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A B S T R A C T

A Pd Schiff base complex was immobilized onto the surface of magnetic Fe3O4 as a novel, green, and recyclable
heterogeneous nanocatalyst and fully characterized by TEM, XRD, FT-IR, BET, SEM, ICP-OES, EDS, TGA, and
VSM techniques. The Fe3O4@SiO2@DAA@Schiff base-Pd(0) catalyst exhibits outstanding performance in cata-
lyzing Buchwald-Hartwig and Stille coupling reactions, resulting in high yields of the corresponding products.
This catalyst offers numerous benefits, such as a straightforward testing procedure, environmentally friendly
reaction conditions, absence of hazardous solvents, quick reaction time, low catalyst usage, and the ability to be
reused. Furthermore, the nanocatalyst could be effortlessly separated from the reaction mixture using a bar
magnet, enabling its repeated recovery and reuse without compromising its stability or activity.

1. Introduction

In the past ten years, one noteworthy achievement by scientists has
been the identification of the Suzuki reaction in the presence of palla-
dium metal complexes [1]. The Stille reaction, which involves coupling
triphenyltin chloride and aryl halide, is commonly employed as a
straightforward and effective method for synthesizing biphenyls [2,3].
Transition metal catalyst systems have sparked a revolution in synthetic
methodologies for creating organic compounds through
carbon-heteroatom and carbon-carbon coupling reactions [4–7]. These
model reactions are commonly utilized in the production of pharma-
ceuticals, agricultural products, and various chemical compounds

[8–15]. Aromatic amines are commonly found in a wide range of syn-
thetic and natural products, such as agricultural and pharmaceutical
chemicals, medications, fragrances, and flavorings [16,17]. The creation
of synthetic protocols for C–N bonds has been significantly important
across various industries and academic fields [18]. The
Buchwald-Hartwig reaction is a valuable catalytic method promoted by
transition metals for forming C–N bonds [19].

The development and research of new and efficient nanocatalysts as
catalyst support is a big challenge in the synthesis of organic compounds
[20,21]. Over the past ten years, magnetic nanoparticles have become
widely utilized as supports in the fabrication of magnetic nanocatalysts,
owing to their straightforward preparation and convenient retrieval
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using a magnetic field. One of the benefits of magnetic nanoparticles is
the ease with which they can be separated from the reaction mixture
using an external magnet. Fe3O4 is widely favored as a heterogeneous
catalyst due to its simple synthesis and the ease with which its surface
can be modified using a magnet. Different catalysts can be supported on
Fe3O4 nanoparticles due to easy separation after several reuses. In this
project, we report the synthesis and characterization of a new and green
nanocatalyst with Pd ion stabilization and investigate their application
as a amide catalyst in C–N and C–C cross-coupling reactions.

2. Experimental

2.1. Synthesis of DAA@Schiff base-Pd(0)

In a round-bottomed balloon, a mixture of 3,5-Diaminobenzoic acid
(1.0 mmol) was added to 3-Hydroxybenzaldehyde (2.0 mmol) in
Methanol (10 mL) mixture and stirred under reflux conditions for 24 h.
The reaction mixture turned yellow due to the formation of imine. The
mixture was washed three times with ethanol and deionized water, then
dried at 50 ◦C in a vacuum oven. To obtain the pure Schiff-base ligand,
the crude product was recrystallized from ethanol to achieve purifica-
tion. For the next step, to create the target DAA@Schiff base-Pd(0)
heterogenized complex, 1 gram of DAA@Schiff base was evenly
spread in 20 mL of ethanol using sonication for 30 min. Following this,
0.4 gs of Pd(OAc)2 were introduced into the reaction mixture. Next, 1.5
mmol of NaBH4 was introduced into the reaction and stirred for an
additional 24 h. Subsequently, the resulting DAA@Schiff base-Pd(0) was
separated using filter paper, rinsed with n-hexane, and dried at 50 ◦C in
an oven for 12 h (Scheme 1).

