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The objective of this review is to outline the photochemical,
electrochemical, and enzymatic methods that are currently
used for ether-bond cleavage. Key results have been ex-
tracted from publications covering the past 15 years of re-
search activity in this field.
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1. Introduction

In general, it is well accepted that ethers can be cleaved
with the use of chemical as well as photochemical, electro-
chemical, or enzymatic methods. Recently, new data con-
cerning chemical methods have been extensively discussed
for various organic compounds.'?! It has been reported
that ether-bond cleavage proceeds via different mechanisms,
for example with electron-transfer reagents such as alkali
metals, alkali metal-aromatic radical anions, alkalides (M,
ML salts, where M denotes an alkali metal and L a li-
gand), and low-valent transition-metal compounds.

The direction of the C—-O bond scission in the ether radi-
cal anion formed after electron-transfer depends on the
kind of ether and the solvent and does not depend on the
kind of reagent. The reaction results in the formation of
organometallic compounds. In the case of alkalides, these
organometallic intermediates then react rapidly with the
crown ether to cause its destruction or with a substrate or
undergo elimination.

Regioselectivity of C-O bond cleavage has been observed
in several systems, and the use of titanocene-based com-
plexes is particularly attractive with respect to the applica-
tion of intermediate radicals in organic synthesis.

The present work was undertaken in order to report
achievements in the field of ether-bond scission, particularly
the use of photochemical and electrochemical methods.
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2. Photochemical Methods

2.1. Photocleavage of Chain Ethers

Photocleavage reactions involving photoinduced elec-
tron-transfer were reviewed by Saeva in 1990.5] New data
on this topic concerning chain ethers are discussed in this
part of the article.

The photochemical cleavage of phenyl alkyl ethers, espe-
cially 4-substituted-phenyl piperidinoalkyl ethers, has been
discussed by Marquet.™31 It is known that phenyl ethers
substituted by electron-attracting groups do not undergo
reductive fragmentation. However, related 4-substituted
phenyl ethers linked through a methylene chain to a tertiary
amine give either alkyl ether photocleavage when the linker
between the redox centers is short (two CH, groups, 1) or
reduction when the linker is long (five CH, groups). An
example is presented in Scheme 1. The product of this reac-
tion (2) is obtained with nearly 100% yield. Benzophenone

o N\~ N< > OH

hy, pyrex filter, pH = 12
—————— I

benzophenone

CN CN
1 2

Scheme 1. Alkyl-oxygen bond photocleavage of 1-piperidino-2-(4-
cyanophenoxy)ethane.
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is used in this experiment as a good energy-transfer sensi- let states and then to the triplet aromatic chromophore, and

tizer.

that a coplanar relative orientation of the alkyl ether bond

Mechanistic considerations suggest that the photofrag- and the phenyl ring is necessary for this process.
mentation operates via charge transfer from the single state Dneprovskii and Fedosovl® have reported reactions of
(space intramolecular electron transfer) to the excited trip- sodium thiophenolate with various arylmethyl phenyl ethers
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under photochemical stimulation. The composition of the
reaction products and the relationship between the reactiv-
ity and the structure of the substrates is consistent with a
radical anion mechanism. They used a mercury lamp of
moderate pressure (DRL-400, 400 W, 35-40 °C) for the
photoinitiation and DMSO served as the solvent and found
that 4-vinylbenzyl phenyl ether (3), 4-phenylbenzyl phenyl
ether (4), and the 1- and 2-naphthylmethyl phenyl ethers (5
and 6, respectively) react with replacement of the phenoxy
group. The reactions occur by a radical anion mechanism.
For example, the radical anion of 3 is formed after the elec-
tron transfer, and this undergoes fragmentation to phenol-
ate anion and 4-vinylbenzyl radical. The reaction of the lat-
ter with the thiophenolate anion, followed by electron
transfer to the substrate molecule, affords 4-vinylbenzyl
phenyl thioether as the main product in 78% yield. Com-
pounds 4, 5, and 6 react similarly. These reactions result in
4-phenylbenzyl phenyl thioether (83%), 4-naphthylmethyl
phenyl thioether (29%), and 2-naphthylmethyl phenyl thio-
ether (59 %), respectively (Scheme 2).

h
— ¥ » ArSPh + PhONa
DMSO

ArOPh  + PhSNa
3-6

Ar: 4-vinylbenzyl 3
4-phenylbenzyl 4
4-naphthylmethyl 5
2-naphthylmethyl 6

Scheme 2. Reactions of aryl phenyl ethers with sodium thiophenol-
ate under photochemical stimulation.

