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Synthesis of 7-hydroxycoumarins by Pechmann reaction using Nafi
resin/silica nanocomposites as catalysts
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Abstract

The reaction of resorcinol with ethyl acetoacetate (Pechmann reaction) or with acrylic acid over novel Nafion resin/silica co
materials with 40 and 80 wt% of Nafion in silica produces 7-hydroxycoumarins in high yields, under mild reaction conditions
reaction time. Other solid acid catalysts were tested for comparison reasons.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Coumarin and its derivatives have been attracting g
interest because of their importance in synthetic orga
chemistry. Many products which contain the subunit
coumarin exhibit useful and diverse biological activity [1
These compounds find their application in pharmaceutic
fragrances, agrochemicals, and insecticides [2–4].

A very valuable method for the synthesis of coumar
is the Pechmann reaction, which starts from phenols
the conventional production of coumarins by Pechma
concentrated sulfuric acid is used as the catalyst [5]. T
process causes formation of by-products, needs long r
tion time, and introduces corrosion problems. For these
sons, there have been some attempts to find alternative
ronmentally benign and heterogeneously catalyzed syn
sis routes. The use of heterogeneous acid catalysts ass
advantages like ease of operation conditions, reduced e
ment corrosion, and minimized contamination of the wa
streams combined with reusability of the catalyst. Nafi
H [6], zeolite H-BEA, Amberlyst 15 [7], and other soli
acids [8,9] have been employed for this purpose in the P
mann reaction.
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For example, the Pechmann reaction from resorcin1
and ethyl acetoacetate2 to 7-hydroxy-4-methylcoumarin3
(Scheme 1) over the regenerable zeolite H-BEA in tolu
was first reported by van Bekkum and co-workers [2,7].

Compared with Amberlyst 15, H-BEA could easily b
regenerated and showed higher turnover numbers. Neve
less, an efficient Pechmann reaction with all these stu
solid acids requires long reaction time and high amount
catalyst. In the case of Amberlyst 15, special equipmen
accelerating the reaction by microwave irradiation had to
used [10].

An alternative catalyst for the Pechmann reaction
toluene could be the newly developed Nafion resin/si
nanocomposites. The pure Nafion is an ionomer wit
chemically resistant polymeric backbone with highly aci
sulfonic groups and possesses hydrophobic (–CF2CF2–) as
well as hydrophilic regions (–SO3H) [11,12]. The activity of
this material in nonswelling solvents or in the gas phas
very low due to the very low surface area. This fact has l
ited the use of pure Nafion as a catalyst. To increase the
site accessibility, Nafion resin/silica nanocomposites w
produced by entrapment of nanometer-sized Nafion r
in a highly porous silica network [13,14]. The develop
Nafion resin/silica nanocomposites have opened up a l
number of applications due to the increase in the cata
activity and selectivity [15–20].

http://www.elsevier.com/locate/jcat
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Scheme 1. Reaction of resorcinol and ethyl acetoacetate.
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2. Experimental

2.1. Catalysts and analytical methods

The pure Nafion resin NR 50 and the composite ma
als were kindly provided by DuPont de Nemours & Co
pany, Wilmington. The Nafion resin/silica composites c
tain 13% (SAC 13), 40% (SAC 40), and 80% (SAC 8
Nafion on silica, respectively. Amberlyst 15 was purcha
from Fluka. Before use, all resins were dried at 120–150◦C
in vacuum for 4 h.

The zeolites used in this work are commercially av
able from Zeolyst International: H-Y(US), Na-BEA, and
ZSM-5. The concentrations of Si and Al in the samples w
determined by inductively coupled plasma atomic emiss
spectroscopy (ICP-AES) (Spectroflame D, Spectro Anal
Instrument). The number of acid sites of the catalysts
determined by ionexchange of the protons with a fivef
excess of CuSO4 and ZnSO4 solutions at 80◦C for 24 h. Af-
ter washing with distilled water, the samples were drie
120–150◦C in vacuum for 4 h. Then, the concentrations
Cu(II) and Zn(II) were measured by ICP-AES.

Na-BEA was converted to the acid form by a dou
ionexchange with a tenfold excess of 2 N NH4NO3 (aque-
ous) at 80◦C and all the zeolites have been calcined
550◦C for 8 h before use.

