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Abstract: The combination of FeCl3 ·6H2O and di-tert-butyl peroxide offers a novel and efficient method
for the construction of polysubstituted benzofurans 3 from the reaction of simple phenols 1 and �-keto
esters 2, which are expected to give coumarins in the well-known Pechmann condensation. A variety of
phenols reacted with �-keto esters to provide a range of benzofuran products in moderate to excellent
yields. The regio-specific annulation was proven by the X-ray molecular structure of the product 3k. Hydrate
of FeCl3 is essential for an achievement of the present transformation. The kinetic isotopic effect (KIE)
experiments were carried out by competition experiments and displayed a kH/kD ) 1.0 ( 0.1. The kinetic
isotopic effect indicated that aromatic C-H bond cleavage is not involved in the rate-determining steps of
the present transformation. Moreover, the results clearly demonstrate that the dichotomous catalytic behavior
of the iron catalyst, which is transition-metal catalyst in the oxidative coupling step and Lewis acid in the
condensation step. The possible intermediate 5 was synthesized and converted into the desired benzofuran
3a under the reaction conditions. A tentative mechanism of the formation of benzofurans 3 was proposed.

Introduction

Benzofuran is one of the important structural units and widely
found in heterocyclic compounds of biological and medical
importance. Many efforts have been made to achieve efficient
synthesis of this motif.1 The most powerful tool is undoubtedly
the annulation reaction, in which prefunctionalized substrates,
such as ortho-alkynyl or -halo phenol, were generally utilized;2

however, to the best of our knowledge, simple phenols without
halogen and alkyne substitutes have rarely been used as a
starting material to directly construct those scaffolds.3 The
Pechmann condensation is one of efficient reactions to synthe-
size coumarins by the reaction of phenols with �-keto esters in
the presence of Lewis acid or protic acid (Scheme 1, Path A).4

We reasoned that using iron catalysts could achieve an oxidative
Pechmann condensation in the presence of an oxidant (Scheme
1, path B).

Transition-metal catalysts are widely and efficiently used in
synthetic chemistry. The applications of inexpensive, easily
available and nontoxic iron catalysts are attracting much
attention in modern chemistry.5 A variety of iron-catalyzed
Friedel-Crafts reactions,6 Aldol reactions,7 carbometalations,8

and cycloaddition reactions9 have been disclosed and developed
successfully. Recently, many efforts were made to develop the

(1) For recent reviews, see: (a) Patil, N. T.; Yamamoto, Y. Chem. ReV.
2008, 108, 3395. (b) Zeni, G.; Larock, R. C. Chem. ReV. 2006, 106,
4644. (c) Cacchi, S.; Fabrizi, G. Chem. ReV. 2005, 105, 2873. (d)
Alonso, F.; Beletskaya, I. P.; Yus, M. Chem. ReV. 2004, 104, 3079.
(e) Horton, D. A.; Bourne, G. T.; Smythe, M. L. Chem. ReV. 2003,
103, 893.

(2) For representative examples, see: (a) Lu, B.; Wang, B.; Zhang, Y.;
Ma, D. J. Org. Chem. 2007, 72, 5337. (b) Anderson, K. W.; Ikawa,
T.; Tundel, R. E.; Buchwald, S. L. J. Am. Chem. Soc. 2006, 128,
10694. (c) Fürstner, A.; Davies, P. W. J. Am. Chem. Soc. 2005, 127,
15024. (d) Nakamura, I.; Mizushima, Y.; Yamamoto, Y. J. Am. Chem.
Soc. 2005, 127, 15022. (e) Yue, D.; Yao, T.; Larock, R. C. J. Org.
Chem. 2005, 70, 10292. (f) Zhang, H.; Ferreira, E. M.; Stoltz, B. M.
Angew. Chem., Int. Ed. 2004, 43, 6144. (g) Larock, R. C.; Yum, E. K.;
Doty, M. J.; Sham, K. K. C. J. Org. Chem. 1995, 60, 3270.

(3) (a) Kumar, M. P.; Liu, R.-S. J. Org. Chem. 2006, 71, 4951. (b) Sila,
B. Roczniki Chemii 1961, 35, 1519 Also see to. (c) Cong, Z.-q.;
Nishino, H. Synthesis 2008, 2686. (d) Chen, C.-X.; Liu, L.; Yang,
D.-P.; Wang, D.; Chen, Y.-J. Synlett 2005, 2047. (e) Morrison, B. J.;
Musgrave, O. C. Tetrahedron 2002, 58, 4255. (f) Tsunoda, K.;
Yamane, M.; Nishino, H.; Kurosawa, K. Bull. Chem. Soc. Jpn. 1991,
64, 851.

(4) (a) Gu, Y.; Zhang, J.; Duan, Z.; Deng, Y. AdV. Synth. Catal. 2005,
347, 512. (b) Sethna, S. M.; Shah, N. M. Chem. ReV. 1945, 36, 1.

