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Aminocatalysis, the activation of carbonyl compounds by
enamines, iminium ions, or the SOMO-activation strategy, has
become a fundamental approach in asymmetric synthesis.[1]

Moreover, the catalytic modes of amines are still under
expansion.[2] Recently, Jørgensen and co-workers developed
dienamine catalysis by inverting the inherent reactivity of a,b-
unsaturated aldehydes, which acted as nucleophiles for direct
enantioselective g amination with diethyl azodicarboxylate.[3]

However, the synthetic potential of dienamine catalysis seems
to be underestimated, and very limited progress has been
made to date[4] in spite of the extensive studies on asymmetric
aminocatalysis over the past decade.

The development of efficient methodologies that enable
simpler, cheaper, and more concise approaches to the
generation of structural complexity with exquisite levels of
stereocontrol remains a preeminent goal in modern organic
chemistry. Recently, we presented a highly enantioselective
inverse-electron-demand aza-Diels–Alder reaction of N-sul-
fonyl 1-aza-1,3-butadienes[5] and aliphatic aldehydes to form
optically pure piperidines through enamine activation.[6–8] We
were fascinated by the possible and conceptually unprece-
dented application of dienamine catalysis in an inverse-
electron-demand aza-Diels–Alder reaction of a,b-unsatu-
rated aldehydes with electron-deficient N-sulfonyl 1-aza-1,3-
butadienes to construct chiral piperidine derivatives bearing
several functional groups in a straightforward manner
(Scheme 1).[9] We wondered whether the chemo-, regio-,
and stereoselectivity of this complicated reaction could be
controlled simultaneously in an elegant manner.

We initially investigated the reaction of N-tosyl-1-aza-1,3-
butadiene (2a) and hexen-2-al (3a) in a mixture of THF and
H2O at room temperature under the catalysis of the chiral
secondary amine 1 a (10 mol%) and benzoic acid

(10 mol %).[10] The reaction proceeded smoothly with exclu-
sive a regioselectivity. The chiral hemiaminal 4a (an E/Z
mixture) was isolated as the sole product. The oxidation of 4a
with pyridinium chlorochromate (PCC) gave a separable
mixture of lactam 5a and its Z isomer 6a. Excellent enantio-
selectivity was observed for the formation of the E isomer 5a
(Table 1, entry 1). Similar results were obtained when the

Scheme 1. Proposed inverse-electron-demand aza-Diels–Alder reaction
of a dienamine intermediate generated in situ as an electron-rich
olefin. Ts = 4-toluenesulfonyl.

Table 1: Optimization of the inverse-electron-demand aza-Diels–Alder
reaction of 2a and 3a under dienamine catalysis.[a]

Entry 1 Solvent Yield [%][b]

5a/6a
E/Z[c] ee

[%][d]

1 1a THF/H2O 51/23 2.2:1 96
2 1a CH3CN/H2O 56/24 2.3:1 97
3 1a dioxane/H2O 55/30 1.8:1 94
4 1a CH3CN – – –
5 1b CH3CN/H2O 49/20 2.4:1 97
6 1c CH3CN/H2O 38/17 2.2:1 98
7[e] 1a CH3CN/H2O 68/8 8.1:1 99
8[e,f ] 1a CH3CN/H2O 60/9 6.7:1 98

[a] Reaction conditions (unless otherwise noted): 2a (0.1 mmol), 3a
(0.2 mmol), 1 (10 mol%), BzOH (10 mol%), room temperature, 8–12 h.
[b] Yield of the isolated product. [c] The E/Z ratio was calculated from the
yields of 5a and 6a. [d] The ee value was determined by HPLC analysis on
a chiral stationary phase. [e] The reaction was carried out at �10 8C for
12 h. [f ] AcOH: 10 mol%. Bz = benzoyl, TMS= trimethylsilyl, TES = tri-
ethylsilyl, TBS= tert-butyldimethylsilyl.
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reaction was conducted in CH3CN/H2O or dioxane/H2O
(Table 1, entries 2 and 3). The presence of water was crucial
for conversion: Almost no reaction occurred in neat CH3CN
(Table 1, entry 4).[6] Other chiral amine catalysts, 1b and 1c,
afforded 5a in lower yield (Table 1, entries 5 and 6). The E/Z
ratio could be improved by carrying out the reaction at
�10 8C, without much effect on the reactivity (Table 1,
entry 7). Good results were also observed when AcOH was
used as an additive (Table 1, entry 8).

We explored the new transformation for the synthesis of
diverse chiral piperidine derivatives with a variety of N-tosyl-
1-aza-1,3-butadienes 2 and a,b-unsaturated aldehydes 3. As
summarized in Table 2, the reaction showed substantial

generality. A few linear enals were used successfully in the
reactions with variously substituted N-tosyl-1-aza-1,3-buta-
dienes. The resulting chiral hemiaminals 4 a–f were oxidized
directly to the corresponding lactams, and the major E isom-
ers 5a–f were isolated in good yields with excellent ee values
(Table 2, entries 1–6). Interestingly, a branched enal exhibited
even better reactivity: Outstanding enantioselectivities and
yields were observed for all examples tested (Table 2,
entries 7–13; hemiaminals 4g–m (d.r.> 99:1) were analyzed
directly.) Simple 1-aza-1,3-butadienes also reacted efficiently
with this branched enal (Table 2, entries 12 and 13). When
one of the asymmetric reactions was conducted on a larger
scale, similar excellent results were observed (Table 2,
entry 14).

