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Abstract
A novel efficiently mixed transition metal oxides catalytic system with high cata-
lytic activity and heterogeneity constructed of copper and zinc oxide nanoparticles 
is presented. For preparation of this hybrid catalytic system, carrageenan as a natu-
ral polymeric matrix has been chosen to add biocompatibility to the heterogeneous 
catalyst. Then, the carrageenan textures have been magnetized through the composi-
tion with iron oxide nanoparticles. Copper and zinc metallic sites are employed as 
the main catalytic sites for catalyzing the synthesis of xanthenedione pharmaceutical 
derivatives from aldehyde and dimedone. Due to the magnetic behavior of the cata-
lyst, the purification process is carried out with high convenience. Herein, a plausi-
ble mechanism for the catalytic process is suggested and reusability of the presented 
catalyst is also investigated. In this report, it has been well-proven that high reaction 
yields are obtained for xanthenedione derivatives under mild conditions, through 
applying the presented hybrid catalytic system.
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Introduction

Active pharmaceutical ingredients (APIs) typically include complex chemical 
structures that are difficult to be synthesized. Besides, they include several heter-
oatoms such as nitrogen and oxygen at their structures, which provide a suitable 
situation for catalytic activations [1, 2]. Metals are usually used in the structure 
of the heterogeneous catalytic systems that create effective electronic interac-
tions with the lone pair electrons and lead to the facile synthesis processes [3–7]. 
Recently, several works have been reported about the preparation and applica-
tion of the metallic nanocatalysts for facilitating the synthesis of the APIs with 
complex structures [8–10]. For instance, palladium-decorated hybrid nanocata-
lysts have been widely reported for this purpose [11–15]. Transition metals such 
as copper, palladium, zinc, manganese, silver, gold, iron, and metal oxides have 
also been used for catalyzing the chemical synthesis reactions and other purposes 
[16–23]. In this regard, we intended to design a novel transition metal-containing 
heterogeneous catalytic system, and suitably apply that for facilitating the syn-
thesis of xanthenedione pharmaceutical derivatives [24, 25]. In this way, we use 
zinc, copper, and iron metals for preparation of a nanosized hybrid system. In 
fact, zinc ferrite is used as the magnetic agent in the composite and provides a 
substantial property for the catalyst to be conveniently isolated from the reac-
tion mixture and reused again for the several times [26], whereas copper(I) oxide 
nanoparticles are the main catalytic active sites and play the key role in the cata-
lytic process [27]. From pharmacological aspect, xanthenedione is considered as 
a substantial antioxidant and also as an appropriate inhibitor for acetylcholinest-
erase (AChE) enzyme [28]. The chemical structure of xanthenedione includes 
oxygen atoms coming from the aldehyde and dimedone (5,5-dimethylcyclohex-
ane-1,3-dione), as the initial structural units. So, metal atoms could catalyze the 
synthetic process of xanthenedione through forming effective electronic interac-
tions with these oxygen atoms. In this regard, several metallic systems including 
iron, lead, zirconium, zinc, and natural structures have been prepared and used 
[29–31].

Heterogeneous catalytic systems are generally preferred due to their conveni-
ent separation from the reaction mixture [32–34]. Recently, the magnetic prop-
erty of the catalytic systems has attracted so much attentions because they could 
be separated by using an external magnet and also the catalyst is recycled and 
reused for several times [35, 36]. For magnetization of the catalytic systems, zinc 
ferrite and iron oxide nanoparticles (Fe2O3, Fe2O4, and Fe3O4 NPs) are usually 
used [37, 38]. Super-paramagnetic behavior of the zinc ferrite and iron oxide 
NPs has led researchers to extensively use that for catalytic applications [39–41]. 
Previously, we have reported several novel catalytic systems made of iron oxide 
NPs [42–50]. For this aim, a combination of the zinc ferrite and iron oxide NPs 
with other materials is prepared. As a well-known strategy, a polymeric matrix 
is chosen for the composition with magnetic NPs and also immobilization of 
the metallic NPs [51–57]. In this study, we chose “carrageenan” as a natural 
basis, which is made of a linear sulfated polysaccharides and is extracted from 
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red edible seaweeds [57]. Since, there are several sulfates and hydroxyl groups 
in the structure of carrageenan, metallic NPs could be well-immobilized in this 
natural matrix (Scheme 1). In 2015, Rostamnia and co-workers have reported a 
magnetic catalytic system based on carrageenan, and used that for clean synthesis 
of rhodanines [58]. They made a combination of carrageenan and Fe3O4 NPs and 
used the hydroxyl groups of the mentioned composite as the catalytic sites. Here, 
we intend to use numerous hydroxyl sites of the carrageenan for the formation 
of the strong H-binding interactions with the metallic sites. These interactions 
enhance the total stability of the composite. Then, copper(I) ions are distributed 
onto the surfaces and act as the main catalytic sites, which are more active than 
the hydroxyl groups. As a desirable result, it is observed that our trimetallic com-
posite results in higher reaction yields in a short time, under green conditions. In 
this study, firstly, we try to present a convenient preparation route for our hybrid 
metallic nanocatalyst, including zinc ferrite and copper NPs stabilized in the car-
rageenan (Cu-ZnFe2O4@carrageenan nanocomposite). Then, the presented cata-
lytic system is suitably applied for facilitating the synthesis reactions of xanthen-
edione pharmaceutical derivatives. In this work, this is demonstrated that high 
reaction yields (98%) are obtained in short reaction time (10  min), under mild 
reaction conditions, through applying the presented method.

