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ABSTRACT: The catalytic activity of MOFs derives in a large extent
from defects. To generate these defects, a cobalt-based metal—
organic framework TMU-10, [Co4(oba)s(OH),(H,0),(DME),],
2DMEF has been subjected in the present study to controlled thermal
treatment under air at different temperatures ranging from 100 to
700 °C. This treatment produces the removal of ligands, generation
of structural defects, and additional porosity in an extent that
depends on the conditions of the thermal treatment. The resulting
defective materials, denoted according to the literature as quasi-
MOFs, were subsequently employed as heterogeneous tandem
catalysts in the one-pot synthesis of N-benzylideneaniline from
aniline and benzyl alcohol in open air as a terminal oxidant at 60 °C
under solvent-, base-, and dehydrating agent-free conditions. The
quasi-TMU-10 framework obtained at 300 °C (QT-300) can efficiently promote imine synthesis within 2 h, forming water as the
only byproduct. Unsaturated cobalt sites and the presence of micro- and mesopores in QT-300 are responsible for this excellent
catalytic performance as tandem catalysts. The influence on QT-300 catalytic activity of catalyst amount, reactant ratio, and reaction
temperature was investigated, as well as the stability and recyclability of the catalyst. The one-pot imine formation promoted by QT-
300 follows alcohol aerobic oxidation and subsequent anaerobic condensation of the aldehyde intermediate with aniline.
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B INTRODUCTION

Tandem catalysts, as multifunctional materials able to catalyze
multiple reactions in one step, have received much attention in
the last two decades for multiple-step syntheses due to their
advantages in terms of simpler workup and process
intensification.” By having an active C=N bond, imines are
key intermediates in the synthesis of pharmaceuticals, fine

Among them, the oxidative cross-coupling of alcohols with
amines is one of the most convenient processes for imine
preparation. The salient features of the mentioned method are
formation of water as the only byproduct of the process and
synthesis of different symmetric and asymmetric imines by
combining various starting materials.”°

Metal—organic frameworks (MOFs) are a class of porous

chemicals, and biologically active heterocyclic compounds,
such as @-amino acids and @-amino alcohols.” Imine reactivity
includes reduction, addition, condensation, and multicompo-
nent reactions.”*

Several synthetic routes are described in the literature for
imine synthesis.5 However, in the past decade, more attention
has been paid to the direct synthesis of imines through one-pot
processes from alcohols and amines via an oxidative reaction,
which diminishes energy consumption and wastes as well as
minimizes purification steps.” Three green techniques
including the cross-coupling of alcohols with amines, the
self-coupling of primary amines, and the oxidative dehydrogen-
ation of secondary amines have been widely employed for
imine synthesis due to the availability of the starting materials
and also employment of air or O, as the terminal oxidant,
instead of environmentally harmful chemical oxidants.”*
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crystalline materials containing metal ions or metal clusters
coordinated to rigid bi- or multipodal organic ligands
generating a considerable internal void space.” In some cases,
the pores in a framework are filled with guest molecules (often
solvents), whose removal can generate coordinatively unsatu-
rated positions around the metal nodes. These features of
MOFs are of interest for application in gas storage, gas
separation, gas purification, catalysis, and supercapacitors.1’10’11

Received: April 27, 2021 Stistafnable

Chemistry: Enginegring

Revised:  July 19, 2021
Published: July 28, 2021

https://doi.org/10.1021/acssuschemeng.1c02851
ACS Sustainable Chem. Eng. 2021, 9, 10611-10619


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Minoo+Bagheri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Yaser+Masoomi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Esther+Domi%CC%81nguez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hermenegildo+Garci%CC%81a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssuschemeng.1c02851&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02851?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02851?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02851?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02851?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssuschemeng.1c02851?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ascecg/9/31?ref=pdf
https://pubs.acs.org/toc/ascecg/9/31?ref=pdf
https://pubs.acs.org/toc/ascecg/9/31?ref=pdf
https://pubs.acs.org/toc/ascecg/9/31?ref=pdf
pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acssuschemeng.1c02851?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/ascecg?ref=pdf
https://pubs.acs.org/journal/ascecg?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Catalytic active sites in MOFs can be located at the metal
nodes, linkers, and/or within the pores, there being
appropriate strategies to activate or implement these active
sites.”'> Active sites are accessible to substrates and reagents
through the pores. Pore engineering is an important way to
obtain catalytically active MOFs while modulating site
accessibility.*~"* Recently, much attention has been paid to
the role of defects on the catalytic activity of MOFs. Since
structural defects may result in the presence of coordinatively
unsaturated positions around metal ions, able to coordinate
with substrates and reagents, efforts have been made for
developing strategies to create defects. One of these method-
ologies is the generation of structural defects by partial
deligandation under controlled thermal treatment to create
Lewis acid centers.'”"” The term “quasi-MOFs” (Q-MOFs)
has been used to indicate the resulting damaged structures that
can be considered to represent an intermediate stage between
metal oxides and perfect MOFs with features and advantages
of both.'*™"*

