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hesis of chromeno[4,3-b]
chromenes with a new photosensitized WO3/
ZnO@NH2-EY nanocatalyst†

Zahra Jalili, Reza Tayebee * and Farrokhzad M. Zonoz

A new heterogeneous photoredox nanocatalyst WO3/ZnO@NH2-EY (EY: eosin Y) was fabricated and

characterized employing some instrumental techniques such as XRD, FT-IR, ICP, TGA, and SEM. The

photocatalytic efficiency of the prepared material was investigated in the preparation of various

chromeno[4,3-b]chromenes via a simple and practical method. The chromene derivatives were prepared

through the condensation of aromatic aldehydes, dimedone, and coumarin under an open-air

atmosphere in the presence of a green LED under solventless conditions. The significant advantages of

this new method include low reaction time, easy work-up, cost-effective, wide substrate scope,

excellent yield, and complete atom economy of the final products. Moreover, the prepared

photocatalyst could be frequently recovered up to four times with only a little decrease in the catalytic

activity. Furthermore, the progress of the condensation reaction is demonstrated to occur via a radical

mechanism, which shows that reactive species such as cO2
� and OHc together with h+ would be

involved in the photocatalytic process. Stability and reusability studies also warranty good reproducibility

of the nanocatalyst for at least 4 runs. Eventually, a hot filtration test ensured that the nanohybrid

catalyst is stable in the reaction medium and its catalytic activity originates from the whole

undecomposed conjugated composite.
1 Introduction

Multi-component reactions have been known to be powerful
tools over conventional multi-step reactions and have emerged
as a novel promotion in organic synthesis.1,2 These reactions
offer a direct fast route and enable the assembly of highly
complicated and diversied molecules in a one-pot single-step
process with enhanced atom economy.3–7 Chromenes are
crucial oxygenated compounds with different biological activi-
ties such as antihypertensive,8 antioxidative,9 antitumor,10

antiviral,11 antibacterial,12 antileishmanial,13 anti-tubulin,14 and
anticoagulant,15 and enable to turn on potassium channels to
inhibit dihydrofolate reductase and phosphodiesterase.16 In the
area of anti-cancer chemotherapy, 4H-chromenes have been
known as a new class of molecules that bind to Bcl-2 anti-
apoptotic proteins and promote the apoptotic processes in the
cancerous cells.17–20 Therefore, novel chromenes should be
further progressed as potential therapeutic species against
cancer cell lines such as glioma, liver, melanoma, and pros-
tate.19 In addition, the utilization of chromenes is well known in
industrial areas such as pigments, biodegradable
s, Hakim Sabzevari University, Sabzevar,

c.ir

tion (ESI) available. See DOI:

039
agrochemicals, cosmetics, optical brightener, uorescence
markers, and laser dyes.21–23

Considering the emerging properties of chromene deriva-
tives, the progress of advanced, clean, and uncomplicated
methodologies for the efficient catalytic synthesis of these
compounds with accessible reagents is of great importance.
Some routes have been reported for the synthesis of chromeno
[4,3-b]chromenes by the reaction of cyclic-1,3-dicarbonyl
compounds, arylaldehydes, and 4-hydroxycoumarine in the
presence of SnCl2$2H2O,24 ZnO nanoparticles,25 Mg(ClO4)2,26

molybdic acid-magnetic nanoparticles,27 p-toluene sulfonic
acid,28 nano-CuFe2O4@SO3H,29 I2/HOAc,30 heteropolyacids,31

and Zn (L-proline)2.32

Although most of the reported routes have some benets,
however, some disadvantages are also combined with many of
them using environmentally toxic organic solvents, expensive
mediators, long reaction time, corrosive nature, tedious work-
up, non-recyclable catalysts, limited substrate scope, high
temperature, and low yields. Therefore, the development of
effective and environmental benignmethods is desirable for the
synthesis of chromene compounds.

Sunlight is an accessible, plentiful, and clean energy source
for chemical reactions. Photochemical reactions using visible
light are attractive areas in organic synthesis, which provide
ubiquitous, non-toxic, eco-friendly, sustainable, inexpensive,
and a universally available energy source.33 However, due to the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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increasing attention on the usage of green platforms in organic
synthesis, scholars are trying to redesign the synthetic methods
by means of visible light.34–37 Visible light involves a major part
of the arriving solar radiation, which can be used to drive
various photochemical transformations. Since most organic
compounds do not absorb visible light, the application of
photochemical reactions has been restricted. Therefore, the
development of new and efficient visible light photocatalysts
towards chemical transformations is a necessity. Photoredox
catalysts absorb visible light to provide the required energy to
initiate a photochemical reaction. Among metal-free organic
dyes, EY has been used as an economic and environment-
friendly alternative to many transition metal photoredox
catalysts.

