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Design and application of a 
magnetically recoverable citric 
acid-functionalized graphene oxide 
nanocomposite for ultrasound-
assisted green synthesis of 
naphthopyrimidines
Raziyeh Molla-Mohammadi, Javad Safaei-Ghomi & Hourieh Sadat Oboudatian

This study reports the synthesis of a novel acidic and magnetic nanocatalyst based on graphene oxide 
(GO), iron oxide (Fe₃O₄), and silica (SiO₂), functionalized with citric acid (CA), which was successfully 
synthesized and characterized by FT-IR, XRD, SEM, TEM, EDX, TGA, VSM, and Raman spectroscopy. 
The resulting nanocomposite (GO/Fe₃O₄@SiO₂@CA) exhibited a well-defined core–shell structure, 
high thermal stability, and superparamagnetic properties. This material was employed as a recyclable 
and green catalyst for the one-pot multicomponent synthesis of naphthopyranopyrimidines 
derivatives in ethanol under ultrasonic conditions. The catalyst showed excellent efficiency, product 
yields (88–97%) within remarkably short times (10–20 min), and was easily recoverable by an external 
magnet. Additionally, it was able to retain its catalytic activity over seven consecutive cycles with 
negligible loss in performance. These results highlight GO/Fe₃O₄@SiO₂@CA as a sustainable and 
high-performance nanocatalyst for green organic synthesis. In this study, we synthesized a mild, non-
toxic, green, and multi-acid catalyst, and were able to increase the product formation efficiency and 
reduce the time with cavitation energy. It seems that this catalyst has the potential to be used for the 
preparation of other one-pot products.

Keywords  Naphthopyranopyrimidines, Magnetic nanoparticles, Multicomponent reactions, Green 
synthesis, Hummers’ method, Nanocomposite, Graphene oxide

Nanocomposites have gained considerable attention in recent years due to their remarkable physicochemical 
properties, such as high surface area, tunable chemical functionality, and excellent stability. These features 
make them suitable for a wide range of applications, including catalysis, energy conversion, drug delivery, and 
environmental remediation1–3. Among nanostructured supports, graphene oxide (GO), a two-dimensional 
oxidized form of graphite, is particularly appealing because of its large surface area, strong mechanical properties, 
and abundant oxygenated functional groups (–OH, –COOH, and epoxy), which allow strong interactions with 
both organic and inorganic molecules4–9. The rich surface chemistry of GO provides multiple anchoring sites 
for metal and metal oxide nanoparticles through coordination and hydrogen bonding. Oxygen groups on GO 
act as nucleation centers for Fe₃O₄ nanoparticles, promoting uniform dispersion and preventing magnetic 
aggregation. Coating Fe₃O₄ with silica (SiO₂) forms a protective shell that enhances thermal and chemical 
stability while maintaining access to active sites10–14. Functionalization of the composite with citric acid (CA), a 
biocompatible organic acid, introduces additional –COOH and –OH groups, increasing polarity, hydrophilicity, 
and surface reactivity. The selection of citric acid was made based on the higher density of acidic sites, controlled 
acidity compared to strong acids Includes of sulfonic group and green chemistry considerations. Citric acid 
contains three carboxylic acid groups, through which multiple Brønsted acidic sites can be introduced onto the 
catalyst surface. As a result, enhanced surface acidity and possible cooperative catalytic interactions are provided 
compared to mono-functionalized systems. As citric acid is recognized as an inexpensive, biodegradable, non-
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toxic, and industrially abundant organic acid. Therefore, improved sustainability and better alignment with 
green chemistry principles are achieved through its incorporation.

The resulting nanocomposite, GO/Fe₃O₄@SiO₂@CA, combines the electronic conductivity and mechanical 
strength of GO, the magnetic responsiveness of Fe₃O₄, and the chemical stability of SiO₂, producing a 
multifunctional catalyst with high activity and recyclability15–20. GO also plays a central role as an electron 
mediator. Its two-dimensional π-conjugated structure enables rapid electron delocalization, enhancing charge 
transfer between active sites and reactants. Strong π–π stacking and hydrogen bonding interactions further allow 
efficient adsorption of aromatic molecules such as β-naphthol and aldehydes, improving catalytic efficiency even 
under mild ultrasonic irradiation21–27.

Multicomponent reactions (MCRs) have emerged as highly sustainable strategies for constructing complex 
heterocycles with high atom economy and minimal waste. Pyranopyrimidines and their fused derivatives, 
including naphthopyranopyrimidines, are bioactive heterocycles with diverse pharmacological properties, 
including anticancer, antimicrobial, and anti-inflammatory effects. Traditional synthetic methods often require 
long reaction times, toxic solvents, and non-recyclable catalysts28–36. In this study, we report the synthesis and 
characterization of a novel citric acid-functionalized magnetic nanocomposite, GO/Fe₃O₄@SiO₂@CA, prepared 
via a modified Hummers’ method. Its catalytic potential was evaluated in the green, one-pot multicomponent 
synthesis of naphthopyranopyrimidine derivatives under ultrasonic irradiation in ethanol. Efficient magnetic 
separation and good recyclability are exhibited by the prepared nanocomposite. Catalytic performance is 
maintained over multiple reaction cycles, further distinguishing the developed system from previously reported 
catalysts. The cooperative effects of GO, Fe₃O₄, SiO₂, and CA resulted in high catalytic activity, excellent yields, 
easy magnetic recovery, and remarkable structural stability, offering a sustainable and efficient approach for the 
synthesis of bioactive heterocycles. We also investigated the synergistic effect with ultrasonic. The combination 
of polycarboxylic acid functionality, magnetic graphene oxide support, and ultrasonic irradiation provides a 
synergistic catalytic system. Ultrasound-induced cavitation enhances mass transfer and accessibility of acidic 
sites, resulting in shorter reaction times and improved yields compared to conventional conditions. The use of 
ultrasonic irradiation significantly reduced reaction time while maintaining high yield and selectivity. Also, we 
managed to synthesize some new derivatives (six compounds) of naphthopyranopyrimidines.

