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Electron-Transfer-Induced Diels — Alder Reactions of Indole and Exocyclic
Dienes: Synthesis and Quantum-Chemical Studies

Udo Haberl,!*! Eberhard Steckhan,*!?! Siegfried Blechert,™! and Olaf Wiest!*!

Abstract: Photoinduced electron trans-
fer (PET) initiates radical-cation Diels—
Alder reactions between indole and
exocyclic dienes. As catalysts, triaryl-
pyrylium tetrafluoroborates are used.
The products are [b]-anellated tetrahy-
drocarbazoles, which are not accessible
through neutral cycloadditions. The re-

or heteroaromatic ring, the reaction
proceeds with complete regioselectivity.
The mechanism is discussed in detail and
the potential-energy hypersurface of the
radical-cation Diels—Alder reaction is
investigated with quantum-chemical
methods by variation of the distances
of the two newly formed bonds. The

potential surface demonstrates the non-
synchronous and nonconcerted reaction
pathway. The energies of the different
long-bond intermediates, which are local
minima on the energy surface, have been
calculated with semiempirical, molecu-
lar orbital, and density functional meth-
ods. Regio- and diastereoselectivities

sulting structures are of interest because
of their DNA intercalating properties,
their antitumor activity, and their im-
portance as building blocks of numerous
indole alkaloids. When the exocyclic
dienes are substituted with an aromatic

theory -
radical ions

Introduction

Electron-transfer-induced [4+2] cycloadditions have proved
to be a promising tool for organic synthesis and have been
reviewed several times.['l Electron transfer, as the most simple
method for a redox umpolung, permits cycloadditions be-
tween reactants with similar HOMO energies under mild
conditions via electrochemically, photochemically, or chemi-
cally generated radical cations. These radical-cation-initiated
reactions have reaction rates several orders of magnitude
greater than that of the corresponding neutral reactions owing
to a very low activation barrier.
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can be explained and predicted by
comparing these energies. Quantum-
chemical calculations lead to a reaction
model that is consistent with the ob-
served products.

transfer -

Recently, we demonstrated the advantage of radical-cation
cycloadditions with heterocyclic compounds with numerous
examples.”! The efficient applicability of this reaction to the
synthesis of natural products could also be demonstrated.P!
The mechanism of the radical-cation Diels — Alder reaction is
much less understood than that of the neutral version. This
lack of basic understanding is not only unsatisfactory from a
scientific point of view, but also hinders the development of
synthetic applications of electron transfer catalysis. In partic-
ular, the laws underlying the often excellent regioselectivity
are not understood.

Under conventional reaction conditions, indole, as an
electron-rich heteroaromatic compound, does not react as a
dienophile in a normal electron-demand Diels— Alder reac-
tion because of the big HOMO-LUMO gaps. This cyclo-
addition with very electron-deficient compounds only takes
place under very drastic conditions.*! Lewis acid catalysis is
usually not effective because indoles are prone to rapid
polymerization. We demonstrated the very efficient applica-
tion of indole and its derivates in electron-transfer-induced
Diels— Alder reactions.’! In these studies, we found regiose-
lective radical-cation Diels— Alder reactions of indole and
monosubstituted exocyclic dienes. The resulting [b]-anellated
tetrahydrocarbazoles structures, such as ellipticines, have
been studied extensively owing to their antitumor activity.[®!

The mechanistic aspects of the radical-cation Diels — Alder
reaction of simple hydrocarbons have been investigated in
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detail.l’l Computational investigations suggest a nonsynchro-
nous cycloaddition.[*'% Theoretical interest has focused on
the high regioselectivies of this reaction type.!®! The predictive
power of the frontier molecular orbital (FMO) theory for this
reaction is limited, because it is usually not clear which of the
three possible interactions (HOMO-SOMO, SOMO-
LUMO and HOMO-LUMO) is dominant. The failure of
the FMO models is exemplified by the “role selectivity”
modell""! that was disproven experimentally.['

As a result of their redox umpolung characteristics, the
radical-cation-initiated cycloaddition reactions are of high
synthetic value. However, they are still lacking predictability.
Therefore, the development of rules that allow the prediction
of substituent effects, regiochemistry, stereochemistry, and so
forth would provide a broader basis for the application of this
powerful method for the catalysis of slow or symmetry-
forbidden pericyclic reactions. Computational chemistry is
advantageous for the study of this reaction and the develop-
ment of such rules, because the otherwise necessary exper-
imental data are difficult to obtain owing to the extremely
short lifetime of the species involved in the reaction mech-
anism.

