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Double Catalytic Activation with Chiral Lewis Acid and Amine Catalysts

Shuji Kanemasa*[a] and Kennosuke Ito[a]

Keywords: Double catalytic activation / Enantioselective synthesis / Michael addition / Nickel(ii) complex /
Tetramethylpiperidine

An effective enantioselective synthetic method based on a
new concept of double catalytic activation has been de-
veloped, in which both electrophile and nucleophile pre-
cursors are activated by use of catalytic amounts of chiral
Lewis acid and amine base, respectively. This method has
been successfully applied to enantioselective thiol conjugate
additions, as well as to Michael reactions of malononitrile,

Contents:
1. New concept
2. Selection of chiral Lewis acid catalysts
3. Thiol conjugate additions
4. Malononitrile Michael additions
5. Nitromethane conjugate additions
6. Enol lactone synthesis

[a] Institute for Materials Chemistry and Engineering, CREST of
JST (Japan Science and Technology Agency), Kyushu
University,
6-1 Kasugakoen, Kasuga 816-8580, Japan

[b] Department of Molecular and Material Sciences, Graduate
School of Engineering Sciences, Kyushu University,
6-1 Kasugakoen, Kasuga 816-8580, Japan

Shuji Kanemasa was born in Hiroshima city in 1943. He received his M.D. from Kyushu University in 1968.
After spending five years as Assistant Professor in the research group of Professor Otohiko Tsuge at the
Industrial Institute of Science, Kyushu University, he received the Ph.D. degree from Kyushu University
under the direction of Professor Tsuge in 1974. He moved to Yamaguchi University in 1974 as Associate
Professor at the Faculty of Engineering, moved back to Kyushu University in 1981, and since 1988 has been
a Full Professor at the Institute of Advanced Material Study to be renamed the Institute for Materials
Chemistry and Engineering, Kyushu University, after. He undertook two years of postdoctoral study at

Rensselaer Polytechnic Institute in Troy, New York, with Prof. Kevin T. Potts (1977�1978) and at New Mexico State
University in Las Cruces, New Mexico, with Prof. Walter Lwowski (1978�1979). His main research interests are in the
areas of synthetic organic chemistry, heterocyclic chemistry, and synthetic methodology.

Kennosuke Ito was born in Fukuoka city in 1975. After completing the undergraduate course in Meiji
Pharmaceutical University between 1994 and 1998, he moved to Kyushu University as a graduate student
(1998�2003). He received the Ph.D. degree in 2003 from Kyushu University under the supervision of
Professor Shuji Kanemasa. He is currently pursuing postdoctoral study at North Dakota State University
in the research group of Professor Mukund P. Sibi. His research interests are directed toward the development
of new synthetic methods and novel catalysis.

MICROREVIEWS: This feature introduces the readers to the author’s research through a concise overview of the
selected topic. Reference to important work from others in the field is included.

Eur. J. Org. Chem. 2004, 4741�4753 DOI: 10.1002/ejoc.200400277 © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4741

nitromethane, and cyclic 1,3-dicarbonyl compounds in the
presence of DBFOX/Ph − nickel(II) aqua complexes with
amines. This new method should be a powerful tool, espe-
cially when single catalytic activation of either nucleophiles
or electrophiles is not sufficient to induce bond formation.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

7. Conclusions
8. References

1. New Concept

Ionic carbon�carbon bond formation involves the nucle-
ophilic attack of nucleophiles on electrophiles. In many
cases, nucleophile precursors are used together with base
mediators that work to generate nucleophiles through ab-
straction of acidic hydrogen atoms in nucleophile precur-
sors. This is a general activation pattern of base-mediated
carbon�carbon bond-forming reactions. On the other
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hand, electrophiles can also be activated by coordination of
a Lewis acid, through lowering of their LUMO levels, and
this is a general activation pattern of Lewis acid-mediated
carbon�carbon bond-forming reactions. When a chiral
Lewis acid is employed, enantiomers are produced; most
catalyzed enantioselective reactions are based on this acti-
vation method.

It often happens that reactivity is not high enough to
make bond formation possible through the single activation
either of nucleophiles or of electrophiles in cases of base-
or Lewis acid-mediated carbon�carbon bond-forming re-
actions. The coordination of a chiral Lewis acid (LA*) to
electrophiles (E) as shown in step ‘‘a’’, for example, or the
deprotonation of nucleophile precursors (NH) with an am-
ine base as shown in step ‘‘b’’ is not always effective to
activate the reactions (Scheme 1). One possible solution
would be a double activation (DA)[1] method in which both
electrophiles and nucleophile precursors were activated sep-
arately by Lewis acid and base, respectively, as shown in
step ‘‘c’’. A double catalytic activation (DCA)[2] method
using catalytic amounts of both acidic and basic mediators
should be economically more useful, especially in the case
of enantioselective synthetic reactions under DCA con-
ditions with chiral Lewis acid catalysts.

