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Abstract Solid acidic cerium tungstate catalysts containing different molar ratios of cerium and

tungstate were prepared by direct solvothermal methodology. The structure of the prepared cata-

lysts was deeply studied and confirmed based on different characterization techniques such as

DTA-TGA, FTIR, Raman spectra, XRD and N2 adsorption measurements. Moreover, FTIR

and TPD of chemically adsorbed pyridine techniques were conducted to fully address the nature

and the strength of the acidic sites of the prepared catalysts. The study showed that at a lower molar

ratio of tungstate, the catalyst contains cerium oxide phase and slight participation of cerium tung-

state phase, which gradually increases with further increase of tungstate molar ratio. This phase

change was also accompanied by a noticeable change in the thermal stability, surface area and
bia.
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acidic properties of the prepared catalysts. Additionally, the techniques used to study the acidic

properties showed an excellent enhancement in the acidic centers. It was also noted that the strength

of these acidic centers reached the maximum in the case of using tungstate: cerium molar ratio 2:1

(CeW2.0) catalyst, and slightly decreased thereafter. By exploiting the acidic properties of the pre-

pared catalysts, a series of indole derivatives were synthesized via the Fischer indole synthesis strat-

egy. The results also showed that �100% of indole derivatives were obtained using 0.02 g catalyst at

80 �C after 2 h only. Moreover, the Reuse experiment demonstrated the possibility of recycling and

reusing the catalyst through many cycles with high efficiency, indicating its wonderful constancy

and reusability.

� 2021 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The great development in industrial applications in the recent years

leads to increased release of pollutants in the surrounding environ-

ment. These pollutants vary with different industrial processes, which

have a very serious impact on the environment in addition to the high

economic costs. That is why scientists have tended to use catalysts in

industrial processes to reduce the harmful impact of these processes

on the environment, as well as reduce economic costs (Fouad et al.,

2011; Khder et al., 2016; Ahmed et al., 2008). In this regard, it became

clear that the use of homogeneous catalysts such as mineral acids and

others that have very harmful effects on the environment may some-

times seriously compromise or even outweigh the benefits of the indus-

trial process itself. In addition, the use of homogeneous catalysis has a

high economic cost due to the difficulty of separation and reuse. There-

fore, the use of heterogeneous catalysis is considered the best solution

to overcome these problems, whether environmental or economic, that

accompany the use of homogeneous catalysis. Heterogeneous catalysts

are characterized by ease of use, as well as ease of separation and reuse

many times, which reduces the economic cost (Arata, 1996; Ahmed

et al., 2013; Khder et al., 2008; Hassan et al., 2016; Ahmed et al.,

2013). In this context, metal oxides are among the most widely used

compounds because of their distinctive properties that can be devel-

oped and improved. One of the most important methods used to

improve and develop these properties, especially acidic properties, is

mixing (in different weight ratios) with other oxides, heteropoly acids,

sulfate, phosphate, molybdate, tungstate, and others (Kulkarni et al.,

2020; Ibrahim et al., 2021; El-Hakam et al., 1999; Khder and

Ahmed, 2009; El-Hakam et al., 1999; Khder, 2008; Khder et al.,

2016). In particular, cerium oxide is one of the rare earth oxide family

that has attracted great attention for use in different environmental

applications due to its tunable properties (Parwaiz et al., 2017; Geng

et al., 2018; Altass et al., 2021). Moreover, modifying with tungstate

species is one of the most important methods used to improve and

modify the properties of cerium oxide, since tungstate are considered

as a multifunctional class of oxide materials (Guptaa et al., 2014;

Pramanik and Bhattacharya, 2010; Khder et al., 2014). In the past,

many attempts have been made to study the relationship between the

surface tungstate species and the activity of the catalyst. The tungstate

species may exist on the surface in many forms such as monotungstate,

polytungstate, and crystalline WO3 in which tungsten exhibits a tetra-

hedral or octahedral coordination environment (Inomata et al., 2015;

Kishida and Watanabe, 2014; Abeysinghe et al., 2017). Moreover,

the strong acidity of the supported tungstate catalysts may be attribu-

ted to strong metal-tungsten interactions (Yong Kim et al., 2012; Kuba

et al., 2003).

