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ABSTRACT

The expeditious and efficient [3 þ 2] coupling approach of quinone monoacetals 1 with alkene nucleophiles 2 by the action of an activated
Brønsted acid in the presence of a hydrogen bond donor perfluorinated alcohol has been achieved.With the optimized combined acid, the reaction
could proceed under mild conditions by only mixing the two reactants to afford the cycloadducts 3 in a short time (within 10 min) with good to
quantitative yields.

Quinone monoacetals, which possess not only an un-
saturated carbonyl, but also allyl acetal moieties in one
skeleton, have attracted considerable interest due to their
broad utilities in organic synthesis as intermediates for
natural products and related compounds.1 Due to their
bifunctional structures, varied reactivities during nucleo-
philic attack on quinonemonoacetals can be produced, for
instance, conjugated addition to an enone moiety,2 addi-
tion to a carbonyl carbon,3 acetal displacement (such as
hydrolysis), etc. Among them, only a few strategies have

been developed for the construction of substitution reac-
tions to the R-position of the carbonyl group.4

Very recently, we reported a new substitution method
of quinone monoacetals 1 with aromatic nucleophiles
to give oxygenated biaryls catalyzed by montomorillo-
nite clay as a rare example for enabling the substitution
under nonbasic conditions.5,6 Extensive investigation of
this attractive strategywas anticipated, andwe have now
found that the use of the bifunctional molecules 1 for
formal [3þ 2] coupling via substitution with the resulting
formation of dihydrobenzofurans 37 would be possible
by further optimizing the activator conditions. Herein,
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the strategy for the [3þ 2] coupling of the quinone acetal
1 with a series of alkene nucleophiles 2 utilizing an
activated Brønsted acid in situ formed in equilibrium
by the aid of the hydrogen bond donor solvent, hexa-
fluoroisopropanol (HFIP), is reported (eq 1).
Initially, the [3 þ 2] coupling of the quinone acetal 1a

(eq 1,R=H)with allyltrimethylsilane 2a8was testedusing
our reported system along with aluminum pillared mon-
tmorillonite in HFIP.5 This indeed produced the coupling
adduct, dihydrobenzofuran 3aa, in an expectedly (61%),
but the reaction was very slow and required a very long
time (1 day) to consume all the starting material. Further-
more, this method was too case-sensitive for the combina-
tion of the quinone acetal 1a and nucleophile 2a to allow
formation of the extended series of cycloadducts 3. The
montmorillonites unfortunately showed a limited general-
ity and performance in the [3 þ 2] coupling; hence the

screening of several types of Brønsted acid activators was
envisioned instead as just alternatives. As illustrated in
Scheme 1, we hypothesized the [3 þ 2] coupling of the
quinone acetal 1a based on the combined use of a
Brønsted acid and highly polar HFIP having a super
hydrogen bond donor ability, but not showing the prop-
erty as a hydrogen bond acceptor.9 The mechanism of the

[3 þ 2] coupling concerns the following rational steps
involving charged quinone acetal B generation promoted
by the combined acid species A: Preactivation of the
Brønsted acid first occurs by coordinating the hydrogen
bond donor, HFIP, to the Lewis basic functionality of the
acid (Brønsted acid activation by HFIP).10 The combined
acidwouldwork as an indispensable promoter to generate
the charged species B of the quinone acetal 1a in equili-
brium in the polar solvent, which can then react with the
nucleophile 2a at the less hindered carbon site remote from
the acetal rather than the sterically congested acetal
carbon. This regioselective trend might also be pro-
nounced by the steric factor of the associating acid in
the proposed acetal activation mode. Finally, cyclization
of the carbonyl moiety in the keto-type tautomer C was
accompanied by aromatization as the driving force to
afford the formal [3þ 2] coupling product 3aa. To confirm
the hypothesis, we envisioned the use of a Brønsted acid
having a good hydrogen bond-accepting functionality,
and for such acids, a series of carboxylic acids and related
compounds showing varied pH values were evaluated.
As a result, the different product yields were observed

during the optimizationof the carboxylic acids in the [3þ 2]
coupling (Table 1). These results clearly indicated that

only carboxylic acids with a suitable acidic proton
range11 showed good performance in order to develop

