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We previously reported that chiral boron catalysts
1,1a-c 2,1d and 31e are extremely effective for the enanti-
oselective Diels-Alder reactions of dienes and R,â-
enals.2,3 As far as we know, however, the enantioselective
reaction of dienes and acetylenic aldehydes has never
been reported.4,5 In this paper, we report not only the
first example of an enantioselective reaction of dienes,
which have prochiral reactive centers, and acetylenic
aldehydes catalyzed by 1-3, but also an ab initio study
which supports the predominance of an exo-transition
structure, thus clarifying the origin of the enantioselec-
tivity observed upon catalysis.

The four possible transition-state structures (TS) for
the Lewis acid-promoted Diels-Alder reaction of cyclo-
pentadiene with propynal are depicted in Figure 1. In
the chiral Lewis acid-promoted reaction, an enantiomeric
excess of an adduct originates in the enantiofacial
selectivity of cyclopentadiene, which has prochiral reac-
tive centers. The enantioselective pathway presupposes
the following characteristics: (1) the chiral Lewis acid
must sterically shield one enantioface of the coordinated
propynal because the open acetylenic π-face in the chiral

catalyst-dienophile complex approaches one face of
cyclopentadiene; (2) the coordination of Lewis acid to
propynal in the transition-state assembly must be either
syn- or anti-selective, since its selectivity directly influ-
ences the enantiomeric excess of the products; and (3)
either the exo- or endo-TS must be predominant, for the
same reason as in (2).
The results of the Diels-Alder reaction of cyclic dienes

and acetylenic dienophiles catalyzed by 1-3 are sum-
marized in Table 1. Overall, the reaction catalyzed by
BLA (2) proceeded with good enantioselectivity and
conversion, although the use of CAB (1) or BLA (3) gave
higher enantioselectivity in some cases.6 The absolute
configurations of the adducts with 1 and 2 are opposite
those with 3. This inversion of absolute stereochemistry
is analogous to the reaction of dienes and R,â-enals.3 The
optically active norbornadienes 4 and 7 are key inter-
mediates for the synthesis of biologically active analogues
of the prostaglandin endoperoxides PGH2 and PGG2

7 and
â-santalol.8 3-Iodopropynal is an outstanding dienophile
in these catalytic processes not only because of the
observed enantioselectivity and reactivity but also be-
cause of the synthetic versatility of the resulting adducts.
To illustrate, 9 can be smoothly converted into 10 and
11, which are synthetic equivalents of adducts prepared
in the reaction with dienophiles like propynal and
3-alkylpropynal.

The absolute stereochemical selectivities attained in
these reactions can be explained in terms of the anti-
exo-transition-state models, which are analogous to those
previously proposed for the reaction of dienes and olefinic
dienophiles.1
To determine the activated face of a carbonyl group in

an acetylenic aldehyde-CAB 1 complex, an aldol reaction
of acetylenic aldehydes with trimethylsilyl enol ether
derived from acetophenone was carried out in the pres-
ence of 20 mol % of 1 under conditions similar to those
of the Diels-Alder reaction. Good enantioselectivities
were obtained, with the predominant enantiomer corre-
sponding to re-face attack, as anticipated.9 Although it
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Figure 1. Four possible transition structures in the Diels-
Alder reaction of propynal and cyclopentadiene promoted by
Lewis acid. MLn ) Lewis acid.
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is essential to stress that the results of an aldol reaction
cannot be directly used to explain the transition state in
cycloaddition, the effective steric shielding of the si-face
of the coordinated aldehyde is consistent with cycload-
dition via the anti-exo-transition-state assembly.1b,10

Exo-endo selectivity in the Diels-Alder reaction of
olefinic dienophiles has been extensively studied both
experimentally and theoretically.11 However, exo-endo
selectivity of the TS in the reaction of acetylenic dieno-
philes has not been previously investigated since the
adducts produced via exo- or endo-transition-state as-
sembly are identical diastereomerically. We used ab
initio molecular orbital calculations at the RHF/6-31G*
level12 to identify the TS of simple processes of this type:
i.e., acid-free and BF3-promoted reactions of cyclopenta-
diene and propynal (Figure 2). As expected, our calcula-
tions showed that the exo-TS are more stable than the
endo-TS by 0.8 kcal/mol for the former reaction and by
2.0 and 2.4 kcal/mol for anti and syn pairs, respectively,

for the latter. These calculations strongly suggest the
predominance of an exo-TS13,14 and its enhancement by
coordination of the Lewis acid.15 The anti-preference of
the BF3-propynal complex in transition-state assembly,
as suggested by our calculations, may be adapted to
complexes with bulky chiral Lewis acids such as 1-3.
In summary, chiral Lewis acids 1-3 are effective for

the enantioselective Diels-Alder reaction of dienes and
acetylenic aldehydes: a transfer of asymmetry from a
chiral catalyst to a diene is efficiently originated through
the asymmetric recognition of the carbonyl face of the
acetylenic dienophile by the catalyst, since the preference
for exo-transition-state assembly is present regardless of
the steric factors of the Lewis acid.16

Supporting Information Available: Experimental pro-
cedures, compound characterization data, and full geometries
of all the transition structures (24 pages).
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Table 1. Enantioselective Diels-Alder Reaction of
Dienes and Acetylenic Dienophiles Catalyzed by 1-3a

a Unless otherwise noted, Diels-Alder reaction of a dienophile
(1 equiv) and a diene (4 equiv) was carried out in dichloromethane
in the presence of 10 mol % of the catalyst at -78 °C for 3-66 h.
b CP ) cyclopentadiene; CH ) cyclohexadiene. c Propionitrile was
used as solvents. d 20 mol % of the catalyst was used. e Isolated
yield. Yield of byproducts is indicated in parentheses. See ref 6.
f Not isolated. g Overall yield of 9 via the Diels-Alder reaction and
subsequent reduction by DIBAH. h For determination methods, see
the Supporting Information. i Determined for 9.

Figure 2. Potential-energy profile of Diels-Alder reactions
without/with BF3 calculated by the RHF/6-31G* method.

Communications J. Org. Chem., Vol. 62, No. 10, 1997 3027