2.2. Preparation of Fe3O4@SiO2@DAA@Schiff base-Pd(0)

For the synthesis of Fe3O4@SiO2@DAA@Schiff base-Pd(0) MNPs,
first Fe3O4@SiO2 was synthesized by the co-precipitation method

(Scheme 2) [22,23]. To synthesize the Fe3O4@SiO2@DAA complex, 1.5
g of the prepared Fe3O4@SiO2 was dispersed in 30 mL EtOH by soni-
cation for 20 min. Then 3 mmol of 3,5-diaminobenzoic acid (DAA) was
added to the reaction vessel and stirred at reflux conditions for 24 h.
Following the completion of the reaction, the Fe3O4@SiO2@DAA
product was isolated using a neodymium magnet, followed by a thor-
ough washing with ethyl acetate and H2O, and subsequently dried at 60
◦C in an oven for 12 h. After that, 1 gr of Fe3O4@SiO2@DAA was
dispersed in 50 mL of methanol and sonicated for 20 min at 30 ◦C. Next,
2.5 mmol of 3-hydroxybenzaldehyde was added to the flask, and the
mixture was stirred under reflux conditions for 20 h. Once the reaction
was complete, the mixture was allowed to cool to room temperature.
The dark solid Fe3O4@SiO2@DAA@Schiff base NPs were then separated
from the solution using magnetic separation. Afterward, they were
washed with ethyl acetate and H2O before being dried at 50 ◦C in an
oven for 12 h. Finally, to prepare Fe3O4@SiO2@DAA@Schiff base-Pd(0)
organometallic catalytic, a mixture of Fe3O4@SiO2@DAA@Schiff base
(1.0 g), Pd (OAc)2 (3 mmol) and 35 ml ethanol was added into the flask,
and it was stirred at 60 ◦C for 24 h. Furthermore, the reaction mixture
was supplemented with 4 mmol of NaBH4 and stirred for a duration of 4
h. Once the reaction was finished, the Fe3O4@SiO2@DAA@Schiff
base-Pd(0) catalyst was isolated, washed with water and ethanol, and
then dried under vacuum.

2.3. Preparation of C-N coupling

In a 50 mL round bottom flask, iodoarene (1 mmol), Et3N (1 mmol),
arylamine (1.2 mmol), and Fe3O4@SiO2@DAA@Schiff base-Pd(0) (0.03
g) were added to EtOH (3 mL) and the resultant mixture was stirred at
reflux conditions. Upon the reaction completion (monitored by thin
layer chromatography), the Fe3O4@SiO2@DAA@Schiff base-Pd(0) was
separated using a magnet, and then, EtOAc (10 mL) was added to the
reaction mixture. The organic phase was separated, dried with sodium
sulfate, and then the organic solvent was evaporated at room

Scheme 1. Preparation of DAA@Schiff base-Pd(0).
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temperature to obtain the saturated product with a high yield (Scheme
3).

2.4. Preparation of C-C coupling

Amixture of triphenyltin chloride (1.2 mmol), aryl halides (1 mmol),
and K2CO3 (1.4 mmol) in the presence of Fe3O4@SiO2@DAA@Schiff
base-Pd(0) (0.03 g) was dissolved in ethanol and stirred at reflux

condition. The reaction’s progress was tracked using TLC. Once the re-
action was finished, the catalyst was separated from the mixture using a
magnet, and the product was washed with EtOAc and H2O. The resulting
organic layer was then dried with anhydrous sodium sulfate. After the
organic solvent was evaporated, pure products were obtained as shown
in Scheme 4.

 
Scheme 2. Schematic diagram of Fe3O4@SiO2@DAA@Schiff base-Pd(0).

 
Scheme 3. Synthesis of C–N coupling reaction catalyzed by Fe3O4@SiO2@DAA@Schiff base-Pd(0).

Scheme 4. Stille reaction catalyzed by Fe3O4@SiO2@DAA@Schiff base-Pd(0).
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2.5. Selected NMR data

[1,1′-Biphenyl]¡4-carbaldehyde:1H NMR (400 MHz, DMSO): δH
= %7.49–8.15 (m, 9H), 9.90 (s, 1H) ppm.

4-Methoxy-1,1′-biphenyl:1H NMR (400 MHz, DMSO): δH = 7.75
(m, 3H), 7.71 (m, 2H), 7.38 (s, 4H), 4.12 (s, 3H) ppm.

