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hored on chitosan-derived N-
doped porous carbon: an efficient catalyst for a-
alkylation of ketones with alcohols via borrowing
hydrogen

Zegang Zhang, Dongbin Mo, Youjuan Tan, Xueqin Chang, Lin Chen *
and Xianglin Pei *

To address the challenges in developing green and efficient heterogeneous catalysis for the a-alkylation of

ketones via the borrowing hydrogen strategy, a novel supported cobalt nanoparticle (QNCM@Co) catalyst

was rationally designed and prepared. This catalyst features nano-cobalt anchored on N-doped porous

carbon microspheres derived from quinoline-8-carboxaldehyde-modified chitosan microspheres.

Structural characterization results indicated that the carrier possesses abundant nanopores and N/O

functional groups, enabling effective anchoring and uniform dispersion of nano-cobalt particles.

Moreover, the Co–N/O coordination structure at the nanoscale surface modulates the electronic

structure of the active sites. QNCM@Co exhibited a high catalytic activity in the borrowing hydrogen a-

alkylation reaction of ketones and alcohols, which outperformed most reported homogeneous and

heterogeneous catalysts. It also demonstrated excellent cycling stability and broad substrate scope.
Introduction

The a-alkylation reaction of ketones with alcohols is a crucial
method for constructing C(sp3)–C(sp3) bonds.1 Particularly in
medicinal chemistry, it represents a pivotal tool for the
synthesis of commercially relevant bioactive compounds,
including nonsteroidal anti-inammatory drugs (NSAIDs),
neuroactive agents, and anticancer therapeutics.2 However,
traditional processes typically rely on haloalkanes as the alkyl-
ation reagents, faced with issues such as the need for stoi-
chiometric bases, the generation of toxic waste, and relatively
high costs, compromise their long-term sustainability.3 Alter-
natively, alcohols can function as inexpensive and green alky-
lating agents for ketones via borrowing hydrogen.4 In this
approach, the alcohol rst undergoes dehydrogenation to form
an aldehyde, which then condenses with a ketone to produce an
a,b-unsaturated ketone. Finally, the extracted hydrogen atoms
are transferred back to reduce the in situ generated interme-
diate, achieving the formation of a C(sp3)–C(sp3) bond.5

Although noble-metal homogeneous catalysts (such as Ru,
Rh, Ir, and Pd) are widely employed in this alkylation reaction
with high efficiency, their high cost precludes practical appli-
cations.6 In the pursuit of sustainable chemistry, the develop-
ment of catalytic systems based on earth-abundant, cost-
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effective metals (e.g., Co, Fe, Mn, Ni) has emerged as a pivotal
research frontier.7 However, these inexpensive metals suffered
from inherently low activity and required expensive N-
heterocyclic clamp ligands to maintain efficiency,8 which
hinders their further advances (Fig. 1a). In contrast, heteroge-
neous catalysts possess signicant advantages, such as ease of
recovery, reusability, and environmental friendliness, wherein
developing cost-effective metal heterogeneous catalytic systems
utilizing Co has become a hot topic.9 Nevertheless, these
Fig. 1 (a and b) Challenges of the reported catalytic systems for the a-
alkylation of ketones with alcohols. (c) Our strategy: the QNCM@Co-
empowered a-alkylation of ketones.
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systems oen exhibit high temperatures, high loadings, and
a narrow substrate scope.10 In this context, developing low-cost,
readily available, and highly efficient Co heterogeneous cata-
lysts for the a-alkylation of ketones with alcohols is of para-
mount importance.

