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Double catalytic enantioselective Michael addition reactions
of tertiary nucleophile precursors—tertiary/quaternary

and quaternary/quaternary carbon–carbon bond formations
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Abstract—Enantioselective Michael addition reactions of tertiary nucleophile precursors, such as substituted malononitriles and
cyclic 1,3-diketones, can be successfully activated by the metal complexes derived from R,R-DBFOX/Ph chiral ligand and cationic
metal salts. With this method, the enantioselective tertiary/quaternary and quaternary/quaternary carbon–carbon bond formations
can be achieved. Use of alcohol solvents is essential for the success, and a,b-unsaturated amides of 3,5-dimethylpyrazole are much
better acceptors than those of 2-oxazolidinone.
� 2006 Published by Elsevier Ltd.
Y H

O
MX

EWG

Base Y

EWG

O M
+ Base•HX ð1Þ

Y H

O
M–OCOMe

EWG

Y

EWG

O M
+ AcOH ð2Þ

Y H

O

Y

EWG

O

EWG

H

A

Acceptor•MX
Product

MX

ð3Þ
We have recently developed some new catalytic
activation methods of nucleophile precursors and these
have been successfully applied to the catalyzed enantio-
selective Michael addition reactions. When nucleophile
precursors coordinate to a Lewis acid catalyst, the
hydrogen a to the electron-withdrawing group becomes
more acidic so that the a-hydrogen may be deproto-
nated with external amines to generate the correspond-
ing metal enolates as reactive nucleophilic inter-
mediates (Eq. 1).1 Metal carboxylates are also utilized,
instead of the combined use of Lewis acids and amines,
to generate the metal enolates with the concurrent liber-
ation of the corresponding carboxylic acids (Eq. 2).2

Since the carboxylic acids thus formed work as quench-
ing agents toward the resulting metal enolates, the pro-
cess of catalytic metal enolization with metal
carboxylates becomes reversible. The metal enolates
thus generated have been successfully applied to the cat-
alytic enantioselective reactions under absolutely neutral
conditions.

On the other hand, cationic metal salts having noncoor-
dinating counteranions should work more effectively as
stronger Lewis acids to activate nucleophile precursors
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making the a-hydrogen more acidic. However, the cata-
lytic generation of metal enolates is difficult only by the
action of cationic Lewis acid catalysts, because the pro-
tonic acids simultaneously formed are strong enough to
protonate the resulting metal enolates. As a result, the
equilibration should move to the side of the starting pre-
cursors.3 Even so, we expected that both acceptors and
nucleophile precursors would be activated by action of
a single Lewis acid MX if appropriate nucleophile
precursors and reaction solvents are combined. Our
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anticipation is that nucleophile precursors are catalyzed
to isomerize into enols A, and acceptors become more
electrophilic in the presence of strong Lewis acid cata-
lysts (Eq. 3). This double catalytic activation provides
a great synthetic advantage such that enols A can exceed
in concentration the catalytic amount of MX. On the
contrary, the previous two methods shown in Eqs. 1
and 2 have an unfavored limitation that the metal eno-
lates generated never exceed the amount of catalyst MX.
Of course, right selection of nucleophile precursors as
well as reaction solvents is critical.

We would like to present, in the present letter, the enan-
tioselective Michael addition reactions of substituted
malononitriles and cyclic 1,3-diketones, catalyzed by
the metal complexes derived from R,R-DBFOX/Ph chi-
ral ligand and cationic metal salts.4 Tertiary nucleophilic
precursors can be successfully activated by this method
to allow the enantioselective production of adducts
through tertiary/quaternary and quaternary/quaternary
carbon–carbon bond formations.