Scheme 1. Concept of enantioselective double catalytic activation

We have recently reported the successful achievement of
a new enantioselective DCA method.[3] In this microreview
we describe highly effective enantioselective conjugate ad-

Table 1. DBFOX/Ph complexes of metal salts in asymmetric Diels�Alder reactions � anhydrous complexes vs. aqua complexes

[a] One equiv. of DBFOX/Mg (ClO4)2 was used.
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dition reactions of thiols, Michael reactions of malononi-
trile and nitromethane, and enantioselective enol lactone
synthesis under the DCA conditions.

2. Selection of Chiral Lewis Acid Catalysts

A serious problem might be expected in reactions under
DA or DCA conditions with both a Lewis acid and a base
in the same flask. Strong binding of the base to the Lewis
acid would be highly likely, causing serious deactivation of
both the Lewis acid and the base catalysts. Nevertheless,
unusual activation of some Lewis acid catalysts in the pres-
ence of some Lewis bases is now known.[4] Selection of ap-
propriate Lewis acid catalysts is therefore of crucial import-
ance for success. Cationic late transition metals or their
complexes were our choice.

We were pleased to find unique catalysis by chiral com-
plexes derived from 4,6-dibenzofurandiyl-2,2�-bis(2-phenyl-
oxazoline), designated from now on as DBFOX/Ph, and a
variety of late transition metal salts.[5] The cationic nickel(ii)
aqua complex DBFOX/Ph·NiX2·nH2O A, where X is a less
coordinating anion, such as ClO4, BF4, SbF6, and so on, is
a typical example (Figure 1). A variety of DBFOX/Ph cat-
ionic complexes derived from magnesium salts and from
other transition metal salts (MnII, FeII, CoII, CuII, and
ZnII) were found to show high and efficient catalytic ac-
tivity in Diels-Alder reactions between cyclopentadiene and

Figure 1. Nickel(ii) aqua complex of a DBFOX/Ph ligand
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Figure 2. Effect of addition of water and methanol to Diels�Alder reactions catalyzed by DBFOX/Ph·Ni(ClO4)2 (10 mol %) at room tem-
perature

3-acryloyl-2-oxazolidinone. We were greatly surprised to le-
arn that the aqua complexes often showed catalytic activity
similar to that of anhydrous catalysts, and sometimes even
better enantioselectivity (Table 1).

In particular, the cationic nickel(ii) aqua complexes A,
bearing highly coordinating water ligands on the metal
center, showed high catalytic activity. We therefore exam-
ined the tolerance of this nickel(ii) aqua complex A toward
nucleophiles by the addition of some strongly coordinating
additives such as water, methanol, carboxylic acids, phenol,
and amines.

In the presence of large amounts of water or methanol
(15 equivalents or more to catalyst A), enantioselectivities
were not fatally affected in reactions catalyzed by A (X �
ClO4, 10 mol %) at room temperature (Figure 2). Although
the selectivity decreased to 55% ee when 500 mol % of water
was present, the enantioselectivity of 83% ee was main-
tained even in the presence of 1000 mol % of methanol.

Comparable enantioselectivities and diastereoselectivities
were recorded even in the presence of amines, albeit not in
great excess (Table 2).[5b] The catalyst A coordinated

Table 2. Effect of other additives (acids and amines); DBFOX/
Ph·Ni(ClO4)2 (10 mol %) at room temp.

[a] Precipitation appeared.
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strongly to some amines, such as benzylamine and 2,4,6-
collidine, to produce the corresponding salts as precipitates.
Even so, the Diels�Alder reactions were successfully acti-
vated, to provide excellent selectivities with comparable
chemical yields. This indicates that the chiral Lewis acid A
may be effectively utilized together with amines in the same
flask, so that enantioselective reactions under DCA con-
ditions would be achieved.

3. Thiol Conjugate Additions

The nickel(ii) aqua complex A derived from DBFOX/Ph
and Ni(ClO4)2·6H2O was found to work well as a chiral
catalyst to activate the conjugate addition reactions of thi-
ols to 3-(2-alkenoyl)-2-oxazolidinone (Scheme 2).[3d,5f] It is
well known that nickel ions bind strongly with sulfur com-
pounds, especially with thiols, and sulfides have accordingly
been known to act as strong poisons for metal catalysts in-
cluding nickel ions.[6,7] Indeed, precipitation took place
when the anhydrous nickel(ii) complex A (X � ClO4, n �
0) was used in reactions between benzenethiol and 3-cro-
tonoyl-2-oxazolidinone (1a) in dry dichloromethane, caus-
ing formation of dark brown precipitates. Such precipi-
tation took place rapidly in the presence of amine additive,
and the resulting insoluble material did not show any cata-
lytic activity in the thiol additions. On the other hand, the
nickel(ii) aqua complex A (X � ClO4, n � 0) was found
to be relatively more tolerant than the anhydrous nickel(ii)
complexes, showing high catalytic activity even in dichloro-
methane.

Careful examination of the dependence of catalytic ac-
tivity and selectivity on reaction time indicated that the
catalytic activity of A was at its maximum in the very early
stages of the reaction and gradually decreased with elapsing
reaction time. Enantioselectivity also gradually reduced
with decreased catalytic activity. These observations indi-
cate that the catalyst slowly changes to a less reactive one
under the reaction conditions, probably due to its ready oli-
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Scheme 2. Enantioselective conjugate additions of thiols catalyzed by DBFOX/Ph·Ni(ClO4)2·3H2O

gomerization, reducing its catalytic activity. The solvent of
our choice was THF, as a polar solvent in which the thiol
conjugate addition reactions proceeded smoothly at room
temperature, giving the corresponding adducts 2 in high
yields and with high enantioselectivities (under conditions
A in Scheme 2).

