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The Azaallylic Anion as a Synthon for Pd-Catalyzed Synthesis of
Heterocycles: Domino Two- and Three-Component Synthesis of

Indoles**
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Pd-catalyzed cross-coupling reactions represent some of the
most powerful and versatile tools in modern synthetic organic
chemistry.!! While most of the cross-coupling processes are
oriented toward the formation of C—C bonds, during the last
decade, the new methodologies developed for the creation of
C—-N bonds have became extraordinarily popular, as they
represent a very efficient entry into different types of
important nitrogenated compounds.”) On the other hand,
the efforts of many prominent research groups have provided
the synthetic organic chemist with highly active Pd catalytic
systems of wide scope and enhanced stability.”* Thus, under
the same reaction conditions, several different cross-coupling
processes can be carried out consecutively with the same
catalytic system. By taking advantage of this versatility of
some Pd catalysts, and combining C—C and C-N bond-
forming reactions, some new methodologies for the synthesis
of heterocycles have been developed.’®! For instance, we
have recently reported a Pd-catalyzed cascade process which
involves an alkenyl amination and a subsequent intramolec-
ular Heck reaction, which together represent a new method
for the synthesis of indoles.”’

In the search for new strategies for the synthesis of
heterocycles through Pd-catalyzed cascade processes, we
turned our attention to the azaallylic anion II (Scheme 1).
This species can be easily generated by deprotonation of an
imine bearing a-hydrogen atoms. Although azaallylic anions
have been extensively employed as three-atom synthons in
classic heterocyclic chemistry,® to the best of our knowledge,
no reaction has been reported of their participation as
nucleophiles in Pd-catalyzed intermolecular cross-couplings.
In the present paper we describe our preliminary studies on
the Pd-catalyzed a-arylation of imines. Moreover, the partic-
ipation of the azaallylic anions generated from imines in
sequential Pd-catalyzed C—C and C—N bond-forming reac-
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tions has led to the development of a new and very efficient
method for the synthesis of indoles, and has introduced the
imine as a new synthon for the synthesis of heterocycles
through sequential Pd-catalyzed cross-coupling reactions.

At the outset of this project, we wondered whether under
Pd-catalyzed arylation conditions the imines I might undergo
C-arylation, in a reaction similar to the well-known arylation
of enolates of ketones,"'? esters”® or amides,'¥ to give
arylated imine III, or undergo N-arylation, in a Buchwald-
Hartwig amination” type of reaction, to provide the enamine
IV (Scheme 1). Moreover, the bidentate nature of the
azaallylic anion led us to believe that it might participate in
two consecutive cross-coupling events, and therefore might be
an ideal substrate for Pd-catalyzed domino processes oriented
toward the synthesis of heterocycles of the general structure
V.
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Scheme 1. Possible pathways for Pd-catalyzed arylation of azaallylic
anions.

To investigate the reactivity of azaallylic anions under
cross-coupling conditions, we chose as a prototype system the
reaction of the acetophenone imine 1 with m-bromoanisole
(2). We carried out extensive experimentation with different
bases, supporting ligands for the Pd catalyst, solvents, and
reaction conditions. Some relevant results are represented in
Scheme 2.

The bulky and electron-rich monophosphines Xphos!”!
and Davephos!' were found to be the best ligands to achieve
the arylation of 1. In all cases the reaction occurred
exclusively at the C position. No N-arylation was detected
even when the reactions were conducted with large excesses
of aryl halide and base. The reactions provided a mixture of
the monoarylated imine 3 and the diarylated imine 4. The
nature of the base and the supporting ligand influences the
ratio of the mono- versus the diarylated products. The
diarylated imine 4 can be efficiently obtained by employing
two equivalents of aryl bromide, Xphos as the supporting
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Scheme 2. Pd-catalyzed a-arylation of imine 1. Reaction conditions:
[Pd,(dba);] (4 mol%), 2:1 Pd/ligand molar ratio, 1.4 equiv base,
dioxane, 110°C, 14 h. Xphos = 2-dicyclohexylphosphino-2',4',6"-triiso-
propylbiphenyl. Davephos = 2-dicyclohexylphosphino-2'-(N,N-dimethyl-
amino)biphenyl. [a] Yield of isolated 4 when Cs,CO; was employed as
base: 76 %.

ligand, and either NaOrBu or Cs,COj; as the base. Selective
monoarylation turned out to be more elusive. Moderate
selectivity could be attained when Davephos was employed as
the ligand and Cs,CO; as the base. Notably, we never detected
any N-arylation product under the reaction conditions
examined. To the best of our knowledge, this reaction
represents the first example of the intermolecular a-arylation
of an imine, a transformation of great synthetic potential. We
are currently investigating the optimal conditions and scope
of this reaction, and a detailed study will soon be reported.

With reaction conditions appropriate for carrying out the
intermolecular a-arylation of imines, we decided to explore
the possibility of carrying out a cascade sequence involving C-
and N-arylations. We chose as a model system the reaction of
o-dibromobenzene (5) with 1, expecting that after the initial
a-arylation that gives imine 6, the tautomeric enamine 7
might undergo an intramolecular amination to form directly
indole 8 (Scheme 3).""® Indeed, when the reaction was
conducted with Xphos as the supporting ligand and NaOrBu
as the base, indole 8 was cleanly obtained in 86 % yield after
isolation, an excellent result when one takes into account that
the same Pd catalyst is promoting two different cross-
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Scheme 3. Synthesis of indole 8 through a sequence of C-arylation and
intramolecular N-arylation.
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coupling reactions: the C-arylation and the intramolecular
N-arylation.