Scheme 1. [3 þ 2] Coupling Strategy Based on the Combined
Use of Brønsted Acids and HFIP

Table 1. Effect of the Acid Activator and Solventa

entry activator solvent time yield of 3aab,c

1 acetic acid HFIP/DCM 7 h 19%

2 4-methyl

benzoic acid

// 1 day n.d.

3 benzoic acid // 2 h 9%

4 4-nitro-

benzoic acid

// 2 h 14%

5d pentafluoro-

benzoic acid

// 1 h

10 min

86%

(90%)e

6 2,4,6-trichloro-

benzoic acid

// 10 min 59%

7 phthalic acid // 10 min 58%

8 pentafluoro-

benzoic acid

TFE/DCM 1 h 21%

aThe screenings were carried out with 2 equiv of acid, 5 equiv of
allyltrimethylsilane 2a at room temperature unless otherwise noted. For
more details of other acids see SI. b Isolated yield after purification.
cFormation of noncyclized allylation product 4aawas observed (see SI).
dAcid (1 equiv) and 2a (2 equiv). ePerformed at 0 �C.
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the coupling, among which pentafluorobenzoic acid
(pKa: ca. 1.5)11b especially gave the most impressive
result regarding not only the product yield but also the
observed reaction rate (entry 5). Otherwise, incomplete
coversions of the quinone acetal 1a were observed for
the less acidic activators (entries 1�4), while the stronger
acids, such as trichlorobenzoic and phthalic acids (entries
6 and 7), as well as trifluoroacetic and methanesulfonic
acids, caused considerable decomposition of 1a, afford-
ing the cycloadduct 3aa in poorer yields (see the results in
Supporting Information (SI)). One plausible explanation
for the ineffectiveness of the latter is that the stronger
acids would promote irreversible formation of the phe-
noxenium ion from the quinone acetal 1a by accelerating
the release of MeOH from the acetal group (vide infra).12

HFIP has played an indispensable role in this new
coupling system because the consumption of the quinone
acetal 1a by pentafluorobenzoic acid in other solvents
was very slow, and the product 3aa would not be
smoothly formed, even in the parent but less polar and
weaker hydrogen bond donor, 2,2,2-trifluoroethanol
(TFE, entry 8). Therefore, the combined use of the acid
in HFIP is highly important to achieve an effective
reaction. The mixed solvent system of HFIP and DCM
was employed due to the solubility of the reactants 1a and
2a in the fluoroalcohol.
With the established reagent and conditions, the

scope of the reactions in the alkene coupling partners
2 was initially investigated using the quinone acetal 1a
as the test substrate (Table 2). To our delight, the use of
the activated alkenes like 2a was not necessary, and the
coupling alkenes 2b�i in this strategy would not limit
the reaction scope. The couplings could thus proceed
very fast and provided the expected products 3ab�ai in
good yields at room temperature. It should be noted
that the use of these alkenes as nucleophiles only in this
strategy could afford the corresponding cycloadducts
3ab�ai, which were somewhat troublesome to obtain
by reported methods starting from phenols.13 Utiliza-
tion of the gem-substituted methylstyrene 2f was also
possible for the construction of the cycloadduct 3af

(entry 5). Due to the mildness of the reaction condi-
tions, the vinyl sulfide 2i was also the appropriate
nucleophile, giving the cyclized O,S-acetal 3ai in good
yield (entry 8).
Regarding the quinone acetals 1, we investigated the

influence of its ring substituent. Employing styrene 2b
as the counterpart, an extensive range of quinone
acetal derivatives 1b�h with varied ring moieties did
not alter the activation course of the acid, and the

reactions smoothly proceeded in acceptable yields,

some of which were almost quantitative (Table 3).

