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The chiral N,N -dioxide–Yb(OTf)3 complex-catalyzed enantioselective aza-Diels–Alder reaction of Bras-
sard’s diene with aldimines has been developed, giving the corresponding a,b-unsaturated d-lactam
derivatives in moderate yields with good enantioselectivities (up to 81% ee and up to 99% ee by single
recrystallization) under mild conditions. Isolation of the reaction intermediate indicates that this asym-
metric aza-Diels–Alder reaction proceeds through a stepwise Mannich-type pathway.

� 2010 Elsevier Ltd. All rights reserved.
The a,b-unsaturated d-lactams are important intermediates of
highly functionalized piperidine derivatives,1,2 which are widely
spread in nature mainly as alkaloids, peptides, and aza sugars. Be-
sides, they are also key subunits of many useful compounds with
biological activities.3 The aza-Diels–Alder reaction4 of Brassard’s
diene5 with imines provides one of the most convenient protocols
for the preparation of chiral a,b-unsaturated d-lactams.

Brassard’s diene has attracted more and more attentions in re-
cent years toward the synthesis of many useful compounds.6 For
the catalytic asymmetric version, Ding’s and our group7 have
developed highly enantioselective hetero-Diels–Alder reaction of
Brassard’s diene with aldehydes.8 However, compared to the
achievement on the enantioselective reactions of aldehydes, the
reaction of Brassard’s dienes with imines9 is still less developed.4b

Although a few diastereoselective reactions of Brassard’s diene
with chiral imines have been described,10 to the best of our knowl-
edge, only Akiyama and co-workers11 reported the catalytic enan-
tioselective aza-Diels–Alder reaction of Brassard’s diene with
imines using chiral Brønsted acid as catalyst until now. Thus,
searching for effective metal catalysts for the aza-Diels–Alder reac-
tion of Brassard’s diene with simple imines would be highly chal-
lenging as well as interesting task.

The chiral N,N0-dioxide complexes12,13 have emerged as a new
class of effective catalysts for a variety of asymmetric reactions.
Also as part of our ongoing program after highly enantioselective
hetero-Diels–Alder reaction of Brassard’s diene with aldehydes,
ll rights reserved.

.

we wish to describe herein that the chiral N,N0-dioxide–Yb(OTf)3

complexes catalyzed enantioselective aza-Diels–Alder reaction of
Brassard’s diene with aldimines.

Two mechanistic pathways have generally been considered for
a Lewis acid-catalyzed aza-Diels–Alder reaction (Scheme 1), which
are (i) a traditional Diels–Alder-type cycloaddition reaction and (ii)
formation of the aza-Diels–Alder adduct by a Mannich reaction
path.4b

In our initial studies we found that N,N0-dioxide/metal com-
plexes could promote the reaction of Brassard’s diene 1 with imine
2a with asymmetric induction. Only the Mannich product 3a was
observed in the reaction mixture. Its structure was confirmed by
NMR as the Mannich product, and the stereochemistry of the ole-
fine was predominantly a (E) form verified by NOE. The cyclic
intermediate isolated by Midland10a seemed not to form in our ini-
tial studies. Still, the expected lactam 4a could be achieved by
heating the secondary amine 3a with benzoic acid. The facts men-
tioned above indicated that the aza-Diels–Alder reaction catalyzed
by N,N0-dioxide–metal complexes proceeded via a Mannich-type
pathway rather than a traditional DA cycloaddition pathway.

Among metals we studied,14 Sc(OTf)3, previously shown to be
effective for the aza-Diels–Alder reaction of Danishefsky’s diene,
gave only 26% yield and 36% ee in this reaction, when complexed
with L1 (Table 1, entry 1). The double substitution at the Brassard’s
diene terminus seems to have deleterious consequences upon the
enantioselectivity of the cycloaddition reaction.8e Fortunately, a
significant improvement of yield and ee values was obtained when
other rare earth metals15 were used (Table 1, entries 1–5). Espe-
cially, Yb(OTf)3 gave the best results affording 56% yield with
73% ee (Table 1, entry 5).
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Table 1
Enantioselective aza-Diels–Alder reaction between Brassard’s diene 1 and aldimine 2a under the indicated conditionsa

Ph

NH OMe
Ar

2) PhCOOH

PhMe, reflux

3a1

MeO

OTMS

OEt N

O

MeO Ph

Ar

4a
Ph

N+
OH THF, r.t.

COOEt

2a

Ligand-Metal

CH3

Entry L Metal Total yield of 4ab (%) eec (%)

1 L1 Sc(OTf)3 26 36
2 L1 Sm(OTf)3 41 57
3 L1 Y(OTf)3 46 64
4 L1 La(OTf)3 30 68
5 L1 Yb(OTf)3 56 73
6 L2 Yb(OTf)3 33 59
7 L3 Yb(OTf)3 32 �9
8 L4 Yb(OTf)3 43 72
9 L5 Yb(OTf)3 44 63

10d L1 Yb(OTf)3 58 76
11e L1 Yb(OTf)3 47 70

a Unless otherwise noted, all reactions were carried out with N,N0-dioxide (5 mol %), metal (5 mol %), imine 2a (0.1 mmol), and Brassard diene 1 (0.185 mmol) in THF
(0.5 mL) at rt for 22 h, then isolation was followed by adding PhCOOH (0.1 mmol) at 110 �C in PhMe for 12 h.

b Yield after flash chromatography.
c ee of 4a determined by HPLC.
d The ratio of L1:Yb(OTf)3 was 1.1:1.
e The ratio of L1:Yb(OTf)3 was 1.2:1.