The scope of the cascade process was investigated by
introducing a set of structurally diverse imines, and turned out
to be fairly general. As represented in Table 1, this method-
ology can be employed for the preparation of 2- and 2,3-
disubstituted indoles carrying either aliphatic or aromatic
substituents in the 1-, 2-, and 3-positions. Even the bulky tert-
butyl substituent is tolerated (Table 1, entry 11). Interestingly,
the participation of imines derived from cyclic ketones leads
to the corresponding tricyclic systems (Table 1, entries 6-8,
13), structures that are not available through metal-catalyzed
cyclizations of o-alkynyl anilines. Moreover, the reaction is
not restricted to dibromoarenes, and can be conducted also
with the less reactive o-dichlorobenzene without a substantial
decrease in the yield of the isolated product (Table 1, entry 1
vs. entry 12).

Regarding the regioselectivity of the process, the reaction
with the imine derived from 2-heptanone 1i (Table 1, entry 9)
gave a 5:1 mixture of the 2-substituted indole 8i, which comes
from the initial C-arylation of the less substituted position of
the imine, and the 2,3-disubstituted indole 81, which is
derived from the initial arylation at the more substituted
position. Although the selectivity achieved so far is only
modest, it is a promising and interesting result, as the Fischer
indole synthesis, the most popular method to prepare indoles
from ketones, gives precisely the opposite regioisomer under
the standard reaction conditions.!”!

On the other hand, particularly important is the example
represented in Table 1, entry 14, in which imine 1e is treated
with the unsymmetrical 1-benzyloxymethyl-4-bromo-3-chlor-
obenzene S5d. Two different regioisomeric indoles could be
formed in this reaction; however, only the isomer 81 was
detected in the crude reaction mixture. The regioselectivity of
the process can be explained by taking into account the
different reactivity of bromides and chlorides towards oxida-
tive addition to Pd complexes. Thus, the first step is the
reaction of the imine with the carbon atom of the arene that
carries the bromine atom, and this step determines the
regioselectivity of the final product.

This new methodology represents an original new method
for the construction of the important indole heterocycle™?'!
from readily available starting materials, such as o-dihaloar-
enes? and imines. In this context, we have recently reported
a new method for the synthesis of imines by Pd-catalyzed
amination of haloalkenes with primary amines®®! that uses
catalytic conditions very similar to those employed in the
preparation of the indoles. Therefore, we decided to inves-
tigate whether it might be possible to develop a cascade
process that would provide indoles from haloalkenes, amines,
and o-dihaloarenes in a truly three-component reaction
promoted by Pd.

In an initial experiment, we treated a mixture of o-
bromostyrene, aniline, and o-dibromobenzene under the
same reaction conditions described above, but with a larger
amount of base. To our delight, we obtained cleanly the
corresponding indole with an overall yield comparable to that
presented in Table 1 (entry 1). It is important to note that the
indole is built in a three-component cascade process in which
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Table 1: Synthesis of indoles from ketimines and o-dihalobenzenes."
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[a] Reaction conditions: 1 (1 mmol), 5 (1 mmol), [Pd,(dba),] (2 mol %),
Xphos (4 mol%), NaOtBu (2.8 mmol), dioxane (2 mL), 110°C, 14 h.
Reaction times were not optimized. [b] Yield of isolated product after
column chromatography.
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the same Pd catalyst promotes three different and independ-
ent reactions: 1) formation of the imine by alkenyl amination,
2) a-arylation of the imine, and 3) intramolecular N-arylation
(Scheme 4).
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Scheme 4. Cascade three-component synthesis of indole 8a through a
sequence of N-alkenylation, C-arylation, and intramolecular N-aryla-
tion.

We have conducted a preliminary study of the scope of the
multicomponent process (Table 2). The reactions examined
provided the desired indoles with good yields, considering
that three independent events take place by action of the

Table 2: Pd-catalyzed three-component synthesis of indoles from pri-
mary amines, bromoalkenes, and dihalobenzenes.?!
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[a] Reaction conditions: bromoalkene (1 mmol), 10 (1 mmol), 5
(1 mmol), [Pd,(dba);] (4 mol%), Xphos (8 mol%), NaOtBu
(4.2 mmol), dioxane (3 mL), 110°C, 24 h. Reaction times were not
optimized. [b] Yield of isolated product after column chromatography.
[c] The reaction was conducted with [Pd,(dba);] (2 mol%) and Xphos
(4 mol %). [d] Complete after 72 h. [e] The reaction was kept at 50°C for
3 h until formation of the imine was completed as determined by GC,
and then heated up to 90°C for 14 h. Bn=benzyl.
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same catalyst. Moreover, the three-component reaction
retains the same properties of the tandem synthesis of indoles
in terms of the generality of the dihaloarene (both bromo-
and chloroarenes are tolerated), the amine (aryl- and benzyl-
substituted amines have been employed), the bromoalkene
(aryl- and alkyl-substituted systems are tolerated), and the
chemoselectivity (Table 2, entry 5).

Notably, a key in the success of this cascade process is the
exquisite chemoselectivity of the different cross-coupling
events.”! Thus, the higher reactivity of the bromoalkenes
when compared with the haloarenes in the oxidative addition
to Pd permits the formation of the imine 1, instead of the aryl
amination reaction. Then, the dihaloarene is incorporated in
the second step only when all the alkenyl halide has been
consumed.

In summary, we have presented a new efficient method for
the synthesis of indoles from readily available starting
materials, through Pd-catalyzed domino and three-compo-
nent/cascade processes. We believe that the present method-
ology represents a competitive alternative for the preparation
of structurally diverse indoles. Finally, this paper introduces
for the first time the azaallylic anion—obtained by deproto-
nation of an imine—as a very promising three-atom synthon
for transition-metal-catalyzed syntheses of heterocycles. We
are currently investigating further applications of this con-
cept.
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