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base complex-modified Cu(BDC-
NH2) metal–organic frameworks for C–N
coupling†

Khadijeh Rabiei, *a Zahra Mohammadkhani,a Hassan Keypour b

and Jamal Kouhdarehb

In this study, the synthesis of a novel functionalized metal–organic-framework (MOF) [Cu(BDC-NH2)

@Schiff-base-Pd(II)] catalyst via post-synthetic modification of Cu(BDC-NH2) is reported. The targeted

complex was prepared by chemically attaching N,N′-bis(5-formylpyrrol-2-ylmethyl) homopiperazine via

a Schiff base reaction followed by complexation with Pd ions. Afterwards, the synthesized solid was

applied as a very effective multifunctional catalyst in C–N coupling reactions. The synthesized

compounds were identified by suitable techniques including N2 isotherms, EDX spectroscopy, FT-IR

spectroscopy, XRD, SEM, ICP-OES and TG-DTA. This nanocatalyst was used in C–N cross-coupling

reactions, and it showed its usage in a diverse range of different functional groups with good efficiency.

The reasons for introducing this catalyst system are its advantages such as considerably high selectivity,

almost complete conversion of products, high yields, and convenient separation of catalysts and

products. The results indicate that the highest efficiency of the product in the reaction was obtained in

the shortest possible time with the use of [Cu(BDC-NH2)@Schiff-base-Pd(II)] catalysts. Overall, the high

catalytic activity of the [Cu(BDC-NH2)@Schiff-base-Pd(II)] catalyst may be due to the obtained high

surface area and the synergistic features created between Lewis acidic Cu nodes and Pd ions.
1 Introduction

Metal–organic frameworks (MOFs) are a new class of meso-
porous compounds, which due to their properties, have many
applications in areas such as gas storage,1,2 catalytic
processes,3–6 drug delivery,7–9 encapsulation,10 super-
capacitance,11 and heavy metal absorption.12 Not only do MOFs
possess higher levels of activation and stability than those of
other classes of porous materials, but they are also capable of
altering void morphology and size. This is an advantage in
terms of improved separation and selectivity in
applications.13–15

Post-synthetic modication of metal–organic frameworks is
a common and practical approach to access MOF-based cata-
lysts with the advantage of having multiple active sites, making
this class of materials attractive to researchers.16,17 Increasingly
popular among designing and synthesizing new molecular
scaffolds with unique structural and biological properties that
enhance performance and selectivity is an interesting
ce, Qom University of Technology, Qom,

lty of Chemistry, Bu-Ali Sina University,

tion (ESI) available. See DOI:
challenge. This MOF, a nanoporous compound, is stable under
various conditions and can maintain its porosity as evidenced
by its chemical and thermal robustness.18–20

In recent years, there have been numerous reports on the
optimal performance of modied catalysts in MOF structures,
including oxidation reactions, carbon–carbon coupling and
reduction.21,22 Some functional reports suggest MOFs as more
popular candidates than other porous nanostructures.23

The Pd catalyst is an effective heterogeneous catalyst for
carbon–carbon (C–C)24 and carbon–nitrogen (C–N) coupling
reactions,25 such as the Heck reaction and Suzuki–Miyaura
reaction,26–30 reduction of nitroaromatic compounds31–33 and
oxidation of alcohol to aldehyde,34 affording good to high yields.
Our hopes for the approach of using metal–organic frameworks
as catalyst supports provide a unique basis for the use of these
mesoporous polymers in catalysis. A cross-coupling reaction is
a transformation in which two fragments are joined together
with the help of a metal catalyst. One of the most important
reasons for using palladium-containing catalysts is their ability
to carry out carbon–carbon and carbon–nitrogen cross-coupling
reactions. N-Arylated compounds are available naturally and
synthetically and have diverse applications in many elds.35,36

