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An effective method for the synthesis of â-allyl polysubstituted butenolides from the easily available
allylic halides and 2,3-allenoic acids is described. By using this method optically active butenolides
can be obtained. According to the results presented in this paper, the reaction may proceed via
three consecutive steps: cyclic oxypalladation of the allene, insertion of the CdC bond in allylic
halides, and â-dehalopalladation.

Introduction

Butenolides, a structural unit in many natural prod-
ucts, are important intermediates in organic synthesis.1
Butenolide-containing compounds are considered as po-
tential insecticides, bactericides, fungicides, antibiotics,
anticancer agents, antiinflammatories, allergy inhibitors,
antisoriasis agents, cyclooxygenase inhibitors, phospho-
lipase A2 inhibitors, etc.2 Thus, much attention has been
paid to the development of new methods for the synthesis
of these interesting compounds.3

Transition metal-catalyzed methodology has been
proven to be one of the most powerful pathways for the
formation of carbon-carbon bonds as well as carbon-
heteroatom bonds.4 Recently, we have applied the transi-
tion metal-promoted or -catalyzed cyclization reactions
of 2,3-allenoic acids/esters or salts with organic halides
for the synthesis of several kinds of substituted buteno-
lides.5 In those reactions, the sp2-hybridized carbon atom

could be easily introduced to the â-position of buteno-
lides.5e-j Nevertheless, under those established reaction
conditions the sp3-hybridized carbon atom could not be
introduced into the products via the direct reaction of 2,3-
allenoic acids and sp3-carbon halides due to the potential
stability problem of alkyl palladium species. Although we
have successfully developed an alternative two-step
protocol for the synthesis of the â-alkyl-substituted
butenolides,5k-l efficient and general routes for the direct
synthesis of the â-sp3-hybridized carbon atom substituted
butenolides from 2,3-allenoic acids are still challenging.
On the other hand, palladium-catalyzed allylation is a

* Corresponding author.
(1) For some of the most recent examples, see: (a) Chia, Y.; Chang,

F.; Wu, Y. Tetrahedron Lett. 1999, 40, 7513. (b) Takahashi, S.; Maeda,
K.; Hirota, S.; Nakata, T. Org. Lett. 1999, 1, 2025. (c) Siddiqui, B. S.;
Afshan, F.; Ghiasuddin; Faizi, S.; Naqvi, S. N.-H.; Tariq, R. M. J. Chem.
Soc., Perkin Trans. 1 1999, 2367. (d) Cortez, D. A. G.; Fernandes, J.
B.; Vieria, P. C.; Silva, M. F. G. F.; Ferreira, A. G.; Cass, Q. B.; Pirani,
J. R. Phytochemistry 1998, 49, 2493. (e) Otsuka, H.; Kotani, K.; Bando,
M.; Kido, M.; Takeda, Y. Chem. Pharm. Bull. 1998, 46, 1180. (f) Guo,
S.; Wang, L.; Chen. D. India J. Chem., Sect. B: Org. Chem. Incl. Med.
Chem. 1997, 36B, 339. (g) Evidente, A.; Sparapano, L. J. Nat. Prod.
1994, 57, 1720. (h) Damtoft, S.; Jensen, S. R. Phytochemistry 1995,
40, 157. (i) Estevez-Reyes, R.; Estevez-Braun, A.; Gonzalez, A. G. J.
Nat. Prod. 1993, 56, 1177. (j) Claydon, N.; Hanson, J. R.; Truneh, A.;
Avent, A. G. Phytochemistry 1991, 30, 3802. (k) Seki, T.; Satake, M.;
Mackenzie, L.; Kaspar, H. F.; Yasumoto, T. Tetrahedron Lett. 1995,
36, 7093.

(2) (a) Larock, R. C.; Riefling, B.; Fellows, C. A. J. Org. Chem. 1978,
43, 131 and the references therein. (b) Brima, T. S. U.S. patent US
4,968,817, 1990; Chem. Abstr. 1991, 114, 185246y. (c) Tanabe, A. Jpn.
Kokai Tokyo Koho JP 63,211,276 [88,211,276], 1988; Chem. Abstr.
1989, 110, 94978q. (d) Lee G. C. M. Eur. Pat. Appl. EP 372,940, 1990;
Chem. Abstr. 1990, 113, 191137j. (e) Ducharme, Y.; Gauthier, J. Y.;
Prasit, P.; Leblanc, Y.; Wang, Z.; Leger, S.; Therien, M. PCT Int. Appl.
WO 95 00,501, 1995; Chem. Abstr. 1996, 124, 55954y. (f) Lee Gary, C.
M; Garst, M. E. PCT Int. Appl. WO 91 16,055, 1991; Chem. Abstr. 1992,
116, 59197m.

