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The development of catalytic asymmetric reactions with simple
experimental procedures has been a rapidly growing area in
synthetic organic chemistry over the past few years. In particular,
the direct catalytic and enantioselective approach using unmodified
reaction partners, avoiding the tedious preformation of, for example,
highly reactive nucleophiles, has received much attention, and
decisive progress has been obtained. The carbon-heteroatom bond
formation is a fundamental process, and the construction of optically
active nitrogen-containing compounds is an important task in
chemistry due to their biological activity and pharmaceutical
applications.1 A simple and straightforward approach for the
synthesis of optically active nitrogen-containing building blocks
via C-N bond formation is the directR-amination of unmodified
aldehydes and ketones using chiral secondary amines as organo-
catalysts.2 Direct R-amination ofâ-keto esters and pyruvic acid
derivatives employing a bifunctional Lewis acid catalyst have also
been reported.3 In the latter case, the enantioselectivity is induced
by interaction between the chiral Lewis acid catalyst, the enolized
nucleophile, and the nitrogen electrophile.

Herein we report a general and highly enantioselective direct
organocatalytic amination ofR-substitutedR-cyanoacetates and
â-dicarbonyl compounds catalyzed by a chiral tertiary amine. First,
we examined the feasibility of the reaction between ethylR-phenyl
R-cyanoacetate1a and diethyl azodicarboxylate2a using catalytic
amounts of chiral bases of the cinchona alkaloid family4 as a model
reaction for further optimization (eq 1).

Despite the potential for further elaboration,5 the use ofR-cyano-
acetates in asymmetric catalysis has been met with limited
success.6,7 Only in a recent study of Michael additions toR,â-
unsaturated imides by Jacobsen et al. have enantioselectivities
exceeding 90% ee been reported.8 A thorough screening showed
that all the alkaloids tested catalyzed a clean reaction affording the
amination product3a in nearly quantitative yields, and we were
pleased to find that the constrained quinidine-derived alkaloid
â-isocupreidine9 (â-ICD) was superior in terms of enantioselectivity.
In the presence of 5 mol %â-ICD, the reaction reached full
conversion within less than 30 s to give3a having a quaternary
stereocenter10 with 84% ee (Table 1, entry 1). Reactions were
performed in toluene, as the use of more polar/coordinating solvents
caused a significant drop in enantioselectivity. Varying the structure
of the azodicarboxylates had a dramatic impact on both the rate
and asymmetric induction (entries 1-4). When employing the
synthetically attractive, but sterically encumbered, di-tert-butyl

azodicarboxylate2d, the corresponding hydrazine adduct3d was
isolated with a satisfying enantioselectivity of 94% ee (entry 4).
With the aim of further optimization, the impact of ester substituent
(R1) was investigated, and a direct correlation between the size of
R1 and the rate and enantioselectivity was observed. The reaction
of 1b with 2d, catalyzed by 5 mol %â-ICD, was complete within
4 h at-78 °C, and3ewas isolated with an excellent optical purity
of >98% ee (entry 5). It should be noted that the reactions of
R-cyanoacetates are notoriously difficult to render asymmetric.11

The reaction is easily monitored by disappearance of the yellow
color of the azodicarboxylate2, and pure product can be obtained
using stoichiometric amounts of1 and2 upon filtration through a
plug of silica gel. At more practical temperatures satisfactory levels
of optical purities were also obtained (entries 6,7). An often
recognized practical limitation, using organocatalysis as a synthetic
tool on large-scale synthesis, is the required amount of catalyst
relative to substrate (typically 5-10 mol %). However, the present
catalytic system tolerates catalyst loading down to 0.5 mol %
without compromising either the yield or the enantioselectivity
(entry 9).

With the optimized reaction conditions in hand, the scope of
the enantioselectiveâ-ICD-catalyzed amination was investigated.
A series ofR-aryl-R-cyanoacetates1b-i were reacted with azodi-
carboxylate2d catalyzed by 5 mol %â-ICD (eq 2, Table 2).

Substrates bearing ortho, meta, and para substituents underwent
clean reactions affording the corresponding products3f-h in
quantitative yields and with excellent enantioselectivities of>97%
ee (entries 2-4). Interestingly, introduction of Lewis basic sub-
stituents (electron-donating/withdrawing) in the para position
resulted in slightly lower enantioselectivities (entries 5,6). Polyaro-

Table 1. Optimization of the Reaction between R-Phenyl-
R-cyanoacetates 1 and Azodicarboxylates 2 Catalyzed by â-ICD

entry substrate Pg
cat. load
(mol %)

temp
(°C) time product

conv
(%)

eeb

(%)

1 1a CO2Et 5 -78 e30 s 3a >95 84
2 1a Troc 5 -78 e30 s 3b >95 7
3 1a Cbz 5 -78 e30 s 3c >95 64
4 1a Boc 5 -78 1 min 3d >95 94
5 1b Boc 5 -78 4 h 3e >95 >98
6 1b Boc 5 rt 45 min 3e >95 90
7 1b Boc 5 -20 90 min 3e >95 94
8 1b Boc 1 -78 23 h 3e >95 >98
9 1b Boc 0.5 -78 96 h 3e >95 >98

a Reactions performed with 1.2 equiv ofR-cyanoacetate relative to the
azodicarboxylate.b ee determined by CSP-HPLC analysis.

