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Introduction

The increasing demands of environmental legislation
have been prompting the chemical industry to minimize
or, preferably, eliminate waste production in chemical
manufacture. Environmentally benign processes are
requested for primary prevention of pollution, and enviro-
economic factors will become the driving force behind new
products and processes.1

The use of heterogeneous catalysts, in particular
zeolites and clays, has reached great development in
different areas of organic synthesis due to their environ-
mental compatibility combined with the good yields and
selectivities that can be achieved.2

Coumarin (2H-1-benzopyran-2-one) and coumarin
derivatives are natural compounds3 and are important
chemicals in the perfume, cosmetic, and pharmaceutical
industrial production.4

The Knoevenagel reaction,5 a century old reaction, is
one of the most common synthetic methods to produce
coumarins. The process consists of the condensation of
salicylic aldehydes with malonic acid or esters giving the
coumarin-3-carboxylic acids or esters that successively
undergo decarboxylation. The reaction is catalyzed by
weak bases5 or by suitable combinations of amines and
carboxylic6 or Lewis7 acids under homogeneous condi-
tions. A solid-phase synthesis has just been published.8

In recent years many efforts have been made to
prepare olefinic compounds via Knoevenagel condensa-
tion under heterogeneous catalysis: in particular
aluminum oxide,9 Xonotlite/tert-butoxide,10 cation-ex-
changed zeolites,11 alkali-containing MCM-41,12 and
bentonitic clay13 were employed.

As part of our research program concerning the use of
solid acids in fine chemicals preparation,14 we have
investigated the Knoevenagel synthesis of coumarin
derivatives under montmorillonitic clay catalysis.

Results and Discussion

To study this process, we have examined the model
reaction of salicylaldehyde (1a) (10 mmol) with diethyl
malonate (2x) (15 mmol) in the presence of 1 g of catalyst.
We observed that montmorillonite KSF15a and K1015b

promoted the process affording the expected heterocyclic
product 3, KSF being the more efficient promoter of the
reaction (Table 1).

These results suggest that the clay behaves as a ditopic
catalyst containing both acid and basic sites. The basic
sites, ascribable to the negative charges dispersed over
entire sheets of oxygen atoms,16 activate the Knoevenagel
condensation. Further, the acid sites, which are mainly
due to the polarized interlayer water molecules, promote
the R-pyrone ring formation by intramolecular transes-
terification.17

To reduce the employment of ecologically suspected
solvents, we have chosen to carry out the reactions in
the absence of solvent or in water. Indeed water is
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Pergamon Press: Oxford, 1996; Vol. 7, pp 671-692.

(3) (a) Dean, F. M. Naturally Occurring Oxygen Ring Compouds;
Butterworth: London, 1963. (b) Soine, T. O. J. Pharm. Sci. 1964, 53,
231. (c) Murray, R. D. H.; Mendez, J.; Brown, S. A. The Natural
Coumarins: Occurrence, Chemistry and Biochemistry; Wiley: New
York, 1982.

(4) (a) Meuly, W. C. Kirk-Othmer Encyclopedia of Chemical Technol-
ogy, 3rd ed.; John Wiley and Sons: New York, 1979; Vol. 7, pp 196-
906. (b) Stuart, D. M.; Hruschka, J. K. Ibid. Vol. 16, pp 951-955. (c)
Taylor, W. I.; Chant, B.; van Loveren, G. Ibid. Vol. 4, p 15.

(5) (a) Knoevenagel, E. Chem. Ber. 1896, 29, 172; 1898, 31, 730. (b)
Jones, G. Organic Reactions; Wiley: New York, 1967; Vol. 15, p 204.
(c) Tietze, L. F.; Beifuss, U. In Comprehensive Organic Synthesis; Trost,
B. M., Fleming, I., Heathcock, C. H., Eds.; Pergamon Press: Oxford,
1991; Vol. 2, Chapter 1.11, pp 341-394.

(6) Baltorowicz, M. Pr. Inst. Przem. Org. 1970, 2, 33: Chem. Abstr.
1973, 78, 58190p.

(7) Green, B.; Crane, R. I.; Khaidem, I. S.; Leighton, R. S.; Newaz,
S. S.; Smyser, T. E. J. Org. Chem. 1985, 50, 640.

(8) Watson, B. T.; Christiansen, G. E. Tetrahedron Lett. 1998, 39,
6087.

(9) (a) Texier-Boullet, F.; Foucaud, A. Tetrahedron Lett. 1982, 23,
4927. (b) Cabello, J. A.; Campelo, J. M.; Garcia, E.; Luna, D.; Marinas,
J. M. J. Org. Chem. 1984, 49, 5195.

