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The Cu/La@TiO, Composite: A Sustainable and Efficient
Photocatalyst for N-benzylation Reaction Under Visible Light

Mohammad Reza Razavi,®! Zahra Toozandehjani,!?! Yahya Absalan,

Mostafa Gholizadeh,*@! and Reza Samavatil

In this study, a green and sustainable approach using visible
light photocatalysis was employed for synthesizing N-benzyl
aniline derivatives to create C—N bonds. A TiO, photocatalyst
doped with copper and lanthanum was prepared to reduce the
band gap and increase surface area. Ti,Cu,O, and Ti,CuyLa,O,
nano-photocatalysts were designed efficiently for organic reac-

1. Introduction

The construction of valuable C—X bonds is essential in synthesiz-
ing pharmaceuticals and natural products.?! Those compounds
contain C—N bonds like amines are among the most common
characteristics of bioactive compounds which are often used as
essential intermediates in material synthesis.>-*! Many drugs and
bioactive molecules contain at least one C—N bond, such as
DNA, RNA, and so forth.[”? According the great importance and
remarkable biological activity of amines, especially their phar-
macophore properties in most biological compounds, secondary
amines have attracted much attention in synthesizing pharma-
ceutical compounds. Therefore, the development of new and
efficient methods for the synthesis of amines has become an
active area of research.’®! as a way to synthesize N-benzylated,
N-alylated, and N-alkylated amines, traditionally, KOH and t-
BuOK bases, sodium amide, and CsOH are used.'"*"! Methanol
and dimethyl carbonate have also been used as alkylating
agents.'®20] However, all the stated cases require harsh reaction
conditions.”'? |t is remarkable that n-substituted amines are
conventionally synthesized by direct alkylation but this process
has significant limitations, such as excessive alkylation, the toxic
nature of some alkyl halides, and low selectivity.>?*! In order
to overcome this deficiency transition metal-catalyzed cross-
coupling reactions have been developed for the synthesis of
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tions. Characterization techniques included TEM, FE-SEM, XRD,
EDX, FT-IR, BET, BJH, UV-vis, ICP-MS, CV, PL, and TPC. Using vis-
ible light as a renewable source, these photocatalysts showed
high activity and recyclability up to five times, with Ti,Cu,LanO,
displaying superior performance due to increased lanthanide
content.

secondary type and third amines such as the Ullmann cross-
coupling reaction, Buchwald amination, hydroamination, and
hydrogen borrowing method./*-?! However high temperatures,
high catalyst loading, expensive catalysts, and long reaction
times are usually required in these strategies.>*3" Recently het-
erogeneous catalysts have been widely investigated in organic
synthesis due to their high selectivity, excellent thermal sta-
bility, and easy recycling. Among the heterogeneous catalysts,
metal oxides such as SiO,, Al,Os, and so forth. TiO, is a power-
ful photocatalyst in organic transformations as it has advantages
such as, increased reaction speed, simplicity of operation, low
cost, improved selectivity, and also has been developed for a
wide range of different organic reactions.3234 Although the
formation of C—N bonds by palladium, platinum, and irid-
ium catalysts has been studied, the formation of C—N bonds
in the presence of metal oxide catalysts containing Copper
nanoparticles has attracted much attention due to its cost-
effectiveness, nontoxic nature, and excellent selectivity.3>3°
Recently, along with thermal organic syntheses, dual photore-
dox, and transition metal catalysts have been shown as one of
the most potent and effective methods for C—N bond forma-
tion and other cross-coupling reactions.[***! In addition, dual
catalytic systems use a unique feature called photocatalytic
hydrogen atom transfer (HAT)®" and excitedstate single elec-
tron transfer (SET), which can create high efficiency and excellent
selectivity at ambient temperature.l*°! Expensive photocata-
lysts such as palladium,’®? ruthenium,! and photosensitizer
compounds®! are necessary at this stage. Alkyl and aryl rad-
icals are successfully created in the photoreaction.”*%% |t is
a unique mechanism for developing economical catalytic sys-
tems for making C(sp®)—N bonds in the presence of stabilized
free radicals and activated X—H bonds on the catalyst surface.
Copper as a metal with high abundance is a good choice for
capturing aryl radicals and activating other substrates containing
heteroatoms.[®"%?! The wide application of photocatalysis makes
them into an integral part of the synthetic chemist’s toolbox. The
visible light of photocatalysis is associated with several advan-
tages that have led to various applications in the synthesis of
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heterocyclic compounds as well as in the field of medicinal
chemistry.!9364 Although C—N bond formation has been done
by various photocatalysts such as TiO, nanoparticles,!®) PANI-
g-C3N,-TiO, nanocomposite,!®®! nickel-amine complex, and so
forth.!”) The photocatalytic synthesis of N-benzylated derivatives
of aniline by titania-doped has been rarely reported. In this work,
TixCu, O, and Ti,Cu,La,O, composites were hydrothermally syn-
thesized. Then they were used as photocatalysts to synthesize
N-benzyl aniline derivatives under visible light. Also, the changes
in band gap and active surface area in the presence of copper®®
and lanthanum(® and the synergistic effects to improve organic
reaction efficiency were investigated.

