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Abstract. Enol ethers are a fascinating product class and
valuable building blocks with versatile reactivities and
synthetic applications. With the emergence of silyl enol
ethers, the chemistry of simple alkyl enol ethers has received
less attention and targeted reviews of their chemistry are
scarce.  Especially  intramolecular  reactions  under
participation of an enol ether function have never been
specifically surveyed. The construction of cyclic scaffolds is
arguably one of the most important and challenging tasks of
the organic chemist and intramolecular cyclisations represent
the most straight-forward tool to achieve this goal. The
potential of enol ether-containing substrates to form
oxygenated carbo- and heterocycles is obvious. The purpose
of this review is to discuss their particular reactivity and to
bring to the reader’s attention how their unique properties
have been harnessed by organic chemists for the construction
of rings.

Abstract Text----Continued

Keywords: enol ethers; cyclisations; catalysis; Lewis acid;
intramolecular reactions

1 Introduction

Oxygenated carbo- and heterocycles are an important
class of organic compounds w1th manifold functions
in diverse biological processes.'! In this regard, the
assembly of complex (poly)cychc scaffolds from
easily accessible precursors is an important area of
research in organic synthesis and there still is a
growing need for the development of more selective
and efficient synthetic means. The implementation of
new catalytic methodologies for the construction of
cyclic scaffolds by electrophilic activation of
(poly)unsaturated precursors has been a longstanding
interest of the community and intramolecular
cyclisations continue to provide efficient and atom-
economic _ tools for carbo- and heterocycle
synthesis.2l  While cyclisations and cyclmsome-
risations of dienes and enynes are well documented,”!

the introduction of oxygen-functionality into the
precursor molecules by means of an enol ether is less
explored. Since enol ethers can be considered
reactive derivatives of ketones or aldehydes, as well
as activated, electron-rich alkenes, they often share

common reactivity patterns with their parent
structures and  undergo  similar  chemical
transformations. In the scientific literature, enol

ethers therefore often appear marginally, as “exotic”
examples, when reactions of olefins or carbonyl com-
pounds are discussed. The only systematic review

describing the reactivity and applications of alkyl
enol ethers in organic reactions dates back to 1968
and merely covers direct functlonahsatlons at the f-
carbon by external electrophiles.*! Other available
reviews focus on the reactions of functionalised
alkoxyethylenes bearing electron-withdrawing
groups,= as well as silyl enol ethers, which have re-
ceived considerably more attention, due to their
remarkable synthetic usefulness, versatility of
application and clean reactions.

This review is aimed at providing a concise
overview of Lewis and Brensted acid-catalyzed
intramolecular ring-forming reactions through C-C
bond formation involving alkyl enol ethers, which in
their majority follow cationic-type mechanisms.
Some exceptions from acid-catalysis are included due
to particular elegance of the transformation. Even
though silyl enol ethers have been employed in a
multitude of cyclisation procedures,” they will not be
discussed within the scope of this survey.
Cyclisations of chemically generated radical cations
will as well be excluded. Oxidative cyclisations of
electrochemically generated enol ether radical cations
have been developed essentlally by the Moeller group
over the last 30 years.®! Likewise, this chemistry has
been reviewed and is therefore not included herein.




Luisa Lempenauer received her M.
Sc. degree in chemistry from the
Technical University of Munich,
Germany, in 2014. After several
research placements at the TU
Munich and the King Abdullah
University  of  Science  and
Technology (Saudi-Arabia), she
joined the group of Elisabet
Duriach at the Insitut de Chimie de
Nice in 2015 to pursue her PhD
studies  on  novel  catalytic :
cyclisation and cycloisomerisation reactions. Luisa’s
research interests focus on the development of scalable
and sustainable catalytic methods for the synthesis of novel
compounds with applications in the flavour and fragrance
industry.

Gilles Lemiere studied chemistry in
Paris at the Université Pierre et
Marie Curie (UPMC), where he
obtained his PhD in 2008 under the
supervision — of  Profs.  Louis
Fensterbank and Max Malacria.
After his PhD on gold-catalysed
new organic reactions, he joined
the group of Prof. Jonathan
Clayden in Manchester as a
postdoctoral fellow to work on the total synthesis of
natural compounds. In 2010, he was appointed CNRS
Researcher in the team of Dr. Elisabet Dusiach at the
University of Nice, where he worked on the design of new
metal- and acid-catalysed cycloisomerisation processes. In
2015, he moved to the Institut Parisien de Chimie
Moléculaire at the Sorbonne Université, Paris.

Elisabet Duriach was born in
Barcelona, Spain. She obtained her
PhD at the University of Barcelona
in 1981 in the group of J. Castells.
After postdoctoral research at the
University of California, Berkeley
(K. Vollhardt, 1981 — 1983) and at
the University Paris XI, Orsay (H.
Kagan, 1983 — 1985), she became
CNRS researcher in the group of J.
Périchon in 1985. In 1991 she
joined the Laboratoire de Chimie
Moléculaire at the University of Nice. She is now Director
of Research at the CNRS and has been the director of the
Institut de Chimie de Nice. Her interests involve the
development of new catalytic methodologies in organic
synthesis, as well as applications in the field of flavours
and fragrances.

2 General aspects

Enol ethers are a LFroduct class frequently used in
organic synthesis. I Their ability to react with both
nucleophiles and electrophiles, depending on the
substrate and the reaction conditions, contributes to
the versatility of their chemistry. Their reactivity
towards electrophiles is characterised by the
enhanced electron density at the f-C atom, due to the

participation of the mesomeric oxonium form 2
(Scheme 1).
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Scheme 1. General structure of the enol ether function and
its mesomeric zwitterionic oxonium form.

On the other hand, the electron-deficient character of
the a-C atom is reflected in the pronounced tendency
to react with nucleophiles, especially under acidic
conditions, where protonation at the f-position may
lead to the formation of a highly reactive
oxocarbenium species. In that manner, the enol ether
can be understood as a sort of pro-electrophile, as the
reactivity towards nucleophiles is triggered by its
inherently nucleophilic character. 'H- and >C-NMR
studies on different aliphatic alkyl enol ethers have
revealed that their reactivity in cationic-type reactions
directly correlates with the electron-donating power
as well as with the steric bulk of the alkyl group
attached to the oxygen.'” An increasing electron-
donating character of the O-alkyl substituent will
augment the electron-density at the a-carbon, while
the contribution to the zwitterionic resonance
structure will lead to an increased electron-density at
the f-carbon. The degree of resonance contribution in
alkyl enol ethers is thought to be dependent on the
conformation of the enol ether. Given an essential
sp>-hybridisation of the oxygen atom, the conformers
shown in Figure 1 can be considered.
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Figure 1. Different conformations of alkyl enol ethers.

Among them, the cis and the trans forms are the most
suitable for resonance, due to a favorable overlap of
the olefinic z-orbitals and the p-orbitals of the oxygen
lone-pairs, while resonance is hindered in the gauche
conformation. The contribution of the gauche form
increases with the steric bulk of the alkyl group,
while the cis and the trans forms become
proportionally less populated due to unfavorable
steric interaction between the alkyl group and the
vinylic protons (H, or Hy). The resulting lack of
resonance stabilisation confers a higher reactivity to
enol ethers bearing a sterically demanding O-alkyl
group. Thus, the reactivity of enol ethers in cationic-
type reactions is mainly governed by steric effects,
tert-butyl vinyl ether being more reactive towards
cationic polymerisation than ethyl vinyl ether.