The commonly used supports, such as carbon nanotubes,
graphene, and metal oxides, are oen constrained by expensive
raw materials and complex preparation processes (Fig. 1b),
which spurs interests in preparing carriers from inexpensive,
environmentally friendly, and renewable materials.11,12 Chito-
san, a widely available and low-cost natural polymer derived
from chitin, features a well-dened molecular structure rich in
easily modiable amino and hydroxyl groups on the glucos-
amine unit.13 The depolymerization and recombination mech-
anism mediated by intra-chain hydrogen bonds in chitosan
effectively governs the morphology of this material.14 Further-
more, nitrogen-containing heterocycles can be graed onto
chitosan using amino groups as functional handles. These N-
heterocycles would serve as coordination sites to immobilize
the metal atoms and tailor their electronic structures (Fig. 1c).
Therefore, a heterogeneous cobalt catalyst based on a chitosan-
derived support, characterized by low dosage, high activity, and
excellent stability, is expected to signicantly advance the a-
alkylation of ketones.

In this work, porous chitosan microspheres (CM) were rst
prepared via the sol–gel method.15 Quinoline-8-carboxaldehyde
was then installed onto their surfaces through the Schiff base
reaction (QCM), constructing a multifunctional coordination
environment.16 Finally, the wet impregnation of cobalt followed
by the high-temperature in situ activation were conducted,
resulting in the fabrication of the N-doped porous carbon
microsphere supported nano-cobalt (QNCM@Co). The intro-
duction of quinoline structure not only enhanced the carrier
stability, but also rmly anchored cobalt nanoparticles. The N
and O sites on the carrier modulated the electronic structure of
the cobalt nanoparticle surface, thereby signicantly boosting
the catalytic activity. Employing the borrowing hydrogen
strategy, QNCM@Co drove the a-alkylation of ketones with
alcohols in high catalytic efficiency, which achieved high TOF
values. The catalyst also exhibits a wide range of substrate
applications, better activity than commercial catalysts and
excellent cycle stability. Thus, a green and sustainable hetero-
geneous catalytic platform for the current reaction was estab-
lished. We document here the details of this study.

Experimental section
Preparation of chitosan microspheres

Chitosan powder (9 g) was dissolved in 200 g of an aqueous
solution comprising LiOH (9 wt%), KOH (14 wt%), and urea
(16 wt%). The solution was frozen at −35 °C for 3–4 h and
subsequently thawed under stirring at room temperature. This
freeze-thaw cycle was repeated three times to afford a clear and
transparent chitosan solution. Subsequently, 350 g of isooctane
and 20 g of Span 85 were added to a 1 L three-neck ask
equipped with a mechanical stirrer. Aer 0.5 h of stirring in an
ice bath, the chitosan solution was added dropwise. The
23674 | RSC Adv., 2026, 16, 23673–23683
mixture was stirred continuously in an ice-water bath for 1 h to
form uniform emulsion droplets. The mixture was then trans-
ferred to a 70 °C water bath and stirred for 30 min. Upon
completion, the suspension was ltered, and the lter cake was
washed sequentially with ethanol and deionized water. Finally,
freeze-drying of the lter cake afforded the porous chitosan
microspheres (CM).

Preparation of CM graed by quinoline-8-carboxaldehyde

A mixture of CM (500 mg) and quinoline-8-carboxaldehyde (332
mg) was added to a 200 mL double-stoppered round-bottom
ask. Anhydrous ethanol (50 mL) was added, and the pH of
the solution was adjusted to 6 with acetic acid. The mixture was
then reuxed at 80 °C for 12 h. Aer the reaction was complete,
the mixture was ltered. The lter cake was washed three times
with ethanol, and subsequently with tert-butanol. Freeze-drying
of the resulting solid afforded quinoline-8-carboxaldehyde-
graed chitosan microspheres (QCM).

Preparation of QNCM@Co

QCM (500mg) was dispersed in 100mL of ethanol and stirred at
room temperature for 5–10 min. Separately, CoCl2$6H2O (60.5
mg) was dissolved in 20 mL of ethanol. Upon the formation of
a clear solution, it was added dropwise to the QCM dispersion.
The mixture was continuously stirred at room temperature for
3 h. Aer that, the solid was collected by ltration and washed
repeatedly with ethanol and deionized water to afford the
precursor. Subsequently, the precursor was calcined under an
argon atmosphere at a heating rate of 5 °C min−1 to 600 °C, and
maintained at this temperature for 2 h. Aer cooling,
QNCM@Co was obtained. With commercial carbon powder as
a support, a carbon-supported nano-cobalt (C@Co) was
prepared under the same procedure. The carrier was replaced
with CM, and CM@Co was prepared using the same procedure.

