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ABSTRACT

A highly efficient, catalyst-free synthesis of polysubstituted pyrroles by means of a novel four-component domino reaction of an arylglyoxal
monohydrate, an aniline, a dialkyl but-2-ynedioate, and malononitrile is reported. This transformation proceeded via a 6,6a-dihydrofuro[2,3-b]-
pyrrole as the key intermediate.

Multicomponent reactions, in which multiple reactions
are combined into a single synthetic operation, have been
extensively used in organic synthesis, as well as in combina-
torial and medicinal chemistry. Obviation of the need for
isolation and purification of the intermediates results in
maximization of yields and reduction of waste, and thus
renders the protocols ecofriendly.1 These features make
multicomponent reactions well suited for the construction
of complex molecules from readily available starting
materials.2 In the past decade, many new three- and four-
component reactions have been reported, and efforts to
develop new multicomponent reactions are continuing.3

Pyrroles are an important class of heterocycles that
are widely distributed in various natural products
and biologically important molecules such as porphyrins,
bile pigments, coenzymes, and alkaloids.4 The traditional

methods for the construction of a pyrrole ring include the
Knorr reaction,5 the Hantzsch reaction,6 the Paal�Knorr
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synthesis,7 and various cycloaddition methods.8 Recently,
newapproachesbasedon transition-metal-catalyzed cyclo-
isomerization of alkyne- and allene-containing substrates,9

multicomponent reactions,10 and various other methods11

have been developed. However, some of these new
methods have significant limitations, such as tediouswork-
up procedures, harsh reaction conditions, low yields, long
reaction times, and the requirement for an inert atmo-
sphere. Therefore, a simple, efficient method for pyrrole
synthesis remains an attractive goal. As a part of our
ongoing research on the development of multicomponent
approaches to heterocycles,12 we investigated the rapid
construction of a polysubstituted pyrrole ring via a four-
component domino reaction of an arylglyoxal mono-
hydrate, an aniline, a dialkyl but-2-ynedioate, and malo-
nonitrile under catalyst-free conditions.
We initially evaluated the four-component reaction of

a 1:1:1:1 mixture of phenylglyoxal monohydrate (1a),
4-methylaniline (2a), dimethyl but-2-ynedioate (3a), and
malononitrile (4) under a variety of conditions (Scheme 1,
Table 1). When the reaction was carried out in water with-
out any catalyst, the yield of product was low (entry 1).
Adding the phase-transfer catalyst TEBAC improved the

yield only slightly (entry 2). Ethanol provided higher yields
than did other organic solvents (compare entry 7 with
entries 3�6), so ethanol was used as the solvent for all
further reactions. When the reaction was carried out at
room temperature, at 40 �C, at 60 �C, and at reflux
temperature, 5aa was obtained in yields of 17%, 43%,
66%, and 81% (entries 8�10 and 7), respectively. These
experiments revealed that refluxing ethanol without any
catalyst provided the highest yield.
Using the optimal conditions, we investigated the sub-

strate scope of the transformation (Table 2). Methoxy,
methyl, chloro, and fluoro substituents on the phenyl-
glyoxal ring and heteroarylglyoxal ring as well as an
n-butyl group and phenyl groups bearing either electron-
withdrawing or -donating groups on the aniline ring were
well tolerated under the reaction conditions and afforded
the expected final products in satisfactory yields (up to
93%).However,when themethyl (or ethyl) 2-cyanoacetate
was reacted with phenylglyoxal monohydrate, 4-methyla-
niline, and dimethyl but-2-ynedioate under the standard
conditions, the desired products were not obtained.
To expand the scope of the current method, alkyl

acetoacetate (6) was examined as a replacement for the
dialkyl but-2-ynedioate (3). The desired polysubstituted
pyrroles 7 were obtained with moderate yields (Table 3).
Recently, Alizadeh13 and Perumal14 reported the efficient

syntheses of pyrroles and dihydropyridines via a one-pot

Scheme 1. Model Reaction

Table 1. Optimization of the Reaction Conditions for the
Synthesis of 5aa

entry solvent

temp

(�C)
catalyst

(mol %)

isolated

yield (%)

1 water 80 ; 39

2 water 80 TEBAC

(10)

54

3 DMF 80 ; 69

4 acetonitrile reflux ; 63

5 chloroform reflux ; 42

6 methanol reflux ; 55

7 ethanol reflux ; 81

8 ethanol rt ; 17

9 ethanol 40 ; 43

10 ethanol 60 ; 66
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four-component reaction of ninhydrin ormono/di/triketone,
malononitrile, primary amines, and dialkyl acetylenedicar-
boxylates under similar conditions. The divergent outcomes
in the obtained products appear to derive from the nature
of the 1,2-dicarbonyl substrate, where the first use of an
“aldehydic” substrate is likely key toward obtaining the
pyrrole products.
The structures of the productswere determined bymeans

of IR, 1H NMR, 13C NMR, and HRMS. The structure of
compound 5arwas confirmed byX-ray analysis (Figure 1).
In accordancewith reports from the literature,15 we pro-

pose the followingmechanism for the reaction (Scheme 2).
First, intermediate A is formed by the addition of the
aniline to the dialkyl but-2-ynedioate; simultaneously,
intermediate B is formed by means of a Knoevenagel
condensation between the arylglyoxal monohydrate and