A series of investigations dedicated to under-
standing the behavior of alkoxy-substituted olefins in
electrophilic additions and nucleophilicity scales of
alkyl enol ethers and related vinyl nucleophiles based
on different methods are available. For example, a
nucleophilicity scale based on the reaction of vinyl
compounds with benzhydryl cations has been
established.!"! Enol ethers are more nucleophilic than
simple alkyl-substituted ethylenes by five orders of
magnitude and their nucleophilicities are in the same
range as those of allyl silanes, water, alcohols and
some silyl enol ethers. The bulkyness of the O-alkyl
group was again found to have a considerable
influence on the reactivity of the enol ether and thus
tert-butyl vinyl ether was 2.5 times more nucleophilic
than ethyl vinyl ether. Alkyl-substitution of the
vinylic protons enhances the nucleophilicity, while
the effect is more pronounced in the case of f-
substituents. In the cyclic series, a higher
nucleophilicity of five-membered as compared to six-
membered ring enol ethers has been stated and
accordingly, dihydrofuran is often found to be more
reactive than dihydropyran in reactions with
electrophiles."?! Interestingly, while the rate constants
of electrophilic additions to alkenes strongly depend
on the stabilities of the formed carbenium ions, it was
found that the stabilities of the carbenium ions
produced in the addition step are of minor importance
in the case of enol ethers, where a good correlation
between reactivity and ionisation potentials was
instead observed. This is in agreement with high rates
and early transition states in reactions of enol ethers
as compared to slower reactlons with late transition
states in the case of alkenes.

3 Lewis and Brensted acid-catalysed
cyclisations and cycloisomerisations

Proton transfer to carbon is a major catalytic
challenge, since it is generally afflicted with
considerable intrinsic energy barrlers and often
unfavorable  thermodynamics." Enol ethers,
however, are readily hydrolysed in dilute acid and the
reactivity towards acid-catalysed hydrolysis follows
the same trend as outlined above, the reactivity
increasing with increasing steric bulk of the O-alkyl
group. This seems somewhat contradictory, since a
decreased electron-density at the f-carbon seems to
be associated with a higher reactivity towards
hydrolysis. It has therefore been evoked in early
studies that protonation of the enol ether f-carbon
cannot be the rate-limiting step in this reaction and
that the 1ncreased electron-density at the a-carbon is
of importance.'® On the other hand, transition state
analysis of the acid-catalysed hydrolysis of a
biologically relevant enol ether revealed an
irreversible and rate-determining nature of the proton
transfer to the f-carbon with the formation of an
oxocarbenium ion intermediate."

The reactivity of enol ethers under acidic
conditions is often delicate and difficult to control

due to competitive polymerlsatlon in particular in the
presence of Lewis acids.'! However, both Bronsted
and Lewis acid-catalysed cyclisations involving enol
ethers have been described. In most cases, initial
protonation of the enol ether in the f-position leads to
an oxonium species (3/3’) with an electrophilic a-
carbon, which is subsequently intercepted by a
nucleophile (Scheme 2).
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Scheme 2. Reactivity of enol ethers under acidic
conditions.
When considered electron-rich  alkenes, the

ambiguous reactivity of enol ethers often makes their
behavior towards metal catalysts difficult to assess in
the presence of other susceptible functional groups
within the same molecule and reports of their partici-
pation in catalytic cyclisation reactions therefore
remain scarce.

3.1 Reactivity as the electrophilic
reaction partner

a) Acetal formation

The protection of alcohols by conversion into their
tetrahydropyranyl ethers is the most frequently used
acid-catalysed reaction of an enol ether. Numerous
acids or acid-precursors have been reported to
promote this transformation (Scheme 3).
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Scheme 3. Protection of an alcohol with dihydropyran
under acidic conditions.

Protonation of the enol ether generates a reactive
oxonium species which undergoes addition of the
hydroxyl group. The formed acetal is stable towards
basic, oxidizing and free radical conditions as well as
organohthlum and certain other nucleophilic
reagents.!"” For example, the intramolecular ketalisa-

3



tion of an enol ether was applied as the last step of
the total synthesis of the cephalotaxus alkaloid (-)-
drupacine (Scheme 4).17

1 N HCI/THF (1:1)

rt,5h
86%

6Me
(8)-drupacine

Scheme 4. Acid-catalysed intramolecular ketalisation in
the total synthesis of (—)-drupacine.

Under mildly acidic conditions, the benzylic hydroxyl
group underwent acetal linkage with the enol ether,
leading to the oxygen-bridged polycyclic scaffold in
86% yield.

b}CydEaﬁonsofmuﬂeﬂwrswﬁh
olefins and allenes

The Lewis acid-catalysed cationic cycloisomerisation
of an enol ether was studied as a key step in synthetic
work towards important intermediates in the
eudesmane series."™ Coordina-tion of the Lewis acid
to the enol ether in 4 was not the initiating step, but
the interaction occurred at the bridge-oxygen, promo-
ting a tandem ring-opening cationic cyclisation
sequence under nucleophilic attack of the tethered
olefin on the intermediate oxocarbenium 5 (Scheme
5). Allylic proton elimination from 6 with concomi-
tant 1,3-migration of the methoxy group to the peri-
pheral alkyl chain then delivered the eudesmane
skeleton of 7.

,ZnBry O,ZnBrz
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ZnBr,
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Scheme 5. Cationic oxonium-ene cyclisation towards the
eudesmane skeleton.

Enol ethers have received considerable attention as
reactive carbonyl derivatives in Prins-type reactions
with appended olefins for the diastereoselective
synthesis of tetrahydropyrans by cycloisomerisation.
In the classical Prins-cyclisation, a two-component
reaction between a carbonyl compound and an homo-
allylic alcohol under Lewis acidic conditions serves

to generate the intermediate oxocarbenium species,
which undergoes cyclisation to form either hydroxy
tetrahydropyrans or dihydropyrans according to the
reaction conditions (Scheme 6).["”

/\j!\ . o"'L'A'_> ﬁ O/L.AQ ‘Hg/L.AQ
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Scheme 6. The classical Prins cyclisation between an
aldehyde an homoallylic alcohol.

The first intramolecular Prins-cyclisation involving
an activated, electron-deficient enol ether has been
introduced by Nussbaumer and Frater™ in the
context of the total synthesis of the floral odorant (+)-
cis-a-irone (Scheme 7).
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Scheme 7. Intramolecular Prins-type cyclisation of an
acceptor-substituted enol ether.

The cyclisation of 8 was promoted by a slightly
substoichiometric amount of methanesulfonic acid
and proceeded with a high degree of diastereo-
selectivity to give the depicted 3-oxabicyclo-
[3.3.1]nonene derivative 9 with the cis-relationship of
the substituents, exclusively. The authors propose a
chair-like transition state where the carbomethoxy-
methyl group occupies an equatorial position to
account for the diastereoselectivity of the 6-endo-trig
cyclisation towards the key precursor of the natural
product. In such a conformation, 1,3-diaxial
interactions are minimal. The simultaneous shift of
the ring double bond occurs via proton elimination
from the resulting carbenium ion 10 and affords the
neutral bicyclic compound 9. Three more steps were
then necessary to obtain the natural orris odorant.



This type of cyclisation was used by the same
group for the stereoselective synthesis of cis-(+)-
civet.”" This carboxylic acid is a constituent of the
glandular secretion of the civet cat which is valued in
perfumery for its musky odor.”” Excess trifluoro-
acetic acid (TFA) promotes the cyclisation of 11 to
give the substituted tetrahydropyran 12 after addition
of water with the cis-configuration between C2 and
C6 (Scheme 8).

< 1. TFA
2. KyCOsaq)
—_—

X CO,Me
o ™ CH,Cly, 0°C
H+
78%
11 12 ()-civet compound

HO,C

Scheme 8. Enol ether Prins-cyclisation in the total
synthesis of (£)-civet.

