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ABSTRACT: Construction of a C-C bond via alkylation of ketones with

alcohol as the alkylating source by employing hydrogen-borrowing strategy %/\OH \

is attracting significant attention and is highly appealing due to its o
simplicity, cost-effectiveness, environmental benefits, and the fact that water N
is the only byproduct. The development of heterogeneous catalysts based o > O O
on nonprecious base metals is progressing rapidly. Our newly disclosed

manganese-doped cerium oxide nanocomposite (10 wt % Mn@CeO,) ©)J\ 0-Ce0,

stands out as a cost-efficient and air-stable catalyst, synthesized through a ORMu

straightforward coprecipitation method and employed for a-alkylation of ® Low cost and non - noble metal ® Robust and efficient
ketones with primary alcohols via the hydrogen-borrowing strategy. X-ray ® Water as by-product ® Recyclable catalyst

) Atom econom Broad substrate scope

diffraction (XRD) analysis confirms the high crystallinity of CeO,, while
field emission scanning electron microscopy (FE-SEM) and high-resolution
transmission electron microscopy (HR-TEM) images reveal MnO,
nanoparticles, measuring 19 nm in size, uniformly decorated on the rod-shaped CeO, nanoparticles, which have a size of 33 nm.
X-ray photoelectron spectroscopy (XPS) analysis uncovers the presence of Mn*" species embedded on the CeO, nanorods. Electron
paramagnetic resonance (EPR) analysis further indicates that surface defects contribute to the impressive catalytic yield, which
ranges from 70 to 98% for the a-alkylated ketones. Thermogravimetric analysis (TGA) demonstrates the remarkable thermal
stability of the catalyst, maintaining its stability up to 800 °C. Additionally, inductively coupled plasma mass spectrometry (ICP-MS)
confirms no leaching of Mn ions, emphasizing the high heterogeneity of the catalyst. Remarkably, 10 wt % Mn@CeO,
nanocomposite is recycled for six cycles with no loss of catalytic activity. This study underscores the synergistic effect between
the base metal MnO, and redox pair of CeO,, which is key to the exceptional catalytic activity in a-alkylation reactions, making 10
wt % Mn@CeO, a highly promising catalyst for sustainable and efficient C-C bond formation.

1. INTRODUCTION alkylation reactions using the hydrogen-borrowing mechanism.
The creation of carbon-carbon bonds is important for organic Replacing noble metals Wg}; non—zngble b:ge meztal ?omoge—
synthesis. Organic electrophiles or organometallic coupling neous catalysts such as Fe,””** Co,”*** Cu,”® Mn,”’~*° Cr,*"**
partners are used in the traditional alkylation process together Zn,”” and Ni*"*" was also done for hydrogen-borrowing
with stoichiometric bases, which results in a large number of reactions. Similarly, the hydrogen-borrowing strategy was

hazardous pollutants.' There is a great need to overcome these
obstacles and develop an environmentally benign process for
forming C-C bonds. Hydrogen autotransfer or hydrogen-
borrowing strategy is a simple yet incredibly effective technique

employed for synthesis of N-heterocyclic compounds effi-
ciently.”” Homogeneous catalysts do have certain drawbacks,
like the fact that the catalyst is sensitive and can be challenging to

that uses alcohol, a commonly available and renewable resource, separate from the reaction media; also, the reaction requires an
as the alkylating source. The only byproduct produced by this inert atmosphere to proceed, and certain complexes must be
process is water. As a result, it is sustainable, environmentally handled carefully. The inability to be recycled for more than one
friendly, and atom-economical. Preactivation of alcohols is also catalytic cycle is another significant disadvantage of homoge-

unnecessary. The a-alkylation of ketones using alcohol as an
electrophile is a particularly appealing technique because of its
ease of operation. The hydrogen-borrowing strategy involves
three steps: (i) dehydrogenation of alcohols to carbonyl
compounds; (ii) condensation with acidic C-H to generate an
a-f unsaturated product; and (iii) hydrogenation via hydrogen
autotransfer (Scheme 1).

Several homogeneous noble metal catalysts such as Ir,” ™’
Ru,'’""” and Pd"**" (Scheme 2i) have been developed for

neous catalysts.

