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ABSTRACT

Diels −Alder reactions between indoles and cyclohexadienes can be photocatalyzed by benzoylthiophenes. Both experimental and theoretical
studies show that the reactions occur through ternary excited triplet state complexes (triplet triplexes).

In general, the Diels-Alder reaction is inefficient when both
diene and dienophile components are electron-rich com-
pounds.1 However, several strategies have been devised to
overcome this limitation,2-5 including photosensitization by
cyanoarenes in solvents of low polarity,4 where the reaction

proceeds through intermediate ternary excited-state com-
plexes (triplexes).6 These triplexes arise from diene trapping
of the exciplexes formed between the sensitizer-excited
singlet states and the ground-state dienophiles. Side reactions
become significant when the excited cyanoarene is quenched
by the diene or when the exciplex decays irreversibly before
trapping.

On the other hand, electron-transfer catalysis promotes [4
+ 2] cross-cycloadditions between reactants with similar
HOMO energies, via electrochemically, chemically, or
photochemically generated radical cations.2,3,5,7Thus, in the
electron-transfer from indoles to photoexcited triarylpyrylium
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salts, the efficiencies of fluorescence quenching correlate well
with the indoles’ oxidation potentials. The resulting indolyl
radical cations can react with cyclohexadienes, leading to
tetrahydroethanocarbazoles.5 Theoretical and experimental
studies agree with a stepwise mechanism for the cycload-
dition process that is initiated by diene attack to the 3-position
of the indole radical cation.8

Up to now, attempts to achieve [4+ 2] cross-cycloaddition
between two electron-rich components promoted by the usual
triplet sensitizers (i.e., benzophenone) have been unsuccess-
ful, leading mainly to dimerization of the dienes through a
triplet-triplet energy transfer process.2,4 Herein, we describe
the Diels-Alder reaction of a series of indoles with 1,3-
dienes photocatalyzed byπ,π* aromatic ketones. Although
diene dimerization is also observed, the results provide a
novel method for promoting the [4+ 2] cross-cycloaddition
reaction between electron-rich components. Experimental and
theoretical studies agree well with the involvement of triplet
ketone-indole exciplexes,9 which are quenched by the diene
to afford intermediate triplexes, leading to the Diels-Alder
cycloadducts as final products.

We have recently shown that 2-benzoylthiophene (BT;
π,π* triplet) is quenched by indole (InH) in solvents of
different polarity.10 Time-resolved techniques have shown
that the BT triplet (λmax at 350 and 600 nm) is converted
with quantum yield close to 1 into the BT ketyl radical (λmax

at 350 and 580 nm) and indolyl radical (λmax at 320 and 510
nm). However, low conversions of the starting reagents are
obtained upon prolonged irradiation, indicating that recom-
bination within the radical pairs must occur to a large extent,
regenerating the starting materials. Solvent-dependence of
the quenching rate constants, together with density functional
theoretical (DFT) calculations, agree with hydrogen abstrac-
tion occurring by a mechanism where electron transfer
precedes proton transfer in a hydrogen-bonded BT‚‚‚HIn
exciplex. As this exciplex exhibits significant charge sep-
aration, the electron-rich character of its indole component
is greatly reduced. Hence, it would be feasible to use
BT‚‚‚HIn triplet exciplexes as dienophile components in
Diels-Alder reactions, in processes that would actually
involve ternary excited triplet state complexes (“triplet
triplexes”). To our knowledge, this possibility has not yet
been explored. Along this line, the aim of the present work
has been to investigate whether the Diels-Alder reaction
between indoles and cyclohexadienes can be photocatalyzed
by 2-benzoylthiophenes. The results, although not yet
optimized, are interesting as a proof of the concept.