This paper presents the first combination of experimental
and theoretical DFT studies of substituent effects in radical-
cation Diels— Alder reactions. The calculations are success-
fully applied to explain and to predict the regio- and
stereoselectivities of the performed experiments and allow
the study of the potential-energy surfaces for this reaction
type. The minimum-energy reaction pathway on the potential-
energy surface can thus be determined.

Abstract in German: Photochemisch induzierter Elektronen-
transfer (PET) initiiert Radikalkationen-Diels— Alder-Reak-
tionen zwischen Indol und exocyclischen Dienen. Als Kata-
lysatoren werden Triarylpyrylium-tetrafluoroborate eingesetzt.
Die Produkte sind [b]-annellierte Tetrahydrocarbazole, die
ilber die entsprechenden neutralen Cycloadditionen nicht
zugdnglich sind. Die resultierenden Strukturen sind wegen
ihrer DNA-interkalierenden Eigenschaften, ihrer Antitumor-
Aktivitit und wegen ihrer Bedeutung als Bestandteil zahlrei-
cher Indol-Alkaloide von Interesse. Bei Substitution der
exocyclischen Diene mit einem aromatischen oder heteroaro-
matischen Ring verliuft die Reaktion mit vollstindiger Regio-
selektivitit. Der Mechanismus wird ausfiihrlich diskutiert und
die Energiehyperfliche der Radikalkationen-Diels— Alder-Re-
aktion wird mit quantenchemischen Methoden unter Variation
der Abstinde der beiden neu gebildeten Bindungen untersucht.
Die Energiehyperfliche veranschaulicht den nicht-synchronen
und nicht-konzertierten Reaktionsverlauf. Die Energien der
verschiedenen ,,long-bond“-Intermediate, die lokale Minima
auf der Hyperfliche darstellen, wurden mit semiempirischen,
Molekiilorbital- und Dichtefunktionalmethoden berechnet.
Durch den Vergleich dieser Energien konnen die Regio- und
Diastereoselektivititen erklirt und vorhergesagt werden. Die
quantenchemischen Rechnungen fiihren zu einem Reaktions-
modell, das in Einklang mit den beobachteten Produkten steht.
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Results and Discussion

Cycloadditions between indole and aryl- or furyl-substituted
exocyclic dienes by photoinduced electron transfer: A radical-
cation [4-+2]-cycloaddition reaction occurs between two
compounds of nearly identical HOMO energies by a redox
umpolung of either the diene or the dienophile to the
corresponding radical cation. We have shown earlier that for
an efficient reaction, the oxidation potentials of the diene and
the dienophile should not differ by much more than 500 mV.[®!
This corresponds to the fact that the HOMO energies of the
diene and the dienophile should not differ by more than
0.6 eV. The calculation of HOMO energies with the RHF/
AM1 method provides a very efficient method to find
appropriate reaction partners for the radical-cation Diels—
Alder reaction.l'¥] Therefore, we chose the exocyclic dienes 2,
3, and 4 as suitable reaction partners for a reaction with indole
(1), which has a calculated HOMO energy of —8.40¢eV
(Figure 1). These unsymmetrically monosubstituted exocyclic
dienes are good candidates for the investigation of the
regioselectivity and the stereoselectivity of the cycloaddition.
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X = =
= = 4
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2 3 4
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Figure 1. Starting materials and sensitizer for the photochemically induced
radical-cation Diels— Alder reactions.

All reactions were performed by using 1 -2 mol % of 2,4,6-
tris(4-methoxyphenyl)pyrylium tetrafluoroborate (TAP, 5) as
sensitizer. Irradiation took place by means of a xenon arc
lamp with the wavelengths filtered to values above 345 nm.

The phenyl-substituted exocyclic diene 2, which has a
calculated HOMO energy of —8.949 eV, reacts with indole
with complete regioselectivity to give diastereomers 6a and
6b in a ratio of 1:1 as the only products with 28 % yield
(Scheme 1).

