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Numerous natural products, including prominent compounds
such as dihydroxerulin, tetrenolin, freelingyne, or pulvinic
acid, belong to the pharmacologically important category of
g-alkylidenebutenolides.[1] Dihydroxerulin, for instance, has
proven to be an important nontoxic inhibitor in the biosyn-
thesis of cholesterol,[2] while tetrenolin exhibits antibiotic activity
against gram-positive bacteria.[3] a-Hydroxy-g-alkylidenebu-
tenolides are particularly suitable building blocks for natural
product synthesis (by means of transition metal-catalyzed
coupling and reduction reactions of the corresponding enol
triflates). However, it was only recently that an efficient
stereoselective route was introduced to obtain a specific
member of this class, 5-(2-hydroxyethylidene)-2(5H)-furanone,
by stereospecific elimination of l- and d-gulono-1,4-lactone.[4]

Since a carbohydrate derivative is used as the substrate for
this reaction, this method cannot be used to synthesize other

substituted butenolides. Previously reported b-eliminations
for the synthesis of a-alkyl-substituted or unsubstituted g-
alkylidenebutenolides proceed with low[5] stereoselectivity or
no stereoselectivity at all.[6] Wittig reactions of suitable phos-
phorylides with methoxymaleic anhydrides proceed with un-
desired regiochemistry and generally unsatisfactory stereo-
selectivity.[7] Wittig reactions of alkyl-substituted maleic
anhydrides[8] or other methods[9] lead only to E/Z mixtures
of a-alkyl-substituted or unsubstituted g-alkylidenebuteno-
lides. To our knowledge, no method exists which provides a
direct and stereoselective approach to g-alkylidenebuteno-
lides with a wide range of substitution patterns.

To fill this gap, we investigated the concept of direct
cyclization of 1,3-dicarbonyl compounds with the oxalic acid
dielectrophiles 2. Despite the simplicity of this idea, the
cyclization of 1,3-dicarbonyl compounds containing a terminal
hydrogen atom (e.g. acetylacetone) with oxalyl chloride in the
presence of Lewis acids was not successfully carried out until
1990.[10] The cyclization in this case proceeds through the
central carbon atom and an oxygen atom of the 1,3-diketone
under formation of 4-acyl-5-alkyl-2,3-dioxo-2,3-dihydrofur-
ans. To the best of our knowledge, we present herein the first
cyclizations of 1,3-dicarbonyl compounds with oxalic acid
dielectrophiles which proceed by attack of a terminal carbon
atom of the nucleophile. This method allows for a simple
regio- and stereoselective route to a series of g-alkylidene-
butenolides. To achieve the desired regioselectivity, the 1,3-
dicarbonyl compounds are used in the corresponding ambi-
dent dianionic form.[11, 12]

Initial experiments showed that reactions of the dianion of
ethyl acetoacetate (1 a) with diethyl oxalate (2 a) or oxalyl
chloride (2 b) led to the formation of complex, inseparable
mixtures (owing to overaddition, polymerization, or decom-
position; Table 1). The reaction of the dianion of 1 a with 1,4-

dimethylpiperazine-2,3-dione (2 c)[13] also remained unsuc-
cessful, although 2 c had previously been reported to undergo
condensation reactions with two equivalents of monofunc-
tional organolithium compounds. Fortunately, the problem
could be solved with the use of the Weinreb amide[14] N,N'-
dimethoxy-N,N'-dimethylethanediamide (2 d), which was re-
ported in 1995 and which until now has been used only in
condensation reactions with simple monolithium compounds
such as phenyllithium.[14a] Exposure of this Weinreb oxalic
amide to the dianion of 1 a induced a cyclization reaction, and
the g-alkylidenebutenolide 3 a was obtained in 75 % yield
(Scheme 1). The product was formed both regioselectively (by
cyclization of the terminal carbon and the neighboring oxygen
atom of the dianion) and with complete stereoselectivity. The
E configuration of the semicyclic double bond was unequiv-
ocally proven with NOE NMR studies of the g-alkylidene-
butenolide 3 b, which was obtained in 73 % yield from the
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for 182 variables refined against all 4559 unique data (as a comparison
for refinement on F, R1� 0.0505 for those 4068 data with (F> 4s(F)).
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reaction of 2 d with the dianion of tert-butyl acetoacetate (1 b,
Table 2). Optimized yields were obtained by use of 1.2 equiv-
alents of the dianion, addition of the Weinreb oxalamide 2 d to
the solution of the dianion at ÿ78 8C, and warming of the
reaction solution to room temperature within a period of six
hours, followed by subsequent treatment with hydrochloric
acid (Table 1). When two equivalents of the dianion were
used, 3 a was still obtained in 52 % yield.