Experimental section
Chemicals and methods
All materials, including solvents and reagents, met analytical-grade specifications and were applied directly in 
the procedures without any pre-treatment. Natural graphite powder, ferric chloride hexahydrate (FeCl₃·6 H₂O), 
ferrous sulfate heptahydrate (FeSO₄·7  H₂O), tetraethyl orthosilicate (TEOS), citric acid (CA), and ammonia 
solution were purchased from Merck and Sigma-Aldrich. Deionized water was employed throughout all 
experiments. Graphene oxide and all nanocomposites were characterized using FT-IR (Shimadzu 8400 s), ¹H 
and ¹³C NMR (DMSO), XRD (Philips PW1730), SEM and TEM (ZEISS), VSM (Meghnatis Daghigh Kavir), and 
TGA (STA504).

Preparation of graphene oxide (GO)
Graphene oxide (GO) was synthesized from natural graphite powder using a modified Hummers’ method, 
chosen for its simplicity, reproducibility, and ability to produce high-quality GO with abundant oxygen-
containing functional groups. In a typical procedure, 2 g of natural graphite and 1 g of sodium nitrate (NaNO₃) 
were added to 46 mL of concentrated sulfuric acid (H₂SO₄, 98%) in an ice bath. Sulfuric acid provides a strong 
acidic medium that facilitates intercalation between graphite layers and controls the oxidation process. Sodium 
nitrate promotes layer separation, ensures uniform oxidation, prevents aggregation, and improves the overall 
quality of GO. Next, 6 g of potassium permanganate (KMnO₄) was added gradually under continuous stirring 
while keeping the temperature below 35 °C to avoid excessive heat generation. KMnO₄ acts as a strong oxidizing 
agent that converts graphite into graphene oxide and introduces oxygen-containing functional groups (–OH, –
COOH, epoxy) onto the surface. The reaction mixture was stirred at this temperature for 2 h to ensure complete 
oxidation. Afterwards, 92 mL of deionized water was slowly added, and the reaction continued for 30 min. To 
further dilute the mixture and terminate the oxidation, 280 mL of deionized water was added, followed by 20 mL 
of hydrogen peroxide (H₂O₂, 30 wt%).

The addition of H₂O₂ turned the suspension golden, indicating the removal of residual KMnO₄ and MnO₂. 
Hydrogen peroxide stops the oxidation reaction, removes remaining oxidants, stabilizes the GO suspension, and 
enhances surface oxygen functionalities. The resulting black solid was repeatedly washed with warm deionized 
water and ethanol to remove residual acids and impurities. The suspension was ultrasonicated for 45 min to 
ensure uniform dispersion of the GO sheets. Finally, the mixture was centrifuged, and the obtained product 
was dried in oven at 50 °C for 12 h, yielding high-quality graphene oxide powder. The entire procedure ensures 
the formation of GO with high surface area, abundant functional groups, and good dispersibility, suitable for 
subsequent nanocomposite synthesis in Scheme 137–42.

Preparation of GO/Fe₃O₄ nanocomposite
Fe₃O₄ nanoparticles were deposited onto GO sheets via a co-precipitation method. Briefly, GO (0.5  g) was 
dispersed in 100 mL of deionized water and sonicated for 30 min to form a homogenous suspension. FeCl₃·6 H₂O 
(2.7 g) and FeSO₄·7 H₂O (1.0 g) were added to the GO suspension under inert nitrogen conditions. Ammonia 
solution was added dropwise to adjust pH ~ 10. The mixture was stirred at 80 °C for 2 h, resulting in the formation 
of Fe₃O₄ nanoparticles on the GO sheets. The black product was magnetically separated, thoroughly washed 
with water and ethanol, and dried at 60 °C in Scheme 137,43.
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Coating of GO/Fe₃O₄ with silica (SiO₂)
The synthesized GO/Fe₃O₄ composite was dispersed in ethanol–water mixture under ultrasonication to achieve 
a uniform suspension. Tetraethyl orthosilicate (TEOS, 1 mL) and NH₄OH were then added dropwise, and the 
reaction was allowed to proceed under continuous stirring at room temperature for 24 h. The GO/Fe₃O₄@SiO₂ 
nanocomposite was recovered by magnetic separation, followed by repeated washing and drying in Scheme 
144–47.

