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Introduction

Phosphine-assisted synthesis of a nanostructured
iridium catalyst for acceptorless dehydrogenation
of alcohols and chemoselective hydrogenation of
hitroarenest}

Jyotishma Baruah ‘2 and Pankaj Das = *

Ligand-assisted synthesis of noble metal nanoparticles has gained significant recent interest in the field of
heterogeneous catalysis. In line with this, herein, we report the synthesis of a nanostructured iridium cata-
lyst supported on silica via a one-pot wet chemical approach by treating IrClz with commercially available
phosphine-functionalized silica gel, without the use of an external reducing or stabilizing agent. The
phosphine ligand attached to silica plays the dual role of stabilizing and reducing agents. High-resolution
transmission electron microscopy (HR-TEM) analysis revealed the formation of uniformly sized iridium
nanoparticles (Ir NPs ~2 nm), consistently distributed throughout the silica surface without showing any
signs of agglomeration. The nanomaterial was also characterized by other techniques such as SEM-EDX,
XRD, ICP-AES, and XPS. To test the catalytic potential of the iridium-based material, oxidant-free dehy-
drogenation of primary alcohols to carboxylic acids, with concomitant liberation of two equivalents of
molecular hydrogen, was chosen as the benchmark reaction. A range of primary alcohols, including
usually less reactive aliphatic alcohols, can be converted to their corresponding carboxylates/acids in high
yields, demonstrating excellent efficacy and a broad substrate scope, better than the state-of-the-art Ir-
based heterogeneous catalysts reported to date for this transformation. In addition, the Ir-based nano-
material was also explored as a catalyst for chemoselective hydrogenation of nitroarenes to aminoarenes.
Moderate to excellent yields of the desired products were obtained with a diverse range of substrates. For
both catalytic reactions, the catalyst was found to be recyclable for at least eight consecutive runs
without significantly compromising yields.

synthesis of metal nanoparticles (MNPs), mostly with noble
metals such as Ru,”> Rh,* and Pd.®’ It may be noted that, in

Phosphines are among the most influential ligands in homo-
geneous catalysis due to their uniqueness in tuning the activity
and selectivity of a catalytic system."” However, these homo-
geneous systems traditionally suffer from some inherent draw-
backs, such as challenging catalyst separation, handling incon-
venience, recycling difficulty, etc., and hence are not sustain-
able from both economic and ecological perspectives.
Consequently, many efforts are being made to expand the
scope of phosphines from homogeneous to heterogeneous
systems, including their use as surface-capping ligands in the
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the past few years, surface-ligand-assisted synthesis of MNPs
has marked a significant breakthrough in the realm of hetero-
geneous catalysis, paving the way for unprecedented advance-
ments in this field.*® Typically, the catalytic efficiency of
such materials depends on several factors, such as the nature
of the ligand, the nature of the support, the strength of the
metal-ligand interfacial interactions, control over metal-par-
ticle dispersion, sizes and shapes of the nanoparticles, etc.*™*
Usually, a strong metal-ligand interaction offers better control
over morphology (sizes and shapes) and develops a strong
interfacial connection that can significantly influence the cata-
Iytic efficiency.”'>* On the other hand, a weak metal-ligand
interaction may not provide enough stability over the growth
and aggregation of the NPs. It can also result in the leaching
of the metal species from the support during catalysis, causing
poor recycling efficacy.

In the past few years, apart from phosphines, other ligands
like carboxylates,’>'® N-heterocyclic carbenes (NHCs),'”""
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amines,'®*° thiols,>*> etc., have also been exploited as
surface-capping ligands for stabilizing MNPs. The binding
affinity of such ligands is often correlated to Pearson’s “hard-
soft acid-base” concept.® For example, surface-capping car-
boxylates/amines, which are usually considered as hard/bor-
derline bases, exert poor stabilization effects with soft metals
like Ir or Pd.>® In contrast, phosphines or thiols, due to their
softness, behave as better stabilizing ligands for noble metals
with applications in many catalytic organic transformations.>*
It may be noted that phosphine was used for the first time as a
stabilizing ligand for MNP synthesis (AuNPs) about four
decades ago.”® Since then, several groups have been utilizing
phosphines as surface-capping ligands for the synthesis of
MNPs composed of Au,*®*” Pd,*”** Ru,> and Rh,>*° and
applied those MNPs in a range of catalytic applications.
Typically, MNPs are synthesized from their corresponding salts
via a chemical reduction method using external reducing
agents like NaBH,*>**! and N,H,,"" either with or without the
presence of an external stabilizer, and the methods involve
multiple steps for purification. However, there are a few
instances where a surface-capping ligand like phosphine can
play the dual role of a stabilizer and reducing agent (in situ),
while synthesizing MNPs, avoiding the use of an external redu-
cing agent.>®*” Hence, from economic and ecological perspec-
tives, developing a reductant- and surfactant-free method for
synthesizing metal NPs is in high demand.

On the other hand, phosphines have not been explored so
far for the synthesis of Ir NPs, although Ir is one of the most
extensively explored precious metals, having a close, compati-
ble relationship with phosphines in the homogeneous phase
and has been involved in various path-breaking catalytic
transformations.*>** One of the typical advantages of Ir is that
ultra-small-sized nanoparticles (1-2 nm) can be synthesized by
following relatively simple synthetic protocols.***° It is worth
mentioning that particle size is one of the most important pro-
perties of MNPs, and from a catalytic perspective, these ultra-
small-sized NPs are usually more advantageous than large-
sized NPs because of the higher surface-to-volume ratio.
Recent literature studies suggest that ultra-small-sized MNPs,
mainly with platinum group metals, can be synthesized using
sterically bulky ligands (such as NHCs and phosphines) co-
valently attached to different supports®**** and such materials
usually show enhanced catalytic activity in many important
reactions, including oxidant-free alcohol dehydrogenation and
nitroarene reduction.

