
ORIGINAL PAPER

A facile solvent-free one-pot three-component method
for the synthesis of 2-amino-4H-pyrans and tetrahydro-
4H-chromenes at ambient temperature

Meysam Amirnejad • Mohammad Reza Naimi-Jamal •

Hesam Tourani • Hossein Ghafuri

Received: 28 July 2012 / Accepted: 27 January 2013 / Published online: 6 March 2013

� Springer-Verlag Wien 2013

Abstract 2-Amino-4H-pyrans and tetrahydro-4H-chrom-

enes were readily prepared via a one-pot, three-component

reaction of an aldehyde, malononitrile, and ethyl acetoace-

tate or 5,5-dimethyl-1,3-cyclohexanedione in the presence

of anhydrous piperazine as an efficient and recyclable or-

ganocatalyst under solvent-free ball-milling at ambient

temperature, with high to quantitative yields.
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Introduction

The development of new methods for the synthesis of

biologically active compounds from both the environ-

mentally friendly and economic points of view is an

important challenge in current synthetic chemistry. The

chemical industry is one of the major minatory factors to

environmental and human health because of the manufac-

ture, storage, use, and disposal of flammable and volatile

solvents. Thus, omission or reduction of the use of solvents

is one of the major goals of green chemistry [1, 2]. Sub-

sequently, in recent years, transferring solution phase

reactions to solid phase (ball-milling, grinding, and melting

reactions) has attracted the attention of researchers because

of the shorter reaction times, easy workup procedures,

simpler reactors, and elimination of environmental pollu-

tions [3–7]. Among these, ball-milling has been a low-tech,

low price, but more efficient mechanical method for the

grinding of metals and inorganic substances into fine par-

ticles. Besides the broad applications of ball-milling in

inorganic synthesis in the past decades [8], the potential

application and usefulness of ball-milling technology as a

one-pot, solvent-free route in organic synthesis have lar-

gely been overlooked. Some of the reported examples

include derivatization of carbonyl compounds [9], reduc-

tion of aldehydes and ketones [10], multicomponent

synthesis of pyrano[2,3-d]pyrimidine-2,4(1H,3H)-diones

[6], protection of alcohols and amines [11], synthesis of

unsaturated amino esters [12], Baylis-Hillman reaction

[13], Heck reaction [14], Knoevenagel condensation, and

Michael additions [15], etc.

Multicomponent reactions (MCRs) as an effective syn-

thetic methodology attracted some attention in combinatorial

and medicinal chemistry for the synthesis of biologically

active compounds owing to their flexibility, high atom econ-

omy, high product yield, as well as being time and energy

saving. In its simplest definition, a multicomponent reaction

involves combining three or more reactants in a single reaction

flask to generate a desired product with no need to separate any

reaction intermediate [16–18].

4H-Pyrans and 4H-chromenes are some of the most

well-known synthetic heterocyclic compounds, and they

have attracted considerable attention of chemists in recent

years because of their extensive range of biological and

pharmacological activities, such as anti-allergic, spasmo-

lytic, diuretic, anti-cancer, and anti-anaphylactic activities

[19–26]. They are also utilized in cosmetics, pigments,

biodegradable agrochemicals, as well as photoactive mate-

rials [27, 28]. In addition, 4H-pyrans are also helpful as

cognitive enhancers for the treatment of neurodegenerative
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disorders, including Alzheimer’s, Huntington’s, and Par-