Results and discussion

Preparation of Cu‑ZnFe2O4@carrageenan nanocatalyst

In our designed catalytic system, zinc ferrite has been used as the magnetic agent 
in the composite and provides a substantial property for catalyst to be conveni-
ently isolated with high convenience. The copper(I) oxide nanoparticles are the 
main catalytic active sites and play the key role in the catalytic process. In order 
to prepare the catalytic system, nitrate salts of iron and zinc were co-precipitated 
in the presence of carrageenan via ultrasonication in a cleaner ultrasound bath, at 
50 °C. After well-mixing, the environment of the reaction was gradually alkalinized 
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Scheme 1   Structure of the carrageenan
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using a concentrated solution of sodium hydroxide until the color of the mixture 
was changed to brown, meaning that ZnFe2O4 NPs have been well-formed [59]. In 
our case, sodium hydroxide (0.1 M, 10 mL) was used until pH ~ 12 was obtained. 
In the next stage, copper(II) chloride was dissolved in a solution of ascorbic acid to 
form the target Cu-ZnFe2O4@carrageenan nanocomposite, under reflux conditions 
(Fig. 1). Here, ascorbic acid plays the role of a reducing agent for Cu2+ ions to form 
Cu2O NPs, in which Cu is in chemical state Cu+.

Characterization of cu‑znfe2o4@carrageenan nanocomposite

To investigate the structure of the prepared Cu-ZnFe2O4@carrageenan nanocata-
lyst, Fourier-transform infrared (FT-IR) spectroscopy was used as the first step of 
characterization. As shown in Fig. 2a, the peak intensity related to hydroxyl groups 
at ~ 3400 cm−1 in carrageenan structure has been reduced after the composition of 
the Zn/Fe2O4 and Cu NPs. It means that the oxygen atoms of the carrageenan have 
participated in the formation of Cu-ZnFe2O4@carrageenan composite. Sharp peaks 
at ~ 1000 and 1200  cm−1 coming from the sulfonic acid groups are present in the 
structure of carrageenan. The intensity of the distinguished peak at ~ 2900 cm−1 was 
also reduced. This peak is related to C–H bonds with hybridation sp3. Most likely, 
due to the composition of the metallic NPs with the textures of carrageenan, the 
vibration of this bond has been a bit lost [60]. Further, the presence of the elements 
in the structure of ZnFe2O4@carrageenan and Cu-ZnFe2O4@carrageenan compos-
ites were investigated. For this purpose, energy-dispersive X-ray (EDX) spectros-
copy was used (Fig. 2b,c). As can be seen, the presence of all the essential atoms 
is confirmed by the EDX spectra. In addition, a quantitative analysis has been per-
formed showing the weight percentages of the present elements.

The thermal stability and assembly process of the fabricated Cu-ZnFe2O4@car-
rageenan composite was studied by thermogravimetric analysis (TGA), in a ther-
mal range of 25–800 °C (Fig. 3a). For the neat carrageenan, proportional to increase 

Fig. 1   Schematic of the convenient preparation route of Cu-ZnFe2O4@carrageenan nanocomposite
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the temperature, a partial increase in the weight ratio was observed (ca. 5 wt%) and 
gradually lost till 100 °C. This fluctuation is likely due to the capability of the carra-
geenan substrate to adsorb the moisture in the air. During 100–200 °C, about 8% of 
the total weight has been lost that can be attributed to the removal of the entrapped 
water molecules in the polymeric matrix [62–64]. Then, the first shoulder has been 
appeared until ca. 400 °C. According to the literature, in this range, the carrageenan 
loses its hydroxyl groups via dehydration process and separation of the organic 
structures like sulfonic acid groups [64]. During this stage, ca. 40% of the weight 
has been lost [65]. Then, descending trend has been continued to 800 °C. During 
this stage (400–800 °C), ca. 7% weight loss is observed that is likely coming from 

Fig. 2   a FT-IR spectra of the neat carrageenan, ZnFe2O4@carrageenan, and Cu-ZnFe2O4@carrageenan 
nanocomposite, b EDX spectra of ZnFe2O4@carrageenan and Cu-ZnFe2O4@carrageenan nanocompos-
ite, and c EDX quantitative table of the present elements in the structure of Cu-ZnFe2O4@carrageenan 
nanocomposite
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the main decomposition of carrageenan, whereas for both ZnFe2O4@carrageenan 
and Cu-ZnFe2O4@carrageenan metal composition forms, this is observed that the 
thermal stability has been increased and the observed degradation in the case of 
the individual carrageenan (in particular at 300–800 °C) is not observed. The mag-
netic behavior of the Cu-ZnFe2O4@carrageenan composite has been investigated 
and compared with the ZnFe2O4@carrageenan as well (Fig.  3b). As can be seen 
in the M-H curves, the magnetic property was significantly decreased (8.0 emu/g) 
after copperation of the ZnFe2O4@carrageenan composite. As a possible reason, a 
slight distortion in cubic structure of ZnFe2O4 by the Cu ion substitution could be 
mentioned for the reduced magnetic property. This substitution by the Cu ions may 
change the magnetization, coercivity and magnetic anisotropy of the ZnFe2O4 crys-
talline structure [66]. However, from this analysis, it was revealed that the particles 
of the catalyst could be magnetically separated through applying a magnetic field, 
recycled, and reused.

