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An efficient I7-catalyzed methyl-oxygen bond cleavage in
2-methoxyfurans was observed. The subsequent C—C bond
formation occurred at the 5-position to afford substituted
butenolides. The structures of the final products were
determined by the X-ray diffraction study.

Butenolides are an important structure unit in natural
products and intermediates in organic synthesis.! Buteno-
lide-containing compounds are considered as potential
insecticides, bactericides, fungicides, antibiotics, cyclo-
oxygenase inhibitors, phospholiphase A inhibitors, etc.?
Chemists have developed many ways to synthesize these
interesting compounds.? Recently, our group also has
reported some methods for the synthesis of butenolides
by transition metal-promoted or -catalyzed cyclization
reactions of 2,3-allenoic acids/esters.* In this paper, we

(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. (1) Cambie, R. C.; Bergquist, P. R.; Karuso, P. J. Nat. Prod.
1988, 51, 1014. (m) Ahmed, M.; Ahmed, A. A. Phytochemistry 1990,
29, 2715. (n) De Guzman, F. S.; Schmitz, F. J. J. Nat. Prod. 1990, 53,
926. (0) Marshall, J. A.; Piettre, A.; Paige, M. A.: Valeriote, F. J. Org.
Chem. 2003, 68, 1780.

(2) (a) Larock, R. D.; Riefling, B.; Fellows, C. A. J. Org. Chem. 1978,
43,131 and the references therein. (b) Brima, T. S. 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. Absir. 1992, 116,
59197m. (g) Trost, B. M.; Toste, F. D. J. Am. Chem. Soc. 2003, 125,
3090.
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wish to report a I"-catalyzed reaction of 2-alkoxyfurans
with organic iodides to form substituted butenolides.

Under the catalysis of a Lewis acid, the O—X bond
(X = Si, COMe) of 2-substituted furans, such as 2-siloxy®’
and 2-acetoxy,® was cleaved to react with electrophiles
at the 5-position of furans. For 2-boroxyfurans,’ these
reactions can occur in the absence of a catalyst. However,
similar reactions with 2-alkoxyfurans are limited to
protonation with TsOH!%!! or oxidation with MnOy;—
HCL.22 A stoichiometric TMSI-mediated reaction of 2-meth-
oxyfuran with o,f-unsaturated ketones has been re-
ported.!® BF3-mediated reactions of 2-methoxyfuran with
allylic alcohols have also been reported.* Recently, our
group has reported that inorganic halides can serve as
catalysts in the cleavage of C—C bonds in a series of
reactions, such as the ring-opening of cyclopropenes!® and

(3) (a) For reviews on the synthesis of butenolides, see: Negishi,
E.; Kotora, M. Tetrahedron 1997, 53, 6707. (b) Deshong, P.; Sidler, D.
R.; Slough, G. A. Tetrahedron Lett. 1987, 28, 2233. (c) Canonne, P.;
Akssira, M.; Lemay, G. Tetrahedron Lett. 1983, 24, 1929. (d) Schmit,
C.; Sahraoui-Taleb, S.; Differding, E.; Lombaert, C. G. D.; Ghosez, L.
Tetrahedron Lett. 1984, 25, 5043. (e) Cottier, L.; Descotes, G.; Nigay,
H.; Parron, J.; Gregoire, V. Bull. Soc. Chim. Fr. 1986, 844. (f) Marshall,
J. A.; Wolf, M. A. J. Org. Chem. 1996, 61, 3238. (g) YU, W.; Alper, H.
J. Org. Chem. 1997, 62, 5684. (h) Xiao, W.; Alper, H. J. Org. Chem.
1997, 62, 3422. (i) Cowell, A.; Stille, J. K. Tetrahedron Lett. 1979, 133.
() Arcadi, A.; Bernocchi, E.; Burini, A.; Cacchi, S.; Marinelli, F.;
Pietroni, B. Tetrahedron 1988, 44, 481. (k) Marshall, J. A.; Bartley,
G. S.; Wallace, E. M. J. Org. Chem. 1996, 61, 5729. (1) Clough, J. M.;
Pattenden, G.; Wight, P. G. Tetrahedron Lett. 1989, 30, 7469.(m) Gill,
G. B.; Idris, M. S. H. Tetrahedron Lett. 1985, 26, 4811. (n) Kejian, C.;
Sanner, M. A.; Carlson, R. M. Synth. Commun. 1990, 20, 901. (o)
Marshall, J. A.; Wallace, E. M.; Coan, P. S. J. Org. Chem. 1995, 60,
796. (p) Yoneda, E.; Kaneko, T.; Zhang, S.; Onitsuka, K.; Takahashi,
S. Org. Lett. 2000, 2, 441. (q) Renurd, M.; Ghosez, L. A. Tetrahedron
2001, 57, 2597. (r) Langer, P.; Friefold, 1. Synlett 2001, 523. (s) Linclau,
B.; Boydell, A. J.; Clarke, P. J.; Horan, R.; Jaequet, C. J. Org. Chem.
2003, 68, 1821.

