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The Fe(ClOy)3-catalyzed intramolecular rearrangement/
cyclization/oxidation reaction sequence for the synthesis
of a-carbonyl furan derivatives from electron-deficient
alkynes and 2-yn-1-ols is reported.

Transition-metal catalysis is a powerful tool that has been
extensively investigated and well applied in modern organic
synthesis.! Unfortunately, many of the highly efficient cat-
alysts are derived from toxic heavy metals. Therefore, devel-
opment of nontoxic transition-metal catalysts is a new trend
in synthetic chemistry.

Compared with other transition metals, iron, one of the
most abundant metals in the universe, is inexpensive, environ-
mentally benign, readily available, and relatively nontoxic.>”
Since the pioneering research work of Tamura and Kochi,*
iron catalysts have received much attention because of their
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effective properties. Over the past decades, iron catalysts
have been extensively applied to various reactions, such as
oxidation,’ epoxidation,6 addition,’ cyclization,8 etc. However,
the iron-catalyzed C—C and C—O bond-forming reactions
are underdeveloped and have become a long-term goal for
synthetic chemists in modern organic synthesis.

Herein, we report a Fe(ClO4);s-catalyzed domino reaction
for the synthesis of a-carbonyl furan derivatives from elec-
tron-deficient alkynes and 2-yn-1-ols. Furans exhibit parti-
cularly valuable and rich chemistry and extensive biological
activity,” are useful as synthetic building blocks,'® and are
contained in many natural products.'' Over the past dec-
ades, several methodologies for the construction of furan
skeletons have been developed with Cu, Pd, Rh, Au, and Ag
catalytic systems.'>'? Those methodologies are convenient

(5) For iron-catalyzed oxidation, see: (a) Legros, J.; Bolm, C. Angew.
Chem., Int. Ed.2004,43,4225. (b) Legros, J.; Bolm, C. Angew. Chem., Int. Ed.
2003, 42, 5487. (c) Mancheno, O. G.; Bolm, C. Org. Lett. 2006, 8, 2349.
(d) Nakanishi, M.; Bolm, C. Adv. Synth. Catal. 2007, 349, 861. (e) Shi, F.;
Tse, M. K.; Li, Z. P.; Beller, M. Chem.—Eur. J. 2008, 14, 8793.

(6) Foriron-catalyzed epoxidation, see: (a) Anilkumar, G.; Bitterlich, B.;
Gelalcha, F. G.; Tse, M. K.; Beller, M. Chem. Commun. 2007, 289.
(b) Bitterlich, B.; Anilkumar, G.; Gelalcha, F. G.; Spilker, B.; Grotevendt,
A.; Jackstell, R.; Tse, M. K.; Beller, M. Chem. Asian J. 2007, 2, 521.
(c) Gelalcha, F. G.; Bitterlich, B.; Anilkumar, G.; Tse, M. K.; Beller, M.
Angew. Chem., Int. Ed. 2007, 46, 7293.

(7) For iron-catalyzed addition, see: (a) Lu, Z.; Chai, G. B.; Ma, S. M. J.
Am. Chem. Soc. 2007, 129, 14546. (b) Zhang, D.; Ready, J. M. J. Am. Chem.
Soc. 2006, 128, 15050. (c) Shirakawa, E.; Yamagami, T.; Kimura, T.;
Yamaguchi, S.; Hayashi, T. J. Am. Chem. Soc. 2005, 127, 17164. (d) Li,
R.; Wang, S. R.; Lu, W. Org. Lett. 2007, 9, 2219. (e) Nakamura, M.; Hirai,
A.; Nakamura, E. J. Am. Chem. Soc. 2000, 122, 978. (f) Nakamura, M.;
Matsuo, K.; Inoue, T.; Nakamura, E. Org. Lett. 2003, 5, 1373. (g) Fukuhara,
K.; Urabe, H. Tetrahedron Lett. 2005, 46, 603. (h) Yamagami, T.; Shintani,
R.; Shirakawa, E.; Hayashi, T. Org. Lett. 2007, 9, 1045.

(8) For iron-catalyzed cyclization, see: (a) Bouwkamp, M. W.; Bowman,
A. C.; Lobkovsky, E.; Chirik, P. J. J. Am. Chem. Soc. 2006, 128, 13340.
(b) Fiirstner, A.; Martin, R.; Majima, K. J. Am. Chem. Soc. 2005, 127,12236.
(c) Corey, E. J.; Imai, N.; Zhang, H. Y. J. Am. Chem. Soc. 1991, 113, 728.
(d) Komeyama, K.; Morimoto, T.; Takaki, K. Angew. Chem., Int. Ed. 2006,
45,2938.

