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Introduction

Since the start of this decade, great progress has been made
in the field of organocatalytic asymmetric reactions.[1] The
increasing interest in organocatalysis is mainly due to the
possibility of easy and environmentally friendly access to
important chiral building blocks, for example, life-science
and agriculture. Organocatalysis offers a large number of
possibilities which are complementary to, for example,
Lewis acid catalysis, such as the possibility of domino reac-
tions.[2]

Among the different catalysts applied in organocatalysis,
the use of secondary amines leading to enamine-,[3] imini-
um-[4] or dienamine[5] intermediates have proven to be a
robust tool for stereoselective functionalisations of saturated
and unsaturated carbonyl compounds. These reactions now
include a-functionalisations leading to, for example, highly
selective aldol-,[6] Mannich-,[7] a-amination-,[8] a-hydroxyl-
ation-,[9] a-halogenation-[10] and a-sulfenylation[11] reactions
of carbonyl compounds. The functionalisation has also been
extended to the b-position of a,b-unsaturated aldehydes al-

lowing enantioselective conjugated addition of hydride,[4e,f]

sulphur,[4g–j] nitrogen,[4k–m] oxygen[4n] and carbon nucleophi-
les.[4b–d]

The organocatalytic direct a-amination reaction was de-
veloped by using azodicaboxylates as the electrophilic ami-
nation reagent and represents an easy approach to the for-
mation of non-natural amino acids and N-protected oxalidi-
nones.[8] Recently, MacMillan et al. introduced a method for
the b-amination of a,b-unsaturated aldehydes[4k] by using N-
silyloxycarbamates to achieve the 1,4-addition of a nucleo-
philic nitrogen functionality to the b-position. Subsequently,
Cordova et al[4l] used the same nucleophile for the amina-
tion, followed by an intramolecular formation of 5-hydroxy
isoxazolidine. The latter group has also earlier presented an
organocatalytic pathway for asymmetric aziridination.[4m]

More recently, it has also been shown that N-heterocycles
can add to a,b-unsaturated aldehydes in an enantioselective
fashion.[4o]

In recent years, much effort has also been devoted to or-
ganocatalysed one-pot, multicomponent reactions leading to
a highly efficient method for multiple-bond and stereocenter
formation without intermediate purifications.[2] The simplici-
ty of these reactions, minimising the number of manual op-
erations, makes them a very attractive choice for organic
synthesis and industry. However, designing high-yielding
one-pot multistep reactions with good stereoselective con-
trol has proven to be a difficult task.
In this paper, we will present a different protocol for the

introduction of an amine functionality to a,b-unsaturated al-

Abstract: An easy and affordable route
for obtaining chiral b-aminated- and
a,b-diaminated aldehydes, 1,3-aminoal-
cohols, and related compounds by
using organocatalysis is presented. The
chiral secondary amine (S)-2-[bis(3,5-
bistrifluoromethylphenyl)trimethylsila-
nyloxymethyl]pyrrolidine is used as the
catalyst to activate a,b-unsaturated al-
dehydes, which allows succinimide to

add in a 1,4-regio- and stereoselective
fashion thereby forming N-protected
1,3-aminoaldehydes in good yields and
enantioselectivities. This is followed by
two easy transformations giving rise to

optically active 1,3-aminoalcohols, a
common motif in many biologically
active compounds, for example, fibrino-
gen receptor antagonists. Furthermore,
optically active a,b-syn-diaminated al-
dehydes were obtained by the addition
of diethyl azodicarboxylate in a one-
pot reaction.

Keywords: amination · asymmetry ·
multicomponent diamination ·
organocatalysis

[a] H. Jiang, J. B. Nielsen, M. Nielsen, Prof. Dr. K. A. Jørgensen
Danish National Research Foundation: Center for Catalysis
Department of Chemistry, Aarhus University
8000 Aarhus C (Denmark)
Fax: (+45)8919-6199
E-mail : kaj@chem.au.dk

Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.

E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 9068 – 90759068



dehydes by using the commercially available and cheap suc-
cinimide as the nitrogen source (Scheme 1, top). This repre-
sents an easy and practical method to obtain protected opti-

cally active b-amino aldehydes and alcohols in good yields
and enantioselectivities. These products represent a
common motif in bioactive peptidomimics, for example, fi-
brinogen receptor antagonists,[12] which have promising po-
tentials as leads in many pharmacological studies.
We will also report a strategy, taking advantage of both

the enamine- and iminium-ion activation by secondary
amine catalysts, resulting in a stereocontrolled syn-selective
diamination of a,b-unsaturated aldehydes (Scheme 1,
bottom; Scheme 2). Under simple reaction conditions, the
electrophile can be added in situ to the b-aminated alde-
hydes thereby forming multiple C�N bonds with good
stereo- and regioselectivity in one pot.

Results and Discussion

b-Amination of a,b-unsaturated aldehydes : To accomplish
the b-amination of a,b-unsaturated aldehydes by applying
chiral secondary amine catalysis, the choice of nucleophile is
essential. The nitrogen source of choice has to be both
chemo- and regioselective, given that it must demonstrate
the ability to add to the iminium-activated a,b-aldehyde in
an enantioselective fashion (Scheme 3, path 1), rather than
the iminium-ion formation by reaction of the nucleophile
with the carbonyl group (Scheme 3, path 2).

To our delight, initial studies revealed that in CH2Cl2, suc-
cinimide[13] 2a showed excellent reactivity as a nucleophile
in the conjugated addition towards iminium-ion activated
a,b-unsaturated aldehydes by using 4a as the catalyst
(Scheme 3, path 1). In the absence of the catalyst, no reac-
tion was observed indicating that the undesired reaction
course can be neglected. A further advantage is that 2a is
cheap and may serve as a stable N-protecting group, which
can survive most product manipulations, while an easy de-
protection protocol can be employed when desired (vide
infra).
During the screening process for reaction conditions,

trans-2-pentenal 1a was applied as the a,b-unsaturated alde-
hyde and succinimide 2a as the nitrogen source in the pres-
ence of 4a–c (10 mol%) as the catalysts (Scheme 4). Various
additives, concentrations, solvents and temperatures were
tested. Table 1 shows some representative screening results
for the amination reaction (Scheme 4).
The b-amination is dependent on the catalyst and addi-

tives. The application of (S)-2-[bis(3,5-bistrifluoromethyl-

Scheme 1. Top: Organocatalytic enantioselective b-amination of a,b-un-
saturated aldehydes by using succinimide as the nitrogen source. Bottom:
One-pot multi-step organocatalytic syn diamination of a,b-unsaturated
aldehydes by using succinimide as the nucleophile and diethyl azodicar-
boxylates as the electrophile. HN-Pg=Succinimide.

Scheme 2. Combination of enamine and iminium-ion activation leading
to one-pot diaminated products.

Scheme 3. Problems and considerations: Choice of nitrogen source.

Scheme 4. Screening various reaction conditions for addition of succini-
mide to trans-2-pentenal.
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phenyl)trimethylsilanyloxymethyl]pyrrolidine (4a) as the
catalyst (10 mol%) in CH2Cl2 and by employing trans-2-pen-
tenal (1a) and succimide (2a) in ratio of 1.5:1 gave, in the
absence of additive, moderate conversion (Table 1, entry 1).
A number of additives were evaluated in order to improve
the conversion (entries 2–8) and it turned out that the pres-
ence of 20 mol% NaOAc or H2O/NaOAc gave a significant
improvement in conversion (entries 5, 8). The role of
NaOAc is probably to promote deprotonation of 2a to
make it into a better nucleophile. Under these reaction con-
ditions, the enantioselectivity of the product was formed in
up to 88% ee (ee=enantiomeric excess; entry 5). The appli-
cation of a strong acid, such as HCl (entry 2), probably re-
sulted in protonation of the secondary amine and deprotec-
tion of the TMS (TMS= trimethylsilyl) group of the catalyst.
In presence of weaker acids, such as PhCO2H, the reaction
still took place, but at a much lower rate (entry 3). General-
ly, under non-basic conditions, several side reactions were
observed (entry 1–3). Bases, such as NaOH or Et3N (en-
tries 6, 7), also promoted very poor reactivity and led to de-
composition of the starting materials. Only KCO3/KHCO3

(entry 4) gave results comparable to those obtained by
NaOAc and H2O/NaOAc.
A number of other catalysts were also evaluated, for ex-

ample, proline 4b and proline amide 4c turned out to be
much less effective compared to 4a. Proline 4b gave a good
conversion, but failed to have any mentionable stereoselec-
tive control (entry 9), while 4c did not show any considera-
ble conversion (entry 10).
A screening of the most frequently employed solvents

spanning over different polarities and hydrogen-bonding
properties (MeCN, toluene, CH2Cl2, DMSO, Et2O, THF,
xylene, H2O and EtOH) was also performed. It turned out
that only in CH2Cl2 and EtOH acceptable conversions, 70
and 51%, and enantioselectivities 88 and 62% ee, respec-
tively, were obtained. However, for the reaction conducted
in EtOH, a number of byproducts—1,4- and 1,2-ethanol ad-
dition products—were formed.

