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ABSTRACT

An efficient asymmetric tandem dual Michael reaction that constructs three contiguous stereocenters in acyclic open-chain systems with very
high enantioselectivity and diastereoselectivity has been developed. This protocol provides a reliable and rapid approach for synthesis of chiral
pyrrolidines with multiple stereocenters.

Catalytic asymmetric tandem reactions have proven to
be an efficient andpowerful access for synthesis of complex
chiral molecules of interest.1 These reactions are particu-
larly important for synthesis of stereodefined compounds

with multiple stereocenters, which are usually difficult to
achieve throughconventional stepwiseprocesses.A critical
feature for construction of such an efficient tandem reac-
tion is the identification of a catalyst system capable of
generation of reactive species and that could be compatible
with or activate the subsequent reactants. In this context,
copper-catalyzed asymmetric conjugate addition of di-
alkylzinc to enones has been successfully explored as an
efficient fundamental reaction for constructing a variety of
tandem reactions combined with various electrophiles.2

However, most of these protocols have been inevitably
limited to the cyclic enones.3This limitation arises owing to
the difficulty to control the enolate geometry in the acyclic
enolate, which is likely due to the s-cis/s-trans conforma-
tional flexibility inherent to open-chain enoyl systems.4

Over the years, enolates have been a research topic of
great interest to synthetic chemists.5 While a number of
asymmetric reactions with enolates as nucleophiles have
been developed, a practical method for controlling the
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geometry of acyclic enolate remains elusive. Recently, we
have established an asymmetric tandem reaction based on
the copper-catalyzed conjugate addition reaction, inwhich
the chiral zinc enolate was involved.6 The excellent diaster-
eoselectivities and enantioselectivities observed there sug-
gested that the geometry of the chiral enolate was
completely controlled by the catalyst system, which guar-
anteed the subsequent trapping reaction to proceed in high
stereoselectivity. To further explore such an approach for
facile control of the geometry of the acyclic enolate, we
therefore selected nitroalkenes as electrophiles for trapping
the zinc enolates formed in the copper-catalyzed conjugate
addition of diethylzinc to acyclic enones to examine the
feasibility of this approach. Herein we report a highly
diastereoselective and enantioselective tandem reaction
via copper-catalyzed dual Michael addition reactions that
affords γ-nitro ketones with three contiguous acyclic
stereogenic centers in high stereoselectivities (Scheme 1).
Thanks to the versatility of the nitro group,7 the impor-
tance of the dual Michael addition reaction is demon-
strated in the elaboration of the γ-nitro ketones into chiral
pyrrolidines with multiple stereocenters using a two-step
procedure.

We first investigated the tandemMichael/Michael addi-
tion reaction ofEt2Zn to chalcone 1a andβ-nitrostyrene 2a
in the presence of copper catalyst with phosphite�pyridine
L2 as chiral ligand and neutral CuBr as copper source.8 A
sequential one-pot procedure was employed in which the
reagentswere added stepby step inone pot.After complete
conversion of the chalcone 1a to the zinc enolate in the
presence of the chiral catalyst was confirmed by TLC, the
nitroalkene 2a was added to the reaction mixture to trap
the chiral enolate. To our delight, high yield with excellent
diastereoselectivity and enantioselectivity were observed

(Table 1, entry 1).As expected, withL2 as chiral ligand, the
less electrophilic neutral copper catalysts with more co-
ordinating counterions, such as CuBr andCuCl, proved to
be more suitable, and among all those tested, CuCl led to
the best resultswith respect to bothdiastereoselectivity and
enantioselectivity. In contrast, the copper sources with
fewer coordinating counterions, such as Cu(CH3CN)4BF4

and Cu(OTf)2, gave poor results in this catalytic process
(Table 1, entries 6 and 7). Further screening of solvents
indicated that reactions performed in ether solvents led to
good results, and Et2O was the best choice for this trans-
formation. The chiral ligandL1 could alsobe employed for
this transformation, but with relative lower diastereoselec-
tivity (Table 1, entry 13). Under the optimal reaction
conditions and using CuCl/L2 as the catalyst (Table 1,
entry 3), the desired adduct γ-nitro ketone 3awas obtained
in 82% yield with excellent stereoselectivity.
After having identified the optimal reaction conditions,

we first investigated the substrate scope of nitroalkenes in
this one-pot sequence of reaction. A series of aromatic
nitroalkenes bearing electron-donating or electron-with-
drawing groups in the aryl moiety were first subjected to
the optimal conditions using chalcone 1a and Et2Zn. As
summarized in Table 2, the corresponding adducts were
obtained in good yields (66�90%) and with excellent
enantioselectivities (94�97%ee). In each case, the reaction
was highly diastereoselective with almost only one of
four possible diastereomers observed (>20:1 dr, Table 2,
entries 1�8). Besides the substituted phenyl nitroalkenes, the
naphthyl- andheteroaryl-substitutednitroalkenes2iand 2j

