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TiO; nanotube-supported Cu(ll)-
Schiff base complex as an efficient
heterogeneous catalyst for A3
coupling reactions under solvent-
free conditions

Fariba Javan Sharabiani?, Sahar Baniyaghoob'™, Mojtaba Amini2* & Ali Akbar Khandar?

A novel Cu(ll)-Schiff base complex supported on TiO, nanotubes was successfully synthesized through
a multi-step procedure. The resulting nanocatalyst was characterized using powder X-ray diffraction
(XRD), Fourier-transform infrared spectroscopy (FT-IR), field emission scanning electron microscopy
(FE-SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDX),

and X-ray photoelectron spectroscopy (XPS). The catalytic activity of the synthesized material was
evaluated in the three-component (A2) coupling reaction involving aldehydes, amines, and alkynes
under solvent-free conditions. The catalyst demonstrated excellent activity, affording good to
excellent yields across a range of tested substrates. The optimal reaction conditions were established,
and the catalyst’s reusability was investigated. However, a leaching test revealed significant Cu
species in the solution, suggesting potential homogeneous catalysis. Despite this, the catalyst showed
promising recyclability over multiple runs. Further analysis, including ICP-MS or AAS, could be useful to
quantify the leached Cu and confirm the catalyst’s stability in longer cycles.
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The A? coupling reaction which refers to the three-component coupling of amines, aldehydes, and terminal
alkynes is of fundamental importance in organic synthesis'. The coupling products, propargylamine derivatives
are key intermediates for synthesis of numerous chemicals including biological and pharmaceutical molecules®>.
The term A3 coupling was used for the first time by Li et al. in 2002 for the synthesis of propargylamine derivatives
using transition metal catalysts*. Cu(I) salts were the most used catalysts in the early researches; however the
efforts in the next years revealed the capability of different transition metal compounds for catalyzing the A3
coupling reactions®. A variety of homogeneous and heterogeneous catalysts including metal salts'®'!, metal
complexes!?, metal nanoparticles (MNPs)!>!6, metal oxide nanoparticles'’~*°, and core-shell structures?’->?
have been applied in A* coupling reactions.

Among different catalysts examined for A® coupling, metal complexes of Schiff bases are considered as
promising candidates in last few years. Schiff bases are synthesized by the condensation of amines with carbonyl
compounds and contain imine groups (-RC = N-) in their structure. Naeimi and co-workers?® introduced a
thioether-based copper(I)-Schiff base complex as an efficient catalyst for A* coupling reaction. According to
the results, the thiosalen ligand improved the catalytic activity of copper(I) because of the electron-rich feature
of sulfur atoms. The A3 coupling reactions produced propargylamines as the sole products with high yields (>
80%). Varyani et al.?* prepared a complex of copper(I) ions with amino acid ionic liquid Schiff base derived
from DL-threonine and salicylaldehyde. The complex was tested as a catalyst in A® coupling reactions and a
maximum conversion of 95% was obtained under optimized conditions using water as a solvent. Agrahari et
al.?® revealed that the heterogeneous catalysis of A® coupling reaction by salen-type Cu(II)-Schiff base complex
proceeds through a mechanism involving the reversible conversion of Cu(II) to Cu(I).

Despite the excellent performance of aforementioned homogeneous catalysts, their recovery remains
a challenge. Numerous efforts have been made to tackle this problem. In this regards, immobilization of

1Department of Chemistry, Science and Research Branch, Islamic Azad University, P.O. Box 14515-775, Tehran, Iran.
2Department of Inorganic Chemistry, Faculty of Chemistry, University of Tabriz, P.O. Box 5166616471, Tabriz, Iran.
*email: baniyaghoob@srbiau.ac.ir; mojtaba_amini@tabrizu.ac.ir