The solid state13C NMR spectra were recorded on
Bruker DSX 500 spectrometer equipped with a wide-b
super-conducting magnet operating fieldstrength of 11.7
and a resonance frequency for13C nuclei of 125.85 MHz
All spectra were recorded with a 7-mm multinuclear (5
161 MHz) double-bearingCP/MAS probehead at room tem
perature. Magic angle spinning (MAS) with a rotation
speed of 5 kHz was applied for all spectra and contro
with a MAS-Remote-Control-Unit (Type H 2620, stabili
±2 Hz). The13C NMR spectra were referred to extern
TMS. For the NMR measurements, 7-mm ZrO2 rotors were
filled with 200–300 mg of the compounds and tightly lock
with Kel-F caps.

The materials were also analysed with nitrogen so
tion at−196◦C (Micromeritics ASAP 2010) using the BE
method to determine the surface area. Prior to the mea
ments, the samples were degassed at 100◦C and high vac-
uum.

All chromatographic measurements were performed
a HP 6890 gas chromatograph equipped with a flame
isation detector and using a FS-SE54 capillary colu
-

(50 m×0.25 µm) operated between 50 and 270◦C with
a ramp of 12◦C min−1. Nitrogen was used as the carr
gas. The detector temperature was at 300◦C and a 1-µl vol-
ume sample was injected. Identification of the compou
by GC-MS was performed on Varian Satum 3 equipmen

2.2. Reaction procedure

The reactions were carried out in batch reactors, part
under argon. Typically, 10 mmol of each reactant and 0
of catalyst were stirred in 10 ml of toluene under reflux
2 h. Subsequently, 10 ml of acetone were added to diss
all products. Liquid samples were taken out of the rea
and analyzed by GC. Acetic acid phenyl ester was use
the internal standard. For recycle experiments, the cata
were filtered off, washed with acetone, and then reused w
out further treatment.

2.3. Regeneration of the catalyst

Catalyst (0.5 g) was stirred in 20 ml of 15 wt% aqu
ous H2O2 at 80◦C for at least 2 h to recover its origin
appearance. Then, the catalyst was filtered off, washed
distilled water, and dried at 120–150◦C in vacuum for 4 h.

3. Results and discussion

3.1. Synthesis of 7-hydroxy-4-methylcoumarin via the
Pechmann reaction

For the Pechmann reaction of resorcinol (1) and ethyl ace
toacetate (2) to produce 7-hydroxy-4-methylcoumarin (3)
(Scheme 1) in toluene, Amberlyst 15 and zeolites were c
pared with the pure Nafion and with Nafion resin/sil
composites. Fig. 1 illustrates the performance of the
ferent heterogeneous catalysts in the Pechmann reacti
toluene. The reaction proceeds through transesterifica
and intramolecular hydroxyalkylation, followed by dehyd
tion [2,7].

7-Hydroxy-4-methylcoumarin was obtained in very hi
yields up to 81% over SAC 40 (containing 40% Nafion
silica) and 96% yield over the SAC 80 (80% of Nafion
composite) in refluxing toluene after 2 h of contact time
contrast to the reaction conditions of the Pechmann rea
in toluene studied by van Bekkum and co-workers [2,7],
use of the Nafion resin/silica composite materials led to
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Fig. 1. Synthesis of 7-hydroxy-4-methylcoumarin with different hetero
neous catalysts.

remarkable effects. First, the amount of catalyst was redu
up to 50% and, second, the reaction time was divided in h

The activity of the composites correlates with the amo
of Nafion on silica. Therefore, the conversion of reso
nol raises from 68% for 13 wt% Nafion containing mat
ial (SAC 13) to 83% for the 40 wt% containing compos
(SAC 40). The better activity of SAC 40 and SAC 80 co
pared with that of SAC 13 cannot be explained by hig
BET surface area or cumulative pore volume. N2-sorption
data show that the BET surface area and the pore volum
SAC 40 (71.40 m2 g−1; 17.48× 10−2 cm3 g−1) and of SAC
80 (16.89 m2 g−1; 4.16× 10−2 cm3 g−1) were lower than
those of SAC 13 (94.92 m2 g−1; 22.32× 10−2 cm3 g−1).
Therefore, it can be concluded that the higher catalytic
formance of SAC 40 and particularly of SAC 80 is due to
higher amount of strong acid centers related to the incre
amount of Nafion on silica (Table 1).

However, in the case of the pure Nafion resin NR 50,
surface area is too low (< 0.02 m2 g−1) [13] and seems to
influence negatively the accessibility to these acid cen
As a result, despite its higher acidic capacity, the con
sion of resorcinol by using the pure Nafion NR 50 reac
only 78%.

In the case of Amberlyst 15, a conversion of resorcino
74% can be observed. Although the number of acid site
high (Table 1), it is generally accepted that Amberlyst 15
not such a strong acid like the perfluorinated sulfonic a
resin [20]. The value of the Hammett acidity function (H0)
ranges from−11 to−13 for Nafion compared to about−2.2
for Amberlyst 15.

