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Chiral Brensted Acid Catalyzed Enantioselective
Aza-Diels—Alder Reaction of Brassard’s Diene
with Imines**

Junji Itoh, Kohei Fuchibe, and Takahiko Akiyama*

Piperidine derivatives are precursors of the biologically
important piperidine alkaloids!! peptides, and aza sugars,
and are therefore important synthetic targets. Development
of novel efficient methods for the synthesis of piperidine
derivatives in optically pure form is important from the
standpoint of the pharmaceutical sciences as well as synthetic
organic chemistry. The enantioselective aza-Diels—Alder
reaction of electron-rich dienes with aldimines provides an
efficient protocol for the preparation of piperidine derivatives
in scalemic form.” Thus, the aza-Diels—Alder reaction of an
imine with 1-alkoxy-3-siloxy-1,3-butadienes and its deriva-
tives (Danishefsky’s diene)®®! furnishes functionalized piper-
idinones. A catalytic asymmetric version of the aza-Diels—
Alder reaction was investigated recently, and high enantio-
selectivity was attained.””! Another potential candidate as an
electron-rich diene is 1,3-dimethoxy-1-(trimethylsiloxy)buta-
diene 1 (Brassard’s diene),’ the reaction of which provides
piperidinone derivatives (Scheme 1).! In contrast to Dani-
shefsky’s diene, Brassard’s diene has been less extensively
studied. Although diastereoselective versions of aza-Diels—
Alder reactions with chiral imines that lead to optically active
piperidinone derivatives have been reported by Waldmann
et al.,” Midland and Koops,® and Kawecki,”! the catalytic
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Scheme 1. The aza-Diels—Alder reaction. TMS =trimethylsilyl.
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enantioselective reaction of Brassard’s diene with imines has,
to the best of our knowledge, not been reported.'” The high
reactivity and lability of Brassard’s diene is associated with
the paucity of its hetero-Diels—Alder reaction.

Recently, chiral Brgnsted acid catalysis,'""'? a variant of
metal-free organocatalysis, has become a rapidly growing
area.l'¥l We have already developed chiral phosphoric acid 2,
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derived from (R)-BINOL, as a chiral Brgnsted acid cata-
lyst.'*151 One of the potential problems associated with 2 lies
in its strong acidity," in particular when applied to labile
substrates. We have found that its pyridinium salt 3 also
exhibits efficient catalytic activity as a chiral Brgnsted acid
catalyst but is more compatible than 2 with labile substrates
such as Brassard’s diene. Herein, we report the chiral
Brgnsted acid catalyzed aza-Diels—Alder reaction of aldi-
mines with Brassard’s diene 1 to afford piperidinone deriv-
atives in high yields and with excellent enantioselectivities (up
to 99% ee). To our knowledge, this is the first report of an
enantioselective aza-Diels—Alder reaction of Brassard’s diene
with aldimines."”

Screening of substituents at the 3,3’-positions of phospho-
ric acid 2 revealed that 9-anthryl groups as in 2al'> were the
most effective for the aza-Diels—Alder reaction. Thus, aldi-
mine 4a (R =Ph), derived from benzaldehyde and 2-amino-4-
methylphenol, and Brassard’s diene 1 were treated with 2a
(3 mol %) in mesitylene at —40°C for 24 h. Treatment of the
reaction mixture with PhCO,H (1 equiv) with heating for 12 h
afforded cycloadduct 5a in 72% yield and with 92% ee
(Table 1, entry 1). Note that as little as 3 mol % of the catalyst
suffices for the reaction to proceed efficiently. Interestingly,
use of the equivalent amount (3 mol %) of its pyridinium salt
3 improved the yield significantly with comparable enantio-
selectivity (Table 1, entry 2). A range of aldimines derived
from aromatic and heteroaromatic aldehydes underwent the
aza-Diels—Alder reaction to afford cyclization products with
excellent enantioselectivities (Table 1, entries 3-14). Ali-
phatic aldimines, which were generated in situ, also gave
corresponding cycloadducts with excellent ee values (Table 1,
entries 15, 16). The absolute stereochemistry of 5 (R=p-
BrC¢H,; Table 1, entry 3) was unambiguously determined by
X-ray crystallographic analysis,"® and those of the other
cycloadducts were assigned by analogy.

