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The reaction of malononitrile with salicylaldehyde under solvent and catalyst free conditions was re-
investigated using mechanochemical mixing, thermal heating and a direct crystallization process. The
resulting condensation product by all three types of molecular activation, was found to be (2-amino-
3-cyano-4 H-chromene-4-yl)malononitrile, which is not the previously reported benzofuran-2-
carbonitrile. The structure of the resulting chromene derivative was confirmed by FT-IR, MS, 'H, BC
NMR and single crystal and powder X-ray diffraction. The reaction pathway under neat conditions
(mechanochemical mixing) at ambient temperature was monitored by IR spectral measurements. The
versatility of the current green protocol was examined through the reaction of eleven derivatives of
o-hydroxybenzaldehyde with malononitrile to obtain 2-amino-3-cyano-4H-chromene derivatives. In
addition, malononitrile was further reacted with o-aminobenzaldehydes under neat conditions to

yield quinoline derivatives.

Introduction

Organic reactions under solid state and solvent free conditions'
have become more attractive as a result of the growing awareness
for green and sustainable chemical transformations. Solvent free
organic reactions are preferred over conventional synthesis
because of their numerous advantages, e.g., increased selectivity,
lower energy consumption, minimized waste, hazards, toxicity
and cost.?

The Knoevenagel condensation of aldehydes with an active
methylene compound is one of the classical methods for olefin
synthesis. Although the Knoevenagel condensation is well
known since 1898, several advantages like reaction simplicity,
mild conditions, application in synthesizing biologically privi-
leged compounds have made it an incessant field of research
among organic chemists. Owing to the importance of this
reaction, several green approaches have been developed under
solvent free conditions,* on solid supports,” and through
promotion by infrared,® ultrasonic,” microwave,® electrochemi-
cal’ and thermal heating'® conditions. Kaupp et al. conducted
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quantitative Knoevenagel condensation reactions of aldehydes
with various active methylene components under solid state and
melt conditions.!! Inspired by their work, Ondruschka et al.
studied the Knoevenagel condensation by reacting a series of
aldehydes with malononitrile under solvent and waste free
conditions,'? and at ambient temperature.13 The resulting
product of the reaction malononitrile with salicylaldehyde was
reported as benzofuran-2-carbonitrile, achieved through intra-
molecular cyclization followed by elimination of hydrocyanic
acid. However, the structure of the product was assigned with
inadequate spectroscopic data. A detailed literature survey reveals
that it could be plausible to synthesize chromene derivatives
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Fig. 1 Various products observed in the reaction of salicylaldehyde and
malononitrile under conventional methods.
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(Fig. 1)!*7'® by the delicate control of the experimental conditions
of the conventional reaction of salicylaldehyde with malononitrile.

With the aim to elucidate the exact structure of the product
and to determine the reaction pathway, herein, we re-investi-
gated the neat reaction of salicylaldehyde and malononitrile
under mechanochemical mixing, thermal heating and a direct
crystallization process. The structure of the product was fully
characterized by spectroscopic measurements (mp, FT-IR, 'H
and C NMR, MS) and it was further confirmed with the
reported literature.'*'® Surprisingly, the resulting condensation
product was found to be (2-amino-3-cyano-4 H-chromene-4-
yl)malononitrile, not the previously reported benzofuran-2-
carbonitrile by all three types of molecular activation. Further,
the versatility of the developed methodology was examined
by reacting eleven derivatives of o-hydroxybenzaldehyde and
three o-aminobenzaldehydes with malononitrile to obtain
4H-chromene derivatives and quinoline derivatives respectively.

Results and discussion

Initially the reaction of salicylaldehyde with malononitrile was
performed by mechanochemical activation, using a mortar and
pestle. Equimolar amounts of the reactants were taken in a pre-
weighed Agate mortar and mixed thoroughly with a pestle. The
reaction mixture slowly converted to a viscous liquid after 5 min
of mixing, and then it was allowed to stand for 3 h at room
temperature (Table 1, entry 1). During this period the reaction
mixture slowly converted to a wet white solid. The white solid
thus obtained was partially soluble in ethyl acetate (EtOAc) and
completely dissolved when 1 drop of DMSO was added. The
TLC analysis [30% EtOAc in petroleum ether (60-80 °C
fraction)] showed incomplete conversion of salicylaldehyde.
The extended standing time did not allow the complete
conversion of salicylaldehyde. Then, the wet solid was washed
with ethanol (EtOH) to obtain a pure white solid, and was
characterized by mp (151-153 °C), FT-IR (neat) and "H NMR
(in DMSO-dj solvent). The structure assignment of the product
was achieved based on the spectral analysis and was confirmed
with the reported literature.'>'® Surprisingly, the obtained
product was neither benzylidene-malononitrile nor benzofuran-
2-carbonitrile, as reported earlier,'”"? but it was found to be
(2-amino-3-cyano-4 H-chromene-4-yl)malononitrile as shown in
Fig. 1(ii). The resultant product was formed from a condensation

