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Abstract
The development of sustainable chemical processes for dehydrogenative transformations yields promising results for the 
selective synthesis of nitrogen-containing compounds. We report the synthesis of Nb2O5/Co3O4 catalyst using co-precipita-
tion, followed by the hydrothermal method. FESEM, NH3-TPD, PXRD, FT-IR pyridine adsorption studies, and XPS were 
used to characterize the chemical and structural properties of the synthesized material. The FESEM analysis revealed that 
Nb was distributed uniformly on the surface of the Co3O4. The 3.3 wt% Nb showed (2 5 0) and (0 0 1) facet on Co3O4, and 
these results are confirmed further by PXRD d-spacing. Whereas cobalt oxide exists in (2 2 2), (3 1 1), and (1 1 1) facet, 
which confirms the crystal cubic spinel structure of Co3O4. The TPD ammonia desorption Nb2O5/Co3O4 result confirms 
the presence of 0.441 mmol/g acidic sites. The synthesized Nb2O5/Co3O4 catalyst effectively transformed aromatic amines 
and benzyl alcohols to imines through a dehydrogenative coupling reaction. The 3.3 wt% Nb2O5/Co3O4 exhibited excellent 
catalytic activity, with the conversions reached as high as > 99% at 140 °C. The Nb5+ played a vital role by generating the 
Lewis acid species, oxygen vacancy, and defects on the Co3O4 could be responsible for excellent selective activation of 
alcohol in the presence of a reactive amine. Oxidant-free, easy product separation, and significant reusability makes our 
catalyst versatile for the synthesis of imine derivatives.
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1  Introduction

Dehydrogenative transformations with the concomitant 
release of hydrogen molecules have become an important 
thrust in synthetic organic chemistry. Imine derivatives are 
potential synthons of pharmaceuticals, fine chemicals, and 
biologically active heterocycles [1, 2]. Due to their huge 
demand, many synthetic and catalytic protocols have been 
developed to achieve higher conversion and selectivity [3]. 
The various synthetic methods for imine synthesis have 
been reported (Scheme 1). In this context, the dehydrogen-
ative coupling reactions of alcohols with amines are oxi-
dant and additives free to yield imines and generate merely 
water and hydrogen gas as a non-toxic byproduct [4, 5]. 
For this transformation, homogeneous metal complexes 
based on ruthenium, cobalt, iron, and iridium-containing 
catalysts have been developed in recent years [6, 7]. Also, 
Pincer-type complexes showed excellent catalytic activ-
ity for the dehydrogenative reactions [8]. For instance, 
Eizawa et al. synthesized [RuHCl(CO)(PPh3)3] containing 
PCP ligands in situ from the corresponding imidazolium 
salts with KN(SiMe3)2, in toluene under constant heating 
allows the formation of ruthenium complexes bearing a 
PCP ligand [RuHCl(CO)(PCP)] is used for the imine syn-
thesis from amine and benzyl alcohol in the presence of 
bases and solvent under reflux conditions [9].

Also, Maggi et al. have synthesized imines through 
dehydrogenative reaction using homogeneous ruthenium 
N-heterocyclic carbine complex within 24 h. However, it 
required a stoichiometric amount of DABCO to obtain 

an excellent yield [10]. In another report, Han et al. used 
Ag–N heterocyclic carbine complexes for aerobic oxida-
tion of alcohols followed by condensation at room tem-
perature with an excellent yield of imines (98%) [11]. 
Peng et al. reported the direct self-coupling of amines to 
form imines using ruthenium containing pyridine-based 
(PNP = 2,6-bis(di-tert-butylphosphinomethyl)pyridine) 
and PNN (PNN = 2-(di-tert-butylphosphinomethyl)-
6-(diethylaminomethyl)pyridine), pincer complex under 
argon atmosphere at 160 °C [12]. The majority of studies 
on the dehydrogenative coupling of alcohols and amines 
use metal-based pincer and carbine complexes to synthe-
size imines. Apart from these, inert conditions are required 
for the reaction to avoid the decomposition/oxidation 
of precious metal sources/complexes. There have some 
limitations as they cannot be reused, which raises con-
cern of their applicability on an industrial scale. These 
considerations lead to a need for a bench-stable hetero-
geneous industrial viable catalyst that could promote the 
transformation with the advantage of easy separation and 
recyclability.

Due to environmental concerns, there is a constant 
search for an efficient and greener approach in catalytic 
dehydrogenative transformations [13]. In this context, 
metal oxides have been extensively explored and applied 
in various branches of chemistry. In particular, as heteroge-
neous catalysis, due to their outstanding redox properties, 
chemical and thermal stability, excellent catalytic activity, 
recyclability, cost-effectiveness, and applicability for vari-
ous organic transformations [14]. These properties of metal 

