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Radical cation Diels–Alder reaction between indoles and exocyclic 1,3-dienes
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A photoinduced electron transfer catalyzed radical cation
Diels–Alder reaction between exocyclic dienes, containing
an N–O or N–N bond as an intentional cleaving point in the
ring moiety, and indoles yields, after cleavage of the N–O or
N–N bond, highly functionalized tetrahydrocarbazole deriv-
atives, products of a formal Diels–Alder reaction between
indole and open chain 1,3-dienes.

The indole skeleton is a fundamental structural unit of
numerous alkaloids and biologically active compounds.1 Since
indole could prove to be an appropriate starting material for
further alkaloid synthesis if suitable chemistry can be developed
from this parent skeleton, attempts have been made to use the
2,3-double bond of indole in Diels–Alder cycloaddition reac-
tions. However, the electron-rich indole shows only a low
tendency to act as a dienophile. Its use mainly has been limited
to Diels–Alder reactions with inverse electron demand under
application of electron-poor heterodienes such as tetrazine
derivatives or tetrachlorothiophene 1,1-dioxide.2 In bimolecular
Diels–Alder reactions with normal electron demand, indole can
act as a dienophile if electron-withdrawing groups are present in
the 1- and 3-position, but long reaction times and high
temperatures are necessary.3

In contrast, we demonstrated the very efficient application of
electron-rich indole in radical cation Diels–Alder reactions with
electron-rich dienes under mild reaction conditions using
photoinduced electron transfer (PET).4,5 However, so far only a
few, mainly unfunctionalized simple endo- and exo-cyclic
dienes, e.g. cyclohexa-1,3-diene4 and 1,2-dimethylidenecyclo-
hexane derivatives5 have been employed, leading to carbocyclic
ring-anellated and bridged tetrahydrocarbazole derivatives,
respectively. Open-chain 1,3-dienes without a rigid s-cis-
conformation of the double bonds failed to undergo this PET-
catalyzed cycloaddition reaction.

In order to broaden the synthetic scope of this reaction, we
focused our investigations on the application of readily
accessible functionalized exocyclic dienes, especially those
which contain an intentional cleavage point in the ring moiety,
thus representing the equivalents of open-chain 1,3-dienes. The
rapid construction of multi-functionalized carbazoles according
to this approach should be of interest with respect to indole
alkaloid synthesis. In the following, our preliminary results are
reported.

We started our studies with the five-membered exocyclic
diene 26 as a representative functionalized diene (Scheme 1).

Due to the ease of preparation of a wide variety of these
exocyclic dienes via an enyne cyclisation reaction,7 these
compounds are promising starting materials for the anticipated
carbazole synthesis. Indeed, irradiation of diene 2, indoles 1 and
catalytic amounts of the photosensitizer triphenylpyrylium
tetrafluoroborate (TPP) or tris(4-methoxyphenyl)pyrylium tet-
rafluoroborate (TAP) at l! 345 nm gave good yields of Diels–
Alder products 3. Only the cis-fused tetrahydrocarbazoles were
obtained (Scheme 1, Table 1, entries 1 and 2).

Encouraged by these results, we turned our interest to
exocyclic dienes with an intentional cleavage point in the ring
moiety. As potentially ring-cleavable groups we selected the
N–O and N–N bonds in compounds 5 and 10 (Schemes 2 and 3).
For the rapid synthesis of the hydroxylamine-derived exocyclic
dienes 5 we developed a tandem-reaction initiated by a
palladium-mediated allylic amination of 4 and followed by a
Heck reaction (Scheme 2). The phenyl group attached to the
diene moiety was chosen to stabilize the intermediate 7 and
should control the regiochemistry of the anticipated cycloaddi-
tion reaction with these asymmetrical dienes (Scheme 3).5

Irradiation at l ! 345nm of dienes 5, indoles 1 and catalytic
amounts of either TPP or TAP gave good to moderate yields of
Diels–Alder products 8 and 9 under complete regiocontrol
(Scheme 3, Table 1, entries 3–9). The somewhat lower yields
obtained with dienes 5 as compared to the five-membered diene
2 might be rationalized by an increased steric demand of these
phenyl substituted dienes 5. As above, in all cases the bridge is
cis-configured, but, due to the stereogenic carbon bearing the
phenyl group, 1:1 mixtures of diastereomers were obtained. An

Scheme 1 Reagents and conditions: i, 5 mol% photosensitizer, CH2Cl2, l
! 345 nm, 1000 W, 20 ° C, 1.5 h.