R

N
+

2a1

PG

MeO

OTMS

OEt
N

O

MeO R

PG

4a

R

N OMe

N

MeO R

PG

R

NH OMe
PG

3a

Diels-Alder
pathway

Mannich-type
pathway

H+, reflux

OEtTMSO

PGTMS

H+

COOEtCOOEt

H+

Scheme 1. Two possible mechanisms of the aza-Diels–Alder reaction.
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Then, a series of N,N0-dioxides combined with ytterbium triflate
were examined for the addition reaction (L1–L5, Fig. 1). It was
found that the steric bulk of the amide moiety played a crucial role
on the asymmetric induction of the aza-Diels–Alder reaction (Table
1, entries 5–7). Decreasing the size of the amide moiety led to a
dramatic reduction of the enantioselectivity. When sterically much
less demanding aniline-derived N,N0-dioxide L3 was used, only 9%
ee was observed and the absolute configuration of the product was
even opposite. As for the chiral backbone of N,N0-dioxides, L4 (de-
rived from L-proline) and L5 (derived from L-ramipril acid) were
inferior to the (S)-pipecolic acid-derived L1 (Table 1, entries 8
L1: n = 1 Ar = 2,6-i-Pr2C6H3
L2: n = 1 Ar = 2-t-BuC6H4
L3: n = 1 Ar = C6H5
L4: n = 0 Ar = 2,6-i-Pr2C6H3

L5: Ar = 2,6-i-Pr2C6H3
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Figure 1. N,N0-Dioxide ligands evaluated.
and 9 vs entry 5). Subsequent screening of the molar ratio of ligand
to central metal showed that the use of slight excess ligand gave
better results (Table 1, entries 10 vs 5). However, further increase
of ligand caused adverse results (Table 1, entry 11). After extensive
investigation, we found that the optimized conditions were
5 mol % L1–Yb(III) complex (molar ratio: 1.1:1), 0.1 mmol aldim-
ine, and 0.185 mmol Brassard’s diene in 0.5 mL THF.

Under the optimized conditions, aldimines with other protect-
ing groups (2b and 2c) were investigated (Table 2, entries 2 and
3). The results varied as the imines derived from different 2-amino-
phenols. Imines 2a and 2b gave better results in both yields and
selectivities compared to imine 2c with 5-methyl substituent on
the phenyl group.

The asymmetric aza-Diels–Alder reaction of Brassard’s diene 1
with a variety of aldimines (2d–2q) was probed under the opti-
mized reaction conditions. As shown in Table 2, aromatic, hetero-
aromatic, condensed-ring aldimines were converted to the
corresponding a,b-unsaturated d-lactams (4d–4q) with moderate
to good yields and up to 81% ee (up to >99% ee after single
recrystallization). Various aromatic aldimines,16 bearing either
electron-donating (Table 2, entries 4–8, 14, and 15) groups or elec-
tron-withdrawing (Table 2, entries 9–13) groups showed good
enantioselectivities. In the case of heteroaromatic aldimine 2p,
81% ee was obtained (Table 2, entry 16).



Table 2
Enantioselective aza-Diels–Alder reaction between Brassard’s diene 1 and aldiminesa

R1

NH OMe
Ar

2) PhCOOH

PhMe, reflux

3a-3r1

MeO

OTMS

OEt N

O

MeO R1

Ar

4a-4r
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N+
OH

R2

2a-2r

1) L1-Yb(OTf)3
(1.1:1, 5 mol%)

THF, r.t. COOEt

Entry R1 R2 Total yieldb(%) eec(%)

1 Ph 4-Me 58 (4a) 76
2 Ph H 48 (4b) 66
3 Ph 5-Me 34 (4c) 59(S)d

4 2-MeC6H4 4-Me 54 (4d) 72 (>99)e

5 3-MeC6H4 4-Me 48 (4e) 80
6 4-MeC6H4 4-Me 54 (4f) 70
7 4-MeOC6H4 4-Me 50 (4g) 64
8 3-MeOC6H4 4-Me 50 (4h) 77
9 4-FC6H4 4-Me 39 (4i) 67

10 4-ClC6H4 4-Me 45 (4j) 70
11 4-BrC6H4 4-Me 48 (4k) 71
12 3-ClC6H4 4-Me 51 (4l) 73
13 3-NO2C6H4 4-Me 42 (4m) 68
14 3-PhOC6H4 4-Me 35 (4n) 78

15
O

O
4-Me 33 (4o) 77

16 2-Thienyl 4-Me 30 (4p) 81 (>99)e

17 2-Naphthyl 4-Me 56 (4q) 75

a Unless otherwise noted, all reactions were carried out with N,N0-dioxide L1 (5.5 mol %), Yb(OTf)3 (5 mol %), imine 2 (0.1 mmol), and Brassard diene 1 (0.185 mmol) in THF
(0.5 mL) at rt for 22 h, then isolation was followed by adding PhCOOH (0.1 mmol) at 110 �C in PhMe for 12 h.

b Isolated yield of 4.
c Determined by HPLC using commercial chiral columns.
d The absolute configuration was determined by comparison of the optical rotation values in the literature.
e After a single recrystallization from hexane/ethyl acetate.
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In conclusion, the enantioselective aza-Diels–Alder reaction of
Brassard’s diene with aldimines has been achieved using chiral
N,N0-dioxide–Yb(OTf)3 complex as the catalyst. Under mild con-
ditions, the reaction proceeds smoothly to afford the correspond-
ing a,b-unsaturated d-lactam derivatives in moderate to good
yields with good enantioselectivities (up to 81% ee, up to >99%
ee after single recrystallization). On the basis of the isolated
intermediates, a Mannich-cyclization pathway is indicated. Fur-
ther efforts will be devoted to the study of the reaction mecha-
nism and applications of this methodology to natural product
synthesis.
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