General procedure for the a-alkylation of ketones with
alcohols

In a ask equipped with a magnetic stirrer, ketone (0.2 mmol),
alcohol (0.4 mmol), NaOH (8.0 mg, 0.2 mmol), and QNCM@Co
(1.0 mg, 0.23 mol% of Co loading) were sequentially added,
followed by the addition of toluene (2 mL). The mixture was
stirred at 130 °C for 24 h. Aer completion, the coupling reac-
tion product was analyzed by gas chromatography (GC) and 1H
NMR spectroscopy, with biphenyl as an internal standard.

Result and discussion
Preparation and characterization

The preparation process of the N-doped porous carbon micro-
sphere nano-cobalt catalyst is shown in Fig. 2a. Chitosan
powder was dissolved in a cold alkali/urea aqueous solution,
and the hydrogen bonds between and within the molecules
were destroyed, resulting in the formation of a transparent
solution.17 Using the microemulsion-assisted sol–gel method,
the dissolution equilibrium was disrupted by rapid stirring to
facilitate the reorganization of chitosan chains through
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic diagram of the preparation process of QNCM@Co. (b–d) SEM images of QNCM@Co.
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hydrogen bonding, resulting in the formation of three-
dimensional porous CM. Leveraging the abundant amino
groups on the surface of CM, quinoline-8-carboxaldehyde was
installed onto the microsphere surface via a Schiff base reac-
tion, which furnished quinoline-8-carboxaldehyde graed chi-
tosan microspheres (QCM) with N/O coordination sites. Cobalt
was anchored on QCM via wet impregnation using CoCl2$6H2O
as the precursor. To achieve the in situ growth of nano-cobalt,
the material was calcined under an argon atmosphere at high-
temperature, causing the fabrication of the N-doped porous
carbon microsphere-supported nano-cobalt (QNCM@Co). This
procedure can increase the specic surface area and pore
density of the catalyst, thus enhancing mass transfer efficiency.
The abundant N/O coordination sites effectively anchored
cobalt nanoparticles, preventing their aggregation at high
temperatures. Furthermore, they can modulate the electronic
structure of the cobalt nanoparticle surface, thereby potentially
boosting the catalytic performance.

A series of characterizations was conducted to investigate the
structural properties of QNCM@Co. In the scanning electron
microscopy (SEM) images, QNCM@Co exhibited three-
dimensional nanoporous structures (Fig. 2b–d), which guaran-
teed the uniform decoration of quinoline on the microsphere
surface.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Nitrogen adsorption–desorption testing (Fig. 3a) manifested
that both N-doped porous carbon microspheres (QNCM) and
QNCM@Co displayed Type IV isotherms and H3-type hysteresis
loops, conrming the presence of mesoporous structures in the
material.18 Their pore size distribution primarily ranged from
0 to 60 nm, with a main pore size of approximately 8 nm
(Fig. 3b). Additionally, the specic surface area of QNCM@Co
was 175.16 m2/g, lower than that of the blank support (205.07
m2/g), which was attributed to the formation of nano-cobalt
particles occupying part of pore structures. This high specic
surface area not only provided more anchor points for nano-
scale cobalt, but also improved mass transfer efficiency in the
reaction.

In the FT-IR spectra (Fig. 3c), CM, QCM, and QNCM@Co
showed hydroxyl (O–H) stretching vibration peaks at 3435 cm−1,
amide N–H (–CO–NH–) bending peaks at 1594 cm−1, and ether
bond (C–O–C) vibration at 1354 cm−1.19 Compared to CM, QCM
and QNCM@Co exhibited distinct absorption peaks at
1640 cm−1 for the C]N bond,20 along with the C]C vibration
peaks at 1450 cm−1 to 1600 cm−1,21 suggesting the successful
graing of quinoline-8-carbaldehyde onto the microsphere via
imine bond.