Indole derivatives rank among the most important families of

organic heterocyclic compounds that have many applications in both

industrial and pharmaceutical drugs (Roy et al., 2019; Abonia and

Laali, 2019; Mkhwanazi et al., 2019; Zhou and Song, 2018). The signif-

icant applications of indoles motivated much research for the continu-

ous discovery and development of new methodologies and strategies to
synthesize plenty of substituted indoles and discover their applications

(Guo and Chen, 2018; Maurya et al., 2018; Ma et al., 2018). The Fis-

cher indole synthesis (Fischer and Jourdan, 1883), discovered in 1883

by Emil Fischer, is a well-known beneficial organic reaction. In addi-

tion to the synthesis of indole rings, this versatile reaction is known

to have extensive diversity applications in the total synthesis of bioac-

tive natural products, bioactive molecules, and complexes (Chung

et al., 2021; Jafarpour et al., 2020; Cui et al., 2020). In this reaction,

the aromatic heterocycle indoles are synthesized from the reaction of

phenylhydrazine derivatives with aldehydes or ketones under acidic

homogenous catalysis strategies (Nazeri et al., 2020; Caiuby et al.,

2020; Ahmed et al., 2019; Ahmed et al., 2004; Tomasulo et al.,

2007). Generally, both Lewis and Brønsted acid catalysts were fre-

quently used in this reaction, but these are hazardous and non-

environmentally friendly (Org, 2007; Liu et al., 2017; Cai et al.,

2017; Ruiz-Castillo and Buchwald, 2016).

In this work, cerium tungstate (CeW) catalysts with variable com-

position were prepared by the solvothermal method. The structure of

the newly synthesized catalysts was confirmed based on different char-

acterization techniques. The prepared catalysts were applied for the

synthesis of some indole derivatives based on Fisher indole synthesis

through a heterogeneous green approach. The approach features reac-

tion conditions that follow an ecofriendly protocol. Moreover, the

relationship between the catalyst composition, its acidity, and its cat-

alytic activity have been studied.

2. Experimental

2.1. Materials

The chemicals used in the preparation of the catalyst were pur-
chased from Sigma-Aldrich and those used in the synthesis of
indole derivatives through the Fischer indole reaction

(absolute ethanol, methyl isopropyl ketone, phenyl hydrazine,
4-methoxyphenyl hydrazine, 4-fluorophenyl hydrazine and
4-carboxyphenyl) were obtained from Merck.

2.2. Catalyst preparation

Cerium tungstate (CeW) catalysts with different cerium: tung-

state molar ratios were prepared via direct precipitation
method followed by a hydrothermal treatment route. In a typ-
ical procedure, two solutions of cerium nitrate hexahydrate

and sodium tungstate each in 50 ml double deionized H2O
were separately prepared at room temperature. To precipitate
cerium tungstate yellow gel, sodium tungstate solution was
added slowly with vigorous stirring to cerium nitrate solution

at room temperature for 3 h. The obtained gel was stirred for
24 h, transferred to a 100 ml stainless steel autoclave, then

http://creativecommons.org/licenses/by-nc-nd/4.0/
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heated to 160 �C for 20 h. Subsequently, the autoclave was
cooled, the yellow gel was filtered, washed, and dried at
100 �C. Finally, the powder obtained was grained and calcined

at 550 �C for 5 h. In this work, 5 samples of cerium tungstate
(CeW) were prepared with cerium: tungstate molar ratios,
starting from 1:0.5 in CeW0.5, to 1:2.5 in CeW2.5.
2.3. Catalyst characterization

The properties of the catalysts were studied by using many

structural and textural tools. The thermograms (DTA and
TGA) of dried samples were collected using a Shimadzu
DTG-60 plus using a-Al2O3 as reference material. Prior to

analysis, the samples were charged into Alumina pan and
heated under N2 atmosphere up to 800 �C. The FTIR spectra
of some selected calcined samples were measured on a Shi-
madzu FTIR spectrophotometer. The crystal structure and

phase identification were studied on Philips X’Pert diffrac-
tometer. The specific surface areas and pore structures of the
calcined catalysts were further studied by nitrogen adsorption

technique using QuantaChrome NOVA touch LX4 equipment
at �196 �C. Prior to measurement, the catalysts were activated
at 300 �C under vacuum. The structure and state of tungstate

species were studied by analyzing Raman shifts using Thermo
Scientific Raman spectrometer equipped with 532 nm laser as
the excitation source at 8 mW power. The samples were also
investigated using Scanning electron microscopy (SEM)

