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Formulating environmentally friendly and sustainable protocols for catalytic transfer hydrogenation (CTH)
utilizing non-noble metal catalysts presents a considerable difficulty owing to their diminished activity
relative to noble metals. This study presents a highly effective NiAl layered double hydroxide (LDH) catalyst
produced by a traditional co-precipitation technique and activated in situ by isopropanol (IPA), functioning
as both a hydrogen donor and a reducing agent. The CTH of benzaldehyde to benzyl alcohol proceeds
efficiently under base-free conditions. Notably, during the reaction, a unique in situ transformation of
Ni®* species in the LDH to metallic Ni° particles was observed, fundamentally shifting the reaction
mechanism. Initial cycles proceed via a Meerwein—Ponndorf-Verley (MPV) pathway mediated by Lewis
acidic and basic sites of the LDH. However, upon repeated use, the formation of Ni° introduces a new
metal-hydride-based pathway, wherein IPA dehydrogenation and aldehyde hydrogenation are facilitated
by metallic Ni® and Lewis acidic sites. This dual mechanistic pathway results in the dynamic evolution of
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the catalyst during the reaction. Control and poisoning studies further confirm the pivotal role of basic
sites in the initial CTH process. This protocol provides an environmentally friendly and chemoselective
method for synthesizing aromatic alcohols, demonstrating exceptional substrate tolerance and advan-
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1. Introduction

Benzyl alcohol is a significant industrial chemical utilized as a
solvent for inks, paints, lacquers, topical analgesics, oral
healthcare medications, preservatives, and agents that reduce
viscosity."* Despite its high demand in the industry, safer pro-
duction of benzyl alcohol is still a challenge. Traditionally, car-
bonated sodium or potassium salts are employed in the pro-
duction of benzyl alcohol from benzyl chloride. However, this
process leads to the release of excess chlorine, which is highly
toxic in nature and leads to the deterioration of the environ-
ment.* Another method for the production of benzyl alcohol is
the catalytic oxidation of toluene.* Oxidation of toluene occurs
at relatively higher temperatures and pressure. This leads to
thermal degradation of catalysts and increases energy con-
sumption and costs.” Partial oxidation leads to the formation
of polyaromatics that deposit on the catalyst surface, blocking
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the active sites. The catalytic systems employ (Co-Mn-Br) as a
catalyst. The halide leaching from the catalyst causes severe
corrosion of the reactor and leads to waste disposal problems.
Furthermore, the oxidation proceeds via three pathways: (i)
side-chain reaction (desired), (ii) ring oxidation (undesired),
and (iii) cracking reactions (undesired). This makes the
process non-selective for benzyl alcohol formation. Alongside
this, over-oxidation of benzyl alcohol leads to by-products such
as benzaldehyde, benzoic acid and even CO, and H,O in some
cases.” This decreases the overall yield of the desired product.
The hydrogenation of benzaldehyde has recently emerged as a
favoured method for synthesizing benzyl alcohol. This can be
achieved either by direct hydrogenation using molecular
hydrogen or by the catalytic transfer hydrogenation (CTH)
process using suitable hydrogen sources.®

Conventional hydrogenation using molecular hydrogen
suffers from many drawbacks: (i) highly inflammable mole-
cular hydrogen raises the risk of serious hazards, (ii) the hand-
ling of high-pressure hydrogen requires heavy and costly
equipment raising the overall costs of the process. To over-
come these problems, CTH uses a hydrogen source, such as
formic acid, alcohols, water, etc., as a safe and green alterna-
tive for the production of benzyl alcohol.®® The advantages of
CTH are the use of high-pressure reactors and elimination of
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highly inflammable hydrogen gas; the hydrogen donors uti-
lized in this process are cheap, readily available and act as sol-
vents as well, enabling the reaction to be carried out under
external solvent-free conditions. These salient features make
CTH an attractive, green, and industrially relevant process.®

In recent decades, various homogeneous and hetero-
geneous catalysts have been explored for CTH. Traditional
homogeneous catalysts consist of heavy metals, such as Ru,
Rh, Ir, etc., which have relatively low abundance, are highly
expensive, and exhibit cellular toxicity."”'" In contrast, cost
effective and non-noble metal-based catalysts are being
employed to carry out the transfer hydrogenation process.”>™
Although homogeneous catalysts are found to exhibit high
catalytic activity, they tend to suffer from the following draw-
backs such as the difficulty in separating the homogeneous
catalysts from the reaction media and the catalysts being
unstable at high temperatures and pressures. In contrast,
heterogeneous catalysts have been extensively used for the
CTH process. The heterogeneous catalysts exhibit advantages,
such as scalable synthesis, easy separation of catalysts and
high catalytic stability."®"® However, most of the hetero-
geneous catalytic systems cannot be employed on a large scale
because they suffer from the following: (i) use of noble metals,
which increases the overall cost of production of the catalyst,
(ii) leaching of the catalyst from the support in the case of
composites, or (iii) high pressure and temperature conditions
employed for the synthesis of catalysts.”*® These disadvan-
tages restrict the use of heterogeneous catalysts for carrying
out hydrogenation reactions on a large scale.

