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Carbon—Carbon Bond Formation with Electrogenerated Nickel and Palladium
Complexes

Elisabet Dunach,*!3! Delphine Franco,” and Sandra Olivero!”!

Keywords: C—C coupling / Electrochemistry / Reductions / Nickel / Palladium

We report coupling reactions of organic derivatives through
catalysis by nickel and palladium complexes combined with
electrochemical methods. Arylation, carboxylation, carbonyl-
ation, cyclisation, alkylation, and other reductive C-C bond
forming reactions of organic halide derivatives, unsaturated

hydrocarbons, and carbonyl derivatives, are presented. This
review highlights electrosynthesis as an alternative methodo-
logy in the field of synthesis and catalysis.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

In recent years there has been a growing search for novel,
environmentally clean and catalytic routes for the synthesis
of fine chemicals. In this context, electrochemistry rep-
resents a convenient synthetic method in which electrons
constitute clean and energetically efficient reactants. Elec-
trosynthesis in conjunction with organometallic catalysis
has provided mild and selective processes that have been
applied to organic synthesis,l! 73] and several industrial ap-
plications*>! have been developed in recent years.
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Electrochemistry can provide an easy way to generate
(and regenerate) a desired oxidation state of a metal com-
plex that becomes the active catalytic species for an organic
reaction. In the particular case of redox processes, the active
catalytic species can be recycled continually by the electrode
oxidation or reduction reactions. In these processes, the
electrons are consumed stoichiometrically with respect to
the substrate. Unlike classical organic reactions, the metallic
oxidant or reducing reagent is used only in catalytic
amounts, so it is the electrons that are used as clean, con-
trolled, and nonpolluting redox agents.[) In non-redox reac-
tions, electrocatalytic processes are involved: electrochemis-
try is needed only to generate the catalytic system. It has
been observed that electrogenerated species can be more re-
active than their chemically prepared analogues.!!-”!

Coupling reactions involving organic substrates often re-
quire preparation of an organometallic reagent. Electro-
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chemical reactions with catalytic amounts of low-valent
nickel and palladium species, generated in situ from Ni'l or
Pd"™ precursors, allow for direct, one-step coupling pro-
cesses. Electrolyses are conducted generally at relatively low
reduction potentials, avoiding the direct reduction of the
organic compounds.

In the particular case of electrochemical reactions involv-
ing nickel complexes, the catalyst precursors are generally
stable and readily available Ni! compounds. Many re-
ductive coupling reactions of organic derivatives have been
developed that involve the in situ generation of Ni® or Ni!
species. Whether either Ni° or Ni! species are formed from
Ni'f complexes depends on the nature of the ligands associ-
ated to the metal centre. Thus, tetraaza-macrocyclic ligands,
such as cyclam, salen, or porphyrin-derived ligands,®! gen-
erate Ni! intermediates. The reduction of (phosphane)Ni'!
complexes allows either the formation of Ni' intermediates
with further reduction to Ni° species, or the direct forma-
tion of Ni° complexes, depending on the nature of the phos-
phanes.”] Other ligands, such as bidentate 2,2'-bipyridine,
or mono- or diamines, undergo generally a direct two-elec-
tron reduction to Ni’ complexes.[']

Reduction Ni'; Oxidation Ni':
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y LNi
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Oxidative coupling reactions involving oxidised nickel
complexes are less common. The electrogeneration of high
oxidation states of nickel — for example Ni'll species — has
been described, for example, with phosphane,!'!] arsane,!?!
salen,['3] cyclopentadienyl,[''] amine,l'*! and thiolate-typel'!
ligands, and electrochemical studies have been carried
out.['8] Electrochemical reactions with oxidised nickel spec-
ies have been reported for catalytic oxidation of various
functional groups.'”-'81 The use of these complexes, how-
ever, in catalytic C—C bond-forming reactions has, to the
best of our knowledge, not yet been reported.

Electrosynthesis with palladium catalysts has been stud-
ied in several electroreductive coupling reactions. Pd" com-
plexes are usually the catalyst precursors and undergo a
two-electron reduction to Pd® species,['”) although the elec-
trochemical generation of Pd' species has also been re-
ported.?”) The use of Pd complexes in oxidative electro-
chemical C—C bond-forming reactions has been examined
only in a few examples,>! although other oxidative Pd-cat-
alysed processes involving oxidation of functional groups
have been studied.*?

One- or two-compartment cells can be used for prepara-
tive organic electrosynthesis. Single-compartment cells, avo-
iding the use of membranes and compartment separators,
offer simplicity and allow for easy scale-up of reactions.
This methodology generally is associated with the use of
sacrificial metal anodes.?3-24

Most synthetic applications in electrochemically assisted
nickel- and palladium-catalysed C—C bond-forming reac-
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tions have been carried out in the field of reductive coup-
ling. This review concentrates on the C—C bond-forming
reactions and does not report the electrochemical reduction
or oxidation of functional groups or the formation of
C—heteroatom bonds.

In each section of this review we first discuss the reactiv-
ity of aryl halides, followed by that of vinyl, allyl, benzyl
and other activated halides, and finally that of alkyl halides.
In each case, the use of nickel complexes is discussed before
that of palladium complexes. In Section 6, which discusses
the reaction of organic halides with olefins, we describe the
reactivity of activated (conjugated) olefins before that of
non-activated double bonds.

1) Homocoupling of Organic Halides

Among homocoupling reactions, aryl—aryl bond forma-
tion constitutes one of the most important tools in organic
synthesis.?! The electrochemical syntheses of biaryls from
aryl chlorides, bromides, iodides, and triflates, are all pos-
sible.?*27l Mono- and bidentate phosphane ligands [e.g.,
PPh;, dppe = (diphenylphosphanyl)ethane] have been used
in Ni'l-catalysed electrosyntheses of biaryls in variable
yields (Scheme 1).128732 The preparation of bipyridines and
quinolines from the reductive coupling of heteroaryl halides
also has been reported.[*3 Reactions proceed through Ni®
in DMF or THF/HMPT as the solvent. Thus, the coupling
of chlorobenzene led to biphenyl in 82% yield when 10% of
[Ni(PPh;),Cl,] was used as the catalyst.['%]

Cl
a
I OO
Me

57%

Scheme 1. a) e~, [NiCly(PPhs),] (10 mol %), HMPA/THF/LiClOy,,
one-compartment cell, —2.0 to —2.5 V vs. Ag/AgCl, room temp.

Electrogenerated Ni° complexes associated with diamine-
type ligands, such as 2,2'-bipyridine (bipy) or 2,2'-dipyridy-
lamine (dpa), have shown high efficiency in the dimerisation
of aryll® and heteroaryl® halides. o-Substituted aromatic
halides also can be coupled.[*® The use of sacrificial anodes
has allowed reactions to be conducted in undivided cells in
either  DMF or EtOH.37-38 Thus, the system of
[NiBry(dpa)] and a stainless-steel anode led to 90% biaryl
coupling for 4-bromofluorobenzene and 63% for 4-acetyl-
bromobenzene.[*!

Electroanalytical studies on aryl homocoupling with Ni'!
have reported“®#!l that they involve classical homogeneous
catalytic processes: oxidative addition, reductive elimin-
ation, and ligand exchange (Scheme 2). The formation of a
zero-valent nickel species from LNi'l, with ligands such as
PPh; [ or dppe,[] is followed by oxidative addition of the
aryl halide to afford c-aryl—Ni"—X intermediates. Their
reduction to c-aryl—Ni' allows a second oxidative addition
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of aryl halide to occur with the formation of a diaryl—Ni'll

intermediate. This process is followed by a reductive elimin-
ation to afford the biaryl compound and Ni', the reduction
of which enables the regeneration of Ni®. A different path-
way is followed by (bipy)Nil complexes,'%#31 in which li-
gand exchange between two c-aryl—nickel intermediates af-
fords a biaryl with the regeneration of Ni'.

e 0 ArX
V LNi %
LNi'X 1
LANiHX
Ar-Ar
o~
x-
LArNiTx 1
LAINi
- T/
L = dppe
Scheme 2

The electrochemical preparation of highly reactive nickel
from a nickel anode and its further use in aryl halide homo-
coupling has been reported.*4

Electrochemical aryl coupling has been extended to the
polymerisation of dihalides by several Ni'l complexes.[*>-46]
The polymerisation of 1,4-dibromobenzene to poly(1,4-
phenylene) was catalysed by electrochemically reduced
[NiCly(dppe)].[*”! The polymer was proposed to have reg-
ular para linkages and an average length of 6—18 phenylene

units (Scheme 3).1481
a—@—a 2 H@—}H
n
n=6-18

Scheme 3. a) e, [NiCl,(dppe)] (10 mol %), DMSO, —2.2 V, one-
compartment cell, 65 °C

Electrogenerated (bipy)Ni® complexes have been used as
catalysts for the dehalogenative polycondensation of 4,4'-
dihalobiphenyl and N-alkyl-3,6-dibromocarbazoles to form
phenylene—carbazolylene copolymers,*’! which are elec-
troactive materials with adjustable properties.[>°]

[PACI,(PPhs),] also has been used as a catalyst precursor
for the electrosynthesis of biaryls from aryl iodide, bro-
mide,P!1 and triflatel>>33! derivatives, in yields of 34—78%
(Scheme 4). Mechanistic studies with Pd™ associated to
phosphane ligands have been reported.[!:34:35]
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50%

Scheme 4. a) e, [PdCl,(PPhs),] (10 mol %), DMF/nBuysNBF,,
—1.7 V vs. SCE, two-compartment cell, 90 °C

The activation of alkenyl halides is more difficult than
that of aryl halides, but several electroreductive nickel-cata-
lysed homo- and cross-coupling reactions involving alkenyl
halides have been reported. These reactions lead to valuable
target molecules, such aryl vinyl derivatives, conjugated di-
enes, and B,y- or y,8-unsaturated compounds.% In classical
organometallic chemistry, several nickel complexes have
been tested stoichiometrically?®” and catalytically!®® for
these coupling reactions.