The reaction is also temperature dependent; at 4 8C, the
conversion was only 34% after 24 h and 3a was formed with
78% ee, while at �24 8C no conversion was observed. At
40 8C, an improvement in conversion to 78% was found,
while the enantioselectivity decreased to 75% ee. At this
temperature, the reaction time was reduced significantly;
however, full conversion was never achieved. Additionally,
decomposition and side reactions are also promoted by the
high temperature.
It was also observed that even after a prolonged reaction

time, the succinimide 2a was not fully consumed in the pres-
ence of excess aldehyde. To our delight, it was found that
the conversion for the reaction (Scheme 4) could be further
improved from 70% (of 2a) to �90% (of aldehyde) by
changing the trans-2-pentenal 1a and 2a ratio of 1.5:1 to
1:1.5, without changing the enantioselectivity (88% ee) of
the reaction. Increasing the amount of 2a relative to 1a fur-
ther led to the decomposition of product 3a. It is also worth
mentioning that by adding H2O (2 equiv), the reaction time
is considerably shortened. It has previously been suggested
that water makes the catalytic cycle faster.[6r,s]

Finally, a closely related imide, phtalimide 2b, was also
tested as a possible nitrogen source. By using the developed
reaction conditions, only a trace of the addition product was
observed, which might be due to solubility problems of 2b
in CH2Cl2. Changing to the more polar solvent EtOH, mod-
erate conversion was observed; however, the reaction gave
rise to many ethanol-addition byproducts. In dioxane, full
conversion was achieved by using 2b as a nucleophile and
4a and DBU (DBU=1,8-diazabicycloACHTUNGTRENNUNG[5.4.0]undec-7-ene) as
catalyst and co-catalyst, respectively; however, only racemic
products were obtained.
A number of different a,b-unsaturated aldehydes 1 were

reacted with succinimide 2a (Scheme 5) in order to show
the scope of the presented organocatalytic enantioselective
b-amination reaction. The results are presented in Table 2.
It appears from the results in Table 2 that the b-amination

reaction proceeds well for different aliphatic a,b-unsaturat-
ed aldehydes giving yields from 65 to 74% and with enan-
tioselectivities up to 90% ee. The b-succinimide group,
being a good leaving group, makes the product prone to
elimination thereby reintroducing the double bond prevent-
ing higher yields. The enantioselectivities of the isolated
products ranged from 87 to 90% ee, except in the case of
crotonaldehyde (78% ee) for which the aliphatic chain only
consists of a small methyl group. For the remaining alde-

Table 1. Organocatalytic b-amination of a,b-unsaturated aldehyde 1a
with succinimide 2a under various conditions.[a]

Entry Cat. Additive [mol%] Conv. [%][b] ee [%][c]

1 4a – 47 nd
2 4a HCl (20) 6 nd
3 4a PhCO2H (20) 42 nd
4 4a KCO3/KHCO3 (20) 60 nd
5 4a NaOAc (20) 70 88
6 4a Et3N (20) 27 nd
7 4a NaOH (20) 16 nd
8 4a H2O (200)–NaOAc (20) 72 88
9 4b NaOAc (20) 90 15
10 4c NaOAc (20) 7 nd

[a] Experimental conditions: trans-2-pentenal 1a (1.5 equiv, 0.375 mmol)
was added to a stirring solution of 2a (1 equiv, 0.250 mmol), 10 mol% of
catalyst 4a–c and the respective additive in the given amount in CH2Cl2
(0.5 mL). The reaction time is 20 h. [b] The conversion is determined by
NMR spectroscopy. [c] The ee was determined, unless otherwise noted,
by reduction of the product aldehyde 3a with NaBH4 followed by
esterification to the corresponding p-chlorobenzoyl ester.

Scheme 5. Scope of the organocatalytic enantioselective 1,4-addition of
succinimide to a,b-unsaturated aldehydes.
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hydes, variations in the chain length, as well as other func-
tional groups, for example, a non-conjugated double bond
(entry 6) or �OTBDMS group (entry 7), are well tolerated.

a,b-Unsaturated aldehydes with an aromatic or heteroaro-
matic ring in direct conjugation to the double bond do not
undergo the described reaction. This might be due to the
stability of the prolonged conjugated system.
An scale-up of the investigated reaction is also possible.

This was done by using crotonaldehyde (5 mmol) which
gave a good yield of 83% without loss of enantioselectivity.
Furthermore, it was shown that the obtained products were

stable at 4 8C for five days without decomposition or racemi-
zation.
The cleavage of the succinimide group thereby liberating

the amine functionality is a well-described reaction in litera-
ture.[14] We performed a base-mediated deprotection of the
corresponding b-succinimide alcohol 6 obtaining a yield of
71% of the amino alcohol 7 (Scheme 6).

The absolute configuration was determined for 3-(2,5-di-
oxopyrrolidin-1-yl)butanal 3b by chemical correlation after
oxidation and ethyl esterification.[15] The measured optical
rotation corresponds well to the literature confirming the R
configuration of the b-stereocenter, as expected by compari-
son to earlier results.[4o] The remaining configurations are as-
sumed by analogy.

Diamination of a,b-unsaturated aldehydes : The first chal-
lenge we faced during the design process was a proper
choice of eletrophilic nitrogen-source. Several organocata-
lytic a-amination protocols have been presented in the
past.[8] Among the applied electrophiles, azodicarboxylates
have proved to be efficient, giving both good yields and ste-
reoselectivity. We therefore decided to explore the possibili-
ty of a multicomponent one-pot syn diamination by using
succinimide 2a as the nucleophile and diethyl azodicarboxy-
lates (DEAD) 8 as the electrophile.
As outlined in Scheme 7, several undesired competitive

reactions, for example, the decomposition of the eletrophilic
nitrogen-source caused by succinimide (path 1), have to be

Table 2. Organocatalytic enantioselective b-amination of a,b-unsaturated
aldehydes 1 with 2a as a nucleophile catalysed by 4a (10 mol%) in
CH2Cl2 at RT to give products 3.

[a]

Entry Product Yield [%][b] ee [%][c]

1 3a : 72 88

2 3b : 65 78[d]

3 3c : 66 87

4 3d : 65 87

5 3e : 73 90

6 3 f : 72 89

7 3g : 74 89

[a] Experimental conditions: a,b-unsaturated aldehyde 1 (1 equiv,
0.250 mmol) was added to a stirring solution of 2a (1.5 equiv,
0.375 mmol), 10 mol% of catalyst 4a, 200 mol% H2O and 20 mol%
NaOAc in CH2Cl2 (0.5 mL). [b] Isolated yield. [c] The ee was determined,
unless otherwise noted, by reduction of the product aldehyde 3 with
NaBH4 followed by esterification to the corresponding p-chlorobenzoyl
ester 5. [d] The ee was determined by GC analysis by using a chiral
Chrompack CP Chiralsil-Dex Cb column.

Scheme 6. Reduction and deprotection of the products.

Scheme 7. Competitive reaction paths.
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avoided. Furthermore, earlier studies have shown that azodi-
carboxylates can react as a dienophile towards a,b-unsatu-
rated aldehydes under similar conditions, also catalysed by
4a[5a] (path 2).
Realizing these difficulties, we employed a sequential ad-

dition of succinimide 2a and 8. After the completion of the
1,4-addition of 2a to the a,b-unsaturated aldehyde by em-
ploying the previously optimised reaction conditions, 8 was
added at �24 8C. However, the diaminated product 9 was
formed in low yield due to a low conversion of the second
reaction step, presumably caused by decomposition of 8 in
the presence of 2a. Limiting the amount of 2a during the
second reaction step was therefore crucial for the yield of 9.
A complete exclusion of 2a is impossible as the rate of the
1,4-addition of 2a becomes slow after reaching a plateau of
85–90% conversion of the aldehyde. However, a careful ex-
amination showed that a small amount of 2a is in fact toler-
ated under non-basic conditions. Therefore, it was decided
to change the acidity of the reaction after the b-amination
step by in situ addition of PhCO2H (0.4 equiv) before
adding the electrophile 8. The ratio of the aldehyde 1 and
2a was changed to 1.5:1 in favour of the aldehyde, in order
to limit the amount of remaining 2a during the addition of
8. Scheme 8 shows the scope of the organocatalytic asym-
metric syn diamination reaction.