The reaction rate increases in the order 3 < 4 <5 < 6,
and the reaction fails to occur when a cyano group is at-
tached to the benzyl position or with (1- and 2-meth-
oxymethyl)naphthalenes.

Reactions of oxiranylcarbinyl radicals generated from a-
hydroxyoxiranes, a-vinyloxiranes, and o-ketooxiranes have
been reviewed by Li.[”l The ring opening of the former can
proceed by either C-O bond cleavage to give an alkoxy radi-
cal or by C-C bond cleavage to afford an enol ether radical
depending on the nature of substituent. An unpaired elec-
tron is located on the carbon atom bonded to the oxygen
atom in the enol ether radical (R?CHOCH=CHR!; R? =
vinyl, aryl, or acyl). Ring opening of thw oxiranylcarbinyl
radical depends on the nature of the substituent R? but not
on R'; C-O bond cleavage predominates when thid substit-
uent is a simple alkyl group or hydrogen.

OAc

O (PhS), (15%), AIBN (10%) H

A phenylthiyl radical transforms acetoxyalkenyl oxirane
7 into acetoxyalkenyl cyclopentanol 8 (Scheme 3),18]
whereas addition of the phenylthiyl radical to an oxiranesi-
lyl ether occurs smoothly and is followed by ether-bond
cleavage to afford the ketone under photochemical condi-
tions.> 11

In another method, the atom-transfer cyclization of
iodooxirane leads to iodocyclopentanol under photoirradi-
ation.'. However, oxiranes are also transformed into
alcohols by C-O bond cleavage. For example, allylic alcohol
11 is obtained photochemically from the reaction of vinyl
oxirane 9 with dimethyl malonate 10 in the presence of

an aminoborane catalyst and di-tert-butyl peroxide
(Scheme 4).1131
0 GH(CO,Me),
9 Me;N— BH,Bu
Bu-0-0-Bu
+ Bt
hv, PhH, 62% "
CH,(CO,Me),
10

1"

Scheme 4. Photochemically induced reaction of vinyl oxirane with
dimethyl malonate.

The C-O bond cleavage predominates for ketooxiranes
with aryl substituents. Scheme 5 shows that although the
photolysis of ketooxirane 12 leads to 1,3-dioxolane 13 due
to C—C bond cleavage, its irradiation in the presence of tri-
butyltin hydride as the reducing agent gives B-hydroxy
ketone 14 followed by C-O bond scission.[!413]

Wiest!'®l has presented a contrary idea, i.e. oxirane for-
mation by ring closure. 4-Nitrobenzenesulfenate, derived
from cinnamyl alcohol and 4-nitrobenzenesulfenyl chloride,
undergoes a homolytic C-O bond cleavage under photolysis
conditions to give 4-nitrobenzenethiyl radical and cinnamy-
loxy radical. The oxiranylbenzyl radical derived from cycli-
zation of the latter subsequently couples with thiyl radical
to give the oxirane.

The Claisen-type photorearrangement of allyl aryl ethers
or benzyl aryl ethers involves an intramolecular radical pro-
cess that gives migration products at the ortho and para po-
sitions of phenol.l'7-!8 It is worth noting that the thermal
Claisen rearrangement results only in ortho-substituted phe-

nol.
OAc Q

7

hv, PhH, reflux, 1-5 h, 82%

OH
8

Scheme 3. Transformation of acetoxyalkenyl oxirane into acetoxyalkenyl cyclopentanol by the phenylthiyl radical.
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Scheme 5. The influence of tributyltin hydride on the photolysis of
ketooxirane.

Mizuno!'”! has reported a novel photorearrangement of
2-naphthylmethyl-2,6-disubstituted phenyl ethers that gives
stable cyclohexa-2,4-dienone derivatives by C-O bond
cleavage. Irradiation of a benzene solution of the substrate
under argon is conducted with a mercury lamp (>280nm).
The photorearrangement of 2-[(2,6-dimethylphenoxy)-
methyl]-1-methoxycarbonylnaphthalene (15) gives 2,6-di-
methyl-6-(1-methoxycarbonyl-2-naphthylmethyl)cyclohexa-
2,4-dienone (16) and 2,6-dimethyl-3-(1-methoxycarbonyl-2-
naphthylmethyl)phenol (17) as the main reaction products
(Scheme 6). It is assumed that homolytic cleavage of the C—

CO,CH;,

c: Ii
O
CH,
1

hv

CO,CH3 O

CHj
+
(I W 99
16

Scheme 6. The photorearrangement of aryl naphthylmethyl ethers.
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O bond occurs in this case to give two radicals as intermedi-
ates, i.e. naphthylmethyl and phenoxy ones.