Herein, we have applied a Q-MOF based on the cobalt-
MOF (TMU-10) as a solid tandem catalyst for the one-pot
direct coupling of alcohol and amine to the corresponding
imine in the absence of any base or chemical oxidant. Our
strategy relies on the generation of Lewis acid sites and pore
engineering by creation of defects on the TMU-10 framework.
Optimal thermal deligandation causes an extra high density of
open cobalt sites with simultaneous formation of both micro-
and mesopores after partial damage of the TMU-10 network.
Our approach renders an efficient solid catalyst for the direct,
green, and easy one-pot synthesis of imine with air as the
terminal oxidant under solvent-free conditions and at room
temperature. The selection of TMU-10 as a precursor offers
the advantage of a reliable and convenient synthesis from
affordable ligands, combined with the general catalytic activity
of Co MOFs in oxidation reactions.

It was anticipated that open cobalt sites as Lewis acid centers
can activate oxygen molecules of air, promoting alcohol
oxidation and the subsequent condensation steps. It has also
been proven that a proper metal catalyst can facilitate the
oxidation of both alcohol and amine.’ In contrast to most
metal oxides, catalysts based on quasi-MOFs do not undergo
particle aggregation, exhibiting a uniform distribution of active
metal catalytic sites throughout the Q-MOF framework. In this
strategy, porosity and the crystal structure of the parent TMU-
10 are partially intact, making possible reactant diffusion to the
active sites.

Some cobalt-based catalysts have been applied for imine
synthesis,”’"** and some MOFs with or without cocatalysts
have been also studied as catalysts for this reaction.”> "
However, to the best of our knowledge, there is no previous
report showing that thermal deligandation is a convenient way
to prepare even more eflicient catalysts for the synthesis of
imines under mild and green conditions.

TMU-10, [Cog(oba);(OH),(H,0),(DME),],-2DMF
(H,oba = 4,4'-oxybisbenzoic acid), is a Co-based MOF with
high thermal stability in which there are hexanuclear secondary
building units (SBUs) of cobalt centers.”” Herein, it will be
described how partial deligandation on TMU-10 can produce a
highly active noble metal-free tandem catalyst based on the Q-
MOF (abbreviated as “QT-x” in this study), consisting of
coordinatively unsaturated Lewis acid Co sites, as well as
coexistence of micro- and mesopores, favoring internal
diffusion for direct synthesis of imines in a one-pot process.

The QTMU-10 has been prepared via partial deligandation in
air at different temperatures ranging from 100 to 700 °C with a
heating rate of 5 °C min™". The process removes some organic
linkers, generating structural defects and coordinatively
unsaturated positions around Co”* ions able to act as catalytic
sites. The catalytic performance of QTMU-10 significantly
improves upon optimal deligandation compared to the TMU-
10 precursor, the highest catalytic performance being achieved
for the sample subjected to 300 °C. Available characterization
data indicate that the increase of catalytic activity probably
derives from simultaneous presence of micro- and mesopores,
as well as the uniform and extended distribution of active Co
catalytic sites across the framework and the prevention of
generation of agglomerate CoOx particles. Reusability of the
Q-MOF and the corresponding kinetic and thermodynamic
properties have also been investigated. The results show that
the combination of the hierarchical porous structure and Lewis
active sites present in QTMU-10 renders a catalyst that is more
active than the mere blending of the related MOF and cobalt
oxide. Given the scarce number of examples on thermal
deligandation to enhance the catalytic activity of MOFs, our
report provides data, confirming this process as a general
methodology to obtain advanced catalytic materials.