2. Experiment
2.1. Material Characterization

The XRD patterns were obtained by a GNR Explorer Advance
diffractometer using 1541 A(Cu-Ke) radiation. BET and Langmuir
analyses were carried out to measure the surface activity of the
nanoparticles using capillary condensation of nitrogen at 77K
on a micrometric Belsorp-mini Il. The Barrett-Joyner-Halenda
method (BJH) was used to estimate the mesoporosity and pore
size distribution function. Microscopic images, including FESEM,
and TEM, were conducted by scanning electron microscopy (LEO
1430VP LEO 912AB) utilizing Ethanol as the disperser. The diffuse
reflection/transmittance spectroscopy (DRS/DTS) was obtained
from Avantes (Avaspec-2048-TEC). The FT-IR spectra were
recorded on pressed KBr pellets using an AVATAR 370 FT-IR spec-
trometer (Therma Nicolet spectrometer, USA) at room tempera-
ture in the range of 4000-400 cm~" and a resolution of 4 cm™.
Cyclic voltammetry was performed using an ACM model, GillAC.
The concentration of the light-exposed solution was assessed by
UV-vis spectroscopy in the range of 200-800 nm, using a Cary-50
scan spectrophotometer (Varian). Photoluminescence analysis
of the samples was achieved by Avantes-Avaspec-2048. NMR
spectra were obtained by an NMR Bruker Advance spectrom-
eter at 300 ("H-NMR) and 75 (®*C-NMR) MHz in Chloroform. The
photocatalytic application was carried out by a 300 W Xenon
lamp (UV-vis light). The system was cooled down to 20 °C by
water circulating. The photocatalytic coupling experiments were
conducted in a capped-sealed test tube. All result referred to the
isolated products after purification by plate chromatography.

2.2. Materials and Reagents
The main precursor chloride metal salts of titanium, copper, lan-
thanide, and NH; were acquired from Merck and Sigma-Aldrich

with a purity exceeding 99%, without the need for additional
purification.

2.3. Synthesis of Ti,0,M.Lay Nanoparticles

The precursor used in this study was titanium trichloride (TiCl3).
A solution of T mmol titanium chloride was prepared in 25 mL of
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water (solution A), while a solution of 0.5 mmol copper chloride
salt was prepared in 25 mL of deionized water (solution B). Addi-
tionally, a lanthanide solution containing 0.5 mmol of lanthanide
chloride salt with the same concentration of transition metal was
prepared as solution C. solutions A and B were mixed and stirred
for 20 min. For the lanthanide solution, solutions A and C were
mixed and stirred for the same duration.

Next, a mixture of 24 mL NH; and 15 mL deionized water
was added dropwise to the combined solutions and stirred for
one day at room temperature. The copper-doped titanium oxide
nanoparticles were then synthesized using a hydrothermal pro-
cess in an autoclave at 113 °C for 24 h (temperature range tested:
100 °C-120 °C). The particles were separated from the solvent by
centrifugation, washed with distilled water, and dried at 80 °C
for one day. The final step involved calcination of the product at
450 °C with a heating rate of 10 °C/min.

To synthesize TiO, without any dopant incorporation, the
same process was followed. The photocatalyst synthesis proce-
dure closely followed our previous report.*”!

2.4. Conducting Cyclic Voltammetry Measurements and
Studying the Photocurrent Transition of Catalysts (TixCuyOz,
TixCuyLamOz)

Cyclic voltammetry was carried out using a three-electrode sys-
tem, consisting of a working electrode (gold electrode with a
diameter of 2 mm), a reference electrode (Ag/AgCl saturated with
KCl), and a counter electrode (platinum wire). Prior to the exper-
iment, the environment was purged with N, gas for 15 min. The
potential range was set from —0.5 V to 1.0 V with a scan rate
of 50 mV/s. The IUPAC convention was followed for the analysis,
indicating that the flow direction was from right to left. Tran-
sient photocurrent analysis was conducted between 0 and 275
sec, showing on and off behavior, using a 100w Xenon lamp at a
potential of 0.8 v.

2.5. C—N Cross-Coupling Photocatalytic Reaction

A total of 0.15 mg of a photocatalyst was added to a sealed tube,
followed by the addition of 3 mL of a solvent mixture of distilled
water and ethanol (1:1). The solution was then stirred for several
min. Subsequently, benzyl bromide (1 mmol), aniline (0.8 mmol),
and K,COs (0.65 mmol) were introduced into the sealed tube. The
solution was exposed to irradiation under a 300 W Xe lamp for
25 h at a light intensity of 0.7 W/cm?. The progression of the
reaction was monitored using thin-layer chromatography (TLC).

