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In this study, a novel heterogeneous palladium complex stabilized on Fe3O4 magnetic nanoparticles 
(MNPs) was synthesized via a three-step procedure involving the functionalization of iron oxide surface 
with an electrophilic group (C-Cl), subsequent nucleophilic substitution reaction with 2-picolylamine, 
and final complexation with palladium chloride. The catalytic performance of the resulting magnetic 
heterostructure was then evaluated in the selective hydrogenation of nitroarenes and N-heteroarenes 
using NaBH4 as a reducing agent. The reactions proceeded efficiently under mild, green conditions 
specifically, in water at room temperature to delivering the desired aniline derivatives in good to 
excellent yields (81–98%) within short reaction times (25–90 min). While electronic and steric factors 
influenced the reaction outcome, this system consistently outperformed previously reported methods 
in terms of both yield and reaction speed. Moreover, the catalyst exhibited exceptional stability and 
reusability, maintaining its structural integrity and high catalytic activity over five successive cycles 
without significant degradation.
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 Nitroarenes, organic compounds featuring a nitro (-NO2) group attached to an aromatic ring, are a fascinating 
yet challenging class of chemicals, commonly formed through the simple nitration of aromatic compounds1–3. 
While many are known for their toxicity, exhibiting mutagenic, genotoxic, and potentially carcinogenic effects 
alongside their often explosive properties, their synthetic utility remains paramount4,5. Indeed, the reduction of 
these compounds is an important step in total synthesis for accessing a wide range of value-added compounds after 
initial nitration6–8. The reactivity of NO2 group offers diverse conversion possibilities, making the development 
of efficient synthetic methods crucial in organic chemistry. One of the most valuable transformations is the 
reduction of nitroarenes to anilines9–11. This conversion is a cornerstone reaction, as anilines serve as vital 
intermediates in the creation of a vast array of products, including polymers, dyes, and pharmaceuticals. 
Furthermore, anilines can participate in nucleophilic reactions, be transformed into aryldiazonium salts and 
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then various other functional groups on the aromatic ring, or even be completely removed via reactions like the 
Sandmeyer reaction12,13. This versatility has led many chemists to focus on nitroarene reduction as a powerful 
synthetic tool.

Despite significant advancements in the catalytic reduction of nitroarenes, established methodologies 
frequently utilize noble or expensive transition metals, including LiAlH4, Fe, Sn, Ag, Co, Pd, Pt, Ru, Rh, Ir, and 
Ni11,14–25. Among these, palladium is often considered a superior catalyst for this transformation due to its high 
activity and selectivity, albeit at a considerable cost15,24,26. These protocols are often characterized by inherent 
limitations such as the requirement for hazardous ligands and solvents, elevated reaction temperatures, and the 
use of high-pressure hydrogen6,24,27,28. Moreover, the prevalence of homogeneous catalysis in these approaches 
typically results in intricate and costly separation procedures, further contributing to their overall economic and 
environmental burden.

In recent years, the adoption of heterogeneous catalysts has emerged as a promising solution to overcome 
the limitations associated with homogeneous systems29. Among various solid supports which were used by 
organic chemists, magnetic nanoparticles, particularly Fe3O4, have proven exceptionally advantageous30–35. 
Their nanoscale dimensions and innovative magnetic separation capabilities simplify both functionalization 
procedures and catalyst recycling from reaction mixtures32,36–38. These magnetic nanoparticles can effectively 
immobilize transition metal complexes as heterostructures, significantly reducing overall costs by enabling 
repeated catalyst use34,39,40.

To address the aforementioned challenges, our current study focuses on synthesizing a novel palladium 
complex immobilized on the surface of Fe3O4 nanoparticles. This heterogeneous nanomagnetic catalyst aims to 
facilitate the efficient reduction of toxic nitroarenes into their corresponding, highly valuable aniline derivatives. 
The main novelty of our work lies in the utilization of 2-picolylamine as a ligand for palladium complexation, 
which plays a crucial role in the room temperature reduction of nitroarenes under green conditions. This system 
demonstrates excellent catalytic activity across a broad scope of substrates, including aryl and heteroaryl arenes. 
While previous studies have reported supported palladium catalysts for nitroarene reduction, these systems 
often face challenges such as difficult separations (requiring filtration)26, the use of expensive metals such as Au 
as co-catalysts in bimetallic systems26, higher reaction temperatures41, and limited reaction scope15. In contrast, 
our approach offers a magnetically separable palladium catalyst, enabling mild reaction conditions and high 
substrate versatility, overcoming these common limitations and providing a more efficient and sustainable 
solution for nitroarene reduction.