(9) (a) Mullican, M. D.; Sorenson, R. J.; Connor, D. T.; Thueson, D. O.;
Kennedy, J. A.; Conroy, M. C. J. Med. Chem. 1991, 34, 2186. (b) Flynn,
B. L.; Hamel, E.; Jung, M. K. J. Med. Chem. 2002, 45, 2670. (c) Francesconi,
1.; Wilson, W. D.; Tanious, F. A.; Hall, J. E.; Bender, B. C.; Tidwell, R. R.;
McCurdy, D.; Boykin, D. W. J. Med. Chem. 1999, 42,2260. (d) Giardina, D.;
Crucianelli, M.; Romanelli, R.; Leonardi, A.; Poggesi, E.; Melchiorre, C. J.
Med. Chem. 1996, 39, 4602. (e) Rahmathullah, S. M.; Hall, J. E.; Bender,
B. C.; McCurdy, D. R.; Tidwell, R. R.; Boykin, D. W. J. Med. Chem. 1999,
42,3994, (f) Hopkins, K. T.; Wilson, W. D.; Bender, B. C.; McCurdy, D. R.;
Hall, J. E.; Tidwell, R. R.; Kumar, A.; Bajic, M.; Boykin, D. W. J. Med.
Chem. 1998, 41, 3872. (g) Bolognesi, M. L.; Budriesi, R.; Chiarini, A.;
Poggesi, E.; Leonardi, A.; Melchiorre, C. J. Med. Chem. 1998, 41, 4844.
(h) Mortensen, D. J.; Rodriguez, A. L.; Carlson, K. E.; Sun, J.; Katzenellenbogen,
B. S.; Katzenellenbogen, J. A. J. Med. Chem. 2001, 44, 3838.

(10) Maier, M. In Organic Synthesis Highlights II; Waldmann, H., Ed.;
VCH: Weinheim, 1995; 231 pp.

(11) (a) Cacchi, S. J. Organomet. Chem. 1999, 576, 42. (b) Hou, X. L
Cheung, H. Y.; Hon, T. Y.; Kwan, P. L.; Lo, T. H.; Tong, S. Y.; Wong,
H. N. C. Tetrahedron 1998, 54, 1955.

(12) For Pd-catalyzed cyclization, see: (a) Fukuda, Y.; Shiragami, H.;
Utimoto, K.; Nozaki, H. J. Org. Chem. 1991, 56, 5816. (b) Ma, S.; Li, L. Org.
Lett. 2000, 2, 941. (c) Pearlman, B. A.; McNamara, J. M.; Hasan, [
Hatakeyama, S.; Sekizaki, H.; Kishi, Y. J. Am. Chem. Soc. 1981, 103, 4248.

(13) (a) Marshall, J. A.; Robinson, E. D. J. Org. Chem. 1990, 55, 3450.
(b) Marshall, J. A.; Wang, X. J. J. Org. Chem. 1991, 56, 960. (c) Marshall,
J. A.;Bartley, G. S. J. Org. Chem. 1994, 59,7169. (d) Michael, H. S.; Michael,
R.; Stefan, F. K. Org. Lett. 2005, 7, 3925. (e) Yao, T. L.; Zhang, X. X.;
Larock, R. C. J. Am. Chem. Soc. 2004, 126, 11164. (f) Hu, Y. H.; Zhang, Y ;
Yang, Z.; Fathi, R. J. Org. Chem. 2002, 67, 2365. (g) Alexander, S. D.;
Vladimir, G. Angew. Chem., Int. Ed. 2007, 46,5195; Angew. Chem.2007, 119,
5287. (h) Suhre, M. H.; Reif, M.; Kirsch, S. F. Org. Lett. 2005, 7, 3925.

J. Org. Chem. 2010, 75, 5347-5350 5347



]OCNote

TABLE 1.