(5) (a) Sherry, B. D.; Fürstner, A. Acc. Chem. Res. 2008, 41, 1500. (b)
Correa, A.; Mancheño, O. G.; Bolm, C. Chem. Soc. ReV. 2008, 37,
1108. (c) Enthaler, S.; Junge, K.; Beller, M. Angew. Chem., Int. Ed.
2008, 47, 3317. (d) Fürstner, A.; Martin, R. Chem. Lett. 2005, 34,
624. (e) Bolm, C.; Legros, J.; Le Paih, J.; Zani, L. Chem. ReV. 2004,
104, 6217.

(6) (a) Huang, W.; Hong, L.; Zheng, P.; Liu, R.; Zhou, X. Tetrahedron
2009, 65, 3603. (b) Wang, B.; Xiang, S.; Sun, Z.; Guan, B.; Hu, P.;
Zhao, K.; Shi, Z. Tetrahedron Lett. 2008, 49, 4310. (c) Iovel, I.;
Mertins, K.; Kischel, J.; Zapf, A.; Beller, M. Angew. Chem., Int. Ed.
2005, 44, 3913.

(7) (a) Li, H.; Li, W.; Li, Z. Chem. Commun. 2009, 3264. (b) Ogawa, C.;
Kobayashi, S. Chem. Lett. 2007, 36, 56. (c) Lecomte, V.; Bolm, C.
AdV. Synth. Catal. 2005, 347, 1666.

Scheme 1. Coumarin Formation vs Benzofuran Formation
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redox processes involving iron catalysts in C-C bond formation
reactions. Some significant works in iron-catalyzed cross-
coupling reactions10 and selective C-H bond oxidations11 have
been documented in the literature. Importantly, Bolm recently
reported iron-catalyzed Sonogashira reactions of terminal
alkynes and aryl halides.12 Nakamura disclosed for the first time
iron-catalyzed biaryl syntheses via direct sp2 C-H bond
activation.13 We recently developed iron-catalyzed reactions of
benzyl derivatives or heteroatom-containing molecules and 1,3-
dicarbonyl compounds,14,15 which are formal oxidative coupling
reactions of sp3 C-H bond and sp3 C-H bond.16 Our efforts
in the field of C-H bond oxidation and C-C bond formation
promoted us to investigate the present iron-catalyzed oxidative
reaction, which involved the selective oxidative coupling of sp2

C-H bond and sp3 C-H bond. Here we wish to report our
efforts to realize a novel and practical synthesis of polysubsti-
tuted benzofurans using iron salt as a catalyst and organic
peroxide as an oxidant (Scheme 1, path B).

Results and Discussion

Optimization of the Iron-Catalyzed Oxidative Reaction. The
reaction of phenol 1a and ethyl 3-oxo-3-phenylpropanoate 2a
was chosen as a model system to investigate the proposed
transformation (Table 1). To our delight, substituted benzofuran
3a was obtained in the presence of FeCl2 and FeBr2, albeit in
low yields (Table 1, entries 1 and 2). 3a was formed in 30%
yield when FeCl3 was used as a catalyst (Table 1, entry 3).
Interestingly, the yield of 3a was improved to 46% yield when

hydrated iron catalyst FeCl3 ·6H2O was employed (Table 1, entry
4). Although 3a was obtained in 16% in the presence of
Fe(ClO4)3 · xH2O, the yield of 3a was raised to 47% when
Fe(ClO4)2 · xH2O was used (Table 1, entries 5 and 6). Other iron
salts, such as Fe2(CO)9, FeI2, Fe(acac)2, Fe(acac)3, Fe(OAc)2,
Fe(dbm)3, FeSO4 · 9H2O, Fe2(SO4)3 · xH2O, FeF3, FeF3 · 3H2O,
Fe(NO3)3 ·3H2O, were not effective for the benzofuran forma-
tion. In order to rationalize the role of the counterion, various
additives such as KCl, NaCl, CaCl2, KBr, etc. were added into
the reactions together with inactive iron catalysts. However, the
desired benzofuran 3a was not observed in those experiments.
In addition, 3a was not observed in the presence of the copper
catalysts such as CuBr, CuBr2, CuCl, CuCl2, CuI, Cu(acac)2,
Cu(OAc)2, CuSO4 ·5H2O, CuF2.

17 Importantly, the yield of 3a
was further improved to 75% when 3 equiv of 1a was used
(Table 1, entry 7).18 The desired benzofuran 3a was not observed
when 4 Å molecular sieve was added into the reaction (Table
1, entry 8). This result indicated that a certain amount of water
is essential for the present process. Other peroxides were much
less efficient compared with di-tert-butyl peroxide (Table 1,
entries 9 and 10). No desired products were formed in the
absence of a catalyst (Table 1, entry 11). 3a was obtained in
22% yield when a stoichiometric amount of FeCl3 ·6H2O was
used in the absence of a peroxide (Table 1, entry 12). In this
case, iron is proposed to act as both a catalyst and an oxidant
in the reaction. Moreover, a variety of solvents were screened
for the present reaction. Optimization revealed that the use of
1,2-dichloroethane (DCE) is very important, considering the

(8) (a) Lu, Z.; Chai, G.; Ma, S. 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) Nakamura, M.; Hirai, A.;
Nakamura, E. J. Am. Chem. Soc. 2000, 122, 978.

