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Abstract
The 2,4,6-trisubstituted pyridines constitute an important family of heterocyclic compounds widely used in industry, espe-
cially in pharmaceuticals, making their preparation a crucial challenge for organic chemists. In continuation of our approach 
in the preparation and development of new catalytic systems, we present in this paper a highly efficient one-step synthesis 
of triarylpyridine by Al/Ag3PO4 phosphate bimetallic catalysis from the condensation of acetophenone derivatives, aryl 
aldehydes, and ammonium acetate under mild and environmentally friendly conditions. This methodology offers several 
advantages: excellent yields and shorter reaction times. In addition, the catalyst exhibited remarkable reusable activity. Com-
pared to previous methods, our procedure allows a very flexible, more straightforward, faster, and more efficient preparation 
of substituted pyridines.
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Introduction

Pyridine derivatives are considered an important class of 
aza-heterocycles present in many natural products for phar-
maceutical use [1, 2]. Due to their π-stacking ability, they 
are widely used in industry as anti-HIV and anticancer drugs 
in medicine, pesticides, and organic materials in agriculture, 

etc. Among the pyridine derivatives, 2,4,6-triarylpyridines 
are helpful in the industry since they are used as intermedi-
ates in synthesizing drugs as antioxidants, anticancer, and 
antibacterial agents [3–5].They are also used as interme-
diates in synthesizing insecticides, herbicides, surfactants, 
and photosensitizers [6]. Furthermore, 2,4,6-triarylpyridine 
derivatives possess exciting antibacterial activities against 
Gram-negative E. coli bacteria and Gram-positive S. albus 
bacteria. These derivatives have shown interesting antifungal 
activity against Candida albicans and are used as standard 
drugs against this fungi [7, 8].

Recently, a variety of methods have been reported for 
the synthesis of 2,4,6-triarylpyridine derivatives [9, 10]. 
However, the most common route involves the catalytic 

 *	 Achraf El Hallaoui 
	 achraf.el.hallaoui@uit.ac.ma

 *	 Abdelaziz Souizi 
	 souizi@yahoo.com

1	 Organic, Inorganic Chemistry, Electrochemistry, 
and Environment Laboratory, University of Ibn Tofail, 
Faculty of Sciences, Po Box 133, 14000 Kenitra, Morocco

http://orcid.org/0000-0001-5352-4260
http://crossmark.crossref.org/dialog/?doi=10.1007/s00706-022-03023-6&domain=pdf


232	 A. El Hallaoui et al.

1 3

condensation of acetophenones, aldehyde, and another 
product, such as a nitrogen source. For example, in 2014, 
Moosavi–Zare et al. applied oxozirconium chloride (ZrOCl2) 
as catalytic support to develop an efficient method for syn-
thesizing 2,4,6-triarylpyridines [11]. After that, Tabrizian 
et al. used nanoparticles of titanium-based sulfonic acid 
(NP-TSA) as a heterogeneous catalyst for synthesizing these 
derivatives [12]. In 2017, cerium (IV) carboxymethylcellu-
lose (CMC CeIV) was found to be an efficient and recyclable 
heterogeneous catalyst for the synthesis of 2,4,6-triarylpyri-
dine derivatives via the multicomponent reaction [13]. In 
2019, Wu et al. developed the cyclization of acetophenone 
and ammonium acetate with methane release using copper 
catalysis to synthesize polysubstituted pyridines [14]. In 
2020, Xiao-Yu et al. developed a chemo-selective synthe-
sis of 2,4,6-trisubstituted pyridines under mild conditions 
using a heterogeneous solid-phase catalyst based on Merri-
field resin [15]. Recently, Roozifar and Hazeri used salicylic 
acid as a catalyst under solvent-free conditions for one-pot 
synthesis of 2,4,6-triarylpyridine derivatives [16]. Despite 
their effectiveness, these methods are still limited to high 
temperatures, low yields, longer reaction times, and other 
harsh conditions. Therefore, an efficient way to quickly con-
struct the pyridine motif is urgently desirable. Encouraged 
by our successful strategies which have already published 
regarding the preparation and application of new heteroge-
neous catalysts in organic chemistry [17–19], we present in 
this paper a novel method for the synthesis of 2,4,6-triph-
enylpyridine derivatives via catalyzed condensation by our 
bimetallic support Al/Ag3PO4 of NH4OAc with benzalde-
hyde and acetophenones derivatives. Our research teams pre-
pared this catalyst for the first time by modifying the triple 
superphosphate with silver and aluminum. We have already 
applied Al/Ag3PO4 as a heterogeneous catalyst in organic 
chemistry. It showed excellent efficiency and selectivity, 
encouraging us to extend its use to other more complicated 
organic reactions [19].

