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The frontiers of organic synthesis are most clearly defined
by the level of molecular complexity that can be achieved with
efficiency. Ideally, the synthesis of complex targets would be
based on readily available starting materials and proceed
quickly and quantitatively in one simple, safe, environmen-
tally acceptable, and resource-effective operation.[1] However,
most reactions do not provide sufficient increases in complex-
ity to achieve such synthetic brevity. As a result, efforts to
achieve complexity and brevity must rely on coupling multiple
individual transformations into one synthetic operation.[2±5]

Cycloaddition reactions are among the synthetically most
useful individual processes for increasing molecular complex-
ity.[6, 7] The synergistic effects of linking multiple cycloaddition
reactions in series can lead to highly desirable increases in
molecular complexity.[3, 4] We recently introduced a funda-
mentally new and remarkably general cycloaddition for
seven-membered ring synthesis based on transition metal
catalyzed [5�2] cycloadditions.[8, 9] We now report our studies
on a novel, serial [5�2]/[4�2] cycloaddition process, and the
finding that the serial process proceeds more efficiently than
the uncoupled individual steps.

We have reported that [{Rh(CO)2Cl}2] catalyzes intermo-
lecular [5�2] cycloadditions with complete chemoselectivity
for alkynes.[8b,c] Based on this selectivity, we envisioned that an
intermolecular [5�2] cycloaddition with a conjugated enyne
would yield a diene that could react in a [4�2] cycloaddition,
affording a polycyclic compound from three simple starting
materials in a single operation.

1,1,2,2-Tetrachloroethane (TCE) was selected as our initial
solvent because it was found to work superbly in the [5�2]
cycloaddition (Scheme 1). Furthermore, because of its rela-

tively high boiling point (147 8C), TCE enables thermally
demanding [4�2] cycloadditions without the need for sealed
tubes.

Our initial study of the [5�2]/[4�2] cycloadditions used a
sequential addition protocol (Method A). The [5�2] cyclo-
addition was run to completion, the dienophile added and the
reaction heated. Hydrolysis of the resultant enol gave good to
excellent yields of a single diastereomeric product (Table 1,
Method A). X-ray analysis indicates that the stereoselectivity
is derived from the endo transition state of the Diels ± Alder
reaction.[10] Tricycle 8, a dihydroarene, is obtained smoothly
under the reaction conditions but is easily aromatized with
DDQ to the arene in 87 %.

Sequential addition, while operationally easy, would be
further simplified by addition of all three reactants at the
outset of the reaction (Method B). Gratifyingly, this proce-
dure afforded the target polycycles in better yields than the
initial procedure (Table 1, Method B). Since diene 3 decom-
poses at elevated temperatures,[11] the higher yields obtained
by Method B are a consequence of the diene being trapped as
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Scheme 1. [5�2] cycloaddition of 1 and 2 is chemoselective and efficient at
room temperature.

Table 1. Serial [5�2]/[4�2] cycloadditions with 1-ethynylcyclohexene (2).
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it forms in a [4�2] cycloaddition, avoiding deleterious side
reactions. Thus, in a single, operationally simple step, two
rings, four carbon ± carbon bonds, and four stereocenters are
formed in a predictable and specific manner. The enyne,
dienophile and catalyst are commercially available and used
without further purification. The vinylcyclopropane is easily
and inexpensively prepared on multigram scale.[8c]

The generality of this three-component process with other
enynes was also explored (Table 2). Good yields were
obtained with enynes 2-methyl-1-buten-3-yne (10) and
6-ethynyl-3,4-dihydro-2H-pyran (11), and various dieno-
philes,[12] which demonstrates that a variety of enynes and
dienophiles are tolerated.

The [5�2]/[4�2] addition product of naphthoquinone and
10 is oxidized during workup to give compound 14, the result
of a three-component, three-reaction process (Table 2, en-
try 3). The products initially formed from enyne 11 isomerized
predictably and stereospecifically to the thermodynamically
more stable enol ether (Table 2, entries 4, 5). As observed in
the formation of 14, the product of the [5�2]/[4�2] addition of
naphthoquinone and 11 gave 16. Moreover, stirring 16
overnight in solution exposed to air during the hydrolysis
step afforded the aromatized product 17, the result of five
different steps in one operation (Table 2, entry 6).

This serial cycloaddition process is also readily scaled up.
Increasing the reaction scale by 10- and 100-fold gave
comparable yields of isolated products (Table 3). For exam-

ple, 14.42 g (100 mmol) of 1 was converted to 26.32 g
(91.6 mmol, 91 %) of 5 in just 200 mL of solvent with only
1 mol % of catalyst.

In summary, a novel, serial [5�2]/[4�2] cycloaddition is
described. Complex polycyclic compounds are quickly and
efficiently generated from simple, readily available starting
materials. This reaction has been demonstrated with a variety
of enynes and dienophiles and can be conducted on a
preparative scale. The highly functionalized polycyclic prod-
ucts could serve as flexible building blocks for complex
molecule syntheses, combinatorial libraries and medicinal
targets. Further studies are in progress.

