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ABSTRACT

A highly effective synthesis of 2-alkoxytetrahydrofurans from allylic alcohols and vinyl ethers was achieved by using catalytic amounts of
Pd(OAc) 2, Cu(OAc) 2, and catechol (1:1:2) under O 2. The use of catechol as an activator of Pd(II) −Cu(II) catalyst has been unprecedented. The
2-alkoxytetrahydrofurans are formed via oxypalladation of allylic alcohols toward vinyl ethers followed by 5- exo cyclization of the resulting
oxypalladation intermediate and subsequent â-Pd−H elimination. No 6- endo cyclization of the oxypalladation intermediate occurs.

Among a variety of Pd(II)-catalyzed oxidative transforma-
tions of alkenes with oxygen nucleophiles,1 the use of allylic
alcohols as the nucleophile has not received much attention
in synthetic chemistry.2-4 A paper in 1987 reported the use
of allylic alcohols as the nucleophile to attack vinyl ethers.2a

The oxypalladation intermediates thus formed undergo

intramolecular 5-exocyclization to give 2-alkoxytetrahydro-
furans via Pd-H elimination (Scheme 1). This reaction

appeared to have a high synthetic utility, but it was not
catalytic in Pd(II) except for one example with a large
amount of Cu(II) as the promoter of catalyst. Very recently,
an extension of this reaction to stereoselective synthesis of
4-vinyl-2-alkoxytetrahydrofurans with Pd(OAc)2 catalyst has
been reported, but in this case, a large amount of Cu(OAc)2

(2.5 equiv) was also employed as a stoichiometric oxidant.4

We report herein that the use of catalytic amounts of catechol
and Cu(OAc)2 under O2 remarkably enhances Pd(II) catalysis
of this reaction. This finding is not only of significance in
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synthetic chemistry,5 but it is also unique since such an effect
of catechol is unprecedented in the chemistry of palladium.

Previously we reported that a catalyst system of PdCl2,
CuCl, and hexamethylphosphoramide (HMPA) activates O2,
resulting in the ketonization of 1-alkenes.6 The activation
of O2 in this system was thought to occur at the copper site
bearing HMPA as the ligand,7 thereby effecting Pd(II)
catalysis. Copper salts have been known to combine with
catechol,8 and catechols activate O2.9 These led us to assume
that Pd(II) catalysis must be enhanced by an array of Pd(II),
Cu(II), and catechol under O2.

From such a viewpoint, we examined the reaction of (E)-
3-phenyl-2-propen-1-ol (1a) and ethyl vinyl ether (2a) with
Pd(OAc)2-Cu(OAc)2 catalyst under O2 (balloon) in MeCN.
Indeed, as shown in Scheme 2, the presence of catechol (4)

(Pd/Cu/4 ) 1/1/1-2) increased the yield of3a up to 82-
84% (based on1a) from 48%.10 An excess use of4 (4 equiv)
rather decreased the yield (79%). The OAc ligand of catalysts
is essential, since with the use of either a combination of
PdCl2-Cu(OAc)2-4 or Pd(OAc)2-CuCl-4 (Pd/Cu/4 ) 1/1/
2) under the conditions shown in Scheme 2 the yield of3a
was only 4% or 24% along with not yet identified products.
Note that the product3a in these reactions was obtained
solely as the (Z)-form.

With these results in hand, we examined the reaction of
various substrates1 and 2. In all cases shown in Table 1,
good yields of3 (73-96%) resulted in the presence of4. In
the absence of4, the precipitation of metallic palladium

occurred during the reaction, and the yields became lower
as shown in parentheses. In these experiments, 5 mol % of
Pd(OAc)2 catalyst per1 was usually employed, but it could
be reduced to 1 mol %. Thus, the reaction of1a (2.5 mmol)
and2a (10 mmol) with Pd(OAc)2-Cu(OAc)2 (0.025 mmol
each) and4 (0.05 mmol) (Scheme 3) gave a 86% yield of

3a (2.15 mmol), although it took a longer reaction time for
completion (24 h). The turnover number of Pd catalyst
corresponds to 86. The O2 absorption measured in this
reaction showed a monotonic increase, and the O2 uptake
after 24 h reached 1.08 mmol, which correlated with the
amount of3a (2.15 mmol) formed. Namely, the production
of 1 mol of 3a requires only half a mole of O2 as the
stoichiometric oxidant. In this case, the absence of4 again
remarkably decreased the yield of3a (20%, 24 h).