(Quanta FEG 250, USA). The types and distribution of acid
sites on the catalysts surface were characterized by using FTIR
spectra of chemisorbed pyridine. The acid sites strength was

also measured through pyridine TPD using Quantachrome
Nova ChemBET equipment where the sample was heated to
800 �C in Ar atmosphere.
2.4. General procedures for the synthesis of substituted indoles

via Fischer indole synthesis strategy

Firstly, two separate solutions of methyl isopropyl ketone
(6 mmol) and substituted phenyl hydrazine (5 mmol) in etha-
nol were prepared. Then, the two solutions were carefully
mixed in a 50 ml flask equipped with a condenser. Initially,

the mixture was heated under reflux for 2 h to ensure complete
dissolution of the reactants and prove that no product is
formed in the absence of acidic conditions by monitoring the

reaction with thin layer chromatography (TLC). Subsequently,
0.02 g of the CeW catalysts were carefully added. The
heterogenous catalytic reaction was refluxed for the necessary

reaction time and the progress of the reaction was monitored
by TLC. At the end of the reaction, the catalyst was separated,
and the ethanol was evaporated under reduced pressure. The

products were spectroscopically pure, and no further purifica-
tion was required. The chemical structures and purity of the
indole derivatives were verified according to analytical and
spectroscopic techniques. The obtained products were vacuum

dried and the product yield percentages (%) were calculated
according to equation (1):

Yield wt:%ð Þ ¼ actual weight of the product

Theoretical weight of the product

� 100 ð1Þ
3. Results and discussion

3.1. Catalysts characterization

The thermal stability of the synthesized catalysts was studied
by using the thermal analysis technique. The simultaneous

Thermogravimetric-Differential thermograms (TGA-DTA) of
some dried catalysts are presented in Fig. 1. All the catalysts
exhibit a weight loss of about 11% between room temperature

up to 250 �C on TGA curves (Fig. 1a), accompanied with
endothermic effect on DTA curves (Fig. 1b) which may be
attributed to the evaporation of physically and chemically
adsorbed water molecules. Another small weight loss of about

2% is observed between 300 and 400 �C on TGA curves
accompanied with a weak exothermic peak on DTA curves
which can be ascribed to partial dehydroxylation of the cata-

lyst surface (Koschker and Breit, 2016). Moreover, no other
weight loss is observed on TGA curves above 400 �C of the
samples, indicating that these samples are thermally stable.

Another exothermic peak is observed at higher temperature
at around 580 �C on DTA curves which may be attributed
to the change of cerium oxidation state or change in phase
since it is not accompanied by any weight loss on TGA curves

(Yuzhakova et al., 2007; Maensiri et al., 2007). Moreover, the
intensity of the higher temperature exothermic peak experi-
ences a significant reduction and almost vanishes as the W:

Ce ratio is increased, which may indicate the enhancement of
cerium tungstate phase stability (vide infra). According to the
thermal analysis results, 550 �C is selected for calcination of

the prepared catalysts. The FTIR spectra of some selected cat-
alysts are displayed in Fig. 2. The catalysts exhibited similar
absorption FTIR bands between 400 and 1400 cm�1, at about

450, 500, 730, 800, 835 and 930 cm�1. The absorption bands at
around 450, 500 and 800 cm�1 are due to stretching vibrations
of CeAO bond (Venkatesh et al., 2016; Farahmandjou et al.,
2016). Moreover, the samples also show other absorption

bands at around 730, 833 and 930 cm�1 attributable to differ-
ent tungstate species. The absorption bands at around 730 and
835 cm�1 may be assigned to stretching vibrations of

WAOAW group (Thakur and Patil, 2014). Moreover, the
absorption band at 930 cm�1 is assigned to OAWAO symmet-
ric stretching vibrations (Dirany et al., 2016; Liu et al., 2013).

The absorption bands of both WAOAW and OAWAO
stretching vibrations are characteristic of tetrahedral tungstate
(WO4

2�) (Dirany et al., 2016). On the other hand, no FTIR
absorption bands are observed due to the presence of a sepa-

rate WO3 phase on the surface even at a higher tungstate molar
ratio. The X-ray diffraction technique was used to identify the
crystal nature and the phase quality of the synthesized cata-

lysts. The XRD patterns of all catalysts calcined at 550 �C
are depicted in Fig. 3. As it can be seen, CeW0.5 sample exhi-
bits a mixture of two different crystalline structures of cerium

compounds. The first crystalline structure shows peaks identi-
cal with CeO2 with cubic fluorite structure (JCPDS card no.
34–0394) (Liu et al., 2013). While the second crystalline struc-

ture diffraction peaks of CeW0.5 samples matched well with
the monoclinic phase Ce2(WO4)3 scheelite structure (JCPDS
card no. 31–0340) (Kumar et al., 2017). Moreover, when Ce:
W ratio changes from 1: 0.5 to 1:1 the main diffraction peak

of CeO2 phase at 2h = 28.5� is reduced, indicating a notable
decrease in the percentage of CeO2 phase compared to Ce2(-
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Fig. 1 (a) TGA thermograms, (b) DTA thermograms of some selected samples calcined at 550 �C.
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WO4)3 phase. Further increase of Ce:W molar ratio to 1:1.5, 1:

2 or 1: 2.5 is accompanied by a complete disappearance of the
CeO2 phase, where only monoclinic Ce2(WO4)3 phase is
observed. The X-ray diffraction results show the effect of the