Experimental
Materials and methods
All of the chemicals and solvents were acquired from Merck Millipore and Sigma-Aldrich companies and used 
without further purification. The progress of the reactions was monitored by thin-layer chromatography (TLC) 
using silica gel 60 F₂₅₄ aluminum-backed plates (Merck Millipore, Germany; catalog no. 1.05554). FTIR spectra 
were recorded using a Thermo AVATAR spectrometer (USA) with KBr pellets for sample preparation. The 
crystalline structure of the samples was analyzed using an X-ray diffractometer (PHILIPS PW1730, Netherlands) 
operating with Cu Kα radiation (λ = 1.54056 Å) at 40 kV and 30 mA, with a step size of 0.05° and a counting 
time of 1 s per step. Thermal analysis (TGA) was performed using a TA Instruments Q600 (USA) system under 
Air gas atmospheres. The elemental composition and surface mapping of the samples were characterized using 
a TESCAN VEGA 3 scanning electron microscope (Czech Republic) equipped with a SAMX EDX detector 
(France). The elemental concentration of the palladium was further determined by inductively coupled plasma–
optical emission spectroscopy (ICP-OES) using a Perkin-Elmer 5300 DV instrument (USA). Surface morphology 
was examined using TESCAN SEM and FESEM instruments (models VEGA 3, MIRA II, and MIRA III, Czech 
Republic) to obtain both low- and high-resolution images. The microstructure of the samples was further 
investigated by transmission electron microscopy (TEM) using a CM120 instrument (Netherlands) operated at 
an accelerating voltage of 100 kV. Magnetic properties were measured using a vibrating sample magnetometer 
(VSM, MDKB, Magnatis Kavir Kashan, Iran) with a maximum applied magnetic field of 2 T in a 10 mm air gap, 
a dynamic range of 500–0.00005 emu at 10 points/s, a noise level of 0.00005 emu, and field resolutions of 2 Oe 
(low field) and 1 Oe (high field) at room temperature.

Typical procedure for synthesis of [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite
The Fe3O4 MNPs were synthesized via a co-precipitation method using iron (II) chloride tetrahydrate and iron 
(III) chloride hexahydrate (FeCl2:FeCl3 molar ratio of approximately 1:2) as precursors, and 25% ammonium 
hydroxide as the precipitating agent as previously reported in literature42. Then 8 g of Fe3O4 MNPs were 
dispersed in 250 mL of toluene for 1 h before the rapid addition of (3-Chloropropyl)trimethoxysilane (CPTMS) 
(75 mmol, 16.38 g). The reaction mixture was then vigorously stirred at maximum speed at 80 °C for 48 h, 
during which the surface of Fe3O4 MNPs was coated by the silanization agent. The resulting Fe3O4@CPTMS 
composite was isolated using an external neodymium magnet, washed multiple times with n-hexanes to remove 
unreacted CPTMS and other impurities, and then dried in an oven at 80 °C for 4 h. Subsequently, a mixture of 
2-picolylamine (12.5 mmol, 1.351 g) and anhydrous K2CO3 (7 mmol, 0.967 g) was added to a well-dispersed 
suspension of Fe3O4@CPTMS in DMF (5 g in 150 mL). The reaction mixture was vigorously stirred under 
reflux conditions for 48 h to facilitate the grafting of 2-picolylamine. The obtained Fe3O4@PTMS-2-picolylamine 
product was separated using an external neodymium magnet, washed thoroughly multiple times with ethanol 
and water, and dried in an oven at 80 °C for 4 h.

Finally, 2 g of Fe3O4@PTMS-2-picolylamine MNPs were added to 100 mL of 95% ethanol and sonicated for 
1 h. To this suspension, 4 mmol of PdCl2 was added, and the reaction mixture was stirred under reflux conditions 
for 24 h. Following this, the reaction was cooled to room temperature, and 3 equivalents of NaBH4 were added. 
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The refluxing was continued for 8 h to ensure complete reduction of Pd(II) to Pd(0) and its incorporation into 
the composite. The final [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite was isolated using an external 
magnetic field, washed extensively with hot water and ethanol to remove any unreacted reagents and soluble by-
products, and then dried at 80 °C for 4 h (Fig. 1).

