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Abstract: Organic solvents are required to carry out most organic transformations, which cause envi-
ronmental pollution because of their low volatility. Glycerol, a side product obtained from biodiesel 
production, has emerged as a friendly solvent due to its advantageous properties. In this paper, an effi-
cient procedure for the synthesis of flavones and chromones, using heteropolyacids as recyclable cata-
lyst and glycerol as the solvent, is presented. The use of heteropolyacids as catalysts allows for excel-
lent yields, easy separation and recovery, low environmental impact, and low cost. Glycerol can also be 
readily recovered and used over again. In addition, the presented method provides other advantages 
such as the low formation of waste and the replacement of corrosive mineral acids. 
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1. INTRODUCTION 

 The design of suitable procedures for the synthesis of 
typical and new compounds is an area of huge interest since 
the early nineties when Green Chemistry emerged. These 
‘green’ procedures seek to reduce contamination by the use 
of strategies that include processes with high atom economy, 
the utilization of recyclable catalysts, and alternative energy 
sources in order to reduce energy consumption, such as 
sonochemistry, microwave or light, avoiding the use of sol-
vents and auxiliary substances [1].  
 The replacement of conventional solvents with more en-
vironmentally friendly alternatives is one of the main targets 
in Green Chemistry, especially in organic synthesis, where 
the use of solvents accounts for 80%-90% of mass utilization 
in a typical process, which makes it the main source of waste 
both in industries and laboratories [2-5]. 
 Glycerol is usually produced as a by-product of triglyc-
eride transesterification in the production of natural fatty 
acid derivatives, such as biodiesel. These acid derivatives are 
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employed in many areas from pharmaceuticals and food 
products to alternative fuels [6]. Therefore, as the production 
of glycerol rises, its price decreases. In addition, glycerol is a 
biodegradable, innocuous, recyclable and reusable liquid 
manufactured from renewable sources, and shows similar 
properties to an ionic liquid [2, 7]. Recently, Diaz-Álvarez et 
al. published a review article on the different applications of 
glycerol as a suitable solvent in organic reactions [8].  
 Several synthetic transformations have been conducted in 
glycerol in recent years, most of them with similar and even 
higher efficiency and selectivity than those performed in 
conventional organic solvents [9]. 
 In addition to the use of new solvents in organic synthe-
sis, catalysis represents an excellent alternative to increase 
the reaction selectivity and minimize secondary product for-
mation. Heterogeneous solid acids have many advantages 
over conventional homogeneous acid catalysts as they can be 
easily recovered from the reaction mixture. Among the het-
erogeneous catalysts, heteropolyacids (HPAs) and related 
compounds are a field of increasing importance worldwide. 
We reported the use of an HPA catalyst with a Keggin struc-
ture for different organic transformation reactions, for exam-
ple, azlactones [10], quinoxalines [11], xanthenes [12], 
dihydropyrimidinones [13], hexahydropyrimidines [14], qui-
nolines [15], and imidazoles [16]. 
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 On the other hand, flavones (2-phenylchromones) and 
other arylchromones, such as 2-naphthylchromones and 2-
furylchromones, are a group of organic compounds having 
the benzo-γ-pyrone skeleton, mostly containing OH as a 
substituent, which are members of the natural product family 
called flavonoids [17, 18]. Flavones are widely distributed in 
nature, especially in the plant kingdom, in many cases as 
glycosides. They are secondary metabolites found in stems, 
leaves, buds, bark, thorns, roots, rhizomes, flowers, pollen, 
fruits, seeds, and roots [19, 20]. 
 Many flavones exhibit different biological properties, for 
example, anti-HIV [21], antiallergenic [22], anxiolytic [23], 
gastroprotective [24], anticarcinogenic [25], antioxidant [26, 
27], antibacterial [28, 29], antifungal [28], and antiviral [29] 
activity. Besides, the monoamine oxidase enzyme inhibition, 
which catalyzes the deamination of a range of monoamines 
producing H2O2 and the corresponding amines, has been 
reported [30]. Furthermore, flavones have a repelling prop-
erty against some phytophagous insects (Spodoptera litura, 
Spodoptera frugiperda and Coptotermes sp. subterranean 
termite) [31-33]. 
 Given the great importance of flavones and related com-
pounds, several methods for their synthesis have been devel-
oped, including acylation of 4-hydroxycoumarins and cy-
clodehydration [17] cyclization of chalcones [34], Wittig 
reaction [35], and Kostanecki-Robinson strategy [36]. One of 
the most widely used procedures consists of the acylation of 
an o-hydroxyacetophenone with an aromatic acid halide ob-
taining an aryl ester, which, in the presence of one basic 
catalyst (the Baker-Venkataraman rearrangement), is trans-
formed into a 1,3-diaryl-1,3-diketone, and finally gives a 2-
arylchromone by cyclodehydration [35, 37]. Several catalytic 
processes have been described to perform this transforma-
tion, e.g., sulfuric acid [38], copper (II) chloride in ethanol 
and microwave radiation [39], P2O5 under grinding condi-
tions [40], cationic exchange resins in isopropanol [41], 
Preyssler and Wells-Dawson heteropolyacids bulk and sup-
ported on silica [42,43], and KHSO4 under solvent-free con-
ditions [44]. 
 In this letter, we report a simple, clean and environmentally 
friendly procedure for the preparation of flavones and chro-
mones from 1-(2-hydroxyphenyl)-3-aryl-1,3-propanodione 
using H3PMo12O40 as a recyclable catalyst in glycerol 
(Scheme 1). 
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Scheme (1). Synthesis of flavone and chromone derivatives in 
HPA/glycerol system. 
 