Hydrolysis of the resulting secondary carbocation (or
trifluoroacetate adduct) at the C4-position affords a 4-
hydroxy-tetrahydrofuran 12 as a mixture of
diastereomers. Hereby, the all-cis compound is the
major isomer, which corresponds to a preferred anti-
addition of H,O across the terminal double bond.
These reports represent the first examples employing
enol ethers as the starter units in cationic olefin
cyclisations. The scope and the mechanism of this
highly diastereoselective alkoxyacrylate cyclisation,
hitherto ag&ahed only to individual target-oriented
syntheses, were later explored with respect to a
more versatile preparation of substituted 4-hydroxy
tetrahydropyrans.2*l The reaction outcome was
shown to be dependent on the cyclisation promoter
and may be complicated by formal hydrolysis of the
oxonium intermediate and by the formation of
crossover products through sigmatropic
rearrangements of the enol ether substrates. When
strong Lewis acids are used (TiCly, TiBr4 and SnBry),
both yields and diastereoselectivities decreased and
halogenation occurred at the C4 position. The authors
suggest that a different mechanism via complexation
of the Lewis acid to the ester group may operate in
these cases. Other metal halogenldes were tested and
gave similar results!®! The presence of small
amounts of water in the reaction medium were found
to be crucial, probably with respect to a hydrolysis-
induced Bronsted acidity of the metal chlorides
delivering HCI. The nature of the C6-substituent was
further found to impact the degree of
diastereoselectivity: stereochemical erosion was_ob-
served in the case of oxygen- containing groups.2*%!
The effect of substituents in the alkenyloxy unit was
also studied by Frater et al. and shown to have an
influence on the relative configuration of the
cyclisation products.2® It has also been suggested,

that protonation of the carbonyl oxygen of the ester
group for the generation of the incipient
oxocarbenium ion might be more likely than a direct
protonation of the enol ether.2®! More detailed studies
on substituent effects on the regio- and
stereochemical course of the reaction appeared
shortly after this report.”!

As already suggested by Nussbaumer et al.,2!! the
use of enantiopure homoallylic alcohol (S)-13 as the
precursors towards the enoxyester substrate 14
allowed for the asymmetric synthesis of (+)-civet
(Scheme 9).28

=——CO,Et A
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85% R = H: (+)-civet

Scheme 9. Asymmetric synthesis of (+)-civet by p-
alkoxyacrylate cyclisation.

The reported protocol employed overstoichiometric
amounts of TMSOTT as the electrophilic promoter
and represents a shorter version of the Nussbaumer-
synthesis, because it obviates the need for removal of
the 4-hydroxyl group. It is noteworthy that only one
regioisomeric product with respect to the location of
the double bond in 17 is formed. The authors explain
this fact by steric strain in the transition state 16
involving the bulky silyl group, which leads to a
regioselective proton elimination assisted by the latter.

The inherent stereospecificity of the oxonium-ene
cyclisation involving enol ethers has made it an
attractive method for the stereocontrolled assembly of
substituted oxygen-heterocycles and it has seen
ample application in the total synthesis of natural
products containing the tetrahydropyran motive 2!
For example, the construction of the central
tetrahydropyran unit of the marine metabolite
clavosolide D was achieved by an enol ether Prins-
cyclisation and again demonstrated the usefulness of
this approach for the concomitant introduction of
three additional stereogenlc centers with excellent
stereocontrol (Scheme 10).2
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Scheme 10. The enol ether Prins-cyclisation as a key-step
in the total synthesis of (—)-clavosolide D.

The first catalytic version of the oxonium-ene Prins-
cyclisation has been devised by Puglisi et al. and
employed unsubstituted enol ethers instead of
deactivated alkoxyacrylates.*? Triflic acid at a
concentration of 0.01 mol% was found to efficiently
catalyse the oxonium-ene cyclisation of unsubstituted
vinyl ethers (Scheme 11).

o
~F 0.01 mol% TfOH O Me
benzene, 22 °C, <1 min
Me 55%, > 98% de

Scheme 11. Catalytic Prins-cyclisation of an unsubstituted
enol ether.

Yields were generally good and the corresponding 4-
methylene tetrahydropyrans were obtained with
excellent diastereoselectivities. The regioselectivity
of proton elimination increased with decreasing
catalyst loading and was also dependent on the
substituents present on the starting enol ether.
Unsubstituted vinyl ethers gave the best results, while
substituents present on the a- or f-carbon decreased
both yields and regioselectivities. The sterically
hindered, electron-deficient alkoxyacrylates used in
the pioneering studies gave rather poor results in this
series.

Even though the majority of these cyclisations led
to the formation of six-membered rings, the synthesis
of substituted tetrahydrofurans has also been
accomplished. In the case of appropriate geminal
disubstitution of the terminal double bond as in 18, 5-
endo-dig cyclisation is favored by the formatlon of a
tertiary carbocation. (Scheme 12, Eq. 1).128
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Scheme 12. Formation of S5-membered rings through
Prins-type cyclisations.

The tetrahydrofurans 19 and 19¢ are formed in equal
amounts. The stereoselective synthesis of cis-2,5-
tetrahydrofuran by a Prins-cyclisation approach was
achieved by replacing the g{pended olefin by an
alkyne (Scheme 12, Eq. 2).*~ A substoichiometric
amount of In(OTf); was used to promote the unusual
5-endo-trig cyclisation of 20, which proceeded under
formation of the ketone 21 from hydrolysis of the
carbocation after cyclisation.

An elegant Mukaiyama aldol-Prins cyclisation
cascade reaction was introduced by Rychnowsky.[32]
Lewis acid-activation of an aldehyde delivers the
electrophilic promoter for the formation of the
intermediate oxonium ion via an aldol reaction
(Scheme 13).

T
TMS L"Pr
BF,-OEt,
2,6-di-tert-butylpyridine OH
o i
Ph 07X CH,Cl,, 0 °C Ph o Pr
22 98% > 95% cis; epimeric ratio: 1:1
T™MS @ BF5-OEt, T™MS
v,
N
@ )
o )\ oj\)\ iPr
23

Scheme 13. Aldol-Prins cyclisation cascade.

Highly reactive allyl silanes were used instead of
simple alkenes in the Prins cyclisation to enhance the
nucleophilicities of the latter and to prevent
concomitant enol ether oligomerisation under the
Lewis acidic conditions. The first step is a Lewis
acid-promoted nucleophilic addition of the enol ether
moiety of 22 to the aldehyde. The thus formed oxo-
carbenium intermediate 23 then undergoes the typical
Prins cyclisation. This approach delivers 2,6-
disubstituted  4-exo-methylenic  tetrahydropyrans
regio- and stereoselectively and was applied to the
total synthes1s of the leucascandrolide A
macrolide.’?! All the reactants were, however,
applied in excess. The heterocyclisation of an enol
ether triggered by an initial aldol reaction has been
reported by Mackenzie et al., Who used 10 — 20
mol% of TMSOTT as the catalyst

The method was extended to simple alkene
substrates such as 24, easier to prepare than the
corresponding allyl silanes. A stoichiometric amount
of TiBry was used as the Lewis acid, affording the 4-
bromo tetrahydropyran 25 with a strong preference
(>95:5) for the all-cis compound (Scheme 14).5*



o
Hk(CHz)zPh Br
TiBry (2.0 eq.)
ﬁ 2,6-DTBP OH
PhH,C
PAHC 0" CH,Cly, B78 °C 2 0 (CHp),Ph
24 80% 25

> 95% cis; dr=1:1

_TiBr4 o)
% + Br
PhH,C /\/i cH)

2)2

DTBP = 2,6-di-tert-butylphenol

Scheme 14. Tandem Mukaiyama—Michael cyclisation of
simple olefins.

The expected Prins cyclisation product 29 was not
observed, however, when the aldehyde was replaced
by methyl vinyl ketone (Scheme 15). A Mukazyama—
Michael cascade reaction occurred instead.” In fact,
the oxocarbenium intermediate 26 resulting from
conjugate addition of the enol ether to the enone

underwent rapid equilibration towards 27 via
sigmatropic 2-oxonia-Cope rearrangement.
A
TiBry
[\ 2,6-di-tert-butylpyridine A/(j\/\
Ph/\ 0N CH,Cl,, 0 °C
74% (single diastereomer)

l Mukaiyama-Michael

Br e

T|Br B no_’
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29 9
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/j o] *1 rotate
Ph/\AO "u/\)\
®

L 27

Scheme 15. Tandem Mukaiyama—Michael cyclisation
cascade.

