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NEW DIELS-ALDER REACTIORS WITH VINYLINDOLES: A REGIO- AND STEREGCON-
TROLLED ACCESS TO ANNELLATED INDOLES AND DERIVATIVES
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21, D=6500 Mainz t, Federal Republic of Germany

Abstract —— New structural aspects of vinylindoles for predicting the
outcome of Diels-Alder reacticns are presented for the first time. Novel,
mostly regio- and stereoselective cyclcoaddition reactions with 3- and 2-
vinylindoles are described briefly and, in some cases, new applications

for the syntheses of alkaloids are discussed,
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1. Introduction

Selectively functionalized 2- and 3-vinylindoles 1 and 2 represent 47-compo-
nents and are thus synthetically attractive building blocks for the regio- and
stereocontrolled construction of annellated indoles as well as of indole and carb-
azole alkaloids1'u. These compounds are also of pharmacological interest as model
substances and the [442]-cycloaddition has now established itself as a preparati-
vely valuable concept for their syntheses. Cycloaddition reactions with vinyl-
heterocycles generally make possible a flexible access to polycyclic heterocycles
having substitution patterns that cannot be obtained so simply and elegantly by

other routes.
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The results of c¢ycloadditions with vinylindoles published up to 1983 have al-
ready been summarized in a review3. However, further interesting aynthetic results
which also contain new structural aspects have been publisheq in the last few
years so that a summary of the newer Diels-Alder reactions with vinylindoles is
worthwhile. General methods for the synthesis of vinylindoles as heterocyclie,
donor-activated 1,3-dienes are given in Refs.'2
2. S8tructural Characteristies of Vinylindoles for Predicting the Results of Cy-

cloaddition Reactions

- and '3C-nar spectroscopic studies on selected 3-vinylindoles are in accord
with the fundamental n-glectron density of a 1-aminobutadiene structural unit
incorporated in a heterocyclic framework®, The steric¢ and/or electronic effects on
the charge distribution are, for example, reflected sensitively in the 13C--nmr
chemiecal shifts listed in Table 1. With the exception of the methoxy derivatives,
the 2'-carbon atoms ¢f the vinyl groups all exhibit high = -charge densities.
According to the polarity conecept, this center thus controls the orientation of
the eycloaddition partner when unsymmetrical dienophiles are employed. The K-donor

capacity more than compensates for the acceptor character of a 2'-alkoxycarbonyl

Table 1. '3C-nmr Chemical Shifts of the 1-Aminobutadiene Mcieties of Selected
3-Vinylindoles (in DM30-dg)°.

F!\BL/RQ

3 2

o

R
Rl RE R3 Y c-2 c-3 c-1' c-21
S0,Ph H H H 127.35  124.84 127.35 115.65
E/SO,Ph H H CO,Et 129.87  117.74 135.28 118,00
Z/50,Ph H H OMe 123.00  117.20 93,39  149.43
E/S0,Ph H H OMe 120.52  118.89  94.85  149.90
E/S0,Ph Me H OMe 131.37  116.41  95.06  150.88
S0,Ph H H H 127.35  124.84 127.35 115.65
Me H Ph H 127.64 114,74 142,97  110.97
S0,Ph H Ph H 125.22  123.25 140,18 116.19
SO,Ph Me p-MeOPn  H 136.50  112.91 139.27  115.51
H H 3-indolyl H 124,87  116.9% 136.54 108,00
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funetion, as can be seen from the experimental results with indolylacrylates as
push-pull butadiene systems (see below and also Table 1).

An N-benzenesulfonyl group inductively weakens the enophile reactivity of the
3=-vinylindoles. However, Diels-Alder reactions with N-acceptor substituted 3-
vinylindecles and reactive dienophiles, sometimes under Lewis acid catalysis, can
still be realized well experimentally.

A recognized model for the analysis of reactivity, regio- and stersochemistry
(e.g. endo/exo-stereoselectivity) of Diels-Alder reactions is the FMO concepb6'7.
For this purpose, He(I) PE spectra of some 3-vinylindoles have been recarded and
the frontier orbital topologies have been determined by SCF-M0O calculations in
order to obtain a reliable analysis of the HOMOdiene energies of vinylindoless.
Thus, 1'~donor substituted 3-vinylindoles all exhibit a first vertical ionization
potential of about + 7 eV which is attributed to the n"-HOMQ energy5. It can be
safely assumed that [#+2)-cycloadditions with electron-rich vinylindoles in prin-
ciple proceed under HOModiene'LUModienophile control. However, it should alsc be
possible to realize LUMOdiene controlled cycloadditions and this has been proved
recently by experiment (see below).

