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Abstract
This paper describes the phosphine-catalyzed annulation of methyl allenoate with various aromatic
aldehydes to form 6-aryl-4-methoxy-5,6-dihydro-2-pyrones. In this reaction, the addition of an
alcohol was necessary to induce dihydropyrone formation, with the optimal agent being methanol.
Moreover, the addition of n-butyllithium suppressed the formation of the non-cyclized product,
leading to the exclusive isolation of the dihydropyrone. This method provides an efficient, one-step
route toward disubstituted dihydropyrones from simple, stable starting materials.

5,6-Dihydro-2-pyrone moieties are present in many biological metabolites, some of which
exhibit desirable medicinal properties,1 such as antitumor,1q antifungal,1l anti-HIV,1p anti-
hepatitis C,1q,1s and antibiotic1c activity. As a result of their prevalence in medicinally useful
compounds, there are many reported syntheses of dihydropyrones, several of which have been
used successfully to prepare natural products. One such approach involves standard acid-
catalyzed lactonization, following construction of the carbon framework.2 For example, the
nucleophilic opening of epoxides by propiolic acid dianions and subsequent alkyne-to-alkene
transformation provides substrates suitable for lactonization.3 An alternative approach toward
dihydropyrones is the preparation of related six-membered oxygen-containing heterocycles
and subsequent functional group manipulation to install the carbonyl group.4 These two
methods are, however, quite inefficient because they require the use of several sequential
reactions; a single-step, multicomponent coupling protocol would be desirable.5 A more
attractive methodology lies in the hetero-Diels–Alder reaction between Brassard’s diene and
an aldehyde.6 Although this approach leads to the dihydropyrone core in a single step,
reasonable yields have been achieved only when using the expensive Eu(hfc)3 catalyst. In
addition, the diene itself requires extremely careful handling, and is unstable during storage.
A resin-bound derivative of Brassard’s diene has been reported as being stable for extended
periods, but its reactions come with reduced yields and other limitations inherent to solid-bound
reagents.7 The various other routes toward 5,6-dihydro-2-pyrone moieties suffer similarly
from low efficiencies.8

In addition to exhibiting biologically important functions, 4-alkoxy-5,6-dihydro-2-pyrones are
also synthetically useful: they can be efficiently transformed into hydroxypyrazoles,9a
reduction of the carbonyl group provides a hydroxylated anomeric carbon for further
functionalization,9c,9d and they are converted to disubstituted 2,3-dihydro-4-pyrones upon
addition of a nucleophile followed by acid hydrolysis.9e The synthetic utility of 5,6-dihydro-2-
pyrones has also been demonstrated in several syntheses of polyether ionophore antibiotics.9b
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Considering the many versatile and efficient methodologies that have emerged featuring
phosphine-catalyzed annulations of electron-deficient allenes,10 we suspected that it might be
possible to synthesize disubstituted dihydropyrones from allenoates. Previously, we reported
the preparation of dioxanes and pyrones through nucleophilic phosphine-catalyzed additions
of allenoates to aldehydes as effective electrophiles (Figure 1).11

Upon the addition of a phosphine to 2,3-butadienoate 1, a phosphonium dienolate having s-
cis stereochemistry, 2′, is formed favorably as a result of the stabilizing Coulombic interaction
between the partially anionic carbonyl group and the phosphonium center (Scheme 1).12
Dioxanes result when an aldehyde adds to this s-cis-dienolate, followed by the addition of a
second molecule of aldehyde and subsequent 6-endo-trig cyclization.11a Use of a more
sterically bulky phosphine destabilizes the s-cis-phosphonium dienolate and shifts the
equilibrium in favor of the s-trans isomer 2.11b Upon addition of an aldehyde, the intermediate
β-phosphonium enoate having an E-alkene geometry, 3, is formed, allowing intramolecular
lactonization. The alkoxide released from the allenoate abstracts a proton to form an alcohol
and initiate a series of proton transfers that form the pyrone product with regeneration of the
phosphine catalyst.11b In a different scenario, if the alkoxide generated upon lactonization
adds conjugatively to the β-phosphonium enoate 4, 4-alkoxy-5,6-dihydro-2-pyrones can be
formed after β-elimination of the phosphine catalyst. The presence of sterically bulky
phosphines, which are necessary for the generation of s-trans-phosphonium dienolates, is
believed, however, to impede such Michael addition of the alkoxide. Therefore, we needed an
alternative means of influencing the equilibrium and inducing the formation of the s-trans-
phosphonium dienolate 2; we hypothesized that adding an external alcohol—to act as an
electron donor toward the phosphonium ion—would overcome the Coulombic attraction in the
s-cis-isomer. This process would allow a smaller phosphine to act as the catalyst and increase
the concentration of the Michael donor.

