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The design of novel and efficient chiral catalysts capable of
inducing substantial stereochemical outcomes has been
a longstanding frontier in organic synthesis.[1, 2] In recent
decades, the design of highly efficient chiral catalysts has
encompassed the incorporation of two catalytically active
centers into a single chiral molecule with the assumption that
cooperative catalysis might occur between the two catalytic
sites. Numerous chiral catalysts of this type have been
discovered and have enabled a wide range of enantioselective
transformations.[3–13] In particular, great advances have been
made with the dinuclear metal complexes which have enabled
bimetallic cooperative catalysis and have been exploited to
accelerate numerous asymmetric transformations.[3–7] How-
ever, those dinuclear organocatalysts having multiple cata-
lytic centers, wherein each catalytically active site is bifunc-
tional, have been investigated to a lesser extent for asym-
metric protocols.[8–13]

Recently, Ooi and co-workers demonstrated that artificial
chiral betaines were promising chiral organocatalysts in base-
catalyzed asymmetric protocols.[14] In particular, the mono-
betaines, having a binaphthyl backbone, stereoselectively
activated nucleophiles having acidic protons, thus allowing
the discovery of highly enantioselective transformations.
These betaines contain a basic aryl oxide moiety and an
ammonium cation. We and others have demonstrated that the
introduction of a binol backbone as an extra chiral element
into Schiff base ligands for bimetallic catalysts is beneficial to
the stereocontrol.[6,7] On the other hand, binol and its
derivatives have been employed as Brønsted acids in asym-
metric catalysis, wherein an intramolecular hydrogen bond
between the two hydroxy groups exists to assist in the single
hydrogen-bonding activation.[15–18] Inspired by these achieve-
ments, we designed chiral bis(betaine) organocatalysts of type
1 (Schemes 1 and 2), which contain two chiral ammonium
moieties, two basic naphthoxides, as well as axial chirality.
Upon encountering nucleophiles (H-Nu), the bis(betaine)
might participate in a deprotonation and in turn be trans-
formed into the chiral Brønsted acidic nucleophilic species A or B which have Brønsted-acid-assisted Brønsted acid func-

tionalities. Both A and B are principally capable of activating
the incoming electrophiles (E) through a hydrogen-bonding
interaction. As such, these compounds would be potentially
ideal chiral catalysts for promoting stereoselective nucleo-
philic addition reactions involving nucleophiles having acidic
protons. We describe herein a highly enantioselective Man-
nich reaction of azlactones and imines (up to 99% ee)
catalyzed by the newly designed bis(betaine)s 1 (Scheme 2),
thus demonstrating the potential of 1 in asymmetric catalysis.

The designed bis(betaine)s 1 and monobetaines 2 were
easily accessed by using classical transformations starting
from binol and naturally occurring cinchona alkaloids (for

Scheme 1. The general consideration for the design of bis(betaine)
organocatalysts.

Scheme 2. Organobases evaluated in this study.
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a detailed procedure see the Supporting Information). a,b-
Diamino acids are prevalent in many biologically active
compounds,[19] and a direct Mannich reaction is one of the
most straightforward approaches for accessing these mole-
cules.[19d, 20] Recently, the Mannich reactions of 4-substituted
azlactones and a-substituted nitroacetates for synthesizing
a-tetrasubstituted diamino acids have attracted much atten-
tion.[3, 14a,c,21–26] However, very few reports have described
access to the highly enantioselective variants of aliphatic
imines.[14a, 21, 22] Thus, we focused our initial study on the
catalytic Mannich reaction of N-tosyl imine 3a and 4-butyl-2-
phenyloxazol-5(4H)-one (4a) in THF at �40 8C in the
presence of 5 mol % 1a, which was derived from quinidine
(Table 1). As anticipated, the reaction worked well to give the
desired product 5aa in 78 % yield with an anti/syn ratio of
2.5:1. We were encouraged by the isolation of anti-5 aa in
81% ee (Table 1, entry 1). Additional investigation into the
effect of the 4-aryl substituent of the azlactones 4 indicated
that the introduction of an alkyl substituent to the phenyl
group of the azlactones enhanced both the yield and
enantioselectivity (entries 1–3 and 5), whereas 4-chloro-
phenyl and 3,5-dimethylphenyl azlactones gave comparable
enantioselectivities (entry 1 versus 4 and 6). Among the
azlactones examined, 4g, bearing a 2-naphthyl substituent,