Results and discussion

First, we chose the reaction between acetophenone (1a), 
NH4OAc, and benzaldehyde (2a) as a model reaction 
(Scheme 1) to test the catalytic efficiency of our support 
and optimize the reaction conditions (Table 1).

Indeed, using bimetallic support (Al/Ag3PO4) as a cat-
alyst improved the conversion until it reached 66% in a 
minimum time of 40 min (Table 1, entry (2)). In compari-
son, the reaction only gave 25% after 360 min of reaction 
time in free-catalyst conditions (Table 1, entry (1)). In 
addition, using Ag3PO4 as a catalyst in the same conden-
sation allows us to obtain the final product with a yield 
of 39% for 120 min of reaction time. From these results, 
we can conclude two essential things: Al/Ag3PO4 can 
be considered as an effective catalyst. At the same time, 
the modification by aluminum allowed us to improve the 
capacity and selectivity of the catalyst for the synthesis of 
triarylpyridine derivatives. Furthermore, the high catalytic 
activity of our modified catalyst prompted us to optimize 
the reaction conditions starting with the effect of the sol-
vent on the kinetics and the yield of the reaction. For this, 
different solvents were tested on the model reaction (protic 
polar, aprotic polar, apolar) (Table 2).

Scheme 1

Table 1   Catalytic test of Al/Ag3PO4

Reaction conditions: acetophenone (2  mmol), benzaldehyde 
(1  mmol), and ammonium acetate (NH4OAc, 1.5  mmol); aisolated 
yield

Entry Catalyst Time/min Yielda/%

1 Without catalyst 360 25
2 Al/Ag3PO4 40 66
3 Ag3PO4 120 39
4 Recovered solvent 40 Trace
5 Recovered solvent 360 10
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From the experimental results (Table 2), it can be noticed 
that the kinetics of the reaction is greater and give excellent 
results when the condensation was carried out in the polar 
protic and polar aprotic solvents (Table 2, entries 2, 3, 6–9) 
up to 77% in a minimum time of 40 min, in presence of 
modified catalyst, using ethanol or DMF as solvent. Further-
more, the reaction was carried out under solvent-free condi-
tions giving a yield of 44% in a time of 60 min, while the 
reaction gives low yields in a long time using apolar solvents 
(Table 2, entry (5). The stability of triarylpyridine interme-
diates can explain these results in polar solvents, making it 
easy to form the final product with a lower energy level than 
reactants. Also, the optimization of the temperature shows 
that this parameter can improve the yield of the reaction until 
it has become constant at reflux temperature.

Subsequently, considering the environmental context, it 
was concluded that ethanol was the best choice for synthe-
sizing triarylpyridine derivatives catalyzed by Al/Ag3PO4. 
After that, we tried to optimize the amount of catalyst for 
model reactions. Our optimization studies revealed that 
yields increased smoothly with catalyst loading up to 8 mg, 
then remained unchanged after this mass (Table 3).

Encouraged by excellent results and optimized reaction 
conditions, the scope of this transformation was examined 
with different acetophenone and aromatic aldehyde. The 
complete set of results is presented in Table 4. Indeed, a 
wide range of aromatic aldehydes and acetophenones were 
found to be appropriate substrates for this condensation. It 
can be noted that the use of aldehyde or acetophenone with 
an electron-donating group increases the rate and yield of 
the reaction. Indeed, it makes it possible to obtain the final 
product with a good yield (92%) after 20 min of reaction 
time (entries 3 and 4). While, the excellent reaction yield 

(95%, 20 min) was obtained via the condensation of alde-
hyde and acetophenone substituted by e electron-donating 
groups (entry 5) [21]. This result can be explained by the 
activity of the carbonyl function of the aldehyde and aceto-
phenone due to the electron donor groups and the mesomeric 
effect. Indeed, the donor group increases the interactions 
between the reagents and the catalyst, thereby affecting their 
adsorption on the catalytic surface, and thus making it pos-
sible to accelerate the reaction rate and to obtain the product 
with a good yield in short reaction times.

