BID anode, (00 lesser cxient
with P, bt nod a1 all wath GO (Figure 17 ) The authoms
prograscd that these data signal that mcthoxyl radical attack
onto the mdecal cation is the leading |'|:|II1'A'J1'_|.' 1o provduct 10
(via route &) and were used to explain he selectivity
differences observed with each anode maternial. As methoxyl
radicals are highly reactive, an inerl clecirode proved 1o be
exsential Tor this trandormalion,

The use of a BDD anode led 1o the highest viekds in ihe
chilleaging oxidation of isoeugencod {13} o0 4L -Licann A (14)
(Figure 17 C0"™ This was similarly proposed to be duc 10 the
mare efliceenl [ormatin of methoxy] redicals on BIOL,
Lower wields of the desived product 14 and overnll meass
balunce were observesd with P oand lower sl with glossy
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Fgure 17, A} Two possible mechanioms for the anidatin metharnlation
of B a) and [B] 1o give 10. Aldehyde 17 is foemed freem [): B] E58
specira mevedl methond radsals. leading to mechenism [B): ) farma-
tion al methond radscals sne more efficient on BDD anode in oxidation
of ispeupenael

carbon, The other side-products tleat also required  the
formation of highly reactive radicals were also formed in
greatet quantitics with BDD. Inersstingly, the oxidation o
moeugensl on B in hesafluono iurpn:lp.:nnl. [HFIF) give
the homo-coupled product, disocugenel ™!

Tklvogel tested the inMoence of anode matenals in the
cross-coupling of phenols and arencs Preliminary studies
rewgitled that the wse of carbon electrodes gave only amo-
coupled adducts"™ Platinum plates improved the yvield and
sebectivily al oross 1o komo=coupled matio o 121, but a swairch
io BODY gave a lunher enhancemendt in the selectivity (1.5:1),
Further aplimasation led 1ooaoset of mproved conditions that
contained methanel or water as an additive (Figure 18),F5
When the electrosle matenial was varied agaim, B3, Pt and
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‘" OMe  an [% An | w
Mg (91 C|®
Al | BB Wi | 0
Zn |13 Pt | D
Ll‘-'-"D; Cu| 8§ Fd| O
B| Baran electrochemical Birch ‘1-3-'55 &
+ e
17 18 reduction 10 rrad H “']

"i A BY e e

m I:J Al F in @f\l W e hHE
Figuee 2l DD gives best piekds for phenclfarene coupling reactian, Uﬂ'l' TFPA oH

which produces reactive radical imtermediates. e, That

aprt Bl-TROC Hl‘l-lnﬂh Pigir
GIC all gave excellent selectivity, but BDD proved to be the  Figure 1. A) Mg as secrifical electrode leads ta most eflicsen rest-
superior anode material with respect 1o vield, These obser- Gty B) Mg oc Al as secrificial decirods, M proposed not to play
vations bed the suthors 1o propose the formation of alkoxyl — =Enfeant role in mechanism
radicals, stabilsed by the HFIP eavieonment ol which

mediated the generation of the phenoxy] rdical imermedinte, e L b
Further studies revealed the aleobol additive bemelicially 1 1 Al |85
aliered the oxidation polentials of the subsirates™"" None- i =3 ﬁ ﬂ
theless, the wme of BDD as aninert electrode had o positive 1’11"‘1‘:,11“1 ARCy, iU NCY, TWF.-.. Wihph wil o

KheCH

Figure po. Phosphune pude deosypenstion is aided by sacrificial Al
ancde for in site Lewis add generation

effect on the eatcome of the renction,

6. Sacrificial Electrode

The e of a metal anode with a very low oxidanon A] Roites for the synthesis of
potentinl will leech metal jons inio the solution upon s MHC complexes of 19 'Mitﬁi
oxidation. In this case, il s lermed a sacrificial electrode, as it A0 No_ agCl
in being consumed stoichiomelncally. This appronch s _}F"' ﬁ-l‘?‘
practical, [actle and so (requently appleed as a eounker O,
electrode process. in electrochemeenl reduction reactions Buli or SulK ‘]
Common choices for a sacrificial anode inclwde wine. magne- "'1!"-"':-:'-?'::,:l . E"}:

sigm or aluminmem. In MaAnY cAses, the choice is diciated by
price of loaialy concerms, with lile effeel on the reaction
observed. However, i:nmnmnl:r. the liberated ioms plav a role
i e meacton by coondinuling reactianls of products, amd
maintaining high conductivilty, Care should be taken fo avaid
reduction of Use liberated jom on the cathode 1o avoid sl
circuiling the system, henoe the wse ol highly reducing melals
that thermadynamically disfavour this process