It may be noted that transition-metal-catalyzed oxidant-free
dehydrogenation of primary alcohols to acids with simul-
taneous hydrogen generation, commonly known as the accep-
torless dehydrogenation (AD) reaction, has emerged as one of
the most studied reactions in recent years.*”*® The reaction
has received significant attention not only from a synthetic
chemistry perspective but also from the hydrogen economy
point of view, as the evolved hydrogen can be used as an
alternative energy source. Since the first report of this reaction
about a decade ago,® a vast range of molecular catalysts,
mostly with noble metals like Pd,*>*! Ir,**™** Ru,**™ and a
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few non-noble metals like Co,*® Ni,*® Mn,*° were developed for
this transformation. However, successful heterogeneous cata-
lysts for this reaction are extremely limited.”*® Thus, there is
significant interest in developing efficient heterogeneous cata-
lysts for this dehydrogenative transformation. As part of our
continuing interest in the AD reaction,>®>® herein, we demon-
strate the synthesis of a silica-supported Ir nanostructured
catalyst with the help of a surface-capping phosphine ligand,
without the involvement of an external reducing or stabilizing
agent, and explore its potential as a catalyst for dehydrogena-
tion of primary alcohols to carboxylic acids.

To expand the scope of our catalyst (IrNPs@SiO,), we have
also investigated the catalytic activity for chemoselective hydro-
genation of nitroarenes to the corresponding aminoarenes. It
is worth noting that selective hydrogenation of nitroarenes is a
well-established protocol for synthesizing the corresponding
amines, which serve as important intermediates for the fine
chemical industry.>® However, selective reduction of nitro
groups in compounds that contain other reducible functional-
ities like C=C, C=0, C-Cl, etc., often becomes challenging, as
these functional groups also undergo simultaneous reduction,
producing undesired products and thus influencing the
selectivity.”>”° Nevertheless, a few nanoparticle-based catalysts
exist, mostly with noble metals, including Ir, that perform
chemoselective reduction of nitro compounds while keeping
reducible functional groups intact.*>*"®* However, high metal
loading,>*®* high pressure,®® limited substrate scope,®®®” etc.,
are some of the bottlenecks that limit their industrial-scale
utilization.

Experimental section
Materials

Iridium(m) chloride (IrCl;, 99%) was purchased from
TCI and 2-diphenylphosphinoethyl-functionalized silica gel
(DPPE@SiO,; 0.7 mmol g~ loading; 200-400 US mesh) was
purchased from Sigma-Aldrich. All other relevant substrates,
bases and solvents were purchased from Acros Organics,
Sigma-Aldrich, TCI Chemicals, SRL and RANKEM.

Material characterization

Powder X-ray diffraction (P-XRD) patterns were recorded on a
Bruker AXS D8 Advance instrument over a 20-80° scanning
angle (wide-angle scan) by using Cu Ko as the source.
Scanning electron microscopy and energy dispersive X-ray
spectrometry (SEM-EDAX) analyses were performed on a
JEOL-IT300HR system. High-resolution transmission electron
microscopy (HR-TEM) micrographs were acquired using a
JEOL JEM-F200 microscope operating at an accelerating
voltage of 200 kV, equipped with a thermal electron field-emis-
sion gun of ZrO/W. X-ray photoelectron spectroscopy (XPS)
data were collected using a PHI 5000 VersaProbe II, FEI Inc
system. Inductively coupled plasma atomic emission spec-
troscopy (ICP-AES) was performed using an ARCOS
Simultaneous ICP spectrometer across the wavelength range of
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130-770 nm, using an RF generator (1.6 kW, 27.12 MH) and
charge-coupled devices as detectors to determine the metal
content in the material. "H and C NMR spectra were
recorded at 500 MHz and 125 MHz, respectively, on a Bruker
AVANCE III HD-500 MHz spectrometer/Bruker Avance Neo
500 MHz spectrometer. Electrospray ionization-mass spec-
trometry (ESI-MS) spectra of the catalytic products were
recorded using a Thermo Fisher Ultimate 3000/TSQ Endure
instrument. Gas chromatography-mass spectrometry (GC-MS)
analysis was carried out on a Thermo Scientific TRACE 1600
GC-MS system, which has a capillary column of dimensions:
length 30 m, I.D. 0.25 mm, and film 0.25 pm, connected to a
flame ionization detector (FID).

Synthesis of the catalyst (I'NPs@SiO,)

In a 100 mL two-necked round-bottomed flask, 2 g of
DPPE®@SiO, was dispersed in 25 mL of absolute ethanol for
30 min, followed by 10 min of ultrasonication. To the above-
dispersed mixture, 25 mL of 0.5 mmol of IrCl; solution (in
ethanol) was added dropwise over 25 min and subsequently
stirred for 12 h. The solid mass was filtered and washed
several times with small portions of distilled water, followed
by isopropanol, and dried at 80 °C for 6 h in a hot air oven.
Furthermore, the dried material was calcined at 450 °C for 3 h
to obtain the desired catalyst (I'NPs@SiO,).

General procedure for acceptorless dehydrogenation of
alcohols

In a typical reaction, 1 mmol of alcohol (1), 2 mmol of #BuOK,
and 20 mg (0.035 mol%) of the catalyst (IrNPs@SiO,) in 6 mL
of toluene were taken in a round-bottomed flask (100 mL). The
reaction mixture was refluxed at 110 °C in a pre-heated oil bath
for 4 h. After completion of the reaction, the solvent was
removed under reduced pressure, affording crude potassium
carboxylate salt. The purified product was obtained by following
either of the isolation methods. Isolation Method A: the dried
carboxylate salt was washed with ethyl acetate (10 mL) three
times and dried in an oven. The dried solid mass was dissolved
in deionized (30 mL) water, and the catalyst was recovered using
centrifugation. Subsequently, the potassium salt solution was
acidified with aqueous 1 M HCI (10 mL) and extracted using
ethyl acetate (20 mL), which was dried over anhydrous Na,SO,
and concentrated under reduced pressure to obtain the purified
carboxylic acid. Isolation Method B: the carboxylate salt was
washed with ethyl acetate (10 mL) three times and dried in an
oven. The solid mass was dissolved in methanol (30 mL), and
the catalyst was recovered by centrifugation. Subsequently, the
methanol solvent was removed under reduced pressure to
obtain the pure potassium carboxylate salt, eventually character-
ized by ESI-MS and NMR ("H and **C), as presented in the ESI
(Fig. S3-S24 and S25-67,} respectively).