This class of reactions is known as among the most important
transformations in the synthesis of active medicinal
substances.37–46 Solid-phase organopalladium complexes in
addition to high efficiency and activity have a very important
© 2023 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
feature of selectivity, which helps in improving the synthesis of
organic molecules. One of the types of important reactions is
carbon–nitrogen coupling.47,48

In this research, a new palladium Schiff-base complex
modied based on modied Cu(BDC-NH2) metal–organic
frameworks was designed and prepared. In the next step, aer
the synthesis of the Cu(BDC-NH2) metal–organic framework, it
was used as a support to make an organopalladium nano-
catalyst. This nanocatalyst was used in the study of reaction for
the assembly of 1,3-disubstituted pyrrolo[1,2-a]pyrazines, which
obtained very good results with high efficiency and excellent
stability of the nanocatalyst.
Scheme 1 Schematic of the synthetic procedure of the [Cu(BDC-NH2)@

© 2023 The Author(s). Published by the Royal Society of Chemistry
2 Experiments
2.1. Catalyst preparation

Cu(BDC-NH2) was prepared according to the published
method.49–51 2-Aminoterephthalic acid (NH2-BDC) (1.087 g) and
copper(II) nitrate (0.853 g) were added to a solution of dime-
thylformamide (DMF) (18 mL) and methanol (2 mL) transferred
to a Teon-lined stainless steel autoclave, stirred for 30 min,
and then heated at 150 °C for 48 h. Next, Cu(BDC-NH2) was
obtained aer washing and drying overnight.

In the next stage, a N,N′-bis(5-formylpyrrol-2-ylmethyl)
homopiperazine (A) ligand was prepared by a general method,
Schiff-base-Pd(II)] catalyst.

RSC Adv., 2023, 13, 8114–8129 | 8115
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as previously reported by Mani's group.52 Then, the surface of
Cu(BDC-NH2) was functionalized with (A) to form Cu(BDC-NH2)
@Schiff-base: 1 g of prepared Cu(BDC-NH2) was dispersed in
dry ethanol (25 mL) by sonication for 30 min. Subsequently,
a solution of ligand (3 mmol in dry ethanol (60 mL)) was added
dropwise and the resulting solution was stirred for 24 h under
reux conditions. Aerward, the obtained Cu(BDC-NH2)
@Schiff-base was collected by centrifugation, washed with dry
ethanol, and dried at 80 °C in an oven for 3 h.

Subsequently, Cu(BDC-NH2)@Schiff-base (1.5 g) was
dispersed in acetonitrile (30 mL) using an ultrasonic bath for
30 min. In the next step, a yellow solution of PdCl2 (50 mg, 2.8
mmol) in 25 mL of acetonitrile was added to the dispersed
Cu(BDC-NH2)@Schiff-base and the mixture was stirred at room
temperature for 24 h. Finally, Cu(BDC-NH2)@Schiff-base-Pd(II)
was separated by decantation and washed successively with
acetonitrile, ethanol and acetone to remove the unattached
substrates (Scheme 1).

2.2. Catalyst characterization

In this class of compounds, due to the large number and variety
of functional groups, the number of peaks obtained in the
spectrum is very high. This makes it impossible to properly
interpret these graphs due to the overlap of the peaks (Fig. 1).
The only help that these graphs provide is the connection of
some peaks from the shi. Due to some limitations of detection
techniques for the [Cu(BDC-NH2)@Schiff-base-Pd(II)] catalyst,
more accessible and desirable detection techniques should be
used. The functional groups on the synthesized [Cu(BDC-NH2)
@Schiff-base-Pd(II)] solid were investigated by FTIR spectros-
copy, which is shown in Fig. 1. The FTIR spectrum of Cu(BDC-
Fig. 1 FT-IR spectroscopy of Cu(BDC-NH2) (A), Cu(BDC-NH2) modified

8116 | RSC Adv., 2023, 13, 8114–8129
NH2) represented major stretching vibrations at 3400–
3600 cm−1 (OH stretching and NH), 1717 cm−1 (C]O stretch-
ing), and 1690 cm−1 (C]N). All these peaks show blueshis as
Pd comes in the complex in [Cu(BDC-NH2)@Schiff-base-Pd(II)],
which reveals that the Pd complex is formed successfully.