Ce:W ratio on the phase formed in the catalysts calcined at
550 �C. Where a considerable ratio of CeO2 has formed at a
lower Ce: W molar ratio (1:0.5). Thereafter, the CeO2 phase

ratio decreases with the gradual increase of tungsten until it
completely disappears when the Ce:W molar ratio reaches
1:1.5 and continue up to 1:2.5. These results are in excellent
agreement with the thermal analysis, where the appearance

of the sharp exothermic peak at 590 �C may be attributed to
the change of oxidation state of the cerium in the CeO2 phase
(which contributes high ratio) in CeW0.5 sample (Yuzhakova

et al., 2007; Maensiri et al., 2007). Additionally, the intensity
of this exothermic peak decreases and is shifted to a lower tem-
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perature (575 �C) When the Ce:W molar ratio becomes 1:1

where the ratio of CeO2 decreases. Moreover, this high temper-
ature exothermic peak disappears completely in CeW2.5 sam-
ple due to the absence of CeO2 phase. The Raman spectra

collected at room temperature of our samples calcined at
550 �C are shown in Fig. 4. The samples exhibited Raman
spectra with different intensities distinctive for tungstate with

the scheelite type structure (Thakur and Patil, 2014). The
bands at 70 and 100 cm�1 are attributed to symmetric bending
(Bg) and stretching (Eg) vibrations of O-Ce-O. The band
observed at 192 and 381 cm�1 are attributed to free rotation

(Ag mode) and symmetric bending (Eg) vibrations of [WO4]
groups (Khder et al., 2016; Thakur and Patil, 2014). Another
Raman bands are observed at around 278 and 329 cm�1 are

ascribed to W-O-W bending mode (F2g), while the bands at
726 and 810 cm�1 are assigned to W-O stretching (A1g) and
bending (Eg) modes respectively (Thakur and Patil, 2014;

Khder et al., 2021; Mamede et al., 2004). The Raman bands
observed at 920 and 940 cm�1 are due to symmetric stretching
vibration (Ag mode) of W‚O bonds in Ce2(WO4)3 (Banares
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Fig. 3 X-ray diffraction patterns of: (a) CeW0.5, (b) CeW1, (c)

CeW1.5, (d) CeW2 and (e) CeW2.5 samples calcined at 550 �C.
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and Wachs, 2002; Bigey et al., 2001). The Raman spectra
results of our samples are in good agreements with those pre-
viously reported in the literature (Mamede et al., 2004; Ross-
Medgaarden and Wachs, 2007; Sugiura et al., 2016; Li et al.,

2018). Moreover, the Raman spectra of CeW0.5 sample exhib-
ited a band at 465 cm�1 which is ascribed to the symmetrical
stretching vibration (F2g mode) of (CeAO), the typical band

of cubic fluorite phase of CeO2 (Luo et al., 2001). Additionally,
the intensity of Raman band at 465 cm�1 is greatly decreased
in CeW1 sample and nearly undetectable in the other samples.

These results support the presence of mixture of Cubic fluorite
CeO2 and Ce2(WO4)3 scheelite structures in CeW0.5 sample
and the percentage of CeO2 is decreased in CeW1 and disap-

pear in the other sample, which agree well with XRD results.
Adsorption – desorption of N2 gas at �196 �C experiment
was carried out to study the textural parameters of the synthe-
sized catalysts. Fig. 5a shows the adsorption- desorption iso-

therms of N2 gas at �196 �C over the synthesized catalysts.
The results show that all the catalysts exhibit typical type II
adsorption isotherm with H3 hysteresis loop. The H3 hystere-

sis loop exhibited by the catalysts is attributed to the contribu-
tion of some mesopores in the catalysts surface (Sing et al.,
1985; Altass and Khder, 2018; Altass and Khder, 2018; Al-

Shehri et al., 2020). It was also found that the values of the tex-
tural properties change according to Ce:W molar ratio. As it is
observed that the specific a surface area (SBET) and the total
pore volume are increased steadily up to the maximum value

at 79.9 m2/g and 0.022 cc/g at Ce:W molar ratio of 1:1.5. Fur-
ther increase of the Ce:W molar ratio to 1:2.5, is accompanied
by a notable decrease in both surface area (SBET) and pore vol-

ume (Table 1). The pore size distribution curves of all catalysts
(Fig. 5b) show a narrow and uniformed peak in the range of
2.9–3.6 nm, which belongs to mesopores range (Al-Shehri

et al., 2020). Moreover, the average particle radius (based on
N2 adsorption) is less than 100 nm which means that the sam-
ples are in the nanoscale. Additionally, results show that sur-

face area of the samples increase with the initial increase of
the mole ratio of Ce:W from 1:0.5 to 1:1.5, as the cerium oxide
phase gradually disappears (as shown by the XRD results),
which means the combination of tungstate ions with cerium
to form cerium tungstate. Moreover, when the molar ratio of

