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ABSTRACT

Core-shell zirconia-coated magnetite nanoparticle bearing phosphoric acid groups (nano-
Fe;04@Zr0O,-H3PO4) have been prepared and used as an efficient acid catalyst in the
synthesis of biscoumarin derivatives by the reaction of 4-hydroxycoumarin and aromatic
aldehydes. The results showed that Fe;O4@ZrO,-H;PO,s nanoparticles exhibited high
catalytic activity towards the synthesis of biscoumarin derivatives. Furthermore, this new
catalytic method for the synthesis of biscoumarins provides rapid access to the desired
compounds in high yields in presence of water as the solvent at reflux condition following a
simple work-up procedure. This method therefore represents a significant improvement over
the methods currently available for the synthesis of biscoumarin derivatives.

KEYWORDS: nano-Fe;O04@ZrO,-H;PO4, heterogeneous catalyst, reusability, clean
synthesis, biscoumarines,

INTRODUCTION

Coumarins are a large group of heterocycles with diverse and interesting biological activities.
These compounds are reported to possess significant anticoagulant, insecticidal,
antihelminthic, hypnotic, antifungal, and HIV protease inhibition activities'. Biscoumarins,
the bridge substituted dimers of 4-hydroxycoumarin, have enormous potential as
anticoagulants”. A number of biscoumarins have also been found to be urease inhibitors™.
The synthesis of biscoumarins is succeeded via a domino Knoevenagel-Michael reaction
between 4-hydroxycoumarin and aromatic aldehydes, and various procedures involving
different solvents and catalysts such as some Bronsted-acidic ionic liquids™ ™', TiO,-SOsH",
[TBAL[W6O15]"", RuCl;.nH,0%, I,X, RHA-SO;H", Alum [KAl (SO4),.12H,0}*", Nano
isopolyoxomolybdate™. Most of these methodologies suffer from disadvantages such as
unsatisfactory yields, toxic organic solvents, harsh reaction conditions, long reaction times,
and the use of relatively expensive reagents. These findings prompted us to perform
investigations to find new method for the synthesis of biscoumarin derivatives™™".
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The current research work is the development of our earlier studies of reusable catalysts for
the synthesis of organic compounds™' ™", We report here nano-Fe;04@ZrO,-H;PO, (n-
FZPA) as a green catalyst for the synthesis of biscoumarins 3a—m by one-pot reaction
between 4-hydroxycoumarin 1 and various aromatic aldehydes 2a—m, in water under reflux
condition (Scheme 1).
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2,4-Cl,CgHs (h), 4-BrCeH, (i), 3-BrCsHy (j), 4-FCgH, (K), 4-NCCgHy (), 4-HOCgH, (m)

Scheme 1. n-FZPA catalyzed synthesis of biscoumarins.

EXPERIMENTAL

All chemicals employed in this work were purchased from Fluka (Buchs, Switzerland) or
Merck Companies and were utilized without further purification. The n-FZPA catalyst were
characterized by X-ray diffraction (XRD) (Bruker D8 Advance) using Cu-Ko radiation
(A=1.5406 A). The FT-IR spectra of the products were obtained with KBr disks, using a
Tensor 27 Bruker spectrophotometer. The 'H NMR spectra were recorded using Bruker 400
spectrometers in CDCls.

General experimental procedure

A mixture of 4-hydroxycoumarin (2 mmol), aromatic aldehyde, and n-FZPA (0.05 g) was
placed in a round bottomed flask. The materials were mixed and refluxed in water (5 ml) for
appropriate time. The progress of the reaction was monitored by thin layer chromatography
(TLC). After completion of the reaction, the catalyst was separated using an external magnet
and washed with hot ethanol (10 mL). The solvent of the reaction mixture was concentrated
by half and allowed to stand at room temperature. The precipitated solid was collected by
filtration, and recrystallized from ethanol 96% to give desired compounds in high yields.

