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A variety of (Z)-2-en-4-yn-1-ols have been carbonylated under oxidative conditions to give substituted
furan-2-acetic esters in good yields. The cyclization-alkoxycarbonylation process occurs in alcoholic
media at 50-70 °C and under 100 atm pressure of a 9:1 mixture of carbon monoxide and air in the
presence of catalytic amounts of PdI2 in conjunction with KI. The proposed reaction pathway involves
the in situ isomerization of the initially formed (E)-2-[(alkoxycarbonyl)methylene]-2,5-dihydrofuran
species, which in some cases have been isolated and shown to be the intermediates.

Introduction

Carbonylation of unsaturated compounds containing
a suitably placed nucleophilic group is an important
method for the synthesis of functionalized heterocyclic
compounds.1 When carbon monoxide inserts between the
nucleophilic and the unsaturated moieties of the sub-
strate, an endocyclic carbonyl group is obtained in the
final product (cyclocarbonylation), as shown, for example,
in Scheme 1.2

In other cases, however, carbonylation is accompanied
by ring closure without CO incorporation into the cycle,
so that an external carbonyl group is obtained in the final
product, as depicted, for example, in Scheme 2.

This kind of reactivity has been observed in the
oxidative cyclization-alkoxycarbonylation of 4-en-1-ols,
5-en-1-ols, 4-en-1-amines, 5-en-1-amines, unsaturated
ureas, and carbamates.3 Ring closure followed by carbon-
ylation has also been reported in the case of 2-alkynyl-

anilines and 2-alkynylphenols to give â-(methoxycarbon-
yl)indoles or â-(methoxycarbonyl)benzofurans, respec-
tively.4 Recently, we described the oxidative cyclization-
alkoxycarbonylation of prop-2-ynylamides5 and of prop-
ynylureas6 to give nitrogen heterocycles and the sequen-
tial oxidative carboxylation-cyclization-alkoxycarbony-
lation of propynylamines to give 5-[(alkoxycarbonyl)-
methylene]oxazolidin-2-ones.7

We now give a full account of the PdI2/KI-catalyzed
oxidative cyclization-alkoxycarbonylation of (Z)-2-en-4-
yn-1-ols to obtain furan-2-acetic esters in good yields (eq
1). To our knowledge, this is the first example of synthesis
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‡ Università di Parma.
(1) (a) Colquhoun, H. M.; Thompson, D. J.; Twigg, M. V. Carbony-

lation; Plenum Press: New York, 1991. (b) Tsuji, J. Palladium
Reagents and Catalysts; Wiley: New York, 1995.

(2) A variety of examples of this kind of reactivity have been reported
in the literature. Some of most representative, limited to catalysis with
palladium, are cited here. (a) Murray, T. F.; Samsel, E. G.; Varma, V.;
Norton, J. R. J. Am. Chem. Soc. 1981, 103, 7520-7528. (b) Alper, H.;
Leonard, D. J. Chem. Soc., Chem. Commun. 1985, 511-512. (c) Alper,
H.; Leonard, D. Tetrahedron Lett. 1985, 26, 5639-5642. (d) Tamaru,
Y.; Higashimura, H.; Naka, K.; Hojo, M.; Yoshida, Z. Angew. Chem.,
Int. Ed. Engl. 1985, 24, 1045-1046. (e) Tamaru, Y.; Hojo, M.; Yoshida,
Z.-I. J. Org. Chem. 1991, 56, 1099-1105. (f) El Ali, B.; Alper, H. J.
Org. Chem. 1991, 56, 5357-5360. (g) Chenal, T.; Cipres, I.; Jenck, J.;
Kalck, P.; Peres, Y. J. Mol. Catal. 1993, 78, 351-366. (h) Gabriele, B.;
Costa, M.; Salerno; G.; Chiusoli, G. P. J. Chem. Soc., Chem. Commun.
1994, 1429-1430. (i) Matsushita, K.; Komori, T.; Oi, S.; Inoue, Y.
Tetrahedron Lett. 1994, 35, 5889-5890. (j) Ukaji, Y.; Miyamoto, M.;
Mikuni, M.; Takeuchi, S.; Inomata, K. Bull. Chem. Soc. Jpn. 1996,
69, 735-742. (k) El Ali, B.; Okuro, K.; Vasapollo, G.; Alper, H. J. Am.
Chem. Soc. 1996, 118, 4264-4270. (l) Yu, W.-Y.; Alper, H. J. Org.
Chem. 1997, 62, 5684-5687. (m) Gabriele, B.; Salerno, G.; Costa, M.;
De Pascali, F.; Chiusoli, G. P. J. Chem. Soc., Perkin Trans. 1 1997,
147-154. (n) Brunner, M.; Alper, H. J. Org. Chem. 1997, 62, 7565-
7568. (o) Yu, W.-Y.; Bensimon, C.; Alper, H. Chem. Eur. J. 1997, 3,
417-423. (p) Okuro, K.; Kai, H.; Alper, H. Tetrahedron: Asymmetry
1997, 8, 2307-2309. (q) Tezuka, K.; Ishizaki, Y.; Inoue, Y. J. Mol.
Catal. A 1998, 129, 199-206.

(3) Some representative examples, limited to catalysis with pal-
ladium, are reported here. (a) Hegedus, L. S.; Allen, G. F.; Olsen, D.
J. J. Am. Chem. Soc. 1980, 102, 3583-3587. (b) Tamaru, Y.; Yoshida,
Z. J. Organomet. Chem. 1987, 334, 213-223 and references therein.
(c) Semmelhack, M. F.; Zhang, N. J. Org. Chem. 1989, 54, 4483-4485.
(d) McCormick, M.; Monahan, R., III; Soria, J.; Goldsmith, D.; Liotta,
D. J. Org. Chem. 1989, 54, 4485-4487. (e) Yadav, J. S.; Rao, E. S.;
Rao, C. S.; Choudary, B. M. J. Mol. Catal. 1989, 49, L61-L63. (f)
Semmelhack, M. F.; Kim, C.; Zhang, N.; Bodurow, C.; Sanner, M.;
Dobler, W.; Meier, M. Pure Appl. Chem. 1990, 62, 2035-2040 and
references therein. (g) Kraus, G. A.; Li, J.; Gordon, M. S.; Jensen, J.
H. J. Am. Chem. Soc. 1993, 115, 5859. (h) Tamaru, Y.; Kimura, M.
Synlett 1997, 749-757 and references therein. (i) Harayama, H.; Abe,
A.; Sakado, T.; Kimura, M.; Fugami, K.; Tanaka, S.; Tamaru, Y. J.
Org. Chem. 1997, 62, 2113-2122.