Since most materials exhibit diffraction patterns specic to
their structure, compounds can be identied using off-the-shelf
databases or using information from similar articles. The purity
of the sample and the composition of impurities present can be
determined from the diffraction pattern, which can be used to
determine and correct the lattice parameters of the crystal
structure.53

The XRD patterns of the prepared Cu(BDC-NH2), and
[Cu(BDC-NH2)@Schiff-base-Pd(II)] catalysts are shown in Fig. 2.
The XRD pattern of the synthesized Cu(BDC-NH2) shows char-
acteristic peaks at 5–32°. The XRD pattern of the Cu(BDC-NH2)
represents a crystalline arrangement. Moreover, it demon-
strates that the Cu(BDC-NH2) center is maintained aer
conjugation. The XRD pattern of the prepared [Cu(BDC-NH2)
@Schiff-base-Pd(II)] catalyst shows the characteristic peaks of
the Cu(BDC-NH2) center at 2q = 5–32°, and palladium charac-
teristic peaks at 32°, 32.5°, 35° and 41°.49 Hence, these obser-
vations prove the successful conjugation of N,N′-bis(5-
formylpyrrol-2-ylmethyl) homopiperazine and complexation of
palladium species on the Cu(BDC-NH2) surface. The average
particle size of the sample was estimated according to Scherer's
formula, D = 0.9l/b cos q, where l is the wavelength of the
incident X-ray (0.154 nm), b is the full width of peak at half
maxima and q is Bragg's angle. The obtained value is 56 nm,
consistent with the result measured from the SEM images54

(Fig. 2).
(B), and [Cu(BDC-NH2)@Schiff-base-Pd(II)] catalyst (C).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 X-ray diffraction (PXRD) pattern of Cu(BDC-NH2) (A) and [Cu(BDC-NH2)@Schiff-base-Pd(II)] catalyst (B).
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Thermogravimetric analysis or thermal gravimetric analysis
(TGA) is a method of thermal analysis in which the mass of
a sample is measured over time as the temperature changes; by
examining the curves of these patterns, the thermal stability of
the compounds can be investigated.55 Thermogravimetric anal-
ysis (TGA) spectra were used to investigate the thermal stability of
the prepared Cu(BDC-NH2) and [Cu(BDC-NH2)@Schiff-base-
Pd(II)] catalyst, as shown in Fig. 3. TGA shows weight loss up to
150 °C. Thismay be related to the evaporation of watermolecules
Fig. 3 Thermogravimetric analysis (TGA) for Cu(BDC-NH2) (blue) and [C

© 2023 The Author(s). Published by the Royal Society of Chemistry
from the pores of the MOF and aromatic groups. Aer this
weight loss, the weight remained unchanged up to 350 °C,
indicating high thermal stability of the synthesized Cu(BDC-
NH2) and [Cu(BDC-NH2)@Schiff-base-Pd(II)] catalyst.

To further characterize this palladium nanocatalyst sample,
an extrapolated onset temperature can be calculated. This
indicates the temperature at which weight loss begins. We use
the extrapolated start temperature (T0) for the nanocatalysts
because it is a reproducible temperature calculation and is
u(BDC-NH2)@Schiff-base-Pd(II)] catalyst (red).

RSC Adv., 2023, 13, 8114–8129 | 8117
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specied for use with an extrapolated start temperature of
700 °C. This is the reason for the optimal thermal stability of
this MOF-based synthetic nanocatalyst.

