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Ecofriendly and Facile One-Pot Multicomponent Synthesis
of 5-Phenyl-5,10-dihydropyrido[2,3-d :6,5-d’]dipyrimidine-
2,4,6,8(1H,3H,7H,9H)-tetraone Derivatives Catalyzed by CuII

Immobilized on Functionalized Magnetic Mesoporous
MCM-41 (Fe3O4@MCM-41-GPTMS-Gu-CuII)
Mozhgan Mazloum Farsi Baf, Batool Akhlaghinia,* Zeinab Zarei, and Sara S. E. Ghodsinia[a]

In the present study, CuII immobilized on functionalized
magnetic mesoporous MCM-41 (Fe3O4@MCM-41-GPTMS-Gu-
CuII) was prepared as a new, versatile, and magnetically
nanocatalyst and characterized by FT-IR, XRD, small-angle XRD,
BET, TEM, SEM, EDX, EDX-mapping, TGA, VSM, XPS, and ICP
techniques. The characterizations show the presence of MCM-
41 with a hexagonal structure, superparamagnetic behavior,
and an average particle size of 8–25 nm. The catalytic activity
of the nanocatalyst was evaluated towards the synthesis of

structurally different 5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-d’]
dipyrimidine-2,4,6,8(1H,3H,7H,9H) tetraone derivatives through
one-pot multicomponent condensation under green condi-
tions. Fe3O4@MCM-41-GPTMS-Gu-CuII catalyzed many consec-
utive trials at least five runs. High to excellent yields in short
reaction times, simple procedure, environmental friendliness,
less toxic solvents, high stability, and reusability of the catalyst
are considerable advantages of the prepared catalytic system.

Introduction

In 1991, the green chemistry concept (with 12 principles) was
first introduced, which applies to all aspects of chemistry to
reach a considerable development in chemical technology
regarding an environmental and economic perspective. Nowa-
days, this strategy, which generally leads to higher economic
growth, elimination of hazardous substances, saving energy,
protection of the environment, better use of resources, and
also waste management, is of great importance among
researchers due to the spread of pollution in the world.[1] The
construction of new substances and syntheses and the
emerging technologies are among the achievements of the
current strategy and its continuous advances. In this sense, the
rational and efficient designing of new heterogeneous catalysts
is one of the fundamental pillars of modern organic synthesis,
which opens a new window to achieving greener reaction
protocols and thus pursues the green chemistry goals.[2,3]

Interestingly, one of the most critical objectives in designing
heterogeneous catalyst systems is the creating of active sites of
catalytic species through covalent immobilization of metals,
Schiff base ligands, or complexes on the solid supports place.
These results in the adsorption of the reactants on the surface
of the solid support where catalysis reaction takes place, and as

a result, it enhances the concentration of the reactants on the
surface and results in higher yield.[3] In this regard, so far
different solid supports such as silica, carbon, zirconia, clay,
zeolite, metal oxide polymers, carbon nanotubes, graphene,
and other mesoporous materials have been applied in chemical
synthesis and sustainable transformations.[4] Among various
solid supports, ordered mesoporous silica MCM-41 with a
regular pore diameter, as a highly versatile solid support, has
demonstrated fascinating properties. This includes a featuring
hexagonal arrangement of one-dimensional pores, high ther-
mal stability, modifiable surfaces, biocompatibility, excellent
physicochemical stability, very narrow pore size distribution,
chemical, and mechanical stability, stunning surface area (700–
1100 m2 g� 1), controllable morphologies, and large pore size.
Thereby, mesoporous silica MCM-41 has particularly a great
potential that can be used as a heterogeneous catalyst or
versatile solid support.[5] This allows the entrapment of organic
reactants and their passage to reach the surface of the
channels. Besides, the surface of this class of silicate com-
pounds can be easily modified with organosilane agents
through a significant number of silanol groups on the surface
of its channels, which results in the increased absorption
capacity.[6] Although MCM-41 is a right candidate thanks to its
aforementioned extraordinary properties, it often involves long,
and tedious procedures and strategies for filtration such as
centrifugation, due to the nanosize of the catalyst particles that
prevents their utilization in liquid-solid processes. Therefore,
incorporation of magnetic nanoparticles (Fe3O4 NPs) can enable
quick, easy and efficient separation of the catalyst from the
reaction mixture under an external magnetic field owing to its
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paramagnetic nature, and then help to resolve this problem
and promote the catalytic performance.[5]