reaction of malononitrile with aldehyde in 2 : 1 molar ratio.
Further, no by-product or the 1:1 condensation product
2-imino-2 H-chromene-3-carbonitrile [Fig. 1(i)] was observed.
This may be attributed to the relatively unstable nature of
2-imino-2H-chromene-3-carbonitrile [Fig. 1(i)]."°

Inspired by the interesting condensation product achieved by
mechanical activation, the stoichiometric reaction of malononi-
trile with salicylaldehyde was further carried out under thermal
conditions, using a conventional pre-heated oil bath at 150 °C. A
vigorous reaction was observed as reported.'> The reaction
mixture was cooled to room temperature after 10 min to obtain a
brown coloured solid. The pure product was yielded after
washing with ethanol, and was found to be identical to the
chromene that was obtained from mechanochemical activation.
A parallel reaction, with elongated heating, resulted in the
complete decomposition of the product. Further, by optimiza-
tion of the reaction temperature, we found that the reaction was
carried out at 60 °C, resulting in the desired product after 30 min,
without decomposition (Table 1, entry 2).

Furthermore, the reaction of salicylaldehyde with malononi-
trile via the direct crystallization process!” was performed at
ambient temperature. Equimolar amounts of the reactants were
mixed by brief swirling of the reactants in a 10 ml round bottom
flask (RB), and was kept at room temperature under nitrogen
atmosphere. A white crystalline solid contaminated with a light
yellowish liquid was observed after 3.5 h (Table 1, entry 3). The
crystals were filtered and washed with a small amount of EtOH.
The structure of the resultant product was assigned by FT-IR
and "H NMR spectral analysis, and confirmed unequivocally by
single crystal X-ray diffraction analysis (Fig. 2). Further, the
X-ray powder diffraction data of the solids obtained by
mechanochemical grinding, thermal heating and the bulk solid
obtained by direct crystallization process were compared as
shown in Fig. 3. The virtually superimposable patterns indicate
that the crystal phase of the solid obtained by all three methods
and that of the single crystal are identical.

The structural elucidation, based on spectral analysis, revealed
that the product obtained from mechanical activation, thermal
conditions and by the direct crystallization process was identical.
These results are dissimilar to earlier reports,13 in which, no
product was observed by the direct crystallization process in the
absence of solvent and at ambient temperature.

Table 1 Reaction of salicylaldehyde with malononitrile under various conditions

NC CN
CHO CN Solvent free CN
(L4, |
OH CN Catalyst free 0~ “NH,
3a
Entry Reaction conditions Reactant ratio used Reaction time® (h) Yield® (%)
1 Mechanochemical grinding 1:1 3 49
2 Thermal heating® 1:1 0.5 42
3 Direct crystallization 1:1 3.5 48
4 Mechanochemical grinding 1:2 3 98

@ Reactions were monitored by TLC. ° Yield of pure product. ¢ Reaction carried out at 60 °C
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Fig. 2 ORTEP (50% probability) diagram of the crystal structure of 3a
obtained from the direct crystallization process.

To achieve the maximum conversion of the starting materials
to the final product, the reaction was then performed witha 1 : 2
molar equivalent of salicylaldehyde and malononitrile. Complete
conversion of the reactants to product 3a took place when the
reaction mixture was mixed thoroughly for 5 min and then
allowed to stand for 3 h at room temperature in presence of
atmospheric air (Table 1, entry 4). The white solid product thus
formed was characterized without further purification and the
structure was confirmed by comparing the data with that
obtained in the earlier methods. Thus, the present protocol is
an example for the liquid state reaction in which the product
crystallizes during the reaction'® to obtain near quantitative
yields.

