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a b s t r a c t

A series of polyhydroquinoline derivatives were effectively synthesized via Hantzsch reaction in high
yields in the presence of catalytic amounts of a highly negatively charged borotungstic acid H5BW12O40
in refluxing EtOH under green and mild reaction conditions. It is a Keggin-type heteropoly acid with a
higher negative charge and strong Brønsted acidity. Moreover, a comparative mechanistical analysis of
Hantzsch reaction was made based on the structural, thermodynamical and electronic properties along
the reaction pathway using density functional theory (DFT) and quantum theory of atoms in molecules
(QTAIM) approaches.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Multicomponent reactions (MCRs) have attracted much atten-
tion and stirred up the interest of synthetic organic chemists as well
as those who are engaged in combinatorial chemistry due to their
broad increment of molecular diversity and high atom economy
effectiveness [1,2]. Although, MCRs can provide a library of inter-
esting organic compounds and conducted in a one pot fashion, they
still agonize from several drawbacks, such as usage of excessive
amount of reagents and toxic solvents, some should have been
performed under harsh reaction conditions and requiring long re-
action time [3].

The Hantzsch pseudo-four-component reaction is the oldest
(this reactionwas reported by Arthur Rudolf Hantzsch in 1881) and
most generally established strategy for the synthesis of 1,4-DHPs
Heravi), mirzaeesh@um.ac.ir
and their derivatives, several of them were found being biologi-
cally, pharmacologically and medicinally are very important com-
pounds. As a matter of fact, nowadays, some important prescribed
drug such as nifedipine A (with the brand name of Adalat) as well as
amlodipine and B, nicardipine C (Fig. 1) are known as a major Ca2þ

channels blockers, that are extensively used for treatment of
several conditions such as hypertension and angina (Fig. 1) [4,5].

4-Aryl-1,4-dihydropyridines are found being analogues of NADH
coenzymes, which have been known for acting as calcium channel
blockers. Their unique heterocyclic moieties are found in a several
bioactive compounds such as bronchodilator, antiatherosclerotic,
antitumor, vasodilator, antidiabetic, geroprotective, and heptapro-
tective agents [6]. Due to these biological importance, poly-
hydroquinoline derivatives not only have stirred up the interest of
organic synthetic chemists but also represent a challenging
research area. Thus, several approaches have been achieved and
reported for their synthesis. Among them, the most familiar and
frequently operated is the classical Hantzsch MCR including, an
appropriate aldehyde, ethyl acetoacetate, and ammonia as source of
nitrogen in AcOH or alcohols under reflux conditions [7,8]. Never-
theless, these methods show their merits as well suffer from many
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Fig. 1. Selected examples of 1,4-dihydropyridines (DHPs) demonstrating pharmacological activity.
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drawbacks such as a being done in long reaction times, requiring an
excess of organic solvent, giving low product yields, and under
harsh refluxing conditions. Thus, introductions of other alternative
methods for the synthesis of polyhydroquinoline derivatives, which
are more effective, being performed under milder reaction condi-
tions and giving higher product yields [9] are still in much demand.

Keggin type heteropoly acids (HPAs) are the most effective and
promising solid acid as proton donors. HPAs are hydrous acids
which retain the highest proton conductivity at ambient temper-
ature in comparison with other inorganic solid acids as proton
doners [10e14]. HPAs are placed in to a large family of
metaleoxygen clusters of early transition metals with general for-
mula of Hz[XxMmOy], in which M is the addenda atom and X is the
heteroatom [14e16]. Two acquainted HPAs are silicotungstic acid
(SiWA, H4SiW12O40) and phosphotungstic acid (PWA, H3PW12O40)
which both have the same Keggin structure (i.e. x¼ 1, m¼ 12, and
y¼ 40). A Keggin-type heteropoly acid has a higher negative charge
and strong Brønsted acidity. An increase in the number of protons
in Keggin heteropolyanions decreases the acidic strength [17,18].

We are interested in the catalytic activity of HPAs in organic
transformations [19e21] especially those leading to construction of
different heterocycles via MCR [23]. In this regard we have
reviewed the applications of HPAs as effective catalysts, from
different points of view [24,25]. In continuation of theses interests,
in this paper we successfully examined a highly negatively charged
borotungstic acid H5BW12O40 (hereafter denoted as BWA), where
B3þ is the central heteroatom, as an effective catalyst in the syn-
thesis of a series of polyhydroquinoline derivatives via the Hantzsch
pyridine synthesis. Concentrated on joint experimental and
computational methods, as the authors we have recently reviewed
the synthesis and properties of Hantzsch-type compounds via
combined experimental and computational viewpoints [26].

In continuation of our recent interest in joint experimental and
computational investigations on the synthesis and design of het-
erogeneous catalysts [27e30] and also mechanistical properties of
catalyzed organic reactions [31e33], In this respect, we applied
quantum chemistry approaches to obtain accurate computational
information on the energetics and electronic aspects of reaction
pathways and present sound interpretations on the priority of its
mechanistically aspects and feature.