Electrochemical homocoupling of alkenyl halides me-
diated by [NiBry(bipy)] has been reported in NMP and
DMF at 20 °C with a consumable magnesium anode
(Scheme 5).51 The mechanism of this dimerisation has
been studied.[*%

CsH,,

H
CH, _ ® . >:S——<H
2 >—< — H — -+ isomers
H 1 H

CSHII

76.5%
EE :98%

Scheme 5. a) e, [NiBry(bipy)] (10 mol %), DMF, one-compart-
ment cell, Mg anode, 20 °C

The electrosynthesis of conjugated symmetrical (E,E)-di-
enes can be performed from (E)-alkenyl halides in good
yields and regioselectivities. A lack of stereoselectivity was
observed for the preparation of conjugated (Z,Z)-dienes,
which limits interest in this reaction.[®?]

Polyacetylene has been prepared electrochemically from
diiodacetylene reduction with catalysis by [Nil,(dppe)] to
give an insoluble black powder that presumably corre-
sponds to a polyyne derivative.[®!]

Benzyl chloride has been reported to afford 50% of dimer
PhCH,CH,Ph, and 50% of toluene, upon electroreduction
in ethanol at room temperature in the presence of
[NiBr,(PBus),] at —1.25 V vs. SCE.[?] The electroreductive
dimerisation with [NiBr,(PPhjs),] at low temperature (—20
°C) gave 90% of the coupling product.l®3! The dimerisation
of benzal chloride catalysed by [Ni(salen)] {salen = 2,2'-
[1,2-ethanediylbis(nitrilomethylidyne)]bis[phenolato]} in
DMTF also has been studied.[®*

The electropolymerisation of 1,4-bis(chloromethyl)ben-
zene, in the presence of catalytic amounts of [NiCL,L] (L =
dppe or dppp), afforded poly-p-xylylenes in yields of
81—98% (Scheme 6).[%5] Mechanistic aspects of the reaction
have been examined.
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CKJHZ—@—CHZG — .

Scheme 6. a) e”, [NiCLLL] (L = dppe) (10 mol %), DMSO, —2.2
V, one-compartment cell, 65 °C

vt

98%

Electrogenerated (bipy)-, (PPhs)-, (BusP)-, and (phen-
anthroline)Ni systems have been reported to catalyse the
dimerisation of aliphatic mono- or dibromides with variable
yields.[°6-671 Using [NiBr,(PPhs),] as the catalyst, the di-
merisation of alkyl and allyl halides gave R—R species and
1,5-hexadienes, respectively, in yields of up to 92%.163-:68]

The reductive coupling of alkyl halides has been reported
with the use of electrogenerated nickel(1) complexes derived
from [Ni'(cyclam)] (cyclam = 1,4,8,11-tetraazzacyclotetra-
decane)l® or [Ni'(salen)] derivatives. Thus, under electro-
chemical conditions, [Ni"(salen)] catalysed the reductive
coupling of octyl bromide to the corresponding C-16 ad-
duct,’ as well as that of other alkyl bromides and iod-
ides.l”!] The kinetics and the mechanisms of these reactions
have been examined, and radical intermediates have been
proposed.[”? The electroreductive coupling of a,m-dihaloal-
kanes catalysed by [Ni(salen)] complexes has also been ex-
plored.[”!] Thus, electrolysis of 1-bromo-4-chlorobutane or
of 1-chloro-4-iodobutane at a controlled potential in DMF
led to 1,8-dichlorooctane in 80—90% yield, along with small
amounts of 1-chlorobutane (7—10%) and 4-chloro-1-butene
(2%) (Scheme 7).

Br a (\/\/\/\/Cl
2 o T o ¢

89%

Scheme 7. a) e, [Ni'l(salen)] (10 mol %), DMF/MesNCIO,, two-
compartment cell, —1.0 V, vitreous carbon cathode

The reactivity of [Ni"(salen)] complexes in the formation
of polymeric films has been examined”*! and mechanistic
studies have been reported.l’¥

2) Heterocoupling of Organic Halides

The direct electrochemical synthesis of heterobiaryl de-
rivatives has been reported for the coupling of an electron-
rich aryl halide with an electron-poor one (Scheme 8).[73
These reactions were catalysed by [NiBry(bipy)], in an un-
divided cell in the presence of a magnesium anode, in NMP
at room temperature. Selectivities of 15—70% were ob-
tained. Heterocoupling of aryl halides with 2-chloropyrid-
ines, 2-chloropyrazines, and 2-chloropyrimidines, has also

been described.[76-77]
a cl
a
T T = v OO
NC
65%

Me,N
Scheme 8. a) e, [NiBr,(bipy)] (10 mol %), NMP, one-compartment
cell, Mg anode, stainless steel cathode, / = 50 mA, room temp.
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A two-step procedure for heteroaryl coupling has been
described for [PdCIl,(PPhs),]. The first step of stoichio-
metric preparation of a c-aryl—palladium was followed by
its electroreduction in the presence of a second aryl halide.
The unsymmetrical biaryl compound was obtained quanti-
tatively and Pd® was regenerated.®!>31 A combination of
(bipy)Ni and (PPh;)Pd catalysis with a zinc anode afforded
yields of 83—90% for heteroaryl coupling in a two-step pro-
cedure.l’879

Heterocoupling of aromatic halides with allyl or vinyl
halides has been reported using [NiBr,(bipy)] with sacri-
ficial anodes of Al in DMF at 40—70 °C (Scheme 9).139 The
substrates used were allyl chlorides or acetates and vinyl
bromides or chlorides.

CH

Br ™ 3
a
/©/ © B /%/CH3 /@/\/
NC NC

(ZIE : 50/50) 66% (Z/E : 20-80%)

Scheme 9. a) e~, [NiBr,(bipy)] (10 mol %), one-compartment cell,
DMF, Al anode, 40—70 °C

Similar cross-coupling reactions between heteroaromatic
bromides and vinyl halides have been described with
[NiBr,(bipy)] catalysis in DMF solutions. The coupling of
B-bromostyrene with 2-bromopyridine or 2-bromothio-
phene (Scheme 10) formed the nonsymmetrical diaryl olef-
ins stereoselectively in yields of 40—69%.7°! (E)-B-Bromo-
styrene afforded the (E) adduct in 88% selectivity and (Z)-
B-bromostyrene formed the (Z) adduct (95%). Competitive
pathways for a first (vinyl)NiBr or (hetAr)NiBr formation
were proposed.[’]

Br X a X
/=‘/ + | P —_— - l
Br N/ —
Fh Ph

69% (Z/E : 12/88)

Scheme 10. a) e, [NiBr,(bipy)] (10 mol %), one-compartment cell,
DME, Al anode, room temp.

Cross-coupling of aryl halides with alkyl iodides has been
reported recently wusing [PdCl,{P(o-tol);},] catalysis
(Scheme 11).8" The reaction proceeded first by activation
of the alkyl halide with electrogenerated reactive zinc. A
further Pd-catalysed cross coupling of the organozinc inter-
mediates with various aryl halides gave the corresponding
cross-coupled products in yields of 48—98%.

