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The Diels–Alder reaction is one of the most powerful
construction processes in organic synthesis, especially for
the formation of molecules containing quaternary carbon
stereocenters.[1] For this reason there has been much research
on the development of enantioselective versions using chiral
Lewis acid catalysis.[2] While various kinds of chiral Lewis acid
promoted reactions have been developed, these reactions
must be carried out under strictly anhydrous conditions. The
presence of even a small amount of water stops the reaction
because most Lewis acids react immediately with water rather
than with the substrate, and decompose or are deactivated.[3]

This turns out to be a serious problem when using chiral Lewis
acid catalyst in organic synthesis since a large quantity of
optically active product is expected to be obtained with a very
small amount (> 1 mol%) of enantiopure catalyst.

Among the most useful and reactive enantioselective
Diels–Alder catalysts are those reported by Corey that
employ an oxazaborolidine catalyst in the presence of a
Brønsted acid[4]: this is an excellent example of a Brønsted
acid assisted Lewis acid catalyst (BLA).[5] Since we have been
interested in combined acid catalysis systems for several
years,[5–7] the activity of the corresponding Lewis acid assisted
Lewis acid catalyst (LLA) system[6]—an l-proline derived
oxazaborolidine as a precatalyst combined with a Lewis acid
as an activator—was examined for Diels–Alder reactions.
However, the resulting LLA was much less efficient (62% ee)
than the original BLA catalyst. Surprisingly, a simple mono-
cyclic oxazaborolidine 1 derived from l-valine (Scheme 1)
was found to be a promising chiral precatalyst for the LLA
system.[8] The resulting LLA was not only found to be a highly
potent and stable chiral catalyst for the Diels–Alder reaction
but it is also unusually resistant to moisture, oxygen, and
Lewis bases,[9, 10] which we believe has wide implications for
versatile catalyst designs in the future.

Our study commenced with a search for the most effective
Lewis acid activator for the Diels–Alder reaction of 1,3-
cyclopentadiene and methacrolein with the oxazaborolidine
1a as precatalyst. LLA catalysts were typically prepared by
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addition of the Lewis acid (6 mol%) to a solution of the chiral
oxazaborolidine (7.2 mol%) at �78 8C, followed by stirring
for 15 min. Among various kinds of Lewis acids examined,
AlCl3, Et2AlCl, FeCl3, Sc(OTf)3, SnCl4, [CpTiCl3], and TiCl4

were found to be effective activators for this reaction, and the
cycloadducts were obtained in good yield (69–94% yield, exo/
endo = 73:27 to 77:23) at �78 8C within 2 h with high
enantioselectivities (80–87% ee for the exo adduct and 95–
97% ee for the endo adduct).[11] With these activators, both
the enantioselectivity and diastereoselectivity (exo/endo
ratio) were uniformly in the same range, and the reactivity
was found to be optimal with SnCl4. In contrast, the use of a
strong Brønsted acid, bis(trifluoromethanesulfonyl)imide
gave the cycloadduct with lower enantioselectivity (67 % ee
(exo), 85% ee (endo)). Remarkably, only 1 mol% of 1a and
SnCl4 gave the same high reactivity and enantioselectivity
[Eq. (1)].[12]

The potent reactivity of the present catalyst system was
further demonstrated by changing the ratio of SnCl4 to chiral
oxazaborolidine 1a. Surprisingly, only a slight loss of enan-
tioselectivity was observed even in the presence of a large
excess of SnCl4 (Figure 1). This observation indicates the
much higher reactivity of LLA in the Diels–Alder reaction
than that of SnCl4. An even more attractive finding is that
only a small amount of SnCl4 (0.5 mol%) is needed to
promote the reaction (86% yield (exo/endo = 75:25), 85 % ee
(exo), 96 % ee (endo) using 0.5 mol% SnCl4 and 2 mol% 1a).

These unusual features led us to assume that such a
reactive catalyst might be able to survive the presence of a
small amount of a Lewis base such as water if a slight excess of
SnCl4, which might act as both an activator of the chiral
oxazaborolidine and a scavenger of Lewis basic impurities, is
utilized in this combined acid system (Scheme 2).

Pursuing this hypothesis, Diels–Alder reactions were
conducted with 1 a and SnCl4 in the presence of possible
deactivators for the reactive Lewis acid (Figure 2). Indeed,

Scheme 1. Plausible reactive species (LLA) generated from 1 and a
Lewis acid.

Figure 1. The effect of the amount of SnCl4 on the enantioselectivity.