Received: December 3, 2024
Revised:  January 20, 2025
Accepted: January 29, 2025
Published: February 24, 2025

© 2025 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acsomega.4c10938

v ACS Pu bl ications 9649 ACS Omega 2025, 10, 9649—9660


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rajagopal+Swaathy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sambantham+Karthikeyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.4c10938&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10938?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10938?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10938?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10938?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c10938?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/10/9?ref=pdf
https://pubs.acs.org/toc/acsodf/10/9?ref=pdf
https://pubs.acs.org/toc/acsodf/10/9?ref=pdf
https://pubs.acs.org/toc/acsodf/10/9?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.4c10938?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

Scheme 1. Metal-Catalyzed a-Alkylation of Ketones Using
the Hydrogen-Borrowing Strategy
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Scheme 2. a-Alkylation of Ketones with Alcohols Via the
Hydrogen-Borrowing Strategy
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Das’s group reported polymer-supported palladium nano-
particles for the a-alkylation of ketones using short-chain and
long-chain benzylic and aliphatic alcohols (Scheme 2ii).*
Shimizu and group reported C-methylation of alcohols, ketones,
and indoles using methanol with Pt loaded on a carbon catalyst**
(Scheme 2iii). Kita et al.” reported on Ru on MgO/TiO,
support for N-alkylation using alcohols. Wang and group used
iridium supported on phosphorus-doped porous organic
polymers for the hydrogen-borrowing reaction.** Wang and
group incorporated Ru nanoparticles onto the metal-organic
framework support and used it as a heterogeneous catalyst for N-
alkylation with alcohol.”” Chen and co-workers synthesized
recyclable metal-organic frameworks functionalized with iridium
phosphine for N-alkylation of amines.**

For the alkylation reactions employing the hydrogen-
borrowing technique, however, very few heterogeneous catalysts
based on non-noble metals have been found. Pathak and group
reported Ni(II)-impregnated porous organic polymers as a
reusable catalyst for the N-alkylation of amines using alcohols.*’
Recently, Nova and group reported a computational study on

Our Work

10 wt% Mn@CeO,

o
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the single-atom nickel catalyst for the alkylation of amines
following the hydrogen-borrowing mechanism.” Cai and group
synthesized NiP nanoparticles supported on N- and P-codoped
carbon material and used them for the alkylation of nitriles with
alcohols.”” Hima and group reported on the hydroxyapatite-
supported copper nanocatalyst for the S-alkylation of
dithiocarbamates with alcohols.” Liu and co-workers designed
an eflicient heterogeneous hybrid material containing a Co-P
complex linked on ZIF-8 for N-alkylation of anilines with
alcohols.”> Zhang and group reported copper-based mixed
oxides for alkylation of ketones with alcohols.”* Li and group
designed the recyclable Cd(II)-coordinated polymer for N-
alkylation of aminoquinolines using alcohols.”® Malini and
group reported alkylation of ketones and quinoline synthesis
using the heterogeneous TiO, catalyst.>6 Xueping and co-
workers synthesized lignin-derived N-doped porous carbon
along with Zn single atom and used it for the alkylation of
ketones.”” Lu and group reported N-alkylation of amines with
alcohols using Fe single atom on N,S-doped carbon obtained by
PANI-modified ZIF.”® They also developed zinc single atom
doped on carbon support having N,S doping derived by the
pyrolysis of ZIF for N-alkylation of aromatic amines with
alcohols.” According to Hara and co-workers,”” the alkylation
of ketones is heterogeneously proceeded with the cobalt catalyst
along with MgO and TiO,.

