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Abstract
In this work, a series of cerium phosphate catalysts with different cerium phosphate 
molar ratios have been synthesized. The prepared catalysts were characterized by 
means of FTIR, DTA, TGA, XRD, N2 adsorption–desorption and SEM. Also, the 
acidic centers of the prepared catalysts were abundantly studied and characterized 
in terms of type and strength using different techniques. The characterization tools 
used explained the variety of acidic centers in terms of type and strength due to the 
variation of cerium to phosphate molar ratio. Its worthy to mentioned that the highly 
acidic performance of the prepared catalysts was successfully applied in the synthe-
sis of tetrahydrocarbazoles derivatives via Borsche–Drechsel cyclization reaction. 
The catalysts showed great catalytic activity in the selected reaction as high product 
yields were obtained using a very small amount of the catalysts under mild reaction 
conditions. The % yield and the reaction mechanism proves the role played by Brøn-
sted acid sites of the catalyst in indorsing the reaction. The results also demonstrated 
a high ability of the catalysts to be reused ten times without a significant decrease 
in the catalytic activity. The synthesized tetrahydrocarbazole derivatives via heter-
ogenous acid-catalyzed Borsche–Drechsel cyclization reaction can be considered as 
highly efficient and eco-friendly strategy towards many other carbazoles and open a 
new era in green chemistry as well.
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Introduction

In the last decades, the words “heterogeneous catalysis” is of the most used words 
in many scientific fields. Often these words (heterogeneous catalysis) are associ-
ated with other words, which are the “solid acid catalysts”. Whereas, mention-
ing these few words together has a great impact on both the environmental and 
economic aspects [1–7]. The replacement of industrial processes that are based 
on homogeneous catalysis to the technique of heterogeneous catalysis, as well as 
the use of solid acid catalysts instead of mineral acids such as HF, HCl, H2SO4, 
HNO3,…etc. has a great positive impact on the environmental and economic 
aspects [8–12]. As these mineral acids cannot be reused, their corrosiveness, dif-
ficulties during using and their disposal by pumping into the surrounding environ-
ment has a great negative impact from an environmental and economic point of 
view. On the contrary, the use of solid acid catalysts and the possibility of reuse 
many cycles, and high ability to catalyze the reactions with high product yields, 
make such solid acid catalysts have a great positive impact from an environmen-
tal and economic point of view [13–18]. In this regard, many researchers have 
prepared different types of acidic solid catalysts that have been used in different 
industrial fields [1–4, 19, 20]. We have also previously and so far, prepared acidic 
solid catalysts which have proven highly effective in many industrial processes 
in an environmentally friendly manner [16–18, 21–23]. Amongst these catalysts 
are those containing oxoanions, tungstates and phosphates, which have demon-
strated high catalytic activity [24–27]. The family of rare earth metal phosphates 
with general formula APO4 (where A = rare earth metal) has different crystalline 
structures depending on the type of rare earth metal, preparation method, metal 
to phosphate ratio and calcination temperatures [28, 29]. As the precise control 
of these factors was found to have a great influence on both the structural and 
catalytic properties of these catalysts. Cerium phosphate (CeP) is one of the most 
important phosphates of the rare earth metals and has attracted many researcher’s 
attention due to its distinctive properties such as thermal stability, high surface 
area and high mechanical and ion exchange properties [30–32]. In addition, it has 
been found that rare earth metal phosphate contains different types of acid cent-
ers (Lewis and Brønsted) with different strengths, which can be used as a solid 
acid catalyst with high efficacy in many applications [26, 33]. The Brønsted acid-
ity of cerium phosphate (CeP) is attributed to presence of P–OH groups, where 
Lewis acid sites are originated from Mn+ species [34, 35]. The acidic properties 
of cerium phosphate (CeP) can be easily attuned by controlling the preparation 
conditions, as well as the molar ratio of cerium to phosphate.