2. RESULTS AND DISCUSSION 

 This work describes the preparation of substituted fla-
vones and chromones in a reaction medium composed of a 

green solvent (glycerol, which could be obtained from bio-
mass) and a reusable catalyst (commercial PMo). The fla-
vone and chromone synthesis involves the cyclodehydration 
of 1-(2-hydroxyphenyl)-3-aryl-1,3-propanodiones (Scheme 1).  

 Initially, a noncatalytic system using 1-(2-
hydroxyphenyl)-3-phenyl-1,3-propanodione (1 mmol) and 
glycerol (30 mmol) was tested. It was observed that under 
the experimental conditions (120°C, 30 min) only a 10% 
yield of flavone was detected. This indicates that, from a 
practical point of view, the reaction practically does not take 
place in the absence of a catalyst (Table 1, entry 1). 

 Then, two Keggin heteropolyacids (PMo and SiMo) were 
tested in the previous reaction, obtaining excellent results at 
120°C in 30 min. The highest yield was attained using PMo 
catalyst (99%, Table 1, entry 2) and a lower yield was ob-
tained with SiMo (90%, Table 1, entry 3), according to the 
decrease of their acidic strength [45], associated to the major 
susceptibility to reduction of SiMo to form the ‘heteropoly 
blue’, which result in a decrement of the acidity [46].  
 

Table 1. Effect of catalyst on flavone yield. 

Entry Catalyst Yield (%)a 

1 None 10 

2 PMo 99 

3 SiMo 90 

Reaction conditions: 1-(2-hydroxyphenyl)-3-phenyl-1,3-propanedione, 1 mmol; cata-
lyst, 5% mmol; glycerol, 30 mmol; reaction time, 30 min; temperature, 120°C; stirring. 
aDetermined by GC. 

 

 The influence of temperature on 1-(2-hydroxyphenyl)-3-
phenyl-1,3-propanodione conversion was analyzed using 5% 
mmol of PMo, and the results are listed in Table 2. In order 
to obtain the optimal temperature, the reaction was studied at 
six temperatures (20, 60, 80, 100, 120, and 140°C, Table 2). 
The experimental reaction conditions were: 1-(2-
hydroxyphenyl)-3-phenyl-1,3-propanodione (1 mmol), PMo 
5% mmol, stirred for 30 min. No reaction was observed at 20 
and 60°C (Table 2, entries 1 and 2), and a low flavone yield 
(5%) at 80ºC (Table 2, entry 3). A temperature increase led 
to a higher flavone yield. For example, for a reaction time of 
30 min at 100°C, the flavone yield was 75% (Table 2, entry 
4) and at 120°C, at the same time, it was 99% (Table 2, entry 
5). Finally, at a higher temperature (140°C) the reaction 
yield was considerably lower (90%, Table 2, entry 6), due to 
the several unidentified side products that were detected by 
TLC. For this reason, 120°C was used as the ideal tempera-
ture to continue the analysis of other reaction variables.  

 Besides, flavone synthesis was studied as a function of 
reaction time at 120ºC, and the results are shown in Table 3. 
It can be seen that the flavone yield increased with the reac-
tion time up to 30 min, and then it remained at a constant 
level (99% at 30 min and 99% at 45 min, Table 3, entries 3 
and 4). 
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Table 2. Effect of temperature on flavone yield. 

Entry Temperature (°C) Yield (%)a 

1 20 - 

2 60 - 

3 80 5 

4 100 75 

5 120 99 

6 140 90 

Reaction conditions: 1-(2-hydroxyphenyl)-3-phenyl-1,3-propanedione, 1 mmol; PMo, 
5% mmol; glycerol, 30 mmol; reaction time, 30 min; stirring. a Determined by GC. 