(3) (a) Deshong, P.; Sidler, D. R.; Slough, G. A. Tetrahedron Lett.
1987, 28, 2233. (b) Canonne, P.; Akssira, M.; Lemay, G. Tetrahedron
Lett. 1983, 24, 1929. (c) Schmit, C.; Sahraoui-Taleb, S.; Differding, E.;
Lombaert, C. G. D.; Ghosez, L. Tetrahedron Lett. 1984, 25, 5043. (d)
Cottier, L.; Descotes, G.; Nigay, H.; Parron, J.; Gregoire, V. Bull. Soc.
Chim. Fr. 1986, 844. (e) Marshall, J. A.; Wolf, M. A. J. Org. Chem.
1996, 61, 3238. (f) Yu, W.; Alper, H. J. Org. Chem. 1997, 62, 5684. (g)
Xiao, W.; Alper, H. J. Org. Chem. 1997, 62, 3422. (h) Cowell, A.; Stille,
J. K. Tetrahedron Lett. 1979, 133. (i) Arcadi, A.; Bernocchi, E.; Burini,
A.; Cacchi, S.; Marinelli, F.; Pietroni, B. Tetrahedron 1988, 44, 481. (j)
Marshall, J. A.; Bartley, G. S.; Wallace, E. M. J. Org. Chem. 1996, 61,
5729. (k) Clough, J. M.; Pattenden, G.; Wight, P. G. Tetrahedron Lett.
1989, 30, 7469. (l) Gill, G. B.; Idris, M. S. H. Tetrahedron Lett. 1985,
26, 4811. (m) Kejian, C.; Sanner, M. A.; Carlson, R. M. Synth. Commun.
1990, 20, 901. (n) Marshall, J. A.; Wallace, E. M.; Coan, P. S. J. Org.
Chem. 1995, 60, 796. (o) Yoneda, E.; Kaneko, T.; Zhang, S.; Onitsuka,
K.; Takahashi, S. Org. Lett. 2000, 2, 441.

(4) (a) Ma, S. Youji Huaxue 1991, 11, 561. (b) de Meijere, A.; Meyer,
F. E. Angew. Chem., Int. Ed. Engl. 1994, 33, 2379. (c) Negishi, E.;
Coperet, C.; Ma, S.; Liou, S.; Liu, F. Chem. Rev. 1996, 96, 365. (d)
Handbook of Organopalladium Chemistry for Organic Synthesis;
Negishi, E., Ed.; John Wiley & Sons: New York, 2002.

(5) (a) Ma, S.; Yu, Z.; Wu, S. Tetrahedron 2001, 57, 1585. (b) Ma,
S.; Yu, Z. Angew. Chem., Int. Ed. 2002, 41, 1775. (c) Ma, S.; Wu, S. J.
Org. Chem. 1999, 64, 9314. (d) Ma, S.; Wu, S. Chem. Commun. 2001,
441. For the synthesis of â-sp2-hybridized carbon atom substituted
butenolides from 2,3-allenoic acids, see: (e) Ma, S.; Shi, Z. J. Org.
Chem. 1998, 63, 6387. (f) Ma, S.; Duan, D.; Shi, Z. Org. Lett. 2000, 2,
1419. (g) Ma, S.; Shi, Z.; Wu, S. Tetrahedron: Asymmetry 2001, 12,
193. (h) Ma, S.; Shi, Z. Chin. J. Chem. 2001, 19, 1280. (i) Ma, S.; Duan,
D.; Wang, Y. J. Comb. Chem. 2002, 4, 239. (j) Ma, S.; Shi, Z. Chem.
Commun. 2002, 540. For the two-step synthesis of â-sp3- or sp-
hybridized carbon atom substituted butenolides from 2,3-allenoic acids,
see: (k) Ma, S.; Shi, Z.; Yu, Z. Tetrahedron Lett. 1999, 40, 2393. (l)
Ma, S.; Shi, Z.; Yu, Z. Tetrahedron 1999, 55, 12137.