Volumetric estimation of molecular hydrogen in the AD
reaction

The volume of hydrogen gas evolved was measured using a
reverse burette water displacement experiment.**®* The experi-
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ment was conducted in a two-necked round-bottomed flask
(100 mL), which was initially dried and set up in preheated oil
at 110 °C. Subsequently, the flask was charged with benzyl
alcohol (1a, 0.5 mmol), -BuOK (1 mmol), and the catalyst
(0.035 mol%) in toluene. The top of the flask was closed with a
glass stopcock and the other arm was fitted to a closed burette
filled and dipped in water. The reaction continued until the
evolution of hydrogen ceased. This experiment was conducted
three times until a consistent reading was obtained.
Eventually, the number of moles of hydrogen that evolved was
calculated by applying the ideal gas law. The volume of the
water displaced in the burette was 22.5 mL, the vapour
pressure of water at 293 K was 17.5424 Torr, R = 62.3635 L Torr
K™™' mol™, and the atmospheric pressure was 761.3126 Torr.
Therefore, moles of hydrogen were calculated as n(H,) = [(Patm
— Pyater) VI/RT = 0.00092 mol (expected value: 0.001 mol).

In situ hydrogenation experiment

In a typical experiment, 1 mmol of benzyl alcohol (1a), 2 mmol
of +BuOK, (0.035 mol%) catalyst, 1 mmol of styrene, 5% Pd/C,
and 6 mL of toluene were taken in a 100 mL two-necked
round-bottomed flask without using any external hydrogen
source. The reaction mixture was placed in a preheated oil
bath at 110 °C. The reaction mixture was refluxed for 6 h,
which was monitored using GC-MS.

Procedure for gram-scale synthesis of benzoic acid

The gram-scale synthesis of benzoic acid was performed in a
100 mL round-bottomed flask, which was charged with
10 mmol of benzyl alcohol (1a) and 25 mmol of +-BuOK dis-
solved in 20 mL of toluene, with a catalyst loading of
0.035 mol%, and placed in a pre-heated oil bath at 110 °C. The
reaction was conducted for 72 h, and after completion of the
reaction, benzoic acid (2a) was obtained by following similar
procedures to those used for the general catalytic reaction.

General procedure for hydrogenation of nitroarenes

The hydrogenation reactions of nitroarenes (3) to the corres-
ponding aminoarenes (4) were carried out by charging 1 mmol
of nitroarene (3) and 5 mL of toluene in a stainless-steel auto-
clave (Parr 4838 reactor controller) made of Hastelloy, and it
was initially purged with 1.1 MPa of hydrogen gas for
10 minutes, followed by the addition of 15 mg (0.026 mol%) of
catalyst, IrNPs@SiO,. The reaction temperature was set to
50 °C, and the pressure was maintained at 1.1 MPa, while stir-
ring at 250 rpm for 5 h. Then, the reactor was cooled to room
temperature and depressurized to obtain the crude reaction
mixture. The progress of the reaction was monitored using
TLC under UV light. Subsequently, the reaction mixture was
extracted using 20 mL of ethyl acetate following the standard
workup procedure, and the catalyst was recovered by centrifu-
gation. The obtained product was purified by column chrom-
atography over silica gel (60-120 mesh) using a hexane-ethyl
acetate mixture (8:2), and the product was characterized by
ESI-MS and NMR (*H and "*C) and the results are presented in
the ESI (Fig. S68-S80 and S81-S108,} respectively). The same
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procedure was followed for the other derivatives of

nitrobenzene.

Reusability experiment

The reusability of the as-synthesized catalyst was evaluated for
both the AD reaction of benzyl alcohol (1a) and hydrogenation
of nitrobenzene (3a). For the AD reaction, a 100 mL round-bot-
tomed flask was charged with benzyl alcohol (1a, 1 mmol),
t-BuOK (2 mmol), I'NPs@SiO, [20 g (0.035 mol%)], and
toluene (6 mL) and allowed to stir at 110 °C for 4 h. Upon com-
pletion of the reaction, the catalyst was separated by centrifu-
gation and further washed with water and isopropanol several
times, followed by drying. The recovered catalyst was then used
again for subsequent reactions.

On the other hand, for hydrogenation, the autoclave was
charged with nitrobenzene (3a, 1 mmol) and the IrNPs@SiO,
catalyst [15 g (0.026 mol%)] in toluene (5 mL). The reaction
was conducted under a hydrogen pressure of 1.1 MPa at 50 °C
for 5 h. The catalyst was separated by centrifugation after com-
pletion of the reaction, washed several times with water, fol-
lowed by isopropanol, and dried. The subsequent reactions
were performed with the recovered catalyst, maintaining the
same stoichiometric ratios.

Heterogeneity test

To examine any leaching of the active metal species from the
catalyst, a hot filtration test was performed. Initially, the test
was conducted by reacting benzyl alcohol (1a, 1 mmol) and
t-BuOK (2 mmol) in the presence of I'NPs@SiO, [20 mg
(0.035 mol%)] in toluene (6 mL). The reaction mixture was
refluxed at 110 °C, and the reaction time was shortened from
4 h to a period of 1 h. The carboxylate salt and the catalyst
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were filtered off from the reaction mixture under hot con-
ditions. The resulting filtrate was further allowed to react for
another 3 h under refluxing conditions at 110 °C.