B EXPERIMENTAL SECTION

Materials and Physical Techniques. All reagents and materials
for the synthesis and analysis were commercially available from
Aldrich and Merck Company and used without further purification.
The IR spectra were recorded using Thermo Nicolet IR 100 FT-IR
spectrophotometer. A PL-STA 1500 apparatus was used for
measurement of thermal behavior, heating the samples at the rate
of 10 °C min™' in a static nitrogen atmosphere. Powder X-ray
diffraction (PXRD) patterns were acquired with a Philips X’pert
diffractometer with monochromated Cu Ka radiation. Elemental
analyses were carried out using a CHNS Thermo Scientific Flash 2000
elemental analyzer. Sorption studies of N, at 77 K were performed
using the TriStar II 3020 surface area analyzer from Micrometrics
Instrument Corporation and BELSORP-mini II from LMS Instru-
ments Co., Ltd. All samples were activated at 120 °C for 14 h under
vacuum before N, adsorption. The pore-size distributions were
calculated from the adsorption branch of the N, isotherms according
to the Barrett—Joyner—Halenda (BJH) method. X-ray photoelectron
spectroscopy (XPS) measurements were conducted on a BesTec
(Germany) X-ray photoelectron spectrometer with an Al Ka source.
The samples were characterized with a field-emission scanning
electron microscope TESCAN MIRAIII (Czech). Transmission
electron microscopy (TEM) images were acquired with a field-
emission JEOL 2100F operating at 200 kV. The specimens were
prepared by cutting a slice of the QT-300 solid with Ga* ions inside
the chamber and transferring it to the TEM holder. The formula of
QT-300 was calculated by digesting a powder sample (5 mg) in
NaOH (2.5 mL, 2 M), and the resulting clear solution was diluted to
100 mL and adjusted to a pH of 7 with HCL. A simultaneous
inductively coupled plasma optical emission spectrometer (Varian
Vista-PRO, Springvale, Australia) with a radial torch coupled to a
concentric nebulizer and Scott spray chamber and equipped with a
charge-coupled detector was used for ICP measurements. Leaching of
cobalt from the QT-300 sample in water was analyzed by ICP at the
end of the tandem reactions. Temperature-programed desorption of
NH,; (NH;-TPD) was measured using the Micromeritics TPD-TPR
2900 system equipped with a thermal conductivity detector. First, the
desired amount of the catalyst was pretreated at 150 °C in He stream
of 20 mL min ™" for 1 h, then cooled down to 40 °C, and subsequently
exposed to ammonia (4 vol % in He, 20 mL min™") for 1 h. Then, the
ammonia that does not bind to the catalyst was removed by additional
purging with 20 mL min~' of He within 30 min. Eventually, the
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desorption was performed by raising the temperature from 40 to 750
°C at a heating rate of 10 °C min~' in He stream (20 mL min™").

Synthesis of [Cog(oba)s(OH),(H,0),(DMF),],-2DMF (TMU-
10). The synthesis of TMU-10 was performed as reported in the
literature.” In brief, in a typical preparation procedure, the powder
sample of TMU-10 was obtained by mixing oba (2 mmol) and
Co(NO;),-6H,0 (0.578 g, 2 mmol) in 40 mL DMF in a round-
bottom flask at 145 °C for 72 h. The resulting powder was isolated by
centrifugation, washed 3 times with DMF, and dried in air before
characterization. Yield: 0.841 g (89% based on oba ligand). IR data
(KBr pellet, v/cm™): 658(m), 782(m), 873(m), 1012(w), 1098(m),
1160(m), 1237(vs), 1398(vs-br), 1504(m), 1558(s), 1603(vs),
1661(vs), 2928(w) and 3417(w-br) (Figure S1). Elemental analysis
(%) calculated for [Cox(Cy,05Hg)s(OH),(H,0),(CsNOH,),]-
(C;NOH,),: C: 49.3, H: 4.1, N: 3.9; Found: C: 49.6, H: 3.9, N: 3.6.

Q-MOFs were obtained starting from TMU-10 by thermal
treatment in air at a heating rate of 5 °C min~' between 100 and
700 °C for a period of 1 h. The samples were denoted by QT-x, where
“T” and “x” stand for TMU-10 and the temperature of thermal
treatment, respectively. Analysis of the gases evolved upon heating at
300 °C was made with a gas chromatography (GC)—mass
spectrometry (MS) Agilent quadrupolar analyzer.