X-ray diffraction (XRD) pattern of the prepared Cu-ZnFe2O4@carrageenan 
composite was also provided and compared with the reference patterns of ZnFe2O4 
(JCPDS #001-1109) and Cu2O (JCPDS #005-0667) (Fig. 4a). As seen in the pattern, 
a broad peak has been appeared until 2θ = 20° that is attributed to the amorphous 
structure of carrageenan [67, 68]. Then, the peaks related to the ZnFe2O4·NPs, 
which have been indicated by pink circles, are observed at 2θ = 30.19°, 35.47°, 
42.94°, 57.12°, and 62.75°. They have been marked in the pattern with Miller indi-
ces as (4 0 0), (4 2 2), (6 2 0), (8 0 0), and (7 5 1), respectively. Also, the existence 
of Cu2O·NPs has been proven by the peaks that appeared at 2θ = 22.59°, 32.48°, 
42.41°, and 61.36°. These peaks have been highlighted by blue triangles in the pat-
tern, and also with Miller indices (1 1 1), (2 1 1), (3 1 1), and (4 2 0), respectively. 
The main indicative peak of Cu2O·NPs is a sharp peak at ca. 32°. Moreover, to 

Fig. 3   a TGA curves of the neat carrageenan, ZnFe2O4@carrageenan, and Cu-ZnFe2O4@carrageenan 
nanocomposite, and b VSM M-H curves of ZnFe2O4@carrageenan and Cu-ZnFe2O4@carrageenan nano-
composite at room temperature
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prove successful reduction of Cu from chemical state Cu2+–Cu+, X-ray photoelec-
tron spectroscopy (XPS) was performed [69, 70]. As shown in Fig. 4b, c, a sole peak 
appeared at 933  eV proves the formation of Cu2O·NPs, in which Cu in chemical 
state Cu+ has been participated.

Scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM) were used to investigate the size, morphology, and composition 

Fig. 4   a XRD pattern of the prepared Cu-ZnFe2O4@carrageenan nanocomposite, b XPS spectrum of the 
prepared Cu-ZnFe2O4@carrageenan, and c expanded XPS spectrum in the range of 925–950 eV
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attitude of the prepared Cu-ZnFe2O4@carrageenan. As illustrated in the SEM image 
(Fig. 5a–c), the polymeric texture of the carrageenan substrate has been well-modi-
fied by the metallic NPs. Bright areas in the image (a) indicate that the metallic NPs 
have been successfully incorporated into the carrageenan matrix. Images (b and c) 
illustrate well-distribution of the metallic NPs onto the carrageenan textures with 
high magnification. As is observed in the image (c), the mean size of the formed 
NPs is ca. 47 nm. The same sample was investigated by TEM as well (Fig. 5d), and 
it was revealed that the ZnFe2O4 and Cu2O·NPs have been well-distributed between 
the carrageenan textures. From the TEM image, it was also disclosed that the spher-
ical-shaped NPs have been well-synthesized because high uniformity in size and 
morphology is observed for the particles. From these analyses, this is observed that 
well-dispersion of the metallic particles have been obtained despite of high magnetic 
behavior of Fe2O4·NPs. In fact, no agglomeration is observed for the ZnFe2O4 and 
Cu2O·NPs, which is considered as a great point especially in catalytic applications. 
As shown in Fig. 5d, the mean size of the metallic particles is ca. 28 nm diameter, 
meaning that an extreme active surface area is provided by using a small amount of 
the particles. As is observed in TEM image, some of the heterogeneous particles 
have been formed of two sections, which are distinguished by light gray and dark 
gray colors. In this case, light and dark areas are attributed to Fe2O4 and Zn·NPs, 
respectively. The reason is related to more electronic density around the core of Zn 
atom that inhibits transmission of the electron beam of TEM instrument.

Fig. 5   a–c SEM image and d TEM image of the prepared Cu-ZnFe2O4@carrageenan nanocomposite
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Catalytic application of Cu‑ZnFe2O4@carrageenan nanocatalyst in xanthenedione 
derivatives

Optimization

To obtain the most appropriate conditions, various catalytic ratios of Cu-ZnFe2O4@
carrageenan in different media and temperatures have been experimented for the 
catalyzed synthesis of 2,2′-(4-chlorophenyl methylene)bis(3-hydroxycyclohex-2-en-
1-one) as a model reaction. The control reactions were tested in different times as 
well. Moreover, the efficiency of the individual carrageenan and ZnFe2O4 was com-
pared with Cu-ZnFe2O4@carrageenan composite. As given in Table 1, the highest 
reaction yield is obtained when 0.01 g of the catalytic system has been applied in 
water medium during 10  min stirring under reflux conditions. Also, a gram-scale 
experiment was carried out to investigate the catalytic performance of the fabricated 
Cu-ZnFe2O4@carrageenan nanocatalyst in high scales. For this purpose, 10 mmol 
of each reactant and 0.1 g of the catalytic system were considered for doing the reac-
tion, under optimal conditions. As can be observed in Table 1 (entry 12), 86% yield 
was obtained in totally 10 min, which is quite satisfying at this scale.