I/\M COOEt Br b COOE:t
. + ——— n
CH,0

CH30
n=1:66%
n=2:80%
n=3:90%

n=1,2,3
Scheme 11. a) Freshly electrodeposited Zn, DMF, 0 °C to room
temp., 10—30 min; b) [PdCl,{P(o-tol)s},] (5 mol %), THF
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The electrochemical Ni'l-catalysed reductive coupling of
aryl halides and a-halocarbonyl derivatives has been re-
ported.[3? The electrosynthesis of aryl acetic and aryl propi-
onic esters was first reported using Ni/PPh; catalytic sys-
tems in THF/HMPT or THF/NMP in yields of 30—85%.[3%
Further cross coupling of aryl halides with a-chloropro-
pionic acid, a-chloropropiononitrile and a-chloro ketones
has been described in yields of 50—85% with the use of a
sacrificial anode in the presence of [NiBr,(bipy)] as the
catalyst (Schemes 12 and 13).3435 Heteroaryl halides, such
as 2- and 3-bromothiophenes, also have been used.[®® The
asymmetric version of the reaction using chiral 2-chloro es-
ters also has been reported.®*®! Biaryl formation was a
minor reaction. The slow addition of the activated a-halo-
carbonyl compounds to the aryl halide solution was neces-
sary to minimise the direct reduction of the a-chlorocar-
bonyl derivative.

F@ P '
a
Br OMe OMe

75%

Scheme 12. a) 2 e, [NiBry(bipy)] (10 mol %), DMF, one-compart-
ment cell, Al or Zn anode

F,C Br vﬁ . BC Me
T ot —— I

80%

Scheme 13. a) e, [NiBry(bipy)] (10 mol %), DMF, one-compart-
ment cell, Al anode, 70 °C

Cross coupling between vinyl halides and a-halocarbonyl
and -nitrile compounds allows the preparation of B,y-un-
saturated esters, ketones, and nitriles, products that are of
high interest as precursors of natural and pharmaceutical
products.®”] Electrolyses were performed in yields of
53—88% in DMF with [NiBr,(bipy)] as the catalyst, with
the slow addition of the activated a-halocarbonyl derivative
(Scheme 14). (E)-Alkenyl halides led to the (E) coupling
products and (Z)-alkenyl halides led to the (Z) isomers in
74—98% selectivities.[84a!

Me

Ph
\=\ + l/]\ .;a__>
X C COMe

2%

Scheme 14. a) e, [NiBr,(bipy)] (10 mol %), DMF, one-compart-
ment cell, Al anode

3) Electrocarboxylation of Organic Halides

The direct electrocarboxylation of aryl halides, at room
temperature and with CO, at atmospheric pressure, to af-
ford the corresponding benzoic acid derivatives, has been
reported to be efficient in undivided cells in the presence
of sacrificial anodes (Mg or Al).[2324881 No catalyst was

Eur. J. Org. Chem. 2003, 1605—1622 WWw.eurjoc.org

necessary to prepare aryl or benzyl carboxylic acids, but
using Pd' or Ni'' catalysts allowed the carboxylation of
other halides, even in the presence of functional groups not
compatible with the direct electroreductive process.

The electrochemical carboxylation of aryl halides (ArX;
X = Br, Cl, 1), in the presence of [NiY,(PPhj),] (Y = CI,
Br) in THF/HMPA with an excess of ligand, has been re-
ported to proceed through stable c-aryl—nickel intermedi-
ate complexes of type [ArNiYL,]. Under atmospheric press-
ure of CO, at room temperature, these Ni'l complexes were
reduced and carboxylated to afford the corresponding ar-
enecarboxylates with good faradaic and chemical yields.[*]
The use of [NiCl,L,] catalysts (L = PPhs; dppe) for the
electrocarboxylation of aryl bromides such as 4-RCsH,Br
(R = F, OPh, CF3) has been reported to give the corre-
sponding benzoic acids with 56—84% selectivities.[*"!

The detailed mechanism, including kinetic data, has been
studied for the nickel-catalysed electrocarboxylation of
bromobenzene in the presence of CO, and -catalytic
amounts of [NiCly(dppe)] (Scheme 15).°1:921 The electroly-
sis afforded good yields of benzoic acid, with only traces
(< 0.2%) of biphenyl. The reaction was shown to proceed
through a sequence involving Ni°, Ni!, Ni'! and Ni'"! inter-
mediates, as in the case of Ni-catalysed biphenyl forma-
tion. !

Nill
ArCO0™ l 2e™

e ArX
Ni°
ArCOONi!
/ Amillx
-
Al
/N -
F c—©0 X
ANl
o,
Scheme 15

The electrochemical carboxylation of alkyl-substituted
vinyl bromides in the presence of [NiBr,(bipy)] and an Mg
anode, in DMF under CO, at atmospheric pressure, gave
the corresponding a,B-unsaturated carboxylic acids in
yields of 53—82%.3 With this system, 1-bromocyclooctene
gave 82% cyclooctene-1-carboxylic acid, and lactone enol
triflates afforded the corresponding cyclic a-alkoxy-a,B-un-
saturated carboxylic acids, captodative cycloalkenes, in

good yields (Scheme 16).°4

M OTf Me COOH
(AN G

79%

Scheme 16. a) e~, [NiBry(bipy)] (20 mol %), DMF/nBuy;NBF,,
p(CO,) = 1 atm, T = 5 °C, one-compartment cell
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The Ni-catalysed electrocarboxylation of aryl halides has
been applied to the synthesis of benzolactones from epox-
ide-functionalised aromatic halides, using one-compart-
ment cells with an Mg anode.®> Thus, CO, incorporation
into 2-haloaryl epoxides led chemoselectively to car-
boxylated products that varied according to the nature of
the substrate and of the catalytic system (Scheme 17).

00
Ph
a \(_Y 91%
s )

R=H
5 HO_ Me
[ 4
Br €0 0 3%
b
0
R=Me Me OH
c
@ig)‘ 88%
o}

Scheme 17. a) e~, [Ni(cyclam)]Br, (10 mol %), DMF/KBr, one-
compartment cell, Mg anode, stainless-steel cathode, p(CO,) = 1
atm, room temp.; b) e~, [Ni(bipy);](BF4), (10 mol %), DMF/
nBuyNBF,, one-compartment cell, Al anode, stainless-steel cath-
ode, p(CO,) = 1 atm, room temp.; ¢) e, [Ni(cyclam),](BF,4), (10
mol %), DMF/nBuy,NBF,, one-compartment cell, Al anode, stain-
less steel cathode, p(CO,) = 1 atm, room temp.

Whereas terminal epoxides lead to cyclic carbonates in
good yields,®® 1,1-disubstituted epoxides react first
through electrocarboxylation of a carbon—halogen bond
followed by an oxirane ring opening. Five-membered-ring
benzolactones were selectively formed with cyclam as the
ligand on nickel, whereas six-membered-ring isocoumarin
derivatives ~ were  obtained using  2,2'-bipyridine
(Scheme 17).1°7]

The electrochemical tandem [Ni(bipy);](BF,),-catalysed
cyclisation/carboxylation reactions of conveniently func-
tionalised aryl halides, to afford carboxylic acids in cyclised
structures, have been reported (Scheme 18).17]

c COH
a
a4
70%

Scheme 18. a) e~, [Ni(cyclam)](BFy), (10 mol %), DMF/
nBuyNBF,, Mg anode [Ni cathode, one-compartment cell, room
temp., p(CO,) = 1 atm]

The electrocarboxylation of benzyl halides affords aryla-
cetic acid derivatives in excellent yields and can be per-
formed without metal catalysis.>3>4 The electrocarboxyl-
ation has been reported, using either [NiCl,(dppe)] or
[NiCly,(dppp)], for the synthesis of 2-arylpropionic acids
such as the anti-inflammatory agents naproxen, fenoprofen
and ibuprofen, which were prepared by electrocarboxyl-
ation of the corresponding ArCHMeCl at atmospheric
pressure of CO,, in yields of 76—90%.%

The electrochemical carboxylation of substituted benzyl
chlorides, catalysed by [Ni(salen)] derivatives in aceto-
nitrile, yielded the corresponding arylacetic acids and sub-

1610 © 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

stituted toluenes. The mechanism has been studied by cyclic
voltammetry and controlled-potential electrolysis.[' Re-
markable catalytic currents were measured under CO,. The
results indicated the strong influence of the halide structure
on reactivity. The electrogenerated [Ni'(salen)]” reacted
with the benzyl halide to form a benzyl radical; its further
reduction to the carbanion was followed by electrocarboxyl-
ation, a process that was in competition with protonation
by residual water.

The electroreductive carboxylation of aryl halides, o-
bromostyrene, and allyl acetates in DMF saturated with
CO, has been studied in the presence of catalytic amounts
of [PACLy(PPhs),] and [Pd(PPhs),].l1°1 Thus, p-tBuCgH,l
afforded p-tBuC¢H4CO,H in 85% yield.

[PACl,(PPh;),] has been used also in the electrochemical
carboxylation of aryl and vinyl triflates resulting in the for-
mation of aromatic and o,B-unsaturated carboxylic acids,
in yields of 32—86%.[34a:103]

The mechanism of the electrocarboxylation of aryl hal-
ides with [PdCl,(PPhs),] was shown to be different from
that involving Ni'L.['% It proceeded by reduction of the di-
valent palladium to [Pd°(PPhs),], followed by oxidative ad-
dition of the aryl halide to the resulting poorly ligated Pd°,
to afford the corresponding c-aryl—Pd" intermediate. Its
two-electron  reduction  yieldled an anionic o©-
[ArPd°(PPhs),]~, which dissociated reversibly to restore
Pd°(PPhs), and the c-aryl anion, Ar~. Nucleophilic attack
of Ar~ on CO, gave the desired carboxylate.