'"H NMR and FT-IR data:

3,3'-(phenylmethylene)bis(4-hydroxy-2H-chromen-2-one) (3a)™" IR spectrum, v, cm
3437, 3023, 1659, 1601, 1557, 1488, 1359, 1258, 1093, 764. '"H NMR spectrum, d, ppm:
6.15 s (1H, CH), 7.24 d (2H, J = 7.4 Hz, Hyrom), 7.31 t (1H, J = 5.3 Hz, Hyrom), 7.35 t QH, J =
7.2 Hz, Harom), 7.35-7.47 m (4H, Harom), 7.64 t (2H, J = 7.2 Hz, Harom), 8.05— 8.20 m (2H,
Harom), 11.31 s (1H, OH), 11.53 s (1H, OH).
3,3'-((4-methoxyphenyl)methylene)bis(4-hydroxy-2 H-chromen-2-one) Bb)y™ IR
spectrum, v, cm : 3431, 3074, 1666, 1600, 1562, 1518, 1358, 1262, 1088, 779. 'H NMR
spectrum, 6, ppm: 3.85 s (3H, OCH3), 6.12 s (1H, CH), 6.84 d (2H, J = 8.4 Hz, Hyyom), 7.13 d
(2H, J = 8.4 Hz, Harom), 7.33-7.52 m (4H, Harom), 7.64 t (2H, J = 7.5 Hz, Hyrom), 8.00-8.15 m
(2H, Harom), 11.35 s (1H, OH), 11.56 s (1H, OH).
3,3'-((4-methylphenyl)methylene)bis(4-hydroxy-2 H-chromen-2-one) (3¢)**" IR spectrum,
v, cm ' 3427, 3043, 2991, 1669, 1603, 1571, 1483, 1356, 1311, 1075, 772. '"H NMR
spectrum, d, ppm: 2.33 s (3H, CH3), 6.12 s (, 1H, CH), 7.12 q (4H, J = 8.2 Hz, Hyom), 7.35—
7.43 m (4H, Harom), 7.61 td (2H, J = 8.4, 1.4 Hz, Harom), 8.08 d (1H, J = 7.4 Hz, Harom), 8.13 d
(1H, J= 7.4 Hz, Hyrom), 11.35 s (1H, OH), 11.55 s (1H, OH).
3,3’-((4-nitrophenyl)methylene)bis(4-hydroxy-2H-chromen-2-one) (3d)™" IR spectrum,
v, em ': 3422, 3057, 1653, 1601, 1566, 1497, 1456, 1354, 1278, 1100, 788. 'H NMR
spectrum, 9, ppm: 6.16 s (1H, CH), 7.43-7.50 m (6H, Hyom), 7.68 t (2H, J = 7.4 Hz, Harom),
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8.09 d (1H, J= 7.4 Hz, Hyom), 8.17 d (1H, J = 8.2 Hz, Hyrom), 8.25 d (2H, J = 8.5 Hz, Harom),
11.42 s (1H, OH), 11.63 s (1H, OH).

3,3'-((3-nitrophenyl)methylene)bis(4-hydroxy-2 H-chromen-2-one) (3e)** IR spectrum, v,
cm ': 3423, 3051, 1646, 1619, 1569, 1493, 1451, 1352, 1314, 1126, 779. "H NMR spectrum,
9, ppm: 6.14 s (1H, CH), 7.39-7.45 m (4H, Harom), 7.55 t (1H, J = 7.6 Hz, Harom), 7.63 d (1H,
J=7.4 Hz, Hyrom), 7.72 t 2H, J = 7.6 Hz, Harom), 8.08 d (1H, J = 8.1 Hz, Hyrom), 8.12-8.15 m
(2H, Harom), 8.18 d (1H, J= 8.1 Hz, Harom), 11.39 s (1H, OH), 11.59 s (1H, OH).
3,3'-((4-chlorophenyl)methylene)bis(4-hydroxy-2H-chromen-2-one) (3f)** IR spectrum,
v, cm 't 3432, 3076, 1672, 1621, 1565, 1493, 1456, 1348, 1315, 1089, 762. 'H NMR
spectrum, d, ppm: 6.11 s (1H, CH), 7.15 dd (2H, J = 8.5, 0.8 Hz, Hyom), 7.34 d 2H, J = 8.5
Hz, Harom), 7.36—7.47 m (4H, Harom), 7.61-7.66 m (2H, Harom), 7.95 d (1H, J = 7.2 Hz, Harom),
8.13d (1H, J= 7.2 Hz, Harom), 11.39 s (1H, OH), 11.58 s (1H, OH).
3,3'-((2-chlorophenyl)methylene)bis(4-hydroxy-2H-chromen-2-one) (3g)™" IR spectrum,
v, cm ' 3433, 3081, 1650, 1559, 1491, 1477, 1341, 1299, 1272, 1103, 777. '"H NMR
spectrum, J, ppm: 6.13 s (1H, CH), 7.25-7.45 m (7H, Harom), 7.45 d (1H, J = 7.3 Hz, Harom),
7.63 td (2H, J = 7.5, 1.2 Hz, Harom), 8.05-8.20 m (2H, Hyrom), 11.31 s (1H, OH), 11.63 s (1H,
OH).