Borsche–Drechsel reaction, is an acid-catalyzed cyclization reaction that was 
firstly studied by Edmund Drechsel and Walter Borsche [36, 37]. The reaction 
was generally used for the synthesis of tetrahydrocarbazoles through the acid-
catalyzed cyclization of cyclohexanone arylhydrazones. The tetrahydrocarba-
zoles derivatives are considered as excellent precursors for the synthesis of the 
enormous numbers of carbazoles derivatives with sound applications not only in 
medicinal chemistry but also in material science as well [38–41].
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Herein, we will report the preparation of cerium phosphate (CeP) catalysts with 
different cerium: phosphate molar ratios via a direct solvothermal approach. The 
properties of the prepared catalysts will be studied using various characterization 
techniques. The catalytic activity will be assessed towards Borsche–Drechsel cycli-
zation reaction to synthesize different tetrahydrocarbazole derivatives via green 
chemistry strategy and excellent precursors for the synthesis different substituted 
heterocyclic carbazole derivatives. The implemented strategy focused on leading 
the reaction under moderate conditions through an environmentally friendly proto-
col. In this issue, the prepared CeP acidic catalyst will be efficaciously used aiming 
to synthesize a unique family of organic compounds based on tetrahydrocarbazoles 
derivatives in the highest possible yield during the shortest possible time. We also 
cautiously studied the relationship between the catalyst composition, its acidity, and 
its catalytic activity.

Experimental

Materials

All the used chemicals were purchased from Sigma-Aldrich and used directly 
without further purification, including Cerium (III) nitrate hexahydrate (Ce 
(NO3)3⋅6H2O), ammonium dihydrogen phosphate (NH4H2PO4), iodine and Cetyltri-
methylammonium Bromide (CTAB). In addition, all organic precursors applied in 
the synthesis of tetrahydrocarbazole derivatives via acid catalyzed Borsche–Drech-
sel cyclization namely, absolute ethanol, cyclohexanone, 4-methylcyclohexanone, 
phenyl hydrazine, 4-methoxyphenyl hydrazine, 4-fluorophenyl hydrazine, 4-chloro-
phenyl hydrazine, 4-bromophenyl hydrazine, 4-iodophenyl hydrazine, 4-cyanophe-
nyl hydrazine and 4-carboxyphenyl hydrazine were purchased from Merck and used 
as received without any further purifications.

Catalysts preparation and characterization

Cerium phosphate (CeP) was prepared by direct precipitation method in a total 
volume of 100  ml of D.I. H2O in presence of cetyltrimethylammonium bromide 
(CTAB) as structure directing agent. Initially, calculated amount of CTAB was dis-
solved in 40 ml D.I. H2O. Another two separate solutions each contains appropriate 
amount of Cerium (III) nitrate hexahydrate (Ce (NO3)3⋅6H2O), ammonium dihy-
drogen phosphate (NH4H2PO4) in 30 ml D.I. H2O were also prepared at room tem-
perature. For the precipitation of CeP, first, 30 ml Cerium (III) nitrate hexahydrate 
solution was added to 40 ml CTAB solution and the mixture was stirred for 0.5 h. 
Then, 30 ml of ammonium dihydrogen phosphate solution was also added dropwise 
under vigorous stirring for 2 h. The pale-yellow gel obtained was aged overnight, 
then transferred to 200  ml Teflon lined autoclave and heated at 150  °C for 15  h. 
After cooling the autoclave to room temperature, the precipitate was filtered, washed 
several times with D.I. H2O and dried at 120 °C for 24 h. The obtained powder was 
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grinded and calcined at 550 °C for 5 h using a heating rate of 1 °C min−1. In the 
present study, 5 samples of CeP with different Ce: P molar ratios [1:0.5 (CeP0.5), 
1: 1(CeP1), 1:1.5 (CeP1.5), 1:2 (CeP2), 1: 2.5 (CeP2.5)] were prepared. The details 
preparation steps of cerium phosphate with Ce: P molar ratio 1: 1 (CeP1) are illus-
trated in Scheme 1.

The prepared CeP catalysts were characterized by using different techniques. 
FTIR spectra of the samples were recorded by using Shimadzu FTIR spectropho-
tometer in the range of 400 to 4000 cm−1 with a resolution of 4 cm−1. The thermal 
stability (thermogravimetric analysis (TGA) and differential thermal analysis (DTA) 
curves) of the dried catalysts were simultaneously recorded by using Shimadzu 
DTG-60 plus equipment using α-Al2O3 as standard. The dried catalyst was loaded 
in alumina pan and heated from room temperature to 800  °C with a heating rate 
of 10 °C min−1 in N2 atmosphere. The crystallinity and phase identification of the 
prepared catalysts was studied by using Philips X’Pert diffractometer equipped with 
copper radiation (Cu Kα, λ = 0.1541 nm) between 2θ angles of 10° to 70°. Nitro-
gen adsorption- desorption measurements were carried out by using Quanta Chrome 
NOVA touch LX4. The morphology of the prepared catalysts was also studied by 
using scanning electron microscopy (SEM) (Quanta FEG 250, USA). Elemental 
analysis was performed to determine the real amounts of cerium, phosphorous exist-
ing in the prepared catalysts using inductive coupled plasma ICP-AES (Labtam, 