2. Experimental

All chemicals employed to study of the catalytic behavior of the
BWA were purchased from Aldrich Merck Company and used as
received without further purification. Heteropoly acid, H5BW12O40

(BWA) was prepared, following the literature [34]. Melting points
were measured by an electrothermal 9200 apparatus. IR spectra
were recorded on the FT-IR Tensor Spectrophotometer. Nuclear
magnetic resonance (NMR) spectra were recorded on a Bruker
AVANCE 400MHz Spectrometer in CDCl3 as a solvent. All products
were known, thus the synthesis of the products were convention-
ally confirmed by comparison of their melting points, measured by
using the capillary tube method with an electro thermal 9200
apparatus, and FTIR spectra with authentic samples. As a matter of
certainty, the 1H NMR spectra of compounds 5c and 5f were
measured and the for some selected products, NMR spectra are also
given with the related references.

2.1. Synthesis of 1,4-dihydropyridines and 4-Aryl-1,4-
dihydropyridines: General Procedure.

A mixture of an appropriate aldehyde (1mmol), ammonium
acetate (1mmol) and ethylacetoacetate (2mmol) or dimedone
(1mmol), ethylacetoacetate (1mmol) in the presence of catalytic
amount of (H5BW12O40) (10mol %) was refluxed in EtOH (5ml) for
the indicated reaction time. The progress of the reaction was
monitored by TLC (7:3 n-hexane/ethylacetate). After the comple-
tion of the reaction, water (5ml) was added to the mixture. The
organic layer was extracted with ethyl acetate, dried over anhy-
drous sodium sulphate and filtered using an ordinary funnel and
filter paper by gravity. The filtrate was evaporated under reduced
pressure and the crude products were purified by recrystallization
from a mixture of ethylacetate/n-hexane to give the corresponding
products. These products were identified by comparison of their
melting points along with their FTIR spectra and in two cases (5c
and 5f) 1H NMR.

2.2. Selected spectral data

2.2.1. Ethyl-2,7,7-trimethyl-5-oxo-4-phenyl-1,4,5,6,7,8-
hexahydroquinoline- 3-carboxylate (5a):[35]

FT-IR (KBr): ymax¼ 3288, 3218, 3080, 3029, 2959, 2930, 1871,
1699, 1610, 1484 cm�1; 1H NMR (CDCl3, 300MHz): d¼ 0.92 (3H, s,
eCH3), 1.04 (3H, s, eCH3), 1.21 (3H, t, J¼ 7.20 Hz, eCH3), 2.10e2.26
(4H, m, eCH2), 2.30 (3H, s, eCH3), 4.06 (2H, q, J¼ 7.20 Hz, eOCH2),
4.66 (1H, s, eCH) 5.05 (NH, s), 7.11e7.31 (5H, m, AreH). 13C NMR
(CDCl3, 75MHz): d¼ 14.42, 19.55, 27.33, 29.77, 32.93, 36.88, 41.02,
51.04, 60.03, 106.17, 112.13, 126.22, 128.18, 128.23, 144.08, 147.33,
149.26, 167.73, 196.09.

2.1.2. Ethyl-2,7,7-trimethyl-5-oxo-4-p-tolyl-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate (5b) [35]

FT-IR (KBr): ymax¼ 3275, 3206, 3022, 2930, 1702, 1647,
1492 cm�1; 1H NMR (CDCl3, 300MHz): d¼ 0.94 (3H, s, eCH3), 1.06
(3H, s, eCH3), 1.22 (3H, t, J¼ 6.40 Hz, eCH3), 2.11e2.21 (4H, m,
eCH2), 2.25 (3H, s, eCH3), 2.33 (3H, s, eCH3), 4.07 (2H, q,
J¼ 6.40 Hz, eOCH2), 5.00 (1H, s, eCH), 6.49 (NH, s), 7.00 (2H, d,
J¼ 7.60 Hz, AreH), 7.19 (2H, d, J¼ 8.0 Hz AreH). 13C NMR (CDCl3,
75MHz): d¼ 14.51, 19.52, 21.36, 27.43, 29.79, 32.93, 36.39, 41.14,
51.09, 60.04, 106.36, 112.39, 128.13, 128.80, 135.63, 143.82, 144.51,
148.94, 167.87, 195.92.
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2.2.3. Ethyl-2,7,7-Trimethyl-5-oxo-4-(4-methoxyphenyl)-1,4,5,6,7,8
hexahydroquinoline �3 -carboxylate (5c) [36]

FT-IR (KBr): ymax¼ 3276, 2957, 1701, 1648, 1605, 1494, 1380,
1215, 1033 cm�1; 1H NMR(CDCl3, 300MHz) d¼ 0.94 (3H, s, eCH3),
1.07 (3H, s, eCH3), 1.21 (3H, t, J¼ 7.2 Hz, eCH3), 2.13e2.27 (3H, m,
eCH2), 2.31e2.37 (4H, m, 2CH2), 3.74 (3H, s, eCH3), 4.06 (2H,q,
J¼ 7.2 Hz, OCH2), 5.00 (1H, s, CH), 6.01 (1H, s, NH), 6.72e6.75 (2H,
m, AreH), 7.20e7.26 (2H, m, AreH). 13C NMR (CDCl3, 75MHz):
d¼ 14.2, 16.3, 27.2, 27.2, 31.7, 41.7, 43.5, 51.3, 55.9, 61.7, 102.3, 111.9,
114.2, 130.1, 134.5, 149.5, 150.7, 157.7, 167.2, 198.9.