Upon completion of the reaction, the photocatalyst was
isolated via centrifugation, washed with ethanol (3 x 15 mL),
and dried overnight at 70 °C. The reaction mixture was diluted
with water and subjected to extraction with dichloromethane
(3 x 10 mL). The combined organic phases were dehydrated
using anhydrous Na,SO, and then concentrated under reduced
pressure at 40 °C. The crude product was further purified
through plate chromatography, employing a mixture of n-
hexane and ethyl acetate (99:1, v/v) as the eluent, resulting in the
isolation of pure N-benzyl aniline.
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Table 1. Chemical-physical features of the samples.
Sample JCPDS d Value (nm) Crystallite Size (nm)
TiO, 96-900-9087 3.51 16.96
Ti,CuyO, 96-153-0152 353 2173
Ti,CuyLanO, 96-101-1240 3.51 134
96-153-0152

Intesity
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mo 013 142 116 011 215

20 30 40 50 60 70 80
26

Figure 1. XRD pattern of (a) TiO,, (b) TixCu,O,, and (c) TixCuyLamO,.

3. Results and Discussion
3.1. XRD Pattern

XRD patterns were analyzed in the range of 20°-80°
(20° < 20 < 80°) to determine the structure of the nanopar-
ticles. The results indicated that the anatase phase was the
predominant phase in the well-crystallite titanium dioxide sam-
ple (JCPDS:96-900-9087). The crystallinity type and size of the
sample are detailed in Table 1.

Upon doping with copper (Cu), the anatase peaks were
mostly retained, with new peaks corresponding to Cu appear-
ing at varying intensities. The d values of the prominent anatase
peak exhibited significant changes. The average crystallite size
post-doping was similar to that of the pristine TiO,, determined
using the Scherr equation: D, = kA Bcosf. Given the ionic radius
of Cu (71pm) compared to Ti (68pm), the incorporation of Cu
atoms into the TiO, crystallite network could potentially influ-
ence the overall crystallite size. The peak related to dopants
appeared as a weak peak in the diffraction pattern, and this
may be due to the low level of dopant concentration, or it can
be assumed that the dopants may have moved in intermediate
positions or alternative sites from the crystal network of titanium
dioxide.”®! However, according to the XRD pattern obtained
after doping by lanthanide (La), the general phase of anatase
remains (Figure 1c). The existence of copper in the structure of
TiyCuyLanO, was confirmed by observing the peaks related to
copper in the XRD pattern of Ti,CuyLan,O,. It can be stated that
the crystal size of the sample decreased after doping with lan-
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Figure 2. FT-IR spectroscopy of (a) TiO2, (b) TixCuyOz, and (c) TixCuyLamOz.

thanide. The main reasons for the reduction in the crystal size
of the sample Based on La doping, it is as follows: (1) lanthanum
ions may enter the crystal lattice of titanium dioxide and affect
the quality and energy transfer from titania crystal and inhibition
growth is adequate, (2) or it may be due to the dissociation of La
ions in Grain boundaries prevent the direct contact of seeds and
thus reduce the growth of seeds.!”"

3.2. FT-IR Spectroscopy

The surface condition of all synthesized nanoparticles was ana-
lyzed by using spectrum (FT-IR) in the range of wave num-
ber 400-4000 cm™" (Figure 2). The spectrum associated with
undoped titania and the absorption peak in the range of 3430-
3510 cm™' maybe the result of the stretching vibration of the
OH group of absorbed water molecules and hydration on the
surface of nanoparticles.’”? However, the intensity of absorption
bands in samples doped with copper (Cu) and lanthanide (La)
was higher than in undoped TiO,. Also, the absorption peak at
approximately 1620 cm™" (8(OH)) is related to the absorption of
water molecules on the surface of titania and the bending vibra-
tion of the TiOH group.”?! The crystal lattice of titania crystallizes
as TiOg with octahedral molecular symmetry, and the broad peak
with good absorption intensity in the region of 500-800 cm™
expresses the stretching vibration of the Ti—O bond in the tita-
nia lattice with different types of distortion and crystal defects.
In general, the infrared spectrum of titania nanoparticles that
are only doped by copper shows less intensity of v(OH) peaks
(Figure 2b).

On the other hand, more intensity is observed for the peaks
of the spectrum of titanium dioxide nanoparticles doped with
Copper and lanthanide. Therefore, for transition metals doping,
the hydrated surface is less, and for double doping of interme-
diate metal and lanthanum, more hydrated surface is shown.