The in situ addition of 8 to the preformed b-aminated al-
dehydes in slightly acidic media resulted in near full conver-
sion to the syn diaminated products 9 within 2.5 h at �24 8C.
The enantioselectivity, overall yield and dr (diastereomeric
ratio) were up to 99% ee, 40% and 8:2 dr, respectively. We
have observed that the dr in the reaction mixture was slight-
ly higher (�9:1); however, the diaminated product is prone
to epimerisation, as well as retro-reaction on silica gel re-
sulting in a decrease of dr to 75:25–80:20 of the isolated
product.
The cleavage of the N�N bond liberating the free a-

amino group has been described in the literature.[16] Further
functionalisation of the syn-diaminated aldehydes was ach-
ieved by reductive amination[17] with, for example, aniline
giving 1,2,3-triaminated products (Scheme 9). The reductive
amination with aniline is a quantitative reaction giving prod-

ucts 10a,e as enantiopure compounds as outlined in
Scheme 9.

Conclusion

We have presented an easy and organocatalytic approach to
form b-aminated aldehydes with high enantioselectivity and
yields by using a cheap and commercially available nucleo-
phile, succinimide. The obtained b-aminated aldehydes are
easily transformed to 1,3-aminoalcohols, which are impor-
tant building blocks in, for example, life science. We have
also shown that an one-pot syn diamination of a,b-unsatu-
rated aldehydes by using succinimide as a nucleophile and
diethyl azodicarboxylate as the electrophile is possible,
giving good yields and excellent diastereo- and enantioselec-
tivity of the syn-aminated products.

Experimental Section

General : NMR spectra were acquired on a Varian AS400 spectrometer,
running at 400 and 100 MHz for 1H and 13C, respectively. Chemical shifts
(d) are reported in ppm relative to residual solvent signals (CHCl3,
7.26 ppm for 1H NMR, CDCl3, 77.0 ppm for 13C NMR). 13C NMR spectra
were acquired on a broad-band decoupled mode. Mass spectra were re-
corded on a Micromass LCT spectrometer by using electrospray (ES+)
ionisation techniques. Analytical TLC was performed by using precoated
aluminium-backed plates (Merck Kieselgel 60 F254) and visualised by ul-
traviolet irradiation or KMnO4 dip. Optical rotations were measured on
a Perkin–Elmer 241 polarimeter. The enantiomeric excess (ee) of the
products was determined by chiral stationary phase HPLC (Daicel Chir-
alpak AS/AD or Daicel Chiralcel OD/OJ columns).

Materials : Analytical grade solvents, a,b-unsaturated aldehydes 1a–f,
DEAD (8) and succinimide 2a are commercially available reagents and
were used as received. Substrates 1g were prepared according to the lit-
erature.[18] Flash chromatography was carried out by using Iatrobeads
6RS-8060 (spherical silica gel) or silica gel purchased from Fluka (silica
gel 60, 230–400 mesh). Racemic samples were prepared by using a race-
mic mixture of the catalyst.

General procedure for the conjugate addition of succinimide to a,b-unsa-
turated aldehydes : Catalyst 4a (10 mol%, 0.025 mmol), 2a (0.375 mmol,
1.5 equiv), CH2Cl2 (0.5 mL), H2O (9 mL, 2 equiv) and NaOAc (20 mol%,
0.050 mmol) were added to a sample vial equipped with a magnetic stir-
ring bar. The mixture was stirred for a short time at ambient temperature
and then one of the aldehydes 1a–g (0.250 mmol, 1 equiv) was added.
After about 20–24 h (monitored by TLC or NMR spectroscopy), the re-
action was completed and the reaction mixture was loaded onto Iatro-

Scheme 8. Organocatalytic asymmetric syn diamination reaction.

Scheme 9. Derivatisation of the syn diaminated products
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beads 6RS-8060 and the product (3a–g) was obtained by flash chroma-
tography eluting with CH2Cl2/Et2O (80:20).

General procedure for the reduction and esterification of b-aminated al-
dehydes : The chosen aldehyde (3a–g ; 0.25 mmol), dissolved in CH2Cl2
(0.5 mL), was diluted with MeOH (2 mL) and NaBH4 (0.40 mmol,
15 mg) was added. After 30 min, NH4Cl (sat.) solution was added and
the aq. phase was extracted with CH2Cl2 (3M10 mL). The combined or-
ganic phases were dried over Na2SO4. The solvent was evaporated after
filtration to yield the crude alcohol. The alcohol was dissolved in CH2Cl2
(2 mL) and Et3N (0.50 mmol, 69 mL) and 4-chlorobenzoylchloride
(0.50 mmol, 63 mL) were added. After 1–3 h, the reaction mixture was pu-
rified directly by flash chromatography, eluting with CH2Cl2/Et2O 95:5!
90:10 to give 5.

General procedure for the reduction of the b-aminated aldehydes to give
the corresponding alcohol : Aldehyde 3, dissolved in CH2Cl2 (0.5 mL),
was diluted with MeOH (2 mL) and NaBH4 (15 mg) was added. After
30 min, NH4Cl (sat.) solution was added and the aq. phase was extracted
with CH2Cl2 (3M10 mL). The combined organic layers were dried over
Na2SO4. The solvent was evaporated after filtration and the crude prod-
uct was purified by flash chromatography, eluting with CH2Cl2/iPrOH
98:2.

General procedure for the succinimide deprotection of the b-aminated
alcohol to give the corresponding 1,3-aminoalcohol : A mixture of 6
(0.25 mmol) in EtOH (0.5 mL) and KOH (2.2 mmol, 123 mg) dissolved
in H2O (0.4 mL) was refluxed for 5 h. After cooling, the EtOH was re-
moved under reduced pressure and the residue obtained was diluted with
H2O (20 mL) and extracted with CH2Cl2 (10M15 mL). The combined or-
ganic phases were dried over Na2SO4 and the solvent was removed in
vacuo to give the aminoalcohol 7.

General procedure for the one-pot diamination of a,b-unsaturated alde-
hydes : To a sample vial equipped with a magnetic stirring bar was added
the catalyst 4a (10 mol%, 0.025 mmol, 15 mg), 2a (0.25 mmol, 1 equiv,
24.8 mg), CH2Cl2 (0.125 mL) and NaOAc (20 mol%, 0.050 mmol, 4 mg).
The mixture was stirred for a short time at ambient temperature and
then 1a or 1e (0.375 mmol, 1.5 equiv) was added. After about 20 h, the
reaction mixture was diluted with additional CH2Cl2 (0.375 mL) and ben-
zoic acid was added (40 mol%, 0.10 mmol). The temperature was then
lowered to �24 8C and 8 (0.375 mmol, 1.5 equiv, 59 mL) was added. After
2.5 h, the solvent was removed and the crude mixture was purified by
flash chromatography, eluting with CH2Cl2/Et2O 95:5!90:10. The col-
umned product was diluted by hexane/CH2Cl2 1:1 (10 mL) and the organ-
ic layer was washed twice with water and then concentrated in vacuo to
give the final product 9a or 9e.

Representative procedure for reductive amination of the diaminated al-
dehydes : The diaminated aldehyde 9a or 9e (0.25 mmol) was dissolved
in dry DCE (1.0 mL). Aniline (0.25 mmol, 22.8 mL) and NaBH ACHTUNGTRENNUNG(OAc)3
(0.35 mmol, 74 mg) were added, and the heterogeneous mixture was
stirred under N2 at RT for 20 h. Saturated NaHCO3 (1 mL) was added,
and the mixture was extracted with EtOAc (3M5 mL). The combined or-
ganic layers were dried (Na2SO4) and concentrated in vacuo to give a
yellow oil. The crude amine was purified by flash chromatography, elut-
ing with CH2Cl2/Et2O 90:10 to give 10a or 10e.

