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Abstract: The development of multicomponent reactions for
indole synthesis is demanding and has hardly been explored.
The present study describes the development of a novel
multicomponent, cascade approach for indole synthesis. Var-
ious substituted indole derivatives were obtained from simple
reagents, such as unfunctionalized alkenes, diazonium salts,
and sodium triflinate, by using an established straightforward
and regioselective method. The method is based on the radical
trifluoromethylation of alkenes as an entry into Fischer indole
synthesis. Besides indole synthesis, the application of the
multicomponent cascade reaction to the synthesis of pyrazoles
and pyridazinones is described.

The indole moiety is a privileged heterocyclic scaffold
prevalent in a large number of natural products and
pharmaceuticals.!!. The demand for simple and efficient
syntheses of indoles has burgeoned since the development
of the classical Fischer indole synthesis.m In this context,
developments in Fischer indole synthesis have received
widespread attention, in particular the transition-metal-
catalyzed intramolecular cyclization of enamides to indoles.”!
A few conceptually different reactions have also been
reported to access the sequence of the Fischer indole syn-
thesis downstream.™ The coupling of hydrazine and aniline
derivatives to alkynes has become another important and
well-explored alternative synthesis route.”] However, the
coupling of aniline derivatives with alkenes is mostly focused
on the intramolecular version;® an intermolecular version
has not yet been well-studied.”’ Moreover, multicomponent
reactions for the synthesis of indoles have been seldom
explored.® Developing a novel multicomponent reaction
would be a valuable alternative to the synthesis of indoles.
The remarkable properties of the fluorine group has resulted
in the trifluoromethylation of alkenes recently becoming an
important tool to incorporate fluorine into organic com-
pounds.” ) However, the application of alkene trifluorome-
thylation in the synthesis of heterocycles has only been

[*] Dr. K. Matcha, Dr. A. P. Antonchick
Abteilung Chemische Biologie
Max-Planck-Institut fiir Molekulare Physiologie
Otto-Hahn-Strasse 11, 44227 Dortmund (Germany)
E-mail: andrey.antonchick@mpi-dortmund.mpg.de
Dr. A. P. Antonchick
Fakultdt Chemie und Chemische Biologie
Technische Universitit Dortmund
Otto-Hahn-Strasse 6, 44221 Dortmund (Germany)
[**] We thank Prof. Dr. Herbert Waldmann for his generous support.
(M) Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201406464.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

seldom explored and not reported for indoles to date."”!
Herein, we describe alkene trifluoromethylation as an entry
point for a regioselective multicomponent cascade synthesis
of indole derivatives by Fischer indole synthesis. Further-
more, the developed process was applied to the regioselective
synthesis of other nitrogen-containing heterocycles such as
pyrazole and dihydropyridazinone derivatives.

Our research group is actively involved in developing
novel methods for the synthesis and functionalization of
heterocyclic compounds.''? Furthermore, our continued
interest in radical-mediated C—H functionalizations!'? led to
a novel radical-mediated route being envisioned for the
synthesis of indoles. We assumed that adding a trifluoromethyl
radical to an alkene and subsequent trapping with an
arenediazonium salt could provide an intermediate for the
Fischer indole synthesis in a one-pot reaction (Scheme 1). A
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Scheme 1. Multicomponent indole synthesis.

proof of concept was demonstrated by Heinrich et al. using
aryl radicals.**! However, the reported approach was a two-
step synthesis of indole and no substrate scope was explored.

