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Transition-metal-catalyzed C-H activation has recently gained
considerable momentum and is now widely recognized for its
potential to form a host of C-C and C-heteroatom bonds in an
inherently benign fashion.1 We now present a further expansion of
the scope of this methodology by merging catalytic C-H activation
with higher order cycloaddition into an efficient manifold for the
formation of seven-membered rings.

Our first approach employed substrates of typeA bearing an
anchor group G to direct a suitable catalyst M toward a proximal
olefinic Csp2-H bond (Scheme 1).2 Following initial C-H activa-
tion, the resulting vinylmetal hydride speciesB might undergo
hydrometalation of an alkylidenecyclopropane in vicinity to give
metallacycleC poised for cleavage of the C-C bond of the adjacent
cyclopropane3 to give the ring enlarged complexD. Reductive
elimination then delivers a functionalized cycloalkene and regener-
ates the catalytically competent species.4

Relying on the proven efficiency of pyridines as directing groups
in catalytic C-H activation,2b,5substrate1 was chosen as a suitable
model.6,7 As shown in Scheme 2, exposure of1 to (PPh3)3RhCl (5
mol %) and AgSbF6 (7.5 mol %) in THF or 1,2-dichloroethane
(DCE) at 120°C furnished cycloheptene2 in 77% yield. It should
be noted that the addition of AgSbF6 was necessary to achieve clean
conversions. The phosphine-free complexes [Rh(CO)2Cl]2 and [Rh-
(coe)2Cl]2 (coe ) cyclooctene) were also suitable, yet somewhat
less efficient. As can be seen from Table 1, substrates with aromatic
as well as aliphatic backbones reacted well with (PPh3)3RhCl/
AgSbF6, independent of whether they are conformationally biased
for ring closure or not; pre-existing chiral centers next to the reacting
sites remained uncompromised. The geometry of the newly formed
trisubstituted exocyclic double bond is evident from pertinent NOE
data and from the X-ray crystal structure of compound2 (Scheme
2).

The formation of anE-configured exocyclic olefin is consistent
with a mechanistic scenario comprising a C-H activation/hydro-
metalation/cycloaddition sequence directed by the basic nitrogen
atom of the pyridine ring. This interpretation is also strongly
supported by the labeling experiment depicted in Scheme 3, which
features the expected and, within the limits of detection, quantitative
transfer of the deuterium atom from the site of initial C-H(D)
activation to the newly formed double bond.

Next, we aimed at replacing the 2-vinylpyridine trigger by other
moieties amenable to catalytic C-H activation.7 To this end,
alkylidenecyclopropanes with a pendant aldehyde group were
subjected to rhodium-catalyzed cycloisomerization.6,8-10 After some
experimentation, it was found that these substrates convert into
cycloheptenones on exposure to catalytic amounts of [Rh(coe)2Cl]2

and (p-MeOC6H4)3P in DCE at 80-120 °C. Thereby it was
necessary to perform the reaction under ethylene atmosphere to
ensure high yields.11 Under these conditions, the outcome was
largely insensitive to changes in the electronic nature of the substrate
(Table 2, entries 1-3). Like in the pyridine series, compounds with

aliphatic and aromatic backbones worked equally well and chiral
centers remained unaffected.

The regio- and stereoselectivity of this novel transformation was
further examined with the enantiopure substrates19and20bearing
a methyl substituent on the reacting cyclopropyl ring (Scheme 4).6

Insertion of the catalyst into the C-H bond of the aldehyde group
of 19 followed by syn-addition of the resulting Rh-H species to
the adjacent alkene provides metallacycleE as the primary product.

Scheme 1. Envisaged C-H Activation/Cycloaddition Crossover

Scheme 2 a

a Conditions: (a) (PPh3)3RhCl (5 mol %), AgSbF6 (7.5 mol %), THF,
120 °C (sealed tube); structure of product2 in the solid state.