The exocyclic diene 3 with a 4-methoxy group at the phenyl
ring has a calculated HOMO energy of —8.677 eV. The
methoxy group has the effect that diene 3 has a smaller
HOMO energy difference to indole than diene 2 and, thus, the
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Scheme 1. Reactions of indole with aryl-substituted exocyclic dienes 2 and 3 and with furyl-substituted exocyclic

diene 4.

cycloaddition with 3 results in better yields (36 %) than the
reaction with diene 2. The reaction is also completely
regioselective and the diastereomers 7a and 7b are formed
in a ratio of 1:1.1.

The substitution of the phenyl group with a furan ring in the
exocyclic diene (4) leads to the preferred formation of
diastereomer 8a (Scheme 1). The diene 4 has a calculated
HOMO energy of —8.394 eV and is therefore a good reaction
partner for a radical-cation reaction with indole. In this case,
the diastereomers 8a and 8b are formed in a ratio of 2:1 with
46 % yield in contrast to the 1:1 ratios found for 6 and 7. The
structures of all diastereomers in this paper have been proved
by NOE 'H NMR experiments. The increase of intensity of
the signals caused by pairs of hydrogen atoms through
saturation of the corresponding NMR frequencies is indicated
by double arrows in Figure 2 with compounds 6a and 6b as an
example.

Figure 2. Determination of the configuration of the diastereomers by
NOE.

Chem. Eur. J. 1999, 5, No. 10
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Potential-energy surfaces: The
absence of general rules that
predict the regiochemistry and
stereochemistry of the radical-
cation Diels—Alder reaction
leads to a high demand for a
theoretical model based on de-

6b R=H tailed quantum-chemical calcu-
76 R=0Me lations of the reaction mecha-
6b = 1 : 1 nism. Closer insight into the
7o =1:11 mechanism of these reactions

is necessary for the explanation
and prediction of the observed
regio- and diastereoselectivi-
ties. The paradox lies in the fact
that radical and radical-ion per-
icyclic reactions are forbidden
in the Woodward-Hoffmann
sense because the symmetry of
the singly occupied molecular
orbital (SOMO) changes from
reactant to product. In earlier
theoretical studies, a noncon-
certed mechanism via long-bond intermediates was calculated
for radical-cation Diels—Alder reactions.®! To compare a
synchronous with a nonsynchronous reaction path, we calcu-
lated a complete potential-energy surface (Figure 3) of this
reaction type by variation of the distances (x and y) of the two
newly formed bonds in the radical cation (Scheme 2). These

Figure 3. Contour plot of the potential-energy surface of the formation of
6b. The energy values are given in kcalmol .
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Scheme 2. Variation of the distances x and y on the potential energy surface.

calculations were carried out with the UHF/AM1 method
with complete geometry optimization on every point. DFT
calculations of the stationary points on this hypersurface at
the B3LYP/6-31G* level are described later in this paper. The
potential-energy surface demonstrates the nonsynchronous
and nonconcerted reaction pathway. The synchronous path-
way (diagonal in Figure 3) is strongly disfavored.

In earlier investigations, we demonstated that indole is
oxidized to its radical cation under the reaction conditions
described here. Ab initio calculations showed that the indole
radical cation is planar with a high positive charge in the
2-position, whereas the radical character is mainly localized in
the 3-position.®l The minimum-energy reaction pathway on
the potential-energy surface demonstrates that the first
formed bond is the y bond in Scheme 2. This is equivalent
to an attack of the diene to the reactive 3-position of the
indole radical cation. That the attack proceeds in this position
can be rationalized by the more favourable delocalization in 9,
leading to a distonic immonium ion/allyl radical intermediate.
The calculated highest spin densities are located at the allylic
system conjugated with the phenyl ring as indicated in
Figure 4. These results are also confirmed by the ab initio
and B3LYP calculations given below. These intermediates are
sometimes called “long-bond” intermediates with regard to
the developing x bond indicated in Scheme 2. However, as
Figure 3 demonstrates, the valley for the long-bond inter-
mediates at the potential-energy surface is very much
elongated.

Ab initio and DFT calculations of the intermediates: To verify
the reliability of the potential-energy hypersurface obtained

Figure 4. Spin densities in the distonic radical-cation intermediate 9a. The
isosurface plot represents the highest spin density.