(10) (a) Chalais, S.; Laszlo, P.; Mathy, A. Tetrahedron Lett. 1985,
26, 4453. (b) Laszlo, P. Acc. Chem. Res. 1986, 19, 121.

(11) (a) Corma, A.; Martı̀n-Arande, R. M. J. Catal. 1991, 130, 130.
(b) Reddy, T. I.; Varma, R. S. Tetrahedron Lett. 1997, 38, 1721.

(12) Kloetstra, K. R.; van Bekkum, H. J. Chem. Soc., Chem.
Commun. 1995, 1005.

(13) Delgado, F.; Tamariz, J.; Zepeda, G.; Landa, M.; Miranda, R.;
Garcı̀a, J. Synth. Commun. 1995, 25, 753.

(14) (a) Arienti, A.; Bigi, F.; Maggi, R.; Marzi, E.; Moggi, P.; Rastelli,
M.; Sartori, G.; Tarantola, F. Tetrahedron 1997, 53, 3795. (b) Arienti,
A.; Bigi, F.; Maggi, R.; Moggi, P.; Rastelli, M.; Sartori, G.; Trerè, A. J.
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recognized as an attractive medium for many organic
reactions.18

Despite the Knoevenagel condensation being a net
dehydration, the reaction was surprisingly favored in
aqueous medium (Table 1, entries 3, 4). However, similar
unexpected solvent effects in the Knoevenagel reaction
have been found by other authors.10b,12,19 Moreover, it is
known that the Knoevenagel reaction is strongly solvent-
dependent under both homogeneous5c and heterogeneous
conditions.20 An additional advantage is that the aqueous
medium caused the hydrolysis of the carboxylic ester
functional group.

The simplest interpretation of these results is that
water brings the active methylene compound in close
proximity to the negatively charged surface of the
catalyst, thus favoring the ionization into carbanion
donor.

To verify the role played by the catalyst surface, we
performed a comparative experiment using the acid
water obtained from a stirred suspension of KSF after
filtration of the catalyst. Only traces of compound 3 were
detected, confirming that acid water is not sufficient to
promote the process and showing that a hydrophobic
effect,21 if involved, does not play a crucial role.

Further experiments were performed with an excess
of the less expensive reagent 2x to increase the yield.
Unlike the homogeneous reaction, favored by an excess
of one reagent, in this heterogeneous process a yield
decrease was observed from 48% to 31% varying the
malonate amount from 1.5 to 5.0 equiv. Probably the
active sites become less accessible to both the reactants,
which must be activated by the catalyst.

Thus the coumarin-3-carboxylic acids 3y or their ethyl
esters 3x were accessible simply by choosing to carry out
the reaction in water or without solvent.The solventless
reactions were run at 160 °C, giving the products 3ax-
cx in moderate yields but with high selectivities (>90%)
(Table 1, entries 2, 6, 7).

With the aim at obtaining a process with better yields
and higher atom efficiency1 we employed the malonic acid
2y instead of ethyl malonate.22 Thus, reacting 1a and 2y
in H2O at reflux for 24 h, coumarin-3-carboxylic acid 3ay
was obtained in excellent yield (92%) and selectivity
(93%), under conditions milder than those previously
reported.23

To investigate the generality of this process, various
salicylic aldehydes 1a-f were reacted under similar
conditions, allowing the easy synthesis of coumarin-3-
carboxylic acids 3ay-fy (Table 2).

The low reactivity of 2-hydroxy-1-naphthaldehyde
(Table 2, entry 5) could be due to a difficulty for this
substrate to interact with the active sites on the lamellar
catalyst, as we have already observed.14a

Finally we faced the problem of catalyst recycling.
Montmorillonite KSF, simply recovered by Büchner
filtration, washed with methanol, and air-dried, was
reused five times to prepare 3ay without significant loss
of activity.

In conclusion we have found that coumarin-3-carboxy-
lic acids could be synthesized in high yields and selectivi-
ties from salicylic aldehydes and malonic acid in the
presence of the cheap commercially available clay KSF.
Our results, according to what was stated by other
authors11a,12 on the acid-base properties of solid cata-
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Table 1. Reaction of Salicylic Aldehydes with Diethyl Malonate

entry catalyst solvent temp (°C) R1 R2 R3 Z product yielda (%)

1 K10 160 H H H Et 3ax 25b

2 KSF 160 H H H Et 3ax 44b

3 K10 H2O 100 H H H H 3ay 30
4 KSF H2O 100 H H H H 3ay 48
5 KSF 100 H H H Et 3ax 21b

6 KSF 160 H -(CHdCH)2 Et 3bx 44b

7 KSF 160 OH H H Et 3cx 46b

a Isolated yield. b Some amount of the corresponding acid product 3y was observed (∼5%).

