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/ . Introduction 

The utilization of o-quinodimethane intermediates 
such as 1 and their respective derivatives as enophiles 
for the regio- and stereocontrolled anelation of aromatic 
systems is of practical importance and has been applied 
in efficient syntheses of alkaloids, steroids, and ter-
penes.1 Structurally related 87r-reaction systems such 

as cu op „, 
R R 

as, for example, the isobenzofurans 22 or the 2#-iso-
indoles 33a and numerous other heteroaromatic o-
quinodimethanes3b have also proved to be synthetically 
attractive dienes in Diels-Alder reactions. Recently, 
the thio analogue 4 of 1 was generated in situ and 
successfully employed in the synthesis of anelated S-
heterocycles.4 Extension of o-quinodimethane chem
istry to include the 2,3-bis(methylene)-2,3-dihydroindole 
system 5 and its cyclic analogues 6 is also of major 
synthetic interest. For example, many polycyclic or
ganic compounds containing the indole or carbazole 
nucleus possess important pharmacological properties 
and have been target compounds for synthesis.5 Hence, 
the development of the heteroaromatic o-quinodi
methane/Diels-Alder methodology for the regio- and 
stereocontrolled syntheses of polycyclic indoles and 
pharmacologically active derivatives would provide a 
highly attractive approach to this class of compounds. 
Thus, a major objective of the present review is to 
present for the first time the scope and limitations of 
inter- and intramolecular [T4s + T2s]-cycloaddition re-
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SCHEME 2 
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Figure 1. HOMO of indolo-2,3-quinodimethane according to 
MNDO calculations.68 
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The heterocyclic diene reactivity of 5 and 6 is pri
marily determined by the 2-aminobutadiene structural 
unit. Our MNDO calculations on the parent compound 
5 (R = H; Figure l)6a have shown that the [T4s + 
T2s]-cycloaddition reactions with electron-poor dieno-
philes are HOMOdiene-LUMOdienophile controlled pro
cesses and that the peri- and regioselectivities found in 
numerous experimental syntheses can be predicted 
satisfactorily from the HOMO topologies of 5 or 6.6 

Most of the reactions of 5 and 6 and their applications 
in Diels-Alder reactions described here are based on 
well-known concepts of o-quinodimethane chemistry.1 

The results clearly demonstrate that, in comparison 
with other processes, the indolo-2,3-quinodimethane/ 
Diels-Alder methodology represents the shortest and 
most elegant method for the preparation of selectively 
functionalized [fe]-anelated indoles (including indole 
alkaloids and carbazoles). 

/ / . Generation of Reactive 
Indolo-2,3-qulnodknethanes by 1,4-Ellmlnatlon 
and Synthetic Applications In Diels-Alder 
Reactions 

N-Protected 2,3-disubstituted indoles are generally 
used as precursors for the in situ generation of indolo-
2,3-quinodimethanes of the type 5 since, from a struc
tural point of view, they are susceptible to selective 
1,4-eliminations. Thus, iV-methyl- and N-(tert-but-
oxycarbonyl)indolo-2,3-quinodimethanes 8a,b can be 
generated easily from the silylated indolylammonium 
salts 7a,b by fluoride ion induced 1,4-eliminations.7 The 
salts 7 are accessible from the corresponding N-pro-
tected 2-methylindoles by way of Mannich reactions, 
selective lithiation of the indole 2-methyl groups, sub
sequent silylation, and quaternization. The indolo-
2,3-quinodimethanes 8a,b generated in situ are trapped 
with iV-phenylmaleimide or methyl acrylate to furnish 
the carbazole derivatives 9 or 10, respectively. The 
intermediate 8b in particular also undergoes dimeriza-
tion to form spiro compounds. In comparison with 8a, 
the cycloaddition of 8b with methyl acrylate proceeds 

Q Ĉ -^- Q£% 
COPh 

11 

SCHEME 3 
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2 2 b X=CH1Y = N 
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with higher regioselectivity (major isomer: 1Od) 
(Scheme 1). 