Manganese is a non-noble metal that is inexpensive and
biocompatible. It is the third most prevalent metal on the Earth.
The objective of utilizing a sustainable alcohol source as the
alkylating agent and applying the hydrogen-borrowing techni-
que, utilizing the heterogeneous manganese catalyst for
alkylation reactions, is valuable. Manganese-catalyzed C-C and
C-N bond formation using alcohols via the hydrogen-borrowin
strate%y is attracting researchers quite well now-a-days.”'”’
Karak”” reported the MnO, nanoflower catalyst along with the
base KOH and, recently, Balaraman’* reported manganese
grafted on N-doped graphene catalyst for alkylation of amines in
the presence of two equivalents of ‘BuOK base. Wang”> and
group reported on the polymer-supported MnO, with one
equivalent of NaOH and Dateer’® synthesized §-MnO,
nanoparticles for a-alkylation of ketones in the presence of
one equivalent of the base ‘BuOK. For different catalytic
systems, different bases are utilized to yield the highest
efficiency; therefore, various bases are compared for our catalytic
system to assess their relative effectiveness and performance; as a
result, it was found that the NaOH base with only 50 mol % gives
the maximum yield of 98% product. Mn-supported MgO/Al, O,
for q-alkylation of ketones was recently reported by Hara'’
(Scheme 2iv). The catalyst shows good activity, but it must be
synthesized by heating it with H, at a high temperature , and the
reaction must be carried out in an argon glovebox, which
presents a practical challenge. Further research is needed for a-
alkylation of ketones employing non-noble heterogeneous metal
catalysts.

Manganese-doped cerium oxide is used for oxidative coupling
of 2-aminophenol” and alkene epoxidation.”” CeO, nano-
particles are used to synthesize triazole and tetrazole
derivatives.”" Incorporating metal oxide with other metals
generates more active sites due to the defects and oxygen
vacancies in the lattices. Especially CeO, exhibits a unique
property due to the redox pair of Ce*" and Ce’" ions. The
incorporation of Mn*" ions creates abundant oxygen vacancy,
providing more active sites and forming a synergetic effect with
Ce ions, thereby enhancing the catalytic property of the reaction.

https://doi.org/10.1021/acsomega.4c10938
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Because of their fascinating capabilities, which are mostly
connected to their superior redox features in conjunction with
distinctive metal-support interaction phenomena, cerium-based
oxides have been used in a wide range of catalytic applications.
Most significantly, the intrinsic properties and interfacial
reactivity of the catalyst can be significantly impacted by the
fine-tuning of essential connected parameters, such as the size,
shape, and electronic state of the catalyst’s counterparts.
Optimizing the metal-support interfacial phenomena is essential
for the creation of selective and active catalytic materials, as
certain spots at the interface might offer exceptionally high
reactivity.81

The primary effects of fine-tuning engineering through either
aliovalent doping or suitable synthesis pathways on important
activity descriptors are then covered in detail, with the latest
ceria-based catalysts for CO, hydrogenation serving as
examples.”” Ceria-based catalysts are used for the hydrogenation
of CO, to CO or CH,, which exhibits similar or even higher
reactivity to noble metal catalysts. The activation of gas-phase
CO, toward CO or CH, can be significantly increased by
explicitly fabricating CeO,-based systems with increased redox
capabilities and, consequently, oxygen vacancy abundance.
Furthermore, the performance of CO, hydrogenation can be
significantly impacted by the morphology engineering of CeO,-
based catalysts.

We designed recyclable, air-stable 10 wt % Mn@CeO,
nanocomposite synthesized through a simple coprecipitation
method for a-alkylation of ketones using primary alcohols in the
presence of 50 mol % of base NaOH by employing the
hydrogen-borrowing strategy.

2. MATERIALS AND METHODS

2.1. Characterization. Powder X-ray diffraction (XRD)
analysis was done by a powder X-ray diffractometer model D8
Advance from Bruker, Germany, equipped with a 2.2 KW Cu
anode, a ceramic X-ray tube source, and a Lynx eye detector
(silicon strip detector technology). The catalyst structure,
morphology, and dimension were investigated by FE-SEM (field
emission scanning electron microscopy) using the model FEI
QUANTA 250 FEG, Thermo Fisher and by scanning electron
microscopy (SEM) using a Carl Zeiss model of EVO/18
Research and High Resolution Transmission Electron Micro-
scope (HR-TEM), FEI-TECNAI, G2—20 TWIN (operating
voltage 200 kV). Using a 20 min acquisition period, SEM was
used to acquire the elemental mapping and for energy dispersive
X-ray analysis (EDAX). IRAffinity-1, Shimadzu, Japan, was used
to identify the functional groups that were present on the
catalyst’s surface. The thermal stability and phase transition of
the catalyst were examined by thermogravimetric analysis
(TGA) using an SDT Q600, TA Instruments, USA, at a heating
rate of 10 °C/min. Using an X-ray photoelectron spectrometer
(XPS), we investigated the chemical state of the constituents.
Quantachrome USA’s Brunauer-Emmett-Teller (BET)-surface
area analyzer was used to determine both the surface area and
pore size. Electron paramagnetic resonance spectroscopy (EPR)
was used to analyze the paramagnetic property by utilizing a
JEOL Model JES FA200 instrument. Inductively coupled
plasma mass spectrometry (ICP-MS) was used to analyze the
metal leaching property.