N1-Phenylbenzene-1,4-diamine:1H NMR (400 MHz, DMSO): δH =

9.67 (s, 1H), 7.68 (m, 3H), 7.61 (m, 1H), 7.22 (m, 3H), 7.15 (m, 2H),

4.32 (s, 2H) ppm.
4-Methoxy-N-phenylaniline:1H NMR (400 MHz, DMSO): δH= 9.47

(s, 1H), 7.29 (m, 4H), 7.16 (m, 3H), 6.99 (s, 1H), 7.91 (s, 1H), 3.46 (s,
3H) ppm.

3,5-bis(((3-hydroxyphenyl)-l3-methylene)amino)benzoic
acid:1H NMR (400 MHz, DMSO): δH = 14.03 (s, 1H), 10.23 (s, 2H), 9.40
(s, 2H),7.75 (m, 3H), 7.68 (m, 3H), 7.24 (m, 3H), 7.12 (m, 2H) ppm. M.
P: 165–167 ◦C. HRMS (ESI):m/z [M+H] + calcd for C 21H12N2O4Pd:M/
Z 461.9823; found: M/Z:461.5197. FT-IR (KBr) (cm− 1): 1696 (C = N),
3000–3600 (OH). UV–Vis spectra of Pd complex: Two band appeared at
323 nm and is attributed to π→π* electronic transitions of the (aromatic
rings). The second absorption band of the ligand at 380 nm may be
attributed to n→π*/π→π* of imine groups.

3. Catalyst characterizations

The successful functionalization of the Fe3O4 MNPs can be under-
stood through the use of the Fourier transform infrared (FT-IR) tech-
nique, as illustrated in Fig. 1. The absorption bands for Fe3O4 (Fig. 1a),
and Fe3O4@SiO2 (Fig. 1b) were consistent with our previous reports
respectively[24–27]. The modification of Fe3O4@SiO2 MNPs using DAA
is confirmed by the presence of aromatic ring stretching vibrations at
1460 and 1653 cm− 1, as well as a broad band indicating N–H stretching
mode at 3560 and 3743 cm− 1 (Fig. 1c). Adding each layer to the pre-
vious one results in the emergence of distinct peaks corresponding to the
newly introduced functional groups in the spectrum, providing evidence
for the creation of a new layer (see Fig. 1d). The increased intensity of
the Fe3O4@SiO2@DAA@Schiff base-Pd(0) peaks notably confirms the
coordination of the amino groups’ nitrogen atom to Pd (refer to Fig. 1e).

Fig. 2 depicts a comparison of the FTIR spectra of the catalyst after
undergoing recycling. The FTIR analysis depicted in the Fig. 2. indicates
that there are no variations in the Fe3O4@SiO2@DAA@Schiff base-Pd(0)
after recovery, thus confirming the stability of this catalyst under reac-
tion conditions (Fig. 2).

Fig. 3 shows the diffraction patterns of Fe3O4@SiO2@DAA@Schiff
base-Pd(0) NPs. A powder XRD analysis was conducted to examine the
phase characteristics and crystallinity of the catalyst. The initial phases
within the 2θ range of up to 30◦, 36◦, 45◦, 54◦, 57◦, and 64◦ corre-
sponded to the (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0) planes
of the highly crystalline Fe3O4@SiO2@DAA@Schiff base-Pd(0) nano-
structure. The XRD pattern of the catalyst indicates that the Fe3O4 phase
remains unchanged after the modifications with a different organic
functional group (Fig. 3).

Fig. 4 shows the TGA curves for Fe3O4, Fe3O4@SiO2@DAA, and
Fe3O4@SiO2@DAA@Schiff base-Pd(0). Fig. 4a shows the TGA curve of
Fe3O4, indicating that thermal decomposition took place in a single step.
Below 150 ◦C, a reduction in weight was noticed as the physically
adsorbed solvent was removed. The decrease in weight from 150 to 1000
◦C is related to the oxidation of the surface hydroxides of the Fe3O4
magnetic nanoparticles. The TGA curve of Fe3O4@SiO2@DAA is shown
in Fig. 4b, which illustrates that thermal decomposition occurred in two

Fig. 1. Comparative study of FT-IR spectra of a) Fe3O4, b) Fe3O4@SiO2, c)
Fe3O4@SiO2@DAA, d) Fe3O4@SiO2@DAA@Schiff base, e) Fe3O4@SiO2@-
DAA@Schiff base-Pd(0).