General procedure for reduction of nitroarenes over the catalysis of [Fe3O4@PTMS-2-
picolylamine-PdCl2] nanocomposite
A mixture of nitroarene (1.0 mmol), sodium borohydride (5.0 mmol), and [Fe3O4@PTMS-2-picolylamine-
PdCl2] (5 mg, 0.2 mol%) were combined in a round-bottom flask with 5 mL of deionized water. The reaction 
mixture was vigorously stirred at room temperature for 25–90 min and its progress monitored by thin-layer 
chromatography (TLC) until completion. Afterwards, the catalyst was efficiently separated using an external 
magnet. The resulting crude product was then extracted with ethyl acetate (3 × 15 mL). The combined organic 
layers were dried over anhydrous sodium sulfate (Na₂SO₄), and the solvent was removed under reduced pressure 
using a rotary evaporator. Finally, the residue was purified by column chromatography using a n-hexanes/ethyl 
acetate system as the eluent to provide corresponding pure products in 81–98% yields.

Results and discussions
In this study, a novel palladium catalyst was successfully immobilized on the surface of magnetic nanoparticles 
through a concise three-step procedure. This involved the initial surface functionalization of Fe3O4 with 
(3-chloropropyl)trimethoxysilane (CPTMS), serving as the C-Cl source. Subsequently, the chloro-groups were 
substituted with 2-picolylamine, followed by final complexation with PdCl2 to yield the desired nanomagnetized 
palladium catalytic sites (Fig.  1). The resulting catalyst was thoroughly characterized using various 
physicochemical analyses to ascertain its precise chemical composition, structural properties, and morphology.

Catalyst characterizations
The Fourier-transform infrared (FT-IR) spectra of Fe3O4, Fe3O4@CPTMS and [Fe3O4@PTMS-2-picolylamine-
PdCl2] nanocomposite are shown in Fig. 2. In all spectra, the absorption peaks at 3445 and 625–565 cm─ 1 are 
attributed to the stretching vibrations of the O–H and Fe–O bands43. In the FT-IR spectra of Fe3O4@CPTMS 
and [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite, the aliphatic C–H and Si–O stretching bands appear 
at 2923, 1039, and 1117 cm─ 1, respectively43. In the [Fe₃O₄@PTMS-2-picolylamine-PdCl₂] nanocomposite, the 
aromatic C–H vibrations of the pyridine ring appear at 3048 cm─ 1, and the introduction of picolylamine metal 
complex onto the magnetite surface is confirmed by the presence of distinct C = N and C = C stretching peaks 
at 1671, 1642, and 1597 cm─ 1, respectively44.

The crystalline structure of the [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite was analyzed by XRD 
(Fig. 3). The diffractogram prominently displays seven characteristic peaks at 2θ values of 29.93°, 35.43°, 43.18°, 
53.18°, 56.98°, and 62.58°. These correspond to the (220), (311), (400), (422), (511) and (440) and planes of the 
inverse spinel structure of Fe3O4 (JCPDS Card No. 01–075-0449)45. The presence and intensity of these peaks 
confirm the high crystallinity of the Fe3O4 core and indicate that its crystalline phase remained stable during 
functionalization. A distinct peak observed at 2θ = 39.83° is attributed to the (111) plane of metallic palladium 

Fig. 1.  Stepwise synthesis of [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite.
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Fig. 3.  XRD pattern of [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite.

 

Fig. 2.  FT-IR spectra of Fe3O4, Fe3O4@CPTMS and [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite.
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(Pd(0)) (JCPDS Card No. 46–1043)46. This confirms the successful immobilization of Pd(0) complex onto the 
nanocomposite surface, validating the synthesis of the targeted catalyst. Moreover, XRD analysis revealed the 
crystalline nature of the catalyst, with an average particle size of ~ 18 nm as calculated using the Debye–Scherrer 
equation.

