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ABSTRACT

Recyclable nickel nanoparticles have been utilized as an effficient, stable, heterogeneous

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

catalyst for the synthesis of aryl nitriles using commercially available and less toxic

K4[Fe(CN)].3H,0 as an environmentally benign cyanide source. The reactions are not
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dependent on an inert atmosphere or a ligand. Several aryl chlorides, aryl bromides and aryl

(cc)

iodides survived well and were associated with high yield in the aforesaid method. The
synthesized Ni-yAl,O; nanocatalysts could be recovered and recycled again without
significantly reducing their efficacy. Moreover, “Sheldon’s test (hot filtration method)” was
carried out to establish the heterogeneity of the catalyst. The significant benefits of this
catalytic methodology align with green chemistry principles, making this process potentially
applicable in industrial chemistry. The synthesized Ni-yAl,O; nanocatalysts exhibited
moderate antioxidant activity, with maximum antioxidant activity (68.17%) found at 200
mg/ml concentration. Ni-yAl,O; nanocatalysts were found to be effective against
Staphylococcus aureus ATCC25923 (Gram-positive) and Escherichia coli (Gram-negative)

with zones of inhibition of 10+£0.25mm and 12+0 respectively. MIC values against
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Escherichia coli (Gram-negative) and Staphylococcus aureus ATCC25923 (Gram-posifive)

lew

DOI: 10.1039/D5MA00879D

were 200 mg/mL and 205 mg/mL respectively, while MBC values were 220 and 230 mg/m

for Staphylococcus aureus ATCC25923 and Escherichia coli respectively. This study is
provided to afford the dual applicability of the recyclable Ni-yAl,O; nanocatalyst for the
green synthetic route of aryl nitriles and exhibiting potential antibacterial as well as

antioxidant activity.

KEYWORDS: Cyanation, Nickel nanoparticles, Nitriles, Recyclable catalyst, Antibacterial

activity.

1. INTRODUCTION

Nanomaterials have been appeared as one of the most emerging tools for biomedical
as well as pharmaceutical applications.! It is necessary to stop the risk of pathogenic bacteria
in terms of community health safety. Numerous types of antibacterial agents are being
emerged. On the other hand, adverse effects and consecutive use of antibacterial agents lead
to resistant towards antibiotics.>® Concerning the recent trend in the substitute antimicrobial
strategy, metal nanoparticles have promising dynamic and potential applications due to their
unique as well as several chemical and physical properties.>’ Although, nickel nanoparticles
(Ni NPs), a metal nanoparticle exhibits significant and effective antimicrobial property
against several kinds of bacterial strain including pathogenic also.® Larger surface area, high
reactivity of Ni NPs boosts and induces its antibacterial property (10 Bauer).

Aryl nitriles represent an important structural framework in the field of organic chemistry
because of their multifarious application in diverse disciplines including polymers, materials,
pharmaceuticals, agrochemicals, dyes, pigments, natural products, as well as biologically
active compounds.” In addition, nitriles are straightforwardly converted into a range of
several efficient scaffolds such as amidines, amides, oximes, aldehydes, ketones, esters and
carboxylic acids.!® Benzonitriles are the key intermediate in organic synthesis and used as
industrially important solvent to carry out several significant organic transformations.!!
Furthermore, nitriles moieties are essential building blocks in pharmaceutically potential
drugs, such as Letrozole®, Finrozole®, Citalopram®, Etravirine®, Periciazine®, Bicalutamide®
and 5-lipoxygenase inhibitors have been recognised (Figure 1).!> Historically, two
conventional methods have been employed to synthesize aryl nitriles: diazotization of
aromatic amines followed by a Sandmeyer reaction'3134 and Rosenmund-von Braun reaction

of aromatic halides.!3¢ However, these reactions associated with serious disadvantages such
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to unavoidable environmental complications.

as high temperature, requirement of super-stoichiometric amount of extremely poisonouys
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CuCN as cyanating agent and generation of major amount of heavy metal waste which Ieads
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FIGURE 1 Some pharmaceutically potential organonitrile drugs

Therefore, the development of highly efficient and eco-friendly methodologies for the
synthesis of important organic molecules is of significant importance.!# In this context, the
transition  metal-mediated cyanation of aryl  Thalides!> for synthesizing the
corresponding nitriles has gained immense attention from the scientific community. In 1973,
Takagi et al. first developed the Pd catalyzed cyanation reaction of aryl bromides and aryl
iodides using KCN as a cyanide source at 140-150°C.!¢ Later on, numerous transition metals,
including Pd,'7 Rh,!7 Ir,!7¢ and Cu'7 were used in the synthesis of nitriles in the presence of
toxic cyanating agents, such as Zn(CN),,!82 CuCN,!8® TMSCN,!8¢ KCN,'8d and NaCN. 1718
Some less toxic nonmetallic agents such as aliphatic nitriles,'* cyanohydrins from acetone,'*®
benzyl thiocyanate,'” phenyl cyanate,'®d and N-cyanobenzimidazole!®® were also utilized
with the employment of various hazardous and expensive nitrogen and phosphorus ligands.
However, most of these protocols were highly poisonous both to humans as well as
environment and caused high risk during handling and workup procedures which limited their
industrial application. Therefore, the situation demanded the environmental benign chemical
processes?’ for the syntheses of aryl nitriles using non-hazardous and economically safe
cyanating agent. Beller and co-workers!” first reported the application of a commercially

available eco-friendly K4[Fe(CN);] as a cyanating agent for the cyanation of aryl halides with
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Pd(OAc), as the metal precursor with dppf as the ligand. Recently, nickel-catalyzed?!

iew Article Online
. . . . . DOI; 10,1039/D5MA00879D
cyanation reactions (Scheme 1) have drawn significant attention due to their easy

accessibility, lower toxicity, inexpensive and eco-friendly nature in comparison to the
reported metal mediated reaction. Although the nickel catalysed developed procedures
(Scheme 1) are quite acceptable, their limitations are significant because of the involvement
of expensive cyanide sources, perilous ligands, laborious catalyst preparation, necessity of
additives, generation of metal waste, recyclability problem of the catalysts, and difficult

work-up methods that are less eco-friendly from the perspective of sustainability.??