Table 1   Optimization of the catalytic process of the synthesis of 2,2′-(4-chlorophenyl methylene)bis(3-
hydroxycyclohex-2-en-1-one)

*optimal conditions
a Isolated yields. The conditions were monitored for the synthesis of 2,2′-(4-chlorophenyl methylene)
bis(3-hydroxycyclohex-2-en-1-one), using 4-chlorobenzaldehyde (1.0  mmol), 1,3-cyclohexanedione or 
dimedone (2.0 mmol), and 2.0 mL solvent. The reaction progress was screened by thin-layer chromatog-
raphy (elusion solvent: a mixture of EtOAc and n-hexane [1:8])
b gram-scale experiment

Entry Catalyst Cat. W. (g) Solvent Temp. (°C) Time (min) Yielda (%)

1 – – H2O r.t 480 Trace
2 – – H2O Reflux 300 47
3 ZnFe2O4 0.01 H2O Reflux 180 55
4 Carrageenan 0.01 H2O Reflux 180 70
5 Cu-ZnFe2O4@carrageenan 0.005 H2O Reflux 10 72
6 Cu-ZnFe2O4@carrageenan 0.01 H2O Reflux 10 98*
7 Cu-ZnFe2O4@carrageenan 0.02 H2O Reflux 10 98
8 Cu-ZnFe2O4@carrageenan 0.01 EtOH Reflux 15 91
9 Cu-ZnFe2O4@carrageenan 0.01 THF Reflux 90 73
10 Cu-ZnFe2O4@carrageenan 0.01 CH2Cl2 Reflux 150 60
11 Cu-ZnFe2O4@carrageenan 0.01 H2O/EtOH Reflux 10 98
12 Cu-ZnFe2O4@carrageenan 0.01 DMSO Reflux 10 78
13 Cu-ZnFe2O4@carrageenan 0.01 DMF Reflux 10 82
14 Cu-ZnFe2O4@carrageenan 0.01 CH3CN Reflux 10 80
15 Cu-ZnFe2O4@carrageenan 0.01 H2O 40 10 74
16 Cu-ZnFe2O4@carrageenan 0.1 H2O Reflux 10 86b
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The catalytic activity of Cu‑ZnFe2O4@carrageenan nanocatalyst

The capability of the prepared catalytic system was more investigated using vari-
ous derivatives of aldehyde to synthesize different derivatives of xanthenedione. 
All of the reactions were carried out in the obtained optimal conditions. As given 
in Table 2, high reaction yields were obtained through applying a small amount of 
Cu-ZnFe2O4@carrageenan nanocatalyst. As the first and foremost excellence of our 
novel designed catalytic system well-applicability in the aqueous medium could be 
mentioned. In the other words, using this natural-based catalytic system is in great 
correspondence with the green chemistry principles. However, after obtaining the 
pure xanthenedione compounds, FT-IR and NMR spectroscopy were used to iden-
tify the structures [71]. Actually, the presence of the electron-withdrawing groups 
(EWG) onto the benzene ring accelerates the reaction because they make the alde-
hyde more activated and ready for reception of the nucleophiles. According to the 
literature and the obtained results in our study (Table 2), higher reaction yields are 
obtained for EWG-containing structures than the electron-donor groups like meth-
oxy group [52, 53].

Proposed mechanism

Scheme  2 presents a plausible mechanism for catalyzed synthesis of xanthenedi-
one derivatives. According to the literature, Cu and Zn present in the structure of 
catalyst activate the aldehyde component at the first stage [80]. Next, dimedone or 
1,3-cyclohexanedione attacks to the activated aldehyde [81, 82]. At third stage, a 
dehydration process is performed to provide a conjugated unsaturated structure [83, 
84]. Finally, a 1,4-addition is performed by another dimedone or 1,3-cyclohexanedi-
one and the desired xanthenedione structure is formed [85, 86]. After completion 
of the process, the magnetic particles of the catalyst are regenerated and could be 
reused.

Recyclability of Cu‑ZnFe2O4@carrageenan nanocomposite

To investigate recyclability of the catalytic system, the particles were separated after 
completion of the reaction of the synthesis of 2,2′-(4-chlorophenyl methylene)bis(3-
hydroxycyclohex-2-en-1-one) 3u and reused for additional five times. As shown in 
Fig. 6, the obtained reaction yield has been 10% reduced after five times recycling 
but is acceptable yet. For this purpose, the particles were conveniently collected 
using an external magnet, washed, and dried in oven. The FT-IR and EDX spectra 
of the recovered NPs have been prepared and illustrated in the supporting informa-
tion section (Figs. S1 and S2). To investigate physisorption isotherms of the struc-
ture of Cu-ZnFe2O4@carrageenan nanocomposite, Brunauer–Emmett–Teller (BET) 
surface area analysis was carried out on the fresh catalyst and after recovering, via 
adsorption/desorption of N2 gas (Fig. 7). The reversible isotherm of both and recov-
ered catalyst is a typical type II, which is related to macroporous materials. The pre-
pared Cu-ZnFe2O4@carrageenan nanocomposite has shown the type IV isotherm of 
mesoporous materials (pore size 2–50 nm) (Fig.  7b) with a hysteretic loop in the 
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Table 2   Xanthenedione derivatives produced via the catalyzed synthetic process by Cu-ZnFe2O4@car-
rageenan nanocatalyst

