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ABSTRACT

The carbonyl ene reaction of 2-methylenetetrahydropyrans provides a rapid, high yielding route for the preparation of β-hydroxydihydropyrans
under mild conditions. This process provides a new entry for the synthesis of 2-substituted tetrahydropyrans and for the direct introduction of
oxygen heterocycles into molecular frameworks.

Exocyclic enol ethers are useful intermediates in organic
synthesis. Much effort has been concentrated on the
functionalizationof the nativedouble bondby the addition
of electrophilic reagents, by reduction, and by the addition
of heteroatom nucleophiles to the anomeric position.1 The
use of these substrates in carbon�carbon bond forming pro-
cesses has largely focused on their use in hydroboration/
B-alkylSuzuki sequences2 andcycloaddition reactions.3Less
well developed is the direct use of exocyclic enol ethers in
carbon�carbon bond forming reactions that extend the
carbon chain from the olefin terminus. While this alkene

has been used as both a radical acceptor4 and as a
nucleophile,5 such reactions typically proceed in low yields,
show very specific substrate requirements, and/or are other-
wise limited in scope.
The development of methods that capitalize on the

inherent reactivity of these substrates provides a mechan-
ism for the direct incorporation of oxygen heterocycles
into complexmolecular frameworks.Along these lines, our
interest in the synthesis of tetrahydropyran containing
natural products led us to consider the carbonyl ene
reactions of 2-methylenetetrahydropyrans. These com-
pounds are readily available via methylenation of the
corresponding lactone6 or by dehydrohalogenation of a
suitably functionalized tetrahydropyran.7 While acyclic
enol ethers have been used effectively in carbonyl-ene pro-
cesses,8 prior use of exocyclic enol ethers in ene reactions
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are rare. Miles has reported the ene reaction of 2-methy-
lene-2,3-dihydrofuran,9 and Rizzacasa has observed the
formation of an ene byproduct in the Lewis acid catalyzed
Diels�Alder reaction of a functionalized exo glycal.10

Our goal in this endeavor was to develop an efficient,
catalytic process that could be broadly applied. Central to
this objective was the need to identify a Lewis acid that
could effectively activate the aldehyde without premature
isomerization of the exocyclic double bond. Toward this
end, a variety of Lewis acids (TiCl4, AlCl3, EtAlCl2, SnCl4,
BF3 3OEt2, ZnCl2) were screened in the carbonyl ene
reaction of 2-methylenetetrahydropyran11 (Scheme 1).
These studies revealed that ZnCl2 was best suited to this
transformationwith the desired ene adduct obtained cleanly
in the presence of 1 equiv of ZnCl2 in THF at room
temperature.12 Under these conditions, reaction of enol
ether 1 with p-nitrobenzaldehyde gave the dihydropyran 2

(R = p-NO2C6H4-) in 75% yield. Similar results were
obtained when only 5 mol % of ZnCl2 was used. No
reaction occurred when the reaction was run in dichlor-
omethane, likely due to the poor solubility of ZnCl2 in
this solvent.

Further optimization was effected in the reactions of
both 2-methylenetetrahydropyran 1 and 5,6-benzo-2-
methylenetetrahydropyran 3 with ethyl glyoxylate (Table 1).
Best results were obtained at concentrations of 0.5 M
(entries 3, 5, 6) and upon minimization of reaction time
(entries 3, 6).
Support for an ene-type mechanism comes from the

reaction of 2-methylenetetrahydropyran 1 and p-nitroben-
zaldehyde in the presence of excess Et3SiH (3 equiv).
When a mixture of these components was treated with
ZnCl2 (1 equiv), only the ene adduct 2 was isolated
(Scheme 2). None of the corresponding tetrahydropyr-
an 6, expected upon the intermediacy of an oxonium
species, was observed. The dihydropyran 2 can be
readily reduced to 6 in situ upon addition of catalytic
BF3 3OEt2. The same product 6 can be obtained after
isolation of 2 and treatment with BF3 3OEt2 in the
presence of Et3SiH.