Thermogravimetric analysis (TGA) (Fig. 4) was employed to assess the thermal stability and quantify the 
organic and inorganic components of the synthesized [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite. 
An initial weight loss of approximately 1.5% was observed below 200 °C, attributed to the desorption of surface-
adsorbed moisture and residual solvent. Subsequently, a significant weight loss of about 8.85% occurred between 
200 °C and 600 °C. This major decomposition step confirms the successful functionalization of the particles 
with the [PTMS-2-picolylamine-PdCl2] complex, as it corresponds to the thermal degradation of the organic 
material. These findings indicate that the catalyst exhibits thermal stability exceeding 200 °C, making it suitable 
for applications at elevated temperatures.

The elemental composition of the [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite was investigated 
using EDX analysis, as presented in Fig. 5. The primary matrix elements were identified as iron (58.59 wt%, 
30.13 at%) and oxygen (27.03 wt%, 48.53 at%), consistent with the Fe3O4 catalyst support. The successful 
immobilization of CPTMS was corroborated by the detection of silicon (1.67 wt%, 1.70 at%). Furthermore, the 
presence of carbon (6.60 wt%, 15.78 at%) and nitrogen (0.92 wt%, 1.90 at%) confirmed the successful grafting 
of both CPTMS and 2-picolylamine onto the nanocomposite. Finally, the detection of palladium (4.17 wt%, 
1.13 at%) and chlorine (1.03 wt%, 0.83 at%) unequivocally verified the successful immobilization of palladium 
dichloride and the formation of the desired complex. To quantitatively validate the palladium loading, ICP-OES 
analysis determined the Pd content to be 3.97 × 10− 4 mol/g, which is in excellent agreement with the EDX data.

The elemental distribution across the catalyst surface was meticulously examined using WDX analysis, as 
depicted in Fig. 6. The resulting elemental maps provide crucial insights into the spatial arrangement of each 
component. As expected, iron and oxygen exhibit a high density and widespread distribution, forming the 
foundational matrix of the catalyst. Silicon and carbon show a relatively lower, yet still significant, dispersion 
across the surface, confirming their successful incorporation. Nitrogen is present with a lower overall density 
and a more localized dispersion, consistent with the specific grafting of the 2-picolylamine. Crucially, palladium 
and chlorine display a remarkably uniform distribution across the entire catalyst surface, and have a similar 
distribution pattern. The excellent dispersion of palladium is particularly noteworthy, as it suggests high 
accessibility for reactants during catalytic applications, a key factor for optimal catalytic performance. This 
uniform distribution bodes well for the catalyst’s efficiency and activity.

Scanning electron microscopy (SEM) images of the [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite 
are displayed in Fig. 7. The material consistently exhibits a uniform nanoscale spherical morphology. Quantitative 
analysis revealed that the primary nanoparticles possess diameters predominantly within the 40–90 nm range. 
However, a significant tendency for these individual nanoparticles to aggregate was observed, leading to the 
formation of larger, rough, quasi-spherical clusters, potentially as a consequence of the multi-step surface 
functionalization.

Fig. 4.  TGA analysis of [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite.

 

Scientific Reports |         (2026) 16:5478 5| https://doi.org/10.1038/s41598-026-35038-y

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


TEM analysis was employed to characterize the morphology, particle size, and distribution of the 
[Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite. As depicted in Fig.  8, the micrograph clearly reveals 
nanostructured particles exhibiting a predominantly spherical or quasi-spherical morphology. The high electron 
density of the dark core unequivocally confirms the presence of Fe3O4 nanoparticles, while the surrounding 
lighter layer is attributed to the successful surface functionalization with the [PTMS-2-picolylamine-PdCl2] 
moiety. The analysis demonstrates an average particle size in the range of 5–20 nm, consistent with the XRD 
data, and highlights a marked propensity for aggregation, resulting in larger clustered domains embedded within 
a lighter matrix. These comprehensive TEM observations collectively corroborate the successful synthesis and 
formation of the targeted [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite.