Scientific Reports | 2026 16:3411 | https://doi.org/10.1038/s41598-025-33398-5 nature portfolio


http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-33398-5&domain=pdf&date_stamp=2026-1-5

www.nature.com/scientificreports/

homogenous catalysts on solid supports was suggested by some authors. Terra et al.2® achieved high yields
of propargylamines by utilizing amine-functionalized MCM-41 as a support for Cu(I) species. Kaur and co-
workers?” developed chitosan-supported copper(I) catalysts for application in A coupling and decarboxylative
A3 coupling reactions. The catalysts benefit from easy recyclability and successive reusability with negligible loss
in their activity. Encapsulation of a copper(I)-Schiff base complex with N,S,-donor into porous NaY zeolite was
reported recently?®. The immobilized complex was recycled and reused for 8 cycles in A® coupling reaction, and
the yield was decreased by only about 9% after eighth run.

Herein we decided to use TiO, nanotubes (TNTs) as support for immobilizing Cu(II)-Schiff base complex.
TiO, nanotubes have been attracted immense attention in recent years due to their large surface area, chemical
inertness, nontoxicity, large adsorption capacities, and charge transport property**~*2. While several studies
have documented the synthesis of Schiff bases and their metal complexes on TiO, nanoparticles**~, analogous
developments for TiO, nanotubes remain notably limited. For stabilizing Schiff base on TNTs, we modified
its surface with 3-aminopropyl triethoxy silane (APTES) which provides a chemical junction between TNTs
and organic ligand. Subsequent condensation of APTES as an amine with salicylaldehyde and complexation
with Cu(II) resulted in an immobilized Cu(II)-Schiff base complex. We also evaluated the catalytic activity of
prepared material in three component coupling reactions.

Experimental

Synthesis of TiO, nanotubes (TNTs)

TiO, nanotubes were synthesized using a straightforward hydrothermal approach. For this purpose, 0.428 g
of anatase TiO, powder (particle diameter <0.1 mm) and 0.5 g of sodium dodecyl sulfate (SDS, Merck) were
added into 50 mL of a 10 M NaOH solution. The mixture was vigorously stirred for 1 h, followed by sonication
for an additional hour to achieve homogeneity. The resulting milky suspension was then transferred into a 100
mL Teflon-lined stainless steel autoclave and heated at 140 °C for 72 h. After cooling, the solid product was aged
for 12 h in diluted nitric acid (pH=2) to enable ionic exchange of Na* with H*. Finally, the white powder was
collected by filtration, washed with absolute ethanol and distilled water several times, and dried at 60 °C for 12 h.

Preparation of TNT@APTES

To prepare APTES-grafted TNTs, 1 g of synthesized TNTs was dispersed in 30 mL of toluene (Merck).
Subsequently, 2 mL of 3-aminopropyl triethoxy silane (APTES, Sigma-Aldrich) was added dropwise to the
dispersion under stirring. The stirring was continued for 24 h at reflux condition to ensure complete grafting.
Then, the product was filtered, thoroughly washed with ethanol and water, and dried at room temperature. In
this way, TNT@APTES was obtained.

Synthesis of Cu(ll)-Schiff base complex on TNTs
In this process, 0.5 g of TNT@APTES (synthesized as described in Sect. 2.2) was added to 50 mL of ethanol and
sonicated for 20 min. Next, 3 mmol of salicylaldehyde (Merck) was added to the mixture, and the reaction was
allowed to proceed under reflux conditions at 80 °C with continuous stirring for 24 h. The obtained yellow solid
was filtered, washed with ethanol and distilled water several times, to completely remove unreacted precursors,
and dried at room temperature.

The dried powder was then dispersed in 30 mL of ethanol using ultrasound irradiation. To this suspension,
1.5 mmol of copper(II) acetate (Merck) was added, and the reaction mixture was stirred under reflux condition
at 80 °C for 24 h. The green-colored solid product was separated by filtration, washed with excess amounts of
ethanol (30 mL) and distilled water (30 mL), and dried at 50 °C for 24 h. The obtained sample was denoted as
TNT@Cu(II)-SB.