A simplified route to an N-protected indolo-2,3-
quinodimethane starts from iV-benzoyl-2,3-dimethyl-
indole (H)8 and involves an iodide ion induced 1,4-
elimination. Radical side-chain bromination of 11 with 
iV-bromosuccinimide gives rise to iV-benzoyl-2,3-bis-
(bromomethyl)indole (12). When the latter is treated 
with sodium iodide in dimethylformamide at 50-55 0C 
and then allowed to react with CC dienophiles (e.g., 
iV-phenylmaleimide, dimethyl acetylenedicarboxylate, 
and 1,4-benzoquinone), the novel, selectively function
alized carbazole derivatives 14,15, and 16, respectively, 
are obtained via the generated intermediate 13 (Scheme 
2). 

Anionic indolo-2,3-quinodimethanes exhibit a par
ticularly pronounced enophile reactivity as a result of 
the increased HOMO energy level and/or the increase 
in the net atomic charge.6b By means of the interesting 
sequence "3-acylindole/diethyl phosphorocyanidate 
[(EtO)2P(O)CN]", 2-cyanoindole-3-acetonitriles can be 
prepared,9 which, in the presence of a strong base, 
smoothly give rise to indolo-2,3-quinodimethane anions. 
This strategy has been used for the selective synthesis 
of aminocarbazoles.9 As illustrated in Scheme 3, reac
tion of 17 with dimethyl acetylenedicarboxylate in the 
presence of sodium hydride gives rise to the polyfunc-
tionalized carbazole 19, reaction of 17 with lithium 
diisopropylamide (LDA) in the presence of benzyne 
produces compounds 20 and 21 via single and double 
Diels-Alder reactions, and reaction with 3,4-pyridyne 
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(generated from 3-chloropyridine and LDA) furnishes 
the pyrido[b]anelated carbazoles 22a,b in the same 
manner (Scheme 3). 

An in situ indolo-2,3-quinodimethane strategy has 
also been used with 2-alkyl-3-vinylindoles10 or 3-al-
kyl-2-vinylindoles11 to form, via a thermally induced 
[l,5]-sigmatropic shift and electrocyclization, 5H-
benzo[b]carbazoles or pyrido[4,3-b]carbazoles (e.g., el-
lipticine25), respectively. 

/ / / . Intramolecular [4 + 2]-Trapping Reactions 
of Generated Indolo-2,3-qulnodlmethanes To 
Form Penta- and Heptacycllc Indole Alkaloids 

A highly convergent and elegant reaction sequence 
for the preparation of indole alkaloids possessing several 
stereocenters, especially those of the Aspidosperma and 
Kopsane types, was first realized by Magnus and co
workers.12-17 The scope and limitations, including 
mechanistic aspects, of this route have been studied 
systematically, and a series of pharmacologically in
teresting indole alkaloids were synthesized under high 
regio- and stereocontrol through intramolecular trap
ping of an in situ generated indolo-2,3-quinodimethane. 
As a model reaction for this strategy, a stereocontrolled 
cyclization of the indolylimine 23 to form the tetracyclic 
product 2514 will be discussed first (Scheme 4). 
Starting from 23 in the presence of a chloroformate (e.g., 
ClCO2CH2CH2Cl), the indolo-2,3-quinodimethane 24 
was generated and underwent stereoselective cyclization 
to yield the cis cycloadduct 25 (Scheme 4). 