The magnetic behavior of the [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite was examined using 
Vibrating Sample Magnetometry (VSM), and the corresponding hysteresis curve is shown in Fig. 9. The 
nanocomposite exhibits a saturation magnetization (Ms) of 22.17 emu g─ 1, which is lower than that of bare 
Fe3O4. This decrease confirms the successful deposition of non-magnetic organic (CPTMS and 2-picolylamine, 
and palladium) layers on the magnetic core. Despite the reduction in Ms, the nanocomposite preserves 
sufficient magnetic responsiveness for rapid collection using an external neodymium magnet, ensuring its 
effective recyclability in catalytic applications. Importantly, the hysteresis loop displays negligible remanence 
and very low coercivity (Hc), characteristic features of superparamagnetic nanoparticles. The near-zero coercive 
field indicates that the magnetic moments can rapidly randomize in the absence of an external field, while 
the S-shaped curve without noticeable magnetic hysteresis confirms the absence of long-range ferromagnetic 
ordering. This behavior is expected for Fe3O4 nanoparticles with sizes below the single-domain limit, even after 
surface modification.

Catalytic study
The catalytic performance of the synthesized [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite was 
comprehensively evaluated for the reduction of nitroarenes to their corresponding anilines. The reduction of 
nitrobenzene using sodium borohydride served as the model reaction, allowing for a systematic optimization of 
critical reaction parameters including catalyst type, catalyst loading, solvent, and reducing agent concentration 
(Table 1). Control experiments rigorously confirmed that neither catalyst-free systems nor individual catalyst 
precursors demonstrated any activity, unequivocally establishing that the Pd complex on [Fe3O4@PTMS-2-
picolylamine-PdCl2] nanocomposite is solely responsible for initiating and driving the reaction. Optimization 
of catalyst loading showed a direct correlation between catalyst amount and product yield. A maximum yield 
of 85% was achieved with 5  mg of the catalyst; however, increasing the loading to 6  mg offered no further 
enhancement. Solvent screening revealed distinct influences on reaction efficiency. While both DMF and PEG-
400 improved yields, they concurrently prolonged reaction times. Remarkably, water emerged as the optimal 
solvent, facilitating a 98% yield in just 15 min. Probably, enhanced performance in water arises from, improved 
hydrophilicity of the catalyst surface, increased solubility and dispersion of NaBH4, and more efficient mass 
transfer of reactive hydride species compared with organic media. These factors collectively promote faster 
electron transfer and more effective generation of Pd–H intermediates, which ultimately improves the reduction 
efficiency of nitroarenes in aqueous conditions. This exceptional performance led to its selection as the ideal 
reaction medium. Finally, the concentration of the reducing agent was optimized. Decreasing the NaBH4 

Fig. 5.  EDX analysis of [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite.
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amount from 5 mmol to 3 or 2 mmol adversely affected both reaction time and yield. Consequently, 5 mmol 
of NaBH4 was determined to be the optimal concentration for achieving high efficiency and rapid conversion. 
Finally, the optimal conditions for the nitrobenzene reduction were determined to be 5 mg of [Fe3O4@PTMS-
2-picolylamine-PdCl2] nanocomposite (corresponding to 0.2 mol% Pd), 5 mmol of NaBH4, and water as the 
solvent at room temperature.

In the next step, With the optimized reaction conditions established, the scope and applicability of the 
methodology were thoroughly investigated using a diverse range of nitroarenes bearing various substituents, 
including both electron-donating and electron-withdrawing groups on the aryl ring (Table  2). The findings 
revealed a clear influence of electronic properties on reactivity. Nitro compounds substituted with electron-
donating groups exhibited enhanced reactivity, leading to higher yields in shorter reaction times, compared to 
those with electron-withdrawing groups. Conversely, steric hindrance was observed to decrease reactivity. When 
dinitro compounds were employed, a notable increase in reaction time was observed, accompanied by a decrease 
in the corresponding yield, with the final product consistently identified as the diamine. Overall, the developed 
method demonstrated excellent functional group tolerance and broad applicability across a wide spectrum of 
nitroarene substrates.

Reaction mechanism
A plausible Pd-mediated hydride-transfer mechanism for reduction of nitroarenes over the catalysis of [Fe3O4@
PTMS-2-picolylamine-PdCl2] nanocomposite which is consistent with prior studies is outlined in Fig. 1057,58. 
Initially the NaBH4 reacts with water and generated hydrogen that was rapidly adsorbed onto the surface of the 
catalyst. This adsorption promotes efficient electron delivery to the palladium centers, enabling the generation of 
catalytically active Pd–H species through dehydrogenation of BH4

─. The strong metal–hydride character of these 
intermediates has been widely recognized as the key driving force in borohydride-based hydrogenation systems. 
The nitroarene substrate subsequently approaches the metal surface and coordinates through the electrophilic 

Fig. 6.  Elemental mapping analysis of [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite.
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–NO2 group. The activated Pd–H species then undergo hydrogen bonding to nitrogen center, initiating a 
stepwise hydrogenation sequence. This sequence typically involves the formation of nitroso and hydroxylamine 
intermediates; each stabilized transiently on the palladium surface. Successive hydride and proton transfers 
ultimately furnish the corresponding aniline derivative.