Published on Web 06/12/2004

8120 9 J. AM. CHEM. SOC. 2004 , 126, 8120-8121 10.1021/ja047704j CCC: $27.50 © 2004 American Chemical Society



matic compounds may also be employed as substrates, as3k was
isolated in quantitative yield with 98% ee (entry 7). It is commonly
recognized that heteroaromatic compounds are prone to undergo
Friedel-Crafts (FC) substitutions in the presence of highly reactive
electrophiles and that reactivity is dramatically enhanced with
increasing anionic character.12 While the reaction of heteroaromatic
substrate1i with 2d catalyzed by Et3N mainly resulted in FC
substitution in the 5-position of the thiophene moiety, the same
reaction catalyzed by 5 mol %â-ICD selectively gave the desired
amination product3l and only a trace amount of FC product
(selectivity: >99:1, 99% yield, 97% ee) (entry 8).13 Most notably,
the reaction can be performed in the presence of as little as 0.1
mol % catalyst, which is among the highest organocatytic activities
reported to date affording products with more than 90% ee. It should
be noted thatR-alkyl-R-cyanoacetates also reacts with2d catalyzed
by â-ICD, giving the corresponding aminated products in excellent
yields; however, lower enantioselectivities were obtained compared
to those from theR-aryl-R-cyanoacetates (see Supporting Informa-
tion). The absolute configuration of3h was assigned as (S) based
on X-ray analysis (see Supporting Information).

The substrate generality of the present organocatalytic system
was further demonstrated by the reaction of variousâ-keto esters
4a-c and aâ-diketone4d with azodicarboxylate2d (Table 3). Both
open-chain and cyclic structures were successfully employed, and
the desired amination products were obtained in high to quantitative
yields with good enantioselectivities ranging from 83 to 90% ee.

Cleavage of the hydrazineN-N bond was of the utmost interest
to gain access to optically active quaternaryR-amino acid deriva-
tives. Owing to recent studies14 on reductive TFA-promoted
hydrazine cleavage, product3ewas converted into6 by a two-step

procedure under mild reaction conditions (Scheme 1). The chemical
transformations were performed without loss of optical purity.

In summary, the first organocatalytic highly enantioselective
amination of substitutedR-cyanoacetates andâ-dicarbonyl com-
pounds is reported with a remarkable catalyst turnover number
reaching 1000. Studies, aimed at mechanistic elucidation and
generality of the concept, are currently in progress and will be
reported in due course.

Acknowledgment. This work was made possible by a grant
from The Danish National Research Foundation. Thanks are
expressed to Dr. Rita G. Hazell for performing X-ray analysis.

Supporting Information Available: Complete experimental pro-
cedures and characterization of products (PDF). This material is free
of charge via the Internet at http://pubs.acs.org.

References
(1) Genet, J. P.; Greck, C.; Lavergne, D.Modern Amination Methods; Ricci,

A., Ed.; Wiley-VCH: Weinheim, 2000, Chapter 3.
(2) (a) List, B.J. Am. Chem. Soc.2002, 124, 5656. (b) Bøgevig, A.; Juhl,

K.; Kumaragurubaran, N.; Zhuang, W.; Jørgensen, K. A.Angew. Chem.,
Int. Ed.2002, 41, 1790. (c) Kumaragurubaran, N.; Juhl, K.; Zhuang, W.;
Bøgevig, A.; Jørgensen, K. A.J. Am. Chem. Soc.2002, 124, 6254. (d)
Duthaler, R. O.Angew. Chem., Int. Ed.2003, 42, 975. (e) Vogt, H.;
Vanderheiden, S.; Brase, S.Chem. Commun.2003, 2448.

(3) (a) Juhl, K.; Jørgensen, K. A.J. Am. Chem. Soc.2002, 124, 2420. (b)
Marigo, M.; Juhl, K.; Jørgensen, K. A.Angew. Chem., Int. Ed.2003, 42,
1367. (c) Momiyama, N.; Yamamoto, H.J. Am. Chem. Soc.2004, 125,
6038.

(4) For review see: (a) Kacprzak, K.; Gawron´ski, J. Synthesis, 2001, 961.
(b) France, S.; Guerin, D. J.; Miller, S. J.; Lectka, T.Chem. ReV. 2003,
103, 2985. (c) Chen, Y.; McDaid, P.; Deng, L.Chem. ReV. 2003, 103,
2965. (d) Tian, S.-K.; Chen, Y.; Hang, J.; Tang, L.; McDaid, P.; Deng,
L. Acc. Chem. Res. 2004, published online May 5, http://dx.doi.org/
10.1021/ar30048s.

(5) See, for example: Bardorrey, R.; Cativiela, C.; Diaz-de-Villegas, M. D.;
Galvez, J. A.Tetrahedron Asymmetry1995, 6, 2787 and references therein.