Our initial experiments with alcohol additives were successful, displaying a modest induction
of 4-alkoxy-5,6-dihydro-2-pyrone (Table 1).13 The added alcohol presumably provided the
necessary disruption of the phosphonium–alkoxide electrostatic interaction in addition to
possibly hydrogen bonding to the dienolate alkoxide. Varying the nature of the alcohol allowed
us to fine-tune the nucleophilicity of the requisite Michael donor. The addition of isopropanol
and ethanol resulted primarily in dioxane products, presumably because the equilibrium
favored the s-cis-phosphonium dienolate diastereoisomer (entries 1 and 2). We also observed
the non-cyclized product 6 when using ethanol as the additive. The addition of methanol
provided the highest total mass recovery and a significant reduction in the yield of the dioxane
product, albeit with a corresponding increase in the amount of undesired non-cyclized product
6 (entry 3). Suspecting that the enhanced nucleophilicity of methanol might have been
responsible for the formation of the non-cyclized product, we hoped to encourage cyclization
by employing commercially available halogenated ethanol derivatives exhibiting increased
acidity and diminished nucleophilicity (entries 4–9). Encouragingly, the relatively poorer
nucleophilicities of 2-fluoroethanol and 2-chloroethanol provided the desired dihydropyrone
product 5 with significantly reduced formation of the non-cyclized product 6 (entries 4 and 5).
Although it was gratifying that these alcohols provided no dioxane product 7, the mismatch
between the ester and the added alcohols led to a mixture of either MeO or XCH2CH2O groups
incorporated in the dihydropyrone product 5. The addition of 2,2-dichloroethanol or 2,2,2-
trichloroethanol led to no apparent consumption of the starting material, presumably because
of each alcohol’s excessive acidity (entries 6 and 7).14 The use of matched 2-chloroethyl and
2-fluoroethyl alcohols and allenoates provided single dihydropyrones 5 and non-cyclized
products 6, but still with significantly lower mass recoveries compared with that obtained using
methanol (entries 8 and 9). Therefore, for subsequent experiments we chose to use methanol
as the additive to induce dihydropyrone formation, but we needed to find a way to suppress
the formation of the non-cyclized product.
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We suspected that the non-cyclized product 6 resulted from protonation of the benzylic
alkoxide 3 and regeneration of the catalyst through Michael addition of the alkoxide without
lactonization (Scheme 2).16 Considering that the intermediate alkoxide 3 was necessary for
lactonization, we reasoned that protonation of the benzylic alkoxide by methanol might be
inhibiting the desired lactonization. We hypothesized that addition of a base, allowing
generation of methoxide in situ, would encourage progress along the desired pathway and
decrease the production of the non-cyclized product 6.

With this concept in mind, we added n-butyllithium to generate lithium methoxide in situ (Table
2). Although we observed no non-cyclized product under these basic conditions, the dramatic
reduction in mass recovery necessitated a switch to dichloromethane as solvent (entry 1). An
added bonus of switching the solvent was complete suppression of the dioxane product 7 (entry
2). Use of a 1:1 mixture of methanol and lithium methoxide led to the promising generation of
the dihydropyrone in 71% yield with no non-cyclized product formed (entry 3). A decrease in
the concentration of methanol provided a corresponding decrease in the mass recovery,
suggesting that the presence of methanol was critical (entries 4 and 5). Not surprisingly,
however, an increase in the concentration of methanol (vs. methoxide) induced the formation
of more of the non-cyclized product (entry 6). Decreasing the concentration of n-butyllithium
was also detrimental (entry 7). Higher concentrations of methoxide at a constant free methanol
concentration (entries 8 and 9) and higher concentrations of 1:1 mixtures of methanol and
methoxide (entries 10 and 11) both led to decreasing product formation with increasing additive
concentration.