The reactions occurred quite regioselectively at the

less hindered R-position of the carbonyl in the quinone

acetals. Substitution of the tert-butyl group at the

neighboring position of the acetal in the substrate 1c

somewhat hampered the substrate reactivity due to its

steric demand (entry 2). On the other hand, the halo-

gen functionality and tert-butyl group at the R-posi-
tion of the carbonyl in 1e and 1f permitted the efficient

conversions to the products 3eb and 3fb (entries 4 and 5).

Quantitative formations of the naphthalene dihydro-

furans 3gb and 3hb occurred by using the naphthoqui-

none acetals 1g and 1h (entries 6 and 7). Gratefully, the

valuable indoline skeleton was accessible from the

Table 2. [3 þ 2] Coupling Using Various Alkenes 2b�ia

aThe reactions were conducted for 10 min at room temprature
according to the optimized reaction condition described in Table 1.
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Okamoto, T. J. Am. Chem. Soc. 1982, 104, 6393. (c) Kirti, L.; Herczegh,
P.; Visy, J.; Simonyi, M.; Antus, S.; Pelter, A. J. Chem. Soc., Perkin
Trans. 1 1999, 379. These alkenes could also partially cause oligomer-
ization under strongly acidic conditions.
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1979. (b) Gates, B. D.; Dalidowicz, P.; Tebben, A.; Wang, S.; Swenton,
J. S. J. Org. Chem. 1992, 57, 2135. (c) Berard, D.; Jean, A.; Canesi, S.
Tetrahedron Lett. 2007, 48, 8238. (d) Sabot, C.; Berard, D.; Canesi, S.
Org. Lett. 2008, 10, 4629.

(14) In addition to these, aliphatic alkenes could couple with the
quinone acetals 1, and extended [3þ 2] coupling for the construction of
spirocycles was possible. See SI.



Org. Lett., Vol. 13, No. 18, 2011 4817

iminoquinone acetals as exemplified by the result
using 1i (entry 8).14

Finally, we compared the superiority of our coupling
method for synthesizing dihydrobenzofurans 3 starting
from phenols. Previously, the oxidative couplings of phe-
nolswith alkenes to produce dihydrobenzofurans have been
rarely reported,8c,d,13 as such methods typically suffered
from theobtainedproduct yield and limited substrate scope.

For example, the oxidative annulation of 4-methoxyphenol
with allylsilane 2a involving the generation of the phenox-
enium ion could produce 3aa in only 48% yield at best

(Scheme 2).8c,d Instead, the synthesis of the target 3aa was
conducted in an overall 89% yield starting from the phenol
by utilizing our new strategy. The one-pot conversion of the
phenol to the cycloadduct 3aa via the formation of the
quinone acetal 1a15 was also developedwithout purification
of the synthetic intermediate, and the product 3aa could be
obtained in 81% yield.
In summary, we have successfully achieved the [3 þ 2]

coupling of the quinone acetals 1with various alkenes 2 on
the basis of a new substitution strategy promoted by the
Brønsted acid that is activated by the hydrogen bond
donor, HFIP. The reversible generation of the charged
quinone acetal species developed in situ by the combined
acid, rather than the formation of the unstable phenox-
enium ion, during the stated conditionswould suppress the
substrate decomposition to realize a new efficient coupling
strategy under mild conditions at room temperature.
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Scheme 2. Dihydrobenzofuran 3aa from the Phenol

Table 3. Scope of the Quinone Acetals 1b�i

a 2 equiv of the acid activator and 3 equiv of styrene 2b were used.
Ts = p-toluensulfonyl.

(15) For preparation of quinone monoacetals 1 using a hypervalent
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Org. Chem. 1987, 52, 3927. (b) Pelter, A.; Elgendy, S. Tetrahedron Lett.
1988, 29, 677. (c) Moriarty, R.M.; Prakash, O.Org. React. 2001, 5, 327.