In order to overcome these problems, layered double
hydroxides (LDHs) have been employed for carrying out the
transfer hydrogenation of aromatic aldehydes to the corres-
ponding alcohols.”?" LDH is a class of synthetic anionic clays
that consist of brucite-like layers with certain anions and water
molecules in the interlayer space.>” The brucite layer of LDH
consists of M>" and M*" ions. LDH is a versatile material and
exhibits properties like high surface area, tunable basicity,
exchangeable cations in the brucite layer, and anions in inter-
layer space of the material, respectively."> These properties
make the layered double hydroxides a suitable material for car-
rying out the CTH process.

In this work, we have synthesized a highly efficient and ver-
satile non-noble metal-based nickel-aluminum layered double
hydroxide (NiAl LDH) catalyst via a facile and scalable co-pre-
cipitation method. The catalyst was further activated in situ
through reduction by isopropyl alcohol (IPA), which served as
both a hydrogen source and a reducing agent. Comprehensive
structural, morphological, and compositional analyses con-
firmed the successful synthesis of the NiAl LDH material. The
as-prepared catalyst was employed to carry out the CTH of
benzaldehyde under external base-free conditions, using IPA
as a green, readily available hydrogen donor. Benzaldehyde
was selected as the model substrate due to its clean conversion
to benzyl alcohol with high selectivity. Recyclability studies
show interesting results, wherein, after the second cycle, a
noticeable drop in product yield was observed, attributed to
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the leaching of Ni** ions, which serve as essential sites for IPA
dehydrogenation. Post-recyclability characterization revealed a
critical mechanistic transition, wherein the in situ reduction of
Ni** ions progressively to metallic Ni® led to the emergence of
a metal hydride-based reaction pathway in subsequent cycles.
The newly formed Ni° particles act as active sites for IPA dehy-
drogenation, sustaining catalytic activity despite structural
changes. Consequently, the CTH reaction evolves from a classi-
cal Lewis acid/base-mediated Meerwein-Ponndorf-Verley
(MPV) mechanism to a hybrid pathway involving metallic Ni.
Furthermore, the excellent green metric parameters associated
with this protocol show its sustainability and practical applica-
bility. Overall, this study demonstrates the potential of NiAl
LDH as an efficient catalyst, capable of generating active Ni°
sites under in situ conditions, thereby shifting the catalytic
mechanism for the CTH of aromatic aldehydes. This work
offers a promising strategy for green and scalable hydrogen-
ation processes using non-noble metal catalysts and provides
deeper insights into the underlying mechanisms.

2. Experimental section

2.1. Chemicals

Nickel nitrate hexahydrate (98%, Loba chemicals), aluminum
nitrate nonahydrate (98%, Loba chemicals), sodium hydroxide
(97.50%, Merck), sodium carbonate (SD fine), 1,1,2,2-tetra-
chloroethane (99%, SRL), isopropanol (99%, Fisher Scientific),
tert-butyl alcohol (99%, SRL chemicals), bromothymol blue
(SRL), phenolphthalein indicator (SDFCL), benzoic acid (99%,
Tokyo Chemical Industry Co. Ltd), benzaldehyde (99%, SRL),
4-cyano benzaldehyde (98%, CDH), 4-bromo benzaldehyde
(99%, Sigma Aldrich), 3-bromo benzaldehyde (>98%, TCI), and
2-nitro benzaldehyde (98%, Loba chemicals) were sourced
commercially and utilized without undergoing any additional
purification steps. High-purity deionized (DI) water, with a res-
istivity of 18.2 MQ cm, was generated using a two-stage water
purification system (ELGA PURELAB Option-R7). Deuterated
chloroform (CDCl;, 99.80%, Eurisotop) served as the solvent
for NMR spectroscopy.

2.2. Synthesis of the nickel aluminum layered double
hydroxide (NiAl LDH)

A facile co-precipitation method was applied for the synthesis
of the nickel aluminum layered double hydroxide. The catalyst
was synthesized in accordance with previous literature reports
with minor modifications.>*>* In brief, Ni(NO;),-6H,0
(30 mmol) and Al(NO);-9H,0 (10 mmol) were dissolved in
100 mL of water. Then, a solution of NaOH and Na,CO; was
added dropwise to the metal salt solution with continuous vig-
orous stirring until the pH reached 10. This step was followed
by the aging of the solution for 10 h at 70 °C. The as-obtained
precipitates were then filtered and washed until the pH
reached 7. Finally, the material was ground to get a fine
powder of NiAl LDH after appropriate drying in a heating oven.
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2.3. Catalytic transfer hydrogenation of benzaldehyde to
benzyl alcohol

A simple hydrothermal method was employed for the CTH of
benzaldehyde to benzyl alcohol using IPA as a green hydrogen
donor. In a typical reaction, 1 mmol of benzaldehyde, 5 mL of
IPA, and 50 mg of NiAl LDH were taken in a Teflon-lined
hydrothermal vessel. Then, the vessel was kept in a stainless-
steel hydrothermal reactor, which was then transferred to an
electric oven and heated to a temperature of 190 °C for a
period of 12 h. After the completion of the reaction, the cata-
lyst was separated by centrifugation and was washed three
times with acetone to recover the adsorbed reactants and pro-
ducts. The complete removal of the adsorbed species was con-
firmed by checking the TLC. After this, the resulting solution
was concentrated by using a rotary evaporator. The yield of the
product was calculated using the nuclear magnetic resonance
(NMR) spectroscopic method, wherein, 1 mmol of 1,1,2,2-tetra-
chloroethane was used as an internal standard. The yield was
calculated by integrating the area under the peaks of the
benzylic protons of the product with respect to the protons of
the internal standard. The formula used for the calculation of
the NMR yield is shown in section S2. During the recyclability
studies, after every cycle, the catalyst was characterized by
PXRD and XPS. It was observed that during the reaction, some
of the Ni** ions in the catalyst were in situ reduced to metallic
Ni° particles.