Previous Works

R N A Ni(acac), (cat.), Xantphos (cat.) - R = e
A Al'Bu; (cat.), Zn (cat.), nPrCN, K;PO, \F

Toluene, 120° C, Ref. 21a

[Ni(MeCN)g][BF ], (cat.),

R
>
1, 10-phenanthroline (cat.), Si-Me,-DHP, &
CH,CN, 80° C or 100° C, Ref. 21b

& NiCl,(PPh;); (cat.), PPhy X L
T » R
Zn, CH,CN, 160° C, Ref. 21c Z
Ny X NiBry(bpy).xH,0 (cat), CHsC(CN),Ph CN
RN iBry(bpy).xH;0 (cat.), CH;C(CN),Ph, o
| |
7 Zn, DMA, 80° C, Ref. 21d Z
X . . ) CN
R s Ni(ll)diphosphine (cat.), Zn(CN),, Al;04 X
- R—
Z NMP, Room Temp., Ref. 21e N
This work
X . CN
N Ni-yAl,0; (cat.), K,[Fe(CN)¢].3H,0, A\
R— » R—
\F K,CO5, DMF, 120 °C O

SCHEME 1 Ni catalysed different approaches for the cyanation of aryl halides

Therefore, considering the present environmental scenario, there is an enormous demand to
develop highly effective approaches?® for the synthesis of nitriles that refrain from utilizing
expensive and harmful metal catalysts and rather employ less hazardous and less expensive
reagents. However, in continuing on our previous work utilizing nickel nanocatalysts,?* we

have reported here the excellent catalytic attributes of Ni-yAl,O3 nanocatalyst (Scheme 1) for
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the efficient synthesis of aryl nitriles from the cyanation reaction of aryl halides using

lew ARicle Online
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innocuous K4[Fe(CN)s].3H,O as an eco-friendly cyanide source.

2. EXPERIMENTAL

2.1. Preparation of nickel nanocatalysts:

Nickel acetylacetonate (Merck), hydrazine hydrate (Sigma Aldrich), sodium hydroxide
(Merck), PEG-400 (Loba Chemie) and ethanol (Merck) have been used as received. Every
experiment was conducted using deionized water. The synthetic method includes dissolving 5
mmol of Ni(acac), (nickel acetylacetonate) in 20 ml of PEG-400 solvent, and it was
magnetically stirred for 20 minutes at room temperature. 2 ml of 0.1 M NaOH was then
added, followed by the addition of 2 ml of hydrazine hydrate. Here, hydrazine hydrate serves
as reducing agent and NaOH maintains the process alkaline in the reaction. By this time, the
reaction mixture had changed color from green to deep blue. The reaction mixture was stirred
magnetically at 80°C for 2 hrs and a black precipitate was obtained, which indicates the
reduction of Ni** to Ni’. Then, y-Al,O; (5 g) was added to the aforesaid mixture containing
nickel nanoparticles and the reaction mixture was magnetically stirred for 1 hr. The reaction
mixture was then allowed to cool to room temperature, washed successively with ethanol and
water. The resultant residue was dried in an oven at 120°C for 24h. Then it was stored under
the ambient condition for its further investigation. Here, Figure 1 displays the schematic

presentation used in this work for synthesizing heterogeneous nickel nanocatalysts.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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FIGURE 1 Schematic representation for the synthesis of Ni-yAl,O3 nanocatalyst.

2.2. Ni-yAl,0; catalysed general experimental procedure for the ligand-free cyanation of
aryl halides:

A solution of appropriate aryl halides 1 (1 mmol), K4[Fe(CN)¢].3H,0 (0.2 mmol) and
K,COj3 (1.2 mmol) in DMF (3 mL), Ni-yAl,O3 (6 mol%) was added and stirred at 120°C for
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the specified time. TLC was used to check the improvement of the reaction. The reaction
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mixture was cooled to room temperature once the reaction was finished. The product was
then dissolved by adding 15 mL of ethyl acetate. The catalyst was removed by simple
filtration. The recovered catalyst was thoroughly washed using ethyl acetate, followed by
H,0. Ethyl acetate was used several times to extract the aqueous part. The organic extracts
were washed using water and dried on anhydrous Na,SO,. The product 2 was produced by
evaporating the solvent at lowered pressure. Then it was further purified by column

chromatography of silica gel with EtOAc-hexane as eluent.

2.3. Antioxidant Activity of Ni-yAl,0;3:

Antioxidant activity of the synthesized Ni-yAl,O3 nanocatalysts was assessed using DPPH
free radical scavenging assay.?> 200 uL of a DPPH methanol solution was mixed with a
different concentration of the samples (200, 100, 80, 40, 10 mg/ mL) followed by the
incubation at 37°C for 30 min and absorbance was noted at the wavelength of 517 nm using
(UV-VIS dual beam spectrophotometer). The reduction capacity was estimated in terms of
ascorbic acid per mg. DPPH free radical scavenging potential (in percentage) was estimated

by using the following equation.
DPPH free radical Scavenging activity (%) = (Acontroi~Asample) / Acontrol X 100

2.4. Antibacterial Assay of Ni-yAl,0;:

2.4.1. Bacterial Strains:

Staphylococcus aureus ATCC25923 (Gram-positive) and Escherichia coli (Gram-negative)
were used to study the antibacterial activity of Ni-yAl,Os. All these strains were cultured on

nutrient agar plate.