Ce:W exceeds 1.5, then the excess of tungstate species may
accumulate on the surface. The accumulation of tungstate spe-
cies may lead to the notable decrease in the surface area (Shan

et al., 2011). The morphology of CeW catalysts was character-
ized by using the SEM technique and the images are seen in
Fig. 6. The CeW0.5 sample showed irregular spherical

microstructure morphology with different diameters
(Fig. 6a). Moreover, some changes in the morphology of the
catalysts where some flower-like microstructures were clearly
observed at higher tungstate ratios (Fig. 6b-e). These flower-

like microstructures were built from two-dimensional sheet-
like or plate-like structures. Many authors recently reported
similar microstructure of many tungstate compounds (Lei

and Bing, 2011; Cao et al., 2020).
The effect of Ce:W molar ratio on the acidic properties of

the catalysts has been studied by using FTIR spectra of chemi-

sorbed pyridine. Fig. 7a shows the collected FTIR spectra of
all catalysts with different Ce:W molar ratios. The catalysts
exhibit a mixture of Lewis and Brønsted acid sites represented

by the FTIR bands at 1454 cm�1 for pyridine adsorbed at
Lewis acid sites and at 1560 and 1650 cm�1 for pyridine
adsorbed at Brønsted acid sites. Moreover, another peak is
observed at 1490 cm�1 which is due to pyridine adsorbed on

adjacent Lewis and /or Brønsted acid sites (Altass and
Khder, 2016; Khder et al., 2018; Khder et al., 2012). The FTIR
results of Chemisorbed pyridine demonstrate that, CeW0.5

sample exhibits limited contribution of Lewis and Brønsted
acid sites. The results also showed, as shown in the figure, a
remarkable enhancement in both types of acidic centers with

the changes in the composition of the catalysts, reaching the
maximum value in the CeW2 sample. The results of measuring
the acidic properties of catalysts implies the effect of the molar

ratio of Ce:W, which affects the state and distribution of a dif-
ferent tungstate species on the catalyst surface. Pyridine-TPD
experiment is conducted to assess the acidity strength of the
samples calcined at 550 �C. The collected Py-TPD profiles of

some selected samples are presented in Fig. 7b. Three pyridine
desorption peaks can be observed centered at around 130, 195
and 325 �C, indicating the coexistence of mixture of weak,

moderate and strong acid sites respectively. The first and sec-
ond peaks are overlapped, which indicates gradual change
from poor to moderate acid sites, while the third peak is

extended up to 600 �C. The results indicate that CeW0.5 sam-
ple exhibits lower acidity compared to other samples, with fur-
ther increase in Ce:W ratio, notable enhancement of weak,
moderate and strong acid sites is observed. The results also

show that CeW2 contains a maximum amount of strong acid
sites compared to weak and moderate types. This indicates
that the increase of strong acidic centers occurs at the expense

of weak and moderate acidic centers. On the other hand, the
CeW2.5 sample exhibits higher amounts of weak and moderate
acid sites compared to the strong type. The pyridine-TPD

results confirms the higher contribution of strong acidic cen-
ters in CeW2 compared to other samples.

Based on previous studies, both unsaturated Ce4+ and

Wn+ ions are the main sources of Lewis type acidic centers.
Whereas the acidic centers of Brønsted type, are generated
on WAOAW, W‚O and CeAOAW sites supplied by cerium
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tungstate (Ce2(WO4)3) (Shan et al., 2012; Kobayashi and

Miyoshi, 2007). This indicates the main and fundamental influ-
ence that tungstate plays in improving acidic centers of the
Lewis and Brønsted type, which ultimately leads to a compre-

hensive augmentation of the acidic properties of the prepared
catalysts. The results showed that increasing of the Ce:W
molar ratio enhances the formation of the cerium tungstate

phase. Meanwhile, as this increase is also accompanied by a
noticeable increase in the surface area, thus leading to an
improvement in the distribution of acidic centers on the sur-
face, which ultimately leads to a significant improvement in

the acid properties. By contrast, the discernible decrease in
the surface acidity accompanying the further increase of Ce:
W molar ratio may be attributed to the formation of amor-

phous tungstate (WOx) that decrease the accessibility of pyri-
dine to the acidic sites. Peng et al. proposed that the decrease
in both Lewis and Brønsted acid sites at higher tungsten load-

ing is attributed to the formation of isopolytungsten and WO3

species on the catalyst surface (Peng et al., 2013).