2.2.4. Ethyl-2,7,7-trimethyl-4-(3-nitrophenyl)-5-oxo-
1,4,5,6,7,8hexahydroquinoline-3-carboxylate (5d) [35]

FT-IR (KBr): ymax¼ 3283, 3210, 3076, 2957, 1704, 1643, 1534,
1485, 1380, 1351, 1210 cm�1; 1H NMR (400MHz, CDCl3) d¼ 8.11
(1H, t, J¼ 1.8 Hz, AreH), 8.02e7.94 (1H, m, AreH), 7.73 (1H, d,
J¼ 7.7 Hz), 7.37 (1H, t, J¼ 7.9 Hz), 6.39 (1H, d, J¼ 6.6 Hz, eNH), 5.16
(1H, s, eCH), 4.07 (2H, q, J¼ 7.1 Hz, eOCH2), 2.42e2.11 (7H, m), 1.20
(3H, t, J¼ 7.1 Hz, eCH3), 1.09 (3H, s, eCH3), 0.93 (3H, s, eCH3). 13C
NMR (CDCl3, 75MHz): d¼ 19.5; 27.0; 29.3; 32.7; 36.7; 40.9; 50.5;
51.2; 104.8; 111.2; 121.3; 122.6; 128.7; 134.7; 144.7; 148.3; 164.7;
167.3; 195.5.

2.2.5. Ethyl-2,7,7-trimethyl-4-(4-nitrophenyl)-5-oxo-1,4,5,6,7,8
hexahydroquinoline - 3-carboxylate (5e) [35]

FT-IR (KBr): ymax¼ 3275, 3190, 3073, 2965, 1703, 1648, 1517,
1492, 1376, 1344, 1279 cm�1; 1H NMR (CDCl3, 300MHz):d¼ 0.90
(3H, s, eCH3), 1.08 (3H, s, eCH3), 1.82 (3H, t, J¼ 7.10 Hz, eCH3),
2.16e2.36 (4H, m,eCH2), 2.40 (3H, s,eCH3), 4.04 (2H, q, J¼ 7.80 Hz,
eOCH2), 5.15 (1H, s, eCH), 6.31 (NH, s), 7.50 (2H, d, J¼ 7.80 Hz,
AreH), 8.09 (2H, d, J¼ 7.8 Hz, AreH). 13C NMR (CDCl3,75MHz):
d¼ 14.33, 18.97, 27.03, 29.57, 32.54, 37.29, 50.74, 59.79,103.47,
110.27, 123.14, 129.03, 145.99, 146.04, 150.294, 155.23,167.14, 195.47.

2.2.6. Ethyl 4-(4-chlorophenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate (5f). [37]

FT-IR (KBr): ymax¼ 3274, 3206, 3076, 2934, 2871, 1706, 1604,
1491, 1381, 1214, 1108, 856. cm�1; 1H NMR (DMSO, 400MHz):
d¼ 0.84 (s, 3H, eCH3), 0.99 (s, 3H, eCH3), 1.14 (t, 3H, J¼ 7.2 Hz,
eCH3), 2.06 (dd, 2H, eCH2), 2.13 (dd, 2H, eCH2), 2.28 (s, 3H, eCH3),
3.99 (q, 2H, J¼ 7.3 Hz, eOCH2), 4.95 (s, 1H, eCH), 7.08 (d, 2H,
J¼ 9.3 Hz, AreH), 7.18 (d, 2H, J¼ 9.4 Hz, AreH), 7.93 (1H, eNHe).
13C NMR (DMSO, 100MHz): d¼ 14.8, 19.2, 27.4, 29.9, 32.8, 36.6,
40.8, 51.2, 60.1, 77.8, 105.3, 111.5, 128.2, 129.8, 131.7, 146.5, 150.1,
167.8, 195.7;

2.2.7. Ethyl-4-(4-bromophenyl)-2,7,7-trimethyl-5-oxo-1,4,5,6,7,8-
hexahydroquinoline-3-carboxylate (5g) [35]

FT-IR (KBr): ymax¼ 3275, 3242, 3075, 2959, 2935, 1703, 1648,
1604, 1421, 1380, 1279, 1214, 1071, 842, 533. cm�1; 1H NMR (CDCl3,
300MHz): d¼ 0.91 (3H, s, eCH3), 1.06 (3H, s, eCH3), 1.19 (3H, t,
J¼ 7.10 Hz,eCH3), 2.14e2.32 (4H, m, eCH2), 2.35 (3H, s, eCH3), 4.05
(2H, q, J¼ 7.10 Hz, eOCH2), 5.00 (1H, s, eCH), 6.58 (NH, s), 7.19 (2H,
d, J¼ 7.60 Hz, AreH), 7.30 (2H, d, J¼ 7.70 Hz, AreH). 13CNMR (CDCl3,
75MHz): d¼ 14.44, 19.63, 27.35, 29.74, 32.98, 36.54, 41.18, 50.98,
60.14, 105.89, 111.84, 120.09, 130.04, 131.10, 144.14, 146.46, 149.06,
167.54, 195.98.

2.2.8. Diethyl-2,6-dimethyl-4-phenyl-1,4-dihydropyridine-3,5-
dicarboxylate (6a) [35]

FT-IR (KBr): ymax¼ 3342, 2934, 1689, 1651, 1489, 1247, 1123,
1090, 701 cm�1; 1H NMR (CDCl3, 300MHz): d¼ 1.22 (6H, t,
J¼ 7.05 Hz, eCH3), 2.31 (6H, s, eCH3), 4.09 (4H, q, J¼ 6.80 Hz,
eOCH2), 4.99 (1H, s,eCH), 5.81 (NH, s), 7.14e7.25 (5H,m, AreH). 13C
NMR (CDCl3, 75MHz): d¼ 14.52, 19.81, 39.84, 60.02, 104.12, 126.31,
128.06, 128.21, 144.45, 148.02, 168.09.