(9) (a) Hilt, G.; Bolze, P.; Harms, K. Chem.sEur. J. 2007, 13, 4312. (b)
Necas, D.; Drabina, P.; Sedlak, M.; Kotora, M. Tetrahedron Lett. 2007,
48, 4539. (c) Imhof, W.; Anders, E. Chem.sEur. J. 2004, 10, 5717.
(d) Eaton, B. E.; Rollman, B.; Kaduk, J. A. J. Am. Chem. Soc. 1992,
114, 6245. (e) Li, G.; Fang, H.; Li, Z.; Xi, Z. Chin. J. Chem. 2003,
21, 219.

(10) (a) Fürstner, A.; Majima, K.; Martin, R.; Krause, H.; Kattnig, E.;
Goddard, R.; Lehmann, C. W. J. Am. Chem. Soc. 2008, 130, 1992.
(b) Hatakeyama, T.; Nakamura, M. J. Am. Chem. Soc. 2007, 129, 9844.
(c) Guerinot, A.; Reymond, S.; Cossy, J. Angew. Chem., Int. Ed. 2007,
46, 6521. (d) Kofink, C. C.; Blank, B.; Pagano, S.; Gotz, N.; Knochel,
P. Chem. Commun. 2007, 1954. (e) Kischel, J.; Mertins, K.; Michalik,
D.; Zapf, A.; Beller, M. AdV. Synth. Catal. 2007, 349, 865. (f) Itami,
K.; Higashi, S.; Mineno, M.; Yoshida, J. Org. Lett. 2005, 7, 1219. (g)
Li, G.; Fang, H.; Xi, Z. Tetrahedron Lett. 2003, 44, 8705.

(11) (a) Wang, Z.; Zhang, Y.; Fu, H.; Jiang, Y.; Zhao, Y. Org. Lett. 2008,
10, 1863. (b) Chen, M. S.; White, M. C. Science 2007, 318, 783. (c)
Nakanishi, M.; Bolm, C. AdV. Synth. Catal. 2007, 349, 861.

(12) Carril, M.; Correa, A.; Bolm, C. Angew. Chem., Int. Ed. 2008, 47,
4862.

(13) (a) Yoshikai, N.; Matsumoto, A.; Norinder, J.; Nakamura, E. Angew.
Chem., Int. Ed. 2009, 48, 2925. (b) Norinder, J.; Matsumoto, A.;
Yoshikai, N.; Nakamura, E. J. Am. Chem. Soc. 2008, 130, 5858.

(14) (a) Li, Z.; Cao, L.; Li, C.-J. Angew. Chem., Int. Ed. 2007, 46, 6505.
(b) Li, Z.; Yu, R.; Li, H. Angew. Chem., Int. Ed. 2008, 47, 7497.

(15) Other examples: (a) Li, L.-Z.; Li, B.-J.; Lu, X.-Y.; Lin, S.; Shi, Z.-J.
Angew. Chem., Int. Ed. 2009, 48, 3817. (b) Zhang, Y.; Li, C.-J. Eur.
J. Org. Chem. 2007, 28, 4654. (c) Wang, K.; Lu, M.; Yu, A.; Zhu,
X.; Wang, Q. J. Org. Chem. 2009, 74, 935. (d) Wen, J.; Zhang, J.;
Chen, S.-Y.; Li, J.; Yu, X.-Q. Angew. Chem., Int. Ed. 2008, 47, 8897.

(16) Selected examples of oxidative cross-coupling reactions: (a) Deng,
G.; Zhao, L.; Li, C.-J. Angew. Chem., Int. Ed. 2008, 47, 6278. (b) Li,
B.-J.; Tian, S.-L.; Fang, Z.; Shi, Z.-J. Angew. Chem., Int. Ed. 2008,
47, 1115. (c) Stuart, D. R.; Fagnou, K. Science 2007, 316, 1172. (d)
Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2007, 129, 11904. (e)
Li, R.; Jiang, L.; Lu, W. Organometallics 2006, 25, 5973. (f) Dwight,
T. A.; Rue, N. R.; Charyk, D.; Josselyn, R.; DeBoef, B. Org. Lett.
2007, 9, 3137. (g) Li, Z.; Bohle, D. S.; Li, C.-J. Proc. Natl. Acad.
Sci. U.S.A. 2006, 103, 8928.