In general, the absorption peaks from 1000 to 500 cm™' in
the spectra of both groups of dopants are related to the stretch-
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Figure 3. FESEM of (a) TiO,, (b) TixCuyO,, and (c) Ti,CuyLanO,. TEM of (d) Ti,Cu,O,, and (e) TixCuylayO;.

ing vibrations of the Ti—O bond and M—O bond. The absorption
in the regions as in the spectrum infrared of the synthesized
nanoparticles is observed and other absorption peaks related
to titania doped by metals are similar to each other. The small
peaks at 570 to 500 cm~' indicate the formation of the M—O
chemical bond. In addition, the peak created in the region near
550 cm~' in the undoped titania sample, in the presence of Cop-
per and lanthanide, shifts to lower energies, which proves the
interaction between different metals and titanium dioxide. In
addition, the interaction between Various metals and titanium
oxide additional peaks can be observed in the doped samples in
the range of 1200 -1350 cm ™, indicating the presence of titanium
carbonate on the sample’s surface. However, the carbon percent-
age composition in ICP analysis was reported to be very low.

3.3. FESEM and TEM Analysis

The nanoparticles morphology was analyzed using FE-SEM and
TEM techniques (Figure 3). The FE-SEM image revealed that
TiO, nanoparticles exhibited a bipyramidal shape with significant
interparticle space (Figure 3a). Post-doping, the nanoparticles
displayed an amorphous structure lacking ordered planes, with
reduced interparticle spacing resulting in a denser structure
(Figure 3b and c). Different metals were identifiable by varying
colors, ranging from white to gray. For Ti,Cu,O,, the hexago-
nal shape of TiO, was surrounded by smaller, dense spherical
particles (Figure 3b). Conversely, lanthanide doping (Figure 3c)
resulted in a structure resembling transition metal, with reduced
particle size. Further TEM analysis confirmed the presence of var-
ious elements (Figure 3e-d). According to calculations of Wolff
structure and surface energies in vacuum, the equilibrium shape
of the anatase crystal obtained was a slightly truncated bipyra-
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mid enclosed by over 94% {101}.7*] The bipyramidal shape of
TixCuyO, and Ti,Cu,LanO, particles transformed into a denser
form post-doping (indicated by black and gray colors represent-
ing impurities and titanium oxide) (Figure 3d and e). Despite this,
the samples exhibited good dispersion, confirming the unifor-
mity of particles with appropriate shapes and highlighting the
uniqueness of the samples.

3.4. EDX Analysis

Elemental analysis of the samples was performed using EDX
analysis to evaluate the elemental distribution and purity of the
photocatalysts. According to the results, the elements were uni-
formly distributed, and all expected elements (Ti, Cu, O, and
La) were present in the synthesized photocatalyst Ti,CuylLan,O,
(Figure ST). The absence of even a tiny amount of impurity in
this analysis indicates a high purity of the compounds. The EDX
results related to the Ti,Cu,O, and Ti,Cu,La,O, photocatalysts
are provided in Table S1.

3.5. Inductively Coupled Plasma Mass Spectrometry (ICP)
In order to obtain the total percentage of elements, ICP analysis

was used (Table 2). The results in Figure 4 confirm the high purity
percentage of the synthesized nanoparticles.

3.6. Surface Analysis

Using BET surface analysis, adsorption-desorption isotherms and
pore distribution obtained from the samples are presented in
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Table 2. Elemental analysis of the samples.
Sample Ti (%) Cu(%) La(®) O (%) Molecular Structure
TiO, 15 - - 85 Tio3400.65
TixCuyOZ 54 16 - 30 Ti0'53CUo‘2400.1|
TixCuyLamOZ 59 8 18 15 Ti0'49CU0.03Lao‘3600.05
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600000 —
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‘g 500000 —
Q.
o -
S
c
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Figure 4. Concentration of different metals in the samples.

(Figure 5). In order to investigate and collect information about
the type of porosity, the pore volume has been explored in the
P/P, range of 0-0.99. The surface activity of Ti,Cu,O,, TiO,, and
TiyCuyLamO, nanoparticles has been investigated by BET analysis
(Table 3). Also, the BJH method was used to determine the vol-
ume, diameter, and distribution of pores. It is noteworthy that
the synthesized nanoparticles have a pseudo-V isotherm, which
indicates weak adsorption-desorption. In addition, at higher
pressures, hysteresis was observed in the samples. However, the
non-rigid accumulation of particles and the conical shape of the
pores were confirmed by the H3-type correlation between the
shape of the residual ring and the distribution pattern of the
samples.”! At first, it was assumed that lanthanide, due to its
larger ionic radius than titanium, does not enter the crystal lat-
tice of titania and is placed on the surface. According to the
results of Table 3, it was found that post-doping by lanthanide
increased surface activity several times compared to pure titania.
It should be mentioned that surface activity is an essential factor
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Table 3. Physical-chemical properties of the samples.

