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ABSTRACT

A highly stereoselective one-pot reaction of aliphatic aldehydes and cyanoacrylamides has been developed. The one-pot reaction includes an
organocatalytic Michael addition followed by an intramolecular hemiaminalization. After reduction, optically enriched 2-piperidinones with three
contiguous chiral centers were obtained in up to 95% yield and 9:1 dr with 99% ee.

The rapid construction of C�C and C�N bonds has
recently received great attention and significant progress

has been achieved over the past few years.1 Formation of
several bonds in a one-pot reaction is highly desirable since
the laborious purification procedures and protection/
deprotection protocols may thus be avoided.2 2-Piperidi-
nones, nitrogen-containing six-membered heterocycles, have
especially attracted much attention from many synthetic

†China West Normal University.
‡ Sichuan University.
(1) For selected examples, see: (a) Lin, H.; Tan, Y.; Liu, W.-J.; Zhang,

Z.-C.; Sun, X.-W.; Lin, G.-Q. Chem. Commun. 2013, 49, 4024. (b)
Sengupta, T.; Gayen, K. S.; Pandit, P.; Maiti, D. K. Chem.;Eur. J.
2012, 18, 1905. (c) Dhara, D.; Gayen, K. S.; Khamarui, S.; Pandit, P.;
Ghosh, S.; Maiti, D. K. J. Org. Chem. 2012, 77, 10441. (d) Cheng, H.-G.;
Lu, L.-Q.; Wang, T.; Yang, Q.-Q.; Liu, X.-P.; Li, Y.; Deng, Q.-H.; Chen,
J.-R.; Xiao, W.-J. Angew. Chem., Int. Ed. 2013, 52, 3250. (e) Valero, G.;
Schimer, J.; Cisarova, I.; Vesely, J.;Moyano,A.;Rios,R.TetrahedronLett.
2009, 50, 1943. (f) Breistein, P.; Johansson, J.; Ibrahem, I.; Lin, S. Z.;
Deiana, L.; Sun, J. L.; Cordova, A. Adv. Synth. Catal. 2012, 354, 1156. (g)
Takasu, K.; Nishida, N.; Tomimura, A.; Ihara,M. J. Org. Chem. 2005, 70,
3957. (h) List, B. J. Am. Chem. Soc. 2002, 124, 5656. (i) Bøgevig, A.; Juhl,
K.; Kumaragurubaran, N.; Zhuang, W.; Jørgensen, K. A. Angew. Chem.,
Int. Ed. 2002, 41, 1790. (j) Marigo, M.; Schulte, T.; Franz�en, J.; Jørgensen,
K. A. J. Am. Chem. Soc. 2005, 127, 15710. (k) Jiang, H.; Nielsen, J. B.;
Nielsen,M.; Jørgensen, K.Chem.;Eur. J. 2007, 13, 9068. (l) Chandler, C.;
Galzerano, P.; Michrowska, A.; List, B. Angew. Chem., Int. Ed. 2009, 48,
1978. (m) Desmarchelier, A.; Marrot, J.; Moreau, X.; Greck, C. Org.
Biomol. Chem. 2011, 9, 994. (n) Coeffard, V.; Desmarchelier, A.;Morel, B.;
Moreau, X.; Greck, C. Org. Lett. 2011, 13, 5778. (o) Desmarchelier, A.;
Coeffard, V.; Moreau, X.; Greck, C. Chem.;Eur. J. 2012, 18, 13222. (p)
Kano, T.; Sakamoto, R.; Yamaguchi, Y.; Itoh, K.; Maruoka, K. Chem.
Commun. 2013, 49, 1118. For selected reviews, see: (q) Nicolaou, K. C.;
Chen, J. S. Chem. Soc. Rev. 2009, 38, 2993.

(2) For reviews, see: (a) Nicolaou, K. C.; Edmonds, D. J.; Bulger,
P. G.Angew. Chem., Int. Ed. 2006, 45, 7134. (b) Guo, H.; Ma, J.Angew.
Chem., Int. Ed. 2006, 45, 354. (c) Pellissier, H. Tetrahedron 2006, 62,
2143. (d) Tietze, L. F.; Rackelmann,N.PureAppl. Chem. 2004, 76, 1967.
(e) Enders, D.; Grondal, C.; H€uttl, M. R. M. Angew. Chem., Int. Ed.
2007, 46, 1570.

