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This review deals with the electrochemical reactivity of a family of organic compounds,
namely allyl ether derivatives, in the presence of various catalytic systems. Essentially,
nickel complexes associated with various ligands have been described for such reactions. The
electrochemical reduction of allyl aryl ethers has been reported to be very dependent on the
nature of the catalytic system. Ni(ll) complexes with 2,2'-bipyridine ligands selectively cata-
lyze the cleavage of the O-C(allyl) bond to afford the corresponding alcohol or phenol de-
rivatives in good yields. The related ortho-halogenated allyl ether substrates, in the presence
of Ni(ll) catalysts with cyclam-type macrocyclic ligands undergo intramolecular cyclizations.
The nature of the ligand on nickel strongly influences the reactivity and the chemo-
selectivity of these processes. A review with 62 references.

Key words: Electrochemical reductions; Nickel; Allyl ethers; Cleavage; Cyclization; Pro-
tecting groups; Bipyridine ligands.

1. INTRODUCTION

In the field of electrosynthesis associated with organometallic chemistry?,
there has been some interest in the synthesis of organic compounds involv-
ing C-C bond formation catalyzed by nickel complexes. Electrogenerated
L,Ni(0) or L,Ni(l) complexes (L = ligand, n = 1-4) can be obtained from
electrochemical reduction of stable Ni(ll) derivatives depending on the na-
ture of the ligand associated to the metal complex. Thus, L,Ni(0) complexes
with L = phosphine?3, diphosphine? or 2,2'-bipyridine®® have been electro-
chemically prepared and used in several coupling reactions. In contrast,
with tetraazamacrocycle ligands, Ni(l) species are known to be generated
upon electrochemical reduction of the corresponding Ni(ll) complexes’,8.

This review summarizes studies on the chemoselectivity observed in the
electrochemical reduction of functionalized and non-functionalized allyl
aryl ethers in the presence of several metal complex catalysts, particularly
of Ni(ll) catalyst precursors, as well as studies on organically mediated or
non-catalyzed electrochemical reactions. The reports in the literature indi-
cate that the reactivity of allyl ether substrates is very dependent on the na-
ture of the organometallic catalytic species involved in the processes.
Tandem reactions in the presence of carbon dioxide have also been re-
ported.

2. ELECTROREDUCTION OF ALLYL ETHERS IN THE ABSENCE OF CATALYST

Electrochemical reactivity of allyl ether substrates of type 1 has been stud-
ied in the presence of several organometallic complexes as well as in the ab-
sence of catalyst. The allyl ether substrates are generally prepared in almost
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quantitative yields by treatment of the corresponding phenol derivatives
with the desired allyl chloride or bromide, in basic medium.

1 RL R?
a H H
b 2-Cl H
c 2-Br H
@\ _ d 2-1 H
o™X ) e 2-Cl (E)-3-Ph
R R )
f 2-Cl 2'-Me
1 g 4-Cl H
h 2-Br 2-Me
[ 2-COOMe H
j 2-CN H
k 4-CN H

A direct, non-catalyzed electroreduction of 1l-allyloxy-2-chlorobenzene,
1b, in a two-compartment cell has been reported®. The reaction led mainly
to dehalogenation with formation of allyl phenyl ether, together with dou-
ble bond isomerization to (prop-1-en-1-yloxy)benzene (Scheme 1).

QL 2 QL o - O
_— + +
O/\/ 2) hydrolysis O/\/ O/ﬁ O/ﬁ

SCHEME 1

The product ratio and selectivities were very dependent on the nature of
the cathode material. However, no intramolecular cyclization occurred.