Scheme 1   represented diagram for the preparation procedure of cerium phosphate (CeP1) catalyst
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8440 Plasmalab). The surface acidities of the catalysts were entirely characterized 
by adopting two different techniques after the adsorption of pyridine (as prob base) 
over the catalysts surface. The type of acid sites (Lewis and/or Brønsted) were inves-
tigated by means of FTIR technique of pyridine bonded to the Lewis and Brøn-
sted acid centers. The relative acid sites strength of the catalysts was also studied 
by adopting pyridine temperature-programmed desorption (Py-TPD) using Quan-
tachrom Nova Chem BET Pulsar equipment. Prior to analysis, 0.1 g of the sample 
was charged in the equipment and heated up to 600 °C with a heating rate of 10 °C 
min−1 in Ar atmosphere (50 ml min−1).

Catalytic performance investigation

General procedures for the synthesis of tetrahydrocarbazoles by Borsche–Drechsel 
cyclization

In a typical synthetic methodology [42–45] in 50 ml round-bottom flask, a mixture 
of substituted phenyl hydrazine (10  mmol) in ethanol (10  ml) was added portion 
wise to the cyclohexanone derivatives (10 mmol) in ethanol (10 ml) for 10 min. The 
reaction mixture was refluxed to safeguard the complete reactants solubility (TLC-
check at this point show no indication of product formation), then 0.02 g of the CeP 
catalysts were added under constant stirring and refluxing for the required reaction 
time and the reaction progress was monitored by thin layer chromatography. After 
reaction completed (TLC-controlled), the catalyst was removed by filtration and 
the solvent was removed under reduced pressure and the obtained product residue 
washed with cold ethanol to give the final pure product. The solid products obtained 
were chromatographically pure enough and no further purification required com-
pared with authentic samples prepared via homogenous catalysis approach using 
acetic acid. The products were confirmed on the bases of both analytical and spec-
troscopic tools and find the data will fit with the previously established data. The 
obtained products were dried in vacuum drying oven and the product yield percent-
ages (%) were calculate according to Eq. (1) [46]:

Results and discussion

Characterization of the prepared catalysts

The FTIR spectral technique is used to study the vibrational properties of the pre-
pared samples. The FTIR spectra of CeP0.5, CeP1.5 and CeP2.5 samples calcined 
at 550 °C are show in Fig. S1. As seen in Fig. S1, the samples exhibit many vibra-
tional bands between 400 and 4000 cm−1. As is evident, all the catalysts exhibit a 
group of distinctive bands ascribed to phosphate groups. The FTIR bands observed 

(1)Yield (wt%) =
actual weight of the product

Theoretical weight of the product
× 100
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at 534, 565 and 615 cm−1 are ascribed to O–P–O, O–P and O=P–O bending vibra-
tions of PO4

3− group [47, 48]. Moreover, other bands are also observed at 950 and 
1050 cm−1 are attributed to the asymmetric and symmetric stretching vibrations of 
P–O [31, 47]. The FTIR bands that observed at 1635 and 3450 cm−1 are ascribed 
to symmetric OH stretching and bending of water molecule, respectively [49]. The 
broad band at around 2375 cm−1 is attributed to P–O–H stretching vibration, which 
may be also responsible for Brønsted acidity [50]. The formation of polyphosphate 
structures in the CeP2.5 sample can be inferred from the band at 750 cm−1, which 
is attributed to the P–O–P vibration [51]. In samples with lower phosphate content, 
such a band can hardly be observed. This may indicate that at higher phosphate con-
tent (CeP2.5), polyphosphate layers are formed on the catalyst surface. Moreover, 
Kijkawa et al. [29] noticed similar vibrational bands in FTIR spectra and attributed 
the reason for their emergence to a monazite structure formation of phosphates.

