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thermal and chemical stability, potential for surface 
modification, low toxicity, and cost-effectiveness [6–10]. 
Additionally, employing an external magnet allows for 
easy separation of catalyst-loaded MNPs from reaction 
products, eliminating filtration and simplifying catalyst 
recycling [11].

Octakis [3-(3aminopropyltriethoxysilane) propyl] octa-
silsesquioxane, commonly abbreviated as APTPOSS, is a 
silsesquioxane-based organic-inorganic hybrid material 
[12]. It consists of a central silicon atom surrounded by 
eight organic groups, each containing an amino group 
and three ethoxy groups. APTPOSS is a versatile mate-
rial with a wide range of potential applications due to its 
unique properties. APTPOSS is often employed as a sur-
face modifier or coating agent due to its ability to form 
strong bonds with organic and inorganic substrates [13]. 
The organic groups on its surface provide functional 
groups that can easily react with other molecules, allow-
ing for tailored surface modifications. This property 

Introduction
Utilizing heterogeneous catalysts has emerged as a valu-
able approach for addressing multiple challenges, such 
as catalyst retrieval, product isolation, environmental 
impact, and elevated reaction temperatures [1, 2]. In 
this context, the utilization of nanometals as catalysts 
has experienced rapid expansion, leading to the develop-
ment of numerous active and efficient nanocatalysts with 
distinct advantages over traditional catalysts, including 
enhanced activity and durability [3–5].

Magnetic nanoparticles (MNPs) are promising sup-
port materials for heterogeneous catalysts because of 
their straightforward synthesis, large surface area, great 
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times while maintaining their catalytic efficiency.

Keywords Nanocomposite, Oligomeric silsesquioxane, Heterogeneous, One-pot synthesis, Spirooxindoles

Silica/APTPOSS anchored on MnFe2O4 as an 
efficient nanomagnetic composite for the 
preparation of spiro-pyrano [2, 3-c] chromene 
derivatives
Samira Moein-Najafabadi1 and Javad Safaei-Ghomi1*

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13065-024-01270-8&domain=pdf&date_stamp=2024-8-23


Page 2 of 11Moein-Najafabadi and Safaei-Ghomi BMC Chemistry          (2024) 18:155 

makes APTPOSS useful in adhesion promotion, surface 
functionalization, and the development of hybrid materi-
als [14, 15].

In addition to its surface modification capabilities, 
APTPOSS also exhibits excellent thermal stability and 
mechanical strength. The inorganic silica core provides 
a rigid framework that enhances the material’s durability 
and resistance to high temperatures. This makes APT-
POSS suitable for applications in harsh environments or 
where high-temperature stability is required [16].

Furthermore, APTPOSS possesses interesting optical 
properties, including high transparency in the visible and 
near-infrared regions of the electromagnetic spectrum. 
This characteristic makes it a promising material for opti-
cal applications such as lenses, coatings, and optoelec-
tronic devices [17]. Overall, Octakis [3-(3 aminopropyl 
triethoxysilane) propyl] octasilsesquioxane (APTPOSS) 
is a versatile hybrid material with a wide range of poten-
tial applications. Its unique combination of organic and 
inorganic components, excellent surface modification 
capabilities, thermal stability, mechanical strength, and 
optical properties, make it a valuable material for various 
industries and research fields [18, 19].

The indole scaffold is a bicyclic heterocyclic organic 
compound. It is a structural component of the amino 
acid tryptophan found in many natural products and 
pharmaceuticals [20, 21]. Indoles exhibit diverse biologi-
cal activities, including anti-inflammatory, anti-cancer, 
and anti-depressant properties [22]. The indole scaffold is 
also found in many synthetic compounds, such as the dye 
indigo and the drug LSD [23]. Indoles are an important 
class of compounds with a wide range of applications in 
the pharmaceutical, agricultural, and materials science 
industries (Fig. 1) [24–26].

Utilizing the one-pot multicomponent reaction proto-
col is a highly effective approach for achieving optimal 
synthesis due to its advantages in time and energy effi-
ciency, high atom efficiency, and ease of execution [27]. 
Nitrogen-containing heterocyclic compounds are impor-
tant in organic synthesis and medicinal chemistry [28, 
29]. Among these, spirooxindole derivatives are valuable 

fused heterocycles that are essential building blocks for 
synthetic compounds, natural products, and pharmaceu-
tical molecules [30, 31]. While various practical meth-
ods have been explored to prepare spiro 4  H-pyrans, 
each method comes with its own set of advantages and 
limitations that restrict their applicability [32, 33]. There-
fore, developing a new efficient strategy for producing 
these fused heterocyclic structures is imperative. Build-
ing upon our previous research endeavors [34–36], 
we present a straightforward approach for fabricating 
MnFe2O4@SiO2/APTPOSS as a powerful catalyst for the 
one-pot reaction involving activated methylene com-
pounds, 1,3 dicarbonyl compounds, and isatins under 
mild conditions (Fig. 2).