3-(2,5-Dioxopyrrolidin-1-yl)pentanal (3a): The title compound was ob-
tained according to the general procedure (72% yield). [a]20D =++10.6 (c=

0.55 in CH2Cl2);
1H NMR: d =9.70 (s, 1H), 4.47–4.55 (m, 1H), 3.25 (ddd,

J=1.5, 9.2, 18.0 Hz, 1H), 2.86 (ddd, J=1.0, 5,2, 18.0 Hz, 1H), 2.66 (s,
4H), 1.87–1.98 (m, 1H), 1.65–1.75 (m, 1H), 0.84 ppm (t, J=7.4 Hz, 3H);
13C NMR: d =199.4, 177.3, 47.9, 45.0, 27.9, 24.7, 10.7 ppm; HRMS: m/z :
calcd for C9H13NNaO3: 206.0788 [M+Na]+ ; found: 206.0789; the ee was
determined by HPLC analysis of the corresponding p-chlorobenzoyl
ester by using a Chiralpak AD column hexane/iPrOH 90:10; flow rate=

1.0 mLmin�1; tmajor=17.2 min, tminor=15.2 min (88% ee).

3-(2,5-Dioxopyrrolidin-1-yl)butanal (3b): The title compound was ob-
tained according to the general procedure (65% yield). [a]20D =�2.8 (c=

0.5 in CH2Cl2);
1H NMR: d =9.64 (s, 1H), 4.62–4.71 (m, 1H), 3.20 (ddd,

J=1.4, 8.5, 18.2 Hz, 1H), 2.86 (ddd, J=1.0, 6,0, 18.2 Hz, 1H), 2.60 (s,
4H), 1.32 ppm (d, J=7.0 Hz, 3H); 13C NMR (CDCl3): d =199.2, 177.0,
46.2, 41.8, 27.8, 17.8 ppm; MS: m/z : calcd for C8H11NNaO3: 92.06

[M+Na]+ ; found: 192.02; this compound was too unstable for determina-
tion of exact mass. The excact mass was instead determined by derivatisa-
tion to ethyl 3-(2,5-dioxopyrrolidin-1-yl)butanoate. The ee was deter-
mined by GC by using a chiral Chrompack CP Chiralsil-Dex Cb column;
temperature program: from 70 to 130 8C at a rate of 10 8Cmin�1, main-
taining the temperature for 30 min, then to 180 8C at a rate of
10 8Cmin�1; tmajor=20.4 min, tminor=22.6 min (78% ee).

3-(2,5-Dioxopyrrolidin-1-yl)hexanal (3c): The title compound was ob-
tained according to the general procedure (66% yield). [a]20D =++9.1 (c=

0.60 in CH2Cl2);
1H NMR: d=9.68 (s, 1H), 4.56–4.63 (m, 1H), 3.23 (dd,

J=9.1, 18.0 Hz, 1H), 2.84 (dd, J=5.3, 18.0 Hz, 1H), 2.65 (s, 4H), 1.84–
1.96 (m, 1H), 1.54–1.62 (m, 1H), 1.16–1.28 (m, 2H), 0.88 ppm (t, J=

7.2 Hz, 3H); 13C NMR: d =199.5, 177.2, 46.1, 45.2, 33.5, 27.8, 19.4,
13.5 ppm; HRMS: m/z : calcd for C10H15NNaO3: 220.0944 [M+Na]+ ;
found: 220.0938; the ee was determined by HPLC analysis of the corre-
sponding p-chlorobenzoyl ester by using a Chiralpak AD column
(hexane/iPrOH 90:10); flow rate=1.0 mLmin�1; tmajor=14.4 min, tminor=

13.3 min (87% ee).

3-(2,5-Dioxopyrrolidin-1-yl)heptanal (3d): The title compound was ob-
tained according to the general procedure (65% yield). [a]20D =++15.3 (c=

0.58 in CH2Cl2);
1H NMR: d=9.69 (s, 1H), 4.55–4.62 (m, 1H), 3.24 (dd,

J=9.2, 18.0 Hz, 1H), 2.85 (dd, J=5.3, 18.0 Hz, 1H), 2.66 (s, 4H), 1.87–
1.97 (m, 1H), 1.57–1.67 (m, 1H), 1.07–1.38 (m, 4H), 0.86 ppm (t, J=

7.1 Hz, 3H); 13C NMR: d=199.5, 177.2, 46.4, 45.2, 31.2, 28.3, 27.9, 22.1,
13.9 ppm; HRMS: m/z : calcd for C11H17NNaO3: 234.1101 [M+Na]+ ;
found: 234.1112; the ee was determined by HPLC analysis of the corre-
sponding p-chlorobenzoyl ester by using a Chiralpak AD column
(hexane/iPrOH 90:10); flow rate=1.0 mLmin�1; tmajor=13.7 min, tminor=

12.6 min (87% ee).

3-(2,5-Dioxopyrrolidin-1-yl)decanal (3e): The title compound was ob-
tained according to the general procedure (73% yield). [a]20D =++15.9 (c=

0.78 in CH2Cl2);
1H NMR: d =9.69 (s, 1H), 4.55–4.62 (m, 1H), 3.24 (ddd,

J=1.3, 9.2, 18.0 Hz, 1H), 2.85 (dd, J=5.2, 18.0 Hz, 1H), 2.66 (s, 4H),
1.87–1.96 (m, 1H), 1.58–1.67 (m, 1H), 1.16–1.30 (m, 10H), 0.86 ppm (t,
J=7.0 Hz, 3H); 13C NMR: d=199.5, 177.3, 46.4, 45.2, 31.7, 31.5, 29.1,
29.0, 27.9, 26.2, 22.6, 14.0 ppm. HRMS: m/z : calcd for C14H23NNaO3:
276.1570 [M+Na]+ ; found: 276.1567; the ee was determined by HPLC
analysis of the corresponding p-chlorobenzoyl ester by using a Chiralpak
AD column (hexane/iPrOH 98:2); flow rate=1.0 mLmin�1; tmajor=

26.8 min, tminor=25.3 min (90% ee).

(Z)-3-(2,5-Dioxopyrrolidin-1-yl)non-6-enal (3 f): The title compound was
obtained according to the general procedure (72% yield). [a]20D =++22.8
(c=0.74 in CH2Cl2);

1H NMR: d=9.69 (s, 1H), 5.32–5.39 (m, 1H), 5.20–
5.26 (m, 1H), 4.57–4.64 (m, 1H), 3.22 (ddd, J=1.6, 9.1, 18.0 Hz, 1H),
2.84 (dd, J=5.2, 18.0 Hz, 1H), 2.64 (s, 4H), 1.93–2.07 (m, 5H), 1.64–1.72
(m, 1H), 0.92 ppm (t, J=7.5 Hz, 3H); 13C NMR: d =199.3, 177.2, 132.8,
127.0, 46.2, 45.2, 31.3, 27.8, 23.9, 20.5, 14.2 ppm; HRMS: m/z : calcd for
C13H19NNaO3: 260.1257 [M+Na]+ ; found: 260.1257; the ee was deter-
mined by HPLC analysis of the corresponded p-chlorobenzoyl ester by
using a two Chiralpak AS column (hexane/iPrOH 99:1); flow rate=

1.0 mLmin�1; tmajor=44.0 min, tminor=60.7 min (89% ee).

5-(tert-Butyldimethylsilyloxy)-3-(2,5-dioxopyrrolidin-1-yl)pentanal (3g):
The title compound was obtained according to the general procedure
(74% yield). 1H NMR d=9.68 (s, 1H), 4.75–4.82 (m, 1H), 3.54–3.65 (m,
2H), 3.19 (ddd, J=1.7, 9.1, 17.7 Hz, 1H), 2.90 (ddd, J=1.0, 5.3, 17.7 Hz,
1H), 2.63 (s, 4H), 2.09–2.18 (m, 1H), 1.84–1.92 (m, 1H), 0.86 (s, 9H),
0.00 ppm (s, 3H); 13C NMR: d=199.5, 177.1, 60.2, 45.3, 44.2, 34.2, 27.9,
25.8, 18.2, �5.5 ppm; HRMS: calcd for C15H27NNaO4Si: 336.1602
[M+Na]+ ; found: 336.1596; the ee was determined by HPLC analysis of
the corresponding p-chlorobenzoyl ester by using a Chiralcel OD column
(hexane/iPrOH 90:10); flow rate=1.0 mLmin�1; tmajor=28.5 min, tminor=

18.7 min (89% ee); [a]20D =++9.2 (c=1.15 in CH2Cl2).