The effect of temperature on thermal decomposition and phase transitions of the 
as prepared samples have been studied by using simultaneous thermogravimetric 
and differential thermal analyses (DTA-TGA). Fig. S2 shows the collected thermo-
grams of some cerium phosphate dried samples with different cerium: phosphate 
molar ratios. As it can be seen, the TGA curves (Fig. S2) of all samples exhibits 
different and successive stages of weight loss starting at room temperature to around 
400 °C. Moreover, these stages of weight loss are also accompanied by some endo-
thermic and exothermic changes, as shown in the DTA curves (Fig. S2). The first 
weight loss stage of around 5–6% started from room temperature up to 130 °C is 
accompanied with endothermic peaks which is ascribed to the loss of physically 
adsorbed water. The second weight loss step of around 2.5% occurs between 130 
and 240 °C is also accompanied with another endothermic peak at the same tem-
perature range is ascribed to the loss of chemically adsorbed water and formation 
of anhydrous cerium phosphate [52]. The third and final stage of weight loss from 
4 to 5% extends to about 350 °C is accompanied by an exothermic effect, which is 
attributed to the removal of the residual nitrate, ammonia, and CETAB in the sample 
[31, 53]. After this stage, no thermal changes occur for all samples when heated to 
800 °C, which means that all samples attain the thermal stability after 350 °C. Many 
authors indicated that there is an exothermic effect at elevated temperatures between 
600 and 700 °C and is attributed to the cerium phosphate phase transition from hex-
agonal to monoclinic phase [48, 54–56]. In the present study, this exothermic peak 
at the higher temperatures is not observed, which may indicate the formation of the 
monoclinic structure at the as-prepared conditions.

The effect of the cerium to phosphate molar ratio on the crystal structure of 
the prepared samples that calcined at 550  °C is studied by the X-ray diffrac-
tion technique. Fig. 1 shows the X-ray diffractograms of all samples calcined at 
550 °C. As shown in the figure, in the case of the lower molar ratio of phosphates 
compared to cerium (CeP0.5) the sample exhibits diffraction peaks correspond-
ing to the cubic fluorite structure of the CeO2 phase (JCPDS card no. 34-0394) 
[56]. In addition, when the molar ratio of cerium and phosphate are equal (CeP1), 
the sample exhibits a monazite type monoclinic phase of the cerium phosphate 
(JCPDS card no. 32-0199) [57]. Moreover, by further increasing in the phos-
phate to cerium molar ratio (CeP1.5, CeP2 and CeP2.5), no changes in the cerium 
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phosphate monoclinic crystalline structure had observed. Where the samples 
exhibit similar diffraction peaks of cerium phosphate monoclinic crystalline 
structure with different peak intensities which indicate the preferential growth of 
cerium phosphate in specific directions. Moreover, the wide diffraction peaks may 
indicate the low degree of crystallinity of monoclinic cerium phosphate phase. It 
is also noted that both the X-ray diffraction, FTIR spectra and the thermal analy-
sis results are consistent with the nature of the formation of a monoclinic phase 
with monazite-type of cerium phosphate.

The specific surface area (SBET), total pore volume, average pore radius and 
average particle radius of the samples calcined at 550  °C are studied by nitro-
gen Adsorption–desorption at − 196 °C. Fig. 2 displays the adsorption–desorp-
tion isotherms and the corresponding pore size distribution curves of all pre-
pared catalysts. Moreover, the values of specific surface area (SBET), total pore 
volume, average pore radius and average particle radius of the samples are listed 
in Table 1. As it can be seen, all the catalysts exhibit type IV adsorption–desorp-
tion isotherms rendering to IUPAC classification with H2 Type hysteresis loop 
which are characteristic for mesoporous material (Fig.  2). Moreover, the pore 
size distribution curves (Fig. 2 inset) of all catalysts show single peak with aver-
age pore radius between 3.6 and 5.0 nm which indicates that the pores are in the 
mesoporous range. The calculated values of specific surface area and total pore 
volume have maximum values of 101.6 m2 g−1 and 0.254 cm3 g−1 in case of equi-
molar cerium to phosphate ratio (CeP1). On the other hand, at higher phosphate 
to cerium molar ratio (CeP1.5) noteworthy decrease in both surface area and 
total pore volume values. Moreover, no distinguished changes in surface area and 
total pore volume values with further increase in the phosphate molar ratio. It is 
worth noting that the average particle radius (based on N2 adsorption–desorption 

Fig. 1   XRD patterns of a CeP0.5, b CeP1, c CeP1.5, d CeP2 and e CeP2.5 samples calcined at 550 °C
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measurements) is less than 20 nm indicating that all catalysts have belonged to 
the nano category.