(17) Both the purity and the source of the FeCl3 may play a role in the
some cross-coupling reactions, see: Buchwald, S. L.; Bolm, C. Angew.
Chem., Int. Ed. 2009, 48, 5586. For our reactions, we also checked
the influences of the purity and source of FeCl3 ·6H2O in the present
oxidative annulation. The results proved that the yields of 3a were
independent of the purity and source of FeCl3 ·6H2O, which was
purchased from Alfa (purity: 97-102%), Aldrich (purity: 97-102%),
and KANTO (purity: 99%).

(18) tert-Butyl-substituted benzofuran 3c was also obtained as a byproduct
in ∼8% for this case. By analyzing the reaction mixture, we found 1c
was generated in ∼10%, which was formed by Friedel-Crafts
alkylation of 1a.

Table 1. Optimization of the Reaction Conditionsa

entry catalyst 1a (equiv) oxidant yield (%)b

1 FeCl2 1 (t-BuO)2 8
2 FeBr2 1 (t-BuO)2 9
3 FeCl3 1 (t-BuO)2 30
4 FeCl3 ·6H2O 1 (t-BuO)2 46
5 Fe(ClO4)3 · xH2O 1 (t-BuO)2 16
6 Fe(ClO4)2 · xH2O 1 (t-BuO)2 47
7 FeCl3 ·6H2O 3 (t-BuO)2 75
8 FeCl3 ·6H2O 3 (t-BuO)2 N.D.c,d

9 FeCl3 ·6H2O 3 t-BuOOH 11
10 FeCl3 ·6H2O 3 PhCOOO-t-Bu 8
11 - 3 (t-BuO)2 N.D.
12 FeCl3 ·6H2O 3 - 22e

a Conditions: 2a (0.5 mmol), FeCl3 (0.05 mmol), peroxide (1.0 mmol)
and DCE (1.0 mL), 100 °C, 1 h; unless otherwise noted; DCE )
dichloroethane. b NMR yields are determined by 1H NMR using
mesitylene as an internal standard. c Not detected by 1H NMR. d 4 Å
molecular sieve (25 mg) was added. e FeCl3 ·6H2O (0.5 mmol) was
used.
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reactivity and selectivity of the present transformation.19 Other
solvents were inferior to DCE with regard to the yield of the
desired benzofuran 3a, for example, MeNO2 (53%), PhMe
(29%), CHCl3 (22%), hexane (20%), MeCN (6%). Nevertheless,
the desired benzofuran 3a was not observed when DMF, EtOH,
or water was used as a solvent.20

Proton Source in the Iron-Catalyzed Oxidative Reactions.
The higher catalytic efficiency of FeCl3 ·6H2O compared with
that of FeCl3 prompted us to investigate the role of proton source
in the present transformation. 3a was obtained in 74% yield
when a catalytic amount of H2O together with 10 mol % FeCl3

was used (Table 2, entry 1). We postulated that water might
assist the proton transfer process involved in the reaction.21

Other proton sources were also examined for the present
transformation. The control experiments showed that not only
water but also various alcohols could accelerate the reactions,
and the desired product was obtained with good yields (Table
2, entries 2-4). Furthermore, protic acids were added into the
reaction mixtures, and the desired product 3a was obtained with
reasonable yields (Table 2, entries 5-7). These results indicated
that the extra proton sources enhanced the catalytic efficiency
of FeCl3 in the present reactions. More studies on the influences
of hydrate coordinated to iron are discussed in the section of
Possible Pathways for Benzofuran Formation.

The Scope of the Substrates. With the optimal parameters
established, we turned our attention to investigate the scope of
the annulations reactions (Table 3). Both para-substituted
phenols 1b-1e and ortho-substituted phenols 1f-1h were
transformed into the corresponding products with good yields
(Table 3, entries 1-7). Allyl substituent on the ortho-position
of phenols is well tolerated, and the desired benzofuran 3f was
obtained in 74% yield (Table 3, entry 5). The reaction of
tetrahydronaphthalen-2-ol 1i and 2a afforded two regioisomers
with the ratio of 1:1 (Table 3, entry 8). �-Naphthalenol and its
derivative were also transformed into the corresponding ben-
zofurans smoothly (Table 3, entries 9 and 10). In contrast, phenol
derivatives with strong electron-withdrawing groups, such as

-NO2 and -Ac, did not react with �-keto esters under the standard
reaction conditions. The regiospecific annulation was proven
by the X-ray molecular structure of the product 3k (Figure 1).22

Other aromatic �-keto esters 2b-2d could also be used under
the optimized reaction conditions (Table 3, entries 11-14). The
low yield of 3o was due to the low conversion of 2d and the
formation of some uncharacterized byproducts under the(19) Recent studies from Nakamura’s group indicated that 1,2-dihalide acted

as an effective oxidant for the iron-catalyzed C-H bond activation,
see reference 13.

(20) The efficiency of the present reactions appears to be dependent
on the real concentration of the substrates during the reactions because
the different types of condensation apparatus will affect the yields of
the products. The related experiments are given in Supporting
Information.