1-(1-Hydroxydecan-3-yl)pyrrolidine-2,5-dione (6): The title compound
was obtained according to the general procedure (79% yield). 1H NMR:
d=4.23–4.27 (m, 1H), 3.58–3.64 (m, 1H), 3.44–3.50 (m, 1H), 2.68 (s,
4H), 2.09–2.17 (m, 1H), 2.05–2.08 (m, 1H), 1.79–1.89 (m, 1H), 1.61–1.70
(m, 1H), 1.23 (m, 10H), 0.86 ppm (t, J=6.5 Hz, 3H); 13C NMR: d=
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178.1, 59.6, 49.8, 34.0, 31.1, 29.0, 27.9, 26.5, 22.5, 14.0 ppm; HRMS: m/z :
calcd for C14H25NNaO3: 278.1727 [M+Na]+ ; found: 278.1733.

3-Aminodecan-1-ol (7): The title compound was obtained according to
the general procedure (71% yield). [a]20D =++3.3 (c=0.54 in CH2Cl2);
1H NMR (50 8C): d=3.73–3.89 (m, 2H), 2.88 (br s, 1H), 2.41 (br s, 2H),
1.61–1.68 (m, 1H), 1.39–1.51 (m, 2H), 1.28 (m, 12H), 0.88 ppm (t, J
6.9 Hz, 3H); 13C NMR: d =62.8, 53.0, 39.8, 37.4, 31.8, 29.5, 29.2, 25.8,
22.6, 14.1 ppm; HRMS: m/z : calcd for C10H24NO: 174.1852 [M+H]+ ;
found: 174.1843.

Ethyl 3-(2,5-dioxopyrrolidin-1-yl)butanoate : Aldehyde 3b (100 mg) was
dissolved in tBuOH (3 mL), NaH2PO4 (1m, 3 mL) and KMnO4 (1m,
3 mL). After 3 min, sat. NaHSO3 (5 mL) was added. The pH was adjust-
ed to 3 with 4m HCl. The mixture was then extracted three times with
EtOAc (10 mL), the combined organic layers were washed with H2O and
brine, dried over MgSO4 and concentrated in vacuo to give the corre-
sponding carboxylic acid. Etheral diazomethane was prepared by slow
addition behind safety glass at 0 8C of N-nitroso-N-ethylurea to a two-
phase system consisting of 50% aq. KOH (2.1 mL) and Et2O (7 mL).
The solution was stirred as the addition proceeded and after 15 min the
ethereal layer was decanted onto KOH pellets for drying at 0 8C. After
0.5 h, the ethereal layer was again decanted into a precooled flask and
added dropwise to the oxidised aldehydes in Et2O (2 mL) at 0 8C until
the yellow colour persisted. The solution was left to warm up to RT and
then stand for 0.5 h. AcOH (concn, 1–3 drops) was added and the solvent
evaporated to give a pure brown oil. [a]20D =�2.0 (c=1.55 in CHCl3);
1H NMR: d=4.56–4.65 (m, 1H), 4.07 (q, J=7.1 Hz, 1H), 4.06 (q, J=

7.1 Hz, 1H), 3.07 (dd, J=9.4, 16.0 Hz, 1H), 2.64 (dd, J=5.7, 16.0 Hz,
1H), 2.65 (s, 4H), 1.37 (d, J=7.0 Hz, 3H), 1.20 ppm (t, J=7.1 Hz, 3H);
13C NMR: d=177.1, 170.8, 60.6, 44.1, 36.8, 28.0, 17.9, 14.1 ppm; HRMS:
m/z : calcd for C10H15NNaO4: 236.0893 [M+Na]+ ; found: 236.0889.

Diethyl 1-(3-(2,5-dioxopyrrolidin-1-yl)-1-oxopentan-2-yl)hydrazine-1,2-di-
carboxylate (9a): The title compound was obtained according to the gen-
eral procedure (40% yield) and a mixture of two diatereoisomers (major
and minor). 1H NMR (50 8C): d=9.81 (s, 1H; major), 9.71* (s, 1H;
minor), 6.60–6.68 (m, 2H; both diastereomers), 5.31 (br s, 1H; major),
5.10* (d, J=8.4 Hz, 1H; minor), 4.58* (br s, 1H; minor), 4.52 (dt, J=3.6,
10.6 Hz, 1H; major), 4.10–4.28 (m, 8H; both diastereomers), 2.65–2.69
(m, 8H; both diastereomers), 2.10–2.31 (m, 2H; both diastereomers),
1.77–1.95 (m, 2H; both diastereomers), 1.20–1.30 (m, 12H; both diaste-
reomers), 0.89 (t, J=7.3 Hz, 3H; major), 0.84* (t, J=7.2 Hz, 3H; minor),
* corresponds to signals of the minor diastereomer; 13C NMR: d =197.7,
197.0, 177.9, 177.6, 156.5, 155.9, 68.0, 66.7, 66.2, 63.6, 63.5, 63.3, 63.1, 62.5,
62.1, 51.4, 50.8, 50.3, 27.9, 27.4, 22.2, 21.0, 20.7, 14.2, 10.5, 10.3, 10.0 ppm
(additional peaks and line broadenings are observed due to rotameric
species); HRMS: [M+Na]+ calcd for C15H23N3NaO7: 380.1428; found:
380.1432; the ee was determined by chiral HPLC after derivatisation to
10a.

Diethyl 1-(3-(2,5-dioxopyrrolidin-1-yl)-1-oxodecan-2-yl)hydrazine-1,2-di-
carboxylate (9e): The title compound was obtained according to the gen-
eral procedure (39% yield). 1H NMR (50 8C): d=9.77 (s, 1H; major),
9.67* (s, 1H; minor), 6.81* (br s, 1H; minor), 6.71 (s, 1H; major), 5.23
(br s, 1H; major), 5.02* (d, J=8.3 Hz, 1H; minor), 4.62* (br s, 1H;
minor), 4.55 (dt, J=3.0, 10.7 Hz, 1H; minor), 4.10–4.21 (m, 8H; both dia-
stereomers), 2.65* (s, 4H; minor), 2.63 (s, 4H; major), 2.11–2.29 (m, 2H;
both diastereomers), 1.66–1.81 (m, 2H; both diastereomers), 1.11–1.28
(m, 32H; both diastereomers), 0.84 ppm (t, J=7.0 Hz, 6H; both diaste-
reomers), * corresponds to signals of the minor diastereomer; 13C NMR:
d=197.8, 197.1, 177.9, 156.6, 156.0, 68.0, 66.7, 63.6, 63.2, 62.6, 62.2, 50.2,
49.5, 48.9, 31.6, 29.0, 28.9, 28.0, 27.8, 26.2, 26.0, 22.5, 14.3, 14.0 ppm (addi-
tional peaks and line broadenings are observed due to rotameric species);
HRMS: m/z : calcd for C20H33N3NaO7: 450.2211 [M+Na]+ ; found:
450.2201; the ee was determined by chiral HPLC after derivatisation to
10e.

Diethyl 1-(3-(2,5-dioxopyrrolidin-1-yl)-1-(phenylamino)pentan-2-yl)hy-
drazine-1,2-dicarboxylate (10a): The title compound was obtained ac-
cording to the general procedure (quant. yield). [a]20D =++84.8 (c=0.57 in
CHCl3);

1H NMR (50 8C): d =7.16 (t, J=7.6 Hz, 2H), 6.60–6.70 (m, 4H),
5.17 (br s, 1H), 4.90 (t, J=10.2 Hz, 1H), 3.90–4.28 (m, 5H), 3.54 (d, J=

13.2 Hz, 1H), 3.04 (t, J=11.4 Hz, 1H), 2.62 (br s, 4H), 2.34–2.46 (m, 1H),
1.64–1.75 (m, 1H), 1.29 (t, J=6.7 Hz, 3H), 0.95–1.20 (m, 3H), 0.86 ppm
(t, J=7.2 Hz, 3H); 13C NMR: d=178.8, 176.6, 157.7, 156.2, 147.7, 129.2,
117.6, 113.6, 62.9, 62.5, 57.1, 53.6, 41.4, 37.4, 29.7, 27.9, 19.9, 14.4, 13.8,
10.8 ppm (additional peaks and line broadenings are observed due to ro-
tameric species); HRMS: [M+Na]+ calcd for C21H30N4NaO6: 457.2058;
found: 457.2072; the ee was determined by HPLC using a Chiralcel OD
column (hexane/iPrOH 90:10); flow rate=1.0 mLmin�1; major diastereo-
mer: tmajor=28.9 min, tminor=20.1 min (99% ee); minor diastereomer:
tmajor=82.6 min, tminor=50.9 min (99% ee); dr=9:1.