Table 2. [5�2]/[4�2] Cycloadditions with enyne 10 or 11.
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[a] During hydrolysis the reaction was stirred open to the air overnight, affording
17 from 16. Yield refers to the transformation from 16 to 17.

Table 3. Scale-up study of the [5�2]/[4�2] cycloadditions.
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Entry Mol % Catalyst t [h] Scale Yield [%][a]

1 2 mol % 1 h 1 mmol 92
2 1 mol % 4 h 1 mmol 90
3 1 mol % 6 h 10 mmol 92
4 1 mol % 6 h 100 mmol 91

[a] Yields of isolated products.
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b,g-Unsaturated esters are generally synthesized by isomer-
ization of a,b-unsaturated esters,[1] either by selective, con-
jugate reduction of alkyl alka-2,4-dienoates,[2] or by carbon-
ylation of allylic compounds,[3] or from a-bromo-a,b-unsatu-
rated esters.[4] However, no simple, general, highly
diastereoselective preparation of b,g-unsaturated esters has
been described.

Recently, we reported a highly diastereoselective synthesis
of (E)-a,b-unsaturated esters[5] and amides[6] from 2-halo-3-
hydroxyesters and amides, respectively, by using SmI2. Sub-
sequently, we described a sequential elimination ± reduction
reaction promoted by SmI2, which gave 2,3-dideuterioesters
and amides from 2-halo-3-hydroxyesters and amides, respec-
tively, by using D2O as the deuteration reagent.[7] Here we
report a new method to obtain b,g-unsaturated esters 2, with
total or high diastereoselectivity by a sequenced elimination ±
reduction process of the readily available a-halo-b-hydroxy-
g,d-unsaturated esters 1 by using SmI2 and H2O (see Table 1).
Taking into account the usefulness of isotopically labeled
compounds for establishing the mechanism of organic reac-
tions and the biosynthetic pathways of many natural com-
pounds,[8] we have also applied this method to obtain a,d-

Experimental Section

Full procedures and characterization data are given in Supporting
Information.

Method A: To an oven-dried, septum-capped test tube was added
[{Rh(CO)2Cl}2] (3.8 mg, 0.01 mmol) and anhydrous TCE (2 mL) under a
positive argon pressure vented to a bubbler. To this was added 1 (142.2 mg,
1 mmol) and 2 (127.4 mg, 1.2 mmol). The reaction was stirred at room
temperature for 6 h, the dienophile (1.2 ± 1.5 mmol) was then added and the
reaction heated to the temperature indicated in Table 1.

Method B: To an oven-dried, septum-capped test tube was added
[{Rh(CO)2Cl}2] (7.6 mg, 0.02 mmol) and anhydrous TCE (2 mL) under a
positive argon pressure vented to a bubbler. To this was added 1 (142.2 mg,
1 mmol), 2 (127.4 mg, 1.2 mmol), and the dienophile (1.5 mmol). The
reaction was heated to the temperature indicated in Table 1.

Received: June 7, 2001 [Z 17242]

[1] a) P. A. Wender, S. T. Handy, D. L. Wright, Chem. Ind. 1997, 765 ± 769;
b) T. Hudlicky, M. G. Natchus in Organic Synthesis: Theory and
Applications, Vol. 2 (Ed.: T. Hudlicky), JAI, Greenwich, 1993, pp. 1 ±
26; c) P. A. Wender, Chem. Rev. 1996, 96, 1 ± 2.

[2] For reviews and lead references see: a) P. A. Wender, B. L. Miller in
Organic Synthesis: Theory and Applications, Vol. 2 (Ed.: T. Hudlicky),
JAI, Greenwich, 1993, pp. 27 ± 66; b) L. F. Tietze, Chem. Rev. 1996, 96,
115 ± 136; c) T. L. Ho, Tandem Organic Reactions, Wiley, New York
1992 ; d) G. H. Posner, Chem. Rev. 1986, 86, 831 ± 844; e) L. F. Tietze,
U. Beifuss, Angew. Chem. 1993, 105, 137 ± 170; Angew. Chem. Int. Ed.
Engl. 1993, 23, 131 ± 163; f) R. A. Bunce, Tetrahedron 1995, 13103 ±
13159; g) H. M. L. Davies, Tetrahedron 1993, 49, 5203 ± 5223.

[3] For serial reactions including cycloadditions see references [1] and [2]
above and: a) S. E. Denmark, A. Thorarensen, Chem. Rev. 1996, 96,
137 ± 165; b) J. D. Winkler, Chem. Rev. 1996, 96, 167 ± 176; c) J. S.
Clark, A. L. Bate, T. Grinter, Chem. Commun. 2001, 459 ± 460.

[4] For other [5�2]/[4�2] cycloadditions see: a) J. R. Rodríguez, A.
Rumbo, L. Castedo, J. L. MascarenÄ as, J. Org. Chem. 1999, 64, 966 ±
970; b) J. R. Rodríguez, L. Castedo, J. L. MascarenÄ as, J. Org. Chem.
2000, 65, 2528 ± 2531.