Catalytic Activity. The aerobic oxidative synthesis of imine by
cross-coupling of alcohol and amine was performed under solvent-free
conditions by consecutively mixing benzyl alcohol (0.5 mmol), aniline
(0.5 mmol), and a certain amount of the corresponding catalyst into a
25 mL reaction vessel equipped with a magnetic stirrer under open air
at room temperature. Subsequently, a desired amount of the mixture
was collected with a syringe and analyzed by gas chromatography with
a flame ionization detector (GC-FID, Echrom GC A90). The
conversion and yields were also obtained by GC based on the ratio of
alcohol to imine as follows’

conversion (%) based on substrate
= [1 — ((concentration of substrate at a given time)
x (initial concentration of substrate)™)] X 100 (1)

After the completion of the reaction as determined by TLC and
GC, the catalyst was separated by filtration and washed several times
with methanol and deionized water and dried at 100 °C overnight
under vacuum in order to remove volatile organic impurities, and
then, the sample was reused in the next cycles under the same
reaction conditions. Finally, the desired N-benzylidenaniline product
was characterized by 'H and '*C NMR analysis (Figure S2).

B RESULTS AND DISCUSSION

Characterization. Cobalt-based TMU-10 MOF,
[Cog(oba)s(OH),(H,0),(DMF),],-2DMF was synthesized
in the gram scale by mixing of Co(NO;),-6H,0 and H,oba
as indicated in the literature.”” This MOF is based on
hexanuclear SBU, Co4(CO,),o(¢5-OH),(0), (Figure 1), with
pores running along the b- (6.2 X 6.1 A) and c-axes (9.6 X 4.3
A). The structure has 32.7% void space per unit cell (Figure 1).
The SBU contains three crystallographically independent
Co(II) ions. All cobalt(Il) ions are bound to six oxygen
atoms, four from oba ligands, one to the y;-O atom of the
OH™ anion, and other to the oxygen atom of H,O or DMF
molecules (Figure 1).

Based on thermogravimetric analysis (TGA) measurements,
thermal calcination should produce the partial TMU-10
deligandation, probably with the generation of pores and
creation of unsaturated Co®' ions. For this purpose, eight
different temperatures (i.e., 100, 150, 200, 250, 300, 350, 400,
and 700 °C) were selected for thermal treatment of TMU-10
under air for 1 h. The process should remove solvents and a
fraction of ligands. At temperatures up to 150 °C, two DMF
guest molecules and one bonded water molecule from each of
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Figure 1. Single-crystal X-ray structure of TMU-10. Color code: O,
red; N, blue; C, black; and Co, purple and blue polyhedra.

Co(3) centers are removed from the framework, making five
coordinate Co(3) centers. Upon increasing the temperature at
200 °C, two DMF coordinated molecules to either of the two
Co(2) centers were removed, forming four coordinated Co(2)
centers. At 300 °C, two u;-O atoms of the framework OH™
anion are detached, resulting in Co(1), Co(2), and Co(3) with
coordination numbers of five, three, and four, respectively
(Figure S3). This proposal was supported by observation with
GC—MS of evolution of H,O and CO, in a 6 to 1 proportion
when TMU-10 was heated at 300 °C after prior removal of
DMEF at 150 °C for 2 h.

The morphologies of TMU-10 and QT-300 samples were
determined by FE-SEM. The images show that the TMU-10
sample is composed of nanoparticles (Figure S4a). Heating at
300 °C leads to agglomeration of the TMU-10 particles into
larger particles observed for QT-300 (Figure S4b).

The evolution of the cobalt oxidation states and
coordination from TMU-10 to QT-300 was determined by
XPS (Figure 2). The XP spectrum of TMU-10 exhibits the
peaks of Co 2p;, and Co 2p,, located at 780.5 and 796 eV
with the corresponding intense satellite centered at 786.3 and
803 eV, respectively, all attributable to Co(II).”*” In the case of
the QT-300 sample, four new peaks appeared at 779.6, 782.9,
789, and 804.5 eV were recorded. Since Co 2p;,, has higher
intensity and allows a better resolution of the individual
components than the Co 2p, /2,30 analysis of the distribution of
Co sites was based on the deconvolution of the former peak.
Curve-fitting of the Co 2p;, reveals that these new peaks can
be ascribed to Co(III) 2p;/, main peak, Co(II) in tetrahedral
sites and two shake up satellites for Co(I1I), respectively, along
with the decrease in the previous peak intensities of octahedral
Co(I1).*"** These results confirm that after deligandation, a
portion of Co(Il) centers is converted to Co(Ill), along with
creating Co(II) in tetrahedral sites.