2.4.2. Agar-Well Diffusion Method:

Antibacterial activity was assessed using agar well diffusion method. The bacterial strains
were allowed to grow in Mueller-Hinton broth and 100ul of each bacterial suspension were
spread over the Mueller-Hinton agar plate. 40ul of aforementioned Ni-yAl,O3 NPs (dissolved
in 10% DMSO) was poured into the well present in the plate. DMSO was used as the
negative control. All the plates were incubated at 37°C for overnight. After 24 hrs zone of
inhibition was measured.?® This assay was performed in triplicate and the observations are

stated as mean + SD.
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2.5. Minimum Inhibitory (MIC) and Minimum Bactericidal Concentrations (MBC)
Determination: IO IADEIAOORTED
The minimum inhibitory was performed using dilution method. Ni-yAl,O3; NPs was diluted to
attain the concentrations of 250, 240, 230, 220, 210, 205, 200, 195, 190 mg/mL respectively.
100 pL of respective bacterial suspension (10> CFU/mL) was spread over Mueller—Hinton
agar plate followed by the addition of 40 ul of each dilution of Ni-yAl,O; NPs to the
respective wells in the plate. After that these plates were incubated at 37 °C for 24-48 hrs.
Lowest concentration of Ni-yAl,0O; NPs that produce clearing zone was denoted as MIC

value whereas the concentration that killed all bacterial cells was considered as MBC

(minimum bactericidal concentration).
3. RESULTS AND DISCUSSION

3.1. Catalyst Characterization:

The FTIR spectra of yAl,O3 and synthesized Ni-yAl,O3 nanocatalyst were recorded in Figure
2. The FTIR spectra of yAl,O; displayed the broad bands in the 3620-3032 cm™! region,
because of the existence of several hydroxyl groups on the yAl,O; surfaces. Moreover, the
FTIR spectra of yAl,O; showed absorption peaks at 2090, 1966, 1639 cm! which are
assigned to the bending mode of vibrations of adsorbed water molecules.?’” However, the

intensities of these bands were reduced in the FTIR spectrum of the synthesized Ni-yAl,O;

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

nanocatalyst. These findings suggested the effective encapsulation of the metal into the pores

of YAl,Os. The similar IR peaks at 1448 cm!, 1159 cm™!, 1072 cm™! in the yAl,O3 and 1460

Open Access Article. Published on 15 January 2026. Downloaded on 1/15/2026 11:41:24 PM.

cm!, 1162 cm!, 1078 cm! in the synthesized Ni-yAl,O3 nanocatalyst were also observed.

(cc)

This observation showed the effective formation of Ni-yAl,O; nanocatalyst through the
complexation as well as the stabilization of nanoparticles into the pore of yAl,O;. The FTIR
spectra of Ni-yAl,0O3 nanocatalyst exhibited the absorption peaks at 736 cm™!, 619 cm!, and
495 cm™! due to the stretching and bending vibrations between Ni-O, Ni-Al and Al-O bonds.?3
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FIGURE 2 FTIR analysis of YAl,O; and synthesized Ni-yAl,O; nanocatalyst.

We performed the powdered X-ray diffraction analysis of the prepared Ni-yAl,O;

nanocatalyst to determine the crystallinity of our prepared catalyst. The X-ray diffraction

patterns of the prepared Ni-yAl,O3 catalysts are displayed in Figure 3. The diffraction peaks

exhibit that Al,O5 exists in gamma (y) crystalline phase. The intensity of the peaks confirms

that the particles are crystalline in nature. The appearance of diffraction peaks at 20 = 44.5°

and 20 = 51.7° can be ascribed to the Ni (111) and Ni (200) crystalline planes respectively.

These characteristic peaks also indicate the metallic nickel phase with fcc structure. This is

also consistent with the reported literature.?® The characteristic 26 values of the nickel also

revealed that the Ni?* ions completely reduced to Ni® and the synthesized Ni° incorporated

within the pores of YAl,O3 support.
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FIGURE 3 X-ray diffraction analysis of the synthesized Ni-yAl,O3 nanocatalyst.
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The TEM and HRTEM images of the synthesized Ni-yAl,O; nanocatalyst, are . . .

DOI: 10.1039/D5MA00879D
illustrated in Figures 4. The TEM image of synthesized Ni-yAl,O3 nanocatalyst discloses the
formation of a layered structure, suggesting a well-defined architecture (Figure 4a).
Moreover, a good dispersion of metallic Ni on the surfaces of YAl,O3 support were observed
in the structure of Ni-yAl,O; nanocatalyst. Figures 4b and 4c indicate that the Ni
nanoparticles exhibit an average size of 4-7 nm, demonstrating the nanoscale diameter of the
active metal component. Remarkably, the HRTEM image in Figure 4c revealed the clear
lattice fringes, further confirming the well dispersion and crystallinity of the synthesized
nanomaterials on the surfaces of yAl,O5 support. Figure 4c also exhibits the lattice fringe
distances of 0.20 and 0.17 nm, which can be attributed to the d-spacing values of the metallic
Ni (111) and Ni (200) respectively.3? Besides, the SAED (selected area electron diffraction)
pattern substantiated the crystalline structure (Figure 4d), showing distinct diffraction spots,

which further established the well-ordered arrangement and high crystallinity of the Ni-
v1Al,O5 nanocatalyst.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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FIGURE 4 TEM and HRTEM images (a,b,c) and SAED pattern (d) of synthesized Ni-

vAl,O5 nanocatalysts.
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We next recorded the scanning electron microscopy (SEM) images of the prepared Nj-
DOI: 10.1039/D5MA00879D

vAl,O5 catalyst which are depicted in Figure 5 (a-d). The results showed that the synthesized
Ni-yAl,O; catalyst displays a distinctly crystalline structure. Furthermore, the nanoparticles
were irregularly distributed on the YAl,Os; support, which revealed a non-uniform
arrangement. This irregularity could have an impact on the catalytic performance and
efficiency of the nanocatalysts in a variety of catalytic applications. This finding is also

corroborated by the aforesaid TEM images.