2.2. Synthesis of 10 wt % Mn@CeO, Nanocomposite.
10 wt % Mn@CeO, catalyst was synthesized by following the
previously reported procedure.”> Aqueous solutions of 0.2 g of
Mn(NO;),-H,O and 1 g of [Ce(NO,;)s](NH,), were
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combined, and they were stirred for approximately 5 h at 80
°C. After that, the mixture was stirred for an additional 3 h, while
aqueous ammonia was added drop by drop until the pH reached
10. Eventually, the precipitate was separated by centrifugation,
and to get rid of any impurities and unreacted components, it
was repeatedly washed with ethanol and water. The next step
was to dry it for 12 h at 120 °C in a hot air oven; the yield was
0.46 g. To obtain the 10 wt % Mn@CeO, nanocomposite, it was
then calcined at 800 °C with a heating ramp of 5 °C/min in a
muffle furnace.

2.3. 10 wt % Mn@CeO, Nanocomposite Catalyzed a-
Alkylation of Ketones. The following materials were added to
a 15 mL screw-capped pressure tube that had been dried in the
oven: acetophenone 1a (0.5 mmol, 1 equiv), benzyl alcohol 2a
(0.5 mmol, 1 equiv), NaOH (0.25 mmol, 50 mol %), 10 wt %
Mn@CeO, catalyst (10 mg), and toluene (3 mL). Over the
course of about 12 h, the reaction was stirred in an oil bath kept
at a temperature of 130 °C. TLC was checked for the reaction
completion. Filtration was used to remove the catalyst, and then
the crude product was concentrated. Using column chromatog-
raphy, ethyl acetate, and hexane as eluents, the pure product was
obtained.

3. RESULTS AND DISCUSSION

A simple coprecipitation technique was used to synthesize 10 wt
% Mn@CeO,. For around S h at 80 °C, an aqueous solution
containing manganese(II) nitrate hydrate and cerium(IV)
ammonium nitrate was stirred. After adding aqueous ammonia
dropwise to the homogenized solution until the pH of the
solution reached 10, the precipitate was aged for an additional
three h at 80 °C. Subsequently, the precipitate underwent
centrifugation, ethanol washing, and calcination at 400, 600, and
800 °C. Without using a manganese precursor, bare CeO, was
synthesized via a similar process. Water was utilized as the
solvent in this environmentally friendly approach, which also has
the benefit of not requiring any capping agents or surfactants or
additives.

3.1. Powder X-ray Diffraction (XRD) Analysis. Powder X-
ray diffraction (XRD) was used to determine the structural
composition of the synthesized CeO, and 10 wt % Mn@CeO,.
On analyzing the XRD pattern of 10 wt % Mn@CeO, at 400,
600, and 800 °C, it was discovered (Figure S1) that the
crystalline structure is only obtained well when 10 wt % Mn@
CeO, is calcined at 800 °C. The lattice constant a = 5.4085 A
found in the synthesized CeO, nanoparticle and the XRD
pattern matches the JCPDS file no. 34—0394. The crystal size is
20 nm, as determined by Debye-Scherrer equation. The Mn ions
have replaced some of the Ce ions in the CeO, crystal lattice, as
seen by the lack of other additional peaks in the Mn-doped
CeO,. The substitution of smaller Mn ions over Ce ions (ionic
radius of Mn*" = 0.056 nm and Ce*" = 0.097 nm) generates
lattice contraction and distortion, which causes a tiny change in
the diffraction pattern of Mn-doped Ce0,*~*° (Figure 1). The
incorporation of Mn*" ions creates high surface defects and
decreases the crystalline size, which are responsible for the
enhanced activity of the catalyst toward the a-alkylation.