The photochemistry of EY has been well examined via exci-
tation by visible light and this molecule goes through a fast
intersystem crossing to the lowest energy states.38 EY can easily
absorb green light; therefore, various applications have
emerged for this organic photosensitizer in visible light-
promoted organic synthesis.39–41 However, because EY has
harmful effects on the environment, a solution is required. One
of the most efficient ways to solve this problem is to prepare
a heterogeneous catalyst from this material using suitable
catalytic substrates. There is an example of the heterogenization
of EY on TiO2 and its application in the degradation of diclo-
fenac via the solar activation of titanium dioxide.42 In addition,
a new metal–organic framework photocatalyst modied by EY
Scheme 1 A general route for the preparation of different substituted c

© 2021 The Author(s). Published by the Royal Society of Chemistry
“EY@UiO-66-NH2” has been synthesized and used in the C–H
activation of tertiary amines.43 Also, the reduction of 4-nitro-
phenol has been achieved by handling solar irradiation under
green conditions by utilizing an effective polymer-supported EY
photocatalyst.44 Further transformations involving oxidation of
thioethers and phenylboronic acids45 as well as C–C and C–P
coupling reactions46 were also performed by EY-supported
photocatalysts.

As far as we know, semiconducting metal oxides have a very
crucial impact in a wide domain of chemical industries such as
lithium ion batteries,47 sensors,48 optoelectronics,49 and photo-
catalysts.50 Among various types of these semiconductors, zinc
oxide and tungsten(VI) oxide are very appropriate to be applied
as photocatalysts because of their proper bandgap (3.2–3.35
eV).51 However, semiconductor composites can improve the
electron transitions between the (e�)/(h+) pairs in the large
energy gaps and can be regarded as effectual photocatalysts.52

To date, ZnO-WO3,53 CuO/WO3/TiO2,54 ZnO–TiO2,55 and ZnO/
CeO2 (ref. 56) are prepared and used as effective photocatalysts
in a number of routine transformations under visible light
irradiation.

In the extension of our previous studies on the development
of green synthetic protocols to achieve important heterocyclic
compounds57–59 and to recognize the extensive applications of
chromene derivatives, herein, we report a simple and conve-
nient new method to synthesize different substituted chromeno
[4,3-b]chromene derivatives by means of a green LED through
hromeno[4,3-b]chromenes.

RSC Adv., 2021, 11, 18026–18039 | 18027
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the multicomponent condensation of aryl aldehydes, 1,3-
cyclohexanedione, and 4-hydroxylcoumarin, using an EY-
supported nanocomposite (WO3/ZnO) as a green heteroge-
neous nanocatalyst under solventless conditions (Scheme 1).

The interaction of EY with the solid support material can
occur via three routes including hydrophobic, hydrogen bond,
and Lewis acid–base interactions. The hydrophobic interaction
refers to the adsorption affinity of EY via its non-hydrophobic
functional groups. This interaction is not too strong, however,
it should be considered. Hydrogen bonding also widely
happens in the adsorption of this polar compound to the
support material through the lone-pair hydrogen bonding
donors on EY with the acceptor sites on the support. Finally,
Lewis acid–base interaction occurs via the carboxyl group of EY
with the basic sites such as the pendant amino group of the
alkyl chain. Therefore, all of the above interactions could be
regarded as electronic interactions between EY and WO3/
ZnO@NH2.60–63 However, precise adsorption isotherm experi-
ments are necessary to elucidate the exact mechanism of
adsorption.
2 Experimental section
2.1 Materials and methods

All chemicals including zinc chloride, sodium hydroxide, zinc
acetate, sodium tungstate, EY, benzaldehyde, dimedone, 4-
hydroxycoumarin, (3-aminopropyl)triethoxysilane (APTES), and
solvents were purchased from Sigma-Aldrich, Merck, and Fluka,
and utilized as received without further purication. The
morphology of the synthesized nanophotocatalyst was studied
by a Mira 3-XMU eld emission scanning electron microscope
(FE-SEM). 1H- and 13C-NMR spectra were recorded on a 300
MHz Bruker AVANCEC III spectrometer using TMS as the
internal reference. Melting points were attained on a Stuart BI
Branstead Electrothermal IA9200 apparatus. Fourier transform
infrared (FT-IR) spectra were recorded on a Shimadzu 8700
Fourier transform spectrometer in the range of 400–4000 cm�1

with KBr pellets. UV-visible spectra were obtained using a Pho-
tonix UV-visible array spectrophotometer. X-ray diffraction
patterns (XRD) were attained on an Xpert MPD diffractometer
with Cu Ka radiation at 30 mA and 40 keV and a scanning rate of
3� min�1 in the 2q domain from 5� to 80�. Thermogravimetric
analysis was carried out with a TGA 92 Setaram at 10 �C min�1.
The chemical composition of the catalyst was determined by an
inductively coupled plasma spectrometer (ICP-MS; model
VARIAN VISTA-PRO).
2.2 Preparation of WO3/ZnO nanoparticles

About 30 mL NaOH (4 M) was added drop-wise into a 20 mL
mixture of zinc acetate (1 M) and 2mL of Na2WO4$2H2O (0.5 M).
Then, the produced suspension remained at room temperature
under mild stirring for 3 h to generate the desired precursor.
Thereaer, the obtained suspension was subsequently trans-
ferred to a 250 mL ground-glass stopped conical ask and aged
at 95 �C for 10 h. Finally, the deposited precipitate at the bottom
18028 | RSC Adv., 2021, 11, 18026–18039
of the conical ask was gathered, completely washed with water,
and air-dried under ambient conditions.
2.3 Surface modication of WO3/ZnO via the anchoring of
APTES

800 mg WO3/ZnO was dispersed in an anhydrous solution of
toluene (60 mL). To this suspension, 1.6 mL APTES was added
and the obtained mixture was reuxed for 24 h. Finally, the
attained precipitate was ltered and dried in an oven at 60 �C
for 12 h.
2.4 Surface modication of WO3/ZnO@NH2 with EY