3. Results and discussion

3.1 Synthesis and characterization studies

A facile method was opted for the synthesis of the NiAl LDH as
shown in Scheme 1. The synthesis was carried out using metal
salt precursors and basic solution. A particular pH was
attained by using the base solution in order to completely pre-
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cipitate the metals as their hydroxides. After attaining this pH,
the solution was aged, followed by washing, drying, and finally
grinding the catalyst. Also, during transfer hydrogenation reac-
tion, the Ni*" in NiAl LDH got in situ reduced to generate
metallic Ni° particles dispersed on a layered matrix.

Powder X-ray diffraction analysis of NiAl LDH was carried
out in order to investigate the crystal structure, and the results
are presented in Fig. 1a. For NiAl LDH, the peaks in the PXRD
plot were observed at angles of 11.53°, 23.31°, 35.10°, 39.38°,
47.36°, 60.15°, 62.28°, 66.14°, and 72.23° corresponding to the
(003), (006), (012), (015), (018), (110), (113), (116) and (202)
planes, respectively, matching well with the JCPDS No. 22-0700
corresponding to LDH.>>? Sharp peaks belonging to the
brucite layer corresponding to the (003) plane with an interpla-
nar distance of 7.69 A are attributed the intercalation of CO;>~
anions in between the layers.*® The Fourier transform infrared
(FTIR) spectra of the as-synthesized catalyst are presented in
Fig. 1b. The broad band observed around 3300 cm™" belongs
to the O-H stretching vibrations of the surface hydroxyl groups
and adsorbed water molecules.>® A small peak belonging to
the bending vibrations of water molecules can also be
observed at 1625 ecm™~".** In addition, peaks belonging to the
carbonate ions were observed at 795 cm™' and 1354 cm™?,
which further verify the presence of carbonate in the interla-
mellar space. The results from PXRD and FTIR confirm suc-
cessful intercalation of carbonate in the interlamellar space of
NiAl LDH.*'* The peaks at 561 and 427 cm ™" are assigned to
the M-O lattice vibrations.*>*® Furthermore, the Raman spec-
trum (Fig. 1c) shows the presence of peaks related to different

vibrational modes. The peaks at 149 cm™', 448 cm™’,
1 1

550 cm™, and 1048 cm™ correspond to M-O stretching
vibrations, bending vibrations of Ni-OH and Al-O, and
vibrations from CO5*~ ions, respectively.?”*®
Thermogravimetric ~ analysis ~ (TGA) and  Derivative

Thermogravimetry (DTG) were carried out to investigate the
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Scheme 1 Schematic representation of the synthesis of NiAl LDH followed by in situ reduction of Ni?* to Ni® during the transfer hydrogenation

reaction.
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Fig. 1 (a) PXRD pattern of NiAl LDH, (b) FTIR spectrum of NiAl LDH and (c) Raman spectrum of NiAl LDH.

thermal stability of the NiAl LDH. The results of thermal ana-
lysis are shown in Fig. S1. Here, two major weight loss regions
can be seen, i.e. in the temperature ranges (i) 25 °C to 190 °C
and (ii) 190 °C to 380 °C and 380 °C to 500 °C.*>*° The first
major weight loss occurs from 25 °C to 190 °C accounting for a
reduction in weight by 13%. This could further be sub-divided
into three distinct regions i.e. (a) from 25 °C to 100 °C attribu-
ted to the loss of weakly adsorbed water molecules on the
surface and (b) from 100 °C to 190 °C attributed to the loss of
water molecules present in the interlayer space of NiAl
LDH.*>*° The second major weight loss in the region of 190 °C
to 360 °C may be attributed to the decomposition of the car-
bonate anions. The third major weight loss in the region of
380 °C to 500 °C occurred due to the decomposition of the
surface hydroxyl groups.***' This weight loss leads to the
destruction of the LDH structure and its conversion to the
corresponding mixed metal oxide.*' Until 580 °C, a total
reduction in weight by 37% was observed. After 580 °C, no sig-
nificant weight loss was observed, indicating high stability of
the formed mixed metal oxide.

In addition, scanning electron microscopy (SEM) analysis
was carried out to investigate the morphology of the as-syn-
thesized NiAl LDH catalyst. The SEM images are presented in
Fig. 2a and b, which show the presence of agglomerated plate-
let-like structures of variable sizes. Furthermore, transmission
electron microscopy (TEM) images, as depicted in Fig. 2c and
d, also confirm the presence of flake-like structures in the
material. Besides, the high-resolution transmission electron
microscopy (HR-TEM) image in Fig. 2e shows the presence of
lattice fringes with the d-spacing of 0.19 nm corresponding to
the (018) plane.** Alongside this, the inverse fast Fourier trans-
form (IFFT) with FFT in the inset and line profiling of this
image are shown in Fig. 2f and g, respectively. As shown in
Fig. 2h, the energy-dispersive analysis (EDAX) of NiAl LDH
reveals the presence of Ni, Al, O, and C in the material. SEM
elemental mapping (Fig. 2i-m) was carried out in order to
investigate the distribution of various elements in NiAl LDH
and the results confirmed their homogeneous distribution.