FIGURE 5 Scanning electron microscopy (SEM) images (a,b,c,d) of synthesized Ni-yAl,O;

nanocatalysts.

To investigate the elemental composition of the prepared Ni-yAl,O3; nanocatalyst, EDX
(Energy dispersive X-ray spectroscopy) study was also investigated. Figure 6 showed the
elemental peaks, which correspond to Ni, Al and O in the synthesized Ni-yAl,O; catalyst.
Besides, the elemental mapping images of the synthesized Ni-yAl,O3 catalyst were also
carried out. The distribution of Ni, Al, and O elements was also observed by a mapping
study, and well-arranged distributions of each element were also seen in the synthesized Ni-

vAl,O3 nanocatalyst (Figure 7).
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FIGURE 6 Energy dispersive X-ray spectroscopy analysis of Ni-yAl,O3 nanocatalyst

.

FIGURE 7 Elemental mapping images of synthesized Ni-yAl,0O3 nanocatalyst

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

The N, adsorption-desorption study of the synthesized Ni-yAl,O5 catalyst (Figure 8a)

Open Access Article. Published on 15 January 2026. Downloaded on 1/15/2026 11:41:24 PM.

demonstrates a type IV isotherm, supporting the presence of a mesoporous structure. BET

(cc)

analysis exhibited a high specific surface area of 173 m? g!, confirming the porous yAl,O;
support and homogeneous distribution of Ni species. The BJH desorption pore-size
distribution (Figure 8b) reveals a predominant mesopore population centered at around 4 nm
as well as a secondary broader distribution around 7-8 nm, confirming the bimodal
mesoporosity of the Ni-yAl,O3 catalyst. Such a large high surface area and accessible
mesopores are expected to facilitate the effective diffusion of aryl halides and cyanide
released from K4[Fe(CN)¢]-3H,0 to the active Ni sites, thereby corroborating the observed

catalytic efficiency in the cyanation of aryl halides.
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FIGURE 8 N, adsorption/desorption isotherm (a) and pore size distribution (b) of
synthesized Ni-yAl,0; nanocatalyst.

Thermogravimetric analysis (TGA) was conducted to examine the thermal behavior of the
as-synthesized Ni-yAl,O; catalyst. The TGA curve (Figure S1, Supporting Information)
shows a gradual multi-step weight loss (approximately ~12 wt% total) between 25°C and
600°C. The first weight loss (4.26%) up to ~200°C is associated with the elimination of
physically adsorbed moisture and residual water desorption from the high-surface-area of
vALOj; support. The second weight decrease (4.17%) observed between ~200°C and 385°C
is assigned to the decomposition of residual organic species originating from acetylacetonate
ligand, PEG-400 and hydrazine used during synthesis. The last weight loss (3.71%) between
~385°C and 520°C is attributed to the oxidation of metallic Ni(0) nanoparticles to NiO on the
vAl,O5 surface. Above 520 °C, the TGA curve remains essentially stable, demonstrating the
complete elimination of volatile species and indicating the high thermal stability of the y-
ALLO; support. Overall, the TGA analysis validates the effective formation of Ni-
YAl O5 catalyst, successful elimination of most organic residues, and excellent thermal

stability of the Ni-yAl,O; catalyst.

These detailed characterizations emphasize the unique applicability of the synthesized Ni-
vAl,O3 nanocatalyst for a variety of catalytic applications due to its unusual crystalline

characteristics.

3.2. Catalytic Activity of the Ni-yAl,03; Nanocatalyst:

The catalytic efficiency of Ni-yAl,O; was investigated in the cyanation of aryl halides

(such as aryl iodides, aryl bromides and aryl chlorides) using readily available, non-toxic, and
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cost-effective K4[Fe(CN)g].3H,O as a green cyanide source. To achieve optimal conditions,

DOI: 10.1039/D5MA00879D

several control experiments were investigated using 4-iodotoluene 1a (1 mmol) as the mode

substrate and K4[Fe(CN)g].3H,0 as the safe cyanide source in the presence of different bases

in several solvents at various temperatures with the alteration of catalyst amount and reaction

time (Table 1).

TABLE 1 Ni-yAl,O; catalyzed optimization of reaction conditions?

1a

|
/©/ Ni-yAl,O; (Catalyst), K4[Fe(CN)6].3H20‘
Me Base, Solvent, Temperature,

e

2a

Entry Catalyst Base

(mol%) (mmol)
1 - -
2 -- K,CO;
3 2 --
4 4 K,CO;
5 5 K,CO;
6 6 K,CO;
7 7 K,CO;
8 6 Na,CO;
9 6 NaOH
10 6 KOH
11 6 Et;:N
12 6 Pyridine
13 6 K,CO;
14 6 K,CO;
15 6 K,CO;
16 6 K,CO;
17 6 K,CO;
18 6 K,CO;

Solvent  Temperature  Time

(mL)
DMF
DMF

DMF
DMF
DMF
DMF
DMF
DMF
DMF
DMF
DMF
DMF
DMSO
Toluene
Xylene
H,0O
CH;CN
EtOAc

O
Reflux

Reflux

Reflux
120°C
120°C
120°C
120°C
120°C
120°C
120°C
120°C
120°C

Reflux

Reflux

Reflux

Reflux

Reflux

Reflux

(h)
14h

14h

14h
12h
12h
12h
12h
12h
12h
12h
12h
12h
12h
12h
12h
12h
12h
12h

Yield®
(%0)

Trace
Trace

aReaction conditions: 1a (1.0 mmol), K4Fe(CN)s].3H,O (0.2 mmol); base (1.2 mmol),

solvent (3 mL), catalyst and temperature (as indicated) under ambient condition. PIsolated

yield.