(3) For selected examples, see: (a) Lucas, B. S.; Fisher, B.; McGee,
L. R.; Olson, S. H.; Medina, J. C.; Cheung, E. J. Am. Chem. Soc. 2012,
134, 12855. (b) Rew, Y.; et al. J. Med. Chem. 2012, 55, 4936. (c)
Middleton, D. S.; MacKenzie, A. R.; Newman, S. D.; Corless, M.;
Warren, A.; Marchington, A. P.; Jones, B. Bioorg. Med. Chem. Lett.
2005, 15, 3957. (d) MacKenzie, A. R.; Marchington, A. P.; Middleton,
D. S.; Newman, S. D.; Jones, B. C. J. Med. Chem. 2002, 45, 5365. (e)
Kaiser, A .; Ulmer, D.; Goebel, T.; Holzgrabe, U.; Saeftel,M.; Hoerauf,
A.Mini-Rev. Med. Chem. 2006, 6, 1231. (f) Pei, Z.; et al. J. Med. Chem.
2007, 50, 1983. (g) Nara, S.; Tanaka, R.; Eishima, J.; Hara, M.;
Takahashi, Y.; Otaki, S.; Foglesong, R. J.; Hughes, P. F.; Turkington,
S.; Kanda, Y. J. Med. Chem. 2003, 46, 2467. For review of synthesis of
2-piperidinones, see: (h) Weintraub, P. M.; Sabol, J. S.; Kane, J. M.;
Borcherding, D. R. Tetrahedron 2003, 59, 2953.



Org. Lett., Vol. 15, No. 16, 2013 4055

chemists because they are key structural motifs prevalent
in numerous natural compounds and in biologically active
synthetic drugs as exemplified by the molecules shown in
Figure 1.3Moreover, they also served as the chiral building
blocks or intermediates in the synthesis of polysubstituted
piperidines and medicinally relevant compounds.3,4 Thus
numerous ingenious approaches for the synthesis of sub-
stituted 2-piperidinones have been reported,5 including
the Diels�Alder reaction,5a�c ring-closing metathesis,5d,e

amination reaction5f�h and the general cyclization of
amino acids or esters.5i,j Due to most approaches having
their owndisadvantages and the versatility of 2-piperidinone
derivatives in both pharmaceuticals and organic synthesis,
the development of efficientmethods to access optically pure
multifunctionalized 2-piperidinones is still an attractive goal
in organic synthesis.6

Recently, the organocatalytic cascade reactions were
widely employed in the synthesis of structurally diverse
molecules.7 Conjugate addition of aliphatic aldehydes to
unsaturated systems such as nitroolefins,8 vinyl sulfones,9

and unsaturated ketone or ester10 is likewise applied in the
synthesis of complicated molecules. To our knowledge,
however, R,β-unsaturated amides have been seldom em-
ployed in the conjugate addition probably due to the low
reactivity of amides compared to other systems.1h In
connection with our interest in the synthesis of nitrogen-
containing heterocycle compounds11 and thewide range of
biological activities associated with the 2-piperidinones
moiety, herein we wish to report the one-pot synthesis of
functionalized 3,4,5-trisubstituted 2-piperidinones by the
reaction of aliphatic aldehydes with cyanoacrylamide.
Initially, the reaction of (E)-N-benzyl-3-phenylacryla-

mide and propionaldehyde 3a was investigated using pro-
line as the catalyst. Unfortunately, the reaction did not
proceed at all (see Supporting Information (SI)). We
thought that this may be attributed to the inherent low
reactivity of acrylamide resulting in the failed reaction. To
solve the problem, we introduced a cyano functionality to
the R-position of the acrylamide and investigated whether
(E)-cyanoacrylamide 2a would be more amenable to this
reaction.12 To our delight, the reaction led to desired
hemiaminalization product 7a in 94% yield, but in a
disappointing mixture of diastereoisomers by using 20
mol % proline 1a in THF at rt.13 After reduction of 7a
using Et3SiH/BF3 3Et2O at 0 �C for 0.5 h, all trans 2-piper-
idinone derivative 4a as the major isomer resulted. The
enantioselectivity of 4a was determined to be 25% ee
(Table 1, entry 1). This promising result encouraged us
to further improve the enantioselectivity of the reaction.