To demonstrate the utility of the present aza-Diels—Alder
reaction, the experiment was performed on a gram scale.
Thus, when 1.01g of aldimine 4a was treated with 3
(3mol%), 1.40 g of the corresponding cyclization product
5a was obtained without any loss in the enantioselectivity or
yield (Scheme 2).

The methoxy group in Sa could be transformed into other
functionalities. As an example, acid hydrolysis of the methyl
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Table 1: Results of the aza-Diels—Alder reaction.”!
1) cat.

HO (3 mol%) o]
OMe OMe mesitylene, - A
¥ —40°C N
j'\ CHs MOTMS 2)PhCOH Lo dOMe
R (1.0 equiv)
4 1 5

Entry Catalyst R Yield [%)] ee [%]

10! 2a CeHs 72 92

201 3 CeHs 87 94

3 3 p-BrCeH, 86 96

4 3 p-CICeH, 90 97

50 3 p-FCeH, 76 98

6 3 p-CH;CH, 90 95

7 3 p-CH;0CeH, 84 99

gl 3 0-BrCeH, 83 98

9l 3 0-CIC4H, 86 98
10 3 0-CH,C4H, 76 96
1 3 1-naphthyl 79 98
120 3 2-naphthyl 91 97
130 3 2-furyl 63 97
1464 3 PhCH=CH 76 98
15 3 cyclohexyl 69 99
16 3 iPr 65 93

[a] 3.0 equiv of 1 was employed. [b] 5 equiv of PhCO,H was employed.
[c] 4.0 equiv of 1 was employed. [d] 1 was added in one portion.
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Scheme 2. Scaled-up version of the aza-Diels—Alder reaction.

ether and a subsequent addition—elimination reaction of the

tosylate with Me,Culi introduced a methyl group
(Scheme 3).
O 1) TFAH,0 0 )
Ar\N (100% yield) Ar\N Me,CulLi
| 2) TsCl, iPr,NEt | THF, 0°C
Ph OMe (66% yield) Ph OTs (78% yield)

5a
TFA=trifluoroacetic acid; Ts = p-toluenesulfonyl.

The stability of Brassard’s diene 1 toward acid 2a and
toward 3 in the presence of phosphoric acid was studied in wet
[Dg]toluene at room temperature. The amount of 1 was
monitored by "H NMR specroscopy.” In the presence of 2a
only 12 % of Brassard’s diene was detected after 1 h, whereas
in the presence of 3 75% of the starting amount of diene was
measured. This result clearly shows that the weaker acidity of
3 is responsible for the increased yields of the cycloadduct 5,
as compared to those with 2a.

As the presence of the hydroxy moiety on the N-aryl
group is essential for attaining high enantioselectivity,™ we
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Scheme 3. Transformation of the cycloadduct 5a. Ar=2-hydroxy-5-methylphenyl;
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surmised that the present aza-Diels—Alder reaction proceeds
via a nine-membered cyclic transition state, wherein the
phosphoryl oxygen atom forms a hydrogen bond with the
hydrogen atom of the imine OH moiety, with the nucleophile
attacking the Reface of the aldimine preferentially
(Figure 1),

\

Figure 1. Chem3D representation of a minimized structure of the
complex derived from 2a and 4a. Most of the hydrogen atoms are
omitted for clarity. Hydrogen bonds are shown. P pink, O red, N blue,
C gray, H turqoise. The arrow indicates Re facial attack.

In summary, we have developed the aza-Diels—Alder
reaction of Brassard’s diene with imines, catalyzed by a chiral
Brgnsted acid derived from (R)-BINOL, to give dihydropyr-
idone derivatives with excellent enantioselectivities. The
application of the present chiral Brgnsted acid catalysis
system to other asymmetric reactions is underway.

Received: April 5, 2006
Published online: June 23, 2006

Keywords: asymmetric synthesis - aza-Diels—Alder reaction -
Bronsted acids - enantioselectivity - organocatalysis