Based on previous studies reported in the literature [29, 
30], a plausible reaction mechanism has been proposed 
to explain the intervention of our catalyst in the reaction 
medium and in the formation of intermediates and prod-
uct 4a (Scheme 2). Initially, the catalyst activates an aldol 
condensation between the aldehyde and the first molecule 
of acetophenone to generate the intermediate (I) 1, 3-diaryl-
2-propen-1. In contrast, the second acetophenone molecule 
reacts with ammonia, forming enamine (II). Then the latter 
reacts with intermediate (I) via Michael addition, followed 
by intramolecular cyclization to provide the dihydropyridine 
product. Finally, air oxidation yielded the final product.

To show the high catalytic activity of our catalyst and its 
durability, we have studied the reusability of Al/Ag3PO4. The 
model reaction of acetophenone (1a) with benzaldehyde (2a) 
and NH4OAc (3) was studied under optimized conditions. 
After the completion of the reaction (indicated by TLC), the 
catalyst was separated by filtration, washed with hot ethanol 
and acetone, and dried at 100 °C. The recovered catalyst was 
reused in subsequent reactions without a significant decrease 
in activity even after five trials (Fig. 1). The structural stabil-
ity of our catalyst can explain this result during the recycling 
process, and we can conclude from the XRD and FTIR spec-
trum (Figs. 2, 3), which show that the structure of Al/Ag3PO4 

Table 2   Solvent and temperature effect on the synthesis of 2,4,6-tri-
phenylpyridine

Reaction conditions: acetophenone (2  mmol), benzaldehyde 
(1  mmol), and ammonium acetate (NH4OAc, 1.5  mmol); aisolated 
yield

Entry Solvent Temperature/°C Time/min Yielda/%

1 Solvent-free 120 60 44
2 Ethanol Reflux 40 77
3 Methanol Reflux 40 63
4 Water Reflux 90 22
5 Cyclohexane Reflux 90 Trace
6 Acetonitrile Reflux 40 31
7 DMF Reflux 40 77
8 THF Reflux 40 83
9 Dichloromethane Reflux 40 76
10 Ethanol r.t 120 35
11 Ethanol 40 120 50
12 Ethanol 60 60 60

Table 3   Effect of amount of catalyst on reaction yield and kinetics

Reaction conditions: acetophenone (2  mmol), benzaldehyde 
(1  mmol), and ammonium acetate (NH4OAc, 1.5  mmol); aisolated 
yield

Entry Amount of catalyst/
mg

Time/min Yielda/%

1 1 90 30
2 2 90 43
3 3 60 55
4 4 60 63
5 5 40 71
6 6 49 80
7 7 30 84
8 8 30 89
9 9 30 88
10 10 30 86
11 11 30 88
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remains unchangeable even after five cycles of reuse. Fur-
thermore, the EDX spectrum (Fig. 4) shows that the chemical 
composition of our catalyst is unchangeable, which confirms 
the stability and heterogeneity of Al/Ag3PO4 in the reaction 
medium.

In the last part of this study, we compared our results with 
those existing in the literature using other catalysts (Table 5). 
According to this comparison, we can notice two main things; 
first, catalysts applied to the synthesis of 2,4,6-triarylpiridine 
derivatives are few, which shows the difficulty of this conden-
sation. Second, most catalysts activate the reaction in a reason-
ably long time. While Al/Ag3PO4 can start the condensation 
between aromatic aldehyde, acetophenone, and ammonium 
acetate under mild ecological conditions and in a minimum 
time that ranges between 20 and 90 min, which makes it an 
efficient, ecological, and alternative catalyst that gives us a 
new process for the synthesis of triarylpyridine derivatives.

Conclusion

In conclusion, we presented a new and green catalytic 
method for synthesizing 2,4,6-triarylpyridine derivatives via 
Claisen–Schmidt condensation—Michael addition reaction 

using further bimetallic support Al/Ag3PO4 as heteroge-
neous catalyst. The results show that we have developed 
a highly efficient catalyst for the one-pot condensation of 
acetophenone derivatives, ethyl acetate, and aromatic alde-
hyde. The use of our catalyst offers advantages: accessibility 
to a wide range of triarylpyridine derivatives with excel-
lent yields in short reaction times, the minimum amount 
of catalyst associated with promoting the reaction, use of 
inexpensive starting materials, eco-friendliness, and mild 
ecological conditions. The comparative study confirmed that 
the present method could be an alternative and a new way to 
synthesize 2,4,6-triarylpyridine derivatives.