BET Analysis

Parameters TiO, TixCuyO, TixCuylan O,
Vi [cm3(STP) g7 41705 6,4803 1,265

asger [m?g~"] 18,152 28,205 49,029

C 10,938 70,296 68,152

Total pore volume [cm3g~"] 0,064058 0,1985 0,1954
Mean pore diameter [nm] 14,16 28,158 15,942

BJH Analysis

Parameters TiO, TixCuy O, TixyCuyLan, O,
Vo [em?® g7 0,066315 0,2 0,1975

Ip,peak (Area) [nm] 1,22 16,29 6,06

ap [m? g7'] 21,813 35,226 59,399

Table 4. The energy bandgap of the samples.

Sample Energy Bandgap (eV) Region
TiTixCu, O, 217
TiTixCuyLanO, 217

in photocatalytic reactions. Based on the average pore diameter
(in the BJH method), the mesoporosity of Ti,CuyLanO, is higher
than that of TiO,.

3.7. UV-vis Absorption

Another critical factor in the performance of photocatalysis is
light activity. Therefore, the optical activity of nanoparticles was
investigated using reflectance analysis (DRS) in the range of
200-800 nm. Using the formula —1/[logx(1/R)], where R is the
reflectance data DRS reflection was converted to absorption
(Table 4 and Figure 6). According to Planck’s law (E=1/A), the
bandgap energy has an inverse relationship with the wave-
length, which means that by reducing the bandgap energy
longer wavelengths are absorbed. However, after doping by cop-
per and lanthanide, the band gap energy is reduced compared
to pure titania and they can operate in the visible region. For the
purpose of calculating the energy of the bandgap, the valuable
and accurate Tauk equation was used:

a = aq (hv — Eg)n/hv M

where « is the absorption coefficient, hv shows the photon
energy, o and h are constants, E; denotes the optical bandgap
of the material, and n is between 0.5 and 3 (depending on the
electronic transition). The plot of (whv)? versus hv can determine
the energy bandgap. The hv value at the intersection point of
the tangent and the X-axis represents the bandgap. According
to the results of surface activity and energy gap, copper was
more effective compared to lanthanide due to the smaller ionic
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Figure 5. Surface and porosity study of (a) TixCu,O,, and (b) Ti,CuyLamnO,.
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Figure 6. UV-vis spectroscopy of nanoparticles.

radius than titanium. Therefore, it can diffuse in the crystal lat-
tice of titania, which reduces the bandgap and absorbs longer
wavelengths. In the case of doping by lanthanide, the bandgap
energy is equal to the one doped by copper, which means that
lanthanide does not enter the crystal lattice of titania due to
its larger radius than titanium and is deposited on the surface.
Therefore, it does not have a significant effect on the bandgap.

3.8. Photoluminescence Spectroscopy

In order to further investigate of optical properties of nanopar-
ticles the photoluminescence (PL) emission spectrum was
recorded after excitation at 380 nm (Figure 7). The peaks are
appearing at 420 nm and 480 nm in the anatase phase of TiO,
are typical of the rest of the nanoparticles, which indicates the
main phase (anatase) of all nanoparticles (Figure 1).
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However, the emission peak at 420 nm may be related to
the recombination of photogenerated electrons in the valence
band."®! Also, the peak at 480 nm can be associated with
the formation of surface defects.””? Based on the results, TiO,
nanoparticles have a higher photoluminescence emission inten-
sity than Ti,Cu,O, and Ti,Cu,La,O,, which indicates a high rate
of recombination in pure TiO,. The reduction in peak intensity
in the case of Ti,Cu,O, (red line) may be due to photogener-
ated charge transfer between copper and titanium in the lattice.
However, lanthanide (blue line) has no direct effect on the TiO,
lattice, while it strongly affects the TiO, surface.

3.9. Cyclic Voltammetry Analysis

Cyclic voltammetry was performed to find the LUMO energy
(Conduction Band; C.B) of Ti,Cu,O, and Ti,CuyLa,O, (Figure 8).
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Figure 8. CV analysis of (a) TixCu,O, and, (b) TixCuyLanO;.

The catalyst’s potential can be converted to surface versus vac-
uum by Ecg = —(Ejeq +4.8). Where 4.8 is the correction for
the Ag/AgCl pair and NHE.”®! In the case of Ti,Cu,O,, the Ecg
would therefore be —4.84 V versus vacuum. Consequently, the
potential of Ti,Cu,O, is —0.44 V versus NHE based on ¢ymo
= —[Ecg—(—44)]. In the case of Ti,CujLanO,, Ecp, and ¢cg it
resulted in —4.83 V and —0.43 V versus NHE, respectively.