In the cases of compounds having only one ortho-methyl
group on the phenyl ring, the naphthylmethyl radical re-
arranges to the ortho and para positions followed by aroma-
tization. The intramolecular charge-transfer nature of the
exciplexes causes the efficient photocleavage of the C-O
bond.

Sensitizers covalently linked to the surface of silica beads
have been selected for investigations of photochemical reac-
tions since 1981.20-231 9,10-Dicyanoanthracene (DCA) has
been used as an electron-accepting sensitizer in various sys-
tems under homogeneous and heterogeneous conditions,
such as for the photocleavage of anisyl ether.[*s! That reac-
tion was then selected as a test reaction for different experi-
ments.2”l For example, irradiation of a homogeneous mix-
ture containing hexyl or ethylhexyl anisyl ether 18 and
DCA, in CH5CN/H,O with air bubbling, leads to the for-
mation of aldehyde 19, alcohol 20, and ester 21 (Scheme 7).
A mechanism based on a stepwise two-electron transfer,
with the formation of an anisyl ether radical cation and
then a benzylic ether radical as intermediates, has been pro-
posed for this process. Initially, the first electron is transfer-
red from the anisyl ether to DCA upon photoirradiation of
the reaction mixture to give a radical anion, which transfers
a proton to a water molecule to give a radical. Transfer of
the second electron from this radical to an acceptor is nec-
essary to form the benzylic ether cation, which is the ex-
pected precursor of the hemiacetal leading to an aldehyde
and alcohol. The transfer of the second electron is not pho-
toinduced.

BrCCl; has also been tested as an electron acceptor in
attempts to selectively orient the reaction towards the cleav-
age. The ratio between aldehyde, alcohol, and ester changes
when the photoreaction is performed in the presence of
BrCCl; and oxygen in acetonitrile/water solvent. In the ab-
sence of oxygen the ester is not formed.

Ha

5

benzene

CO,CH;  CHj

$

OH

CHs
17
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Scheme 7. Photoreactions of anisyl ethers.

Similar results were observed for a heterogeneous system
with DCA linked covalently to silica beads. However, an
ester as the next reaction product is detected when the pro-
cess occurs in the presence of oxygen and CH3;CN/H,O in-
stead of BrCCls.

In some compounds the ether bond has been found to
be stable. Such a result is obtained, for example, for the
photodegradation of 4,4'-dibromodiphenyl ether in aque-
ous and organic solvent systems,”®! whose photochemically
induced reduction occurs only by C-Br bond cleavage. The
exclusive and sequential reductive debromination results in
the formation of the parent diphenyl ether system. No evi-
dence of other degradation products resulting from aryl-
oxygen bond cleavage or alternative pathways was ob-
served.

Diaryl ethers have also been studied. Hageman!®! has
investigated the ether-bond cleavage of diphenyl ether, 1,4-
diphenoxybenzene, and methyl- or methoxy diaryl ethers
irradiated by UV light from a high-pressure mercury lamp.
The cleavage occurs by H-abstraction from the solvent to
yield phenols and benzene derivatives and a photo-Claisen-
type rearrangement to yield 2- and 4-hydroxybiphenyl de-
rivatives. Diphenyl ether is converted into o-phenyl phenol,
p-phenyl phenol, and a small amount of phenol by UV light
in several solvents. p,p’-Ditolyl ether is similarly converted
into 2-(p-tolyl)-4-methylphenol and p-cresol, thus indicating
that the photochemical rearrangement proceeds by C-O
bond cleavage and recombination of the radical fragments.
These reactions are reported as intramolecular ones that
occur via an excited singlet state or a short-lived triplet.’"!
Other substituted diphenyl ethers have been studied under
300-nm irradiation.?!! One of the reaction pathways in-
volves the cleavage of the ether linkage to yield phenols.