Characterization

The powder X-ray diffraction (XRD) patterns of synthesized materials were collected by a Tongda TD-3700
diffractometer using Cu ka radiation (A=1.5406 A) in the 20 range of 7-70 °. Fourier-transform infrared (FT-
IR) spectroscopy was performed on a Bruker Tensor 27 spectrometer to investigate the presence of functional
groups. Morphological analysis was conducted using scanning electron microscopy (Tescan MIRA3 FE-SEM,
operated at 15 kV) and transmission electron microscopy (TEM, the FEI Tecnai 20 instrument). Elemental
composition was determined via energy-dispersive X-ray spectroscopy (EDX, operated at an accelerating voltage
of 20 kV) integrated with the FE-SEM system.

Catalytic tests

TiO, nanotubes-supported Cu(II)-Schiff base complex (TNT@Cu(II)-SB) was tested as a catalyst in A3 coupling
of aldehydes, amines, and alkynes for synthesis of propargylamines. In a typical procedure, 4 mg of catalyst
was added to a vial containing aldehyde (0.55 mmol), amine (0.55 mmol) and alkyne (0.5 mmol), and the
mixture was magnetically stirred at 120 °C for 4 h under air. After completion, 3 mL of water was added to the
reaction mixture, and the product was extracted using ethyl acetate (2 x 10 mL). Finally, the organic solvent was
evaporated to afford the corresponding propargylamine without further purification.

Results and discussion

Characterization

To assess the crystallinity of synthesized samples, XRD patterns were provided and are presented in Fig. 1. As can
be seen, the XRD pattern of TiO, nanopowder used as the precursor shows the characteristic peaks of anatase
phase at 20 = 25.27, 36.87, 37.68, 47.97, 53.78, 55.03, 62.60, and 68.70° corresponding to the (101), (103), (004),
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Fig. 1. XRD patterns of (a) TiO, nanopowder, (b) TNTs, (¢) TNTs@ APTES, (d) TNTs@SB, and (e) TNTs@
Cu(ID)-SB.

(200), (105), (211), (204), and (116) reflection planes, respectively (JCPDS No. 071-1169). After hydrothermal
treatment of TiO, nanopowder in concentrated NaOH solution, the XRD pattern changes drastically and
new peaks appears at 20 = 9.78, 19.37, 24.29, 27.93, 32.61, 38.09, 48.23, and 61.58°. The observed peaks can
be attributed to the (200), (400), (110), (310), (301), (501), (020), and (002) reflection planes of H,Ti,0..H,O
(JCPDS No. 47-0124), respectively*’. The low intensity of XRD peaks reveals the poor crystallinity of synthesized
TNTs. Moreover, all peaks are broad due to the small size of crystallites®. Upon modification of TNTs with
APTES (TNTs@APTES), synthesis of Schiff base (TNTs@SB) and preparation of Cu(II)-Schiff base complex
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Fig. 2. FT-IR spectra of TNTs (a), Cu(II)-SB complex (b), and TNTs@Cu(II)-SB (c).
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Fig. 3. (a, b) FE-SEM and (c, d) TEM images of TNTs@Cu(II)-SB, and EDX spectra of (e) TNTs, (f) TNTs@
APTES, and (g) TNTs@Cu(II)-SB..

on TNTs (TNTs@Cu(II)-SB), the XRD pattern of TNTs does not changes significantly. This was anticipated as
the functionalization of TNTs with APTES and synthesis of Cu(II) complex were carried out at relatively low
temperatures which could not affect the crystal structure of TNTs*%.