Variable-temperature PXRD of TMU-10 demonstrates that
the crystal structure is retained up to 300 °C; the observed
broadening of the diffraction peaks around 6—7° reflects the
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Figure 2. Fitted XP spectra of the Co 2p peaks for TMU-10 and QT-300 samples.
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Figure 3. Comparison of PXRD patterns for simulated TMU-10, TMU-10, and QT-x.

partial deterioration of the TMU-10 crystal structure due to
the creation of defects caused by deligandation (Figure 3).
When the temperature rises to 350 °C, the characteristic peaks
of TMU-10 significantly decrease in intensity, showing high
degrees of structural collapse. The peaks corresponding to
TMU-10 completely disappear upon treatment at 400 °C,
while concomitantly, the diffraction peaks corresponding to
Co;0, related appear (JCPDS no. 42-1467), implying the
complete decomposition of the TMU-10 framework at this
temperature.

The evolution of porosity upon thermal treatment of TMU-
10 was investigated by N, adsorption isotherms collected at 77
K for both TMU-10 and QT-300 (Figure 4). The data show
that the BET surface area and total pore volume increase from
8.2 m*/g and 0.023 cm?/g for TMU-10 to 38.8 m*/g and 0.157
cm’/g in the case of QT-300, respectively (Table S1). The
increase in the surface area and pore volume of QT-300 in
comparison with TMU-10 can be attributed to the occurrence
of partial deligandation and creation of vacant sites in the Q-
MOE. Also, total mesoporous volume increases around 7.5
times from 0.019 cm®/g for TMU-10 to 0.142 cm®/g for QT-
300, accompanied by a considerable growth in the adsorption
at high relative pressures (P/P, > 0.9), indicating the presence
of large cavities. Analysis of the BJH pore size distribution also
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corroborates the increase of pore width in QT-300 caused by
thermal treatment (Figure 4). Therefore, thermal treatment of
TMU-10 causes structural changes with generation of
unsaturated metal sites in both micro- and mesopores, and
these defects could be favorable from the catalytic point of
view, enhancing the performance of QT-300 compared to
TMU-10.

TEM images were taken by using Ga* to cut a slice of QT-
300 thin enough to allow electron transmission. Figure §
presents representative images of QT-300. These images
revealed the nucleation of very fine CoOx nanoparticles on the
outermost part of the crystallite and the observation of internal
cavities within the QT-300 crystals. These two features are
attributable to the effect of partial thermal degradation of the
TMU-10 structure.

Catalytic Performance of QTMU-10 Samples for the
One-Pot Alcohol Oxidation—Condensation. The one-pot
synthesis of imines from alcohols and amines via tandem
catalysis is an important and challenging process, involving
oxidation and acid sites. Herein, the one-pot formation of N-
benzylideneaniline from the cross-coupling of benzyl alcohol
and aniline was chosen as the model reaction to evaluate the
catalytic performance of QTMU-10. The reaction conditions
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Figure 4. N, isotherm at 77 K and 1 bar and pore size distribution for TMU-10 and QT-300.

Figure S. TEM images at two different magnifications taken upon
cutting a thin slice of QT-300 with Ga*-FIB, showing holes inside the
lamella (a) and formation of very small CoOx nanoparticles in the
outermost part of the QT-300 particle.

for the one-pot coupling of benzylic alcohol and aniline were
optimized.