3. ELECTROCHEMICAL REDUCTION OF ALLYL ETHERS IN THE PRESENCE
OF NICKEL-BIPYRIDINE COMPLEXES

Nickel(1l) complexes with 2,2'-bipyridine ligands are stable and can be eas-
ily prepared in absolute ethanol from the corresponding hydrated Ni(ll)
salts in the presence of the ligand. The cationic pink complex
[Ni(bpy)3](BF,), (ref.1%) has been used as catalyst precursor in several electro
-chemical coupling reactions®*'2,

3.1. Reactivity of Allyl Haloaryl Ethers

The [Ni(bpy);]1(BF,), complex has been reported to catalyze the electro-
reduction of 1la to phenol in 99% yield after consumption of 2.2 F (ref.13).
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The reaction was carried out in a one-compartment cell fitted with a con-
sumable magnesium anode!#'> in DMF at room temperature, under con-
stant current conditions (Scheme 2).

1) e, [Ni(bpy)s](BF4)2 (10%) OH
@\ DMF, Mg/C, 2.2 F ©/
o F

2) hydrolysis

99%
SCHEME 2

The chloro derivative 1b, electrolyzed in the presence of [Ni(bpy)s](BF,),,
led to 2-chlorophenol in 85% yield after consumption of 2 F (Scheme 3).

Under the same conditions, the reaction in the absence of the nickel
complex was reported to afford a non-selective mixture of phenol,
2-chlorophenol, (prop-1-en-1-yloxy)benzene, formed by isomerization of
the side-chain double bond, in agreement with the direct electroreduction
of 1b in a two-compartment cell®. The Ni-bpy system plays an important
role in controlling both the chemical and current yields and in selectivity
of the process. The behaviour of other halogenated allyl aryl ethers has
been reported!2. 2-Chloro derivative 1e, as well as 4-chloro 1g gave the cor-
responding chlorophenols in excellent yields (Scheme 3). The results indi-
cate that the C-O bond of the allyl ether was cleaved preferentially to the
aromatic C-Cl bond when the nickel-bipyridine complex was present as a
catalyst.

1) 2e, [Ni(bpy)s](BF4)2 (10%) )
DME. M 1b: 85%
, Mg anode AN
@ /\;\// @ le: 96% (+ 60% Ph™ X")
O 2 OH

2) hydrolysis cl 1g: 86%

Cl

SCHEME 3

The electrolysis of substrate le gave, besides 2-chlorophenol, 60% of
(E)-(prop-1-en-1-yl)benzene indicating that the allyl moiety was protonated
by the reaction medium and did not dimerized. The remaining allyl moiety
was polymerized. The electrolysis of the allyl bromoaryl derivative 1c led
quantitatively to phenol after consuming 4.5 F, in one-compartment cells
with magnesium anodes and under constant current conditions. Only a
very low concentration of 2-bromophenol or allyl phenyl ether could be
detected during the reaction, indicating that both the cleavage of the
aryl-Br bond and of the O-C(allyl) bond occurred simultaneously. The
same reaction carried out at a controlled potential (e.g. at -1.2 V vs SCE, the
potential of the Ni(I1)/Ni(0) reduction) in a two-compartment cell afforded
2-bromophenol in a quantitative yield. The reaction was more selective un-
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der controlled potential. In this case, only the allyl moiety was cleaved?®.
However, catalytic reactions worked more efficiently when run in one-
compartment cells with consumable anodes.

3.2. Electroreduction of Other Functionalized Allyl Aryl Ethers

Functionalized allyl aryl ethers with ester or cyano groups (1i-1k) were re-
duced under one-compartment cell conditions in the presence of
[Ni(bpy);](BF,), using a magnesium anode to give the corresponding phe-
nols in excellent yields (Scheme 4), without reduction of the ester or of the
cyano functions?s,

1) 2e, [Ni(bpy)s](BFa4)2 (10%) -
@\ DMF, Mg anode @\ ij' gng’
P : (
R o OH

2) hydrolysis R 1k: 99%

SCHEME 4

The [Ni(bpy);](BF,),-catalyzed electrolysis of substrates 1 is thus a general
and efficient method for allyl aryl ether deprotection yielding the parent
phenols under mild conditions.