On the other hand, the morphology of the prepared catalysts was inspected by a 
scanning electron microscope (SEM). The images of some selected catalysts that 
calcined at 550 °C are presented in Figs. 3 and S3. It can be observed that CeP0.5 
particles are mainly spherical in shape with an average size of around 0.75 μm (Fig. 
S3a). Moreover, the SEM images validate some changes in the morphology of the 
catalyst as a result of an increase in the phosphate molar ratio. In the CeP1 sample 

Fig. 2   N2 adsorption–desorption isotherms and Pore volume distribution curves of a CeP0.5, b CeP1, c 
CeP1.5, d CeP2 and e CeP2.5 samples calcined at 550 °C

Table 1   Physicochemical properties of the prepared catalysts calcined at 550 °C

Sample Elemental 
analysis

SBET (m2/g) Total pore 
volume 
(cc/g)

Average pore 
radius (nm)

Average 
particle radius 
(nm)

Brønsted/
Lewis ratio

Ce (%) P (%)

CeP0.5 1.01 0.51 74.4 0.166 4.48 18.33 0.64
CeP1.0 0.99 1.02 101.6 0.254 5.00 13.42 0.90
CeP1.5 0.97 1.47 79.0 0.151 3.82 17.27 1.25
CeP2.0 1.03 1.99 71.1 0.132 3.63 18.78 1.20
CeP2.5 1.07 2.56 70.1 0.131 3.74 19.44 1.11
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(Fig. S3b), the spherical morphology of the particles was also observed in addition 
to the appearance of some flower-like particles. Additionally, with further increase 
in the phosphate molar ratio, as is evident in CeP1.5 and CeP2.5 samples, the mor-
phology of the flower-like particles becomes dominant (Figs. 3a, b). The scanning 
electron microscope (SEM) study confirms the effect of phosphate molar ratio on 
the morphology of the particles.

The FTIR spectra technique of chemisorbed pyridine has been used to study the 
surface acidities of all prepared catalysts that calcined at 550 °C. In this issue, we 
study the effect of phosphate content on the nature and distribution of acid sites of 
the prepared catalysts. According to the results represented in Fig. 4a, all the cata-
lysts exhibit well defined FTIR spectral bands attributed to pyridine adsorbed on 
Lewis and Brønsted acid sites. Where all the catalysts show peak attributed to pyri-
dine adsorbed at Lewis acid sites at 1450  cm−1 in addition to other peaks at 1540 
and 1635  cm−1 which are attributed to pyridine adsorbed at Brønsted acid sites. 

Fig. 3   SEM images of a CeP1.5, b CeP2,5 catalysts calcined at 550 °C

Fig. 4   a FTIR spectra of chemisorbed pyridine over a CeP0.5, b CeP1.0, c CeP1.5, d CeP2.0 and e 
CeP2.5, b Pyridine-TPD profiles over a CeP0.5, b CeP1.5 and c CeP2.5 samples calcined at 550 °C
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Additionally, another peak at 1490 cm−1, is observed which is ascribed to pyridine 
adsorbed on adjacent Lewis/Brønsted acid sites [22, 26]. Based on the peak area, 
the ratio of Brønsted/Lewis acid sites values (B/L) are calculated by using the peaks 
at 1540 and 1450 cm−1, the results are listed in Table 1. As it can be seen in Fig. 4, 
both of Lewis and Brønsted acid sites are significantly enhanced as a result of phos-
phate addition. Moreover, the Brønsted/Lewis (B/L) ratio is augmented to the maxi-
mum value (1.25) when the cerium to phosphate molar ratio becomes 1.5 (CeP1.5) 
and thereafter decrease with further increase in the cerium to phosphate molar ratio 
(Table 1).

The results of the elemental analysis of the prepared samples by the ICP method 
were listed in Table 1. It is clear that the calculated molar ratio of cerium phosphate 
during the preparation was nearly the same as actual molar ratio in final product. 
This obviously revealed that all cerium and phosphate ions were almost completely 
precipitated.