This highly stereoselective syntheses of 25 can be 
correlated with either the exo-Z (24) or endo-E tran
sition states. The concept was developed further to 
provide a successful total synthesis of Aspidosperma-
type alkaloids.14 A six-step total synthesis of (±)-as-
pidospermidine via the "endocyclic amide route"17 

(Scheme 5) starts, for example, from 26, which, on 
treatment with the mixed anhydride derived from 4-
ethylpent-4-enoic acid in chlorobenzene at 140 0C for 
2.75 h, was converted to 28 via the intermediate 27. 
Oxidation of 28 with m-chloroperoxybenzoic acid 
(MCPBA) at 0 0C gave the sulfoxide 29 as a mixture 
of diastereomers. When this sulfoxide was treated with 
trifluoroacetic anhydride (TFAA) at 0 0C followed by 
rapid heating to 130 0C (addition of chlorobenzene), the 
pentacyclic compound 30 was formed via an intramo
lecular Pummerer-type reaction. Desulfurization of 30 
(Raney nickel) followed by LiAlH4 reduction furnished, 

SCHEME 5. Endocyclic Amide Route to 
(±)- Aspidospermidine 

" exo-E 28 133V.) 
R • O2SC6H4OMe-P 27 

31a (617.) 31b 15(V.) 

via compound 31a, (±)-aspidospermidine (31b) in an 
overall yield of 11.7%.14-17 

Following the same convergent strategy, the total 
syntheses of the indole alkaloids (±)-10,22-dioxokopsane 
(46) and (±)-kopsane (47) (Scheme 6) were achieved 
and the mechanisms were also investigated.15 The 
imine 32 was condensed with 2,2,2-trichloroethyl car-
bonochloridate to give the tetracyclic carbamate 33. 
Removal of the carbamate protecting group with zinc 
in acetic acid furnished the secondary amine 34. This 
amine was converted into the sulfoxide 36 by treatment 
with (phenylthio)acetyl chloride and subsequent oxi
dation of 35. The sulfoxide 36 was transformed directly 
into the homoannular diene 37 by treatment with 
TFAA in chlorobenzene at 135 0C. The crucial allyla-
tion of the C-Il carbanion 38, derived from 37 by 
treatment with lithium hexamethyldisilazide, gave ex
clusively the desired endo-aUyl product 39. In the chiral 
series,15 the allylation at C-Il takes place with retention 
of configuration. Heating of 39 at 100 0C gave com
pound 40 possessing the basic kopsane skeleton. The 
oxidation level at C-Il was transferred to C-22 by 
elimination of the sulfoxide function from 41 to give 44 
via the anti-Bredt compound 43. Treatment of 44 with 
TFAA furnished iV-[(p-methoxyphenyl)sulfonyl]-
10,22-dioxokopsane (45). Conversion of 45 into 46 or 
47, respectively, was achieved by reduction with Li/NH3 
and oxidation to give 46 or reduction of 45 with LiAlH4 
and subsequent oxidation to form 47. The synthesis 
proceeds through 14 steps in an overall yield of 5.8% 
(Scheme 6). 

The most recent advance in this strategy has been the 
use of an enantiomerically pure norbornene derivative 
as a chiral auxiliary agent in an enantio- and stereo-
specific version of the intramolecular indolo-2,3-
quinodimethane cyclization.16 This work also demon
strates the suitability of the present methodology for 
the syntheses of enantiomerically pure 16-methoxy-
substituted Aspidosperma-type alkaloids. For the 
synthesis of (+)- or (-)-16-methoxytabersonine (Scheme 
7), the 6-methoxyindole derivative 48 was acylated at 
the imine function with a chiral [(+) or (-) enantiomer] 
norbornenoyl chloride. The resultant norbornenylacyl 
derivative rearranged to an indolo-2,3-quinodimethane 
which underwent intramolecular cyclization stereo-
specifically. An intramolecular Pummerer reaction with 
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a subsequent retro-Diels-Alder step and further selec
tive functional group transformations gave rise to either 
(+)- or (-)-16-methoxytabersonine (49), depending on 
the use of the (+) or (-) form of the acylating auxiliary 
agent [use of the (-) reagent yields the (+) form of 49], 
in about 85% yield (Scheme 7). 