WO3/ZnO@NH2-EY was supplied through a well-known wet-
impregnation method. According to this procedure, 20 �
10�3 mL EY was dissolved in THF. Then, 0.5 g of WO3/
ZnO@NH2 was gradually added to this solution for 12 h in
a dark atmosphere. Eventually, the resulting precipitate was
dried at 80 �C under air for 24 h.
2.5 A general procedure for the synthesis of substituted
chromeno[4,3-b]chromene

Benzaldehyde (100 mg, 1 mmol), dimedone (140 mg, 1 mmol),
4-hydroxycoumarin (162 mg, 1 mmol), and the desired amount
of WO3/ZnO@NH2-EY (30 mg) were successively added to a test
tube equipped with a magnet. Then, the reaction mixture was
irradiated with a green light-emitting diode (lmax ¼ 535 nm) at
room temperature in an open-air atmosphere and completion
of the reaction was monitored by TLC (n-hexane : ethyl acetate,
3 : 1). Aer completion of the reaction, the mixture was
quenched with H2O (3 mL) and the desired chromene product
was dissolved in EtOAc. Then, the EtOAc layer was removed and
the aqueous fraction was again extracted with EtOAc (3� 3 mL).
Finally, the attained organic layer was dried over sodium sulfate
and concentrated in vacuo. The crude accomplished product
was puried through column chromatography (100–200 mesh
silica gel; EtOAc/hexane) to afford the pure chromene.
2.6 Spectral data

2.6.1 10,10-Dimethyl-7-phenyl-10,11-dihydrochromeno
[4,3-b]chromene-6,8(7H,9H)-dione (Table 4, entry 1). 1H NMR
(300 MHz, DMSO-d6); d: 7.83 (1H, d, J ¼ 7.8 Hz), 7.53 (1H, d, J ¼
7.2 Hz), 7.05–7.35 (7H, m), 4.69 (1H, s), 2.66 (2H, s), 2.24 (1H, d, J
¼ 15.9 Hz), 2.12 (1H, d, J ¼ 16.2 Hz), 1.07 (3H, s), 0.97 (3H,
s) ppm; 13C NMR (75 MHz, DMSO-d6); d: 195.8, 162.6, 160.2,
154.0, 152.4, 143.0, 132.7, 128.7, 128.3, 127.0, 124.7, 122.8,
116.5, 114.5, 113.5, 106.3, 50.6, 33.4, 32.3, 29.0, 27.3 ppm.

2.6.2 10,10-Dimethyl-7-(4-nitrophenyl)-10,11-dihy-
drochromeno[4,3-b]chromene-6,8(7H,9H)-dione (Table 4, entry
2). 1H NMR (300MHz, DMSO-d6); d: 8.00 (2H, d, J¼ 8.7 Hz), 7.89
(1H, s), 7.84 (1H, d, J¼ 7.8 Hz), 7.55 (1H, d, J¼ 7.2 Hz), 7.47 (1H,
d, J ¼ 8.7 Hz), 7.34 (1H, t, J ¼ 7.5 Hz), 7.26 (1H, d, J ¼ 8.1 Hz),
4.82 (1H, s), 2.68 (2H, s), 2.24 (1H, d, J ¼ 16.2 Hz), 2.11 (1H, d, J
¼ 16.2 Hz), 1.07 (3H, s), 0.96 (3H, s) ppm; 13C NMR (75 MHz,
MSO-d6); d: 195.8, 163.0, 160.2, 154.5, 152.6, 150.2, 146.7, 133.0,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 FT-IR spectra of (a) WO3/ZnO, (b) WO3/ZnO@NH2, (c) EY, and
(d) WO3/ZnO@NH2-EY.

Fig. 2 The FE-SEM images of WO3/ZnO@NH2-EY.
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129.9, 124.8, 123.4, 122.9, 116.8, 13.6, 113.3, 105.0, 50.5, 33.8,
32.3, 28.9, 27.4 ppm.

2.6.3 10,10-Dimethyl-7-(4-methoxyphenyl)-10,11-dihy-
drochromeno[4,3-b]chromene-6,8(7H,9H)-dione (Table 4, entry
4). 1H NMR (300 MHz, DMSO-d6); d: 7.82–7.85 (1H, m), 7.52–
7.57 (1H, m), 7.24–7.35 (2H, m), 7.14 (2H, d, J ¼ 9.0 Hz), 7.04
(1H, d, J ¼ 9.0 Hz), 6.62–6.70 (1H, m), 4.66 (1H, s), 3.63 (3H, s),
2.66 (2H, s), 2.16 (1H, d, J ¼ 16.2 Hz), 2.04 (1H, d, J ¼ 16.2 Hz),
1.08 (3H, s), 0.95 (3H, s) ppm; 13C NMR (75 MHz, DMSO-d6); d:
195.9, 161.5, 160.5, 158.5, 153.6, 152.3, 135.1, 132.5, 129.6,
129.3, 124.6, 122.7, 116.6, 115.6, 113.6, 113.3, 106.3, 55.1, 50.7,
32.3, 32.1, 29.1, 27.3 ppm.

