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ferric ion; remarkable acceleration in an ionic liquid solvent
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Abstract—Ferric ion-catalyzed cycloaddition of styrene derivatives with quinone gave 2,3-dihydrobenzofuran derivatives in
excellent yields with trans selectivity; remarkable acceleration was observed when the reaction was carried out in an ionic liquid
solvent system. © 2002 Elsevier Science Ltd. All rights reserved.

Iron is recognized as an economical and pollution free
metal source, however, iron-catalyzed reaction has been
only limited.1 Recently, we demonstrated that alumina
supported iron(III) perchlorate (Fe(ClO4)3)2 catalyzed
[2+2]cycloaddition of (trans)-anethol (1) and gave the
corresponding cyclobutane 2 in an excellent yield
(Scheme 1).2 Because the reaction was believed to have
been caused by one-electron oxidation mediated by an
iron(III) cation,3 we further investigated the possibility
of the cross coupling reaction of (trans)-anethol (1)
with methyl vinyl ketone (3); the desired [2+2]cross
coupling product 5 was obtained, however, it was
unsuccessful in improving the chemical efficiency
(Scheme 1). On the other hand, the cross coupling
reaction of 1 with 1,4-benzoquinone 4 proceeded

smoothly and the cycloaddition product was obtained
in an excellent yield (>90%), although the compound
was unprecedented 2,3-dihydrobenzofuran derivative
7a4,5 and none of the [2+2]cycloaddition product 6 was
obtained (Scheme 1). Further study showed that this
reaction was greatly accelerated when carried out in an
ionic liquid6 solvent system. Here, we report that
efficient synthesis of 2,3-dihydrobenzofuran derivatives
is accomplished using an iron(III) cation, which is
derived from iron(II) tetrafluoroborate (Fe(BF4)2) in
situ by the reaction of styrene derivatives with 1,4-ben-
zoquinone in butylmethylimmidazolium hexafluoro-
phosphate ([bmim]PF6)7 as solvent with excellent
stereoselectivity.

First, we evaluated the reaction of anethol 1a and
1,4-benzoquinone 4 with 3 mol% of alumina-supported
Fe(ClO4)3

2 in acetonitrile (CH3CN) at rt; the results are
summarized in Table 1. 2,3-Dihydrobenzofuran 7a was
obtained with high trans selectivity (trans :cis=13:1)8 in
93% yield (entry 1 in Table 1). It was reported that the
same compound 7a was obtained in 68% yield by a
Lewis acid-promoted reaction of (E)-1a with 4, but an
excess amount (1.2 equivalent) of Ti(IV) salt (a mixture
of TiCl4:Ti(OiPr)4=1.8:1) was necessary for the reac-
tion.4,5 In the present reaction, the same compound was
obtained through a truly catalytic reaction using
Fe(ClO4)3. Interestingly, cycloadduct (trans)-7a was
obtained when (Z)-1a was subjected to the reaction,
though both the chemical and reaction rates dropped
significantly (entry 2). Styrene derivative 1b gave the
corresponding cycloadducts 7b with a moderate chemi-
cal yield (entry 3). Styrene derivatives 1c and 1d which

Scheme 1.
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Table 1. Results of cycloaddition of styrene derivatives with 1,4-benzoquinone

Table 2. Iron salt-catalyzed cycloaddition in the ionic liquid solvent
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have electron rich substituents gave the cycloadduct 7c
and 7d with excellent yields of 94 and 91%, respectively
(entries 4 and 5).

The working hypothesis of the present reaction is illus-
trated in Fig. 1. The Fe3+ ion oxidized styrene 1a to
form radical cation species 1a* and Fe2+ ion, which is
oxidized by quinone 4 to regenerate Fe3+ ion with
radical anion 4*, and the catalytic cycle is completed as
shown in Fig. 1; cycloadduct 7a is thus obtained by the
result of rearrangement of [2+2]cycloadduct 6a* (Path
A)9 or [2+3]cycloaddition of 1a* with 4* through 6a**
(Path B).

It was anticipated that the cycloaddition reaction could
proceed more rapidly in a polar solvent system if
cycloadduct 7a was produced through the reaction
pathway, as illustrated in Fig. 1. Ionic liquids are a new
class of solvents which have attracted growing interest
over the past few years due to their unique physical and

chemical properties.6 We therefore next investigated the
reaction in the ionic liquid solvent system (Table 2).10 A
remarkable acceleration was obtained when the reac-
tion was carried out in [bmim]PF6 and desired cycload-
duct 7a was obtained by only 10 min reaction with
excellent yield (entry 1), while it took several hours to
complete the same reaction if the reaction was carried
out in CH3CN solvent. Investigation to switch the
counter anion part of the catalyst gave interesting
results; iron(III) chloride also catalyzed the reaction
very successfully (entry 2), and even iron(II) dichloride
worked very well as catalyst (entry 3). However,
iron(II) sulfate (FeSO4) provided no cycloadduct com-
pound (entry 4). We finally found that iron(II) tetra-
fluoroborate (Fe(BF4)2) was the best catalyst in this
reaction; the desired compound 7a was obtained in 98%
yield after just 10 min reaction (entry 5).

It was suspected that the reaction was promoted by the
acid. In fact, benzofuran 7a was obtained in ca. 80%
yield when the reaction was carried out in an acidified
[bmim]PF6 by partial hydrolysis with water, while no
product 7a was obtained in pure [bmim]PF6 solvent
without catalyst. It is well known that iron(II) cation is
oxidized easily by quinone to generate an iron(III)
cation; we therefore believe that the initial step of the
cycloaddition reaction might be initiated by a one-elec-
tron oxidation of anethol 1, as hypothesized in Fig. 1.11

We were then interested in the proper combination of
the counter anion of ionic liquid solvent with [bmim]
cation using Fe(BF4)2 as catalyst, and found that the
reaction rate was strongly dependent on the anionic
part of the immidazolium salt. The best results were
recorded when [bmim]PF6 was employed as solvent
(entry 7); a significant drop in the reaction rate was
obtained when the reaction was carried out in
[bmim]BF4

12 (entry 6), and no product was obtained in
[bmim]OTf13 (entry 7). It should be emphasized that
very rapid reaction was accomplished in the [bmim]PF6

solvent system; desired cycloadducts 7c, 7d, and 7e were
obtained in good yield only by 3–10 min reactions
(entries 8–10).14

In conclusion, we demonstrated that Fe(BF4)2-cata-
lyzed cycloaddition of styrene derivatives 1 with 1,4-
benzoquinone 4 in [bmim]PF6 solvent afforded
2,3-dihydrobenzofuran derivatives 7 in excellent yields.
This is not only the least recorded amount of catalyst
but also the record of extremely rapid reaction in this
type of reaction. Further determination of the scope
and limitations of this reaction will make it even more
beneficial.
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