(6) Use of cyanoacetates in catalytic asymmetric reactions: Conjugate
addition: (a) Stark, M. A.; Jones, G.; Richards, C. J.Organometallics
2000, 19, 1282. (b) Motoyama, Y.; Koga, Y.; Kobayashi, K.; Aoki, K.;
Nishiyama, H.Chem. Eur. J.2002, 8, 2968. (c) Stark, M. A.; Richards,
C. J.Tetrahedron Lett.1997, 38, 5881. (d) Chen, Z.; Zhu, G.; Jiang, Q.;
Xiao, D.; Cao, P.; Zhang, X.J. Org. Chem.1998, 63, 5631. (e) Sawamura,
M.; Hamashima, H. Ito, Y.J. Am. Chem. Soc.1992, 114, 8295. Aldol
reaction: (f) Kuwano, R.; Miyazaki, H.; Ito, Y.Chem. Commun.1998, 71.

(7) For stoichiometric enantioselective fluorination: (a) Shibata, N.; Suzuki,
E.; Asahi, T.; Shiro, M.J. Am. Chem. Soc.2001, 123, 7001. (b) Shibata,
N.; Suzuki, E.; Takeuchi, Y.J. Am. Chem. Soc.2000, 122, 10728.

(8) Taylor M. S.; Jacobsen, E. N.J. Am. Chem. Soc.2003, 125, 11204.
(9) Isolation and characterization: (a) Suszko, J.Rocz. Chem. 1935, 15, 209.

(b) Dega-Szafran, Z.Bull. Acad. Pol. Sci., Ser. Sci. Chim. 1966, 14, 529.
Asymmetric catalysts: (c) Shi, M.; Xu, Y. M.Angew. Chem., Int. Ed.
2002, 41, 4507. (d) Kawahara, S.; Nakano, A.; Esumi, T.; Iwabuchi, Y.;
Hatakeyama, S.Org. Lett.2003, 5, 3103. (e) Iwabuchi, Y.; Nakatani, M.;
Yokoyama, N.; Hatakeyama, S.J. Am. Chem. Soc.1999, 121, 10219.

(10) Recent reviews on asymmetric synthesis of quaternary carbon centers,
see: (a) Christoffers, M.; Mann, A.Angew. Chem., Int. Ed.2001, 40,
4591. (b) Corey, E. J.; Guzman-Perez, A.Angew. Chem., Int. Ed.1998,
37, 388.

(11) Grossman, R. B.; Comesse, S.; Rasne, R. M.; Hattori, K.; Delong, M. N.
J. Org. Chem.2003, 68, 871 and references theirin.

(12) (a) Hansch, C.; Leo, A.; Taft, R. W.Chem. ReV. 1991, 91, 165. (b) Saaby,
S.; Bayón, P.; Aburel, P. S.; Jørgensen, K. A.J. Org. Chem.2002, 67,
4352.

(13)

(14) (a) Ding, H.; Friestad, G. K.Org. Lett.2004, 6, 637. Alternative procedure.
(b) Fernández, R.; Ferrete, A.; Llera, J. M.; Magriz, A.; Martı´n-Zamora,
E.; Dı́ez, E.; Lassaletta, J. M.Chem. Eur. J.2004, 10, 737.
JA047704J

Table 2. Organocatalytic Asymmetric Reactions of tert-Butyl
R-Aryl-R-cyanoacetates 1 and Di-tert-butyl Azodicarboxylate 2da

entry substrate Ar product temp (°C) yieldb (%) eec (%)

1 1b Ph 3e -78 99 >98
2 1c o-F-C6H4 3f -50 99 98
3 1d m-Me-C6H4 3g -78 99 97
4 1e p-Cl-C6H4 3h -78 99 98
5 1f p-NO2-C6H4 3i -50 99 91
6 1g p-MeO-C6H4 3j -78 95 89
7 1h 2-naphthyl 3k -78 99 98
8 1i 2-thienyl 3l -78 99 97
9d 1i 2-thienyl 3l -50 84e 93

a Reactions were carried out in toluene (0.1 M) with 1.1 equiv oftert-
butyl R-aryl-R-cyanoacetate relative to the azodicarboxylate in the presence
of 5 mol %â-ICD (16-20 h). b Yield of isolated product.c ee determined
by CSP-HPLC analysis.d Reaction performed in the presence of 0.1 mol
% catalyst.e Formation of∼10% FC product detected by1H NMR.

Table 3. â-ICD-Catalyzed Reactions of â-Keto Esters and a
â-Diketone with Di-tert-butyl Azodicarboxylate 2da

a The reactions were carried out in toluene (0.1 M) with 1.1 equiv of
substrate relative to the azodicarboxylate in the presence of 5 mol %â-ICD.
b Yield of isolated product.c ee determined by CSP-HPLC analysis.
d Absolute configuration of5awas determined by correlation of the specific
optical rotation with literature data.3b e The reaction was carried out with
1.1 equiv of azodicarboxylate relative to the substrate.

Scheme 1. Nitrogen-Nitrogen Bond Cleavage Using SmI2
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