Experimental

All reactions were carried out in dried glassware at a tem-
perature of 150 °C. All reagents obtained from commercial 
sources (SigmaAldrich, Riedel-de-haen, and Fluka) were 
used without purification. The commercial grade purity 
of aldehydes, acetophenone derivatives, and ammonium 
acetate is  ≥ 97%,  ≥ 98%, and 99% respectively. Thin-layer 
chromatography (TLC) was performed on pre-coated glass 
plates of Silica Gel 60 F254 (0.25 mm, Merck), and UV 
light for TLC analysis was a UVGL-25 compact UV lamp 

Table 4   Synthesis of 2,4,6-triarylpyridines derivatives from different acetophenone and aromatic aldehyde 

Reaction conditions: acetophenone (2 mmol), benzaldehyde (1 mmol), ammonium acetate (NH4OAc, 1.5 mmol), ethanol at reflux, and 8 mg of 
catalyst; aisolated yield

Entry R1 R2 Product Time/min Yield/% Melting point/°C

Found Lit

1 H H 4a 30 89 132–134 132–134 [20]
2 H Cl 4b 20 92 172–174 174–176 [21]
3 H NO2 4c 20 92  > 260 314–316 [22]
4 Cl H 4d 20 90 124–126 120–122 [23]
5 Cl Cl 4e 20 95 146–148 149–151 [23]
6 Cl NO2 4f 20 90 162–164 158–160 [22]
7 Cl NH2 4g 20 82 210–212 209–211 [24]
8 Cl Me 4h 20 88 134–136 138–140 [12]
9 Cl OMe 4i 20 92 136–140 130–132 [25]
10 OH H 4j 40 80 124–126 126–128 [26]
11 NO2 H 4k 40 87 178–180 184–186 [27]
12 Fural H 4l 90 65 106–108 110–112 [28]
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Scheme 2
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Fig. 1   Catalyst reuse Fig. 2   Comparison of the XRD spectra of the recovered catalyst and 
that of the fresh catalyst



236	 A. El Hallaoui et al.

1 3

(4 W/254 nm). Melting points were determined with a Kofler 
bench (MP-2D melting apparatus melting apparatus with a 
temperature range 0–260 °C). 1H NMR and 13C NMR were 
recorded by Bruker AC-300 F (300 MHz for 1H and 75 MHz 
for 13C). Chemical shifts are in ppm from Me4Si, generated 
from the CDCl3 signal at δ = 7.24 and 77.16 ppm for 1H and 
13C NMR, respectively. Multiplicities are reports using the 
following abbreviations: s = singlet, d = doublet, t = triplet, 
q = quartet, p = pentet, m = multiplet, dd = doublet of dou-
blets; J = coupling constant values in Hertz.

General procedure for the one‑pot synthesis 
of 2,4,6‑triarylpyridines

The synthesis of 2,4,6-triarylpyridine derivatives was carried 
out from a mixture of acetophenones (2 mmol), aromatic 
aldehydes (1 mmol), and ammonium acetate (0.8 mmol) 
in the presence of 8 mg of Al/Ag3PO4 as heterogeneous 
catalyst. This mixture was stirred at the reflux temperature 
of ethanol which was used as an optimum solvent. Once 
the reaction is complete (monitored by TLC), the reaction 

Fig. 3   Comparative study of FTIR analysis of fresh and recovered 
catalyst

Fig. 4   EDX spectrum of fresh and recovered catalyst
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mixture is filtered to separate the catalyst. The filtrate was 
cooled in an ice bath, and the 2,4,6-triarylpyridine crystals 
precipitated. Finally, the desired compounds were obtained 
in their crystalline form by recrystallization using an ethanol 
solution.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00706-​022-​03023-6.

Data availability  Data analyzed in this work were a re-analysis of exist-
ing data, which are openly available at locations cited in the reference 
section. Further documentation about data processing and analysis are 
available as supplementary data.
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Table 5   Comparative study 
between Al/Ag3PO4 and other 
catalysts applied to the synthesis 
of triarylpyridine derivatives

Catalyst Conditions Time/h Yield/% Reference

Solvent Temperature/°C

KOH EtOH Reflux 4 to 10 61–71 [31]
Solar radiation DES 70 2 65–85 [32]]

DBU AcOH 110 8–12 69–80 [33]
MCs–Cu(II) nano catalyst Solvent-free 90 8 70–90 [34]
ZnO nanopowder Solvent-free 120 20–150 min 75–95 [35]
I2 Solvent-free 120 6 48–61 [23]
Al/Ag3PO4 EtOH Reflux 20–90 min 69–93 This work
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