Use of a mixture of catalytic amounts both of the Lewis
acid catalyst A and of 1,8-bis(dimethylamino)naphthalene,
known as proton sponge,[8] in reactions in THF at room
temperature was found to provide even better conditions.
Thus, under the DCA conditions (conditions B), the reac-
tion was faster, reaching completion in shorter reaction
times, so that the reaction temperature could be lowered to
0 °C, resulting in higher enantioselectivities. Thiols become
more nucleophilic in the presence of amine base, and the
conjugate addition reaction is complete in a shorter reac-
tion time. Although deterioration of the catalyst A also
takes place more easily in the presence of amine, the relative
rate acceleration was much more favorable for the conju-
gate additions.

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 4741�47534744

4. Malononitrile Michael Additions

Enantioselective conjugate addition reactions of carbon
nucleophiles are one of the most powerful transformations
in organic synthesis. A number of asymmetric Michael ad-
ditions to α,β-unsaturated carbonyl acceptors catalyzed by
chiral catalysts have been reported.[9�27] However, the de-
velopment of general and highly enantioselective versions
still remains a challenging goal. Here we describe a signifi-
cant advancement towards the achievement of highly en-
antioselective Michael addition reactions under the DCA
conditions.

Unlike thiol nucleophiles, malononitrile (3), with a pKa
value of 11.0, does not react at a practical reaction rate
with α,β-unsaturated carboxylic acid derivatives such as 3-
crotonoyl-2-oxazolidinone (1a) under uncatalyzed con-
ditions. As shown in Scheme 3, no reaction takes place be-
tween 1a and 3 in THF in the absence of promoters. Even
in the presence either of a strong amine such as 2,2,6,6-
tetramethylpiperidine (TMP)[28] or of a Lewis acid such as
Ni(ClO4)2·6H2O, no reaction occurs at room temperature in
3 days, indicating that the single activation of malononitrile
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either by a base or by a Lewis acid catalyst in THF is totally
ineffective. When the solvent was replaced with dichloro-
methane, however, the same reaction proceeded in the pres-
ence of a catalytic amount of nickel(ii) aqua complex A
(X � ClO4, n � 3, 10 mol %), but the rate was slow and
enantioselectivity was negligible. Of the catalysts examined,
the magnesium complex B (X � ClO4) was the best, and
an acceptable enantioselectivity of 86% ee was obtained for
the adduct 4 (Scheme 3 and Figure 3).[3c]

Scheme 3. Michael additions of malononitrile � survey of catalysis

Figure 3. Metal(ii) complexes of DBFOX/Ph ligands and 2,2,6,6-
tetramethylpiperidine (TMP)

When a catalytic amount of amine was added to 1a and
3 in dichloromethane in the presence of nickel aqua com-
plex A (X � ClO4, n � 3, 10 mol %), the reaction was
strongly activated, reaching completion in a much shorter
reaction time at room temperature (Scheme 4). A variety of
amines, such as DBU, triethylamine, ethyldiisopropylamine,
2,6-lutidine, and TMP, were therefore examined, and it was
found that both the reactivity and enantioselectivity were
improved. It is interesting to note that selection of the cor-
rect combination of amines and Lewis acid catalysts is es-
sential. For the reaction catalyzed by the nickel aqua com-
plex A, TMP was found to be the best selection as amine
catalyst; with a combination of catalysts A and TMP under
the DCA conditions the reaction was so rapid that it was
complete in only 1 h at room temperature, producing the

Eur. J. Org. Chem. 2004, 4741�4753 www.eurjoc.org © 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4745

malononitrile adduct 4 in 91% yield with a moderate en-
antioselectivity of 77% ee.

Scheme 4. Michael additions of malononitrile� role of amine cata-
lysts

However, the magnesium catalyst B (X � ClO4), which
displayed the best catalytic activity in the absence of amine
catalysts as shown in Scheme 3, was rather deactivated in
the presence of a catalytic amount of TMP, showing much
lower reactivity and selectivity than in the case of the ca-
talysis of magnesium salt by itself. The reason for the seri-
ous deactivation would presumably be strong binding of
TMP to the DBFOX/Ph � magnesium complex. This is a
typical example of reactions under DCA conditions in
which the best combination of a Lewis acid and amine is
very important. The authors would like to emphasize that
the nickel aqua complex A of DBFOX/Ph is one of the best
chiral Lewis acid catalysts for reactions under DCA con-
ditions.