(4) Kondo, Y.; Sakamoto, T.; Yamanaka, H. Heterocycles 1989, 29,
1013-1016.

(5) Bonardi, A.; Costa, M.; Gabriele, B.; Salerno G.; Chiusoli, G. P.
Tetrahedron Lett. 1995, 36, 7495-7498.

(6) Bacchi, A.; Chiusoli, G. P.; Costa, M.; Sani, C.; Gabriele, B.;
Salerno, G. J. Organomet. Chem. 1998, 562, 35-43.

(7) (a) Bacchi, A.; Chiusoli, G. P., Costa, M., Gabriele, B.; Righi, C.;
Salerno, G. Chem. Commun. 1997, 1209-1210. (b) Chiusoli, G. P.;
Costa, M.; Gabriele, B.; Salerno, G. J. Mol. Catal. A 1999, 143, 297-
310.

Scheme 1

Scheme 2

7693J. Org. Chem. 1999, 64, 7693-7699

10.1021/jo990848+ CCC: $18.00 © 1999 American Chemical Society
Published on Web 09/21/1999



of furanacetic derivatives via carbonylation of acyclic
precursors.8

Furan-2-acetic acid derivatives are a very interesting
class of compounds, known to be useful intermediate for
the synthesis of biologically active molecules.9

Results

Enynols 1 with different substitution patterns were
subjected to carbonylation. The most representative
results obtained are collected in Table 1.

Enynols (Z)-HOCH2CHdC(R3)CtCH. The first car-
bonylation experiments were carried out using the com-

mercially available (Z)-3-methylpent-2-en-4-yn-1-ol 1a.
This enynol was initially reacted in methanol under the
same reaction conditions we previously used for the
oxidative dicarbonylation of propynyl alcohols and 3-yn-
1ols to give â- and γ-lactone derivatives,2m i.e., T ) 70
°C, Ptot ) 20 atm, CO/air ) 3:1, KI/PdI2 molar ratio )
10, substrate concentration ) 0.22 mmol/mL MeOH.
With 0.05% of catalyst, after 4 h GLC analysis indicated
complete substrate conversion. The main reaction product
was identified as 2-(methoxycarbonyl)methyl-3-methyl-
furan 2a (48%). 2,3-Dimethylfuran 3a (12%), formed by
a competitive cycloisomerization reaction (eq 2),10 was

also detected in the reaction mixture. Furan 3a was not
an intermediate for the formation of 2a, as it was
recovered unreacted under the reaction conditions. Uni-
dentified heavy compounds accounted for the remaining
products. Formation of the latter could be minimized by
increasing the KI/PdI2 molar ratio, even though the
reaction rate was slowed owing to the competition
between the iodide ligands and the substrate for coordi-
nation to palladium. For example, by reacting 1a under
the above-mentioned conditions, but using 50 mol of KI
per mol of palladium, after 4 h, GLC yields of 2a and 3a
were 62 and 14%, respectively, with a substrate conver-
sion of 90%.

Selectivity in carbonylated product 2a was significantly
improved by working at higher CO partial pressure.
Apparently, increasing the CO pressure tends to favor
carbon monoxide insertion against the protonolysis path-
way leading to 3a. Thus, when the reaction was carried
out at 100 atm (CO/air ) 3:1; substrate/KI/PdI2 molar
ratio ) 1000:50:1) after 15 h the 2a/3a ratio was about
10 with a total GLC yield of 80%. Still better results were
obtained by further increasing the PCO up to 90 atm at
100 atm of total pressure. Under these conditions, the
yield of 2a was as high as 82% (73% isolated yield, entry
1 of Table 1), 3a being still formed in 8% yield. The
reaction occurred even at 60 °C, although with less
satisfactory results (2a, 55%; 3a, 7% at 80% conversion
after 15 h). Only products deriving from dialkoxycarbon-
ylation of the triple bond 11 were obtained from (E)-3-
methylpent-2-en-4-yn-1-ol, so Z stereochemistry of the
double bond is a necessary condition for the occurrence
of the cyclization-alkoxycarbonylation process.

When methanol was replaced by butan-1-ol under the
same conditions of entry 1, 2-(butoxycarbonyl)methyl-3-
methylfuran 2a′ was formed in 26% yield together with
unidentified heavy products. A better yield of 2a′ was
obtained by working with a KI/PdI2 molar ratio of 200
rather than 50 (51% GLC, 44% isolated, entry 2).

Under the optimized conditions established for 1a
(T ) 70 °C, Ptot ) 100 atm, CO/air ) 9:1, substrate/KI/
PdI2 molar ratio ) 1000:50:1), other (Z)-enynols contain-
ing an alkyl substituent at C-3 reacted in a very similar

(8) A preliminary communication of this work was published
recently: Gabriele, B.; Salerno, G.; De Pascali, F.; Tomasi Scianò, G.;
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Table 1. Synthesis of Furan-2-acetic Esters 2 by PdI2/
KI-Catalyzed Oxidative Carbonylation of

(Z)-2-En-4-yn-1-ols 1 in MeOH (R5 ) Me), PCO ) 90 atm,
PAir ) 10 atm, T ) 70 °C, 0.22 mmol of Substrate/mL

MeOHa

entry
enynol

1 R1 R2 R3 R4
KI/

PdI2

1/
PdI2

time
(h)

yield of
2b (%)

1 1a H H Me H 50 1000 15 82 (73)
2c 1a H H Me H 200 1000 15 51 (44)
3 1b H H Et H 50 1000 15 65 (57)
4 1c H H Ph H 10 1000 15 62 (51)
5 1d H H Me Bu 40 50 24 50 (45)
6 1e H H Me Ph 30 30 24 73 (64)
7 1f H H H Bu 50 100 15 59 (50)d

