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A hydrothermal technique is employed for the preparation of nanostructured ZnO. The reaction was

carried out at 180 °C for 2 h in the presence of ethylenediamine (EDA) as a capping agent and was
characterized by X-ray diffraction (XRD), scanning electron microscopy (FESEM), and transmission
electron microscopy (TEM). XRD indicates the formation of highly crystalline ZnO having a wurtzite
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structure. FESEM analysis validates the formation of a submicron size spherical shaped marigold flower
like morphology. The nanostructured ZnO was screened for its catalytic activity as a heterogeneous
catalyst for the multicomponent synthesis of benzoxanthenes and pyranopyrazole derivatives in good to

excellent yield. The major advantages associated with this methodology include ease of separation and

rsc.li/materials-advances

Introduction

Multi-component reactions (MCRs) play an important role in
total synthesis and combinatorial chemistry because of their
ability to synthesize heterocyclic scaffolds with numerous degrees
of structural diversity. Such reactions have received considerable
attention because of their simplicity and economical aspects that
allow chemists to explore the synthesis of structurally diverse
organic compounds.' The nanostructured metal oxides such as
ZnO, CuO, MgO, TiO, Fe,0; etc. have attracted much attention
due to their unique properties which offer greater surface-to-
volume ratio and higher catalytic activity.>

Synthesis of heterocyclic compounds has received substantial
attention due to their wide range of pharmacological and biologi-
cal applications. The benzoxanthenes are a very important class of
biologically active heterocyclic compounds in medicinal fields.
They exhibit mainly anti-inflammatory, antiviral and antibacterial
activities.> They can also be used as dyes,® pH-sensitive fluores-
cent materials for the visualization of bimolecular assemblies” and
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reusability of the catalyst, easy work-up and short reaction time.

laser technologies.® Numerous methods have been reported for
the synthesis of benzoxanthene derivatives, which include
trontiumtriflate,”  silicasulphuricacid,’® P,0; and indium(m)
chloride,""'> methane sulfonic acid,”® NaHSO,-Si0,,"* p-
dodecylbenzenesulfonic acid (DBSA),">" tetrabutylammonium-
hydrogensulphate (TBAHS)."”” imidazolium based ionic liquid
[bmim]PF,,'® and trimethylsilyl chloride (TMSCL)."® Pyranopyra-
zole derivatives are a significant class of biologically active hetero-
cycles. They exhibit various biological activities such as anticancer,
antimicrobial, analgesic, anti-inflammatory, mollucicidal and fun-
gicidal activities. These derivatives are also used as cosmetics
and pigments.”*>* Various methods have been reported for the
synthesis of these derivatives such as Prolinetriflate,>® PTSA
in ionic liquid,*® magnetic nano particle supported dual ionic
liquid 3-sulfobutyl-1-(3-propyltriethoxysilane)imidazolium hydro-
gen sulfate/SiO,~Fe;0,.>” Nanocrystalline ZnO,”® and basic ionic
liquids.* Although the traditional synthetic methodologies offer
efficiency, most of them suffer from certain limitations such as low
yields of the products, use of harsh reaction conditions, toxic
solvents and catalysts compared to nanostructured materials.
The semiconducting material ZnO in its nanostructured form
has been extensively used in a wide range of technological
applications such as electrical engineering, photodegradation of
microorganisms, catalysis, and optical and optoelectronic
devices.>*?° In the present work nanostructured ZnO is utilized
as a heterogeneous catalyst in multi-component organic transfor-
mations and can be used for the formation of binary or ternary
composite nanomaterials for a variety of applications.*”*® In this
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regard, we have developed a simple, efficient, non-toxic hetero-
geneous catalytic system for the multi-component synthesis of
heterocyclic scaffolds like benzoxanthene and pyranopyrazole
derivatives via one pot four component reactions.

Experimental
Materials and reagents

For the synthesis of ZnO nanostructures, zinc nitrate (Zn(NOs),-
6H,0), sodium hydroxide (NaOH), and ethylenediamine (EDA)
of analytical grade were used as received. All other chemicals,
reagents and solvents were of analytical grade and used as
received without further purification.