Fig. 2. FTIR analysis of recovered Fe3O4@SiO2@DAA@Schiff base-Pd(0).

Fig. 3. XRD spectrum of Fe3O4@SiO2@DAA@Schiff base-Pd(0).

Fig. 4. TGA curve of a) Fe3O4, b) Fe3O4@SiO2@DAA c) Fe3O4@SiO2@-
DAA@Schiff base-Pd(0).
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steps. The initial weight loss was detected at temperatures below 150 ◦C,
attributed to the elimination of physically adsorbed solvent. The sub-
sequent weight loss took place between 150 ◦C and 700 ◦C, linked to the
decomposition of organic groups (DAA) present on the catalyst’s

surface. The TGA curve of Fe3O4@SiO2@DAA@Schiff base-Pd(0) indi-
cated a weight loss of 6 % below 150 ◦Cwhich corresponds to desorption
of physically adsorbed solvents. The most significant weight loss, about
27 %, occurs between 150 and 600 ◦C and is associated with the

Fig. 5. EDS analysis of Fe3O4@SiO2@DAA@Schiff base-Pd(0) (a) and recovered Fe3O4@SiO2@DAA@Schiff base-Pd(0) (b).

Fig. 6. SEM images of Fe3O4@SiO2@DAA@Schiff base-Pd(0) (a and b) and recovered Fe3O4@SiO2@DAA@Schiff base-Pd(0) (c).
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Fig. 7. TEM images of Fe3O4@SiO2@DAA@Schiff base-Pd(0).

Fig. 8. Nitrogen adsorption-desorption isotherm for Fe3O4@SiO2@DAA@Schiff base-Pd(0).

Fig. 9. XPS spectrum of Fe3O4@SiO2@DAA@Schiff base-Pd(0)(a) and High-resolution XPS spectra of Pd 3d(b).

D. Singh et al. Journal of Molecular Structure 1322 (2025) 140241 

6 



elimination of organic substances from Fe3O4 (see Fig. 4c).
EDX is a highly effective method for identifying the elements con-

tained within nanoparticles and assessing their purity (see Fig. 5). Fig. 5
illustrates the EDX spectrum of Fe3O4@SiO2@DAA@Schiff base-Pd(0)
MNPs, confirming the presence of Fe, Si, C, O, N, and Pd in the cata-
lyst. This substantiates the successful synthesis of the nanoparticles.
Fig. 5b shows the comparison of the EDS spectrum of the catalyst after
recycling. As shown, there is no change in the EDS spectrum of the
catalyst after recovery.

The SEM analysis was utilized to determine the morphology and size
of Fe3O4@SiO2@DAA@Schiff base-Pd(0) MNPs. A SEM image of
Fe3O4@SiO2@DAA@Schiff base-Pd(0) MNPs reveals that the resulting
nanoparticles exhibited a spherical shape, with particle sizes in the nano
range (Fig. 6a and b). The SEM characterization of the recovered catalyst
revealed almost identical results to those of the freshly synthesized
catalyst, indicating no significant changes (Fig. 6c).

Additionally, the morphology of Fe3O4@SiO2@DAA@Schiff base-Pd
(0) was examined by TEM, as depicted in Fig. 7. The images show the
Fe3O4 nanoparticles modified with DAA@Schiff base-Pd(0) forming an
organic shell cover. The images obtained from scanning electron mi-
croscopy reveal that the catalyst particles have a sphere-like structure
and are sized in the nanometer range. The findings were confirmed using
the data obtained from transmission electron microscopy images
(Fig. 7).

Porosity adsorption was employed to analyze the adsorption-

desorption isotherms of N2 at 77 ◦K (refer to Fig. 8). The BET method
was used to assess the average pore diameter, total pore volume, and
surface area of Fe3O4@SiO2@DAA@Schiff base-Pd(0). Furthermore,
Fig. 8 illustrates the N2 adsorption–desorption isotherm of Fe3O4@-
SiO2@DAA@Schiff base-Pd(0). According to the N2 adsorption-
desorption isotherms and the BET method, the calculated surface area
of Fe3O4@SiO2@DAA@Schiff base-Pd(0) is 3.51 (m2/g). Additionally,
the total pore volumes and average pore diameter of Fe3O4@SiO2@-
DAA@Schiff base-Pd(0) were determined to be 0.014 cm3 g− 1 and 18
nm, respectively.