The X-ray diffraction (XRD) patterns of QNCM and
QNCM@Co are depicted in Fig. 3d. Characteristic diffraction
RSC Adv., 2026, 16, 23673–23683 | 23675

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01776b


Fig. 3 (a) Nitrogen adsorption/desorption isotherms of QNCM andQNCM@Co. (b) Pore size distribution diagrams of QNCM andQNCM@Co. (c)
FT-IR spectra of CM, QCM and QNCM@Co. (d) XRD spectra of QNCM and QNCM@Co, with the standard XRD cards for Co–N and Co–O. (e)
Raman spectra of QNCM andQNCM@Co. (f) XPS spectra of Co 2p3/2 for QNCM@Co. (g) C 1s, (h) O 1s, (i) N 1s spectra of QNCM andQNCM@Co.
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peaks of chitosan were observed at 20.86° and 26.66° for the
both samples, indicating that the structure of the carrier
remained stable aer graing.22 Aer the support was loaded
with cobalt, new characteristic diffraction peaks appeared at
approximately 42.67°, corresponding to the (111) crystal planes
of Co–N/O, respectively.23 Comparison with the standard refer-
ence pattern (JCPDS card) revealed that these peaks are attrib-
uted to nano-cobalt particles with a Co–N/O coordination
structure, thereby indirectly conrming the successful doping
of quinoline nitrogen.

The Raman spectra of QNCM and QNCM@Co (Fig. 3e)
showed two characteristic peaks at ∼1343.93 and
∼1580.46 cm−1, assigned to the D and G bands of the carbon
material, respectively.24 The D band reects structural defects in
carbonmaterials, while the G band is associated with the planar
23676 | RSC Adv., 2026, 16, 23673–23683
stretching motion of sp2 carbon atoms. The graphitization
degree and structural order of a material can be evaluated
through the intensity ratio of the D band to the G band (ID/IG).
The results indicated that the ID/IG ratio of the QNCM@Co
slightly increased, suggesting that the introduction of nano-
scale cobalt not only improved the graphitization degree of the
material, but also led to the formation of more structural
defects. Enhanced graphitization improves electrical conduc-
tivity, while abundant defect sites facilitate stronger anchoring
of metal nanoparticles, collectively boosting catalytic
performance.

The chemical state of the QNCM@Co was analyzed by X-ray
photoelectron spectroscopy (XPS), and the C 1s spectrum was
corrected at 284.80 eV. The full-size XPS spectrum conrmed
the presence of C, O, N, and Co elements in QNCM@Co
© 2026 The Author(s). Published by the Royal Society of Chemistry
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(Fig. S1). Four peaks at 778.34 eV, 780.24 eV, 782.64 eV, and
785.84 eV appeared in the Co 2p3/2 spectrum, which belonged
to Co0, Co2+, Co–N, and a satellite peak of Co2+,25 respectively
(Fig. 3f). The rst peak at 778.34 eV indicated that metallic Co
was formed in situ during pyrolysis. The peak at 780.24 eV may
resulted from interactions between N and O elements and
cobalt nanoparticles, where the cobalt nanoparticles trans-
ferred electrons to the N and O elements, leading to the accu-
mulation of partial positive charge on the surface of the cobalt
nanoparticles. The peak at 782.64 eV was assigned to Co–N,
verifying the presence of Co–N species in QNCM@Co. This
nding corroborated the (111) and (200) crystal planes of Co–N/
O observed in the XRD pattern. Compared to QNCM, the C1s
spectrum (Fig. 3g) of QNCM@Co could be resolved into C–C/C–
H (284.82 eV), C–O/C–N (285.25 eV), and C]O/C]N (287.30 eV)
peaks.26 These C 1s spectral peaks remained essentially
unchanged aer the introduction of cobalt, and it implied that
the carbon elements in the carrier did not interact with the
nano-cobalt. In contrast, C]O (530.85 eV), O–C]O (532.15 eV),
and C–O (533.65 eV) in the O1s spectrum of QNCM@Co shied
toward lower binding energies compared to C]O (531.02 eV),
O–C]O (532.51 eV), and C–O (534.02 eV) in that of QNCM
(Fig. 3h).27 In the N 1s spectra (Fig. 3i), they can be resolved into
four peaks assigned to pyridine nitrogen, pyrrole nitrogen,
graphitic nitrogen, and oxidized nitrogen, respectively. It is
noteworthy that the binding energies of graphitic nitrogen
(400.97 eV) and oxidized nitrogen (402.85 eV) did not shi.
However, the binding energies of pyridinic nitrogen (398.17 eV)
and pyrrolic nitrogen (399.57 eV) shied to lower binding
energies, reaching 397.95 eV and 399.05 eV for QNCM@Co,
respectively.28 This indicated signicant interactions between
the cobalt nanoparticles and the N and O elements in the
support. Due to the high electronegativity of N and O, electron
transfer occurred from the cobalt nanoparticles to N and O. This
result conrmed that N and O in the carrier form Co–N/O
coordination species. These species not only prevent their
agglomeration, but also regulated the electronic structure on
the nano-cobalt surface, thereby enhancing its ability for the
activation of substrates.