Synthesis of ZnO nanostructures

For the synthesis of ZnO nanostructures, 10 mmol of zinc nitrate
(Zn(NO3),-6H,0) and 20 mmol of NaOH were dissolved separately
in 15 mL of distilled water respectively. The NaOH solution was
dropwise added to zinc nitrate solution with constant stirring. To
this mixture separately prepared EDA solution (0.5 mL in 20 mL
distilled water) was added dropwise and the stirring was con-
tinued for 15 min. The whole mixture was then transferred to a
stainless steel autoclave containing a 100 mL Teflon container.
The autoclave was sealed properly and heated at 180 °C for 2 h in
an electric oven. After completion of the reaction the autoclave
was naturally cooled down to room temperature. The obtained
reaction mass was washed with deionised water in order remove
the excess NaOH and unreacted precursor. Then a final wash was
given with ethanol. The sample was dried at 80 °C in a vacuum
oven for 1 h, and the dried sample was ground in a mortar and
pestle and used as such for further analysis and to evaluate its
catalytic activity study.

Characterization

The prepared ZnO nanostructures were characterized with
different spectroscopic and microscopic techniques. The phases
were identified using a powder XRD technique (Bruker AXS
model D-8, 10 to 70° range, scan rate = 10° min ') equipped
with a monochromator and Ni-filtered Cu K,, (1.5406 A) radia-
tion. The as synthesised ZnO nanostructures were studied
morphologically using FESEM (HITACHI S-4800). Microstruc-
ture analyses were carried out using a field emission transmis-
sion electron micrograph (FETEM) performed using a JEOL
JEM-2200 FS microscope operating at 200 kV. "HNMR spectra
of organic compounds were recorded on a Varian 400 MHz NMR
spectrophotometer with CDCl; or DMSO-d, as a solvent. Cou-
pling constants (J) are given in Hertz. Melting points were
determined on a Buchi M-560. Mass spectral data were obtained
from LC-MS (Shimadzu 2010). The reaction was monitored
by thin layer chromatography (TLC) on Merck’s silica gel plates
(60 Fy54). Photoluminescence spectra (PL) were recorded by the
photoluminescence spectrometer ShimadzuRF-5301.

Synthesis of benzoxanthene

In a 25 mL round bottom flask a stoichiometric mixture of -
naphthol (1.0 mmol), aromatic aldehydes (1.0 mmol) and 1,3
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dicarbonyl compound (dimedone) (1.0 mmol) were mixed
together with a catalytic amount (5 mol%) of ZnO in the
presence of ethanol:water (5 mL) and refluxed for 1-2 h.

The progress of the reaction was monitored by TLC (30%
hexane/ethyl acetate). After completion of the reaction, the
catalyst was filtered and the resulting product was extracted
with ethyl acetate, dried over anhydrous sodium sulfate and the
solvent was evaporated under reduced pressure. The crude
product was purified by silica column chromatography using
hexane/ethyl acetate (90:10 v/v) as an eluent. Proton chemical
shifts (0) are relative to TMS (6 = 0) as an internal standard and
expressed in ppm. Coupling constants (/) are given in Hertz.
The characterization data, physical constants and NMR of these
compounds were found to be identical with those reported in
the literature (Table S1, ESIT).

Synthesis of pyranopyrazole

In a 25 mL round bottom flask, ethyl acetoacetate (1.0 mmol),
hydrazine hydrate (1.0 mmol), aldehyde (1 mmol), and malono-
nitrile (1 mmol) were mixed together and a catalytic amount
(5 mol%) of ZnO was added in the presence of aq. ethanol
(5 mL). The reaction was stirred at room temperature for
15-30 min,

The progress of the reaction was monitored by TLC (30%
hexane/ethyl acetate). After completion of the reaction, the
catalyst was filtered and the resulting product was extracted
with ethyl acetate, dried over anhydrous sodium sulfate and the
solvent was evaporated under reduced pressure. The crude
product was purified by silica column chromatography using
hexane/ethyl acetate (Table S2, ESIt).