3.3. Electroreduction of Aliphatic Allyl Ethers

The above method was also applied to aliphatic and benzylic allyl ethers,
constituting an interesting alternative to chemical procedures of allyl
deprotection. These generally involve a strong base such as t-BuOK (ref.1”)
or the Rh(l)-catalyzed® double bond isomerization followed by strong acid
hydrolysis. The combination of sodium borohydride with Pd(0) has also
been described®®. Aliphatic and benzylic allyl ethers were deprotected giv-
ing parent alcohols in good yields under mild conditions, as shown in
Scheme 5.

1) e, [Ni(bpy)s](BF4)2 (10%)
DMF, Mg/C, BusN*BF,~ R = PhCH,, 98%
RO _ ROH R = cyclohexyl, 40%
2) hydrolysis R =n-CgHyg, 77%

SCHEME 5

Electrochemistry offers an interesting approach for the mild functional
group deprotection?%2%, particularly, Sm(lll) catalysts have been reported
for the electrochemical allyl aryl ether deprotection??.
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3.4. Electroreduction of Homoallyl Ethers and Enol Ethers

The Ni-bipy catalytic system has also been tested for the C-O cleavage
reaction of homoallylic ethers such as compound 2. However, in this case, 2
underwent debromination without cleavage of the C-O bond*® (Scheme 6).

Br 1) e, [Ni(bpy)s](BF4)2 (10%) H

X X
0/\/\|\ 2) hydrolysis o/\/i
2 50%

The question whether enol ethers could be reaction intermediates in the
electrochemical deallylation reaction, like in the chemical methods
involving double bond isomerization was adressed. Electrolysis of enol ether 3
(Z/E 9: 1)Y, followed by neutral hydrolysis did only affect the C-Br bond re-
duction, but did not modify the enol ether functionality*® (Scheme 7).

Br 1) e, [Ni(bpy)3](BF4)2 (10%)
@: DMF, Mg/C @\
o\ o\

2) hydrolysis

SCHEME 6

3,(ZIE 9:1) 75%
SCHEME 7

This result is taken to indicate that the electrochemical allyl ether cleav-
age does not proceed through double bond isomerization. Propargylic aryl
ethers and esters have also been reported to be cleaved by the
[Ni(bpy);](BF,),-catalyzed electrochemical reduction??® (Scheme 8).

. R =2-Cl, 77%
1) e, [Ni(bpy)s)(BF4)2 (10%) by > aro
DME. M R = 2-CO,Me, 98%
, Mg/C _
@ @ R = 2-COMe, 90%
R 07N 2) hydrolysis . OH R = 2-CN, 99%

SCHEME 8

3.5. Mechanistic Considerations

Mechanistic studies on the allyl cleavage by electrogenerated Ni-bipyridine
complexes have not yet been reported. However, the mechanism of electro-
chemical ether cleavage involving the formation of (ré-allyl)nickel interme-
diates has been proposed'®. (mé-Allyl)nickel complexes have been reported
to form from reaction of Ni(0) with allyl halides or acetates?*-2%, In electro-
chemical reactions, the [Ni°bpy),] species are known to be formed in re-
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duction of Ni(ll) complexes, as follows from cyclic voltammetry studies?’28
(Scheme 9).

_ 12V .
Ni'(bpy)s?*  + 2e =—===—== [Ni%(bpy) + bpy
. -19V i .
NCbpy)] + e ———— [Nilbpy)]© + bpy
22V .
bpy + e _— bpy -

SCHEME 9

These electrogenerated [Ni°(bpy),] species have been proposed to react
with allyl ether derivatives by Ni(0) insertion into the O-C(allyl) bond, to
form a (ré-allyl)nickel intermediate (Scheme 10).

or

/\/ Br

N'II b 2+ 2e N'O b 0

INi"(bpy)s]?* ———  [NC(bpy)] ——— + bpy
-1.2Vvs O_'T“”_ _>

Ag/AgCI +
9/Ag bpy bpy

ScHeME 10

Further hydrolysis should allow isolation of the corresponding phenol
derivatives.