According to Harris et al., the reaction of the bis(N-
methoxy-N-methylamide) of a glutaric acid derivative with
the dianion of 1 b led to the formation of an open-chain
product.[15a] No conversion was observed, however, in the
reaction of the simple N-methoxy-N-methylacetamide with
the monoanion of acetophenone.[15b] In the case of the
cyclization of the bis-Weinreb amide presented here, which
we believe is the first reported cyclization of this type, the
intramolecular formation of the five-membered ring must be
preferred over the formation of any open-chain 1:2 product.
The product is probably formed by a regioselective attack of
the terminal carbon atom of the dianion onto the substrate
and a subsequent cyclization step that also proceeds regiose-
lectively at the neighboring oxygen atom. Our working
hypothesis for explaining the regioselectivity of the ring
closure is based on the complexation of the lithium atom by
both the amide and the enolate oxygen atoms as ilustrated in
intermediate A (Scheme 1). This chelation step brings the
amide and the enolate functionalities close together, thus
favoring a regioselective ring closure under formation of

intermediate B.[16] Both five-membered chelate complexes of
intermediate B are subsequently cleaved with hydrochloric
acid to form the carbonyl group. An attempt to prepare E-
configured g-alkylidenebutenolides by stereospecific elimi-
nation at insufficently low temperatures[4c] led to a mixture of
geometric isomers. The same happens upon treatment of
E-configured g-alkylidenebutenolides with chlorosulfonic
acid.[8] These observations strongly support the assumption
that the stereoselectivity observed in this study to preferen-
tially form g-alkylidenebutenolides with E configuration is
not thermodynamically but instead kinetically controlled.

The reaction of the Weinreb oxalamide 2 d with the
dianions of acetylacetone (1 c), N,N-diethyl acetoacetamide
(1 d), and benzoylacetone (1 e) gave rise to the g-alkylidene-
butenolides 3 c, 3 d, and 3 e, respectively, in generally good
yields and with very good stereoselectivities (Table 2).

Although E/Z selectivities of greater than 98:2 were obtained
in three experiments to synthesize the butenolide 3 c, there
was one experiment in which an isomeric mixture (5:1) was
isolated (probably because higher temperatures were used
when adding 2 d). This result provides independent evidence
for the E configuration of the semicyclic double bond:
Analogous to the 1H NMR data of similar compounds,[4] the
main component (E)-3 c shows a larger chemical shift for the
two CH signals than the corresponding signals of the minor
component (Z)-3 c. Starting from the R1- or R2-substituted
methyl and ethyl acetoacetates 1 f ± i the corresponding
substituted butenolides 3 f ± i were prepared in good yields
and with very high stereoselectivities. In the case of 3 f and 3 g
the Z-configured butenolides were formed with efficient
stereoselectivities. The Z configuration of 3 g was unequiv-
ocally proven by NOE NMR studies. The change of the

Scheme 1. A possible mechanism for the reaction of the dianion of 1a with
2d. LDA� lithium diisopropylamide.

Table 1. Optimization of the reaction of the dianion of 1 a with the oxalic
acid dielectrophiles 2 a ± d.

Entry 2 T t Equiv (1a) Yield (3a)
[8C] [h] [%]

1 a ÿ 78!20 6 1.0 0
2 b ÿ 78!20 6 1.0 0
3 c ÿ 78!20 6 1.0 0
4 d ÿ 78!20 6 1.0 69
5 d ÿ 78!20 6 2.0 52
6 d ÿ 78!20 6 1.2 75
7 d ÿ 78!ÿ 40 5 1.2 64
8 d 0!20 4 1.2 0

Table 2. Synthesis of the g-alkylidenebutenolides 3a ± q.[a]

3 R1 R2 R3 Yield [%]

a H H OCH2CH3 75
b H H OC(CH3)3 73
c H H CH3 56
d H H N(CH2CH3)2 63
e H H C6H5 57
f CH3 H OCH3 70
g CH2CH3 H OCH2CH3 54
h H CH3 OCH2CH3 71
i H CH2CH3 OCH2CH3 43
j H ÿCH2CH2Oÿ 73
k H ÿCH2CH(CH3)Oÿ 60
l H ÿCH2CH(CH2CH3)Oÿ 38
m CH3 ÿCH2CH2Oÿ 20
n H ÿCH2CH2CH2ÿ 75
o H ÿCH2CH2CH2CH2ÿ 23
p H ÿCH2CH2(C6H4)ÿ 74
q H ÿ(C6H4)Oÿ 52

[a] The E :Z ratio was >98:2 for 3 a ± e and 3 h ± q. In the cases of 3 f and 3g
the E :Z ratio was 1:40 and <2:98, respectively.
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stereoselectivity from E to Z configuration can be explained
by the steric influence of the alkyl substituents in the b-
position of the butenolide.