Functionalization with citric acid (CA)
For surface functionalization, 0.5 g of GO/Fe₃O₄@SiO₂ was treated with 1 g of citric acid dissolved in 50 mL of 
water and stirred at 60 °C for 4 h. After the reaction, the GO/Fe₃O₄@SiO₂@CA nanocatalyst was isolated using 
an external magnet, repeatedly washed with ethanol and water, and dried under vacuum at 60 °C in Scheme 1.

General procedure for synthesis of naphthopyranopyrimidines
In a 10 mL ethanol solution, β-naphthol (1 mmol), benzaldehyde derivatives (1 mmol), barbituric acid (1 
mmol), and 20 mg of GO/Fe₃O₄@SiO₂@CA were mixed and stirred at 60 °C. In some experiments, ultrasonic 
irradiation was used. Reaction progress was monitored via TLC. Upon completion, the catalyst was magnetically 
separated, washed, and reused for subsequent runs. The crude product was filtered, washed with cold ethanol, 
and recrystallized to obtain pure naphthopyranopyrimidine derivatives in Scheme 2.

Scheme 2.  Synthesis of 12,8-Dihydro-9H-naphtho[1”,2”:5,6]pyrano[2,3-d]pyrimidine-11,9-(H10)-dione 
Derivatives Using GO/Fe₃O₄@SiO₂@Citric Acid Nanocatalyst Under Ultrasonic Irradiation Conditions.

 

Scheme 1.  The preparation of GO/Fe₃O₄@SiO₂@CA nanocomposite.
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Results and discussion
Structural and morphological characterization of GO/Fe₃O₄@SiO₂@CA nanocomposite
The structural characteristics and chemical functionalities of the synthesized nanocomposite were investigated 
using various analytical techniques. The FT-IR spectra of graphite and of GO-based nanocomposites (GO, 
GO/Fe₃O₄, GO/Fe₃O₄@SiO₂, GO/Fe₃O₄@SiO₂@CA) were acquired and shown in Fig. 1. In Fig. 1b, the broad 
absorption band at 3430 cm⁻¹ corresponds to O–H stretching vibrations. Distinct peaks at 1720 and 1625 cm⁻¹ 
are attributed to C = O and C = C bonds, respectively. A new peak observed at 580  cm⁻¹ indicates the Fe–O 
vibration (Fig. 1c), while characteristic Si–O–Si bands appear around 1100 cm⁻¹ (Fig. 1d). In the final catalyst, 
peaks near 2925 cm⁻¹ (sp³–CH) and 1750 cm⁻¹ (carboxylic acid C = O) confirm the effective functionalization 
with citric acid (Fig. 1e). The data obtained from FT-IR spectra indicated the correct deposition and formation 
of GO@Fe₃O₄@SiO₂@CA nanocomposite.

The powder X-ray diffraction (XRD) of (a) graphite, (b) GO, (c) GO@Fe₃O₄, and (d) GO@Fe₃O₄@SiO₂@CA 
displays in Fig. 2. XRD patterns showed a sharp peak at 2θ ≈ 27° for pristine graphite (Fig. 2a) and a broad peak at 
≈ 14° after oxidation, confirming GO formation (Fig. 2b). Peaks at 2θ = 30.1°, 35.6°, 43.3°, 53.5°, 57.2°, and 62.8° 
correspond to Fe₃O₄ spinel structure (JCPDS No. 75–0449)(Fig. 2c). In the final pattern, a broad background 

Fig. 2.  XRD patterns of graphite, GO, GO@Fe₃O₄, and GO@Fe₃O₄@SiO₂@CA.

 

Fig. 1.  FT-IR spectra of (a) Graphite, (b) GO, (c) GO@Fe₃O₄, (d) GO@Fe₃O₄@SiO₂,(e) GO@Fe₃O₄@SiO₂@
CA.
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around 20°–25° indicates amorphous groups of SiO₂ and citric acid (Fig. 2d). These results and the constant of 
Fe₃O₄ pattern in Fig. 2d, confirm the successful stepwise assembly of the nanocomposite (Fig. 2).

In order to study the morphology, uniformity and size of the catalyst, the FE-SEM and TEM were used. As it 
is obvious in Fig. 3b, the FE-SEM images demonstrated that spherical Fe₃O₄ nanoparticles, with an average size 
of about 63 nm, were uniformly distributed across the surface of GO sheets. TEM analysis further confirmed the 
presence of Fe₃O₄@SiO₂@CA at their interface with GO (Fig. 3c).

All elements are well distributed throughout the graphene oxide and GO@Fe₃O₄@SiO₂@CA nanocomposite, 
which are revealed by elemental mapping images (Fig.  4a, b). Besides, the presenting elements along with 
weight% can be clearly seen in the structure of graphene oxide and GO@Fe₃O₄@SiO₂@CA nanocomposite using 
energy dispersive X-ray spectroscopy (EDX) (Fig. 4c, d). Elemental mapping by EDX revealed a homogeneous 
distribution of carbon, oxygen, iron, and silicon elements throughout the catalyst structure.