Entry Product structure Product No Yielda (%) MP (°C) Ref

Found Lit

1 3a 93 226–229 229–231 [72]

2 3b 94 205–207 204 [73]

3 3c 93 202–204 199–200 [74]

4 3d 90 210–213 213 [73]
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Table 2   (continued)

Entry Product structure Product No Yielda (%) MP (°C) Ref

Found Lit

5 3e 87 229–231 231–232 [74]

6 3f 85 193–194 190–191 [74]

7 3 g 93 204–206 207 [73]

8 3 h 89 194–197 197 [73]
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Table 2   (continued)

Entry Product structure Product No Yielda (%) MP (°C) Ref

Found Lit

9 3i 90 218–220 219 [73]

10 3j 90 196–198 199–200 [74]

11 3 k 90 194–197 196 [73]

12 3 l 94 200–202 200 [73]

13 3 m 94 188–190 191–193 [75]
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Table 2   (continued)

Entry Product structure Product No Yielda (%) MP (°C) Ref

Found Lit

14 3n 88 186–187 185 [73]

15 3o 92 201–203 203–205 [76]

16 3p 95 183–185 184–186 [77]

17 3q 92 190–191 190 [78]
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Table 2   (continued)

Entry Product structure Product No Yielda (%) MP (°C) Ref

Found Lit

18 3r 88 198–201 199–201 [74]

19 3 s 90 145–146 145 [73]

20 3t 98 190–192 190–192 [79]

21 3u 98 142–144 145 [73]

a Isolated yields
* All reactions were carried out in the optimum conditions (10 min)
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Scheme  2   Plausible mechanism for the synthesis of xanthenedione derivatives, catalyzed by Cu-
ZnFe2O4@carrageenan nanocomposite

Fig. 6   Recycling diagram of Cu-ZnFe2O4@carrageenan nanocomposite in the synthesis reaction of 3u 
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range from 0.0 to 1.0 P/P0 (Fig. 7a). From the curves, this is observed that the capac-
ity of the pore sizes has been partially decreased after several times recycling, and as 
a result it can be expresses that the six times recovering has no significant effect on 
the porosity of the Cu-ZnFe2O4@carrageenan catalyst.

Comparison of catalyst

The efficiency of the Cu-ZnFe2O4@carrageenan nanocomposite was compared with 
previously reported catalytic systems in the literature. In Table 3, the synthesis of 
2,2′-(4-chlorophenyl methylene)bis(3-hydroxycyclohex-2-en-1-one) 3u in the pres-
ence of the Cu-ZnFe2O4@carrageenan nanocomposite is compared with other cata-
lysts based on the reaction time (entries 1, 2 and 3) and the obtained yields (entries 1 
and 2). As can be seen, the presented Cu-ZnFe2O4@carrageenan system well-works 
in a shorter time and results in higher yields than the previous catalysts.

Fig. 7   a Isotherm linear plot, and b adsorption cumulative pore volume of Cu-ZnFe2O4@carrageenan 
nanocomposite before (blue) and after (red) the recycling process (circle-spotted curve: fresh catalyst, 
and square-spotted curve: recovered catalyst). (Color figure online)

Table 3   Comparison of Cu-ZnFe2O4@carragenan nanocomposite with other previous systems

a polyvinyl pyrrolidone
b sodiumbis -2-ethyl hexyl sulfosuccinate

Entry Cat. system Conditions Time (min) Yield (%) Ref

1 ZnO CH3CN/reflux 480 90 [87]
2 Copper (0) nanoparticles onto silica EtOH/80 °C 60 93 [88]
3 Nano Fe/NaY Zeolite EtOH/78 °C 70 98 [89]
4 CaCl2 (20% mmol) CH3Cl3/r.t 840 79 [76]
5 Nanostructured Na2CaP2O7 H2O/reflux 10 90 [77]
6 PVPa-Ni Ethylene glycol/r.t 10 92 [78]
7 Fe3O4@SiO2-SO3H H2O/r.t 80 83 [90]
8 AOTb Microwave irradiation 5 90 [91]
9 Cu-ZnFe2O4@carragenan H2O/reflux 10 98 This work
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Experimental

Materials and equipment

All of the applied materials and apparatuses are reported in Table S1 (SI section).