Transmission electron microscopy (TEM) analysis was per-
formed to unveil the morphological features of the nano-cobalt.
It was shown that C@Co exhibited obvious sintering phenom-
enon for cobalt (Fig. 4a and b), while cobalt nanoparticles of
QNCM@Co were uniformly distributed on the surface of N-
doped porous carbon microspheres (Fig. 4c). This striking
contrast provided clear evidence of the anchoring effect of N/O
species on cobalt nanoparticles. HRTEM analysis revealed
distinct lattice fringes in cobalt nanoparticles with an inter-
planar spacing of 0.242 nm (Fig. 4d–f), verifying the successful
loading of cobalt onto the QCM carrier while exhibiting
a uniform dispersion.29 This is primarily attributed to the strong
coordination of N (quinoline and imine) and O (hydroxyl group)
toward cobalt, while the nanoporous structure of CM also
facilitated the stable dispersion of cobalt nanoparticles.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Catalytic performance of QNCM@Co in the a-alkylation of
ketones with alcohols

The QNCM@Co-mediated a-alkylation reaction of acetophen-
one 1a with benzyl alcohol 2a was conducted to evaluate its
catalytic ability. The effects of solvents, bases, substrate stoi-
chiometry, and temperature on the reaction outcomes were
assessed. Solvents with different polarities were screened
(Fig. 5a). It was found that toluene was the better choice among
the commonly used solvents, and the reaction generated
product 3a with a yield of 27%. Various organic and inorganic
bases were evaluated to enhance the reaction efficiency
(Fig. 5b). The reaction using NaOH afforded the product in an
85% yield, signicantly higher than that obtained with other
bases. Subsequently, the inuence of alkali loading on the
reaction was examined (Fig. 5c). However, any deviation from
the optimal NaOH dosage led to a reduction in product yield,
which might be attributed to sluggish reaction kinetics (0.1
mmol) or over-reduction of the product (0.3 mmol and 0.4
mmol). The optimal molar ratio of 1a to 2a was determined to
be 1 : 2 (Fig. 5d). In addition, temperature screening showed
that the highest yield (98%) was achieved at 130 °C aer 24 h
(Fig. 5e). When the temperature raised to 140 °C, the yield of the
target product decreased signicantly, due to excessive reduc-
tion of the target product in the high temperature. Without
a catalyst, the reaction yield was only 19%. Interestingly, the
carrier itself (QNCM) was capable of driving the reaction,
affording the product in 32% yield. This observation suggested
that the carrier possesses abundant nitrogen sites capable of
binding to alkali metals, thereby facilitating the reaction
progression.