In Fig. 9, you can observe the XPS elemental survey scans and the
palladium binding energy of the Fe3O4@SiO2@DAA@Schiff base-Pd(0)
catalyst. In Fig. 9a, peaks corresponding to oxygen, carbon, silicon, ni-
trogen, iron, and palladium are clearly observed in elemental survey
scan. To ascertain the oxidation state of the palladium, XPS studies are
carried out in Fig. 9b. The binding energy of palladium shows two
distinct peaks at 341 and 337 eV, corresponding to Pd 3d3/2 and Pd
3d5/2, respectively. The peaks exhibiting binding energies of 341 and
337 eV represent the distinctive doublets indicating the spin-orbit
splitting of Pd 3d 5/2 and 3d 3/2 in the metallic state (Pd0 species)[28].

Furthermore, ICP-OES analysis was conducted to determine the
quantity of Pd in Fe3O4@SiO2@DAA@Schiff base-Pd(0). According to
the analysis, the catalyst was found to contain 2.1 × 10− 4 mol of Pd per
gram based on ICP-OES. Furthermore, the leaching of Pd after recycling
the catalyst was investigated through ICP-OES analysis. Based on this
analysis, the reutilized catalysts contain 2.0 × 10− 4 mol of Pd per gram,
demonstrating minimal Pd leaching from the Fe3O4@SiO2@DAA@-
Schiff base-Pd(0) framework.

The magnetic behavior of Fe3O4 (Fig. 10a), and Fe3O4@SiO2@-
DAA@Schiff base-Pd(0) (Fig. 10b) was investigated using VSM tech-
niques. As anticipated, the reduction in saturation magnetization from
approximately 61 emu/g to about 43 emu/g is associated with the newly
applied coating layer (Fig. 10).

Catalytic studies
Buchwald-Hartwig reaction catalyzed by Fe3O4@SiO2@DAA@-

Schiff base-Pd
The catalytic activity of Fe3O4@SiO2@DAA@Schiff base-Pd(0) was

studied to determine the optimal conditions for the reaction between
iodoarene and aniline, serving as a model reaction. The study examined
the impact of various factors, including catalyst quantity, base

Fig. 10. VSM curves of (a) Fe3O4 (b) Fe3O4@SiO2@DAA@Schiff base-Pd(0).

Table 1
Optimization of reaction conditions for Buchwald-Hartwig coupling reaction of arylamine with iodoarene.

Entry Catalyst
(g)

Solvent Base Temp.
( ◦C)

Time
(h)

Isolated yield (%)

1 – EtOH Et3N Reflux 10 –
2 0.01 EtOH Et3N Reflux 1.5 35
3 0.015 EtOH Et3N Reflux 1.5 61
4 0.02 EtOH Et3N Reflux 1.5 82
5 0.03 EtOH Et3N Reflux 1.5 97
6 0.035 EtOH Et3N Reflux 1.5 97
7 0.03 PEG Et3N 100 1.5 65
8 0.03 DMSO Et3N Reflux 1.5 N.R
9 0.03 H2O Et3N 80 1.5 45
10 0.03 H2O/ EtOH Et3N Reflux 1.5 70
11 0.03 EtOH NaOH Reflux 1.5 55
12 0.03 EtOH K2CO3 Reflux 1.5 69
13 0.03 EtOH – Reflux 1.5 25
14 0.03 EtOH Et3N R. T 3 55
15 0.03 EtOH Et3N 50 1.5 73
16 0.03 EtOH Et3N 60 1.5 89
17 0.03 EtOH Et3N 70 1.5 94
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Table 2
Fe3O4@SiO2@DAA@Schiff base-Pd(0) catalyzed Buchwald-Hartwig reaction of various halides with amines.

aIsolated yield.
bReaction conditions: arylamine (1.2 mmol), aryl halide (1 mmol), Fe3O4@SiO2@DAA@Schiff base-Pd(0) (0.03 g), Et3N (1 mmol), in EtOH (3 ml) at reflux condition.
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Scheme 5. Possible mechanism for C–N coupling reaction.
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concentration, different solvents, and temperature, on the outcome of
the reaction. The reaction progress was monitored using TLC. Once the
reaction was complete, the product was extracted using ethyl acetate as
the solvent. Also, the reaction showed the best response in EtOH solvent
under reflux conditions with Et3N as the base in the presence of 0.03 g of
Fe3O4@SiO2@DAA@Schiff base-Pd(0) (Table 1).