Effect of Deligandation Temperature. The effect of
deligandation temperature on the catalytic efficiencies of
various QTMU-10, that is, QT-100, QT-150, QT-200, QT-
250, QT-300, QT-350, QT-400, and QT-700, for the one-pot
synthesis of N-benzylideneaniline was investigated under
solvent-free conditions under open air at 60 °C (Figure SS
and Table 1). When the reaction in the presence of QT-300
was performed at 60 °C in vacuum, the expected imine
product was not observed and the alcohol oxidation did not
happen without aerobic oxygen as the oxidant. However, under
aerobic conditions and the presence of the QT-x catalyst,
benzyl imine was formed at different reaction rates depending
on the catalyst deligandation temperature. By increasing the
deligandation temperature in the range of 250—300 °C, the
reaction rate was enhanced and N-benzylideneaniline was
formed at a shorter time. The optimal catalyst was QT-300
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Table 1. Effect of Deligandation Temperature on N-
Benzylidenaniline Yield Catalyzed by Various Q-TMU-10
MOFs*

catalyst conversion time (h) yield (%)

no catalyst 24

QT-100 18 8
QT-150 18 32
QT-200 12 75
QT-250 4 92
QT-300 2 99
QT-350 10 28
QT-400 10 34
QT-700" 18 -

“Experimental conditions: catalyst mass = 2 mg, benzyl alcohol and
aniline = 5 mL (0.5 mmol), T = 60 °C under open air. bCo,0,.

that renders higher yield and in half time than QT-250.
Beyond the optimal deligandation temperature of 300 °C, the
reaction rate and final imine yield decreased. This behavior can
be explained considering the changes in both the pore
structure and the content of coordinatively unsaturated active
cobalt sites, as well as the formation of Co;0,. In the case of
QT-200, with an intact pore structure and a limited density of
open cobalt sites, a moderate increase in the catalytic activity
was observed. Upon increasing the temperature up to 300 °C,
the catalytic performance was enhanced notably and N-
benzylideneaniline formation happened within a shorter time.
The catalytic performance was drastically reduced from 350 to
700 °C, the tandem reaction taking place within a longer time.
This trend can be explained based on the information provided
by TGA, XRD, and XPS. At the deligandation temperature of
150 °C, the Co(3) center in the framework loses a coordinated
H,0O molecule and a positive vacancy on the cobalt increases
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catalytic performance compared to the QT-100. In the case of
the QT-200 sample, there are two unsaturated Co(3) centers
(coordination number, CN = §) and Co(2) due to the loss of
two coordinated DMF molecules (CN = 4). In QT-250, the
#3-OH ligand bridging the three cobalt centers, Co(1), Co(2),
and Co(3), is partially removed, leading to enhanced catalytic
performance in the tandem reaction. A more complete removal
of pu;-OH bridge ligand occurs after thermal treatment at 300
°C, and the QT-300 catalyst exhibits the best performance.
This was confirmed by analysis of the gases evolved during the
thermal treatment, whereby the presence of H,O and CO, was
observed. The enhanced catalytic activity is probably
attributable to the synergistic effects of three unsaturated
cobalt centers (1), (2), and (3) and simultaneous existence of
meso- and micropores (in accordance with type I and IV
curves) in the material. According to XRD, a major part of the
QT-350 framework collapsed, resulting in a dramatic decline in
catalytic activity. As the temperature increases further, the
Co;30, phase appears, being responsible for conversion in the
QT-400 catalyst.

The density and strength of acid sites in parent TMU-10 and
QT-300 were estimated using NH;-TPD (Figure 6 and Table

TCD signal (a.u.)

T T T T T T T T -
0 100 200 300 400 500
Temperature (°C)

Figure 6. Temperature-programmed NH; desorption for TMU-10
and QT-300 catalysts.

2). Two NHj; desorption peaks of TMU-10 appeared at 174
and 313 °C, which can be ascribed to acid sites of low and
medium acid strength, respectively. In the case of QT-300,
these peaks appeared at 174 and 331 °C. The TPD data
indicate that the QT-300 catalyst has around threefold higher
acid populations than its parent TMU-10. In other words,
deligandation of TMU-10 at 300 °C leads to an increase in
total acidity, most of which is related to the remarkable
increase in medium-strength acid sites (see Figure 6). This
acidity together with the higher surface area and porosity
should be the reason why QT-300 exhibits the highest catalytic
activity for the one-pot tandem imine formation.

According to the above results, QT-300 was chosen as the
optimal QT-x catalyst for the tandem oxidation-coupling imine
formation and was subsequently employed in additional
catalytic studies.