2.6.4 10,10-Dimethyl-7-(3-nitrophenyl)-10,11-dihy-
drochromeno[4,3-b]chromene-6,8(7H,9H)-dione (Table 4, entry
5). 1H NMR (300 MHz, DMSO-d6); d: 8.01 (1H, s), 7.87 (1H, d, J¼
8.1 Hz), 7.78 (1H, d, J ¼ 7.8 Hz), 7.59 (1H, d, J ¼ 6.6 Hz), 7.49
(1H, t, J ¼ 7.5 Hz), 7.24–7.35 (2H, m), 7.18 (1H, d, J ¼ 8.1 Hz),
4.81 (1H, s), 2.66 (1H, d, J ¼ 18 Hz), 2.58 (1H, d, J ¼ 18 Hz), 2.19
(1H, d, J ¼ 16.5 Hz), 2.08 (1H, d, J ¼ 16.5 Hz), 1.03 (3H, s), 0.93
(3H, s) ppm; 13C NMR (75 MHz, DMSO-d6); d: 195.6, 163.0,
159.8, 154.1, 152.1, 147.5, 144.7, 135.0, 132.8, 129.4, 124.6,
123.1, 122.7, 121.7, 116.5, 113.0, 104.6, 49.9, 38.8, 33.2, 31.9,
28.4, 26.8 ppm.

2.6.5 7-(3-Nitrophenyl)-10,11-dihydrochromeno[4,3-b]
chromene-6,8(7H,9H)-dione (Table 4, entry 6). 1H NMR (300
MHz, DMSO-d6); d: 7.99–8.02 (2H, m), 7.87–7.90 (2H, m), 7.54–
7.60 (1H, m), 7.23–7.45 (3H, m), 5.04 (1H, s), 2.77–2.95 (2H, m),
2.39–2.44 (2H, m), 2.04–2.17 (2H, m), ppm; 13C NMR (75 MHz,
DMSO-d6); d: 195.9, 164.3, 152.7, 144.7, 136.0, 132.7, 129.0,
124.5, 122.8, 122.6, 122.2, 117.0, 115.3, 113.3, 105.4, 36.7, 33.5,
27.1, 20.1 ppm.

2.6.6 7-(4-Methoxyphenyl)-10,11-dihydrochromeno[4,3-b]
chromene-6,8(7H,9H)-dione (Table 4, entry 7). 1H NMR (300
MHz, DMSO-d6); d: 8.04 (1H, d, J ¼ 7.8 Hz), 7.73 (1H, t, J ¼ 7.5
Hz), 7.43–7.54 (2H, m), 7.33 (2H, d, J ¼ 8.4 Hz), 6.87 (2H, d, J ¼
7.8 Hz), 3.82 (3H, s), 4.87 (1H, s), 2.88–3.06 (2H, m), 2.50 (2H, t, J
¼ 6.3 Hz), 2.15–2.27 (2H, m) ppm; 13C NMR (75MHz, DMSO-d6);
d: 195.5, 163.3, 160.2, 159.3, 153.4, 152.5, 135.3, 132.6, 129.6,
124.7, 122.8, 120.8, 116.7, 116.1, 113.7, 113.3, 111.7, 106.5, 55.2,
36.9, 32.4, 26.9, 20.2 ppm.

3 Results and discussion
3.1 Characterization and physicochemical properties of
WO3/ZnO@NH2-EY nanoparticles

The morphology and physicochemical properties of the
prepared WO3/ZnO@NH2-EY nanocatalyst were investigated by
means of FT-IR, SEM, ICP, UV-Vis, and XRD. FT-IR and UV-Vis
techniques are the most informative techniques to examine
the surface interaction of EY with the surface functional groups
of WO3/ZnO@NH2.

3.1.1 FT-IR spectroscopy. The FT-IR spectra of the fabri-
cated samples in the range of 400–4000 cm�1 are shown in
Fig. 1. To ensure the binding of EY on the surface of WO3/
ZnO@NH2-EY, the FT-IR of all the fragments including WO3/
ZnO (a), WO3/ZnO@NH2 (b), EY (c), and WO3/ZnO@NH2-EY (d)
were studied. This study proved the anchoring of EY onto the
© 2021 The Author(s). Published by the Royal Society of Chemistry
surface of WO3/ZnO@NH2-EY. The typical absorption bands in
the region of 400–600 cm�1 are due to ZnO species. The FT-IR of
WO3/ZnO and WO3/ZnO@NH2 revealed a strong absorption
band at �445 cm�1 with a shoulder at �510 cm�1 corre-
sponding to the Zn–O stretching vibrations. Moreover, the weak
bands at 943 and 948 cm�1 are related to W]O bonds in the
octahedral WO3.64,65 The graing of the amine group on the
surface of WO3/ZnO can be approved by the observation of the
corresponding aliphatic bands in 2900 and 3400 cm�1.66 The
appearance of the EY characteristic bands in the FT-IR of WO3/
ZnO@NH2-EY proved that the structure of EY is unchanged
aer immobilization. The FT-IR spectrum of WO3/ZnO@NH2-
EY was also compared to that of the parent EY. The observation
of the absorption bands at 1590 and 1500 cm�1 due to the
RSC Adv., 2021, 11, 18026–18039 | 18029
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carboxyl functional group and the C]C of aromatic phenyl
rings, respectively, unambiguously conrmed the loading of EY
onto the surface of the WO3/ZnO@NH2 framework.67,68

However, there were no detectable peaks due to theWO3 species
and it seems that a little surface segregated WO3 had no
apparent effects on the infrared spectrum of ZnO nanoparticles.

