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Department of Organic Chemistry, Arrhenius Laboratory, Stockholm University, SE-106 91 Stockholm, Sweden

Received 17 November 2006; revised 8 January 2007; accepted 17 January 2007
Available online 23 January 2007
Abstract—Organocatalytic asymmetric amine conjugate additions to a,b-unsaturated aldehydes catalyzed by protected diarylprol-
inols are presented. The reactions proceed with high enantioselectivity and result in Cbz or Boc protected b-amino aldehydes,
c-amino alcohols, b-amino acids and 1,3-diamines with typically 82–99% ee.
� 2007 Elsevier Ltd. All rights reserved.
The aza-Michael reaction, in which an amine is added
to the b-position of a carbonyl compound, has found
a multitude of applications in organic synthesis.1 The
resulting b-amino carbonyl compounds are constitu-
ents of many natural products and can be used as chi-
ral synthons for the preparation of pharmaceutical
agents. The conjugate addition of stoichiometric
amounts of chiral amines to electron deficient a,b-
unsaturated compounds has been the main strategy
for the construction of b-amino carbonyl compounds.2

Catalytic versions that utilize Lewis acids as catalysts
have been reported.3 Moreover, peptide derivatives
mediate the asymmetric conjugate addition of TMS
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azide to imides.4 Recently, MacMillan and co-workers
reported the asymmetric addition of silyl protected
hydroxylamines to a,b-unsaturated aldehydes in the
presence of catalytic amounts of chiral imidazolidi-
none amines, Eq. 1a.5 This reaction proceeds via a
catalytic enantioselective iminium activation mecha-
nism.6 Shortly after, we reported that chiral pyrrol-
idine derivatives catalyze the reaction between
hydroxylamines and enals to furnish 5-hydroxyisoxaz-
olidines in one pot, Eq. 1b.7 Furthermore, we found
that chiral amines catalyze the asymmetric domino
aza-Michael/aldol reaction between 2-aminobenzalde-
hydes and enals, Eq. 1c.8
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Inspired by the high chemoselectivities obtained in these
reports, we became interested in whether simple chiral
pyrrolidine derivatives would also be able to catalyze
the conjugate addition of amines to a,b-unsaturated
aldehydes. Moreover, this reaction is of high synthetic
importance since it is a direct route to protected b-amino
aldehydes, b-amino acids and c-amino alcohols, Eq. 2.
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Herein, we report that simple chiral pyrrolidine deriva-
tives catalyze highly enantioselective conjugate addi-
tions of protected N-methoxycarbamates to a,b-
unsaturated aldehydes. The reaction gives access to the
corresponding b-amino aldehydes, c-amino alcohols
and b-amino acids in good yields and 82–99% ee. More-
over, the reaction was linked in cascade with organocat-
alytic Mannich reactions to give the corresponding
Table 1. Catalyst screen for the enantioselective reactions between amines 1
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Entry R1 R2 Amine R Product Cataly

1 Cbz OMe 1a CO2Et 3a 4

2 Cbz OMe 1a CO2Et 3a 5

3 Cbz OMe 1a CO2Et 3a 6

4 Cbz OMe 1a CO2Et 3a 7

5 Cbz OMe 1a CO2Et 3a 7

6 Cbz OTBS 1b CO2Et 3b 7

7 Cbz OTBS 1b CO2Et 3b 7

8

O

O

1c n-Bu 3c 7

a Experimental conditions: A mixture of 1 (0.30 mmol), enal 2 (0.25 mmol) an
displayed in Table 1.

b Determined by 1H NMR analysis.
c Determined by chiral-phase HPLC analysis.
d Isolated yield of pure alcohol 11 obtained after in situ reduction of 3.
e 20 mol % acetic acid was added.
f Isolated yield of pure aldehyde 3c.
orthogonally protected chiral diamines with high
enantioselectivity.

In an initial catalyst and solvent screen, we found that
chiral pyrrolidines 5–7 catalyzed the reaction between
Cbz protected methoxyamine 1a (0.30 mmol) and enal
2a (0.25 mmol) with high chemoselectivity in CHCl3
(1 mL) to give the corresponding b-amino aldehyde 3a
with low to high conversion and up to 98% ee. (Table
1).9 Notably, no b-amino aldehyde products arising
from 1,4-catalyst incorporation were observed.