By employing a related "indolo-2,3-quinodi-
methane/intramolecular Diels-Alder (IMDA) reaction" 
strategy, Herslof and Martin prepared the novel, con-
formationally fixed trans-serotonine homologue 7-[(p-
methoxyphenyl)sulfonyl]-3-methyl-l,2,3,4,4a,5,6,llc-

octahydro-7if-pyrido[3,4-c]carbazole in 58% yield via 
the intramolecular trapping of an indolo-2,3-quinodi-
methane as a diene-dienophile system.18 

IV. Stable Cyclic Analogues of 
Indolo-2,3-qulnodlmethanes In DIeIs-Alder 
Reactions 

The stable cyclic analogues I of the indolo-2,3-
quinodimethanes are particularly versatile dienes for 
Diels-Alder reactions. In these cases the 2,3-bis-
(methylene)-2,3-dihydroindole structure is stabilized by 
the presence of a heteroatom capable of conjugation in 
the ring. Even so, such compounds are still reactive and 
afford cycloadducts useful for subsequent transforma
tions. In accord with the "Diels-Alder/bridge extrusion 
methodology", they react initially with dienophiles to 
form the bridged adducts II. In many cases, selectively 
functionalized carbazoles or [6]-anelated indoles of the 
general type III can be obtained by removal of the 
bridging unit (Scheme 8). 

The first synthesis leading to a 2,4-dihydropyrrolo-
[3,4-6]indole as an indolo-2,3-quinodimethane analogue 
was described in ref 19 (Scheme 9). 2-Benzyl-4-
phenylpyrrolo[3,4-6]indol-3(2fl)-one (50) was used as 
the starting material for the preparation of the men
tioned 2-benzyl-4-phenyl derivative 51. Reduction of 
50 with LiAlH4 gave 51 in addition to 52 as a further 
product (yield of each: approximately 35%). A 
mechanism was discussed and used to explain the 
failure of analogous reactions with N-unsubstituted 
indoles corresponding to 50. 

A further variation proceeds through a regiocontrolled 
[6]-anelation of the indole skeleton.20 For the synthesis 
of 2-(methoxycarbonyl)-4-[(p-methoxyphenyl)-
sulfonyl]-2,4-dihydropyrrolo[3,4-fe]indole (58) (Scheme 
10), the indole-3-carbaldehyde 53 was initially con
densed with diethyl malonate in a Knoevenagel reaction 
to give 54. Selective side-chain bromination with NBS 
furnished 55, which, on treatment with NaN3, under
went cyclization via an intramolecular 1,3-dipolar cy-
cloaddition to yield the triazoline 56. Under proton 
catalysis, the tetracyclic compound 56 was cleaved in 
a 1,3-dipolar cycloreversion process to form 2,4-di-
hydropyrrolo[3,4-6]indole (57). On treatment with 
methyl carbonochloridate, 57 was converted to the 
air-stable AT-methoxycarbonyl derivative 58. Under 
reflux conditions in THF, the heterocyclic diene 58 took 
part in Diels-Alder reactions with, e.g., N-phenyl-
maleimide or arynes to give the products 59, 60, or 61. 
The N bridge in 61 was reductively cleaved with lith-
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SCHEME 11 

6 2 (807.) 

ium/liquid ammonia (reductive extrusion of the N 
bridge), resulting in the formation of 6,ll-dihydro-5iJ-
benzo[6]carbazole, which, in turn, was smoothly dehy-
drogenated on treatment with DDQ to furnish 5H-
benzo[h]carbazole (62) in 80% yield (Scheme 1O).21 

2-tert-Butyl-4-methyl-2,4-dihydropyrrolo[3,4-h]indole 
(66) has been prepared previously via selective reduc
tion of 2-£er£-butyl-4-methyl-2,4-dihydropyrrolo[3,4-
6]indol-l(2H)-one (63a) or -3(2H)-one (63b) with di-
isobutylaluminum hydride (DIBAH) (Scheme H).22 

The same precursors 63a and 63b were transformed 
into the 2-tert-butyl-4-methyl-2,4-dihydro[3,4-6]indoles 
64 and 68 bearing a methoxy group in the 1- or 3-pos-
ition, respectively, via a two-step procedure comprising 
O-alkylation and CH deprotonation. The novel cyclic 
indolo-2,3-quinodimethane analogues 64,66, and 68 also 

SCHEME 12 
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react as heterocyclic dienes with, e.g., aryne (generated 
from 1,2-dibromobenzene and methyllithium in THF 
under an argon atmosphere) via the bridged and, as a 
result of the ring strain, kinetically unstable cyclo-
adducts through selective ring opening at the imino 
bridge to give the substituted 5if-benzo[6]carbazoles 
65, 67, and 69 readily (Scheme 11). 