The magnetic properties of GO@Fe₃O₄ and GO@Fe₃O₄@SiO₂@CA have been measured with the help of 
a vibrating sample magnetometer (VSM) (Fig. 5). Magnetization measurements revealed that GO/Fe₃O₄ had 
a saturation magnetization of ~ 60 emu/g, while GO/Fe₃O₄@SiO₂@CA showed ~ 40 emu/g due to surface 
modifications and silica shell. These results illustrate that the magnetization property decreases by coating and 
functionalization. Besides, the nanocomposite retained sufficient superparamagnetism for efficient magnetic 
separation (Fig. 5).

Raman spectroscopy was employed to further confirm the structural features of GO and the final 
nanocomposite GO/Fe₃O₄@SiO₂@CA. The GO spectrum showed two major peaks: At ~ 1357 cm⁻¹, the D band 
appears, attributed to the A₁g breathing vibration of disordered sp³ carbons, whereas the G band at ~ 1594 cm⁻¹ 
corresponds to the E₂g mode of sp² carbon domains. The intensity ratio (I_D/I_G) was calculated to be ~ 1.02, 
indicating a moderate degree of disorder and oxidation in the GO structure. After the functionalization and 
coating steps, the Raman spectrum of GO/Fe₃O₄@SiO₂@CA maintained both D and G bands with minor shifts 
and broadening, suggesting successful integration without significant degradation of the GO framework. A 
broad peak at ~ 2650 cm⁻¹ (2D band) was also observed, which is characteristic of few-layered graphene oxide 
(Fig. 6).

The thermal behavior of the (a) GO@Fe₃O₄, (b) GO@Fe₃O₄@SiO₂ and (c) GO@Fe₃O₄@SiO₂@CA 
nanoparticles was estimated by TGA analysis (Fig.  7). Results depict appropriate thermal stability with no 
significant decline in weight. TGA curves revealed initial weight loss below 200 °C due to moisture and solvent 
removal. Further loss (~ 23%) between 200 and 600 °C is attributed to the decomposition of grafted citric acid 
and labile groups (Fig. 7c).

Fig. 3.  FE-SEM of (a) GO, (b) GO@Fe₃O₄@SiO₂@CA and (c) TEM of GO@Fe₃O₄@SiO₂@CA.
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Catalytic performance in naphthopyranopyrimidine synthesis
The catalytic performance of GO/Fe₃O₄@SiO₂@CA was evaluated in the three-component reaction of β-naphthol, 
barbituric acid, and various aromatic aldehydes in ethanol under ultrasonic irradiation. The reaction conditions 
were mild (60 °C, 80 W), and the products were obtained in excellent yields (88–97%) within 10–20 min. The 
nanocatalyst enabled rapid C–C and C–N bond formation through a one-pot condensation pathway. Electron-
donating and electron-withdrawing groups on the aldehydes did not significantly affect the yields, indicating the 
broad applicability of the catalyst. The calculation of Turnover Number (TON) and Turnover Frequency (TOF) 
are also given below.

Optimization of reaction conditions
To identify the optimal conditions for the synthesis of naphthopyranopyrimidine derivatives, the effects of three 
main variables: catalyst amount, ultrasonic power, and solvent type—were investigated using a model reaction 
between β-naphthol, barbituric acid, and 4-chlorobenzaldehyde at 60 °C. (Fig. 8)

Fig. 5.  VSM magnetization curves of (a) GO@Fe₃O₄ and (b) GO@Fe₃O₄@SiO₂@CA nanocomposite.

 

Fig. 4.  Elemental mapping images of (a) GO, (b) GO@Fe₃O₄@SiO₂@CA and EDX analysis of (c) GO, (d) 
GO@Fe₃O₄@SiO₂@CA nanocomposite.
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Catalyst amount
Different amounts of the GO@Fe₃O₄@SiO₂@CA nanocatalyst (15, 20, 25, and 30 mg) were tested under constant 
ultrasonic power (80  W) in ethanol. As shown in Table  1, the reaction proceeded efficiently at all catalyst 
loadings, but the yield increased with higher catalyst amounts. Maximum yield (97%) was obtained with 25 and 
30 mg within 10 min. Therefore, 25 mg was selected as the optimal loading.

Ultrasonic power
To evaluate the influence of ultrasound intensity, reactions were performed using different power levels (40, 60, 
80, and 100 W) while keeping the other parameters constant. The results are presented in Table 2. It was found 
that 80 W provided the best outcome with a 97% yield in 10 min. Increasing the power beyond this level did not 
significantly enhance the yield.

Fig. 7.  TGA thermograms of (a) GO@Fe₃O₄, (b) GO@Fe₃O₄@SiO₂ and (c) GO@Fe₃O₄@SiO₂@CA 
nanocatalyst.

 

Fig. 6.  Raman spectra of (a) GO and (b) GO@Fe₃O₄@SiO₂@CA nanocomposite.
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Solvent screening
Various solvents were examined to determine their effect on the efficiency of the reaction. As shown in Table 3, 
dry ethanol afforded the highest yield (97%) in just 10 min. Other solvents such as water-ethanol mixtures, 
acetonitrile, DMF, and DMSO resulted in significantly lower yields. Thus, ethanol was selected as the optimal 
and green solvent for subsequent reactions.