kinson’s diseases and schizophrenia [29, 30]. Due to the

wide range of biological and pharmaceutical applications,

researchers have developed different methods for their

synthesis including a regular two-component condensation

of a-cyanocinnamonitriles with ethyl acetoacetate or

5,5-dimethyl-1,3-cyclohexanedione, or a three-component

condensation of aldehydes and malononitrile with ethyl

acetoacetate or 5,5-dimethyl-1,3-cyclohexanedione in the

presence of various catalysts [31]. The three-component

condensation methodology (3CR) has the advantage of

reducing the number of synthetic steps and eliminating the

previous preparation of unsaturated nitriles, which are in

many cases toxic and lachrymatory [31]. Several catalysts

and procedures have been used in the 3CR route, for

example, 4-(dimethylamino)pyridine (DMAP) [32], tetra-

butylammonium fluoride (TBAF) [33], piperidine/SDS

[34], rare-earth perfluorooctanoate [RE(PFO)3] [35], Mg/La

mixed metal oxides [36], silica bonded n-propyl-4-aza-1-

azoniabicyclo[2.2.2]octane chloride (SB-DABCO) [37],

baker’s yeast [38], diammonium hydrogen phosphate [39],

silica nanoparticles (SiO2 NPs) [40], tetramethylguanidine/

1-butyl-3-methylimidazolium tetrafluoroborate (TMG/

[bmim][BF4]) [41], potassium phosphate [42], Cu(II) oxy-

metasilicate [43], N-methylimidazole [44], and 1-methyl-3-

(2-aminoethyl)imidazolium hexafluorophosphate ([2-ae-

mim] [PF6]) [45]. There is also one recent report on

catalyst-free preparation of this class of compounds in

glycerol at 80 �C [46]. In spite of their merits, most of these

procedures suffer drawbacks, which involve low yields,

long reaction times, harsh reaction conditions, use of vol-

atile and flammable organic solvents, high reaction

temperatures, and tedious workup procedures.

In order to overcome these obstacles and continue in our

efforts to develop new environmentally friendly methods

[5–11, 15, 47], we wish to report that anhydrous piperazine

is an efficient organocatalyst for the preparation of

2-amino-4H-pyrans and tetrahydro-4H-chromenes via a

3CR condensation under solvent-free ball-milling condi-

tions at ambient temperature.

Results and Discussion

Initially, the reaction of p-chlorobenzaldehyde (1g, Ar =

4-chlorophenyl), malononitrile (2), and ethyl acetoacetate

(3) was selected as a model reaction to optimize the

reaction conditions (Scheme 1). When the reaction was

carried out under solvent-free ball-milling conditions in the

absence of any catalyst, no reaction was observed, even at

temperatures up to 80 �C (Table 1, entries 1, 2). We then

attempted using various basic or acidic catalysts (entries

3–10). Of theses, anhydrous piperazine demonstrated the

best catalytic activity. An excellent yield of product was

obtained after 50-min ball-milling of an equimolar mixture

of starting materials at ambient temperature in the presence

of at least 10 mol% of piperazine (Table 1, entries 10–13).

Thus, we found that 15 mol% piperazine was the optimal

amount to promote the reaction (Table 1, entry 12).

The workup procedure was extremely simple. After

completion of the reaction, confirmed by thin-layer chro-

matography (TLC), the crude solid was stirred with hot

water to remove piperazine from the reaction mixture and

filtered. The product was purified by recrystallization from

ethanol. The piperazine was recycled from the aqueous

solution by evaporation of water under reduced pressure

and subsequent washing with diethyl ether.

With optimal conditions in hand, the reaction of mal-

ononitrile and ethyl acetoacetate with different aldehydes

was examined to explore the scope of the reaction. Aryl

aldehydes with electron-withdrawing groups (e.g., Table 2,

entries 3–10) as well as those with electron-donating

groups (e.g., entries 2, 11) reacted well and afforded the

corresponding products with high to quantitative yields.

Moreover, heteroaromatic aldehydes such as 2-furaldehyde

(Table 2, entry 12) and 2-thiophenealdehyde (Table 2,

entry 13) gave good yields of the corresponding products,

with no by-products. All known compounds were identified

by comparing their physical and/or spectral data with those

reported in the literature, except for the new compound 4n

(Table 2, entry 14). The structure of this compound was

fully characterized by spectral and elemental analyses.