Scheme 1. Cu-Catalyzed Tandem Conjugate Dual Michael
Reaction

Table 1. Optimized Reaction Conditions for the Tandem Dual
Michael Reactiona

entry CuXn solvent yieldb (%) drc eed (%)

1 CuBr Et2O 79 95:5 94

2 CuBr2 Et2O 78 91:9 92

3 CuCl Et2O 82 >99:1 97

4 CuCl2 Et2O 85 93:7 94

5 Cu(OAc)2 Et2O 72 90:10 94

6 Cu(CH3CN)4BF4 Et2O 32 83:17 �30

7 Cu(OTf)2 Et2O 43 50:50 20

8 CuCl CPME 85 95:5 96

9 CuCl Bu2O 82 98:2 96

10 CuCl TBME 67 95:5 63

11 CuCl CH2Cl2 21 97:3 80

12 CuCl toluene 44 96:4 96

13e CuCl Et2O 78 97:3 96

aReaction conditions: chalcone 1a (0.5 mmol), Et2Zn (0.6 mmol),
nitroalkene 2a (0.6 mmol), CuXn (0.005 mmol), L (0.006 mmol), Et2O
(2.0 mL), �20 �C, 24 h. b Isolated yield. cDetermined by 1H NMR and
HPLC. dDetermined by chiral HPLC, and for the major isomer. eWith
L1 as ligand.
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could also react smoothly, generating the corresponding
products 3i and 3j in good yields and excellent stereo-
selectivities. The aliphatic nitroalkene 2k was also shown
to be compatible in this reaction and provided the corre-
sponding adduct 3k with excellent stereoselectivity
(Table 2, entry 11). It is notable that the current reaction
could be extended to some functionalized nitroalkenes.
The (Z)-nitroalkene 2l9 bearing an amide functional group
as well as 2m containing alkenyl moiety reacted with 1a in
good yields with high diastereoselectivities and enantio-
selectivities (Table 2, entries 12 and 13). The formation of
aminated and alkylated adducts are attractive because
those functional groups could be easy convert to some
important chiral compounds.
To further demonstrate the general applicability of the

current tandemreaction, abroadspectrumofchalconeswere
also tested under the optimal reactions. As Table 2 shows,
changing the electronic properties of the aromatic substi-
tuent in the enone had no major effect on the stereoselec-
tivity of this transformation. Electron-withdrawing as well
as electron-donating groups could be attached to the aro-
matic moiety and afforded the corresponding adducts

3n�vwith excellent diastereoselectivities and enantioselec-
tivities in the range of 91�97% ee. Only in the case of 3-(3-
chlorophenyl)-1-phenylprop-2-en-1-one 2s was a slight
decrease in diastereoselectivity and enantioselectivity ob-
served (Table 2, entry 19).
The absolute configuration of the major stereoisomer

was determined to be 2S,3S,20R by single-crystal X-ray
analysis of the bromo-containing product 3v.10 The as-
signed absolute configuration indicated that the initial
Michael addition takes place from theRe face of the enone
through the control of the catalyst which was identical to
the original 1,4-addition protocol catalyzed by copper
catalyst with the same chiral ligand.8 On the basis of this
information, the absolute configuration of the adduct 3l
which produced by the (Z)-nitroalkene could also be
determined as (2S,3S,4S) by the single-crystal X-ray ana-
lysis, which holds the same relative configuration as that of
3v.11 These results indicated that the geometry of the
nitroalkene did not affect chiral environment in the transi-
tion state and suggested that the (E)-enolate was involved
in the secondMichael reaction.Basedon these results,12we
propose an eight-membered cyclic Zimmer�Traxler-like
transition state (Scheme 2) to account for the observed
stereoselectivity,13 in which the chiral (E)-enolate is in-
volved and the aryl or alkyl group of the nitroalkene
adopts a pseudoequatorial position to give the antiproduct
during the secondMichael reaction. The nitro group of the
nitroalkene might be able to coordinate with the Cu center
and thus make the carbon�carbon double bond more
electrophilic toward the enolate from its Re face to facil-
itate an substrate-induced enantioselective Michael addi-
tion and give the γ-nitro ketone products with high levels
of stereochemical control.