3.2. Catalytic performance investigation

3.2.1. Synthesis of indole derivatives under heterogenous acid-

catalyzed Fischer indole synthesis methodology

By exploiting the high acidic properties of the synthesized cat-
alysts, an application to synthesize a series of interesting indole
derivatives via the Fischer indole synthesis strategy under
Table 1 Textural properties of different catalysts calcined at 550 �C

Sample SBET (m2/g) Total Pore Volume (cc/g)

CeW0.5 49.7 0.0145

CeW1 60.9 0.0181

CeW1.5 79.9 0.0220

CeW2 51.7 0.0180

CeW2.5 43.2 0.0139
green acid-catalyzed conditions have been successfully demon-

strated as shown in Scheme 1. These synthesized indole deriva-
tives are considered as key intermediates and important
precursors for the synthesis of both photochromic spiroben-

zopyrans and spirooxazines.
As seen in Table 2, no evidence for the formation of any

indole derivatives 3a-f was detected when the reaction was car-

ried out in the absence of the catalyst. It is worth mentioning
that, on carrying the reaction in presence of 0.02 g of CeW2.0
using different substituted phenylhydrazines and isopropyl
methyl ketone for 2 h, high yield (99.5%) and pure enough

of indole derivatives were obtained (Table 2). On the other
hand, the synthesized indole derivatives 3a-f via acid catalyzed
Fischer indole reaction were structurally confirmed by analyt-

ical and spectroscopic tools. For example, the IR-spectrum IR
(m cm�1) of the 2,3,3-trimethyl-3H-indole-5-carboxylic acid
(3f) showed the disappearance of NHNH2 and C‚O of both

staring materials and the following signals are shown up: a
broad signal at 3455 cm�1 corresponding to the OH group,
at 3049, 3087 cm�1 for CH-aromatic, 2911, 2926 cm�1 for

CH-aliphatic and at 1699 for the carbonyl of the carboxylic
acid group, 1605 cm�1 for C‚N and 1575 cm�1 for C‚C
(Fig. S1). On the other hand, the 1H NMR (600 MHz, CHCl3)
(Fig. S2) of 5-methoxy-2,3,3-trimethyl-3H-indole (3b) showed

the flowing signals: d 1.28 (s, 6H), 2.23 (s, 3H), 3.81 (s, 3H),
6.80–6.81 (d, 1H, J = 7.8 Hz), 6.83 (s, 1H), 7.41–7.43 (d,
1H, J = 8.4 Hz); 13C NMR (150 MHz, CDCl3), (Fig. S3): d
.

Average Pore radius (nm) Average particle radius (nm)

2.99 95.75

3.33 75.23

3.57 60.54

3.06 93.79

3.61 97.70



Fig. 6 SEM images of: (a) CeW0.5, (b) CeW1.0, (c) CeW1.5, (d) CeW2.0 and (e) CeW2.5 catalysts calcined at 550 �C.
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15.22, 23.20, 53.74, 55.65, 108.13, 112.05, 120.02, 147.25,
147.27, 157.94, 185.28; Dept-135 NMR spectrum of 5-meth

oxy-2,3,3-trimethyl-3H-indole (3b) showed the complete disap-
pearance of five quaternary carbons and only six signals are
shown up (Fig. S4). Two signals at 15.22 and 23.19 for the

methyl groups, one signal at 55.64 for methoxy group and
three for CH-aromatic at 108.12, 112.04 and 120.01 ppm.

For optimalization and demonstrating the significance of
the acid catalysts in the Fischer indole synthesis, the reaction

was performed to produce 2,3,3-trimethyl-3H-indole (3a) using
0.02 g of the catalyst under various reaction conditions. As
seen in Table 3, at any reaction temperature, the % yield of

2,3,3-trimethyl-3H-indole (3a) gradually increases until it
reaches the maximum value in the case of CeW2.0 catalyst,
and then slightly decreases thereafter. These results indicate

strong acidic sites are required to catalyze the reaction. Addi-
tionally, to study the effect of reaction temperatures on the
Fischer indole synthesis, the reaction was conducted over

0.02 g catalysts for 2 h at 25, 40, 60 and 80 �C. The results
are listed in Table 3. Notably, low yield % of 2,3,3-
trimethyl-3H-indole (3a) is observed at 25 �C, requiring sub-
stantial increase in the reaction temperature and reaction time

as well. Moreover, significant increase of yield % of 2,3,3-
trimethyl-3H-indole (3a) is observed when the reaction temper-
ature is increased up to 80 �C, at which the highest yield is

obtained. With further elevation in the reaction temperature,
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Fig. 7 (a) FTIR spectra of chemisorbed pyridine over samples calcined at 550 �C, (b) Pyridine-TPD profiles of CeW0.5, CeW1.5 and

CeW2 samples.