Electrochemical carboxylation of benzyl chlorides cata-
lysed by (phosphane)Pd" complexes afforded 2-arylpro-
pionic acids in good yields under CO, at atmospheric press-
ure (Scheme 19).1'5] Mechanistic and electrochemical stud-
ies revealed the cooperative role of reduced palladium spec-
ies in the activation of the CO,.

82%

Scheme 19. a) e, [PdCly(PPh;),] (5 mol %), DMF/nBu,;NBF,, i =
10 mA/ecm?, T = 5 °C, p(CO,) = 1 atm, Pt cathode, Mg anode

4) Carbonylation of Organic Halides

[NiBry(bipy)] has been shown to be an efficient catalyst
for the electrochemical carbonylation of organic halides to
afford symmetrical and nonsymmetrical ketones in the pres-
ence of a carbonylmetal compounds, such as [Fe(CO)s], as
the source of CO.!'° Thus, symmetrical ketones were ob-
tained by electroreduction of an organic halide in DMF or
MeCN in an undivided cell. The process is especially well
adapted for primary benzyl chlorides and alkyl iodides; the
corresponding ketones are obtained in yields of up to 90%
(Scheme 20).1971

Www.eurjoc.org Eur. J. Org. Chem. 2003, 1605—1622



C—C Bond Formation with Electrogenerated Ni and Pd Complexes

MICROREVIEW

O —=— g7 0

90%
Scheme 20. a) e, [Fe(CO)s] (15 mol %), [NiBry(bipy)] (15 mol %),
CO (1 atm), DMF/nBuysNBF, (Ni cathode, stainless steel anode)

Nonsymmetrical aryl benzyl ketones or alkyl aryl ketones
have been obtained in yields of 35—88%, by the direct elec-
trolysis of a mixture of the two halides using the same cata-
lyst system (Scheme 21). For example, benzyl p-meth-
oxyphenyl ketone, derived from the coupling of benzyl chlo-
ride and p-methoxyphenyl iodide, was prepared in 88%

yield.[108]
I
S @

Scheme 21. a) e~, [Fe(CO)s] (30 mol %), [NiBry(bipy)] (30 mol %),
DMF/nBuy,NBF,, stainless steel anode, nickel grid cathode

(0]

n-CgHj,1

42%

The electrochemical formation of ketones from organic
halides and carbon monoxide also has been reported. The
dissolution of a stainless-steel anode provides a catalytic
amount of a nickel species and enables the synthesis of ke-
tones from organic halides in DMF in the presence of CO
at atmospheric pressure.l'%! The mechanism of this Ni’-cat-
alysed electrochemical carbonylation has been studied.[!'"]
The [Ni(CO)(bipy)] complex was proposed as an intermedi-
ate.l''] Pathways leading to the formation of an active
RCO—[Ni'(bipy)]-type intermediate and of an inactive
[Ni(CO),(bipy)] were proposed. The carbonylation required
a careful control of the reaction conditions to avoid a loss
of the catalytic activity.

The electrochemical carbonylation in the presence of CO,
and [NiBr,(bipy)] in NMP or DMF has been reported.
[Ni(CO),(bipy)] was formed from an electroreduction pro-
cess of CO, to CO.I''?I The addition of benzyl chloride, or
of an alkyl bromide or iodide, to the system resulted in
the formation of a symmetrical ketone, RCOR, in yields
of 60—85%.[1131

The electroreduction of [PdCl,(PPhjs),] in the presence of
carbon monoxide allowed the formation of lowly ligated
[Pd(CO)(PPh;),].l''Y The further oxidative addition of 4-
iodoanisole to this complex occurred readily, and 4-anisal-
dehyde and anisole were formed in yields of 14 and 46%,
respectively.

5) Reductive Coupling of Organic Halides with
Carbonyl Derivatives

The electroreduction of an organic halide in the presence
of a carbonyl compound affords the corresponding alcohol
efficiently and under mild conditions. This electrochemical
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reaction works particularly well with activated, easily reduc-
ible organic halides, such as a-halo esters, allylic, propar-
gylic and benzylic halides. The electrochemical processes
complement the chemical alkylation of carbonyl com-
pounds by Grignard, organolithium or other organometal-
lic reagents,[''>! but they avoid the need to prepare the or-
ganometallic reagents and can operate in various polar sol-
vents at room temperature.

The electrochemical Reformatsky reaction of o-halo es-
ters with carbonyl compounds to yield B-hydroxy esters has
been reported with the use of a Zn anode in single-compart-
ment cells.[''® The reaction was catalysed by [NiBr,(bipy)]
in DMF at room temperature. The coupling products were
obtained selectively in yields of 55—89%. The mechanism
of the reaction has been proposed to involve the insertion
of electrogenerated Ni into the a-halo ester, followed by an
Ni'/Zn"' transmetallation reaction, that leads to an or-
ganozinc Reformatsky-type reagent.l''®] The electrosynth-
esis of various B-hydroxy esters, B-hydroxy nitriles and 2,3-
epoxy esters was achieved successfully in DMF. Thus, the
carbonyl coupling with methyl chlorodifluoroacetates al-
lowed the preparation of a wide range of 2,2-difluoro-3-
hydroxy esters in 20—79% vyields (Scheme 22).!''71 High
yields were also obtained with enolizable aldehydes.

H
CHO F a COOMe
" r F F
CI" "cooMe
excess 79%

Scheme 22. a) e~, [NiBry(bipy)] (10 mol %), DMF, ZnBr, (0.5
equiv./PhCHO), one-compartment cell, Zn anode, room temp.

Electrochemical reactions involving the reduction of allyl
halides or acetates in the presence of carbonyl com-
pound — leading to the synthesis of homoallyl alcohols —
have been studied extensively. In the absence of catalysts,
mixtures of homoallylic alcohol, pinacol, aldol-type ad-
ducts, and reduced alcohols, were obtained.!'!'®! Electro-
chemical allylation of both aldehydes and ketones in the
presence of tin catalysts,''”)  Sm!'' species,'?” or
[NiBr,(bipy)],l'>1:1221 has been reported to afford good
yields of the corresponding homoallylic alcohols. The
[NiBr,(bipy)]-catalysed electrochemical allylation of car-
bonyl compounds was carried out in yields of 60—85% in
DMF at room temperature using a sacrificial zinc anode
(Scheme 23). Ni® was electrogenerated from Ni'l and (m*-
allyl)Ni'! species were proposed as intermediates.[!??]

Me

0 Z

Me\y\/ Cl HO
a
+ or —

/\rCI
Me 60%

(diastereoisomers mixture)

Scheme 23. a) e, [NiBr,(bipy)] (10 mol %), DMF, Zn anode, one-
compartment cell, room temp.
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In nonelectrochemical allylations, stoichiometric Ni° re-
actions with aldehydes involving (m3-allyl)nickel complexes
have been reported to be slow reactions, with the (allyl)Ni't
complexes known also to undergo dimerisation.['?3]

Allyl ethers have also been tested as sources of electro-
generated allyl species. Intramolecular allylation of carbonyl
compounds with functionalised allyl aryl ethers in the pres-
ence of [Ni(bipy);(BF,4),] as the catalyst has been reported
to afford the corresponding homoallyl alcohol—phenol
products in good yields (Scheme 24).1124

(o} H

dn a R
O/\/ oH

87%

Scheme 24. a) e™, [Ni(bipy)s](BF4), (10 mol %), DMF/nBuysNBF,,
one-compartment cell, Mg anode, room temp.