(21) Xia, Y.; Liang, Y.; Chen, Y.; Wang, M.; Jiao, L.; Huang, F.; Liu, S.;
Li, Y.; Yu, Z.-X. J. Am. Chem. Soc. 2007, 129, 3470.

(22) Cryatal data for 3k: C21H15BrO3, MW ) 395.24 g mol-1, T ) 293(2)
K, Orthorhombic, space group P2(1)2(1)2(1), a ) 4.1182(8) Å, b )
14.193(3) Å, c ) 29.071(6) Å, R ) 90°, � ) 90°, γ ) 90°, V )
1699.2(6) Å3, Z ) 4, Fcalcd ) 1.545 Mg m-3, µ ) 2.436 mm-1,
reflections collected: 14189, independent reflections: 2323 (Rint )
0.0987), Final R indices [I > 2σI]: R1 ) 0.0375, wR2 ) 0.0473, R
indices (all data): R1 ) 0.1377, wR2 ) 0.0581.

Table 2. Influence of Proton Sourcesa

entry H+ source NMR yield (%)

1 H2O 72
2 MeOH 74
3 EtOH 70
4 t-BuOH 71
5 CH3COOH 48
6 CF3COOH 57
7 PhCOOH 30

a Conditions: 1a (1.5 mmol), 2a (0.5 mmol), FeCl3 (0.05 mmol),
(t-BuO)2 (1.0 mmol) and DCE (1.0 mL), 100 °C, 1 h; DCE )
dichloroethane.

Table 3. Reactions of Phenols 1 and R-Keto Esters 2a

a Conditions: 1 (1.5 mmol), 2 (0.5 mmol), FeCl3 ·6H2O (0.05 mmol),
(t-BuO)2 (1.0 mmol) and DCE (1.0 mL), 100 °C, 1 h, unless otherwise
noted; DCE ) dichloroethane. b NMR yields are determined by 1H
NMR using mesitylene as an internal standard; isolated yields are given
in parentheses. c 8 h. d The ratio of two isomers is 1:1.
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standard reaction conditions (Table 3, entry 14). The reaction
of phenol 1a with ethyl 3-oxobutanoate 2e afforded the desired
benzofuran 3p in 63% yield; however, the prolonged reaction
time was necessary in order to consume the starting materials
(Table 3, entry 15). In this case, some byproducts were also
observed, which could not be separated and characterized.

Competition Experiments between Phenol and Phenol-d6. In
order to assess whether the cleavage of phenolic C-H bond is
involved in the rate-determining step, the isotopic effect
experiments were carried out. First, the deuterated product 3a-D
was obtained in 78% yield when phenol-d6 was used under the
standard reaction conditions. Subsequently, the kinetic isotopic
effect (KIE) experiments were carried out by competition
experiments of a 1:1 mixture of phenol and phenol-d6 or phenol-
d5 (eq 1). 1H NMR analysis of the isolated benzofurans revealed
a ratio of 3a and 3a-D (kH/kD) of 1.0 ( 0.1. The isotopic effect
indicates that aromatic C-H bond cleavage is a fast step and
thus not involved in the rate-determining steps of the present
transformation.

Possible Pathways for Benzofuran Formation. As mentioned
above, the Pechmann reaction allows the synthesis of coumarins
by the reactions of phenol with �-keto esters. Different
mechanisms have been put forward to explain the possible
pathways of the Pechmann reaction. In consideration of the
whole process, one new C-C bond and one new C-O bond
are formed. Accordingly, two possible pathways are summarized
(Scheme 2): (1) transesterification of a �-keto ester followed
by Friedel-Crafts cyclization of the ketone moiety affords
coumarin (Pathway A);23 (2) alternatively, coumarin is obtained
in the sequence of Friedel-Crafts cyclization and transesteri-
fication (Pathway B).24

In contrast to the classic Pechmann reaction, 5-membered
annulation occurred in the presence of iron catalyst and
organic peroxide. The initial mechanistic proposals were
based on the sequential formation of C-C bond and C-O
bond. Accordingly, two possible pathways were proposed for
the benzofuran formation (Scheme 3). Pathway C presents
an intermolecular condensation of 1 and 2 followed by
oxidative coupling via intermediate 4; alternatively, oxidative

coupling product 5 is formed and then transformed into the
final benzofuran 3 via intramolecular condensation (Pathway
D).