Scheme 2. Proposed working model for chiral LLA in the presence of
Lewis bases.

Figure 2. Diels–Alder reactions in the presence of various Lewis bases.
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the LLA catalyst maintained its reactivity even in the
presence of an equal amount of water to 1a and SnCl4

without any loss in enantioselectivity.[13] As expected, this
LLA could be utilized in nonpurified, reagent-grade dichloro-
methane as a reaction solvent, in air, with 1a (5 mol%) and
SnCl4 (10 mol%). Similarly, this LLA system was found to
function in the presence of a small amount of other Lewis
bases (Figure 2). No significant loss of enantioselectivities was
observed in any case, although the presence of these Lewis
bases led to a slight diminution of the reaction rate.

Finally, a simple modification of the alkyl substituent on
the nitrogen of the chiral oxazaborolidine 1a led to a more
enantioselective precatalyst 1b (entry 1, Table 1). With this

chiral unit in hand, the scope of this Diels–Alder reaction was
investigated (Table 1). In every case the cycloadducts[14] were
obtained in high yield using less than 10 mol % of 1b and
SnCl4 at �78 8C, except for the reaction between 2-cyclo-
hexen-1-one and 1,3-cyclopentadiene. The level and the sense
of asymmetric induction were found to be compatible with
Corey�s proline-derived BLA catalyst in most cases.

In conclusion, we have demonstrated that the combina-
tion of a chiral oxazaborolidine 1 and SnCl4 leads to an
extremely reactive chiral LLA as a promising catalyst for

enantioselective Diels–Alder reactions. The unique charac-
teristics of this LLA system are as follows: 1) the enantiose-
lectivity can be preserved even in the presence of a large
amount of achiral Lewis acid activator, which implicates the
generation of highly reactive species; 2) only 0.5 mol % of
SnCl4 is necessary to promote the reaction; 3) its inherent
reactivity and asymmetric induction ability can be maintained
even in the presence of a small amount of water as well as
other Lewis bases by adding a slightly larger amount of SnCl4;
4) a simple modification of the oxazaborolidine structure is
possible by using commercially available chiral amino alco-
hols. Other applications of this LLA system are currently
underway in our laboratory.

Experimental Section
The synthesis of 2e catalyzed by 1b and SnCl4 is given as an example.
CH2Cl2 (35 mL) and a 1.0m solution of oxazaborolidine 1b in CH2Cl2

(1 mL, 1 mmol) were added to a dried, three-necked flask under
argon. After being cooled to �78 8C, a 1.0m solution of SnCl4 in
CH2Cl2 (1 mL, 1 mmol) was added dropwise. The resulting pale-
yellow solution was stirred for 15 min at this temperature. A solution
of 2,5-dimethyl-1,4-benzoquinone (1.4 g, 10 mmol) in CH2Cl2 (5 mL)
was added dropwise to this mixture, and after 1–2 min a solution of
cyclopentadiene (4.1 mL, 50 mmol) in CH2Cl2 (4.1 mL; pre-cooled to
�78 8C) was added dropwise over 10 min from a syringe. The reaction
mixture was stirred for 90 min at �78 8C and then quenched by
addition of Et3N (700 mL). The reaction mixture was then allowed to
warm to room temperature slowly, and the solvent was removed in
vacuo. The crude product was purified by silica gel chromatography
(hexane/ethyl acetate, 10:1) to give 2e in 98% yield with > 99 % ee.
The physical and spectroscopic data of 2e were identical to the
literature values.[4c,14e] No signals for the exo adduct were detected in
the NMR spectrum of the crude product. The enantioselectivity was
determined by HPLC analysis (Daicel OD-H, hexane (99.4%)/
iPrOH (0.6%), flow rate = 0.5 mLmin�1); tR = 28.2 min (major),
30.4 min (minor).
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[a]

1b/
SnCl4
[mol%]

T [8C] t [h] Product[b] Yield [%][c] exo/
endo[d]

ee [%][e]

1:1 �78 2 >99 68:32 95 (98)[f ]

10:10 �78 13 73 18:82 88 (34)[f ]

10:10 �78 2 90 1:99 96

10:10 �78 16 96 1:99 95

10:10 �78 1.5 94 <1:99 99

20:20 �20 14 93 8:92 95

5:10 �78 16 >99 90[g]

5:5 �78 16 80 93[g]
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dichloromethane under the conditions indicated. [b] Major diastereom-
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diastereomers. [g] The absolute configuration was not determined.
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