2862 ——
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by semiempirical calculations,
the energies of all long-bond
intermediates, have been recal-
culated by molecular orbital
and density functional (DFT)
methods. First, we examined
the regioselectivity of the reac-
tion. For all possible regioisom-
ers, we calculated the energies
of the distonic radical-cation
intermediates. The potential-energy surfaces show that a
reaction path leading to an intermediate with a lower energy
proceeds with a low activation-energy barrier, whereas path-
ways to intermediates with relatively high energy afford
higher activation energies. Although the absolute energies
and barrier heights calculated by the semiempirical methods
may not be accurate, comparison of the relative energies of
the regioisomeric intermediates allows the prediction of the
preferred regioisomer. Our B3LYP/6-31G*//UHF/6-31G*
calculations of the different possible intermediates demon-
strate that only the attack of the unsubstituted exocyclic
methylene group of the diene to the 3-position of the indole
radical cation leads to intermediates with lower energies (e.g.,
9a, 9b, 11a, 11b; Scheme 3), whereas an attack of the
subtituted position of the exocyclic diene is highly disfavored
and leads to intermediates that are more than 10 kcalmol !
higher in energy. This regioselectivity can also be explained by
the fact that only the isomeric intermediates 9a, 9b, 11a, and
11b have a conjugation of the allylic radical with the phenyl
system; this lowers the energy of the intermediates and the

11b
Scheme 3. Stereochemistry of the reactions between 1t and 2 and

between between 1" and 4.

0947-6539/99/0510-2862 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 10



Diels— Alder Reactions

2859-2865

transition states significantly. An example of one of these
intermediates and a plot of the spin density of this radical
cation is shown in Figure 4. This demonstrates the character of
the intermediate as an allyl/benzyl radical. The structures 9a,
9b, 11a, and 11b in Scheme 3 represent the energetically
preferred exo attack of the exocyclic dienes to the indole
radical cation. Corresponding calculations for the opposite
endo approach leads to intermediates which are higher in
energy by 4 kcalmol™! relative to the exo attack shown in
Figures 3 and 4.

The energy difference beetween the stereoisomers 9a and
9b (Scheme 3) is less than 1 kcalmol~!; this explains why the
ratio of the products 6a and 6b was found to be 1:1. Applying
this reaction model to the furyl-substituted system, we could
predict the preference for diastereomer 8a. The energies of
the long-bond intermediates 11a and 11b leading to the
diastereoisomers 8a and 8b were calculated at the UHF/
AM1, UHF/3-21G, UHF/6-31G*, and B3LYP/6-31G* levels
of theory. The UHF/6-31G* optimized structures of 11a and
11b are shown in Figure 5. In all calculations, 11a is the

11a 11b

Figure 5. The optimized structures of the distonic radical-cation inter-
mediates 11a and 11b.

preferred intermediate leading to 8a. This is in excellent
agreement with the results of the subsequently performed
reaction between indole and 4 leading to 8a as the preferred
diastereomer (8a:8b =2:1). The energies of the two possible
intermediates, calculated with various quantum-chemical
methods, are shown in Table 1.

Table 1. Energy differences between the intermediates 11a and 11b,
calculated with different quantum-chemical methods in kcalmol~". In every
case, 11a is lower in energy.

E(11b) — E(11a)

[kecal mol~']
UHF/AM1//UHF/AM1 2.5
UHF/3-21G//UHF/AM1 4.7
UHF/3-21G//UHF/3-21G 7.4
UHF/6-31G*//UHF/6-31G* 4.5
Becke3LYP/6-31G*//UHF/6-31G* 5.0

Conclusions

Electron-transfer-induced Diels— Alder reactions of indole
with aromatic- or heteroaromatic-substituted exocyclic dienes
proceed with complete regioselectivity to form [b]-anellated
tetrahydrocarbazoles. For this reaction, the results of the

Chem. Eur. J. 1999, 5, No. 10
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calculations of the potential-energy surface and the distonic
radical-cation intermediates are in very good agreement with
the experimental results and the proposed mechanism.
Though the approximation of free, unsolvated radical cations
is made, the regio- and diastereoselectivities can be rational-
ized and predicted properly. Quantum-chemical calculations
lead to a reaction model that is consistent with the observed
products. The good agreement of the results from the
computationally efficient B3LYP method with the experi-
mental results also encourages the investigation and predic-
tion of other electron-transfer-induced cycloadditions. These
studies are currently in process and will be reported in due
course.