The reaction initially failed without using Ni-yAl,0; and base (Entry 1) and in the

presence of a base (Entry 2), no nitrile product 2a was isolated in all the cases. However, in

the absence of base, only a small amount of 2a was observed after 14 h when the reaction
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Using 4 mol% of Ni-yAl,Oj; catalyst and 1.2 mmol of K,COj; base (Entry 4), the conversion
reached 68% within 12 h at 120°C. After increasing the catalyst concentration (5 mol%), the
conversion was improved to 74% after 12 h (Entry 5). Satisfactory outcome was found after
12h using Ni-yAl,O5 (6 mol%) and K,COj5 (1.2 mmol) (Entry 6). Excess catalyst exceeding 6
mol% showed no further increase in conversion rate (Entries 6-7). When K,CO; was replaced
with Na,COs, the reaction yield was slightly reduced to 85% (Entry 8). Strong bases such as
NaOH (Entry 9) and KOH (Entry 10) reduced the yield drastically. Treatment of organic
bases such as Et3N (Entry 11) and pyridine (Entry 12) resulted in only trace amounts of
product under the similar reaction conditions. Finally, the K,CO; was turned out to be the
most effective base in DMF medium at 120°C for the cyanation reaction. Moreover, different
types of solvents were also screened. The efficiency of the reaction slightly decreases when
DMSO is used in place of DMF (Entry 13). Other solvents such as toluene, xylene, and
water showed negative results (Entries 14-16). Inferior performance was obtained when
CH;CN and EtOAc were used as the reaction medium in the cyanation of aryl halides
(Entries 17-18). Therefore, the conditions, as delineated in Entry 6, were selected as the
optimized reaction condition to investigate the substrate scope and ensure the practical
applicability of this reaction. The aforesaid protocol did neither occur with yAl,O5 alone nor
with Ni nano without yAl,O; nor with Ni(acac),-yAl,O;. The importance of Ni-yAl,O; for

this cyanation reaction is highly crucial due to its high stability and better catalytic activity.

To establish the general applicability of this protocol, the optimized reaction conditions
have been employed for the cyanation of aryl iodides / bromides / chlorides bearing several
electron-withdrawing and electron-donating substituents at various places of the benzene.
The corresponding nitriles were produced with good to high yields. The results are presented

in Table 2.

TABLE 2 Ni-yAl,0O; catalyzed cyanation of aryl halides using K4[Fe(CN)g].3H,0 as the
green cyanating agent?
Entry Substrate Product Time (hrs) Yield® (%)
Cyanation of aryl iodides

| CN
1 Me/©/ Me/©/ 12 92

1a 2a
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Cyanation of aryl chlorides

Page 16 of 30
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Cl CN DOI: 10.1039/D5MA00879D
13 /O/ 0 12¢/224 76/ 224
Me Me
im 2a
Cl CN
OHC OHC
1n 2f
Cl CN
15 ©i O: 12¢/ 224 78¢ /234
NH2 . NHZ
10 2j
I X Cl | N CN
16 N__— N 12¢/ 224 76¢ /224
1p 2i

aReaction conditions: 1a (1 mmol), K4[Fe(CN)e].3H,O (0.2 mmol), K,CO; (0.5 mmol),
Ni-yAlL,O3 (6 mol%), DMF (3 mL) at 120°C. "Yield states to the isolated pure product. In
presence of additive (KI) (1.0 mmol) for bromo and chloro compounds. 9In absence of
additive (KI) (1.0 mmol) for bromo and chloro compounds.

As evident from Table 2, a wide variety of aryl iodides (1a-1f) bearing electron-
donating and electron-withdrawing substituents were transformed into the products (2a-2f) in
good to excellent yield. Cyanation of ortho-substituted compounds such as 2-iodotoluene
(1b) afforded the corresponding nitrile (2b) under the optimized reaction conditions with
slightly lower yield due to steric reasons. 3-nitroiodobenzene (1d) smoothly cyanated into
their corresponding nitrile (2d) with 94% yield within a shorter reaction time without
interfering —-NO, groups. The aforesaid protocol displayed selectivity for the cyanation of 4-
bromoiodobenzene (1e) which selectively produces 4-bromobenzonitrile (1e) with excellent
yield without hampering the C-Br bond. This could be due to the low bond dissociation
energy of the C-I bond compared to C-Br bond. This reaction is also highly effective for the
substrate bearing a highly reducible group. 4-iodobenzaldehyde (1f) also responded
efficiently to provide the corresponding nitrile 2f with good yield within 12h. The formation
of 2f was confirmed by the 'H and 3C NMR spectroscopy. The '"H NMR spectrum of 2f
showed the existence of -CHO group which appeared as a singlet at 6 10.07 and two doublets
at & 7.975 because of the aromatic ortho protons with respect to -CHO group and at 6 7.825
because of the aromatic ortho protons with respect to the —CN group. The 13C NMR spectrum
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of 2f displayed the appearance of two main signals at 6 190.7 and 6 117.8, demonstrating the