The reaction of 3-crotonoyl-2-oxazolidinone (1) with
malononitrile (2a) in the presence of a catalytic amount
of the R,R-DBFOX/Ph complex of nickel(II) perchlo-
rate hexahydrate (10 mol %) at room temperature was
too slow taking three days when either dichloromethane
or THF was chosen. The corresponding Michael adduct
3a was obtained only in low yields and enantioselectivi-
Table 1. Michael addition reactions catalyzed by cationic metal complexes i

O N

O O

NC CN

2a,b

+

1

R

3a PhCH2OH+
n-BuLi (2.4 equiv)

THF (0.1 M), 0 °C, 5 m

O

N
OO

N

Ph Ph R,R-DBF

Entry 2 Solvent Tim

1 2a CH2Cl2 72
2 THF 72
3 MeOH/THF (1:1) 7

4 2b CH2Cl2 72
5 THF 72
6 MeOH/THF (1:1) 9
7 EtOH/THF (1:1) 24
8 EtOH/THF (1:1)b 24
9 EtOH/THF (1:1)c 24

10 i-PrOH/THF (1:2) 24
11 t-BuOH/THF (1:2) 24

a R,R-DBFOX/Ph + Ni(ClO4)2Æ6H2O (10 mol % each), rt. Additive (2 mol %
b AcOH.
c Trifluoroacetic acid.
ties, respectively (entries 1 and 2 of Table 1). However,
the same reaction was much more accelerated in metha-
nol/THF 1:1 mixture; the reaction was complete in 7 h
at room temperature to give 3a in 81% yield with the
enantioselectivity of 84% ee (entry 3).5 In the latter case,
THF was employed to improve the solubility of the R,R-
DBFOX/Ph–Ni(II) complex catalyst, and no trace of
the 2:1 adduct was detected.6 Thus, the use of polar
alcohol solvent was highly effective for the enhancement
of the reaction rate as well as the improvement of
enantioselectivity. The adduct 3a was transformed into
the known (S)-ester 4 on treatment with lithium benzyl-
oxide at 0 �C for a short time period, confirming the
absolute configuration of 3a to be S-enantiomer.1b

With the tertiary nucleophile precursor 2b having an
additional substituent, the reaction of 1 in dichloro-
methane or THF was again very slow (entries 4 and
5). On the other hand, the same reaction was complete
in 9 h at room temperature in methanol/THF 1:1
mixture (entry 6). The adduct 3b, produced through
the tertiary/quaternary carbon–carbon bond formation,
was obtained in a quantitative yield with the enantio-
selectivity of 76% ee. Thus, the Michael addition reac-
tion between 1 and 2b should be better carried out
also in alcohol solvents. Other alcohol solvents such as
ethanol and isopropyl alcohol were only a little less
effective than methanol, but adduct 3b was produced
almost quantitatively after the reaction time of 24 h
n several reaction solventsa

O N

O O

a

R = H
R = PhCH2

a
b
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R

CNNC

PhCH2O

O

R

CNNC

in

4 (90%)

S

OX/Ph

e (h) 3 Yield (%) ee (%)

3a 40 5
20 21
81 84

3b 69 53
71 76
Quant 76
97 80
83 83
94 82
Quant 77
65 70
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(entries 7 and 10); the reaction in t-butyl alcohol gave 3b
in 65% yield (entry 11). Use of catalytic amounts
(2 mol %) of acidic additives such as acetic acid and
trifluoroacetic acid provided little better enantioselecti-
vities of 82–83% ees (entries 8 and 9). The absolute
configurations of 3a–c were tentatively assigned to be
S-enantiomers based on the similarity of chirality with
that of 3a.

Pyrazole acceptor 5 was found to be much more reactive
than 2-oxazolidinone substrate 1 and a higher enantio-
selectivity was observed in the reaction of 5 (Table 2).
Thus, methylmalononitrile (2c) reacted with 1-croto-
noyl-3,5-dimethylpyrazole (5) in 8 h at room tempera-
ture even in t-BuOH/THF 1:1 mixture in the presence
of a catalytic amount of the R,R-DBFOX/Ph complex
of nickel(II) perchlorate hexahydrate (10 mol %), to give
the adduct 6c in 90% yield with the enantioselectivity of
97% ee (entry 1). Alcohols are the best solvents of choice
and the reactions are slower in less polar solvents such
as THF, dichloromethane, and toluene (entries 2–4).
However, in this case lower alcohols such as methanol
and ethanol have to be avoided to use since 1-acyl-3,5-
dimethylpyrazole 5 undergoes ready alcoholysis at room
temperature under the catalyzed conditions to give the
corresponding esters. We were fortunate to find that
the 1:1 mixture of t-BuOH/THF as bulky alcohol could
be safely used as the reaction solvent where THF was
needed again to improve the solubility of R,R-
DBFOX/Ph complex.