Computational Methodology

In the last years, hybrid density functional methods such as the B3LYP
functional gave results in excellent agreement with the available exper-
imental data and highly correlated MO-based methods.'* 1*! In an earlier
publication, we could show that this method is a very promising tool for the
study of radical-ion and other open-shell reactions.l'l In a recent study of
the radical-cation Diels— Alder reaction between 1,3-butadiene and ethyl-
ene at high levels of theory, we could demonstrate that there is a good
agreement of Becke3LYP results with QCISD(T) calculations.'”l This
indicates that these computationally efficient methods can also be used in
investigations of larger model systems of radical-cationic reaction mech-
anisms. We therefore adopted a computational strategy in which the
structures were, except where noted, fully optimized and characterized at
the B3LYP/6-31G*//UHF/6-31G* level of theory.'s: %]

The complete potential-energy surfaces were calculated with the semi-
empirical UHF/AM1 method, which was prefered to PM3 since the latter
predicts unrealistic partial charges on nitrogen atoms, whereas AMI1
provides reliable results for aromatic compounds and radical cations. The
calculations of the energy surfaces were carried out with complete
geometry optimization on every point. All semiempirical calculations were
performed by the Hyperchem 5 program.?’]

The ab initio and DFT calculations were performed using the GAUSSI-
AN 94 series of programsP'! running on IBM SP1/SP2 and SGI Origin
parallel computers at the High Performance Computing Cluster at the
University of Notre Dame.

Experimental Section

General: Solvents were purified and dried by literature procedures.
Reagents were employed as purchased. Thin-layer chromatography
(TLC) was carried out on aluminium sheets, precoated with silica gel
60 F,5, (Merck). For liquid chromatography, flash silica gel 30-60 um
(Baker) was used. Melting points were recorded on a Reichert (Wien)
melting point apparatus and are uncorrected. Mass spectra and high-
resolution MS were taken with an AEI (Manchester) MS 50 instrument and
a Finnigan MAT 312 spectrometer by EI (70 eV). 'H NMR and *C NMR
spectra were recorded on Bruker AC200 and AM400 instruments.
Chemical shifts (0) are reported relative to tetramethylsilane (TMS) or
CDCl; as references. Irradiation was performed usin a 450 W xenon arc
lamp (Osram XBO-450 OFR) incorporated into a lamp-housing LAX 1450
(Miiller Elektronik, Moosinning) equipped with a long-pass filter 5146
(A > 345 nm, Oriel, Stanford).

Materials: 2.4,6-trianisylpyrylium tetrafluoroborate (5) was prepared
according to the literature.’”l The exocyclic dienes 2, 3, and 4 were
synthesized by Wittig reactions between the corresponding ketones and
methyl triphenylphosphonium bromide according to equivalent prepara-
tions in the literature.?l The corresponding ketones were synthesized from
cyclohexanone by aldol reactions with the corresponding aromatic
aldehydes or furfural according to literature procedures.*!
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General procedure for the photoinduced electron-transfer-initiated Diels —
Alder reactions: The exocyclic diene 2, 3, or 4, the equivalent amount of
indole (1), and the pyrylium salt 5 (2 mol %) as a sensitizer were placed in a
Schlenck tube and dry dichloromethane (70 mL) was added. The solution
was freed from oxygen under an argon stream by ultrasonic treatment for
10 min. The mixture was then irradiated for the indicated times with water
cooling (10-15°C) at a wavelength of 4 > 345 nm. After the irradiation, the
pyrylium salt was separated from the products on a short silica filtration
column with dichloromethane as the eluent. Separation and isolation was
carried out as indicated for the different products.

6-Phenyl-5a,6,7,8,9,10,11,11a-octahydrobenzo[ b]carbazole (6a and 6b): As
described in the general procedure, irradiation of indole (1, 234 mg,
2mmol) and benzylidene-2-methylenecyclohexane (2, 369 mg, 2 mmol)
was performed for 24 h. Work-up and separation of the reaction mixture by
flash chromatography on silica (cyclohexane/diethyl ether 25:1 as the
eluent) gave 84.1 mg of 6a and 84.4 mg of 6b with a total yield of 28 %.