Aldehydes were efficiently converted into the correspond-
ing homoallylic alcohols in yields of 42—87% in a one-com-
partment cell with a magnesium anode (Scheme 24). The
intramolecular allyl transfer to ketones was most efficient
with the use of a zinc anode.l'>’! Electrosynthesis was ex-
tended to the selective cleavage of aliphatic and benzylic
allyl ethers and esters.'>>127] This interesting transform-
ation is catalytic and a mild alternative method for allyl
ether or ester deprotection.[!?8]

The mechanisms have been examined for the electro-
chemical allyl cleavage!'> and of the intramolecular al-
lylation process!!3% with allyl ether substrates. Ni® insertion
into the C—O bond of the allyl ether leads to a n-allyl—Ni'l
intermediate that undergoes a further reduction at the same
Ni'"/Ni® reduction potential, with a rapid allyl transfer to
the carbonyl group. Chemical and theoretical studies
have confirmed the possibility of the reduction of the
(m3-allyl)nickel intermediates.['3%]

The Nil-catalysed electrochemical cleavage of allyl ethers
has been extended to ortho-carbonylated allylic esters.'31 As
described in Scheme 25, the allyl ester cleavage (also reported
with allyl carbamates!'3?) and further allyl transfer to the
carbonyl group were followed by the lactonisation of the
hydroxy acid intermediate, all in a one-pot reaction. The sel-
ectivity of the method has been highlighted by the synthesis
of a series of bicyclic lactones with yields of up to 95%.[131]

Y

H a,b (o)

0\/§ o

95%

Scheme 25. a) e, [Ni(bipy);](BF,), (10 mol %), DMF, Zn anode;
b) hydrolysis

The nickel-catalysed electrochemical allyl transfer from
allylic B-oxo esters has been examined, including the use of
chiral ligands, with asymmetric inductions of up to 17%.133
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The electrochemical cleavage of propargyl ethers!!3# and
the intramolecular propargyl transfer to carbonyl groups
have been described in reactions catalysed by [Ni(bipy)s]-
(BF,)>, and an example is illustrated in Scheme 26.[133]

H //

o/\\\ OH

Scheme 26. a) e, [Ni(bipy)s](BF,), (10 mol %), DMF/nBuy,NBF,,
one-compartment cell, Mg anode, room temp.

For nonsubstituted propargyl ethers, the reaction was
chemoselective; only the homopropargyl alcohol was
formed in yields of 41 —71%. In the case of substituted pro-
pargyl ethers, a mixture of homopropargylic and allenic al-
cohols was obtained.['*31 The direct electrochemical inter-
molecular propargylation of aldehydes or ketones also has
been studied without a nickel or palladium catalyst, by
using consumable Zn or Al anodes, to form mixtures of
homopropargylic and allenic alcohols.[!3¢]

The electrochemical Pd"-catalysed reductive coupling of
allyl acetates with carbonyl compounds to give the corre-
sponding homoallylic alcohols has been described.[!371138]
The reaction proceeds smoothly at room temperature using
a catalytic amount of [PdCl,(PPhs),]. The proposed m-
allyl—palladium intermediates required ZnCl, activation
for addition to the carbonyl group.

The Pd"-catalysed intramolecular electrochemical allyl
transfer reaction from allyl ethers to carbonyl compounds
has been reported. Thus, the reduction of 2-allyloxybenzal-
dehydes (Scheme 24) catalysed by PdCl, in the presence of
2,2'-bipyridine afforded the allylated derivatives in yields of
25—52%.1131 Low enantioselectivity (= 6%) was obtained
with several chiral pyridine—oxazoline ligands coordinated
to the Pd" complex.['3] In the electrochemical process, the
reductive conditions allowed the umpolung of the (n*-allyl)-
palladium species and their further addition to carbonyl
groups. These (m3-allyl)palladium intermediates, known
chemically for their electrophilic character,['*°1 become nu-
cleophilic under the electroreductive conditions.

The Nozaki—Hiyama—XKishi reaction, the coupling of
organic halides with aldehydes mediated by Ni%Cr!! or Pd’/
Cr'" systems, also has been developed in an electrochemical
version, with the use of catalytic amounts of Cr'™ salts in
combination with catalytic amounts Pd®, to afford allylic
alcohols in yields of 55—69% (Scheme 27).['4!1 The electro-
chemical reaction has been reported in DMF using a two-
compartment cell. In some cases, the chromium salts were
released by the oxidation of a chromium anode, thus avoid-
ing the use of chromium chloride, which is toxic and sensi-
tive to air and moisture. The proposed mechanism involves
an oxidative addition of the vinyl or aryl halide to an elec-
trogenerated Pd® complex, followed by a transmetallation
by Cr'™ and addition of the organochromate intermediate
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to the aldehyde. The Cr'!! was regenerated after cleavage of
the O—Cr'" bond by an oxophile (Li" salt or TMSCI).
H

X

69%

Scheme 27. a) e~, Pd(OAc), (0.4 mol %), PPhs, CrCl, (10 mol %),
DMF/LiClO,, two-compartment cell

The Cr'™/(bipy)Ni'! system also has been tested in the
electrochemical Nozaki—Hiyama—XKishi reaction for the
arylation of aldehydes using an sacrificial iron anode.[4?
With the use of a stainless-steel anode containing chro-
mium, a large variety of benzaldehyde arylations have been
effected, leading to substituted arylated secondary alcohols
in 50—71% yields (Scheme 28).[143]

OH
CHO x FG A FG
a
0= OU
FG= OMe, CO Me, CF,,CN

A=H, CF;, CO,Me
X=CLBr

50-71%

Scheme 28. a) e~, [NiBry(bipy)] (10 mol %), DMF, one-compart-
ment cell, stainless steel anode containing Fe/Cr/Ni (72:18:10)

The alkenylation of carbonyl compounds with catalytic
amounts of CrCl,, NiBr, and Me;SiCl has been performed
by using a sacrificial Al anode.'* The reaction proceeded
in DMF in an undivided cell (Scheme 29). Alkenylation of
substituted benzaldehydes afforded the corresponding al-
lylic alcohols in yields of 5—90%. The nonelectrochemical
reaction using an excess of Al or Zn led also to these al-
cohols in a wide range of yields (30—83%).[143

OR
=
+ Br
MeO'
90%

R =H or SiMey

Scheme 29. a) e~, CrCl, NiBr,, Me;SiCl, one-compartment cell,
DME, Al anode, room temp.

CrCl,, NiBr,, MesSiCl and Al were necessary for both
the electrochemical and chemical reactions. Aluminium re-
acted as an electron source, CrCl, and NiBr, worked as the
electron-transfer agents, and Me;SiCl reacted with both the
Cr''—alkoxide intermediate, to release the Cr'' halide, and
Al, to activate the metal surface.

6) Reductive Coupling of Organic Halides with
C—C Double or Triple Bonds

The electrochemical version of a reductive Heck-type re-
action has been examined both with Ni'l and Pd"! catalysts.
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The nickel-catalysed electrochemical arylation of activated
olefins in the presence of an iron rod has been reported
(Scheme 30).1'401 Yields of 40—90% of the saturated adducts
were obtained with NiBr, as the catalyst in DMF/pyridine.

Br
a
©/ +/\n/
R (@]
R

62-90%
R = CHy, OCHj, CN, CO,Et, COCHz, CF

Scheme 30. a) e, NiBry,'3H,O (10 mol %), DMF/pyridine (9:1),
70 °C

The influence of the nature and the position of the sub-
stituents on the aromatic ring has been examined.l'4”] Both
electron-donating and electron-withdrawing groups in meta
or para positions gave good chemical yields of products
(71-=90%). For ortho-substituted derivatives, only electron-
donating groups lead to satisfactory yields (62—67%). Aryl
dihalides have been sequentially difunctionalised and dial-
kylated aryl derivatives were obtained in yields of 60—74%.

(PPh;)Ni and [Ni(tet a)] (tet a = 5,7,7,12,14,14-hexa-
methylcyclam) catalytic systems have been reported to effect
the intramolecular cyclisation of bromoaryl derivatives with
o-acrylamides®!l or chlorovinyl substituents,!'*8] respec-
tively.

The electrochemical version of the Pd-catalysed Heck re-
action has been reported for the coupling of phenyl iodide
and styrene using Pd(OAc), and PPh; in DMF at room
temperature.l'*) The mechanism of the reaction has been
examined in detail.[']

Organometallic alkenylation of electron-deficient olefins
has been widely described and generally involves the intro-
duction of the alkenyl moiety with organocopper,*3!l or-
ganoboron,['>l  organomanganese,l'>31  organozirconi-
um,!'> or other reagents. One example of alkenylation of
activated olefins using a nickel catalyst has been reported,
with its regeneration by metallic Zn.['>) In contrast, the
NiBr,-catalysed electroreductive conjugate addition of (Z)-
or (E)-alkenyl halides to electron-deficient olefins has been
reported in a one-step reaction under mild conditions
(Scheme 31).1'31 The coupling was highly regio- and stereo-
selective, with retention of the stereochemistry on the alk-
enyl moiety.

pv— + == —
COMe

Ph/_\/\COMe

84% (Z/E : 97/3)

Scheme 31. a) e~, NiBr,3H,O (10 mol %), DMF/CH;CN (1:1),
60—80 °C

The utility of this procedure has been illustrated by the
preparation of the Bontebok pheromone, which was ob-
tained from methyl vinyl ketone and (Z)-1-iodo-1-heptene
in 81% yield and with high stereoisomeric purity.['>¢]
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The intramolecular version of a reductive addition of
vinyl bromide to an enone has been reported in an [Ni-
(tet a)](ClO4),-catalysed cyclisation in DMF, to give the 5,6-
bicyclic structure in 86% (Scheme 32).[157]

COOMe
COOMe

86%

Scheme 32. a) e~, [Ni(tet a)](ClO4), (20 mol %), DMF/EtN4CIO,,
carbon graphite cathode, two-compartment cell, 2.02 V vs. SCE