Table 2. Synthesis of Some Coumarin-3-carboxylic
Acids 3y

entry R1 R2 R3 product yielda (%) selec (%)

1 H H H 3ay 92 93
2 H OCH3 H 3dy 89 94
3 OCH3 H H 3ey 92 95
4 H CH3 H 3fy 91 93
5 H -(CHdCH)2- 3by 50 95
a Isolated yield.
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lysts, allowed us to conclude that the catalyst KSF
contains both acid centers and basic sites able to abstract
a proton from a methylene active compound having a pKa

∼ 13. Moreover, the aqueous medium used as solvent is
less expensive and less dangerous than organic solvents
and environmentally friendly.

Experimental Section

General Procedures. Melting and boiling points are uncor-
rected. 1H NMR spectra were recorded at 400 and 300 MHz.
Mass spectra were obtained in CI mode. TLC analyses were
performed on Merck 60 PF254 silica gel plates using mixtures of
hexane-ethyl acetate (20-40%) or ethanol/toluene/ammonia (57/
28/14%). Montmorillonite KSF and K10 (Fluka) were utilized
without any previous treatment. All the reagents were of
commercial quality from freshly opened containers. 2,4-Dihy-
droxybenzaldehyde 1c,24 2-hydroxy-5-methoxybenzaldehyde 1d,25

and 2-hydroxy-5-methylbenzaldehyde 1f 25 were prepared ac-
cording to methods reported in the literature.

Synthesis of 2-oxo-2H-1-benzopyran-3-carboxylic Acids
(Coumarin-3-carboxylic acids) 3y. General Procedure. The
selected 2-hydroxybenzaldehyde 1 (10 mmol), malonic acid 2y
(15 mmol), and KSF (1 g) in water (3.3 mL) were heated at reflux
for 24 h. After cooling to room temperature, the water was
removed by Büchner filtration and the solid was heated in
methanol (60 mL) for 5 min. The catalyst was removed by
Büchner filtration and washed with methanol (10 mL). The
solvent was distilled off, and the crude product 3y was purified,
if necessary, by crystallization from ethyl acetate or methanol.
In the case of compound 3by the unreacted aldehyde was
removed with warm hexane.

2-Oxo-2H-1-benzopyran-3-carboxylic Acid (3ay): yield
1.75 g (92%), off-white crystals from methanol, mp 190-191 °C
(lit.23b mp: 190-191 °C).

6-Methoxy-2-oxo-2H-1-benzopyran-3-carboxylic Acid
(3dy): yield 1.89 g (86%), yellow needles from ethyl acetate, mp
206-207 °C (lit.26 mp: 194-196 °C).

8-Methoxy-2-oxo-2H-1-benzopyran-3-carboxylic Acid
(3ey): yield 2.02 g (92%), yellow needles from ethyl acetate, mp
218-219 °C (lit. mp: 194-195 °C26 or 218 °C27).

6-Methyl-2-oxo-2H-1-benzopyran-3-carboxylic Acid
(3fy): yield 1.86 g (91%), colorless needles from methanol, mp
166-167 °C (lit.28 mp: 166 °C).

5,6-Benzo-2-oxo-2H-1-benzopyran-3-carboxylic Acid
(3by): yield 1.20 g (50%), yellow woolly needles from ethyl
acetate, mp 236.5-237 °C (lit.29 mp: 236-237 °C).

Synthesis of 2-Oxo-2H-1-benzopyran-3-carboxylic Acid
Ethyl Esters (Coumarin-3-carboxylic Acid Ethyl Esters)
3x. General Procedure. The selected 2-hydroxybenzaldehyde
1 (10 mmol), diethyl malonate 2x (15 mmol), and clay KSF (1 g)
were heated under stirring at 160 °C for 24 h. After cooling to
room temperature, methanol was added (50 mL) and heated for
5 min. The catalyst was removed by filtration and the organic
phase, concentrated under vacuum, was chromatographed on
silica gel using a mixture of hexane-ethyl acetate as eluant.

2-Oxo-2H-1-benzopyran-3-carboxylic Acid Ethyl Ester
(3ax): yield 0.97 g (44%), mp 93-94 °C (lit.31 mp: 94 °C).

5,6-Benzo-2-oxo-2H-1-benzopyran-3-carboxylic Acid Eth-
yl Ester (3bx): yield 1.19 g (44%), mp 112-114 °C (lit.30 mp:
114 °C).

7-Hydroxy-2-oxo-2H-1-benzopyran-3-carboxylic Acid Eth-
yl Ester (3cx): yield 1.08 g (46%), mp 166-167 °C (lit.31 mp:
168 °C, EtOH).
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