The optimized reaction condition on hand, the Buchwald-Hartwig
reaction of different amines with different aryl halide derivatives was
examined. First, different substituted aryl halides containing NO2,
COCH3, with amines were investigated. The results clearly showed that
the reaction can be completed in 1.5–5 h with moderate to excellent
yields for both electron-withdrawing and electron-donating substituted
amines and different aryl halides (Table 2).

Scheme 5 illustrates the proposed mechanism for the C–N cross-
coupling reaction, building on prior studies. The process starts with
the oxidative addition of aryl halide to Pd, yielding intermediate (1).
Subsequently, intermediate (1) interacts with aryl amine in the presence
of the base Et3N to yield intermediate (2). Finally, reductive elimination
of intermediate (2) produces the desired product and releases the
Fe3O4@SiO2@DAA@Schiff base-Pd(0) nanoparticle.

In early research, the Fe3O4@SiO2@DAA@Schiff base-Pd(0) com-
plex was then utilized as catalyst for the Stille reaction. The first ex-
periments involved using 1 mmol of iodobenzene as the substrate to
optimize the reaction conditions, including the quantity of catalysts,
solvents, and base (refer to Table 3). Initially, the impact of varying
quantities of the nanocatalyst on the reaction’s results was examined. It
was found that the optimum yield was achieved when 0.03 g of
Fe3O4@SiO2@DAA@Schiff base-Pd(0) was present. Following that, we
proceeded to assess the impact of the base, solvent, and reaction tem-
perature, resulting in the identification of ethanol as the optimal me-
dium for achieving the highest yield of biphenyl product at 60 ◦C, with
potassium carbonate emerging as the most effective base. According to
the observed results, the optimal conditions for this reaction are
Fe3O4@SiO2@DAA@Schiff base-Pd(0) catalyst (0.03 g) and potassium
carbonate (2 mmol) as the base in the ethanol at 60 ◦C.

With the optimized reaction conditions at our disposal, the substrate
scope of the triphenyltin chloride and aryl halides was studied in the

presence of potassium carbonate and 0.03 g of Fe3O4@SiO2@DAA@-
Schiff base-Pd(0) in ethanol at 60 ◦C, and the results are summarized in
Table 4. A variety of aryl halides with both electron-donating and
electron-withdrawing groups efficiently reacted with triphenyltin chlo-
ride, resulting in excellent isolated yields and high TOF values as shown
in Table 4.

For a more in-depth exploration of the mechanism of action of Pd
NPs in coupling reactions, a potential mechanism for Stille coupling
using Fe3O4@SiO2@DAA@Schiff base-Pd(0) was outlined in Scheme 6.
The process begins with the oxidative addition of aryl halides to
Fe3O4@SiO2@DAA@Schiff base-Pd(0), leading to the formation of the
Pd complex and intermediate 2. Subsequently, transmetalation takes
place as an organotin reagent reacts with intermediate 2, yielding in-
termediate 3. Ultimately, the reductive elimination of intermediate 3
results in the production of biaryl product and Fe3O4@SiO2@DAA@-
Schiff base-Pd(0) (Scheme 6). In the presence of the DAA@Schiff base
ligand, EtOH as a solvent, and a base (K2CO3), it is plausible that stable
anionic complexes [Schiff base-Pd(0)] are generated, consequently
expediting the oxidative addition of aryl halides with ph3SnCl (Scheme
6).

4. Recyclability of Fe3O4@SiO2@DAA@Schiff base-Pd(0)

The potential for Fe3O4@SiO2@DAA@Schiff base-Pd(0) to be recy-
cled was investigated in the optimized synthesis of biphenyl. The cata-
lyst was used repeatedly for up to five cycles without experiencing any
notable decline in its catalytic effectiveness or palladium release (see
Fig. 11).