4if-Furo[3,4-6]indoles can also be employed suc
cessfully for the regiocontrolled [b]-anelation of the 
indole skeleton.23"26 The Diels-Alder reactivity of this 
substance class with benzyne, 3,4-pyridyne, N-
phenylmaleimide, and dimethyl acetylenedicarboxylate 
has been investigated in detail.23,24 This new annulation 
strategy was also used to produce the cytostatically 
active alkaloids ellipticine and isoellipticine (Scheme 
12)24,25 F o r t h i s purpose, l,3-dimethyl-4-(phenyl-
sulfonyl)-4fl-furo[3,4-6]indole (75) was used as starting 
material.24 Compound 75 was obtained from indole-3-
carbaldehyde (70) in a five-step sequence as follows 
(Scheme 12). First, the nitrogen atom of 70 was pro
tected, and the resultant indole 71 was selectively 
methylated and lithiated to give 72. Reaction of 72 with 
acetaldehyde gave the diol 73, which spontaneously 
cyclized to the lactol 74 after selective oxidation. 
Trifluoroacetic acid catalyzed dehydration of 74 finally 
resulted in the air-stable key substance 75 in an overall 
yield of 21 %. A similar variation24 gave rise to the novel 
furanoindole 75 in 46% overall yield. The total 
syntheses of ellipticine and isoellipticine (Scheme 12) 
were realized by Diels-Alder reaction of 75 with 3,4-
pyridyne (generated from 3-chloro-4-iodopyridine and 
iert-butyllithium at -100 0C). (In a further variation, 
3,4-pyridyne was successfully generated by lead acetate 
oxidation of the precursor l-aminotriazolo[4,5-c]-
pyridine.) This gave rise to an isomeric mixture of the 
Diels-Alder adducts 76 and 77. The oxygen bridge and 
the N-protecting group were removed by treatment with 
NaBH4 and NaOH. Workup by flash chromatography 
allowed the isolation of ellipticine (78a) in 23% yield 
and isoellipticine (78b) in 29% yield (Scheme 12). 

Following an analogous strategy, a new, potential 
bifunctional nucleic acid intercalating agent, namely, 
l,10-bis(6-methyl-5H-benzo[6]carbazol-ll-yl)decane 
(78c), was synthesized.26 The construction of 78c pro-
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Starting from selectively functionalized indolyl ke
tones, a series of substituted thieno[3,4-£>]indoles and 
substituted selenolo[3,4-6] indoles, both representing 
new classes of heterocycles, were prepared.27 Thus, for 
example, the reactions of the trifunctionalized indole 
79 with thioacetamide or iV,iV-diethylselenopropan-
amide give rise to the tricyclic products 80 or 81, re
spectively (Scheme 13). The [4 + 2]-cycloaddition 
reactions of these thermally stable compounds with 
dimethyl acetylenedicarboxylate lead directly to the 
dimethyl carbazoledicarboxylate 82. This reaction re
sult also provides indirect evidence for the structures 
of the two heterocyclic dienes 80 and 81 (Scheme 13). 