The stereogenic center in the starting material was
shown to be inverted in the product as a consequence
of the necessity of oxonium ion 27 to adopt the chair-
like transition state 28 required for the ensuing
enolate cyclisation. The final product was isolated as
a single diastereomer due to a preferred all-equatorial
alignment of the three substituents in the transition
state. The synthetic utility of this tandem reaction was
demonstrated by its application in total synthesis.*%!
Recently, Dufach er al. developed a Lewis
superacid-catalysed ?clo1somerlsat10n of allene—enol
ethers (Scheme 16).”) The enol ether was found to
be activated preferentially by a catalytic amount of
Bi(OTY); in the presence of a tethered allene. Electro-

philic activation of the enol ether was followed by
nucleophilic 5-exo-dig addition of the allene to the

intermediate oxocarbenium species.
G~
N \
CH,Cly, 1, 0.5 h
82%

[Bi] I[Bi]
(orH") IH”
[Bi] [BI]

Scheme 16. Bi(OTf);-catalysed cycloisomerisation of
allene—enol ethers.

0.1 mol% Bi(OTf),
_D-1mole BT

A series of enol and thioenol ethers readily cyclised
in the presence of only 0.1 mol% of the catalyst to
afford cyclopentene derivatives under very mild
conditions. The cyclisations were completely
regioselective regarding the fact that both the allene
and the enol ether can potentially undergo reactions
with nucleophiles as well as electrophiles and are
both susceptible to activation by a metal catalyst. The
reactions were furthermore highly diastereoselective
with respect to the configuration of the newly formed
side-chain double bond. A quite general applicability
of this novel cycloisomerisation was demonstrated
and either functionalised cyclopentenes (Scheme 16)
or dihydrofuran derivatives (Scheme 17, Eq. 1) could
be accessed using differently substituted enol ethers.

0.1 mol% Bi(OTf);
_ 0.1 mol% BitOThs
CH,Cly, 11, 0.25 h
70%

0.1 mol% Bi(OTf),

CH,Cly, 1t, 0.5 h
86% (dr > 95/5)

Scheme 17. Extension to other allene enol ether substrates.

Cyclic enol ethers led to interesting spirobicyclic
tetrahydrofuran and tetrahydropyran derivatives of
increased molecular complexity (Scheme 17, Eq. 2).
It is worth mentioning that in the case of cyclic enol
ether substrates a free alcohol function did not
interfere with the cyclisation, e. g. by nucleophilic
addition to the allene, confirming that the latter is
indeed not preferentially activated in the presence of
Bi(OTf); as the catalyst. Accordingly, no elimination
at the sensitive allylic position was observed under
the Lewis acidic conditions. However, a better
diastereoselectivity was achieved in the reactions of
cyclic enol ethers, when the alcohol was masked as a
bulky silyl ether (Eq. 2). The spiroethers were formed



with the trans-configuration of the two oxygen atoms
preferentially.

In a continuation of this work, the reactivity of 2-
hydroxy enol ethers 30 was also studied, where the
allene was replaced by an olefinic moiety (Scheme
18).1%*

PFH Bi(OTf).
[ 3
| © (0.1 mol%) o
—_— —
R OH | CH,Cly, 1t, aH* o
(0] 62%
R 30a (single isomer)
| i I 1
\ Ph OH Bi(OTf)s
RY "R3 (o) (1 mol%) (o] & Ph QP
—_— —
30 | MeNO, rt A\ OH | BHY o
83% =
~ - (single isomer)
30b

Scheme 18. Cycloisomerisation of a-hydroxy enol ethers
bearing a tethered olefin.

The a-hydroxy enol ethers underwent a tandem
double cyclisation in the presence of Bi(OTf); as the
catalyst, leading to bridged bi- and tricyclic structures
with excellent diastereoselectivity in all cases where
dihydropyran was used as the enol ether. The
observed reactivity can be explained by a preferential
activation of the enol ether compared to the other
susceptible chemical functions. The resulting
oxocarbenium intermediates then undergo an
intramolecular nucleophilic attack of the tethered
olefin under formation of the first ring. The regio-
selectivity of this step is hereby governed by the
stability of the ensuing carbocation. While precursors
30a bearing an internal olefin underwent a 5-exo-trig
cyclisation via an intermediate prenyl carbocation, 2-
oxa enol ethers 30b with a tethered terminal alkene
followed a 6-endo pathway to afford 7-oxabicyclo-
[2.2.1]heptanes with complete anti-
diastereoselectivity in nitromethane as the solvent. It
is worth noting that even in the presence of the
activated benzylic alcohol, enol ether activation
remained the preferred process and no elimination at
the benzylic position occurred. The same situation
held true for five- and six-membered cyclic, as well
as acyclic enol ethers. The high Ilevel of
diastereoselectivity observed in these cycloisomeri-
sations may be an indication for a pseudo-concerted
mechanism, where the stereochemistry at the new
ring-junction is determined by the conformation of
the starting olefin accordlng to the Stork-
Eschenmoser paradigm.””! Indeed, mechanistic
studies suggested a concerted polycyclisation of the
carbocationic intermediate after electrophilic enol
ether activation, involving a 5-exo-trig cyclisation of
the enol ether and the olefin unit with a concomitant
unusual syn-addition of the hydroxyl group.
Biomimetic stereospecific cationic cyclisations of
polyunsaturated alcohols for the synthesis of fused

oxygen-containing heterocycles have been reported to
proceed mainly through an anti-addition of the
hydroxyl group across the original double bond.*"!

¢) Cyclisations of enol ethers with
aromatic units

The In the field of polycyclic aromatic hydrocarbon
synthesis, enol ethers have gained attention as
reactive promoters for the intramolecular carbon—
carbon bond formation of ortho-functionalised biaryls
towards phenanthrene derivatives and a range of
other polycyclic aromatic hydrocarbons. The
Bi(OTf);-catalysed cycloaromatisation of 2-(2-
arylﬂlenyl)vmyl ethers has been reported (Scheme

19).
OMe
— R Bi(OTf)3 (5 mol%) 7/R
\ /7 CI(CH,),Cl, rt, 30 min Q \ 7/
l 90896% T
S} ® ) o H\@
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Scheme 19. Synthesis of phenanthrene derivatives through
Bi(OTf);-catalysed benzannulation.

The 2-(2-methoxyethenyl) biphenyls are thereby
activated by the Lewis acid and subsequent
nucleophilic attack of the second aryl moiety
establishes the central ring of the phenanthrene
system. Rearomatisation and protodemetalation
release the catalyst under elimination of the alkoxy
group and afford the final product. This cyclisation
represents a remarkably mild, catalytic method,
which  broadens the scope of accessible
phenanthrenes due to a broader functional group
tolerance as compared to the relatively harsh
conditions of classical benzannulations. If two ortho-
alkoxyvinyl groups are installed in the starting
materials, double benzannulation can occur yielding
more complex polyarenes.*?!

3.2 Reactivity as the nucleophilic
partner

An alkoxy group enhances the nucleophilicity of an
olefin and thus the ability of enol ethers to react with
internal electrophiles is evident. Such a behavior
tends to be apparent in the presence of unsaturated
compounds activated by transition metal-based
catalysts (Au, Pd, Pt, Ru). In an extension of their
work on transition metal-catalysed enyne -cycli-
sations,?! Echavarren and coworkers studied the



behavior of enol ethers towards
intramolecular reactions (Scheme 20).44
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Scheme 20. Enyne cyclisations using enol ethers as
electron-rich alkenes.