(4) (a) For a review see: Ma, S. Acc. Chem. Res. 2003, 36, 701. (b)
Ma, S.; Yu, Z. J. Org. Chem. 2003, 68, 6149. (c) Ma, S.; Wu, B., Shi, Z.
J. Org. Chem. 2004, 69, 1429. (d) Ma, S.; Yu, Z. Chem. Eur. J. 2004,
10, 2078.

(5) For reviews, see: (a) Casiraghi, G.; Rassu, G. Synthesis 1995,
607. (b) Bur, S. K.; Martin, S. F. Tetrahedron 2001, 57, 3221.

(6) (a) Asaoka, M.; Yanagida, N.; Ishibashi, K.; Takei, H. Tetrahe-
dron Lett. 1981, 22, 4269. (b) Jefford, C. W.; Sledeski, A. W,
Boukouvalas, J. Tetrahedron Lett. 1987, 28, 949. (¢) Brown, D. W ;
Campbell, M. M.; Taylor, A. P.; Zhang, X. Tetrahedron Lett. 1987, 28,
985. (d) Jefford, C. W.; Sledeski, A. W.; Boukouvalas, J. J. Chem. Soc.,
Chem. Commun. 1988, 364. (e¢) Camiletti, C.; Poletti, L.; Trombini, C.
J. Org. Chem. 1994, 59, 6843. (f) Martin, S. F.; Lopez, O. D.
Tetrahedron Lett. 1999, 40, 8949. (g) Szlosek, M.; Figadere, B. Angew.
Chem., Int. Ed. 2000, 39, 1799.

(7) For the application in the total synthesis of natural products,
see: (a) Fukuyama T.; Yang, L. J. Am. Chem. Soc. 1987, 109, 7881.
(b) Rassu, G.; Spanu, P.; Casiraghi, G.; Pinna, L. Tetrahedron Lett.
1991, 47, 8025. (¢) Martin S. F.; Barr, K. J. J. Am. Chem. Soc. 1996,
118, 3299. (d) Liras, S.; Lynch, C. L.; Fryer, A. M.; Vu, B. T.; Martin,
S. F. J Am. Chem. Soc. 2001, 123, 5918. (e) Naito, S.; Escobar, M.;
Kym, P. R.; Liras, S.; Martin, S. F. J. Org. Chem. 2002, 67, 4200.

(8) (a) Shono, T.; Matsumura, Y.; Yamane, S. Tetrahedron Lett.
1981, 22, 3269. (b) Shono, T.; Matsumura, Y.; Uchida, K.; Nakatani,
F. Bull. Chem. Soc. Jpn. 1988, 61, 3029.

(9) Paintner, F. F.; Allmendinger, L.; Bauschke, G. Synthesis 2001,
2113.

(10) Nakada, Y.; Hata, T.; Tamura, C.; Iwaoka, T.; Kondo, M.; Ide,
J. Tetrahedron Lett. 1981, 22, 473.

(11) Takahashi, K.; Nishijima, K.; Makino, N.; Takase, K.; Katagiri,
S. Chem. Lett. 1982, 1895.

(12) Jadav, J. S.; Valluri, M.; Rao, A. V. R. Tetrahedron Lett. 1994,
35, 3609.

(13) Kraus, G.; Gottschalk, P. Tetrahedron Lett. 1983, 24, 2727.

(14) Poirier, J. M.; Dujardin, G. Heterocycles 1987, 25, 399.
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TABLE 1. Effects of Solvents on the Reaction of 1a and
2a%

TABLE 2. Effects of Catalysts on the Reaction of 1a and
2a“

CO,Me CO,Me
Nal (10 mol%
CO,Me N(62003 ) Ph. /= COzMe cat. (10 mol%) Ph/—
T * oG s GRS oo
Ph (0] OMe solvent, reflux Ph (6} OMe THF, reflux
/ /
1a 2a 3aa 1a 2a 3aa
NayCOs allylic iodide time yield entry cat. allylic iodide time (h) yield (%)
entry cat. (equiv) (equiv) solvent (h) (%) 1 Nal 12 105 79
1 Nal® 1.0 1.2 DMF¢ 11 15 2 Lil 1.2 48 60
2 Nal 0.6 2.0 CHyCl, 18 NR 30 KI* 2.0 33 57
3 Nal 0.5 2.0 CH;CN 34 8 4 LiBr 1.2 22 60
4  Nal 0.5 2.0 toluenec 14.5 trace 5 NaBr¢ 1.2 14.5 75
5  Nal 0.5 2.0 dioxane® 34 39 6 LiCl 1.2 22 61
g EZ% 82 %8 %ﬁ_el%?ne }g gg @ The reaction was carried out using 0.25—0.5 mmol of 1a and
8 Nal 01 1.2 THF 13 79 2a in 1-2 mL of solvent under reflux. ® The solvent was acetone.
9  Nal — 1.2 THF 105 179 ¢ 0.5 equiv of KoCO3 was used. ¢ 20 mol % NaBr was used.
10 - - 1.2 THF 10 NR