The QNCM@Co was compared with various cobalt cata-
lysts,30 including C@Co, commercially available nano-cobalt,
cobalt oxide, homogeneous cobalt chloride, and CM@Co
(Fig. 5f). The catalytic activity of C@Co was signicantly lower
than that of QNCM@Co, and it indicated that N/O can modu-
late the electron structure of cobalt, thereby enhancing catalytic
activity. The rest of catalysts also achieved inferior yields, which
indirectly corroborated the above inference. Aer the reaction
was complete, we performed GC-MS analysis on the reaction
mixture for each catalyst to evaluate the chemoselectivity
(Fig. S2). Only target product (1,3-diphenyl-1-propanone 3a) was
detected for QNCM@Co, whereas, for the other catalysts, the
target product together with many by products, consisting of
unreacted chalcone, over-reduced 1,3-diphenylpropan-1-ol, and
3-benzyl-1,5-diphenylpentan-1,5-dione, were detected. There-
fore, QNCM@Co exhibited the best catalytic activity and selec-
tivity among others. QNCM@Co also displayed superior
catalytic activity compared to some reported heterogeneous and
homogeneous catalysts (Table S2). Furthermore, it demon-
strated a superior TOF of 17.75 h−1 (Fig. 5g) and excellent
substrate compatibility under mild conditions with low catalyst
dosage, highlighting the successful synthesis via a green and
efficient route.31

The stability of the QNCM@Co catalyst was assessed by
conducting cyclic tests using the model reaction under the
optimal conditions. Following each reaction, the catalyst was
RSC Adv., 2026, 16, 23673–23683 | 23677

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01776b


Fig. 4 (a) and (b) TEM images of particle size distributions of C@Co. (c) TEM and (d) HRTEM images of particle size distributions of QNCM@Co. (e)
Enlarged view of the blue box in Fig. (d): the crystal lattice striations of QNCM@Co. (f) Calculation for the lattice spacing of QNCM@Co.
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retrieved via centrifugation, washed, and dried before being
directly employed in the next cycle. As depicted in Fig. 5h, the
catalyst maintained 90% yield of the target product (3a) aer
ve cycles, exhibiting no appreciable degradation in activity.
Inductively coupled plasma optical emission spectroscopy (ICP-
OES) showed a marginal decrease in cobalt loading from 3.49%
to 3.28% (Fig. 5i), conrming that cobalt leaching was negli-
gible. These data substantiate the superior stability of
QNCM@Co and highlight the pivotal role of the N and O-
containing functional groups in the support for anchoring
and regulating the nanoscale cobalt particles.

The substrate scope of the QNCM@Co-catalyzed a-alkylation
of ketones with alcohols was carefully examined (Table 1).
Various aryl ethanones (1b–i, R1) rst reacted with benzyl
alcohol 2a for the evaluation. When electron-donating groups
23678 | RSC Adv., 2026, 16, 23673–23683
(1b: –CH3 and 1c: –OCH3) or electron-withdrawing groups (1d: –
Cl and 1e: –I) were attached to the para-position of the phenyl
ring in acetophenone, the reaction still proceeded with
comparable efficiency, giving rise to the generation of products
3b–e in 86–92% yields. The meta-substitution (1f) and di-
substitution (1g) were also tolerated, as shown by the synthesis
of the corresponding products (3f and 3g). Both 2-
naphthylethanone (1h) and 1-(quinolin-6-yl)ethanone (1i)
worked well in the reaction, and good results were obtained (3h
and 3i). Subsequently, we turned to focus on the compatibility
of the catalytic system towards a series of aryl methanols (2b–j,
R2). The protocol could accommodate the substituted benzyl
alcohols (2b–h), regardless of position (para, meta and 3,5-di-
substitution), electronic nature (–CH3, –OCH3, –F, and –Br) and
steric hindrance (ortho) of the substituents on the phenyl ring,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Reaction conditions unless noted: 1a (0.2 mmol), 2a (0.4 mmol, 2.0 equiv.), catalyst (0.23 mol% of Co) and base (0.2 mmol, 1.0 equiv.) in
solvent (2 mL); yield was determined by gas chromatography using diphenyl as an internal standard. The effects of (a) solvent, (b) base, (c) the
amount of NaOH, (d) themolar ratio of substrates, and (e) temperature on the reaction. (f) Comparative studies on the activities of different cobalt
catalysts. (g) Comparisons of TOF between QNCM@Co and some reported heterogeneous or homogeneous catalysts. (h) Recycling activity of
QNCM@Co. (i) ICP-OES data of the QNCM@Co in 5 runs.
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and products 3j–p were gained in 81–91% yields. The presence
of fused-aromatic (2i) and heteroaromatic (2j) moieties did not
compromise the reaction efficiency, as high yields were still
achieved (3q: 90% and 3r: 82%).
Mechanism studies