Selected SCF~-MO calculations to represent the frontier orbital topologies have
been performed on the parent compound 3-vinylindole and omn 1,1'-bisindolylethene
(Fig.1)5. From the HOMO of the d¥ syastem, the regiochemistry and also a favored
secondary frontier orbital interaction (endo-preference) can be deduced without
difficulty for reactions with the corresponding dienophiles. In fact, an endo-
preference (Figs., 2 and 3) has been found experimentally under Lewis acid cataly-

8is and, in particular, when cyclic dienophiles are used with both 3- and Z2-vinyl-

A1

LUMOQ

.42 -.47

HOMO
Fig. 1. Topologies of the Frontier Orbitals of 3-Vinylindole and 1,1'-Bisindolyl-
ethene (SCF Method, PPP-Process)°,
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Ph 0 Fig. 2.

Figs. 2 and 3. endo-Transition States for 2'-Substituted 2- and 3-Vinylindoles
with N-Phenylmaleimide.

indoles. In principle, analogous predictions can be made for the reactivity in the
2-vinylindole series but the avallable experimental data are not sufficient to

allow generalizations.
3. Reactions with 3-Vinylindoles

In spite of the 2'-acceptor function in 3«vinylindoles, Diels-Alder reactions
with less reactive dienophiles such as, for example, acrylonitrile, ethyl acry-
late, and cinnamaldehyde can be achieved without difficulty by working at 130-130
O¢ in a sealed tubea. Thus, for example, 3-(B-nitrovinyl)-indole {(3) and acrylo~
nitrile, ethyl acrylate, and cinnamaldehyde undergo direct reglospecific reactions
to give the 147-carbazoles #-6 via [H+2]-cycloaddition, HNO; elimination, and
thermally induced dehydrogenations.

On the other hand, 3-{A-ethoxycarbonylvinyl)-indole (7} reacts with acrylonit-
rile and ethyl acrylate to give the carbazoles B and 9 as well as the tetrahydro-
carbazoles 10 and 11 in a temperature controlled reaction. The 'ortho'=cyclo-
adducts formed in this series may be attributed to the high donor capacity of the

indole nitrogen atom.
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NO,

O = OO
N\ 130-140°C N\ R?
H i
H R
3 21-40°,
4 R'=CN,R2=H
5 R'=COOEt, R?=H
6 R'=CHO,R%=Ph
“/QOOEt COOEt
e Q7
" To-ta0eC 8 R=CN
H N & R=COOEt
1 _R 28, 23%,
120-130°C \\\
COOEt
! 10 R=CN
N . 1 R=COOEt

13,17°%

A3 a consequence of a new and elegant access to 1-benzenesulfonyl-3-vinylin-
dole (12}, its eyeloadditions with N-phenylmaleimide, dimethyl acetylenedicarboxy-
late, and p~-benzoquinone have been studiedg. Heating under reflux in xylene with
12 results in the formation of the new [a)annellated or functionalized carbazole
derivatives 13-15; in each case indolization has occcurred via thermally induced
[t,3-H]-shifts,

<—/ N\ \12

] =
SO,Ph

0 M602C

p !
Q-Ph xylene, A it xylene, & Ill[ xylene, A
MEOZC
COzMe

PhO,S  COMe

15 40%
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Alsag, the now easily accessible 3-indolylenimides and -enamides can undergo
cycloaddition as 3-vinylindole building blocks with acrolein and acrylic acid
derivatives to furnish new H#-(acetylamino)-1,2,3,%9a-tetrahydrocarbazoles without
difficulty10. Thus, for example, the enimide 16 reacts with neat methyl acrylate
as both dienophile and solvent under molecular sieve catalysis (extremely mild

conditions) to yield the tetrahydrocarbazole 17.

%C)z N(AC)Z
CO0Me
@—§\ — <) N 7 25%

N molecular
| sieve, Zmonths | COOMe
Ac RT Ac
16
NHACc
. 19 R=CHO 93%
R | -4
{ = 20 R=CO,Me 78%
N molecular M R=CN 38°%
| sieve, several =
50,Ph days
18

The enamide 18 reacts with acroiein, methyl acrylate, and acrylonitrile to
give the cycloadducts 19-21 feollowing the same regiochemistry.