In an attempt to rationalize the possible pathways, ethyl
3-phenoxy-3-phenylacrylate (4) and ethyl 2-(2-hydroxyphe-
nyl)-3-oxo-3-phenylpropanoate (5) were respectively syn-
thesized. Benzofuran 3a was obtained in 54% and 50% yields
in the presence of FeCl3 · 6H2O and FeCl3, respectively (eq
2). It should be noted that 3a was not formed in the absence
of FeCl3 · 6H2O and/or di-tert-butyl peroxide. Recently, two
excellent examples of Pd-catalyzed intramolecular oxidative
coupling of N-aryl enamines to provide indoles were re-
ported.25 These results supported that transition-metal cata-
lysts would promote 5-membered heteroaromatic ring for-
mation via intramolecular oxidative coupling reactions.
Because certain amounts of 1a and 2a were observed in the
reaction mixtures when the reaction finished, we speculated
that the decomposition of 4 led to the moderate yields of 3a
(eq 2). As we expected, when 2 equiv of phenol-d6 was added,
the desired benzofuran 3a and the deuterated product 3a-D
were obtained in a combined yield of 68% (eq 3). Surpris-
ingly, the ratio of 3a and 3a-D is 1:3, where 3:2 was expected
if 3a was formed from 4 and 50% of 4 was decomposed (eq
2). These results indicated that the product 3a is formed
mainly from the decomposition of 4 rather than direct
intramolecular oxidative coupling of 4 (eq 2).

Inspirationally, 5 was also smoothly transformed into
benzofuran 3a in the presence of an iron catalyst at room
temperature (eq 4). Although 3a was formed in moderate
yield using FeCl3 · 6H2O as a catalyst, 89% isolated yield of
3a was achieved in the presence of FeCl3 at room temperature
(eq 4). 3a was not observed in the absence of a catalyst.
These results suggested the following: (1) the condensation
step is a faster step in Pathway D, Scheme 3; (2) the phenolic
hydroxyl group most likely acts as a directing group in the
oxidative coupling step because the oxidative coupling
product at the para position of phenol was not observed in
all cases; (3) hydrate coordinated to iron must play an
important role in the oxidative coupling step because
FeCl3 · 6H2O retarded the efficiency of the condensation step;
(4) the iron catalyst plays the dichotomous catalytic behavior
in the present transformation, which is transition-metal

(23) Smith, M. B.; March, J. March’s AdVanced Organic Chemistry,
6th ed.; Wiley-Interscience: New York, 2007; Chapter 11, pp 712-
713.

(24) John, E. V. O.; Israelstam, S. S. J. Org. Chem. 1961, 26, 240.

(25) (a) Wurtz, S.; Rakshit, S.; Neumann, J. J.; Droge, T.; Glorius, F.
Angew. Chem., Int. Ed. 2008, 47, 7230. (b) Shi, Z.; Zhang, C.; Li, S.;
Pan, D.; Ding, S.; Cui, Y.; Jiao, N. Angew. Chem., Int. Ed. 2009, 48,
4572.

Figure 1. ORTEP drawing for product 3k.
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catalyst in the oxidative coupling step and Lewis acid in the
condensation step.

Accordingly, a tentative mechanism of the formation of
benzofurans 3 is proposed in Scheme 4. An intermediate Fen+-
chelated specie A may be formed in situ, and reductive
elimination gave B. The tautomerization of B would provide 5.
Subsequently, the benzofuran 3 is formed by intramolecular
condensation of 5 in the presence of iron catalyst. With regard
to the possible mechanisms of the oxidative coupling step, both
intermolecular radical coupling and intramolecular radical
coupling chelated by transition metal were suggested by Barton26

and Baran.27 Because the present reactions showed the high

regioselectivity, a chelated radical-coupling mechanism is
proposed for the formation of 5. An important, but as yet
unanswered, question is how hydrate coordinated to iron plays
an important role in the oxidative coupling step. This challenge
will stimulate our further studies to disclose the nature of the
present transformation.

Conclusions and Outlook

In summary, we demonstrated an unprecedented and regi-
oselective method to construct polysubstituted benzofurans. The
combination of FeCl3 ·6H2O and (t-BuO)2 is an effective system
in the reactions of simple phenol derivatives and �-keto esters.
The effect of water in the iron-catalyzed oxidative reaction is
interesting. The control experiments showed that not only water
but also various alcohols and protic acids could accelerate the
reactions. The present oxidative reactions are chemospecific and
regiospecific. The regioselectivity of the product 3k was
confirmed by X-ray diffraction. The kinetic isotopic effect (KIE)
experiments showed a kH/kD ) 1.0 ( 0.1. The isotopic effect
indicates that aromatic C-H bond cleavage is a fast step and
not involved in the rate-determining steps in this transformation.
In addition, two possible intermediates 4 and 5 were synthesized,
which were transformed into the desired benzofuran 3a under
the standard reaction conditions. The results indicated that 5
is a possible intermediate in the present reactions. A tentative
mechanism for the formation of benzofurans 3 was proposed.