Turnover number (TON) and turnover frequency (TOF)
To evaluate the intrinsic catalytic efficiency of the prepared nanocomposite, the turnover number (TON) 
and turnover frequency (TOF) were calculated based on the amount of active acidic sites estimated from 
thermogravimetric analysis (TGA). TGA analysis indicated that approximately 23 wt% of the catalyst corresponds 

Entry Ultrasonic Power (W) Time (min) Yieldb (%)

1 40 10 75

2 60 10 87

3 80 10 97

4 100 10 97

Table 2.  Effect of ultrasonic power on the model reactiona. aReaction conditions: 4-chlorobenzaldehyde 
(1 mmol), barbituric acid (1 mmol), and 2-naphthol (1.5 mmol) in the presence of GO@Fe₃O₄@SiO₂@CA 
(25 mg) as catalyst in EtOH. bIsolated yields.

 

Entry Catalyst (mg) Time (min) Yield (%)b

1 15 10 89

2 20 10 93

3 25 10 97

4 30 10 97

Table 1.  Reported catalytic system for the formation of spiro[indene-2,2’-naphthalene]−4’-carbonitrilesa. 
aReaction conditions: 4-chlorobenzaldehyde (1 mmol), barbituric acid (1 mmol), and 2-naphthol (1.5 mmol) 
in the presence of GO@Fe₃O₄@SiO₂@CA as catalyst in EtOH under Ultrasonic irradiation (80 W). bIsolated 
yields.

 

Fig. 8.  Optimization of the reaction conditions for the synthesis of naphthopyranopyrimidines using GO/
Fe₃O₄@SiO₂@CA under ultrasonic irradiation.
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to immobilized citric acid. The calculation of active sites was performed assuming that each citric acid molecule 
provides three Brønsted acidic (–COOH) groups. Based on the molar mass of citric acid (192.12 g mol⁻¹), the 
number of moles of citric acid incorporated into the catalyst was estimated from the TGA weight loss, and the 
total acidic sites were determined accordingly. In a typical reaction, 25 mg of catalyst was used for the conversion 
of 1 mmol of barbituric acid (limiting reagent in the model reaction between β-naphthol, barbituric acid, and 
4-chlorobenzaldehyde), affording 97% yield within 10 min under ultrasonic irradiation. The turnover number 
(TON) was calculated using the following Eq. (1):

	
T ON = moles of product formed

moles of active scidic sites
� (1)

The TON value was found to be approximately 11, indicating that each acidic site participates in multiple 
catalytic cycles. The turnover frequency (TOF) was calculated according to Eq. (2):

	
T OF = T ON

reaction time
� (2)

A TOF value of approximately 65 h⁻¹ was obtained. These results confirm that the catalytic activity originates 
from accessible surface acidic sites introduced by immobilized citric acid, rather than from stoichiometric 
consumption of functional groups48.

One-pot synthesis of naphthopyranopyrimidine derivatives under ultrasound irradiation
The catalytic performance of GO@Fe₃O₄@SiO₂@CA was evaluated in the synthesis of 12,8-dihydro-9H-
naphtho[2’,1’:4,5]pyrano[2,3-d]pyrimidine-11,9(H)-dione derivatives. A series of aromatic aldehydes with 
varying electronic substituents were reacted with β-naphthol and barbituric acid under ultrasound-assisted 
conditions (80 W, 40 kHz) using 25 mg of the nanocatalyst. The reaction times and isolated yields are summarized 
in Table 4.

The results indicate that both electron-donating and electron-withdrawing groups on the aromatic ring had 
minimal effect on product yields. All products were obtained in excellent yields (88–97%) within short reaction 

Entry Aldehyde Yieldb (%) Time (min) Melting pointc

1 Benzaldehyde 93 13 353–35531

2 4-Nitrobenzaldehyde 94 15 373–37631

3 3-Nitrobenzaldehyde 91 15 374–37631

4 4-Isopropylbenzaldehyde 92 20 472–476

5 4-Chlorobenzaldehyde 97 10 358–36131

6 2-Chlorobenzaldehyde 90 10 376–37949

7 2,4-Dichlorobenzaldehyde 93 15 425–429

8 4-Bromobenzaldehyde 91 20 292–29531

9 4-Methylbenzaldehyde 88 20 358–36031

10 3-Methylbenzaldehyde 89 20 363–369

11 4-Fluorobenzaldehyde 90 20 354–35750

12 2-Fluorobenzaldehyde 88 15 354–358

13 3-Hydroxybenzaldehyde 91 20 450–453

14 5-Bromo-2-hydroxybenzaldehyde 93 15 480–486

Table 4.  Naphthopyranopyrimidine derivatives synthesized under ultrasonic conditionsa. aReaction 
conditions: benzaldehyde derivatives (1 mmol), barbituric acid (1 mmol), and 2-naphthol (1.5 mmol) in the 
presence of GO@Fe₃O₄@SiO₂@CA (25 mg) as catalyst in EtOH under Ultrasonic irradiation (80 W). bIsolated 
yields. cReference.