Pyrano[3,4-b]indol-3-ones 83 represent one of the 
most interesting and preparatively accessible cyclic 
synthetic equivalents of indolo-2,3-quinodimethane.28 
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They are obtained from indole-2-acetic acid or 2-(3-
indolyl)propanoic acid and acid anhydrides under BF3 
catalysis in high yields. This class of compounds was 
first described by Plieninger and co-workers28 and has 
recently been investigated thoroughly with regard to 
Diels-Alder reactivity by others2®'30"32'39 and by our 
group.33"35 These compounds react with dienophiles in 
a [4 + 2]-cycloaddition/[4 + 2]-cycloreversion (extru
sion of CO2) process to give usually selectively func
tionalized [6]-anelated indoles. Our MNDO calcula
tions35'36 suggest that the [T4s + x2s]-cycloaddition re
actions of 83 are all HOMOdiene-LUMOdienophiie con
trolled processes39 and that the regiochemistries of the 
reactions with acceptor-substituted CC dienophiles are 
in good agreement with the magnitudes of the partic-
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ipating coefficients in the transition state as given by 
the FMO theory. Recently, it has also been demon
strated that a reversal of the regiochemistry in a series 
of cycloaddition reactions of alkynes with 83 may be 
brought about by steric effects (see below).39 

We have reinvestigated the cycloaddition reactions 
of 83a with iV-phenylmaleimide and maleic anhydride 
first performed by Plieninger and co-workers28 and have 
now completely clarified the reaction sequence (Scheme 
14).33 By way of the primary cycloadduct 84 formed 
from the reaction of 83 with the two cyclic dienophiles, 
the [fe]-anelated carbazole 85 and its dehydrogenation 
product 86 result after extrusion of CO2.

37 The unstable 
carbazole derivative 85, in addition, is trapped by a 
double Diels-Alder reaction with the CC dienophile 
present in the reaction medium and thus forms also the 
exo-cisoid-exo- and endo-transoid-exo-tetiahydTobai-
relenes 87 and 88 which are the main products of this 
reaction sequence. 

Compounds 83a,b also react with numerous other CC 
dienophiles such as, for example, dimethyl acetylene
dicarboxylate and dibenzoylacetylene to give the novel 
carbazoledicarboxylates 89a,b and dibenzoylcarbazoles 
89C1Cl.29 The dibenzoylcarbazoles, in turn, react with 
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hydrazine to form pyridazo[4,5-6]carbazoles. The py-
ranoindolones 83a,b also react with benzyne to give the 
benzo[6]carbazoles 90a,b;29,34 with 83a the double 
Diels-Alder adduct 91 is formed additionally.34 

The pyrano[3,4-b]indol-3-one (83a) also readily un
dergoes cycloaddition reactions with 1,4-benzo- and 
1,4-naphthoquinones to produce the new single and 
double Diels-Alder adducts 92-95^ of the [6]-anelated 
carbazole series (Scheme 15); these compounds are ca-
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Cl(CN)C=CH2 

collidine, 
THF 

,CN 

U — 
H Me 

(82-85V.) 97 (65V.) 

pable of intercalating DNA.25'34 

The "cycloaddition/cycloreversion" strategy37 with 
methylated pyranoindolones has also been employed 
in the total syntheses of pyrido[4,3-6]carbazole alka
loids.25'30"32 According to ref 30, for example, 83a reacts 
with 2-chloropropenenitrile in the presence of collidine 
as an auxiliary base to yield the 3-cyanocarbazole 96, 
which, by means of Jackson's route, can easily be con
verted to the alkaloid olivacine (97) in 65% yield 
(Scheme 16). 

Analogously, CH2=CCl(CHO) and CH2=CCl(OMe) 
also undergo regioselective cycloadditions with 83a. 
The resultant 3-acceptor-substituted carbazoles can also 
be further transformed into pyrido[4,3-6]carbazoles 
(1-demethylolivacine, olivacine).30 

The shortest known route to the alkaloids ellipticine 
(78a) and isoellipticine (78b) proceeds via a Diels-Alder 
reaction of 83b with 3,4-pyridyne—generated in situ 
from 3-(3,3-dimethyltriazin-l-yl)pyridine-4-carboxylic 
acid—as the key step.31,32 On repeating some of the 

83b 78a 
120V=) 

78b 
120V.) 