Table 1. Preparation of Cycloheptene Derivatives by a
Pyridine-Directed, Rhodium-Catalyzed C-H
Activation/Cycloisomerizationa

a Isolated yields. All reactions were preformed with (PPh3)3RhCl (5 mol
%) and AgSbF6 (7.5 mol %) in THF at 120°C (sealed tube).
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Rotation as indicated in Scheme 4 is necessary to eclipse the C-Rh
bond with the C-C bond of the cyclopropane; a subsequent strain-
driven ring expansion followed by reductive elimination of the
ensuing metallacycleG then leads to ketone21as the only observed
product. The analogous pathway explains the formation of product
22 from aldehyde20. In both cases, it is the C-C bond of the
cyclopropane that iscis relative to the C-Ar unit (color coded in
red) which is broken during the cycloisomerization,independent
of the degree of substitution. The absolute configuration of the
newly formed stereogenic center in21, which was established by

a combination of NMR-based conformational analysis and chirop-
tical methods (cf. Supporting Information), indicates that C-C bond
cleavage as well as reductive elimination took place with retention
of configuration. This finding is in excellent agreement with
conclusions previously reached for related metal-catalyzed higher
order cycloadditions.12

In summary, we have outlined a productive crossover between
catalytic C-H activation and cycloisomerization chemistry. Further
studies on this and related catalysis tandems are subject to ongoing
studies in our laboratories.

Acknowledgment. Financial support by the MPG and the Fonds
der Chemischen Industrie is gratefully acknowledged. We thank
our X-ray and NMR departments for excellent support.

Supporting Information Available: Experimental part, NMR
spectra of new compounds, and CD spectra of compound21. This
material is available free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Shilov, A. E.; Shul’pin, G. B.Chem. ReV. 1997, 97, 2879. (b) Kakiuchi,
F.; Chatani, N.AdV. Synth. Catal. 2003, 345, 1077. (c) Ritleng, V.; Sirlin,
C.; Pfeffer, M.Chem. ReV. 2002, 102, 1731. (d) Miura, M.; Nomura, M.
Top. Curr. Chem. 2002, 219, 211. (e) Dick, A. R.; Sanford, M. S.
Tetrahedron2006, 62, 2439. (f) Godula, K.; Sames, D.Science2006,
312, 67. (g) Dyker, G., Ed.Handbook of C-H Transformations; Wiley-
VCH: Weinheim, Germany, 2005. (h) Klei, S. R.; Tian, K. L.; Golden,
J. T.; Yung, C. M.; Thalji, R. K.; Ahrendt, K. A.; Ellman, J. A.; Tilley,
T. D.; Bergman, R. G.ACS Symp. Ser. 2004, 885, 46. (i) C-C bond
activation: Rybtchinski, B.; Milstein, D.Angew. Chem., Int. Ed. 1999,
38, 870.

(2) (a) Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda,
M.; Chatani, N.Nature 1993, 366, 529. (b) Fujii, N.; Kakiuchi, F.;
Yamada, A.; Chatani, N.; Murai, S.Bull. Chem. Soc. Jpn. 1998, 71, 285.

(3) (a) Wender, P. A.; Takahashi, H.; Witulski, B. J. Am. Chem. Soc. 1995,
117, 4720. (b) Yu, Z.-X.; Wender, P. A.; Houk, K. N.J. Am. Chem. Soc.
2004, 126, 9154. (c) Wender, P. A.; Sperandio, D.J. Org. Chem. 1998,
63, 4164. (d) Tsukada, N.; Shibuya, A.; Nakamura, I.; Yamamoto, Y.J.
Am. Chem. Soc. 1997, 119, 8123. (e) Harayama, H.; Kuroki, T.; Kimura,
M.; Tanaka, S.; Tamaru, Y.Angew. Chem., Int. Ed. Engl.1997, 36, 2352.
(f) Trost, B. M.; Toste, F. D.; Shen, H.J. Am. Chem. Soc.2000, 122,
2379. (g) Kim, S.; Takeuchi, D.; Osakada, K.J. Am. Chem. Soc.2002,
124, 762. (h) Huffman, M. A.; Liebeskind, L. S.J. Am. Chem. Soc.1993,
115, 4895. (i) Zuo, G.; Louie, J.J. Am. Chem. Soc.2005, 127, 5798. (j)
Saito, A.; Ono, T.; Hanzawa, Y.J. Org. Chem. 2006, 71, 6437. (k) Lee,
S. I.; Park, S. Y.; Park, J. H.; Jung, I. G.; Choi, S. Y.; Chung, Y. K.; Lee,
B. Y. J. Org. Chem. 2006, 71, 91 and literature cited.