In a similar experiment, nitrobenzene (3a, 1 mmol) was
allowed to react at 50 °C under a pressure of 1.1 MPa H, in the
presence of 15 mg (0.026 mol%) of IrNPs@SiO, in an auto-
clave. The reaction time was shortened from 5 h to a period of
1 h. Subsequently, the catalyst was filtered off from the reac-
tion mixture under hot conditions, and the resulting filtrate
was allowed to react under the same conditions for another
4h.

Results and discussion
Synthesis and characterization

The silica-supported nanostructured Ir catalyst (IrNPs@SiO,)
was synthesized via a one-step wet chemical approach
(Scheme 1) by reacting IrCl; with commercially available phos-
phine-functionalized silica gel, following a reported procedure
used for the preparation of conceptually similar Pd
nanoparticles.”®

To understand the morphology and structural features of
the nanomaterials, HR-TEM, SEM-EDAX, XRD, and XPS ana-
lyses were performed. The transmission electron microscopy
(TEM) images obtained for IrNPs@SiO, at different magnifi-
cations showed the formation of nearly spherical and mono-
disperse nanostructured Ir particles, which were evenly distrib-
uted over the silica support (Fig. 1a-c). The particle size distri-
bution histogram depicts ultrasmall and uniform-sized Ir par-
ticles with a size of 1.8 + 0.5 nm (Fig. 1a inset). The HR-TEM
images of IrNPs@SiO, revealed the presence of two different

IrCl;.3H,0
Stirr

No reducing agent

DPPE@SiO, and stabilizing agent

= Diphenylphosphino ethyl functionalized
silica gel (DPPE@SiO,)

= PPh,

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Calcination

450 °C 3

IrNPs@SiO,

Scheme 1 Schematic representation for the synthesis of the silica-supported Ir nanostructured catalyst using the incipient wet-impregnation

method.
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Fig. 1 (a) TEM micrographs, along with the particle size distribution histogram as the inset, (b) HR-TEM micrographs, (c) HR-TEM micrographs
(showing lattice fringes along with the d-spacing values) of IrNPs@SiO,, and (d) SAED diffraction pattern of IrNPs@SiO.

lattice spacings of 0.226 nm and 0.318 nm that correspond to
Ir(111) and IrO,(110) planes, respectively. The SAED pattern of
IrNPs@SiO, demonstrates continuous rings corresponding to
the various planes of metallic Ir and IrO, phases (Fig. 1d). The
scanning electron microscopy (SEM) analysis depicted a mor-
phology of silica particles with irregular shapes with sharp
ridges, closely resembling with the SEM images reported for
silica-supported nanoparticles (Fig. S1a and S1b{).>®*® The
presence of Ir phases was further confirmed by EDAX analysis
performed over a selected area (Fig. Slct). The powder X-ray
diffraction (P-XRD) patterns of IrNPs@SiO, showed reflections
at 40.52°, 47.3°, and 68.6° (Fig. 2), corresponding to the lattice
planes of (111), (200), and (220), respectively, for face-centered
cubic metallic Ir.°® Also, some reflections were observed at
28.3°, 35.7°, 57.4°, and 64.6°, corresponding to the lattice
planes of (101), (110), (220), and (310), respectively, for the
rutile phase of the tetragonal crystal structure of IrO,
(Fig. 2).>**°”7% In addition, a broad peak at around 22.48° was
observed due to the (111) plane of silica, and this value is very
much similar to the corresponding plane for phosphine-func-
tionalized silica gel (20 = 22.403°),°® suggesting that silica
maintains its mesoporosity even after Ir loading. X-ray photo-
electron spectroscopy (XPS) was performed to understand the

8960 | Dalton Trans., 2025, 54, 8956-8971
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Fig. 2 Wide-angle powder X-ray diffraction pattern of IrNPs@SiO,.

elemental composition and chemical state of Ir in IrNPs@SiO,
(Fig. 3a). The deconvolution of the high-resolution spectra for
Ir in the 4f region exhibited four discernible binding energy

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Representative XPS spectra of (a) iridium, (b) carbon, and (c) oxygen in IrNPs@SiO, (B.E = binding energy).

peaks at 61.08, 62.34, 63.17, and 65.67 eV. Among them, the
peaks at 61.08 and 63.17 eV are attributed to Ir 4f,, and Ir
4afs), states, respectively, coherent with the values for Ir(0)
species. The other two peaks at 62.34 and 65.67 €V could be
assigned to Ir 4f5;, and Ir 4f;,, electronic states, coherent with
the values for Ir in the +4 state.®®”° It is important to note that
there are literature precedents available where the formation
of the Ir metallic state is often accompanied by an IrO, state,
which is due to the oxidation of the outer shell of the material
under thermal conditions.”* The deconvoluted high-resolution
Cys spectrum (Fig. 3b) shows four distinct peaks at 284.8 eV,
285.3 eV, 286.4 eV, and 288.2 eV, corresponding to sp> hybri-
dized carbon (C=C), sp® hybridized carbon (C-H or C-C), C-O
and C=O0 bonds, respectively.”” In the O, region, a peak
appears at 530.1 eV, attributable to the oxygen atom of iridium
oxide (IrO,).”” In addition, two other peaks are observed at
531.2 and 532.8 eV, which correspond to oxygen atoms of SiO,
and the hydroxyl groups present on the silica surface.”*”*

The amount of Ir present in the synthesized material,
IrNPs@SiO,, was detected by ICP-AES analysis and found to be
0.33 wt%.