Scanning electron microscopy (SEM) is a technique that uses
a focused beam of high-energy electrons to identify nanomaterials
that produce distinct signals on the surface of solid samples
(Fig. 4). Receiving these signals and processing the information
obtained from them cause the electrons to interact with the
sample, revealing information about the sample such as external
morphology (texture), material orientation, crystal structure and
chemical composition.56 In these images, crystal structures and
palladium nanoparticles with modied ligands on the surfaces of
these organic–metal frameworks can be clearly seen.

An energy-dispersive X-ray spectroscopy (EDS, EDX, EDXS or
XEDS) system is an accessory to electron microscopy equipment
Fig. 4 Scanning electron microscopic (SEM) image of Cu(BDC-NH2) (A

8118 | RSC Adv., 2023, 13, 8114–8129
(scanning electron microscope (SEM) or transmission electron
microscope (TEM) equipment) and the imaging capability of the
microscope, which identies the sample. The spectrum
produced by EDX contains a spectrum analyzed for the peaks of
the elements that make up the actual composition of the
sample, giving the types of atoms available and the percentage
of these atoms in the sample structure. The spectrum of the
synthesized nanocatalyst shows the presence of elements C, N,
O, Cu, Cl and Pd, which can be a sign of the success of the
desired synthesis complex (Fig. 5). The appearance of Au*
atoms in this spectrum is due to the kinetic of the sample
during detection.57

We applied elemental mapping to complete the study on the
elemental composition and distribution of the [Cu(BDC-NH2)
@Schiff-base-Pd(II)] catalyst (Fig. 6).Moreover, the elemental
and B) and [Cu(BDC-NH2)@Schiff-base-Pd(II)] catalyst (C and D).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Energy-dispersive X-ray (EDX) spectra of [Cu(BDC-NH2)@Schiff-base-Pd(II)] catalyst.
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mapping results are in good agreement with the EDX patterns.
The elemental mapping image shows the well-uniform distri-
bution of the exponential elements (Cu, N, O, C, Cl, and Pd) in
the [Cu(BDC-NH2)@Schiff base-Pd(II)] catalyst, conrming the
synthesis of heterogenized [Cu(BDC-NH2)@Schiff base Pd(II)]
catalytic complexes. Furthermore, the distribution of Cu
elements reveals the coordination of the resulting framework to
the carboxylic acid groups and conrms the formation of the
catalyst support. Furthermore, the distribution of C, N, O, Cl,
and Pd species indicates that the nal metal catalyst is
uniformly coordinated to the Schiff base ligands and forms
a Schiff base Pd shell on the catalyst support.

N2 adsorption/desorption techniques were used to deter-
mine the surface structural parameters. The N2 adsorption/
desorption results are plotted in Fig. 7. The surface area ob-
tained based on the BET isotherm is 136.16 m2 g−1 and the total
pore volume of the catalyst is 0.182 cm3 g−1. The adsorption
isotherm is of type III and the appearance of a hysteresis loop
indicates the presence of mesopores in the sample.
2.3. Catalytic performance

2.3.1. General procedure for the synthesis of products. The
amount of [Cu(BDC-NH2)@Schiff base Pd(II)] catalyst (50 mg)
and p-tolylboronic acid (1.5 mmol) with 1-(2-oxo-2-phenylethyl)-
1H-pyrrole-2-added carbonitrile (0.6 mmol) in 5 mL of dime-
thylformamide to Table 1. Aer stirring for 24 hours at 70 °C,
themixture was cooled and ltered. The ltrate was diluted with
ethyl acetate (30 mL) and washed with saturated brine. The
aqueous layer was extracted with ethyl acetate (30 mL). The
separated organic layer was dried over Na2SO4, concentrated in
vacuo and the crude product was puried by column
© 2023 The Author(s). Published by the Royal Society of Chemistry
chromatography (silica gel) using petroleum ether/ethyl acetate
(100 : 1, v/v) to A pure A product was obtained.