Scheme 5. Asymmetric Michael additions of malononitrile under
double catalytic activation conditions

The enantiopurities of the malononitrile adducts 5 were
determined by their derivatization to the UV-visible benzyl
esters 6 by treatment with lithiumbenzyl oxide at 0 °C for
5 min, followed by chiral HPLC analysis on Chiralcell CD-
H with hexane/2-propyl alcohol as eluent (4:1 v/v,
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Scheme 6). No serious racemization took place during this
transformation to the corresponding ester derivatives 6

Scheme 6. Estimation of enantioselectivity

The 2-oxazolidinone chelating auxiliary could be re-
placed with a 3,5-dimethylpyrazole auxiliary; malononitrile
conjugate addition reactions of 1-crotonoyl-3,5-dimeth-
ylpyrazole (7a) proceeded smoothly at room temperature in
THF under the DCA conditions in the presence of the
nickel aqua complex A (X � ClO4, n � 3) and TMP, both
in catalytic amounts (10 mol %) (Scheme 7). Although the
adduct 9a was obtained in 86% yield, the enantioselectivity
was disappointingly low (23% ee). We were, however, de-
lighted to observe that enantioselectivity was much im-
proved � as high as 81% ee � when an equimolar (with
the substrates) amount of acetic anhydride was used as an
additive. The amount of acetic anhydride could also be re-
duced to catalytic levels (10 mol %), giving a comparably
satisfactory result. 4-Bromo-1-crotonoyl-3,5-dimethylpyr-
azole (8a) was found to be a better acceptor molecule than
7a, and the adduct 10a was produced in a quantitative yield
with an enantioselectivity of 88% ee in the reaction at room
temperature in the presence of a catalytic amount of acetic
anhydride.

Scheme 7. Use of pyrazole substrates � effect of acetic anhydride

Under the above optimized double catalytic conditions
with the nickel(ii) perchlorate aqua complex A, TMP, and
acetic anhydride (10 mol % each) at room temperature in
THF, a variety of 1-(2-alkenoyl)-4-bromo-3,5-dimeth-
ylpyrazoles 8 could be effectively employed in the Michael

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 4741�47534746

additions to malononitrile (3), the corresponding adducts
being produced with good to high enantioselectivities
(Scheme 8). This procedure with bromopyrazole substrates
8 in THF thus has a synthetic advantage that the reactions
can be performed at room temperature in shorter reaction
times, with comparable enantioselectivities being attained.

Scheme 8. Michael additions of malononitrile to the bromopyr-
azole acceptor � summary

5. Nitromethane Conjugate Additions

Michael addition reactions of nitromethane to α,β-un-
saturated acyl oxazolidinones 1 or pyrazoles 7 and 8 would
be expected to result in the formation of γ-nitro acid
derivatives.[29�35] These adducts should be important syn-
thetic intermediates, since they can be readily transformed,
through reduction of the adducts, into γ-amino acids or
pyrrolidinones,[36] which are known as the central skeletons
of a variety of biologically active natural products.[37] How-
ever, some problems in the synthetic methodology based on
the catalyzed enantioselective Michael addition reaction of
nitromethane remain unsolved.

No reaction took place between 3-crotonoyl-2-oxazolidi-
none (1) and nitromethane (11), which was also used as
solvent, either in the absence of any promoters or in the
presence of the nickel aqua complex A alone (Scheme 9).
TMP as amine catalyst promoted the reaction, but even
with nitromethane (11) as solvent in the reaction, the yield
of adduct 12a was only 30% after 100 h at room tempera-
ture. On the other hand, under the DCA conditions with
the complex A and TMP, the reaction was almost complete
in 5 h at room temperature, again pointing to the high syn-
thetic potential of this new activation methodology.
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Scheme 9. Nitromethane conjugate additions under double cata-
lytic activation conditions

1-Crotonoyl-3,5-dimethylpyrazole (7a) was found to be a
much better acceptor than 3-crotonoyl-2-oxazolidinone (1a)
in the nitromethane conjugate addition reactions. Even the
background reaction was promoted by TMP alone (10
mol %) at room temperature, and this reaction in the ab-
sence of the nickel(ii) complex A was complete in 12 h at
room temperature. Use of 11 as solvent under the DCA
conditions produced a quantitative yield of the correspond-
ing adduct 13a with an enantioselectivity of 77% ee
(Scheme 10). It was finally found that a THF/nitromethane
mixture (1:1 v/v) was the best choice for the reaction sol-
vent, from the economic standpoint in reactions with other
nitroalkanes, providing an improved enantioselectivity of
84% ee. These selectivities are acceptably high, since the
TMP-catalyzed background reaction was complete in 12 h
at room temperature. Thus, the reactions using pyrazole
substrates such as 7a in THF/MeNO2 (1:1, v/v) are essen-
tial.

Scheme 10. Nitromethane Michael addition

As shown in Scheme 11, the cationic nickel(ii) salt
DBFOX/Ph aqua complex A (X � ClO4, n � 3) was much
more active as a Lewis acid catalyst than the anhydrous
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complex A (X � SbF6, n � 0), providing the adduct 13a in
a quantitative yield and with an enantioselectivity of 84%
ee in the reaction in THF/11 (1:1 v/v) (Scheme 11). Al-
though the cobalt(ii) aqua complex F (X � ClO4) was also
an active catalyst, providing a selectivity of 86% ee for 13a,
the reactivity was rather poor, giving 13a in only 36% yield
after a long reaction time of 144 h at room temperature.
The DBFOX/magnesium complexes B of perchlorate and
trifluoromethanesulfonate salts, the zinc(ii) complexes C,
and the copper(ii) complexes D were found to be totally in-
active.