reactions cited in this review in our laboratory, we found 
that this interesting concept for the direct preparation 
of other cytostatically active pyrido[4,3-b]carbazoles is 
apparently limited to the sufficiently reactive 1,4-di-
methyl derivative 83b.34,35 The loss of regioselectivity 
in the Diels-Alder reaction of 83b with 3,4-pyridine is 
in good agreement with the predictions of the FMO 
concept (Figure 2).6b The LUMO coefficients in the 
heteroaryne are not sufficiently polarized.6b'36 

The problem of the regiochemistry and the synthetic 
scope of application for the preparation of selectively 
functionalized carbazoles was recently investigated by 
us in detail for the example of the reactions of 83a and 
83b with mono-acceptor-substituted CC dienophiles.35 

Thus, for example, we found that in the cyclo
addition/cycloreversion variation with acceptor-sub
stituted CC dienophiles (A=B) 83a showed poor re-
gioselectivities whereas the 1,4-dimethyl derivative 83b 

M 

Figure 2. Prediction of the reactivity and regioselectivity of the 
Diels-Alder reactions of the pyrano[3,4-6]indol-3-one parent 
compound with 3,4-pyridyne and acceptor-substituted CC dien
ophiles (MNDO calculations).36-36 
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showed high regioselectivities in all cases. The 3-ac
ceptor-substituted carbazoles 98 and 100 are the main 
products in most cases. Qualitative application of the 
FMO concept6b on the example of the parent compound 
of 83 (MNDO calculations, Figure 2) predicts the 
preference for the formation of 3-acceptor-substituted 
carbazoles in a HOMOdjene-LUMO<iienophiie controlled 
[x4s + T2s]-cycloaddition. In the poorly regioselective 
reactions of 83a with the unsymmetrical CC dieno
philes, different contributions of frontier orbital control 
and charge control6b as well as steric effects are ap
parent in dependence on the structure of the dienophile. 
According to the polarity concept, the 2-acceptor-sub-
stituted carbazole derivatives 99 and 101 (R1 = Ace) are 
to be expected preferentially from the reactions of 83 
with mono-acceptor-substituted CC dienophiles (cal
culation of net atomic charge of the parent compound 
83) 35,36 According to predictions of the FMO concept, 
as mentioned above, the 3-acceptor-substituted carba
zoles 98 and 100 (R1 - Ace) are; however, to be ex
pected. The Diels-Alder reactions of 83b with the 
dienophiles A=B tested here are thus in good agree-
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entry R1 R2 
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98,99 
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yield, % 

ratio 
(250-MHz 
1H NMR) 

1 
2 
3 
4 
5 
6 
7 
8 
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10 
11 
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CO2Me 
COPr 
Ph 
CsHn 

'Bu 
CO2Me 
COPr 
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CO2Me 
CO2Me 
CO2Me 
CO2Me 
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H 
H 
H 
H 
Me 
Me 
Ph 
Pr 
«Bu 
PrCH(OH) 
PrCO 

g 
h 
i 
J 
k 
1 
m 
n 
o 
P 
q 
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84 
87 
32 
16 
8 
36 
42 
74 
33 
28 
64 
93 

1:1 
2.8:1 

>20:1 
>20:1 
>20:1 

1:5 
1:3 
1:3.4 
1:10 
1:>20 
1:>20° 
1:1.2 

° Exists as the tetracyclic lactone. 
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ment with a preferred frontier orbital controlled cy-
clization (Scheme 17). 

In a recently published investigation, Moody et al.39 

reported on the regioselectivities of the Diels-Alder 
reactions of a series of 1-substituted pyrano[3,4-b]in-
dol-3-ones 83, including the parent compound 83a (R2 

= H), with several mono- and disubstituted alkynes. 
The product distributions and, hence, the regioselec
tivities were sensitive to steric and electronic effects. 
For example, the results from the cycloadditions of 83a 
fall into two groups (Scheme 18). First, reactions with 
terminal alkynes (entries 1-5), with the exception of 
methyl propynoate, gave mainly the 1,3-disubstituted 
carbazoles 98g-k. These isomers were the only prod
ucts of the reactions with phenylacetylene, 1-heptyne, 
and ieri-butylacetylene. Second, when the hydrogen 
atom of the terminal acetylene was replaced by an alkyl, 
phenyl, or acyl group (entries 6-12), the regioselectivity 
was changed as a consequence of the controlling steric 
effects. The isomers 991-r are the main products. In 
these cases, the frontier orbital term is overcompensated 
by simple steric effects. 