Based on the data obtained in Table 1, the C–N coupling
reaction rst occurred in the absence of catalyst at a tempera-
ture of 100 °C (entry 1) at which no product was formed. The
optimal weight of the [Cu(BDC-NH2)@Schiff base Pd(II)] catalyst
(entry 6) is 50 mg. One of the parameters to optimize was the
selection of suitable solvents for model reactions. According to
the results of model reactions and optimization experiments,
the highest efficiency of the C–N coupling reaction was obtained
at a reaction temperature of 70 °C, a N,N-dimethylformamide
(DMF) solvent volume of 5 mL, and a reaction time of 9 hours in
an air atmosphere (Table 1, entry 14).

DMF will thermally decompose to give CO and dimethyl
amine (presumably the method base is produced to deproto-
nate the ligands in MOF synthesis). This becomes more prom-
inent at high temperatures. If you want to avoid formate
formation, then you need to keep your reaction media scrupu-
lously dry. We do this by using DMF from a solvent purication
system and then using proper Schlenk technique.58

The [Cu(BDC-NH2)@Schiff base Pd(II)] catalyst is used in the
C–N coupling of p-tolylboronic acid and 1-(2-oxoethyl)-1H-
pyrrole-2-carbonitrile carried out in DMF at 70 °C in an air
atmosphere (Table 2, 3a–3h). Compound 1-(2-oxoethyl)-1H-
pyrrole-2-carbonitrile can be prepared by reacting hydrogen,
hydrogen, transformed by different substitutions at the position
of the donating group, or electron donating group. Although
there is no logical and direct relationship with the efficiency of
the reaction, it directly affected the rate and kinetics of the
reaction. The reaction proceeded more slowly in the presence of
the group.
RSC Adv., 2023, 13, 8114–8129 | 8119
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Fig. 6 X-ray mapping images of [Cu(BDC-NH2)@Schiff-base-Pd(II)]
catalyst.

Fig. 7 N2 adsorption–desorption isotherms of Cu(BDC-NH2) (A) and
[Cu(BDC-NH2)@Schiff-base-Pd(II)] catalyst (B).
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In Scheme 2, an acceptable mechanism for these reactions is
proposed. In this mechanism, [Cu(BDC-NH2)@Schiff base
Pd(II)] reacts with aryl boric acid. Then, the cyano group forms
the corresponding intermediate with the catalyst. Next, the aryl
cyano group is condensed, and aer that, the compound in
question is synthesized by closing the ring and leaving the
catalyst from the molecular structure.

The catalytic properties of the [Cu(BDC-NH2)@Schiff base
Pd(II)] catalyst were compared with those of other catalysts in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 [Cu(BDC-NH2)@Schiff base Pd(II)]-catalyzed N-arylation of 1-(2-oxoethyl)-1H-pyrrole-2-carbonitriles with p-tolylboronic acida

Entry R1 R2 Product Time (h)
Melting point
(°C) Appearance Yieldb (%)

1 18 129 White powder 66%

2 22 118 White powder 64%

3 16 190 Brown powder 65%

4 23 139 Dark green powder 83%

8122 | RSC Adv., 2023, 13, 8114–8129 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 (Contd. )

Entry R1 R2 Product Time (h)
Melting point
(°C) Appearance Yieldb (%)

5 16 100.5 White powder 71%

6 17 127 White powder 85%

7 22 170 Green powder 55%

© 2023 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2023, 13, 8114–8129 | 8123
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Table 2 (Contd. )

Entry R1 R2 Product Time (h)
Melting point
(°C) Appearance Yieldb (%)

8 19 138 Brown powder 42%

a Reactions were carried out in DMF at 70 °C for 24 h with the reaction components in the following ratio: p-tolylboronic acid (1.5 mmol), R1 in
Table 2 derivatives (0.6 mmol), DMF (5 mL). [Cu(BDC-NH2)@Schiff base Pd(II)] catalyst (50 mg). b Yield of the isolated product.
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similar research articles. For this purpose, the results of these
investigations are reported in Table 3. This catalyst had a higher
efficiency than similar samples, and kinetically, the reactions
occurred at a faster rate of progress. The new nanocatalyst is
stable, non-toxic, economically viable, has simple synthesis
steps, and is easily separated from the reaction.