The conventional methods used for the synthesis of (2-amino-
3-cyano-4 H-chromene-4-yl)malononitrile derivatives suffer from
many disadvantages such as long reaction times, usage of solvent
and catalyst etc. Also, the vast biological importance of

Direct crystallization
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Fig. 3 Powder X-ray diffraction pattern of 3a obtained by the reaction
of a 1 : 1 molar ratio of salicylaldehyde and malononitrile under various
conditions followed by an ethanol wash.

2-aminochromenes'® inspired us to extend the scope of the
present protocol. Hence, to evaluate the generality of the present
protocol and to confirm similar chromene formation, eleven
salicylaldehyde derivatives were reacted with malononitrile at
room temperature as shown in Scheme 1 while the experimental
information is listed in Table 2. All the reactions proceeded with
liquifaction of the reaction mixture during grinding or thorough
mixing of the reactants in an Agate mortar with a pestle followed
by solidification of the final product, as explained by the Scott
group.’® The purity of the final products obtained was good
enough for spectroscopic analysis, however, all compounds were
further washed with ethanol.

In order to elucidate the reaction pathway, the neat reaction of
salicylaldehyde (1a) and malononitrile in a 1 : 2 molar ratio was
monitored by IR spectral measurements. The IR spectra were
recorded at 3 min intervals until the completion of the reaction
(Fig. S1, ESIt). The absorption peaks were assigned by
comparison with the literature.?! The IR spectrum obtained just
after mixing of both the reactants displayed a superimposed
spectrum of both the starting materials (Fig. 4). At the beginning
of the measurement, two absorption peaks appeared at
2960 cm ™! and 2927 ¢cm™!, which have been assigned to the
asymmetrical and symmetrical methylene C-H stretching of
malononitrile.’> These peaks became merged towards the
completion of the reaction and appeared as a single peak at
2032 cm !, corresponding to the methine C-H stretching
absorption of the product. Also, the absorption bands of the
aldehyde group (C=0 stretching at 1654 cm ™', C—H stretching
Fermi doublet at 2857 cm™! and 2758 cm™!) gradually
disappeared as the condensation reaction proceeds, and con-
comitantly a new absorption band, corresponding to the vinyl
nitrile C=C stretching, appeared at 1636 cm™'.2* After 6 min of
reaction, a new absorption peak appeared at vya = 2195 cm™!
and as the reaction proceeds, the peak intensity was rapidly
enhanced with a small shift towards a lower frequency. This has
been assigned to the conjugated C=N stretching absorption.**
After 15 min, new asymmetrical and symmetrical vINH absorp-
tions and a vC-N absorption of product 3a appeared at
3450 cm ™!, 3329 cm ! and 1223 em ™! respectively (Fig. 4).

Taking into consideration the above facts and the final
product characterization data, a possible mechanistic pathway is
proposed, as shown in Scheme 2, which uses 1a as an example.
Initially, the condensation reaction of salicylaldehyde and
malononitrile, with the elimination of a water molecule, for the
formation of salicylidene-malononitrile (A) occurs (known to
take place under catalyst free grinding conditions).** Since,
malononitrile is the most reactive methylene component'? and
the intervention of a liquid phase allows a large number of
productive molecular collisions,?® the proper mixing and energy

NC.__CN
Solvent and
N CHO <CN catalyst free N\ CN
-
R + on  Grinding/mixing R |
OH then standing at RT o NH,
1a-k 3a-k

Scheme 1 Reaction of salicylaldehydes with malononitrile under
solvent and catalyst free conditions.
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Table 2 Substituents of the aldehydes used, reaction times and the yield of the products

Entry Aldehyde Reaction time™” (h) Chromene derivative Yield (%)
1 la @CHO 3 3a NC.__CN 98
N
0~ “NH,
2 1b CHO 4.5 3b NC.__CN 97
CN
; OH |
0 07 >NH,
_0
3 1c CHO 6 3c NC.__CN 89
CN
R o
~o 0" NH,
4 1d /O\QCHO 5.5 3d NC.__CN 95
0} CN
°'* i CE/I
0~ “NH,
5 le CHO 4 3e NC.__CN 98
CN
OH |
~.© 0" NH,
\/O
6 1f Cl CHO 3 3f NC.__CN 97
\©i cl CN
OH |
0" “NH,
7 1g OZN\©:CHO 0.5 3g NC.__CN 97
0" “NH,
8 1h O,N CHO 0.5 3h NC.__CN 98
O,N CN
OH |
o< 0" NH,
_0
9 1i O,N CHO 0.5 3i NC.__CN 96
\(;[ o O,N ‘ CN
NO.
2 07 "NH,
NO,
10 1j cl CHO 1 3 NC._CN 96
Cl CN
OH |
Br O~ "NH,
Br
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Table 2 (Continued)