Reusability, hot filtration and leaching tests
A primary objective of this study was to develop a heterogeneous and recyclable catalyst. To evaluate these 
crucial parameters, reusability, hot filtration, and leaching tests were conducted. The reduction of nitrobenzene 
under optimal conditions served as the model reaction for these investigations. After the initial reaction, the 
catalyst was efficiently separated using an external magnet, washed with ethyl acetate and water, and then dried 
at 80 °C for 4 h. It was then reintroduced into the next reaction cycle using fresh nitrobenzene and NaBH4. This 
process was repeated for five consecutive cycles. The results demonstrate that the catalyst could be recovered and 
utilized for five cycles without any noticeable decrease in activity, confirming its excellent reusability (Fig. 11). 

Fig. 7.  SEM images of [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite.
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The structural integrity of the recovered [Fe3O4@PTMS-2-picolylamine-PdCl2] catalyst was verified through 
SEM analysis, which confirmed its morphological stability and unambiguously validated its robustness under 
operational conditions (Fig. 12).

To further confirm the heterogeneous nature of the catalyst, a hot filtration test was performed using the same 
model reaction. After 5 min of reaction, the catalyst was separated, yielding 69% of the desired product. The 
filtrate was then allowed to continue reacting under optimal conditions, but only an additional 2% conversion 
was observed. This minimal progress strongly indicates the heterogeneous nature of the catalyst in the reaction 

Fig. 9.  VSM analysis of [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite.

 

Fig. 8.  TEM images of [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite.
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medium. Furthermore, to quantitatively support the negligible leaching, ICP–OES measurements were also 
performed on the recovered catalyst after each cycle. The Pd loadings were 3.87 × 10⁻⁴, 3.81 × 10⁻⁴, 3.72 × 10⁻⁴, 
3.64 × 10⁻⁴, and 3.56 × 10⁻⁴ mol·g⁻¹ for the first through fifth cycles, respectively. This gradual and minor decrease 
relative to the fresh catalyst confirms the minimal metal leaching during consecutive recycling cycles.

Comparison
The catalytic reduction of nitroarenes is incredibly important in organic synthesis, which is why synthetic 
chemists have been so interested in it. Many methods have already been developed for this transformation. In 
this study, we’ve summarized the latest findings and compared [Fe3O4@PTMS-2-picolylamine-PdCl2] catalyst 
against existing literature (Table 3) to see how well it performs. The comparisons highlight several key advantages 
of the current catalyst: superior separability via simple magnetic decantation, enhanced reusability, and reduced 
leaching. Furthermore, the catalyst demonstrates comparable product yields and reaction times, making it an 
efficient option for aniline synthesis via nitroarene reduction.

Conclusion
In summary, we successfully synthesized a novel, highly dispersed, and exceptionally stable nanomagnetic 
2-picolylamine palladium complex supported on Fe3O4 nanoparticles, employing a straightforward and efficient 
method. Comprehensive characterization confirmed the successful immobilization of organic layers on the 
Fe3O4 surface while maintaining the support’s crystalline integrity. The resulting catalyst exhibited nanoscale 
dimensions, excellent thermal stability, high MS value and uniform palladium dispersion. This nanomagnetic 
palladium complex demonstrated superior catalytic activity for the reduction of nitroarenes to anilines at room 
temperature in water, a remarkably green solvent. While reaction efficiency was influenced by electronic and 
steric factors of the nitro group, the catalyst consistently delivered high to excellent yields in short reaction times, 
surpassing the performance of previously reported systems. Furthermore, extensive reusability tests, including 
hot filtration and metal leaching analyses, unequivocally established the heterogeneous nature of the catalyst. It 
maintained its robust catalytic performance and morphology over at least five successive cycles with negligible 
loss of activity and no significant palladium leaching into the reaction medium. This work presents a highly 
promising and sustainable catalytic system for nitroarene reduction.