Finally, it should be mentioned that the recycling and reuse
of this nanocatalyst lead to a prospect for the synthesis of
catalysts with a longer lifespan because the synthesis of this
type of catalysts is expensive. It also requires special environ-
mental conditions. Aer completing the reactions of the C–N
coupling model, the catalyst can be easily separated from the
reaction mixture by ltering and used in subsequent reactions
by washing it several times with water and ethanol and drying it
under vacuum (Fig. 8).

The recovery of the [Cu(BDC-NH2)@Schiff base Pd(II)] cata-
lyst in this study indicates a high-efficiency sequential appli-
cation. The study of the XRD spectrum and scanning electron
microscopic (SEM) images of the synthesized [Cu(BDC-NH2)
@Schiff base Pd(II)] catalyst aer recovery shows the stability of
this catalyst (Fig. 9). The Pd load in the material was found to be
7.54% and aer recovery it was 7.33%, as estimated by the ICP-
OES method.
8124 | RSC Adv., 2023, 13, 8114–8129
Aer theoretical and experimental studies on these modied
nanopolymers and proving their stability in reactions, it is
necessary to use this class of compounds more than before.

2.3.2. General procedure for catalytic experiments
3-(Furan-2-yl)-1-(p-tolyl)pyrrolo[1,2-a]pyrazine (3a). 1H NMR

(500 MHz, chloroform-d) d 8.22 (s, 1H), 7.95 (d, J = 8.0 Hz, 2H),
7.51 (m, 1H), 7.46 (m, 1H), 7.35–7.33 (m, 2H), 7.00 (d, J = 4.0,
1H), 6.96–6.94 (m, 1H), 6.52–6.51 (m, 1H), 6.28–6.26 (m, 1H),
2.44 (s, 3H).

13C NMR (125 MHz, chloroform-d) d 143.08, 141.92, 140.01,
131.06, 130.34, 129.31, 129.04, 128.98, 128.77, 116.20, 115.28,
111.90, 111.78, 107.29, 105.30, 21.60.

HRMS (ESI): m/z [M + H]+ calcd for C18H15N2O: 275.1179;
found: 275.1205.

3-(Naphthalen-2-yl)-1-(p-tolyl)pyrrolo[1,2-a]pyrazine (3b). 1H
NMR (500 MHz, chloroform-d) d 8.46 (s, 1H), 8.21 (m, 1H), 8.01–
7.94 (m, 3H), 7.80–7.84 (m, 2H), 7.77–7.72 (m, 1H), 7.44–7.35
(m, 3H), 7.27 (d, J = 8.0 Hz, 2H), 6.88–6.89 (m, 1H), 6.80–6.81
(m, 1H), 2.37 (s, 3H).

13C NMR (125 MHz, chloroform-d) d 152.98, 139.92, 136.85,
135.94, 135.08, 133.81, 133.24, 129.33, 128.79, 128.56, 128.38,
127.76, 126.31, 126.23, 126.03, 124.98, 123.85, 115.90, 115.34,
115.34, 113.59, 104.62, 21.59.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed mechanism for the N-arylation reaction using [Cu(BDC-NH2)@Schiff base Pd(II)].

Table 3 Comparison of the effects of using different catalysts for the synthesis of products by C–N coupling

Entry Catalyst Product Ref.

1 MCS-BAT-Cu(II)-catalyzed 1-Aryl-5-amino-1H-tetrazoles 59
2 Magnetic g-Fe2O3@Cu-LDH Quinolines 48
3 Pd/Cu-free co-catalyzed Abemaciclib and Fedratinib 60
4 PNP-SSS Buchwald–Hartwig C–N cross coupling 61
5 [Cu(BDC-NH2)@Schiff base Pd(II)]catalyst 1-(2-Oxoethyl)-1H-pyrrole-2-carbonitriles with p-tolylboronic acid This work
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HRMS (ESI): m/z [M + H]+ calcd for C24H19N2: 335.1543;
found: 335.1555.