@ The reaction was carried out using 0.25—0.5 mmol of 1a,
NayCO3, and 2a in 1—2 mL of solvent under reflux. ® 20 mol %
Nal was used. ¢ The reaction was conducted at 80 °C.

cycloisomerization of alkylidene cyclopropyl ketones.!6 In
this context, an I -catalyzed direct alkyl—oxygen cleavage
of 2-alkoxyfurans and the subsequent reaction with
organic halides will be reported.

2-Methoxy-3-methoxycarbonyl-5-phenylfuran 1a, which
was easily available from the reaction of phenylacetyl-
ene with diazomethylmalonate under the catalysis of
Rhy(OAc)4,'" could react with allylic iodide 2a to form
5-allyl-3-methoxycarbonyl-5-phenylbutenolide 3aa in 15%
yield under the catalysis of Nal in DMF (eq 1).

MeO,C
Ph—= + ’ \ﬂ/

N2
l Rhy(OAC), (cat.)

CO,Me

toluene, reflux
46%

COzMe
CO,Me Nal (20 mol%) =
NayCOj3 (1 equiv)
J\ oo B UE L Ao )
Ph™ g~ ~OMe DMF, 80°C
15% /
1a 2a 3aa

On the basis of this promising result, the solvent effects
were further investigated and some typical results are
listed in Table 1. Among the solvents tested, THF and
acetone were the best, while CH;Cly;, CH3CN, toluene,
and dioxane were all inferior (Table 1). Further research
proved that the base was not necessary in this reaction
(Table 1, entry 9) while in the absence of Nal, no reaction
was observed (Table 1, entry 10). Different inorganic
catalysts were also tested in this reaction (Table 2) with
Nal affording the best results (Table 2, entry 1).

With the optimized conditions in hand, the scope of this
reaction was explored. Some typical results are sum-
marized in Table 3. It could be seen from Table 3 that
R! can be an alkyl group, benzyl, or an aryl group.
Different organic iodides were tested in this reaction
(entries 2—10, Table 3). Basically, reactive sp® organic

(16) Ma, S.; Lu, L.; Zhang, J. J Am. Chem. Soc. 2004, 126, 9645.

(17) (a) Padwa, A.; Kassir, J.; Xu, S. L. J. Org. Chem. 1991, 56, 6971.
(b) Batsila, C.; Kostakis, G.; Hadjiarapoglou, L. P. Tetrahedron Lett.
2002, 43, 5997.
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TABLE 3. Nal-Catalyzed Reaction of 2-Methoxy
3,5-Disubstituted Furans with Organic Iodides®

R? R2
Nal (10 mol%) _
il ) R R17<—L
o~ “OMe THF, reflux J 070
R
1 2 3

entry R R? Rl Time  Yield of 3

(h) (%)
1 Ph CO,Me (1a) 2 20 105 79 (3aa)
2 ph SO,Ph (1b) A (20 95 46 (3ba)
3 CHs  COMe (1e) A 20 145 73 (3ca)
4 CHy  COMe(1d) A 20 255 71 (3da)
5 Bn  CO.Me(le) A 20 95 71 (3ea)
6 Ph CO:Me (12) Mel (2b) 515 79 (3ab)
7 Ph CO:Me (12) ICH,CO,Et (2¢) 12 82 (3ac)

CsH —
8 Ph CO,Me (1a) S \,(2 a 63 82 (3ad)
I
9° Ph CO,Me (1a) 10 84 (3ae)
CO,Me (2e)

10 Ph COxMe (1 o 5 94 (3

>Me (1a) )J\/I (3af)
Ph (2f)

@ The reaction was carried out using 0.25—0.5 mmol of 1a and
2a in 1—2 mL of solvent under reflux. ¢ 2.0 equiv of allylic iodide
were used. ¢ 10 mol % NasCOs; was used. ¢ The reaction was
carried out with 3.0 equiv of Mel in a sealed tube.

iodides all could participate the reaction. However, the
alkyl iodides showed much lower reactivity. The struc-
tures of 3 were established by a single-crystal X-ray
diffractional study of 3ae.!® It should be noted that the