. . DOI: 10.1939/D5n;|t)\ccl)eog%m§
existence of both —CHO and —CN groups respectively. We next extended the optimized

reaction conditions for a wide variety of aryl bromides and aryl chlorides. The corresponding
nitrile was observed with lower yield even after a longer reaction time. The bond dissociation
energy of C-X (X = Cl, Br, I) is C-Cl > C-Br > C-I. Therefore, the oxidative addition of Ni on
aryl bromides as well as aryl chlorides is complicated when compared with aryl iodide.
Hence, the cyanation of aryl bromides (1g-11) and aryl chlorides (Im-1p) showed lower
yield. However, the reaction yield was achieved comparatively high when the reaction was
carried out using iodide ion. The main role of iodide ion is to catalyze the construction of aryl
iodide from aryl bromides and aryl chlorides, and therefore the in situ cyanation reaction
takes place, as reported by Buchwald et al.3! We observed that 1.0 mmol of KI is necessary to
endorse the incorporation of iodide into aryl bromides as well as aryl chlorides. Therefore,
both differently substituted aryl bromides and aryl chlorides readily furnished their cyanated
products with moderate to good yield in the presence of 1.0 mmol of KI as an additive. This
is an immensely essential feature of the present method in comparison to reported methods,
where no such additional reactivity of aryl bromides and aryl chlorides was

observed 17a,17b,17¢,17d

The plausible reaction pathway for this Ni-yAl,O; catalysed cyanation of aryl halides is
presented in Scheme 2.323320:32¢ The oxidative addition of aryl halides to the nickel metal

seems to be the initiation step of this catalytic reaction, and therefore metallic nickel oxidised

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

to Ni (IT) species (A). Then the exchange of ligand from the inside coordination sphere of
K4[Fe(CN)s] to the Ni(I) species (B) of the catalyst takes place through the transmetallation

Open Access Article. Published on 15 January 2026. Downloaded on 1/15/2026 11:41:24 PM.

process. Finally, the reductive removal stage resulted in the formation of arylnitriles with the

(cc)

regeneration of the metallic nickel catalyst.
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Plausible Reaction Mechanism

Recyclable
Catalyst

K Fe(CN)sX]  Ka[Fe(CN)g]

SCHEME 2 Plausible mechanism for the Ni-yAl,Oj3 catalyzed cyanation of aryl halides.

To design a sustainable protocol, the recoverability and reusability33233b:33¢33d of the
catalyst is highly essential in terms of a green perspective. Therefore, the recycling test of
our prepared Ni-yAl,O; catalyst was performed using 4-iodotoluene 1a (1 mmol),
K4[Fe(CN)s].3H,0 (0.2 mmol), K,CO;5 (1.2 mmol), Ni-yAl,O3 (6 mol%), DMF (3 mL) at
120°C. We separated the Ni-yAl,O; catalyst by simple filtration after the end of the reaction.
The extraction of crude product from the filtrate was carried out using EtOAc solvent. The
recovered catalyst was thoroughly washed using ethyl acetate, followed by H,O. Then the
recovered Ni-yAl,O; catalyst was dried at 120°C for one hour. The recovered Ni-yAl,O3
catalyst was then applied for a series of catalytic reactions with not much variation in yield
(Figure 9a). The significant recyclability of this Ni-yAl,O; catalyst encouraged us to further
analyse the characterization study of the recycled Ni-yAl,O3 to confirm their stability.
Therefore, SEM and TEM analyses of the recycled Ni-yAl,O3 were investigated (Figures 9b
and 9c). The aforesaid studies demonstrate that the structural features of the Ni-yAlL,O;
catalyst were relatively stable during this investigation. Moreover, ICP-OES analysis was
carried out to determine the actual Ni loading and investigate the stability of the Ni-yAl,O;
catalyst. The fresh catalyst contained 5.1 wt% Ni, whereas the recycled catalyst (after the 5%
catalytic run) retained 5.04 wt% Ni, showing only 0.06% metal leaching. This negligible loss

indicates that Ni remains well-dispersed and firmly anchored on the y-Al,O5 support.
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1 2 3 4 5
Catalytic Runs

men 8083 JU-MET

FIGURE 9 (a) Recycling test of Ni-yAl,O; catalyst, (b) SEM image of Ni-yAl,O; (after
recycled 5 times), and (c) TEM image of Ni-yAl,O; (after recycled 5 times).

3.3. Hot Filtration Experiment (Sheldon’s Test) of the Ni-yAl,03; Nanocatalyst:
Furthermore, the hot filtration test3#234 (Sheldon’s test) was carried out to establish the
heterogeneous nature of Ni-yAl,O; catalyst with 4-iodotoluene (1a) as the model substrate.
When 32% conversion of the 1a was observed after 3h, the separation of Ni-yAl,O; catalyst
was carried out through filtration under hot conditions. Then the reaction without a catalyst
was continued for 14 h. No more transformation of 1a occurred (Figure 10). This experiment
revealed that there were no catalytically active species in the remaining reaction mixture.

Therefore, the heterogeneous nature of Ni-yAl,O3 was successfully proven.