The interesting g-alkylidenebutenolides 3 j ± o could be
synthesized easily by using the cyclic 1,3-dicarbonyl com-
pounds 1 j ± o : The conversion of the oxalamide 2 d with the
dianions of the 2-acetyl-g-butyrolactones 1 j ± m yielded the
butenolides 3 j ± m in generally good yields and with very high
stereoselectivities in favor of the E isomers. Likewise, the
butenolide 3 n was prepared in good yield starting from
2-acetylcyclopentanone (1 n). Furthermore, the butenolide 3 o
was prepared from 2-acetylcyclohexanone (1 o). The low yield
in this case can be explained by the necessary separation of
the regioisomeric minor product, which was formed by the
cyclization of the secondary a-carbon atom in the six-
membered ring of 2-acetylcyclohexanone. The reaction of
2 d with the dianion of 2-acetyltetralone (1 p) yielded the
butenolide 3 p in good yield and with very high stereo-
selectivity. Reaction of 2 d with the dianion of 3-acetyl-2,3-
dihydrobenzofuran-2-one (1 q), which to our knowledge has
not been reported to date, led to the g-alkylidenebutenolide
3 q, an analogue of the natural product calycin,[17] in good
yield and with very high stereoselectivity.

Cyclization of the dianions of the dicarbonyl compounds
1 a ± q with the Weinreb amide 2 d allowed the regio- and
stereoselective preparation of a series of substituted a-
hydroxy-g-alkylidenebutenolides. The yields obtained for
the butenolides 3 a ± q are quite satisfactory considering that
a series of side reactions (e.g. decarbonylation[14a]) are
possible due to the unstable nature of the oxalic acid structure
of 2 d.[18] The reaction presented herein constitutes a signifi-
cant expansion of the methods known today for the synthesis
of g-alkylidenebutenolides, which are of pharmacological
relevance and of importance for natural product synthesis.
Moreover, this reaction is convenient to carry out.

Experimental Section

Typical procedure: 3 a : A solution of lithium diisopropylamide (LDA) in
THF was prepared by dropwise addition of nBuLi (1.44 mL, 3.4 mmol,
2.35m solution in n-hexane) to a solution of diisopropylamine (0.44 mL,
3.4 mmol) in THF (20 mL) at 0 8C. After 15 min of stirring at 0 8C, 1a
(0.19 mL, 1.47 mmol) was added, and the solution was stirred for 45 min at
0 8C. N,N,N',N'-Tetramethylethylenediamine (TMEDA; 0.5 mL, 3.4 mmol)
was then added atÿ78 8C followed by a solution of 2d (220 mg, 1.25 mmol)
in THF (4 mL). The temperature of the reaction solution was increased to
0 8C over a period of 5.5 h. The cooling bath was removed, and the reaction
mixture was stirred for 30 min at 20 8C. Then 4 mL of a 10% aqueous HCl
solution were added and the solution stirred for 10 min, after which another
20 mL of a 10% aqueous HCl solution were added. The aqueous layer was
extracted multiple times with THF/diethyl ether (1/3). The combined
organic layers were dried (MgSO4) and filtered, and the solvent was
removed in vacuo. Purification of the residue by preparative chromatog-
raphy (silica gel, diethyl ether/petroleum ether, 1/10!1/3) yielded 170 mg
of a colorless solid. 1H NMR ([D6]acetone, 200 MHz): d� 1.32 (t, J� 8 Hz,
3H, CH3), 4.22 (q, J� 8 Hz, 2H, CH2), 5.71 (s, 1 H, CHCO2Et), 7.20 (s, 1H,
ring CH); 13C NMR ([D6]acetone, 50 MHz): d� 14.43 (CH3), 60.94 (CH2),
98.68 (CHCO2Et), 108.76 (ring CH), 150.34, 160.74, 164.22, 166.10 (C); MS
(EI, 70 eV): 184 (M�, 17), 156 (20), 139 (69), 69 (100). All new compounds
were characterized by spectroscopic methods and high-resolution mass
spectra and/or elemental analyses.
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