Furthermore, X-ray photoelectron spectroscopy (XPS) was
employed to gain better insights into the oxidation states,

This journal is © The Royal Society of Chemistry 2026

bonding environment, and elemental composition of the NiAl
LDH catalyst. Fig. S2a shows the XPS survey spectrum of the
NiAl LDH. The Ni 2p high-resolution spectrum (Fig. 3a) shows
characteristic peaks at 855.39 and 872.94 eV corresponding to
Ni*" 2ps/, and 2p,/, and peaks at 857.91 and 875.48 €V corres-
ponding to Ni*" 2p;/, and 2py,,, respectively.”®***> Additional
peaks observed at 882.08, 879.13, 864.87, and 861.50 eV corres-
pond to the satellite peaks of Ni. Furthermore, the Al 2p high-
resolution spectrum (Fig. 3b) can be deconvoluted into two
peaks at 73.8 and 68.2 eV, belonging to AI** 2p and Ni**
3p.***” The O 1s high resolution spectrum (Fig. 3c) shows the
presence of three peaks at binding energies of 529.9, 531.4,
and 532.8 eV belonging to the M-O-M bond, M-O-H bond
and the interlayer adsorbed water, respectively.*®*® Finally, the
C 1s high resolution spectrum (Fig. 3d) can be deconvoluted
into three distinct peaks, viz. 284.8, 286.3, and 288.6 eV,
attributable to the surface-adsorbed carbon, C-O and the
carbon from the carbonate ion, respectively.’® Furthermore,
the atomic percentages of O, Ni, C, and Al on the surface of
the catalyst as determined by XPS studies were found to be
56.17, 18.22, 19.18, and 6.43%, respectively, as shown in
Fig. S2b.

The Brunauer-Emmett-Teller (BET) analysis was carried
out in order to calculate the specific surface area of the
material.® Although LDHs typically exhibit low specific
surface areas, the surface area of the NiAl catalyst is compara-
tively higher than those of some of the other reported non-
noble metal-based catalysts, which contributes to its enhanced
catalytic activity.’>> The N, desorption isotherm, Barrett-
Joyner-Halenda (BJH) pore size and multi-point BET plots of
NiAl LDH are shown in Fig. 4. The NiAl LDH exhibits a type IV
isotherm with a prominent H3-type hysteresis loop
(Fig. 4a).>>> Also, the BJH pore size distribution curve
(Fig. 4b) revealed the presence of mesopores in NiAl LDH with
an average pore size of 3.8 nm and a pore volume of 0.39 cm?
¢~'. Multi-point BET (Fig. 4c) was employed to calculate the
surface area of the NiAl LDH material, which was found to be
78 m® g”'. In addition, the organic acid titration method was
used to determine the basic sites in the material. The total
basicity was determined by using bromothymol blue as an

Dalton Trans., 2026, 55, 2046-2059 | 2049
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NiAl LDH.

indicator and benzoic acid as a titrant. Typically, 50 mg of catalyst
was added to 5 mL of 2 x 107> M bromothymol blue solution.
The solution was stirred for about 30 min and then titrated
against 0.01 M benzoic acid solution. A color change from yellow
to blue was observed with the addition of a catalyst to the indi-
cator solution (Fig. S3). The basicity was calculated based on the
formula given in section S3, and was 0.5 mmol g~

3.2. Catalytic activity studies

A facile protocol was developed for the evaluation of the cata-
lytic activity of the NiAl LDH catalyst for CTH under base-free
conditions. Benzaldehyde was chosen as the model substrate,
and IPA was utilized as a green hydrogen source for the CTH
process. Detailed optimizations were carried out by varying
reaction parameters like catalyst amount, temperature, time of
reaction, and hydrogen source. Initially, the amount of catalyst
was optimized to achieve maximum conversion of benz-

2050 | Dalton Trans., 2026, 55, 2046-2059
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(a and b) SEM images, (c and d) TEM images, (e) HR-TEM image, (f) IFFT (inset FFT), (g and h) EDAX spectra and (i—-m) elemental mapping of

aldehyde. Fig. 5a shows the effect of a change in the amount
of catalyst on the yield of benzyl alcohol. When the reaction
was carried out using 20 mg of catalyst, a 78% yield of benzyl
alcohol was obtained. The yield of benzyl alcohol increased to
94% on increasing the amount of catalyst to 50 mg. This
increase in the yield of product was observed due to an
increase in the number of catalytically active sites with an
increase in catalyst amount. Keeping these results in consider-
ation, the amount of catalyst was fixed to 50 mg, and further
optimizations were carried out by varying other parameters.