Reactions of enol ethers with alkynes were promoted
by various late transition metal catalysts, such as
PtCl,, PdCl,, [Cu(MeCN)4]PFs or AuCl; to afford
cyclic compounds in exo-dig or endo-dig cyclisations
through an anti-addition of the enol ether and the
metal to the alkyne. Demetalation occurred with
concomitant addition of methanol leading to dimethyl
acetals as the products. While the cyclisation of 1,6-
enynes (Eq. 1) was E)romoted with similar efﬁmency
by Pt", Pdl and Au" chlorides and furnished the 5-
exo products exclusively, the formation of the six-
membered ring product (Eq. 2) through 1,7-enyne
cyclisation required the use of the more reactive Au'""
catalyst. Interestingly, an endo-dig cyclisation
occurred with methoxy vinylidene cyclohexane
precursors (Eq. 3), a reaction that usually involves
metal vinylidene intermediates. The involvement of a
gold vinylidene complex in this cyclisation was
however excluded by the presence of the methyl
substituent on the alkyne. A mechanism was
proposed, where initial anti-addition of the enol ether
and the metal to the alkyne leads to the formation of a
cyclopropyl metal-carbene intermediate and the
subsequent nucleophilic attack of MeOH can
generally occur at either of the cyclopropyl carbons a
or b (Scheme 21).
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Scheme 21. Influence of the alkoxy group on the
regioselectivity of cyclopropane ring-opening.

The strategic placement of the electron-donating
alkoxy group was found to have a directing effect on
the ring-opening of the cyclopropyl metal-carbene
intermediate, leading to the selective formation of
five- and six-membered carbocycles by 5-exo-dig or
6-exo-dig pathways, respectively, depending on the
chain length of the cyclisation precursor. It is
noteworthy that in all cases cyclisation occurs faster
than methanolysis of the enol ether, which underlines
the pronounced preference of the transition metals to
coordinate to the alkyne rather than the electron-rich
enol ether. Later, it was found that the same
transformatlon could also be catalysed by a protic
acid.*®! 6-Endo-dig cyclisations have also been
observed for certain substrates, but were more limited
in scope than the correspondding exo-dig cyclisations.

Enyne cyclisations involving enol ethers have also
been used in the preparation of partially saturated
acenes.*®!  Gold(I)-catalysed cycloaromatisation of
1,7-enynes, in which the alkene is part of an enol
ether function, afforded hydroacenes upon
elimination of methanol (Scheme 22).

O X @S mo%)
O CH,Cly, 40 °C, 1 h O‘OO
N 95%

OMe

Scheme 22. Gold(I)-catalysed cycloaromatisation of
enynes.

As opposed to the Bi(OTf);-catalysed
cycloaromatisation described above (Scheme 19), the
carbophilic gold catalyst shows a preference to
coordinate to the alkyne, ensuing nucleophilic attack
of the enol ether.

The only cycloisomerisation mentioned in
specialised literature surveys on that topic until 2015
involving an alkyl enol ether was reported by
Echavarren and coworkers™*”! as an extension of their
work on the PtCl,- and PdCl,-catalysed enyne
cycloisomerisation.***#4%%] In this specific case, 3-
oxabicyclo[4.1.0]hept-4-ene derivatives were formed
in a completely regio- and stereoselective manner via
an unusual intramolecular Pt"-catalysed
cyclopropanation of the enol ether by the tethered
internal alkyne (Scheme 23). The authors propose
that the cychsatlon proceeds via the incipient
formation of 7*-alkyne-PtCl, complex 31. During the
cyclisation step, the two new carbon—carbon bonds
are formed from the face of the alkene opposite to the
phenyl substituent, determining the diastereo-
selectivity. The platinum carbene 32 is then assumed
to give the final dihydropyran by p-hydride
elimination
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Scheme 23. Platinum-catalysed enyne-cycloisomerisation
of enol ethers.

The strategic position of the alkoxy substituent
conjugated to a strained three-membered ring was
further utilised to facilitate the entry to seven-
membered rings by directing the selective cleavage of
the cyclopropane ring.

Allyl enol ethers are typical substrates for Claisen-
rearrangements (Scheme 24). However, it has been
shown that while a range of allyl ethers gave the
expected Claisen-rearrangement products under
thermal conditions, oxidative cycloalkenylation of the
enol ether occurred in the presence of one equivalent
of palladium(II) acetate.[*”!

Ph o) 1308150 °C
-
=

Scheme 24. Thermal Claisen rearrangement vs. Pd'-
catalysed oxidative cyclisation of allyl enol ethers.
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The authors propose that as opposed to the Prins-type
cyclisations discussed above, it is not the enol ether,
which establishes an interaction with the metal salt,
but nucleophilic attack of the enol ether on the Pd-
complexed alkene is thought to be the rate-
determining step of the cyclisation. The resulting
oxocarbenium ion is intercepted by an acetate anion
to afford the 2-acetoxy tetrahydrofuran.

4 Pericyclic reactions

Pericyclic reactions are one of the most important
classes of chemical transformations because of their
inherent potential to provide a high degree of
molecular complexity using a minimal number of
steps.”% Several new bonds can be formed regio- and
stereoselectively in a single step by simple orbital
reorganisation. The reactions generally proceed in a
concerted manner through a highly ordered transition
state with a cyclic array of m-electrons, which allows
for a predictable diastereoselection.>! Among
pericyclic ~ reactions,  cycloadditions, electro-
cyclisations and sigmatropic rearrangements are the

most extensively studied and wused in organic
synthesis.*2! Enol ethers are commonly employed in
inverse electron-demand Diels-Alder and other
cycloaddition reactions and have proven particularly
useful for the construction of five-and six-membered
ring scaffolds in natural product syntheses.”*! Some
intramolecular variants have been developed and a
selection of these, employing enol ethers, will be
discussed in the following section without aiming at a
comprehensive coverage of the available literature
reports. Even though allyl vinyl ethers are classical
substrates for [3,3]-sigmatropic Claisen
rearrangements,>* and some tandem rearrangement-
cyclisation procedures have been reported,”> these
reactions will not be discussed here, as they generally
do not directly lead to the formation of a ring.

4.1 Cycloadditions

An intramolecular hetero-Diels-Alder reaction
involving an enol ether has been employed in the
total synthesis of desoxyloganin (Scheme 25).5°! The
enantiopure cyclisation precursor was prepared in
seven steps starting from (S)-citronellal.

o OWL o O\F CO,Me
Y O oo H H
- 52% ¥e) — N
s CHO N 0o ©
H
) H OMe
J i

OR
(S)-citronellal desoxyloganin
(R = glucose)
H
o O\%_ ‘ H
= -OMe
A0 | o T)\fo
o
N OMe OXO
exo-(E)-anti endo-(E)-syn
(preferred)

Scheme 25. Intramolecular Diels-Alder approach towards
the total synthesis of desoxyloganin.

The reaction conditions for the cycloaddition step are
not further specified and spontaneous cyclisation can
be assumed. Of the two most probable transition
states for the cycloaddition only an endo-(E)-syn
alignment affords the product with the observed
stereochemistry.

Nicolaou et al. adopted an intramolecular Diels-
Alder cycloaddition approach in their studies towards
the total synthesis of hamigerans and their analogues,
a familiy of marine metabolites with promising
antiviral activity and cytotoxicity against certain
cancer cell lines.”” Ortho-alkyl-substituted benz-
aldehydes bearing the alkoxy-dienophile in the tether
served as the cyclisation precursors (Scheme 26). The
challenging hamigeran skeleton comprising a [4.3.0]
carbocyclic scaffold containing up to six stereogenic
centers fused to an aromatic ring, was established by
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[4+2] cycloaddition between a photochemically
generated hydroxy-ortho-quinodimethane species and
the tethered dienophile. A powerful feature of this
transformation is the stereospecificity of the
mechanism, yielding the frans-stereochemistry at the
newly generated ring fusion, as well as the
stereoselective  construction of two adjacent
quaternary centers within the tricyclic framework.

OH OH

Scheme 26. Hamigeran-synthesis via intramolecular [4+2]
cycloaddition employing an alkoxy-dienophile.

An  intramolecular  Diels-Alder  cycloaddition
involving a naphthofuran as the dienophile has been
applied by Trauner ef al. as the key step in their total
synthesis of the complex naj]g_lllthohydroquinone dimer
rubioncolin B (Scheme 27).28

MeO,

C OMe
| OQ PhI(OAc),, TASF
0.0 o —_—
MeO,C MeCN/H,0 (20:1),

TBSO. t,2h
60%

/| [4+2]

OMe

TASF = tris(dimethylamino)sulfonium difluorotrimethylsilicate

Scheme 27.
rubioncolin B.