3,3'-((2,4-dichlorophenyl)methylene)bis(4-hydroxy-2 H-chromen-2-one) Bh)™ IR
spectrum, v, cm : 3429, 3078, 1646, 1562, 1503, 1473, 1342, 1300, 1273, 1098, 776. 'H
NMR spectrum, 6, ppm: 6.13 (1H, s, CH), 7.25 td (2H, J = 8.4, 1.7 Hz, Hyyom), 7.41 td (2H, J
= 6.3, 1.7 Hz, Hyrom), 7.43 d (2H, J = 8.2 Hz, Harom), 7.45 s (1H, Harom), 7.63 td (2H, J = 8.4,
1.5 Hz, Harom), 8.10 d (2H, J = 6.2 Hz, Hyrom), 11.39 s (1H, OH), 11.58 s (1H, OH).
3,3'-((4-bromophenyl)methylene)bis(4-hydroxy-2H-chromen-2-one) (3i)*" IR spectrum, v,
cm ': 3433, 3081, 1642, 1567, 1511, 1471, 1340, 1310, 1267, 1099, 779. '"H NMR spectrum,
o, ppm: 6.04 s (1H, CH), 7.12 d (2H, J = 8.4 Hz, Harom), 7.39-7.47 m (6H, Harom), 7.65-7.69
m (2H, Harom), 8.01-8.10 m (2H, Hyrom), 11.35 s (1H, OH), 11.56 s (1H, OH).
3,3'-((3-bromophenyl)methylene)bis(4-hydroxy-2H-chromen-2-one) (3j)*" IR spectrum,
v, cm ' 3433, 3071, 1663, 1616, 1555, 1492, 1473, 1353, 1319, 1090, 773. '"H NMR
spectrum, 6, ppm: 6.11 s (1H, CH), 7.17-7.47 m (9H, Harom), 7.65— 7.75 m (2H, Harom), 8.07 d
(1H, J= 8.4 Hz, Hyrom), 8.13 d (1H, J = 8.4 Hz, Hyyom), 11.35 s (1H, OH), 11.65 s (1H, OH).
3,3'-((4-fluorophenyl)methylene)bis(4-hydroxy-2H-chromen-2-one) (3k)** IR spectrum,
v, cm ': 3456, 3062, 1678, 1558, 1512, 1451, 1358, 1311, 1101, 769. '"H NMR spectrum, 8,
ppm: 6.09 (s, 1H, CH), 7.08 t (2H, J = 8.2 Hz, Hyrom), 7.18-7.24 m (2H, Hyrom), 7.40-7.50 m
(4H, Harom), 7.64 td (2H, J = 8.1, 1.2 Hz, Hyrom), 8.05 d (1H, J = 7.4 Hz, Hayrom), 8.13 d (1H, J
= 7.4 Hz, Hyrom), 11.34 s (1H, OH), 11.56 s (1H, OH).

4-(bis(4-hydroxy-2-ox0-2 H-chromen-3-yl)methyl)benzonitrile (31)* IR spectrum, v, cm
3425, 3066, 1652, 1623, 1548, 1489, 1462, 1343, 1321, 1111, 782. 'H NMR spectrum, &,
ppm: 6.12 s (1H, CH), 7.37-7.47 m (6H, Harom), 7.64—7.71 m (4H, Harom), 8.02 d (1H, J = 7.4
Hz, Harom), 8.11 d (1H, J = 8.1 Hz, Hyrom), 11.38 s (1H, OH), 11.57 s (1H, OH).
3,3'-((4-hydroxyphenyl)methylene)bis(4-hydroxy-2 H-chromen-2-one) (Bm)™ IR
spchunL'v,cnf4:3427,3098,1662,1629,1551,1491,1460,1341,1331,1101,788.1H
NMR spectrum, 6, ppm: 5.61 s (1H, OH), 6.05 s (1H, CH), 6.80 d (2H, J = 8.2 Hz, Hyrom),
7.11 d (2H, J = 8.2 Hz, Hyrom), 7.40-7.45 m (4H, Harom), 7.63 t (2H, J = 8.2 Hz, Hyrom), 8.00—
8.05 m (2H, Hyrom), 11.31 s (1H, OH), 11.48 s (1H, OH).