With the success obtained by this procedure, we were

encouraged to replace ethyl acetoacetate with 5,5-dimethyl-

1,3-cyclohexanedione in order to synthesize the tetrahydro-

4H-chromenes (Scheme 2). Thus, a broad spectrum of

aldehydes was used, and high yields of tetrahydro-4H-

chromenes were obtained in relatively short reaction times

in a similar procedure as in the synthesis of 2-amino-4H-

pyrans. The results are tabulated in Table 3. Aromatic

aldehydes having substituents including fluoro, chloro,

bromo, nitro, methoxy, hydroxyl, methyl, cyano, as well as

2-furaldehyde and 2-thiophenealdehyde were used suc-

cessfully in the synthesis of tetrahydro-4H-chromenes

under solvent-free ball-milling at ambient temperature

(Table 3). The electron-withdrawing groups accelerated

the reaction rate because of the electronic nature of the

substituents on the aromatic ring. In addition, we have

investigated the efficiency and capability of the present
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procedure on 3-phenylpropionaldehyde (1p) as an aliphatic

aldehyde and found that higher temperature (70 �C) was

required to complete the reaction (Table 3, entry 16).

Moreover, when trans-cinnamaldehyde (1n) was used, high

yield of the product was obtained at ambient temperature

(Table 3, entry 14), and no by-products were observed.

Table 1 Effect of various catalysts for the synthesis of 4g

O

OO

H

O

Ar
O NH2

ArO

O
CN

2 31 4

Cat.

Ball-milling
++

NC CN

Entry Catalyst (amount) Time/min Temp./�C Yield/%a

1 – 50 25 –

2 – 50 80 –

3 Na2CO3 (15 mol%) 50 25 42

4 NaHCO3 (15 mol%) 50 25 10

5 MCM-41-SO3H (10 mg) 50 25 –

6 Al2O3 (15 mol%) 50 25 35

7 L-Proline (15 mol%) 50 25 38

8 Morpholine (15 mol%) 50 25 30

9 Guanidinium chloride (15 mol%) 50 25 –

10 Piperazine (5 mol%) 50 25 50

11 Piperazine (10 mol%) 50 25 82

12 Piperazine (15 mol%) 50 25 95

13 Piperazine (20 mol%) 50 25 93

The reaction was carried out by using 1.0 mmol of 1g, 1.0 mmol of 2, and 1.0 mmol of 3 in the presence of various catalysts under solvent-free

ball-milling conditions
a Isolated yields

Table 2 Piperazine catalyzed three-component synthesis of 2-amino-4H-pyrans under solvent-free ball-milling conditions at ambient

temperature

Entry Ar Product Time/min Yield/% M.p. (lit. m.p.)/�C

1 C6H5 1a 4a 25 95 191–192 (192–194 [34])

2 p-MeC6H4 1b 4b 45 93 178–179 (177–179 [48])

3 o-NO2C6H4 1c 4c 30 95 180–181 (181–183 [49])

4 m–NO2C6H4 1d 4d 35 90 183–185 (182–183 [48])

5 p-NO2C6H4 1e 4e 40 94 174–176 (176–178 [40])

6 o-ClC6H4 1f 4f 20 97 191–193 (190–192 [49])

7 p-ClC6H4 1g 4g 50 95 174–175 (172–174 [48])

8 p-BrC6H4 1h 4h 30 95 176–178 (172–174 [34])

9 p-FC6H4 1i 4i 40 95 170–172 (154–157 [50])

10 p-CNC6H4 1j 4j 35 90 158–159 (158–159 [45])

11 p-OMeC6H4 1k 4k 55 91 136–137 (136–138 [40])

12 2-Furanyl 1l 4l 50 91 205–207 (208 [51])

13 2-Thienyl 1m 4m 90 90 195–196 (194–196 [52])

14 p-(CH3O2C)C6H4 1n 4n 50 94 178–180a

Isolated yields
a New compound
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A mechanism for the piperazine-catalyzed formation of

product 6 is shown in Scheme 3. It is suggested that

piperazine will act as an organic base and activate mal-

ononitrile, which in turn promotes the Knoevenagel

condensation reaction, yielding unsaturated nitrile 9.