Compund 6 a: White solid; m.p. 93°C; '"H NMR (400 MHz, CDCl;, 25°C):
0=729 (m, 5H; CH), 711 (d, *J(H,H)=75Hz, 1H; CH), 705 (ddd,
3J(HH) =77, 74 Hz, *J(H,H) = 1.1 Hz, 1H; CH), 6.77 (ddd, 3/(H,H) =75,
74 Hz, SI(HH)=1.1Hz, 1H; CH), 6.65 (d, 3/(H,H)=77 Hz, 1H; CH),
3.94 (dd, 3J(H,H)=38.1, 5.6 Hz, 1H; CH), 3.45 (td, *J(H,H) =8.5, 8.1 Hz,
1H; CH), 3.25 (d, *J(H,H) =5.6 Hz, 1H; CH), 2.52 (dd, 2J(H,H) = 17.1 Hz,
3J(H,H) =8.5 Hz, 1 H; CH,), 2.26 (d, %/(H,H) = 17.1 Hz, 1 H; CH,), 2.06 (br,
2H; CH,), 1.60 (m, 6H; CH,); C NMR (50.3 MHz, CDCl;, 25°C): 6 =
149.9 (C), 142.9 (C), 134.6 (C), 130.0 (C), 128.9 (CH), 128.5 (CH), 128.0 (C),
1273 (CH), 126.5 (CH), 123.4 (CH), 119.0 (CH), 110.0 (CH), 65.9 (CH),
50.2 (CH), 37.8 (CH), 33.0 (CH,), 30.8 (CH,), 29.0 (CH,), 23.3 (CH,), 23.0
(CH,); MS (70 eV, EI): m/z (%): 301 (15) [M*], 184 (55) [retro-DA], 141
(47), 117 (100) [retro-DA], 91 (11) [C;H;'], 77 (8) [CsHs"]; HR-MS calcd
for C,,H,;N 301.1831, found 301.1836.

Compound 6b: White solid; m.p. 94°C; '"H NMR (400 MHz, CDCl,,
25°C): 6="130 (m, 5H; CH), 7.13 (dd, *J(H,H) =72 Hz, >J(H,H) = 1.2 Hz,
1H; CH), 6.95 (ddd, *J(H,H) =77, 7.6 Hz, *J(H,H) = 1.2 Hz, 1 H; CH), 6.70
(ddd, 3J(HH)=76, 72Hz, J(HH)=10Hz, 1H; CH), 645 (dd,
3J((HH)=77Hz, J(HH)=10Hz, 1H; CH), 4.08 (dd, *J(HH)=
6.45Hz, 1H; CH), 3.63 (d, J(HH)=645Hz, 1H; CH), 3.19 (dt,
3J(HH) =178, 6.45 Hz, 1H; CH), 3.00 (br, 1H; CH), 2.09 (d, *J(HH)=
78 Hz, 2H; CH,), 2.04 (br, 2H; CH,), 1.68 (m, 6H; CH,); C NMR
(50.3 MHz, CDCl;, 25°C): 6 =149.5 (C), 141.4 (C), 136.0 (C), 130.7 (C),
129.8 (CH), 128.1 (CH), 127.2 (C), 127.1 (CH), 126.4 (CH), 123.0 (CH),
118.7 (CH), 109.8 (CH), 63.5 (CH), 49.1 (CH), 39.1 (CH), 33.2 (CH,), 31.0
(CH,), 28.8 (CH,), 23.5 (CH,), 23.2 (CH,); MS (70 eV, EI): m/z (%): 301
(18) [M*], 256 (6), 184 (57) [retro-DA], 141 (52), 117 (100) [retro-DA], 91
(12) [C;H,*], 77 (8) [CeHsT]; HR-MS calcd for C,,H,3N 301.1831, found
301.1836.