 
 Table 4 displays the effect of the amount of PMo catalyst 
on the flavone yield. The experimental reaction conditions 
were: 1-(2-hydroxyphenyl)-3-phenyl-1,3-propanodione, 1 
mmol; glycerol, 30 mmol; 120°C; 30 min, and different 
amounts of PMo (1, 3, 5, 7 and 10% mmol). It can be ob-
served that the yields improved from 79% to 99% when the 
amount of PMo increased from 3% to 5% mmol (Table 4, 
entries 2 and 3). No relevant changes in reaction yields were 
observed with further increase of the amount of PMo (7% 
mmol, 98%, Table 4, entry 4). Thus, 5% mmol of PMo is a 
suitable amount for this reaction. 
 
Table 3. Effect of reaction time on flavone yield. 

Entry Reaction time Yield (%)a 

1 10 43 

2 20 82 

3 30 99 

4 45 99 

5 60 97 

Reaction conditions: 1-(2-hydroxyphenyl)-3-phenyl-1,3-propanedione, 1 mmol; PMo, 5% 
mmol; glycerol, 30 mmol; reaction temperature, 120°C; stirring. a Determined by GC. 
 
Table 4. Effect of catalyst amount (PMo) on flavone yield. 

Entry Catalyst amount  
(% mmol) Yield (%)a 

1 1 23 

2 3 79 

3 5 99 

4 7 98 

5 10 99 

Reaction conditions: 1-(2-hydroxyphenyl)-3-phenyl-1,3-propanedione, 1 mmol; glyc-
erol 30 mmol; reaction temperature, 120°C; reaction time, 30 min; stirring. aDeter-
mined by GC. 

 The reuse of the catalyst was investigated in consecutive 
cyclodehydration reactions of 1-(2-hydroxyphenyl)-3-
phenyl-1,3-propanodione. At the end of each run, the reac-
tion product was extracted with ethyl acetate, and the glyc-
erol/PMo system was used in the next run. The results, 
which are presented in Table 5, showed that the glycerol/ 
catalyst system was reused in four sequential runs, and no 
appreciable loss of its catalytic activity was observed (99%, 
97%, 97%, and 96% of flavone yield, respectively). 
 

Table 5. Flavone yield in glycerol/PMo system reuse. 

Entry Catalytic Cycle Yield (%)a 

1 1 99 

2 2 97 

3 3 97 

4 4 96 

Reaction conditions: 1-(2-hydroxyphenyl)-3-phenyl-1,3-propanedione, 1 mmol; PMo, 
5% mmol; glycerol, 30 mmol; reaction temperature, 120°C; reaction time, 30 min; 
stirring. a Determined by GC. 
 

 Taking into account the optimized conditions: substituted 
1-(2-hydroxyphenyl)-3-aryl-1,3-propanodione (1 mmol), 
glycerol (30 mmol), PMo (5% mmol) at 120°C, and 20-30 
min, twelve flavones and chromones were prepared with 
excellent yields (82%-98%, Tables 6 and 7). The desired 
products were obtained in all the cases with high selectivity, 
almost free of secondary products. No relevant stereoelec-
tronic effects on the yields due to the substituent were ob-
served.  

 Finally, in order to quantify how much 'greener' the 
methodology is, the atom economy (AE), environmental 
factor (E factor), and process mass intensity (PMI) were cal-
culated for each reaction product (see Supplementary Mate-
rial) [47]. These parameters, listed in Tables 6 and 7, show 
that the reactions are theoretically green, because of the high 
AE value (> 92%), which is experimentally confirmed by the 
low E factor and PMI values (< 19, the typical values in fine 
chemistry being between 5 and 50).  

 In addition, the green parameters, namely, reaction yield 
(RY), the reciprocal of stoichiometric factor (1/SF), atom 
economy (AE), reaction mass efficiency (RME), and mate-
rial recovery parameter (MRP), are represented in a penta-
gon, in order to detect the most sensitive points for a suitable 
reaction [48]. Each axis varies between zero and one, repre-
senting the greenest process when all parameters are equal to 
one, which results in a regular pentagon (see Supplementary 
Material). Figs. (1 and 2) show the radial pentagon for the 
synthesis of flavone and 2-(2-furyl)chromone, respectively. 
It is observed that the metrics values are close to the vertices 
of the radial pentagon in both syntheses, indicating that they 
are greener processes. MRP is equal to 1 because the cata-
lyst, reaction and purification solvents were quantitatively 
recovered and water is the only by-product. 
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Fig. (1). Radial pentagon for the synthesis of flavone. 

 

 
 
Fig. (2). Radial pentagon for the synthesis of 2-(2-furyl)chromone. 

 

Table 6. Synthesis of substituted flavones. 