Optimization of Reaction Conditions

Os_Ph o 0
l PBu;  Ph | | cat. Ph

| ‘ " CH,Cly/ 1t | [ )

b HO 2Ll Ph 0 Ph o~ "CHO

1a 2a 3aa 4aa

yield
entry catalyst solvent TC) (%)"
1 Fe(acac)s (>98%) DMF 80 23
2 FeCl; (>98%) DMF 80 35
3 Fe(ClOy)5- xH,0° DMF 80 7
(>98%)
4 Fe(NO3)3-9H,0 (>99%) DMF 80 18
5 F62(504)3 . XHQO DMF 80 20
(>97%)

6 FeCl, (>99%) DMF 80
7 Fe(CsHs), (>99%) DMF 30
8 Fe powder (>99%) DMF 80
9 DMF 80
10 Fe(ClOy);-xH,O toluene 80 <5
11 Fe(ClOy4);3-xH,O benzene 80 <5
12 Fe(ClOy4)3-xH,O 1,2-dichloroethane 80 47
13 Fe(ClOy);-xH,0 1,4-dioxane 80 54
14 Fe(ClOy)5-xH,O CH;CN 80 58
15 Fe(ClOy4);-xH,0 DMSO 80 80
16  Fe(ClOy4);-xH,0 DMSO 100 76
17  Fe(ClOy);-xH,O DMSO 50 71
18  Fe(ClOy);-xH,0O DMSO rt
19 Fe(ClOy)3- xH,0O/Cul DMSO 30 27
207 Fe(ClOy4);-xH>O/CuBr, DMSO 80 38

“Yield determined by GC. “Caution! Metal perchlorate salts can
be explosive. 20 mol % Fe(ClOy);-xH,0, 100 ppm Cul. “20 mol %
Fe(ClOy4);3-xH,0, 100 ppm CuBr,.

with good yields. However, reports on the synthesis of o-
carbonyl furans are relatively rare.'"* During our ongoing
research to explore expedient routes to these types of com-
pounds, we were delighted to find that iron could be a good
catalyst for the construction of furans.

We recently developed a one-pot Cul-catalyzed domino
process to synthesize functionalized furans.'> Unfortunately,
this domino reaction did not take place when 1,3-diphenyl-
prop-2-yn-1-one was employed as the substrate instead of
diethyl but-2-ynedioate. Inspired by our recent advances on
oxygen-mediated transformations,'® we developed a method
for furan formation with iron salts as catalysts. The method
is a facile alternative to the synthesis of highly functionalized
a-carbonyl furans from electron-deficient alkynes and 2-yn-
1-ol in a one-pot manner.

On the basis of our previous work and assumption,'>!” we
tried to find the best iron catalysts and optimize our reaction
conditions by using 1a and 2a as the starting materials. In a
typical procedure, a solution of 1a (0.5 mmol), 2a (0.5 mmol),
and PBu; in CH,Cl, was stirred at room temperature.'® The
solvent was evaporated under reduced pressure. Then a
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SCHEME 1. TIron-Catalyzed Synthesis of a-Carbonyl-f-yne
Furans
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variety of iron catalysts (20 mol %) in DMF were added to
the residue at 80 °C. The mixture was stirred until completion
of the reaction (monitored by TLC). As shown in Table 1, the
reaction could be catalyzed by Fe'" salts, such as Fe(acac)s,
FCC13, FC(C104)3‘XH20, FC(NO3)3'9H20, and Fez(SO4)3'
xH,O (Table 1, entries 1—5). Fe(ClO4); - xH,O was the most
effective catalyst (Table 1, entry 3). The product 4aa was not
detected in the presence of Fe'! salts, Fe’, or catalyst-free
conditions (Table 1, entries 6—9), and 3aa was obtained as
the sole product. In addition, we tried to improve the yields
by using various solvents. Among the solvents surveyed, low
yields (<5%) of product 4aa were found in toluene and
benzene (Table 1, entries 10 and 11). However, higher yields
of 3aa were obtained in 1,2-dichloroethane, 1,4-dioxane,
CH;CN, and DMSO (Table 1, entries 12—15). DMSO was
the most effective media for this domino reaction. The opti-
mization of reaction temperature showed that 80 °C was
optimal (Table 1, entries 16—18).

In order to exclude the possibility that trace copper in iron
salts might affect the reaction,'” Fe(ClOy);- xH,O was ana-
lyzed by ICP. The analysis showed that the amount of Cu
was below 5 ppm in the sample. Further experiments indi-
cated the detrimental influence of copper salts. When a
mixture of Fe(ClOy4)3-xH,O with Cul or CuBr, was used
as catalysts, the yields of 4aa were only 27% and 38%,
respectively (Table 1, entries 19 and 20). The results con-
formed that Fe played a crucial role in this intramolecular
rearrangement/cyclization/oxidation reaction.