100

80

o
(=]
1

Conversion (%)
:

20

Reaction Time (hrs)

FIGURE 10 Hot-filtration test of Ni-yAl,O; catalyst using 1a (1 mmol), K4[Fe(CN)s].3H,O
(0.2 mmol), K,CO;3 (1.2 mmol), Ni-yAl,O3 (6 mol%), DMF (3 mL) at 120°C under ambient

condition.
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3.4. Comparative Efficiency of Ni-yAl;,0; Catalyst with Other Reported Ni-based Catalysts;

Article Online
DOI: 10.1039/D5MA00879D

Table 3 summarizes the comparative overview of previously reported Ni-catalyzed cyanation
reactions (Entries 1-5) and compares the efficiency of our synthesized Ni-yAl,O3
nanocatalyst (Entry 6). The earlier reported methods (Entries 1- 4) employ homogeneous
nickel catalytic procedures in combination with harmful cyanating agents such as ‘BuCN,33
BrCN,?%® or the relatively less hazardous 1,4-dicyanobenzene.’>® Despite the potential
efficiency of these homogeneous systems, the necessity of expensive reagents and strong
additives,>¢3%4 requirements of an inert atmosphere and photochemical activation,3>*
laborious preparation®*d and poor recyclability of the catalysts33235b:35¢35d were the serious
limitations of these methods. Although NiFe,O, catalyst demonstrated the good catalytic
activity and recyclability of the catalyst (Entry 5), its scope is limited due to the employment
of highly toxic NaCN as the cyanating agent.>>® In this context, our developed Ni-yAl,O;
nanocatalyst represents an economically efficient and operationally simple catalytic system
for the cyanation reactions with the utilization of K4[Fe(CN)s].3H,O as a safe and eco-
friendly cyanide source. The excellent catalytic efficiency of Ni-yAl,O3 nanocatalyst ensures
the good dispersion of nickel species on the yAl,O; support suggesting the strong metal-
support interaction. Importantly, the Ni-yAl,O; catalyst can be efficiently recycled and reused
for five successive runs without substantial loss of efficiency, signifying its higher stability in
comparison to previously reported Ni-based catalytic systems. Moreover, the attractive
features, such as the new catalyst design, green cyanation reaction, high efficiency, and
excellent recyclability, which clearly distinguish the present catalytic methodology from

earlier Ni-based catalytic systems.

Table 3 Comparative Efficiency of Ni-yAl,O; Catalyst with Other Ni-Based Catalysts for the
Cyanation of Aryl Halides?

Entry Catalyst Cyanating Reaction Yield | Catalyst Type Ref
Agent Conditions (%) &
Recyclability
1 NiBr, / PCy3;/ Mn BuCN NaHCO;, 56% Homogeneous, 35a
Toluene, 150°C, Not reported
22h
2 NiCl,.1,10-phen/Zn BrCN Dioxane, 50°C, 84%® | Homogeneous, 35b
12h Not reported
3 Nil,, dtbbpy, Purple | 1,4-dicyano DBU, TMSBr, 79%° | Homogeneous,
light (390-395 nm) benzene (TMS)SiHs, Not reported 35c¢
Toluene, Ar atm.,
50°C, 24h
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Ni(PPh;),(1- K4[Fe(CN)q] | TBAHS, DIPEA, | 83%¢ | Homogeneous,, |,.33d. .
Naph)Cl, JosiPhos .3H,0 nBuOAc:H,0, Not répotted:o/bpMA00879D
95°C,

NiFe, 04 NaCN K,CO;3;, DMF, 92% | Heterogeneous, 35e
100 °C, 17 min. 5 cycles
Ni-yAL O3 K4[Fe(CN)g] K,CO;3;, DMF, 91% | Heterogeneous, | This
.3H,0 120 °C, 12h 5 cycles work

alodobenzene was used as the model substrate, *Yield of 4-methoxyiodobenzene, Yield of 4-

methoxybromobenzene, 4Yield of 3-bromo benzaldehyde.

3.5. Antioxidant Activity of Ni-yAl,0; Nanocatalysts:

In the present study Ni-yAl,O; nanoparticles had shown moderate antioxidant activity and
maximum antioxidant activity (68.17%) was attained at 200 mg/ml concentration (Figure 11).
Previous literature also has shown their antioxidant activity.’¢*® Antioxidant property
exhibited by Ni-yAl,O3 nanoparticles might be due to their free radicals scavenging capacity
to reduce oxidative stress. This might be attained by donation of electrons or hydrogen atoms
for the neutralization of free radicals as well as redox active sites located on nickel
nanoparticles. Beside this alumina also exhibits high surface area which plays an important
role in free radicals scavenging capacity (antioxidant activity) through the promotion of the
adsorption as well as interaction with free radicals.3%*P ICs, of ascorbic acid was 22.73 ug/mL
while it was 146.69 mg/mL for Ni-yAl,O3; nanoparticles. This observation suggests that

DPPH reduction capacity is less than that of ascorbic acid which was also reported earlier.3

a0.00
20.00

T0.00

&0.00
S0.00
40.00
30.00
20.00
10.00 -
0.00 .

200mgiml A 0mg/ml B0mgfml A0mgimil 20mgmil 10mg/ml

Concentration of DPPH

Percentage of Inhibition (%)

FIGURE 11 DPPH radical scavenging activity of Ni-yAl,O; nanoparticles at different
concentration
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3.6. Antibacterial Activities of Ni-yAl,0; Nanocatalysts:
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The antibacterial activities of the Ni-yAl,O3 nanoparticles was tested against Staphylococcus
aureus ATCC25923 (Gram-positive) and Escherichia coli (Gram-negative). The
aforementioned Ni-yAl,O; nanoparticles were found to be effective against both
Staphylococcus aureus ATCC25923 and Escherichia coli (Figure 12). The zone of inhibition
against Escherichia coli was 12+£0.31 while it was 10+£0.25mm in case Staphylococcus aureus
ATCC25923 (Table 4). Inhibitory effect of Ni nanoparticles against both Gram-negative and
Gram positive was also reported earlier by Angel Ezhilarasi et al.,’”2 Prabhu et al.,>’® Rajith
Kumar et al.’’¢ Larger surface area, high reactivity of Ni NPs might boost and promote its
antibacterial property (Bauer 1966). MIC values against Escherichia coli and Staphylococcus
aureus ATCC25923 were 200 mg/mL and 205 mg/mL respectively while MBC values were
220 and 230 mg/mL respectively (Table 4). Lower MIC and MBC values of Ni nanoparticles
against Escherichia coli in comparison to that of MIC and MBC values against
Staphylococcus aureus ATCC25923 was also reported earlier.’® Besides, previous literature
also reported that inhibition of the growth of E. coli by Ni-Al,O5 nanoparticles was found to
require 0.01 g/mL of Ni-Al,O5 nanoparticles.3%4