Scheme 1 Acid-catalyzed Fisher indole reaction for the synthesis of indoles 3a-f under CeW acidic heterogenous catalysis strategy.
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no notable increase in the yield % of indole derivatives was

observed. Conversely, a decrease in the yield % occurs, which
is probably due to product decomposition or some other side
reactions, which are more favorable at high temperatures.

Moreover, we also studied the influence of reaction time on
the yield % of 5-methoxy-2,3,3-trimethyl-3H-indole (3b) over
0.02 g of CeW2.0 catalyst at 80 �C as shown in Fig. 8a. The

obtained results reveal that the yield % of indole derivatives
increase up to 99.5 % after 2 h, subsequently, less than 1%
Table 2 Chemical structure and the yield % of the synthesized indol

3 Chemical structure Yield %

a 97.4

b 99.5

c 98.7
increase of the yield % of indole derivatives is perceived after

2 h of the reaction, followed by no pronounced increase of the
yield % until 5 h reaction time. These results indicate that 2 h
was sufficient for the reaction to attain the equilibrium stage

under the selected reaction conditions. For commercial and
environment considerations we also studied the catalyst
reusability. The study was caried out at 80 �C for 2 h over

0.02 g CeW2.0 catalyst and the results are presented in
Fig. 8b. In this study, the catalyst was carefully isolated,
e derivatives 3a-f in ethanol over CeW2.0 catalyst at 80 �C for 2 h.

4 Chemical structure Yield %

d 97.1

e 99.2

f 99.8



Table 3 Reaction condition optimization of the reaction condition for formation of 2,3,3-trimethyl-3H-indole (3a) via Fischer indole

reaction under different Ce-W ratios in ethanol for 2 h at different temperatures.

Entry Catalyst Temp. (�C) Time (h) Yield (%)

1 No Catalyst 25–80 Up to 48 �0

2 CeW0.5 25 2 27.8

3 CeW0.5 40 2 54.5

4 CeW0.5 60 2 69.7

5 CeW0.5 80 2 87.4

6 CeW1.0 25 2 34.7

7 CeW1.0 40 2 49.3

8 CeW1.0 60 2 65.7

9 CeW1.0 80 2 90.2

10 CeW1.5 25 2 46.4

11 CeW1.5 40 2 58.7

12 CeW1.5 60 2 71.5

13 CeW1.5 80 2 93.4

14 CeW2.0 25 2 55.8

15 CeW2.0 40 2 73.9

16 CeW2.0 60 2 89.6

17 CeW2.0 80 2 99.5

18 CeW2.5 25 2 53.6

19 CeW2.5 40 2 67.4

20 CeW2.5 60 2 79.3

21 CeW2.5 80 2 97.8
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washed three times with ethanol, and dried at 120 �C for 2 h.
The obtained results prove that the catalyst can be reused 10

times successfully and without loss of its high efficiency and
catalytic activity. Moreover, a notable enhancement in the
yield % of obtained indole derivative by around 5% in pres-

ence of an electron-donating group substituted phenylhy-
drazine was observed. Frequently, the Fischer indole reaction
cyclization reaction is a typical archetypal of acid catalyzed

reaction (Bilal et al., 2021; Devkota et al., 2021). The positive
and valuable results obtained in this investigation reveal the
forthright relationship between the catalyst acidic properties
and its employment in the clean synthesis of indole derivatives.
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Fig. 8 (a) Effect of reaction time on the 5-methoxy-2,3,3-trimethy

Reusability study over 0.02 g of CeW2.0 catalyst for the synthesis of
Furthermore, the results explain the imperative effect of
Brønsted acidic centers on the catalytic competence of the

reaction under exploration.
A typical and postulated mechanism of the Fischer indole

reaction under heterogeneous acid catalysis protocol

(Scheme 2) commences with exploiting the acidic properties
of our synthesized acid catalysts. As such, they permit the reac-
tion to proceed efficiently following the initial reaction of sub-

stituted phenylhydrazines and isopropyl methyl ketone to form
phenylhydrazone which undergoes protonation by the acidic
centers supplied by the acid catalysts and isomerizes to the cor-
responding enamine. Then, the protonated enamine undergoes
99.2 98.7 98.3 97.8 97.2 96.8 95.7 94.9 94.5 94.1
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l-3H-indole (3b) over 0.02 g of CeW2.0 catalyst at 80 �C. (b)

5-carboxy-2,3,3-trimethyl-3H-indole (3f) at 80 �C for 2 h.



