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ABSTRACT

Expeditious and high-yielding Nazarov cyclizations of 2-alkoxy-1,4-pentadien-3-ones are described. An example of a catalytic asymmetric
Nazarov cyclization is presented.

The Nazarov cyclization is one of the most versatile methods
for the synthesis of five-membered carbocycles. It has been
used in the construction of numerous complex target
molecules, including polyquinane natural products and
prostanoids.1 Modern variants are based on the interception
of cationic intermediates2 or the use of highly reactive allene
substrates,3 and even include examples of the reverse
reaction.4

Since the mechanism of the Nazarov cyclization involves
a conrotatory 4π electrocyclization of a pentadienyl cation,
it has been placed among pericyclic reactions. In fact, the
Nazarov cyclization is a rare example of an electrocyclization
subject to Lewis acid catalysis. Somewhat surprisingly,
catalytic asymmetric versions of the reaction have not yet
surfaced in the literature.

In the context of our studies on the total synthesis of
guanacastepene antibiotics,5 we became interested in Nazarov

cyclizations of 2-alkoxy-1,4-pentadien-3-ones. Few reactions
involving these substrates have been studied before (Scheme
1). In 1994, Kocienski described the acid-catalyzed cycliza-

tion of 1 to afford cyclopentenone2.6 A related reaction (3
f 4) was used by Cha in a synthetic approach toward the
cephalotaxine class of alkaloids.7 Previously, Denmark
reported the attempted cyclization of silyl alkoxydienone5.8

Systematic studies involving substrates of this type, however,
have apparently not been disclosed.
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We now report the further development of 2-alkoxy-1,4-
pentadiene-3-ones as a class of highly reactive substrates for
Nazarov cyclizations, which appear to be well suited for
studies in asymmetric synthesis.9 Under optimized conditions,
these substrates react at room temperature, some within
minutes, to afford 2-alkoxy-2-cyclopentenones in high yields
and with excellent regioselectivities.

The 2-alkoxy substituents render the substrates not only
highly reactive but also allow for regioselective bidendate
binding of a Lewis acid, preorganizing one side of the mol-
ecule in the reactive s-trans conformation. The second enone
moiety can be biased toward the s-trans conformation by
substitution in the 4-position, further increasing the reactivity.

The alkoxydienone substrates9a-t can be easily as-
sembled by addition of a lithiated enol ether6 such as
2-lithio-dihydropyran to an unsaturated aldehyde7 followed

by oxidation of the resulting divinylcarbinol8 (Scheme 2,
Figure 1).8 Subsequent oxidation using either Dess-Martin
periodinane (DMP) or manganese dioxide gave alkoxy-
dienones9 (see Supporting Information). Combined yields
for both the addition and oxidation step are shown in Figure
1.

After an extensive survey of various Lewis acids and
solvents, we determined that aluminum chloride (10 mol %)
in dichloromethane (DCM) or acetonitrile (MeCN) was most
effective in promoting the cyclization (Scheme 3, Figure 2).

Alkoxydienones9 reacted smoothly to afford alkoxy
cyclopentenones10 in good to excellent yields. Only
dihydrofuran derivative9o, whose product would contain a
severely strained tetrasubstituted double bond, failed to give
a clean product.
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All substrates underwent the Nazarov cyclization with
complete regioselectivity, usually placing the double bond
on the side of the alkoxy substituents. In the case of9r,
however, the cyclization afforded10r wherein the double
bond resides in the more substituted position.

Note that trienone9f and terminally disubstituted substrates
9g,l reacted cleanly to afford vinyl cyclopentenone10f and
products featuring quaternary stereocenters10g,l, respec-
tively. Dihydrodioxine9t gave compound10t in good yield.

While many substrates underwent the reaction with
reasonable rates in dichloromethane, we found that aceto-
nitrile was a better choice for less reactive, sterically more
hindered substrates. This polar, coordinating solvent, which
is rarely used in combination with aluminum chloride, may
facilitate proton-transfer steps or catalyst turnover.

Remarkably, 2-ethoxypentadienones9p-sunderwent the
reaction at a considerably slower rate than their dihydro-
pyranyl counterparts under otherwise identical conditions.10

The nature of the solvent was found to be less important in
these cases.

The diastereoselectivity of the cyclization was further
investigated using substrates9h, 9i, and9m (Scheme 4). The

4,5-disubstituted dienone9h underwent fast cyclization with
the anticipated low diastereoselectivity to afford a 1.5:1
mixture of the cis and trans products11a,b. By contrast,
substrate9i gave exclusively cis diastereomer12. The X-ray
crystal structure of12 is shown in Figure 3.

Induced diastereoselection was investigated using com-
pound9m, which could be obtained in two straightforward
steps from perillaldehyde and dihydropyran (see Supporting
Information). In the presence of 10 mol % aluminum

chloride, 9m cyclized to afford a 1:4 mixture of pyrano-
indenones13a,b in good overall yield.

Due to their ability to engage in bidendate binding and
their high reactivity, substrates9 should lend themselves well
toward catalytic asymmetric synthesis. So far, attempts to
develop a catalytic asymmetric version of the Nazarov
cyclization have only been moderately successful. For
instance, alkoxydienone9j underwent Nazarov cyclization
in the presence of 20 mol % chiral scandium triflate pybox
complex14 to afford enantiomerically enriched tricycle10j
in 53% yield and 61% ee (Scheme 5).11 The enantiomeric

excess was found to be very dependent on the solvent, with
THF providing the highest value. No attempts were made
to elucidate the absolute configuration of the major enanti-
omer. Note that10j cannot easily undergo racemization,
which was found to be a persistent problem with other
substrates.

Although the enantiomeric excess is modest, this reaction
represents, to the best of our knowledge, the first catalytic
asymmetric Nazarov cyclization reported in the literature.9

In summary, the development of an efficient Nazarov
cyclization involving a highly reactive class of substrates
has been described. Its products include highly functionalized
heterobicyclic and -tricyclic compounds that could serve as
valuable synthetic building blocks.
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Figure 3. X-ray structure of compound12.
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Proof of principle has been given that the Nazarov
cyclization can be rendered asymmetric. The development
of highly enantioselective versions of the Nazarov cyclization
is well underway in our laboratories and will be disclosed
in due course.
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