RESULTS AND DISCUSSION

To begin our study, the n-FZPA catalyst was prepared according to the literature
procedure™™. The n-FZPA was characterized by FT-IR, X-ray diffraction (XRD), thermal
gravimetric (TG), and pH analysis.
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The FT-IR spectrums of nano-ZrO,, nano-Fe;04, nano-Fe;04@Zr0O,, and nano-Fe;O4@ZrO;-
H;PO4 are shown in Figure 1. In Figure 1(a), the characteristic vibrational bands of the Zr—O
bond related to the ZrO, appears at 576 and 758 cm ', as well band belonging to the Zr—OH
group at 1622 cm ™. The characteristic absorption band of Fe;0, appears at 585 cm™ in
Figure 1(b). The spectrum of the Fe;04@ZrO, nanoparticles (Figure 1(c)) shows a new
absorption peak related to the characteristic absorption of zirconia at 629 cm™ which
confirmed the successful formation of Fe3;04@ZrO, nanoparticles™'. The FT-IR spectrum of
the n-FZPA catalyst prepared in the current study revealed new bonds at 900-1400, 1627,
and 3000-3600 cm™ corresponding to the characteristic absorption of the P-O, P=0, and P—
O-H stretching vibration of the phosphoric acid, respectively™".

The XRD patterns of the prepared nano-Fe;O4, nano-Fe;O4@ZrO,, and nano-Fe;O4@ZrO;-
H3;POy, are presented in Figure 2. In Figure 2(a), the signals at the values of 20 equal to 30.13°
(220), 35.21° (311), 43.32° (400), 53.49° (422), 55.79° (511) and 62.91° (440) corresponds to
cubic structure of Fe;O4 and has good agreement with (JCPDS file PDF no. 65-3107)"".
The XRD pattern of the nano-Fe;O04@ZrO, sample shows peaks at 31.32° and 36.22° belong
to Fe;O4 which have shifted from 30.13° and 35.21°, respectively. Besides the peaks for
Fe;04, two small nonmagnetic related peaks located in 50.88° and 61.02° are found which
can be indexed to the diffraction of (112) and (211) planes of the standard data for ZrO,
(JCPDS file no. 88-1007)"**"". The peaks position of n-FZPA unchanged during modification
by H3;PO,4 shows that the crystalline structure of the core-shell nanomagnetic is maintained
after functionalization.

The TG curves of nano-Fe;04@ZrO,, and nano-Fe;O4@ZrO,-H3PO4 are shown in Figure 3.
In the TG curve of nano-Fe;O4@ZrO, (Figure 3(a)) Two-stage decomposition is seen
corresponding to different mass lose ranges. In the first region, a mass loss approximately 6%
weight occurred below 120 °C is attributable to the loss of trapped water, organic solvents,
and surface hydroxyl groups. A mass loss of approximately 1% weight occurred lower than
750 °C possibly related to the slow mass loss of dehydroxylation of ZrO,. The TG curve of n-
FZPA (Figure 3(b)) was divided into several regions relating to different mass lose ranges.
The first region, which occurred below 110 °C, shown a mass loss 7% weight that is
attributable to the evaporation of the H,O, and organic solvents molecules adsorbed onto the
surface and the release of the structural water resulted from the bonded hydroxyl groups. The
mass loss of approximately 16% weight occurred between 110 and 160 °C is related to the
slow mass loss of POsH, groups. Finally, the mass loss of approximately 7 % weight
occurred between 160 and 280 °C is related to the sudden loss of POsH, groups™". From the
TG, it can be concluded that the prepared catalyst could be safety used in organic reactions in
the range of 80-180 °C.