The behavior of the herbicide oxyfluorfen [2-chloro-1-
(3-ethoxy-4-nitrophenoxy)-4-(trifluoromethyl)benzene] has
been investigated by Bufo.*?! Photochemical reactions were
carried out with a high-pressure mercury arc and a solar
simulator. The results indicated that the first excited singlet
state can undergo both homolytic and heterolytic cleavage
of the ether bond in the side-chain of oxyfluorfen, which
obviously influences the herbicidal activity upon exposure
to light.
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2.2. Photopolymerization with Ring Opening

Photoinitiated cationic ring-opening polymerization has
been applied to a wide variety of monomers (Scheme 8).13%
The polymerization occurs efficiently in the presence of cer-
tain onium salts such as diaryliodonium and triarylsulfon-
ium.33-361 The choice of the salt depends on the wavelength
of light to be used as well as on the reactivity of the mono-
mer or oligomer. Electron-beam and y-radiation have also
been employed for the polymerization. However, in the ab-
sence of photoinitiators the polymerization does not take
place even on prolonged irradiation at high doses
(>10 Mrad).

The mechanism of the radical’® 3! and cationic polymer-
ization™%*1  of  2-substituted-4-methylene-1,3-dioxolanes
has been discussed thoroughly by Davidson.?! The results
of the polymerization with a photogenerated acid show that
the ring opening occurs concurrently with a disappearance
of the unsaturation of the vinyl ether group. 2-Phenyl-4-
methylene-1,3-dioxolane (22) gives exclusively ring-opened
polymer (Scheme9) whereas with 2-methyl-2-phenyl-4-
methylene-1,3-dioxolane a polymer is also produced by eli-
mination of acetophenone.

2,2'-Diphenyl-4-methylene-1,3-dioxolane (25) undergoes
elimination to form a polyketone and benzophenone
(Scheme 10). The photoinitiated free-radical reaction of 2-
phenyl-4-ethylene-1,3-dioxolane with thiols leads to a 1,2-
addition product with little or no ring opening.

The cationic polymerization of an unsaturated cyclic
ether, i.e. 2,3-dihydro-4 H-pyran (30), occurs mainly at the
carbon—carbon double bonds and also partly by ring-open-
ing reactions (Scheme 11).143]

The same mechanism of propagation involving both
C=C bonds and ring opening is assumed for the photopoly-
merization of 2,3-dihydro-4 H-pyran with diphenyliodon-
ium hexafluorophosphate (Ph,I*PF¢") upon irradiation at
310 nm.[*¥ The polymerization of another unsaturated cy-
clic ether, 2,3-dihydrofuran, with triphenylsulfonium hexa-
fluorophosphate (Ph3;S*PF¢) has a living character and the
propagation involves only C=C bonds.

Interestingly, 2,5-dihydrofuran does not polymerize un-
der any conditions,**! whereas the cationic polymerization
2489
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Scheme 8. Photoinitiated cationic polymerization of vinyl and cyclic monomers.
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Scheme 9. Polymerization of 2-phenyl-4-methylene-1,3-dioxolane with photogenerated acid.

of 2,3-dihydro-4 H-pyran derivatives is easy and has been
used for the synthesis of biodegradable polymers.#¢-47]

Crivello™®! has found that the photopolymerization of
multifunctional oxiranes is accelerated by polyols, which act
as chain-transfer reagents. The use of a diol or triol leads
to a crosslinked system, whereas a monoalcohol leads to
dead ends in the polymer network.[*’]

The photoinitiated ring-opening polymerization of cyclo-
hexene oxide, a representative monomer to commercial
epoxides, has been studied by Yagci,’” who showed that
poly(e-caprolactone) polyols influence the polymerization
2490
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rate — block copolymer of e-caprolactone and cyclohexene
oxide is formed in their presence. The mechanism proposed
by Penczek and Kubisal®!-3?! for the cationic polymerization
of oxiranes with hydroxy-containing compounds is ac-
cepted for this process.

Recently, Hartwigl>3 has examined the effect of different
diols on the photochemically and thermally induced cat-
ionic polymerization of 3,4-oxiranecyclohexylmethyl-3',4'-
oxiranecyclohexane carboxylate, i.e. a dioxirane monomer.
In the presence of a 1,2-diol-based polyether the polymeri-
zation is retarded as compared to the pure dioxirane. The

Eur. J. Org. Chem. 2006, 2485-2497
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Scheme 10. Polymerization of 2,2'-diphenyl-4-methylene-1,3-dioxolane with photogenerated acid.
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Scheme 11. Propagation step in the cationic polymerization of 2,3-dihydro-4 H-pyran.

same phenomenon is observed after the addition of a small
amount of 12-crown-4. The polymerization is enhanced by
a 1,4-diol-based polyether or a low molar mass 1,2-diol.