[5] a) K. H. Ang, S. Bräse, A. G. Steinig, F. E. Meyer, A. Llebaria, K.
Voigt, A. de Meijere, Tetrahedron 1996, 52, 11 503 ± 11528; b) A.
de Meijere, H. Nüske, M. Es-Sayed, T. Labahn, M. Schroen, S. Bräse,
Angew. Chem. 1999, 111, 3881 ± 3884; Angew. Chem. Int. Ed. 1999, 38,
3669 ± 3672; c) L. Bhat, A. G. Steinig, R. Appelbe, A. de Meijere, Eur.
J. Org. Chem. 2001, 1673 ± 1680; d) L. J. van Boxtel, S. Korbe, M.
Noltemeyer, A. de Meijere, Eur. J. Org. Chem. 2001, 2283 ± 2292.

[6] a) Advances in Cycloaddition, Vol. 1 ± 3, JAI, Greenwich, 1994 ;
b) C. P. Dell, Contemp. Org. Synth. 1997, 4, 87 ± 117; c) C. P. Dell, J.
Chem. Soc. Perkin Trans. 1 1998, 3873 ± 3905.

[7] For examples of metal-catalyzed cycloadditions see: a) N. E. Schore,
Chem. Rev. 1988, 88, 1081 ± 1119; b) H.-W. Frühauf, Chem. Rev. 1997,
97, 523 ± 596; b) M. Lautens, W. Klute, W. Tam, Chem. Rev. 1996, 96,
49 ± 92; c) J. H. Rigby, Acc. Chem. Res. 1993, 26, 579 ± 585.

[8] a) P. A. Wender, H. Takahashi, B. Witulski, J. Am. Chem. Soc. 1995,
117, 4720; b) P. A. Wender, H. Rieck, M. Fuji, J. Am. Chem. Soc. 1998,
120, 10 976 ± 10977; c) P. A. Wender, A. J. Dyckman, C. O. Husfeld,
M. J. C. Scanio, Org. Lett. 2000, 2, 1609 ± 1611; d) P. A. Wender, C. O.
Husfeld, E. Langkopf, J. A. Love, J. Am. Chem. Soc. 1998, 120, 1940 ±
1941; e) P. A. Wender, C. O. Husfeld, E. Langkopf, J. A. Love, N.
Pleuss, Tetrahedron 1998, 54, 7203 ± 7220; f) P. A. Wender, D. J.
Sperandio, J. Org. Chem. 1998, 63, 4164 ± 4165; g) P. A. Wender, F.
Glorius, C. O. Husfeld, E. Langkopf, J. A. Love, J. Am. Chem. Soc.
1999, 121, 5348 ± 5349; h) P. A. Wender, M. Fuji, C. O. Husfeld, J. A.
Love, Org. Lett. 1999, 1, 137 ± 139; i) P. A. Wender, A. J. Dyckman,
C. O. Husfeld, D. Kadereit, J. A. Love, H. Rieck, J. Am. Chem. Soc.
1999, 121, 10 442 ± 10 443.

[9] For recent studies from other laboratories see: a) S. R. Gilbertson,
G. S. Hoge, Tetrahedron Lett. 1998, 39, 2075 ± 2078; b) P. Binger, P.
Wedemann, S. I. Kozhushkov, A. de Meijere, Eur. J. Org. Chem. 1998,

113 ± 119; c) B. M. Trost, F. D. Toste, H. Shen, J. Am. Chem. Soc. 2000,
122, 2379 ± 2380.

[10] Crystallographic data (excluding structure factors) for the structures
reported in this paper (4, 12, 14, 15, 16, and 17) have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-162748 ± CCDC-162754. Copies of the data can
be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).

[11] 3 was found to decompose with a half life of 30 h at 100 8C, 0.5m in
TCE. [{Rh(CO)2Cl}2] accelerated the decomposition. See Supporting
Information for additional detail.

[12] 11 was synthesized according to L. Brandsma, Preparative Acetylenic
Chemistry, Elsevier, New York, 1988, pp. 206 ± 207.

[*] Dr. J. M. ConcelloÂ n, Dr. P. L. Bernad, H. Rodríguez-Solla
Departamento de Química OrgaÂnica e InorgaÂnica
Facultad de Química, Universidad de Oviedo
33071 Oviedo (Spain)
Fax: (�34) 98-510-34-46
E-mail : jmcg@sauron.quimica.uniovi.es

[**] We thank II Plan Regional de InvestigacioÂ n del Principado de
Asturias (PB-PGI98-04) and Ministerio de EducacioÂ n y Cultura
(PB97-1278) for financial support and Dr. Francisco J. GonzaÂ lez for
valuable discussions. J.M.C. thanks Carmen FernaÂndez for her
collaboration. H.R.S. thanks the Principado de Asturias for a
predoctoral fellowship.

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