Intramolecular  cycloaddition towards

Upon deprotection of the silyl ethers within the
cyclisation precursor, the resulting para-naphtho-
quinone 33 tautomerised into the corresponding
ortho-quinone methide 34. The latter served as the
reactive diene and underwent spontaneous [4+2]
cycloaddition with the enol ether to afford
rubioncolin B methyl ether in 60% yield.
Demethylation then provided the free alcohol of the
natural product.

The intramolecular [4+2]-cycloaddition  of
nitrosoalkenes and enol ethers has been developed.””
The nitrosoalkene is generated in situ by 1,4-
elimination of an a-chloro silyl oxime and undergoes
a stereospecific cycloaddition with the appended enol

ether (Scheme 28). In the presence of KF, the
reaction is very slow but under these conditions the
nitroso-alkene is released at very low concentration,

which  reduces the amount of competing
intermolecular reactions.
OMe
N O~
KF (3.0 eq.) | H
SR —— dr=3.8:1
MeCN, 20 °C, 336 h
82%
Me

:

Scheme 28. Intramolecular cycloaddition of a
nitrosoalkene to a tethered enol ether..

While the geometry of the starting silyl oxime as well
as the orientation of the chlorine atom had no
influence on the stereochemical course of the reaction,
the configuration of the enol ether was important and
two products were formed in a diastereomeric ratio of
3.8:1 with respect to the configuration at the
oxygenated stereocenter. The cycloaddition is
thought to proceed via a preferred transition state
with an endo-orientation of the methoxy group
relative to the nitrosoalkene in analogy to the inverse
electron-demand secondary orbital interactions often
observed in Diels-Alder reactions.

Similarly, a tandem double intramolecular
[4+2]/[3+2] cycloaddition of nitroalkenes has been
reported.? In the presence of SnCl, as the Lewis
acid at low temperature, the nitroalkenes underwent
an intramolecular [4+2] cycloaddition with the enol
ether as the more reactive dienophile (Scheme 29).

[4+2] =
SnCly
—_—

CH,Cly,
@78 °C e

H [3+2]

00

/

toluene, 1h, rt
87% overall

l\,\/lle OMe

Scheme 29. Double intramolecular cycloaddition in the
synthesis of a daphnilactone B precursor.

The resulting nitronate cycloadducts then underwent
a second thermal [3+2] cycloaddition with the alkene
tether to afford tetracyclic nitroso acetals. In
combination with hydrogenolysis of the nitroso
acetals, the method proved useful for alkaloid
synthesis and it was applied to the construction of the
piperidine ring of daphnilactone B.[!!
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During their investigations on the intramolecular
1,3-dipolar ~ cycloadditions  of  sugar-derived
ketonitrones, Alonso et al. descrlbedasln%_e1 example
involving an enol ether (Scheme 30). In this
procedure, ketosugars were transformed into the
corresponding  nitrones,  which  subsequently
underwent a completely regio- and stereoselective
[3+2] cycloaddition with the tethered enol ether.

0y CHsNHOH-HCI B0 H
B0 <0 pyridine OISON00
)< 4 Amol. sieves N s )<
"0 “o

EtOH, rt /(0

OBn

single isomer

Scheme 30. 1,3-Dipolar  ketonitrone—enol  ether
cycloaddition.
The ketofuranonitrone depicted in Scheme 30

afforded the highly oxygenated tetracyclic system as
a single diastereomer. The synthetic potential of this
transformation for the stereo-controlled preparation
of targets bearing nitrogen-containing quaternary
centers is unarguable.

4.2 Electrocyclisations

Electrocyclic reactions are an important subclass of
pericyclic reactions and have received much attention
in organic synthesis owing to their inherent ability to
rapidly generate molecular complex1ty with a high
degree of stereospecificity.”! As the above-described
cycloadditions, they proceed in a concerted fashion
with a cyclic array of z-electrons in the transition
state. In electrocyclic ring closing reactions a new o-
bond is formed between the termini of an acychc
conjugated 7-system, while a z-bond is broken.[*l
The stereochemical course of the reaction is defined
by the conservation of orbltaUmmetw as proposed
by Woodward and Hoffmann.

The Nazarov reaction is a prominent example for
a 4r-electron-5-atom electrocyclisation and the most
extensively  studied  electrocyclic  reaction.®®!
Cyclopentenones are formed by cyclisation of cross-
conjugated divinyl ketones in a process catalysed by
strong Lewis acids. The thermal reaction involves a
conrotatory 4r-electrocyclisation mechanism via an
intermediary oxyallyl cation (Scheme 31).

L.A. LA
0 o o
RUNCR LA [ RUA R % | RI_A_R®
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|
RZ R4 BLA RZ R4

Scheme 31. Mechanism of the classical Nazarov reaction.

Complexation of the Lewis or Brensted acid (H") to
the divinyl ketone leads to the formation of
cyclopentadienyl cation 35 as the key intermediate,
which upon 4r-electrocyclic ring closure provides
oxallyl cation 36 with an anti-configuration of R,
relative to Ry. This stereospecificity is dictated by the
conrotatory fashion of the ring closure enforced by an
antarafacial overlap of the frontier orbitals located at
the termini of the z-system. Proton elimination
affords acid-bound enolate C, which then evolves to
the cyclopentenone as the final product via the keto-
enol tautomeric equilibrium. The at first sight
impressive synthetic elegance of the Nazarov process
however suffers from several drawbacks. Proton
elimination (36 — 37) is afflicted with regio-
selectivity issues and leads to the loss of a stereogenic
center (C3). Reprotonation of the enolate C is not
stereoselective (C5). Furthermore, strong acids in
(over)stoichiometric amounts are usually required to
efficiently promote the cyclisation, making the
development of catalytic variants difficult. /%]

The first example of an enol ether involved in a
Nazarov cyclisation was reported by Kociensky
(Scheme 32), who observed the formation of an a-
hydroxycyclopentenone 39 as a side-reaction, when
attempting the hydrolysis of the enol ether 38 under
acidic aqueous conditions.”

OH
o) 2 M HCl
o _— o
| MeOH, rt, 48 h
59% By

‘Bu
38 39

Scheme 32. Nazarov cyclisation under mild conditions
enabled by the presence of an enol ether.

Shortly after this report, the Lewis acid-promoted
Nazarov cyclisation of N-acylhemiaminals towards
the synthetically challenging tricyclic core skeleton
of a cephalotaxme precursor was described (Scheme
33).168
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Scheme 33. Enol ether-assisted Nazarov cyclisation of N-
acetyl hemiaminals.

This example demonstrated the beneficial effect of
the a-alkoxy substituent, since the same dienone
lacking the enol ether moiety did not undergo the
cyclisation under the described conditions. The
authors proposed a bidentate chelating complexation
of the Lewis acid to both the carbonyl oxygen and the
adjacent alkoxy substituent, enforcing the favorable
s-trans conformation of the enone required for
cyclisation. A similar effect had been observed for
the base-promoted cyclisation of a,f-unsaturated o-
diketones. In the presence of magnesium methoxide,
the respective magnesium complex is formed from
the enolate of the a-dicarbonyl system, holding the
precursor in the proper conformation for
cyclisation.[””

Following this finding, Trauner and coworkers
reported the Nazarov cyclisation of 2-alkoxy-1.,4
pentadien-3-ones, catalysed by AlICl; (Scheme 34). fro
The cyclopentenones were formed with excellent
diastereoselectivity. Whereas acyclic enol ethers
furnished the products in good yields, corresponding
dihydrofuran derivatives failed to give a clean
product

o o)
o AICI5 (10 mol%) © Ve
‘ ‘ CH,Cly, rt, 5 min
Ph 88% Ph

Scheme 34. Regio- and stereoselective catalytic Nazarov
cyclisation facilitated by an a-alkoxy group.