Scheme 11. Survey of DBFOX/Ph metal complex catalysts

TMP was one of the most active amine catalysts, so this
amine was selected for further work on nitromethane
Michael additions (Scheme 12). DBU, dicyclohexylamine,
1,1,3,3-tetramethylguanidine, N,N-diisopropylethylamine,
and 1,8-bis(dimethylamino)naphthalene were also equally
effective (Scheme 12). N,N�-Diisopropylethylenediamine,
piperidine, and pyrrolidine, however, were less active, and
so TMP, as a bulky piperidine, thus worked much better
than piperidine itself. Catalytic circulation was ineffective
for monoethanolamine, 2,6-lutidine, 1,1,3,3-hexamethyldi-

Scheme 12. Survey of amine catalysts
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silazane, tris(trimethylsilyl)amine, and 2,2,4,4,6,6-hexa-
methylcyclotrisilazane.

Reactions between nitromethane and 1-(2-alkenoyl)-3,5-
dimethylpyrazoles 7, 8, and 14, bearing a variety of β-sub-
stituents, were examined under the DCA conditions in 1:1
v/v THF/nitromethane (Scheme 13). When the reaction
temperature was lowered to �20 °C, enantioselectivities
were improved, but the reactions became much slower, and
yields of the adducts 13, 15, and 16 were decreased.

Scheme 13. Nitromethane Michael additions

When the 4-positions in the pyrazole auxiliaries of 1-cro-
tonoyl-substituted substrates were halogenated, as shown
with 7a, 8a, and 14a (R � Me, X � halo), higher enantiose-
lectivities were observed for the bromo- and iodo-substi-
tuted adducts 15a and 16a (R � Me, X � Br or I,
Scheme 13). The bromo-substituted substrate 8a was more
reactive than the other two (7a and 14a). Acceptors 7 with
β-substituents of any simple alkyl types such as methyl,
ethyl, propyl, isopropyl, cyclohexyl, and tert-butyl worked
well for enantioselectivities, although the tert-butyl sub-
strate was less reactive. Acceptors functionalized with alk-
enyl and ester substituents showed rather decreased selec-
tivities, while those with phenyl, substituted phenyl, and
heteroaryl substituents provided excellent selectivities and
chemical yields. Thus, the nitromethane conjugate addition
reactions of alkenoyl pyrazole substrates, under the DCA
conditions with catalytic amounts both of the nickel(ii)
aqua complex A and of TMP, provide an extremely effective
synthetic method for the construction of enantiomers of γ-
nitro acid derivatives, and further γ-amino acids.

Our new synthetic methodology for effective enantiomer
production, based on these nitromethane conjugate ad-
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ditions under the DCA conditions, was successfully applied
to the synthesis of (R)-rolipram, (R)-4-(3-cyclopentyloxy-4-
methoxy)phenyl-2-pyrrolidinone, known as a potent antide-
pressant and phosphodiesterase inhibitor (Scheme 14).[38]

The first step is the synthesis of 1-[(3-cyclopentyloxy-4-
methoxy)cinnamoyl]-3,5-dimethylpyrazole. The enantiose-
lective nitromethane conjugate addition to the resulting
pyrazole derivative was performed under the DCA con-
ditions, producing the nitromethane adduct in a quantitat-
ive yield. The nitro group was reduced to an amine with
Raney nickel, followed by cyclization to afford rolipram in
72% yield. The rolipram synthesized was transformed into
N-Boc derivative with an enantiomeric purity determined
as 98% ee. (R)-Rolipram was thus synthesized in two steps
starting from the readily available cinnamoyl amide of 3,5-
dimethylpyrazole in 72% yield.

A similar synthetic application is shown in Scheme 15, in
which a three-step synthesis of (R)-baclofen hydrochloride,
known as a selective agonist of the GABAB receptor,[39] was
achieved through a key step involving the catalyzed enanti-
oselective Michael addition of nitromethane under the
DCA conditions. The Michael adduct (97% ee) was simi-
larly transformed through a Raney nickel reduction/cycliza-
tion sequence to give enantiopure (R)-4-(p-chlorophenyl)-2-
pyrrolidinone, which was then hydrolyzed to give (R)-ba-
clofen hydrochloride.

