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ABSTRACT

A novel asymmetric formal [3þ 2] cycloaddition reaction for the synthesis of 1,3-dioxolanes using cinchona-alkaloid-thiourea-based bifunctional
organocatalysts is reported. The reaction proceeds via the formation of hemiacetal intermediates between γ-hydroxy-R,β-unsaturated ketones
and aldehydes.

Optically active cyclic acetals are important in various
biologically active agents and natural products.1 They
are also known as versatile intermediates for asymmetric
synthesis:2�4 they can be used as chiral auxiliaries to
control the reaction of a proximal prochiral center2,3 and
can also be used as chiral templates for stereospecific
cleavage of their ring in the presence of nucleophiles and
Lewis acid reagents.2,4 Therefore, asymmetric synthesis
methods of chiral cyclic acetals would be particularly
useful as approaches to various chiral building blocks.
Nevertheless, optically active acetals are largely prepared
from chiral starting materials or by the use of stoichio-
metric chiral reagents,2�6 and there have been only a few

examples of catalytic asymmetric syntheses.7�9 Moreover,
catalytic asymmetric cycloaddition has remained under-
developed despite its advantage in terms of the ability to
constructmultiple bonds in a single step, thereby leading to
divergent synthesis.
Recently, we reported an asymmetric cycloetherification

reaction of ε-hydroxy-R,β-unsaturated ketonesAmediated

Scheme 1. Asymmetric Cycloetherification by Bifunctional
Aminothiourea Catalyst
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by cinchona-alkaloid-thiourea-based bifunctional organo-
catalysts (Scheme 1, eq 1).10 In this reaction, concerted
catalysis due to the bifunctional nature of the catalyst led to
highly enantioselective cyclization, which afforded chiral
oxacyclic compounds. The results of our previous work
motivated us to exploit this efficient cyclization route in the
development of a formal cycloaddition reaction starting
from γ-hydroxy-R,β-unsaturated ketones with aldehydes
or ketones via hemiacetal intermediates B (Scheme 1,
eq 2).5,11 Herein we present a novel catalytic asymmetric

formal [3 þ 2] cycloaddition reaction for the synthesis of
chiral 1,3-dioxolanes using bifunctional organocatalysts
derived from cinchona alkaloids.12,13

We initiated our investigations using (E)-4-hydroxy-
1-phenylbut-2-en-1-one (1a) and cyclohexanecarboxalde-
hyde (2a) with 10mol% of quinidine-derived bifunctional
catalyst 4a in CH2Cl2 at 25 �C. As expected, 1,3-dioxolane
3aa was obtained stereoselectively in 83% yield (Table 1,
entry 1). Through a process of solvent optimization, ethe-
real solvents were identified as being efficient for stereo-
selectivity, and cyclopentyl methyl ether (CPME) was
identified as the most suitable solvent from the viewpoints
of both yield and enantioselectivity (Table 1, entries 1�6).
The use of 1.2 equiv of 2a further improved the yield with-
out decreasing the stereoselectivity (Table 1, entry 7).
Catalyst screening identified 4c also as an efficient catalyst
for obtaining the opposite enantiomer of 3aa in good yield
with high enantioselectivity (Table 1, entry 9).
With the optimized conditions and using 4a as a catalyst,

we next explored the substrate scope. γ-Hydroxy-
R,β-unsaturated ketones 1 could be readily prepared from
commercially available materials by our reported proce-
dure.14 Good to excellent yields and enantioselectivities
were obtained with both electron-rich and -poor enones

Table 1. Optimization of Conditionsa

entry catalyst solvent

yield

(%)b drc
ee

(%)d

1 4a CH2Cl2 83 2.9:1 93

2 4a benzene 89 2.3:1 94

3 4a THF 56 3.7:1 96

4 4a Et2O 85 2.4:1 95

5 4a TBMEf 81 2.9:1 96

6 4a CPMEg 86 3.0:1 96

7e 4a CPMEg 95 3.0:1 96

8e 4b CPMEg 88 2.7:1 95

9e 4c CPMEg 91 4.0:1 �93

10e 4d CPMEg 87 3.4:1 �93

aReactions were run using 1a (0.25 mmol), 2a (0.25 mmol), and the
catalyst (0.025 mmol) in the solvent (0.5 mL). b Isolated yields. cDiaste-
reomeric ratios were determined by 1H NMR. dValues are for the
major diastereomer of 3aa. eReactions were run using 0.3 mmol of 2a.
fTBME= tert-butylmethyl ether. gCPME=cyclopentylmethyl ether.
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(Table 2, entries 2 and 3). Substrates bearing p-bromo-
phenyl, o-tolyl, and 1-naphthyl groups were tolerated
(Table 2, entries 4�6). Further, enones substituted by a
heterocycle or an alkyl group also gave 1,3-dioxolanes in

good yields and high enantioselectivities (Table 2,
entries 7 and 8). In addition, we could replace 2a with
propionaldehyde (2b), isobutyraldehyde (2c), and pivalal-
dehyde (2d) to obtain the corresponding cycloadducts in
excellent enantioselectivities (Table 2, entries 9�11).15