Scheme 1   Imine formation via 
(1) The traditional method, (2) 
Previous approaches, and (3) 
The current approach
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oxides make them suitable for both industrial and academic 
research [15]. Typically, various metal oxides like CeO2, 
ZrO2, ZnO, Al2O3, SiO2, Fe2O3, and TiO2 containing metals 
have been used as catalysts [16] for various organic transfor-
mations such as oxidative, reductive, and dehydrogenative 
coupling reactions [17]. In most of these reactions, cobalt 
oxide (Co3O4) has been widely studied as a supporting 
material due to its unique chemical, mechanical, thermal, 
and magnetic properties [18]. Co3O4 is an excellent sup-
porting material as it provides active promoting sites with 
other metals, and its mild Lewis acidic sites could increase 
the intrinsic activity [19]. Pure Co is very unstable at room 
temperature, and it converts easily into oxide forms such 
as CoO, Co2O3, and Co3O4. Among all the oxides of Co, 
Co3O4 is the most stable phase and shows variable oxida-
tion states. The crystal structure of Co3O4 oxide ion belongs 
to form spinel based on a cubic close packing arrangement 
and p-type of semiconductor with potential applications in 
diverse fields [20]. This broad spectrum of properties makes 
it attractive for catalytic applications. Different transition 
metals, such as Pt/Co3O4 [21], Ni/Co3O4 [22], Fe/Co3O4 
[23] are supported and exhibited efficient catalytic activity 
for imine synthesis. Interestingly, niobium (Nb) containing 
heterogeneous catalysts are widely used for variety of reac-
tions [24]. The electronegativity and ionic radius of Nb met-
als provide strong surface acidity and stability, enhancing 
catalytic activity compared to other neighboring metals (V, 
Zr, Mo). Even a small amount of Nb had a significant effect 
in enhancing the lifetime of catalytic activity [25].

Solid Nb-containing catalysts are widely used for organic 
transformation, such as dehydration of alcohol, hydration of 
alkenes, condensation, alkylation, and esterification reac-
tions [26]. Many solid-acid catalysts have been reported for 
the dehydrogenation of alcohol, in this context, niobic acid 
is known for its dehydrogenating catalytic activity. Armaroli 
et al. used an acidic niobium phosphate catalyst to dehy-
drate fructose to 5-hydroxymethyl-2-furaldehyde [27]. Also, 
Lizuka et al. used the Nb2O5 as a catalyst at high temperature 
for dehydration of 2-butanol to butene product [28]. Further, 
Can-Xiong et al. explain the acidic properties of niobium 
oxide, and it is utilized for dehydration of alcohol [29]. The 
binary system Nb2O5/Co3O4 almost compliments each other 
in valence electrons and is expected to show a cooperative 
effect. However, electronic and magnetic properties are still 
unclear due to their heteronuclear cluster of Nb2O5/Co3O4 
challenging and giving structural variety [30]. Considering 
the literature reports, we investigated the catalyst activ-
ity of Nb2O5/Co3O4 oxide catalyst for imine synthesis by 
one-pot selective dehydrogenative coupling of alcohol and 
amine. The aforementioned catalyst was synthesized using 
co-precipitation, followed by the hydrothermal method 
with a series of Nb oxide loading amounts. The synthesized 

catalysts were characterized by various physicochemical 
methods and are examined for their catalytic activity.

2 � Experimental Section

2.1 � Materials

Co(NO3)2·6H2O (SRL), NbCl5 (V) (Aldrich), NaOH (S D 
Fine), aniline (99.5%) (AR) (Spectrochem), benzyl alco-
hol (S. D. Fine), p-nitroaniline (99.5%) (SRL), o-nitroa-
nilne (SRL), 4-nitrobenzyl alcohol (Spectrochem) (99%), 
4-hydroxy benzyl alcohol (TCI), benzylamine (SRL), 
4-(hydroxymethyl)-2-methoxyphenol (TCI), 4-ethylaniline 
(TCI), 4-butylaniline (TCI).

2.2 � Catalysts Synthesis

The Nb2O5/Co3O4 catalyst was synthesized via co-precip-
itation followed by hydrothermal method, with varying 
wt% (1.6, 3.3, and 6.7) of Nb loaded with Co3O4. In a 
typical synthesis, 5 g of cobalt nitrate was dissolved in 
40 mL distilled water by moderately stirring at room tem-
perature. The specified amount of NbCl5 was added and 
stirred for an additional 30 min. After the reaction mixture 
becomes homogeneous, NaOH, as a precipitating agent, 
was added dropwise until the pH comes in between 9 to 
10 (6.2 M NaOH solution = 14 mL). Then the reaction 
was aged for 24 h at room temperature with moderately 
stirring. The obtained material was transferred to stainless 
steel autoclave and packed tightly. Then this autoclave was 
heated in an electrically heated oven at 120 °C for 5 h. The 
autoclave was cooled to room temperature, and solid was 
collected by centrifuge and washed with a copious amount 
of water till filtrate attendance neutral pH and finally with 
methanol for removing the adsorbed organic impurity. The 
obtained solid was dried at 70 °C for overnight in a hot air 
oven. Finally, the solid powder was calcined in the muf-
fle furnace at 500 °C and hold for 5 h by a heating rate of 
5 °C/min.

2.3 � Catalytic Reactions

A dehydrogenative coupling reaction was carried out in a 
35 mL screw-cap Borosil glass test tube. Typically, 1 mmol 
of alcohol, 3 mmol of aniline, and 25 mg freshly prepared 
catalyst were added and tightly screw-capped. The reac-
tion tube was heated to the desired reaction temperature 
through the oil bath. The reaction mixture was stirred 
by using a magnetic stirrer. The progress of the reaction 
was monitored periodically by withdrawing samples and 
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quantified by Gas Chromatography (Agilent-7890B) and 
GC–MS (Shimadzu QP-2010, Japan) with HP-5 column, 
which consists of 5% diphenyl and 95% dimethyl polysi-
loxane capillary column and FID as a detector). After the 
reaction, the solid catalyst was collected by centrifuge, 
washed with methanol and dried in an oven at 70 °C over-
night and reuse for the further cycle.