10.1021/jo034511q CCC: $25.00 © 2003 American Chemical Society
J. Org. Chem. 2003, 68, 6149-6152 6149Published on Web 07/04/2003



practical tool for introducing the allylic group into the
products.6,7 In this paper, we wish to disclose an efficient
way to prepare â-allylic-substituted butenolides by the
Pd(II)-catalyzed coupling cyclization of 2,3-allenoic acids
with allylic halides.

Results and Discussions

The reaction of 4-phenyl-2-propyl-2,3-butadienoic acid
(1a) and allyl bromide 2a was used to optimize the
reaction conditions and some representative results are
listed in Table 1. In most cases, the reaction proceeds
smoothly in the presence of a large excess of allyl bromide
(Table 1, entries 1-6). The fewer the equivalents of allyl
bromide used, the lower the yields (Table 1, entries 6-9).
In this reaction, the use of a base should be avoided since
the reaction afforded the corresponding ester, i.e., allyl

4-phenyl-2-propyl-2,3-butadienoate 6, in the presence of
1 equiv of potassium carbonate (Table 1, entry 3).
Palladium acetate was less effective than palladium
chloride (Table 1, entries 1 and 2). The best results were
obtained when 5 mol % of PdCl2 and 5 equiv of allyl
bromide 2a in DMA were used, leading to a 88% yield of
3a.

Some typical results under the established conditions
are shown in Table 2. From Table 2 it should be pointed
out that the yields range from moderate to excellent.
Allylic chloride is equally active (Table 2, entries 7, 8,
and 13). The substituents of the 2,3-allenoic acids may
be aryl, allyl, benzyl, or alkyl. The reaction of 4-alkyl
(methyl)-substituted 2,3-allenoic acid 1g and 5 equiv of
allyl bromide 2a afforded the corresponding product 3n
in 52% yield (Table 2, entry 14). By increasing the
amount of allyl bromide to 10 equiv, a higher yield was
observed (Table 2, entry 15). On the other hand, a range
of substituted allylic halides that bear a phenyl group, a
bromine atom, or a methyl group can be successfully
coupled (Table 2, entries 6-13). With the fully substi-
tuted 2,3-allenoic acid 1h, the reaction also afforded 3o
in 83% yield (Table 2, entry 16).

Furthermore, the syntheses of optically active buteno-
lides were realized from the optically active 2,3-allenoic
acids, which could be easily obtained by resolution of the
racemic allenoic acids.5d Under the standard conditions,
the chirality transfer is less effective (Scheme 1) probably
due to the relatively high reaction temperature. When
the reaction was carried out at 25 °C, the chirality of the
starting material was transferred into the product ef-
ficiently. Under the new conditions, we easily obtained
four optically active butenolides. The chirality transfer
is less effective when optically active 2,3-allenoic acid 1d
was used. When the reaction temperature was further
decreased to 0 °C, the reaction gave the product 3d in a
higher ee but a lower yield. The absolute configurations

TABLE 1. Pd(II)-Catalyzed Coupling Cyclization
Reaction of 4-Phenyl-2-propyl-2,3-butadienoic Acid and
Allyl Bromide

entry equiv of 2a solvent T (°C) time (h) yield (%)

1 5 DMA rt 38 68a

2 5 DMA rt 96 65b

3 5 DMA rt 24 0c

4 5 CH3CN 50 61 47
5 5 THF 50 84 63
6 5 DMA 50 17 88
7 1.1 DMA 50 38 40
8 2 DMA 50 38 77
9 10 DMA 50 24.5 90
a 1a was recovered in 20% yield. b 5 mol % of Pd(OAc)2 was used.

c 1 equiv of K2CO3 was added and allyl 4-phenyl-2-propyl-2,3-
butadienoate (6) was obtained in 95% yield.