The obtained γ-nitro ketone contains the versatile nitro
group and therefore could be readily converted to structu-
rally diverse pyrrolidine derivatives through well-estab-
lished methods. As outlined in Scheme 3, after reductive
cyclization of the 3a and 3l by the known method, the
corresponding dihydropyrroles 4a and 4lwere then hydro-
genated under the catalysis of Pd/C to furnish the chiral
pyrrolidines 5a and 5l containing four stereocenters in a

Table 2. Cu-Catalyzed Tandem Dual Michael Reactiona

entry 1 (Ar1, Ar2) 2 (R) yieldb (%) drc eed (%)

1 Ph, Ph Ph 3a, 82 >99:1 97

2 Ph, Ph 4-ClPh 3b, 76 >20:1 96

3 Ph, Ph 4-BrPh 3c, 80 >20:1 96

4 Ph, Ph 4-FPh 3d, 72 >20:1 97

5 Ph, Ph 4-CH3Ph 3e, 78 >20:1 96

6 Ph, Ph 4-MeOPh 3f, 66 >20:1 95

7 Ph, Ph 3-ClPh 3g, 79 >20:1 96

8 Ph, Ph 3,4-(MeO)2Ph 3h, 90 >20:1 94

9 Ph, Ph 1-naphthyl 3i, 59 >20:1 97

10 Ph, Ph 2-furyl 3j, 69 >20:1 96

11 Ph, Ph c-C6H11 3k, 52 >20:1 96

12e Ph, Ph AcNH 3l, 68 >20:1 94

13 Ph, Ph E-PhCHdCH 3m, 55 >20:1 97

14 4-CH3Ph, Ph Ph 3n, 85 >20:1 96

15 4-MeOPh, Ph Ph 3o, 64 >20:1 95

16 4-ClPh, Ph Ph 3p, 87 >20:1 96

17 4-BrPh, Ph Ph 3q, 83 >20:1 95

18 4-FPh, Ph Ph 3r, 88 >20:1 97

19 3-ClPh, Ph Ph 3s, 82 17:1 91

20 Ph, 4-ClPh Ph 3t, 85 >20:1 96

21 Ph, 4-BrPh Ph 3u, 85 >20:1 95

22 4-MeOPh, Ph 4-BrPh 3v, 81 >20:1 95

aReaction conditions: chalcone 1 (0.5 mmol), Et2Zn (0.6 mmol),
nitroalkene 2 (0.6 mmol), CuCl (0.005 mmol), L2 (0.006 mmol), Et2O
(2.0 mL), �20 �C, 24 h. b Isolated yield. cDetermined by 1H NMR.
dDetermined by chiral HPLC. e (Z)-Type nitroalkene was used.

Scheme 2. Rationalization for the Selective Dual Michael
Reaction
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single isomer. The relative configuration of the newly
formed chiral center was determined by 2D NMR (see the

Supporting Information). Both dihydropyrrole 4l and
pyrrolidine 5l contain the useful acetamide functional

group, which should find applications in the design of
new catalysts14 and biologically active molecules.15 In
addition, the adduct 3a was also successfully transformed
into the chiral acids 6a and 7a in high yields. The structure
of 7a was confirmed by single-crystal X-ray analysis.10

In summary, we have successfully established an
efficient method for assembling of two distinct electro-
philes into one molecule through the copper-catalyzed
dual Michael addition reaction. The reaction is applic-
able to a wide array of R,β-unsaturated ketones as well
as nitroalkenes and proceeds with excellent diastereo-
selectivity and enantioselectivity for obtaining γ-nitro
ketones with three contiguous stereocenters. In addi-
tion, the dramatic effect of neutral copper in the
tandem reactions has been disclosed, which provided
evidence that the electrophilic of catalyst precursor
plays a crucial role in the control of stereoselectivity.
These finds may suggest an efficient strategy for con-
trolling geometry of acyclic enolate.
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Scheme 3. Synthesis of Chiral Pyrrolidine Derivatives
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