In contrast to our newly founded better activity und
milder reaction conditions with reduced amount of catal
the low conversion of resorcinol (36%) in the presence
H-BEA {16} (in braces, the silica alumina ratios) are n
comparable with the better results of van Bekkum [2
Furthermore, the activities of other zeolites like H-Y(U
f

Fig. 2. Synthesis of 7-hydroxy-4-methylcoumarin with reused, nonreg
rated SAC 80.

{40} or H-ZSM 5 {28} are remarkably low with conversion
of resorcinol of 10 and 3%, respectively. Probably, reso
nol is not able to optimally enter the pores of the zeolit
Not only in the phenol alkylation with methanol to cres
using H-Y, H-Y(US), or H-ZSM-5 but also in the hydroxy
lation of phenol with H-ZSM-5, the formation ofortho/para
products was favored [21]. In contrast, resorcinol is ameta
hydroxy substituted phenol and perhaps hindered from
fusing through the zeolitic channels.

As described in the literature [6–9], we also carr
out the Pechmann reaction preferably in toluene as
vent. Other aromatic solvents with higher boiling point li
cumene or the more toxicp-Cl-toluene did not improve th
obtained yield of the desired coumarin. Besides, with th
last mentioned solvents, rapid deactivation of the Na
resin/silica composites was observed. The use of non
matic solvents like tetrahydrofuran, petroleum ether,
dichloromethane, which is connected with lower react
temperatures, did not show competitive results.

To investigate whether the catalyst could be recycled,
most active Nafion resin composite SAC 80 was filtered
rinsed with acetone, and dried under ambient conditions
2 h after each experiment. As presented in Fig. 2, ther
a decrease in the conversion of resorcinol from 98 to 9
after the first recycle.

After a second reaction cycle, the conversion decrea
another 2%. In the following four reaction cycles, ho
ever, the conversion remained constant at ca. 89%. Ne
theless, the selectivity to 7-hydroxy-4-methylcoumarin
not change; it remained constant at ca. 98% for all
cycles. The deactivation of the catalyst is low, althou
coke formation by aromatic resorcinol or coumarin w
expected [15–19]. Apart from a rapid and high conv
sion (> 98%) of resorcinol with the ethyl acetoacetate,
formed coumarin precipitates in refluxing toluene in high
lectivity (98%). Therefore, a strong adsorption/deposition
-5
Table 1
Acidic capacity of the catalysts

Catalyst SAC 13 SAC 40 SAC 80 NR 50 Amb. 15 H-BEA H-Y(US) H-ZSM
Capacity (mequiv of H+/g) 0.08 0.25 0.43 0.89 4.30 0.49 0.14 0.19
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Scheme 2. Reaction of resorcinol and acrylic acid.
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Fig. 3. Synthesis of 7-hydroxy-3,4-dihydrocoumarin with different hete
geneous catalysts.

the solid product on the solid catalyst is more difficult. T
may probably explain the low deactivation of the catalys

For the complete reactivation of SAC 80, a washing p
cedure with diluted nitric acid [14] or hydrogen peroxi
solution can be applied. After this treatment, either with
tric acid or with hydrogen peroxide, the original activity
the catalyst with 98% conversion of resorcinol can be
stored. Due to the possibility to regenerate the catalyst
the fact that the reaction did not continue after the cata
was removed, Nafion leaching in nonpolar toluene can be
cluded. As reported in the literature, the Nafion resin/si
composite materials produced by an in situ sol–gel techn
exhibit for several reaction types excellent lifetime sta
ity [14]. The Nafion particles are well entrapped in the sil
network.

3.2. Synthesis of 7-hydroxy-3,4-dihydrocoumarin

A modification of the Pechmann reaction involves the
of an α,β-unsaturated carboxylic acid instead ofβ-keto-
esters. The reaction of resorcinol (1) with acrylic acid (4) to
7-hydroxy-3,4-dihydrocoumarin (5) (Scheme 2) was foun
to involve esterification followed by ring closure.

As emphasized in the literature [7], ring closure is fas
than the Fries rearrangement. The formation of the con
utive product [1,2-b:5,4-b]dipyran-2,8-dione (6) [7] is also
-

Fig. 4. Synthesis of 7-hydroxy-3,4-dihydrocoumarin with reused, nonr
nerated SAC 80.

observable by GC-MS. Fig. 3 shows the results of the s
thesis of 7-hydroxy-3,4-dihydrocoumarin from resorcin
and acrylic acid with different heterogeneous catalysts in
fluxing toluene.