3-Phenethyl-1-(p-tolyl)pyrrolo[1,2-a]pyrazine (3c). 1H NMR (500
MHz, chloroform-d) d 7.81–7.84 (m, 2H), 7.26–7.20 (m, 4H),
Fig. 8 Recycling performance of the [Cu(BDC-NH2)@Schiff base
Pd(II)] catalyst in the N-acrylate core of p-tolylboronic acid with
derivatives R1 provided in Table 2 (entries 1–7).

© 2023 The Author(s). Published by the Royal Society of Chemistry
7.17–7.13 (m, 5H), 6.84–6.85 (m, 1H), 6.69–6.70 (m, 1H), 4.27 (s,
2H), 2.59 (s, 2H), 2.37 (s, 3H).

13C NMR (125 MHz, chloroform-d) d 151.32, 139.39, 136.00,
135.92, 133.77, 129.33, 129.10, 128.69, 127.84, 127.08, 127.02,
122.50, 114.82, 113.28, 104.81, 34.48, 21.55, 20.40.

HRMS (ESI): m/z [M + H]+ calcd for C22H21N2: 313.1966;
found: 313.1945.

1-(4-Methoxyphenyl)-3-phenylpyrrolo[1,2-a]pyrazine (3d). 1H
NMR (500 MHz, chloroform-d) d 8.18 (s, 1H), 8.09 (dd, J = 6.5,
2.0 Hz, 2H), 7.91 (m, 2H), 7.51 (dd, J = 2.5, 1.5 Hz, 1H), 7.27 (m,
3H), 7.06 (dd, J= 6.5, 2.0 Hz, 2H), 6.95 (m, 1H), 6.89 (dd, J= 4.5,
2.5 1H), 3.90 (s, 3H).

13C NMR (125 MHz, chloroform-d) d 159.87, 151.26, 136.76,
135.89, 130.20, 129.08, 127.64, 126.82, 124.97, 124.87, 114.64,
114.08, 112.83, 111.91, 103.28, 54.38.
RSC Adv., 2023, 13, 8114–8129 | 8125
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Fig. 9 XRD spectrum of the [Cu(BDC-NH2)@Schiff base Pd(II)] catalyst after recovery (A) and scanning electron microscopic (SEM) image of the
[Cu(BDC-NH2)@Schiff base Pd(II)] catalyst after recovery (B).
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HRMS (ESI): m/z [M + H]+ calcd for C20H17N2O: 301.1335;
found: 301.1323.

3-(2-Bromophenyl)-1-(p-tolyl)pyrrolo[1,2-a]pyrazine (3e). 1H
NMR (500 MHz, chloroform-d) d 8.11 (s, 1H), 7.98 (d, J = 8.0 Hz,
2H), 7.69–7.71 (m, 2H), 7.53–7.54 (m, 1H), 7.39–7.42 (m, 1H),
7.32–7.33 (m, 1H), 7.21–7.23 (m, 2H), 7.00 (m, 1H), 6.94–6.95
(m, 1H), 2.44 (s, 3H).
8126 | RSC Adv., 2023, 13, 8114–8129
13C NMR (125 MHz, chloroform-d) d 152.95, 139.86, 137.23,
135.74, 133.61, 132.04, 129.47, 129.33, 128.74, 127.65, 127.28,
124.01, 122.80, 117.10, 115.86, 115.50, 104.64, 21.60.

HRMS (ESI): m/z [M + H]+ calcd for C20H15BrN2: 363.0491;
found: 363.0499.