3.10. Photocurrent Transient

The photocatalytic performance of the synthesized samples was
evaluated by analyzing the Transient photocurrent response.
consequently, TiO, doped with transition metals and lanthanides
showed a higher photocurrent response, indicating the effect
of doped elements on the TiO, lattice and generating more
electron-hole pairs. In Figure 9, the synergistic effect of Cu and
La is evident, where the photocatalyst Ti,CuyLa,O, showed the
highest photocurrent response compared to Ti,Cu,O, and TiO,.

ChemistrySelect 2024, 9, e202402303 (7 of 12)

under room temperature and visible light. In the first step,
the model reaction was carried out without of photocata-
lyst and K,CO; (Table S2, entry 1) and no significant progress
was observed. Then, the progress of the model reaction was
investigated in the presence of K,CO; without a photocatalyst.
However, due to the high yield in the presence of K,CO;, sub-
sequent reactions were carried out in the presence of K,COs. In
the next step, the model reaction was carried out in the presence
of a photocatalyst under visible light irradiation (300 W Xe lamp),
which resulted in an increased yield compared to non-irradiation
conditions (Table S2, entry 4). Then, the effect of solvent and
photocatalyst amount on the progress of the reaction was
investigated, and the best results were obtained in ethanol-
water solvent (1:1) and 15 mg of photocatalyst (Table S2, entry
). According to the results, both Ti,Cu,0, and Ti,Cu,La,O,
photocatalysts have good efficiency in performing the C—N
cross-coupling reaction. Also, Ti,CuyLanO, photocatalyst has a
higher efficiency compared to Ti,Cu,O, in the synthesis of other
derivatives (Table S3). Relevant details of the synthesis method
and related analyses, including 'TH NMR and C NMR, are shown
in Figures S4-S21.

4.1. Mechanism of Reaction

In order to better understand and accurately determine the
mechanism of N-benzylation of aniline, a control experiment
was performed under optimal conditions. As model reactions,
the N-benzylation reaction between benzyl bromide and ani-
line was initially chosen (Scheme 1). The reaction was treated
with 2 mmoles of TEMPO (2,2,6,6-tetramethylpiperidin-1-yl) oxyl
as an electron-trapping agent. According to the results obtained
from the reaction, the product yield (3a) decreased. Addition-
ally, in another investigation, TEA (triethylamine) was used as
a hole scavenger in the photochemical reaction. As expected,
the yields of the desired products decreased. Moreover, the
low yield of product under non-irradiation conditions, as shown
in (Table S2), as well as in the presence of TEMPO and TEA
indicate that the reaction mechanism likely follows a radical
pathway.

In order to understand the process of electron transfer in
photocatalysts, the precise positions of the conduction band and
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Scheme 1. Control Experiments in N-benzylation Reaction.

valence band were determined by cyclic voltammetry analysis.
In this test, a gold electrode was used as the working electrode,
an Ag/AgCl electrode as the reference electrode, and a platinum
electrode as the auxiliary electrode. The electrolyte solution used
was KCl (0.1 M), and the potential window ranged from 0.5-1 v
with a scan rate of 0.05 v/s. Using the cyclic voltammetry plot
and the equation Ecg = —(Eeq + 4.8), the position of the LUMO
orbital, which is the position of the conduction band was deter-
mined. In this equation, Ecg represents the energy level of the
conduction band, and E.q is the reduction energy (Figure 8). The
number 4.8 is corrected and related to the pair (Ag/AgCl) and
the standard hydrogen electrode (NHE).”®! The energy level of
the LUMO orbital was calculated using the equation ¢ ywo = -
[Ecg—(-4.4)]. The calculated values for Ti,Cu,O, and Ti,CuyLa,O,
photocatalysts were -0.44 eV and - 0.43 eV, respectively. Then,
in order to determine the energy level of the HOMO orbital,
which is the position of the valence band, the values of band gap
energy obtained from UV-vis spectroscopy (DRS) were used. The
band gap energy values for Ti,Cu,O, and Ti,CuyLa,O, photocat-
alysts were 2.17 eV and 1.9 eV, respectively. Therefore, the position
of the valence band position in the Ti,Cu,O, photocatalyst is
173 eV, and in the Ti,CuyLa,O, photocatalyst is 1.47 eV. In order
to further investigate the electron transfer process, the positions
of the valence band and conduction band of titanium dioxide
nanoparticles were also used. Titanium dioxide has a band gap
of 3.2 eV, consistent with many published reports on the band
gap energy of titanium dioxide. Therefore, in titanium dioxide

ChemistrySelect 2024, 9, e202402303 (8 of 12)

To the reaction

E VsNHEN

) VB (1.47 eV)

Scheme 2. The CB and VB position in photocatalysts, based on CV and DRS
results.

the position of the valence band is 2.8 eV and the position of
the conduction band is —0.4 eV (Scheme 2).[79-8