2.2.9. Diethyl 2,6-dimethyl-4-(4-methoxyphenyl)-1,4-
dihydropyridine-3,5-dicarboxylate (6b) [38]

FT-IR (KBr): ymax¼ 3233, 2933, 2804, 1656, 1609, 1489, 1515,
1251, 1198, 1041, 568 cm�1, 1H NMR: (DMSO, 300MHz): d¼ 8.73 (s,
1H, NH), 7.03 (d, 2H, J¼ 8.4 Hz, AreH), 6.74 (d, 2H, J¼ 8.4 Hz, AreH),
4.78 (s, 1H), 397 (m, 4H, 2CH2), 3.66 (s, 3H, eOCH3), 2.23 (s, 6H,
2CH3), 1.12 (t, 6H, J¼ 7.2 Hz, 2CH3); 13C NMR (DMSO, 100MHz):
d¼ 166.9, 157.4, 144.9, 140.4, 128.2, 113.1, 102.1, 58.9, 54.8, 37.9, 18.1,
14.1.

2.2.10. Diethyl2,6-dimethyl-4-(3-nitrophenyl)-1,4-
dihydropyridine-3,5-dicarboxylate (6c) [38]

FT-IR (KBr): ymax¼ 3345, 2988, 1707, 1645, 1528, 1486, 1352,
1214, 1044, 788 cm�1;1H NMR: (DMSO, 300MHz): d¼ 8.99 (s, 1H,
NH), 7.98 (dd, 1H, J¼ 2.1 Hz, AreH), 7.55 (m, 3H), 4.94 (s, 1H), 3.97
(m, 4H, 2CH2), 2.27 (s, 6H, 2CH3), 1.10 (t, 6H, J¼ 7.2 Hz, 2CH3); 13C
NMR (DMSO, 75MHz): d¼ 166.4, 150.2, 147.3, 146.3, 134.1, 129.5,
121.8, 121.0, 101.0, 59.1, 39.2, 18.1, 14.0.

2.2.11. Diethyl 2,6-dimethyl-4-(4-nitrophenyl)-1,4-dihydro
pyridine-3,5-dicarboxylate (6d) [39]

FT-IR (KBr): ymax¼ 3248, 3102, 1647, 1518, 1488, 1347, 1252, 863.
cm�1; 1H NMR (DMSO, 400MHz): d¼ 1.27 (t, 6H, J¼ 7.3 Hz, eCH3),
2.13 (s, 6H, eCH3), 4.35 (m, 4H, J¼ 5.9 Hz, eOCH2), 4.85 (1H,
eNHe), 5.79 (s, 1H, eCH), 7.51 (d, 2H, J¼ 7.8 Hz, AreH), 7.59 (d, 2H,
J¼ 7.8 Hz, AreH); 13C NMR (DMSO, 100MHz): d¼ 15.1, 17.8, 45.7,
63.3, 96.6, 128.1, 128.7, 132.5, 145.2, 148.3, 167.5.

2.2.12. Diethyl 4-(4-bromophenyl)-2,6-dimethyl-1,4-dihydro-
pyridine-3,5-dicarboxylate (6e) [40]

FT-IR (KBr): ymax¼ 3345, 1707, 1645, 1486, 1214, 1044, 788 cm
�1; 1H NMR (CDCl3, 250MHz): d¼ 1.25 (t, 6H, J¼ 7.1 Hz, 2CH3CH2),
2.29 (s, 6H, 2CH3), 4.10 (q, 4H, J¼ 7.1 Hz, 2CH3CH2), 4.96 (s, 1H, CH),
6.47 (s, 1H, NH), 7.16 (d, 2H, J¼ 8.4 Hz, AreH), 7.33 (d, 2H, J¼ 8.4 Hz,
AreH); 13C NMR (CDCl3, 62.9MHz): d¼ 14.2, 19.3, 39.3, 59.8, 103.4,
119.8, 130.0, 130.8, 144.5, 146.9, 167.6.

2.2.13. Diethyl 4-(4-chlorophenyl)-2,6-dimethyl-1,4-
dihydropyridine-3,5-dicarboxylate (6f) [39]

FT-IR (KBr): ymax¼ 3357, 2987, 1694, 1486, 1461, 1333, 1261,
881 cm�1; 1H NMR (DMSO, 400MHz): d¼ 1.23 (t, 6H, J¼ 7.1 Hz,
eCH3), 2.27 (s, 6H, eCH3), 4.17 (m, 4H, J¼ 5.7 Hz, eOCH2), 4.87 (1H,
eNHe), 5.68 (s, 1H, eCH), 7.41 (d, 2H, J¼ 7.9 Hz, AreH), 7.57 (d, 2H,
J¼ 7.8 Hz, AreH); 13C NMR (DMSO, 100MHz): d¼ 14.3, 14.9, 45.9,
61.3, 97.6, 127.1, 128.3, 134.8, 143.2, 147.1, 167.