6-Anisyl-52,6,7,8,9,10,11,11a-octahydrobenzo[ b]carbazole (7a and 7b): As
described in the general procedure, irradiation of indole (1, 117 mg,
1mmol) and (4-methoxybenzylidene)-2-methylenecyclohexane (3,
214 mg, 1 mmol) was performed for 8 h. Work-up and separation of the
reaction mixture by flash chromatography on silica (cyclohexane/diethyl
ether 7:1 as the eluent) gave 55.5 mg of 7a and 63.8 mg of 7b with a total
yield of 36 %.

Compound 7a: White solid; m.p. 117°C; 'H NMR (400 MHz, CDCl,,
25°C): 6 =718 (d, ¥(H,H) = 8.6 Hz, 2H; CH), 7.10 (d, */(H,H) =73 Hz,
1H; CH), 6.99 (dd, 3/(H,H)=78, 7.6 Hz, 1H; CH), 6.88 (d, *J(H,H) =
8.6 Hz, 2H; CH), 6.78 (dd, J(H,H)=76, 73 Hz, 1H; CH), 6.68 (d,
3J(H,H) =78 Hz, 1H; CH), 3.93 (dd, */(H,H) = 8.0, 6.2 Hz, 1H; CH), 3.46
(dt, 3J(H,H) = 8.0, 7.4 Hz, 1H; CH), 2.86 (d, JJ(H,H) = 6.2 Hz, 1H; CH),
2.40 (br, 2H; CH,), 2.05 (m, 2H; CH,), 1.66 (m, 6H; CH,); “C NMR
(100.6 MHz, CDCL, 25°C): 6 = 158.3 (C), 149.8 (C), 137.8 (C), 134.7 (C),
130.8 (CH), 130.5 (C), 128.3 (C), 1272 (CH), 123.5 (CH), 119.0 (CH), 113.7
(CH), 110.0 (CH), 65.9 (CH), 55.3 (CHy), 49.3 (CH), 37.7 (CH), 33.0 (CH,),
29.1 (CH,), 28.6 (CH,), 23.3 (CH,), 23.1 (CH,); MS (70 &V, EI): m/z (%):
331 (15) [M*], 214 (100) [retro-DA], 183 (31), 171 (63), 141 (15), 117 (17)
[retro-DA], 91 (4) [C;H;']; HR-MS caled for Cp;H)sNO 331.1936, found
331.1938.

Compound 7b: White solid; m.p. 119°C; 'H NMR (400 MHz, CDCl,
25°C): 8 =717 (d, 3J(H,H) =8.6 Hz, 2H; CH), 712 (d, 3/(H,H) =73 Hz,
1H; CH), 6.96 (dd, 3J(H,H) =177, 7.5 Hz, 1H; CH), 6.88 (d, *J(H,H) =
8.6 Hz, 2H; CH), 6.71 (dd, 3J(HH)=75, 73 Hz, 1H; CH), 649 (d,
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3J(H,H) =77 Hz, 1H; CH), 4.07 (dd, 3>J(H,H) =6.2 Hz, 1H; CH), 3.60 (d,
3J(H,H) =6.2 Hz, 1H; CH), 3.20 (td, *J(H,H) =74, 6.2 Hz, 1H; CH), 2.10
(br, 2H; CH,), 2.03 (m, 2H; CH,), 1.65 (m, 6H; CH,); “C NMR
(100.6 MHz, CDCl;, 25°C): 6 =158.2 (C), 149.5 (C), 136.1 (C), 133.4 (C),
130.6 (CH), 130.5 (C), 127.5 (C), 127.1 (CH), 123.1 (CH), 118.7 (CH), 113.5
(CH), 109.8 (CH), 63.7 (CH), 55.3 (CH3), 48.2 (CH), 39.0 (CH), 33.2 (CH,),
31.1 (CH,), 28.8 (CH,), 23.5 (CH,), 23.2 (CH,); MS (70 eV, EI): m/z (%):
331 (13) [M*], 286 (7), 214 (100) [retro-DA], 183 (32), 171 (57), 141 (18),
117 (28) [retro-DA], 77 (8) [C¢Hs*]; HR-MS calcd for C,3H,sNO 331.1936,
found 331.1940.
6-(Furan-2-yl)-5a,6,7,8,9,10,11,11a-octahydrobenzo[ b]carbazole (8a and
8b): As described in the general procedure, irradiation of indole (1,
117 mg, 1 mmol) and (furan-2-yl-methylene)-2-methylenecyclohexane (4,
174 mg, 1 mmol) was performed for 7 h. Work-up and separation of the
reaction mixture by flash chromatography on silica (cyclohexane/diethyl
ether 7:1 as the eluent) gave 89.1 mg of 8a and 45.2 mg of 8b with a total
yield of 46 %.