6. Enol Lactone Synthesis

Use of 1,3-dicarbonyl compounds as nucleophile precur-
sors in catalyzed enantioselective Michael additions is quite
rare.[40] Accordingly, 5,5-dimethyl-1,3-cyclohexanedione
(20) was applied as a nucleophile precursor in enantioselec-
tive Michael additions to the oxazolidinone substrate 1a un-
der the DCA conditions in the presence of nickel(ii) com-
plex A (X � ClO4, n � 3) and TMP (Scheme 16). The reac-
tion took 24 h at room temperature, and the product, ob-
tained in 78% yield (63% ee), was not the corresponding
Michael adduct but the enol lactone 22a produced through
the elimination of the oxazolidinone auxiliary. The forma-
tion of 22a could easily be understood in terms of a reac-
tion mechanism including the initial conjugate addition of
20 to 1a to form the adduct anion 21A, which then under-
went intramolecular protonation of the enolate to give the
enol anion 21B, followed by lactonization of 21B to pro-
duce enol lactone 22a. Although it is well known that 3-
acyl-2-oxazolidinone substrates hardly undergo acyl substi-
tution reactions, the transformation observed above is a
special case. Both the electrophilicity of the amide carbonyl
group and the elimination of the oxazolidinone auxiliary of
21B were powerfully activated through the coordination of
the nickel(ii) ion catalyst. Since enol lactones have been syn-
thesized under harsh conditions,[41�43] this enantioselective
reaction catalyzed by a chiral catalyst at room temperature
should offer a highly significant synthetic method for bio-
logically active coumarins, flavonoids, neoflavonoids, and
enol lactones.[44]
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Scheme 14. Synthesis of (R)-(�)-rolipram

Scheme 15. Synthesis of (R)-(�)-baclofen·HCl

Scheme 16. Enol lactone formation under CDA conditions
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When 3-crotonoyl-2-oxazolidinone 1a was replaced with
1-acryloyl-3,5-dimethylpyrazole 7a in the above enol lac-
tone synthesis in THF at room temperature, the yield of
the enol lactone 22a was much decreased (Scheme 17). 3,5-
Dimethylpyrazole is a stronger leaving group than oxazo-
lidin-2-one and, in addition, 3,5-dimethylpyrazole is a
strong nucleophile toward the pyrazole acceptor 7a, so that
the starting alkene 7a was rapidly consumed to give the
pyrazole adduct 23. As a result, the yield of 22a was much
decreased, although the enantioselectivity of this reaction
was as high as 91% ee.

To our delight, however, the undesired pyrazole addition
was mostly inhibited in the presence of acetic anhydride,
the 3,5-dimethylpyrazole, formed by substitution in the
cyclization step, being scavenged by N-acetylation with
acetic anhydride. In particular, the reaction between 20 and
7a under the DCA conditions in the presence of A (X �
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Scheme 17. Effect of acetic anhydride and solvent

ClO4, n � 3) in THF at room temperature, together with
1.1 equivalent of acetic anhydride, was complete in 12 h,
producing a quantitative yield of the enol lactone 22a with
an excellent enantioselectivity of 96% ee. On the other
hand, the same reaction in dichloromethane was much
slower, so that it took 144 h for the reaction to reach com-
pletion, giving 22a in 90% yield and with an enantioselectiv-
ity of 52% ee. Reactions between 5,5-dimethyl-1,3-cyclo-
hexanedione (20) and 1-(2-alkenoyl)-3,5-dimethypyrazoles
(7) should thus be performed at room temperature in THF
in the presence of acetic anhydride.

4-Bromo-1-crotonoyl-3,5-dimethylpyrazole (8a) was
found to be even more reactive than the pyrazole derivative
7a. The reaction was complete in 5 h at room temperature

Scheme 18. Use of a variety of acceptors in dimedone reactions
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in the presence of acetic anhydride, producing enol lactone
22a in 93% yield with an enantioselectivity of 96% ee
(Scheme 18). Under these optimized reaction conditions,
the bromopyrazole acceptors 8, with a variety of substitu-
ents at the β-position, were successfully applied. All the re-
sults are summarized in Scheme 18. The bromopyrazole
substrates 8 with small methyl and ethyl substituents or a
electron-withdrawing methoxycarbonyl group are highly re-
active, so the reactions are complete in under 10 h at room
temperature. Substitution with bulky alkyl groups such as
isopropyl and cyclohexyl, however, makes the reactions
much slower, and it takes a long time to reach completion
of the reactions with acceptors 8 with 1-alkenyl and het-
eroaryl substituents such as 1-propenyl and 2-furyl at the
β-position. The best enantioselectivity observed was up to
99% ee.

Not only 5,5-dimethyl-1,3-cyclohexanedione (20) but also
other cyclic 1,3-dicarbonyl compounds such as 3-hydroxy-
1-phenalenone (24), 1,3-dimethylbarbituric acid (26), and
4-hydroxycoumarin (28) also underwent the smooth enol
lactone synthesis under the DCA conditions at room tem-
perature, producing the corresponding enol lactone deriva-
tives 25, 27, and 29, respectively (Scheme 19). The enol lac-
tone product formed from the cyclic diamide 26 was so un-

Scheme 19. Enol lactone synthesis with a variety of active methyl-
ene compounds
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stable that it was easily decomposed, so isolation of the re-
sulting enol lactone was difficult. Subsequent treatment
with sodium methoxide in methanol at room temperature
gave the crotonate adduct 27 in a high yield. In the reaction
of cyclic keto ester 28, the enol lactone 29 was obtained
regioselectively. This product 29 corresponds to the enol
lactone produced through the cyclization of enol form of
the ketone functionality, not the ester one.