3. Results and discussion

We recently reviewed the applications of dimedone in the
synthesis of various hetrocyclic systems including the synthesis of
polyhydroquinoline via Hantzsch reaction [41]. During our last
longing experiences (about 2 decades) a specific HPA so-called
H5BW12O40 (BWA), has attracted our special attention. Since this
heteropoly acid has B3þ as the central heteroatom, we thought it is
worthy to test its catalytic activity as an easily accessible (inex-
pensively) catalyst and compare it with that of known but expen-
sive and not easily to handle boron tetrafluoride etherate [42e44]
as a strong Lewis acid in the synthesis of different heterocycles via
MCR which has been our ever interest for the years.

To obtain the polyhydroquinoline derivatives via Hantzsch re-
action, different Lewis acids such as TiCl2/Nano-g-Al2O3 [45],
[Ce(SO4)2$4H2O] [46], Zr-SBA-16 [47], and Brønsted acids such
[(CH2)4SO3HMIM][HSO4] [48], MIL-101-SO3H [49], ([DDPA][HSO4])
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[50] have been used as effective catalysts.
Armed with these experiences, initially, in the presence of BWA

as an acidic catalyst, in ethanol as solvent, at reflux condition, a
four-component reaction (as a model reaction) involving, benzal-
dehyde, ethylacetoacetate, dimedone, and ammonium acetate was
performed. The progress of reaction was monitored by TLC (using
7:3 n-hexane/ethylacetate as eluent). This reaction was proceeded
smoothly and cleanly, to completion to give the corresponding
polyhydroquinoline derivative in satisfactory yield (Scheme 1).

The reaction conditions were optimized using the aforemen-
tioned model reaction comprising benzaldehyde, ethyl-
acetoacetate, dimedone, and ammonium acetate. The results are
shown in Table 1. We performed the model reaction by grinding,
under solvent-free conditions, the reaction proceeded, insignifi-
cantly. Then, we added our catalyst to the above system. By
grinding the mixture, the reaction proceeded, sluggishly. Thus, we
then examined the effects of solvents, both, polar and nonpolar. To
select the best solvent, the model reaction was run in refluxing
water as the green and plentiful solvent which gave the desired
compound 5a in 27% yield (Table 1, entry 1).

In addition to water, we examined, EtOH/H2O, CH2Cl2, CH3CN,
CH3COOCH2CH3. As indicated in Table 1, when the model reaction
was run in EtOH/H2O at reflux temperature, gave the expected
product 5a in only 63% yield (Table 1, entry 3). When CH2Cl2 was
used product 5a was obtained in 20% yield (Table 1, entry 2).
CH3COOCH2CH3 and CH3CN gave the respective products in, 13 and
57% yield respectively (Table 1, entries 4 and 5) and in solvent-free
Scheme 1. H5BW12O40 catalyzed symmetrica

Table 1
Optimization of reaction conditions for Hantzsch reaction.

Entry Solvent Temperature

1 H2O Reflux
2 CH2Cl2 Reflux
3 EtOH/H2O Reflux
4 CH3COOEt Reflux
5 CH3CN Reflux
6 Non-solvent Reflux
7 EtOH Reflux
8 EtOH Room
9 EtOH Reflux
10 EtOH Reflux
conditions provided the corresponding products in 72% yield
(Table 1, entries 6). Particularly, the best results (94% yields) was
obtained when the model reactionwas conducted in EtOH at reflux
temperature (Table 1, entry 7). Thus, EtOH was selected as the
solvent of choice. In order to find the influence of temperature, the
model reaction was conducted in the presence of H5BW12O40
(BWA) in EtOH at ambient temperature giving only 50% yield
(Table 1, entry 8). This model reaction then was refluxed in EtOH
which resulted in the desired products in highest yield (94% yield)
(Table 1, entry 6). At last, to optimize the catalyst loading we con-
ducted the model reaction in the presence of 5mol%, BWA. The
expected product was isolated at 85%, showing the importance of
the presence of a catalyst particularly a one such as BWA, (Table 1,
entry 9). Then, traditionally, we increased the amount gradually
from 5mol% to 10mol%. The yield of reactions was increased from
85% to 94% (Table 1, entry 7). The improvement of the yield by
increasing the BWA quantity can be rationalized to the possible
increase in the number of available active sites, as well as increasing
the amount of contact and collision chance between the BWA
surface with the molecules of the starting materials. Notably, that
further increase in the loaded BWA amount from 10mol% to 15mol
% the yields and reaction times did not change, significantly.
(Table 1, entry 10). Thus, 10mol% of catalyst selected as the optimal
catalyst loading (Table 1, entry 7). The best results were obtained
when 1mmol of aldehyde, 1mmol of dimedone, 1mmol of
ammonium acetate and 10mol% H5BW12O40 (BWA) in EtOH was
refluxed to give the corresponding desired product in 94% yield
l and unsymmetrical Hantzsch reaction.

Time (min) Catalyst amount (mol%) Yield (%)

600 10 27
720 10 20
240 10 63
420 10 13
120 10 57
120 10 72
45 10 94
120 10 50
60 5 85
45 15 94



Table 2
H5BW12O40 catalyzed Hantzsch reaction under reflux condition in EtOH.