Results and discussion
Structural analysis of the MnFe2O4@SiO2/APTPOSS as the 
catalyst
Figure 3 demonstrates the sequential process for immo-
bilizing MnFe2O4 with a Polyhedral Oligomeric Silses-
quioxanes-based inorganic-organic hybrid. The MNPs 
(MnFe2O4) were first synthesized using a co-precip-
itation method in a basic solution. It is known that the 
surface of the MNPs can be functionalized using various 
surface modifiers. Subsequently, octakis (3 chloropropyl) 
octasilsesquioxane was synthesized through hydrolyzing 
3-chloropropyltrimethoxysilane in an acidic environ-
ment. React ClPOSS with 3-aminopropyltriethoxysilane 
to produce APTPOSS. The final step involved treating 
MnFe2O4 with an aminopropyltriethoxysilane derivative 
and TEOS. The MnFe2O4@SiO2/APTPOSS was distin-
guished using TEM, SEM, VSM, Fourier transform infra-
red (FT-IR) analysis, TGA, and X-ray diffraction (XRD) 
techniques.

Figure 4 illustrates the X-ray diffraction patterns of the 
synthesized APTPOSS, MnFe2O4, and MnFe2O4@SiO2/
APTPOSS. The XRD patterns of the MnFe2O4 nanoparti-
cles with and without POSS show consistent peaks, indi-
cating that the crystalline spinel structure of MnFe2O4 
is preserved during the APTPOSS coating process. Spe-
cifically, the X-ray diffraction (XRD) patterns reveal six 

Fig. 1 Indole scaffold in physiologically and pharmacologically relevant substances
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Fig. 3 Preparation routes to MnFe2O4@SiO2/APTPOSS nanoparticles

 

Fig. 2 Synthesis of spirooxindole using MNPs@SiO2/APTPOSS
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characteristic peaks corresponding to a cubic phase 
of manganese iron oxide at 2θ values of 30.18°, 35.97°, 
43.22°, 53.92°, 57.42°, and 63.03° for both MnFe2O4 and 
MnFe2O4@SiO2/APTPOSS in Fig. 4(b) and (c). Addition-
ally, the broad peaks observed in Fig.  4(a) and (c) at 2θ 
values ranging from 16° to 28° are attributed to an amor-
phous Si-O bond.

The Fourier transform infrared spectra in Fig.  5 illus-
trate the characteristic features of ClPOSS, MnFe2O4, 
APTPOSS, and MnFe2O4@SiO2/APTPOSS. Notable 
features of the ClPOSS molecules include peaks at 
2955  cm− 1 (C-H bond stretching), 1102  cm− 1 (Si-O-Si 
band stretching), and 810  cm− 1 (C-Cl bond stretching). 
Figure  5(b) and (d) show common features, including 
peaks at 489, 576, 3437, and 1627 cm− 1, which depict the 
stretching vibrations of Mn-O bonds, Fe-O bonds, O-H 
bonds, and O-H bond bending. The successful incorpo-
ration of Silica/ POSS-based inorganic-organic hybrid 
on the surface of MnFe2O4 is indicated by broad peaks 
around 1000–1160  cm− 1 associated with Si-O bond 
stretching vibrations. Additionally, C-H bond stretching 

at 2915–2965 cm− 1 and C-H bond bending vibration at 
approximately 1470 cm− 1 is observed in Fig. 5(c) and (d).

Figure  6 illustrates the TGA analysis of MnFe2O4@
SiO2/APTPOSS. It demonstrates a decline in weight of 
approximately 28% between 200 and 500  °C, which can 
associated with the degradation of the organic compo-
nents. Consequently, the catalyst exhibits stability up to 
less than 200 °C, affirming its suitability for application in 
organic reactions at temperatures around 80 °C.