Diethyl 1-(3-(2,5-dioxopyrrolidin-1-yl)-1-(phenylamino)decan-2-yl)hydra-
zine-1,2-dicarboxylate (10e): The title compound was obtained according
to the general procedure (quant. yield). [a]20D =++73.6 (c=0.57 in CHCl3);
1H NMR (50 8C): d=7.16 (t, J=7.5 Hz, 2H), 6.57–6.70 (m, 4H), 5.19
(br s, 1H), 4.89 (dt, J=2.7, 10.3 Hz, 1H), 3.89–4.30 (m, 5H), 3.54 (d, J=

13.6 Hz, 1H), 3.03 (t, J=12.3 Hz, 1H), 2.60 (br s, 4H), 2.34–3.47 (m, 1H),
1.53–1.61 (m, 1H), 0.95–1.36 (m, 16H), 0.89 ppm (t, J=6.9 Hz, 3H);
13C NMR: d=178.7, 176.9, 157.7, 156.3, 147.7, 129.2, 117.5, 113.6, 62.9,
62.5, 57.2, 52.0, 41.3, 31.6, 29.1, 29.0, 27.8, 26.4, 22.5, 14.3, 14.0, 13.8 ppm,
additional peaks and line broadenings are observed due to rotameric spe-
cies; HRMS: calcd for C26H40N4NaO6: 527.2840 [M+Na]+ ; found:
527.2839; the ee was determined by HPLC using a Chiralcel OD column
(hexane/iPrOH 95:5); flow rate=1.0 mLmin�1; major diastereomer:
tmajor=40.1 min, tminor=17.4 min (99% ee); minor diastereomer: tmajor=

123.4 min, tminor=61.8 min (99% ee); dr=94:6.

Acknowledgements

This work was made possible by a grant from the Danish National Re-
search Foundation. Thanks are expressed to Dr. Sven Brandau and Søren
Bertelsen for performing some experiments.

[1] For recent reviews on organocatalysis see, for example: a) P. I.
Dalko, L. Moisan, Angew. Chem. 2004, 116, 5248; Angew. Chem.
Int. Ed. 2004, 43, 5138; b) A. Berkessel, H. Grçger, Asymmetric Or-
ganocatalysis ; Wiley-VCH, Weinheim, Germany, 2004 ; c) Enantiose-
lective Organocatalysis (Ed.: P. I. Dalko), Wiley-VCH, Weinheim,
Germany, 2007; d) Acc. Chem. Res. 2004, 37, 548, special issue on or-
ganocatalysis.

[2] For nomenclature regarding multicomponent reactions see: a) C. J.
Chapman, C. G. Frost, Synthesis 2007, 1 and references herein. For
recent reviews on organocatalytic multicomponent reactions see:
b) D. Enders, C. Grondal, Angew. Chem. 2007, 119, 1590; Angew.
Chem. Int. Ed. 2007, 46, 1570; c) G. Guillena, D. J. RamPn, M. Yus,
Tetrahedron: Asymmetry 2007, 18, 693; d) D. J. RamPn M. Yus,
Angew. Chem. 2005, 117, 1628; Angew. Chem. Int. Ed. 2005, 44,
1602; e) F. LiQby-Muller, C. Simon, T. Constantieux, J. Rodriguez,
QSAR Comb. Sci. 2006, 25, 432. For examples of one-pot multicom-
ponent reactions involving conjugated addition see: f) U. Eder, G.
Sauer, R. Wiechert, Angew. Chem. 1971, 83, 492; Angew. Chem. Int.
Ed. 1971, 10, 496; g) Z. G. Hajos, D. R. Parrish, J. Org. Chem. 1974,
39, 1615; h) G. Zhong, T. Hoffmann, R. A. Lerner, S. Danishefsky,
C. F. Barbas, III, J. Am. Chem. Soc. 1997, 119, 8131; i) B. List, R. A.
Lerner, C. F. Barbas, III, Org. Lett. 1999, 1, 59; j) T. Bui, C. F.
Barbas, III, Tetrahedron Lett. 2000, 41, 6951; k) T. Itoh, M. Yokoya,
K. Miyauchi, K. Nagata, A. Ohsawa, Org. Lett. 2003, 5, 4301; l) N.
Halland, P. S. Aburel, K. A. Jørgensen, Angew. Chem. 2004, 116,
1292; Angew. Chem. Int. Ed. 2004, 43, 1272; m) J. Pukkinen, P. S.
Aburel, N. Halland, K. A. Jørgensen, Adv. Synth. Catal. 2004, 346,
1077; n) Y. Yamamoto, N. Momiyama, H. Yamamoto, J. Am. Chem.
Soc. 2004, 126, 5962; o) Y. Huang, A. Walji, C. H. Larsen, D. W. C.
MacMillan, J. Am. Chem. Soc. 2005, 127, 15051; p) J. W. Yang, M. T.
Hechavarria Fonseca, B. List, J. Am. Chem. Soc. 2005, 127, 15036,
and references therein.

[3] For recent reviews of a-functionalisations with enamine activation
see: a) M. Marigo, K. A. Jørgensen, Chem. Commun. 2006, 2001;

www.chemeurj.org E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 9068 – 90759074

K. A. Jørgensen et al.

http://dx.doi.org/10.1002/ange.200400650
http://dx.doi.org/10.1002/anie.200400650
http://dx.doi.org/10.1002/anie.200400650
http://dx.doi.org/10.1002/ange.200603129
http://dx.doi.org/10.1002/anie.200603129
http://dx.doi.org/10.1002/anie.200603129
http://dx.doi.org/10.1016/j.tetasy.2007.03.002
http://dx.doi.org/10.1002/ange.19710831307
http://dx.doi.org/10.1021/jo00925a003
http://dx.doi.org/10.1021/jo00925a003
http://dx.doi.org/10.1021/ja970944x
http://dx.doi.org/10.1021/ol9905405
http://dx.doi.org/10.1016/S0040-4039(00)01180-1
http://dx.doi.org/10.1021/ol030103x
http://dx.doi.org/10.1021/ja049741g
http://dx.doi.org/10.1021/ja049741g
http://dx.doi.org/10.1021/ja055545d
http://dx.doi.org/10.1021/ja055735o
http://dx.doi.org/10.1039/b517090g
www.chemeurj.org


b) G. Guillena, D. J. RamPn, Tetrahedron: Asymmetry 2006, 17,
1465.

[4] For recent reviews on conjugated additions by using iminium-ion ac-
tivation see: a) S. B. Tsogoeva, Eur. J. Org. Chem. 2007, 1701; for ex-
amples see: b) K. A. Ahrendt, C. J. Borths, D. W. C. MacMillan, J.
Am. Chem. Soc. 2000, 122, 4243; c) S. Brandau, A. Landa, J. Fran-
zQn, M. Marigo, K. A. Jørgensen, Angew. Chem. 2006, 118, 4411;
Angew. Chem. Int. Ed. 2006, 45, 4305; d) H. Gotoh, R. Masui, H.
Ogino, M. Shoji, Y. Hayashi, Angew. Chem. 2006, 118, 7007; Angew.
Chem. Int. Ed. 2006, 45, 6853; e) S. G. Ouellet, J. B. Tuttle, D. W. C.
MacMillan, J. Am. Chem. Soc. 2005, 127, 32; f) S. Mayer, B. List,
Angew. Chem. 2006, 118, 4299; Angew. Chem. Int. Ed. 2006, 45,
4193; g) M. Marigo, T. Schulte, J. FranzQn, K. A. Jørgensen, J. Am.
Chem. Soc. 2005, 127, 15710; h) W. Wang, H. Li, J. Wang, L. Zu, J.
Am. Chem. Soc. 2006, 128, 10354; i) R. Rios, H. SundQn, I. Ibrahem,
G. Zhao, L. Eriksson, A. CPrdova, Tetrahedron Lett. 2006. 47, 8547;
j) S. Brandau, E. Maerten, K. A. Jørgensen, J. Am. Chem. Soc. 2006,
128, 14986; k) Y. K. Chen, M. Yoshida, D. W. C. MacMillan, J. Am.
Chem. Soc. 2006, 128, 9328; l) I. Ibrahem, R. Rios, J. Vesely, G.
Zhao, A. CPrdova, Chem. Commun. , 2007, 8, 849; m) J. Vesely, I.
Ibrahem, G. Zhao, R. Rios, A. CPrdova, Angew. Chem. 2007, 119,
792; Angew. Chem. Int. Ed. 2007, 46, 778; n) S. Bertelsen, P. DinQr,
R. L. Johansen, K. A. Jørgensen, J. Am. Chem. Soc. 2007, 129, 1536;
o) P. DinQr, M. Nielsen, M. Marigo, K. A. Jørgensen, Angew. Chem.
2007, 119, 2029; Angew. Chem. Int. Ed. 2007, 46, 1983.