Instead of an aldehyde, electron-deficient ketone 2e could
also be employed to furnish the cyclic acetal 3aewith a chiral
quaternary acetal carbon (Table 2, entry 12). The absolute
configurations of 3da were determined by X-ray analysis
for both diastereomers (see Supporting Information for
details),16 and the configurations of all other examples
were assigned analogously.
To demonstrate the utility of our products as synthetic

intermediates, we performed the transformation of 3aa.
Reduction with lithium aluminum hydride in the presence
of lithium iodide afforded the corresponding alcohol 5 in
high diastereoselectivity, and subsequent deacetalization
gave optically active triol 6 (Scheme 2). In addition,
treatment of 3aa with allyltrimethylsilane in the presence
of titanium tetrachloride led to allylative ring cleavage to
provide 7 in regio- and diastereoselective fashion while
maintaining the optical purity (Scheme 3).4b

To gain insight into the enantiodetermining step, we
further investigated formal [3 þ 2] cycloaddition reactions

Table 2. Scope of Substratesa,b

aReactions were run using 1 (0.25 mmol), 2 (0.3 mmol), and 4a

(0.025 mmol) in CPME (0.5 mL). bCPME= cyclopentyl methyl ether.
c Isolated yields. dDiastereomeric ratios were determined by 1H NMR.
eValues are for the major diastereomers of 3. See Supporting Informa-
tion forminor diastereomers. fReactionwas run for 48 h. gReactionwas
run for 96 h. hReaction was run for 120 h.

Scheme 2. Synthesis of Chiral Triol 6

Scheme 3. Stereospecific Ring Cleavage of 3aa

(14) Sada, M.; Ueno, S.; Asano, K.; Nomura, K.; Matsubara, S.
Synlett 2009, 724.

(15) Aryl and alkenyl aldehydes proved to be much less reactive:
reactions using benzaldehyde or cinnamaldehyde with 1a gave the
corresponding products in less than 10% yields, while electron-poor
4-(trifluoromethyl)benzaldehyde gave the acetal product in 70% yield
with moderate stereoselectivities (dr = 0.9:1, 79% ee and 82% ee,
respectively). Similar observations were also recently reported; see
ref 5b. For quantification of the electrophilic reactivity of aldehydes,
see: Appel, R.; Mayr, H. J. Am. Chem. Soc. 2011, 133, 8240.

(16) The absolute configuration of theminor diastereomer of 3dawas
determined by X-ray analysis to be as follows:

(17) Although not confirmed directly, we believe the catalyst might
also be responsible for the enatioselective formation of acetal carbon,
and the diastereoselectivity might be determined kinetically.
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using formaldehyde (2f) andacetone (2g) with1a (Scheme4).
We found that products 3af and 3ag were obtained
enantioselectively regardless of the fact that the forming
acetal carbon was achiral. Although a precise understand-
ing of the mechanism requires additional studies, from
these results, the enantioselectivity of this reaction can be
attributed largely to the step comprising oxy-Michael addi-
tion from the hemiacetal intermediates.17 This is in accor-
dance with the consistent absolute configuration (the same
(S)-configuration) at the β-position of the carbonyl group
in both diastereomers of 3da.16

In summary, we developed a novel organocatalytic
formal [3 þ 2] cycloaddition reaction leading to optically
active 1,3-dioxolanes. Bifunctional organocatalysts allowed
cyclization from hemiacetals in high enantioselectivity. This
synthetic route provides efficient access to a range of chiral
cyclic acetals. Inaddition, thenovel potential ofbifunctional
organocatalysts in chiral heterocycle synthesis was demon-
strated. Further studies on the application of thismethodol-
ogy toother related transformations are currentlyunderway
in our laboratory and will be reported in due course.
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Scheme 4. Formal [3þ 2]CycloadditionwithFormaldehyde (2f)
and Acetone (2g)a

aReaction was run using 37% aqueous solution of formaldehyde.
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