The FE-SEM images in Fig.  7 compare the magnetic 
nanoparticles. As depicted in Fig.  7(a), the uncoated 
MnFe2O4 seeds have a size of about 38  nm and display 
acceptable uniformity. The SEM image in Fig. 7(b) indi-
cates the MnFe2O4 coated with SiO2/POSS have pre-
served their morphology, but this does not apply to 
particle size and aggregation. The observed accumulation 
and alterations in particle size lead to the conclusion that 
the nanocatalyst has been effectively synthesized.

To investigate more accurately the morphology of 
MnFe2O4@SiO2/APTPOSS nanocomposites, TEM anal-
ysis was applied (Fig. 8). TEM images confirmed that the 

Fig. 5 Fourier transform-infrared (FT‐IR) spectra of (a) ClPOSS, (b) MnFe2O4, (c) APTPOSS and (d) MnFe2O4@SiO2/APTPOSS

 

Fig. 4 The X-ray diffraction patterns of (a) APTPOSS, (b) MnFe2O4 and (c) MnFe2O4@SiO2/APTPOSS
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magnetic nanocomposites have spherical morphology 
with uniform distribution.

The magnetic characteristics of MnFe2O4 and MNPs@
SiO2/APTPOSS were examined using a vibrating sample 
magnetometer at room temperature (Fig.  9). The mag-
netization hysteresis loops for two samples are S-like 

and show superparamagnetic properties for them. The 
saturation magnetization (Ms) is 32.5 Oe for MnFe2O4 
and 21.8 Oe for MNPs@SiO2/APTPOSS. The magnetic 
saturation value decreases by approximately 10.7 mug− 1 
following the coating process, possibly attributed to the 

Fig. 8 The TEM images of MnFe2O4@SiO2/APTPOSS

 

Fig. 7 The FE-SEM images of (a) MnFe2O4 and (b) MnFe2O4@SiO2/APTPOSS

 

Fig. 6 Thermal gravimetric analysis of MnFe2O4@SiO2/APTPOSS
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enhanced surface area facilitating successful nanoparticle 
coating with SiO2 and APTPOSS.

Different solvents were used to examine the reactivity 
of isatin derivatives, 1, 3-dicarbonyl compounds (2a-d), 
and malononitrile 1. A good yield was achieved when 
the reaction was conducted in ethanol (Fig.  10). Subse-
quently, the reaction was carried out using different cata-
lysts and without a catalyst. It was found that MnFe2O4@
SiO2/APTPOSS was the most effective catalyst, result-
ing in a 96% yield of product 3a. The impact of catalyst 
loading was then investigated using 5  mg and 15  mg of 
MnFe2O4@SiO2/APTPOSS, respectively. The experi-
mental findings indicated that using 10 mg of MnFe2O4@
SiO2/APTPOSS as a catalyst yielded the most favorable 
results. Any deviation from this particular catalyst load-
ing, whether reduced or increased, resulted in a drop in 
the total product yield.

Various reaction conditions were explored in the exper-
imental model involving isatin, dimedone, and malono-
nitrile to achieve optimal production yield and showcase 
the effectiveness of the catalyst. The results indicated that 

conducting the reaction at 80 ̊C with 10 mg of the catalyst 
(MnFe2O4@SiO2/APTPOSS) in ethanol as the solvent 
leads to an enhanced production yield (Table 1, entry 5).

Table  2 displays the results obtained from the syn-
thesis of various spiro[indoline-3,4’-pyrano[3,2-c]
chromene], spiro[indoline-3,5’-pyrano[2,3-d]pyrimi-
dine], and spiro[chromene-4,3’-indolines] compounds. 
The reactions took place in ethanol as a solvent at a tem-
perature of 80 ̊C, using isatin derivatives and different 1, 
3-dicarbonyls.

The catalyst’s reusability is a well-established property 
of significant importance. Our study focused on utilizing 
MNPs@SiO2/APTPOSS as a catalyst in optimized con-
ditions. Following the reaction, the catalyst was washed 
with acetone and methanol and dried in an oven at 65 °C 
for 70 min. It was then directly used with new substrates 
under the same conditions. The results demonstrate that 
the catalyst was effectively employed in six consecutive 
reaction cycles without a noticeable decrease in product 
yield, showing initial yields of 97% and 90% by the sixth 
cycle (Fig. 11).

