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In recent years, catalytic enolate bond constructions have
emerged as powerful methods for asymmetric synthesis.1,2

However, with few exceptions, it has not been possible to
accomplish these bond constructions in a manner in which
enolization is incorporated into the catalytic cycle. In general,
catalytic enolate bond constructions have required the formation
of a stable activated enolate surrogate, most generally a silyl
ketene acetal or silyl enol ether, which reacts with an electrophile
mediated by a Lewis acid catalyst.2 Notable exceptions include
the gold-catalyzed aldol reactions of Ito and Hayashi,1 the
proline-rubidium catalyst system of Yamaguchi,3 the magnesium
sulfonamide-catalyzed amination of Evans and Nelson,4 and
particularly the mixed-metal systems of Shibasaki.5

The conjugate addition of enolates to activated olefins remains
an active field of research. Indeed, substantial effort has gone
into the investigations of enantioselective versions of this reac-
tion,6 though highly selective variants are rare.5c,d Nitroolefins
have shown limited success in enantioselective Michael additions.
Due to their multiple reactivities, nitro compounds remain
important intermediates in organic synthesis.7 Here, we report
the first highly enantioselective catalytic asymmetric conjugate
addition of ketoesters and malonates to nitroolefins.8 This reaction
is catalytic in ligand-metal complex and employs an amine
cocatalyst. It is particularly interesting because it controls absolute
stereochemistry at theâ-carbon of the conjugate acceptor.

When ethyl acetoacetate and nitrostyrene were combined in
hydrocarbon-stabilized CHCl3 in the presence of 5 mol % of the
preformed complex of magnesium triflate and bis(oxazoline)
ligand1a,9,10 the Michael addition proceeded to 51% conversion
after 15 h; the phenyl-bearing stereocenter of nitroketone5a was
formed with 59% selectivity (eq 1), indicating enantioselective
attack on nitrostyrene.11 When a small amount (6 mol %) of

N-methylmorpholine (NMM) was added as cocatalyst, the reaction
proceeded to completion in 3 h, with a selectivity of 91%.12

The effect of ligand structure on the course of the reaction
was investigated (Table 1, eq 2). The unsubstituted aminoindanol-
derived ligand1b resulted in low conversion, with low selectivity
(entry 2), as did dimethyl-substituted derivative1c (entry 3).13

Ligands derived from other amino alcohols were also investigated.
While phenyl- andtert-butyl ligands2cand3cprovided generally
low selectivities (entries 4 and 5), cyclopropyl-bridged diphenyl
bis(oxazoline)4a did provide excellent reactivity, though only
82% selectivity. Notably, in the absence of ligand, the reaction
did not proceed.

Magnesium salts with more coordinating counterions (I, Br,
Cl) gave uniformly lower rates and selectivities. Calcium triflate
and samarium triflate both provided fair reaction rates but very
low selectivities. Copper triflate and zinc triflate were unable to
promote the reaction at reasonable rates. The structure of the
amine was relatively unimportant, as others also provided good
selectivity (morpholine, 86%;N-ethylpiperidine, 86%; 5,6-dim-
ethylbenzimidazole, 87%). However, stronger bases, such as tri-
ethylamine and Hunig’s base, gave somewhat inferior results,
presumably due to background reaction. Other solvents have been
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investigated, including toluene (86% selectivity), CH2Cl2 (81%
selectivity), THF (58% selectivity), and DMF (0% selectivity);
chloroform and toluene have proven to be optimal for this
reaction. In particular, coordinating solvents lower selectivity and
reactivity.