Controlled-potential electrolyses carried out at the Ni(I1)/Ni(0) reduction
potential indicated that Ni(0) was the active catalytic species responsible for
the O-allyl cleavage in this system8. As compared to chemical reactions in-
volving Ni® complexes and allyl ethers, the stoichiometric reaction with
allyl phenyl ether has been reported to afford a (re-allyl)nickel complex?®.
(mé-Allylnickel complexes have been reported to undergo dimerization and
to present a low nucleophilic character, as shown be their slow reactivity
towards carbonyl compounds?4.

3.6. Electrochemical Allylation of Carbonyl Compounds

Several electrochemical reactions involving the reduction of allyl halides or
acetates in the presence of carbonyl compounds for the synthesis of
homoallyl alcohols have been described (Scheme 11).

9 R! OH
1)e

_~_OAc  + Rl)J\RZ e N
2) H*

SCHEME 11
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In the absence of catalysts, the reaction has been described to afford mix-
tures of homoallylic alcohols together with pinacol and aldol-type adducts
and alcohols of reduction?®, Allylation in the presence of tin catalysts®°,
Sm(Ill) species® or in the presence of [Ni(bpy)]Br, and using a zinc an-
0de®232 have also been reported to afford the corresponding homoallylic al-
cohols in good yields. (ré-AllyDnickel species have been suggested as inter-
mediates in the latter case. Stoichiometric allylations of carbonyl com-
pounds with (ré-allyl)nickel complexes were slow reactions, the complexes
having the tendency to dimerize2425, Electrochemical allylation of carbonyl
compounds with allyl aryl ethers as the source of allyl group have also been
examined in the presence of Ni-bpy catalytic systems, but low yields of
homoallyl alcohols have been reported?®.

3.7. Intramolecular Allylation of Carbonyl Compounds
from Allyl Aryl Ethers

The allyl ether cleavage and further intramolecular allyl transfer reaction
have been examined with aromatic substrates such as 4 (Scheme 12)33.

o] OH R2?
H 1) e, [Ni(bpy)s](BF4)2 (10%) XN R'=H,R%=H,87%
@ P DMF, Mg/stainless steel @ RL=5.Cl. R = H, 75%
Rl O/\!z/ 2) hydrolysis Rl OH Rl =H, R2 = Me, 70%
4 5

SCHEME 12

Aldehydes were efficiently converted into the corresponding alcohol-phenol
derivatives 5 in a [Ni(bpy);](BF,),-catalyzed reaction in a one-compartment cell
with a magnesium anode, as shown in Scheme 12. The intramolecular allyl trans-
fer to ketones was not efficient using a Mg anode; the reaction of 6 afforded the
deallylated phenol, formed from the allyl ether cleavage without allyl
transfer. However, with a zinc anode, the intramolecular allylation of ketones to 7
could be effected in moderate yields, as shown by the examples in Scheme 13
(ref.33).

0 OH
O 7 simusi SRR s
P : Rl R!=H, R?=Ph, 19%
o R® " 2) hydrolysis OH Rl =R2=Me, 40%
6 7
SCHEME 13
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The analogous propargyl transfer reaction to carbonyl groups in
propargyl ethers analogous to 4 has also been reported to afford homo-
propargyl alcohols in good yields3*.

4. REACTION OF ALLYL ETHERS IN THE PRESENCE OF NICKEL-TETRAAZA
MACROCYCLE COMPLEXES

4.1. Intramolecular Cyclization Reactions

Intramolecular cyclizations of halogenated derivatives 1 have been reported
with several Ni(ll) complexes associated to nitrogen-containing macrocyclic
ligands. Thus, the electrolysis of iodo allyl ether 1d in the presence of
[Ni(teta)](CIO,), as the catalyst (teta = Megcyclam = 5,7,7,12,14,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane) allowed the preparation of 3-methyl-
2,3-dihydro-1-benzofuran 8b in 75% yield®® (Scheme 14). The cyclization
was carried out at controlled potential in two-compartment cells.