3.2. FT-IR Study. The FT-IR spectrum of the synthesized
CeO, and 10 wt % Mn@CeO, was analyzed. The major
absorption band found at 464 cm™" is due to the Ce-O bond of
CeO,, which got slightly shifted to 485 cm™" for 10 wt % Mn@
CeO, because of lattice replacement of some of the Ce ions with
Mn ions. Very little absorption is found at 1390 cm™" owing to
the O-H bending vibrations. The symmetric bending of H,O

https://doi.org/10.1021/acsomega.4c10938
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Figure 1. XRD spectra of 10 wt % Mn@CeO,.

exhibits a minute absorption at around 1620 cm™'. The
stretching vibration of the O-H molecules of H,O absorbed
on the surface of nanoparticles is represented by the broad minor
band around 3406 cm ™" (Figure 2).%°
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Figure 2. FT-IR spectra of 10 wt % Mn@CeO,.

3.3. Microstructural Analysis. The FE-SEM image shows
rod-shaped CeO, with the diameter of about 33 nm and the
manganese nanoparticles are evenly distributed on the CeO,
rods (Figure 3).*” The consistent distribution of Mn is
confirmed by the elemental mapping obtained from SEM
(Figure 4a). As for the elemental composition, EDAX analysis
reveals that 10 wt % of Mn is doped onto the CeO, nanoparticle
(Figure 4b). Further, the structure and shape of 10 wt % Mn@
CeO, were investigated using HR-TEM analysis, by which we
obtained rod-shaped CeO, with cubic-shaped MnO, doped
onto it (Figure Sa). The d spacings between the lattice fringes
are approximately 0.69, 0.46, and 0.20 nm corresponding to
MnO, (JCPDS file no. 00-042-1169) (Figure Sb,c). The CeO, is
33 nm in diameter and the cubic-shaped MnO, of 19 nm size is
obtained from the histogram obtained by HR-TEM (Figure 5d).
The concentric circles obtained in the SAED pattern are in good
agreement with the XRD results (Figure Se). The rod-shaped
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Figure 3. FE-SEM image of 10 wt % Mn@CeO,.

morphology of CeO, along with the cubical MnO, helps in
increasing the efficiency of the catalyst.

3.4. N, Sorption Study. Nitrogen sorption isotherms for
the synthesized catalyst examined using Brunauer-Emmett-
Teller (BET) gave a type (IV) isotherm with empanada-shaped
hysteresis (H3 category).”” With a surface area of 34.454 m*/g, a
pore width of 1.423 nm, and a pore volume of 0.253 cc/g, the
BJH pore size distribution reveals that the pores are mesoporous
in nature (Figure 6). The mesopores present on the surface of
the catalyst facilitate the active sites for the effective alkylation of
ketones.

3.5. Thermal Study. Thermogravimetric analysis (TGA)
demonstrates that the catalyst does not break down up to 800
°C, and the residue that is recovered is around 99.55%. The
catalyst’s water molecules are responsible for the tiny loss, which
is further supported by differential thermal analysis (DTA)
(Figure 7). These findings demonstrate the great stability of 10
wt % Mn@CeO,. The high thermal stability of the catalyst
enables the use of the catalyst at high temperature, thereby
favoring the product formation.

3.6. X-ray Photoelectron Spectroscopy (XPS). Utilizing
X-ray photoelectron spectroscopy (XPS), the oxidation states of
the elements were examined. Regarding C 1s, which has a
binding energy of 285.0 eV, all binding energies are corrected.
The presence of Ce, Mn, O, and C is indicated by the sample’s
survey spectrum. The peaks at 882.9 and 901.6 eV correspond to
the Ce 3d,, and Ce 3d;,, peaks of CeO,. Table 1 displays the
peaks of CeO,.*” The lattice oxygen is found at the binding
energy of 529.8 eV. The Mn 2p spectrum shows two peaks at
642.4 and 653.9 eV indicating the presence of Mn*" species in
the catalyst’” (Figure 8). As revealed by the XPS analysis, the
presence of both Mn** species of MnO, along with the redox
pair of Ce*" and Ce*" species of CeO, leads to the synergistic
effect, exhibiting the best catalytic performance.