Results and discussion

In order to investigate the crystalline phases, the synthesized
ZnO was analysed with the XRD technique and the XRD pattern
is depicted in Fig. 1. The intense XRD peaks confirm the
formation of highly crystalline ZnO. The observed XRD peaks
at 20 = 31.7, 34.4, 36.2, 47.6, 56.7, and 62.8° are attributed to
(hkl) planes (100), (002), (101), (102), (110) and (103) respec-
tively. The peak positions validate the formation of crystalline
ZnO having a hexagonal wurtzite phase. XRD matches with the
reported ZnO pattern (JCPDS No. 36-1451) indicating high
phase purity and crystallinity. The average crystallite size
calculated using Scherer’s equation is found to be 30 nm.
The observed lattice constants of the prepared ZnO nanostruc-
ture having hexagonal wurtzite phase are a = b = 3.24 A and
¢ = 5.20 A. After confirming the crystalline ZnO, further mor-
phological study of a ZnO nanostructure by FESEM and TEM
analysis was performed.

FESEM analysis

The morphological study of the prepared ZnO nanostructures
was carried out using the FESEM technique and the images are
presented in Fig. 2. FESEM analysis indicates the formation of

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 XRD pattern of ZnO nanostructures.

submicron sized spherical shape marigold flower like hierarch-
ical morphology having a size in the range of 1 to 1.5 um.

This hierarchical ZnO flower is made up of small nanosized
petals having very thin nanosheets of thickness 10-12 nm and
along with the flower like morphology, hexagonal shaped plate
and nanorods with 50 to 100 nm thickness were also observed.
But these nanorods and plates are very few as compared to
flowers. The use of EDA leads to the formation of a flower like
morphology as it forms a complex with zinc ions (Zn-EDA) and
restricts the existence of free zinc ions in solution resulting in
controlled formation of zinc nuclei. At higher temperature
during the reaction the controlled decomposition of this
complex leads to the formation of particular shaped morphol-
ogy; a detailed mechanism study is in progress.

Fig. 2 FESEM of ZnO nanostructures with different resolutions (reaction
conditions 180 °C for 2 h).

This journal is © The Royal Society of Chemistry 2020
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TEM analysis

TEM micrographs of the as synthesized hierarchical ZnO
nanostructures along with the selected area diffraction pattern
(SAED) are shown in Fig. 3.

TEM micrographs of ZnO nanostructures prepared at 180 °C
for 2 h showed formation of hexagonal, spherical and petal like
mixed phase morphology. (TEM image a and b). SAED shown in
the inset of Fig. 3b indicates the formation of highly crystalline
hexagonal wurtzite phase ZnO nanostructures. The high reso-
lution TEM (HRTEM) image indicates an inter planar spacing
of 0.262 nm corresponding to the [002] plane. From the TEM
images it can be seen that the flowers are formed via self-
assembling of very thin nanopetals which are created by self-
alignment of tiny ZnO nanostructures. The concentric fused
rings can be observed in the SAED pattern and match with the
hexagonal phase of ZnO, thereby supporting XRD analysis
(inset of Fig. 3b).

Growth mechanism for ZnO
hanostructures

The growth mechanism for the formation of ZnO nanostructures
is proposed and may follow the following pathways (Scheme 3a-d).
During a hydrothermal reaction, the precursors slowly mixed
and decomposed into tiny nuclei of ZnO (Scheme 3a and b).
Primarily, tiny nuclei of ZnO are formed in the supersaturated
solution and further growth of nanoparticles takes place with
time (Scheme 3c). Under the optimized reaction conditions
(180 °C/hydrothermal, 2 h & EDA), the ZnO nuclei were grown
to form hierarchical (hexagonal, spherical and petal like mixed
phase morphology) ZnO nanostructures.

The room temperature PL spectrum of the ZnO nanostruc-
tures was obtained with an excitation wavelength of 350 nm
and is shown in Fig. S7 (ESIY). It shows two distinct peaks at
392 and 490 nm, the sharp and strong ultra violet emission
peak at 392 nm corresponds to band edge emission and the
broad emission peak centered at 490 nm is observed due to
oxygen vacancies in the ZnO lattice.*

: \/(O.ZGnm)

Fig. 3 TEM micrographs of ZnO nanostructures and SAED image (inset of
(b), 180 °C for 2 h).
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Synthesis of benzoxanthene and
pyranopyrazole derivatives

We initially optimized the reaction conditions for the multi-
component reaction of f-naphthol, benzaldehyde and dimedone
to afford the corresponding benzoxanthene derivative. The var-
ious reaction parameters comprising amount of catalyst, influ-
ence of solvent and temperature were evaluated for the reactions.