[1] P.D. Bailey, P. A. Millwood, P.D. Smith, Chem.
Commun. 1998, 633.
a) H. Waldmann, Synthesis 1994, 535; b) K. A. Jgrgen-
sen, Angew. Chem. 2000, 112, 3702; Angew. Chem. Int.
Ed. 2000, 39, 3558; c) P. Buonora, J.-C. Olsen, T. Oh,
Tetrahedron 2001, 57,6099; d) Cycloaddition Reactions
in Organic Synthesis (Eds: S. Kobayashi, K. A. Jgr-
gensen), Wiley-VCH, Weinheim, 2002.
[3] S. Danishefsky, T. Kitahara, J. Am. Chem. Soc. 1974,
96, 7807.
[4] a) S. Kobayashi, S. Komiyama, H. Ishitani, Angew.
Chem. 1998, 110, 1026; Angew. Chem. Int. Ed. 1998, 37,979;b) S.
Yao, M. Johannsen, R.G. Hazell, K. A. Jgrgensen, Angew.
Chem. 1998, 110, 3318; Angew. Chem. Int. Ed. 1998, 37, 3121;
c) S. Kobayashi, K. Kusakabe, S. Komiyama, H. Ishitani, J. Org.
Chem. 1999, 64, 4220; d) S. Kobayashi, K. Kusakabe, H. Ishitani,
Org. Lett. 2000, 2, 1225; e) N. S. Josephsohn, M. L. Snapper,
A.H. Hoveyda, J. Am. Chem. Soc. 2003, 125, 4018; f) O. G.
Mancheno, R. G. Arrayas, J. C. Carretero, J. Am. Chem. Soc.
2004, 126, 456; g)Y. Yamashita, Y. Mizuki, S. Kobayashi,
Tetrahedron Lett. 2005, 46, 1803.
[5] J. Savard, P. Brassard, Tetrahedron Lett. 1979, 20, 4911.

www.angewandte.org

Chemie

4797


http://www.angewandte.org

Communications

4798

[6] M. M. Midland, J.I. McLoughlin, Tetrahedron Lett. 1988, 29,
4653.

[7] a) H. Waldmann, M. Braun, M. Draeger, Angew. Chem. 1990,
102, 1445; Angew. Chem. Int. Ed. Engl. 1990, 29, 1468; b) H.
Waldmann, M. Braun, M. Dréger, Tetrahedron: Asymmetry
1991, 2, 1231.

[8] M. M. Midland, R. W. Koops, J. Org. Chem. 1992, 57, 1158.

[9] R. Kawecki, Tetrahedron 2001, 57, 8385.

[10] For the enantioselective hetero-Diels—Alder reaction of Bras-
sard’s diene with aldehydes, see: a) Q. Fan, L. Lin, J. Liu, Y.
Huang, X. Feng, G. Zhang, Org. Lett. 2004, 6,2185;b) H. Du, D.
Zhao, K. Ding, Chem. Eur. J. 2004, 10, 5964.

[11] For reviews on Brgnsted acid catalysis, see: a) P. R. Schreiner,
Chem. Soc. Rev. 2003, 32, 289; b) P. M. Pihko, Angew. Chem.
2004, 116, 2110; Angew. Chem. Int. Ed. 2004, 43, 2062; c) C.
Bolm, T. Rantanen, 1. Schiffers, L. Zani, Angew. Chem. 2005,
117,1778; Angew. Chem. Int. Ed. 2005, 44, 1758; d) P. M. Pihko,
Lett. Org. Chem. 2005, 2, 398; e) M. S. Taylor, E. N. Jacobsen,
Angew. Chem. 2006, 118, 1550; Angew. Chem. Int. Ed. 2006, 45,
1520; f) T. Akiyama, J. Itoh, K. Fuchibe, Adv. Synth. Catal. 2006
DOI: 10.1002/adsc.200606074.

[12] For recent representative papers, see: a) A. G. Wenzel, E. N.
Jacobsen, J. Am. Chem. Soc. 2002, 124, 12964; b) N. T. McDou-
gal, S. E. Schaus, J. Am. Chem. Soc. 2003, 125, 12094; ¢) T.
Okino, Y. Hoashi, Y. Takemoto, J. Am. Chem. Soc. 2003, 125,
1267; d) B. M. Nugent, R. A. Yoder, J. N. Johnston, J. Am. Chem.
Soc. 2004, 126, 3418; e) N. T. McDougal, W. L. Trevellini, S. A.
Rodgen, L. T. Kliman, S. E. Schaus, Adv. Synth. Catal. 2004, 346,
1231; f) Y. Huang, A.K. Unni, A.N. Thadani, V. H. Rawal,
Nature 2003, 424, 146; g) A. N. Thadani, A. R. Stankovic, V. H.
Rawal, Proc. Natl. Acad. Sci. USA 2004, 101, 5846; h) T. Okino,
Y. Hoashi, T. Furukawa, X. Xu, Y. Takemoto, J. Am. Chem. Soc.
2005, 727, 119; i) N. Momiyama, H. Yamamoto, J. Am. Chem.
Soc. 2005, 127, 1080; j) A. K. Unni, N. Takenaka, H. Yamamoto,
V. H. Rawal, J. Am. Chem. Soc. 2005, 127,1336; k) M. Shi, L.-H.
Chen, C.-Q. Li, J. Am. Chem. Soc. 2005, 127, 3790; 1) E. Fuerst,
E. N. Jacobsen, J. Am. Chem. Soc. 2005, 127, 8964.