To test our hypothesis, alkene 1a was subjected to radical
trifluoromethylation conditions by using a combination of
CF;SO,Na, tBuOOH, and CuCl in the presence of arenedi-
azonium salt 2a (Table 1). To our delight, indole 3a was
isolated in 30% yield (entry 1). Moreover, product 3a was
isolated as a single regioisomer. It should be noted that
arenediazonium salts are widely used as the source of aryl
radicals after breaking C—N bonds and elimination of nitro-
gen,™ although they have rarely been used as radical
traps.“*'¥ Intrigued by the outcome of the anticipated
reaction, we proceeded to optimize the reaction conditions
(Table 1, and see the Supporting Information). The reaction
was feasible in polar solvents, but failed in nonpolar solvents
(entries 1-3). Acetonitrile turned out to be the best solvent,
giving the desired product 3a in 45 % yield (entry 3). Further
optimization revealed that various metal salts promote the
reaction (entries 3-6), and among these salts, AgNO;
afforded the best yield (entry 6). Although the metal-free
initiator BuyNBr promoted the reaction, the yield was lower
(entry 7). The initial choice of CF;SO,Na was found to be
superior to many of the investigated trifluoromethylating
reagents under the reaction conditions (entries 6, 8, and 9).
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Table 1: Optimization of the reaction conditions.?
CF3 reagent O
|n|t|ator

+
‘oxidant CF
. B O §ers
1a 2a

Entry Solvent Initiator CF; reagent Oxidant Yield

(mol %) (equiv) (equiv) [%]®!
1 DCE CuCl (10) CF,SO;Na (2)  tBuOOH (2) 30
2 MeOH CuCl (10) CF,SO,Na (2) tBuOOH (2) 38
3 CH,CN  CuCl (10) CF,SO,Na (2) tBuOOH (2) 45
4 CH,CN Cu(OAc), (10)  CF;SO,Na (2) tBuOOH (2) 58
5 CH,CN [Fe(acac);] (10) CF,SO,Na (2) tBuOOH (2) 61
6 CH,CN AgNO; (10) CF,SO,Na (2) tBuOOH (2) 67
7 CH;CN Bu,NBr (10) CF;SO;Na (2) tBuOOH (2) 55
8 CH,;CN AgNO; (10) CF,TMS (2) tBuOOH (2) n.d.
9 CH;CN AgNO; (10) Togni | (2) tBuOOH (2) n.d.
10 CH,CN AgNO;, (10) CF,SO,Na (2) PhI(OAc),  nd.

@)
1 CH;CN AgNO; (10) CF;SO;Na (2)  K,;S,04 (2) n.d.
12 CH,CN AgNO;, (10) CF,SO,Na (2)  H,0, (2) 72
13 CH,CN AgNO; (20) CF,SO,Na (2) H,0, (2) 72
14 CH;CN AgNO; (10) CF,SO;Na H,0, (1.2) 63
(1.2)

15 CH,CN AgNO; (10) CF,SO,Na (2) H,0,(15) 71

[a] Reaction conditions, Ta (0.2 mmol), 2a (0.4 mmol), CF; reagent
(equiv), oxidant (equiv), and initiator (mol %) in solvent (3 mL) at 80°C
for 2 h. [b] Yield refers to isolated products after column chromatog-
raphy. DCE =1,2-dichloroethane, acac = acetylacetonoate.

Various oxidants were also screened to improve the yield
(entries 10-12). The use of PhI(OAc), and K,S,04 as the
oxidant led to traces of the product. Nevertheless, the yield of
product 3a was improved to 72% by using H,O, as the
oxidant (entry 12). Increasing the AgNO; loading did not
improve the yield, but lowering the amount led to lower yields
(entries 12 and 13). Finally, lowering the amount of
CF;SO,Na decreased the yield (entries 14 and 15).

The scope of the presented multicomponent reaction was
explored with a variety of arenediazonium salts and alkenes
under optimized reaction conditions (Scheme 2). Arenedi-
azonium salts equipped with various functional groups at
different positions on the arene were found to be well-
tolerated in the reaction (3b-30). In general, electron-
withdrawing groups on the arenediazonium salts led to
slightly better yields than electron-donating groups (3b-30).
Various functional groups at the para-position of the arene-
diazonium salts provided the corresponding indoles in good to
moderate yields (3b-3j). meta-Substituted arenediazonium
salts afforded mixtures of regioisomeric indoles in good yields
(3k, 31). Moreover, the use of arenediazonium salts with
substituents in the ortho-position led to the formation of the
desired products in moderate to good yields (3m, 3n). To our
delight, the developed method allows the synthesis of
hexasubstituted indole in acceptable yield (30).

