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The development of efficient methods for the asymmetric
synthesis of complex polycyclic frameworks is an ongoing
challenge in preparative chemistry."? This goal can be
accomplished by the use of domino reactions that proceed
consecutively and under the same reaction conditions."!
Thus, the implementation of asymmetric catalysis into
domino processes is an important current research area.*’!
The design of organocatalytic domino reactions™ is even
more appealing, not only because such processes are more
efficient than stepwise reactions but also organocatalysts are
environmentally friendly, robust, and nontoxic.’! In partic-
ular, chiral secondary amines have been used successfully in
cascade reactions because of their two modes of activating
carbonyl compounds (enamine and iminium activation).[!
The first example of this strategy in which asymmetric
organocatalysts were used originated from Bui and Barbas
in 2000.7 More recently, the research groups of List,®
MacMillan,”’ and Jgrgensen!”! performed two-step domino
processes using first iminium and then enamine activation.
Shortly after that, we developed a reverse strategy in which
the enamine and iminium activation were combined, thus
allowing a multicomponent three-step domino reaction.!
Based on our previous work, we envisaged a one-pot
procedure to construct polyfunctionalized tricyclic carbon
frameworks A, which contain up to eight stereogenic centers,
with high stereocontrol. Such functionalized decahydroace-
naphthylene (n=0) and decahydrophenalene (n=1) carbon
cores are typical structural features of diterpenoid natural
products, such as the hainanolides and amphilectanes.? The
retrosynthetic analysis is depicted in Scheme 1. The assembly
of the condensed polycyclic structure A should be feasible by
using the organocatalyzed domino Michael/Michael/aldol
condensation sequence!'! starting from the simple aldehyde
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and nitroalkene substrates C-E, followed by an intramolec-
ular Diels-Alder reaction (IMDA) of B.['J Ideally the
organocatalyzed Diels—Alder reaction would occur directly
as fourth step of the cascade.”

In a test reaction we investigated the organocatalytic
triple-cascade reaction which led to the tetrasubstituted
cyclohexenecarbaldehyde 4a bearing a diene moiety for the
IMDA reaction. Following our previously developed proto-
col,' we employed near-stoichiometric amounts of the
dienal 1a, nitroalkene 2a, and o,B-unsaturated aldehyde 3a
in the presence of the catalyst (S5)-5 (20 mol%). To our
delight, the reaction smoothly provided the cyclohexene
derivative 4a in good yield (51 %) and, after separation from
the minor epimer by flash chromatography,'! in diastereo-
and enantiomerically pure form (>99% de and ee;
Scheme 2). Unfortunately, the domino reaction stopped
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Scheme 1. One-pot organocatalytic triple-cascade/Diels—Alder
approach to tricyclic frameworks A (retrosynthetic analysis).
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Scheme 2. Organocatalyzed multicomponent domino reaction.
TMS =trimethylsilyl.
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after the third step, and only traces of the [4+42] cycloadduct
were detected, probably because of the steric interference
between the highly substituted cyclohexene derivative 4a and
the organocatalyst (S)-5.

We thought of activating the carbaldehyde 4a with a
Lewis acid to facilitate the IMDA reaction. It is well known
that similar diene enal systems can be very selectively cyclized
through the use of dialkylaluminum chlorides at low temper-
ature.”! Therefore, 4a was treated with dimethylaluminum
chloride at —78°C and gradually warmed up the reaction to
0°C. The isolated cycloadduct 6a was obtained in 80 % yield
and with complete diastereocontrol (endolexo >99:1,
>99% ee; Scheme 3).
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Scheme 3. An IMDA reaction mediated by a Lewis acid to afford 6a.

These results revealed the possibility of combining both
protocols in a one-pot reaction to minimize operational
demand and thus provide a more practical route to the
tricyclic targets 6. As shown in Scheme 4, the domino reaction
was carried out without any change in the reaction conditions.
After consumption of the starting materials, the mixture was
diluted with dichloromethane and cooled to —78°C, and an
excess of dimethylaluminum chloride was added to ensure
complete conversion of the intermediates 4. When the
reaction was complete, the title compounds 6 were success-
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Scheme 4. One-pot procedure for the synthesis of the tricyclic
carbaldehydes 6.
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Table 1: Results from the one-pot asymmetric synthesis of 6
(Scheme 4).F!

6 R R? n Yield d.rid ee [%]

[94]"

a Ph Ph 0 35 5:1:1 >99

b 2-CICH, Ph 0 45 12:2:1 >99

c Ph Ph 1 56 15:1 >99

d 2-CIC¢H, Ph 1 52 11:1 >99

e Ph H 1 49 10:1 >99

[a] For a general procedure and the analytical data of 6b, see the
Supporting Information. [b] Yield of isolated products. [c] The trans-fused
endo isomer is the major diastereomer. [d] Determined by HPLC on a
chiral stationary phase.

fully isolated after separation of the minor isomers by flash
chromatography (Table 1).