The R,R-DBFOX/Ph cationic complexes of nickel(II)
and cobalt(II) salts were the best catalysts for catalytic
activity as well as enantioselectivity (entries 1 and 5).
Zinc triflate and magnesium perchlorate were a little less
reactive catalysts (entries 6 and 7).

The reaction of 1-crotonoyl-3,5-dimethylpyrazole (5)
with malononitrile (2a) in t-BuOH/THF 1:1 mixture
was quickly finished in 4 h at room temperature to give
a mixture of two products 6a and 7 in 69 and 14% yields,
respectively (entry 1 of Table 3). The adduct 6a,
obtained with the enantioselectivity of 87% ee, was
assigned as the S-enantiomer by comparison with the
authentic sample,1b and the side product 7 obtained as
Table 2. Cationic metal salt catalyzed enantioselective Michael addition rea

5

NC CN

Me

N
N

O

+

2c

Entry Metal salt Solvent

1 Ni(ClO4)2Æ6H2O t-BuOH/T
2 Ni(ClO4)2Æ6H2O THF
3 Ni(ClO4)2Æ6H2O CH2Cl2
4 Ni(ClO4)2Æ6H2O Toluene
5 Co(ClO4)2Æ6H2O t-BuOH/T
6 Zn(OTf)2 t-BuOH/T
7 Mg(ClO4)2 t-BuOH/T

a R,R-DBFOX/Ph + metal salt (10 mol % each), rt, 8 h.
a single diastereomer was tentatively assigned as the
S,S-enantiomer of 2:1 adduct between 5 and 2a. Forma-
tion of the 2:1 adduct 7 indicates that the 1:1 adduct 6a
has reacted with another molecule of acceptor 5, after
further enol formation.

Reactions of 5 with tertiary nucleophile precursors 2b,c
were also relatively finished fast to give the Michael
adducts 6b,c in excellent enantioselectivities through
the tertiary carbon–quaternary carbon bond formation
(entries 2 and 3). When the b-substituent of pyrazole
amide acceptors 8, 9 is bulkier such as R1 = isopropyl,
R2 = H and R1 = phenyl, R2 = H, the reaction takes a
long time period to finish (entries 4 and 5). The ester-
substituted acceptor 10 was highly reactive toward
methylmalononitrile (2c) so that the reaction was com-
plete in 1.5 h to provide excellent yield and exclusive
enantioselectivity (entry 6).

Reaction of 1-[(E)-3-ethoxycarbonyl-2-butenoyl]-3,5-di-
methylpyrazole (11) as b,b-disubstituted electrophile
with malononitrile (2a) took 36 h at room temperature
to give the adduct 15a having a chiral quaternary carbon
in 94% yield with the enantioselectivity of 85% ee (entry
7). It is our pleasure that the quaternary carbon–quater-
nary carbon bond formation was successful in the reac-
tions of 11 with 2b,c to give the corresponding adducts
15b,c having the contiguous chiral quaternary carbon
centers, albeit the reaction took two days at room tem-
perature and enantioselectivities were a little lower than
80% ee (entries 8 and 9).

Dimedone (16a) as cyclic 1,3-diketone was also activated
in an alcohol solvent. Thus, the reaction of 16a with 5 in
i-PrOH/THF 1:1 mixture in the presence of acetic anhy-
dride (1 equiv) at room temperature was complete in
29 h to give enol lactone 17 in 78% yield with the enantio-
selectivity of 94% ee (entry 1 of Table 4).7 When
1,1,1,3 0,3 0,3 0-hexafluoro-2-propanol (HFIP) was used
as acidic alcohol together with THF, the reaction
between 5 and 16a was complete only in 1 h to give 17
in 45% (85% ee), and 3,5-dimethyl-1-[3-(1,1,1,3 0,3 0,3 0-
hexafluoro-2-propyloxy)butanoyl]pyrazole (20) was also
produced as Michael adduct of HFIP to 5 in 51% yield
with the enantioselectivity of 69% ee (entry 2). With the
ctions of pyrazole substrates in several solventsa

a

N
N

O

6c

Me

NC CN

Yield (%) ee (%)