Scheme 2 Postulated mechanism of Fischer indole reaction for the formation of 2,3,3-trimethyl-3H-indole derivatives (3a-f) under

heterogeneous acid catalyzed approach.
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an electrocyclic (Ahmed et al., 2008; Ahmed et al., 2008)-
sigmatropic rearrangement in which the N-N bond is broken

and imines are produced. A re-aromatization of the benzene
ring of the formed double imine to stipulate an anilino imine,
in which the imine undergoes intramolecular nucleophilic

attack by the amino group to yield the amino indolines. The
resulting imine forms a cyclic aminoacetal, which under acid
catalysis, eliminates molecular NH3, resulting in the formation
of indole derivatives 3a-f under clean and eco-friendly

heterogenous catalysis.

4. Conclusion

In summary, cerium tungstate acid catalysts have been synthesized via

a direct precipitation method followed by a hydrothermal treatment

route. The catalysts were fully characterized using different techniques.

The results showed that the molar ratios of tungstate and cerium are

the main and important factor in determining the surface and textural

properties of the prepared catalysts. It also showed that the types of

acid centers and their strength change significantly with the change

of these molar ratios. Additionally, both the number and strength of

acidic centers reached their maximum when using twice the molar ratio

of tungstate, as is evident in the CeW2.0 sample. It is worth mentioning

that all the prepared catalysts displayed extraordinary prospects for

applications in unique, eminent, and popular acid-catalyzed cycliza-

tion reactions such as Fischer indole synthesis, where indole derivatives

were synthesized in high yields under clean, eco-friendly conditions.

Optimization of the reaction conditions revealed that more than 99

% indole derivatives yields were successfully obtained when using

0.02 g of CeW2.0 at 80 �C for 2 h reaction time. Interestingly, the pre-

pared acidic catalysts showed high recyclability and can be reused for

many reaction cycles without a significant decrease in their catalytic

efficacy. The obtained results suggest that the prepared acidic catalysts
will find new opportunities for further exploration in other related

acid-catalyzed organic reactions at both laboratory and industrial-

scale level.
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Gates, B.C., Knözinger, H., 2003. Reaction pathways in n-pentane

conversion catalyzed by tungstated zirconia: effects of platinum in

the catalyst and hydrogen in the feed. J. Catal. 219, 376–388.

Kulkarni, R.M., Pradima, J.B., Archna, N., Syed, S., Deeksha, A.,

Bhagyalakshmi, C., 2020. Kinetic studies on the synthesis of fuel

additives from glycerol using CeO2-ZrO2 metal oxide catalyst.

Biofuel Res. J. 7 (1), 1100–1108.

Kumar, J.V., Karthik, R., Chen, S.M., Balasubramanian, P., Muthu-

raj, V., Selvam, V., 2017. A novel cerium tungstate nanosheets

modified electrode for the effective electrochemical detection of

carcinogenic nitrite ions. Electroanalysis 29, 2385–2394.

Lei, F., Bing, Y., 2011. Surfactant-assisted hydrothermal process,

shape-control, and photoluminescence of Eu3+-doped lutetium

tungstate microspheres. J. Mater. Res. 26, 88–95.

Li, X., Li, X., Zhu, T., Peng, Y., Li, J., Hao, J., 2018. Extraordinary

deactivation offset effect of arsenic and calcium on CeO2–WO3

SCR catalysts. Environ. Sci. Technol. 52, 8578–8587.

Liu, W., Feng, L., Zhang, C., Yang, H., Guo, J., Liu, X., Zhang, X.,

Yang, Y., 2013. A facile hydrothermal synthesis of 3D flowerlike

CeO2 via a cerium oxalate precursor. J. Mater. Chem. A 1 (23),

6942–6948.

Liu, W., Lei, T., Song, Z., Yang, X., Wu, C., Jiang, X., Chen, B.,

Tung, C., Wu, L., 2017. Visible light promoted synthesis of indoles

by single photosensitizer under aerobic conditions. Org. Lett. 19

(12), 3251–3254.

Luo, M., Chen, J., Chen, L., Lu, J., Feng, Z., Li, C., 2001. Structure

and redox properties of Cex Ti1-xO2 solid solution. Chem. Mater.

13, 197–202.

Ma, N., Li, P., Wang, Z., Dai, Q., Hu, C., 2018. Synthesis of indoles

from aroyloxycarbamates with alkynes via decarboxylation/cy-

clization. Org. Biomol. Chem. 16 (14), 2421–2426.

Maensiri, S., Masingboon, C., Laokul, P., Jareonboon, W., Promarak,

V., Anderson, P.L., Seraphin, S., 2007. Egg white synthesis and

photoluminescence of platelike clusters of CeO2 nanoparticles.

Cryst. Growth Des. 7, 950–955.

Mamede, A.S., Payen, E., Grange, P., Poncelet, G., Ion, A., Alifanti,
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