The current process represents a novel oxidative Pechmann-
type condensation, in which benzofuran is generated instead of
coumarin. Iron catalysts together with organic peroxide have
been proved to be very efficient in oxidative C-C bond
formation. These results clearly demonstrate that the dichoto-

(26) (a) Barton, D. H. R.; Deflorin, A. M.; Edwards, O. E. Chem. Ind.
1955, 1039. (b) Barton, D. H. R.; Deflorin, A. M.; Edwards, O. E.
J. Chem. Soc. 1956, 530. (c) Barton, D. H. R. Half a Century of Free
Radical Chemistry; Cambridge University Press: Cambridge, 1993; p
164.

(27) (a) DeMartino, M. P.; Chen, K.; Baran, P. S. J. Am. Chem. Soc. 2008,
130, 11546. (b) Richter, J. M.; Whitefield, B. W.; Maimone, T. J.;
Lin, D. W.; Castroviejo, M. P.; Baran, P. S. J. Am. Chem. Soc. 2007,
129, 12857. (c) Baran, P. S.; DeMartino, M. P. Angew. Chem., Int.
Ed. 2006, 45, 7083. (d) Baran, P. S.; Ambhaikar, N. B.; Guerrero,
C. A.; Hafensteiner, B. D.; Lin, D. W.; Richter, J. M. ArkiVoc 2006,
310. (e) Baran, P. S.; Richter, J. M. J. Am. Chem. Soc. 2004, 126,
7450.

Scheme 2. Possible Pathways of the Pechmann Reaction

Scheme 3. Possible Pathways of Iron-Catalyzed Benzofuran Formation

Scheme 4. Tentative Mechanism of Iron-Catalyzed Oxidative
Reaction of 1 and 2
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mous catalytic behavior of the iron catalyst, which are transition-
metal catalysts in the oxidative coupling step and Lewis acids
in the condensation step. These findings should further encour-
age the development of iron chemistry as well as novel
methodologies for organic synthesis. The utilization of the
oxidative reactions for the synthesis of complex molecules
should help to further elucidate the scope of the present
transformation.

Experimental Section

General Information. NMR spectra were recorded on JEOL
and Bruker NMR spectrometers. Mass spectra were determined with
AEI-MS 50 for EI-MS. APEX Π (Bruker Inc.) for HR-MS and
ESI-MS. IR spectra were recorded by a Nicolet 5MX-S infrared
spectrometer. Flash column chromatography was performed over
silica gel 200-300. Recycling preparative HPLC, Japan Analytic
Industry Co., Ltd., LC-9201 was applied. All reagents were weighed
and handled in air and backfilled under N2 at room temperature.
All reactions were performed under a nitrogen atmosphere. 1,2-
Dichloroethane (DCE) was freshly distilled with calcium hydride
before use.

General Procedure for Products 3. To a mixture of ethyl
benzoylacetate 2a (0.5 mmol), phenol 1a (1.5 mmol), and
FeCl3 · 6H2O (0.05 mmol) was added 1,2-dichloroethane (DCE,
1.0 mL) under nitrogen at room temperature. Then di-tert-butyl
peroxide (1.0 mmol) was dropped into the mixture under
nitrogen. The reaction temperature was raised to 100 °C for 1 h.
The temperature of the reaction was cooled to room temperature.
The resulting reaction solution was quenched with 2 mL of
saturated NaHCO3 and extracted with 15 mL of ether four times.
The extract was washed twice with 10 mL of saturated NaHCO3

and two times with 10 mL of deionized water. The extract was
dried over MgSO4. The solvent was evaporated in vacuo to afford
the crude products. NMR yields were determined by 1H NMR
using mesitylene as an internal standard. Solvent was evaporated,
and the residue was purified by flash column chromatography
on silica gel with ethyl acetate/petroleum ether (1:100) as an
eluent. The fraction with a Rf ) 0.6 (ethyl acetate/petroleum
ether ) 1:6) was collected to give the crude product. Then it
was dissolved in 4 mL of CHCl3 and purified by recycling
preparative HPLC to afford the desired product 3a. In some
cases, the pure products 3 were obtained directly by flash column
chromatography on silica gel with ethyl acetate/petroleum ether
as an eluent.

Procedure for Intermediate 4. A stirred mixture of ethyl
3-phenylpropiolate (1 mmol), phenol 1a (1.1 mmol), anhydrous
potassium carbonate (2 mmol), and dimethylformamide (DMF, 2
mL) was heated to 60 °C for 2 h. The temperature of reaction was
cooled to room temperature. The resulting reaction solution was
quenched with 20 mL of aqueous Na2CO3 (5%). The mixture
was transferred to a separating funnel and extracted with 50 mL of
ethyl acetate (EtOAc) four times. The extract was washed with 50
mL of aqueous sodium hydroxide (NaOH) solution (1%) and again
with 50 mL of water. The organic phase was dried over MgSO4,
filtered, and concentrated in vacuo to afford 96% yield of
intermediate 4.