Also, the tricyelic enamide 22 with its very reactive planar s-cis-fixed 3~
vinylindole structure can undergo cyeclcaddition in this manner. The Diels-Alder
reaction with methyl acrylate results directly in the bridged tetracycle 2310, a
skeleton which is also present in Pleiocarpine-type alkaloids. From the stereo-
chemistries of the cycloadducts 17, 19, 20, 2%, and 23, a concerted cycloaddition

via an endo-transition state may be deduced.

NHAc
oD =
m_c;ecular
'?I sieve, RT
Sozph 1 month

22

1'-Phenyl substituted 3-vinylindoles 24 react under AlCl3 catalysis with pro=-
nounced endo-preference to give the new [ajannellated carbazole derivatives 2511,
The endo/exo-product distribution in dependence on both time and temperature has
been monitored by quantitative tle-remission measurements'!,

On the other hand, the 3-vinylindole 26 reacts to form the ¢ycloadducts 27 and

28, which represent the products of a dehydrogenative Diels-Alder r'eaction”.
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R
@ O
Rr? AlCl3, fotuene

) 200
R} 0°C
Zi
yield {%e]
R’ R R endo exo
S0,Ph  Me OMe 12 -
SO,PRh H H 11 -
Me Me H 43 "
SO,Ph Me H 4 -
0

Qﬁ-?h,-Hz
@ QI
N AlCly, 20°C
|
Me
26

28 4%
A comprehensive initial study on Diels-Alder reactions of ¢ross-conjugated 3-

vinylindoles having triene structural elements is given in Ref.12 Whereas, for
example, the bisindolylethene 29 reacted with methyl acrylate to give the cis/
trans-tetrahydrocarbazoles 30, the unsymmetrical bisindolylethene 31 reacted with
regio- and positional selectivity to give the carbazole derivative 32. In the

latter case, steric effects most certainly control the positional chemistry”.

T o
Me Me
__/LOOMe
( fj\ Thar 2=
ﬁ Me 1229, 8h ﬁ Me
COOMe
29 30 20%
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e —
Me Me
O == O
N\ RT.5d H
H 00Me
3 32 25%

The highly reactive, in situ generated benzyne only undergoes successful
cycloaddition with N-acceptor substituted bisindolylethene, as illustrated by the
sequence 33 — 34 — 3512.

R

R

L

O L Q) —
N\ THF N Q ™
| 40-45°, 6,5

PhO,S Phozé

33 34 2%

QLD
R= Z;;@ Phozz Q

gOZPh B 5%

Steric and electronic affects also control the results of further new reac-
tions of 2'-substituted 3-vinylindoles with carbon- and heterodiencphiles. Thus,
for example, the (E)-ethyl indolylaerylate 36 reacts directly with N-phenyl-
maleimide (NPMI) to furnish the carbazole derivatives 37 (d.e. > 95%) and 3813,
The reaction of 39, in contrast, stops at the Michael adduct 40 stage since the
ring closure is apparently prevented by steric factors. Analogously, the ethyl
indolylacrylate 41 with lowered HOModiene energy reacts with dimethyl acetylenedi-
carboxylate to give the Michael adduct 42 only13.

=
@—\f\ NPMI
N toluene, A

COOE1

NPMI
N\ Me benzene, A
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____/COOEt .H/COOEt
s == O =
N / "
S0,Ph PhOS
“ E = COOMe

OMe

e

AlCL
o2 O
Ilsl toluene N

|
PhO,S PhO,S
(2)-43 (E)-43
NPM1 NPMI

fast | NPM|
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&2 5%

An interesting product distribution was observed in the Diels-Alder reactions
of 2'-methoxy substituted 3-vinylindoles (enol ethers of 3-indoly1acetaldehyde)13.
Thus, for example, (E/Z)-43 reacted with NPMI under A1013 catalysis to give initi-
ally the endo-cycloadduct 44. The epimer 45 derived directly from the Z-isomer
could not be detected, apparently as a result of its instability. Its existence,




however, was confirmed by its rapld subsequent reaction to yield the double Diels-

Alder product 47 (d.e. > 95%). The reactive s-cis-fixed 3-vinylindele U6 must be

assumed as an intermediate in this seguence. Since it can be demonstrated that 47
cannot be formed from ¥4, the reaction route to #7 via 85 1is thus verified
experimentally13. in principle, four lsomers (two with €y and an enantiomeric pair
with G; symmetry) are feasible in the cycloaddition of 46 and NPMI. The configura-
tion of the Cg-symmetrical double cycloadduct 47 was unambiguously elucidated from
the 'H-NOESY spectral3.