provided the highest level of enantioselectivity for the major
product anti-5ag (entry 7). Further optimization showed that
the use of 10 mol% of the catalyst 1a provided 96 % ee for
anti-5ag (entry 8).[27] Under these optimized reaction con-
ditions, other betaines derived from cinchona alkaloids were
evaluated (entries 9–14). Interestingly, the quinine-derived
base 1b offered the enantiomer of anti-5ag with a high level
of enantioselectivity, but with poor diastereoselectivity
(entry 9), thus suggesting that the stereochemistry was
governed by the chirality of the alkaloid moiety. A similar
outcome was observed in the reactions catalyzed by cincho-
nine- and cinchonidine-derived bis(betaine)s 1c and 1d, both
of which provided moderate enantioselectivities (entries 10
and 11). The monobetaines 2a and 2b showed excellent
catalytic activity, but afforded a much lower ee value than the
bis(betaine) 1a (entries 12 and 13), thus indicating that the
stereochemical control benefits greatly from the axial chir-
ality of the binol moiety. The catalyst 1 a’, which was derived
from (S)-binol and quinidine, delivered a lower enantiose-
lectivity than 1 a, further demonstrating that the axial chirality
has an impact on the stereoselectivity (entry 14 versus 8). A
further enhancement in the enantioselectivity was achieved
when 4-isopropylphenylsulfonyl imine 3b was employed as
a substrate (97 % ee, entry 15).

Moreover, we investigated the effect of the stoichiometry
of trifluoroacetic acid (TFA) and 1a on the reaction. The
enantioselectivity fell when the amount of TFA increased
(Table 2). The addition of 10 mol % TFA, principally gener-
ating a monoanion of type A (Scheme 1), also showed

catalytic activity despite the erosion in the stereoselectivity
and yield (entry 3), thus indicating the feasibility of forming
intermediate B (Scheme 1). However, the reaction was
almost inhibited upon addition of 15 mol % TFA (entry 4).

The substrate scope with respect to aliphatic imines and
azlactones was then investigated under the optimized reaction
conditions (Table 3).[28] A variety of 4-substituted azlactones
participated in the Mannich reaction with high yields and
excellent levels of enantioselectivity (entries 1–7). More
interestingly, the azlactone 4m containing a thioether, which
may add more synthetic utility,[29] cleanly underwent the

Table 1: Evaluation of chiral catalysts and optimization of conditions.[a]

Entry 3 4 Cat. [%] 5 Yield [%][c] d.r.[d] ee [%][e]

1 3a 4a 1a (5) 5aa 78 2.5:1 81
2 3a 4b 1a (5) 5ab 93 3:1 83
3 3a 4c 1a (5) 5ac 98 3.8:1 84
4 3a 4d 1a (5) 5ad 95 2:1 81
5 3a 4e 1a (5) 5ae 99 3:1 88
6 3a 4 f 1a (5) 5af 99 2.5:1 81
7 3a 4g 1a (5) 5ag 97 3:1 90
8[b] 3a 4g 1a(10) 5ag 86 2.7:1 96
9[b] 3a 4g 1b(10) 5ag 95 1:1 87(9)[f ]

10[b] 3a 4g 1c(10) 5ag 82 1.3:1 76(10)
11[b] 3a 4g 1d(10) 5ag 99 2:1 68(70)[f ]

12[b] 3a 4g 2a(10) 5ag 94 1.5:1 76(26)
13[b] 3a 4g 2b(10) 5ag 94 1:1.4 77(29)
14[b] 3a 4g 1a’(10) 5ag 88 1:1 63(7)
15[b] 3b 4g 1a(10) 5bg 91 2.6:1 97

[a] Unless otherwise noted, reactions were carried out with 3 (0.1 mmol),
4 (0.15 mmol), and 1a (5 mol%) in THF (0.5 mL) at �40 8C for 24 h.
[b] Reactions were carried out with 3 (0.1 mmol), 4 (0.12 mmol), and the
catalyst (10 mol%) in THF (0.5 mL) at �40 8C for 24 h. [c] Yield of
isolated product. [d] Determined by 1H NMR analysis of the crude
reaction mixture. [e] Enantiomeric excess was determined by HPLC
analysis and the ee value within parentheses is for the minor diastereo-
mer. [f ] An opposite enantiomer was obtained. THF = tetrahydrofuran.