Entry Product R1 Yield (%) Time (min) mp (ºC) Found mp (ºC) Lit

1 5a H 94 45 195e199 202-204 [36]
2 5b 4-CH3 91 60 255e257 259-261 [36]
3 5c 4- OCH3 92 60 255e257 255-257 [35]
4 5d 3-NO2 93 50 180e183 173-177 [36]
5 5e 4-NO2 98 45 235e240 241-243 [36]
6 5f 4-Cl 90 45 240e242 244-246 [35]
7 5g 4-Br 90 45 253e255 254-256 [38]
8 5h 2-OCH3 88 60 238e240 e

9 6a H 87 90 135e140 140-142 [40]
10 6b 4-OCH3 85 100 160e161 163-168 [40]
11 6c 3-NO2 88 90 158e160 163-164 [40]
12 6d 4-NO2 89 90 124e127 128-132 [40]
13 6e 4-Br 84 90 160e164 162-164 [39]
14 6f 4-Cl 84 90 140e143 145-147 [40]

Fig. 2. Recyclability of catalyst for Hantzsch reaction.
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after 45min (Table 1, entery 7).
Under the optimal conditions, we investigated the substrate

scopes and limitations of this MCR Various aromatic aldehydes
containing both electron-releasing or electron-withdrawing sub-
stituents on the aromatic ring in the ortho, meta, and para posi-
tions, gave the corresponding products in high yields as indicated in
Table 2.

To compare the advantages of this catalyst, its catalytic activity
was compared by those other catalyst, previously reported, such as
silica coated nano-Fe3O4 supported basic ionic liquid (BIL@MNP)
[36], g-Al2O3-nanoparticles [42], molecular sieve supported
lanthanum [43], Bakers’ yeast [47], Ionic liquid (TBA-AMPS) [44]
(Table 3). As can be seen in Table 3, the catalytic activity of BWAwas
compared with diverse catalysts such as which have been previ-
ously employed as catalysts in our model reaction. As it can
compared BWA is doing best among others, catalyst canmediate. In
addition, it provides the corresponding products in short reaction
time.

3.1. Catalyst reusability

Noticeably, as it can be realized from Fig. 2, we studied the
reusability of the catalyst. Initially, the model reaction was done in
the presence of the freshly prepared BAW under the already
secured optimal reaction. The catalyst was soluble in EtOH and
Table 3
The comparison of the catalytic activity of H5BW12O40 with formerly reported catalysts.

Entry Catalyst Tim

1 silica coated nano-Fe3O4 supported basic ionic liquid (BIL@MNP) 15
2 g-Al2O3-nanoparticles 10
3 Ionic liquid (TBA-AMPS) 8m
4 Molecular sieve supported lanthanum 4 h
5 Tetrabutylammonium hexatungstate [TBA]2[W6O19] 20
6 K7[PW11CoO40] 25
7 Bakers' yeast 24
8 LiBr 4 h
9 Ceric Ammonium Nitrate (CAN) 60
10 Hafnium (IV) bis(perfluorooctanesulfonyl)imide Hf(NPf2)4 3 h
11 I2 90
12 ZnO-nanoparticle 20
13 Alumina sulfuric acid (ASA) 120
14 Ni nanoparticle 1m
15 nickel containing alkyl-imidazolium ionic liquid based ordered mesoporous

organosilica (Ni@ILOMO)
15

16 PdRuNi nanoparticles furnished with graphene oxide (PdRuNi@GO NPs) 45
17 (SnO2) nanoparticles 9m
18 Mesoporous vanadium ion doped titania nanoparticles (VeTiO2) 10
19 Yb(OTf)3 5 h
20 H5BW12O40 45
could be removed easily by evaporation of the solvent. After re-
covery of the catalyst, it was washed with EtOAc, dried at 130 �C for
1 h, and re-used in the same model reaction. The recycled catalyst
and recycled catalyst were used for three consecutive reactions
e Catalyst Amount Temperature Solvent Yield (%) Ref.

min 0.25mmol% 70 �C Solvent free 92 [36]
min 0.2mg 90 �C Solvent free 92 [42]
in 10mmol% reflux CH3OH 97 [43]

10mg reflux EtOH 99 [44]
min 7mmol% 110 �C Solvent free 95 [51]
min 10mmol% reflux CH3CN 85 [45]
h 200mg r.t. phosphate buffer 79 [46]

10mol% r.t. EtOH 93 [47]
min 0.05mmol% r.t. EtOH 92 [10]

1mol% 60 �C perfluorodecalin 95 [35]
min 30mol% 25 �C EtOH 93 [48]
min 10mol% r.t. Solvent-free 98 [49]
min 0.2 g 70 �C MeOH 92 [41]
in 10mol% microwave (540W) Neat 95 [50]
min 0.5mol% 70 �C Solvent-free 96 [52]

min 6mg 70 �C DMF 93 [53]
in 1mol% r.t. EtOH 94 [37]
min 2mol% r.t. Solvent-free 85 [54]

5mol% r.t. EtOH 90 [55]
min 10mol% reflux EtOH 94 This work
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without appreciable loss in its catalytic activities.
4. Computational section

In the present section, we have concentrated to assess compu-
tationally two mechanistical pathways of Hantzsch reaction that
lead to produce 1,4-dihydropyridine and 2-arylpyridine as has been
reported experimentally [56]. In this respect, we have presented
accurate computational information on the energetics of these two
reaction pathways using quantum chemistry methods. It should be
Scheme 2. Plausible mechanisms for the synthesis of 1,4-dih
mentioned that in our previous researches, we have mechanisti-
cally studied the origins of regio-selectivity in the sonogashira and
click synthesis of triazoles and tetrazoles [31e33] via density
functional theory (DFT) computations.