Again, piperazine can enhance the nucleophilic property of

dimedone via the formation of enamine 10, which is more

reactive than dimedone itself. Then, the intermediate 11

will be formed by Michael condensation of the unsaturated

nitrile 9 and the enamine 10, which after proton transfer

will be converted to enolate 12. Succeeding intermolecular

cyclization via a nucleophilic addition of the enolate oxy-

gen to the nitrile group (hetero-Thorpe-Ziegler) will give

the intermediate 13. Finally, after hydrolysis and tauto-

merization, tetrahydro-4H-chromene 6 is formed. To

support this mechanism, two separate reactions were car-

ried out; the reaction of 1a and 2 in the presence of

piperazine, and the reaction between piperazine and 5, and

their products were reacted together, which afforded the

corresponding tetrahydro-4H-chromene 6a as the sole

product.

In order to show the efficiency and capability of the

present method, we compared our results with some of the

previously reported and published procedures for the syn-

thesis of compound 4a. The results, which are summarized

in Table 4, clearly show that the present procedure is better

than the others in terms of product yield, reaction time,

solvent-free conditions, and reaction temperature.

Conclusion

In summary, we have described a simple, highly efficient,

and facile procedure for the synthesis of 4H-pyran deriv-

atives and tetrahydro-4H-chromenes using piperazine as an

effective organocatalyst via one-pot, three-component

condensation of an aldehyde with malononitrile and either

ethyl acetoacetate or 5,5-dimethyl-1,3-cyclohexanedione

by ball-milling, mostly at room temperature, with excellent

yields. Moreover, the other significant features of this

procedure include (1) a solvent-free method, (2) elimina-

tion of by-products, (3) short reaction time, (4) simple

workup procedure, and (5) inexpensive, readily available,

and recyclable catalyst.

Experimental

All reagents used were purchased from Sigma-Aldrich and

Merck. The ball mill was a Retch MM 2000 horizontal mill

with a 20 cm3 stainless-steel vessel. Three stainless-steel

NC CN
O

R

NH2

CN

O

R H

O

O
Ball-milling

++

2

Piperazine

1 5 6

R: Aryl, Alkyl

O

Scheme 2

Table 3 Piperazine catalyzed three-component synthesis of tetrahydro-4H-chromenes under solvent-free conditions

Entry R Product Time/min Yield/%a M.p. (lit. m.p.)/�C

1 C6H5 1a 6a 20 96 232–233 (233–235 [15])

2 p-CH3C6H4 1b 6b 30 92 217–219 (214–215 [44])

3 o-NO2C6H4 1c 6c 20 95 232–233 (233–234 [33])

4 m-NO2C6H4 1d 6d 25 93 214–216 (212–214 [42])

5 p-NO2C6H4 1e 6e 27 92 183–185 (183–185 [15])

6 o-ClC6H4 1f 6f 30 94 214–215 (216–218 [34])

7 p-ClC6H4 1g 6g 25 91 213–215 (214–216 [15])

8 p-BrC6H4 1h 6h 25 94 219–220 (207–209 [39])

9 p-FC6H4 1i 6i 30 96 189–191 (190–193 [53])

10 p-CNC6H4 1j 6j 25 95 228–229 (227–230 [39])

11 p-MeOC6H4 1k 6k 45 90 201–202 (201–202 [33])

12 2-Furanyl 1l 6l 35 95 221–223 (220–223 [53])

13 2-Thienyl 1m 6m 45 94 222–223 (220–222 [37])

14 trans-C6H5CH=CH 1n 6n 100 91 187–189 (182–184 [35])

15 p-OHC6H4 1o 6o 120 88 203–204 (204–205 [40])

16 C6H5CH2CH2 1p 6p 30 93 201–202 (199–200 [54])

All reactions were carried out at room temperature, except for 1p, which required 70 �C for completion
a Isolated yields
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balls of 12 mm diameter were used. Melting points were

measured with an Electrothermal 9200 apparatus. Infrared

spectra were recorded on a Shimadzu 8400 s FT-IR spec-

trometer using KBr pellets. 1H NMR and 13C NMR spectra

were recorded on a 500 MHz Bruker DRX-500 AVANCE

spectrometer in CDCl3 or DMSO-d6 using tetramethylsil-

ane (TMS) as an internal standard. Elemental analysis was

recorded on a Perkin-Elmer 2400 II CHNS/O elemental

analyzer. Mass spectrum was recorded on an Agilent

Technology (HP) 5973 spectrometer at an ionization

potential of 70 eV.