3.7. EPR Analysis. Electron paramagnetic resonance
spectroscopy (EPR) was used to analyze the surface defects
present and the electronic properties of paramagnetic species.
The strong EPR signals obtained for the synthesized 10 wt %
Mn@CeO, nanocomposite show the presence of paramagnetic
species. The EPR analysis shows that the Mn doping onto CeO,
creates oxygen vacancies, thereby creating surface defects. The
strong signals are due to the presence of O~ species on the
surface of the catalyst. The presence of high oxygen vacancies on
the surface and lattice defects enhances the efficiency of the

https://doi.org/10.1021/acsomega.4c10938
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Table 1. Oxidation State and Binding Energies of Element
Cerium

m

Vo v % % %
Ce 3d5/2
oxidation state Ce¥* Ce** Ce’* Ce* Ce*
B.E. (eV) 880.2 882.9 885.9 889.4 898.9
u u’ u” u”

Ce 3d3/2

oxidation state Ce* Ce* Ce* Ce**

B.E. (V) 901.6 907.8 9172

catalyst. Hence, the EPR analysis reveals that the defects present
are responsible for the great catalytic activity of the synthesized
10 wt % Mn@CeO, nanocomposite®® (Figure 9).

3.8. Catalysis Study. After the complete characterization of
the catalyst 10 wt % Mn@CeO,, it is used for a-alkylation of
ketones with alcohols. Initially we started with the acetophenone
(1a) and benzyl alcohol (2a) as the benchmark substrates for the
optimization of the reaction condition. a-Alkylated ketone (3a)
was produced in 80% yield when the reaction between la and 2a
was conducted using 10 mg of 10 wt % Mn@CeO, catalyst in
toluene at 130 °C for 12 h, when 50 mol % of ‘BuOK was used
(Table 3, Entry 1). The yield of 3a rises to 98% only in the
presence of NaOH, when the reaction is conducted with several
bases, including Cs,CO;, Na,CO;, K,CO;, KOH, and NaOH
(Table 2, Entry 2—6). Since the reaction did not proceed
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without a base, it is evident that a base is necessary for the
reaction to occur (Table 2, Entry 7). The product 3a yield
abruptly drops to 63% when NaOH is reduced to 25 mol %
(Table 2, Entry 8). The yield was marginally reduced to 80% by
switching the solvent to 1,4-dioxane (Table 2, Entry 9). Product
3a was not obtained by using polar solvents such as DMF, THF,
and DMSO (Table 2, Entry 10—12). Reducing the duration,
from 12 to 6 h, results in a drop in 3a yield (Table 2, Entry 13).
The reaction depends on temperature as well. A drop in
temperature causes a progressive loss in yield, while an increase
in temperature to 150 °C causes a loss in yield of 3a because of
the generation of byproducts (Table 2, Entry 14—16). When the
catalyst was replaced with commercially available MnO, and
bare CeO,, there was a significant yield loss, demonstrating the
critical role that Mn and Ce ions play in the catalytic system
(Table 2, Entry 17—18). Also, we tried the reaction with the
manganese precursor, but we did not get the desired yield of the
product (Table 2, Entry 19). The absence of a catalyst was
shown to have a substantial impact on the poor yield of 3a
(Table 2, Entry 20). The yield of 3a remains unchanged when
the weight percentage of Mn doping onto CeO, is increased, but
the yield decreases when the Mn doping on CeO, is decreased
(Table 2, entries 21 and 22).

Following the optimization of the reaction, we investigated a-
alkylation using several derivatives of benzyl alcohol (2a). The
reaction gives a high yield for the electron-donating group
(OMe) when present in the para position (3b); however due to
steric hindrance, the yield slightly decreases when present in the
ortho position (3c). Similarly, the electron-rich group (Me)
present in the meta position gives good yield (3d) compared to
ortho position (3e). The benzyl alcohol with an electron-
withdrawing group (3f) also generates good yield. The
acetophenone (la) also is modified, and the presence of the
electron-donating group (OMe) in para position (3g) gives
excellent yield, but when present in the meta position (3h), the
yield is decreased. The presence of para-substituted methyl
acetophenone gives good yield (3i). The electron-withdrawing
groups such as Cl and Br acetophenone (3j and 3k) give good
yield. When both acetophenone and benzyl alcohol had
electron-donating groups (OMe and Me), the product was
obtained in moderate to good yield (31—3q). By substituting the
electron-withdrawing groups (Cl and Br) in acetophenone and
an electron-donating OMe group in benzyl alcohol, the product
(3r—3u) was generated in moderate yield (Table 3). We also
tried the reactions with aliphatic alcohols and aliphatic ketones.
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We got product yields less than 10% and 5%, respectively, and
hence they cannot be isolated (3v—3x).