The pyridine temperature programmed desorption (Py-TPD) technique is accom-
plished to the prepared catalysts owing to assess their relative acidity strength. 
According to the results displayed in Fig.  4b, three unique pyridine desorption 
regions can be observed that emphasize the presence of weak, moderate and strong 
acid sites. The first peak is observed between 50 and 200 °C, which is attributed to 
the desorption of pyridine adsorbed onto weak acidic sites that exist on the catalyst 
surface. Another desorption peak for the pyridine bonded to moderate acidic sites is 
observed within the temperature range 200–370 °C. Besides, another pyridine des-
orption peak is clearly observed at a higher temperature range (370–570 °C), which 
could be assigned to pyridine interacted with strong acidic sites. Careful inspection 
of Py-TPD profiles (Fig.  4b) reveals that: (i) all the selected catalysts exhibit the 
first two peaks that ascribed to desorption of pyridine bonded to weak and moderate 
acidic sites with different intensities, (ii) there is a severe deficiency of the strong 
acid centers on the surface of CeP0.5 catalyst, as evidenced by the absence of any 
pyridine desorption peak at higher temperatures, (iii) at the same time, this higher 
temperature desorption peak of pyridine in the other samples could be observed 
clearly with different intensities depending on the percentage of strong acidic cent-
ers in each sample, (iv) when the phosphate molar ratio increases, new strong acidic 
sites are created in addition to increasing the number of both weak and moderate 
acidic sites which reaches the maximum in CeP1.5 catalyst.

The study of the acidic properties of the catalysts elucidates the role played by 
phosphate species in the tuning of the acidic properties of the resultant catalysts. 
As the addition of phosphates is accompanied by the formation of some phosphate 
surface structures (as evident by FTIR study) such as POx and hydrated tetrahedral 
coordinated PO4

3− (P–O–H) species which ultimately leads to the formation of more 
acid centers, especially of the Brønsted type [58, 59]. While, on the other hand, 
the formation of Lewis acid sites is mainly affected by the presence of unsaturated 
Mn+ on the catalyst surface. The increase in the Brønsted/Lewis ratio as well as 
the strength of acid centers with the rise of phosphate content up to 1.5 (CeP1.5) 
is attributed to the gradual increase of P–O–H species on the surface. On the other 
hand, further increase in phosphate content leads to decrease in B/L ratio due to the 
formation of polytungstate species on the catalyst surface as a result of condensation 
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of two P–O–H groups into P–O–P group as evident from the appearance of FTIR 
band at 750 cm−1.

Catalytic efficacy results (synthesis tetrahydrocarbazoles via Borsche–Drechsel 
cyclization)

The acidic heterogenous catalysis preparation of the tetrahydrocarbazole derivatives 
via Borsche–Drechsel cyclization reaction can be considered as unique, competent, 
expedient, and environmentally friendly protocol material chemistry. In this regard, 
the reaction was conducted in ethanol and under heterogenous mild reaction condi-
tions (Scheme 2) and the obtained results are listed in Table 2.

It’s worth mentioning that, the reaction was primarily carried out in absence of 
catalyst, using substituted phenylhydrazines and cyclohexanone in refluxing ethanol 
for 48 h (TLC controlled). Under catalyst free condition, no evidence for the forma-
tion of the tetrahydrocarbazole derivatives were monitored (Table 2, entry 1). This 
result confirms the role played by the acid catalyst in promoting the reaction. To 
enhance and prove the importance of the CeP acid catalysts in the Borsche–Drech-
sel cyclization, the reaction was carried to synthesis the parent 2,3,4,9-tetrahydro-
1H-carbazole (4a) under the above-mentioned conditions at different reaction 
temperatures (25–80  °C), in the presence of 0.02  g of the catalyst. Inspection of 
Table 2 (entry 2–21) Carefully reveals the following: (i) a highly pronounced yield 
of 2,3,4,9-tetrahydro-1H-carbazole is observed in presence of 0.02 g of all CeP cata-
lysts, (ii) significant increase in the % yield of 2,3,4,9-tetrahydro-1H-carbazole when 
the phosphate molar ratio increases up to 1.5 in CeP1.5 where the % yield attains the 
maximum values at the selected reaction temperatures, (iii) further, an increase in 
phosphate molar ratio to 2 or 2.5 in CeP2 or CeP2.5 catalysts is accompanied by a 
notable decrease of 2,3,4,9-tetrahydro-1H-carbazole % yield.

The influence of dissimilar reaction parameters on the Borsche–Drechsel cycliza-
tion reaction was also premeditated to alter the reaction conditions. In this respect, 
to study the effect of reaction temperatures, the reaction was carried out in presence 
of 0.02 g of CeP catalysts for 2 h at 25, 40, 60 and 80  °C (Table 2). The results 
show that at a lower temperature (25 °C), low yield % of 2,3,4,9-tetrahydro-1H-car-
bazole (4a) is observed, which designate that the reaction needs more heat than this 
temperature and/or longer time to be completed. Additionally, when the reaction 

Scheme 2   Schematic presentation of Borsche–Drechsel cyclization reaction for the synthesis of the tet-
rahydrocarbazole derivatives (4a-p) using CeP acid catalysis
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temperature increases up to the refluxing temperature of ethanol (80 °C), the % yield 
is markedly increasing up to maximum values.