Figure 2 shows the FT-IR spectra of bare TNTs, TNTs after synthesis of Cu(II)-SB complex, and the pure
complex. The spectrum of bare TNTs displays an intense band at 462 cm™ ! and a broad band between 600
and 800 cm™ !, attributed to Ti-O-Ti and Ti-O groups®. After complex formation, these bands intensify and
broaden due to overlap with Cu-O and Cu-N stretching vibrations in the same region®’. Besides, a distinct
band at 1122 cm™ ! and a shoulder at 1031 cm™! can be observed at FT-IR spectrum of TNTs@Cu(II)-SB,
which are ascribed to the St O and St O- Si groups of APTES, confirming its successful grafting onto TNTs*!42,
The other bands appeared at 1258, 1331, 1445, 1545, and 1618 cm™! can be assigned to the vibration of Ph-
O, G- N stretching in amines, asymmetric bending of G- H, C = C aromatic, and vibration of C = N bonds in
Schiff base, respectively*?~#>. As can be seen, these bands show slight shifts compared to those in the pure Schiff
base complex. It is worth noting that the FT-IR spectrum of bare TNTs shows bands at 1382, 1457, and 1638
cm™ !, attributed to the bending vibrations of CH,, CH,, and N- H groups from residual SDS, respectively*®. The
presence of these bands, which can overlap with those of the Schiff base complex in these regions, indicates that
SDS was not completely removed during washing. The FTIR spectra of all samples show two weak bands at about
2864 and 2921 cm™ ! due to the symmetric and asymmetric stretching of aliphatic G- H*>*3. Furthermore, the
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Fig. 3. (continued)

Entry | Catalyst (mg) Temperature (°C) Time (h) Yield (%)®
1 2 120 4 90
2 4 120 4 99
3 6 120 4 62
4 4 100 4 80
5 4 80 4 56
6 4 RT 4 6
7 4 120 3 78
8 4 120 2 85
9 4 120 1 92

Table 1. The results of the various parameters optimization in A® coupling reaction using TNTs@Cu(II)-
SB catalyst®. *Reaction condition: phenylacetylene (0.5 mmol), morpholine (0.55 mmol) and benzaldehyde
(0.55mmol). PIsolated yield.
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Table 2. A® coupling reaction of different substrates using TN Ts@Cu(II)-SB catalyst®. *Reaction condition:
alkyne (0.5 mmol), amine (0.55 mmol), aldehyde (0.55 mmol), and catalyst (4 mg) at 120 °C for 4 h. PIsolated
yield.
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Reaction conditions

Catalyst

Entry | (Oxidation state of Cu) Catalyst loading | Temperature (°C) | Time (h) | Solvent Yield (%) | Refs.
Chit@Cul 27

1 (Ca(D) 10 mg 140 0.75 - 83
ZSM-5@APTMS@(2-

2 aminopyridine/terephthalaldehyde)@Cu-NPs | 25 mg 60 2 H,0 98 47
(Cu(0))

3 [CuCl{2,5-bis(2-thienyl)~1-phenylphosphole}, ] 0.1 mol % Cu 100 24 _ 71 48
(Cu(D))

4 Egu(N§SZ)1CI-Y 3 mol % 70 12 Dichloroethane | 90 2

u(l)

5 E:(lﬂgll;?)PPhJBr 20 mol % 80 5 Toluene 93 3

6 i\(/lz(jé\l/l)-)TSCuI 3 mol % 80 4 Toluene 92 »

7 TNTs@Cu(II)-SB 4mg 120 4 - 99 This work

(Cu(1D))

Table 3. Comparison of the catalytic activity of TNTs@Cu(II)-SB with some previously reported Cu-
containing catalysts in A® coupling of phenylacetylene, morpholine, and benzaldehyde.

band related to the stretching vibration of O- H groups in adsorbed water molecules is observed at about 3357,
3414 and 3426 cm™ ! for TNTs, Cu(II)-SB complex, and TNTs@Cu(II)-SB, respectively?!. The FT-IR spectra
confirm the formation of Cu(II)-Schiff base complex on APTES-grafted TiO, nanotubes.

The morphology of TNTs@Cu(II)-SB was assessed using FE-SEM and TEM images. FE-SEM images of
sample (Fig. 3a and b) demonstrate randomly oriented rod-like nanostructures typical of TiO, nanotubes. Some
aggregated nanoparticles can be observed in the FE-SEM images probably due to the incomplete transformation
of TiO, nanoparticles to TN'Ts. TEM images of sample presented in Fig. 3c-d show that hallow tubes with lengths
of several hundreds of nanometers and average diameter of ~8-13 nm were formed during the hydrothermal
treatment of TiO, nanoparticles in concentrated NaOH.