Figure 1. Examples of bioactive 2-piperidinones.
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Catalyst diarylprolinol and silyl ether studies showed that
silyl has a considerable effect on the stereochemistry (entry
2 vs 4 and 3 vs 5). A significant increase of eewas observed
when prolinol 1b or 1c (20 mol %) was employed as the
catalyst in the presence of 20 mol % 4-nitrobenzoic acid
(entries 2�3). We were pleased to observe that the ee of 4a
further increased to 86%when the chiral diphenylprolinol
silyl ether 1dwas used (entry 4). Themost optimal catalyst
turned out to be diarylprolinol silyl ether 1e, affording a
94% yield and 93% ee after 48 h (entry 5). All catalysts
afforded similar diastereoselectivities for the reaction. A
screening of different acids revealed that the yield and
enantioselectivity are both dependent on the acid em-
ployed (entries 6�9). The screening of different solvents

indicated that 1,4-dioxane was the optimal choice (entries
10�15). To the best of our knowledge, this result presents
the first highly stereoselective reaction initiated by a Mi-
chael addition of aliphatic aldehydes to cyanoacrylamides.
With the optimal conditions for the reaction established

above, we next examined the generality of the protocol for
various cyanoacrylamides 2 and aliphatic aldehydes 3. As
summarized in Table 2, the electronic nature of the aro-
matic ring attached to the β-position of cyanoacrylamides
had little effect on the reaction. Various cyanoacrylamides

were tolerated under the present conditions affording the
desired 3,4,5-trisubstituted 2-piperidinone derivatives
(4a�m) in good yields and diastereoselectivities with ex-
cellent enantioselectivities (entries 2�13, 88�99% ee,
Table 2). However, cyanoacrylamide bearing the highly
electron-rich 3,4,5-trimethoxylphenyl substitutent was not
reactive, providing only a trace amount of product after a
long reaction time (entry 14). This may have resulted from
the electronic effect. It should be mentioned that the
heteroaromatic furan substituted cyanoacrylamide was
tolerated under the present catalytic system, likewise with
excellent stereoselectivity (entry 15). The current protocol
can also be applied to other linear aliphatic aldehydes.
Acetaldehyde was able to participate in this reaction in
80% yield, but with moderate 3/1 diastereoselectivity and
68% ee (entry 16). When butyraldehyde was surveyed, the
2-piperidinone derivative 4pwas isolated in 85% yield and
6:1 dr with 94% ee, although a long reaction time was
required (entry 17). The longer chain valeraldehyde and
hexaldehyde were also investigated, affording 2-piperidi-
none 4q and 4r in moderate yield with 94% and 95% ee,
respectively (entries 18�19). The 3-phenylpropanal
worked in this transformation giving 4s in 60% yield and
5:1 dr with 92% ee (entry 20). Unfortunately, no desired

Table 2. Scope of the Reactiona

entry R1/R2

time

(h)b 4

yield

(%)c drd eee

1 Ph/Me 12 4a 94 6:1 94/97

2 4-MeC6H4/Me 12 4b 90 6:1 99/99

3 4-MeOC6H4/Me 72 4c 88 6:1 98/99

4 4-ClC6H4/Me 12 4d 92 9:1 98/�
5 4-BrC6H4/Me 12 4e 92 6:1 99/99

6 4-CF3C6H4/Me 12 4f 91 6:1 97/99

7 4-FC6H4/Me 12 4g 89 6:1 99/99

8 3-MeC6H4/Me 24 4h 95 6:1 96/99

9 3-MeOC6H4/Me 48 4i 94 6:1 96/99

10 3-ClC6H4/Me 12 4j 90 8:1 96/�
11 3-BrC6H4/Me 12 4k 90 6:1 96/�
12 2-MeOC6H4/Me 36 4l 91 6:1 96/99

13 2-ClC6H4/Me 12 4m 83 6:1 92/�
14 3,4,5-(MeO)3-

C6H2/Me

96 � trace � �

15 2-furyl/Me 12 4n 80 6:1 93/�
16f 4-BrC6H4/H 48 4o 80 3:1 68/73

17 C6H5/Et 48 4p 85 6:1 94/�
18 C6H5/

nC3H7 48 4q 65 5:1 94/�
19 C6H5/

nC4H9 48 4r 62 5:1 95/�
20 C6H5/Bn 48 4s 60 5:1 92/�
21 C6H5/

iPr 96 � trace � �
aReaction conditions: 0.1 mmol of 2, 0.2 mmol of 3. bThe time

required for the first step. c Isolated yields of 4. dDetermined by crude 1H
NMR. eDetermined by chiral HPLC analysis, and the second ee is for
the minor diastereomer. fAt 0 �C, 4 mmol of 3.