Fig. 10 The impact of various solvents on the preparation of oxindole using MnFe2O4@SiO2/APTPOSS

 

Fig. 9 Comparison of VSM analysis for MnFe2O4 and MNPs@SiO2/APTPOSS
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A plausible mechanism for the preparation of spiro 
oxindole
A potential mechanism is suggested for the one-step 
synthesis of 2-amino-7, 7-dimethyl-2’,5-dioxo-5,6,7,8 
tetrahydrospiro[chromene-4,3’-indoline]-3-carbonitrile 
via a three-component reaction. At first, an acidic cata-
lytic method was employed to carry out the Knoevenagel 
condensation and form intermediate (A) Then, interme-
diate A underwent a Michael addition with dimedone to 
produce intermediate (B) Finally, the target product (3a) 
was generated through intramolecular cyclization. At the 
end of the reaction, the catalyst could be recovered by 
external permanent magnet (Fig. 12).

Conclusions
We were able to effectively synthesize composite 
nanoparticles in our research by blending manganese 
iron oxide MNPs (MnFe2O4) with APTPOSS, resulting in 
the production of oxindoles. The reaction was efficiently 
carried out quickly and with minimal catalyst usage. 
Moreover, the resulting catalyst exhibited numerous ben-
efits, including long-term stability, exceptional catalytic 
activity for this specific reaction, effortless separation 
of the catalyst through an external magnetic field, and 
straightforward work-up procedures. Additionally, the 
catalyst can be conveniently retrieved and reused multi-
ple times without experiencing a noticeable decline in its 
catalytic effectiveness. The present method is expected to 

apply to generating diverse libraries because of the plenti-
ful availability of isatins and 1, 3-dicarbonyl compounds. 
Overall, the widespread adoption of this technique in 
combinatorial chemistry and drug discovery holds great 
promise for advancing the development of new pharma-
ceutical agents and improving treatment options for vari-
ous medical conditions.

Experimental section
General
All chemicals and solvents utilized in the investigation 
were procured commercially and were not subjected to 
further purification. Fourier transform infrared (FT IR) 
spectroscopy was analyzed using a Nicolet Magna-400 
spectrometer with KBr pellets. 1H NMR data were gath-
ered in DMSO-d6 using a Bruker DRX 400 spectrometer 
with tetramethylsilane as the internal reference. Powder 
X-ray diffraction (XRD) was performed using a Phil-
ips X’pert diffractometer with monochromatized Cu Kα 
radiation (λ = 1.5406 Å). Additionally, the magnetic prop-
erties of magnetite nanoparticles were measured utilizing 
a vibrating sample magnetometer (PPMS-9 T) at 300 K at 
Iran’s Kashan University. The nanoparticles’ morphology 
was investigated using field emission scanning electron 
microscopy (FE-SEM) with model MIRA3. The micro-
scopic morphology of the nanoparticles was observed 
using a Philips transmission electron microscope (TEM) 
operating at 100 Kv. Thermogravimetric analysis (TGA) 
curves were recorded with a V5.1 A DuPont 2000.

General procedure for the synthesis of MnFe2O4 
nanoparticles
Following a 30-minute exposure to nitrogen gas 
in 200 mL of purified, deoxygenated water, 5  g of 
Mn(NO3)2.4H2O and 14  g of Fe(NO3)3.6H2O were dis-
solved in ultrapure water with vigorous mechanical stir-
ring. Subsequently, the mixture was agitated while 2.0 M 
NaOH solution was incrementally added until reaching 
a pH of 11. The mixture was then heated to 100  °C and 
maintained at this temperature for 2 h. Under the influ-
ence of an external magnetic field, a black precipitate was 
collected and subsequently rinsed with ultrapure water 
three times to eliminate contaminants such as OH−, 
NO3

−, and Na+. Following freeze-drying, pure MnFe2O4 
nanoparticles were ultimately obtained.

Preparation of ClPOSS nanoparticles
The initial substance octakis (3 chloropropyl) octa-
silsesquioxane was synthesized following the procedure 
outlined by Dittmar et al. [40]. A mixture of 3 Chloro-
propyltrimethoxysilane (20  g), 450  ml of methanol, and 
22.5 ml of concentrated hydrochloric acid was stirred for 
a minimum of 4 weeks at room temperature. After this 
period, colorless crystals (3.6  g) were obtained, which 

Table 1 Reported catalytic system for the formation of 
spirooxindole derivativesa

Entry Catalyst Solvent/ 
Temp. 
(◦C)

Time 
(min)

Yieldb 
(%)

Ref.