In order to explore the scope of this reaction, various
electron-deficient alkynes and 2-yn-1-ols were evaluated at
80 °C with 20 mol % of Fe(ClO4)3 - xH->O as the catalyst, and
DMSO as solvent. The results are summarized in Table 2.
The electron-deficient alkynes such as 1a—d reacted well with
alkynyl alcohols 2a—c (Table 2, entries 1—9, 13—15). Diff-
erent substituted 2-yn-1-ols, such as 2-thienyl, 3-nitrophenyl,
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TABLE 2. Iron-Catalyzed Synthesis of o-Carbonyl Furans
3
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le Ph™ Ng” “CHO 15 1d 2c MeOOC™ g~ ~CHO
4ca 68 %
4de 76 %
8 1 2b /\
¢ Ph™ g~ ~CHO

4cb 58 %

“1d (0.5 mmol), 2 (0.5 mmol) and DABCO in CH,Cl, were stirred at room temperature to afford the product propargyl vinyl ether.

m-tolyl, 3-methoxyphenyl, and 2-pyridyl led to a beneficial
effect on the reaction outcome, and in most cases the corres-
ponding products (4ca—cf) were obtained in good yields
(49—83%) (Table 2, entries 7—13). These results demon-
strate that the domino process could occur with functional
groups at different positions of the aromatic ring. It is worthy
to note that the corresponding furans and all of the desired
products were formed with high regioselectivity. In addition,
a-carbonyl-8-yne furans were isolated in moderate yields
when 2,4-diyn-1-ols were used (Scheme 1).

A plausible reaction mechanism for iron-catalyzed synth-
esis of furans is described in Scheme 2. First, DABCO- or
PBus-promoted nucleophilic addition of propargyl alcohol
(2) to electron-deficient alkyne (1) afforded enyne adduct 3.

Subsequenly, a 6-endo-dig addition of the enol ether onto the
iron(I1)—alkyne complex resulted in the formation of six-
membered intermediate B, which collapsed into the -allenic
ketone C."*™!3 Finally, S-allenic ketone underwent sequen-
tial cyclization, carbene-oxidation, and dehydration-oxida-
tion to form furan 4.

In summary, we have described an iron-catalyzed domino
reaction for the synthesis of a-carbonyl furans from easily
available starting materials in DMSO at 80 °C under atmo-
spheric pressure. It could be expected that this new synthetic
method will be applied widely in organic synthesis because o.-
carbonyl furans are extremely useful organic molecules as
synthetic building blocks for the synthesis of elaborate
heterocyclic compounds.
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SCHEME 2. Plausible Mechanism
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Experimental Section

General Procedure for the Synthesis of 4-Benzoyl-5-phenylfuran-
2-carbaldehyde (4aa). A solution of 1,3-diphenylprop-2-yn-1-one
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1a (103 mg, 0.5 mmol), prop-2-yn-1-ol 2a (28 mg, 0.5 mmol),
and PBu; (0.1 mmol) in CH,Cl, was stirred for 30 min at room
temperature. The solvent was evaporated under reduced
pressure. Fe(ClO4); and DMSO were added at 80 °C under
atmospheric pressure. After completion of the reaction
(monitored by TLC), the solvent was evaporated under re-
duced pressure. Water (8 mL) was added, and the aqueous
solution was extracted with diethyl ether (3 x 8 mL). The
combined extracts were dried with anhydrous MgSO4. The
solvent was removed, and the crude product was separated by
column chromatography to give pure 4aa (101 mg, 73%). IR
(KBr): 3028, 2834, 1650, 1602, 763. '"H NMR (CDCls, 400
MHz): 6 9.70 (s, 1H), 7.78—7.83 (m, 4H), 7.53—7.57 (m, 1H),
7.32—7.44 (m, 6H). '*C NMR (CDCl;, 100 MHz): 6 190.4,
177.5, 159.8, 150.3, 137.0, 133.6, 130.7, 129.7, 128.7,128.6,
128.2, 128.1, 123.7, 122.7. HRMS (EI): caled for C;gH;,03
276.0786, found 276.0780.
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