The density of the POs;H, groups was measured using NaOH (0.08 N) as titrant by acid-base
potentiometric titration. The amount of PO3H; in the catalyst was 2.7 mmol/g.

Evaluation of catalytic activity of n-FZPA in the synthesis of biscoumarins.

Different reaction parameters were optimized for the synthesis of compound 3e by the one-
pot two-component reaction of 4-hydroxycoumarin 1 (2 mmol), and 4-chlorobenzaldehyde 2e
(1 mmol), as a model reaction in the absence and presence of n-FZPA as catalyst. The results
are summarized in Table 1. Only trace amounts of the product 3e was formed in the absence
of the catalyst in refluxing H,O or EtOH and also under solvent-free conditions (Entries 1-3)
indicating that the catalyst is necessary for the reaction. Several reactions were scrutinized
using various solvents, such as H,O, EtOH, MeOH, CH3CN, CH,Cl,, and also under solvent-
free conditions in the presence of n-FZPA as catalyst. As can be seen in Table 1, presence of
solvent is necessary for the reaction and also polar solvents are better than other non-polars.
Therefore, the best yield of this reaction (97%) obtained in the presence of 0.05 g of n-FZPA
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and 5 mml of H,O as solvent under reflux conditions to afford the desired product 3e in 14
min (entry 6). All subsequent reactions were carried out in these optimized conditions.
Table 1. Optimization of reaction conditions for the synthesis of compound 3e catalyzed by

n-FZPA'.

Ent Catalyst (g) Solvent T/°C Time/min Isolated
ry yst(g v Yield/%

1 None EtOH Reflux 60 29

2 None H,O Reflux 60 42

3 None Solvent-free 110 150 23

4 0.05 Solvent-free 110 100 31

5 0.03 H,O Reflux 30 92

6 0.05 H,0 Reflux 14 97

7 0.07 H,O Reflux 20 95

8 0.05 H,O 80 40 90

9 0.05 H,O r.t. 40 82

10 0.03 EtOH Reflux 35 86

11 0.05 EtOH Reflux 30 92

13 0.05 MeOH Reflux 30 84

15 0.05 CH;CN Reflux 30 78

16 0.05 CH,Cl, Reflux 30 47

"Reaction conditions: 4-hydroxycoumarin 1 (2 mmol), and 4-chlorobenzaldehyde 2e (1 mmol).

According to these results, and in order to generalize this model reaction, we developed the
reaction of 4-hydroxycoumarin, and various aromatic aldehydes under the optimized reaction
conditions (Table 2). The n-FZPA efficiently catalyzed the reactions, giving the products 3a-
3m in high yields over relatively short reaction times. Easy separation of obtained products
from the catalyst makes this method useful for the synthesis of biscomarin derivatives. Purity
and structure of all known products checks with TLC, melting points, and 'H NMR
spectroscopic data reveal that only one product is formed in all cases and no undesirable
side-products are observed.

Table 2. n-FZPA catalyzed synthesis of biscoumarin derivatives”.

Entry Ar Product’ Time/min Is? lated m-p- (C)

Yield/% Found Reported
1 Ph 3a 14 91 230-232 229231
2 4-MeOCgH, 3b 13 92 251-253 250-253
3 4-MeCgH, 3¢ 15 96 270-272 269-270%xvi
4 4-0,NC¢H, 3d 16 95 231-233 233-235"
5 3-0,NCgH, 3e 14 96 213-215 215217
6 4-CIC4H, 3f 12 97 260-262 262-264
7 2-CICgH, 3g 16 89 200-202 202-204°*"
8 2,4-Cl,CgHs; 3h 13 93 197-199 198-200""
9 4-BrC¢H, 3i 15 93 265-267 266-268""
10 3-BrC¢H, 3j 11 89 287-289 286-288""
11 4-FC¢H, 3k 13 94 210-212 2112139
12 4-NCCH, 3l 15 95 242-244 240-242"™
13 4-HOC¢H, 3m 16 88 195-197 194-196°*"

“Reaction conditions: 4-hydroxycoumarin 1 (2 mmol), aldehyde 2a-m (1 mmol), n-FZPA (0.05 g), water (5
mL), reflux.