The elemental analysis was performed to confirm the grafting of APTES and synthesis of Cu(II)-Schiff base
complex on TNTs. According to EDX spectra (Fig. 3e-g), Ti and O are present as the main elements in as-
prepared TNTs. The appearance of peaks related to N and Si elements in EDX spectrum of APTES-grafted
TNTs reveals the successful functionalization of TNTs. After synthesis of Cu(II)-Schiff base complex, new peaks
corresponded to Cu element can be detected in the EDX spectrum.

A comparative XPS study of the TNTs@Cu(II)-SB catalyst before use (Sample A) and after use (Sample B) in
the A®-coupling reaction demonstrates its remarkable stability. The Cu 2p spectra of both samples show nearly
identical peaks at 934.7 eV (Cu 2p, ,) and 954.6 eV (Cu 2p, ,), with well-preserved shake-up satellite features
in both Sample A and Sample B. This clearly confirms that the Cu(II) oxidation state remains intact throughout
the catalytic process.

The Ti 2p spectra of Sample A (before use) and Sample B (after use) further demonstrate the structural
stability of the catalyst support. The peaks corresponding to Ti 2p, , at 458.7 eV and Ti 2p, , at 464.4 eV show no
significant changes in either sample, indicating complete preservation of the TiO, structure during the reaction.

Furthermore, the O 1s spectra in both Sample A and Sample B show no notable changes. The lattice oxygen
peak at 530.0 eV and surface species peak at 531.5 eV are well maintained in both samples.

The perfect match between Sample A (before use) and Sample B (after use) across all elemental spectra
provides strong evidence for the structural stability of the catalyst and preservation of its heterogeneous nature.
Therefore, we can conclude that the slight decrease in catalytic activity over multiple cycles is not due to chemical
degradation, but rather to physical loss of some catalyst during the recovery and washing processes.

Catalytic studies

Considering the demonstrated catalytic potential of Cu(I)- and Cu(II)-Schiff base complexes in A® coupling
reactions, we aimed to evaluate the performance of synthesized TNTs@Cu(II)-SB for this transformation. In this
regard, phenylacetylene, morpholine, and benzaldehyde have been selected as model substrates, and key reaction
parameters, including the amount of catalyst, reaction time, and temperature were optimized to establish efficient
conditions for the three-component coupling process. The results are summarized in Table 1. Table 1 highlights
the critical role of catalyst loading in optimizing product yield. Increasing the TNTs@Cu(II)-SB catalyst amount
from 2 mg to 4 mg enhances the yield from 90% to 99% (entries 1-2), indicating enhanced catalytic efficiency
at moderate loadings. However, a sharp decline in product yield to 62% occurs using 6 mg of catalyst (entry
3), which underscores the importance of balancing catalyst quantity for optimal performance. On the other
hand, there is a direct correlation between the reaction temperature and product yield. The yield is negligible at
room temperature (RT, entry 6), while it gradually increases with increasing temperature and almost complete
conversion (99%) is achieved at 120 °C (entries 2, 4 & 5). In addition, the results reveal a nonlinear dependence
of product yield on reaction time. The yield reaches 92% within the first hour but decreases to 85% and 78% by
increasing the reaction time to 2 h and 3 h, respectively (entries 7-9). Notably, extending the reaction time to
4 h unexpectedly restores the yield to 99% (entry 2). According to the results, a reaction time of 4 h, a catalyst
amount of 4 mg, and a temperature of 120 °C are suggested as the optimal operating conditions for the TNTs@
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Fig. 4. XPS spectra of TNTs@Cu(II)-SB catalyst: (A) before use and (B) after use in A*-coupling reaction.