In order to investigate the reaction mechanism, multiple
control experiments are conducted (Scheme 3). When
acetophenone (la) is absent in the reaction, only in the
presence of benzyl alcohol (2a) and 10 wt % Mn@CeO,,
dehydrogenation occur, producing hydrogen and aldehyde
(Scheme 3a). In the presence of 10 wt % Mn@CeO, and
acetophenone (2a), the aldehyde condenses, creating the
unsaturated compound through the Lewis acid sites in the
catalyst (Scheme 3b). The alkylated product 3a is formed finally
through hydrogenation, when hydrogen is extracted from the
alcohol in the presence of a base (Scheme 3c). We also
investigated whether any radical intermediate is formed during
the process by carrying out the reaction in the presence of the
radical scavenger TEMPO. The product 3a is formed with good
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Table 2. Optimization of Reaction Condition for a-Alkylation of Acetophenone and Benzyl Alcohol

o Catalyst (o}
O (P e
Temperature
1a 2a Solvent 3a
Time
entry” catalyst solvent base time (h) temp (°C) yield (%)”
1 10 wt % Mn@CeO, toluene ‘BuOk 12 130 80
2 10 wt % Mn@CeO, toluene Cs,CO; 12 130 n.d
3 10 wt % Mn@CeO, toluene Na,CO, 12 130 nd
4 10 wt % Mn@CeO, toluene K,CO;, 12 130 nd
S 10 wt % Mn@CeO, toluene KOH 12 130 N
6 10 wt % Mn@CeO, toluene NaOH 12 130 98
7 10 wt % Mn@CeO, toluene 12 130 n.d
8 10 wt % Mn@CeO, toluene NaOH (25 mol %) 12 130 63
9 10 wt % Mn@CeO, 1,4-dioxane NaOH 12 130 80
10 10 wt % Mn@CeO, DMEF NaOH 12 130 nd
11 10 wt % Mn@CeO, THF NaOH 12 130 n.d
12 10 wt % Mn@CeO, DMSO NaOH 2 130 nd
13 10 wt % Mn@CeO, toluene NaOH 6 130 65
14 10 wt % Mn@CeO, toluene NaOH 12 80 50
15 10 wt % Mn@CeO, toluene NaOH 12 110 80
16 10 wt % Mn@CeO, toluene NaOH 12 150 90
17 MnO, toluene NaOH 12 130 60
18 CeO, toluene NaOH 12 130 40
19 Mn(NO,),-H,0 toluene NaOH 12 130 N
20 toluene NaOH 12 130 10
21 S wt % Mn@CeO, toluene NaOH 12 130 70
22 20 wt % Mn@CeO, toluene NaOH 12 130 98

“Reaction condition: Acetophenone 1a (0.5 mmol, 1 equiv), benzyl alcohol 2a (0.5 mmol, 1 equiv), base (0.25 mmol, S0 mol %), catalyst (10 mg),

solvent (3 mL). ’GC yield. n.d. not detected.

yield, indicating that the reaction does not proceed through the
radical pathway under our reaction conditions. The reaction
clearly proceeds by using the method of hydrogen borrowing, as
demonstrated by the control experiments.

Our suggested mechanism (Figure 10) serves as a
recapitulation of the experiment outcomes. Benzyl alcohol
(2a) is first adsorbed on the Mn@CeO, (II) surface and the
catalyst removes the hydrogen from the alcohol to create the
carbonyl compound (III). Adsorbed on the catalyst (IV),
acetophenone (1a) experiences condensation with the carbonyl
compound owing to the Lewis acid site in Mn@CeO,, which
releases water and creates an unsaturated compound (V). The
hydrogen adsorbed on the catalyst’s surface hydrogenates this
compound, resulting in the a-alkylated product, which departs
the catalyst for the subsequent catalytic cycle (I).

