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ABSTRACT

Suitably substituted heteroaromatic compounds such as indole and pyrrole derivatives are excellent acceptor units for intramolecular couplings
of samarium ketyls. They furnish highly functionalized indole derivatives with very good diastereoselectivities additionally. Intermediate samarium
enolates can be trapped by electrophiles, allowing efficient tandem reactions.

Among natural products and pharmaceutically important
compounds, the indole unit belongs to the “privileged
structures”.1 Although a variety of methods have been
developed to generate derivatives of this heterocycle and to
modify its substitution pattern, new methods that stereose-
lectively provide indole derivatives are still of high interest
in synthetic organic chemistry.2 In this communication we
present our recent results demonstrating that suitably sub-
stituted indole and pyrrole derivatives are excellent substrates
for an intramolecular samarium diiodide induced ketyl
cyclization that provides highly functionalized products with
mostly excellent diastereoselectivities.3

Our recently discovered intramolecular reductive coupling
of γ-aryl ketones provides bicyclic compounds where the
former aromatic unit is converted into a synthetically very
useful 1,4-cyclohexadiene moiety.4,5 The reactions are pro-
moted by the samarium diiodide-HMPA complex6 and were
previously performed withγ-aryl ketones4 or their nitrogen
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1498. (d) Krief, A.; Laval, A.-M.Chem. ReV.1999, 99, 745-777. (e)
Molander, G. A.; Harris, C. R.Tetrahedron1998, 54, 3321-3354. (f)
Molander, G. A.; Harris, C. R.Chem. ReV.1996, 96, 307-338. (g)
Molander, G. A.Chem. ReV.1992,92, 29-68. (h) Kagan, H. B.; Namy, J.
L. Tetrahedron1986,42, 6573-6614.

(4) (a) Dinesh, C. U.; Reissig, H.-U.Angew. Chem.1999,111, 874-
876; Angew. Chem., Int. Ed. Engl.1999,38, 789-791. (b) Nandanan, E.;
Dinesh, C. U.; Reissig, H.-U.Tetrahedron2000,56, 4267-4277. (c) Berndt,
M.; Reissig, H.-U.Synlett2001, 1290-1292.

(5) For related aryl carbonyl couplings see: (a) Shiue, J.-S.; Lin, M.-
H.; Fang, J.-M.J. Org. Chem.1997,62, 4643-4649. (b) Kuo, C.-W.; Fang,
J.-M. Synth. Commun.2001,31, 877-892. (c) Schmalz, H.-G.; Siegel, S.;
Bats, J. W.Angew. Chem.1995,107, 2597-2599;Angew. Chem., Int. Ed.
Engl.1995,34, 2383. (d) Ohno, H.; Maeda, S.; Okumura, M.; Wakayama,
R.; Tanaka, T.Chem. Commun.2002, 316-317. (e) Ohno, H.; Wakayama,
R.; Maeda, S.; Iwasaki, H.; Okumura, M.; Iwata, C.; Mikamiyama, H.;
Tanaka, T.J. Org. Chem.2003,68, 5909-5916.

ORGANIC
LETTERS

2003
Vol. 5, No. 23
4305-4307

10.1021/ol0355581 CCC: $25.00 © 2003 American Chemical Society
Published on Web 10/23/2003



analogues prepared from aniline derivatives (Scheme 1).7

They afford either functionalized hexahydronaphthalenes or
hexahydroquinolines with moderate to good yields and
excellent diastereoselectivities.

The samarium diiodide-HMPA complex transfers an
electron to the carbonyl group, thus generating a radical anion
(samarium ketyl) that forms a new six-membered ring by
intramolecular addition to the aryl substituent. A second
electron transfer and the regioselective protonation finally
lead to bicyclic products. Similarities of the last steps with
the well-known Birch reduction are obvious.

Because of the mentioned importance of indole derivatives
we turned our interest from aniline derivatives to the
cyclizations of precursors with indole or pyrrole units. It was
not clear at all whether these electron-rich aromatic com-
pounds would be suitable acceptors of samarium ketyls.8 We
employed 2.5 equiv of samarium diiodide in THF along with
an excess of HMPA (10 equiv) and 2.0 equiv of phenol as
proton source, which has beneficial effects as demonstrated
earlier.7 Carbazole derivative1 served as the first model
substrate but failed to cyclize and furnished only secondary
alcohol2 under standard conditions (Scheme 2). However,

treatment of theN-alkylated indole derivatives3 and 4
resulted in formation of diastereomerically pure benzpyr-

rolizidine5 and benzindolizidine6 in good yield. Along with
5 a small quantity (6%) of the uncyclized secondary alcohol
was isolated.