7. Conclusions

We have therefore developed an effective enantioselective
synthetic method based on a new concept of double cata-
lytic activation, in which both electrophile and nucleophile
precursors are activated by catalytic amounts of chiral
Lewis acid and amine base, respectively. This method has
been successfully applied to enantioselective thiol conjugate
additions and Michael reactions of malononitrile, nitro-
methane, and cyclic 1,3-dicarbonyl compounds, producing
enantiomers of a variety of adducts in high chemical yields
with excellent enantioselectivities. This new methodology
should represent a powerful tool, especially when single
catalytic activation of either nucleophiles or electrophiles is
not sufficient to accelerate bond formation between sub-
strates,. In order to achieve successful high activation of
substrates, selection of the correct chiral Lewis acid and
amine catalysts is important. In our case, combinations of
the DBFOX/Ph/nickel(ii) aqua complexes with 2,2,6,6-
tetramethylpiperidine were found to be especially effective.
Use of polar reaction solvents such as tetrahydrofuran and
strongly chelating auxiliaries such as 3,5-dimethylpyrazole
was also essential to provide high reactivity and enantiose-
lectivity.
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1835�1844. [12k] R. T. Dere, R. R. Pal, P. S. Patil, M. M. Salun-
khe, Tetrahedron Lett. 2003, 44, 5351�5353.

[13] Metal l-prolinate catalysts: [13a] M. Yamaguchi, N. Yokota, T.
Minami, J. Chem. Soc., Chem. Commn. 1991, 1088�1089. [13b]

E. Juaristi, A. K. Beck, J. Hansen, T. Matt, T. Mukhopadhyay,
M. Simson, D. Seebach, Synthesis 1993, 1271�1290. [13c] M.
Yamaguchi, T. Shiraishi, M. Hirama, Angew. Chem. Int. Ed.
Engl. 1993, 32, 1176�1178. [13d] T. Kumamoto, S. Aoki, M.
Nakajima, K. Koga, Tetrahedron: Asymmetry 1994, 5,
1431�1432. [13e] M. Yamaguchi, T. Shiraishi, M. Hirama, J.
Org. Chem. 1996, 61, 3520�3530.

[14] Chiral magnesium catalyst: [14a] J. Ji, D. M. Barnes, J. Zhang,
S. A. King, S. J. Wittenberger, H. E. Morton, J. Am. Chem.
Soc. 1999, 121, 10215�10216. [14b] D. M. Barnes, J. Ji, M. G.
Frickes, M. A. Fitzgerald, S. A. King, H. E. Morton, F. A.
Plagge, M. Preskill, S. H. Wagaw, S. J. Wittenberger, Ji Zhang,
J. Am. Chem. Soc. 2002, 124, 13097�13105.

[15] Chiral aluminum catalysts: [15a] E. N. Jacobsen, M. S. Taylor,
J. Am. Chem. Soc. 2003, 125, 11204�11205. [15b] I. T. Raheem,
S. N. Goodman, E. N. Jacobsen, J. Am. Chem. Soc. 2004,
126, 706�707.

[16] Chiral scandium catalyst: [16a] M. Nakajima, Y. Yamaguchi, S.
Hashimoto, J. Chem. Soc., Chem. Commn. 2001, 1596�1597.
[16b] M. Nakajima, S. Yamamoto, Y. Yamaguchi, S. Nakamura,
S. Hashimoto, Tetrahedron 2003, 59, 7307�7313.

[17] Chiral europium catalyst: F. Bonadies, A. Lattanzi, L. R. Or-
elli, S. Pesci, A. Scettri, Tetrahedron Lett. 1993, 34, 7649�7650.

[18] Chiral nickel catalyst: J. Christoffers, U. Rößler, T. Werner, Eur.
J. Org. Chem. 2000, 701�705.

[19] Chiral copper catalysts: [19a] G. Desimoni, P. Quadrelli, P. P.
Righetti, Tetrahedron 1990, 46, 2927�2934. [19b] G. Desimoni,
G. Dusi, G. Faita, P. Quadrelli, P. P. Righetti, Tetrahedron 1995,
51, 4131�4144.

[20] Chiral rhodium catalyst: [20a] M. Sawamura, H. Hamashima,
Y. Ito, J. Am. Chem. Soc. 1992, 114, 8295�8296. [20b] M. Sawa-
mura, H. Hamashima, Y. Ito, Bull. Chem. Soc. Jpn. 2000, 73,
2559�2562.

[21] Chiral platinum catalyst: A. J. Blacker, M. L. Clarke, M. S.
Loft, M. F. Mahon, J. M. Williams, Organometallics 1999, 18,
2867�2873.

[22] Chiral ruthenium catalyst: M. Watanabe, K. Murata, T. Ika-
riya, J. Am. Chem. Soc. 2003, 125, 7508�7509.