Product studies were performed after irradiation (UVA
lamp emitting at 400g λ g 320 nm) of deaerated
dichloromethane solutions of BT (1a, 0.005 mmol), InH (2a,
0.1 mmol), and 1,3-cyclohexadiene (CHD,3a, 0.2 mmol)

for 6 h.11 To avoid possible secondary reactions of the
cycloadducts, an acetylation reagent (acetyl chloride/
NaHCO3) was also added.5 Indeed, the Diels-Alder products
4a were obtained in 15% yield (1.5:1endo:exo ratio)
(Scheme 1 and run 1 in Table 1). Control experiments

showed thatN-acetylindole was not formed under the
reaction conditions. Besides, irradiation ofN-acetylindole and
CHD in the presence of the sensitizer did not give4a. Energy
transfer from the BTπ,π* triplet excited state (ET ) 63
kcal/mol)12 to 3a (ET ) 52 kcal/mol)13 led to CHD dimers
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Scheme 1. Diels-Alder Reaction Photocatalyzed by
2-Benzoylthiophenes
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in 38% yield with an isomer distribution typical of a triplet-
sensitized dimerization (anti-[2+ 2], syn-[2+ 2] andexo-
[4 + 2] adducts obtained in a 3:1:1 ratio).14 For comparison,
irradiation during 1 h of BT in the presence of CHD, in the
absence of indole, led to complete diene dimerization with
the same isomer distribution (run 2, Table 1).15

Two substituted 2-benzoylthiophene derivatives1b and
1c were also used as sensitizers, showing behavior similar
to that of BT (runs 3 and 4 in Table 1). Besides, other
cyclohexadienes instead of CHD were tested in the cross-
cycloaddition with InH. No Diels-Alder adducts were
obtained withR-terpinene3b, a 1,4-disubstituted cyclohexa-
diene, perhaps because of steric factors, and only aromati-
zation of the diene was observed. However, the 2,5-di-
substituted diene3c led to a higher yield of the Diels-Alder
products compared to that of diene3a (run 5 in Table 1).
The regioselectivity was similar to that previously reported
in the cycloaddition of3c to the indole radical cation.5

Also, substitution at the indole ring (as in2b-2e) showed a
clear influence on the photochemically induced cross-
cycloaddition with CHD. Thus, while2b and2d gave rise
to the corresponding cycloadducts4b and4d in yields similar
to that of2a, Diels-Alder products were detected only in
trace amounts when using2c and 2e as dienophiles (runs
7-10).

In the radical cation reaction between substituted indoles
and CHD photocatalyzed by triarylpyrylium salts5 the results
have been explained through a mechanism involving initial
attack at the C3 position of the indole radical cation, followed
by ring closure to the C2 position.16 Any substitution at C3

decreases the reaction yield as a result of steric repulsion,
but the new bond is strong enough to compensate such an
effect. However, when the ring closure step is hindered, the
reaction becomes completely inhibited.

Our results in the 2-benzoylthiophene photocatalyzed
reactions were not coincident with the Diels-Alder reaction
through indole radical cations, since similar results were
obtained with InH, 3-methylindole, and 5-methylindole.
Moreover, in the case of 7-methylindole the process was
completely inhibited, even if there is no steric repulsion to
the cyclohexadiene attack at the 2,3-indolyl positions. This
would be compatible with a significant steric hindrance in
formation of the exciplex that must be attacked by CHD and
is supported by DFT calculations (see below). Hence, time-
resolved experiments and preliminary theoretical studies were
performed to get some insight into the mechanism of the
BT-catalyzed cycloaddition reaction.

Laser flash photolysis of dichloromethane solutions of BT
in the presence of indoles2a-2eshowed in all cases triplet
quenching, with formation of BT ketyl/indolyl radical pairs
(see Figure 1A and B for 5-methylindole and 7-methylindole,

respectively). These radical pairs decayed mainly to the
starting materials (as mentioned for InH),10 since very low
conversions were obtained after prolonged irradiation. Thus,
they do not appear to play a key role in the cycloaddition
process.

(13) Tóth, M.Chem. Phys.1980,46, 437.
(14) Valentine, D.; Turro, N. J.; Hammond, G. S.J. Am. Chem. Soc.

1964,86, 5202.
(15) The Stern-Volmer plot of the ratio of BT triplet lifetime in

dichloromethane in the absence and presence of CHD afforded a quenching
rate constant ofkq ) 4.7× 109 M-1 s-1 (compared tokq ) 2.0× 109 M-1

s-1 for indole),10 in agreement with the competition between the Diels-
Alder reaction and the CHD dimerization.