Table 1. Optimization of the Michael
Addition�Hemiaminalization Reaction of the (E)-N-Benzyl-2-
cyano-3-phenylacrylamide 2a and Propionaldehyde 3aa

entry cat. solvent

time

(h)b
yield

(%)c drd eee

1f 1a THF 48 93 5:1 25

2 1b THF 48 73 5:1 60

3 1c THF 48 67 5:1 61

4 1d THF 48 90 6:1 86

5 1e THF 48 94 6:1 93

6g 1e THF 48 90 6:1 83

7h 1e THF 48 97 6:1 87

8i 1e THF 48 <10 nd nd

9j 1e THF 48 <10 nd nd

10 1e CH2Cl2 36 90 5:1 89

11 1e CHCl3 36 94 3:1 93

12 1e MeOH 48 55 3:1 85

13 1e DMF 48 <10 nd nd

14 1e DMSO 48 <10 nd nd

15 1e dioxane 12 94 6:1 94

aUnless otherwise noted, reactions were carried out with 2a

(0.1 mmol), propionaldehyde 3a (0.2 mmol), and catalyst 1 (0.02 mmol,
20 mol %) and 20 mol % of 4-nitrobenzoic acid in 0.5 mL of solvent
indicated. bThe time required for the first-step reaction. c Isolated yield
of 4a. dDetermined by crude 1H NMR. e ee of major diastereomer
determined by chiral HPLC analysis. fNo additives used. gBenzoic acid
(20 mol %) used. h 20 mol % acetic acid used. iTrifluoroacetic acid
(20 mol %) used. jTriflic acid (20 mol %) used.
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product was isolated when the branched isovaleraldehyde
was used (entry 21).

Theunreducedhemiaminal7a couldbeconverted smoothly
into other valuable compounds14 (Scheme 1).Upon oxida-
tion with PCC (pyridinium chlorochromate), piperidine-
2,6-dione 9 was produced in 88% yield, 6/1 dr and with
94% ee.When7awas treatedwithH2SO4 (35%,2 equiv) in
water for 24 h, the corresponding dehydration product 8
was formed in 95% yield and 6/1 dr with 94% ee with the
cyano functionality unaffected (Scheme 1).
The present protocol could be scaled up to a millimole

scale with almost no reduction in yield andwith very subtle
erosion in enantioselectivity (Scheme 2). For example, the
reaction between 1 mmol of 3-bromophenyl substituted
cyanoacrylamide 2k with propionaldehyde proceeded
smoothly to afford 2-piperidinone 4k in 88% yield with
94% ee and 5:1 dr. The compound 4k could be grown to a
crystal suitable for X-analysis after a simple recrystalliza-
tion from the mixture solvent of hexane/ethyl acetate. The
absolute configuration of 4k was thus assigned to be 3R,
4R and 5R by single crystal X-ray diffraction analysis15

(see Supporting Informaition). The absolute configura-
tions of other productswere tentatively assigned by analogy.
Based on the absolute configuration observed in the

experiment and previous literature,7e,f a plausible mechan-
ism for the one-pot reaction was proposed (Scheme 3).
Propionaldehyde first reacts with catalyst 1e to form a
stereodefined enamine intermediate A, which would react
with 2a to generate B by a Michael reaction, to afford a
mixture of diastereomers C after hydration and diaster-
eoselective protonation.7e,f ThenC undergoes an intramo-
lecular hemiaminalization in which C3-epimerization
could occur, thereby generating 7a asmajor diastereomers.
Removal of the 6-hydroxy group of 7a using Et3SiH/
BF3 3Et2O affords the desired product 4a.
In summary, we have developed a highly stereoselective

organocatalyticone-pot reactionof linearaliphatic aldehydes

and cyanoacrylamides, which proceeds through aMichael
addition followed by an intramolecular hemiaminaliza-
tion, and after reduction of the products, the correspond-
ing highly functionalized 2-piperidinones were obtained in
high yield and moderate diastereoselectivity with excellent
enantioselectivity. The one-pot reaction can lead to rapid
access to 2-piperidinone derivatives with three new stereo-
centers under mild reaction conditions. Studies toward the
application of this methodology in the synthesis of struc-
turally diversified molecules are ongoing.
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Scheme 1. Synthetic Transformations of 7a

Scheme 2. A Millimole-Scale Synthesis and Absolute
Configuration of 4k

Scheme 3. A Plausible Mechanism for the One-Pot Reaction
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