The seminal work of Frontier et al. led to a deeper
understanding of the steric and stereoelectronic
influence of substituents on the divinyl ketone and
highlighted the strongly promotive effect of
strategically placed alkoxy groups. In addition to a
chelating effect induced by the a-oxygen, the
electron-donating substituent may also increase the
electron density on the terminal carbon of the
pentadienyl cation, thus lowering the activation
barrier for cyclisation. Furthermore, it excerts a
stabilizing effect on the cyclopentadienyl cation
intermediate. And finally, the positive charge is
effectively directed to one a-carbon, enabling a
highly regioselective elimination.*®! In other words,
the introduction of the alkoxy substituent polarises
the divinyl ketone, dividing it into an electron-rich z-
system (nucleophile) and an electron-poor z-system

(electrophile), thus ensuring a regioselective course
of the reaction. These auspicious properties of enol
ether-containing substrates have paved the way for
catalytic versions of the Nazarov process. A strongly
polarised divinyl ketone bearing a donor and an
acceptor group on both a-carbons was cyclised
quantitatively with complete regio- and stereocontrol
in the presence of a catalytic amount of ﬂper(ll)
triflate at ambient temperature (Scheme 35).
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Scheme 35. The polarised Nazarov cyclisation.

In addition to the rate-enhancing effect of the o-
dihydropyranyl group, the -electron-withdrawing
substituent at the C4-position allowed for
thermodynamic epimerisation to occur at this stereo-
center, which accounts for the exclusive formation of
the trans-isomer. In the course of these studies, the
Frontier group also reported on a tandem
electrocyclisation—-Michael addition sequence of
similar enol ether substrates, catalysed by a dicationic
iridium(I1I) complex. [

An interesting unusual palladium-catalysed
cyclisation has been observed by Tius and
coworkers.®!  2-Hydroxycyclopentenone 40 was
obtained from a-alkoxy-substituted dienone 41 using
1 mol% of PACl,(MeCN), (Scheme 36).
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Scheme 36. Divergent palladium catalysis in the
electrocyclisations of a-alkoxy dienones.

In the presence of Pd(OAc),, cross-conjugated
cyclopentenone 42 was formed. An unusual
mechanism has been proposed, where activation of
the carbonyl group as for conventional acid-catalysed
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Nazarov cyclisations is not thought to be the first step.
Instead, reversible zm-coordination of the palladium
salt to the electron-poor olefin initiates cyclisation
and palladium enolate 44 is formed. In the case of
Pd(OAc),, proton elimination from 44 leads to 45,
from which 42 is released through f-H elimination.
When PdCl; is used, the enol ether is hydrolysed with
concomitant formation of HCI. Decomposition of
enolate species 43 regenerates the catalyst and
releases 2-hydroxycyclopentenone 40. The difference
between the two reaction pathways is thought to be
due to basicity differences between the counter
anions.

The synthesis of carbocycle-fused furans via a
gold-catalysed tandem heteroch%isation/Nazarov
cyclisation has been reported.”! Interestingly,
whether hetero- or electrocyclisation occurs as the
first step was found to be dependent on the solvent,
which is thought to have an influence on the
coordination mode of the catalyst to the substrate
(Scheme 37). In acetonitrile as a strongly
coordinating solvent, the effective ion radius of the
gold cation is considerably increased and the more
accessible carbonyl group is activated preferentially.
Dichloromethane on the other hand coordinates only
weakly to  the catalyst, rendering  the
Au(IIT)L,(CH,Cl,) complex compact enough to attack
at the kinetically favored cavity between the alkyne
and the alkene. In both cases, the alkoxy group is
necessary for the stabilisation of carbocationic
intermediates.
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Scheme 37. Solvent-dependent mechanistic divergence in
the gold-catalysed tandem heterocyclisation/Nazarov
cyclisation of a-ethoxy divinyl ketones.

Following these discoveries, several reports on
Nazarov reactions involving activated a-alkoxy-

substituted divinyl ketone precursors emerged in the
literature, usm%_lLewm acids,” mineral acids,”™
organocatalysts,— or even no catalyst at all in a
thermal, microwave-promoted reaction.”
Asymmetnc Var1ants have been disclosed by
Trauner,™>”! Rueping®” and others !

Various innovative methods for the unconventional
generation of the incipient pentadienyl cations have
been developed, some of them makmg use of the
particular reactivity of enol ethers.[°® The generation
of the characteristic Nazarov-intermediate through
activation of alkoxytrienes has been thoroughly
investigated by Occhiato and Prandi®2l Cyclo-
pentafused hexahydro[1]pyridin-7-ones were
obtained under mild conditions using Amberlyst 15
resin as the proton source. The pentadienyl cation is
formed via protonation of the distal double bond,
enabled by the electron- donatlng character of the
alkoxy group (Scheme 38).224 The presence of the
nitrogen (or other heteroatom) was found to be
essential to promote a successful cyclisation, due to
its stabilising effect on the ensuing oxyallyl cation
intermediate. Corresponding carbacyclic trienes did
not afford any cyclised products but underwent
hydrolysis of the enol ether under the acidic
conditions, furnishing exclusively the conventional
divinyl ketones, which did not undergo Nazarov
cyclisation under the present mild conditions. The
reaction outcome was shown to be dependent on the
ring size of the heterocycle, the substituents on the

alkoxytrlene m01ety and the nature of the
heteroatom.®*! The authors proved steric factors to
play a r%lze in the torquoselectivity of the
cyclisation. .
OEt 9bz OEt gbz 0] CEbz
N 7] +
5 | NS Amberiyst 15 ® Y N
r_ o
IR CHCls, 25 °C R R
R=H: <5%
R = Me: 5%
Amberlyst 15%
Et0  Gbz Eto  §bz o ¢z
N N N
/® - —
2H B H R
R =H: 73%
R =Me: 71%

Scheme 38. Cyclisation of alkoxytrienes under mildly
acidic conditions.

In the case of dihydropyran-derived substrates, the
sense of conrotation was determined by the 2-methyl-
substituent and the frans-product was predominantly
formed (Scheme 39).
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Scheme 39. Diastereoselection in alkoxytriene-cyclisations
of dihydropyran-derived substrates.

It was proposed that a better orbital overlap is
achieved when the dihydropyran ring adopts a boat-
like conformation in the transition state with an anti-
orientation of the two methyl groups. This method
allowed for a rapid and facile entry to a range of
cyclopentannulated heterocyclic structures, including
dihydronaphthalenes, isochromenes and
indoles 7745281

Interestingly, a divergent reactivity was observed
for the dihydropyran-containing substrates, due to
competing effects caused by the substituents on the
alkoxydienyl moiety (Scheme 40).24 When the distal
double bond was less electron-rich (R = H), the usual
fused ring system was formed following pathway b,
whereas pathway a became predominant, when a
gem-dimethylsubstituted terminal double bond was
used. In the latter case, 4m-electro-cyclisation led to
spirocyclic ketones with a high degree of
stereoselectivity. For the unsubstituted precursor,
vinylogous protonation of the acyclic enol ether
results in oxallylcation 47 where the positive charge
is sufficiently stabilised by the ethoxy group. Oxallyl
cation 46 on the other hand, benefits from stabilizing
effects of both the dihydropyranyl moiety and the two
methyl substituents. In consequence, activation of the
cyclic enol ether becomes more likely.

H*,\ R
| o F
~
Me" 0% =
(OEt
R = Me R=H
pathway a pathway b
l Amberlyst 15 l
CHJCly, r.t.
Me Me

€ Me

58% 62%
single diastereomer

trans:cis = 16:1

Scheme 40. Chemodivergence in the cyclisation of
dialkoxytrienes.