The chiral TMS protected pyrrolidine 7 was the most
efficient catalyst and mediated the formation of b-amino
aldehyde 3a with the highest ee. Moreover, catalyst 7
and enals 2a
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st Temperature (�C) Time (h) Convb (%) eec (%)

rt 24 0 —
rt 5 >99 (49)d 45
rt 24 22 (18)d 90
rt 1 >99 (65)d 96
4 3 >99 (66)d 98
rt 5 60 (45)d 99
rt 3.5d 70 (55)d,e 99e

4 14 >99 (89)f 62

d catalyst (20 mol %) in 1.0 mL CHCl3 was stirred under the conditions
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catalyzed the reaction with high enantioselectivity in
several of the other solvents tested. Changing the amine
nucleophile to N-silyloxycarbamate 1b improved the
enantioselectivity of the reaction but reduced the reac-
tion rate (entries 6 and 7). For instance, b-amino alde-
hyde 3b was formed in 70% conversion after 3.5 h in
99% ee in the presence of a catalytic amount of 7.
Phthalimide 1c could also be used as a nucleophile
and the corresponding b-amino aldehyde 3c was isolated
in 89% yield with 62% ee (entry 8). Based on our preli-
minary results, we decided to investigate the catalytic
asymmetric conjugate additions of protected hydroxyl-
amines 1a, b, d and phthalimide 1c to different enals 2
with (S)-diphenylprolinol 7 as the organocatalyst (Table
2).10

The catalytic conjugate additions of Cbz or Boc pro-
tected methoxyamines 1a and 1d to enals 2 proceeded
with high chemo- and enantioselectivity and the corre-
sponding b-amino aldehydes 3a, 3d–h were obtained in
good to high yields with 92–99% ee. For example,
diarylprolinol 7 catalyzed the asymmetric conjugate
addition between amine 1a and crotonaldehyde with
high chemoselectivity to give b-amino aldehyde 3g in
86% yield with 92% ee (entry 5). The organocatalytic
conjugate addition between TBS protected hydroxyl-
amine 1b and 2-hexenal at �20 �C gave the correspond-
ing b-amino aldehyde 3i in 59% yield with 93% ee (entry
7). Moreover, the reactions were operationally simple
and readily scaled up. However, catalyst 7 was unable
to catalyze the conjugate addition of protected hydroxyl-
amines 1a, b and d to cinnamic aldehydes (e.g., entry 9).
Notably, the addition of a small amount of an organic
Table 2. Direct organocatalytic asymmetric conjugate addition reactions bet
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Entry R1 R2 Amine R Product

1 Cbz OMe 1a CO2Et 3a

2 Boc OMe 1d CO2Et 3d

3 Cbz OMe 1a n-Pr 3e

4 Cbz OMe 1a n-Bu 3f

5 Cbz OMe 1a Me 3g

6 Cbz OMe 1a BnOCH2 3h

7 Cbz OTBS 1b n-Pr 3i

8

O

O

1c Ph 3j

9 Cbz OMe 1a 4-NO2C6H4 3k

10 Cbz OMe 1a 4-NO2C6H4 3k

a Experimental conditions: A mixture of 1 (0.30 mmol), enal 2 (0.25 mmol
conditions displayed in Table 2.

b Isolated yield of pure alcohol 11 obtained by in situ reduction of compoun
c Determined by chiral-phase HPLC analysis.
d 3 equiv of crotonaldehyde used.
e The reaction was run in CHCl3–EtOH 6:1.
f 20 mol % of benzoic acid was added, CHCl3–EtOH 6:1.
g 20 mol % of 3,5-dinitrobenzoic acid was added.
h Isolated yield of pure compound 3j.
acid (20 mol %) enabled these reactions to take place.
For example, the use of 3,5-dinitrobenzoic acid
(20 mol %) as an additive made it possible for chiral pyr-
rolidine 7 to catalyze the reaction between amine 1a and
4-nitrocinnamic aldehyde to give the corresponding b-
amino aldehyde 3k in 40% yield with 82% ee (entry
10). Thus, the presence of an acid additive pushes the
equilibrium towards product formation. Moreover,
phthalimide 1c was also added to cinnamic aldehyde
and the corresponding aldehyde 3j was isolated in 69%
yield, but with 45% ee when benzoic acid (20 mol %)
was added (entry 8). The same reaction without the acid
additive in CHCl3–EtOH 6:1 increased the yield to 80%
and slightly decreased the ee to 40%.

We next decided to link the organocatalytic asymmetric
aza-Michael reactions in a cascade with a three-compo-
nent proline-catalyzed asymmetric Mannich reaction in
one pot.11–13 This should be possible due to the complete
difference in reactivity between chiral pyrrolidine 7 and
proline in the separate reactions. To our delight, the
novel cascade reaction gave direct access to ortho-
gonally protected chiral diamine derivatives with excel-
lent chemo- and enantioselectivities (Scheme 1). In
fact, the proline catalyzed Mannich reaction kinetically
resolved the b-amino aldehyde intermediate 3f to give
diamines 8a and 8b with 98% and 99% ee, respectively.