In this line, we first designed two different reaction pathway
models to investigate the reaction energetics that led to generate
two different products entitled as product-1 and product-2,
respectively, as was illustrated in Scheme 2.

All calculations were performed using GAMESS suite of pro-
grams [57] via DFT approach, based on M08-HX functional in
ydropyridine and 2-arylpyridines via two reaction paths.



Fig. 3. The optimized structure of product-1 and product-2, calculated at M08-HX/6-
311 þ G** level of theory.
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connection with 6-311 þ G** orbital basis sets [58]. We have
determined the ground state structures of all reagents and products
through the geometry optimization procedure. The harmonic fre-
quency analysis was then performed to confirm that the found
optimized geometries correspond to the true minima and also to
obtain enthalpies and Gibbs free energies. Furthermore, the effect
of solvation on the reaction thermochemistry in the presence of
Dimethyl sulfoxide (DMSO) and ethanol (EtOH) was taken into
Table 4
Thermochemistry of two reaction pathways, calculated at M08-HX/6-311þ G** level
of theory in the gas phase. DEe is the reaction energy, DH and DG are the reaction
enthalpy and Gibbs free energy, respectively. Note that the conversion energy
change values are in kcal.mol�1.

M08-HX/6-311 þ G**

Isomers Gas phase

DEe DH DG

Product-1 �1.67 �4.15 2.38
Product-2 5.88 3.56 10.28

Table 5
The same as Table 4, calculated in the presence of DMSO and ethanol as solvents via PCM

M08-HX/6-311 þ G**

Isomers DMSO solvent Ethanol solvent

DEe DH

Product-1 �5.33 �7.74
Product-2 1.58 �0.74
account using the polarized continuum model (PCM) computa-
tions. In Fig. 3, we have displayed the optimized structure of
product-1 and product-2, calculated at M08-HX/6-311 þ G** level
of theory. The calculated thermochemical data, including reaction
energies, Enthalpies and Gibbs free energies at M08-HX/6-
311 þ G** in the gas and two solution phases are presented in
Tables 4 and 5, respectively.

The comparative survey in the reported results of Tables 4 and 5
revealed that the production of product-1 in the gas and solution
phases should bemore favorable thermodynamically than product-
2 about 7e8 kcalmol�1. Expectedly, at both reaction pathways,
thermochemistry in the solution phase is more stable than the gas
phase with the corresponded more negative calculated Gibbs free
energy values and also both solvents, DMSO and EtOH have a near
and similar effect on the reaction thermochemical properties.
Moreover, the calculated Gibbs free energy values become more
positive than those obtained for enthalpy calculated values that
could be assigned to the negative values of the reaction entropy
change.

In order to explain the formation of the different products, 1,4-
DHPs and 2-arylpyridines, two mechanistical pathways are sug-
gested in Scheme 2. The initial step is the same in two reaction
paths. At this stage, the reaction involves a Knoevenagel
method.

DG DEe DH DG

�1.27 �5.26 �7.74 �1.20
5.98 1.66 �0.66 6.06

Fig. 4. Optimized structures of TS-1 and TS-2, calculated at M08-HX/6-311 þ G** level
of theory.



Table 6
The Gibbs free energy differences between two transition states (denoted as DGTS) corresponded to two reaction pathways, calculated atM08-HX/6-311þG** level of theory in
the gas and two solution phases, DMSO and ethanol.

M08-HX/6-311 þ G**

Gas phase DMSO solvent Ethanol solvent

DGTS (kcal.mol�1) 28.44 25.34 25.42

Table 7
Mathematical properties of BCPs associated to some selected bonds in product-1 and product-2. The properties have been obtained via QTAIM analysis on the M08-HX/6-
311 þ G** calculated wave function of electron density. Note that numbering of atoms is in accordance with Fig. 5.

Product-1

Bonded atoms rb V2rb Gb Vb Hb jVbj =Gb

C11eC13 0.241 �0.543 0.057 �0.251 �0.193 4.342
C11eC12 0.241 �0.542 0.058 �0.251 �0.193 4.339
N16eC15 0.295 �0.686 0.239 �0.650 �0.411 2.715
C14eN16 0.294 �0.685 0.238 �0.649 �0.410 2.717
Product-2
C6eC7 0.267 �0.658 0.072 �0.308 �0.231 4.245
C7eC8 0.323 �0.907 0.121 �0.470 �0.348 3.863
N21eC5 0.320 �0.712 0.290 �0.759 �0.468 2.613
C9eN21 0.252 �0.615 0.153 �0.460 �0.306 3.005

Table 8
The same as Table 5 for TS-1 and TS-2. Note that numbering of atoms is in accordance with Fig. 6.