In order to check the effect of temperature on the yield of
benzyl alcohol, further optimizations were carried out. As
shown in Fig. 5b, a gradual increase in the yield of benzyl
alcohol from 80% to 94% was observed when the temperature
increased from 160 °C to 190 °C. The increase in the reaction
temperature leads to more reactant molecules crossing the
energy barrier and getting converted into the products. After

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 XPS spectra of (a) Ni 2p, (b) Al 2p, (c) O 1s and (d) C 1s of the NiAl LDH catalyst.
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Fig. 4 (a) BET plot of N, adsorption—desorption isotherms, (b) BJH pore size distribution plot, and (c) surface area plot of NiAl LDH.

that, the reaction time was examined as shown in Fig. 5c, and
a significant increase in the yield of product, i.e., from 79% to
94%, was observed when the time of reaction was increased
from 6 h to 12 h. Then, the performance of the catalyst for the
CTH of benzaldehyde was evaluated using different hydrogen
sources (Fig. 5d). Optimizations using different hydrogen
sources were carried out, and it was observed that the reaction

This journal is © The Royal Society of Chemistry 2026

carried out using methanol as a hydrogen source gave the
lowest yield of benzyl alcohol i.e., 28%. Meanwhile, the yields
of benzyl alcohol using 2-butanol, ethanol and IPA were 72, 86,
and 94%, respectively. These results show that the hydrogen
donating ability of secondary alcohol (isopropyl alcohol) is
much greater than that of primary alcohols (ethanol and
methanol). This occurs due to the following reasons: (i) IPA

Dalton Trans., 2026, 55, 2046-2059 | 2051
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Fig. 5 Optimization of reaction conditions for the transfer hydrogenation of benzaldehyde using NiAl LDH: (a) variation in catalyst amount (reaction
conditions: IPA (5 mL), time (12 h), and temperature (190 °C)); (b) variation in reaction temperature IPA (5 mL), catalyst amount (50 mg), and time
(12 h); (c) variation in reaction time (reaction conditions: IPA (5 mL), catalyst amount (50 mg), and temperature (190 °C)); (d) variation in the hydrogen
source (reaction conditions: catalyst amount (50 mg), time (12 h), temperature (190 °C), and hydrogen source (5 mL)).

being a secondary alcohol has a weaker -OH bond as com-
pared to other hydrogen sources, (ii) more a-hydrogens are
present in IPA as compared to other hydrogen sources, and
(iii) IPA has a lower reduction potential as compared to
primary alcohols.>® Interestingly, 2-butanol as a hydrogen
source gave a lower yield of benzyl alcohol as compared to that
obtained using ethanol. This can possibly be attributed to the
that become significant in 2-butanol.
Furthermore, a control reaction in the absence of a catalyst

steric  factors
gave benzyl alcohol in 11% yield only.

The designed protocol of the CTH reaction was further
applied to substituted aromatic aldehydes (Scheme 2). It was
observed that the reaction proceeded well for both electron-
donating and electron-withdrawing substituents giving high
yields of the corresponding alcohols. Also, it was observed that

2052 | Dalton Trans., 2026, 55, 2046-2059

the yield of alcohol was high irrespective of the position to
which the substituent was attached. Furthermore, when benzo-
phenone was used as a model substrate to investigate the
applicability of the designed protocol to aromatic ketones, it
was observed that the ketone group remained unaffected. This
is due to the fact that ketones are less electrophilic, sterically
hindered and generally require harsh conditions to get hydro-
genated.”® Additionally, substrates with reduction-prone
groups, viz. nitro and cyano, remained unaffected, indicating
high selectivity of the designed protocol towards the aldehyde
group.

A detailed comparison of the performance of our employed
catalyst with other reported catalysts for hydrogenation of
benzaldehyde has been mentioned in Table S1. The method-
ology developed in this work employs NiAl LDH for transfer

This journal is © The Royal Society of Chemistry 2026
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CHO CH,OH
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72 NiAl 72
2 + i
R \I )\ 190°C,12h) i \I e )J\
1a-k 2 3a-k Acetone
(1 mmol) (5 mL)
CH,OH CH,OH CH,OH CH,OH
. ig o : i : OCH,3
Slp St CH, OCH, OCH,
3b, 95% 3¢, 92% 3d, 93%
CH,OH CH,OH CH,OH CH,OH
t 'Br : i :
3e, 97% Br Cl CN
3f, 98% 39,97% 3h, 74%
CH,OH CH,OH OH
J
) NO,
3i, 89% 3j, 87% 3k, 0%

Scheme 2 Transfer hydrogenation of different aromatic aldehyde substrates. NMR yield is reported using 1,1,2,2-tetrachloroethane as an internal

standard.

hydrogenation of benzaldehyde under optimized reaction con-
ditions. The facile synthesis conditions provide some advan-
tages over those of other reported catalysts for scaling up from
an industrial point of view. In earlier reports, hydrogenation of
benzaldehyde has been carried out using both heterogeneous
and homogeneous catalysts. The homogeneous catalysts gener-
ally employ noble metals, face thermal stability issues, and are
difficult to recover. On the other hand, the reported hetero-
geneous catalysts use a base as an additive. The addition of
the base in a reaction raises the concern of environmental
friendliness of the process. There are several reports in the lit-
erature where hydrogenation of benzaldehyde has been carried
out using molecular hydrogen as well. Molecular hydrogen has
to be used under high pressure and is highly flammable,
raising safety concerns. Also, its operation requires sophisti-
cated equipment, thus raising the overall costs of the process.
Thus, the protocol developed in this work is highly efficient

This journal is © The Royal Society of Chemistry 2026

for the hydrogenation of benzaldehyde. However, the tempera-
ture required for the developed reaction protocol is higher
than those of other catalytic systems presented in Table S1.