It is generally accepted that in the presence of a base,
QNCM@Co rst promotes the dehydrogenation of benzyl
alcohol 2a to deliver benzaldehyde, while simultaneously
transferring the a-H of 2a to the metal center, leading to the
formation of a metal hydride (M–H). Subsequently, benzalde-
hyde undergoes an aldol reaction with acetophenone 1a fol-
lowed by dehydration elimination to give a chalcone
intermediate. Finally, the C]C moiety of this intermediate is
© 2026 The Author(s). Published by the Royal Society of Chemistry
selectively reduced by M–H to afford the target product 1,3-
diphenylpropane-1-one 3a,32 while completing the catalytic
cycle (Fig. 6d). To validate this reaction pathway, the reaction
mixture was detected by gas chromatography GC at 3 h, 6 h, 9 h,
12 h, and 15 h, with results shown in Fig. 6a. As the reaction
proceeded, the chromatographic peak for benzyl alcohol grad-
ually decreased while that for benzaldehyde appeared, indi-
cating the successful oxidation of benzyl alcohol. Concurrently,
the peak corresponding to the chalcone intermediate gradually
weakened, while the signal for the target product, 1,3-
diphenylpropane-1-one, progressively intensied. Gas chroma-
tography data revealed that the reaction process includes
dehydrogenation of alcohols, condensation, and hydrogenation
RSC Adv., 2026, 16, 23673–23683 | 23679
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Table 1 Substrate scope for the QNCM@Co-catalyzed a-alkylation of ketones with alcoholsa

a Reaction conditions: 1 (0.2 mmol), 2 (0.4 mmol, 2 equiv.), QNCM@Co (1.0 mg, 0.23 mol% of Co) and NaOH (8.0 mg, 0.2 mmol, 1.0 equiv.) in
toluene (2 mL). bYield was determined by 1H NMR aer the product was puried on silica gel column.
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of chalcones, consistent with the conventional hydrogen
borrowing pathway.

The rate-determining step (RDS)33 was conrmed by kinetic
experimental analysis (Fig. 6b). The results revealed that the
rate constant for the overall reaction between acetophenone
and benzyl alcohol (k1 = 0.21) was signicantly lower than that
for the reaction between chalcone and benzyl alcohol (k2 =

0.76). Given that the condensation step proceeds spontane-
ously, the oxidation of benzyl alcohol to benzaldehyde is iden-
tied as the RDS for the reaction. To further clarify the origin of
hydrogen during hydrogen borrowing, the overall reaction was
decomposed into three steps (Fig. 6c): In Reaction 1, benzyl
alcohol reacted with QNCM@Co to afford benzaldehyde in
a 14% yield, conrming the ability of the catalyst to facilitate
alcohol dehydrogenation and the formation of the metal
hydride species. The low yield might attribute to the absence of
a hydrogen acceptor. In Reaction 2, benzaldehyde and
23680 | RSC Adv., 2026, 16, 23673–23683
acetophenone were stirred together for 24 h, but the target
product 1,3-diphenylpropane-1-one was not detected; instead,
chalcone was gained in a 99% yield. This observation indicated
that without alcohol, the system lacks a hydrogen source and is
unable to reduce chalcone to the target product. In Reaction 3,
chalcone reacted with benzyl alcohol in the presence of
QNCM@Co to furnish the target product in a 99% yield,
demonstrating that the reduction of chalcone is achieved via
hydrogen transfer from benzyl alcohol. Collectively, the gas
chromatography monitoring data and stepwise experimental
results validated the proposed hydrogen transfer mechanism
between acetophenone and benzyl alcohol, which matches the
catalytic cycle depicted in Fig. 6d.