11 1k | CHO 2
; OH

3k NC.__CN 94
| CN

0" “NH,

“ All the reactions were carried out by grinding/mixing 1 : 2 molar ratio of reactants with Agate mortar and pestle for 5 min followed by allowing
the mixture to standing. ” Reactions were monitored by checking TLC every 30 min after mixing. ¢ Yield of pure product.
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Fig. 4 IR monitoring by the ATR method of the solvent and catalyst free reaction between salicylaldehyde and malononitrile under grinding

conditions at room temperature.

generated by the friction of the mortar and pestle may drive the
reaction. The Knoevenagel adduct thus formed undergoes
simultaneous Michael addition with malononitrile and intramo-
lecular cyclization to obtain the stable product 3a. This was
further supported by the IR spectrum, due to the appearance of
an absorption peak corresponding to the conjugated cyano
group (2193 ecm™ "), well before the appearance of absorption
bands corresponding to the amine group present in the bicyclic
product (as shown in Fig. S2, ESI¥).

It was also found that the nature of the substitution on
the aromatic ring of salicylaldehyde had a great influence on the
reaction. The presence of electron-withdrawing groups on the

§ ou)

OH
A

/—\ <cN

H

WM e Grinding CN NN CN
- 5 H ﬁ —

OH iy N -H; o

aromatic ring leads the very fast reaction, and in contrast,
electron-donating groups lead to a slower reaction . For instance,
the reaction with 5-nitrosalicylaldehyde (1g) was very fast, which
was complete faster than with 5-methoxy salicylaldehyde (1d).
Some of the solvent free reactions suffer from the possibility of
runaway reactions at larger scale.' Thus, to explore the present
protocol at the gram scale, the reaction of salicylaldehyde (1a,
20 mmol) with malononitrile (40 mmol) was carried out under
neat conditions. The reactants were mixed thoroughly using a
pre-weighed mortar and pestle and the homogeneous liquid thus
formed was left standing at room temperature. Complete
conversion of the reactants to product 3a took place after

NC CN NC. CN
H
CN CN
onf o .
OH
N) NHY

Scheme 2 Proposed mechanism for the reaction between salicylaldehyde and malononitrile to obtain chromene derivative 3a.
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Scheme 3 Reaction of o-aminobenzaldehydes with malononitrile under
solvent and catalyst free conditions.
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solution synthesis using a base catalyst under reflux conditions.?’

Further, different ratios of reactants were tested to derive the
optimized conditions. The ratio 1:1.2 of aldehydes and
malononitrile was found to be the more suitable system to
obtain the product with good yield. Under similar conditions,
the reaction of malononitrile with 3,5-dibromo-2-aminobenzal-

NC CN

CN ]

R

A
N~ "NH
H J

Scheme 4 Possible mechanism for the reaction between o-aminobenzaldehyde and malononitrile.

Table 3 Substituents of the 2-aminobenzaldehydes used, reaction time, product and yield

Entry Aldehyde Reaction time® (h) Quinoline derivative Yield” (%)
1 2a Cl CHO 1 4a Cl mC N 79
[ :[ Pz
NH, N NH,
2 2b Br CHO 1 4b Br N CN 83
pZ
NH, N NH,
Br Br
3 2¢ E\ICH 0 1 4c NN CN 82
— | ~ —
N NH; N N NH,

@ All the reactions were carried out by heating 1 : 1.2 molar ratio of aldehydes and malononitrile at 150 °C. ? Yield of pure product.

standing for 5 h. Also, we did not notice any highly exothermic
reaction or thermal runaway during the course of the reaction.