8 1g H Et H Bu 50 1000 15 76 (68)d

9 1h H Ph H Bu 50 1000 15 80 (75)d

10 1i H Et Ph Ph 50 50 24 58 (53)
11 1j H Et H TMS 300 1000 15 81 (70)e

12 1k H Ph H TMS 300 1000 15 55 (50)e

13 1l Pr H H TMS 50 1000 15 67 (58)e

14 1m Et H Me H 300 1000 20 64 (55)
15 1n Et Et H Bu 500 2000 15 65 (58)
16 1o Ph H Me H 100 200 30 68 (58)d

a All reactions were carried out on a 3-10 mmol scale based on
enynol 1. b GLC yield (isolated yield) based on 1. Substrate
conversion was practically quantitative in all cases. c Reaction
carried out in BuOH (R5 ) Bu). d Yield after addition of diluted
H2SO4 to the reaction mixture followed by stirring at room
temperature for 1 h (see text for details). e R4 ) H in the final
product 2 (see text for details).
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way, as exemplified by (Z)-3-ethylpent-2-en-4-yn-1-ol 1b
(entry 3; 3-ethyl-2-methylfuran 3b was also formed in
9% yield). Analogous substrates containing an aryl group
rather than an alkyl, such as 1c, were much less reactive,
and the KI/PdI2 molar ratio had to be decreased in order
to achieve acceptable reaction times. Luckily, in this case
the competitive cycloisomerization process was very slow
even when KI/PdI2 ) 10, so a satisfactory yield of the
desired 2-(methoxycarbonyl)methyl-3-phenylfuran 2c could
still be obtained (entry 4).

Enynols (Z)-HOCH2CHdC(R3)CtCR4. (Z)-Enynols
bearing substituents at both C-3 and C-5 were much less
reactive compared with the corresponding (Z)-enynols
with a terminal triple bond, as expected in view of their
lower coordination ability to the metal center. For
example, under the same conditions reported in entry 1,
(Z)-3-methylnon-2-en-4-yn-1-ol 1d afforded only a 4%
yield of the expected furan-2-acetate 2d and 0.5% of
3-methyl-2-pentylfuran 3d after 15 h at 14% substrate
conversion. A faster reaction was observed when the
substrate/PdI2 molar ratio was lowered down to 100.
Conversion of 1d was about 60% after 15 h and almost
quantitative after 40 h, with 57% GLC yield of 2d (51%
isolated) and 20% of 3d. Similar results were obtained
with 1d/KI/PdI2 molar ratio ) 50:40:1 after 24 h [yield
of 2d ) 50% (45% isolated, entry 5), 3d ) 25%]. (Z)-3-
Methyl-5-phenylpent-2-en-4-yn-1-ol 1e behaved similarly.
After 15 h under the conditions of entry 1 its conversion
was only 3%, which became 92% after 24 h using 1e/KI/
PdI2 molar ratio ) 30:30:1, with a 73% GLC yield (64%
isolated) of 2-[(methoxycarbonyl)(phenyl)methyl]-3-me-
thylfuran 2e and only traces of the cycloisomerization
product, 2-benzyl-3-methylfuran 3e (entry 6). The same
results were obtained after 50 h using 1e/KI/PdI2 molar
ratios of 100:50:1.

Enynols (Z)-HOCH2CHdCHCtCR4. (Z)-Enynols
bearing no substituents on the double bond turned out
to be more reactive compared with the corresponding
3-substituted ones. For example, (Z)-non-2-en-4-yn-1-ol
1f attained almost complete conversion after only 15 h
using a 1f/KI/PdI2 molar ratio of 100:50:1, while 1d
reacted in 24 h with 2% of PdI2. This can be understood,
since the triple bond, which must necessarily coordinate
to the metal center at the beginning of the catalytic cycle,
is now sterically less hindered. Interestingly, GC/MS
analysis of the reaction crude deriving from 1f showed
the presence of two isomeric products, both corresponding
to oxidative cyclization-methoxycarbonylation, in addi-
tion to small amounts (6%) of 2-pentylfuran 3f. Carbon-
ylation products were separated by column chromatog-
raphy and characterized by IR and 1H NMR spectros-
copies. The less abundant isomer (23%) was the expected
2-[1-(methoxycarbonyl)pentyl]furan 2f, while the other
one (39%) was (E)-2-[1-(methoxycarbonyl)pentylidene]-
2,5-dihydrofuran 4f.

E stereochemistry was established unequivocally by 1H
NMR spectroscopy. The chemical shift of the proton
attached at C-3 adsorbs downfield at 7.3 ppm, and on
the basis of the 1H NMR data reported in the literature

on isomeric compounds with a 2,4-dienoic arrangement,12

this value is compatible only with an E stereochemistry
of the R,â double bond. Moreover, the NOESY spectrum
shows a distinct NOE interaction between the protons
of the -CO2CH3 group and the C-3 proton, together with
a weaker NOE interaction between the same methyl
protons and the C-4 proton; no NOE is observed between
the C-3 proton and the R protons of the pentylidene
moiety. Product 4f was proved to be the intermediate for
the formation of 2f. In fact, when the reaction time was
prolonged to 40 h, GLC yields of 2f and 4f were 53 and
7%, respectively, 3f being also formed in 5% yield.
Furthermore, 4f could be converted quantitatively into
2f by acid-catalyzed isomerization at room temperature.
Thus, the carbonylation mixture obtained after 15 h (3
mmol substrate scale) was added to 10% H2SO4 (1 mL)
and the resulting mixture allowed to stir at room tem-
perature for 1 h. GLC analysis indicated complete
conversion of 4f into 2f (59% GLC yield based on starting
1f, 50% isolated, entry 7). Obviously, from a practical
point of view, the latter procedure (15 h carbonylation
followed by one-pot acid-catalyzed isomerization) is more
convenient compared with the previous one (carbonyla-
tion followed by in situ isomerization, requiring at least
40 h reaction time) for the synthesis of 2f.

Enynols (Z)-HOCH2CR2dCHCtCR4. (Z)-Enynols
bearing a substituent at C-2 were more reactive than the
corresponding enynols with no substituents on the double
bond. This is due to the fact that the unfavorable steric
repulsion between the substituent and the CH2OH
moiety is relieved going through the transition state
leading to cyclization. Thus, (Z)-2-ethylnon-2-en-4-yn-1-
ol 1g reacted in 15 h with a PdI2/KI/substrate molar ratio
of 1:50:1000 to give 4-ethyl-2-[1-(methoxycarbonyl)pentyl]-
furan 2g (29% GLC yield) and (E)-4-ethyl-2-[1-(methoxy-
carbonyl)pentylidene]-2,5-dihydrofuran 4g (50%) at total
conversion. This reaction can be compared with that
reported in entry 7 for 1f, which required 1% of catalyst.
The E stereochemistry for 4g was assigned on the basis
of the chemical shift of H-3 (δ ) 7.1 ppm). Carbonylation
followed by one-pot acid-catalyzed isomerization afforded
directly 2g in high yield (76% GLC, 68% isolated, entry
8). Similar results were obtained using (Z)-2-phenylnon-
2-en-4-yn-1-ol 1h. The reaction carried out with a PdI2/
KI/substrate molar ratio of 1:50:1000 for 15 h led to the
formation of 2-[1-(methoxycarbonyl)pentyl]-4-phenylfu-
ran 2h (22% GLC yield) and (E)-2-[1-(methoxycarbonyl)-
pentylidene]-4-phenyl-2,5-dihydrofuran 4h (60%) at total
conversion. As usual, the chemical shift of H-3 (δ ) 7.7)
was indicative of E stereochemistry for 4h. Carbonylation
followed by one-pot acid-catalyzed isomerization afforded
directly 2h in high yield (80% GLC, 75% isolated, entry
9).