The efficiency of Fe3O4@SiO2@DAA@Schiff base-Pd(0) as nano-
catalyst was considered by comparing these obtained results with pre-
viously reported nanocatalysts in the authentic literature (Table 5).
Results for Stille reaction from coupling reaction of iodobenzene with
triphenyltin chloride in the presence of Fe3O4@SiO2@DAA@Schiff
base-Pd(0) and previously reported catalysts are summarized in Table 5.
The Nano-Fe3O4@SiO2@DAA@Schiff base-Pd(0) catalyst offers several
advantages, including reduced reaction times, simplified product puri-
fication, high yields, low reaction temperature, easy catalyst recovery,

Table 3
Optimization of the reaction conditions for the coupling reaction of iodobenzene with triphenyl tin chloride in the presence of Fe3O4@SiO2@DAA@Schiff base-Pd(0).

Entry Catalyst (g) Solvent Base Temperature ( ◦C) Time (min) Yield (%)a

1 – EtOH K2CO3 60 1 days N. R
2 0.005 EtOH K2CO3 60 20 53
3 0.01 EtOH K2CO3 60 20 82
4 0.02 EtOH K2CO3 60 20 93
5 0.03 EtOH K2CO3 60 20 98
6 0.035 EtOH K2CO3 60 20 98
7 0.03 H2O K2CO3 60 20 35
8 0.03 hexane K2CO3 60 20 48
9 0.03 Acetonitrile K2CO3 60 20 75
10 0.03 EtOAc K2CO3 60 20 82
11 0.03 MeOH K2CO3 60 20 92
12 0.03 EtOH t-BuOK 60 20 90
13 0.03 EtOH Na2CO3 60 20 85
14 0.03 EtOH Cs2CO3 60 20 88
15 0.03 EtOH Et3N 60 20 82
16 0.03 EtOH NaOH 60 20 40
17. 0.03 EtOH KOH 60 20 30
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Table 4
Catalytic coupling reaction of various aryl halides with triphenyl tin chloride in the presence of catalytic amounts of Fe3O4@SiO2@DAA@Schiff base-Pd(0).

(continued on next page)
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and the use of environmentally friendly solvents. Fe3O4@SiO2@-
DAA@Schiff base-Pd(0) is an efficient catalyst, valuable for organic
reactions and the synthesis of organic compounds.

5. Conclusion

We have effectively created and produced magnetic core-shell
Fe3O4@SiO2 nanoparticles functionalized by DAA@Schiff base-Pd(0)
complex, which serve as an innovative reusable catalyst for C–N and
C–C cross-coupling reactions. Furthermore, this new Fe3O4@SiO2@-
DAA@Schiff base-Pd(0) can be readily prepared from commercially

available materials. The prepared catalyst, Fe3O4@SiO2@DAA@Schiff
base-Pd(0), was identified via FT-IR, ICP-OES, EDS, TEM, SEM, TGA,
XRD, BET, XPS, and VSM techniques. This method is notable for its
straightforward procedures, rapid reaction times, high yields, efficient
magnetic separation, clean reaction profiles, low catalyst loading, easy
product separations, and the good chemical stability of the catalyst.

Scheme 6. Possible mechanism for Stille reaction.

Fig. 11. Recyclability of Fe3O4@SiO2@DAA@Schiff base-Pd(0) in the synthesis
of Stille reaction.

Table 5
Comparing catalytic activity of Fe3O4@SiO2@DAA@Schiff base-Pd(0) with
previously reported methods in the C–C coupling reaction.

Entry Catalyst Condition
reaction

product Yield
(%)

Ref.

1. Pd@BTU-GO NaOAc,
PEG-400,
25 ◦C

Biphenyl 94 [29]

2. Pd/chamomile@Fe3O4 K2CO3,
EtOH:
H2O, 60 ◦C

Biphenyl 96 [30]

3. Pd NPs/C@Fe3O4 DMF,
K2CO3,
100 ◦C

Biphenyl 95 [31]

4. Fe3O4@SiO2@DAA@Schiff
base-Pd(0)

EtOH,
K2CO3, 60
◦C

Biphenyl 98 This
work
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