Screening of catalyst

To establish the general reaction conditions for the synthesis
of benzoxanthenes, a model reaction of B-naphthol, p-nitro-
benzaldehyde and dimedone was studied with and without ZnO
nanostructured material as a catalyst and the results are
summarized in Table 1. The reaction was sluggish and did
not proceed in the absence of catalyst even after prolonged
reaction time. The use of ZnO nanostructured material afforded
good yield of the desired benzoxanthenes.

In order to find the appropriate concentration of ZnO
for synthesis, the amount of catalyst varied from 0.5 mol% to
10 mol%, and the results are depicted in Table 1. With increase
in catalyst amount the yield of the reaction increases from 65%
to 92% respectively. With a higher catalyst amount (> 5 mol%)
the yield of the product was around 94% this indicates that
there was not much increase in the yield. The increase in the
catalyst amount did not show any significant improvement in
the yield of the resultant product. Based on the above observa-
tions 5 mol% catalyst was used for the synthesis of benzox-
anthene derivatives.

Screening of solvent

The effect of various solvents on the yield of benzoxanthene was
also explored using 5 mol% ZnO nanostructured material and
the results are summarized in Table 2.

When the reaction was carried out in water it afforded the
desired product in lower yields (20%). After extended reaction
time this may due to the inhomogeneity of the reactants. It was
observed that the yield of benzoxanthenes in aqueous ethanol
(50%) was almost more than 92% whereas, in methanol it was
85%. Other polar aprotic solvents (CH;CN, DCM, THF, CHCl;,
DMF) afforded moderate yield (Table 2, entry 4 to 9), while a
non-polar solvent (Table 2, entry 10) resulted in the desired
product in lower yield, which required longer reaction time.

Table 1 Optimization of amount of catalyst

Entry ZnO (x mmol) Yield” (%)
1 0.5 65
2 1.0 78
3 2.5 85
4 5.0 92
5 7.5 94
6 10.0 94

“ Isolated yield after chromatographic separation. Reaction conditions:
aldehyde (1 mmol), 2-naphthol (1 mmol), 1, 3 dicarbonyl compound
(1 mmol), catalyst (5 mol%) were stirred in 5 mL ethanol : water at reflux
temperature for 1-2 h.
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Table 2 Effect of solvent

Entry Solvent Time Yield” (%)
1 H,O 6h >20
2 EtOH:H,0 60 min 92
3 MeOH 90 min 85
4 CH,CN 60 min 89
5 DCM 75 min 80
6 THF 60 min 82
7 CHCl; 60 min 86
9 DMF 90 min 65
10 Toluene 120 min 55

“ Isolated yield after chromatographic separation. Reaction conditions:
aldehyde (1 mmol), 2-naphthol (1 mmol), 1,3 dicarbonyl compound
(1 mmol), catalyst (5 mol%) were stirred in 5 mL solvent ethanol : water
at reflux temperature.

Among the studied solvents aqueous ethanol (50%) gave an
excellent yield of benzoxanthene within 1-2 h of reaction time.
For further investigation we used 5 mol% of catalyst and
aqueous ethanol (50%) as a solvent system.

Effect of temperature

The effect of temperature was studied by carrying out the
control reaction at room temperature and under reflux tem-
perature in the presence of nanostructured ZnO and aqueous
ethanol as a solvent. The best result was obtained at reflux
temperature (78-80 °C). At room temperature (25-27 °C) the
reaction did not proceed even after prolonged reaction time.

To explore the further applicability of this reaction using the
optimized reaction conditions, we extended the methodology for
the synthesis of diverse derivatives of benzoxanthene using
various aromatic aldehydes with either electron-releasing or
electron-withdrawing substituents in the ortho, meta and para
positions (Scheme 1), and the results are summarized in Table 3.

The benzaldehyde and halogenated benzaldehydes gave
almost more than 87% yield (Table 3, entries 4a, 4b, 4e, 4i).
4-Nitrobenzaldehyde afforded 92% yield of the corresponding
benzoxanthene in a shorter time (Table 3, entry 4c). It was
observed that the reaction proceeds at a faster rate with all the
aldehydes possessing electron-withdrawing groups on the aro-
matic ring than aldehydes possessing electron-donating sub-
stituents (Table 3, entries 4d, 4f, 4g, 4h & 4j) giving good to
excellent yield of the corresponding products.