Catalytic study for acceptorless dehydrogenation of alcohols

The nanostructured material, I'rNPs@SiO,, was tested for the
AD reaction of primary alcohols to produce carboxylic acids
and molecular hydrogen. The initial optimization study was
performed in toluene using benzyl alcohol (1a, 1 mmol) as
the model substrate in the presence of 0.035 mol% (20 mg)
catalyst and 1 mmol of -BuOK as the base. We are gratified
to see that, after a period of 12 h, almost a quantitative
amount of potassium benzoate was formed, which upon
treatment with 1 M HCI converted to benzoic acid (2a) with
74% yield (Table S1,} entry 1). As stated earlier, the AD reac-
tion of alcohols to acids is accompanied by two equivalents
of molecular hydrogen as the byproduct. To verify the evol-
ution of hydrogen, an in situ styrene hydrogenation experi-
ment was conducted using 5% Pd/C as a catalyst without any
external hydrogen source. After a reaction time of 6 h, ethyl-
benzene was obtained in 60% yield, demonstrating that the
evolved gas from the AD reaction is hydrogen. To further vali-
date the fact that two equivalents of molecular hydrogen

This journal is © The Royal Society of Chemistry 2025

evolved during the reaction process, a standard reverse
burette water displacement experiment was performed. The
volume of the water displaced was 22.5 mL, which corres-
ponds to 0.92 mmol of molecular hydrogen, thus confirming
the evolution of two equivalents of hydrogen. Subsequently, a
series of optimization studies were performed using benzyl
alcohol (1a), with different solvents (isopropanol, water,
hexane, THF, and acetonitrile), bases (¢-BuOK, t-BuONa,
KOH, NaOH, and Cs,COj3), temperatures, and catalyst load-
ings to achieve the most suitable conditions (¢-BuOK,
toluene, 0.035 mol% catalyst, and 110 °C), where benzoic
acid (2a) was obtained in good yield (85%) with a TON of
2429 and a TOF of 607 h™" (Table S1,f entry 2; Table 1, entry
1). It was observed that the activity dropped when toluene
was replaced with other solvents (isopropanol, water, hexane,
THF, and acetonitrile). It is interesting to note that the AD
reaction can be scaled up, and in the gram-scale experiment,
benzyl alcohol (1a) afforded 76% yield of benzoic acid (2a)
with a TON of 2171.

Using the optimized conditions, we evaluated the scope of
our catalyst with a variety of benzyl alcohols containing
different electron-donating and electron-withdrawing substitu-
ents. Benzyl alcohols bearing electron-withdrawing groups like
—Cl and electron-donating groups such as -OCHj;, -CH3, and
-tert-butyl produced excellent yields of the corresponding para-
and meta-substituted acid products. For instance, p-chloroben-
zyl alcohol and p-methylbenzyl alcohol were converted to their
corresponding acids with remarkable yields of 92% and 97%
(Table 1, entries 2 and 7, respectively). However, the ortho-sub-
stituted benzyl alcohols furnished relatively lower yields com-
pared to meta- and para-substituents, which might be attribu-
ted to steric crowding. For example, o-methylbenzyl alcohol
produced only 51% of the corresponding acid, while p-methyl-
benzyl alcohol yielded 97% (Table 1, entries 5 and 7, respect-
ively). Interestingly, despite the presence of electron-withdraw-
ing halogen substituents at the ortho position, o-chlorobenzyl
alcohol was converted to o-chlorobenzoic acid with a yield of
94% (Table 1, entry 4). Similar results were obtained with the
o-bromo substrate, which afforded an 80% yield (Table 1, entry
13). It is noteworthy that in some cases, prolonged reaction
times led to the dehalogenation of benzyl alcohols.”
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Table 1 Acceptorless dehydrogenation of various primary alcohols to their corresponding carboxylates using IrNPs@SiO; as the catalyst”

o)
OH i) K'OBu, 0.035 mol% cat. OH | .,
. Toluene, 110°C o ) 2
ii) H*/ H,0, rt R
Entry Substrate Product Time (h) Yield” (%) TON
1 ©/\OH o] 4 85 2429
1a ©)LOH
2a
2 /@Aou o 6 92 2629
Cl 1b /@)J\OH
cl 2b
3 OH o) 6 89 2543
OH
cl
1c ¢l
2c
4 @\/\OH o} 10 94 2686
cl @fJ\OH
1d Cl
2d
5 [:(\OH o) 10 51 1457
oL
1e CH;3
2e
6 OH o) 6 86 2457
OH
CH,
1f CH; o
7 /©/\OH o 6 97 2771
HsC /©)L OH
19 H,C
2g
8 OH o) 10 91 2600
OH
1h
2h
9 /@/\OH o) 6 92 2628
H,CO . /©)LOH
H,CO
3 2i
10 OH o) 6 95 2714
OH
OCH,
1
! OCH; 5
11 /©/\0H 0 10 55 1571
ON /©/IL0H
1k ON
2k
12 @(\OH o) 10 72 2057
NH, @fLOH
11 NH,

2|
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Table 1 (Contd.)
o
OH i) K'OBu, 0.035 mol% cat. OH
» + 2H,
1 Toluene, 110°C "
ii) H*/ H,0, rt R
Entry Substrate Product Time (h) Yield? (%) TON
13 ©\/\OH o 10 80 2286
. oL
1m Br
2m
14 <o:©/\0H o 10 88 2514
o <° OH
1n o
2n
15 OH o 18 94 2686
HO OH
1o OCH; HO
o
9o OCHs
16 N OH o 10 65 1857
©/\/\ @/%)L
OH
1p
2p
17 @\\ I\ 0 10 45 1286
O
OH o OH
1q 2q
18 @\\ I o 10 80 2286
S S
r OH 2r OH
19 ANNoH Q 18 60 1714
-+
1s ~C ok
2s
20 OH o] 18 55 1571
/\|/\ .
CH3 /\HLOK
1t CH,
2t
21 NOH 9 18 54 1543
1u OK
5
2u
22 OH 0 18 55 1571
OH
1v
2v

“All the reactions were carried out using 1 mmol of substrate (1), 0.035 mol% catalyst, and 2 mmol of +-BuOK in 6 mL of toluene at 110 °C.

b Isolated yields are reported in parentheses.