HF (1:1) 90 97
67 97
57 92
45 92

HF (1:1) 94 95
HF (1:1) 73 94
HF (1:1) 54 21



Table 3. Cationic Ni(II) catalyzed enantioselective Michael addition reactions of pyrazole substrates in alcohol mediaa

5, 8–11

NC CN

R

N
N R1

O

+

2a–c

a

N
N

O

N
N

O

NC CN

O

N
N

6, 12–15

7

R = H
R = PhCH2
R = Me

a
b
c

R2

N
N

O

12
13
14

15a
15b
15c

R1, R2 = i-Pr, H
R1, R2 = Ph, H
R1, R2 = COOMe, H
R1, R2 = COOMe, Me
R1, R2 = COOMe, Me
R1, R2 = COOMe, Me

R = Me
R = Me
R = Me
R = H
R = PhCH2
R = Me12–15

R

NC CN

R

R2R1

NC CN

Entry Acceptor (R1, R2) Donor Time (h) Product Yield (%) ee (%)

1 5 Me, H 2a 4 6a 69, 14b 87
2 2b 12 6b 92 95
3 2c 8 6c 90 97
4 8 i-Pr, H 2c 36 12 33 91
5 9 Ph, H 2c 36 13 82 92
6 10 COOEt, H 2c 1.5 14 91 99
7 11 COOEt, Me 2a 36 15a 94 85
8 2b 48 15b 77 76
9 2c 48 15c 55 72

a R,R-DBFOX/Ph + Ni(ClO4)2Æ6H2O (10 mol % each), t-BuOH/THF (1:1), rt.
b Yields for 6a and 7, respectively.

Table 4. Michael addition reactions of dimedones in alcohol mediaa

O

O
N

N

O

5, 11

O

O

R

O

O

O

+

16a
16b

R = H
R = Me

a

17 19

N
N

O

N
N

O

O

CF3F3C

N
N

20 21

O

O

O

18
EtOOC

COOEt

Entry Donor Acceptor Solvent Time (h) Product Yield (%) ee (%)

1 16a 5 i-PrOH/THF (1:1) 29 17 78 94
2 HFIP/THF (1:1) 1 17 45b 85
3 11 t-BuOH/THF (1:1) 48 18 35c 59
4 16b 5 t-BuOH/THF (1:1) 48 19 42 91

a R,R-DBFOX/Ph + Ni(ClO4)2Æ6H2O (10 mol % each), Ac2O (1 equiv), alcohol/ THF = 1:1 v/v (0.33 M), Ac2O (1 equiv), rt.
b Accompanied by the alcohol adduct 20 in 51% yield (69% ee).
c Accompanied by the adduct 21 in 33% yield.
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b,b-disubstituted 1-acryloyl-3,5-dimethylpyrazole 11
and dimedone (16a), the corresponding enol lactone 18
having two quaternary carbons, one of them as a chiral
center, was obtained in 42% yield with 91% ee together
with the pyrazole adduct 21, while the reaction rate was
very slow (entry 3). The reaction of 5 with tertiary nucle-
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ophile precursor 16b gave the Michael adduct 19 in a
good enantioselectivity of 91% ee, but the yield was
rather poor (entry 4).

In conclusion, highly enolizable tertiary nucleophile
precursors such as substituted malononitriles and cyclic
1,3-diketones undergo enantioselective Michael addition
reactions to the a,b-unsaturated amides derived from
2-oxazolidinones and 3,5-dimethylpyrazole in the
presence of the R,R-DBFOX/Ph complex of cationic
nickel(II) or cobalt(II) ion in alcohol solvents. Therein
the same chiral catalyst acts effectively to activate
both nucleophile precursors and electrophilic acceptors
to induce the enantioselective tertiary/quaternary and
quaternary/quaternary carbon–carbon bond forma-
tions. Use of alcohol solvents is essential for the success,
and unsaturated amides of 3,5-dimethylpyrazole are
much better acceptors than those of 2-oxazolidinone.
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