Table 2: The effect of the stoichiometry of TFA and the catalyst 1a.[a]

Entry x (mol%) Yield [%][b] d.r.[c] ee [%][d]

1 0 86 2.7:1 96
2 5 92 3.5:1 82
3 10 66 1.7:1 72
4 15 – – –

[a] Reactions were carried out with 3a (0.1 mmol), 4g (0.12 mmol), 1a
(10 mol%) and TFA (x mol%) in THF (0.5 mL) at �40 8C for 24 h.
[b] Yield of isolated product. [c] Determined by 1H NMR analysis of the
crude reaction mixture. [d] Enantiomeric excess of anti isomer was
determined by HPLC analysis.
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reaction to furnish the major diastereomer in 98 % ee
(entry 7). The protocol was also applicable to different
aliphatic imines (entries 8–14). Linear aliphatic imines
reacted with the azlactone 4h to give the desired products
with high levels of enantioselectivity (entries 8–11). More
significantly, the introduction of a C=C bond to 3 was well
tolerated with excellent enantioselectivities (entries 12 and
13). Moreover, the branched aliphatic imine 3j afforded
a product with 98 % ee (entry 14). It is worth noting that the
syn products were always obtained from the catalysts
reported by Ooi and co-workers.[21] Therefore, the current
protocol represents an important complement to the known
highly enantioselective Mannich-type reactions.[3,14a,c,21–26]

The caprolactone structural motif has been found in many
biologically active natural products.[30] Moreover, they are
important monomers in the preparation of biologically
compatible materials.[31] The chiral caprolactones can be
accessed in high optical purity starting from the current
Mannich reaction (Scheme 3). The treatment of anti-5hh with
aqueous hydrochloride furnished an a,b-diamino acid deriv-
ative 6 in quantitative yield, which then underwent an
iodocyclization[32] to afford the highly functionalized chiral
caprolactone 7 in 90% yield with a diastereomeric ratio of
3.5:1. The major diastereomer of 7 was obtained with an

excellent enantioselectivity of 97 % ee.[33] The flexibility and
synthetic significance of caprolactone with multiple function-
alities of type 7 implies the potential usefulness of the current
protocol.

In addition, the resulting products 5 can be easily
deprotected under acidic conditions. For example, the com-
pound 5bj was first hydrolyzed into the acid 8. Subsequently,
the treatment of 8 with concentrated hydrochloric acid at
100 8C smoothly generated the corresponding a,b-diamino
acid dihydrochloride 9 in a high yield without the loss of the
enantioselectivity (Scheme 4).

In summary, we have developed a new type of chiral
bis(betaine) base for the Mannich reaction of azlactones and
aldimines. The synergism among the multiple functionalities
within these organobases provided high levels of enantiose-
lectivity (94–99 % ee) for a variety of aliphatic imines and
azlactones. Importantly, the catalyst can be easily modified
for different reactions through changes to both the binaphthyl
and cinchona motifs. Moreover, the strategy presented in this
work has led to a versatile platform for the design of chiral
organobase catalysts. Further studies will be focused on the
reaction mechanism and the development of other base-
catalyzed asymmetric reactions by using the chiral bis-
(betaine) bases.

Table 3: Substrate scope for imines.[a]

Entry 3 4 5 Yield [%][c] d.r.[d] ee [%][e]

1 3b 4h 5bh 86 3.5:1 96
2 3b 4 i 5bi 93 3:1 96
3[b] 3b 4 j 5bj 86 2:1 99
4 3c 4h 5ch 90 7:1 97
5 3c 4k 5ck 98 2.7:1 96
6 3c 4 l 5cl 92 3.4:1 98
7 3c 4m 5cm 96 2.9:1 98
8 3d 4h 5dh 89 4.6:1 96
9 3e 4h 5eh 95 5.9:1 97
10 3 f 4h 5 fh 93 4:1 96
11 3g 4h 5gh 99 4:1 96
12[f ] 3h 4h 5hh 89 5.2:1 98
13 3 i 4h 5 ih 89 4.2:1 96
14 3 j 4h 5 jh 76 3.4:1 98

[a] Unless otherwise noted, reactions were carried out with 3 (0.1 mmol),
4 (0.12 mmol), and 1a (10 mol%) in THF (0.5 mL) at �40 oC for 24 h.
[b] The reaction was carried out at �50 oC. [c] Yield of isolated product.
[d] Determined by 1H NMR analysis of the crude reaction mixture.
[e] Enantiomeric excess of anti isomer was determined by HPLC analysis.
[f ] Absolute configuration of 5hh was determined to be (2S,3S) by X-ray
diffraction analysis.