Unexpected regioselectivity was observed in an aza-
Diels–Alder reaction of crotonaldehyde. The expected cyclo-
adduct 4 n of an a-regioselective reaction was obtained from
the reaction of the N-tosyl-1-aza-1,3-butadiene 2 b with
crotonaldehyde, although a trace amount of 7, formed
through addition to the b,g-bond of crotonaldehyde, was
also detected (Scheme 2). However, aldehyde 8 was isolated

exclusively when the N-tosyl-1-aza-1,3-butadiene 2a was
used. Low enantioselectivity was observed in this reaction
as a result of the distance of the reaction sites from the chiral
catalyst. A better ee value was observed when the MacMillan
catalyst 1d was used.[11] These findings may arouse more
research interest in dienamine catalysis, as another cyclo-
addition pathway could be introduced.

We investigated the synthetic versatility of the multifunc-
tional piperidine derivatives, especially for scaffold diversifi-
cation.[12] The C=C bond in the alkenyl substituent on the
piperidine ring served as a very valuable functionality in some
intramolecular cyclization reactions, such as an iodine-medi-
ated cyclization (to form 9), a Friedel–Crafts reaction (to form
12), and a radical cyclization (to form 13 ; Scheme 3). All
transformations proceeded in excellent yield with excellent

Table 2: Asymmetric aza-Diels–Alder reaction of N-tosyl-1-aza-1,3-buta-
dienes 2 and a,b-unsaturated aldehydes 3.[a]

Entry R1 R2 R3 R4 Yield[b]

[%]
E/Z[c] ee[d]

[%]

1 Ph COOEt Et H 68 (5a) 8.1:1 99
2 Ph COOEt Me H 66 (5b) 5.8:1 98
3 Ph COOEt nPr H 70 (5c) 6.7:1 97
4 p-ClC6H4 COOEt Et H 71 (5d) 7.5:1 98
5 p-BrC6H4 COOEt Et H 68 (5e) 8.9:1 98
6 p-MeC6H4 COOEt Et H 72 (5 f) 7.6:1 98
7 Ph COOEt Me Me 95 (4g) – 99
8 2-thienyl COOEt Me Me 91 (4h) – 99
9 COOEt Ph Me Me 95 (4 i) – >99

10[e] COOEt o-BrC6H4 Me Me 91 (4 j) – >99
11 COOEt p-MeOC6H4 Me Me 96 (4k) – >99
12[e] Ph Ph Me Me 89 (4 l) – 99
13[e] Ph Me Me Me 85 (4m) – 98
14[f ] COOEt Ph Me Me 92 (4 i) – 99

[a] Conditions A (entries 1–6): The aza-DA reaction was conducted at
�10 8C for 8–12 h, and the isolated hemiaminal was oxidized to the
lactam with PCC. Conditions B (entries 7–14): The aza-DA was con-
ducted at room temperature for 2–6 h, and the hemiaminal was isolated
for analysis. [b] Yield of the isolated product. [c] The E/Z ratio was
calculated from the yields of 5 and its Z isomer (after isolation). [d] The
ee value was determined by HPLC analysis on a chiral stationary phase.
[e] The reaction was carried out at 35 8C for 6 h. [f ] The reaction was
carried out on a 1.0 mmol scale.

Scheme 2. Unexpected regioselectivity in the inverse-electron-demand
aza-Diels–Alder reaction of crotonaldehyde. (The major enantiomer of
8 formed with catalyst 1d was the opposite enantiomer to that formed
in excess with 1a.). Bn = benzyl.

Scheme 3. Synthetic transformations of hemiaminals 4. AIBN= azobi-
sisobutyronitrile, DMF= N,N-dimethylformamide.
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diastereoselectivity (when applicable). Notably, a fused
tricyclic compound 10 containing a cyclopropane moiety[13]

and four contiguous stereogenic centers was produced
unexpectedly when we attempted to synthesize an N3-
substituted derivative from 9.[14] The structure of 10 was
confirmed unambiguously by X-ray crystallographic analysis
(Figure 1).[15]

In conclusion, we have developed an unprecedented and
highly regio- and stereoselective dienamine-catalyzed
inverse-electron-demand aza-Diels–Alder reaction of N-
tosyl-1-aza-1,3-butadienes and a,b-unsaturated aldehydes.[16]

The resulting densely functionalized enantiomerically pure
piperidine derivatives and cyclic scaffolds derived from these
compounds may be useful in the total synthesis of natural
products and medicinal chemistry.[17] Moreover, this method-
ology may also prompt the development of further applica-
tions of a,b-unsaturated aldehydes in asymmetric synthesis.
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