Similarly, two N-acylated substrates7 and 8 furnished
tricyclic compounds9 and 10. Whereas methyl ketone7
smoothly cyclized to9, the corresponding aldehyde8
provided10 only in low yield. Aldehydes are generally less
reliable starting materials for ketyl cyclizations and usually
do not provide the expected products in the intramolecular
ketyl aryl coupling.9

The high degree of diastereoselectivity for these and the
following cyclizations may be explained by assumption of
a highly ordered cyclic transition state during ketyl addition
to the aromatic system (Scheme 3).4a For steric and electronic
reasons the samarium alcoholate favors an equatorial posi-
tion.10 The relative configuration was proven by two-
dimensional NOESY-NMR spectroscopy.

3-Methoxycarbonyl-substituted indole derivatives11 and
14 were subjected to the general procedure (Scheme 4)

because electron-withdrawing groups at aryl substituents
usually have a beneficial effect on these cyclization
reactions.4c,9
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Scheme 1

Scheme 2a

a (a) 2.5 equiv of Sml2, THF, 10 equiv of HMPA, 2.0 equiv of
phenol, rt.

Scheme 3

Scheme 4a

a (a) 2.5 equiv of Sml2, THF, 10 equiv of HMPA, 2.0 equiv of
phenol, rt. (b) 2.5 equiv of Sml2, THF, 2.0 equiv of phenol. rt.
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Surprisingly, the cyclization of11 provides 13 as the
slightly favored product arising from an addition to the
benzene ring rather than to the apparently activated 2-position
of the indole. Aromatized compound13 was most probably
formed by spontaneous oxidation during aqueous workup
from the corresponding dihydro derivative.4c,7,9The expected
products 12a and 12b were isolated as a mixture of
diastereomers. Even more surprisingly, compound12awas
isolated as exclusive product in 73% yield, when the reaction
was performedin the absence of HMPA. Apparently, the
regioselectivity is dramatically altered if samarium diiodide
is employed without this additive, which generally increases
the reactivity of SmI2. The 6-exo-trigcyclization of the chain-
elongated derivative14 formed tricyclic compound15 as
single diastereomer with excellent yield. No experiment
without HMPA has so far been performed with this substrate.

With even more electron-deficientN-acylated indole
derivatives16, 19, and21 the cyclizations have generally
been executed without HMPA. Polycyclic products17, 18,
20, and22 were formed with essentially perfect diastereo-
selectivity and good to excellent yields (Scheme 5).

Intermediate samarium enolates derived from16 or 19
could stereoselectively be trapped with allyl halides, leading
to 18 and20. The intramolecular alkylation by the chloro-
alkyl terminus of21 led to tetracyclic compound22 with
satisfactory efficiency.11 These cascade reactions selectively

generate three continuous stereogenic centers, including a
quarternary carbon atom at the 3-position of the dihydroin-
dole moiety, a structural motif of many indole alkaloids. On
the basis of the established reductive coupling, syntheses of
natural products such as strychnine alkaloids and mitomycin
derivatives may be possible.

To explore further the scope and limitations of these
samarium diiodide induced cyclizations with heteroaromatic
compounds, pyrrole derivatives23 and 24 were examined
(Scheme 6). These two substrates cyclized as anticipated,

furnishing pyrrolizidine and indolizidine derivatives25 and
26with good yields and stereoselectivities. Reactions without
HMPA have so far not been examined.

In conclusion, a novel and fairly general protocol for the
formation of highly functionalized and substituted hetero-
cycles has been found by samarium diiodide induced
cyclizations with indole derivatives as precursor com-
pounds.12 Benzannulated pyrrolizidine and indolizidine de-
rivatives are accessible with high diastereoselectivity and in
good to excellent yields. The applicability of sequential
reactions has been demonstrated employing inter- and
intramolecular alkylations as subsequent steps. The obtained
polycyclic compounds should be of high interest for the
synthesis of natural products and pharmaceutically important
heterocyclic compounds.
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Scheme 5a

a (a) 2.5 equiv of Sml2, THF, 2.0 equiv of phenol, rt. (b) 2.5
equiv of Sml2, THF, rt.

Scheme 6a

a (a) 2.5 equiv of Sml2, THF, 10 equiv of HMPA, 2.0 equiv of
phenol, rt.
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