Cu(II)-SB catalyst. The generality of TNTs@Cu(II)-SB catalyst was investigated using different substrates in A*
coupling reaction under optimized conditions. As can be seen in Table 2, the product yield for different substrates
varies in the range of 40% to 100%. Using piperidine as an amine instead of morpholine reduces the product
yield by approximately 17% (entries 1 & 2). Similarly, product yield decreases by replacing phenylacetylene with
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Fig. 4. (continued)

propargyl alcohol (entry 3). The results demonstrate that the best yield is obtained for 2-chlorobenzaldehyde
(100%) among all the tested aldehydes (entries 4-8). It can be also concluded that 4-methylbenzaldehyde with
an electron donating group in para position results in higher product yield in comparison to benzaldehydes
having electron withdrawing groups in the same position (entries 5-7). Regarding the non-linear yield vs. time
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Fig. 5. Reusing TNTs@Cu(II)-SB catalyst in A® coupling of phenylacetylene, morpholine, and benzaldehyde.

trend observed in Table 1, this behavior may be attributed to several factors. Initially, the yield decreases possibly
due to solvent evaporation, intermediate equilibrium, or catalyst deactivation. However, the yield recovers as
the reaction proceeds, suggesting that catalyst reactivation or stabilization of reaction conditions may play a role
in restoring the high yield. These points have been clarified to provide a comprehensive understanding of the
reaction kinetics.

The generality of TNTs@Cu(Il)-SB catalyst was investigated using different substrates in A’ coupling
reaction under optimized conditions. As can be seen in Table 2, the product yield for different substrates varies
in the range of 40% to 100%. Using piperidine as an amine instead of morpholine reduces the product yield
by approximately 17% (entries 1 & 2). Similarly, product yield decreases by replacing phenylacetylene with
propargyl alcohol (entry 3). The results demonstrate that the best yield is obtained for 2-chlorobenzaldehyde
(100%) among all the tested aldehydes (entries 4-8). It can be also concluded that 4-methylbenzaldehyde with an
electron donating group in para position results in higher product yield in comparison to benzaldehydes having
electron withdrawing groups in the same position (entries 5-7).

Table 3 compares the catalytic activity of synthesized TNTs@Cu(II)-SB with some previously reported Cu-
containing catalysts in A® coupling of phenylacetylene, morpholine, and benzaldehyde. While direct comparison
is challenging due to variations in reaction conditions, the synthesized catalyst exhibits significant catalytic
activity. The desired product is obtained in high yield under solvent-free conditions with a low catalyst loading
of 4 mg, reaching full conversion in just 4 h.

The reusability of TNTs@Cu(II)-SB catalyst in A* coupling of phenylacetylene, morpholine, and benzaldehyde
was studied up to five runs. To this end, the catalyst was isolated after each run and washed with distilled water
and ethyl ether. Then the dried catalyst was subjected to the next run under optimized conditions. The results
presented in Figs. 4, 5 show that the product yield decreases somewhat after each run, probably due to the loss
of catalyst during recovery process. Nevertheless, the catalyst can be reused up to 3 runs, offering a product yield
of 72%.

The catalyst leaching was investigated by removing it from the reaction mixture of substrates (phenylacetylene,
morpholine, and benzaldehyde) after the first 0.5 h. The reaction was then allowed to proceed for an additional
3.5 h in the absence of the catalyst. No product was obtained after this period, confirming the heterogeneous
nature of the catalyst. Furthermore, AAS analysis of the reaction filtrate indicated that no copper species were
present in the solution, confirming the strong immobilization of copper on the catalyst support.

Conclusion

In this work, TiO, nanotubes were synthesized by hydrothermal treatment of TiO, powder in concentrated
sodium hydroxide solution and used as supports for preparation of Schiff base complexes of Cu(II). The presence
of Cu(II)-Schiff base on TNTs was confirmed using different characterization techniques. A coupling of
phenylacetylene, morpholine, and benzaldehyde was chosen as a model reaction to evaluate the catalytic activity
of synthesized material. An excellent yield of 99% was achieved using 4 mg of catalyst at 120 °C after 4 h. Using
different substrates, good to excellent product yields were obtained which confirm the applicability of catalyst
for most of substrates. The catalyst could be readily recovered by filtration and reused up to 3 runs with slight
decrease in product yield. The leaching test did not rule out the possibility of catalyst leaching into the reaction
medium.
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