TABLE 2. The Coupling Reaction of 2,3-Allenoic Acids and Allylic Halidesa

1 2

entry R1 R2 R3 R4 X time (h) 3 yield (%)

1 Ph n-C3H7 H (1a) H Br (2a) 17 3a 88
2 Ph CH3 H (1b) H Br (2a) 17.5 3b 83
3 1-naphthyl n-C3H7 H (1c) H Br (2a) 21 3c 78
4 1-naphthyl CH3 H (1d) H Br (2a) 16 3d 81
5 Ph PhCH2 H (1e) H Br (2a) 16 3e 71
6 1-naphthyl n-C3H7 H (1c) Ph Br (2b) 24 3f 93
7 Ph n-C3H7 H (1a) CH3 Cl (2c) 24 3g 89
8 1-naphthyl n-C3H7 H (1c) CH3 Cl (2c) 15.5 3h 95
9 Ph n-C3H7 H (1a) Br Br (2d) 21 3i 77

10 1-naphthyl n-C3H7 H (1c) Br Br (2d) 23 3j 79
11 1-naphthyl CH3 H (1d) Br Br (2d) 23.5 3k 69
12 Ph Allyl H (1f) H Br (2a) 17 3l 72
13 1-naphthyl CH3 H (1d) CH3 Cl (2c) 24 3m 76
14 CH3 PhCH2 H (1g) H Br (2a) 17 3n 52
15 CH3 PhCH2 H (1g) H Br (2a) 17.5 3n 73b

16 Ph CH3 Et (1h) H Br (2a) 19 3o 83
17 4-Br-C6H5 n-C3H7 H (1i) H Br(2a) 11.5 3p 75

a The reaction was carried out with 2,3-allenoic acids (0.5 mmol), allylic halide (2.5 mmol), and PdCl2 (0.022 mmol). b 10 equiv of allyl
bromide was used.
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of butenolides were tentatively assigned based on the
stereochemical outcome of oxypalladation.5j

The mechanism of the palladium-catalyzed allylation
is obscure for there are two possible pathways in the
reaction,7 i.e., the Pd(0)-catalyzed pathway and the
Pd(II)-catalyzed pathway. In the reaction of 1,2-allenyl
ketones with allylic halides, we observed both the Pd(0)-
catalyzed pathway and the Pd(II)-catalyzed pathway.7a

However, only the Pd(II)-catalyzed pathway was possible
in the reaction of 2,3-allenols with allylic halides.7c Thus,
3-chloro-1-butene (2e) and 1-chloro-2-butene (2f) were
used as the probe to study the mechanism. If this Pd(0)-
catalyzed reaction pathway is operative,7c the same
results should be observed for the reaction with 2e or 2f
since the same π-allyl palladium species may be formed
from either 2e or 2f. In the Pd(II)-catalyzed mechanism
(Scheme 2), PdCl2 coordinates with the double bond
remote from the carboxylic group in 2,3-allenoic acids 1.
Subsequent cyclic oxypalladation affords palladium in-
termediate 4, which reacts with allylic halide to give a
new intermediate 5 or 5′ followed by dehalopalladation
to provide the final product 3 or 3A while regenerating
the Pd(II) species. If the reaction occurs by this pathway,
different products would be expected for allylic chlorides
2e and 2f.

Actually the reaction of substrate 1a and 3-chloro-1-
butene (2e) gave 91% of the product 3q (eq 1) while the
reaction of substrate 1a with 1-chloro-2-butene (2f) was
relatively slow leading to a 17:1 mixture of 3q and 3qA

in a combined yield of 19% (eq 2).

On the basis of the results outlined in eqs 1 and 2, the
reaction more possibly proceeded through the Pd(II)-
catalyzed pathway rather than the Pd(0)-catalyzed mech-
anism. Moreover, it was in accordance with the facts that
Pd(PPh3)4 could not promote the reaction to yield 3q in
an inert atmosphere and the reaction catalyzed by 5 mol
% Pd2(dba)3‚CHCl3 gave product 3a in only 15% yield
together with 82% yield of allyl 2-propyl-4-phenyl-2,3-
butadienoate 6.

But there is still one problem: why the reaction shown
in eq 2 also gave 3q as the major product. To explain
this phenomenon, we propose that the major regioisomer
in eq 2 may be formed via a coordination-directed direct
replacement of the chlorine atom by the corresponding
palladium species 4a (Scheme 3) or the reductive elimi-
nation of the palladium(IV) species, which may be formed
by the oxidative addition of 4a with 2f.8

However, further study showed that both 3-chloro-1-
butene (2e) and 1-chloro-2-butene (2f) existed in the
reaction of 1a with either 2e or 2f, while the main
component was the more stable isomer 2f as monitored
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SCHEME 2. Pd(II)-Catalyzed Pathway

SCHEME 3. The Possible Reaction Pathway of
Producing Unusual Product 3q
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by gas chromatography. This phenomenon indicated that
the allylic halides could isomerize in the reaction media
(Scheme 4).