Enynols (Z)-HOCH2CR2dCR3CtCR4. (Z)-Enynols
bearing a substituent on both olefinic carbons could also
be used successfully. Thus, (Z)-3,5-diphenyl-2-ethylpent-
2-en-4-yn-1-ol 1i reacted in 24 h (1i/KI/PdI2 molar ratio
) 50:50:1) to give the desired furanacetic ester 2i in 58%
GLC yield (53% isolated, entry 10), together with 10% of
2-benzyl-4-ethyl-3-phenylfuran 3i.

Enynols (Z)-HOCH2CR2dCHCtCSiMe3. As we al-

(12) (a) Alcaide, B.; Casarrubios, L.; Domı́nguez, G.; Retamosa, A.;
Sierra, M. A. Tetrahedron 1996, 52, 13215-13226. (b) Müller, P.;
Gränicher, C. Helv. Chim. Acta 1995, 78, 129-144. (c) Nikles, M.; Bur,
D.; Séquin, U. Tetrahedron 1990, 46, 1569-1578. (d) Crombie, L.;
Crombie, W. M. L. J. Chem. Soc., Perkin Trans. 1 1994, 1267-1274.
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ready reported,10b (Z)-enynols with a substituent at C-2
and a terminal triple bond were not stable during the
purification procedures and could not be tested. However,
4-substituted furan-2-acetates were obtained directly by
the reaction of 2-substituted (Z)-5-trimethylsilyl-2-en-4-
yn-1-ols, since the TMS group was lost in the course of
the oxidative carbonylation process (eq 3).

For example, the reaction of (Z)-2-ethyl-5-trimethyl-
silylpent-2-en-4-yn-1-ol 1j carried out under the same
conditions used for 1g afforded after 15 h 4-ethyl-2-
[(methoxycarbonyl)methyl]furan 2j in 37% yield together
with another product corresponding to further oxidative
methoxylation, (E)-3-ethyl-2-methoxy-5-(methoxycar-
bonyl)methylene-2,5-dihydrofuran 5j (7%). Small amounts
(1%) of 4-ethyl-2-methylfuran 3j were also detected in
the reaction mixture (eq 4). Unidentified heavy products
accounted for the conversion of substrate (96%).

The side reactions leading to 5j and to the heavy
products were suppressed by increasing the KI/PdI2

molar ratio. Working with a 1j/KI/PdI2 molar ratio )
1000:300:1, GLC analysis after 15 h indicated an 81%
yield of 2j (70% isolated, entry 11) and 15% of 3j at total
substrate conversion, without any formation of 5j. Under
the same conditions, (Z)-2-phenyl-5-trimethylsilylpent-
2-en-4-yn-1-ol 1k afforded after 15 h a 55% GLC yield
(50% isolated, entry 12) of 2-(methoxycarbonyl)methyl-
4-phenylfuran 2k at total substrate conversion.

(Z)-Enynols Bearing a Secondary Alcoholic Group.
(Z)-Enynols bearing a secondary alcoholic group and no
substituent on C-2, C-3, and C-5 were not stable during
the purification procedures. For example, purification of
crude (Z)-oct-3-en-1-yn-5-ol (obtained by deprotection of
the triple bond of (Z)-1-trimethylsilyloct-3-en-1-yn-5-ol 1l
with KF in MeOH) by transfer distillation afforded the
cycloisomerization product, 5-methyl-2-propylfuran 3l, in
practically quantitative yield. However, as in the case of
1j and 1k, oxidative carbonylation of 1l, carried out under
the optimized conditions established for 1a (entry 1), led
directly to the desired furan-2-acetic ester 2l in satisfac-
tory yield (67% GLC, 58% isolated, entry 13) (eq 3).

Oxidative carbonylation of 1,3-dialkyl substituted (Z)-
enynols was in some cases accompanied by partial
methoxylation of the R carbon of R1. For example, by
reacting (Z)-3-methylhept-3-en-1-yn-5-ol 1m under the
same conditions of entry 1, after 15 h methoxylated
furans 6m (20%) and 7m (9%) were obtained together
with 2m (36%) and 3m (4%) (eq 5).

As in the case of 1j, formation of methoxylation
products 6m and 7m was strongly curtailed by increasing
the KI/PdI2 molar ratio. Working with a substrate/KI/
PdI2 molar ratio ) 1000:300:1, after 20 h GLC yields of

2m, 3m, 6m, and 7m were 64% (55% isolated), 9%, 4%,
and 3%, respectively (entry 14).

With 1,2-dialkyl-substituted enynols, such as (Z)-4-
ethylundec-4-en-6-yn-3-ol 1n, methoxylation preferen-
tially occurred at C-2 on the ring, as already observed in
the case of 1j. The reaction of 1n carried out with a
substrate/KI/PdI2 molar ratio ) 2000:100:1 afforded after
15 h a mixture of furan-2-acetate 2n and (E)-2,3-diethyl-
2-methoxy-5-[1-(methoxycarbonyl)pentylidene]-2,5-dihy-
drofuran 5n in 46% and 20% GLC yield, respectively (eq
6). As usual, the reaction could be made selective toward
2n simply by increasing the KI/PdI2 molar ratio. Working
with a ratio of 500, only 2n was obtained (65% GLC yield,
58% isolated, entry 15).

A different kind of side reaction was observed with
substrates bearing an aryl substituent at C-1, resulting
in partial etherification of the alcoholic function. For
example, by reacting (Z)-3-methyl-1-phenylpent-2-en-4-
yn-1-ol 1o under the same conditions reported in entry
1, after 15 h a 24% GLC yield of 1-methoxy-1-phenyl-3-
methylpent-2-en-4-yne 8o was obtained together with
46% of the desired 2-(methoxycarbonyl)methyl-3-methyl-
5-phenylfuran 2o and 1% of the cycloisomerization
product 2,3-dimethyl-5-phenylfuran 3o (eq 7).