Table 2. Preparation of Polysubstituted Pyrroles 5

product Ar R1 R2

isolated

yield (%)

5aa C6H5 4-CH3C6H4 CH3 81

5ab C6H5 4-CH3OC6H4 CH3 83

5ac C6H5 4-(CH3)2CHC6H4 CH3 75

5ad C6H5 4-CH3CH2OC6H4 CH3 88

5ae C6H5 C6H5 CH3 76

5af C6H5 4-FC6H4 CH3 84

5ag C6H5 4-ClC6H4 CH3 73

5ah C6H5 4-BrC6H4 CH3 81

5ai C6H5 4-NO2C6H4 CH3 67

5aj C6H5 3-ClC6H4 CH3 64

5ak C6H5 3-Cl-4-CH3C6H3 CH3 73

5al C6H5 3,5-(CH3)2C6H3 CH3 75

5am C6H5 3,4-OCH2OC6H3 CH3 78

5an C6H5 4-CH3CH2OC6H4 CH3CH2 84

5ao C6H5 4-CH3C6H4 CH3CH2 93

5ap C6H5 C6H5 CH3CH2 80

5aq C6H5 4-FC6H4 CH3CH2 82

5ar C6H5 4-ClC6H4 CH3CH2 76

5as C6H5 3-Cl-4-CH3C6H3 CH3CH2 81

5at C6H5 3-CH3C6H4 CH3CH2 75

5au C6H5 3-HOC6H4 CH3CH2 76

5av C6H5 4-FC6H4CH2 CH3CH2 78

5aw C6H5 2,4-(CH3)2C6H3 CH3CH2 74

5ax C6H5 2-CH3CH2C6H4 CH3CH2 70

5ay C6H5 CH3CH2CH2CH2 CH3 72

5ba 4-CH3OC6H4 3,5-(CH3)2C6H3 CH3 73

5bb 4-CH3OC6H4 4-BrC6H4 CH3 70

5ca 4-CH3C6H4 4-CH3C6H4 CH3 81

5cb 4-CH3C6H4 4-CH3OC6H4 CH3CH2 85

5cc 4-CH3C6H4 4-FC6H4 CH3CH2 74

5da 4-FC6H4 C6H5 CH3CH2 77

5db 4-FC6H4 4-ClC6H4 CH3CH2 72

5ea 4-ClC6H4 4-CH3C6H4 CH3 80

5eb 4-ClC6H4 4-ClC6H4 CH3 71

5fa thiophen-2-yl 4-ClC6H4 CH3 68

Table 3. Preparation of Polysubstituted Pyrroles 7

product Ar R1 R2

isolated

yield (%)

7a C6H5 4-CH3C6H4 CH3 79

7b C6H5 4-ClC6H4 CH2CH3 84

Figure 1. X-ray structure of compound 5ar.

Scheme 2. Proposed Mechanism of the Reaction

(15) Shu,W.M.;Yang,Y.; Zhang,D.X.;Wu, L.M.; Zhu,Y. P.;Yin,
G. D.; Wu, A. X. Org. Lett. 2013, 15, 456.
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malononitrile. Then, Michael addition of β-enamino
ester A to intermediate B gives intermediate C, which

subsequently undergoes intramolecular nucleophilic addi-
tion to form intermediateD. Intramolecular cyclization of
intermediateD then leads to the formation of intermediate
E, which tautomerizes to more-stable intermediate F.
In the last step, polysubstituted pyrrole 5 is formed by a
ring-opening reaction of intermediate F.
The key reaction is the ring-opening of intermediate F, a

6,6a-dihydrofuro[2,3-b]pyrrole, to give 5. A similar ring-
opening reaction of a 3a,6a-dihydrofuro[2,3-b]furan cata-
lyzed by HCl was reported by Shu et al.15 To evaluate the
likelihood that this transformation occurred in our system,
we carried out density functional theory calculations of the
possible configurations of E, F and 5ar at the B3LYP/
6-31G level of theory. First, we optimized the geometries
of three possible configurations and then calculated the
lowest-energy minima of those configurations (Figure 2).
We found that the most stable configuration of 5ar was
166.41 and 131.69 kJ/mol lower in energy than the most
stable configuration of intermediate E and F, respectively.
This result suggests that intermediate F could be easily
transformed to more stable product 5.
In conclusion, we have developed a method for the

facile, efficient synthesis of polysubstituted pyrroles
by means of a novel four-component domino reaction.
Using this method, we rapidly constructed a diverse col-
lection of polysubstituted pyrroles in excellent yields
simply by refluxing a mixture of an arylglyoxal monohy-
drate, an aniline, a dialkyl but-2-ynedioate or alkyl acet-
oacetate, and malononitrile in ethanol under catalyst-free
conditions.
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