[5] a) S. Bertelsen, M. Marigo, S. Brandes, P. Diner, K. A. Jørgensen, J.
Am. Chem. Soc. 2006, 128, 12973; b) B. Hong, M. Wu, H. Tseng, J.
Liao, Org. Lett. 2006, 8, 2217; c) B. J. Bench, C. Liu, C. R. Evett,
C. M. H. Watanabe, J. Org. Chem. 2006, 71, 9458; d) B. Hong, H.
Tseng, S. Chen, Tetrahedron 63, 2840.

[6] For reviews on organocatalytic aldol reactions see: a) C. Allemann,
R Gordillo, F. R. Clemente, P. H. Y. Cheong, K. N. Houk, Acc.
Chem. Res. 2004, 37, 558; b) W. Notz, F. Tanaka, C. F. Barbas, III,
Acc. Chem. Res. 2004, 37, 580. For examples see: c) K. Sakthivel, W.
Notz, T. Bui, C. F. Barbas, III, J. Am. Chem. Soc. 2001, 123, 5260;
d) A. B. Northrup, D. W. C. MacMillan, J. Am. Chem. Soc. 2002,
124, 6798; e) A. B. Northup, I. K. Mangion, F. Hettche, D. W. C.
MacMillan, Angew. Chem. 2004, 116, 2204; Angew. Chem. Int. Ed.
2004, 43, 2152; f) R. Thayumanavan, F. Tanaka, C. F. Barbas, III,
Org. Lett. 2004, 6, 3541; g) A. Bøgevig, N. Kumaragurubaran, K. A.
Jørgensen, Chem. Commun. 2002, 620; h) O. Tukuda, T. Kano, W.-
G. Gao, T. Ikemoto, K. Maruoka, Org. Lett. 2005, 7, 5103; i) S. Sa-
manta, C.-G. Zhao, J. Am. Chem. Soc. 2006, 128, 7442; j) P. Dam-
bruoso, A. Massi, A. Dondoni, Org. Lett. 2005, 7, 4657; k) N. Mase,
Y. Nakai, N. Ohara, H. Yoda, K. Takabe, F. Tanaka, C. F. Barbas,
III, J. Am. Chem. Soc. 2006, 128, 734; l) Y. Hayashi, T. Sumiya, J.
Takahashi, H. Gotoh, T. Urushima, M. Shiji, Angew. Chem. 2006,
118, 972; Angew. Chem. Int. Ed. 2006, 45, 958; m) D. Enders, C.
Grondal, Angew. Chem. 2005, 117, 1235; Angew. Chem. Int. Ed.
2005, 44, 1210; n) C. Grondal, D. Enders, Tetrahedron 2006, 62, 329;
o) J. T. Suri, D. B. Ramachary, C. F. Barbas, III, Org. Lett. 2005, 7,
1383; p) J. T. Suri, S. Mitsumori, K. Albertshofer, F. Tanaka, C. F.
Barbas, III, J. Org. Chem. 2006, 71, 3822; q) D. Enders, J. Palecek,
C. Grondal, Chem. Commun. 2006, 655; r) I. Ismail, A. CPrdova,
Tetrahedron lett. 2005, 46, 3363; s) H. Torii, M. Nakadai, K. Ishihara,
S. Saito, H. Yamamoto, Angew. Chem. 2004, 116, 2017; Angew.
Chem. Int. Ed. 2004, 43, 1983.

[7] a) S. Mitsumori, H. Zhang, P. H.-Y. Cheong, K. N. Houk, F. Tanaka,
C. F. Barbas, III, J. Am. Chem. Soc. 2006, 128, 1040; b) T. Kano, Y.
Yamaguchi, O. Tokuda, K. Maruoka, J. Am. Chem. Soc. 2005, 127,
16408; c) B. List, J. Am. Chem. Soc. 2000, 122, 9336.

[8] a) A. Bøgevig, K. Juhl, N. Kumaragurubaran, W. Zhuang, K. A. Jør-
gensen, Angew. Chem. 2002, 114, 1868; Angew. Chem. Int. Ed. 2002,
41, 1790; b) N. Kumaragurubaran, K. Juhl, W. Zhuang, A. Bøgevig,

K. A. Jørgensen, J. Am. Chem. Soc. 2002, 124, 6254; c) B. List, J.
Am. Chem. Soc. 2002, 124, 5656; d) J. T. Suri, D. D. Steiner, C. F.
Barbas, III, Org. Lett. 2005, 7, 3885; e) N. S. Chowdari, C. F. Barbas,
III, Org. Lett. 2005, 7, 867; f) H. Vogt, S. Vanderheiden, S. BrSse,
Chem. Commun. 2003, 2448; g) S. Saaby, M. Bella, K. A. Jørgensen,
J. Am. Chem. Soc. 2004, 126, 8120; h) X. Liu, H. Li, L. Deng, Org.
Lett. 2005, 7, 167.

[9] a) M. Engqvist, J. Casas, H. SundQn, I. Ibrahem, A. CPrdova, Tetra-
hedron Lett. 2005, 46, 2053; b) M. P. Sibi, M. Hasegawa, J. Am.
Chem. Soc. 2007, 129, 4124; c) A. Cordova, H. Sunden, M. Engqvist,
I. Ibrahem, J. Casas, J. Am. Chem. Soc. 2004, 126, 8914.

[10] For fluorination see: a) D. Enders, M. R. M. HUttl, Synlett 2005, 991;
b) M. Marigo, T. C. Wabnitz, D. Fielenbach, A. Braunton, A. Kjærs-
gaard, K. A. Jørgensen, Angew. Chem. 2005, 117, 3769; Angew.
Chem. Int. Ed. 2005, 44, 3703; c) D. D. Steiner, N. Mase, C. F.
Barbas, III, Angew. Chem. 2005, 117, 3772; Angew. Chem. Int. Ed.
2005, 44, 3706; d) T. D. Beeson, D. W. C. MacMillan, J. Am. Chem.
Soc. 2005, 127, 8826; e) S. Brandes, B. Niess, M. Bella, A. Prieto, J.
Overgaard, K. A. Jørgensen, Chem. Eur. J. 2006, 12, 6039; for chlori-
nation see: f) M. P. Brochu, S. P. Brown, D. W. C. MacMillan, J. Am.
Chem. Soc. 2004, 126, 4108; g) N. Halland, A. Braunton, S. Bach-
mann, M. Marigo, K. A. Jørgensen, J. Am. Chem. Soc. 2004, 126,
4790; h) N. Halland, M. A. Lie, A. Kjærsgaard, M. Marigo, B.
Schiøtt, K. A. Jørgensen, Chem. Eur. J. 2005, 11, 7083; i) M. Marigo,
S. Bachmann, N. Halland, A. Braunton, K. A. Jørgensen, Angew.
Chem. 2004, 116, 5623; Angew. Chem. Int. Ed. 2004, 43, 5507; for
bromination see: j) S. Bertelsen, N. Halland, S. Bachmann, M.
Marigo, A. Braunton, K. A. Jørgensen, Chem. Commun. 2005, 4821.

[11] a) J. Wang, H. Li, Y. Mei, B. Lou, D. Xu, D. Xie, H. Gou, W. Wang,
J. Org. Chem. 2005, 70, 5678; b) M. Marigo, T. C. Wabnitz, D. Fie-
lenbach, K. A. Jørgensen, Angew. Chem. 2005, 117, 804; Angew.
Chem. Int. Ed. 2005, 44, 794.

[12] a) J. A. Zablocki, J. Med. Chem. 1995, 38, 2378; b) M. S. Egbertson,
Bioorg. Med. Chem. 2000, 10, 1943; c) W. J. Hoekstra, J. Med.
Chem. 1999, 42, 5254; d) T. Su, J. Med. Chem. 1997, 40, 4308.