O = O
O/\/ DMF o]

8b

1d, 2 compartments, [Ni(Me6cyclam)] (ClOg4),, 75%
1d, 1 compartment, [Ni(cyclam)]Br,, 90%
1c, 1 compartment, [Ni(cyclam)]Br,, 86%
1b, 1 compartment, [Ni(cyclam)]Br,, 60%

SCHEME 14

Cyclization of 1d, as well as that of 1b and 1c have also been described
under constant current conditions, in DMF, in one-compartment cells and
using a magnesium anode3® (Scheme 15). The process was catalyzed by
[Ni(cyclam)]Br, (cyclam = 1,4,8,11-tetraazacyclotetradecane) and afforded
5b in 60-90% yields, depending on the nature of the halogen group. Substi-
tuted allyl groups allowed the preparation of substituted 2,2-dihydrofuran
analogs®®. The preparation of dihydro-1- or -2-benzopyrans using the same
procedure has been reported, by cyclization of homoallyl ethers or of allyl
benzyl ethers, respectively (Scheme 15).

cl e, [Ni(cyclam)]Br,
O, o
O DMF, Mg/C o]

56%

SCHEME 15
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Intramolecular cyclizations have also been reported using analogous
cyclam ligands such as Me,cyclam (1,4,8,11-tetramethyl-1,4,8,11-tetraaza-
cyclotetradecane). Salen-type ligands (H,salen = N,N'-bis(salicylidene)-
ethylenediamine) have also been reported in connexion with intra-
molecular cyclization®’. Ni(ll) complexes with tetraazamacrocycle ligands
have also been used for related electrochemical intramolecular cyclizations
involving triple bonds®®, vinyl bromides®® and unsaturated bromo-
acetals3®40. The use of open tetraaza-type ligands (N,) based on bis-
(pyridine-oxazoline) structures have also been reported for the above

%

O N Ny O

é/NuN

Ny

cyclizations, and good yields of 2,3-dihydrofuran or 2,3-dihydropyran
derivatives have been obtained*'#2. In the case of allyl ether with an
additional double bond, a single cyclization occurred (Scheme 16).

Me
8 Me / ~Me
r
@: Me Me e, [Ni(NL)I(BF )2
W
DMF
© Me S 76% (1: 1)

SCHEME 16

4.2. Cyclization-Carboxylation Reactions of Compounds 1

The electrolysis of several halogenated compounds 1 in the presence of carbon
dioxide has been reported to lead to a tandem cyclization-carboxylation re-
action in the presence of [Ni(cyclam)]Br, or [Ni(bpy);](BF,), leading to the
synthesis of 2,3-dihydro-1-benzofuran-3-acetic acid derivatives*® (Scheme 17).

The Ni-cyclam system is known to efficiently catalyze the electrochemi-
cal reduction of CO, to CO in water-containing media**#>. However, in
anhydrous DMF and in the presence of ortho-halogenated allyl ethers of type 1,
a cyclization with further CO, uptake has been recently reported. The direct
carboxylation of the aryl-halogen bond leads to benzoic acid deriva
tives2P42.14,15.46 py_products of this reaction (Scheme 17). The propargyl an-
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alog of 1c and 1d has also been described to undergo a reductive cycli-
zation with the carbon dioxide uptake in the presence of [Ni(cyclam)]Br,
(ref.*3). A mixture of mono- and dicarboxylated compounds was obtained.