3.1.2 FESEM of WO3/ZnO@NH2-EY. The surface
morphology of WO3/ZnO@NH2-EY was further studied by FE-
SEM (Fig. 2). From this gure, it can be concluded that the
Fig. 3 The FE-SEM map pictures of WO3/ZnO@NH2-EY.

18030 | RSC Adv., 2021, 11, 18026–18039
prepared nanocatalyst has an approximately nanosheet frame-
work. Moreover, the diameter of these nanosheets was about
25–35 nm. In addition, the FE-SEM images of WO3/ZnO@NH2-
EY with 5 mm particle size were achieved to investigate the
distribution of tungsten and zinc (Fig. 3).69 As can be seen from
these pictures, the presence and steady distribution of these
elements in the WO3/ZnO@NH2-EY nanocatalyst can be easily
proven.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Wide-angle XRD pattern of (a) WO3/ZnO, (b) WO3/ZnO@NH2, and (c) WO3/ZnO@NH2-EY.

Fig. 5 TGA profile for WO3/ZnO@NH2-EY.
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3.1.3 XRD. The crystallinity of the fabricated WO3/ZnO,
WO3/ZnO@NH2, and WO3/ZnO@NH2-EY was explored through
wide-angle XRD (Fig. 4). In the XRD pattern of WO3/ZnO,
obvious diffraction peaks at the 2q of 23.1�, 23.7�, and 24.2�

corresponded to the (002), (020), and (200) crystal planes of
WO3, respectively, which appeared as broad peaks.70 However,
there were no detectable peaks related to WO3 in the XRD
pattern of WO3/ZnO@NH2-EY due to its low amount or amor-
phous nature on the surface of ZnO. The diffraction patterns of
the synthesized WO3/ZnO@NH2-EY showed that the material is
a crystalline material and major parts of the XRD pattern were
tted well with the standard data of the ZnO structure. Low-
intensity peaks at the 2q of 31.6, 34.4, 36.3, 47.6, 56.7, 62.9,
66.3, 67.8, 69.1, 72.6, and 76.9� corresponded to the (100), (002),
(101), (102), (110), (103), (200), (112), (201), (004), and (202)
planes, respectively. These results conrmed that WO3/
ZnO@NH2-EY has a very close topology to ZnO.68 Moreover, the
half-value crystallite scale can be calculated using the XRD data
in the Debye–Scherrer formula; thus, the half-value crystallite
scale of WO3/ZnO@NH2-EY was attained as�31 nm, which is in
accordance with the FESEM results.

3.1.4 TGA. The thermal stability of the WO3/ZnO@NH2-EY
nanophotocatalyst was explored by TGA (Fig. 5). It seems that
© 2021 The Author(s). Published by the Royal Society of Chemistry
a little weight-gain at the temperature of about 40 �C would be
due to the differences in the thermal conductivity and the heat
capacity of the purging gas.71 Following the graph, three stages
of decomposition can be seen. The rst gradual weight-loss of
about 1.79% was observed below 180 �C, which is most likely
due to water desorption from the surface of nanoparticles and
RSC Adv., 2021, 11, 18026–18039 | 18031
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loss of moisture content.72 Then, the EY moiety started to be
destroyed at about 200–380 �C with an average weight loss of
about 6.64%. Further weight loss (4.37%) at higher tempera-
tures would probably be due to the burning of alkyl-chain
remnants, which was accompanied by the crystallization of
ZnO and WO3 up to 500 �C.

3.1.5 UV-vis and ICP. The amount of EY loaded onto WO3/
ZnO@NH2 was monitored by UV-vis spectroscopy of the solu-
tion involving EY during the immobilization process. To ach-
ieve the degree of loaded EY, the UV-vis spectra of the solutions
of WO3/ZnO@NH2 were attained before and aer the addition
of EY. Thus, 0.5 g of WO3/ZnO@NH2 was suspended in 5 mL
THF solution having 100 mg of EY. Then, the heterogeneous
suspension was stirred for 7 h (Fig. 6). Obviously, most of the EY
content was adsorbed on the surface of WO3/ZnO@NH2 aer
5 h. However, the amount of EY loaded onto to the surface of the
solid material was precisely detected by ICP and the weight% of
15 was attained. It means that �0.21 mmol of EY was graed
per gram of the WO3/ZnO@NH2 photocatalyst. Thus, most of
the vanished EY (as documented by the UV-vis study) was
physisorbed onto the surface of the photocatalyst.
3.2 Catalytic tests

To achieve the best reaction conditions, we performed a model
condensation reaction using benzaldehyde (1 mmol), dimedone
Table 1 Optimization of the reaction conditions for the condensation o

Entry Light Light source

1 — —
2 Green LED 25 W, l ¼ 535 nm
3 Dark —
4 White LED 20 � 1 W
5 Green LED 25 W, l ¼ 535 nm

a Reaction conditions: dimedone (1.0 mmol), benzaldehyde (1.0 mmol), a
open-air atmosphere at room temperature.

Fig. 6 UV-vis spectral changes under the loading of EY on WO3/
ZnO@NH2.