As can be seen from Table 1, the one-pot synthesis was
applicable to a range of different substrates, and through
variation of the chain length of the residue R', the ring size
can be adjusted to five- or six-membered rings. We observed
very good yields for a four-step procedure (35-56%). In this
process, five new C—C bonds and seven or eight new
stereocenters were generated with complete enantioselectiv-
ity (> 99 % ee). The one-pot reaction also generated up to two
additional minor diastereomers, which were easily separated
by flash chromatography on silica gel. Interestingly, the
reactions of structures that consisted of three six-membered
rings 6 c—e gave only two diastereomers with a ratio of 10:1 to
15:1, whereas reactions of the more strained structures 6a,b
gave three diastereomers in ratios of 5:1:1 to 12:2:1. One of
the diastereomers emanates from the triple cascade as an
epimer in the position o to the nitro group, the other
diastereomer is formed in the course of the IMDA reaction.

The relative and absolute configuration of the complex
structures was determined by X-ray analysis of the compound
6b and also by NOE measurements based on the known
configuration of the intermediates 4. The crystallographic
analysis also revealed that 6b crystallizes as two conformers
which differ in the orientation of the ortho chlorophenyl
substituent. One conformer is shown in Figure 1. The relative
and absolute configuration of compound 6b supports the
mechanism that we have proposed earlier,""! and also the
selectivity for trans-fused endo configuration of the intra-
molecular cycloaddition promoted by a Lewis acid.!'®!

Figure 1. Absolute configuration of 6b determined by X-ray analysis
(Flack parameter X,,,=0.03(4)).%""]
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Scheme 5. Proposed favored transition states (TS in boxes) of the
IMDA reaction.

A comparison of the relevant transition states (TSs) of the
intramolecular Diels—Alder reaction can explain the observed
configuration of the products 6 (Scheme 5). In the case of
4ab (TS for n=0), the diene moiety is more likely to
approach from underneath the enal face in an “endo manner”
(the Alder rule) because of a steric interaction with the
phenyl group. The other structures 4 c—e that contain a longer
side chain (TS for n=1) allow the approach from both
beneath and above the enal face, but NOE analyses of the
isolated products 6¢ revealed that the diene approaches the
dienophile from the top. Thus, in both systems, the trans-fused
endo configuration is preferred because of steric interactions
with the phenyl substituents and the nitro group.

In conclusion, we have developed an efficient one-pot
procedure that provides a direct entry to diastereo- and
enantiomerically pure polyfunctionalized tricyclic frame-
works, wherein the formation of five C—C bonds and eight
stereocenters is controlled. The organocatalytic triple-cas-
cade/Diels—Alder sequence leads to decahydroacenaphthy-
lene and decahydrophenalene cores, which are characteristic
structural units of diterpenoid natural products such as the
hainanolides and amphilectanes. We are currently investigat-
ing the extension of the scope of substrates and also in
improvements in the method to reach a fully organocatalyzed
procedure.!"”!

Received: August 22, 2006
Published online: December 8, 2006

Keywords: asymmetric synthesis - cycloaddition -
domino reactions - multicomponent reactions - organocatalysis

[1] K. C. Nicolaou, T. Montagnon, S. A. Snyder, Chem. Commun.
2003, 551.

[2] L. FE. Tietze, G. Brasche, K. Gerike, Domino Reactions in
Organic Chemistry, Wiley-VCH, Weinheim, 2006.

[3] a) L. F. Tietze, U. Beifuss, Angew. Chem. 1993, 105, 137; Angew.
Chem. Int. Ed. Engl. 1993, 32, 131; b) L. F. Tietze, Chem. Rev.

Angewandte

1996, 96, 115; c) L. F. Tietze, F. Haunert in Stimulating Concepts

in Chemistry (Eds.: F. Vogtle, J. F. Stoddart, M. Shibasaki),

Wiley-VCH, Weinheim, 2000, p. 39; d) J.-C. Wasilke, S. J. Obrey,

R.T. Baker, G. C. Bazan, Chem. Rev. 2005, 105, 1001; e) D. J.

Ramon, M. Yus, Angew. Chem. 2005, 117, 1628; Angew. Chem.

Int. Ed. 2005, 44, 1602; f) H.-C. Guo, J.-A. Ma, Angew. Chem.

20006, 118, 362; Angew. Chem. Int. Ed. 2006, 45, 354; g) H.