Procedure for Product 3a from 4. To a mixture of ethyl
3-phenoxy-3-phenylacrylate 4 (0.5 mmol) and FeCl3 ·6H2O (0.05
mmol) was added dichloroethane (DCE, 1.0 mL) under nitrogen
at room temperature. Then di-tert-butyl peroxide (1 mmol) was
dropped into the mixture under nitrogen. The reaction temperature
was raised to 100 °C for 1 h. The temperature of reaction was cooled
to room temperature. The resulting reaction solution was quenched
with 2 mL of saturated NaHCO3 and extracted with 15 mL of ether
four times. The extract was washed two times with 10 mL of
saturated NaHCO3 and two times with 10 mL of deionized water.
The extract was dried over MgSO4. Solvent was evaporated, and
the residue was purified by flash column chromatography on silica

gel with ethyl acetate/petroleum ether (1:100) as an eluent. The
fraction with a Rf ) 0.6 (ethyl acetate/petroleum ether ) 1:6) was
collected to give the product 3a.

Procedures for Intermediate 5.28

Step 1. H2SO4 (0.2 mL) was added to a solution of 2-(2-
hydroxyphenyl)acetic acid 6 (10 mmol) in EtOH (20 mL). The
reaction mixture was heated to reflux for 4 h. The reaction mixture
was cooled to room temperature and then evaporated in vacuo to
remove EtOH. The residue was solved in CH2Cl2 (20 mL). The
resulting reaction mixture solution was washed with 20 mL of
saturated NaHCO3. The mixture was transferred to a separating
funnel and washed two times with 20 mL of water. The extract
was dried over MgSO4. The solvent was evaporated in vacuo to
afford ethyl 2-(2-hydroxyphenyl)acetate 7 (99%).

Step 2. To a mixture of ethyl 2-(2-hydroxyphenyl)acetate 7 (9.9
mmol), TBDMSCl (10 mmol), imidazole (15 mmol), and DMAP
(1 mmol) was added dichloromethane (20 mL) under nitrogen at
room temperature. The reaction mixture was stirred overnight at
room temperature. The resulting reaction solution was filtrated and
quenched with 20 mL of aqueous HCl (5%). The mixture was
transferred to a separating funnel and washed two times with 20
mL of water. The extract was dried over MgSO4. The solvent was
evaporated in vacuo to afford ethyl 2-(2-(tert-butyldimethylsily-
loxy)phenyl)acetate 8 (95%).

Step 3. To a solution of 2-(2-(tert-butyldimethylsilyloxy)phe-
nyl)acetate 8 (9.5 mmol) in dry THF (5 mL) was slowly added a
solution of LDA (20 mmol) in THF (20 mL) under nitrogen at
-78 °C. The light-yellow solution was stirred for 30 min at -78
°C and then was allowed to warm to 0 °C. A solution of benzoyl
chloride (10 mmol) in THF (5 mL) was added slowly at 0 °C. The
reaction mixture was stirred for 1 h at 0 °C. The resulting reaction
solution was quenched with 5% aqueous HCl (20 mL) and extracted
three times with 20 mL of ethyl acetate. The combined extracts
were washed with water (50 mL) and dried over MgSO4. Solvent
was evaporated, and the residue was purified by flash column
chromatography on silica gel with ethyl acetate/petroleum ether (1:
20) as an eluent to afford ethyl 2-(2-(tert-butyldimethylsilyloxy)phe-
nyl)-3-oxo-3-phenylpropanoate 9 (53%).

Step 4. To a solution of 9 (5.0 mmol) in dry THF (10 mL) was
slowly added TBAF (10 mmol, 1 M in THF) under nitrogen at
room temperature. The reaction mixture was stirred at room
temperature for 15 min. The resulting reaction solution was
quenched with water (20 mL) and extracted three times with 20
mL of ethyl acetate. The combined extracts were dried over MgSO4.
Solvent was evaporated, and the residue was purified by flash
column chromatography on silica gel with ethyl acetate/petroleum
ether (1:5) as an eluent. The fraction with a Rf ) 0.5 (ethyl acetate/
petroleum ether ) 1:2) was collected and to give ethyl 2-(2-
hydroxyphenyl)-3-oxo-3-phenylpropanoate 5 (90%, 45% yield for
4 steps).

Procedure for Product 3a from 5. To a mixture of 5 (0.5 mmol)
and FeCl3

·6H2O or FeCl3 (0.05 mmol), was added dichloroethane
(DCE, 1.0 mL) under nitrogen at room temperature. The reaction
mixture was stirred at room temperature for 1 h. Solvent was
evaporated, and the residue was purified by flash column chroma-
tography on silica gel with ethyl acetate/petroleum ether (1:100)

(28) (a) Al-Maharik, N.; Botting, N. P. Tetrahedron 2004, 60, 1637. (b)
van Aardt, T. G.; van Rensburg, H.; Ferreira, D. Tetrahedron 2001,
57, 7113.
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as an eluent. The fraction with a Rf ) 0.6 (ethyl acetate/petroleum
ether ) 1:6) was collected to give the desired product 3a.
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