3 � Results and Discussion

The catalyst was synthesized by varying weight percent 
(wt%) of Nb2O5 on Co3O4 support by co-precipitation, fol-
lowed by the hydrothermal method (Scheme 2). The hydra-
tion complex of both metals and metal salt was obtained 
by dissolving it in an aqueous solution under basic media 
(Scheme 3). Thus, the obtained aqua complex to crystals 
oxide was grown under the hydrothermal condition. The 
hydrothermal process builds the autogenous pressure to pro-
duce monomer, which is then nucleated and crystallized, 
subsequently calcined at a higher temperature [31].

The phase purity of the synthesized material was identi-
fied by using the X-ray diffractions method (Fig. 1). The 
Nb2O5/Co3O4 catalyst exhibited diffraction at 2θ = 19°, 
31.3°, 36.9°, 38.5°, 44.9°, 59.4°, 65.3° and 77.4° corre-
sponding to the planes of (1 1 1), (2 2 0), (3 1 1), (2 2 2), (4 
0 0), (5 1 1), (4 4 0), (5 3 3), and (6 2 2), indicating the cubic 
phase of spinel cobalt oxide with the average crystallite size 

18.2 nm calculated by Scherrer’s equation [JCPDS file No. 
04-003-0984] and confirm the formation of the spinel cubic 
crystalline structure of synthesized material [32]. Then, dif-
ferent wt% loading of Nb2O5 on Co3O4 oxide surface exhibit 
four sharp diffraction peaks at 2θ = 16 to 57°, corresponding 
to the planes 16.1° = (1 3 0), 22.8 = (0 0 1), 32.6 = (2 5 0), 
and 46.5° = (0 0 2), which confirms the orthorhombic crystal 

Scheme 2   Schematic diagram 
of Nb2O5/Co3O4 catalyst by a 
co-precipitation followed by 
hydrothermal method

Scheme 3   Reactions involved during the synthesis of the Nb2O5/Co3O4 catalyst

Fig. 1   XRD pattern of a Co3O4, b 1.6 wt% Nb2O5/Co3O4, c 3.3 wt% 
Nb2O5/Co3O4, d 6.7 wt% Nb2O5/Co3O4
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structure of Nb2O5 matching with (JCPDS No: 00-030-0873) 
[33]. Upon increasing the loading % of Nb2O5 on the Co 
oxide surface, observed the mixed phase of CoNb2O5 at 
2θ = 57.8 with (1 1 3) plane are confirmed with JCPDS No. 
00-032-0304.

The FESEM images of the 3.3 wt% Nb2O5/Co3O4 catalyst 
shows no distinct morphology (Fig. 2). The elemental map-
ping of the sample showed uniform distribution of Nb2O5 
on the Co3O4 oxide surface (Fig. 2C–F). The FE-SEM–EDX 

of 3.3 wt% loading of Nb2O5 on Co3O4is shown in the ESI 
(See SI3, Fig. S2). The freshly prepared 3.3 wt% catalyst 
showed 2.3 atomic % of Nb2O5 content is present on the 
Co3O4 surface.

Figure 3 displays the high-resolution transmission elec-
tron microscope (HRTEM) and SEAD image of 3.3 wt% 
Nb2O5/Co3O4 catalyst. Typically, the bimetallic Nb2O5/
Co3O4 composited crystalline sample revealed lattice fringes 
seen from the different selected zones, which revealed the 

Fig. 2   FESEM images and elemental mapping of 3.3 wt% Nb2O5/Co3O4 catalyst A 100 nm image, B 1 nm image, C Mixed elemental mapping; 
D Nb, E Co, F O distribution on the sample surface

Fig. 3   HR-TEM images of 3.3 wt% Nb2O5/Co3O4 is showing different fringes in A A.1. Co3O4; A.2. Nb; A.3.Co; B.4.Nb; B.5. Co; C SEAD 
pattern of Nb2O5/Co3O4 catalyst
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existence of single-crystalline phases of both the oxides in 
the sample. Figure 3A and B shows the lattice fringes regu-
larly separated 0.23 nm, 0.25 nm, and 0.45 nm with well 
match with the XRD d-spacing of Co3O4 and which resem-
bles with (2 2 2), (3 1 1), and (1 1 1) lattice index of cubic 
Co3O4 respectively (JCPDS No:04-003-0984).

The prominent fringes that are displayed in Fig. 3A and 
B 0.27 nm, 0.39 nm well match with the d-spacing and co-
related (2 5 0) (0 0 1) lattice index of crystalline Nb2O5, 
respectively (JCPDS No: 00-030-0873). The SEAD pat-
tern also confirmed the plane, or d-spacing value of Nb2O5/
Co3O4 (See Fig. 3C).

The N2 gas adsorption/desorption isotherms and spe-
cific surface area were determined by the multipoint 
Brunauer–Emmett–Teller (BET) method. Initially, all 
samples were degassed at 300  °C for 4  h before the 

measurements. The specific surface areas of the catalysts 
were determined by N2 adsorption and desorption at liq-
uid nitrogen temperature. All the samples showed H3 type 
hysteresis with monolayer adsorption (See SI5. Figure S7). 
The surface area of pure Co3O4 has a much higher 5 m2/g 
as compared to Nb2O5 loaded on the Co3O4 oxide surface, 
while the pore size of pure Co3O4 was less (357.6 Å) than 
the Nb2O5/Co3O4 catalytic system. The surface area of 
1.6, 3.3, and 6.7 wt% Nb2O5/Co3O4 catalysts were meas-
ured to be 9, 13, and 23 m2/g, respectively (Table 1). Upon 
increasing the wt% of Nb2O5 loading, the surface area also 
increases, and it was as expected because it may be due to 
high wt% of Nb2O5 loading [34]. It was also observed that 
increasing the amount of Nb2O5 loading (0, 1.6, 3.3 and 6.7 
wt%) on the Co3O4 oxide surface, increases the pore size to 
be 357.6, 406.8,458, and 554 Å respectively [35].