Effect of QT-300 Catalyst Dosage. The influence of the
amount of QT-300 on the rate of benzyl imine formation from
benzyl alcohol and aniline was studied under open air as the
green oxidant and under solvent-free conditions at 60 °C
(Table 3). As shown in this table, there is no formation of

Table 3. Effect of QT-300 Mass on Benzyl Imine Synthesis®

entry catalyst dosage (mg) time (h) conversion” (%) yieldb (%)
1 0 36
2 1 4 75 74
3 1.5 3 87 86
4 2 2 98 98
S 2.5 1 99 99
6 3 1 99 99

“Experimental conditions: [benzyl alcohol] = 0.5 mmol and [aniline]
= 0.52 mmol at 60 °C under open air. *Determined by GC.

benzyl imine in the absence of the catalyst. Upon addition of
the QT-300 catalyst, the conversion percentage increased
continuously. When 1 mg of QT-300 was introduced to the
catalytic system, 75% conversion happened within 4 h, while
higher conversion rates occurred over 2.5 mg of QT-300 in 1
h. However, by adding more QT-300 catalyst (>2.5 mg), the
imine formation remained almost constant for the same time.
Therefore, 2.5 mg was chosen as the suitable amount of the
QT-300 catalyst in the subsequent experiments.

In order to know the heterogeneous nature of the catalytic
activity, QT-300 was separated from the reaction mixture at 40
min and the clear solution was transferred to a new vial,
continuing the reaction in the absence of the catalyst for 4 h
under the same reaction conditions. No additional conversion
was observed in the absence of the catalyst after 40 min,
indicating that the tandem reaction is promoted by QT-300 as
a heterogeneous catalyst and that possible leached species do
not contribute to the imine formation (Figure S6).

Effect of Alcohol on Amine Amounts. The influence of
the amounts of benzyl alcohol and aniline on benzyl imine
formation for a given mass of QT-300 was investigated (Table
4). As shown in Table 4, the highest imine formation was
attained when the molar amounts of alcohol and aniline were
1:1.2. Beyond these amounts, the imine formation decreased
significantly so that they reach the desired efficiency in a longer
time (entries 6 and 7 compared to entry S), probably due to
the blocking of active surfaces of the catalyst with the reactants.
Hence, the molar ratio of alcohol to amine was chosen as 1:1.2
in the next catalytic tests.

Effect of Temperature on Tandem Synthesis of
Benzyl Imine. The effect of temperature on the formation
of benzyl imine from benzyl alcohol and aniline catalyzed by
QT-300 at various temperatures was evaluated (Figure S7 and

Table 2. Specific Density and Strength of Acidic Sites in TMU-10 and QT-300 Measured by NH;-TPD Experiments

strong acid

weak acid
catalyst peak position (°C) value (mmol g™*)
TMU-10 174 S.5
QT-300 174 0.6

peak position (°C)

total acidity (mmol g™")

value (mmol g™*)

313 5.3 10.8
331 31.8 324
10616 https://doi.org/10.1021/acssuschemeng.1c02851
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Table 4. Effect of the Alcohol and Amine Amount with
Respect to QT-300 Mass for Optimal Imine Formation”

benzyl alcohol aniline time alcohol to  conversion
entry (mmol) (mmol) (h) amine (%)
1 0.3 0.3 3 1:1 80
2 0.35 0.3 3 1.17:1 76
3 0.35 0.35 3.5 1:1 73
4 0.5 0.52 1 1:1.04 99
S 1 1.2 0.6 1:1.2 99
6 2 2.5 2 1:1.25 98
7 2 3 3 1:1.5 95

“Experimental conditions: m of the catalyst = 2.5 mg, T = 60 °C
under open air.

Table 5). Upon increasing temperature from 25 to 80 °C,
almost the same conversion was achieved in a much shorter

Table 5. Effect of Temperature on Imine Formation
Catalyzed by QT-300

temperature (°C) time (min) conversion (%)
25 420 98
40 330 98
60 35 9
80 30 29

time. Interestingly, the imine formation process takes place
even at room temperature within 7 h in the presence of the
QT-300 catalyst. Activity data indicate that QT-300 as a
tandem aerobic oxidation-coupling catalyst is able to compete
favorably with other reported catalysts (Table 6).

Possible Mechanism for Imine Formation over QT-
300. Based on the literature data,*" a likely mechanism for
one-pot synthesis of N-benzylideneaniline from benzyl alcohol
and aniline consists in the catalyzed aerobic oxidation of
alcohol over QT-300 and subsequent Lewis acid-promoted
condensatlon of the in situ-formed benzaldehyde in a one-step
process.”® The process occurring under open air and base-free
conditions in the presence of the tandem catalyst of QT-300 is
presented by eq 2.