TS-1

Bonded atoms rb V2rb Gb Vb Hb jVbj =Gb

N26eC3 0.318 �0.777 0.264 �0.722 �0.458 2.732
C6eC8 0.232 �0.491 0.055 �0.233 �0.178 4.210
C8eC11 0.238 �0.535 0.054 �0.242 �0.187 4.478
C8eC9 0.231 �0.491 0.055 �0.232 �0.177 4.235
TS-2
N3eC7 0.313 �0.785 0.249 �0.694 �0.445 2.788
C6eC9 0.233 �0.508 0.050 �0.228 �0.177 4.497
C4eC9 0.241 �0.549 0.054 �0.247 �0.192 4.504
C20eC11 0.345 �1.026 0.145 �0.547 �0.402 3.761
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condensation of 1,3-dicarbonyl compound with the aldehyde to
give an a,b-unsaturated carbonyl compound 4 and a condensation
of ammonia with another equivalent of the 1,3-dicarbonyl com-
pound to afford an enamine 3. The rate determining step is the
Michael addition of the enamine to the a,b-unsaturated carbonyl
compound. However, unlike the previously known mechanism of
the Hantzsch reaction, the enamine intermediate can attack on the
carbon atom of the C]O double bond (carbon b of 4) instead of the
carbon atom of the C]C double bond (carbon a of 4). Subsequently,
the intermediate 7 undergoes an intramolecular addition of the
amino to the carbon-carbon double bond to afford the 1,2-
dihydropyridine.

In this mechanistical context, we studied comparatively the
thermochemical properties of transition states species in two
above-mentioned mechanistic reaction pathways via saddle point
computations. In Fig. 4, the obtained M08-HX/6-311 þ G** opti-
mized structures of transition states, corresponded to two reaction
routes have been represented (denoted as TS-1 and TS-2, respec-
tively). In Table 6, we have listed the difference of Gibbs free energy
values for TS-1 and TS-2, calculated at M08-HX/6-311 þ G** levels
in the gas and two solution phases, respectively. As it can be
deduced from the calculated results of Table 6, TS-1 is more stable
than TS-2 by around 27 kcalmol�1 that strictly approves the
mechanistical priority in the synthesis of product-1, compared with
product-2. In another hand, it was also demonstrated that the
calculated stability difference between two transition state struc-
tures decreases in the solution phases in comparison with the gas
phase.

In the next step, we concentrated on topological analysis of
electron density functions via QTAIM calculations to investigate the
mechanistical features of two reaction paths [59e61].

All topological analysis of electron density was performed at
DFT optimized structures of products and transition states along
the reaction pathways via QTAIM computations using AIM2000
program57.

In this respect, resulting M08-HX/6-311 þ G** wave function
files for the optimized structures of products and transition states
were applied as inputs to AIM2000 program. In Tables 7 and 8, we
have reported the calculated values of electron density, rb, its
Laplacian, V2r, electronic kinetic energy density, Gb, electronic
potential energy density, Vb, total electronic energy density, Hb and
ratio of jVbj/Gb, for some selected BCPs of product-1 and product-2
and their corresponded transition states, respectively. The QTAIM
molecular graphs of product-1, product-2 and their corresponded
transition states have been displayed in Figs. 5 and 6, respectively.

It should be mentioned that the aforementioned properties of



Fig. 5. QTAIM molecular graphs of product-1 and product-2 calculated at M08-HX/6-311 þ G** level of theory.
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electron density at BCPs can be regarded as the regions of con-
centration and depletion of electron charge density and a basis for
classifying the interatomic interactions [60,61].

The comparative investigation of the reported results in Tables 7
and 8 clearly show the following facts: (i) the negative values ofV2r
and also H(r) at all selected BCPs determine the presence of cova-
lent bond critical points and consequently charge concentration in
the bonded region, (ii) comparison between the calculated electron
density properties and indicators on C11eC13 and N16eC14 as
newly formed covalent bonds in product-1 with the corresponded
C6eC7 and N21eC9 bonds in product-2 shows that C11eC13 in
product-1 is more strongly than C6eC7 in product-2, while there is
an inverse trend in the bond strength of N16eC14 in product-1
compared with N21eC9 in product-2. In the other point, it can be
claimed that product-2 is more stable electronically based on the
formation of more ring critical points (RCP) around the pyridine
ring, (iii) comparative assessment on the near value of electron
density for C6eC8 and C6eC9 in TS-1 and TS-2, respectively, reveals
no preference from the electronic viewpoint while in QTAIM mo-
lecular graph of TS-1, it has been displayed more RCPs around
C6eC8 that leads to the more electronic stability of TS-1. This
feature can be regarded as the main electronic origin for the pri-
ority of reaction path-1 in comparison with reaction path-2.
5. Conclusion

In summary, in this paper, we reported an effective, versatile
and facile strategy for the synthesis of polyhydroquinoline de-
rivatives via Hantzsch MCR employing BWA as a green, reusable
and homogeneous catalyst in refluxing EtOH. This strategy not only
demonstrates significant improvements in the rate of reaction and
provide higher yields, but also circumvents the utilization of haz-
ardous catalysts or solvents. The gifted points for the presented
strategy are competence, and generality, obtaining high yields in
relatively short reaction time, clean reaction profile, simplicity of
product isolation, uncomplicatedness, latent for recycling of the
catalyst. In the other hand, we investigated the energetics of two
different reaction pathways that lead to generate the different
products, 1,4-DHPs and 2-arylpyridines, using quantum chemistry
methods. In this line, thermochemical and electronic features of
two reaction pathways and their corresponded transition states
were analyzed via DFT and QTAIM approaches. The calculated
thermochemical and electronic results clearly demonstrated the
mechanistical priority in the synthesis of 1,4-DHPs than 2-
arylpyridines. Notably, the purpose of this work, is presenting a
green, homogenous catalyst with potential usage for improving
organic reactions and synthesis of 1,4-DHPs is just particular as a
model organic transformation.



Fig. 6. QTAIM molecular graphs of TS-1 and TS-2 calculated at M08-HX/6-311 þ G**
level of theory.
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