Entry Catalyst
Catalyst Amount
 (mg) NaBH4amount (mmol) Solvent Time (min) Yield (%)a, b

1 - - 5 Ethanol 120 Trace

2 Fe3O4 5 5 Ethanol 240 Trace

3 Fe3O4@CPTMS 5 5 Ethanol 240 Trace

4 Fe3O4@PTMS-2-picolylamine 5 5 Ethanol 240 Trace

5 [Fe3O4@PTMS-2-picolylamine-PdCl2] 2 5 Ethanol 30 45

6 [Fe3O4@PTMS-2-picolylamine-PdCl2] 4 5 Ethanol 30 77

7 [Fe3O4@PTMS-2-picolylamine-PdCl2] 5 5 Ethanol 30 85

8 [Fe3O4@PTMS-2-picolylamine-PdCl2] 6 5 Ethanol 30 85

9 [Fe3O4@PTMS-2-picolylamine-PdCl2] 5 5 DMF 95 87

10 [Fe3O4@PTMS-2-picolylamine-PdCl2] 5 5 PEG-400 55 91

11 [Fe3O4@PTMS-2-picolylamine-PdCl2] 5 5 Water 30 98

12 [Fe3O4@PTMS-2-picolylamine-PdCl2] 5 3 Water 45 89

13 [Fe3O4@PTMS-2-picolylamine-PdCl2] 5 2 Water 85 71

14 [Fe3O4@PTMS-2-picolylamine-PdCl2] 5 - Water 240 N.R

Table 1.  Optimization of nitrobenzene reduction over the catalysis of [Fe3O4@PTMS-2-picolylamine-PdCl2] 
nanocomposite. aIsolated yield. bConditions: nitrobenzene (1 mmol), NaBH4 (5 mmol), catalyst (mg) and 
solvent (5 mL).
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Entry Nitroarene Product Time (min) Yield (%)a, b TON TOF (h− 1) Melting point (°C)

1 30 98 490 980 Oil47

2 45 95 475 633 62–6348

3 55 90 450 490 57–5949

4 45 95 475 633 59–6250

5 40 97 485 727 73–7547

6 50 95 475 570 Oil49

7 45 97 485 646 59–6251

8 55 94 470 512 26–2852

9 25 98 490 1176 55–5748

10 35 91 455 780 Oil47,49

11 85 88 440 310 185–18753

12 90 81 405 270 103–10554

Continued
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Fig. 10.  The plausible mechanism for reduction of nitroarenes over the catalysis of [Fe3O4@PTMS-2-
picolylamine-PdCl2] nanocomposite.

 

Entry Nitroarene Product Time (min) Yield (%)a, b TON TOF (h− 1) Melting point (°C)

13 75 83 415 332 62–6348

14 60 88 440 440 118–12049

15 35 96 480 822 59–6049

16 40 94 470 705 64–6555

17 75 84 420 336 114–11656

Table 2.  The scope of nitroarene reduction over the catalysis of [Fe3O4@PTMS-2-picolylamine-PdCl2] 
nanocomposite. aIsolated yield. bConditions: nitroarene (1 mmol), NaBH4 (5 mmol), [Fe3O4@PTMS-2-
picolylamine-PdCl2] (5 mg, 0.2 mol%) in water (5 mL) at room temperature.
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Data availability
Data will be made available on request. Requests for data should be directed to Dr. Hamad AlMohamadi (Email: 
hamad.almohamadi@outlook.com & hha@iu.edu.sa).

Entry Catalyst Time Yield (%) a Reference

1 SPO-Pd-NPs 24 h 96 59

2 Fe3O4@ β-CD@Pd 1 h 99 41

3 Half-Sandwich Ruthenium Complexes 24 h 89 60

4 Cu2O 25 min 92 28

5 [Fe3O4@PTMS-2-picolylamine-PdCl2] 30 min 98 This work

Table 3.  Comparison of [Fe3O4@PTMS-2-picolylamine-PdCl2] nanocomposite catalytic efficiency in 
reduction of nitrobenzene. aIsolated yield.

 

Fig. 12.  SEM images of recovered [Fe3O4@PTMS-2-picolylamine-PdCl2] catalyst.

 

Fig. 11.  Reusability of [Fe3O4@PTMS-2-picolylamine-PdCl2] in reduction of nitrobenzene.
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