Methods

Preparation of ZnFe2O4@carrageenan nanocomposite

In a glass round-bottom flask (50  mL), Zn(NO3)2·6H2O (0.6  g, 3.0  mmol) and 
Fe(NO3)3·9H2O (1.6  g, 4.0  mmol) were mixed in deionized water (10  mL) via stir-
ring at room temperature. Then, carrageenan (0.5 g) was added and the mixture was 
ultrasonicated for 40 min at 50 °C. Next, NaOH solution (0.1 M, 10 mL) was dropwise 
added into the flask until the mixture color was changed to dark brown that indicates 
formation of the ZnFe2O4 NPs successfully (pH ~ 12 is obtained). In continue, the reac-
tion mixture was refluxed for 2 h. Finally, the obtained precipitation was magnetically 
separated, washed two times with water and ethanol, and dried at 78 °C [18, 47].

Preparation of Cu‑ZnFe2O4@carrageenan nanocomposite

In a glass flask (100 mL), ZnFe2O4@carrageenan nanocomposite (0.5 g) was dispersed 
in ethanol (25 mL) and ascorbic acid (25 ml, 0.05 M, in deionized water), via ultrasoni-
cation for 30 min. Then, CuCl2⋅2H2O (0.5 mmol, 0.09 g) was added and the mixture 
was refluxed for 48 h. Finally, the obtained precipitation was prepared according to the 
procedure explained in the previous section [92, 93].

General procedure for catalysis of the synthesis reactions of xanthenedione 
derivatives 3a‑u

In a glass round-bottom flask (25 mL), aldehyde derivative (1.0 mmol) and dimedone 
(or 1,3-cyclohexanedione) (2.0 mmol) were dissolved in deionized water (2.0 mL), and 
0.01 g of Cu-ZnFe2O4@carrageenan nanocomposite was then added. Next, the mix-
ture was exposed to ultrasound waves (50 kHz, 100 W L−1) using a cleaner ultrasound 
bath, at room temperature (for 2 min). Afterward, the reaction mixture was refluxed 
for 10  min. Then, the catalyst particles were magnetically separated and 3.0  mL 
of deionized water was added. Afterward, DCM (5.0  mL) was added and extrac-
tion was carried out by using decanter. Finally, desired products were purified using 
flash-chromatography.

Spectral data for selected compounds

Product 3a (2,2′‑((2‑chlorophenyl)methylene)bis(3‑hydroxycyclohex‑2‑en‑1‑one))  
13CNMR (75 MHz, CDCl3): δ (ppm) = 20.6, 28.9, 32.4, 37.2, 101.6, 123.6, 126.7, 
127.7, 131.8, 132.2, 142.7, 196.2, 198.4. EI-MS [M]: m/z 348.
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Product 3b (2,2′‑((4‑chlorophenyl)methylene)bis(3‑hydroxycyclohex‑2‑en‑1‑one))  
13CNMR (75 MHz, CDCl3): δ (ppm) = 20.0, 32.6, 33.0, 33.5, 116.1, 119.6, 128.4, 
131.2, 137.0, 190.9, 192.2. EI-MS [M]: m/z 348.

Product 3c (2,2′‑((3‑chlorophenyl)methylene)bis(3‑hydroxycyclohex‑2‑en‑1‑one))  
13CNMR (75 MHz, CDCl3): δ (ppm) = 20.1, 32.8, 33.0, 33.5, 115.9, 122.5, 125.2, 
129.0, 129.6, 129.7, 140.6,190.9, 192.2. EI-MS [M]: m/z 348.

Product 3d (2,2′‑((2‑nitrophenyl)methylene)bis(3‑hydroxycyclohex‑2‑en‑1‑one))  
13CNMR (75 MHz, CDCl3): δ (ppm) = 21.1, 30.4, 34.1, 37.2, 108.1, 124.8, 129.1, 
130.4, 134.5, 149.7, 190.1, 194.2. EI-MS [M]: m/z 357.

Product 3e (2,2′‑((3,4,5‑trimethoxyphenyl)methylene)bis(3‑hydroxycyclohex‑2‑en‑1‑one))  
13CNMR (75 MHz, CDCl3): δ (ppm) = 20.7, 33.2, 34.8, 36.7, 55.4, 59.2, 107.8, 109.5, 
136.2, 136.5, 152.0, 180.2, 189.2. EI-MS [M]: m/z 402.

Product 3f (2,2′‑((2‑methoxyphenyl)methylene)bis(3‑hydroxycyclohex‑2‑en‑1‑one))  
13CNMR (75  MHz, CDCl3): δ (ppm) = 23.1, 29.6, 30.4, 33.8, 37.2, 50.4, 114.8 
121.9, 123.3, 125.4, 129.7, 147.1, 188.6, 193.2. EI-MS [M]: m/z 342.

Product 3  g (2,2′‑((3‑nitrophenyl)methylene)bis(3‑hydroxycyclohex‑2‑en‑1‑one))  
13CNMR (75  MHz, CDCl3): δ (ppm) = 19.7, 20.3, 28.6, 32.8, 34.6, 36.4, 58.8, 
100.1, 114.6, 120.4, 123.0, 128.7, 135.6, 147.1, 147.4, 168.5, 195.5, 199.1. EI-MS 
[M]: m/z 357.

Product 3  h (2,2′‑((4‑methoxyphenyl)methylene)bis(3‑hydroxycyclohex‑2‑en‑1‑one))  
13CNMR (75  MHz, CDCl3): δ (ppm) = 20.1, 32.2, 33.0, 33.5, 55.2, 113.6, 116.6, 
127.5, 129.7, 157.6, 190.8, 192.0. EI-MS [M]: m/z 342.