Having determined optimized concentrations of methanol and n-butyllithium, we proceeded
to probe the scope of the substrate for the formation of dihydropyrones (Table 3).
Benzaldehydes possessing a variety of electron withdrawing substituents provided the desired
dihydropyrones in good yields (entries 1–7). Aromatic substitution in the meta position was
optimal, as exemplified by the reactions of 3-cyano-, 3-nitro-, and 3-
trifluoromethylbenzaldehyde (entries 2, 4, and 6). Substitution at the ortho position, the most
sterically hindered site, was also tolerated, as exemplified by the similar yields for the reactions
of 4- and 2-trifluoromethylbenzaldehyde (entries 5 and 7). Consistent with the results of
previous allene/aldehyde annulations,11 the use of more-electron-rich aromatic aldehydes
provided lower yields (entries 8–10). 3-Pyridine carboxaldehyde had similar reactivity,
providing the corresponding substituted pyridine in 44% yield.

In summary, 4-methoxy-6-aryl-5,6-dihydro-2-pyrones can be assembled rapidly in one step
from simple, bench-stable starting materials in moderate to good yields. The generation of
dihydropyrones through these phosphine-catalyzed annulations of allenoates and aldehydes
was facilitated by the addition of alcohols and alkoxides. The presence of an added alcohol
allowed preferable formation of the s-trans-phosphonium dienolate and subsequent
lactonization after its addition to the aldehyde; the added alkoxide suppressed the formation
of a non-cyclized three-component coupling product from the allenoate, aldehyde, and alcohol.
We are investigating several applications of this protocol, including intramolecular variants
using substrates incorporating aldehyde or alcohol participants, enantioselective processes
using chiral phosphines or alcohols, and increasing the product complexity further through the
use of α- and/or γ-substituted allenoates.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Divergent pathways for phosphine-catalyzed annulations of aldehydes with 2,3-butadienoates.
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Scheme 1.
Possible reaction pathways
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Scheme 2.
Formation of the dihydropyrones 5 and the noncyclized coupling products 6
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Table 1
Survey of Alcohol Additives for the Reactions of Various Allenoates With 3-Chlorobenzaldehydea

entry R1 R2 pKa of R2OH in H2Ob yieldc % (5:6d:7)

1 iPr iPr 16.5 54 (16:0:84)
2 Et Et 16.0 70 (23:21:55)
3 Me Me 15.54 78 (54:39:7)
4 Me CH2CH2F 14.2, 13.92 49 (85:15:0)e
5 Me CH2CH2Cl 14.31 55 (90:10:0)e
6 Me CH2CHCl2 12.89 trace
7 Me CH2CCl3 12.24, 11.8 0
8 CH2CH2Cl CH2CH2Cl 14.31 41 (81:19:0)
9 CH2CH2F CH2CH2F 14.2 54 (90:10:0)

a
See the Supporting Information for a detailed experimental procedure.

b
Data from reference 15.

c
Isolated yields.

d
The alkene stereochemistry was exclusively E (NOESY NMR spectroscopy).

e
Both methoxide and the 2-haloethoxide were incorporated as β-substituents (OR2) in 5 and 6.
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Table 3
Syntheses of Disubstituted Dihydropyrones

entry Ar product yield (%)a

1 4-NCC6H4 5b 68
2 3-NCC6H4 5c 83
3 4-O2NC6H4 5d 40
4 3-O2NC6H4 5e 74
5 4-CF3C6H4 5f 63
6 3-CF3C6H4 5g 74
7 2-CF3C6H4 5h 58
8 C6H5 5i 37
9 3-MeC6H4 5j 36
10 3-MeOC6H4 5k 36
11 3-pyridyl 5l 44

a
Isolated yields.
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