The previous paper2a reported that the reaction of1a and
2a under similar conditions did not give3a, but that
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cell: Sazuka, M.; Hosokawa, T. Unpublished results.
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(10) The use of other solvents such as 1,2-dichloromethane or ethyl
acetate under the conditions shown in Scheme 2 (Pd/Cu/4 ) 1/1/2) resulted
in poor yields (∼30%) of 3a. When ethyl orthoformate, which acts as a
scavenger of water, was employed, the yield of3a was only 42%. Note
that in all these cases, the absence of4 further decreased the yields of3a.

Scheme 2

Table 1. Reaction of Allylic Alcohols1 and Vinyl Ethers2a

a Pd(OAc)2 (11.2 mg, 0.05 mmol), Cu(OAc)2 (9.1 mg, 0.05 mmol), and
catechol (4) (11.0 mg, 0.1 mmol) were dissolved in MeCN (0.5 mL) in a
25 mL side-armed round-bottomed flask under O2 (balloon), and the mixture
was stirred for 30 min at room temperature. Vinyl ether2 (4.0 mmol) was
added to the flask, and a solution of allylic alcohol1 (1.0 mmol) in MeCN
(0.5.mL) was then added. The mixture was stirred at room temperature
until allylic alcohol 1 was nearly completely consumed.b Isolated yields
based on1. Parentheses contain yields in the case of not using4. c Using
0.1 mmol of Pd(OAc)2, Cu(OAc)2, and4 in each with all other conditions
the same.d The ratio ofR*R*/R*S* was 87/13 in3d and 86/14 in3e. In
the case of not using4, the value was 87/13 and 93/7, respectively.e In
this entry, GC yields of3 based on1 with anisole as an internal standard
are shown.f The cis/trans ratio was 71/29, and in the case of not using4,
it was 65/35.

Scheme 3
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2-ethoxy-4-phenyl-3,6-dihydropyran (5) arising from 6-endo
cyclization of the oxypalladation adduct (Scheme 4) was

formed. However, the structural assignment of5 was not
made in detail. In addition, we could not determine why only
this reaction, among several examples, produces the dihy-
dropyran5 instead of3a. Then, we decided to determine its
structure by X-ray analysis. No single crystal was obtained
with 3a itself, but3c (R ) 4-NO2Ph) (Table 1, entry 3) gave
a crystal suitable for X-ray analysis. The ORTEP drawing
shown in Figure 1 proved3c to possess the furan structure

bearing the (Z)-configuration inexo-methylene moiety. Thus,
the previous structural assignment of5 was incorrect.

The structure assignment of3e bearing pyranyl moiety
(Table 1, entries 4 and 5) was also made by X-ray analysis.
The product3e (or 3d) was obtained as a mixture of two
diastereomers, and each isomer was able to be separated by
TLC. One of the diastereomers in3e (R ) 4-NO2Ph)
produced a single crystal suitable for X-ray analysis. The
ORTEP drawing in Figure 2 shows the tetrahydrofuran

structure of3ebearing theR*R* configuration with respect
to the two chiral centers.

Allyl alcohol (1c) itself reacts with2b to afford a 73%
yield of 2-butoxy-4-methylenetetrahydrofuran (3f) (Table 1,
entry 6), which represents the basic structure of this class of
compounds. This is the first preparation of3f, as well as for
3d and3e. 2-Buten-1-ol (1d) reacts with2b to give a 73%
yield of 4-vinyltetrahydrofuran3g (cis/trans) 71/29, entry
7), the cis/trans configuration of which was assigned by 2D-
NOESY experiment in NMR.11 The product3g is formed
by oxypalladation and cyclization (Scheme 1) followed by
â-hydride elimination from the methyl group (R) Me) in
the side chain.