Six successful cycles of catalyst recycling are achieved by
removing the catalyst from the reaction media using a simple
filtration process. Product 3a is produced in good yield after six
cycles, demonstrating the persistently good catalytic activity of
10 wt % Mn@CeO, (Figure 11). It is shown by XRD that the
catalyst remains stable even after the sixth cycle (Figure S2).

The catalyst’s leaching property is investigated using a hot
filtration test (Figure S3). After 6 h of the reaction (3a yield
50%), the catalyst is removed and the yield of 3a does not
significantly rise without the catalyst; this indicates the catalyst’s
pure heterogeneity. Inductively coupled plasma mass spectrom-
etry (ICP-MS) measurement also reveals that there is no
manganese leaching from the catalyst. The catalyst can be
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utilized successfully for more than six cycles without losing any
of its catalytic activity.

4. CONCLUSIONS

We have designed the highly air-stable and cost-effective 10 wt%
Mn@CeO, via a straightforward coprecipitation technique,
eliminating the need for additives. The synthesized catalyst is
well analyzed using various characterization techniques. XRD
shows high crystallinity, and a rod-shaped morphology of CeO,
is found in the FE-SEM. HR-TEM analysis reveals that the cubic
MnO, of size 19 nm is doped onto the CeO, nanorods of 33 nm
in diameter. XPS study shows the presence of Mn*" species
doped onto the CeO, nanorods. TGA analysis exhibits that the
synthesized catalyst has high thermal stability up to 800 °C. The
surface defects as examined by EPR analysis are responsible for
the outstanding catalytic activity. a-Alkylation of ketones with
green primary alcohol as the alkylating source was carried out
using 10 wt % Mn@CeO, catalyst. Based on the mechanistic
analysis, it can be concluded that the process is environmentally
friendly and atom-efficient since it uses the hydrogen-borrowing
strategy. A variety of aromatic primary alcohols and a wide
spectrum of aromatic ketones having electron-withdrawing and
electron-donating groups are readily tolerated by the catalyst;
however, aliphatic alcohols and aliphatic ketones could not yield
the corresponding product significantly. The synergetic effect of
MnO, and CeO, produced a high yield of about 70—95% of the
corresponding a-alkylated product. Leaching study and ICP-MS
analysis exhibit that there is no leaching of Mn ions and hence
the catalyst is highly heterogeneous in nature. Without
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Table 3. 10 wt % Mn@CeO,- Catalyzed a-Alkylation of
Ketone with Primary Alcohol™”

o 10 wt% Mn@CeO, 0
©)K ©/\0H NaOH
+
Toluene
1a 2a 130°C,12 h 3a

o

3a, 98%

3d, 86%

3b, 95% 3c, 80%

3e, 82% 3f, 83%

(o]
3g,91% 3h 79% 3i, 84%

3j, 86%

o o
H;CO” ‘ 'E ~OCH, ! H3CO: ‘
OCH;

3m, 80%

3r, 72%

3k, 71% 31, 80%

OCH;

3n, 75% 30, 78%

3p, 73% 39, 71%

3s, 75% 3t, 73% 3u, 78%

3v, <10% 3w, <10% 3x,<5%

“Reaction condition: Acetophenone la (0.5 mmol, 1 equiv), benzyl
alcohol 2a (0.5 mmol,1 equiv), NaOH (0.25 mmol, S0 mol %), 10 wt
% Mn@CeO, (10 mg), toluene (3 mL), 130 °C, 12 h bIsolated yield.

Scheme 3. Control Experiments for a-Alkylation of Ketone

with Primary Alcohol”
o

10 wt% Mn@CeO,

Toluene
130°C

@ ©/\OH

2a

o
o 10 Wt% Mn@CeO, Z
+ H,0
Toluene
130 °C

10 Wt% Mn@CeO, I

[o}
> OH NaOH O
(© + Toluene
3a

130°C

®

“(a) Dehydrogenation, (b) condensation, (c) hydrogenation.
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Figure 11. Recyclability test.

sacrificing the catalytic activity, the catalyst can be effectively
recovered through a simple filtration method and used over six
cycles without significant loss in the yield of the product.
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