3.3. Recyclability studies

One of the most important and distinguishing features of
heterogeneous catalysts compared to homogeneous catalysts is
their recyclability. To evaluate the stability of the catalyst,
recyclability studies were conducted over four consecutive reac-
tion cycles under optimized reaction conditions. The results
are presented in Fig. 6a. During these studies, it was observed
that the product yield remained excellent up to the second
cycle. However, a noticeable decrease in yield was observed
after the second cycle. In the fourth cycle, the yield remained
comparable to that of the third cycle, with no further signifi-
cant decline.
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Fig. 6 (a) Recyclability study of NiAl LDH, (b) PXRD plots after each catalytic cycle, (c) XPS survey spectra, XPS spectra of (d) Ni 2p, (e) zoomed
version of Ni 2p high resolution XPS spectra, and XPS spectra of (f) Al 2p, (g) O 1s, and (h) C 1s of spent catalysts.

To investigate the cause of the decreased yield after the
second cycle, detailed structural and compositional analyses
were performed using PXRD and XPS. The PXRD analysis of
the recovered catalyst after each cycle is shown in Fig. 6b. After

2054 | Dalton Trans., 2026, 55, 2046-2059

the second cycle, a diffraction plane corresponding to the
(111) plane of Ni appeared. By the fourth cycle, the diffraction
peaks associated with metallic Ni’, specifically the (111), (200),
and (220) planes, became more intense compared to the peaks

This journal is © The Royal Society of Chemistry 2026
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of the NiAl LDH phase, indicating that the catalyst had largely
transformed into metallic Ni° supported on the LDH-derived
matrix. The diffraction peaks of the LDH-derived matrix are
not visible in the PXRD plot due to its amorphous nature and
their much lower intensity compared to the Ni® diffraction
planes. This transformation can be attributed to the in situ
reduction of Ni** to Ni® during the transfer hydrogenation of
aldehydes, with isopropanol (IPA) acting as both the hydrogen
source and reducing agent. To confirm the formation of metal-
lic nickel particles, TEM was performed. TEM images (Fig. S4a
and b) show the presence of metallic nickel particles.
Furthermore, the HRTEM image, inverse fast Fourier trans-
form (IFFT) image along with fast Fourier transform (FFT)
image and line profiling of the recovered catalyst (Fig. S4c-e)
show lattice fringes with a d-spacing of 0.20 nm corresponding
to the (111) plane, which is in accordance with the PXRD
results. This observation is consistent with a previous report,
where Pan et al.” had reported in situ reduction of Cu®>* to Cu*
and Cu® using IPA, wherein the reduced Cu® atoms nucleate
and grow into nanoparticles dispersed on the LDH support.

Additionally, XPS analysis of the recovered catalysts after
each cycle is shown in Fig. 6¢c-h. A zoomed version of high-
resolution Ni 2p spectra shows the emergence of peaks around
852.5 eV, corresponding to the 2p;,, level of Ni’, starting from
the second cycle (Fig. 6e). Also, a significant decrease in Ni
content was observed from 18.22% in the fresh catalyst to
5.72% after the fourth cycle (Table 1). The Ni** to Ni° ratio also
indicated an increase in Ni° content from the second to fourth
cycle, changing from 1:0.02 to 1:0.05 (Table 1). Based on
these structural and compositional analyses, the decline in
recyclability was mainly attributed to Ni leaching from the
catalyst as evidenced from the decreased Ni content in the
recovered catalyst. However, the stable yields observed in the
third and fourth cycles were due to the in situ formation of
metallic Ni°, which remained catalytically active. Therefore, it
was concluded that in these cases, metallic Ni° serves as the
active species responsible for transfer hydrogenation of alde-
hydes to their corresponding aromatic alcohols in the later
cycles. Moreover, due to the formation of the metallic Ni°, the
reconstruction of the NiAl LDH is not possible. Moreover, the
carbon content after the fourth cycle is higher than that of the
fresh catalyst, even though the catalyst undergoes decarboxyl-
ation during the transformation of NiAl-LDH to Ni-Al,O;. This
increase in carbon content may be attributed to carbon depo-
sition on the surface of the catalyst, which can block the cataly-
tically active sites for subsequent cycles.

View Article Online
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3.4. Structure-activity correlation and mechanism of reaction

To better understand the roles of acidic and basic sites in the
catalytic transfer hydrogenation (CTH) process, poisoning
experiments were conducted, as illustrated in Scheme S1. In
these studies, pyridine and benzoic acid were employed as
selective poisons for the acidic and basic sites of the NiAl LDH
catalyst, respectively. Pyridine acts as a Lewis base that prefer-
entially coordinates to acidic sites and hampers their activity.
In contrast, benzoic acid, a Bronsted acid, interacts with basic
sites and hampers the activity of the catalyst. When pyridine
was introduced to quench the acidic sites, the yield of benzyl
alcohol dropped to 78%, indicating a partial inhibition of the
reaction. However, when benzoic acid was used to poison the
basic sites, the product yield declined significantly to 29%.
This substantial decrease highlights the crucial role of basic
sites in facilitating the CTH of benzaldehyde to benzyl alcohol.
These observations suggest that although both acidic and
basic sites are involved in the reaction mechanism. The basic
sites on the NiAl LDH catalyst play a more dominant role in
the catalytic process. The significant impact of basic site
quenching implies that they may be directly responsible for
activating the hydrogen donor (e.g., isopropanol) or facilitating
the adsorption and transformation of the aldehyde substrate.
Overall, the poisoning experiments show the importance of
maintaining the acid-base balance on the catalyst surface and
affirm that the basic sites are essential for achieving high
efficiency in the CTH of benzaldehyde.