Based on the process shown in Scheme 2, at first, the pho-
tocatalyst is excited by light absorption and electron-hole pairs
are generated in the valence band and migration of electrons
from the valence band to the conduction band. According to
the electron transfer mechanism in Ti,Cu,La,O, photocatalyst
(Scheme 3), the charge density on the surface of the nanopar-
ticles is high, and. the transferred electrons are sent to the
surface of copper and lanthanum nanoparticles, which gener-
ate superoxide anion radicals (O,") from O, present in the air
and accelerate the oxidative additional step in coupling with
ArX in the corresponding reaction. When the O, interacts with
aniline, its proton is absorbed. Consequently, the nucleophile
becomes more active for the generation coupling cycle. (Note
that K,COs plays a vital role in forming the nucleophilic inter-
mediate and neutralizing the resulting HX.) Additionally, it is
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predicted that a mixture of water and ethanol in the presence of
visible light, accelerates the formation of C—N bonds. However,
the presence of water by HX solvation, according to Le Chate-
lier's principle causes the reaction to progress and the presence
of ethanol accelerates the mobility of organic species. This pre-
diction has been made based on previous reports.[t4+8! Thus,
when water and ethanol were used as solvents, the desired
product had a higher yield. Therefore, it can be stated that
the activated nucleophile is coordinated on the copper surface
due to the excellent ability of copper to oxidize/reduce on the
surface (oxidative addition step). Consistent irradiation of the
light source, the flow of electrons towards the conduction band
and the surface of the photocatalyst is continuous, and ben-
zyl bromide, by absorbing electrons from the surface of the
photocatalyst, is converted to an anion radical and finally sep-
arated into benzyl radical and bromide anion. The formation of
benzyl radical through the formation of a small amount of a
derivative from bibenzyl was investigated using GC-MS analysis.
It was determined that the benzyl radical intermediate is formed
and consumed in the reaction cycle (Figure 10a,b). In the end,
the interaction of benzyl radical with the intermediate complex
formed from aniline and the photocatalyst results in N-benzyl
aniline (reductive elimination step). The step of adding oxidative
on the surface of copper metal in the presence of anionic lig-
ands is accelerated due to the high electron density around the
copper metal. In the Ti,Cu,La,O, photocatalyst, the presence of
copper ions reduces the band gap and therefore, increases the
absorption range of sunlight. On the other hand, the presence
of Lanthanum on the surface of titanium dioxide increases the
active surface area and also increases the separation of electron-
hole pairs and, as a result, increases the charge density on the
surface of the photocatalyst. Additionally, Ti,Cu,La,O, photo-
catalyst may act as a Lewis acid in this reaction, activating the
amine group and assisting in forming C—N bonds. Therefore, the
designed photocatalyst can act as both a photocatalyst and a
Lewis acid, resulting in a high yield of the desired product under
light conditions.[&7-8!

ChemistrySelect 2024, 9, e202402303 (9 of 12)

5. Control Experiment: Stability of the
Photocatalyst

Catalyst recycling, from both practical and environmental per-
spectives, is an essential aspect of chemistry and biotechnology.
We performed the N-benzylation reaction of aniline with ben-
zyl bromide using Ti,Cu,LanO, as a model reaction to further
evaluate its practical applications and stability. After completion
of the reaction, the recovered catalyst was washed four times
with ethanol and then dried at 80 °C for 12 h. As shown in
Figure 1(a), the Ti,CuyLanO, catalyst was successfully used in
five cycles of experiments. XRD analysis on the catalyst after the
fifth reuse demonstrated that the catalyst structure remained
unchanged, and under optimal conditions, Ti;CuyLa,O, is a sta-
ble and reusable heterogeneous catalyst Figure 11 shows that the
photocatalyst remained robust through five runs, with a slight
decrease in yield from 92% to 88% (Figure 11b). Additionally,
the stability of the Ti,Cu,LanO, photocatalyst was confirmed
through a leaching test.

6. Leaching Test

The leaching study of the Ti,Cu,La,O, photocatalyst was con-
ducted using benzyl bromide and 3-chloroaniline as model
reactants. Two comparable reactions were set up under identical
conditions: one was allowed to proceed for 1 h, while the other
continued for an additional 3.5 h after the solid photocatalyst
was recovered. The products from both reactions were analyzed
as usual. The results indicated that the reaction running for 6
h yielded 48%, whereas the reaction with the recovered pho-
tocatalyst produced 50% of the desired product. These findings
suggest that the photocatalyst does not leach into the reaction
medium and retains its heterogeneity throughout the reaction
process.’21 Additionally, we compared our results with those
reported in the literature (see Table 5).

7. Comparison of Various Types of N-benzyl
Aniline Synthesis

In Table 5, we have collected information related to different
N-benzyl aniline synthesis methods, which is interesting. High
temperature, prolonged reaction time, and the use of catalysts
containing ligands are among the things that were modified and
improved in this work.