1 - EtOH / 80 90 30 This 
work

2 MnFe2O4@SiO2
(20 mg)

EtOH / 80 40 60 This 
work

3 MnFe2O4@SiO2/APTPOSS 
(10 mg)

EtOH / 50 20 75 This 
work

4 MnFe2O4@SiO2/APTPOSS 
(10 mg)

Solvent-
free / 80

15 80 This 
work

5 MnFe2O4@SiO2/APT-
POSS (10 mg)

EtOH / 80 10 97 This 
work

6 MnFe2O4@SiO2/APTPOSS 
(10 mg)

EtOH / 90 reflux 94 This 
work

7 MnFe2O4@SiO2/APTPOSS 
(10 mg)

H2O / 80 30 70 This 
work

8 Amino-appended b-
cyclodextrin (5 mol%)

H2O / RT 7 h 91 [37]

9 THAM (30 mol%) EtOH / RT 4 h 94 [38]
10 TiO2-CNTs (24 mg) H2O / RT 6 h 94 [39]
Bold entry is the best one of the experiment
a Reaction conditions: isatin (1mmol), malononitrile (1 mmol), and 1,3 dicarbonyl 
compounds (1 mmol) in presence MnFe2O4@SiO2/APTPOSS (10  mg) in EtOH 
under reflux conditions
b Isolated yields
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were subsequently washed with water and dried under 
vacuum at 60 °C for 24 h.

Preparation of octakis [3-(3 aminopropyltriethoxysilane) 
propyl] octasilsesquioxane (APTPOSS)
Under a nitrogen atmosphere, 2.07  g of ClPOSS (two 
mmol) and 4.43  g of 3-Aminopropyltriethoxysilane (20 
mmol) were combined in a reaction vessel. The solution 
was stirred at 100 °C for two days, as illustrated in Fig. 3. 
Subsequently, the combination was allowed to cool to 
ambient temperature, followed by filtration of the solu-
tion and subsequent washing with methanol and acetone. 
The resulting product, APTPOSS, was obtained as a pale 
brown solid after drying under a vacuum and was stored 
for future use.

Preparation of MnFe2O4@SiO2/APTPOSS MNPs
At first, 1.0  g of the magnetic manganese iron oxide 
that was produced was dispersed in a solution contain-
ing 1.6 ml of ammonium hydroxide, 10 ml of deionized 
water, and 30  ml of absolute ethanol using ultrasonic 
vibration for 20 min to create an active site for binding to 
MnFe2O4. Subsequently, 0.45  g of APTPOSS previously 
sonicated in deionized water, was added to this suspen-
sion. Following this, a mixture containing 0.9  ml of tet-
raethylorthosilicate diluted in ethanol (9  ml) was added 
dropwise to the suspension while continuously stirring at 
80 °C. The reaction was allowed to progress for two days 
until it was completed, as shown in Fig. 3. The MnFe2O4@
SiO2/APTPOSS product was then retrieved using a mag-
net after the mixture had cooled down. Afterward, the 
product was subjected to multiple washes with acetone 
and ethanol and dried in a vacuum at 70 °C.

Fig. 12 The probable mechanism for the preparation of spirooxindole using MnFe2O4@SiO2/APTPOSS

 

Fig. 11 Recycling of MnFe2O4@ SiO2/APTPOSS as the catalyst

 



Page 10 of 11Moein-Najafabadi and Safaei-Ghomi BMC Chemistry          (2024) 18:155 

A common procedure for the synthesis of (3a-n)
In a 50-ml round-bottom flask, one mmol each of Isatin 
derivatives, barbituric acid, dimedone or 4-hydroxy-
coumarin, and malononitrile were mixed with 10  mg 
of the catalyst (MNPs@SiO2/APTPOSS). The mixture 
was heated at 80  °C in the presence of ethanol until the 
reaction was complete. The progress of the reaction was 
monitored using thin-layer chromatography. The result-
ing products were purified by drying and washing with 
ethanol to obtain pure compounds (Fig. 13).

Abbreviations
MNPs  Magnetic nanoparticles.
APTPOSS  [3- (3-amino propyl triethoxysilane) propyl] octa-silsesquioxane.
TEM  Transmission electron microscopy.
SEM  Scanning Electron Microscopy.
VSM  Vibrating Sample Magnetometer.
FT-IR  Fourier transform infrared.
XRD  X-Ray diffraction.
CIPOSS  (3 chloropropyl) octasilsesquioxane.
TEOS  Tetraethyl Orthosilicate.
Ms  Saturation magnetization.
DMSO  Dimethyl sulfoxide.
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