Also in this reaction, SAC 40 and SAC 80 led to t
best results. After the short contact time of only 2 h,
yield of the desired coumarin was enhanced from 78% u
86% by increasing the amount of Nafion in silica from 13
40%, whereas with the pure Nafion NR 50 only 64% yi
was achieved. Since the number of the acid sites is lo
Nafion/silica composites with 13 or 40% loading of Nafi
show increasing selectivity up to 95 and 94%, respective

On account of the high yield of 80% obtained, Amberl
15 is here more competitive with the Nafion/silica comp
ites than the pure Nafion NR 50. H-BEA demonstrate
high selectivity to5 (88%) but still too low activity (59%)
As in the case of the Pechmann reaction to 7-hydrox
methylcoumarin, low activity of the acidic H-Y(US) or H
ZSM-5 zeolites could be confirmed.

In further experiments, the recycling of SAC 80 was
amined. Fig. 4 describes the gradual decrease of the ca
activity until its complete loss after four cycles.

As presented in Fig. 3 and Table 1, a decreased num
of acid sites seems to be responsible for the observe
crease in selectivity to5. Furthermore, contamination of th
catalyst can also reduce the number of acid sites. Hence
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formation of the consecutive product6 decreases with th
deactivation grade of the catalyst. Experiments with S
80 in diluted reaction mixtures did not lead to substan
improvement of selectivity to5 and to reduced coke for
mation on the catalyst. For example, the use of a two
or threefold amount of toluene improves the selectivity t5
around 2%.

It has to be pointed out that the formation of the side pr
uct6 affords only 1 equiv of resorcinol and 2 equiv of acry
acid. If the by-product6 is formed, unchanged resorcin
is expected in the reaction mixture. Nevertheless, resorc
could not be detected in the reaction solution. Therefor
might be that the unchanged resorcinol is adsorbed on
SAC 80 and might be responsible for coke formation on
catalyst.

The easy adsorption of resorcinol can be demonstr
by stirring the catalyst separately with each reactant, re
cinol as well as acrylic acid, under the reaction conditi
in toluene. In the case of resorcinol, the catalysts beco
rapidly dark.13C MAS NMR measurements with treate
SAC 80 explained the supposed strong adsorption of re
cinol (Fig. 5). The13C NMR measurements were carried o
after washing the catalyst several times with acetone.
With the adsorption on SAC 80, the symmetry of reso
nol is lost. In the spectrum of the adsorbed resorcinol, m
signals for the nonequivalent positions can be obser
The signals at 106.6 and 154.3 ppm (spectra A) are c
acteristic for symmetric carbons of the original resorcin
On the other hand, four signals at 110.4, 118.2, 151.9,
164.7 ppm in the spectra of treated catalyst (spectra B)
observable. The peak at 29.3 ppm can be assigned to tol

Treatment with acrylic acid did not result in catalyst d
activation. By13C MAS NMR, it was not possible to dete
any acrylic acid on the catalyst after washing with aceto
After treatment in acrylic acid solution, the colorless SA
80 showed its maximal performance when it was used a
in the synthesis of 7-hydroxy-3,4-dihydrocoumarin5. In this
way, it could be concluded that resorcinol but not acrylic a
adsorption constitutes the main cause for catalyst deac
tion.

Due to the high deactivation of the Nafion resin/sil
composites by coke, a consecutive regeneration step is
essary. The best method to achieve the original perform
of the catalyst proved here to be the regeneration with a
ous H2O2. Also in this case, a complete catalyst regenera
is possible.
Fig. 5.13C MAS NMR measurements of contaminated SAC 80 and resorcinol.
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4. Conclusion

Nafion resin/silica nanocomposite materials have b
shown to give excellent activity in the synthesis of 7-hydro
coumarins. The synthesis of 7-hydroxy-4-methylcoum
(81–96% yield) from resorcinol and ethyl acetoacetate
toluene is performed very satisfactorily and with short re
tion time by using composites with 40% (SAC 40) and 8
(SAC 80) content of Nafion on silica. The composites
directly recyclable; only a low catalyst deactivation occu

Similar reaction conditions were applied in the synthe
of 7-hydroxy-3,4-dihydrocoumarin (86–88% yield) from r
sorcinol and acrylic acid. Composites with 40% (SAC 4
and 80% (SAC 80) loading of Nafion on silica are again
most promising catalysts. However, in this last case, high
activation of the catalysts occurs due to the strong resorc
adsorption and the catalyst has to be regenerated by
ment with H2O2 solutions.
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