[13] a) O. A. Moe, D. T. Warner, J. Am. Chem. Soc. 1949, 71, 1251;
b) D. F. Taber, R. S. Hoerrner, M. D. Hagen, J. Org. Chem. 1991, 56,
1287.

[14] a) E. Gçßnitzer, A. Punkenhofer, A. Amon, B. Favre, Eur. J.
Pharm. Sci. 2003, 19, 151; b) A. K. L. Fung, W. R. Baker, S. Fakhou-
ry, H. H. Stein, J. Cohen, B. G. Donner, D. S. Garvey, P. S. Spina,
S. H. Rosenberg, J. Med. Chem. 1997, 40, 2123; c) N. Defacqz, R.
Touillaux, A. Cordi, J. Marchand-Brynaert, J. Chem. Soc. Perkin
Trans. 1, 2001, 2632; d) R. Haftendorn, R. Ulbrich-Hofmann, Tetra-
hedron 1995, 51, 1177.

[15] A. D. S. Bollena, Y. Gelas-Mialhe, J-C. Gramain, A. Perret, R. Re-
muson, J. Nat. Prod. 2004, 67, 1029.

[16] a) H. Ding, G. K. Friestad, Org. Lett. 2004, 6, 637; b) Organic Reac-
tions (Ed.: L. Paquette), Wiley-VCH, New York, USA, 1994, 46,
211; c) N. S. Chowdari, C. F. Barbas, III, Org. Lett. , 2005, 7, 867;
d) J. M. Mellor, N. M. Smith, J. Chem. Soc. Perkin Trans. 1 1984,
2927; e) S. E. Denmark, O. Nicaise, J. P. Edwards, J. Org. Chem.
1990, 55, 6219; f) R. FernXndez, A. Ferrete, J. M. Llera, A. Magriz,
E. MartYn-Zamora, E. DYez, J. M. Lassaletta, Chem. Eur. J. 2004, 10,
737 and references therein.

[17] For reviews on reductive aminations see: a) A. F. Abdel-Magid, S. J.
Mehrman, Org. Process Res. Dev. 2006, 10, 971; for applications in
similar cases see: b) M. Bell, K. Frisch, K. A. Jørgensen, J. Org.
Chem. 2006, 71, 5407.

[18] S. Cardani, C. De Toma, C. Gennari, C. Scolastico, Tetrahedron
1992, 48, 5557.

Received: May 7, 2007
Published online: August 10, 2007

Chem. Eur. J. 2007, 13, 9068 – 9075 E 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 9075

FULL PAPERa,b-Unsaturated Aldehydes

http://dx.doi.org/10.1016/j.tetasy.2006.05.020
http://dx.doi.org/10.1016/j.tetasy.2006.05.020
http://dx.doi.org/10.1002/ejoc.200600653
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1021/ja000092s
http://dx.doi.org/10.1002/ange.200601025
http://dx.doi.org/10.1002/anie.200601025
http://dx.doi.org/10.1002/ange.200602925
http://dx.doi.org/10.1002/anie.200602925
http://dx.doi.org/10.1002/anie.200602925
http://dx.doi.org/10.1021/ja043834g
http://dx.doi.org/10.1002/ange.200600512
http://dx.doi.org/10.1002/anie.200600512
http://dx.doi.org/10.1002/anie.200600512
http://dx.doi.org/10.1021/ja055291w
http://dx.doi.org/10.1021/ja055291w
http://dx.doi.org/10.1021/ja063328m
http://dx.doi.org/10.1021/ja063328m
http://dx.doi.org/10.1021/ja065507&TR_opa;+&TR_ope;
http://dx.doi.org/10.1021/ja065507&TR_opa;+&TR_ope;
http://dx.doi.org/10.1021/ja063267s
http://dx.doi.org/10.1021/ja063267s
http://dx.doi.org/10.1002/ange.200603810
http://dx.doi.org/10.1002/ange.200603810
http://dx.doi.org/10.1002/anie.200603810
http://dx.doi.org/10.1021/ja068908y
http://dx.doi.org/10.1021/ol060486&TR_opa;+&TR_ope;
http://dx.doi.org/10.1021/jo061763t
http://dx.doi.org/10.1021/ja010037z
http://dx.doi.org/10.1021/ja0262378
http://dx.doi.org/10.1021/ja0262378
http://dx.doi.org/10.1021/ol0485417
http://dx.doi.org/10.1021/ja062091r
http://dx.doi.org/10.1021/ol051809p
http://dx.doi.org/10.1021/ja0573312
http://dx.doi.org/10.1002/ange.200502488
http://dx.doi.org/10.1002/ange.200502488
http://dx.doi.org/10.1002/anie.200502488
http://dx.doi.org/10.1002/ange.200462428
http://dx.doi.org/10.1002/anie.200462428
http://dx.doi.org/10.1002/anie.200462428
http://dx.doi.org/10.1016/j.tet.2005.09.060
http://dx.doi.org/10.1021/ol0502533
http://dx.doi.org/10.1021/ol0502533
http://dx.doi.org/10.1021/jo0602017
http://dx.doi.org/10.1039/b515007h
http://dx.doi.org/10.1002/ange.200352724
http://dx.doi.org/10.1002/anie.200352724
http://dx.doi.org/10.1002/anie.200352724
http://dx.doi.org/10.1021/ja056984f
http://dx.doi.org/10.1021/ja056008w
http://dx.doi.org/10.1021/ja056008w
http://dx.doi.org/10.1021/ja001923x
http://dx.doi.org/10.1021/ja026412k
http://dx.doi.org/10.1021/ja0261325
http://dx.doi.org/10.1021/ja0261325
http://dx.doi.org/10.1021/ol0512942
http://dx.doi.org/10.1021/ol047368b
http://dx.doi.org/10.1039/b305465a
http://dx.doi.org/10.1021/ja047704j
http://dx.doi.org/10.1021/ol048190w
http://dx.doi.org/10.1021/ol048190w
http://dx.doi.org/10.1016/j.tetlet.2005.01.167
http://dx.doi.org/10.1016/j.tetlet.2005.01.167
http://dx.doi.org/10.1021/ja069245n
http://dx.doi.org/10.1021/ja069245n
http://dx.doi.org/10.1021/ja047930t
http://dx.doi.org/10.1002/ange.200500395
http://dx.doi.org/10.1002/anie.200500395
http://dx.doi.org/10.1002/anie.200500395
http://dx.doi.org/10.1002/ange.200500571
http://dx.doi.org/10.1002/anie.200500571
http://dx.doi.org/10.1002/anie.200500571
http://dx.doi.org/10.1021/ja051805f
http://dx.doi.org/10.1021/ja051805f
http://dx.doi.org/10.1002/chem.200600495
http://dx.doi.org/10.1021/ja049562z
http://dx.doi.org/10.1021/ja049562z
http://dx.doi.org/10.1021/ja049231m
http://dx.doi.org/10.1021/ja049231m
http://dx.doi.org/10.1002/chem.200500776
http://dx.doi.org/10.1002/ange.200460462
http://dx.doi.org/10.1002/ange.200460462
http://dx.doi.org/10.1002/anie.200460462
http://dx.doi.org/10.1039/b509366j
http://dx.doi.org/10.1021/jo0506940
http://dx.doi.org/10.1002/ange.200462101
http://dx.doi.org/10.1002/anie.200462101
http://dx.doi.org/10.1002/anie.200462101
http://dx.doi.org/10.1021/jm990418b
http://dx.doi.org/10.1021/jm990418b
http://dx.doi.org/10.1021/jm9704863
http://dx.doi.org/10.1021/ja01172a031
http://dx.doi.org/10.1021/jo00003a064
http://dx.doi.org/10.1021/jo00003a064
http://dx.doi.org/10.1021/jm970058x
http://dx.doi.org/10.1016/0040-4020(94)01013-P
http://dx.doi.org/10.1016/0040-4020(94)01013-P
http://dx.doi.org/10.1021/ol036480r
http://dx.doi.org/10.1039/p19840002927
http://dx.doi.org/10.1039/p19840002927
http://dx.doi.org/10.1021/jo00312a034
http://dx.doi.org/10.1021/jo00312a034
http://dx.doi.org/10.1021/op0601013
http://dx.doi.org/10.1021/jo060759e
http://dx.doi.org/10.1021/jo060759e
www.chemeurj.org