2.3. Photodegradation of Polyethers

The photodegradation of one of the poly(phenylene
ether)s, i.e. poly(2,6-dimethyl-1,4-phenylene oxide), has
been studied particularly thoroughly because of its wide-
spread use in commercial applications, especially in blends
with various polymers. A drawback of this polymer is its
yellowing upon contact with air and light.’5*3 Two mecha-
nisms for this process have been presented in the literature.
According to one of them the primary radicals are formed
by photoinduced ether-bond cleavage during the photodeg-
radation.l>!

New facts concerning that problem have been presented
by Schneider.>®381 The samples were illuminated in air with
the output of a 200-W Hg/Xe arc lamp. Intense lines at
264, 295, and 301 nm due to excitation of the polymer are
observed in the emission spectrum. In the second series of
experiments a 1000-W Xe arc lamp was used. This produces
a continuous emission spectrum whose color temperature is
in the range of that of the sun. The authors concluded that
the homolytic cleavage of the hydroxyl end-group is the pri-
mary photochemical process occurring after irradiation of
the polymer (Scheme 12). This step was found to be inde-
pendent of the excitation wavelength. The phenoxyl radicals

Eur. J. Org. Chem. 2006, 2485-2497
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formed at the end-standing monomeric unit can initiate se-
veral secondary reactions, which lead to the scission of a
nearby ether bond. This results in a homologous series of
low molar mass photoproducts, among which are chromo-
phores like xanthones, lactones, and benzoquinones, which
are responsible for the yellowing.

Lignin is a natural polymer built from phenylpropane
units linked together by different bonds, mostly by ether
ones. B-Aryl ether (B-O0-4), a-aryl ether (0-O-4), and di-
phenyl ether (4-0O-5) are the most common types of these
linkages. The behavior of lignin has usually been studied
with model compounds, whose photochemically induced
degradation has been reviewed by Lanzalunga.’®! It has
been reported that several reactions occur upon ether-bond
cleavage after direct photoirradiation. One of these models
is 0-(2',4',6'-trimethylphenoxy)-3,4-dimethoxytoluene whose
photoirradiation leads to the formation of products deriv-
ing from homolytic a-C-O bond cleavage.

The photodegradation of nonacetylated lignin has been
studied by Argyropoulos® and Ragauskas.[®' The loss of
aliphatic hydroxy groups during irradiation is observed and
this effect is attributed to photoinitiated side-chain oxi-
dation. In the case of acetylated lignin this loss of hydroxy
groups can occur, in part, by free-radical ketyl oxidation of
B-O-aryl ethers (Scheme 13).[6%]

Ragauskas!® has described the chemistry of acetylated
and nonacetylated lignins, whose photobehavior shows sub-
stantially decreased reactivity during irradiation. The extent
2491
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phenols, phenol ethers, xanthones
benzoquinones, aldehydes, lactones,
benzoic acids

N
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secondary reactions

homologous series  /
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Scheme 12. Primary (photoinduced) and secondary reactions occurring during the photodegradation of poly(2,6-dimethyl-1,4-phenylene
oxide).

S
H,CO R H;CO Kd 36
’ 4 \ OCH;
|
o) 0 Q
ROO* or RO* i
HO OH —™ 0 \—OH >
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OCH, OCHs
37
OVI, O%
34 35 O%

Scheme 13. Free-radical ketyl oxidation of lignin.

of lignin acetylation prior to photolysis has been shown to

be a very important parameter in controlling the overall NO, OCH;3
photoreactivity of the acetylated materials.
OCHs
38
) HC,
3. Electrochemical Methods \ ]
/\/N BF,
[5] : NO, 0 +
Marquet®! has reported that an electrochemical method
can be applied to confirm the mechanism of a photochemi- och
3

cal process, namely the cleavage of some phenyl alkyl ethers. 39
The problemwas solved by preparative electrolyses of 4-ni-
troveratrole (38) as well as the tetrafluoroborates of N-[2-

(2-methoxy-4-nitrophenoxy)ethyl]-N-methylpiperidinium
(39) and N-[5-(2-methoxy-4-nitrophenoxy)pentyl]-N-meth-
ylpiperidinium (40), i.e. N-methyl quaternary salts of 4-ni-
trophenyl piperidinoalkyl ethers, in DMF (Scheme 14). The
applied potential (—1.2'V vs. SCE) was selected in such a

+
/\/\/\N BF,”
NO O 4
2 / C
HsC

OCH,
40

Scheme 14. The structure of 4-nitroveratrole (38) and tetrafluoro-

way as to allow only the first reduction to happen. borates 39 and 40 used for the preparative electrolysis.
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OCH;
Ph Ph B

41

Scheme 15. Electrochemical cleavage of methyl 2,6-diphenyl ether.