COOH
X R COCH
Oy o o OF O
O/\Q\//R 2 (0] O/\?\//R

1lc: 50% 36%
1d: 41% 13%
1f:  70% 15%
1lh: 40% -

ScHEME 17

4.3. Mechanistic Studies of the Electrochemical Intramolecular Cyclizations

Some mechanistic aspects of the cyclization of 1c with [Ni(cyclam)]Br, have
been studied by cyclic voltammetry and preparative controlled-potential
electrolyses?’. Cyclic voltammetry of [Ni(cyclam)]?* systems have shown
the Ni(ll)-to-Ni(l) reversible reduction at -1.45 V vs Ag|AgCI (refs”-8). This
peak doubled its intensity and became irreversible on addition of one or
more equivalents of 1c (ref.#”). A catalytic cycle for the cyclization of 1c has
been proposed (Scheme 18). The reaction involved electrochemical genera-
tion of Ni(l) complexes, which can insert replacing the aryl-halogen bond

e
[Ni"(cyclam)]%\&

[Ni'(cyclam)]*

E

E* = SH (solvent), CO»

Ni''(L)Br
o

AN

Ni''(L)Br
@EO/\/
Ni"'(L)Br |+ /

L = cyclam

e @Eg
(e}
ScHEME 18
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of 1c undergoing further side-chain cyclization on the double bond. The
oxidative addition of electrogenerated [Ni'(cyclam)]® complexes to alkyl
bromides have been suggested to form alkyl Ni(lll) intermediates*®. The
formal Ni(lll) species were reduced to Ni(ll) and then protonated by the
electrolytic medium (solvent, supporting electrolyte), or in the presence of
an electrophile, such as carbon dioxide*3. It was shown that the Ni(ll)
species were more efficiently recycled in the presence of Mg?* ions. The
overall catalytic reaction consumed 2 F of 1c and could be carried out at
the Ni(I1)/Ni(l) reduction potential.

Mechanistic aspects of the electrochemical cyclization of 1c with Ni(ll)
with open bis(pyridine-oxazoline) ligands such as N, have been reported??.
In this case, a two-electron reduction of the Ni(ll) complex was needed for
the oxidative addition of 1c onto the C-Br bond and its further cyclization
in a Heck-type process*®. Electrochemical and mechanistic studies on the
cyclization-carboxylation process of 1c with [Ni(cyclam)]Br, have also been
described*3.

5. REACTIONS OF ALLYL ETHERS IN THE PRESENCE OF NICKEL PHOSPHINE
COMPLEXES

Intramolecular cyclization of 1c with electrogenerated Ni complexes have
also been effected in the presence of phosphine ligands such as PPh; or dppe,
1,2-bis(diphenylphosphino)ethane to give 8b in 35 or 48% yield, respec-
tively'®. Some cleavage of the O-C(allyl) group occurred, as well as some
dehalogenation. The homoallyl ether 2 (see Scheme 6) afforded the cyclized
4-propyl-2,3-dihydro-1-benzopyran in 57% yield. No homocoupling to Ar-Ar
was observed with these substrates. However, bromobenzene is known to
undergo the coupling to biphenyl in the presence of electrogenerated
Ni-PPh; complexes?3. The cyclization-carboxylation of 1c has also been de-
scribed in the presence of Ni-PPh; complexes, to afford the corresponding
cyclized-carboxylated adduct in 45% yield*® (Scheme 17). The same
Ni-PPh; system has been reported to catalyze the cyclization-carboxylation
of N-allyl carbamates derived from bromoaniline to the carboxylated 2,3-di-
hydroindole compounds®°.

Collect. Czech. Chem. Commun. (Vol. 65) (2000)
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6. ELECTROCHEMICAL REDUCTIONS OF ALLYL ETHERS WITH OTHER METAL
COMPLEXES AND ORGANIC MEDIATORS

6.1. Electroreduction of Allyl Ethers in the Presence of Palladium Catalysts

2,2'-Bipyridine®® or bis(pyridine-oxazoline) N, dichloropalladium com-
plexes*! have been reported as catalysts for electrochemical cleavage the
allyl-O bond of allyl ethers (Schemes 2 and 3). Excellent yields of phenol
derivatives were obtained with substrates such as 1a, 1b or 1c.