The electrochemical allylation of allenic esters with a
combination of [NiCl,(bipy)] and PbBr, as the catalytic sys-
tem led to cephalosporin derivatives in moderate yields, as
illustrated in Scheme 33.[158.159]

PhCH,CONH, SSO,Ph PhCH,CONH, S.
CH, a ];
Z + Br
o N% P —_— o N\g\/\
CO,CH,p-tol CO,CH,p-tol

Scheme 33. a) e™, [NiCl,(bipy)] (10 mol %), PbBr,, (5 mol %), Pt/
Al, 6.7 mA/cm?, 3.2 F/mol

[Ni(cyclam)](C1O,), and other azamacrocyclic Ni'l com-
plexes have been used as electron-transfer catalysts in the
intermolecular addition of primary and secondary alkyl
halides to activated olefins in radical-type reactions.['®"l Tin
hydrides have been used widely in radical additions to func-
tionalised olefins.['6'1 However, the tin hydride method re-
quires attention to avoid hydrogenation of the radical or
hydrostannylation of the alkene; the tin hydride is used in
stoichiometric amounts and is toxic. Electrogenerated
[(salen)Ni']” has been reported to catalyse the reductive
C—C coupling reactions between alkyl halides and ethyl
acrylate to form ethyl alkanoate adducts in moderate yields
(16—49%)).1'621 The reaction of 2-cyclohexen-1-one in the
presence of alkyl halides catalysed by [Ni(salen)] has been
investigated.['%3] As a side-reaction, the reductive dimeriz-
ation of 2-cyclohexen-1-one gave 2-(3-oxocyclohexyl)-2-
cyclohexen-1-one. Using a macrocyclic Ni'' complex such
as [Ni(tet a)](ClOy), as the catalyst, the electroreductive ad-
dition of alkyl bromides to activated olefins led to the ad-
ducts in yields of 13—72%.[148]

The synthesis of bicyclic ketones by the intramolecular
1,4-addition of alkyl bromides to enones has been described
with several cobalt and nickel complexes as the cata-
lysts.['9 The stereoselective cis-1,4-addition of butyl rad-
icals to substituted a-methylenebutyrolactones has been re-
ported in [Ni''(tmc)]-catalysed (tmc = 1,4,8,11-tetrameth-
ylcyclam) electroreductions (Scheme 34).11931 Fused and spi-
rocyclic carboxylic acid derivatives were prepared by the
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electrochemical reduction of bromoalkyl cyclohexenones
using Co and Ni complexes as mediators.[164

P Ph Pl Ph Ph Ph Ph Ph
b ; S
o + nBul —fe [ N Bu = (?%/Bu‘f O -, Bu
(0] [¢] (o]
cis

o]

trans

66%
cis/trans (99:1)

Scheme 34. a) e™, [Ni(tmc)](ClOy), (10 mol %), DMF; b) e~, H,O

Cycloalkano[a]pyrroles have been obtained by the re-
ductive cycloaddition of 1-(2-iodoethyl)pyrrole with acti-
vated olefins, using [Ni(tmc)](ClO,), as the catalyst.['°®] The
intramolecular cyclisation of 1-(w-iodoalkyl)pyrroles was
also studied (Scheme 35).

0 a [}

1
((|3Hz)4

I
49%

Scheme 35. a) e~, [Ni(ClOy4),(tmc)] (20 mol %), DMSO, two-com-
partment cell, graphite cathode, zinc anode

Substituted (Z)-methylenecyclopentanes have been pre-
pared from the coupling of ®-butynyl iodides and activated
olefins with Ni(tmc)(ClO,),, in a one-step electrolysis at
room temperature by a sequence of radical addition then
cyclisation on the alkyl moiety.[1¢7]

The electroreduction of 2-bromo acetals in the presence
of unsaturated esters catalysed by [Ni(cyclam)](ClO,), af-
forded functionalised pyran derivatives in an intramolecular
process, as shown in Scheme 36.[168]

Et o)
H a
Br | T JE—

COOMe

88%

Scheme 36. a) e~, [Ni(cyclam)](ClO4), (10 mol %), —1.5 V vs. Ag/
AgCl, DMF/Et;NCIO4/NH,4CIO,, vitreous carbon cathode, two-
compartment cell

Synthetic intermediates of Ipecac and Corynanthe alka-
loids were obtained in 88% yield in a highly stereoselective
manner. A lactam precursor of tacamonine was prepared in
49% vyield as a mixture of two diastereoisomers.!!®®]

Cyclopropyl derivatives have been prepared from the
electroreductive coupling of activated olefins and gem-di-
bromo derivatives in yields of 11—72%, using NiBr, and an
Fe anode in DMF/pyridine (Scheme 37).1'61 The procedure
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constitutes an alternative to the classical preparation of
cyclopropyl derivatives from activated olefins.
Me~__Me

Me, Me a

s J

MeO,C
%

CO,Me 'COMe

Br Br MeO,C

45%

Scheme 37. a) e, NiBr; (20 mol %), DMF/pyridine, two-compart-
ment cell, Fe anode, 60 °C

Electrochemical additions of organic halide to non-acti-
vated double or triple bonds also have been described. The
electroreductive coupling of aryl halides with C,H, to give
1,1-diarylethanes was catalysed by NiBr, in THEF/
HMPA. 1701711 1 1-Diphenylethane was obtained in up to
65% yield from the reaction with phenyl bromide.

Intramolecular electrochemical cyclisations of halogen-
ated aromatic derivatives possessing an olefin in the ortho
position have been reported. Thus, the [NiBr,(cyclam)]-cat-
alysed cyclisation of 2-allyloxyhalobenzenes led to dihydro-

benzofuran  derivatives in  yields of = 50—90%
(Scheme 38).1172:1731
Br
@E /—/L :
© o

62%

Scheme 38. a) e™, [NiBry(cyclam)] (10 mol %), DMF/nBuy,NBF,,
Mg anode, carbon fibre cathode, one-compartment cell, 60 mA,
room temp.

Unsaturated aryl chloride derivatives were also cyclised
in yields up to 65%.!74 Cyclisation of analogous homoal-
lylic alcohols afforded the corresponding dihydrobenzopy-
ran structures in yields of 50—75%.[173] The analogous
cyclisation of propargyl derivatives gave the benzofuran
rings in 32% yield.['73] Electrochemical tandem cyclisation/
carboxylation reactions of unsaturated aryl halides in the
presence of CO, afforded carboxylic acids with bicyclic
structures (Scheme 18).7]

The mechanism of these cyclisations has been studied.
Electrogenerated (cyclam)Ni! species add oxidatively to the
aryl—halogen bond to form ArNi'"X-type intermediates.
The radical character of the aryl moiety allows for the ad-
dition to the side-chain double bond.l'’®l In the presence of
(bipy)Ni'! catalysts, the same allyl aryl ether substrates did
not undergo cyclisation, but a selective reductive cleavage
of the ether C(allyl)—O bond instead.['?%:177]

The [PdCI,(PPhjs),]-catalysed reductive coupling of aryl
halides with olefins and terminal acetylenes to give the cor-
responding saturated or vinylic coupling products, respec-
tively, has been described in the presence of a Pb cath-
ode.l'”8 The [PdCl,(PPh;),]-catalysed intramolecular elec-
trochemical cyclisation of bromo- and iodoaryl derivatives
with an allyl amide at the 2-position has been reported to
afford indole derivatives in 33—81% yields.l'’”]
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Intramolecular cyclisation of vinyl bromides or iodides
in the presence of double bonds has been achieved in yields
of 32—81% in [Ni(tet a)](ClOy),-catalysed reactions
(Scheme 39).[157]

Br.

N

MeO,C  CO,Me MeO,C  COMe

51%

Scheme 39. a) e~, [Ni(tet a)](ClO4), (20 mol %), DMF, two-com-
partment cell

Bicyclic cyclopropane derivatives have been prepared in
10—66% yields by [Ni(tet a)](ClOy),- or [Ni(tme)](ClOy),-
catalysed electroreductions of vinyl bromides and iodides
possessing an o-double bond (Scheme 40).1180]

OMe MeOC
1
G !
N
| |
Bn Bn

44%

Scheme 40. a) e, [Ni(ClOy)s(tet a)] (20 mol %), DMF, one-com-
partment cell

The electroreduction of w-unsaturated aliphatic halides
using macrocyclic Ni'' complexes associated with salen or
cyclam ligands as electron-transfer mediators has been
achieved in DMF. The electrochemical reductive cyclisation
of 6-bromo-1-hexene and citronellyl bromide in the pres-
ence of [Ni(cyclam)]>™ and [Ni(salen)] complexes has been
described; the reactions involve radical-type cyclisation.
Cyclic compounds were obtained in yields of 13—65% un-
der conditions that avoid the preparation of more classical
organotin reagents.l'81-182]

The intramolecular electrochemical cyclisation of a-
bromo esters containing propargyl units (Scheme 41) has
been reported in an [Ni(cyclam)]?"-catalysed reaction to af-
ford functionalised unsaturated cyclic ethers in yields of up
to 93%.01831 Product distributions and selectivities were very
dependent on the nature of the catalytic system and on the
nature of the electrodes.