 

Entry Entry Solvent Time (min) Yieldb (%)

1 Ethanol (dry) 10 97

2 Ethanol/water (1:1) 10 45

3 Acetonitrile 10 65

4 DMF 10 56

5 DMSO 10 55

Table 3.  Effect of solvent on reaction yielda. aReaction conditions: 4-chlorobenzaldehyde (1 mmol), barbituric 
acid (1 mmol), and 2-naphthol (1.5 mmol) in the presence of GO@Fe₃O₄@SiO₂@CA as catalyst under 
Ultrasonic irradiation (80 W). bIsolated yields.
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times (10–20 min), demonstrating the efficiency of the nanocatalyst under mild and green conditions. Upon 
completion of the time reaction which was monitored by TLC (n-hexane/ethyl acetate: 6:4) the crude precipitate 
was filtered off and purified by recrystallization from ethanol to obtain pure product.

These results highlight the potential of GO@Fe₃O₄@SiO₂@CA as an efficient and reusable nanocatalyst for 
green multicomponent synthesis of biologically active heterocycles.

Proposed reaction mechanism
The plausible mechanism for the synthesis of naphthopyranopyrimidines using β-naphthol, barbituric acid, and 
aromatic aldehydes in the presence of the acidic nanocatalyst GO/Fe₃O₄@SiO₂@CA is illustrated in Scheme 
3. In the first step, the carbonyl group of the aldehyde is activated through protonation by the acidic sites of 
the nanocatalyst. The activated aldehyde undergoes a Knoevenagel-type condensation with barbituric acid to 
form intermediate (I). Subsequently, β-naphthol attacks the activated carbon of intermediate (I) via a Michael 
addition, generating intermediate (II). This intermediate then undergoes intramolecular cyclization, in which the 
hydroxyl group of β-naphthol attacks the carbonyl group of the barbituric acid moiety, affording a six-membered 
heterocyclic ring. Finally, dehydration of the intermediate produces the desired naphthopyranopyrimidine 
derivative under ultrasonic conditions (Scheme 3). A second mechanism has also been predicted in other 
articles. The first step involves the formation of intermediate which was formed by the nucleophilic attack of 
2-naphthol to aldehyde and elimination of one H2O molecule. Adsorption of the aldehyde on the catalyst surface 
enhances the electrophilicity of the carbonyl group which is followed by the nucleophilic attack of 2-naphthol 

Scheme 3.  Plausible mechanism for the synthesis of naphthopyranopyrimidines catalyzed by GO/Fe₃O₄@
SiO₂@CA under ultrasonic conditions.
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to them. Then, Michael addition of intermediate is formed with cyclic 1,3-dicarbonyl compound followed by 
cyclodehydration yield the desired final product50.

All products were characterized by melting point (m.p.), FT-IR, 1H NMR, 13C NMR and elemental 
microanalysis. The Spectra data of new compounds are presented:

12-(2,4-Dichlorophenyl)−8,12-dihydro-9H-naphtho[2’,1’:5,6]pyrano[2,3-d]pyrimidine-9,11(H10)-
dione (7). White solid, yield 92%, M.P (ºC): 425–429. IR (KBr)/ῡ (cm⁻¹): 3444 (N–H stretch), 2927 (C–H 
stretch), 1711 (C = O amide), 1653 (N–H bending), 1515–1452 (C = C alkene), 1359 (C–N stretch), 1270 (C–O). 
¹H NMR (DMSO-d₆, 400 MHz)/δ (ppm): 5.85 (s, 1 H), 7.27 (dd, 1 H, J = 8 Hz, J = 2.4 Hz, Ar–H), 7.39–7.55 (m, 
5 H, Ar–H), 7.94–8.01 (m, 3 H, Ar–H), 11.05 (s, NH), 12.13 (s, NH). ¹³C NMR (DMSO-d₆, 100 MHz)/δ (ppm): 
163.51, 154.81, 154.01, 150.16, 149.18, 133.53, 131.45, 130.78, 129.12, 128.64, 128.32, 127.57, 127.10, 123.61, 
122.87, 122.85, 119.23, 118.09, 116.39, 87.36, 29.05. Anal. Calcd. for C₂₁H₁₂Cl₂N₂O. (See SI, Figs. S7-S9)

12-(3-Methylphenyl)−8,12-dihydro-9H-naphtho[2’,1’:5,6]pyrano[2,3-d]pyrimidine-9,11(H10)-dione 
(10). White solid, yield 89%, M.P (ºC): 363–369. IR (KBr)/ῡ (cm⁻¹): 3253 (N–H stretch), 3132 (overtone), 1709 
(C = O amide), 1657 (N–H bending), 1509–1401 (C = C alkene), 1346 (C–N stretch), 1258 (C–O). ¹H NMR 
(DMSO-d₆, 400 MHz)/δ (ppm): 5.54 (s, 1 H), 6.90 (d, 1 H, J = 8 Hz, Ar–H), 7.03–7.13 (m, 3 H, Ar–H), 7.47–7.53 
(m, 3 H, Ar–H), 7.94–7.99 (m, 2 H, Ar–H), 8.02 (d, 1 H, J = 8 Hz, Ar–H), 11.05 (s, NH), 12.08 (s, NH). ¹³C 
NMR (DMSO-d₆, 100 MHz)/δ (ppm): 163.50, 153.84, 150.05, 147.14, 145.02, 137.73, 131.69, 130.89, 130.04, 
129.04, 128.95, 128.53, 127.80, 127.64, 125.82, 125.74, 124.10, 117.60, 117.16, 90.33, 35.05, 21.51. Anal. Calcd. 
for C₂₂H₁₆N₂O. (See SI, Figs. S19-S21)