All the products3 formed have thus the five-membered
furan structure arising from 5-exocyclization of the oxyp-
alladation intermediate (Scheme 1). The preference of this
pathway, rather than the 6-endoone (Scheme 4), must be
due to conformational compatibility of the oxypalladation
adduct for undergoing the cyclization toward internal alkene,
which must coordinate to Pd(II). The rate of this cyclization
is likely influenced by the R group of the allylic moiety,
and thereby the NO2 substituent on the Ph group retards the
reaction (Table 1, entries 3 and 5).

Finally, for the role of catechol (4) on catalysis, we would
like to mention the following. In palladium(II)-catalyzed
oxidations,p-benzoquinones have been known to act as
oxidants.12 In addition, the catalysis of Pd(II) can be induced
by a redox couple ofp-benzoquinone and hydroquinone
under O2 with metal complexes such as Cu(OAc)2

13 or Co-
(salen).12aHowever, the use of either hydroquinone (10 mol
%) or p-benzoquinone (10 mol %), in place of4, under the
conditions given in Table 1 (entry 1) gave3a only in 7% or
17% yield, respectively. This suggests that a redox couple
between catechol ando-quinone is not operative in the
present system. Thus, the role of4 would be in (i)
enhancement of catalyst stability by constructing a Pd-Cu
heterometallic species bearing4 as the ligand of Cu14 and
(ii) effective capture of O2 and its activation by the Cu-
catechol moiety. The catalytic turnover process must involve
Pd-H species formed and O2, the details of which are also
the subject of further study.15

In conclusion, the present study demonstrated the ef-
fectiveness of catechol as the activator of Pd(OAc)2-Cu-
(OAc)2 catalyst under O2. The present reaction produces five-
membered furan derivatives, irrespective of substituents in
substrates. The reaction is environmentally benign, since only

(11) The details are given in the Supporting Information.
(12) (a) Bäckvall, J.-E.; Hopkins, R. B.; Grennberg, H.; Mader, M. M.;

Awasthi, A. K. J. Am. Chem. Soc. 1990, 112, 5160-5166 and references
therein. (b) Ba¨ckvall, J.-E.; Hopkins, R. B.Tetrahedron Lett. 1988, 29,
2885-2888.

(13) Byström, S. E.; Larsson, E. M.; Åkermark, B.J. Org. Chem. 1990,
55, 5674-5675.

(14) This view could be supported by the following facts. When either
Pd(OAc)2 alone or a combination of Pd(OAc)2 and4 was employed as the
catalyst under otherwise the same conditions described in Table 1 (entry
1), the yield of3a was low (15%) and comparable. Thus, a combination of
Cu(OAc)2 and4 together with Pd(OAc)2 was evidently required for a higher
production of3a (Table 1, entry 1). It is possible thato-quinone derived
from 4 could be a candidate as the ligand of Cu in catalytically active
species.

(15) For the related catalysis, see: (a) Steinhoff, B. A.; Guzei, I. A.;
Stahl, S. S.J. Am. Chem. Soc. 2004, 126, 11268-11278. (b) Mueller, J.
A.; Goller, C. P.; Sigman, M. S.J. Am. Chem. Soc. 2004, 126, 9724-
9734.

Scheme 4

Figure 1. ORTEP drawing of compound3c.

Figure 2. ORTEP drawing of compound3e.
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molecular oxygen is the stoichiometric oxidant. A higher
turnover of the catalyst and simple manipulations make the
reaction synthetically useful. In addition, since a variety of
vinyl ethers are readily available by procedures recently
reported,16 the synthetic utility of this reaction will undoubt-
edly be expanded.
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