X-ray photoelectron spectroscopy (XPS) has been used 
to analyze the chemical state of the solid surface. The full 
survey spectrum has confirmed the presence of synthesized 
composite of Nb 3d, Co 2p, and O 1s species with specific 
binding energy is shown in the Fig. 4A. By deconvolution of 
the XPS spectrum; the asymmetric Co 2p peak can be differ-
entiated into two peaks centered at Co 2p3/2 and Co 2p1/2 
spin–orbit and binding energy at 779.2 and 794.2 eV respec-
tively, which indicate the presence of divalent and trivalent 
Co species in the Co3O4 spinel structure. The fitting peak 
at 779.4 was attributed to Co (2p3/2) are deconvoluted in to 

Table 1   Physical properties of catalysts measured by N2 adsorption

Entry Catalyst Composition 
wt%

SBET (m2/g) Pore size in Å

Nb Co3O4

1 Co3O4 0 100 5 357.6
2 Nb2O5/Co3O4 1.6 98.4 9 406.8
3 Nb2O5/Co3O4 3.3 96.7 13 458
4 Nb2O5/Co3O4 6.7 93.3 23 554

Fig. 4   XPS analysis of 3.3 wt% 
Nb2O5/Co3O4, A Survey spectra 
of Nb2O5/Co3O4, B Co, C Nb, 
D O
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two peaks at binding energy 779.2 (FWHM 2.09) and 
780.8  eV (FWHM 3.4) are assigned to Co3+ and Co2+ 
respectively. While the shoulder peak at a binding energy 
of 794.2 eV can be fitted into two components with binding 
energies at 794.2 (FWHM 2.0) and 796.05 eV (FWHM 2.8) 
corresponding to the 2p1/2 spin-orbits of Co3+ and Co2+ 
respectively. The two small peaks at 789.1 (FWHM 2.3) and 
804 eV (FWHM 4.6) are typical Co shakeup satellite peaks 
that are conformed to Co3+, and Co2+ species are present in 
the catalyst see (Fig. 4B) [36]. Typically, the Co3O4 struc-
ture contains Co3+ is octahedrally coordinated cations, and 
Co2+ is tetrahedrally cations [37]. The electronic state of 
the active metal Nb was loaded on the Co3O4 oxide surface 
found out by XPS. The different binding energy position of 
the Nb 3d peak indicates the existence of Nb in different 
chemical state (Fig. 4C). The spin–orbit splitting centered 
of Nb 3d5/2 and Nb 3d3/2 with corresponding to binding 
energy 206 (FWHM 1.2) eV and 208.7 (FWHM 1.4) eV 
respectively, deconvolute both peaks in the form of NbO2, 
NaNbO2 and Nb2O5 on Co3O4 surface, in which niobium 
metal showing vary the oxidation state due to the Nb2O5 at 
higher temperature decompose and form suboxides NbO2 
and NaNbO2 species [38, 39]. The fitting peak at 206 eV is 
decomposed into two peaks, 206 and 206.9 eV is assigned 
to the NbO2 and NaNbO2 species are present, then 208.7 are 
split into two peaks 208.7 and 209.8 eV are indicating that 
Nb2O5 species are present on Co3O4.

The O 1s spectrum of the Nb2O5/Co3O4 catalytic sys-
tem is shown in Fig. 4D, where two peaks were located at 
529.2 eV and 532 eV. The major peak of O 1s of Nb2O5/
Co3O4 catalytic system about 529.2 eV was assigned to lat-
tice oxygen O2−, the higher binding energy can be attributed 
to the different types of bonding combination of O2− with 
Co3+ and Co2+ cubic spinel of Co3O4 oxide surface of the 
catalyst [40–43]. In the Co3O4 system may be O three coor-
dinated with three Co3+ and two coordinated O bonded 
with one Co2+ and Co3+, prominent to the binding energy 
of O2− attached with Co ions having a considerable differ-
ence. However, for spinel Co3O4 new intense peak at 532 eV 
shows up, which is attributed to the high binding energy 
peak from the surface oxygen defect species [44]. It suggests 
that the Co3O4 spinel structure has more O vacancies; these 
results are in excellent agreement in correlation with surface 
area and pore size.

Figure 5 shows the ex-situ pyridine adsorption spectra of 
Nb2O5/Co3O4 and confirms the presence of Lewis and Brøn-
sted acid sites in the catalyst. Initially, the freshly prepared 
catalyst was dried at 150 °C overnight, then make a pallet 
with KBr at room temperature. Initial spectra recorded at 
room temperature without pyridine is shown in Fig. 5a. Then 
pyridine was added on the same pellet and keep 15 minutes 
at room temperature (~ 32 °C) and record the FTIR (Fig. 5b). 

Then this pyridine added pellet keep in the oven at 100 °C 
for 1 h and then record the FTIR spectra (Fig. 5c).