The transfer hydrogenation of aldehydes to the corres-
ponding alcohols involves two reaction pathways ie.,
Meerwein-Ponndorf-Verley (MPV) and metal hydride mediated
reaction pathways as depicted in Scheme 3. Based on the afore-
mentioned characterization and experimental findings, these
reaction mechanisms were proposed for the catalytic transfer
hydrogenation (CTH) of benzaldehyde to benzyl alcohol.
Drawing upon insights from previous literature,>**™% we
propose that the Meerwein-Ponndorf-Verley mechanism
governs the initial CTH process using the fresh NiAl LDH cata-
lyst. This classical mechanism is typically facilitated by the
synergistic interaction of Lewis-acidic (Ni**/AlI**) and Lewis-
basic (O®>7) sites inherent in the layered double hydroxide
(LDH) framework.

The MPV-type mechanism progresses through the for-
mation of a sixmembered cyclic transition state
(Scheme 3a).>*°! In the first step (i), the benzaldehyde and iso-
propanol adsorb onto the catalytically active surface of the

Table 1 Table showing the atomic percentage of constituent elements for fresh and recovered catalysts

S. no. Element Fresh catalyst After 1% cycle After 2™ cycle After 3™ cycle After 4™ cycle
1 Ni 2p 18.22 13.66 12.54 6.89 5.72

2 Al 2p 6.43 5.64 5.90 30.98 26.4

3 O 1s 56.17 50.78 48.18 36.98 37.09

4 Cls 19.18 29.92 33.38 25.15 30.79

5 Ni° to Ni** — — 2.00 3.00 5.00

This journal is © The Royal Society of Chemistry 2026
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Scheme 3 Plausible reaction mechanisms for the CTH of benzaldehyde to benzyl alcohol in the presence of IPA using NiAl LDH: (a) Meerwein—
Ponndorf-Verley (MPV) mediated pathway and (b) metal hydride mediated pathway.

NiAl LDH. The oxygen atom of the alcohol coordinates with
the Lewis-acidic metal centres (preferably Ni**), while the
hydroxyl hydrogen interacts with the Lewis-basic O>~ species
of the LDH which play a crucial role as confirmed from the
structure-activity correlation studies. Simultaneously, the car-
bonyl group of benzaldehyde also coordinates with the Lewis-
acidic sites, positioning the molecules favourably for hydride
transfer. In the second step (ii), a six-membered cyclic tran-
sition state forms, bringing the hydride donor (isopropanol)
and the carbonyl acceptor (benzaldehyde) in close proximity.
In the third step (iii), a concerted hydride transfer occurs: the
o-hydrogen of isopropanol is transferred to the carbonyl
carbon of benzaldehyde, resulting in the formation of benzyl
alcohol and acetone. This step involves simultaneous bond
breaking and bond formation. Finally, in step (iv), the pro-
ducts desorb from the catalyst surface, thereby regenerating
the active sites and completing the catalytic cycle.

In addition to the MPV mechanism, an intriguing phenom-
enon was observed during the recyclability studies of the cata-
lyst. As the number of cycles increased in the recyclability
studies, the Ni** species in the NiAl LDH were gradually
reduced to metallic Ni° particles due to the in situ reducing
environment provided by isopropanol. This reduction was con-
firmed through PXRD and XPS analyses, which revealed a pro-
gressive increase in the Ni’ content after each cycle.
Consequently, with the formation of metallic Ni particles, the
mechanism of the CTH reaction began to shift from the MPV
pathway to a metal-hydride pathway, as depicted in
Scheme 3b.” In this alternative pathway, the dehydrogenation
of isopropanol is facilitated by both the metallic Ni° particles
and the Lewis-acidic (Ni** and AI’") sites of the catalyst.
Isopropanol undergoes dehydrogenation to form a metal
hydride species on the surface of the Ni particles. The result-
ing hydride is then transferred to the carbonyl carbon of benz-
aldehyde to form benzyl alcohol as a product. This mechanis-
tic shift explains the sustained catalytic activity observed in the

2056 | Dalton Trans., 2026, 55, 2046-2059

third and fourth reaction cycles, even as the original NiAl LDH
structure was lost. Thus, while the MPV mechanism dominates
in the initial reaction cycles with the fresh catalyst, the metal-
hydride pathway becomes prominent in the subsequent cycles
due to the structural evolution of the catalyst.