18032 | RSC Adv., 2021, 11, 18026–18039
(1 mmol), and 4-hydroxycoumarin (1 mmol) in the presence of
WO3/ZnO@NH2-EY (0.03 g) under solventless conditions. Then,
the reaction mixture was irradiated with a green light-emitting
diode (lmax, 535 nm) at room temperature in an open-air
container. Thereaer, the desired chromeno[4,3-b]chromene
was formed in good yield aer 45 min (Table 1). This study
demonstrated that if we remove any of the aforementioned
requirements such as EY, WO3/ZnO@NH2-EY, and LED, the
reaction yield will be signicantly diminished.

3.2.1 Studying the effect of the catalyst amount. Herein,
the reactions were performed with different amounts of the
catalyst in order to optimize the exact quantity of WO3/
ZnO@NH2-EY. As seen in Fig. 7, 0.03 g of WO3/ZnO@NH2-EY
was appropriate and gave 97% yield under the selected reaction
conditions. However, a further increment of the catalyst
amount affected neither the yield% nor the reaction time, while
a lower yield of the desired product was attained on decreasing
the catalyst amount (Fig. 7).

3.2.2 Effect of different solvents. In this step, we shied
our focus on the impact of the solvent in the reaction progress
(Table 2). Thus, the condensation of dimedone, benzaldehyde,
and 4-hydroxycoumarin under optimum conditions was per-
formed with some selected solvents such as CH3CN, THF,
toluene, and ethanol. According to the obtained data in Table 2,
f dimedone, benzaldehyde, and 4-hydroxycoumarina

WO3/ZnO@NH2-EY (g) Time (min) Yield (%)

— 45 4
— 45 9
0.03 45 43
0.03 45 55
0.03 45 97

nd 4-hydroxycoumarin (1.0 mmol) under solvent-free conditions in an

Fig. 7 Effect of the catalyst amount on the condensation of dime-
done, benzaldehyde, and 4-hydroxycoumarin under the selected
reaction conditions below Table 1 in the presence of a green LED
(25 W, l ¼ 535 nm) after 45 min.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Optimization of the solvent on the condensation of dime-
done, benzaldehyde, and 4-hydroxycoumarin using a green LED (25
W)a

Entry
WO3/ZnO@NH2-EY
(g) Solvent Time (min) Yield (%)

1 0.03 — 45 97
2 0.03 H2O 180 45
3 0.03 Toluene 180 62
4 0.03 Ethanol 180 77
5 0.03 CH3CN 180 95

a Reaction conditions are described below Table 1. 3 mL solvent was
used.

Fig. 8 Effect of the temperature on the condensation of dimedone,
benzaldehyde, and 4-hydroxycoumarin in the presence of 0.03 g of
WO3/ZnO@NH2-EY, green LED, and CH3CN (3 mL). The reaction time
was selected as 3 h.

Fig. 9 Effect of the reaction time on the condensation of dimedone,
benzaldehyde, and 4-hydroxycoumarin. Green LED (25 W) was used
under solvent-free conditions in an open atmosphere at room
temperature.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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the solvent-free condition was the best choice between the tried
solvents and provided the maximum yield of 97% aer 45 min.

3.2.3 Effect of the reaction temperature. The impact of the
reaction temperature was speculated in the condensation of
dimedone, benzaldehyde, and 4-hydroxycoumarin to achieve
the best reaction conditions (Fig. 8). Interestingly, the yield%
was only a little affected by the reaction temperature and the
best result was attained at RT (�25 �C) aer 3 h. Therefore, the
temperature of 25 �C was the optimum temperature for all the
runs.

3.2.4 Effect of the reaction time. The effect of the reaction
time was investigated to explore the minimum time needed to
acquire the best yield. As Fig. 9 shows, 45 min was adequate to
reach the maximum yield of 97%. Noteworthily, a little decrease
in the yield% was attained by extending the reaction time,
which would be due to the poisoning of the catalyst surface. The
above experiments declared that the best condition can be
solvent-free under an open air atmosphere at room temperature
in the presence of 0.03 g of the WO3/ZnO@NH2-EY
nanocatalyst.
Table 3 Studying the catalytic activity and some contributing exper-
imental parameters on the condensation of dimedone, benzaldehyde,
and 4-hydroxycoumarina

Entry
Green LED
(25 W, l ¼ 535 nm) Catalyst Air Time (min) Yield (%)

1 + — + 45 9
2 + EY + 45 72
3 + WO3/ZnO@NH2 + 45 42
4 + WO3/ZnO@NH2-

EY
+ 45 97

5 � WO3/ZnO@NH2-
EY

+ 45 43

6 + WO3/ZnO@NH2-
EY

N2 45 18

a Reaction conditions are described below Table 1. 0.03 g of the catalyst
was used under solvent-free conditions.

Fig. 10 Effect of some familiar scavengers on the reaction progress
under the standard reaction conditions described below Table 1.

RSC Adv., 2021, 11, 18026–18039 | 18033
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Table 4 Substrate scope for the condensation of dimedone, benzaldehyde, and 4-hydroxycoumarina

Aldehyde Dimedone Product
Yield (%),
select. (%) TONb TOFc M.P.

97, (98) 29.66 39.5 220–222 (ref. 78)

91, (85) 30.33 40.44 208–210 (ref. 28)

73, (94) 24.33 32.44 228–230 (ref. 28)

72, (96) 24 32 187–189 (ref. 78)

73, (88) 24.33 32.44 240–245 (ref. 79)

76, (92) 25.33 33.78 218–220 (ref. 80)

18034 | RSC Adv., 2021, 11, 18026–18039 © 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 (Contd. )

Aldehyde Dimedone Product
Yield (%),
select. (%) TONb TOFc M.P.