Scheme 3. The application of the protocol in the synthesis of highly
functionalized chiral caprolactone.

Scheme 4. Deprotection of anti-5bj to prepare a,b-diamino acid dihy-
drochloride.

Angewandte
Chemie

4163Angew. Chem. 2012, 124, 4161 –4164 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de



Received: November 3, 2011
Revised: January 6, 2012
Published online: March 13, 2012

.Keywords: Brønsted base · heterocycles · imines ·
organocatalysis · synthetic methods

[1] a) R. Noyori, Asymmetric Catalysis in organic Synthesis, Wiley,
New York, 1994 ; b) E. N. Jacobsen, A. Pfaltz, H. Yamamoto,
Comprehensive Asymmetric Catalysis, Springer, Berlin, 1999 ;
c) A. Berkessel, H. Groger, Asymmetric Organocatalysis, Wiley-
VCH, Weinheim, 2005 ; d) B. List, Asymmetric Organocatalysis
(Top. Curr. Chem.), Springer, Berlin, 2010, 291; e) Q.-L. Zhou,
Privileged Chiral Ligands and Catalysts, Wiley-VCH, Weinheim,
2011.

[2] S. Piovesana, D. M. Scarpino Schietroma, M. Bella, Angew.
Chem. 2011, 123, 6340; Angew. Chem. Int. Ed. 2011, 50, 6216.

[3] M. Shibasaki, M. Kanai, S. Matsunaga, N. Kumagai, Acc. Chem.
Res. 2009, 42, 1117.

[4] B. M. Trost, H. Ito, E. R. Silcoff, J. Am. Chem. Soc. 2001, 123,
3367.

[5] R. G. Konsler, J. Karl, E. N. Jacobsen, J. Am. Chem. Soc. 1998,
120, 10780.

[6] Q.-X. Guo, Z.-J. Wu, Z.-B. Luo, Q.-Z. Liu, J.-L. Ye, S.-W. Luo, L.-
F. Cun, L.-Z. Gong, J. Am. Chem. Soc. 2007, 129, 13927.

[7] W. Hirahata, R. M. Thomas, E. B. Lobkovsky, G. W. Coates, J.
Am. Chem. Soc. 2008, 130, 17658.

[8] a) S. C. Pan, B. List, Chem. Asian J. 2008, 3, 430; b) D. Kampen,
A. Lad�pÞche, G. Claßen, B. List, Adv. Synth. Catal. 2008, 350,
962.

[9] M. Hatano, T. Maki, K. Moriyama, M. Arinobe, K. Ishihara, J.
Am. Chem. Soc. 2008, 130, 16858.

[10] T. Hashimoto, K. Maruoka, J. Am. Chem. Soc. 2007, 129, 10054.
[11] R. Chinchilla, P. Maz�n, C. N�jera, Tetrahedron: Asymmetry

2002, 13, 927.
[12] a) H.-g. Park, B.-S. Jeong, M.-S. Yoo, J.-H. Lee, M.-k. Park, Y.-J.

Lee, M.-J. Kim, S.-s. Jew, Angew. Chem. 2002, 114, 3162; Angew.
Chem. Int. Ed. 2002, 41, 3036; b) M. Q. Hua, H. F. Cui, L. Wang,
J. Nie, J. A. Ma, Angew. Chem. 2010, 122, 2832; Angew. Chem.
Int. Ed. 2010, 49, 2772.

[13] X.-H. Chen, W.-Q. Zhang, L.-Z. Gong, J. Am. Chem. Soc. 2008,
130, 5652.

[14] a) D. Uraguchi, K. Koshimoto, T. Ooi, J. Am. Chem. Soc. 2008,
130, 10878; b) D. Uraguchi, K. Koshimoto, S. Miyake, T. Ooi,
Angew. Chem. 2010, 122, 5699; Angew. Chem. Int. Ed. 2010, 49,
5567; c) D. Uraguchi, K. Koshimoto, T. Ooi, Chem. Commun.
2010, 46, 300.

[15] N. T. McDougal, S. E. Schaus, J. Am. Chem. Soc. 2003, 125,
12094.

[16] a) A. K. Unni, N. Takenaka, H. Yamamoto, V. H. Rawal, J. Am.
Chem. Soc. 2005, 127, 1336; b) N. Momiyama, Y. Yamamoto, H.
Yamamoto, J. Am. Chem. Soc. 2007, 129, 1190.