The electrochemical allyl cleavage followed by allyl transfer reaction with
allyl ether substrates such as 4 (Scheme 13) has also been reported in the
presence of Pd(Il)-2,2'-bipyridine and bis(pyridine-oxazoline)N, com-
plexes®2. The use of Pd(ll) complexes constitutes a good alternative to Ni(ll)
complexes for allyl ether cleavage reactions. Cyclizations of N-allyl-
bromoanilines with Pd-PPh; systems have also been reported to give the
corresponding 2,3-dihydroindole products®2.

6.2. Electrochemical Reactions of Allyl Ethers with Cobalt Catalysts

Co(ll) complexes with oxime ligands have been reported to react with
propargylic bromoacetaldehyde diethyl acetate derivatives to afford
cyclization products in good yields®3. [Co(cyclam)]Cl, was able to catalyze
the electrochemical reductive cyclization of 1c to 8b (Scheme 14) in 60%
yield'8. Electrogenerated cobalt complexes involving vitamin B, have also
been reported to catalyze related cyclization reactions®*.

6.3. Electrochemical Reactions of Allyl Ethers with Samarium Catalysts

Compounds 1b and 1c have been reported to undergo an intramolecular
cyclization in electrochemical reactions catalyzed by SmCl;, affording 5b in
75 and 70% yields, respectively?? (Scheme 14). In contrast, with the same
catalytic system, other aryl allyl ethers such as 1a or 1i selectively under-
went cleavage of the O-C(allyl) bond to afford the corresponding phenol
derivatives in quantitative yields?2.

6.4. Cyclizations in the Presence of an Organic Mediator as the Catalyst

The use of organic mediators in cyclization of 1c or analogous compounds,
to obtain an aryl radical intermediate, is also an interesting alternative
to electrochemical intramolecular cyclizations®®. The intramolecular cycli-
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zation of 1-allyloxy-2-halobenzenes in the presence of an organic mediator
has, to our knowledge, not been described. However, related cyclizations
with 1-bromo-2-(but-3-en-1-yl)benzene in the presence of 3-methylbenzo-
nitrile have been reported®® (Scheme 19).

Qs
M - Mt il '+ M P
M) in solution + Br

regenerated

M = organic mediator -
solvent

ScHEME 19

The cyclization of 1-allyl 2-bromoaniline derivatives to the correspond-
ing 2,3-dihydroindole derivatives in the presence of (E)-stilbene as a media-
tor has also been studied®6.

7. CONCLUSIONS AND FUTURE PERSPECTIVES

The electrochemical reactivity of allyl ethers is an interesting example of
the possibility of controlling chemoselectivity of electroreduction of an or-
ganic substrate by the choice of the catalytic system. Different reaction pat-
terns can be considered according to the various experimental data. Thus,
model substrates such as 1b or 1c can undergo protodehalogenation and
isomerization of the double bond in uncatalyzed reactions®. In the presence
of [Ni(bpy);](BF,), as a catalyst, cleavage of the C(allyl)-O bond of the
side-chain occurs selectively, and 2-chlorophenol can be obtained in high
yield!3. The same substrate, in a [Ni(cyclam)]Br,-catalyzed electroreduction
undergoes an intramolecular cyclization to afford 3-methyl-2,3-dihydro-
1-benzofuran with high chemoselectivity®® (Scheme 20).

This strong influence of the catalytic system on the reactivity of 1b or 1c
and analogous substrates is due to the effect of the ligand of the nickel
complex, which can direct the reduction of Ni(ll) either to Ni(0) or to Ni(l)
species, respectively, with bipyridine-type or cyclam-type ligands. Ni(0) spe-
cies selectively react with the allyl group of the allyl ether to form
p-allyl-nickel species in a process involving the C-O bond cleavage. In con-
trast, Ni(l) intermediates undergo selective insertion replacing the aryl-
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halogen bond, even in the case of chloro derivatives, with further radical-
type reactions involving cyclization on the side-chain double bond.