Today, from green chemistry perspectives, multicomponent
reactions (MCRs) (as a recognized powerful tool in modern
synthetic organic chemistry) happening in one step using a
heterogeneous catalyst is incorporated to provide quick access
and afford expected new organic molecules or automated high
conversion of reactants into products with higher productivity.
This leads to a decrease in the consumption of reagents and
solvents and causes minimization of waste, energy, and time
and results in a less hazardous solvent, cleaner auxiliaries, good
atom-economy, higher selectivity compared with multi-step
reactions which satisfy main principles of green chemistry.[7–10]

1,4-Dihydropyridines (as nitrogen-containing heterocycles)
with a structure analogous to nicotinamide adenine dinucleo-
tide (NAD) coenzyme have attracted considerable interest due
to their different biological and medicinal applications.[7,11–21]

They have increasingly-popular worldwide applications such as
antitumor, antisclerotic, antidiabetic, calcium channel blockers,
anti-inflammatory, and analgesic.[22] Literature studies clearly
show that they also have anti-TB activity owing to their
lipophilic groups and can be used in tumor and Alzheimer’s
disease therapy as well.[23,24] In the meantime, an essential
group of heterocyclic frameworks containing 1,4-dihydropyr-
idines core is 5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-d’]dipyri-
midine-2,4,6,8(1H,3H,7H,9H)-tetraone derivatives which have
attracted considerable attention due to their broad spectrum
of promising biological activities and medicinal applications.[25]

Numerous reports represent anticorrosive,[26] antimicrobial,[27]

antitubercular,[28] antiviral, and cytotoxic activities[29] of these
compounds (Scheme 1). Moreover, a few numbers of such
derivatives have significant α-glucosidase and α-amylase
inhibitory activity.[30] These heterocyclic compounds can self-
assemble to constitute a supramolecular structure as well.[31]

Therefore, many different strategies have been developed to
synthesize various structures of 5-phenyl-5,10-dihydropyrido
[2,3-d : 6,5-d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-tetraone deriva-
tives such as using DIPEA, [H-NMP]+[HSO4]

� ,γ-Fe2O3@HAp-
SO3H, nano-[DMSPDE][Cl], Fe-MCM-41-ionic liquid, nano-
CuFe2O4, and CuFe2O4 nanospheres.[32–34] These techniques
suffer particular drawbacks such as unwanted by-products,
using organic solvents, base, heating and/or refluxing con-
dition, and ultrasound irradiation or tedious procedure of
catalyst preparation, which are not in agreement with the
green chemistry strategies. Consequently, in order to overcome
these kinds of problems, a continued pursuit for reaching
greener, simpler, more convenient, and environmentally-
friendly approaches are still paramount.

Encouraged by the prominence of 5-phenyl-5,10-dihydro-
pyrido[2,3-d : 6,5-d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-tetraone
derivatives, and in continuation to our endeavors in the
synthesis of various heterocyclic molecules using new hetero-
geneous catalyst systems[35] and the versatility of Cu(OAc)2 ⋅H2O,
herein for the first time, we introduced CuII immobilized on
functionalized magnetic mesoporous MCM-41 (Fe3O4@MCM-41-
GPTMS-Gu-CuII) as a novel and separable heterogeneous nano-
catalyst. In this approach, guanidinium salt was grafted on the

surface of functionalized magnetic MCM-41 and then followed
by immobilization of Cu(OAc)2, as seen in Scheme 2. It is worth
to note that Cu(OAc)2 as Lewis acid along with grafted
guanidinium (as a bidentate, cationic hydrogen-bond donor
ligand and weak Brønsted acid acts as a metal-free “p-Lewis
acid” site[36,37]) can activate carbonyl groups of reactants and
cause faster attacking of ammonium acetate (see the suggested
mechanism in Scheme 4).