Compound 43 was used initially for the synthesis of Y4-demethoxycarbazomycin
(49)1u. [4+2]-Cycloaddition of 43 with dimethyl acetylenedicarboxylate and dehy-
drogenation of the initially formed cycloadduct gave ¥8. Hydrolysis of U8 to give
the isolable, free dicarboxylic acid and reduction of the two carboxyl groups led
finally to 49.

OMe
E—=—E Q
4 toluene, & O N E
1 (442 [ -
2. -Hy PhO,S
E =CO0Me L8
1. KOH/MeQH
2. SiHCIg/MeCN
{n-Prop}aN

OMe 3. KOH/MeOH

O O Me
N
H Me

In the course of the study of this methodology, the regiocisomeric 3-demethoxy-

4 15%

carbazomycin was also prepared for the first time by an 'ip situ' 3~-vinylindole
OMe

L
DME N

Rt —=50°

E = COOMe 52 L)
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process15. The thermally stable indolyl(methoxy)methylcarbenium tetrafluoroborate
(50) was deprotonated in situ to the reactive (N-unprotected!) 3-vinylindole 51. A
(442 |-trapping reaction of 51 with dimethyl acetylenedicarboxylate and subsequent
dehydrogenation step gave the carbazole 52, which was reduced to 3-demethoxycarb-
azomycin (28% yield) by known methods 2,

Compound 43 also undergoes varying reactions with hetercodienophiles. Thus, for
exanmnple, the highly reactive N-phenyltriazolinedione (PTAD) reacts smoothly in a
stereospecific [U4+2] —cycloaddition to give the tetracyclic [blannellated indole
5316. In contrast, the CO-polarized diethyl mesoxalate reacts with 43 in the sense
of an electrophilic addition at the du vinyl function. Subsequent elimination of

methancol and dimerization leads to the new carbazole derivative 5416.

E=COOEt

In the last few years, new structural aspects of the cycloaddition (conforma-
tion, relative configuration) have been determined by high resoluticn 1H-nmr' spec=
troscopy and X-ray structural analysis10'17. Thus, for example, the cyclohexene
rings in the pyrrelo(a)annellated tetrahydrocarbazoles of type 25 and 44 generally
take up a slightly twisted boat conformation both in solution and in the crystal
state'7,

According to predictions from the FMO concept, Diels-Alder reactions with in-
verse electron demand should also be realizable with electron-rich 3-vinylin-

doles6'7. Indeed, the new substituted 1,2-diazines 56 and 57 and, after elimina-

Rz N
E E
\\ * dioxane or
N Mo N RT R=N__ 4
|
I L r?
|r! g2
_Nz
55 H
saln L0
H
E
550 | Me Me
E = COOMe # “NH
/ /rll ﬁ'i’.
R? ! 86,67%
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E
OM A
— ) E ﬁN-Meon Bh
N\ CHpClp N\ E
! -659—=RT {
0,Ph 0,Ph
JA] 58 45%

E = COOMe
tion of methanol, 58, were prepared for the first time from the 3-vinylindoles
55a,b as well as 43 and dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate as the Un-

system18.

4, Reactions with 2-Vinylindoles

The synthetic potential of 2-vinylindoles as 4n-components for Diels-Alder
reactions has not been probed so extensively since accesses to this interesting
structural class are satill associated with a relative high synthetic eff‘or'tz.