Furthermore, the reaction of 2,3-allenoic acid 1a with
the 1:10 mixture of 2e and 2f gave a 98:2 mixture of
product 3q and 3qA in a combined yield of 96% (eq 3).

This fact shows that the reaction of 2,3-allenoic acid 1a
with 2e is much faster than that with 2f. The product
3q in eq 2 may be formed via the fast reaction of 1a with
the in situ formed 2e.

Conclusion

We have developed an effective method for the syn-
thesis of â-allyl-polysubstituted butenolides from the
easily available allylic halides and 2,3-allenoic acids. As
a result of introducing an allylic group into the products,
further elaboration of the CdC bond would provide an
efficient access to other butenolide derivatives. By using
this method optically active butenolides can be obtained.
According to the results presented in this paper, the
reaction may proceed via three consecutive steps: cyclic
oxypalladation of the allene moiety, insertion of the Cd
C bond in allylic halides, and â-dehalopalladation. Fur-
ther study in this area is underway in our laboratory.

Experimental Section

Starting Materials. 2,3-Allenoic acids were prepared ac-
cording to the known method by treatment of the acid chlorides

with ethyl 2-(triphenylphoranylidene)propionate and subse-
quent hydrolysis of the 2,3-allenoic esters with 1.5 equiv of
NaOH.9

General Procedure for the Pd(II)-Catalyzed Coupling
Cyclization of 2,3-Allenoic Acids with Allylic Halides. A
mixture of 1 (0.5 mmol), allylic halide 2 (2.5 mmol), and
palladium chloride (0.025 mmol) in DMA (3 mL) was stirred
at 50 °C for the stated time. Then the mixture was diluted
with ether, washed with water, and dried over MgSO4. After
evaporation, the residue was purified via flash chromatogra-
phy on silica gel with petroleum ether/ethyl acetate as the
eluent to afford butenolides 3. All solid products were recrys-
tallized from ethyl acetate and petroleum ether.

4-Allyl-5-phenyl-3-propyl-2(5H)-furanone (3a): A mix-
ture of 1a (50 mg, 0.25 mmol), allyl bromide (2a; 0.11 mL, 153
mg, 1.25 mmol), and PdCl2 (2 mg, 0.011 mmol) in DMA (2 mL)
was stirred for 17 h to afford 53 mg (88%) of 3a (petroleum
ether/ethyl acetate 20:1). Oil; 1H NMR (300 MHz, CDCl3) δ
7.26-7.34 (m, 3 H), 7.08-7.15 (m, 2 H), 5.63 (s, 1 H), 5.48-
5.62 (m, 1 H), 5.02 (d, J ) 10.06 Hz, 1 H), 4.94 (d, J ) 15.62
Hz, 1 H), 3.09 (dd, J ) 5.40, 15.32 Hz, 1 H), 2.62 (dd, J )
7.55, 15.32 Hz, 1 H), 2.26 (t, J ) 7.51 Hz, 2 H), 1.49-1.59 (m,
2 H), 0.89 (t, J ) 7.41 Hz, 3 H); 13C NMR (75.4 MHz, CDCl3)
δ 13.9, 21.5, 25.5, 30.8, 83.6, 118.2, 126.9, 127.7, 128.9, 129.2,
132.3, 134.7, 160.7, 174.3; EIMS m/z 243 (M+ + 1, 54.30), 242
(M+, 20.74), 105 (100); IR (neat) 1709, 1626, 1594 cm-1; HRMS
calcd for C16H18O2 242.13068, found 242.12617.

(+)-4-Allyl-5-phenyl-3-propyl-2(5H)-furanone (3a): A
mixture of (+)-1a (50 mg, >98% ee, 0.25 mmol), allyl bromide
(2a; 0.11 mL, 153 mg, 1.25 mmol), and PdCl2 (2 mg, 0.011
mmol) in DMA (2 mL) was stirred at 25 °C for 36.5 h to afford
48 mg (80%, >99% ee) of 3a. HPLC conditions: AS column;
rate, 0.7 mL/min; eluent, hexane/i-PrOH 85/15. [R]20

D +191 (c
1.15, EtOH).
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