Typical procedure for the synthesis of 4 or 6

A mixture of an aldehyde (1.0 mmol), malononitrile

(1.0 mmol), ethyl acetoacetate or 5,5-dimethyl-1,3-cyclo-

hexanedione (1.0 mmol), and piperazine (15 mol%) was

poured into a 20 cm3 stainless-steel ball-mill container

along with three stainless-steel balls. The container was

sealed and stirred at 20–25 Hz for the time given in

Table 2 and Table 3 and at the given temperature. After

completion of the reaction, confirmed by thin-layer chro-

matography (TLC), the solid was washed with hot water to

remove piperazine from the reaction mixture and filtered.

The product was purified by recrystallization from ethanol,

if necessary. Piperazine was recycled from the aqueous

phase by evaporation of water under reduced pressure and

washing with diethyl ether.

Experimental procedure for investigating the proposed

mechanism illustrated in Scheme 3

A mixture of benzaldehyde (1a, 1.0 mmol), malononitrile

(2, 1.0 mmol), and piperazine (15 mol%) was poured into a

20-cm3 stainless-steel ball-mill container along with three

stainless-steel balls. The container was sealed and stirred at

20–25 Hz for 10 min at room temperature. Thin-layer
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Table 4 Comparison of the results obtained for 4a using piperazine versus the reported methods in the literature

Entry Catalyst Reaction conditions Time/min Yield/% Reference

1 Piperidine/SDS H2O as solvent at reflux 10 85 [34]

2 SiO2 NPs EtOH as solvent at r.t. 120 85 [40]

3 Mg/La mixed metal oxides CH3OH as solvent at 65 �C 60 83 [36]

4 [2-aemim][PF6] H2O as solvent and microwave irradiation (100 �C) 3 87 [45]

5 Tetramethylguanidine [bmim][BF4] as solvent at 80 �C 50 83 [41]

6 Baker’s yeast Dimethylacetamide as solvent at r.t. 1,800 65 [38]

7 Cu(II) oxymetasilicate CH3CN as solvent at reflux 60 88 [43]

8 Piperazine Ball-milling at r.t. 25 95 a

a This work
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chromatography (TLC) confirmed that both the starting

materials were completely reacted. The solid was washed

with hot water to remove piperazine from the reaction

mixture and filtered. The yield of the product was quanti-

tative ([98 %) and identified as 9a (R=Ph) by comparison

of its melting point with those in the literature. In a similar

procedure, dimedone and piperazine (1:1) were reacted

together in a ball-mill container for 15 min. The reaction

was completed as revealed by TLC. The crude product was

reacted with 9a in a ball-mill for 15 min at room temper-

ature. After washing with hot water, filtration, and drying,

the product was identified as 6a with quantitative yield.

Ethyl 6-amino-5-cyano-4-[4-(methoxycarbonyl)phenyl]-2-

methyl-4H-pyran-3-carboxylate (4n, C18H18N2O5)

IR (KBr): �m = 3,394, 3,332, 3,217, 2,981, 2,198, 1,714,

1,683, 1,604, 1,286, 1,257, 1,224, 1,070 cm-1; 1H NMR

(500 MHz, CDCl3): d = 1.11 (t, 3H, J = 7.1 Hz), 2.42 (d,

3H, J = 0.86 Hz), 3.93 (s, 3H), 4.04 (m, 2H), 4.53 (s, 1H),

4.60 (br s, 2H),7.30 (dd, 2H, J = 1.7, 6.6 Hz), 8.00 (dd,

2H, J = 1.7, 6.6 Hz) ppm; 13C NMR (125 MHz, CDCl3):

d = 13.86, 18.46, 38.76, 52.07, 60.77, 61.61, 107.23,

118.53, 127.55, 129.02, 129.08, 148.84, 157.43, 157.49,

166.52, 166.84 ppm; MS: m/z calcd for C18H18N2O5 (M?)

342.4, found 342.0.
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