Interestingly, with our catalyst, no dehalogenation was
observed, and the selectivity for the desired product was main-
tained. Moreover, nitro-substituted benzyl alcohols typically
show poor results and are often accompanied by their amino
analogues.”® In our system, a nitro group at the para position
resulted in a 55% yield of p-nitrobenzoic acid (Table 1, entry
11). After a comprehensive evaluation of benzyl alcohol deriva-
tives with our catalyst, we successfully applied the reaction pro-

This journal is © The Royal Society of Chemistry 2025

tocol to a handful of biomass-derived alcohols, including
piperonyl alcohol, vanillyl alcohol, furfuryl alcohol, and thio-
phene ethanol, achieving good to excellent yields of their
corresponding acids (Table 1, entries 14, 15, 17 and 18). It may
be noted that in recent years, the utilization of biomass-based
substrates for different types of hydrogen evolution reactions
has gained tremendous significance from the hydrogen
economy point of view.”” ®° Moreover, the acids obtained from
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biomass-derived alcohols have a wide range of applications in
medicine and the chemical industry; for example, piperonylic
acid is used as an anticancer, anti-inflammatory, and anti-
oxidant agent.*"®> Additionally, our catalyst can convert ali-
phatic alcohols, typically difficult to activate, into their corres-
ponding carboxylic acids. For instance, octan-1-ol and ada-
mantane-ethanol were converted to their respective acids with
yields of 54% and 55% (Table 1, entries 21 and 22).

As mentioned earlier, there are several homogeneous cata-
lysts reported for this transformation; however, only a limited
number of successful heterogeneous catalysts are known to
date. Hence, in order to understand the current state of our
catalytic system, a detailed literature survey on the hetero-
geneous-catalysed AD reaction of alcohols to acids has been
performed and is presented in Table 2. Although, in terms of
yields, our catalyst shows comparable results with some of the
reported heterogeneous catalysts, in terms of catalyst loading

View Article Online
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and substrate scope, our catalyst is much superior to the exist-
ing ones.

Plausible mechanism

Based on literature precedents, a plausible mechanism has
been proposed for the AD reaction of primary alcohols to car-
boxylic acids (Scheme 2).>® It is very likely that, at the initial
stage, the alcohol molecule is adsorbed onto the catalyst
surface, forming species I, which upon rearrangement pro-
duces an alkoxide-based intermediate II, followed by p-hydride
elimination to form the metal-hydride intermediate III. Then,
one molecule of H, gas is released from intermediate III to
produce an aldehyde-based intermediate IV, which undergoes
a nucleophilic attack by the K‘OBu base at the aldehyde site,
generating intermediate V. Treatment of a second molecule of
K‘OBu with intermediate V produces the potassium carboxy-
late-based intermediate VI with concomitant generation of

Table 2 Comparison of various reported noble metal-based systems for the acceptorless dehydrogenation of alcohols to carboxylic acids

Catalyst Conditions Substrate scope Yields Reference
Ir@NiO 0.15 mol%, 6 h, KOH, toluene, 110 °C Benzyl alcohols, aliphatic alcohols, biomass- 17-98%  Bordoloi et al. (2023)>

derived heterocyclic alcohols
Pd@NiO 0.08 mol%, 6 h, KOH, toluene, 110 °C Benzyl alcohols, aliphatic alcohols, biomass- 22-97%  Bordoloi et al. (2022)**

derived heterocyclic alcohols
Ru@Co-NC 2-8 wt%, 24 h, toluene, 120 °C Benzyl alcohols, aliphatic alcohols 20-83%  Chen et al. (2023)%
MnFe-S-Ag  14.5 wt%, 24 h, mesitylene, 160 °C Benzyl alcohols, aliphatic alcohols 60-92%  Yazdani et al. (2020)”°
Rh/C 20 mol%, NaOH, H,0, 100 °C, 6 h Benzyl alcohols, one aliphatic alcohol 29-89%  Sawama et al. (2014)**

(decanol)
Pd/C 5 mol%, NaOH, H,0, 80 °C, 6 h, 800 hPa Benzyl alcohols, one aliphatic alcohol 55-100% Sawama et al. (2015)"

(decanol)
Ir@PPh,Si0O, 0.035 mol%, 4 h, K‘OBu, toluene, 110 °C Benzyl alcohols, aliphatic alcohols, 40-95%  This work

biomass-derived heterocyclic alcohols

H
R\l/H
H-O
Adorsption of alcohol _
on the catalyst surface /
B-hydride
o \ / I elimination

o_

o

Hy & KOJLR (/
K

>—0K KH + >—0H

=

| VI

KO
Rearrangement ®O

Scheme 2 Plausible mechanism for carboxylic formation from a primary alcohol using IrNPs@SiO, as the catalyst.
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Table 3 Chemoselective hydrogenation of various nitrobenzenes to
their corresponding aminobenzenes using IrNPs@SiO, as the catalyst’

- NH,
2 1.1 MPa H, ,0.026 mol% cat. @
Toluene, 50 °C o
R 3 R 4

Entry  Substrate Product Yield” (%) TON
1 ©/N02 ©/NH2 58 2231
3a 4a
2 ©/N02 @NHZ 70 2692
Cl 3b Cl 4b
3 /©N02 /©/NH2 56 2154
cl Cl
3c 4c
4 (;(No2 ©/NH2 59 2269
Br
Br 34 4d
5 /@,Noz /©/NH2 61 2346
Br Br
3e 4e
6 /©N02 O/NHZ 92 3538
H;C H;C
3f 4f
8 @,NOZ J@/NHZ 76 2923
NC
3g NC
4g
9 NO, N2 73 2808
®» |
Cl N Cl N
3h 4h
10 ©/N02 ©/NH2 56 2154
boa 1 4
11 NO, NH, 93 3577
H3C\C/©/ Hsc\ﬁ/©/
S5 3 0 4
12 Br\©(N02 Br\@NHZ 50 1923
Br Br
3k 4k
13 C|\©EN02 CI\C(NHz 56 2154
Cl Cl
3l 4]
14 /@,NO; ©/NH2 78 3000
(0] ()
! 1
CH3 3m CH3 4m
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Table 3 (Contd.)