DFT calculations

Based on characterization results from XPS, FT-IR, and other
tests, two catalyst models were established: C@Co without N/O
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) GC spectra over time for the a-alkylation reaction of acetophenone 1a with benzyl alcohol 2a catalyzed by QNCM@Co. (b) Kinetic
curves;C0: the initial concentration of substrate; Ct: substrate concentration at time t; K: rate constant. (c) Stepwise experiments for the reaction.
(d) Proposed reaction mechanism.
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and QNCM@Co doped with N/O. By calculating the formation
energies and Bader charges of both materials, the effects of N/O
doping on the structural stability and electronic properties of
the catalysts were unveiled, and their roles in the reaction
mechanism of the current a-alkylation were elucidated. It was
shown that the formation energy of C@Co (−2.45 eV, Fig. 7a) is
much higher than that of QNCM@Co (−4.87 eV, Fig. 7b), which
indicated that N/O doping facilitates the decrease of the
formation energy barrier for the cobalt nanostructure, thereby
enhancing the structural stability of the catalyst. Further Bader
charge analysis, where yellow and blue represent electron
enrichment and depletion, respectively (Fig. 7c and d), showed
Fig. 7 (a) The formation energy of C@Co and (b) the formation energy
of QNCM@Co. (c) The Bader charge of C@Co and (d) the Bader charge
of QNCM@Co.

© 2026 The Author(s). Published by the Royal Society of Chemistry
that QNCM@Co features a charge transfer of 0.97 e from the
cobalt nanoparticle surface to the support, which is higher than
0.94 e observed for C@Co. These results revealed that N/O
doping makes the cobalt nanoparticle surface of QNCM@Co
more electron-decient. In the current hydrogen-transfer a-
alkylation reaction, the benzoyl anion, formed by deprotona-
tion, exhibits electron-rich characteristics. Consequently, it is
easier to be adsorbed onto the electron-decient cobalt nano-
particle surface. This nature lowers the energy barrier for the
RDS—the oxidation of benzyl alcohol to benzaldehyde—thereby
accelerating the entire catalytic cycle.

Conclusion

In summary, this study employed cost-effective and abundant
chitosan as the raw material to prepare CM. Harnessing the
Schiff base reaction, quinoline-8-carboxaldehyde was graed
onto its surface (QCM), followed by the wet impregnation of
cobalt and the high-temperature activation to fabricate
QNCM@Co. The structure–performance relationship of
QNCM@Co was then systematically investigated. The results
demonstrated that this N-doped material possesses two key
advantages: rst, the nitrogen atoms of quinoline and imine
form stable bidentate coordination with cobalt, effectively
anchoring Co nanoparticles during activation, promoting their
uniform dispersion, and inducing the formation of Co–N/O
coordination species. This optimizes the cobalt coordination
environment and electronic structure, thereby enhancing
RSC Adv., 2026, 16, 23673–23683 | 23681
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intrinsic activity. Second, the large specic surface area and
abundant pore structure of the carrier facilitate reactant diffu-
sion and product adsorption/desorption, accelerating mass
transfer and improving catalytic efficiency. Compared to various
commercially available cobalt catalysts, QNCM@Co exhibited
outstanding activity in the a-alkylation of ketones with alcohols.
Furthermore, benchmarked against state-of-the-art homoge-
neous and heterogeneous systems, along with excellent cycling
stability and substrate compatibility. These ndings under-
scored the potential of the QNCM@Co catalyst for the green
synthesis of a-alkylated compounds.
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