Product 3i (2,2′‑(phenylmethylene)bis(3‑hydroxycyclohex‑2‑en‑1‑one))  13CNMR 
(75  MHz, CDCl3): δ (ppm) = 20.13, 32.92, 32.99, 33.51, 116.45, 125.85, 126.48, 
128.16, 128.50, 130.18, 133.70, 138.18, 189.79, 191.82; EI-MS [M]: m/z 312.

Product 3j (2,2′‑((2‑bromophenyl)methylene)bis(3‑hydroxycyclohex‑2‑en‑1‑one))  
13CNMR (75 MHz, CDCl3): δ (ppm) = 21.2, 31.9, 33.7, 36.2, 112.4, 124.1, 127.3, 
128.6, 130.9, 133.3, 146.3, 193.1, 195.7; EI-MS [M]: m/z 393.

Product 3  k (2,2′‑(phenylmethylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑en‑1‑one))  
1HNMR (300  MHz, CDCl3): δ (ppm) = 1.12 (s, 6H, 2CH3), 1.25 (s, 6H, 2CH3), 
2.30–2.50 (m, 8H, 4CH2), 5.56 (s, 1H, CH), 7.10–7.30 (m, 4H, H-Ar), 11.92 (s, 
1H, OH). 13CNMR (75 MHz, CDCl3): δ (ppm) = 27.2, 29.6, 31.4, 32.74, 46.5, 47.0, 
115.6, 125.5, 126.7, 128.2, 138.5, 189.4, 190.8. EI-MS [M]: m/z 368.

Product 3 l (2,2′‑((2‑chlorophenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑en‑1‑one))  
1HNMR (300 MHz, CDCl3): δ (ppm) = 1.06 (s, 6H, 2CH3), 1.33 (s, 6H, 2CH3), 2.06–2.50 
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(m, 8H, 4CH2), 5.57 (s, 1H, CH), 7.00–7.52 (m, 4H, H-Ar), 11.90 (s, 1H, OH). 13C NMR 
(75 MHz, CDCl3): δ (ppm) = 27.4, 28.9, 29.5, 31.3, 46.4, 46.2, 115.5, 115.5, 115.7, 125.1, 
125.5, 127.9, 127.9, 129.1, 129.2, 159.1, 162.6, 189.5. EI-MS [M]: m/z 404.

Product 3 m (2,2′‑((2‑nitrophenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑en‑ 
1‑one))  1HNMR (300  MHz, CDCl3): δ (ppm) = 1.02 (s, 6H, 2CH3), 1.17 (s, 6H, 
2CH3), 2.25–2.54 (m, 8H, 4CH2), 6.05 (s, 1H, CH), 7.27 (d, 1H, H-Ar), 7.28 (t, 1H, 
H-Ar), 7.47 (t, 1H, HAr), 7.57 (d, 1H, H-Ar), 11.60 (s, 1H, OH). 13CNMR (75 MHz, 
CDCl3): δ (ppm) = 28.4, 28.3, 30.5, 31.9, 46.3, 46.4, 114.4, 124.3, 127.7, 129.5, 
131.3, 132.1, 149.2, 189.0, 191.2. EI-MS [M]: m/z 413.

Product 3n (2,2′‑((2‑methoxyphenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑ 
en‑1‑one))  1HNMR (300 MHz, CDCl3): δ (ppm) = 1.12 (s, 6H, 2CH3), 1.35 (s, 6H, 
2CH3), 3.73–3.79 (m, 8H, 4CH2), 5.59 (s, 1H, CH), 6.80–7.28 (m, 4H, H-Ar), 11.86 
(s, 1H, OH). 13CNMR (75  MHz, CDCl3): δ (ppm) = 29.2, 31.2, 46.2, 55.8, 116.4, 
119.9, 126.1, 127.0, 128.5, 157.1, 189.2. EI-MS [M]: m/z 398.

Product 3o (2,2′‑((3, 4, 5‑ tri methoxyphenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcy‑
clohex‑2‑en‑1‑one))  13CNMR (75  MHz, CDCl3): δ (ppm) = 27.2, 32.9, 35.6, 38.9, 
51.3, 57.2, 60.7, 106.8, 108.2, 136.4, 137.3, 151.2, 182.0, 190.8. EI-MS [M]: m/z 
458.

Product 3p (2,2′‑((3‑chlorophenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑ 
en‑1‑one))  1HNMR (300 MHz, CDCl3): δ (ppm) = 0.89 (s, 6H, 2CH3), 1.09 (s, 6H, 
2CH3), 2.10–2.39 (m, 8H, 4CH2), 5.59 (s, 1H, CH), 7.20–7.40 (m, 4H, H-Ar), 11.89 
(s, 1H, OH). 13CNMR (75 MHz, CDCl3): δ (ppm) = 27.7, 29.13, 32.1, 34.1, 47.8, 
50.9, 111.9, 124.7, 128.7, 131.4, 135.4, 144.3, 189.9, 191.7. EI-MS [M]: m/z 404.