(18) X-ray data for compound 3ae: C;7H;606, Mw = 316.30, mono-
clinic, space group P2(1)/n, Mo Ka, final R indices [I > 20(I)], R1 =
0.0455, wR2 = 0.0801, a = 904395(11) A, b = 11.5890(14) A, ¢ =
15.0764(18) A, o. = 90°, f = 104.516(2)°, y = 90 ° V = 1596.6 3) A3, T
= 293(2) K, Z = 4, reflections collected/unique: 9566/3722 (Ri,, =
0.0605), parameters 273. CCDC 244480 contains the supplementary
crystallographic data.



in-situ formed Mel may leave the reaction mixture due
to its low bp (41—43 °C) under the current reaction
conditions, which excluded the formation of 5-methyl-
butenolides.

A detailed study showed that a mixture of 4-methyl-
substituted and 4-ethyl-substituted products 3ab and
3ag was formed when Etl was used as the iodide (eq 2),
indicating that Mel was generated in situ in this Nal-
catalyzed reaction. Indeed, 3ab was formed in 17% yield
after 21 h from the treatment of 1a with 10 mol % Nal
in the absence of any organic iodide (eq 3). To explore
the source of Me in the structure of the product 3ab in
eq 2, we designed a deuterium-labeling experiment. From
eq 4, it can be concluded that both the added CDsI and
the in-situ-generated Mel participated the reaction.

Nal (10 mol%)
Etl (3 equiv) CO,Me COyMe
THF, reflux o O 0”0
sealed tube Me Et
36h, 45% 3ab 3ag
1.1 1
CO,Me
COsMe Nal (10 mol%) 2
A THF, refl ™ o ©
Ph OMe , reflux O
o 21h, 17% Me
3ab
1a
Nal (10 mol%) COM CO,Me
CDyl (1 equiv) __ooMe /2
Ph + Ph (4)
THF, reflux o 0 0”0
sealed tube Me DyC
5 days, 76% 3ab 3ab-d3
12 : 1

According to the results mentioned above, a plausible
catalytic cycle for this reaction is depicted in Scheme 1.
The attack of I™ at the methyl group'® led to the cleavage
of the methyl—oxygen bond with the formation of Mel
and intermediate 4,74 which would react with an organic
iodide to afford 3.

In conclusion, we have observed a very mild cleavage
of the methyl—oxygen bond of 2-methoxyfurans under the
catalysis of I-, which was followed by the formation of a
new C—C bond with organic halides at the 5-position of
the furans to afford butenolides. The higher reactivity
of the targeted carbon—methoxy bond than that of the

(19) (a) Arbuzov, B. A. Pure Appl. Chem. 1964, 9, 307. (b) Krapcho,
A. P.; Glynn, G. A.; Grenon, B. J. Tetrahedron Lett. 1967, 215.
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SCHEME 1. A Plausible Mechanism for the
Reaction of 1 and 2

. .

;—'/ \ "‘T’ 7\

R1’Q\ Me RV@\?)’,\ Mel RP?\O
Me I

o)
1 R3-1
]
R2
N
RS © ©

3

C—O0 bond in the ester group may be attributed to the
acetal-like structure. Due to the easy availability of the
starting materials, simple operation, and mild conditions,
this method will show its utility in the synthesis of
butenolides. Further studies in this area are being
pursued in our laboratory.

Experimental Section

General Procedure for Nal-Catalyzed Reaction of
2-Methoxyfuran with Organic Iodides. In a flame-dried
argon-flushed flask, a solution of 1a (116 mg, 0.5 mmol), 2a (101
mg, 0.6 mmol), and Nal (8 mg, 0.05 mmol) in 2 mL of dry THF
was stirred for 10.5 h under reflux. After evaporation, the
residue was purified by column chromatography (eluent: pe-
troleum ether/Et;O = 5/1) on silica gel to afford 3aa (102 mg,
79%): liquid; "TH NMR (300 MHz, CDCl;) 6 7.58—7.66 (m, 2 H),
7.37-7.44 (m, 3 H), 5.84 (s, 1 H), 5.63—5.77 (m, 1 H), 5.12—5.25
(m, 2 H), 3.77 (s, 3 H), 2.93 (dd, J = 13.8, 6.9 Hz, 1 H), 2.80 (dd,
J = 13.8, 7.8 Hz, 1 H); ¥C NMR (75.4 MHz, CDCls) 6 173.3,
167.9, 154.1, 130.6, 130.2, 128.7, 127.4, 125.1, 120.6, 101.9, 60.2,
53.3, 38.6; MS m/z 258 (M™, 9.08), 217 (100); IR (neat) 1806,
1743, 1648, 1235 cm~1. Anal. Caled for C15H1404: C, 69.79; H,
5.46. Found: C, 69.53; H, 5.57.
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