The rate-determining step in the tandem catalysis would be
the aerobic oxidation. The process would take place in QT-300
due to the acceptable concentration of Co®* centers and Co**
in tetrahedral sites generated in the thermal treatment. The
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CH,OH

S E N

()
presence of both types of Co ions has been assessed by XPS.
The proposed mechanism for the alcohol oxidation step is
presented in Scheme 1. 637 Co3* jons would act as redox sites,

Air, QT-300

Scheme 1. Proposed Mechanism of Catalyzed Imine
Formation over the QT-300 Tandem Catalyst

- QT-300

Lo n @
fast PhNH, \N
—_—
-OH,
QT-300 CH,OH

forming an alcoholate that would undergo oxidation, while
Co®" is reduced to Co**. Subsequently, the condensation step
happens in the presence of aniline and benzaldehyde with the
aid of the Lewis sites of QT-300. Thus, the key features of the
mechanism are the intermediacy of benzaldehyde and the
combined role of Co™™ redox centers and Lewis sites.

Reusability of the QT-300 Catalyst. In order to evaluate
the reusability of the catalyst, the one-pot synthesis of benzyl
imine was carried out for five consecutive runs using the same
QT-300 sample, measuring the imine formation for each run.
In addition, the conversion rate remained relatively unchanged
after the fifth catalytic cycle, as observed in Figure S8a. Also,
the framework of the QT-300 catalyst remained unaltered as
seen in its XRD pattern (Figure S8b), indicating the stability of
the tandem catalyst. These results indicate that the QT-300 is
stable and can be reused in the tandem catalytic imine
formation.

B CONCLUSIONS

In this work, an efficient tandem catalytic process has been
presented for N-benzylideneaniline synthesis by cross-coupling

Table 6. Comparison of the Catalytic Performance of QT-300 with Other Reported Catalysts for the Oxidative Cross-Coupling

to N-Benzylideneaniline from Benzyl Alcohol and Aniline”

catalyst solvent

9-azabicyclo [3.3.1] nonan-N-oxyl/KOH toluene air
CoBr, toluene

MnCo,0,-500 toluene 0,
MnCo,0,-500 toluene air
Co;0, toluene 0,
PICB-Au/Co THE-TFE (9: 1) 0,
MOFEF-1 air
Pd(OAc) 2/NEt 3/TEMPO air
Cul-TEMPO CH,CN air
Pd-Au@Mn(I1)-MOF/KOH toluene air
quasi-TMU-10 (QT-300)

quasi-TMU-10 (QT-300)

oxidant

KO'Bu

open air

open air

temperature (°C) time (h) conversion (%) refs

80 4 92 33

130 32 12 23

80 12 97.8 34

80 12 92.8 34

60 15 34

30 12 S3 35

100 12 89 26

RT 72 75 36

RT 12 74 3

110 30 99 25

60 0.6 99 this study
RT 7 98 this study

“TEMPO = 2,2,6,6-tetramethyl-1-piperidinyloxyl, TFE = 2,2,2-trifluoroethanol.
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of benzyl alcohol and aniline over quasi-cobalt-based MOF
catalysts (QTMU-10) under green and mild conditions
without the need of a solvent, base, and dehydrating agent.
The QTMU-10 catalysts have been successfully synthesized by
controlled thermolysis treatment under the air atmosphere at
different temperatures ranging from 100 to 700 °C. The imine
formation over QTMU-10 calcined at 300 °C exhibits the
optimal catalytic performance, and its activity was investigated
using various catalyst dosages, molar amounts of reactants, and
reaction temperature. The synergistic effects of the uniform
and extended distribution of coordinatively unsaturated cobalt
positions across the framework and avoidance of particle
agglomeration along with the simultaneous existence of micro-
and mesopore structures (types I and IV) are proposed to be
responsible for the improvement of the catalytic performance.
The results show an economical and green approach for imine
synthesis and highlight the great potential that controlled
thermal treatment to create structural defects offer to develop
MOE-derived catalysts with enhanced activity. Further
extension and applications of cobalt-based quasi-MOF
catalysts are in progress.
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