[13] For reviews on organocatalysts, see: a) P. I. Dalko, L. Moisan,
Angew. Chem. 2001, 113, 3840; Angew. Chem. Int. Ed. 2001, 40,
3726; b) P. 1. Dalko, L. Moisan, Angew. Chem. 2004, 116, 5248,
Angew. Chem. Int. Ed. 2004, 43, 5138; c) Special Issue on
Organocatalysis (Eds.: K. N. Houk, B. List), Acc. Chem. Res.
2004, 37, 487; d) Special Issue on Organocatalysis (Eds.: B. List,
C.Bolm), Adv. Synth. Catal. 2004, 346,1021; ¢) J. Seayad, B. List,
Org. Biomol. Chem. 2005, 3,719; f) Asymmetric Organocatalysis
(Eds: A. Berkessel, H. Groger), Wiley-VCH, Weinheim, 2005.

[14] a) T. Akiyama, J. Itoh, K. Yokota, K. Fuchibe, Angew. Chem.
2004, 116, 1592; Angew. Chem. Int. Ed. 2004, 43, 1566; b) T.
Akiyama, H. Morita, J. Itoh, K. Fuchibe, Org. Lett. 2005, 7, 2583;
c) T. Akiyama, Y. Saitoh, H. Morita, K. Fuchibe, Adv. Synth.
Catal. 2005, 347, 1523; d) T. Akiyama, Y. Tamura, J. Itoh, H.
Morita, K. Fuchibe, Synlett 2006, 141.

[15] a) D. Uraguchi, M. Terada, J. Am. Chem. Soc. 2004, 126, 5356;
b) D. Uraguchi, K. Sorimachi, M. Terada, J. Am. Chem. Soc.
2004, 126, 11804; c) D. Uraguchi, K. Sorimachi, M. Terada, J.
Am. Chem. Soc. 2005, 127, 9360; d) M. Terada, K. Sorimachi, D.
Uraguchi, Synlett 2006, 133; e¢) G. B. Rowland, H. Zhang, E. B.
Rowland, S. Chennamadhavuni, Y. Wang, J. C. Aantilla, J. Am.
Chem. Soc. 2005, 127, 15696; f) M. Rueping, E. Sugiono, C.
Azap, T. Theissmann, M. Bolte, Org. Lett. 2005, 7, 3781; g) S.
Hoffmann, A. M. Seayad, B. List, Angew. Chem. 2005, 117,7590;
Angew. Chem. Int. Ed. 2005, 44, 7424; h) R. 1. Storer, D. E.
Carrera, Y. Ni, D. W. C. MacMillan, J. Am. Chem. Soc. 2006, 128,
84; 1) J. Seayad, A. M. Seayad, B. List, J. Am. Chem. Soc. 2006,
128, 1086; j) M. Terada, K. Machioka, K. Sorimachi, Angew.
Chem. 2006, 118, 2312; Angew. Chem. Int. Ed. 2006, 45, 2254.

www.angewandte.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[16] The pK, value of diethyl phosphate is 1.39; see: L. D. Quin, A
Guide to Organophosphorus Chemistry, Wiley, New York, 2000,
chap. 5, pp. 133-165.

[17] For organocatalyzed hetero-Diels—Alder reactions of aldehydes
with Brassard’s diene, see ref. [10b].

[18] CCDC-280243 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.
cam.ac.uk/data_request/cif.

[19] See Supporting Information for details.

[20] An aldimine derived from p-methoxyaniline exhibited lower
enantioselectivity.

[21] The nine-membered cyclic structure was observed as one of the
energy minima of the complex derived from 2a and 4a by
quantum chemical calculations (PM3, Spartan’02, Wavefunc-
tion, Inc.).

[22] We suppose pyridine would not participate in the transition state
but may stabilize Brassard’s diene in the reaction.

Angew. Chem. Int. Ed. 2006, 45, 4796 —4798


http://www.angewandte.org