- NH,
2 1.1 MPa H, ,0.026 mol% cat. @
Toluene, 50 °C o
R 4

R 3
Entry  Substrate Product Yield” (%) TON
15 /©/N02 ONHZ 53 2028
HO HO'
3n 4n

@All the reactions were carried out using 1 mmol of substrate (3),
0.026 mol% catalyst, and 1.1 MPa H, pressure in 5 mL of toluene for a
reaction time of 5 h. ? Isolated yields are reported in parentheses.

hydrogen and a highly volatile isobutene molecule. It may be
noted that this type of isobutene formation pathway for the
oxidation of aldehydes to carboxylic acids in the presence of
K‘OBu as the base was proposed by Rashid’s group in recent
work.®® On desorption of the carboxylate group from inter-
mediate VI, potassium carboxylate is formed, which upon
acidic workup produces the required carboxylic acid.

Catalytic study for hydrogenation of nitroarenes

As Ir-based nanomaterials are well known for showing good
catalytic activity towards hydrogenation reactions, we have also
explored the activity of our nanostructured Ir catalyst for
chemoselective hydrogenation of various nitroarenes to ami-
noarenes. This reaction has considerable importance in the
pharmaceutical and fine chemical industries, as many inter-
mediate amines can be easily synthesized through this
method. Although there are a large number of reports on the
catalytic reduction of nitroarenes to aminoarenes with noble-
metal-based heterogeneous catalysts, there are only very few
reports on Ir-based heterogeneous catalysts for this
transformation.*®®®! In the initial optimization study, nitro-
benzene (3a) was used as the substrate and ethanol as the
solvent, as this condition produced the best results for other
catalytic processes.'’ Initially, the reaction was conducted in
ethanol, but a solvent optimization study indicated that
toluene is the most effective solvent for the hydrogenation of
nitrobenzene with our catalyst, resulting in a yield of 58% after
5 h (Table S2,T entry 1; Table 3, entry 1). It was observed that
hydrogen pressure plays a significant role in the reaction
dynamics. Varying the pressure from 1.1 MPa to 0.5 MPa
resulted in minimal product conversion (Table S2,T entry 7).
Similarly, other parameters such as temperature and catalyst
loading were varied to obtain the optimal conditions for the
reaction. The best results were achieved with a catalyst loading
of 0.026 mol%, a hydrogen pressure of 1.1 MPa, and a reaction
time of 5 h in toluene (Table S2,} entry 1). Under these opti-
mized conditions, we examined the scope of our catalyst for a
range of nitroarenes containing electron-donating and elec-
tron-withdrawing groups, and remarkably good yields were
obtained, and the results are summarized in Table 3. Our
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results indicated that nitroarenes containing electron-donating
groups, such as -CH; and -OCH3, at the para position, pro-
duced good yields of the product, achieving 92% and 78%,
respectively (Table 3, entries 6 and 14). In contrast, the pres-
ence of electron-withdrawing groups, such as -Cl, -Br, and -1,
resulted in relatively lower yields, regardless of their position-
ing at the para or meta positions. It is important to note that
haloanilines, viz., chloroaniline (CAN), are significant agro-
chemical amines;*® however, their production often involves
dechlorination, leading to the formation of aniline as a side
product.’””®® In our study, despite obtaining a lower yield of
para-chloroaniline in about 56%, we did not encounter any
dechlorination (Table 3, entry 3). Additionally, our catalyst suc-
cessfully produced 2,5-dibromoaniline (50%) and 2,5-dichlor-
oaniline (56%) from their corresponding nitro substrates, with
their halogen groups retained (Table 3, entries 12 and 13,
respectively). Furthermore, p-nitrophenol (PNP) is a hazardous

View Article Online
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environmental pollutant®>*%>°° that can be effectively reduced
by our catalyst to p-aminophenol, yielding a moderate conver-
sion of 53% (Table 3, entry 15). Notably, even in the presence
of the electron-withdrawing p-COCH; group, we achieved an
excellent product yield of 93% (Table 3, entry 11). We observed
that steric factors significantly influenced the reactivity of
ortho-substrates. For example, a considerably lower conversion
was obtained for o-chloronitrobenzene. Similarly, heteroaro-
matic substrates like 2-chloro-5-nitropyridine produced the
pharmaceutically important 2-chloro-5-aminopyridine with a
moderate yield of 73% (Table 3, entry 9).

It may be noted that although several platinum group
metal-based heterogeneous catalysts have been reported for
the hydrogenation of nitroarenes, only a handful of Ir-based
catalysts are known to date. In order to understand the current
state of our catalytic system, we performed a detailed literature
survey on heterogeneous catalysed nitro-aromatic reduction