Table 1 Reaction of dienes 2, 5 and 10 with indoles 1

Cycloadduct Photo-
Entry Diene R1 Indole R2 (% yield) sensitizer

1 2 CO2Et 1b CO2Me 3a (61) TPP
2 2 CO2Et 1d NO2 3b (80) TAP
3 5a Ts 1a H 8a (15), 9 (13) TPP
4 5a Ts 1a H 9 (39) TAP
5 5a Ts 1b CO2Me 8b (50) TPP
6 5a Ts 1c CN 8c (61) TPP
7 5a Ts 1d NO2 8d (61) TAP
8 5b Ac 1d NO2 8e (63) TAP
9 5c CO2Et 1d NO2 8f (60) TAP

10 10a Ac 1d NO2 11a (58) TAP
11 10b COPh 1d NO2 11b (60) TAP

Scheme 2 Reagents and conditions: i, PhCHNCHCH2OCO2Me (1 equiv.),
K2CO3 (2 equiv.), 5 mol% Pd(OAc)2, 30 mol% PPh3, MeCN, 20 °C, 2 h,
then heated to 80 °C, 16 h, 60–70%.
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exception is the diastereoselective ( > 20 : 1) formation of 8a,
where the hydrogens at the bridge are cis relative to the phenyl
group, probably owing to a selective aromatization of the other
diastereomer giving 9. Except for reactions with indole 1d, this
aromatization is a major follow-up reaction when TAP is used
as sensitizer, but it can be completely suppressed when
switching to TPP (except for indole 1a, see Table 1, entry 3). A
further feature of this reaction is the strong dependence of the
yields upon the difference between the electronic character of
the starting materials: the smaller the difference of the HOMO
energies of the starting materials (decreasing from 1a to 1c/d in
reaction with dienes 2 and 5) the higher the obtained yield of the
cycloadduct (see Table 1, entries 1–7).8

Variation of the electron-withdrawing group attached to the
hydroxylamine component showed no effect on the cycloaddi-
tion reaction (Table 1, entries 7–9) and the yields obtained with
the hydrazide-derived dienes 109 are comparable to those
received with the hydroxylamine derivatives 5 (Scheme 3,
Table 1, entries 10 and 11). This was quite surprising because
hitherto the incorporation of carbamate and amide groups in the
diene was crucial to PET catalyzed reactions with indoles.10

As expected, the weak N–O bond of the cycloadducts is
easily reductively cleaved with sodium amalgam11 giving
tetrahydrocarbazole 12 in almost quantitative yield (Scheme 4).
The nitro group on the indole skeleton remained unchanged
under these reaction conditions.Thus, in only four steps a highly
functionalized tetrahydrocarbazole derivative is obtained in

reasonable yield for further synthesis. Further experiments to
explore the synthetic potential of this PET-catalyzed cycloaddi-
tion reaction are being continued in our laboratories.

This work was supported by the Volkswagen Stiftung
(I/71748) and the Fonds der Chemischen Industrie.
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Scheme 3 Reagents and conditions: i, 5 mol% photosensitizer, CH2Cl2, l
! 345 nm, 1000 W, 20 ° C, 1.5 h.

Scheme 4 Reagents and conditions: i, Na2HPO4 (4.7 equiv.), 153 by
weight Na(Hg), EtOH, 0 ? 20 °C, 20 h, 94%.
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