3-Phenyl-1-(p-tolyl)pyrrolo[1,2-a]pyrazine (3f). 1H NMR (500
MHz, chloroform-d) d 8.11 (s, 1H), 8.02 (dd, J = 8.0, 1.5 Hz, 2H),
© 2023 The Author(s). Published by the Royal Society of Chemistry
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7.83 (d, J = 8.0, 2H), 7.47–7.41 (m, 4H), 7.18 (d, J = 8.0 Hz, 2H),
6.87 (dd, J = 4.5, 1.5 Hz, 1H), 6.81 (dd, J = 4.0, 2.5 Hz, 1H), 2.32
(s, 3H).

13C NMR (125 MHz, chloroform-d) d 151.72, 138.70, 136.72,
135.92, 134.77, 128.13, 127.63, 127.58, 126.82, 125.07, 124.87,
114.62, 114.12, 112.10, 103.32, 20.42.

HRMS (ESI): m/z [M + H]+ calcd for C20H17N2: 285.1386;
found: 285.1376.

1-(4-Chlorophenyl)-3-phenylpyrrolo[1,2-a]pyrazine (3g). Green
solid; yield: 136.1 mg (49%); mp 169.8–170.1 °C.

1H NMR (500 MHz, chloroform-d) d 8.14 (s, 1H), 7.98 (t, J =
2.0 Hz, 1H), 7.97 (t, J= 2.0 Hz, 1H), 7.94–7.89 (dd, J= 8.0, 1.0 Hz,
2H), 7.47–7.45 (m, 1H), 7.42 (t, J = 2.0 Hz, 1H), 7.38 (dd, J = 6.0,
2.0 Hz, 2H), 7.30–7.26 (m, 1H), 6.85–6.83 (m, 2H).

13C NMR (125 MHz, chloroform-d) d 151.65, 137.56, 137.09,
137.01, 134.69, 130.13, 130.01, 129.59, 128.73, 128.65, 127.91,
115.52, 113.49, 103.28.

HRMS (ESI): m/z [M + H]+ calcd for C19H14ClN2: 305.0840;
found: 305.0854.

1-(3-Chlorophenyl)-3-phenylpyrrolo[1,2-a]pyrazine (3h). 1H
NMR (500 MHz, chloroform-d) d 8.24 (s, 1H), 8.06 (dd, J = 6.5,
1.5 Hz, 2H), 8.00 (dd, J = 4.5, 1.5 Hz, 2H), 7.56–7.45 (m, 5H),
7.39–7.36 (m, 1H), 6.93–6.92 (m, 2H).

13C NMR (125 MHz, chloroform-d) d 151.55, 137.50, 137.04,
137.01, 135.69, 130.10, 130.02, 129.59, 128.73, 128.05, 125.91,
125.87, 115.52, 113.49, 104.22.

HRMS (ESI): m/z [M + H]+ calcd for C19H14ClN2: 305.0840;
found: 305.0864.
3 Conclusion

The [Cu(BDC-NH2)@Schiff base Pd(II)] nanocatalyst was
synthesized as a novel nanocomposite via a two-step post-
synthetic modication reaction of Cu(BDC-NH2) with N,N′-
bis(5-formylpyrrol-2-ylmethyl) homopiperazine followed by Pd
ion immobilization.

The characterization of the [Cu(BDC-NH2)@Schiff base
Pd(II)] catalyst was done by ICP-OES, TG-DTA, FT-IR spectros-
copy, EDX spectroscopy, XRD, and N2 isotherms. Other
contributors are the cooperative effect between the amine sites
and the large surface area, and the high porosity of MOFs. In
addition, [Cu(BDC-NH2)@Schiff base Pd(II)] was found to be
a multifunctional MOF with robustness and stability under the
reaction conditions. Accordingly, it can be reused up to seven
times without losing its catalytic activity and structural integ-
rity. The other benets of the proposed mesoporous catalyst
include high yields, facile separation of the catalyst from the
mixture, and clean reaction prole. This research portrays
a bright future of using porous MOFs and their functionalized
analogs as multifunctional catalysts.
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