We then investigated the scope of the alkenes (Scheme 2).
Initially, various substituted allylbenzenes were subjected to
the reaction conditions (3p-3z). A number of allylbenzenes
successfully provided the corresponding 3-arylindole deriva-
tives in good yields. Allylbenzenes with electron-donating
groups reacted faster than those with electron-withdrawing
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Scheme 2. Scope of the indole synthesis. Reaction conditions: Alkene
1 (0.2 mmol), aryldiazonium salts 2 (0.4 mmol), CF;SO,Na

(0.4 mmol), H,0, (0.3 mmol), and AgNO; (0.02 mmol) in acetonitrile
(3 mL) at 80°C for 2 h. [a] The structure of the major regioisomer is
shown and the position of the substituent in the minor isomer is
marked with a star. [b] Reaction time was 4 h. [c] tert-Butyl hydro-
peroxide (TBHP, 0.4 mmol) was used instead of H,O,.

groups (3p-3z). Various functional groups, including iodo
groups and esters, are compatible with the reaction condi-
tions. Disubstituted allylbenezenes also provided indoles in
good to moderate yields (3x-3z). Furthermore, simple acyclic
and cyclic alkenes such as 1-hexene and cyclohexene can be
employed under the developed reaction conditions to form
indoles smoothly (3aa, 3ab). 3-Phenoxyindole was obtained
from (allyloxy)benzene in moderate yield (3ac). Various
indoles were readily obtained from complex alkenes (3ad-
3ag). It is notable, that alkenes derived from amino acid
derivatives successfully provided tryptophan derivatives in
one step, thus illustrating the scope and compatibility of the
presented multicomponent reaction (3af).

After investigating the scope of the developed trans-
formation for the synthesis of indoles, we turned our attention
to the synthesis of different heterocyclic scaffolds by intro-
ducing perturbation into the developed cascade reaction
(Scheme 3). To our delight, the use of aryl allyl ketones (4)
instead of simple alkenes (1) under the optimized reaction
conditions conveniently provided 1,5-diarylpyrazoles in
a one-pot multicomponent cascade process (5a-5f). The
presence of trifluoromethylated 1,5-diarylpyrazoles in various
pharmaceuticals and agrochemicals further raised our interest

www.angewandte.org

11961


http://www.angewandte.org

Angewandte

11962

Communications

o] 5a, Ar' = 4-Br-CgH,, Ar? = CgHs, 65%
ArZJ\/\ CFj3 5b, Ar' = 4-F-CgH,, Ar2 = CgHg, 62%

Ar1N>—_N:7) 5¢, Ar1 4-Et-CgHy, Ar? = CgHs, 60%

Ar'-N,BF 5d, Ar' = 2-Me-3-CI-CgH3, Ar? = CgHs, 55%
A 5e, Ar' = 4-Br-CgHy, Ar? = 2-Me-CgHy, 58%
2 5 5f, Ar' = 4-Br-CgHy, Ar? = 4-CI-CgH,, 60%
0 7a, Ar' = 4-Br-CgHg, 56%
\/\)J\OMe CF3  7b, Ar' = 4-F-CgH,, 54%
6 o:(_>—/ 7¢, Ar! = 4-CF3-CgHy, 54%
Ar'-N,BF 4 N-N 7d, Ar‘ 4-CO,Me-CgHy, 52%
! 7e, Ar' = 4-1-CgH,, 51%
2 Arl 7 7f, Ar' = 4-Et-CgHy, 45%

Scheme 3. Scope of the 1,5-diarylpyrazole and dihydropyridazinone
synthesis. Reaction conditions: Alkene 4 or 6 (0.2 mmol), aryldiazo-
nium salts 2 (0.4 mmol), CF;SO,Na (0.4 mmol), H,O, (0.3 mmol), and
AgNO; (0.02 mmol) in acetonitrile (3 mL) at 80°C for 2 h.

in their synthesis.") A similar synthesis of pyrazoles by
functionalization of alkenes was previously reported by using
aryl radicals produced from arenediazonium salts.'! The
scope of the reaction studied with respect to the aryldiazo-
nium salts and aryl allyl ketones was found to be general,
tolerating various substituents at different positions of the
arenes (5a-5f).