Product 3q (2,2′‑((3‑nitrophenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑ 
en‑1‑one))  1HNMR (300 MHz, CDCl3): δ (ppm) = 1.12 (s, 6H, 2CH3), 1.28 (s, 6H, 
2CH3), 2.32–2.53 (m, 8H, 4CH2), 5.54 (s, 1H, CH), 7.26–8.05 (m, 4H, H-Ar), 11.87 
(s, 1H, OH). 13CNMR (75  MHz, CDCl3): δ (ppm) = 27.3, 29.7, 31.4, 32.9, 46.4, 
47.0, 114.8, 121.0, 122.2, 129.1,132.9, 140.7, 148.4, 189.6, 191.1. EI-MS [M]: m/z 
413.

Product 3r (2,2′‑((3‑methoxyphenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑ 
en‑1‑one))  13CNMR (75 MHz, CDCl3): δ (ppm) = 27.8, 29.9, 32.5, 34.6, 47.5, 51.2, 
55.8, 114.7, 121.1, 123.8, 129.6, 148.6, 160.4, 187.9, 192.1. EI-MS [M]: m/z 398.

Product 3 s (2,2′‑((4‑methoxyphenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑ 
en‑1‑one))  13CNMR (75  MHz, CDCl3): δ (ppm) = 27.0, 29.3, 31.1, 31.8, 40.5, 
46.2, 46.8, 50.5, 54.9, 113.4, 115.5, 127.5, 129.0, 130.2, 157.3, 161.8, 189.0, 190.0. 
EI-MS [M]: m/z 398.
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Product 3t (2,2′‑((2,4‑dicholorophenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑ 
en‑1‑one))  1HNMR (300  MHz, CDCl3): δ (ppm) = 1.01 (s, 6H, 2CH3), 1.38 (s, 6H, 
2CH3), 2.22–2.44 (m, 8H, 4CH2), 5.49 (s, 1H, CH), 6.58–7.27 (m, 4H, H-Ar), 11.95 
(s, 1H, OH). 13CNMR (75 MHz, CDCl3): δ (ppm) = 27.8, 29.4, 31.6, 32.7, 46.2, 47.4, 
114.2, 126.9, 129.0, 129.8, 130.0, 132.3, 138.7, 189.4, 190.7. EI-MS [M]: m/z 436.

Product 3u (2,2′‑((4‑chlorophenyl)methylene)bis(3‑hydroxy‑5,5‑dimethylcyclohex‑2‑ 
en‑1‑one))  1HNMR (300 MHz, CDCl3): δ (ppm) = 1.11 (s, 6H, 2CH3), 1.32 (s, 6H, 
2CH3), 2.19–2.50 (m, 8H, 4CH2), 5.48 (s, 1H, CH), 7.01–7.28 (m, 4H, H-Ar), 11.88 
(s, 1H, OH). 13CNMR (75  MHz, CDCl3): δ (ppm) = 27.2, 29.5, 31.4, 32.4, 46.4, 
47.0, 115.3, 128.2, 128.3, 131.5, 136.7, 189.4, 190.6. EI-MS [M]: m/z 404.

Conclusions

In summary, a novel hybrid heterogeneous catalytic system has been prepared from 
carrageenan as a natural polymeric matrix for immobilization of the ZnFe2O4 and 
Cu2O NPs, and applied for convenient synthesis of xanthenedione pharmaceutical 
derivatives. Herein, the chemical structure and physical properties of the prepared 
mixed transition metal oxides catalytic system (Cu-ZnFe2O4@carrageenan) have 
been studied by various analyses. Briefly, well-composition of three components has 
been confirmed by FT-IR and EDX spectroscopy. From EDX, it has been revealed 
that 4.45 wt% Cu is incorporated into the structure of the composite, which are the 
main active catalytic sites. Moreover, high heterogeneity and structural stability of 
the fabricated Cu-ZnFe2O4@carrageenan have been proven by TGA. Besides, great 
magnetic property of the catalyst has been shown by magnetic hysteresis (M-H) 
curves. These substantial features make the presented catalytic system as an instru-
mental recoverable tool for organic catalysis. In this report, it has been revealed that 
a six-time successive recycling and reuse does not negatively influence on the cata-
lytic performance and no structural deterioration is observed. Furthermore, uniform 
distribution of the Cu2O NPs (in ca. 28 nm mean size) onto the carrageenan textures 
has been demonstrated by SEM and TEM methods. X-ray-based analytical meth-
ods such as XRD and XPS have revealed the successful formation of Cu(I), as well. 
However, the catalytic activity of this nanoscale catalyst has been investigated in the 
synthesis of the various derivatives of xanthenedione. In this work, it has been dem-
onstrated that high reaction yields (above 90%) are obtained in short time (10 min) 
through using Cu-ZnFe2O4@carrageenan heterogeneous catalytic system. In addi-
tion, due to high convenience in the separation and purification process (through the 
magnetic property) and great recyclability of Cu-ZnFe2O4@carrageenan, this novel 
designed catalytic system is suggested for industrial applications.
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Supplementary data

The SI file includes the NMR of selected xanthenedione products. The brand and 
purity of the used materials have also been listed in this section. This section can be 
found in the online version.
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