(16) Saettel, N. J.; Wiest, O.; Singleton, D. A.; Meyer, M. P.J. Am.
Chem. Soc.2002,124, 11552.

Table 1. Diels-Alder Reaction between Indoles and
Cyclohexadienes Photosensitized by 2-Benzoylthiophenes in
Dichloromethane

run sensitizer indole diene

CHD-
dimers

yield (%)

Diels-
Alder

yield (%)a endo/exo

1 1a 2a 3a 38 4a5a (15) 1.5:1.0
2 1a 3a 99
3 1b 2a 3a 27 4a (14) 1.4:1.0
4 1c 2a 3a 23 4a (14) 1.7:1.0
5 1a 2a 3c 62 65a (46) 1.8:1.0
6 1a 3c 99
7 1a 2b 3a 10 4b11 (16) 1.5:1.0
8 1a 2c 3a 15
9 1a 2d 3a 22 4d11 (19) 1.4:1.0
10 1a 2e 3a 10

a Relative to the initial amount of indole. If calculations are done based
on initial CHD, the yields are halved.

Figure 1. Transient absorption spectra recorded following laser
excitation (355 nm) of dichloromethane solutions of BT (1.6 mM)
in the presence of2d (16.0 mM, A) and2e (16.0 mM, B) under
nitrogen (50 ns,2 and 1.5µs, O) and air (1.5µs, b) atmosphere.
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The nonlinear increase of the quenching rate constant with
increasing quencher concentrations has been taken as an
evidence for the involvement of exciplex intermediates.9,17

Then, we determined such rate constants for the BT/InH pair.
Indeed, a saturation behavior was evident at concentrations
higher than 6.5 mM (Figure 2).

On the other hand, preliminary DFT calculations (UB3LYP/
6-31G* level)18 were performed on the BT-photocatalyzed
Diels-Alder reaction between indole and CHD. To esti-
mate the catalytic effects of triplet BT on the cycloaddi-
tion reaction, two models were studied. The first one
corresponds to the thermal Diels-Alder reaction between
indole and CHD. The DFT calculations gave an asynchro-
nous concerted mechanism where the C-C bond length at
the C2 position of indole, 2.075 Å, was shorter than that at
the C3 position, 2.373 Å. The potential energy barrier for
this cycloaddition was 33.5 kcal/mol, although the process
was exothermic by 10.7 kcal/mol. This large barrier should
prevent the thermal Diels-Alder reaction between indole and
CHD.

The second model studied was the ternary excited triplet
state complex formed between CHD and the BT‚‚‚HIn

exciplex. The DFT calculations for this three-component
Diels-Alder reaction at the triplet state were consistent with
a stepwise mechanism initiated by the diene attack to the
C3 carbon of indole. The length of the new C-C bond
forming at the C3 position of indole was 2.246 Å, and the
distance between the C2 carbon of indole and the end of the
diene system was 4.094 Å. The geometry of the transition
state is given in Figure 3. The potential energy barrier

associated with the first step was ca. 1.5 kcal/mol, indicating
that the Diels-Alder reaction for the triplet triplex would
be largely accelerated compared to the thermal process. The
intermediate resulting from complete formation of theσ bond
(1.574 Å) at the C3 position was located 17.1 kcal/mol below
the ternary triplet excited-state complex. Current work is
being performed to achieve the complete characterization of
all stationary points of this complex mechanism.

In summary, experimental data indicate that the Diels-
Alder cycloaddition between indoles and cyclohexadienes
can be photocatalyzed by 2-benzoylthiophenes; the mecha-
nism is new and involves formation of triplet triplexes by
diene quenching of photosensitizer-dienophile exciplexes.
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Figure 2. Saturation behavior of the observed first-order rate
constants for the quenching of BT triplet by indole in dichlo-
romethane. Figure 3. Transition structure associated with the attack of CHD

to the C3 carbon of the BT‚‚‚HIn exciplex.
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