3.5. Green metric parameters

Green metric parameters were calculated for the transfer
hydrogenation of benzaldehyde to form benzyl alcohol
(section S4).°°°' The calculated values of different parameters
are shown in Table 2. During the reaction, acetone is formed
in an equimolar amount; however, it evaporates during the
reaction workup on account of its low boiling point. Therefore,
acetone is not considered a byproduct but is treated as waste
in the green metric calculations. Here, the environmental
factor (EF) emphasizes the waste generated in the reaction and
a small value of EF indicates minimal waste generation during
the reaction and the process being more sustainable. The EF
for our developed protocol was calculated as 0.644.
Furthermore, we also calculated the EF for reactions attempted
using different hydrogen sources. The EF values were calcu-
lated as 0.652 for ethanol, 1.337 for 2-butanol, and 3.6 for

Table 2 Summary of green metric parameters for the CTH of benz-
aldehyde to benzyl alcohol

Obtained
S.no. Green metric parameter Ideal value value
1 Environmental factor (EF) 0 0.644
2 Atom economy (AE) 100% 65%
3 Process mass intensity (PMI) 1 40
4 Carbon economy 100% 70%
5 Solvent intensity (SI) 0 0
6 Renewable intensity (RI) Higher is better 39
7 Renewable percentage (RP) 100% 98%
8 Reaction mass efficiency (RME)  100% 66%
9 Mass intensity (MI) 1 40

This journal is © The Royal Society of Chemistry 2026
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methanol. Furthermore, atom economy (AE) is related to the
synthetic efficiency of the applied reaction protocol and gives
the idea of the number of atoms of reactants that were incorpor-
ated into the products. Our designed protocol had an AE value
equal to 65%, indicating that the majority of the atoms of the
reactants were incorporated into the product (benzyl alcohol). It
is noteworthy to mention here that the byproduct (acetone)
formed during this reaction was neither isolated nor quantified
due to practical issues in its isolation. Another parameter of
utmost importance is process mass intensity (PMI), which refers
to the mass of raw materials utilized for obtaining products.® It
can also be calculated from the EF (PMI = EF + 1). PMI is calcu-
lated as the ratio of the total mass of reactants (including
solvent) to the mass of the product in the process. Ideally, the
value of PMI is 1 which suggests that the input and output are
equal, leaving no waste or unreacted components. In our case
the value of PMI is 40. The high value of PMI was due to the
excess IPA used for transfer hydrogenation reaction. It is note-
worthy to mention that IPA is a green solvent, and the excess
amount used can be recovered using fractional distillation.

Carbon economy (CE) refers to the ratio of the carbon in
the product to that present in the reactant and is usually
expressed in percentage.”® The carbon economy for our
process came out to be 70%. The solvent intensity (SI) quan-
tifies the amount of product used with respect to the solvent.®?
For any process to be suitable for the industry, the amount of
solvent used in a chemical process should be low, minimizing
the overall cost of the productivity. A higher solvent intensity
indicates a high level of solvent waste, which must be treated
or disposed of, ultimately adding to the environmental foot-
print of a process. Since no additional solvent is involved in
the reaction, the value for solvent intensity is 0. The renewable
intensity (RI) parameter is used to estimate the proportion of
renewable materials in comparison with total resources con-
sumed in a process.®* The renewable intensity for our devel-
oped protocol turned out to be 39. The higher value of renew-
able intensity signifies that most of the raw materials used
during the process are derived from renewable sources. The
renewable percentage (RP) was calculated.®* The RP is used to
quantify the percentage of renewable resources used in a
process relative to the total resources used. For our protocol,
the value of renewable percentage was 96%. Reaction mass
efficiency (RME) is defined as the percentage mass of the
target product with respect to the mass of all reactants.®> A
value of 66% was obtained for our reaction. Mass intensity
(MI) helps to estimate the total mass of all materials used to
produce one unit of product.®® A sustainable process tends to
have a lower value of mass intensity. Our strategy has a MI
value of 40.

4. Conclusions

In this work, we present a robust and environmentally benign
strategy for the catalytic transfer hydrogenation (CTH) of benz-
aldehyde using isopropanol (IPA) as a green hydrogen source.

This journal is © The Royal Society of Chemistry 2026
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A key highlight of this study is the in situ generation of active
Ni° species from a NiAl layered double hydroxide (LDH) pre-
cursor during the reaction process. This transformation not
only drives the reduction of benzaldehyde to benzyl alcohol
under base-free conditions but also fundamentally alters the
reaction pathway upon catalyst reuse. Initially, the reaction
proceeds via a classical Meerwein-Ponndorf-Verley (MPV)
mechanism. However, after the second catalytic cycle, struc-
tural and compositional analyses reveal a progressive
reduction of Ni** to Ni’, driven by IPA as a reducing agent
under the reaction conditions. The resulting Ni° particles shift
the catalytic mechanism from the MPV to a metal-hydride
pathway, wherein dehydrogenation of IPA occurs over the
metallic Ni surface, assisted by the remaining Lewis acid sites,
followed by the hydrogenation of the aldehyde to yield the
corresponding alcohol. This dual mechanistic pathway
explains the sustained catalytic activity in later cycles, despite
the transformation of the original LDH structure.
Furthermore, control and poisoning experiments highlight the
crucial role of basic sites in the initial MPV-type CTH process.
The developed protocol also demonstrates excellent substrate
scope and high chemoselectivity, particularly towards aldehyde
groups, leaving reducible nitro and ketone functionalities
unaffected under the optimized conditions. Overall, this study
not only introduces a facile and scalable route for the in situ
synthesis of metallic Ni particles but also provides insights
into an effective catalytic system wherein the structural evol-
ution of the catalyst induces a mechanistic shift, enhancing
the sustainability of the process.
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