Me0,C Bt || MeOzC: {
(o) a "0
MeO MeO

OMe OMe
78%

Scheme 41. a) e~, [Ni(cyclam)](BF,), (20 mol %), DMEF/
nBuyNBF,, carbon fibre cathode, zinc anode, i = 30 mA, 0.15 A/
dm?, one-compartment cell
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Electrosynthesis of cyclic sulfides has been achieved in
the [Ni(salen)]-catalysed intramolecular cyclisation of sulf-
ides with acetylenic esters in 26—82% yields.['84

The intramolecular addition of alkyl halides to nonacti-
vated olefinic or acetylenic moieties afforded cycloalkenes
in [Ni(salen)]-catalysed electrochemical cyclisations. Thus,
the reduction of 6-iodo- or 6-bromo-1-phenyl-1-hexyne led
to benzylidenecyclopentane in good yields, whereas the un-

catalysed reaction led to reductive dehalogenation
(Scheme 42).1183]
Br
F . H

85%

Scheme 42. a) e, [Ni'(salen)] (10 mol %), DMF/Et,NCIO,, two-
compartment cell, —1.75 V vs. SCE, vitreous carbon cathode

Mechanistic studies have been performed on the catalytic
reductive cyclisation of 6-iodo- and 6-bromo-1-phenyl-1-
hexyne by [Ni(salen)] in acetonitrile.l'8 Ni! species were
generated at a potential where the w-haloalkynes were not
electroactive. The substrates were reduced catalytically to
form radical intermediates that cyclised to benzylidenecy-
clopentane in up to 84% yield.

Nickel(mr)-catalysed indirect electroreduction of N-allyl-
and N-propargyl-a-bromoamides and o-bromoacryloylanil-
ides gave the corresponding five-membered-ring lactams.
The electroreduction of N-allyl-N-(bromoacetyl)-p-toluene-
sulfonamide in DMF or acetonitrile provided 4-methylpyr-
rolidinone in 58% yield.'8”) In contrast, the reaction of N-
allyl-a-iodoamides in acetonitrile gave the iodinated pyrrol-
idinones.[188]

Electrochemical cyclisation of unsaturated 2-bromo
ethers has been achieved under mild conditions using
macrocyclic Ni'' complexes as catalysts; diphenyltetra-
hydrofuran was prepared in 85% yield.['3]

A tandem radical-mediated fragmentation of 2,3-epoxy
bromides to form cyclopentanols and cis-fused bicyclic
compounds in yields of up to 58% has been reported in a
[Ni(tmc)](ClOy4),-catalysed  electroreduction in  DMF
(Scheme 43).1%1 The reaction was proposed to proceed
through the formation and rearrangement of alkyloxy rad-
icals.

Br

OH
43%

Scheme 43. a) e, [Ni(tmc)](ClOy), (20 mol %), DMF/TEAP, CCE,
graphite cathode, zinc anode, 80 °C
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7) Homocoupling of Unsaturated Hydrocarbons

The electroreduction of (PPh;)Ni'l complexes in the pres-
ence of C,H, afforded Ni! intermediates that were able to
dimerise ethylene mainly to 2-butenes, at room temperature
in propylene carbonate at atmospheric pressure.[!”!1 NiCl,
also initiated the dimerisation—isomerisation processes of
ethylene and propylene with consumable anodes (Zn, Cd,
Al).[1921 The oligomerisation of butadiene has been reported
with various electrogenerated nickel species.[!?*1°4 Thus,
with (PPh;)Ni'"' complexes, mixtures of 4-vinylcyclohexane
and 1,5-cyclooctadiene were obtained from butadiene.

The NiBr,-catalysed conversion of alkynes into polyace-
tylene has been reported to occur in acetonitrile.[1

8) Carboxylation and Carbonylation of
Unsaturated Hydrocarbons

The electrochemical [NiBr,(cyclam)]-catalysed addition
of CO, to (perfluoroalkyl)alkenes has been described to af-
ford y-fluoro-y-(perfluoroalkyl)-f-alkenecarboxylic acids.
The carboxylation process involved a double bond mi-

gration with loss of one allylic fluorine atom
(Scheme 44).1199]
R,
F
N
CF, Ry a,b Rp H
>:< + C02 —— >—<
H H —_
F H? Ry
COOMe
Rp =CoF 5. CsFpy 45-56%

Ry =C4Hy, CgHyy E/Z=(30-37) / (70-63)

Scheme 44.a) e, [Ni(cyclam)]Br, (10 mol %), DMF/nBuy,NBF,,
stainless steel cathode, Mg anode, one-compartment cell, p(CO,) =
latm, r.t.; b) K,CO;, Mel

Electrogenerated (diamine)Ni® complexes have been re-
ported as active catalyst precursors for the electrochemical
incorporation of CO, into carbon—carbon double and tri-
ple bonds. Thus, the electrochemical reaction of styrene in
DMF wunder 1 atm of CO, in the presence of
[NiBr,(PMDTA)] (PMDTA = pentamethyldiethylenetria-

mine) gave 85% of the 1,2-dicarboxylic acid
(Scheme 45).11°71
a  HOOC COOH
o +  CO. B
Ph ’ Ph

85%

Scheme 45. a) e~, (PMDTA)Ni (10 mol %), DMF/nBu,NBF,, one-
compartment cell, Mg anode, i = 50 mA, p(CO,) = 1 atm, room
temp.

Different kinds of olefin derivatives, such as norbornene,
acrylic esters, dienes, and enynes, were carboxylated to af-
ford mono- or dicarboxylic acid derivatives in yields of
40—90%, depending on the olefin structure. The electrolyses
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were carried out in one-compartment cells fitted with an
Mg anode under 1—5 atm of CO,.[17]

The reductive electrocarboxylation of a series of substi-
tuted allenes with [NiBry(TMEDA)] and [Ni(bipy)s](BF4)»
as catalysts afforded unsaturated monocarboxylic acids
with high regioselectivities (Scheme 46). The influence of
steric and electronic effects on the regioselectivity of CO,
incorporation was discussed.[!*®]

Me
— +

CH 17\__<

COOH

“HiNeer  + co, 2

CSH”E(—COOH
H

93% (60/40)

Scheme 46. a) e~, (PMDTA)Ni (10 mol %), DMF/nBuyNBF,, one-
compartment cell, Mg anode, i = 50 mA, p(CO,) = 5 atm, room
temp.

The incorporation of CO, into nonactivated alkynes cat-
alysed by electrogenerated Ni'l complexes afforded o,B-un-
saturated acids in moderate to good yields. The influence
of a series of N and P ligands on the electrocarboxylation
of 1-octyne was studied. Different carboxylic acids were ob-
tained depending on the nature of the ancillary ligand, and
the results represent an example of high ligand-directed
product specificity.[1%]

Electrochemically reduced [Ni(bipy);](BF,4), catalyses the
reaction of CO, with disubstituted alkynes to yield mono-
and dicarboxylated derivatives. The reaction was carried
out in DMF with CO, at atmospheric pressure in an undiv-
ided cell fitted with a sacrificial Mg anode.?°"1 The selective
electrochemical carboxylation at the a-position of ter-

L2+
N1L3

L

L H"

—2e~
Mg — Mgt

(anode)

Scheme 47
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minal alkynes at atmospheric CO, pressure also has been
reported. A series of a-substituted acrylic acids was ob-
tained in yields of 60—90% and regioselectivities of
65—90%.2°11 (PMDTA)Ni systems also were described to
be highly selective for the CO, incorporation into the 2-
position of terminal alkynes.[?%]

The mechanism of the electrocarboxylation of terminal
alkynes with [Ni(bipy)s;](BF,), has been examined. An in-
termediate nickelacycle was isolated from the reaction
(Scheme 47). Its cleavage by magnesium ions constitutes the
key step in explaining Ni'l recycling and catalysis.[?*3 Cyclic
voltammetry studies revealed that both carbon dioxide and
the alkynes were able to coordinate to LNi%-generated spec-
ies in DMF.