The next series of experiments concerns the Knoevenagel
product formed from the reaction of malononitrile with
aldehydes containing an amine group in the ortho-position
under neat conditions. The reaction with 5-chloro-2-aminoben-
zaldehyde resulted in very poor conversion under solvent and
catalyst free grinding conditions at room temperature. As a main
reason for the decreased conversion, we assume the poorer
reactivity of aldehydes is due to the presence of a more
nucleophilic amine group in the ortho-position. The reaction
was then attempted under melt conditions. The neat reactants
(1 : 2 ratio) were taken in a 10 ml RB and then heated to 150 °C
using a conventional preheated-oil bath. The solid thus obtained
was recrystallized with 60% EtOAc in pet. ether and was then
characterized. As expected, the bicyclic product thus obtained
was 2-amino-3-cyano-quinoline derivative (Scheme 3). The
stability caused by aromaticity®® may be the reason for avoiding
the Michael addition product, as in the case of o-hydroxyben-
zaldehydes (Scheme 2). A similar product was reported for the

dehyde resulted in the corresponding quinoline derivative.
Further, the reaction proceeded successfully with heteroaromatic
2-amino-pyridine-3-carboxaldehyde to obtain the corresponding
quinoline derivative. Two possible mechanisms for the product
formation are shown in Scheme 4. The pure products were
obtained in good yield by recrystallization from 60% EtOAc in
pet. ether (Table 3).

Conclusion

We have demonstrated that the solvent and catalyst free reaction
of salicylaldehyde with malononitrile leads to the formation of
(2-amino-3-cyano-4 H-chromene-4-yl)malononitrile, instead of
benzofuran-2-carbonitrile as reported previously. The reaction,
monitored by IR measurements, shows that the Knoevenagel
adduct undergoes simultaneous Michael addition with malononi-
trile and intramolecular cyclization to yield the bicyclic chromene
derivative. Further, eleven salicylaldehyde derivatives were
successfully reacted with malononitrile to generate the corre-
sponding chromene derivatives. The products were characterized

This journal is © The Royal Society of Chemistry 2012
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by spectroscopic techniques and were further confirmed by single
crystal X-ray diffraction (3a). Neat conditions, short reaction
time, high product yield without tedious work up, and the
applicability to gram scale are the green relevance and notable
advantages of the present methodology over conventional
syntheses.

Additionally, it was observed that the reactions of 2-amino-
benzaldehydes with malononitrile yield 2-amino-3-cyanoquino-
lines under melt conditions. The Knoevenagel adduct undergoes
simultaneous cyclization and aromatization to form the product
in good yield.

The overall findings of these studies show that the Knoevenagel
condensation of benzaldehydes containing a hydroxyl or amine
group in the ortho-position leads to bicyclic heterocycles via six
membered cyclization. It is conceivable that the present study
offers a facile and expedient way to synthesize various medicinally
privileged chromene and quinoline derivatives.

Experimental
General

All chemicals were purchased from commercial suppliers and
used without further purification. Melting points were deter-
mined with Stuart SMP3 melting point apparatus and are
uncorrected. The IR spectra were recorded on a Thermo
scientific Nicolet Avatar 330 FT-IR spectrometer as a neat
sample. The absorption is given in wavelength v (cm™!). NMR
spectra were recorded as a solution in DMSO-ds 500 MHz and
400 MHz instrument. Chemical shifts (d) are reported in parts
per million (ppm) with tetramethylsilane (TMS) as an internal
standard. J-Values are given in Hz. NMR raw data was analysed
with the program MestReNova 7.0.0-8331. Mass spectra were
performed on Waters Micromass Q-Tof Micro spectrometer
with an ESI source. The X-ray single-crystal diffraction was
performed on the Bruker AXS KAPPA APEX II system. X-ray
powder diffraction patterns were recorded on an XPERT Philips
(Cu-Ka radiation) diffractometer. Elemental analysis was
performed using Perkin Elmer, Series II, 2400 analyzer. Thin
layer chromatography was performed on silica gel 60 Fosy4
(Merck).

General procedure for the preparation of 3

Mechanochemical grinding. In an Agate mortar, an aldehyde
(2 mmol) and malononitrile (4 mmol) were subjected to
mechanical grinding, or mixing (in case of liquid aldehydes),
for 5 min at room temperature. The homogeneous liquid
reaction mixture was then allowed to stand at room temperature
for the times given in Table 2. Solidification of the final products
took place during this period. The crude solid was then washed
with ethanol, filtered and dried under vacuum to obtain the pure
solid product.

General procedure for the preparation of 4

Melt reaction. 1 : 1.2 molar ratios of aldehyde (2 mmol) and
malononitrile (2.4 mmol) were taken in a 10 ml round bottom
flask and subjected to melt conditions using a conventional oil
bath at 150 °C and was stirred for 1 h. The reaction mixture was

cooled to room temperature and recrystallized with 60% EtOAc
in pet. ether (boiling range: 60-80 °C), filtered and dried under
vacuum to obtain the pure solid product in good yield (as shown
in Table 3).
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