As we already reported in the case of dimethyl hy-
droxymethylmaleate,11 this side reaction could be easily
minimized by working at lower temperature, even though
the reaction rate was decreased. The reaction carried out
at 50 °C rather than 70 °C, with a 1o/KI/PdI2 molar ratio
) 200:100:1, reached almost quantitative substrate
conversion after about 30 h, to give a 55% GLC yield of
2o, 5% of 8o, and 4% of 3o. GLC-MS analysis of the
reaction crude indicated also the presence of a product
isomeric with 2o (13%), which, however, could not be
isolated by the conventional chromatographic techniques.
It is very likely that this product corresponds to the
nonaromatic precursor of 2o, analogously to what ob-
served with other substrates. This was confirmed by the
fact that it slowly converted into 2o under the reaction
conditions. When the same reaction as before was ana-
lyzed after 52 h rather than 30 h, the yield of 2o was
65%, the isomer being still present in 3% yield together
with 8o (8%) and 3o (4%). From a practical point of view,
30 h carbonylation followed by one-pot acid-catalyzed
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isomerization was again the easiest way of synthesizing
2o (68% GLC yield, 58% isolated, entry 16).

Discussion

Formation of furan-2-acetic esters starting from (Z)-
2-en-4-in-1-ols corresponds to oxidative alkoxyalkoxycar-
bonylation of the triple bond and isomerization (eq 1).
These two processes occur in sequence, since, as discussed
before, the nonaromatic carbonylation products (E)-2-
[(alkoxycarbonyl)methylene]-2,5-dihydrofurans 4 proved
to be the intermediates in the formation of 2. According
to what has been previously reported on palladium(II)-
catalyzed intramolecular nucleophilic attack on carbon-
carbon multiple bond followed by alkoxycarbonylation,3,5-7

the most likely mechanism for the Pd-promoted alkoxy-
alkoxycarbonylation of (Z)-enynols involves an anti-exo-
dig intramolecular nucleophilic attack of the hydroxyl
group on the triple bond coordinated to Pd(II) 13 followed
by alkoxycarbonylation (Scheme 3). The E stereochem-
istry invariably observed in dihydrofurans 4 is in agree-
ment with this mechanistic hypothesis.

It is worth noting that in the case of simple alk-1-
ynes,11 propynyl alcohols,2h,m and 3-yn-1-ols2m the cata-
lytic system based on PdI2/KI selectively catalyzed the
oxidative dialkoxycarbonylation of the triple bond. In the
latter cases, the key intermediates for product formation
were acylpalladium species formed by syn addition of an
alkoxycarbonylpalladium complex to the triple bond
followed by carbon monoxide insertion.

With (Z)-2-en-4-yn-1-ols, methoxycarbonylpalladium
species could still be at work, since the vinylpalladium
complex resulting from addition of I-Pd-CO2Me to the
triple bond could undergo hydroxyl attack on palladium
followed by reductive elimination (Scheme 4). However,
owing to the syn character of the addition of alkoxycar-
bonylpalladium and alkoxypalladium species on the triple
bond,2m,11,14 such a mechanism would lead to (Z)-2-
[(alkoxycarbonyl)methylene]-2,5-dihydrofurans rather than

the actually isolated E isomers. Accordingly, the mecha-
nistic pathway depicted in Scheme 4 does not play a
significant role in the present reaction.

The mechanism shown in Scheme 5, which implies the
formation of an alkoxypalladium species from the alco-
holic function of the substrate, rather than from the
solvent, followed by triple-bond insertion and alkoxycar-
bonylation, can also be ruled out for similar reasons.

Exclusion of the mechanisms shown in Schemes 4 and
5 further confirms the validity of that shown in Scheme
3.

The occurrence of some byproducts deserves a short
comment. Formation of methoxylated dihydrofurans 5j
and 5n is remarkable, since it presupposes C-H activa-
tion. It is likely that the nonaromatic precursors of 2j
and 2n are palladated on the ring to give π-allyl com-
plexes, which then undergo nucleophilic attack by metha-
nol to give 5 (Scheme 6).15 Apparently, a large excess of
iodide anions shifts the equilibrium of formation of the
π-allylpalladium complex to the left by mass effect.

Compounds 6m and 7m were shown to derive from 2m
and 3m, respectively. For example, 3m partially con-
verted into 7m when reacted under the reaction condi-
tions. A π-allylpalladium complex is probably involved
also in this case16 (Scheme 7).

Methoxylation of the hydroxylic function, observed
with 1o, probably results from the reaction of the allylic
moiety with the [Pd(0) + HI] species17 ensuing from the
oxidative process, with formation of a particularly stable
π-allylpalladium intermediate in which the allyl system
is conjugated to the phenyl substituent. This intermedi-
ate readily undergoes methanol attack on the less

(13) See, for example, ref 1b and references therein.

(14) (a) Murray, T. F.; Varma, V.; Norton, J. R. J. Am. Chem. Soc.
1977, 99, 8085-8087. (b) Murray, T. F.; Norton, J. R. J. Am. Chem.
Soc. 1979, 101, 4107-4119. (c) Calderazzo, F. Angew. Chem., Int. Ed.
Engl. 1977, 16, 299-311.

(15) It is well-known from the literature that nucleophilic attack
on π-allylpalladium complexes usually occurs on the less hindered
carbon of the allyl system (see, for example, ref 1b and references
therein). In the present case, however, the nucleophilic attack occurs
exclusively at C-5 since it leads to a more stable double bond.

(16) Nucleophilic attack by methanol occurs preferentially at the
R-alkyl carbon owing to the partial aromatic character of the transition
state leading to 6m or 7m.

(17) Gabriele, B.; Salerno, G.; Costa, M.; Chiusoli, G. P. J. Mol.
Catal. A 1996, 111, 43-48.
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hindered carbon to give 8o. The stereoselectivity of the
reaction can be ascribed to the simultaneous coordination
of the triple bond, which stabilizes the complex arrange-
ment leading to the Z isomer (Scheme 8).

Conclusions

In conclusion, we have described a new, direct, and
efficient synthetic route to furan-2-acetic esters via Pd-
catalyzed oxidative carbonylation of readily available (Z)-
2-en-4-yn-1-ols. Despite the multifunctional character of
the substrates and the oxidative conditions employed, the
reaction is very selective. In the case of substrates
particularly prone to undergo undesired side reactions,
the process can be easily directed with high selectivity
toward the cyclization-alkoxycarbonylation pathway by
slightly modifying the reaction conditions. Also, isolation
of the nonaromatic precursors of the final products has
allowed us to gain insight into the reaction mechanism.