Compounds 38 and 40 were found to be stable under the
reaction conditions but 39 underwent reductive cleavage to
give phenol in 39% vyield. After the first reduction of 38
and 40 the negative charge should be concentrated on the
nitro group, which makes any further reduction difficult.
However, in the case of 39 a topologically controlled cou-
lombic interaction (TCCI) effect reduces the electron den-
sity on the nitro group and the second reduction occurs
more easily. The TCCI effect as a new tool in the study of
photochemical and electrochemical cleavage of phenyl alkyl
ethers is discussed in more detailed in ref.[>!

Marquet and Mellonil®¥ have studied the electrochemi-
cally promoted cleavage of alkyl 2,6-diphenylphenyl ethers
(Scheme 15) and have shown that the preparative electroly-
sis of 2,6-diphenylanisole (41) in THF solution at controlled
potential (2.6 V vs. SCE) gives only a trace of m-diphenyl
42 (dealkoxylation). No 2,6-diphenylphenol (dealkylation)
is produced, whereas the electrolysis in DMF affords a 29%
yield of 2,6-diphenylphenol (dealkylation). Thus, the use of
a solvent with better cation-solvating properties, which
should favor the presence of solvent-separated ionic pairs,
allows the intervention of the mechanistic pathway leading
to dealkylation, although with a low Faradaic yield. On the
other hand, the reaction of N-[2-(2,6-diphenylphenoxy)-
ethyl]-NV-methylpiperidinium tetrafluoroborate in THF and
DMF gives 2,6-diphenylphenol in very good yields (88%
and 91%, respectively). No dealkoxylation product is de-
tected.

On the basis of these and other experiments it has been
concluded that both directions of the fragmentation, i.e.
alkyl-oxygen and aryl-oxygen bond scission, have to in-
volve an intramolecular n*-c* electron-transfer step, or at
least a large component of m*-c* electron-transfer in the
transition state.

Two fragmentation processes are thermodynamically al-
lowed for alkyl aryl ethers. The alkyl-O bond cleavage cor-
responds to a “homolytic” cleavage that does not regiocon-
serve the spin density and should therefore show an intrin-
sic kinetic barrier. The thermodynamically less favorable
aryl-O bond cleavage corresponds to a “heterolytic” pro-

OH

. Ph Ph Ph Ph

42 43

cess and no extra kinetic barrier should exist in this case.
This situation is reflected in the behavior of alkyl ni-
trophenyl ether radical anions, which are inert toward any
fragmentation.[65-67]

It is worth noting that cleavage of the alkyl-oxygen bond
of alkyl aryl ethers with formation of phenols (dealkylation)
is most often observed when alkali metals are used, whereas
the aryl-oxygen one is achieved only in particular cases,
especially in the presence of potassium and in solvents of
low or very low polarity.[®®71 Similarly, potassium anions
cleave exclusively the allyl-oxygen or benzyl-oxygen bond
in some glycidyl ethers to give organopotassium com-
pounds as intermediate reaction products.[>73]

The classical methods of allyl ether deprotection gen-
erally proceed through double-bond isomerization to enol
ethers by potassium ferz-butoxidel’ or rhenium complexes
followed by acidic hydrolysis.[”>7¢ In the case of the electro-
chemical procedure a mechanism involving the allyl-oxygen
cleavage with formation of a m-allylnickel intermediate has
been suggested.l””]

Duiiach!7 has described the first example of an intramo-
lecular allylation of carbonyl compounds in a series of elec-
trochemical reactions involving the cleavage and transfer of
the allyl group in a nickel-catalyzed process. A series of sub-
stituted  o-(allyloxy)benzaldehydes and  o-(allyloxy)-
acetophenones were selected for that study. The reaction of
unsubstituted o-(allyloxy)benzaldehyde (44) is presented in
Scheme 16.

Good yields of allylation are generally obtained in elec-
trolyses with a single-compartment cell. A magnesium an-
ode is the best for aryl aldehydes, whereas a zinc anode
gives better results with ketone derivatives. The allylation
involving the intramolecular transfer of substituted allyl
units favors the regioselective formation of the branched
isomer.