The effect of water on the reaction is illustrated in Table 2 (eq
3). The data indicate that it is necessary to have hydrated Mg-
(OTf)2 present during ligand-metal complexation (entries 3 and
4);12 however, the catalytic Michael addition proceeds more
effectively in an anhydrous reaction mixture. Practically, the
catalyst formation is conducted with Mg(OTf)2‚4H2O, and then
molecular sieves are added, and the mixture is stirred for 90 min
prior to addition of the reactants. The presence of sieves during
the catalytic reaction increases both the rate and selectivity of
the reaction (entries 1 vs 2).14

The rate and selectivity of the Michael addition are influenced
by the size of the ester group (Table 3, eq 4).iso-Butyl
acetoacetate reacts with nitrostyrene with 88% selectivity (entry
2), but the largertert-butyl ester reacts slowly and with only 29%
selectivity (entry 3). However, substitution on the ketone moiety
is accommodated, as in the cases of ethyl isobutyryl acetate (94%
selectivity, entry 4) and the still bulkier 2,2-dimethylpentyl
derivative (g88% selectivity, entries 5 and 6). 2-Alkylated keto-
esters were unreactive under the reaction conditions.

The reaction has been further extended to the addition of
malonates to nitroalkenes. These reactions are generally faster
and less sensitive to reaction conditions. In particular, reactions
in toluene provide excellent levels of selectivity (entries 8 and
12). The steric bulk of the ester affects rates and selectivities in
a manner similar to that observed in ketoester reactions (entries
7-10). A number of nitroalkenes have been found to undergo
the reaction with high yields and selectivities. Electron-poor (entry
11) and -rich (entry 12) nitrostyrenes react with equal facility.
Additionally, alkyl-substituted nitroolefins (entries 13 and 14)
undergo clean and selective reaction.

Adduct 5h can be recrystallized to 99% ee (88% recovery).
This has been converted in three steps (85% yield) to (R)-4-
phenyl-2-pyrrolidinone (6), establishing the sense of induction
of these reactions and demonstrating the utility of the adducts in
forming substituted pyrrolidinones (eq 5).15

The experimental results to date, including a kinetic analysis
which will be reported later, support a mechanism in which the
amine deprotonates the catalyst-bound dicarbonyl compound. The
resulting chiral enolate complex, which is a long-lived intermedi-
ate, adds diastereoselectively to the nitroalkene.16

In summary, we have developed a catalyst system for the
conjugate addition of 1,3-dicarbonyl compounds to nitroalkenes.
These reactions proceed with low catalyst loading and excellent
facial selectivities at the conjugate acceptor. The products of these
reactions are important intermediates for the syntheses of
4-substituted pyrrolidines. Further investigations, including mecha-
nistic studies, will be reported shortly.
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Table 1. Effect of Ligand in the Michael Addition

entry ligand selectivity11 (%) conversion (%)

1 1a 91 96
2 1b 65 33
3 1c 77 44
4 2c 58 9
5 3c 0 7
6 4c 76 15
7 4a 82 99

Table 2. Effect of Water on the Michael Addition

entry na added water sievesb selectivity11 (%)
conversion (%)

(2 h)

1 4 0 yes 90 91
2 4 0 no 73 60
3 0.25 0 yes 90 64
4 0.25 4 equivc yes 91 91

a The extent of salt hydration was determined by KF coulometry.
b 200 mg of powdered 4-Å sieves/mmol of nitrostyrene was employed.
c Water was added to the dry Mg(OTf)2 before complexation.

Table 3. Scope of the Asymmetric Addition of 1,3-Dicarbonyl
Compounds to Nitroalkenes

entry R1 R2 R3 adduct

select-
ivity11

(%)
yield
(%)

1 Me OEt Ph 5a 90 95
2 Me Oi-Bu Ph 5b 88 92
3 Me Ot-Bu Ph 5c 29 94
4 CHMe2 OEt Ph 5d 94 90
5 OEt Ph 5e 92 95

6 OEt 3-MeO-4,5-
OCH2O-Ph

5f 88a 89a,b

7 OMe OMe Ph 5g 93 96
8 OEt OEt Ph 5h 95 (93)c 92 (93)c
9 OCHMe2 OCHMe2 Ph 5i 94 92

10 OCMe3 OCMe3 Ph 5j 33 88
11 OEt OEt p-F-Ph 5k 90 90
12 OEt OEt 2,6-(MeO)2-

Ph
5l 97 (97)c 93 (95)c

13 OEt OEt n-C5H11 5m 89 93
14 OEt OEt Me2CHCH2 5n 90 88

a Reaction run at 35°C. b HPLC yield. c Numbers in parentheses refer
to reactions in toluene.
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