The redection of organehabides & 0 reacteon in whach
a sacrilicial anods is frequently used P in partecular for
cirhoxylation reactions by coupling with U0 as an electim-
phile." 20 Ty metal jons Hberaied from the anode
slabilise the corbosylele prodoct, which adso helps 1o prevent
anodic Kolbe-type reactions of the carboxylaie ™™™
mare recent example & the use of sither Mg or Al anodes by
Baran In an clectrechemical Birch reduction (Fgure 198 ).
The reactiom was shaown tor be highly scalnble and remarkably
tolerant 10 & very wide range of substrates!™ In an carlier
siudy of the same reaction (Figare 1940, Mg anodes were
alse foand to give the highest viells, which was proposed o be
due 1o Mg s acting as ebectron transfer catalyvits or
giahilising anionic intcrmediates and promating their reduc-
L. Mechansiic stadies were ondertaken by Baran o
clucidate if liberated Mg™ jops plaved o bencficial role in Figure 71, &) NHC campleses ponerated fram an decirochemics] pro-
the reaction. The addition of MgBr; & on additive only served  eess; B) the mechanise for ther farmatson
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Table 3: A susmmary aof the key properies, ferm, sousces and eaample uies of comman elestrode matenials used in anganic electresymhesin. Pricing
infiarmateon obvtaired |aruany 2020,
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to decrease the product yichd, alihough i1 seems likely that iis
reduction may compele with substrale reduction, In The
ahscnce of stirring. daminished vields coubd also be correlaied
to smaller electmsde separatbon distances. These dota suggesi
the diffesion of metal ons to the anode is deleterious 1o the
reaction amd so the liberated ions dre sl mechadasiically
relevant,

Rather than a sacrificial anode produciig only wasle
prosucts, it can be used to liberate reagents into selution in
a controlled manner thil malches reaction progress, oflen
vielding resulis that are not possible by other means In oan
elegunt recent examgle of this, Sevow rr.'pul'lﬁl the e of an
aluminum anode in the deoxygenation of phosphine oxides
( Figure :-ll]_ln.m” The sacrificial electrocle oxibises o liberme
aluminum kons into selution that coembine with chlonde ons
to foem an amipe-stabahised AICL complex. This i st
peneraled Lewis acid sctivates the phosphine oxide, produc-
ing a less negative potential [or s sedoetion and sebseguent
deoxygenation. As 2 electrons are reguired for the phosphine
oxide reduction, and 3 are removed from AF o give AY, an
ndditional quantity of added AKCL s reguired (o balence the
stoachigmetry and ensure high resction efficiency, sdthoat
which, n kvwer performance was observisd,

Menal andsles have been employed as sacrificial electodes
by Willans o provide metal ions inte solution, at & contrslled
rate and with control of the oxidation state, in order
generile organometallic complexes thal pre mol otherwise
obtainable (Figure 21 A). Examples of this approsch ioclude
the use of copper. iren and manganese ancdes in the presence
of WHC and saben ligands, to form the cosrespoading
complexes™ = The renction is a paired process (Fig-
ure 21 R). that 15 the lrgand precursor 15 reduced on the
cthode ancd the metal ions are prodhuced an the anode, The
procedunss are remarkably siraightforwand and yvield high
purily complexes withoul the necessity for column chroma-
tography. Simakarly, Mellah demossirmted Sm" compleses
could be efficiently prepared throwgh the use of a sscrificinl
samarium anade, and are impomant catalyses

7. Summary and Outlook

While a rational choice of electrode maternial for use in
organic electrochomical transformations cannol yel be made
readily and reliably, herein, we have highlighted where efflons
hiave mroved beyond screcning and empirical investigatbona, In
many cases, efforts to onderstand the inlluence of electrole
mratcrial through analytical clectrochemistry amd a pliysical
orginic chemistry approsch have led to the ehesididion of
tremds. Such trends and insight may be applicd mone broadly,
which will lead to enhanced efMoences and new opporto-
mities. Due to the complexities and vanation of electrode-
subsirale inlernclions i arganic iransfommations, i s likely
thot expenimentation will remain necessary, even when ithe
choice is gusbed by principles To aid explosation of the
breadih of materinls available, vwo ables are appended
summarisdng key maleninls their properties, and applications
in elecirosynithesis | Tables 2 and 3,
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The eriteria for an ideal clecirode maicrial is ihat it s
mexpensive, non-loxic, stable, manipulatable, resst corrasion
and, most imporiantly, provide high viclds and exquisiic
sebectivily. While o npumber of muterials perform extremaely
well and (it many of these eriteria. it is clear that there &
currently no naterial tial meets all of them. These crileria ane
also reaction-specific, as cost, selectivity and yield have 1o be
balanced agains the cod of product and epse of access 1oL by
otfier means The development of new mateérials and the
design of robust electrocnlalyats [or ogande synlhesis alao still
Ings many other applications of electrochemistry, vel may
provide new opporiunitics for the fiebd, While the electnode
material remains a key oplimisation parameter, it holds grent
:l-p'lpnl'l:.u'l.i[:,.' L mpeart mew r::m:ir.il:.' amd greater rameLiodn
ellickency,
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