We have shown that 83a,b also react with hetero-
dienophiles. For example, the strongly polarized diethyl 
mesoxalate reacts under charge control36 and hence with 
high regioselectivity to give the new pyranoindoles IV. 
These compounds are very unstable and decompose via 
cycloreversion to the more stable 2,3-difunctionalized 
indoles 102a,b, respectively (Scheme 19). 

The indolopyridones 103, described for the first time 
in ref 28, represent indolo-2,3-quinodimethane ana
logues that are isoelectronic with 83. The cycloaddition 
reactivity of these compounds with iV-phenylmaleimide 
was tested (Scheme 2O).28 These and further investi
gations in our laboratory35 showed that 103 exhibits a 
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lower enophile reactivity as compared with 83. Cyclo
addition reactions occur readily when the pure reactants 
are melted together. In this case, the Diels-Alder re
action stops at the stage of the primary adduct 104 since 
the isocyanic acid that would be formed on extrusion 
of the bridge represents an extremely poor retro dien-
ophile. 

The synthesis of a 3-amino-substituted pyrido[4,3-
6]indol-2-one was described recently,40 but the potential 
Diels-Alder reactivity of the product has not yet been 
investigated. The selectively prepared 1,2-disubstituted 
indole 105 was subjected to a Vilsmeier formylation, and 
the resultant indole-3-carbaldehyde 106 was reacted 
with hydrazine to give the pyrido[4,3-6]indol-2-one 107 
in 66% yield (Scheme 21). 

Anionic pyranoindolones are also capable of under
going [4 + 2]-cycloaddition/cycloreversion (-CO2). 
Thus, deprotonation of 3-carboxy-l-methylindole-2-
acetic anhydride (108) gives rise to the anionic cyclic 
indolo-2,3-quinodimethane 109, which undergoes cy-
clization with diethyl acetylenedicarboxylate and ethyl 
propynoate to furnish the new 4-hydroxycarbazoles 
110a,b after extrusion of CO2 (Scheme 22).41 The re-
giochemistry obtained in the reaction with ethyl pro
pynoate is without doubt the result of a charge-con
trolled orientation6b of the two reaction partners in the 
transition state. 

V. Conclusions 

The results of the numerous synthetic examples cited 
in the present review have demonstrated that in situ 
generation of indolo-2,3-quinodimethanes and, espe
cially, the preparative use of stable cyclic analogues 
represent the method of choice for the highly regio- and 
stereoselective preparation of selectively functionalized 
[h]-anelated indoles, indole alkaloids, and carbazoles. 
With the use of further reactant combinations in the 
diene-dienophile system—including heterodieno-
philes—the syntheses of other anelated heterocycles of 
the indole series can be expected in the future. These 
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compounds should also be of interest from medicinal 
chemical points of view. 

VI. Addendum 

In a recent paper, the first intramolecular Diels-Alder 
reactions of pyrano[3,4-b]indol-3-ones were described.42 

The new l-alkynylpyrano[3,4-b]indol-3-ones 111 were 
directly transformed under mild conditions and in good 
yields to the [a]-anelated carbazoles 112 (Scheme 23). 

Recently, the first syntheses of the carbazole alkaloids 
carbazomycin A and B via the Diels-Alder reaction of 
l-methylpyrano[3,4-6]indol-3-one with ethyl 3-(tri-
methylsilyl)propynoate were described.43 In the same 
manner, the marine alkaloid hyellazole was prepared.43 
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