8. Conclusion

Copper and lanthanum doped titanium dioxide photocatalysts
(TixCuyO, and Ti,CuyLa,0,) were synthesized and used as pho-
tocatalysts under solar light in cross-coupling reactions for the
preparation of N-benzyl aniline derivatives. The crystalline struc-
ture of the synthesized photocatalysts, with pseudo-anatase
phases, was confirmed by XRD, FE-SEM, and TEM analyses. The

© 2024 Wiley-VCH GmbH

85U8017 SUOWILIOD BAEa.D 8|l (dde au Ag peusenob a1e Ssolie O 8sn JO S9N 10} Aeiqi8ul|uO /8|1 UO (SUORIPUOD-pUB-SWBHW0D A8 | 1M ATeIq 1 BU1|UO//:SANY) SUORIPUCD PUe SWe | 84} 89S *[yZ0Z/0T/70] UO AReiqiT8uljuo A8|IM ‘001X@ N 8@ BLIOUOINY [UOIDEN PepSIBAIUN A E0EZ0VZ0Z 10 8/200T OT/I0pA00 A8 |im Areiq1jpuljuo adoune-Ansiweyo//sdny wouy papeojumod ‘L€ 20z ‘67595962



Chemistry

Research Article Europe
ChemistrySelect doi.org/10.1002/s1ct.202402303 Soetes Pubiohing
el (a) ] Y
7000000000
5000000000§
4ooooooooo§
3000000000§
2ooooooooo§ -
1000000000 3 g o 8 R
] o & g
05 & H "
T ————
5 10 15 20 25 30 35 40 45 min
100; (b) @
80 Q/\ )
. o ow 7 |
60 228.0 NO;
. 78.0 O
40_
3 0
207.0
: 0] 1060 / o
20.] i f ‘ 136.0 1769 { J e 272/1'
3 1 F -
0 “I I| ‘ :.i. ..i.’. ||.|‘a | .m || it 12? !
Ll 1 1 Ll ] 1 Ll Ll T I Ll Ll T 1 l 1 1 Ll 1 I Ll Ll | 1 i
5 100 150 200 250 300 350 400 450

Figure 10. (a) GC-MS Chromatogram, and (b) GC-MS spectrum: Intermediates formed in C—N coupling Reaction.

(a) 5st Recycle (b)
1st Recycle 10 _
Before reaction | |
0.8 | |
- < I |
E =t |
& S 06 !
2 @ I |
B @
; : .
- S 04 | ]
I |
0.2 ' |
I |
| |
0.0 o
1st cycle 2nd cycle 3rd cycle
10 20 30 40 50 60 70 80 Cycles

20

Figure 11. Control Experiment; (a) The XRD patterns of the recycled Ti,CuyLanO;, (b) Recycling test on Ti,CuylLay,O,,

absence of impurities and the presence of the relevant elements
in the prepared composites were also confirmed by EDX and
ICP analyses. The photocatalysts showed enhanced visible light
activity, lower recombination rate of electron-hole pairs and sig-
nificantly higher specific surface area than TiO,, as confirmed
by DRS photoluminescence and BET analyses. The Ti,Cu,La,O,
photocatalyst due to its shorter band gap and higher surface
activity (due to the deposition of La on the photocatalyst surface,
resulting from its larger ionic radius) showed higher efficiency in
the C—N bond formation reaction indicating a rational design of

ChemistrySelect 2024, 9, e202402303 (10 of 12)

this photocatalyst. Furthermore, easy recovery of the synthesized
photocatalyst increases the chemical and economic efficiency of
this process.

Supporting Information Summary
The authors have cited additional references within the Support-

ing Information.[”*>7%] The Supporting Information includes
detailed explanations of the synthetic methods, materials, and
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Table 5. Comparison of various type of N-benzyl aniline synthesis.

Reaction Catalyst Solvent Temp (°C) Time Yield (%) Ref.

Reductive amination CeCl3.7H,0 EtOH rt 8 h 93 [93]
Silicaphosphoric acid THF rt 15 min 95 [94]
Ni-Acf@Am-SiO,@Fe;04 neat rt 20 min 98 [95]
UiO-66-NH-SO;H CHs;CN rt 5 min 95 [96]
— Toluene 150 4 h 96 [97]

Cross-coupling Cu powder neat 120 12 h 75 [87]
Si0,-Cu,0 H,O 30 8h 95 [88]
SiO,-Cul H,O 15 4h 75 [98]

Photocatalytic TixCuyLlamO, H,O/EtOH 30 25h 920 This work

cross-coupling

experimental procedures utilized in this study. It also covers the
characterization techniques employed, such as FT-IR, "H-NMR,
BC-NMR, EDX, and mapping. Additionally, it features tables out-
lining the condition optimization for the C—N coupling reactions
and the synthesis of N-benzylaniline derivatives.
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