The pyridine adsorbed Nb2O5/Co3O4 catalyst shows three 
characteristic bands assign to the chemisorption of pyridine 
on the Nb2O5/Co3O4 oxide surface. The band located at 1350 
to 1380 cm−1 corresponds to hydroxyl groups on the cata-
lyst surface, and then the chemisorption band of pyridine at 
1440 and 1588 cm−1 indicates the Lewis acid site. Addition-
ally, a small band located at 1484 cm−1 corresponds to the 
vibrational mode of pyridine adsorbed on the catalyst and 
is assigned to both Lewis and Brønsted acidic sites on the 
catalyst [45].

The surface acidity of catalyst and reagent adsorption and 
desorption plays a vital role in the catalytic reaction and 
is an important aspect of the heterogeneous catalyst. The 
surface acidity strength of the Nb2O5/Co3O4 catalysts was 
investigated by the temperature program desorption (TPD) 
of NH3, and the result is shown in (Fig. 6A). NH3-TPD was 
carried out at a heating rate of 10 °C/min in He (30 mL/
min) from room temperature to 600 °C. The Nb2O5/Co3O4 
catalyst's TPD result indicates the wide-ranging distribu-
tion of acidic sites from mild to strong acidic sites in the 
catalyst. Typically, acidic strength, which determines by the 
NH3 desorption temperature range, can be classified as weak 
(< 250 °C), moderate (250–400 °C) and strong (> 400 °C) 
acidic sites [43]. The NH3-TPD profile of the Nb2O5/Co3O4 
catalyst is shown in Fig. 6A, the NH3 desorption showed 
two regions, around the peak at 208 °C indicates weak and 
moderate acidic sites peak was observed at 328.6 °C. The 
quantitative analysis of the TPD result for Nb2O5/Co3O4 

Fig. 5   Shows the ex-situ pyridine adsorption FT-IR study, (a) 3.3 
wt% Nb2O5/Co3O4, (b) 3.3 wt% Nb/Co3O4 + Py, (c) 3.3 wt. % Nb2O5/
Co3O4 + Py + 100 °C, (Py Pyridine, L Lewis acid, B Brønsted acid)
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catalyst is showed us the presence of 0.441 mmol/g acidic 
sites. The NH3 TPD results of the catalyst’s acidic site cor-
roborated with the py-FT-IR adsorption profile [46].

The strength of surface basicity of the Nb2O5/Co3O4 cata-
lyst was investigated using temperature-programmed desorp-
tion of CO2 and results are shown in Fig. 6B CO2-TPD was 
performed from room temperature to 550 °C at a heating rate 
of 10 °C/min in Helium (30 mL/min). The Nb2O5/Co3O4 cat-
alyst's TPD result indicates the wide-ranging distribution of 
basic sites from mild to the strong basic site in the catalyst. 
The quantitative analysis of the TPD result demonstrated 
the presence of Nb2O5/Co3O4 catalyst is 0.268 mmol/g basic 
sites. In Fig. 6B represent the CO2 desorption curve for the 
3.3 wt% Nb2O5/Co3O4 catalyst sample. The desorption range 
around 107 to 283 °C can be attributed to the Brønsted site; 
it could be inferred from the distinct desorption peak at 107 
and 283 °C that Nb's concentration on Co3O4 surface and 
hydroxyl groups on the catalyst surface directly correlates 
with the XPS studies [47, 48].

3.1 � Catalytic Reactions

The synthesized Nb2O5/Co3O4 oxide catalysts were used in 
dehydrogenative coupling reaction to imine synthesis using 
benzyl alcohol and aniline as substrates (Scheme 4). The 
reaction was carried out in an inert atmosphere (under N2 
and Ar) sealed tube for 20 h at 140 °C without any additives. 

Imine formation was analyzed by GC, GC–MS, and NMR 
(See in SI, S10).

The series of catalysts optimized under standard reaction 
conditions is shown in Table 2. Initially, the reaction was 
carried without catalyst at 140 °C for 24 h; no conversion of 
aniline and alcohol was observed. Furthermore, when pure 
Nb2O5 and Co3O4 were used as a catalyst at 140 °C for 20 h, 
obtained 11 and 18% conversion of benzyl alcohol with 98% 
selectivity to imines was achieved (Table 2 entries 2, 3). 
Then 1.6 wt% Nb2O5 loaded on Co3O4 surface gave 84% 

Fig. 6   A NH3 TPD profile of 3.3 wt% Nb2O5/Co3O4 catalyst, B CO2 TPD profile of 3.3 wt% Nb2O5/Co3O4 catalyst

Scheme 4   Catalytic reaction of 
imine synthesis

Table 2   Effect of % loading of Nb2O5 supported on Co3O4 for imine 
synthesis from aniline and benzyl alcohol reaction

Reaction condition: Catalyst 25  mg 3.3 wt% Nb2O5/Co3O4; Aniline 
3 mmol and Benzyl alcohol 1 mmol; Temp. 140 °C

Entry Catalyst Time (h) % Conv. of 
Alcohol

% Sel. 
of 
Imine

1 – 20 00 00
2 Nb2O5 20 11 98
3 Co3O4 12 10 98

20 18 98
4 1.6 wt%

Nb2O5/Co3O4

12 70 98
20 84 98

5 3.3 wt%
Nb2O5/Co3O4

12 80 98
20 96 98

6 6.7 wt%
Nb2O5/Co3O4

12 72 98
20 97 98
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conversion with 98% selectivity to imine product in 20 h. 
This result suggests that the loading of Nb increases the rate 
of reaction as compared to the pure Co3O4. Further increase 
in catalyst loading (3.3 wt. %) resulted in excellent (95%) 
conversion with 98% selectivity to imine (Table 2, entry 
5). However, no significant change was observed when the 
reaction was performed at 6.7 wt. % Nb2O5 loading (Table 2, 
entry 6). Notably, it was found that the catalyst (Nb2O5/
Co3O4) showed a high rate of reaction up to 12 h, and after 
that, it slowed down gradually.