PAll the products were characterized by their FT-IR and '"H NMR spectral data and by comparison of their
melting points with those of authentic samples.
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We also used the model reaction under optimized reaction conditions to evaluate the
reusability of the n-FZPA catalyst. After completion of the reaction, the catalyst was
recovered as described in the experimental section. The separated catalyst was dried at 50 °C
under vacuum for 1 h before being reused in a similar reaction. The catalyst could be used at
least four times without significant reduction in its activity (97, 95, 94, 94 % yields in first to
fourth use, respectively) which clearly demonstrates the practical reusability of this catalyst.
Furthermore, the FT-IR spectra of the fourth run recovered catalysts (Figure 1(e)) were
almost identical to the spectrum of the fresh catalyst (Figure 1(d)), indicating that the
structure of the catalyst was unchanged by the reaction.
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Figure 1. FT-IR spectra of nano-ZrO, (a) nano-Fe;0,4 (b) nano-Fe;O4@ZrO, (c) nano-Fe;O4@ZrO,-
H;POy (first run (d)) nano-Fe;04@ZrO,-H;PO, (fourth run (e))
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Figure 2. XRD patterns of nano-Fe;0, (a) nano-Fe;O4@ZrO, (b) and nano-Fe;0,@ZrO,-H;PO, (¢c)
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Figure 3. Thermal gravimetric (TG) analysis of nano-Fe;0,@ZrO, (a), and nano-Fe;0,@ZrO,—
H;PO, (b)

Mechanistically, it is possible that the catalyst could acts as Bronsted acid related to the —
PO4H; groups and therefore promote the necessary reactions. The catalyst would play a
significant role in increasing the electrophilic character of the electrophiles in the reaction
(Scheme 2).

HO™~
Ar = N
. H H
¢ 2, D 9 o Ar
H OPO3H2 [O S OH OH
o] >~ o]
F X =z
1

] O O 0

\ J 3a-m

2a-m

Scheme 2. Plausible mechanism for the n-FZPA catalyzed formation of biscoumarin
derivatives

CONCLUSION

In summary, we showed that n-FZPA, efficiently catalyzed the synthesis of biscoumarin
derivatives by the two-component reaction of 4-hydroxycoumarin, and aromatic aldehydes in
water as green solvent under reflux condition. The method was relatively fast and high
yielding, and the work-up was easy. The catalyst can be recycled after simple handling, and
used at least fourth times without any substantial reduction in its catalytic activity. The
procedure is also advantageous in the sense that it is a fast reaction in refluxing water and
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therefore operates under environmentally friendly conditions. Also, easy magnetic separation
makes this catalyst attractive in view of green chemistry and catalysis science.

REFERENCES

L
ii.

iii.
1v.
V.

Vi.
Vii.

Viii.
IX.

X1.
Xil.

Xiii.

X1V.
XV.
XVI.
XVil.
XViil.
XiX.
XX.
XXI1.
XXIl.
XX1il.
XX1V.
XXV.
XXVI.
XXVil.
XXVIil.
XXIX.
XXX.
XXXI1.
XXX1l1.
XXX111.

1042

J.R.S. Hoult and M. Paya, Gen. Pharmacol. Vasc. S., 27, 713 (1996).

A .M. Breckenridge, S. Cholerton, J.A. Hart, B.K. Park and A.K. Scott, Br. J.
Pharmacol., 84, 81 (1985).

K.M. Khan, S. Igbal, M.A. Lodhi, G.M. Maharvi, Z. Ullah, M.I. Choudhary, A.-u.
Rahman and S. Perveen, Bioorg. Med. Chem., 12, 1963 (2004).

A. Tzani, A. Douka, A. Papadopoulos, E.A. Pavlatou, E. Voutsas and A. Detsi, ACS
Sustain. Chem. Eng., 1, 1180 (2013).

N. Tavakoli-Hoseini, M.M. Heravi, F.F. Bamoharram, A. Davoodnia and M.
Ghassemzadeh, J. Mol. Lig., 163, 122 (2011).

W.Li, Y. Wang, Z. Wang, L. Dai and Y. Wang, Catal. Lett., 141, 1651 (2011).