78, (97) 26 34.67 196–197 (ref. 81)

a Reaction conditions are described below Table 1. Green LED (2.5 W, l ¼ 535 nm) under solvent-free conditions in air at room temperature.
Reaction time was 45 min and 0.03 g of WO3/ZnO@NH2-EY was used in all the cases. b TON is calculated based on the moles of the converted
substrate/mol of the catalyst. c TOF ¼ (yield/time (h))/catalyst amount (g).

Table 5 The comparison of the catalytic activity of WO3/ZnO@NH2-EY with some reported catalysts in the synthesis of chromeno[4,3-b]
chromenea

Catalyst Catalyst amount Time (h) Temp (�C) Solvent Yield (%)

Fe(DS)3 10 mol% 1.5 70 H2O (2.5 mL) 90 (ref. 76)
Fe3O4@SiO2@(CH2)3OMoO3H 0.002 g 0.75 80 — 90 (ref. 27)
Nano-CuFe2O4@SO3H (0.05 g) 2.5 70 EtOH (5 mL) 90 (ref. 29)
t-ZrO2 np 10 mol%, 12.3 mg 0.5 80 H2O (5 mL) 91 (ref. 82)
Eozin Y 2 mol% 3.5 r.t green LED CH3CN (3 mL) 77 (ref. 83)
WO3/ZnO@NH2-EY 30 mg (�0.21 mmol EY per g of photocatalyst) 0.75 r.t. green LED — 97 (this work)

a Reaction conditions are described below Table 1.
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3.2.5 Effect of the light source, presence of oxygen, and EY
on the reaction progress. The catalytic activity of EY, WO3/
ZnO@NH2, and WO3/ZnO@NH2-EY nanoparticles was sepa-
rately investigated for the condensation of dimedone, benzal-
dehyde, and 4-hydroxycoumarin under the standard reaction
conditions (Table 3). This investigation demonstrated that the
condensation reaction is greatly dependent on the presence of
light and oxygen. In addition, the best yield was attained with
the nanocomposite WO3/ZnO@NH2-EY and WO3/ZnO@NH2

showed a lower catalytic activity.
3.2.6 Role of hole and electron scavengers. The effect of

various hole and electron scavengers was monitored in the
photocatalytic preparation of chromene derivatives in the
presence of the heterogeneous nanocatalyst WO3/ZnO@NH2-EY
(Fig. 10). Generally, effective radical species such as hydroxyl
radical, holes, and superoxide anion-radical are responsible for
the photocatalytic reaction. Therefore, some familiar scaven-
gers were separately included in the present reactionmixture. In
© 2021 The Author(s). Published by the Royal Society of Chemistry
these experiments, isopropyl alcohol (IPA) was employed to
scavenge the hydroxyl free radical.73 In this case, the yield% was
decreased from 95 to 75%. In addition, a great decrease in the
yield% (44%) in the presence of p-benzoquinone (BQ) (as an
cO2

� scavenger)74 proved that cO2
� would be involved in the

reaction mechanism; therefore, O2 strongly affects the photo-
catalytic process. Meanwhile, an 8% decrease in the yield% in
the presence of ethylenediaminetetraacetic acid (EDTA) as an h+

scavenger75 also conrmed the possible contribution of h+ in
the photocatalytic reaction. As a result, reactive species such as
OHc and cO2

� along with h+ were expected to be concerned in
the present photocatalytic reaction.

3.2.7 Synthesis of different chromeno[4,3-b]chromene
catalyzed by WO3/ZnO@NH2-EY. The versatility, limitations,
and general scope of the present methodology were identied
for the synthesis of a series of chromeno[4,3-b]chromene
derivatives using a variety of aromatic aldehydes. Most of the
performed aldehydes provided good to excellent yields in
RSC Adv., 2021, 11, 18026–18039 | 18035
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a short period of time (Table 4). Aromatic aldehydes with
different electron withdrawing/releasing substituents generated
the desired products in good yields with superior selectivity.
Although most of the electron-rich and electron-poor aldehydes
afforded the desired products in high yields; however, in
agreement with previous reports,76,77 our experiments revealed
that aldehyde-bearing electron-withdrawing groups react with
better efficacy than those bearing electron-donating
substituents.

3.2.8 Superiority of the present method over some reported
catalysts. To date, a number of similar reports have accounted
for the preparation of chromeno[4,3-b]chromene under
different reaction conditions. The condensation yield of dime-
done, benzaldehyde, and 4-hydroxycoumarin was contrasted
with that reported in the literature, as shown in Table 5. In this
experiment, the comparison was focused in terms of the most
important experimental variables such as the reaction time,
catalyst mol%, and yield%. Interestingly, the present method-
ology showed a few advantages using a very low amount of an
environmental benign catalyst under mild reaction conditions
and with an acceptable generality. Thus, this methodology is
a special case, offering a new approach for the one-pot single-
step preparation of the desired chromenes under milder
conditions and, especially, under photochemical conditions
with environment-friendly LED irradiation, which consumes
a very low amount of electrical energy.