The simultaneous activation of carbon dioxide and o,®-
diynes by electrogenerated LNi’ complexes (L = bipy,
PMDTA) afforded linear or cyclic adducts selectively de-
pending on the nature of the ligand.?*! Diynes bearing
both a terminal and an internal triple bonds gave exclusive
CO, incorporation into the terminal alkynyl group, regiose-
lectively at the 2-position.[2%]

The electrocarboxylation of 1,3-diynes with the
(PMDTA)Ni' catalytic system yielded regio- and stereo-
selectively the (E)-2-vinylidene-3-ynecarboxylic acids in one
step, resulting from the stereoselective cis addition of CO,
to one triple bond.[?%]

A series of 1,3-enynes has been electrocarboxylated by
(bipy)- or (PMDTA)Ni" catalytic systems. An overall
hydrocarboxylation of the triple bond occurred through a
stereoselective cis addition. Thus, the electroreductive car-
boxylation of 1-ethynylcyclohexene in DMF at 25 °C and 5

R=C3H,
L = 2,2"-bipyridine

+2e™ (cathode)

Ni(O)L,

© 2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1617



MICROREVIEW

E. Dunach, D. Franco, S. Olivero

atm of CO, afforded the corresponding dienecarboxylic
acid in 84% yield (Scheme 48).1207)

R a
== COZ —_— -
COOH

84%
Scheme 48. a) e, [Ni(Bry)PMDTA] (10 mol %), one-compartment
cell, p(CO,) = 5 atm, Mg anode, room temp.

Electrochemical Pd!-catalysed carbonylation of allyl-
amines under a CO pressure of 50 atm at 110 °C afforded
B,y-unsaturated amides through carbonyl insertion into a
n-allyl—Pd"-type intermediate.[>%%]

9) Homo- and Heterocoupling of Carbonyl and
Carboxyl Derivatives

Chemical methods for the synthesis of ketones by the
cross coupling between acid halides and alkyl or aryl hal-
ides have been reported, with the intermediate preparation
of the corresponding organometallic species.??? 2111 Sym-
metric ketones have been prepared by direct electrochemical
homocoupling involving acid chlorides or anhydrides with
loss of one CO unit, with a nickel or a stainless-steel anode
and a nickel foam cathode (Scheme 49).1212:2131 Good yields
of symmetrical ketones were obtained with phenylacetyl
halides (72—80%), moderate yields were observed with aryl,
I-naphthyl and 2-thiophenylacyl chlorides (30—50%), but
the procedure did not work with alkyl chlorides. During the
electrolyses, a release of carbon monoxide and/or car-
bonylmetal complexes occurred. In the proposed mecha-
nism, nickel species were required for ketone formation and
electrogenerated zerovalent iron was proposed to be in-
volved in the carbon monoxide elimination process.

7\

S S N

+ CO

50%

Scheme 49. a) 2 e~, Ni or stainless steel anode (Ni/Cr 18:8),
CH;CN/nBuyNBF,, one-compartment cell

An [NiBr,(bipy)]-catalysed electrochemical coupling of
acid chlorides with aryl, benzyl or alkyl halides has been
reported in undivided cells fitted with a zinc anode, afford-

ing nonsymmetrical ketones in  32—98% yields
(Scheme 50).1214:215]
PhCH,B PhCOCI L /ﬁ\
T -+
’ Pn” “CHPh

70%

Scheme 50. a) e~, [NiBry(bipy)] (20 mol %), bipy (10 mol %),
CH;CN, one-compartment cell, Mg anode, room temp.
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Concerning catalyst activity, [NiBr,(bipy)] gave the best
results and the role of Zn>" ions has been emphasised. The
mechanism of this nickel-catalysed electrosynthesis of ke-
tones has been examined in the case of the coupling of ben-
zoyl chloride with benzyl bromide.! The electrogenerated
Ni® complex added oxidatively to benzyl bromide, and the
resulting Ni'' complex was further reduced at the potential
of the Ni'l/Ni® reduction. The reduced complex reacted
with benzoyl chloride to generate the ketone coupling prod-
uct. Surprisingly, the oxidative addition of (bipy)Ni’ to
benzyl bromide was faster than the addition to benzoyl
chloride, so that the formation of the symmetrical diketone
was prevented. By this electrochemical method, the dimeris-
ation of benzyl bromide also was avoided, allowing for the
selective synthesis of the desired ketones.

10) Oxidative Coupling Reactions

The PdCl,-catalysed oxidative C—C bond formation be-
tween alkynes and carbon monoxide at an atmospheric
pressure of CO in MeOH has been reported to afford un-
saturated 1,2-diesters in 33—99% current efficiencies.[2!”]
The oxidation was well adapted to the carbonylation of ter-
minal alkynes and gave predominantly the cis-diesters
(Scheme 51).

a MeOZC\
—_—

,CO,Me
c=c,

s
C10H21 H

C H,CECH + CO + MeOH

80%

Scheme 51. a) — e~, PdCl, (10 mol %), MeOH/LiCl, two-compart-
ment cell, 0.7 V vs. SCE, p(CO) = 1 atm, 50 °C

A selective oxidative monocarbonylation of terminal
alkynes has been described with [Pd(OAc),(PPhs),] as the
catalyst. The reaction, carried out in MeCN/MeOH/
NaOAc with CO at atmospheric pressure, led to a-alkynyl
esters in 53—87% yields.[?!]

The electrochemical Pd-catalysed carbonylation has been
reported also for the synthesis of oxazolidin-2-ones from 2-
amino-1-alkanols under mild conditions.?!81 The Pd(OAc),
catalyst was anodically recycled at a graphite electrode. The
electrooxidative carbonylation of methanol to dimethyl car-
bonate in the presence of [PdCl,(bipy)] has been reported
in yields of up to 64%.121%

The electrooxidative carbonylation of arylamines to
methyl carbamates in MeOH has been reported with a com-
bination of Pd(OAc), and Cu(OAc), as the catalysts.[>*"]

Other electrochemical oxidative Ni''- and Pd"-catalysed
reactions involving oxidation of functional groups have
been reported, such as, for example, the conversion of olef-
ins to ketones in a Wacker-type electrochemical process.[]
These oxidations have been catalysed mainly by PdCl, and
Pd(OAc),. Methyl ketones were obtained from terminal ole-
fins in yields of 70—85% with benzoquinone added as the
mediator,??! and in yields of 50—90% with tris(4-bromo-
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phenyl)amine as the mediator.?>? The Pd system has been
described also for the electrooxidation of ethylene to acet-
aldehyde.[>*?]

The electrochemical Ni-catalysed oxidation of olefins to
epoxides has been reported with electrogenerated Ni'™ spec-
ies derived from (salen)Ni'! complexes.['32?*] The electroox-
idation of alcohols to carboxylic acids has been described
through electrogenerated nickel hydroperoxides.!!”]

Conclusions

The development of new methods for the controlled for-
mation of C—C bonds lies at the heart of modern synthetic
organic chemistry. Electrochemical methodology applied to
the search for selective organic reactions has undergone im-
portant developments in recent years. Electrosynthesis of-
fers an alternative methodology for generating C—C bonds
from highly reactive intermediates. The selectivity and ef-
ficiency of electrochemically catalysed reactions gives evi-
dence for the strong potential of this methodology as an
interesting alternative for the synthesis of fine chemicals.
The ease of electrochemical generation of active catalytic
species under controlled conditions enables a very large
spectrum of regio- and stereoselective syntheses, generally
in single-step reactions under mild conditions. The scale-up
of electrochemical reactions applied to the synthesis of fine
organic chemicals, even on an industrial scale, has been pro-
ven possible, in particular by the use of undivided cells. At
a laboratory scale, the equipment cost is reasonable, but on
a larger scale the high level of the investment required
makes this technology not yet largely developed in industry.

The combined use of transition metal complexes and
electrosynthesis allows the generation of novel intermedi-
ates that can modulate and better control chemical reactiv-
ity. Moreover, electrosynthetic methods allow one to carry
out redox processes in a catalytic way, without the need of
stoichiometric chemical reagents. The search for electro-
chemical conditions that enable the clean and selective gen-
eration and regeneration of the active catalytic species, com-
bined with the search of selective and efficient processes,
constitute the essential efforts of modern electrosynthesis.

Electroanalytical studies are highly valuable tools that
has been employed successfully to determine reaction
mechanisms and to study redox reactions and mechanistic
aspects of electron-transfer processes. The mechanistic
knowledge provided by the electrochemical analysis may be
a useful complement for the understanding of mechanistic
pathways in classical organometallic chemistry.

The possibilities of development in the field of electro-
synthesis associated with organometallic catalysis by tran-
sition-metal complexes are great, since the field still remains
largely unexplored, particularly for anodically driven oxi-
dative C—C coupling reactions.

Some of the examples reported have illustrated how fine
tuning of the metal complexes’ oxidation states and of the
nature of the ligands or of the reaction conditions may de-
termine the selectivity of the processes (including chemo-,

Eur. J. Org. Chem. 2003, 1605—1622 WWw.eurjoc.org

regio- and stereoselectivity). Specifically controlling the re-
action potential can generate unusual oxidation states of
metal complexes. The possibilities of in situ generation and
further reactivity of unstable (or lowly stable) oxidation
states of a large series of metal complexes widens this pro-
mising field of research.
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