After effective application of ZnO nanostructures as a hetero-
geneous catalyst for the synthesis of benzoxanthene derivatives
we further extended the methodology for multi-component
synthesis of pyranopyrazole derivatives. (Scheme 2).

The multi-component reaction of aromatic aldehydes with
ethylacetoacetate, hydrazine hydrate and malononitrile in the
presence of ZnO nano structures as a heterogeneous catalyst is

o o]
A OH Zn0
| o H 0
A+ Ry . EtOH/H,0/ 80 °C
= Ry
o R, 1-2h
1 2 3

Scheme 1 ZnO catalysed synthesis of benzoxanthene.

This journal is © The Royal Society of Chemistry 2020
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Table 3 Synthesis of benzoxanthenes

4j 88%

Reaction conditions: Isolated yield after chromatographic separation.
Reaction conditions: aldehyde (1 mmol), 2-naphthol (1 mmol), 1,3
dicarbonyl compound (1 mmol), catalyst (5 mol%) were stirred in
5 mL ethanol-water at reflux temperature for 1-2 h.

described under optimized reaction with respect to the amount
of catalyst and solvent as mentioned in Scheme 1.

To optimize the reaction conditions, the model reaction was
studied with 4-chlorobenzaldehyde, ethyl acetoacetate, malono-
nitrile and hydrazine hydrate. Various solvents were studied for
the optimization of the reaction conditions and the best results
were obtained with ethanol-water at room temperature. A wide
range of aromatic aldehydes were successfully converted to the
analogous pyranopyrazole derivatives under the optimized reac-
tion conditions. It was found that the ZnO nano structured
material effectively catalyzes the reaction within 15-30 min at
room temperature affording good to excellent yield of the
corresponding derivatives. These results are depicted in Table 4.

Unsubstituted aromatic aldehyde (benzaldehyde) afforded
90% yield (Table 4, entry 5a); however amongst the halogenated
aldehydes, 4-chlorobenzaldehyde (Table 4, entry 5b) furnished
98% yield of the resultant pyranopyrazole derivative within
10 min of reaction time, whereas other halogenated aldehydes
afforded more than 90% yield (Table 4, entries 5e and 5i).
The reaction of 4-nitrobenzaldehyde was completed within
10 min giving 94% yield of the corresponding product
(Table 4, entry 5¢). Aldehydes having electron releasing groups
also reacted within 15-30 min with good to excellent yield

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Scheme 3 Plausible growth mechanism of ZnO nanostructures ((d) is the
FESEM image of the ZnO nanostructures).

Table 4 Synthesis of pyranopyrazole derivatives

cl NO, OMe
CN CN CN CN
4 4
N N NO L] N
N NT0" NH NT™07  NH )
N O NH, H 2 H 2 H 0 NH,
5a 90% 5b 98% Sc 94% 5d 90%
F Me OH NMe,
> CN > CN ) CN p CN
N N NC L NI
N7 07 NH, N7 07 ONH, N7 07 NH, N7 07 NH,
5¢ 91% 5f 88% 59 89% 5h 85%
cl OH
) CN > CN
NI NI
u 07 NH, u 07 "NH,

5i 90% 5 86%

Reaction conditions: Isolated yield after chromatographic separation.
Reaction conditions: ethyl acetoacetate (1.0 mmol), hydrazine hydrate
(1.0 mmol), aldehyde (1 mmol), malononitrile (1 mmol) were stirred in
ethanol-water for 10-15 min at room temperature, catalyst (5 mol%).

(85-90%) of pyranopyrazole derivatives. (Table 4 entries 5d, 5g
and 5j). It was observed that the majority of reactions proceed
at a faster rate with ZnO nanostructured material at room
temperature. Das et al. have reported nano crystalline ZnO
(10 mol%) catalyzed one pot multicomponent reactions for
the synthesis of pyranopyrazole derivatives in water: ethanol
at room temperature affording 83 to 98% yield in 3 h.*°

Recycling study

The reusability of the catalyst was also studied under the
optimized reaction conditions. After completion of the reaction
the catalyst was recovered, filtered and washed repeatedly with
ethyl acetate and dried.