Experimental Section

General Methods. Melting points are uncorrected. 1H
NMR spectra were run on CDCl3 solutions with Me4Si as
internal standard and recorded at 300 MHz. Chemical shifts
and coupling constants (J) are given in ppm (δ) and in Hz,
respectively. IR spectra were taken on a FT-IR spectrometer.
Mass spectra were obtained at 70 eV on a GC-MS apparatus.
Microanalyses were performed at our analytical laboratory.
All reactions were analyzed by TLC on silica gel 60 F254 or by
GLC using capillary columns with polymethylsilicone + 5%
phenylsilicone as the stationary phase. Column chromatogra-
phy was performed on silica gel 60 (70-230 mesh). Preparative
thin-layer chromatography (PTLC) was carried out on silica
gel 60 F254 plates. Starting (Z)-2-en-4-yn-1-ols 1 were prepared
according to published procedures.10b (Z)-1-Trimethylsilyloct-
3-en-1-yn-5-ol 1l was prepared by Pd/Cu-catalyzed coupling
between (Z)-1-iodohex-1-en-3-ol18 and trimethylsilylacetylene,
as described below. All other materials were commercially
available and were used without further purification.

Known products 2a,9i,19 3d,10b 3e,20 3f,21 3i,10b and 3o20 were
characterized by comparison with literature data. Low-boiling
furans 3a, 3b, 3j, and 3m were not isolated and were
characterized by GC-MS comparison with the pure products
obtained by cycloisomerization of the corresponding (Z)-
enynols.10b

(Z)-1-Trimethylsilyloct-3-en-1-yn-5-ol 1l. The method of
Alami22 was employed. To a cooled (0 °C), stirred mixture of

Pd(PPh3)4 (1.8 g, 1.56 mmol) and CuI (0.59 g, 3.1 mmol) in
pyrrolidine (10 mL) was added under nitrogen a solution of
(Z)-1-iodohex-1-en-3-ol 18 (7.0 g, 31.0 mmol) in pyrrolidine (20
mL), followed by stirring for 5 min. A solution of TMSCtCH
(6.0 g, 61.1 mmol) in pyrrolidine (6 mL) was then added
dropwise at 0 °C. After being stirred at 0 °C for 5 h, the
reaction mixture was diluted with Et2O and quenched at 0 °C
with saturated NH4Cl. The aqueous layer was extracted with
Et2O, and the combined organic layers were washed with brine
and dried over Na2SO4. The solvent was removed under
reduced pressure, and the residue was purified by column
chromatography (9:1 hexane/ethyl acetate) to obtain pure 1l
as a colorless oil (5.8 g, 95%): IR (neat) 3338, 2150, 1251, 844
cm-1; 1H NMR δ 5.93 (dd, J ) 11.0, 8.3, 1 H), 5.55 (dd, J )
11.0, 1.0, 1 H), 4.75-4.64 (m, 1 H), 1.70-1.34 (m, 4 H), 0.96
(t, J ) 7.3, 3 H), 0.20 (s, 9 H); MS m/e 196 (1, M+), 181 (30), 75
(90), 73 (100).

Deprotection of 1l with KF in MeOH. To a stirred
solution of 1l (0.5 g, 2.55 mmol) in MeOH (4.5 mL) was added
KF (215 mg, 3.71 mmol), and the mixture was allowed to stir
at room temperature for 5 h. The reaction was quenched with
water (50 mL), the aqueous layer was extracted with Et2O,
and the combined organic layers were washed with brine. After
drying over Na2SO4, the solvent was removed under reduced
pressure. 1H NMR of the residue was in agreement with the
expected (Z)-oct-3-en-1-yn-5-ol: δ 5.99 (ddd, J ) 11.2, 8.3, 1.0,
1 H), 5.53 (ddd, J ) 11.2, 2.4, 1.0, 1 H), 4.74-4.64 (m, 1 H),
3.14 (dd, J ) 2.4, 1.0, 1 H), 1.70-1.32 (m, 4 H), 0.95 (t, J )
7.3, 3 H). MS m/e 124 (1, M+), 81 (100), 53 (76). However,
purification by transfer distillation gave in practically quan-
titative yield 5-methyl-2-propylfuran 3l, whose spectral prop-
erties agreed with that reported:23 IR (neat): 2961, 1570, 1456,
1220, 778 cm-1; 1H NMR δ 5.84 (s, 2 H), 2.54 (t, J ) 7.3, 2 H),
2.25 (s, 3 H), 1.64 (sext, J ) 7.3, 2 H), 0.95 (t, J ) 7.3, 3 H);
MS m/e 124 (13, M+), 95 (100).

Carbonylation Procedure. Oxidative carbonylation reac-
tions were carried out in alcoholic media at 50-70 °C under
100 atm of a 9:1 mixture of carbon monoxide and air, in the
presence of catalytic amounts of PdI2 (0.05-3%) in conjunction
with an excess of KI (10-500 mol per mol of palladium). In a
typical experiment, a 300 mL stainless steel autoclave was
charged in the presence of air with PdI2, KI, and the appropri-
ate (Z)-2-en-4-yn-1-ol (3-10 mmol) dissolved in MeOH or
BuOH. The autoclave was pressurized with air (10 atm) and
CO (up to 100 atm of total pressure) and heated at 70 °C with
stirring for the required time. Reaction times, substrate/KI/
PdI2 molar ratios, and substrate concentration are indicated
in Table 1.