12-(2-Fluorophenyl)−8,12-dihydro-9H-naphtho[2’,1’:5,6]pyrano[2,3-d]pyrimidine-9,11(10  H)-dione 
(12). White solid, yield 89%, M.P (ºC): 354–358. IR (KBr)/ῡ (cm⁻¹): 3424 (N–H stretch), 3235 (overtone), 
1709 (C = O amide), 1654 (N–H bending), 1508 (C = C alkene), 1400 (C–N stretch), 1248 (C–O). ¹H NMR 
(DMSO-d₆, 400 MHz)/δ (ppm): 5.74 (s, 1 H), 7.03–7.07 (m, 2 H, Ar–H), 7.13–7.19 (m, 1 H, Ar–H), 7.39–7.47 
(m, 3 H, Ar–H), 7.54 (dd, 1 H, J = 8 Hz, J = 4 Hz, Ar–H), 7.95 (t, 2 H, J = 8 Hz, Ar–H), 8.02 (d, 1 H, J = 8 Hz, 
Ar–H), 11.07 (s, NH), 12.12 (s, NH). ¹³C NMR (DMSO-d₆, 100 MHz)/δ (ppm): 163.39, 158.92, 154.27, 150.07, 
147.13, 131.67, 131.56, 130.92, 130.26, 129.22, 129.13, 127.95, 125.77, 124.84, 123.24, 117.17, 116.25, 116.04, 
115.82, 88.65, 29.94. Anal. Calcd. for C24H20N2O3. (See SI, Figs. S26-S28)

12-(3-Hydroxyphenyl)−8,12-dihydro-9H-naphto[1”,2”:5,6]pyrano[2,3-d]pyrimidine-9,11-(H10)-dione 
(13). White solid, yield 91%, M.P(ºC): 450–453. IR (KBr)/ῡ(cm− 1): 3425 (OH), 3359 (N-H stretch), 3096 
(overtone), 2938 (C-H stretch), 1707 (C = O amide), 1663 (N-H bending), 1519 − 1451 (C = C alkene), 1358 (C-N 
stretch), 1232 (C-O). 1H NMR (DMSO-d6, 400 MHz)/δ (ppm): 5.50(s, 1H), 6.475(dd, 1H, J = 8 Hz, J = 4 Hz, 
Ar-H), 6.65(dd, 1H, J = 4 Hz, J = 4 Hz, Ar-H), 6.765(dd, 1H, J = 8 Hz, J = 4 Hz, Ar-H), 6.99(t, 1H, J = 8 Hz, Ar-
H), 7.44(d, 1H, J = 8 Hz, Ar-H), 7.47–7.55(m, 2 H, Ar-H),7.96–8.02(m, 3 H, Ar-H) 9.25(s, OH), 11.07(s, NH), 
12.08(s, NH). 13C NMR (DMSO-d6, 100 MHz) (ppm): 163.51, 157.64, 153.86, 150.02, 147.16, 146.39, 131.69, 
130.93, 130.02, 129.55, 129.06, 127.81, 125.78, 124.07, 119.35, 117.68, 117.13, 115.36, 113.99, 90.31, 34.92. Anal. 
Calcd. For C21H14N2O4. (See SI, Figs. S29-S32)

1 2 - ( 2 - Hy d rox y - 5 - brom op h eny l ) − 8 , 1 2 - d i hy d ro - 9 H - n ap ht h o [ 2 ’ , 1 ’ : 5 , 6 ] p y r an o [ 2 , 3 - d ]
pyrimidine-9,11(10 H)-dione (14). White solid, yield 93%, M.P (ºC): 480–486. IR (KBr)/ῡ (cm⁻¹): 3347 (N–H 
stretch), 3102 (overtone), 2933 (C–H stretch), 1718 (C = O amide), 1647 (N–H bending), 1532–1427 (C = C 
alkene), 1359 (C–N stretch), 1291 (C–O). ¹H NMR (DMSO-d₆, 400 MHz)/δ (ppm): 5.92 (s, 1 H), 6.65 (d, 1 H, 
J = 8 Hz, Ar–H), 7.07 (d, 1 H, J = 8 Hz, Ar–H), 7.17 (dd, 1 H, J = 4 Hz, Ar–H), 7.34–7.39 (m, 2 H, Ar–H), 7.57 (dd, 
1 H, J = 8 Hz, Ar–H), 7.67 (d, 1 H, J = 8 Hz, Ar–H), 7.79 (d, 1 H, J = 8 Hz, Ar–H), 8.62 (d, 1 H, J = 8 Hz, Ar–H), 
9.58 (s, OH), 10.82 (s, NH), 11.86 (s, NH). ¹³C NMR (DMSO-d₆, 100 MHz)/δ (ppm): 163.51, 154.81, 154.01, 
150.16, 149.18, 133.53, 131.45, 130.78, 129.12, 128.64, 128.32, 127.57, 127.10, 123.61, 122.87, 122.85, 119.23, 
118.09, 116.39, 87.36, 29.05. Anal. Calcd. for C21H13BrN2O4. (See SI, Figs. S33-S35)