The organocatalytic asymmetric amine conjugate reac-
tions were also useful for the one-pot synthesis of the
corresponding b-amino acids 9 or c-amino alcohols 11
by in situ oxidation and reduction, respectively (Scheme
2).
ween amines 1 and aldehydes 2a
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(20 mol%)

3CHCl3

Temperature (�C) Time (h) Yieldb (%) eec (%)

4 3 66 98
rt 24 56 99

�20 12 62 96
�20 14 65 95
�20 18 86d 92d

�20 16 64 98
�20 24 59 93

�20 24 80e,h (69)f,h 40e (45)f

rt 48 0 —
rt 6 40g 82g

) and catalyst 7 (20 mol %) in 1.0 mL CHCl3 was stirred under the

d 3 with NaBH4.
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Scheme 1. One-pot asymmetric cascade aza-Michael/Mannich reactions using a combination of 7 and (S)-proline or (R)-proline as the catalysts,
respectively.
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Scheme 2. Reagents and conditions: (a) (i) (S)-7 (20 mol %), CHCl3, �20 �C, 14 h; (ii) NaClO2, iso-butene, KH2PO4, t-BuOH–H2O 2:1, 54%
(overall); (b) H2 (90 MPa), Pd/C (10 mol %), MeOH, rt, 48 h, 90%; (c) (i) (S)-7 (20 mol %), CHCl3, �20 �C, 14 h; (ii) NaBH4, MeOH, 0 �C, 5 min,
62% (overall).
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For example, enal 2c was converted in one-pot to b-
amino acid 9 in 54% overall yield with 98% ee. Sub-
sequent deprotection gave the corresponding b-amino
acid 10. Comparison with the literature established that
the absolute stereochemistry of 10 (½a�25

D �30.4 (c 0.1,
H2O), lit. (ent-10 ½a�15

D +61 (c 0.4, H2O)15) was (3R).14

On the basis of the absolute configuration, we propose
transition-state model I to account for the enantioselec-
tivity of the amino acid catalyzed formation of b-amino
aldehydes 3 (Fig. 1). Hence, the bulky (S)-diarylprolinol
N+

HN R2

R

R1

Ar

Ar

OTMS

I

Figure 1. Transition state model evoked to account for the enantio-
selectivity of the (S)-7 catalyzed reactions.
derivative forms an iminium intermediate with enal 2
which is attacked by the N-Boc or Cbz protected amines
1 from its Re-face (R = alkyl) providing the (3R)-b-ami-
no acid derivatives 3.

In summary, we have reported a simple, highly enantio-
selective, organocatalytic asymmetric amine conjugate
addition reaction. The chiral pyrrolidine catalyzed reac-
tions between protected N-methoxycarbamates and a,b-
unsaturated aldehydes proceeded with high chemo- and
enantioselectivity to furnish b-amino aldehydes in good
to high yields with 82–99% ee. Moreover, a novel organo-
catalytic asymmetric cascade aza-Michael/Mannich
reaction was developed. Further elaboration of amine
conjugate additions, their synthetic application and
mechanistic studies are ongoing in our laboratory.16
Acknowledgement

We gratefully acknowledge the Swedish National
Research Council and Carl-Trygger Foundation for
financial support.



J. Vesely et al. / Tetrahedron Letters 48 (2007) 2193–2198 2197
References and Notes

1. For general information see: (a) Pelmutter, P. Conjugate
Addition Reactions in Organic Synthesis; Pergamon:
Oxford, 1992; For reviews see: (b) Liu, M.; Sibi, M. P.
Tetrahedron 2002, 58, 7991; (c) Xu, L.-W.; Xia, C.-G. Eur.
J. Org. Chem. 2005, 633; (d) Hultzsch, K. C. Adv. Synth.
Catal. 2005, 347, 367.

2. For selected examples see: (a) Enders, D.; Wahl, H.;
Bettray, W. Angew. Chem., Int. Ed. Engl. 1995, 34, 455; (b)
Davies, S. G.; Fenwick, D. T. J. Chem. Soc., Chem.
Commun. 1995, 1109; (c) Amoroso, R.; Cardillo, G.;
Sabatino, P.; Tomasini, C.; Trere, A. J. Org. Chem. 1993,
58, 5615; (d) Dumas, F.; Mezrhab, B.; d’Angelo, J. J. Org.
Chem. 1996, 61, 2293.

3. (a) Sibi, M. P.; Shay, J. J.; Liu, M.; Jasperse, C. P. J. Am.
Chem. Soc. 2001, 123, 9708; (b) Doi, H.; Sakai, T.; Iguchi,
M.; Yamada, K.; Tomioka, K. J. Am. Chem. Soc. 2003,
125, 2886; (c) Myers, J. K.; Jacobsen, E. N. J. Am. Chem.
Soc. 1999, 121, 8959; (d) Zhuang, W.; Hazell, R. G.;
Jørgensen, K. A. Chem. Commun. 2001, 1240; (e) Palomo,
C.; Oiarbide, M.; Halder, R.; Kelso, M.; Gómez-Bengoa,
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dron Lett. 2006, 47, 7417.

13. (a) List, B. J. Am. Chem. Soc. 2000, 122, 9336; (b)
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