Furthermore, the application of methyl 4-pentenoate (6)
instead of simple alkenes (1) under the same reaction
conditions allowed access to novel heterocyclic scaffolds
such as dihydropyridazinones (7a-7f). The scope of the
dihydropyridazinone synthesis was also investigated. A wide
range of para-substituted arenediazonium salts provided the
corresponding products (7a-7f). Nevertheless, diarylpyra-
zoles (5) and dihydropyridazinones (7) were formed quickly
and regioselectively. The developed method is not sensitive to
humidity and oxygen in air. The possibility of the divergent
and selective syntheses of various important heterocyclic
scaffolds under simple conditions amplifies the importance of
the developed multicomponent process.

A mechanism for the multicomponent indole synthesis is
depicted in Scheme 4. Initially, an electrophilic trifluoro-
methyl radical produced by a combination of CF;SO,Na,
AgNO;, and H,0, was added at the terminal position of the
alkene to give radical intermediate A (Scheme 4). Intermedi-
ate A was readily trapped by the arenediazonium salt 2 to
produce cation radical B. Intermediate B was further reduced
to intermediate C. Although it is proposed that B was reduced
to C by CF;SO,Na, the possible role of AgNO; or H,0O, could
not be ruled out. The reduction of intermediates similar to B
to an azo compound (C) was previously shown under
oxidative and reductive reaction conditions.**'*! Moreover,
the yield of product 3a was reduced to 38 % in the control
experiment without H,O,. Intermediate C then undergoes
a [1,3]-hydride shift to give a phenylhydrazone (D), which is
the first intermediate in the classical Fischer indole synthesis.
Intermediate D then isomerizes to ene-hydrazines E and F.
Nevertheless, only intermediate F undergoes the [3,3] sigma-
tropic rearrangement which defines the regioselectivity of the
developed synthesis. The presence of the trifluoromethyl
group in ene-hydrazine E suppressed the [3,3] sigmatropic
rearrangement. A rearrangement of F via intermediate G
produces imine H. Nucleophilic attack of the amino group on
the imine in I followed by elimination of ammonia from
intermediate K provides indole 3 (Scheme 4). In contrast to
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Scheme 4. Mechanism for the multicomponent formation of indoles
(3), pyrazoles (5), and dihydropyridazinones (7).

the indole formation, the sigmatropic rearrangement (F to G)
was interrupted by the nucleophilic attack of the amino group
on the ketone in intermediate L that gave intermediate M,
which was followed by elimination of water to afford pyrazole
5. A similar interruption of the indole synthesis in intermedi-
ate N facilitated the formation of dihydropyridazinone 7.

In conclusion, we developed a multicomponent route for
the synthesis of indoles. In the developed method, alkene
trifluromethylation was elegantly demonstrated to provide
entry into Fischer indole synthesis. Further novel aspects of
the developed process include intermolecular reactions
combining alkenes and arenediazonium salts to give indoles
as well as efficient application of arenediazonium salts as
radical traps. The developed process represents multiple
functionalizations of C—H bonds in alkenes and provides
access to the divergent and selective syntheses of trifluoro-
methylated heterocycles under similar reaction conditions.
The desired products are formed under mild reaction
conditions in a short time. A comprehensive scope of the
developed process and the tolerance of a variety of functional
groups were successfully demonstrated. Moreover, we believe
that the presented method creates the basis for further
developments in the synthesis of heterocycles from alkenes in
the presence of various radical sources.
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