F. Shirini, M. Abedini and S. Abroon Kiaroudi, Phosphorus Sulfur Silicon Relat.
Elem., 189, 1279 (2014).

A. Davoodnia, Bull. Korean Chem. Soc., 32, 4286 (2011).

K. Tabatabaeian, H. Heidari, A. Khorshidi, M. Mamaghani and N.O. Mahmoodi, J.
Serb. Chem. Soc., 77,407 (2012).

M. Kidwai, V. Bansal, P. Mothsra, S. Saxena, R.K. Somvanshi, S. Dey and T.P.
Singh, J. Mol. Catal. A Chem., 268, 76 (2007).

M. Seddighi, F. Shirini and M. Mamaghani, RSC Adv., 3, 24046 (2013).

S.A. Jadhav, M.G. Shioorkar, D.L. Lingampalle, D.S. Wagare, M.S. Adhyapak, H.B.
Nagare, S.P. Pawar, S.R. Vaidya, S.T. Dengle and B.S. Devanand, Heterocycl. Lett.,
5, 595 (2015).

A. Davoodnia, A. Nakhaei and N. Tavakoli-Hoseini, Z. Naturforsch. B, 71,219
(2016).

A. Nakhaei, S. Yadegarian and A. Davoodnia, Heterocycl. Lett., 6,329 (2016).

A. Nakhaei, A.T. Tousi, S. Shojaee and E. Yaghoobi, Heterocycl. Lett., 7,259 (2017).
A. Nakhaei, N. Hosseininasab and S. Yadegarian, Heterocycl. Lett., 7, 81 (2017).

A. Nakhaei, A. Davoodnia and S. Yadegarian, Heterocycl. Lett., 6, 601 (2016).

A. Nakhaei, A. Davoodnia and S. Yadegarian, Heterocycl. Lett., 7,35 (2017).

A. Nakhaei and Z. Nakhaei, Heterocycl. Lett., 7, 605 (2017).

A. Nakhaei and Z. Nakhaei, Heterocycl. Lett., 7, 565 (2017).

A. Nakhaei and S. Yadegarian, lran. J. Org. Chem., 9, 2057 (2017).

A. Nakhaei, A. Morsali and A. Davoodnia, Russ. J. Gen. Chem., 87, 1073 (2017).

A. Nakhaei, A. Davoodnia and S. Yadegarian, Russ. J. Gen. Chem., 86, 2870 (2016).
A. Nakhaei, A. Davoodnia and A. Morsali, Res. Chem. Intermediat., 41, 7815 (2015).
A. Nakhaei and A. Davoodnia, Chinese J. Catal., 35, 1761 (2014).

A. Nakhaei and Z. Nakhaei, lran. J. Org. Chem., 9, 2135 (2017).

A. Nakhaei, S. Shojaee, E. Yaghoobi and S. Ramezani, Heterocycl. Lett., 7, 323
(2017).

T. Ahmadi, A. Davoodnia, M. Pordel, M. Fattahi, M. Ebrahimi, N. Tavakoli-Hoseini
and A. Nakhaei, Heterocycl. Lett., 7,27 (2017).

S. Zolfagharinia, E. Kolvari and M. Salehi, React. Kinet. Mech. Cat., 121, 701 (2017).
E.E. Platero and M.P. Mentruit, Catal. Letters, 30, 31 (1994).

A. Sarkar, S.K. Biswas and P. Pramanik, J. Mater. Chem., 20, 4417 (2010).

B. Mirjalili and A. Bamoniri, Current Chem. Lett., 2, 27 (2013).

G.-Y. Li, Y.-R. Jiang, K.-L. Huang, P. Ding and L.-L. Yao, Colloid. Surf. A



XXX1V.
XXXV.

XXXVI.
XXXVil.

A. Nakhaei et al. / Heterocyclic Letters Vol. 7| No.4|1035-1043|Aug-Oct|2017

Physicochem. Eng. Asp. , 320, 11 (2008).

A.P. Kumar, J.H. Kim, T.D. Thanh and Y.-I. Lee, J. Mater. Chem. B, 1, 4909 (2013).
F. Dehghani, A.R. Sardarian and M.M. Doroodmand, J. Iran. Chem. Soc., 11, 673

(2014).
B. Sadeghi, J. Chem. Res., 37, 171 (2013).
K. Niknam and A. Jamali, Chinese J. Catal., 33, 1840 (2012).

Received on September 5, 2017.

1043