Among various polar and non-polar solvents tested 
for imine synthesis, initially used non-polar solvents like 
o-xylene gave 59% conversion and 100% selective desired 
product (See SI6 Table S1, entry 1). Whereas polar aprotic 
solvents such as DMSO and DMF gave 44 and 30% conver-
sions, respectively (See SI6 Table S1, entries 2 and 3). This 
could be associated with the solvent's polarity, which pos-
sibly decreases the alcohol dehydrogenation rate. From these 
optimization studies, it was found that solvent-free condi-
tions gave higher activity (95%) and selectivity of imine 
product (98%) (See SI6 Table S1, entry 4). Hence, we have 
adopted the solvent-free condition for the dehydrogenative 
coupling reaction of alcohols and amines.

The temperature effect on the imine synthesis was also 
studied, ranging from 100 to 160 °C (See SI7 Table S2). The 
results indicate that the reaction rate was slow at the lower 
temperature, subsequently increasing the temperature up to 
140 °C, the conversion (96%) increased without losing the 
selectivity. Furthermore, increasing the temperature from 
140 to 160 °C did not enhance the conversion (SI7 Table S2, 
entries 3 and 4). The controlled experiment was performed 
at the optimized reaction condition (See Fig. 7). Initially rate 
of reaction was high (7.5 h gave 34.8% conversion) and it 
further increased to 59.7% in 13 h. Then reaction rate was 
slowly decreased and it reached 95% with 98% selectivity 

to imine product in 24 h. (See Fig. 7a). A controlled experi-
ment was performed at the same reaction condition without 
aniline, only using benzyl alcohol to cross-check the dehy-
drogenation rate without aniline (See Scheme 5b). Here we 
observed 25% the formation of aldehyde product. The con-
clusion of this study without amine dehydrogenation rate 
was slow, it might be amine functional groups also help to 
dehydrogenate with Nb2O3/Co2O3 catalytic system. 

Further, the catalytic activity was tested for hetero cross-
coupling of anilines and benzyl alcohols under the optimized 
condition with a 1:1 ratio of starting material resulted in 
88% conversion with 98% selectivity. Then, we changed the 
mole ratio of substrates to 3:1 (aniline and benzyl alcohol, 
respectively). It was observed that the increased conversion 
(98%) and selectivity (98%) while altering the mole ratio 1:3 
of aniline and alcohol decreased conversion (25%) and selec-
tivity (98%) (See SI8 Table S3). Furthermore, the obtained 
protocol was extended for a broader substrate scope. The 
optimized (3.3 wt% Nb2O5/Co3O4) catalyst was used for the 
hetero-coupling of alcohol and amine derivatives.

When simple benzyl alcohol was used as a substrate, it 
gave a 96% conversion with 98% selective to corresponding 
imine (Table 3, entry 1). Furthermore, when the electron-
donating substrate, such as 4-hydroxy benzyl alcohol was 
used, the reaction rate was very fast and successfully con-
verted (100%) all substrates at a lower temperature with 80% 
selectivity to imine in just 9 h reaction time. Because it is a 
very reactive substrate and easily converts into amine due to 
in situ generated H2 and other substituted product formation. 
In addition, the reaction was allowed to run for extended 
time (20 h). The formed product was further converted to 
an amine (Table 3, entries 2 and 3).

Notably, the electron-withdrawing groups such as –Cl 
and –NO2 on alcohol substrates were favourable to react 
slowly with the amine to give corresponding imines. In 
contrast, electron-donating alcohols tend to give less con-
version but higher selectivity of corresponding imine prod-
ucts. For instance, 4-chloro benzyl alcohol gave only 18% 
conversion but 100% selectivity to the corresponding imine 
product (Table 3, entry 4). Furthermore, the strong electron-
withdrawing effect on alcohol substrate on 2-nitro benzyl 
alcohol, 3-nitro benzyl alcohol, and 4-nitro benzyl alcohols 
achieved 38, 38, 70% conversion, respectively along with 
100% selectivity (Table 3, entries 5, 6, and 7).

Moreover, the same protocol was extended for different 
types of amine derivatives with benzyl alcohol to synthesize 
imine (Table 4). This catalyst is also effective for the self-
coupling of phenylmethylamine to provide the correspond-
ing imine (N-benzyl-1-phenylmethylimine) product 48% 
yield with 100% selectivity (Table 4, entry 1). The same type 
of phenylmethylamine substrates was used for the cross-cou-
pling with benzyl alcohol, resulting in the corresponding 
cross-coupled imine product with 100% conversion (Table 4, 

Fig. 7   Controlled experiment time vs conversion a Benzyl alco-
hol + Aniline to Imine synthesis, b Benzyl alcohol to aldehyde syn-
thesis
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entry 2). Furthermore, benzene-1, 2-diamine was also con-
verted to the corresponding cyclic 2-phenyl-1H-benzimida-
zole imine product with excellent conversion and selectivity 
under the same reaction conditions (Table 4, entry 3). The 
steric and electron-withdrawing groups (F, Br, and NO2) 
are favourable to react with benzyl alcohol to transform into 
resultant imines products such as N-(4-fluorophenyl)-1-phe-
nylmethanimine, N-(4-bromophenyl)-1-phenylmethanimin 
and N-(4-nitrophenyl)-1-phenylmethanimine achieving 100, 
50 and 25% conversions respectively with 100% selectivity 
to corresponding imines (Table 4, entries 4, 5, and 6). In 
addition, when slightly weak electron-donating alkyl group 
substituted aromatic amine was used for imine synthesis, 
4-ethyl aniline gave 76% conversion with 97% selectivity 
4-butyl aniline gave 45% conversion with 98% selectivity 
of corresponding imine products. (Table 4, entries 7 and 8). 
Compared to those electron-withdrawing functional amines, 
donating group substituted amine derivatives resulted in 
more conversion except fluorine substituted amine.