The effect of reaction time is one of the most important factors that affect the 
reaction, especially from an economic point of view. In this respect, we conducted 
the reaction for the synthesis of 2,3,4,9-tetrahydro-1H-carbazole over 0.02 g catalyst 
at 80 °C for 4 h, the results are presented in Fig. 5. As it can be seen, within the 
first two hours of the reaction time remarkable increase is the % yield of 2,3,4,9-tet-
rahydro-1H-carbazole was observed. Moreover, by additional increase in the reac-
tion time, no further increase in the yield % of 2,3,4,9-tetrahydro-1H-carbazole were 
observed and predominantly decrease which may be due to some side reactions 
which are preferred at longer high temperature [60]. These results signify that, the 
reaction feasts to equilibrium state under the reaction conditions after nearly 2  h. 
On the other hand, Fig. 5 also displays that the conversion percentage was improved 
gradually with raising the amount of phosphate with cerium until reached a maxi-
mum conversion (99.6%) over CeP1.5 catalyst, which had a maximum surface acid-
ity and highest Brønsted/Lewis Ratio (1.25), then decreases with further increase. 
From these results, the surface acidity or Brønsted/Lewis ratio has the great effect 
on the catalytic performance.

For economic and environment courtesies in heterogeneous catalysis, the perma-
nence and reusability of the catalyst are very essential. In this issue, the reusability 
of the catalyst was explored over CeP1.5 sample under the same reaction conditions 

Table 2   Optimization of the 
reaction condition for formation 
of 2,3,4,9-tetrahydro-1H-
carbazole (4a) via Borsche–
Drechsel cyclization reaction 
over CeP acid catalysts in 
ethanol for 2 h at different 
temperatures

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

1 No catalyst 80 48 0
2 CeP0.5 25 2 33.6
3 CeP0.5 40 2 66.3
4 CeP0.5 60 2 86.2
5 CeP0.5 80 2 94.3
6 CeP1 25 2 44.2
7 CeP1 40 2 67.6
8 CeP1 60 2 89.4
9 CeP1 80 2 95.9
10 CeP1.5 25 2 54.6
11 CeP1.5 40 2 73.5
12 CeP1.5 60 2 88.6
13 CeP1.5 80 2 99.6
14 CeP2 25 2 43.6
15 CeP2 40 2 67.3
16 CeP2 60 2 83.6
17 CeP2 80 2 96.5
18 CeP2.5 25 2 52.6
19 CeP2.5 40 2 66.3
20 CeP2.5 60 2 83.6
21 CeP2.5 80 2 95.9
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at 80 °C for 2 h, the results are shown in Fig. S4. Before recyclability study and after 
each run reaction, the catalyst is carefully removed from the reaction medium by 
filtration, washed with ethanol and dried under vacuum at 120 °C for 3 h and reused 
for the next run. The obtained results demonstrate that the catalyst could be recycled 
for at least 10 times without any pronounced loss of its acid catalytic activity, pre-
tentious its high outstanding stability and reusability. Moreover, the leaching of the 
catalyst was studied after each reuse experiment of the CeP1.5 sample. In the issue, 
the amount of phosphorous (wt%) was measured using inductive coupled plasma 
ICP-AES technique, the results are cited in Table 1S. the results listed in Table 1S 
indicate that the catalyst is very stable against leaching even after 10 times of use.

We also studied the effect of substituents on the % yield of the synthesized tet-
rahydrocarbazole derivatives at the optimized reaction conditions (0.02 g catalyst, 
2 h, at 80 °C) over CeP1.5 acid catalysis, the results are presented in Table 3 and 
Fig. S5. Its worthy to mention that, a pronounced increase in the yield % by approxi-
mately 5% of the tetrahydrocarbazole derivatives with the presence of electron 
donating groups substituted phenylhydrazines. More details for this observation will 
be given in details in the forthcoming paper.