Table 4 Comparison of various reported noble metal-based systems for the hydrogenation of nitrobenzene to aminobenzene under liquid phase

conditions

Catalyst Conditions Substrate scope Yields Reference
Ir@H102-350 0.17 mol%, 30 min, 1.5 MPa, RT, methanol p,0,m-Substituted nitrobenzenes 100%” Zhang et al. (2021)%
IrFe 10 wt%, 1.7 h, 0.3 MPa, 40 °C, toluene m-Nitrostyrene 99%° Lu et al. (2016)°°
Pd@MoS, 3 wt%, 1.5 h, 4 MPa, 80 °C p,0,m-Substituted nitrobenzenes 96-100%” Zhu et al. (2024)*
Pd-DPPE@SiO, 0.84 wt%, 30 min, 1 MPa, 50 °C, ethanol p,0,m-Substituted nitrobenzenes 83-100%” Kalita et al. (2019)"
Pd@NAC-800 0.5 mol%, 2 h, 0.1 MPa, ethanol p,0,m-Substituted nitrobenzenes 96-100%” Li et al. (2014)*
Pd/Al, O, 0.35 wt%, 1.1 MPa, 100 °C p-Chloronitrobenzene 100%” Wang et al. (2012)°*
Pd/ZnO 4.7 wt%, 3 h, 0.1 MPa, 180 °C, p-Chloronitrobenzene 92%° Lizana et al. (2013)*”
Ir@PPh,SiO, 0.026 mol%, 5 h, 1.1 MPa, 50 °C toluene p,0,m-Substituted nitrobenzenes 41-85%“ Present work

“Isolated yields. ® Determined by GC analysis.
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Scheme 3 Plausible mechanism for aminoarene formation from nitroarenes using IrNPs@SiO, as the catalyst.
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reactions, and the results are presented in Table 4. Usually,
our catalyst exhibits relatively lower yields compared to some
of the reported Ir-°> or Pd-based>> catalysts. However, in terms
of catalyst loading and substrate scope, the present catalyst
seems much superior compared to the reported ones.

Plausible mechanism

Based on literature evidence, a plausible mechanism for the
hydrogenation of nitroarenes to aminoarenes has been pro-
posed and is displayed in Scheme 3.°% Initially, the hydrogen
and the nitrobenzene molecule are adsorbed onto the surface
of the catalyst, forming species I and II, respectively. The nitro-
based species II is protonated to form intermediate III, which
releases one molecule of H,O to form a nitroso-based inter-
mediate IV. This nitroso-based intermediate IV is protonated
to form a hydroxylamine intermediate V, followed by abstrac-
tion of protons to form an aniline molecule, which is desorbed
from the catalyst surface.

We conducted a hot filtration experiment to evaluate the
heterogeneity of our catalyst for the two reactions: the AD reac-

a ) 90 —=— Conversion with catalyst
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9 75+ s
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tion of benzyl alcohols and the hydrogenation of nitroarenes.
Our results indicated that, in both cases, there was no evidence
of Ir metal leaching into the reaction solution. Therefore, we
confirm that our catalyst is heterogeneous in nature (Fig. 4a
and b).

Reusability experiments were conducted using model sub-
strates for both the AD reaction and nitroarene hydrogenation.
Our results indicate that the catalyst can be reused for up to
five consecutive cycles without a significant loss in activity
(Fig. 4c and d); however, from the sixth cycle onwards, some
gradual loss in activity has been noticed. To investigate the
characteristics of the recycled catalyst, we performed P-XRD
(Fig. S21), HR-TEM (Fig. 5), and SEM-EDX (Fig. S1d, Sle, and
S1ff) analyses for the catalyst after the fifth cycle of nitro-
benzene hydrogenation. The TEM micrograph of the reused
catalyst shows uniformly sized nanoparticles that are evenly
distributed and exhibit no signs of agglomeration, similar to
the fresh catalyst. This indicates that our catalyst remains
stable even after multiple uses. Additionally, the SEM-EDX and
P-XRD analyses of the catalyst used up to five times reveal a

60 - b)

—#&— Conversion with catalyst
——&— Conversion without catalyst

H
o
1

w
o
1

N
o
|

0 50 100 150 200 250 300

Time (mins)

50 4

Conversion (%)
w
o

Fig. 4 Heterogeneity test for (a) the acceptorless dehydrogenation reaction of benzyl alcohol and (b) hydrogenation of nitrobenzene; plots of con-
version versus catalytic cycles for the recyclability of the catalyst IrNPs@SiO, up to the fifth cycle for (c) benzyl alcohol to benzoic acid and (d) nitro-

benzene to aniline.
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10 1/nm

Fig. 5 (a) and (b) TEM micrographs, (c) HR-TEM image with the corresponding size distribution (inset), and (d) SAED pattern of the recycled catalyst

up to the fifth run for hydrogenation of nitrobenzene.

similar morphology and structure, sustaining the respective
planes for Ir, as observed in the fresh sample. This suggests
that our catalyst has the potential for even more catalytic runs.

Conclusion

In summary, we developed a phosphine-ligand-induced nano-
structured Ir catalyst supported on silica, capable of acting as a
recyclable catalyst for two important reactions viz. acceptorless
dehydrogenation of primary alcohols to carboxylic acids with
concomitant generation of molecular hydrogen and chemo-
selective hydrogenation of nitroarenes to aminoarenes. The
catalyst synthesis is a straightforward one-step process that
involves the reaction of IrCl; with commercially available phos-
phine-functionalized silica gel via a wet chemical approach.
Notably, this is the first example of a ligand-based synthesis of
Ir NPs without involving an external reducing or stabilizing
agent. In the acceptorless dehydrogenation, a wide range of

8968 | Dalton Trans., 2025, 54, 8956-8971

alcohols, including relatively less reactive aliphatic and
biomass-based alcohols, can be easily converted to their
corresponding carboxylates with low catalyst loading (with a
TON of up to 2771 for 4-methylbenzyl alcohol). Our catalyst’s
overall efficacy and substrate scope are significantly superior to
those of the state-of-the-art Ir-based heterogeneous catalysts
reported to date for this transformation. Like the AD reaction,
a range of nitroarenes, particularly those containing other
reducible functionalities such as C=N C=O0, etc., can be selec-
tively converted to the corresponding aminoarenes with mod-
erate to excellent yields under mild reaction conditions. For
both reactions, the catalyst was found to be recyclable for at
least five consecutive runs without compromising yields.
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