Separation of Products. Products were separated by
column chromatography after removal of the solvent under
reduced pressure: 2a (pentane/AcOEt from 95:5 to 9:1, color-
less oil). 2a′ (hexane/AcOEt from 99:1 to 95:5, colorless oil):
IR (neat) 1742, 1168, 735 cm-1; 1H NMR δ 7.27 (d, J ) 2.0, 1
H), 6.21 (d, J ) 2.0, 1 H), 4.11 (t, J ) 6.8, 2 H), 3.60 (s, 2 H),
1.99 (s, 3 H), 1.66-1.51 (m, 2 H), 1.45-1.28 (m, 2 H), 0.92 (t,
J ) 7.3, 3 H); MS m/e 196 (14, M+), 95 (100). 2b (95:5 hexane/
AcOEt, colorless oil): IR (neat) 1744, 1212, 1165, 740 cm-1;
1H NMR δ 7.28 (d, J ) 1.8, 1 H), 6.26 (d, J ) 1.8, 1 H), 3.70 (s,
3 H), 3.62 (s, 2 H), 2.38 (q, J ) 7.6, 2 H), 1.14 (t, J ) 7.6, 3 H);
MS m/e 168 (25, M+), 109 (100). 2c (99:1 hexane/acetone, pale
yellow oil): IR (neat) 1742, 1121, 761, 701 cm-1; 1H NMR δ
7.42-7.26 (m, 6 H), 6.54 (d, J ) 1.9, 1 H), 3.79 (s, 2 H), 3.74
(s, 3 H); MS m/e 216 (67, M+), 157 (100), 129 (62), 128 (61).
Products 3d and 2d were eluted in this order using 98:2
hexane/AcOEt. 2d (pale yellow oil): IR (neat) 1743, 1226, 1167,
741 cm-1; 1H NMR δ 7.27 (d, J ) 1.7, 1 H), 6.18 (d, J ) 1.7, 1
H), 3.68 (s, 3 H), 3.67 (t, J ) 7.8, 1 H), 2.10-1.83 (m, 2 H),
2.00 (s, 3 H), 1.39-1.13 (m, 4 H), 0.87 (t, J ) 7.2, 3 H); MS
m/e 210 (15, M+), 151 (55), 95 (100). Compounds 3e and 2e
were eluted in this order using 9:1 hexane/AcOEt. 2e (pale
yellow oil): IR (neat) 1745, 1201, 1160, 732 cm-1; 1H NMR δ

(18) Beruben, D.; Marek, I.; Normant, J. F.: Platzer, N. J. Org.
Chem. 1995, 60, 2488-2501.

(19) Piotti, M. E.; Alper, H. J. Org. Chem. 1997, 62, 8484-8489.
(20) Seiller, B.; Bruneau, C.; Dixneuf, P. H. Tetrahedron 1995, 51,

13089-13102.
(21) McKeown, N. B.; Chambrier, I.; Cook, M. J. J. Chem. Soc.,

Perkin Trans. 1 1990, 1169-1177.
(22) Alami, M.; Ferri, F.; Linstrumelle, G. Tetrahedron Lett. 1993,

34, 6403-6406.
(23) Heyns, K.; Stute, R.; Scharmann, H. Tetrahedron 1966, 22,

2223-2235.
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7.36-7.23 (m, 6 H), 6.20 (d, J ) 2.0, 1 H), 5.05 (s, 1 H), 3.74
(s, 3 H), 1.96 (s, 3 H); MS m/e 230 (7, M+), 171 (100), 128 (24).
Products 3f, 2f, and 4f were eluted in this order using a
concentration gradient of hexane/AcOEt from 99:1 to 95:5. 2f
(colorless oil): IR (neat) 1743, 1160, 736 cm-1; 1H NMR δ 7.34
(dd, J ) 2.0, 1.0, 1 H), 6.32 (dd, J ) 2.9, 2.0, 1 H), 6.18 (dd, J
) 2.9, 1.0, 1 H), 3.70 (t, J ) 7.8, 1 H), 3.70 (s, 3 H), 2.08-1.85
(m, 2 H), 1.40-1.20 (m, 4 H), 0.89 (t, J ) 7.1, 3 H); MS m/e
196 (14, M+), 137 (46), 81 (100). 4f (pale yellow oil): IR (neat)
1694, 1625, 1112, 787 cm-1; 1H NMR δ 7.35 (dt, J ) 6.4, 2.4,
1 H), 6.69 (dt, J ) 6.4, 2.0, 1 H), 4.98 (dd, J ) 2.4, 2.0, 2 H),
3.72 (s, 3 H), 2.37 (t, J ) 7.3, 2 H), 1.47-1.22 (m, 4 H), 0.91 (t,
J ) 7.1, 3 H); MS m/e 196 (21, M+), 165 (18), 153 (62), 93 (100).
Compounds 2g and 4g were eluted in this order using 99:1
hexane/AcOEt. 2g (colorless oil): IR (neat) 2959, 1743, 1162
cm-1; 1H NMR δ 7.12-7.10 (m, 1 H), 6.08 (d, J ) 0.7), 3.71 (s,
3 H), 3.64 (t, J ) 7.7, 1 H), 2.40 (qd, J ) 7.5, 1.3, 2 H), 2.05-
1.79 (m, 2 H), 1.41-1.20 (m, 4 H), 1.16 (t, J ) 7.5, 3 H), 0.89
(t, J ) 7.1, 3 H); MS m/e 224 (18, M+), 165 (57), 109 (100). 4g
(colorless oil): IR (neat) 1694, 1628, 1610, 1112 (s) cm-1; 1H
NMR δ 7.07-7.04 (m, 1 H), 4.86-4.83 (m, 2 H), 3.71 (s, 3 H),
2.38-2.27 (m, 4 H), 1.46-1.23 (m, 4 H), 1.20 (t, J ) 7.5, 3 H),
0.90 (t, J ) 7.0, 3 H); MS m/e 224 (21, M+), 181 (75), 121 (100).
Products 2h and 4h (in a mixture with 2h) were eluted in this
order using 99:1 hexane/AcOEt. 4h was subsequently sepa-
rated from 2h by PTLC using 8:2 hexane/Et2O as eluent and
crystallized from MeOH at - 20 °C. 2h (colorless oil): IR (neat)
1741, 1154, 751 cm-1; 1H NMR δ 7.64 (d, J ) 1.0, 1 H), 7.50-
7.44 (m, 2 H), 7.39-7.31 (m, 2 H), 7.28-7.20 (m, 1 H), 6.53-
6.51 (m, 1 H), 3.73 (s, 3 H), 3.72 (t, J ) 7.7, 1 H), 2.12-1.86
(m, 2 H), 1.43-1.24 (m, 4 H), 0.90 (t, J ) 6.9, 3 H); MS m/e
272 (41, M+), 213 (48), 157 (100). 4h (pale yellow solid, mp
72-73 °C): IR (neat) 1691, 1606, 1121 cm-1; 1H NMR δ 7.71
(t, J ) 2.0, 1 H), 7.50-7.35 (m, 5 H), 5.32-5.29 (m, 2 H), 3.76
(s, 3 H), 2.41 (t, J ) 7.3, 2 H), 1.52-1.29 (m, 4 H), 0.92 (t, J )
7.1, 3 H); MS m/e 272 (34, M+), 229 (89), 169 (100), 141 (42),
115 (51). Compounds 3i and 2i were eluted in this order using
a concentration gradient of hexane/AcOEt from 99:1 to 9:1. 2i
(pale yellow solid, mp ) 62-63 °C): IR (neat) 1745, 1202, 1155,
702 (s) cm-1; 1H NMR δ 7.47-7.22 (m, 11 H) 5.00 (s, 1 H) 3.69
(s, 3 H), 2.45-2.30 (m, 2 H), 1.07 (t, J ) 7.3, 3 H); MS m/e 320
(7, M+), 261 (100). Products 2j and 5j were eluted in this order
using 95:5 hexane/AcOEt. 2j (pale yellow oil): IR (neat) 1745,
1261, 1204, 1157 cm-1; 1H NMR δ 7.13 (q, J ) 1.1, 1 H), 6.14-
6.11 (m, 1 H), 3.72 (s, 3 H), 3.65 (d, J ) 0.7, 2 H), 2.41 (qd, J
) 7.6, 1.1, 2 H), 1.16 (t, J ) 7.6, 3 H); MS m/e 168 (25, M+),
109 (100). 5j (pale yellow oil): IR (neat) 1706, 1652, 1621, 1105
cm-1; 1H NMR δ 7.18-7.15 (m, 1 H), 5.82-5.80 (m, 1 H), 5.29-
5.27 (m, 1 H), 3.70 (s, 3 H), 3.43 (s, 3 H), 2.45-2.18 (m, 2 H),
1.21 (t, J ) 7.3, 3 H); MS m/e 198 (17, M+), 169 (100), 139
(21). Furanacetate 2k was eluted using hexane/AcOEt from
95:5 to 9:1 and further purified by repeated crystallization from