Entry Product Time (min) Yield (%)a AE (%) E Factor PMI 

1 
O

O  

20 89 92.5 14.28 15.28 

2 
O

O

H3CO

 

20 85 93.3 13.24 14.24 

3 
O

O

Cl

 

30 
82 

 
93.5 13.50 14.50 

4 
O

O

Cl

 

30 83 93.5 13.32 14.32 

5 
O

O

Br

 

30 81 94.4 11.71 12.71 

6 
O

O

H3C

 

20 93 92.9 12.82 13.82 

Reaction conditions: 1-(2-hydroxyphenyl)-3-aryl-1,3-propanediones, 1 mmol; PMo, 5% mmol; solvent: glycerol, 30 mmol; temperature 120°C; stirring. a Isolated pure product. 
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Table 7. Synthesis of substituted chromones. 

Entry Product Time (min) Yield  (%)a AE (%) E Factor PMI 

1 
O

O

O

 

20 76 92.2 17.68 18.68 

2 
O

O

O

Cl

 

20 78 93.2 14.81 15.81 

3 
O

O  

25 88 93.8 11.83 12.83 

4 
O

O  

25 89 93.8 11.68 12.68 

5 
O

O

H3C

 

25 82 94.1 12.15 13.15 

6 
O

O

Cl

 

25 84 94.5 11.04 12.04 

Reaction conditions: 1-(2-hydroxyphenyl)-3-aryl-1,3-propanediones, 1 mmol; PMo, 5% mmol; solvent: glycerol, 30 mmol; reaction time, 20-30 min; temperature, 120°C; stirring.  
aIsolated and pure product. 
 
3. EXPERIMENTAL SECTION  

3.1. General Remarks 

 Chemicals were purchased from Aldrich, Fluka and 
Merck companies and were used after purification by  
standard procedures (distillation and recrystallization), to 
prepare the starting 1,3-diketones. H3PMo12O40 (PMo) and 
H4SiMo12O40 (SiMo) catalysts (Fluka) were dried overnight 
prior to their use. Glycerol (>99%, Sigma-Aldrich) was used 
without further purification.  

 The progress of reactions was monitored by TLC, using 
Merck silica gel GF254, 0.25 mm thickness. Ultraviolet light, 
iodine vapor, or acidic vanillin were used for TLC visualiza-
tion. Column chromatography was performed using Merck 
silica gel (230-400 mesh) following the standard methods. 

 All the yields were obtained by gas chromatography us-
ing Shimadzu 2014 equipment. The concentrations were 
calculated with an internal standard method. The products 
were identified by comparison of physical data (mp, TLC 
and NMR) with those reported or with authentic samples 
prepared by conventional methods using sulfuric acid as a 
catalyst [37]. The melting points of the compounds were 
determined in sealed capillary tubes and are uncorrected. 1H 
NMR and 13C NMR spectra were obtained on a Bruker DPX 
400 spectrometer, in CDCl3 or DMSO-d6 solutions (data are 
reported in Supplementary Material). 
 Starting 1,3-diketones were prepared following a method 
described elsewhere: commercial o-hydroxyacetophenones 
were transformed into o-benzoyloxyacetophenone, with the 
subsequent application of Baker-Venkataraman rearrange-
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ment to 1-(2-hydroxyphenyl)-3-phenyl-1,3-propanediones, 
using conventional basic catalysis in pyridine [37]. 

3.2. Representative Procedure for the Synthesis of Fla-
vone Using PMo as a Catalyst in Glycerol 

 In a 10 mL glass vial equipped with a small magnetic 
stirring bar, a mixture of 1-(2-hydroxyphenyl)-3-phenyl-1,3-
propanedione (1 mmol), glycerol (30 mmol) and PMo (5% 
mmol) was stirred at 120°C for 30 min. When the reaction 
time was over, 3 mL ethyl acetate was added in portions (3 x 
1 mL) to extract the reaction product. The extracts were 
combined, and the organic solution was dried (anhydrous 
Na2SO4) and concentrated in vacuum. The solid products 
were recrystallized from methanol, ethanol or hexane. 

3.3. Catalyst Reuse 

 After extraction of the product with ethyl acetate, the 
catalyst remains dissolved in glycerol. Thus, consecutive 
assays can be performed by adding the substrate. Catalyst 
stability tests were carried out running four consecutive ex-
periments, under the same reaction conditions.  

CONCLUSION 

 A green, versatile and simple method for the synthesis 
of flavone and chromone derivatives was developed by cy-
clodehydration of 1-(2-hydroxyphenyl)-3-aryl-1,3-propa-
nodiones, using PMo as a catalyst, in glycerol as green me-
dia, at 120ºC. 
 The use of this system afforded excellent yields, thanks 
to the catalytic capacity of PMo. The innovation of this 
methodology is the use of glycerol as a solvent that, besides 
being available from biomass, allows the use of relatively 
high temperature (120ºC, with the consequent shorter reac-
tion times). The high solubility of PMo in glycerol enables 
the easy separation of the products from the reaction medium 
by simple extraction with an organic solvent, such as ethyl 
acetate. This permits the recovery of the catalyst/solvent 
system for further use in a new catalytic cycle. 
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