The ability of Pd® complexes to form m-allylpalladium(r)
compounds has been combined with the use of a reducing
agent for the Pd-catalyzed deprotection of allyl ethers.l”8! It
was found!”! that Pd complexes associated with nitrogen
ligands, e.g. with 2,2'-bipyridine or pyridine-oxazoline, can

CHO Ni(bipy)s2*, 2BF, OH
C[ + e Mg anode > AN
supporting electrolyte
O/\/ DMF, 20°C
OH

44

45

Scheme 16. Electrochemical intramolecular allylation of 2-allyloxybenzaldehyde.
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catalyze the electrochemical cleavage of the carbon—oxygen
bond of 2-allyloxy-1-bromobenzene to afford 2-bromophe-
nol under mild conditions.

This method has been extended to the Pd-catalyzed de-
protection of allyl aryl ethers 44 using an electrochemical
procedure (Scheme 17).3% The yield of the C-O bond cleav-
age ranges from 73 to 99% for various ether derivatives.

7z _ =4
I e, PdCly, L |
/\ O/\/ DMF, rt. /\ oH
R

R
46 47

R: Cl, CN, CO,CH;

Scheme 17. Electrochemical ether-bond cleavage of allyl ethers cat-
alyzed by a Pd"! precursor.

In contrast to these results, the Pd-catalyzed electrore-
duction of 2-allyloxybenzaldehyde (44) in the presence of
2,2'-bipyridine affords 2-hydroxybenzaldehyde (48; 55%
yield), 2-(1’-hydroxy-3’-butenyl)phenol (45; 25%), and a
small amount of bis-allylated compound 49 (2%;
Scheme 18).89 The C-O cleavage is followed by the partial
allylation of the carbonyl moiety to give, after hydrolysis,
the corresponding homoallylic alcohol (phenol). The use of
chiral pyridine-oxazoline ligands instead of bipyridine in
order to examine the asymmetric process gives the same
products, although with different yields.

The idea of using nitrogen ligands in an electrochemical
process has also been applied to propargyl compounds.
Only a few examples dealing with the related C-O bond
cleavage in propargylic derivatives have been reported pre-
viously. They include the use of low-valent titanium(®' and
palladium-catalyzed reductive cleavage of propargylic esters
mediated by Bu;SnH® or by SmlI,.[83-34

A Ni'l-catalyzed electrochemical one-pot procedure has
recently been described to obtain carboxylic acids or phenol
derivatives in good yields from propargyl esters or ethers
(Scheme 19).1831 This method is based on the application of
a single-compartment cell fitted with a sacrificial magne-
sium anode.®®) The reaction proceeds through electrosyn-

thesis combined with the catalysis by Nil-bipyridine com-
plexes under mild conditions.

e, Ni(il)
Mg anode
RO \ DMF, r.t.
H,0
50 51

R : arylCO—, or alkylCO~, or aryl

Scheme 19. Ni''-catalyzed electroreductive cleavage of propargyl es-
ters and ethers.

Electrochemical propargylation of carbonyl compounds
has been reported in another work by Dufiach.871 A similar
allylation of carbonyl derivatives has been described in both
intermolecular!® % and intramolecular versions!’® to af-
ford homoallylic alcohols. The electrochemical method for
carbonyl propargylation has been examined for o-substi-
tuted aryl aldehydes.®”] The electrolysis was carried out in
DMF at ambient temperature with the Ni'' complex
[Ni(2,2'-bipyridine);][BF,], as the catalyst. 2-Propargyloxy
benzaldehyde (52) was used as a model compound for the
study of intramolecular transfer of the propargyl group to
a carbonyl one (Scheme 20). The electroreduction leads to
its complete conversion and formation of 2-(1-
hydroxybut-3-ynyl)phenol (53; 51% yield) and 2-hydroxy-
benzaldehyde (48; 49%). The cleavage of the C—O bond oc-
curs quantitatively, and the aldehyde group is not reduced
in this process.

The presence of the nickel complex is essential for the
coupling reaction. In its absence the electrolysis of 52 leads
to the recovery of 90% of the starting material without the
propargyl group transfer. The nickel(11) is reduced in the
electrochemical process to nickel(0) at —1.2 V vs. SCE; Ni°®
is presumably the active catalytic species effecting the C-O
bond cleavage and the further carbonyl addition.