In a recent report the reactivity of 1'-substituted 2-vinylindoles in compari-
son to vinylpyrroles with dimethyl acetylenedicarboxylate as dienophile was sys-
tematically investigated19. It was found that the overall reaction rates of 1'-

Me Me R
5%9a,b R=H,Me
59¢.d R=t-Bu,Ph
E & E
= Cope rearange- O
\ )
Me R Me R
&0 62
yield[ %] conditions
0 & §2 |t T
E 17 14 - 20d, 20°
% - 30 14d, 62°
) (R Ph | - - 37| 8 62
[
Me
8
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substituted 1-(1-methyl-2-indolyl)-ethenes with dimethyl acetylenedicarboxylate
are about 100 to 1000 times lower than the overall rates of reaction with the
corresponding 2—vinylpyrroles19. In somes cases, steric hindrance between the N-
methyl group on the indole ring and the 1'-gubstituent on the ethene malety
renders the assumption of a coplanar cisocid conformation more difficult and thus a
competing Michael addition can take place in addition to the cycloaddition.
Whereas, for example, 39a,b polymerize toc rapidly, with 59e¢,d (R = £-Bu, Ph) the
cycloadditon can be realized under defined conditions. In the case of 59¢, Michael
addition competes with the cycloaddition19.

New investigations on the reactions of 2'-substituted 2-vinylindcles with azo-
diencphiles have shown that reaction of 63a with 4-phenyl-1,2,4-triazolines#-dione
(PTAD) gives rise to the cycloadduct 63b whereas that with diethyl azodicar-
boxylate (DEAD) leads to the Michael adduct 63020. In contrast, the electron-rich
indolyl enol ether 64a reacts to give the eycloadduct &4b exclusivelyeo.

IPh
o]
N
Y Fo Michaet E\ E
N"" addition N'--.NH
PTAD DEAD
WMe (4+2] @3\//“1\42 N\ 7 Me
J 1
Me Me hllle
63b 359 63a 8¢ 50%
E= COOEL
E
\ F
Me Me
(14 B4b 45%
After an intramolecular Wittig reaction21, the parent 2-vinylindole {65} was

obtained for the first timeZ2, [4+2)-Cycloadditions of the stable, erystalline

H,-H
& 2
0
H N
" QU5
N H
§ba 60% 86b 35% E =COOMe
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compound 65 with carbon dienophiles gave rise to the expected carbazole deri-
vatives 66a and 66b°%,

In an earlier publicationz, we polnted out the great significance of the
methyl 2-{2-indolyl)-acrylate 67 as a 2=-vinylindole building block for the regio-
and stereoccontrolled synthesis of Iboga and Aspidosperma alkaloids; this has
recently been reconfirmed by reports on further variations. Thus, the Diels=-Alder
reaction of methyl N-benzenesulfonylindole-2-{2-propencate) (67) (as 2r-component)
and 1-{benzyloxycarbonyl)~4-methoxy-1,2-dihydropyridine (68) (as Un-component) was
recently expleited as the key step in the syntheses of 20-deethyl-15-0x0-analogs
of Iboga alkaloids such as, for example, the oxocorcnaridine derivatives 69, 70,
and 7193,

O2CH2Pn PhCH,0,C,
{am) 68
OCHj3 OMe
Q:E\/( Sene s )
| 68-70°
Ph0,S CO,Me 3d phozé CO,Me 55%

(Zﬁrlt) /
/
L
/

CO,Me
89 36%

(&)
I= —_—— -
i‘/‘é
o

N
H o Co,me
70 42%, COZ Me

n 73%

In the course of studies on biomimetic syntheses of Aspidosperma alkaloids,
intramolecular Diels-Alder reactions of secodine derivatives were reinvestigated.
The syntheses of isolated 15-0xo«-A20(21)—secodine (73) and deethyl-15—oxo—,320(21)-
secodine (74) from methyl 1,2,3,4,5,6-hexahydroazepino[X4,5-b Jindole~5-carboxylate
(72) by spirogquaternizatiocn or, alternatively, by a bridged azepine pathway were
describedzu. Thermolyses of these secodine derlvatives gave 15-oxovincadifformine
(75) and deethyl-15-oxovincadifformine (76). Subsequent transformations led to
taberscnine and deethylvincadifformine, respectively. In the key steps, the 2-
vinylindole structural units in 73 and 74 served as Hw-oomponentszu. A further

variant i1s reported in Ref.25.
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o]
C1CH=CCCH=CH,

\ NH CoHg N
N MeOH, RT, \ ¥
H 30min N

CO,Me CO,Me
12 3 78%
thermolysis
toluene | Ar,10h
1oeC
N H
N thermolysis, e 0

\ toluene O Q H
N ( N NEty, 116°C N
H 22h H

CO,CH, COOMe
% 13% 16 75%,
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