[23] Chiral heterobimetallic catalysts: [23a] H. Sasai, T. Arai, M. Shi-
basaki, J. Am. Chem. Soc. 1994, 116, 1571�1572. [23b] H. Sasai,
T. Arai, Y. Satow, K. N. Houk, M. Shibasaki, J. Am. Chem.
Soc. 1995, 117, 6194�6198. [23c] T. Arai, H. Sasai, K. Aoe, K.
Okamura, T. Date, M. Shibasaki, Angew. Chem. Int. Ed. Engl.
1996, 35, 104�106. [23d] M. Shibasaki, H. Sasai, T. Arai, An-
gew. Chem. Int. Ed. Engl. 1997, 36, 1236�1256. [23e] G. Man-
ickam, G. Sundararajan, Tetrahedron: Asymmetry 1997, 8,
2271�2278. [23f] T. Arai, H. Sasai, K. Yamaguchi, M. Shiba-
saki, J. Am. Chem. Soc. 1998, 120, 441�442. [23g] Y. S. Kim, S.
Matsunaga, J. Das, A. Sekine, T. Ohshima, M. Shibasaki, J.
Am. Chem. Soc. 2000, 122, 6506�6507. [23h] G. Kumaraswamy,
M. N. V. Sastry, N. Jene, Tetrahedron Lett. 2001, 42,
8515�8517. [23i] S. C. Jha, N. N. Joshi, Tetrahedron: Asymmetry
2001, 12, 2463�2466. [23j] T. Ohshima, Y. Xu, R. Takita, S.
Shimizu, D. Zhong, M. Shibasaki, J. Am. Chem. Soc. 2002,
124, 14546�14547. [23k] R. Takita, T. Ohshima, M. Shibasaki,
Tetrahedron Lett. 2002, 43, 4661�4665. [23l] S. Narasimhan, S.
Velmathi, Synth. Commun. 2002, 32, 3791�3795. [23m] E. F.
DiMauro, M. C. Kozlowski, Organometallics 2002, 21,
1454�1461. [23n] N. Prabagaran, G. Sundararajan, Tetrahedron:
Asymmetry 2001, 13, 1053�1058. [23o] S. Velmathi, S. Swarna-
lakshmi, S. Narasimhan, Tetrahedron: Asymmetryetry 2003, 14,
113�117. [23p] S. Harada, N. Kumagami, T. Kinoshita, S. Mat-
sunaga, M. Shibasaki, J. Am. Chem. Soc. 2003, 125,
2582�2690. [23q] N. Kumagai, S. Matsunaga, M. Shibasaki,

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org Eur. J. Org. Chem. 2004, 4741�47534752

Org. Lett. 2001, 3, 4251�4254. [23r] K. Majima, A. Okada, T.
Ohshima, M. Shibasaki, J. Am. Chem. Soc. 2003, 125,
15837�15845. [23s] Ref. [2a].

[24] Chiral palladium catalysts: [24a] Y. Hamashima, D. Hotta, M.
Sodeoka, J. Am. Chem. Soc. 2002, 124, 11240�11241. [24b] Y.
Hamashima, H. Takano, D. Hotta, M. Sodeoka, Org. Lett.
2003, 5, 3225�3228.

[25] Chiral organocatalysts: [25a] J. M. Betancort, K. Sakthivel, R.
Thayumanavan, C. F. Barbas III, Tetrahedron: Asymmetry
2001, 42, 4441�4444. [25b] J. M. Betancort, C. F. Barbas III,
Org. Lett. 2001, 3, 3737�3740. [25c] A. Alexakis, O. Andrey,
Org. Lett. 2002, 4, 3611�3614. [25d] O. Andrey, A. Alexakis, G.
Bernardinelli, Org. Lett. 2003, 5, 2559�2561. [25e] P. Mel-
chiorre, K. A. Jørgensen, J. Org. Chem. 2003, 68, 4151�4157.
[25f] N. Halland, P. S. Aburel, K. A. Jørgensen, Angew. Chem.
Int. Eng. Ed. 2003, 42, 661�665.

[26] Chiral amine catalysts: [26a] A. Corma, S. Iborra, I. Rodriguez,
M. Iglesias, F. Sánchez, Catalysis Lett. 2002, 82, 237�242. [26b]

D. Ma, K. Cheng, Tetrahedron: Asymmetry 1999, 10, 713�719.
[26c] M. Ostendorf, S. van der Neut, F. P. J. T. Rutjes, N. Hiem-
stra, Eur. J. Org. Chem. 2000, 105�113.

[27] Chiral bifunctional organocatalysts: T. Okino, Y. Hoashi, Y.
Takemoto, J. Am. Chem. Soc. 2003, 125, 12672�12673.

[28] [28a] L. A. Flippin, J. M. Muchowski, D. S. Carter, J. Org.
Chem. 1993, 58, 2463�2467. [28b] J. F. Remenar, B. L. Lucht,
D. Kruglyak, F. E. Romesberg, J. H. Gilchirst, D. B. Collum,
J. Org. Chem. 1997, 62, 5748�5754. [28c] S. H. Wiedemann, A.
Ramı́rez, D. B. Collum, J. Am. Chem. Soc. 2003, 125,
15893�15901. [28d] L. M. Pratt, A. Newman, J. St. Cyr, H.
Johnson, B. Miles, A. Lattier, E. Austin, S. Henderson, B. Her-
shey, M. Lin, Y. Balamraju, L. Sammonds, J. Cheramie, J.
Karnes, E. Hymel, B. Woodford, C. Carter, J. Org. Chem. 2003,
68, 6387�6391.

[29] Chiral crown ethers, azacrown ethers: [29a] P. Bakó, Á. SzFllősy,
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