[Ni(bpy)s]?* @:X
OH
o = o
+ e
o F o

no catalyst @:X
X=Cl O/ﬁ
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In terms of synthetic applicability, the electrochemical reactions of
reductive allyl cleavage constitute a new and interesting method of allyl
ether deprotection. The alternative non-electrochemical approaches for
such allyl ether deprotection mainly involve the double bond isomerization
using Rh(l) complexes'® or potassium tert-butylate!l’. Both methods need a
two-step procedure with a second step involving treatment under strong
acidic conditions, thus with low compatibility with acid-sensible function-
ality. The use of K*t-BuO~, a strong base, makes the chemical process
non-compatible with several base-sensible functional groups. The use of
Rh(l) requires controlled inert atmosphere and is an expensive method. A
Pd(0)-catalyzed deprotection method has also been reported, and requires
the combination with a stoichiometric amount of sodium borohydride as
the reductant!®. In comparison, the Ni(ll)-catalyzed electrochemical proce-
dure is carried out under neutral and mild conditions, at room temperature.
The method avoids the use of strong acid or basic conditions and therefore
widdens the compatibility with numerous (but non easily reductible) func-
tional groups.

As an additional advantage, the electrochemical method uses stable and
easily available Ni(ll) compounds as the catalysts. Moreover, the electro-
chemical set-up of the reactions is very simple; it just needs a constant cur-
rent supply and the procedure can be easily adapted by organic chemists.
Thus, the electrochemical methodology can be advantageously used for the
allyl aryl ether deprotection and particularly for functionalized derivatives.

Potential synthetic applications of the electrochemical methodology in-
volving allyl ethers lie in the use of the selective cleavage reaction for fur-
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ther synthetic reactivity of the allyl unit. In this perspective, the
intramolecular allylation of carbonyl compounds has been reported3? (see
Schemes 12 and 13), and the highly functionalized phenol alcohols ob-
tained should allow the synthesis of bicyclic compounds by further intra-
molecular cyclizations. Thus, the acid-catalyzed or the oxidative
cyclizations of the phenol group on side-chain double bond should allow
the synthesis of differently functionalized benzopyran or benzofuran struc-
tures in the family of chromanes, chromenes, flavones and other products
of interest in the fields of pharmacology and flavor chemistry. The trapping
of the allyl units by a variety of electrophilic centers such as carbonyl com-
pounds, imines, esters, nitriles, ... (see Scheme 12) constitutes a comple-
mentary and intersting approach for the synthesis of allylic derivatives by
intramolecular reactions. Such nucleophilic-type Ni-catalyzed allylations
constitute an “umpolung” alternative to the Pd-catalyzed allylic alkyla-
tions, in which the allyl-Pd species are known to react with nucleophilic re-
agents®”:58,

In a different synthetic perspective, conveniently functionalized allyl
ethers can undergo intramolecular reductive cyclizations to specific five- or
six-membered ring ethers, such as dihydrobenzofuran or benzopyran sys-
tems (see Schemes 14-16), of potential interest in pharmacology and in ag-
ricultural chemistry. Here again, the electrochemical reductive cyclizations
are to be advantageously compared to the chemical procedures. The chemi-
cal methods of reductive cyclization generally use tin hydrides in stoichio-
metric amounts and require the more activated iodo, or sometimes bromo
derivatives®%€°, The stoichiometric use of Sml, has also been reported for
similar reductive cyclizations®-62, The interest of the electrochemical proce-
dure lies in the possibility of using chloro or bromo allyl derivatives, more
easily available and less expensive than the corresponding iodo com-
pounds. The method is catalytic in nickel (I1) and allows several func-
tionalities. Cyclizations take place under very mild conditions (room
temperature, neutral medium) using a simple electrochemical set-up. As
future synthetic perspective, the electrochemical methodology of intra-
molecular cyclization can be applied to specific substrates, as well as to
propargyl analogs, for the preparation of target molecules of particular
interest.

To summarize, the electrochemical procedure involving allyl ethers con-
stitutes a useful alternative as a synthetic method, for the mild and cata-
lytic conditions and for the ease of set-up, as well as for the high selectivity
found in the several described reactions.
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