(4) (a) Stoichiometric C-H/C-C tandem: Jun, C.-H.Organometallics1996,
15, 895. (b) Catalytic C-H/C-C tandem: Jun, C.-H.; Lee, H.; Park, J.-
B.; Lee, D.-Y.Org. Lett. 1999, 1, 2161. (c) Stoichiometric M-H addition
to methylenecyclopropanes followed by ring opening: (d) Jun, C.-H.; Lim,
Y.-G. Bull. Korean Chem. Soc. 1989, 10, 468. (e) Nishihara, Y.; Yoda,
C.; Itazaki, M.; Osakada, K.Bull. Chem. Soc. Jpn. 2005, 78, 1469.

(5) (a) Lim, Y.-G.; Kang, J.-B.; Kim, Y. H.Chem. Commun. 1996, 585. (b)
Lim, Y.-G.; Kang, J.-B.; Koo, B. T.Tetrahedron Lett.1999, 7691. (c)
Lee, D.-Y.; Kim, I.-J.; Jun, C.-H.Angew. Chem., Int. Ed. 2002, 41, 3031.

(6) For the preparation of the substrates, see the Supporting Information.
(7) Isoxazoles were also tried as directing groups but were found to be less

efficient.
(8) Catalytic intramolecular hydroacylations: (a) Sakai, K.; Ide, J.; Oda, O.;

Nakamura, N.Tetrahedron Lett.1972, 1287. (b) Lochow, C. F.; Miller,
R. G. J. Am. Chem. Soc. 1976, 98, 1281. (c) Larock, R. C.; Oertle, K.;
Potter, G. F.J. Am. Chem. Soc. 1980, 102, 190. (d) Formation of seven-
membered rings: Sato, Y.; Oonishi, Y.; Mori, M.Angew. Chem., Int.
Ed. 2002, 41, 1218. (e) Review: Bosnich, B.Acc. Chem. Res. 1998, 31,
667.

(9) For a related concept usingVinyl cyclopropanes for the formation of eight-
membered rings, see: Aloise, A. D.; Layton, M. E.; Shair, M. D.J. Am.
Chem. Soc. 2000, 122, 12610.

(10) For a catalytic rearrangement of alkylidenecyclopropanes from our group,
see: Fu¨rstner, A.; Aı̈ssa, C.J. Am. Chem. Soc. 2006, 128, 6306.

(11) Ethylene is thought to retard decarbonylation and facilitate the final
reductive elimination; cf. ref 8 and: Campbell, R. E.; Lochow, C. F.;
Vora, K. P.; Miller, R. G.,J. Am. Chem. Soc. 1980, 102, 5824.

(12) (a) Wender, P. A.; Dyckman, A, J.; Husfeld, C. O.; Kadereit, D.; Love,
J. A.; Rieck, H.J. Am. Chem. Soc. 1999, 121, 10442. (b) Wender, P. A.;
Dyckman, A. J.Org. Lett. 1999, 1, 2089. (c) Trost, B. M.; Shen, H. C.
Org. Lett. 2000, 2, 2523.

JA0746316

Scheme 3. Deuterium Labeling Experiment

Table 2. Cycloheptenones by Rhodium-Catalyzed C-H
Activation/ Cycloisomerization of Aldehyde Derivativesa,b

a Isolated yields.b [Rh(coe)2Cl]2 (5 mol %), (p-MeOC6H4)3P (20 mol
%), DCE, ethene, 120°C (sealed tube).c [Rh(coe)2Cl]2 (2.5 mol %),
(p-MeOC6H4)3P (10 mol %), DCE, ethene, 80°C (sealed tube).

Scheme 4. Regio- and Stereoselectivity
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