The use of allyl and cinnamyl ethers as protecting groups
for alcohols and the methods for their removal have been
described in several papers.[’!~%3] Recently, some conduritol
derivatives protected as allyl and cinnamyl ethers have been
subjected to electrochemical reduction at a mercury cath-

CHO
@O/\/
44

e, PdCly, L

OH
CHO d\/\ X
| + +
OH OH ' o NF
48 45

Scheme 18. Pd''-catalyzed electroreduction of 2-allyloxybenzaldehyde.
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e (2.2 Fimol)
(10 %)

@]

I

O
\

DMF, Mg anode
hydrolysis

o/\

52

Scheme 20. Electroreduction of 2-(propargyloxy)benzaldehyde.

ode, resulting in a selective removal of the cinnamyl group
under extremely mild conditions.”#!

The conduritol derivative containing endocyclic and exo-
cyclic cinnamyl units in addition to endocyclic and exocylic
allyl groups was chosen as an example for the study. The
dissolving metal reduction of two exocyclic groups occurs

R
(0]
\
XX

\/\

54

-29V

Ol

OH
Z CHO
OH OH
53 48

without selectivity, whereas the electrochemical reduction
at —2.9 V cleaves only the exo cinnamyl ether (Scheme 21).

It should be also stressed that electrochemical methods
of removal offer advantages over chemical or photochemi-
cal methods. Firstly, the electrochemical configuration of
the alcohol may be retained, which does not take place

KI/\ OKI/\

ph” D0

C)Ill

\/\

55 56

Scheme 21. Electrochemical and dissolving metal reduction of cinnamyl-allyl ether.

(@)
O/\/\Ph E=-23V OH
——————
N\/\/Ph Hg electrode N\/\/Ph
O g 0 58

Scheme 22. Selective electrochemical reduction of an ester-amide.

HO H3CQ
OCH;

H,CO

HO HO HO.
(0] O
HO oH OH
+ +
H,CO HyCO HaCO

60

OC,Hg OC,Hs

61 62

Scheme 23. Degradation of nonphenolic beta-O-4-lignin model dimer by Trametes versicolor laccase.
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when other methods performed under oxidizing conditions
are employed. Secondly, it is a selective process not only
with respect to allyl groups but also with respect to other
cinnamyl units, where the reductively generated anion
would be more basic, i.e. localized at the secondary cyclic
carbon atom. Details concerning various reactions and
products in cinnamyl-allyl systems are presented in ref.’4
Finally, alkylative methods of removal offer no selectivity
in differentiating between allylic and cinnamyl carbons.

Electrochemical deprotection of the cinnamyl moiety
from ethers, esters, and carbamates has been studied by
Hudlicky®! with the focus on O- vs. N-selectivity as well
as the selectivity for allyl or benzyl systems. One example is
shown in Scheme 22. The electrochemical reduction of es-
ter-amide 57 produces only acid 58 (in 71% yield). Gen-
erally, oxygen deprotection is found to occur selectively over
nitrogen deprotection except for carbonate/carbamate com-
petition.

4. Enzymatic Methods

Laccase has been applied for biological degradation of
phenolic lignin model compounds since 1968.°%-°71 How-
ever, this enzyme alone can not oxidize the nonphenolic
lignin moieties that are decisive for the degradation. This
problem has been solved by the addition of I-hydroxy-
benzotriazole.’®]

It has been reported®®'9 that Trametes versicolor lac-
case catalyzes the B-ether cleavage, Co—Cp cleavage, and
aromatic ring cleavage of 2-(2,6-dimethoxyphenoxy)-1-(4-
ethoxy-3-methoxyphenyl)-1,3-dihydroxypropane (59), a
nonphenolic B-0-4 lignin model dimer, in the presence of 1-
hydroxybenzotriazole. The detailed degradation mechanism
for these pathways has been studied by Kawai.['% It is as-
sumed that the formation of glycerol proceeds by the B-
ether cleavage via the aryl cation radical. The a-keto and f-
deoxy derivatives are obtained in this case as the final reac-
tion products 60-62 (Scheme 23).

5. Conclusions

Photochemical and electrochemical processes involving
C-0O bond cleavage seem to be very attractive for organic
synthesis as they occur under mild or even extremely mild
conditions. In several cases they are regioselective, whereas
no selectivity can be expected when traditional methods are
used.

These methods have already found many commercial ap-
plications due to their rapidity, low energy requirements,
and, particularly, because the reactions can be carried out
in bulk, thereby eliminating the need for solvents. For ex-
ample, photopolymerization is suitable for the production
of thin films™! or for the curing of adhesives, printing inks,
coatings, and electronic packing materials.'%?! Enzymatic
methods enable the study of the biodegradation of sub-
stances in nature.
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