[17] a) H.-F. Du, D.-B. Zhao, K.-L. Ding, Chem. Eur. J. 2004, 10,
5964; b) X. Zhang, H.-F. Du, Z. Wang, Y.-D. Wu, K.-L. Ding, J.
Org. Chem. 2006, 71, 2862.

[18] S. Schenker, A. Zamfir, M. Freund, S. B. Tsogoeva, Eur. J. Org.
Chem. 2011, 2209.

[19] For reviews, see: a) C. Cativiela, M. D. D�az-de-Villegas, Tetra-
hedron: Asymmetry 1998, 9, 3517; b) Y. Ohfune, T. Shinada,
Bull. Chem. Soc. Jpn. 2003, 76, 1115; c) A. Viso, R. F. de La P-
radilla, A. Garc�a, A. Flores, Chem. Rev. 2005, 105, 3167;
d) R. G. Array�s, J. C. Carretero, Chem. Soc. Rev. 2009, 38, 1940.

[20] For reviews on asymmetric catalytic Mannich-type reactions,
see: a) A. C�rdova, Acc. Chem. Res. 2004, 37, 102; b) A. Ting,
S. E. Schaus, Eur. J. Org. Chem. 2007, 5797; c) J. M. M. Verkade,
L. J. C. van Hemert, P. J. L. M. Quaedflieg, F. P. J. T. Rutjes,
Chem. Soc. Rev. 2008, 37, 29.

[21] D. Uraguchi, Y. Ueki, T. Ooi, J. Am. Chem. Soc. 2008, 130, 14088.
[22] Z. Chen, H. Morimoto, S. Matsunaga, M. Shibasaki, J. Am.

Chem. Soc. 2008, 130, 2170.
[23] K. R. Knudsen, K. A. Jørgensen, Org. Biomol. Chem. 2005, 3,

1362.
[24] A. Singh, J. N. Johnston, J. Am. Chem. Soc. 2008, 130, 5866.
[25] B. Han, Q.-P. Liu, R. Li, X. Tian, X.-F. Xiong, J.-G. Deng, Y.-C.

Chen, Chem. Eur. J. 2008, 14, 8094.
[26] A. Puglisi, L. Raimondi, M. Benaglia, M. Bonsignore, S. Rossi,

Tetrahedron Lett. 2009, 50, 4340.
[27] The use of a catalyst derrived from quinine and (S)-binol gave

90% yield, 2.6:1 d.r. (anti/syn), and �96% ee (anti isomer).
[28] We examined the Mannich reaction of azlactone (4g) with N-Ts

benzaldimine under the optimized reaction conditions, however,
85% yield and 30% ee (for major isomer) were obtained.

[29] a) J. Clayden, P. MacLellan, Beilstein J. Org. Chem. 2011, 7, 582;
b) C. Rissing, D. Y. Son, Main Group Chem. 2009, 8, 251;
c) A. M. Masdeu-Bult�, M. Di�guez, E. Martin, M. G�mez,
Coord. Chem. Rev. 2003, 242, 159.

[30] a) H.-M. Cheng, W. Tian, P. A. Peixoto, B. Dhudshia, D. Y.-K.
Chen, Angew. Chem. 2011, 123, 4251; Angew. Chem. Int. Ed.
2011, 50, 4165; b) C. J. Besset, A. T. Lonnecker, J. M. Streff,
K. L. Wooley, Biomacromolecules 2011, 12, 2512; c) T. Xu, C.-C.
Li, Z. Yang, Org. Lett. 2011, 13, 2630.

[31] a) O. Dechy-Cabaret, B. Martin-Vaca, D. Bourissou, Chem. Rev.
2004, 104, 6147; b) N. E. Kamber, W. Jeong, R. M. Waymouth,
R. C. Pratt, B. G. G. Lohmeijer, J. L. Hedrick, Chem. Rev. 2007,
107, 5813; c) A. Harada, M. Osaki, Y. Takashima, H. Yamaguchi,
Acc. Chem. Res. 2008, 41, 1143.

[32] a) S. Cabrera, E. Reyes, J. Alem�n, A. Milelli, S. Kobbelgaard,
K. A. Jørgensen, J. Am. Chem. Soc. 2008, 130, 12031; b) Y. Chai,
D. A. Vicic, M. C. Mclntosh, Org. Lett. 2003, 5, 1039.

[33] The relative configurations of the major and minor product 7
were determined by NOESY analysis.

.Angewandte
Zuschriften

4164 www.angewandte.de � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. 2012, 124, 4161 –4164