In order to assess the scope of carbonyl substrates, the
ene reaction of 2-methylenetetrahydropyran 1 was further
evaluated (Table 2). Reactions were carried out in THF at
room temperature using a slight excess of the carbonyl
derivative in the presence of catalytic ZnCl2. As shown,
both ethyl glyoxylate 7 and ethyl pyruvate 8 react readily
under these conditions providing excellent yields of the
corresponding ene adducts (entries 1�2). Despite a similar
electronic advantage, the reaction of 2,3-butanedione 9

proceeded in a slightly lower yield, 59%, perhaps due to
competing polymerization of the diketone over the longer
reaction time.13 Best results were obtained in the presence
of 0.2 equiv of ZnCl2 (entry 3). No added benefit in yield
was observed with increasing concentration or upon ex-
tending the reaction time further. With aromatic sub-
strates, the electronic nature of the aldehyde had a signi-
ficant influence on the rate of the reaction, with electron
poor substrates reacting more readily than those that were
electron rich (entries 4�7). In cases where less highly
activated aldehydes were used (entries 6�7), yields
could be enhanced by increasing the amount of ZnCl2
to 20 mol %. For example, dihydropyran 23 is formed
in 84% yield when 5 mol % ZnCl2 is used, but in 93%

Scheme 1. Ene Reaction of 2-Methylenetetrahydropyran

Table 1. Reaction of 2-Methylenetetrahydropyrans with Ethyl
Glyoxylatea

aA 1:1.2 ratio of enol ether to ethyl glyoxylate was used.

Scheme 2. Attempted Oxonium Ion Trap
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yield at the higher catalyst loading. A similar increase in
yield is seen in the reaction of p-methoxybenzaldehyde 13.
R,β-Unsaturated aldehydes showed levels of reactivity
similar to that of the electron rich aromatic aldehydes
(entries 8�9). Aliphatic aldehydes were also found to be
suitablepartners in this carbonyl ene reaction (entries 10�12).
Efficient reaction was observed with both the sterically
unencumbered octanal 16 as well as with more hindered
aldehydes 17 and 18 that show branching at the R- and
β-positions, respectively. The endocyclic enol ethers pre-
pared by this method do not participate further in the ene

reaction, nor does ene reaction of the endocyclic isomer of 1
occur. Several additional exocyclic enol ethers were pre-
paredand evaluated for efficacy in the carbonyl ene reaction
(Table 3). Under the optimized conditions identified above,
reaction of these substrates with aldehydes occurs cleanly
and in excellent yield. As shown, both 6,6-disubstituted
(entries 1�3) and 3-substituted (entries 4�5) exocyclic enol
ethers participate readily in the reaction as does the corre-
sponding dihydrocoumarin derivative 3.

Table 2. Reaction of 2-Methylenetetrahydropyran with Aldehydes and Ketones
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The potential of using a chiral Lewis acid to effect
this transformation was also explored. In preliminary
investigations, we found that the chromium(III)-salen
derivative 3914 effectively catalyzes the reaction of
2-methylenetetrahydropyran 1 with benzaldehyde to give
the desired ene adduct 23 in excellent yield and with
moderate enantioselectivity (Scheme 3). These findings
provide impetus for the further optimization of this reac-
tion in the interest of developing an catalytic asymmetric
protocol.

In conclusion, we have demonstrated the utility of
2-methylenetetrahydropyrans as participants in the carbonyl
ene reaction with aldehydes and activated ketones. These
reactions proceed in high yield under mild conditions using
essentially equimolar amounts of ene and enophile compo-
nents in the presence of catalytic ZnCl2. Early studies toward
the development of an enantioselective protocol show pro-
mising results. This methodology expands the scope of the
ene reaction for the synthesis of substituted dihydropyrans.
The resulting β-hydroxydihydropyrans will be useful inter-
mediates for the synthesis of functionalized tetrahydropyr-
ans, as both hydroxyl and alkene functions can serve as sites
for furthermanipulation.Thismethodmay also facilitate the
direct incorporation of these oxygen heterocycles into com-
plex molecular frameworks. Application of this chemistry to
natural product synthesis is currently ongoing as are efforts
to optimize an enantioselective version of this reaction. The
results of these studies will be reported in due course.
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