3.2 � NMR

3.2.1 � N, 1‑Diphenylmethanimine

1H NMR (500 MHz, DMSO) δ 8.44, 7.89, 7.47, 7.37, 7.20.

13C NMR (126 MHz, CDCl3) δ 161.88, 153.52, 137.65, 
132.84, 130.23, 127.39, 122.32.

3.2.2 � 1‑(4‑Nitrophenyl)‑N‑Phenylmethanimine

1H NMR (500 MHz, DMSO) δ 8.85, 8.17, 8.09, 7.86, 7.77, 
7.44, 7.27. 13C NMR (126 MHz,

DMSO) δ 158.77, 152.67, 151.13, 135.44, 133.75, 131.42, 
128.29, 126.40, 123.01.

3.2.3 � N‑(4‑bromophenyl)‑1‑phenylmethanimine

1H NMR (500 MHz, CDCl3) δ 8.49, 7.96, 7.56, 7.32, 7.14. 13C 
NMR (126 MHz, CDCl3) δ 160.78, 151.02, 135.94, 132.20, 
131.66, 128.84, 122.60, 119.32.

3.2.4 � N‑(4‑butylphenyl)‑1‑phenylmethanimine

1H NMR (500 MHz, CDCl3) δ 8.47, 7.88, 7.46, 7.19, 2.63, 
1.60, 1.38, 0.94. 13C NMR (126 MHz, CDCl3) δ 159.62, 
149.60, 140.92, 136.38, 131.19, 128.56, 120.81, 35.20, 33.71, 
22.36, 13.98.

Scheme 5   A plausible reaction 
mechanism for imine using 
alcohol and amine over Nb2O5/
Co3O4 catalyst
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3.2.5 � N‑(4‑ethylphenyl)‑1‑phenylmethanimine

1H NMR (500 MHz, CDCl3) δ 8.45, 7.89, 7.45, 7.20, 2.68, 
1.26. 13C NMR (126  MHz, CDCl3) δ 158.64, 148.66, 
141.23, 135.38, 130.20, 127.74, 119.90, 27.67, 14.68.

3.2.6 � Benzenamine, 4‑fluoro‑N‑(phenylmethylene)

1H NMR (500 MHz, CDCl3) δ 8.51, 7.96, 7.55, 7.25, 7.14. 
13C NMR (126 MHz, CDCl3) δ 162.23, 160.19, 148.05, 
136.07, 131.46, 128.79, 122.27, 115.55.

3.2.7 � (E)‑N‑benzyl‑1‑phenylmethanimine

1H NMR (500 MHz, CDCl3) δ 8.55, 7.95, 7.57, 7.50, 7.43, 
4.98. 13C NMR (126  MHz, CDCl3) δ 162.19, 139.26, 
136.13, 130.86, 128.66, 126.97, 65.04.

3.2.8 � 1‑(4‑Nitrophenyl)‑N‑phenylmethanimine

1H NMR (500 MHz, CDCl3) δ 8.56, 8.33, 8.07, 7.43, 7.28. 
13C NMR (126 MHz, CDCl3) δ 158.54, 151.98, 150.95, 
143.00, 130.76, 128.51, 125.11, 122.39.

3.3 � Detection of H2 Gas Evolved During 
Dehydrogenation Reaction

An additional experiment was performed to demonstrate the 
evolution of H2 in the reaction. A dehydrogenative coupling 
experiment was carried out in a 15 mL screw-cap Borosil 
glass test tube. Typically, 2 mmol of alcohol, 6 mmol of 
aniline, and 50 mg freshly prepared catalyst were added and 

Table 3   Dehydrogenative coupling reaction of aniline and benzyl 
alcohol derivatives by Nb2O5/Co3O4

Reaction condition: Alcohols (1 mmol) Amine (3 mmol) and 25 mg 
of 3.3 wt% Nb2O5/Co3O4 catalyst; Solvent-free; Temperature-140 °C; 
Time 20 h
a,b 100 °C, 9 h
c 19 h

Entry Alcohols Products % Con % Sel

1 96 98

2a 100
100d

80
100

3b 100
100c

32
100

4 18 100

5 38 100

6 38 100

7 70 100

Table 4   Results of dehydrogenative coupling of benzyl alcohol and 
amine derivatives by Nb2O5/Co3O4

Reaction condition: Alcohols 0.3  mmol; Amine 1  mmol; Catalyst 
25  mg 3.3 wt% Nb2O5/Co3O4; Sol. free; Temp 140  °C; Time 20  h. 
(1b self-coupling of only Benzylamine)