It is very important to clarify that, the chemical structures of the synthesized tet-
rahydrocarbazoles via acid catalyzed Borsche–Drechsel cyclization reaction over 
CeP acid catalyst were conformed on the bases of both analytical and spectroscopic 
and tools and fond to well-fit with the previously reported data. For example, the 
IR-spectrum IR (ν cm−1) of the 6-fluoro-3-methyl-2,3,4,9-tetrahydro-1H-carbazole 
(4 k) (Fig. S6) showed no evidence of the presence of NHNH2 and C = O of the star-
ing materials and the following signals are shown up, a sharp signal at 3406 cm−1 
corresponding to the NH group, at 3006 cm−1 for CH-aromatic, 2849 cm-1 for CH-
aliphatic and at 1580  cm−1 for C=C. On the other hand, the 1H NMR (600 MHz, 

Fig. 5   Effect of reaction time on the % yield of 2,3,4,9-tetrahydro-1H-carbazole over 0.02 g catalyst at 
80 °C
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CHCl3) of 6-fluoro-2,3,4,9-tetrahydro-1H-carbazole (4c) in CDCl3 showed the 
flowing signals: δ 8.07 (s, D2O, exchange, 1H), 7.82 (s, 1H), 7.28–7.32 (m, 2H), 
2.79–2.82 (m, 4H), 1.50–1.81 (m, 4H). In addition, 13C NMR (125 MHz, CDCl3): δ 
134.4, 133.8, 128.7, 122.9, 120.9, 116.9, 113.8, 107.7, 27.3, 24.8, 23.3, 22.9 (Figs. 
S6, S7 and S8).

Commonly, Borsche–Drechsel cyclization reaction is a brilliant exemplary of 
acid catalyzed reaction which was studied by many authors [60–63]. The achieved 
results in the current study demonstrate the straightforward relationship between the 
acidic properties of the synthesized catalysts and their implementation in the clean 
synthesis of tetrahydrocarbazoles. Additionally, the obtained data show the unblem-
ished effect of Brønsted-acidic centers on the catalytic efficiency of the reaction 
under investigation. These results are in good agreement with the earlier published 
results, which reveal the role of Brønsted acid centers in this reaction [64].

Table 3   Chemical structure and obtained yield at optimum conditions (80 °C for 2 h) of the synthesized 
tetrahydrocarbazoles 4a-p over CeP1.5 acid catalysis

Chemical structure Yield % Chemical 
structure

Yield 
%

4a 99.6 4i 94.3

4b 93.7 4j 91.7

4c 96.9 4k 94.2

4d 95.4 4l 93.5

4e 94.9 4m 90.9

4f 93.6 4n 86.4

4g 97.3 4o 94.7

4h 96.5 4p 93.6
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The reaction mechanism begins with elimination of water molecule because 
through condensation reaction of phenylhydrazines with cyclohexanone in the pres-
ence of Brønsted acid centers of the CeP catalysts to form to the condensation prod-
ucts, namely, cyclohexanone phenylhydrazones 3a-p. Afterwards, a heat-induced 
sigmatropic reaction occurs to produce the intermediates 3ʹ-3‴a-p, which is proto-
nated and cyclizes into 3″″a-p, flowed by elimination of ammonia to form the sub-
stituted tetrahydrocarbazole derivatives 4a-p in high yield (Scheme 3).

Conclusions

In conclusion, cerium phosphate acid catalysts were prepared and characterized 
by many techniques. The study showed the effect of phosphate species on the tex-
tural and structural properties of cerium phosphate catalyst. Acidity measurement 
evidenced that the quantity, Brønsted and the strength of acid sites of the catalyst 
attained the maximum value at cerium: phosphate molar ratio of 1:1.5 and decreased 
thereafter. The catalysts also displayed unpresented possibility for applications in 
some acid-catalyzed cyclization reactions. The catalysts were competently applied 
for Borsche–Drechsel cyclization reaction to synthesize tetrahydrocarbazole deriva-
tives using a high efficiently acid-catalyzed reaction protocol, where more than 99% 
was obtained at 80 °C for 2 h over CeP1.5 catalyst. It’s worth mentioning that the 

Scheme 3   Proposed mechanistic pathway of Borsche–Drechsel cyclization reaction for the formation of 
the tetrahydrocarbazole derivatives (4a-p) under CeP acid catalysis
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investigated catalysts could be reused many times without meaningful loss of their 
catalytic performance. These results stipulate that the synthesized catalysts can be 
measured as promising candidates and efficient catalysts for using in any related 
acid-catalyzed organic transformation reactions and can be proposed to open a new 
era in many industrial applications.

Supplementary Information  The online version contains supplementary material available at https://​doi.​
org/​10.​1007/​s11144-​021-​02050-4.
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