Compound 8a: White solid; m.p. 90°C; 'H NMR (500 MHz, CDCl;,
25°C): 0="1736 (dd,/=1.9,0.9 Hz, 1H; CH), 7.04 (d, */(H,H) = 7.5 Hz, 1 H;
CH), 6.96 (dd, 3J(H,H) =76, 7.5 Hz, 1H; CH), 6.68 (ddd, *J(H,H) =75,
7.5 Hz, *J(HH)=1.0 Hz, 1H; CH), 6.54 (d, */(H,H)=7.6 Hz, 1H; CH),
6.27 (dd, J=3.2, 1.9 Hz, 1H; CH), 6.03 (d, /=3.2 Hz, 1 H; CH); 4.25 (dd,
3J(H,H)=8.3, 5.5 Hz, 1H; CH), 3.64 (d, */(H,H) =5.5 Hz, 1H; CH), 3.52
(dt, 3J(H,H) =8.3, 8.0 Hz, 1H; CH), 2.37 (d, 3J(H,H) =8.0 Hz, 2H; CH,),
2.00 (m, 2H; CH,), 1.70 (m, 6H; CH,); ¥C NMR (100.6 MHz, CDCl;,
25°C): 6=155.1 (C), 150.4 (C), 141.5 (CH), 134.4 (C), 131.1 (C), 1274
(CH), 127.1 (C), 122.8 (CH), 118.4 (CH), 110.0 (CH), 109.0 (CH), 107.6
(CH), 62.4 (CH), 43.0 (CH), 39.7 (CH), 33.4 (CH,), 31.0 (CH,), 28.6 (CH,),
23.3 (CH,), 23.0 (CH,); MS (70 eV, EX): m/z (%): 291 (11) [M*], 174 (100)
[retro-DA], 145 (32), 132 (29), 117 (50) [retro-DA], 91 (16) [C;H,*], 77 (13)
[CsH5]; HR-MS caled for C,H,3N 291.1623, found 291.1625.

Compound 8b: White solid; m.p. 92°C; 'H NMR (400 MHz, CDCl,,
25°C): =743 (dd,J=1.8,0.8 Hz, 1H; CH), 7.12 (d,*J(H,H) =74 Hz, 1H;
CH), 7.07 (d, 3J(H,H) =75 Hz, 1H; CH), 6.64 (d, *J(H,H)=75Hz, 1H;
CH), 6.69 (ddd, *J(H,H) =7.5,7.4 Hz,3J(H,H) = 1.0 Hz, 1 H; CH), 6.37 (dd,
J=32,1.8 Hz, 1H; CH), 6.15 (d, /=3.2 Hz, 1H; CH), 4.16 (dd, *J(H,H) =
8.8, 6.6 Hz, 1H; CH), 3.59 (dt, 3/(H,H) =8.8, 79 Hz, 1H; CH), 3.36 (d,
3J(H,H) =6.6 Hz, 1H; CH), 2.56 (d, 3/(H,H) =7.9 Hz, 2H; CH,), 1.95 (m,
2H; CH,), 1.65 (m, 6H; CH,); *C NMR (100.6 MHz, CDCl;, 25°C): d =
155.6 (C), 150.2 (C), 141.9 (CH), 1333.6 (C), 130.4 (C), 127.6 (CH), 127.0
(C), 123.6 (CH), 118.9 (CH), 109.7 (CH), 109.0 (CH), 1074 (CH), 62.1
(CH), 44.3 (CH), 38.9 (CH), 32.7 (CH,), 30.7 (CH,), 27.9 (CH,), 23.2 (CH,),
22.9 (CH,); MS (70 eV, EI): m/z (%): 291 (18) [M*], 174 (100) [retro-DA],
145 (24), 132 (21), 117 (32) [retro-DA], 91 (11) C;H,*], 77 (8) [CeHs*]; HR-
MS calcd for C,,Hx;N 291.1623, found 291.1626.
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