Table 4 Zone of inhibition, MIC and MBC values of Ni-yAl,O3 nanoparticles

Nanoparticles Bacterial strains Zone of MIC values MBC values
Inhibition (mm)  (mg/mL) (mg/mL)
Escherichia coli 12+0.31 200 220
Ni-yALO; Staphylococcus 10+ 0.25 205 230
aureus ATCC25923
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FIGURE 12 (A) Antibacterial activity of Ni-yAl,O3 nanoparticles against Escherichia coli
and Staphylococcus aureus ATCC25923 which were grown on Mueller—Hinton agar plate at
37°C. DMSO was used as a negative control. (B) The plausible mechanism of action of

Ni-yAl,O; nanoparticles exhibiting antibacterial activity.

Additionally, a comparative table (Table S1, Supporting Information) has been presented
to compare the antibacterial performance of our synthesized Ni-yAl,O; nanocatalysts with the

previously reported other metal-based nanocatalysts. However, the Ni-yAl,O3 nanocatalysts

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

exhibited higher MIC and MBC values compared to conventional antibiotics. The absence of

specific bioactive groups in the Ni-yAl,O; nanocatalysts resulted in high MIC/MBC values,
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which exhibited poor membrane permeability along with less interaction with bacterial cell
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surfaces. The present study demonstrates that the pristine Ni-yAl,O; catalyst displays
baseline antibacterial efficacy. However, future progress could be accomplished through
surface modification with bioactive phytochemicals, the introduction of synergistic metallic
dopants, and the merging of the nanocatalyst with traditional antibiotics to improve
membrane penetration and offer synergistic bactericidal properties.'>!® These approaches will
serve to substantially lower MIC/MBC values and extend catalyst utility in subsequent

biological applications.

Antibacterial activity may be attributed by nickel nanoparticles inducing gaps and pits
which make bacterial cell membrane to be fragmented. This fragmentation of bacterial

membrane had been also reported by other researchers.38238b38¢ Fyurthermore, the metals such
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as Ni is effectively affected transport system of the bacteria by interacting with proteins to

lew
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block regulated transport through the plasma and thus cause their death.’® Beside this
hyperactive property of Ni NPs due to unpaired electrons on the surface of Ni NPs
underscores complex interactions with bacterial cellular components. Thus, Ni NPs causes
the disruption of the metabolic pathways which leads to the death of the bacteria.** Moreover,
Ni NPs has been found to generate oxidative stress in bacteria which is a pivotal mechanism
for their antimicrobial property by damaging DNA, oxidation of protein and finally disrupting
cell membrane as well.#1241> For instance, destruction of bacterial cells confers the release of
cellular content and cell death.*! Inhibitory effect of Ni-yAl,O; nanoparticles against Gram-
negative bacteria Escherichia coli was higher than the Gram-positive Staphylococcus aureus
ATCC25923, which might be due to differences in the cell wall structure of Gram-negative
and Gram-positive bacteria. Similar findings also showed by Angel Ezhilarasi et al.,’’2
Prabhu et al.,”® Rajith Kumar et al.’’® Gram-negative bacteria had an outer layer of
lipopolysaccharides and thin peptidoglycans that made easy nanoparticles to enter inside the
cell. But, Gram-positive bacteria had a thick peptidoglycan layer covalently bonded teichoic
and teichuronic acids acting as a protective layer.*> A schematic diagram regarding the

mechanism of action is given in Figure 12B.

4. CONCLUSION

The cyanation of aryl halides to aryl nitriles has been developed using economically
supportable and operationally simple Ni-yAl,O; as a heterogeneous catalyst and
commercially available K4[Fe(CN)¢] as an eco-friendly cyanating agent. The reactions are not
dependent on an inert atmosphere or a ligand. Several aryl iodides, bromides and chlorides
bearing various functional moieties were well survived and associated with good to high
yield in the aforesaid method. The synthesized Ni-yAl,O; nanocatalysts could be recovered
and recycled again without significantly reducing their efficacy. Moreover, the “hot filtration
method (Sheldon’s test)” was carried out to establish the heterogeneity of the catalyst. The
present method attracts attention because of its procedural simplicity, significant catalytic
durability and productivity, simple recovery, high recyclability, and survival of diverse
functional groups in the reaction. In the present study Ni-yAl,O3 nanocatalysts were found to
have moderate antioxidant activity, with maximum antioxidant activity (68.17%) attained at

200 mg/ml concentration. Ni-yAl,O3 nanocatalysts of the present study were found to inhibit
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the growth of Staphylococcus aureus ATCC25923 (Gram-positive) and Escherichia, coli

View
. e e ) Lo DOI: 10.1039/D5MA00879D
(Gram-negative). But the zone of inhibition (124+0.31mm) against Escherichia coli was foun

to be higher than the zone of inhibition (10+0.25mm) against Staphylococcus aureus
ATCC25923. Larger surface area, unique physiochemical property, high reactivity of
Ni-yAl,O3 nanocatalysts might be responsible for their inhibitory effect against both Gram-

negative and Gram-positive.
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