A similar mode of activation was reported for the
Nazarov-type cyclisation of dimethoxyhexatrienes in
the presence of excess TFA, yielding a 1:1 mixture of
regioisomeric cyclopentenones (Scheme 41).%*! This
transformation is a vivid example for the subtle
stereoelectronic effects brought upon by the alkoxy
groups. The positive charge in the incipient oxyallyl
cation 48 is delocalised on the first methoxy group,
whereas the second one has a stabilizing effect on the
ensuing cyclopentadienyl cation 49. Unfortunately,
the elimination step is not regioselective, because
direct hydrolysis towards the methoxycyclopentenone
is competing with proton elimination and subsequent
hydrolysis of the less substituted enol ether.

.
HK onte LTFA | OMe OMe
) 2. H,0 e © MeO
R\/WR il ~ ‘\_(; ‘ e
7929 W .
Eme 85092% R H ,R

R 48 R 49

OMe O
0 MeO
+
R R
R R

Scheme 41. Electrocyclisation of dimethoxyhexatrienes.

Alcohol ionisation is another means to generate the
incipient oxyallyl cation. Except for the work of the
Tius group regarding the Nazarov cyclisation of
allene ethers,®T reports on the cyclisation of divinyl
carbinols bearing an alkyl enol ether function are
scarce. An example was reportet by Tius in 1999,
who used (bis)allylic alcohols for the synthesis of a-
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perfluorinated cyclopentenones in the presence of a
stoichiometric amount of BF;-Et,O (Scheme 42).Iﬁ1
Enol ether-hydrolysis after the ring-forming step
leads to the loss of the THP ether as a stable oxo-
cation and to the formation of either cyclopentenones

from tertiary, or hydroxycyclopentenones from
secondary alcohols.
R' OH BF3-Et,0 R O HO 0
R%(OTHP (ca. 1.0 eq.) F F
E— or
3‘ CF, CH,Cl 0°C g2 F R? F
R R R
R'#H R'=H

Scheme 42. Synthesis of difluorocyclopentenones by
cyclisation of 2-oxa difluorovinyl ethers.

An electrocyclic ring rearrangement via alcohol
ionisation involving dihydropyran-derived tertiary 2-
alkoxy diallylalcohols has been reported Lempenauer
et al. (Scheme 43) 128

OH
. o
% Bi(OTf)s, (1 mol%) OH
\ —
CH,Cly, rt, 5 min ¥

83%
BH,0 l

o) 48-
@) _—

electrocyclisation

Scheme 43. Bi(OTf);-catalysed electrocyclisation of
diallyl alcohols.

The reaction catalysed by bismuth(IIl) triflate under
very mild conditions and proceeds within five
minutes at room temperature using only 1 mol% of
the catalyst. The cyclopentenone products are
obtained with excellent yield and stereospecificity,
furnishing the frans-diastereomer exclusively. It
should be noted here, that proton elimination to form
the corresponding cyclopentadienes 52 does not
occur under the reaction conditions. Oxallyl cation 51
is instead intercepted by the previously expelled
water molecule in a completely atom economic
intramolecular reaction. The cyclopentenone is
formed as the thermodynamically more stable open-
chain form of an intermediate lactol. The effect of
enol ether hydrolysis in the classical Nazarov
cyclisation of dihydropyran-containing divinyl
ketones was investigated by Kobayashi, who used a
surfactant-combined Lewis acid catalyst in aqueous

medium.®! Epimerisation of the enone under the
reaction conditions was further ruled out by
experimental evidence, emphasizing the excellent
diastereospecificity of the cyclisation.

The synthesis of six-membered carbocycles
through a Nazarov-type electrocyclisation has been
rendered possible by the so-called homo-Nazarov
cyclisation, which uses alkenyl cyclopropyl ketones
as the precursors to form substituted cyclohexenones.
The first example of a catalytic enol ether-homo-
Nazarov cyclisation has been reported using a vinyl
ether cyclopropyl ketone (Scheme 44, Eq. 1).°Y The
dihydropyran-fused cyclohexenone product was
formed in 70% yield after 15 minutes in the presence
of 20 mol% of 4-toluenesulfonic acid. Once again,
the enol ether moiety was essential to achieve
efficient cyclisation. A range of Lewis acids was also
tested but led to polymerisation of the sensitive
cyclopropyl ketones. The authors proposed a stepwise
mechanism with the cyclopropane-opening as the
rate-limiting step.

(e}
o
\
Ar

(@]
o
TsOH (20 mol%) )
MeCN, rt, 15 min

70% Ar
1) (0]
Meoz% In(OTf); (30 mol%) ~ Me©2C © 2
B s 150 MOt
CH,Cly, t, 1 h
Ar 2v2
93% Ar

Scheme 44. Homo-Nazarov reactions of 2-0xo enol ethers.
Ar = 4-methoxybenzene.

Shortly after this report, France and coworkers
published a Lewis acid-catalysed homo-Nazarov
cyclisation of similar substrates (Scheme 44, Eq.
2)PY In this case, an electron-withdrawing a-
carbomethoxy group on the cyclopropane unit
facilitated ring opening and prevented polymerisation
in the presence of indium(I1l) triflate as the catalyst.

Whereas a-alkoxy substituents have a favorable
effect on the cyclisation due to the stabilisation of the
cyclopentadienyl cation, the inverse effect should be
true for f-alkoxy substituents. Nevertheless, Shindo
and coworkers achieved the cyclisation of reverse
enol ether-substrates to afford a-alkoxy cyclopenten-
ones (Scheme 45, Eq. 1).°2! The presence of the /-
alkoxy group proved to be mandatory, precursors
lacking the enol ether function did not furnish any
cyclised product. Experimental results suggested that
the formation of the quaternary center was an
intermolecular process rather than an intramolecular
alkoxide shift. When nucleophilic attack at the a-
carbon was prevented for steric reasons, proton
elimination led to a-exomethylene compounds
(Scheme 45, Eq. 2).1%!
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o) Sc(OTf)3 (10 mol%) Meo 9
Me Me MeOH (10 eq.) Me
| _ Me 1)
CH,Cly, rt, 3 min
Ph OMe Ph
89%
o] o]
Me Me FeCl; (1.0 eq.)
|- _— Me @
R RZ NoiPr CH,Cly/t-BuOH, R
rt, 3 min R2
R'=CH,0TBS 71%
R2? = (CH,)4OMe
Scheme 45. Scandium(Ill) and iron(Il)-catalysed

cyclisation of f-alkoxy divinyl ketones.

An asymmetric version of this reaction has been
provided by the same group, as the first example of a
catalytic  enantioselective interrupted Nazarov
cyclisation (Scheme 46).24

Sc(OTf)3Bpybox
complex o

(10 mol%) ipr%&

(CH3),Ph

0]

T

Ph(H,C)y” ©OPr

Et3N, iPrOH, rt, 3 h

55% vyield, 91% ee

pybox = pyridine (bis)oxazoline

Scheme 46. Asymmetric electrocyclisation using a chiral
scandium complex.

The asymmetric quarternary center at the a-carbon
was established with moderate to good enantiomeric
excesses (up to 91%) using a chiral scandium
bis(oxazoline) complex in analogy to the results
reported by Trauner.}‘)Ml

5 Conclusions

Among the plethora of functional groups amenable to
Lewis or Brensted acid chemistry, enol ethers have
been described in only a few instances in the context
of intramolecular reactions. One reason may be that
the reactivity of enol ethers under acidic conditions is
often delicate and difficult to control. As illustrated in
the present review, the enol ether function mostly has
a rate-enhancing effect or a directing influence on the
regiochemistry of an elimination step after the
cyclisation. Being both an electron-rich olefin and a
masked carbonyl group, the enol ether function
exhibits an inherently dual reactivity, making it
susceptible to react with nucleophiles as well as with
electrophiles. Sometimes, there may be a thin line
between the nucleophilic and the electrophilic
behavior, which may be influenced by other
functional groups present within the molecule, by the
catalyst or the reaction conditions.
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precursors bearing an enol ether function as a
reactive moiety. Special attention is given to Lewis
or Bronsted acid-catalysed processes following
carbocationic-type cyclisation mechanisms
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