Entry Amines Products % Con % Sel

1b 48 100

2 100 100

3 100 100

4 100 100

5 50 100

6 25 100

7 76 97

8 45 98
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tightly screw-capped. The reaction tube was heated to the 
desired reaction temperature through the oil bath. The reac-
tion mixture was stirred by using a magnetic stirrer. The 
formation of H2 was monitored by withdrawing gas by gas 
syringe and analyzed sample in GC (Thermo Scientific with 
Porapak Q column, connect TCD detector, He as a carrier 
gas, 120 °C temperature,). When the sample was withdrawn 
after 4 h H2 gas was produced in the dehydrogenation step 
was detected. In Fig. 8, (or SI8) initially confirmed a sam-
ple before reaction Fig. 8A there was observed only atmos-
pheric gas mixture peak position range at 1.4 to 2.3 retention 
time, there was not observed any H2 gas peak. Then after 4 h 
withdraw the gas sample from the reaction tube and ana-
lyzed it by GC in which observed the H2 gas peak position 
at 0.54 min see Fig. 8B. Confirmed this H2 gas by injecting 
pure H2 gas in GC see in Fig. 8C graph. The conclusion of 
this study is H2 gas is generated during the dehydrogenation 
of alcohol.

3.4 � Mechanism

The synthetic parameters and types of the method adopted 
for the preparation affect the catalytic activity of mixed 
metal oxide (MMO) catalyst. The catalytic activity of 
MMOs depends on the particle size, oxidation state, surface 
properties, chemical composition of metals, and metal vicin-
ity. The possible reaction mechanism of dehydrogenative 
coupling of amine and alcohol reaction over Nb2O5/Co3O4 
for imine synthesis is shown in Scheme 5. The dehydro-
genative reaction pathways for imine formation without any 
additives and the oxidant-free experiment were confirmed 
by a controlled experiment. In this regard, we perform the 

acceptor less dehydrogenation of alcohol under the same 
reaction condition, and alcohol conversion to aldehyde was 
obtained within 20 h. N2 and Ar, inert atmosphere also does 
not affect the reaction rate and product yields and gave the 
same percentile yield. Co3O4 in the MMO Nb2O5/Co3O4 
catalyst has a fair amount of acidic sites which are of a weak 
acidic strength as compared to Nb2O5 [49] active metal 
Nb2O5 oxide has strong Lewis acid sites, in which Nb=O 
are associated, with highly polarised Nb–O which gener-
ate hydroxyl group on the surface, that functions as Brøn-
sted acid sites [50]. Many solid acid catalysts and bases are 
promoted to dehydrogenation reactions. In which catalytic 
activity of solid acids is higher than those of solid bases. 
Among the solid acids, niobic acid seems to be most suitable 
for dehydration.25 Herein, it may be Lewis acidic properties 
of Nb2O5/Co3O4 catalyst to promote initial step dehydroge-
nation of alcohol as alkoxide species easily diffuse over Nb 
(1 1 1) plane, owing to the low energy. On the other side, it is 
usually convinced that additional basic site of Nb2O5/Co3O4 
could promote the activation of the O–H bond in alcohol 
[51]. Thus, it can be stated that the basic redox site from the 
Nb2O5/Co3O4 support would be helpful in the activation of 
the O–H bond from the alkoxide intermediate. Then alkox-
ide -O to promote the release of benzylic –H and successive 
formation of benzaldehyde and H-Nb2O5/Co3O4 species 
via β-H elimination as the rate-determining step, and it may 
require Lewis acidic Nb2O5 (+ 5) with Co2+ and Co3+ states. 
Hence, the reactive Lewis acidic surface from the metal may 
participate in the reaction by abstracting the benzylic proton 
from the alkoxide intermediate and then forming benzalde-
hyde. Also, the strong interaction between Nb5+ and Co3O4 
formation energy of oxygen vacancy which could further 
promote catalytic reaction at a lower temperature. Moreo-
ver, the Nb/Co3O4 catalyst's acidic and basic site might be 
releasing the H2 from the surface. The final step is the rapid 
and uncatalyzed condensation of benzaldehyde with aniline 
to give benzylidenealine and water as a side product. In this 
scheme, the prime Nb2O5/Co3O4 catalyst appears as the spe-
cific active site having bifunctionality, and also strong inter-
action with highly dispersed metallic Nb2O5 on the Co3O4 
surface. These unique properties could be responsible for the 
outstanding catalytic performance without additives direct 
dehydrogenative coupling of alcohol and amine.

4 � Conclusion

The Niobium oxide supported on spinel Co3O4 oxide was 
synthesized and examined for its catalytic activity over one-
pot imine formation by dehydrogenative coupling of alco-
hol with an amine under solvent, oxidant and additives free 
condition is reported for the first time. The reaction condi-
tions are very mild and environmentally benign, with the 

Fig. 8   Detection of H2 gas evolved during the reaction by gas chro-
matography, the sample analysed. A before reaction, B during reac-
tion, and C standard hydrogen Gas
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liberation of water and H2 as by-products. The present reac-
tion approach has advantages such as solvent, oxidant and 
additive-free conditions. Significantly lower weight percent 
niobium containing spinal cubic phase cobalt oxide-contain-
ing catalyst demonstrated excellent (up to 100%) conversion 
and (up to 100%) selectivity to corresponding imine product. 
The rate of reaction was slow in electron-withdrawing sub-
strates. The catalyst was tested for its recyclability studies 
and found to have no significant loss in its activity after three 
cycles. A plausible mechanism was proposed for the forma-
tion of imines, and this straightforward catalytic pathway 
could pave a path for accessing feedstock chemicals with 
high yields for a range of substrates.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10562-​022-​03943-2.
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