It was reused under the optimized reaction conditions and it
was found that the yields of benzoxanthene and pyranopyrazole
were almost comparable. The catalyst recovered after the first
cycle was used for the subsequent four cycles and the yield of the
corresponding product obtained in each cycle is summarized in
Table 5. It was observed that the % yield of these derivatives was
negligibly lowered even after five cycles. These observations suggest
that the catalyst surface remains active during successive cycles.
Although the slight decrease in the catalytic activity of ZnO might be

Mater. Adv., 2020, 1, 2339-2345 | 2343
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Table 5 Reusability of the catalyst

Entry Number of cycles Yield” (%)
1 Fresh 95
2 First 92
3 Second 89
4 Third 85
5 Fourth 80
6° Fifth 94

“ Isolated yield. ? Used catalyst from fourth recycle, heated at 150 °C for
60 min in a N, atmosphere. Reaction conditions: 1:1:1 mmol reactant
with catalyst (5 mol%) were stirred in 5 mL ethanol.

due to the deactivation of the active sites of the catalyst. Also, control
experimental study of a commercial ZnO sample (bulk size) with as
synthesized ZnO nanostructures was carried out. In comparison
with the as-synthesized ZnO nanostructures the commercial ZnO
sample (bulk size) shows 40 to 50% less reaction yields.

Plausible reaction mechanism for the
synthesis of benzoxanthene

A plausible reaction mechanism for the synthesis of benzox-
anthene derivatives using hierarchical ZnO nanostructures is
illustrated in Scheme 4. Hierarchical ZnO nanostructure co-
ordinate with carbonyl oxygen and enhance the electrophilicity
of the carbonyl carbon of aldehydes (1) followed by subsequent
attack of dimedone to give an alkene intermediate (2). The
nucleophilic attack of an oxygen atom of B-naphthol (3) to the
electron deficient intermediate (2) affords intermediate (4). The
subsequent elimination of hydrogen followed by a water mole-
cule (5-6) results in the desired benzoxanthene derivatives (7).

Plausible reaction mechanism for the
synthesis of pyranopyrazole

Ethyl acetoacetate is activated by ZnO nanostructures followed by
attack of hydrazine, which results in the formation of

Zn0
SR s
R™H RTH RO -
1 &i ﬁ Q7 7 LRf
H | Ry
07 "R, 9
\/ N
R L,
0\«\[(“« O _~_Re 07 "Ry
Ry R
R. 2\ 1 2
RK I \%W
HHg @ H
o H . w OH
L1 J i
4 3\
o ~_R
R O ~_Ry o0 R,
L8 e .
S R
Hl NG B
O Aoyt e L
5 6 7

Scheme 4 Proposed reaction mechanism for the synthesis of benzox-
anthene derivatives.
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— e CN — > G N
R -H,
= - R LH H,0
H cN ON
>< H (ii)
H CN
‘,f‘ R /
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| \/ \W | \ Cyclization
CN —————
HN
~ + HN—_, i
\ NC
5.

Tautomerization
—_—

) R
\ H
\ CN
va |
Nl
N 0 NH

Scheme 5 Proposed reaction mechanism for the synthesis of pyrano-
pyrazole derivatives.

(iii)

pyrazolone, intermediate (i). Also, the carbonyl group of alde-
hyde is activated by nanostructured ZnO and then it undergoes
Knoevenagel condensation with malononitrile to afford inter-
mediate (ii). The interaction between intermediate (i) and inter-
mediate (ii) enables Michael addition type reaction. The
intramolecular cyclization followed by tautomerization gives
the corresponding pyranopyrazole derivatives (iii) (Scheme 5).

Conclusions

In a nutshell, we have successfully used a hydrothermal tech-
nique for the synthesis of a highly crystalline hexagonal ZnO
nanostructure having spherical and petal like mixed morphol-
ogy. Furthermore, the effective use of the synthesized hierarch-
ical ZnO nanostructures as a heterogeneous catalyst was
evaluated for the synthesis of benzoxanthene and pyrano-
pyrazole derivatives via one-pot multi-component reactions in
good to high yields under ambient reaction conditions. In
addition, the catalyst could be easily recovered by simple
filtration and reused for several cycles without significant loss
in its catalytic activity.
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