Pellissier, Tetrahedron 2006, 62, 1619; h) H. Pellisier, Tetrahe-

dron 2006, 62, 2143.

For a review, see: D. Enders, C. Grondal, M. R. M. Hiittl, Angew.

Chem., DOI: 10.1002/ange.200603434; Angew. Chem. Int. Ed.,

DOI: 10.1002/anie.200603434, and references therein.

For reviews on organocatalysis, see: a) P. I. Dalko, L. Moisan,

Angew. Chem. 2001, 113, 3840; Angew. Chem. Int. Ed. 2001, 40,

3726; b) B. List, Synlett 2001, 1675; c) B. List, Tetrahedron 2002,

58, 2481; d) P. I. Dalko, L. Moisan, Angew. Chem. 2004, 116,

5248; Angew. Chem. Int. Ed. 2004, 43, 5138; ¢) A. Berkessel, H.

Groger, Asymmetric Organocatalysis, Wiley-VCH, Weinheim,

2005; f) J. Seayad, B. List, Org. Biomol. Chem. 2005, 3,719; g) G.

Lelais, D. W. C. MacMillan, Aldrichimica Acta 2006, 39, 79.

a) B. List, Chem. Commun. 2006, 819, and references therein;

b) K. A. Ahrendt, C. J. Borth, D. W. C. MacMillan, J. Am. Chem.

Soc. 2000, 122, 4243; c) A. B. Northrup, D. W. C. MacMillan, J.

Am. Chem. Soc. 2002, 124, 2458.

[7] T. Bui, C. F. Barbas 111, Tetrahedron Lett. 2000, 41, 6951.

[8] J. W. Yang, M. T. Hechavarria Fonsecca, B. List, J. Am. Chem.
Soc. 2005, 127, 15036.

[9] Y. Huang, A. M. Walji, C. H. Larsen, D. W. C. MacMillan, J. Am.
Chem. Soc. 2005, 127, 15051.

[10] M. Marigo, T. Schulte, J. Franzén, K. A. Jgrgensen, J. Am. Chem.
Soc. 2005, 127, 15710.

[11] D. Enders, M. R. M. Hiittl, C. Grondal, G. Raabe, Nature 2006,
441, 861.

[12] a) E. Piers, M. A. Romero, Tetrahedron 1993, 49, 5791; b) Y. W.
Li, L. Y. Zhu, L. Huang, Chin. Chem. Lett. 2004, 15, 397.

[13] For reviews on the Diels—Alder reaction, see: a) E.J. Corey,
Angew. Chem. 2002, 114, 1724; Angew. Chem. Int. Ed. 2002, 41,
1650; b) K. C. Nicolaou, S. A. Snyder, T. Montagnon, G.E.
Vassilikogiannakis, Angew. Chem. 2002, 114, 1742; Angew.
Chem. Int. Ed. 2002, 41, 1668; for IMDA reviews, see: c) W. R.
Roush in Comprehensive Organic Synthesis, Vol. 5 (Eds.: B. M.
Trost, I. Fleming), Pergamon, Oxford, 1991, pp. 513-550; d) D.
Craig, Chem. Soc. Rev. 1987, 16, 187; ¢) G. Brieger, J. N. Bennett,
Chem. Rev. 1980, 80, 63.

[14] For organocatalyzed IMDA reactions of triene aldehydes, see:

a) R. M. Wilson, W. S. Jen, D. W. C. MacMillan, J. Am. Chem.

Soc. 2005, 127,11616;b) S. A. Selkili, A. M. P. Koskinen, Eur. J.

Org. Chem. 2005, 1620.

a) T. A. Dineen, W. R. Roush, Org. Lett. 2005, 7, 1355; b) L. C.

Dias, G. Z. Melgar, L. S. A. Jardim, Tetrahedron Lett. 2005, 46,

4427, c) F. F. Paintner, G. Bauschke, K. Polborn, Tetrahedron

Lett. 2003, 44, 2549.

CCDC-618660 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.

[17] H. D. Flack, Acta Crystallogr. Sect. A 1983, 39, 876.

[18] For studies on the outcome of IMDA reactions, see:
a) Ref. [13c]; b) D. J. Witter, J. C. Vederas, J. Org. Chem. 1996,
61, 2613.

[19] All novel compounds were fully characterized (m.p., optical
rotation, NMR, IR, MS, and elemental analyses), and the
spectroscopic and analytical data are in agreement with the
assigned structures.

[4

[}

[5

—_

[6

—_

[15]

—_
—
[=)}

—_

Angew. Chem. Int. Ed. 2007, 46, 467469

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.org

Chemie

469


http://www.angewandte.org