3.2.9 Studying the stability and reusability of WO3/
ZnO@NH2-EY. To study the stability and reusability of WO3/
ZnO@NH2-EY, the photocatalytic nanoparticles were removed
aer the completion of the rst run by simple ltration. Then,
the ltered catalyst was washed with a copious amount of
toluene, well-dried at room temperature, and prepared for the
next run. Therefore, the nanocatalyst was subsequently
examined for four runs to prove its good stability and reus-
ability (Fig. 11). This experiment revealed that the reactivity of
the photocatalyst declined such that the yield% was
decreased �10% aer the 4th run, which may be due to the
poisoning of the catalyst surface or a little destruction of the
Fig. 11 Yield% as a function of the reusability of nano WO3/
ZnO@NH2-EY.

18036 | RSC Adv., 2021, 11, 18026–18039
photocatalyst framework. However, the comparison of the
infrared spectra of WO3/ZnO@NH2-EY before and aer the
4th run proved the existence of the main characteristic bands
at about 1200–1800 cm�1, assuring that the structure of WO3/
ZnO@NH2 remained almost intact during the reaction
(Fig. 12). In addition, typical experiments were repeated to
warrant the reproducibility of the condensation reaction in
the synthesis of chromeno[4,3-b]chromene and the acquired
yields were repeatable with �4% variation. Therefore,
according to this experiment together with the consideration
of the solvent-free conditions, it seems that the present
protocol has some signicant advantages compared to the
reported protocols, especially with that of Singh et al.83 The
major improvements include the heterogeneity and recycla-
bility of the catalyst.

3.2.10 Hot ltration test. The hot ltration test is recom-
mended to ensure that the catalytic activity of the photocatalyst
originates from the conjugated composite WO3/ZnO@NH2-EY
and not from the drained segments, especially EY, in the reac-
tion medium. Considering the high activity of EY in the prep-
aration of chromeno[4,3-b]chromene, we specically studied
the leaching of this species from WO3/ZnO@NH2-EY. For this
purpose, WO3/ZnO@NH2-EY (2 mg) was added to a mixture of
dimedone, benzaldehyde, and 4-hydroxycoumarin, and the
reaction was started under the standard conditions for 1.5 h.
Then, the catalyst was separated off and the product yield of
58% was attained aer removing the produced chromene. Aer
that, the reaction was continued for another 1.5 h and the
improved yield of 65% was attained based on the separated
chromene. Interestingly, no further increase in the yield% was
observed by prolonging the time to 5 h. Clearly, this experiment
showed that an�8% increase in the yield% should be due to the
Fig. 12 FT-IR spectra of new (a) and regenerated (b) WO3/ZnO@NH2-
EY.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 A plausible reaction pathway for the fabrication of the desired chromene via consecutive electron transfer reactions.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
1.

 D
ow

nl
oa

de
d 

on
 4

/2
8/

20
26

 1
2:

03
:5

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
leached EY or other fragments from the mother active nano-
composite WO3/ZnO@NH2-EY.

3.2.11 Suggesting a reasonable reaction pathway. On the
basis of the literature survey,58 a probable mechanism is
illustrated in Fig. 13. Upon absorption of visible light, the
photoredox catalyst can be converted into its excited state and
provides a superoxide species to promote the conversion of the
1,3-dicarbonyl compound (2) into a radical cation (A). The
generated radical cation (A) can interact with the aromatic
aldehyde (1) to form an intermediate (B). Again, the photo-
catalyst participates in the reaction and facilitates the
© 2021 The Author(s). Published by the Royal Society of Chemistry
transformation of compound (B) to (C) via an electron transfer
process. Eventually, the dehydration of compound (C)
produces the b-dicarbonyl-enone (D), which can act as
a Michael acceptor. Simultaneously, 4-hydroxycoumarin (3)
can be converted into the radical-cation (E) via photochemical
electron transfer and initiates a Michael-type addition reaction
with b-dicarbonyl-enone (D) to furnish the desired compound
(F). The continuation of the photochemical electron transfer
reactions by the mediation of the nanophotocatalyst achieves
the conversion of (F) into (G). Finally, (G) undergoes a simple
RSC Adv., 2021, 11, 18026–18039 | 18037
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dehydration reaction and generates the target chromene
product (4).
4 Conclusion

In conclusion, we have reported an ecofriendly and efficient
method to achieve visible light-promoted synthesis of chro-
meno[4,3-b]chromenes under mild conditions. The photoredox
catalyst WO3/ZnO@NH2-EY is used as a superior green alter-
native catalyst for the desired heterocyclic condensation reac-
tion. The heterogeneous photoredox nanocatalyst was
characterized by means of XRD, FT-IR, ICP, TGA, and SEM. The
mild reaction conditions, wide substrate tolerance, solventless
reactor, easy workup, high atom economy, cost-effectiveness,
and good to excellent yields are the main features of this new
photocatalytic system. The WO3/ZnO@NH2-EY nanocomposite
exhibits its photocatalytic functions via a series of electron
transfer reactions in the presence of visible light through
a radical mechanism, as proven using various scavengers. This
investigation showed that the reactive species such as cO2

� and
OHc along with h+ are the main reactive species involved in the
photochemical synthesis of chromenes. The WO3/ZnO@NH2-
EY photocatalyst could be frequently recovered over four times
without the loss of the catalytic activity. Eventually, a hot
ltration test ensured that the nanohybrid catalyst is stable in
the reactionmixture and its catalytic activity originates from the
whole undecomposed nanocomposite.
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