Catalyst recyclability
An essential feature of heterogeneous nanocatalysts is their structural stability and reusability over multiple 
cycles without significant loss in activity. To evaluate the reusability of the GO@Fe₃O₄@SiO₂@CA nanocatalyst, 
recycling experiments were conducted using the model reaction between β-naphthol, barbituric acid, and 
4-chlorobenzaldehyde under the optimized ultrasonic conditions. After each cycle, the catalyst was magnetically 
separated, thoroughly washed with ethanol and water, and dried under vacuum before reuse. The yield of the 
reaction was measured after each run to assess catalytic efficiency. As shown in Fig. 9, the catalyst maintained 
high activity over seven consecutive cycles. As it can be viewed, the catalytic activity of nanocomposite declined 
from 97% in the fresh run to 89% after the completion of seven run.

*This behavior indicating excellent operational stability under ultrasonic conditions. The heterogeneous 
process is also checked for the model reaction. For this purpose, the catalyst was separated from the reaction 
mixture after 5 min and the reaction yield was estimated to be around 74%. Then, the reaction continued without 
catalyst for another 10 min. The obtained product had no significant increase in yield (⁓78%). According to 
the mentioned results, presence of the catalyst until the end of the reaction is necessary to reach the best yield. 
Furthermore, FT-IR, XRD, SEM and TEM analyses of the recovered catalyst after the seven cycle revealed no 
major changes in structure, confirming that the catalyst remained stable (Fig. 10).

Comparison with other catalysts
To evaluate the efficiency and advantages of GO@Fe₃O₄@SiO₂@CA as a nanocatalyst, its performance was 
compared with several previously reported catalysts used for the synthesis of similar heterocyclic compounds 
(Table  5). According to the date, conduction the model reaction without any catalyst gave only 37% after 
40 min (Table 5, entry 1). We also investigated the catalytic activity of GO@Fe3O4@SiO2 and CA. Based on our 
empirical experiment, CA which was modified on the surface of Fe3O4@SiO2@SiO2 indicated the best catalytic 
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performance in the reaction. Moreover, it was discovered that in the presence of GO@Fe3O4@SiO₂@CA at 
25 mg, the reaction rate and yield were considerably increased (Table 5, entry 2). Compared to homogeneous 
or metal-based catalysts such as Fe3O4@MCM-48‐SO3H, MWCNTs@NHBut/PTA and ZnAl₂O₄, the current 
nanocomposite demonstrated several significant advantages, including:

•	 Higher product yields (up to 97%).

Fig. 10.  FT-IR spectrum of GO/Fe₃O₄@SiO₂@CA (a) after and (b) before seven reaction cycles, XRD pattern 
of GO/Fe₃O₄@SiO₂@CA (c) after and (d) before seven reaction cycles, (e) TEM and (f) FE-SEM of GO/
Fe₃O₄@SiO₂@CA after seven reaction cycles.

 

Fig. 9.  Reusability of the GO/Fe₃O₄@SiO₂@CA nanocatalyst.
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•	 Shorter reaction times (10–20 min).
•	 Mild ultrasonic-assisted conditions (60 °C, EtOH).
•	 Easy magnetic recovery and excellent recyclability (up to 7 cycles with minimal loss).
•	 Eco-friendly nature with non-toxic, inexpensive materials.

Moreover, the use of ultrasound irradiation significantly improved mass transfer and surface activation of the 
nanocatalyst, further enhancing catalytic efficiency. In contrast, other systems often required longer reaction 
times, higher temperatures, use of toxic solvents, or complex catalyst synthesis procedures. Therefore, the 
developed GO/Fe₃O₄@SiO₂@CA system provides a green, efficient, and reusable alternative for the sustainable 
synthesis of biologically relevant heterocycles.

Conclusion
In summary, we successfully developed a green, efficient, and magnetically recoverable nanocatalyst based on 
GO@Fe₃O₄@SiO₂ functionalized with citric acid. The nanocatalyst was thoroughly characterized using FT-IR, 
XRD, FE-SEM, TEM, EDX, TGA, VSM, and Raman spectroscopy, confirming its core–shell structure, functional 
groups, thermal stability, and magnetic behavior. The catalyst showed excellent performance in the one-pot 
ultrasound-assisted synthesis of naphthopyranopyrimidine derivatives under mild and environmentally friendly 
conditions. A wide range of products was obtained in high yields (88–97%) within short times (10–20 min), and 
the catalyst was efficiently recycled for at least five consecutive runs with minimal loss in activity. Compared 
to other catalytic systems, the GO@Fe₃O₄@SiO₂@CA nanocatalyst offered a superior combination of high 
efficiency, operational simplicity, recyclability, and green chemistry principles. These findings suggest that this 
system is a promising candidate for sustainable synthesis of biologically active heterocyclic compounds.

Data availability
All spectral data including FTIR, 1 H NMR, and 13 C NMR spectra for the synthesized naphthopyranopyrimi-
dines and also reaction conditions for the synthesis of naphthopyranopyrimidines using GO/Fe₃O₄@SiO₂@CA 
under ultrasonic irradiation are provided in the Supporting Information.
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