MeOH at -25 °C to give a white solid: mp ) 91-92 °C: IR
(KBr) 1720, 1257, 755 cm-1; 1H NMR δ 7.66 (s, 1 H), 7.50-
7.23 (m, 5 H), 6.57 (s, 1 H), 3.76 (s, 3 H), 3.74 (s, 2 H); MS m/e
216 (61, M+), 157 (100), 128 (65). Furanacetate 2l was eluted
using hexane/AcOEt from 95:5 to 9:1 (colorless oil): IR (neat)
1747, 1221, 1014, 785 (m) cm-1; 1H NMR δ 6.10 (d, J ) 2.7, 1
H), 5.92 (d, J ) 2.7, 1 H), 3.72 (s, 3 H), 3.64 (s, 2 H), 2.56 (t,
J ) 7.3, 2 H), 1.64 (sext, J ) 7.3, 2 H), 0.94 (t, J ) 7.3, 3 H);
MS m/e 182 (31, M+), 153 (32), 123 (100), 111 (31). Compounds
7m, 2m, and 6m were eluted in this order using 95:5 hexane/
AcOEt. 7m (colorless oil): IR (neat) 1449, 1109, 1084, 734
cm-1; 1H NMR δ 6.03 (s, 1 H), 4.25 (q, J ) 6.6, 1 H), 3.27 (s,
3 H), 2.19 (s, 3 H), 1.92 (s, 3 H), 1.47 (d, J ) 6.6, 3 H); MS m/e
154 (23, M+), 139 (68), 123 (100). 2m (colorless oil): IR (neat):
1745, 1167, 1010, 806 cm-1; 1H NMR δ 5.81 (s, 1 H), 3.71 (s,
3 H), 3.58 (s, 2 H), 2.58 (q, J ) 7.6, 2 H), 1.94 (s, 3 H), 1.19 (t,
J ) 7.6, 3 H); MS m/e 182 (17, M+), 123 (100). 6m (colorless
oil): IR (neat) 1742, 1266, 740 cm-1; 1H NMR δ 6.10 (s, 1 H),
4.29 (q, J ) 6.6, 1 H), 3.71 (s, 3 H), 3.62 (s, 2 H), 3.28 (s, 3 H),
1.97 (s, 3 H), 1.47 (d, J ) 6.6, 3 H); MS m/e 212 (31, M+), 197
(100), 181 (87), 139 (42). Products 2n and 5n were eluted in
this order using 99:1 hexane/AcOEt. 2n (colorless oil): IR
(neat) 1744, 1160 cm-1; 1H NMR δ 5.99 (s, 1 H), 3.70 (s, 3 H),
3.60 (t, J ) 7.7, 1 H), 2.53 (t, J ) 7.3, 2 H), 2.30 (t, J ) 7.3, 2
H), 2.06-1.73 (m, 2 H), 1.42-1.16 (m, 4 H), 1.15 (t, J ) 7.3, 3
H), 1.11 (t, J ) 7.3, 3 H), 0.89 (t, J ) 7.3, 3 H); MS m/e 252
(19, M+), 193 (100), 137 (66). 5n (colorless oil): IR (neat) 1698,
1637, 1617, 1118 cm-1; 1H NMR δ 7.21-7.18 (m, 1 H), 3.74 (s,
3 H), 3.06 (s, 3 H), 2.41 (t, J ) 7.3, 2 H), 2.14 (qd, J ) 7.3, 1.5,
2 H), 2.04-1.70 (m, 2 H), 1.51-1.27 (m, 4 H), 1.24 (t, J ) 7.3,
3 H), 0.91 (t, J ) 7.3, 3 H), 0.78 (t, J ) 7.3, 3 H); MS m/e 282
(6, M+), 253 (100). Compounds 3o, 8o, and 2o were eluted in
this order using a concentration gradient hexane/AcOEt from
98:2 to 9:1. 8o (colorless oil): IR (neat) 3290, 1098, 1081, 699
cm-1; 1H NMR δ 7.42-7.23 (m, 5 H), 5.83 (dq, J ) 9.1, 1.3, 1
H), 5.22 (d, J ) 9.1, 1 H), 3.36 (s, 3 H), 3.22 (s, 1 H), 1.90 (d,
J ) 1.3, 3 H); MS m/e 186 (90, M+), 171 (100), 128 (87), 77
(85). 2o (pale yellow oil): IR (neat) 1742, 1167, 761 cm-1; 1H
NMR δ 7.65-7.57 (m, 2 H), 7.39-7.30 (m, 2 H), 7.26-7.18 (m,
1 H), 6.49 (s, 1 H), 3.72 (s, 3 H), 3.68 (s, 2 H), 2.03 (s, 3 H); MS
m/e 230 (31, M+), 171 (100).
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