Then, the catalytic activity of the synthesized nanocatalyst
was examined to access 5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-
d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-tetraone derivatives via
the one-pot multicomponent reactions between different
aldehydes, barbituric acid, and ammonium acetate (as a nitro-
gen source) in water as the best solvent which is following
sustainable chemistry (Scheme 3). Green condition, short reac-
tion time, no need for column chromatographic purification,
high yields of desired products, and cutting down the handling
costs due to simple working procedures are among the
privileged features of this proposed catalytic system. Therefore,
it seems that this nanocatalyst could be utilized for other
reactions, which need Lewis acid sites.

Results and Discussion

Characterization of CuII immobilized on functionalized
magnetic mesoporous MCM-41
(Fe3O4@MCM-41-GPTMS-Gu-CuII)

In the present study, Fe3O4@MCM-41-GPTMS-Gu-CuII (V) as a
heterogeneous nanostructured catalyst was prepared accord-

Scheme 1. Structure of some components as drug molecules.
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ing to the five steps indicated in Scheme 1. Initially, Fe3O4 NPs
(I) were prepared via the co-precipitation approach[35g] followed
by coating with MCM-41 comprising the reaction of TEOS and
CTAB to achieve Fe3O4@MCM-41 (II) after calcination at 550 °C
for 6 h. After that, the hydroxyl groups on the surface of the as-
synthesized Fe3O4@MCM-41 (II) were functionalized appropri-
ately by the treatment of magnetic nanoparticles entrapped in
mesoporous MCM-41 (Fe3O4@MCM-41 (II)) with 3-

glycidyloxypropyltrimethoxysilane (GPTMS) and guanidine
hydrochloride, respectively which yielded 3-glycidyloxypropyl
trimethoxysilane anchored on magnetic nanoparticles en-
trapped in mesoporous MCM-41 (Fe3O4@MCM-41-GPTMS (III))
and aminated 3-glycidyloxypropyl trimethoxysilane anchored
on magnetic nanoparticles entrapped in mesoporous MCM-41
(Fe3O4@MCM-41-GPTMS-Gu (IV)). Subsequently, CuII immobi-
lized on functionalized mesoporous MCM-41 (Fe3O4@MCM-41-

Scheme 2. Preparation of CuII immobilized on aminated 3-glycidyloxypropyl trimethoxysilane anchored on magnetic mesoporous MCM-41 (Fe3O4@ MCM-41-
GPTMS-Gu-CuII).
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GPTMS-Gu-CuII (V)) (with 0.9 mmol g� 1 copper content accord-
ing to the inductively coupled plasma optical emission
spectroscopy (ICP-OES) measurement) with further Lewis acidic
sites was obtained upon treatment of Fe3O4@MCM-41-GPTMS-
Gu (IV) with an ethanolic solution of Cu(OAc)2.H2O. Then, the
structural and chemical characterizations of the attained
Fe3O4@MCM-41-GPTMS-Gu-CuII (V) was fully characterized by
FT-IR, XRD, small-angle XRD, BET, SEM, EDX, EDX-mapping,
TEM, TGA, VSM, XPS, and ICP techniques.

The chemical structure of Fe3O4 NPs (I), Fe3O4@MCM-41 (II),
Fe3O4@MCM-41-GPTMS (III), Fe3O4@MCM-41-GPTMS-Gu (IV),
and Fe3O4@MCM-41-GPTMS� Gu-CuII (V), was studied by FT-IR
spectroscopy as illustrated in Figure 1a–e. The relatively broad
vibration band appeared around 3420–3400 cm� 1 was attrib-
uted to the asymmetric and symmetric stretching vibration
modes of the hydroxyl groups on the surface of Fe3O4. As
shown, a characteristic band at 579 cm� 1 was also seen for the
stretching vibration bands of Fe� O bonds (Figure 1a).[38] The

FT-IR spectrum of Fe3O4@MCM-41 (II) (Figure 1b) showed two
new absorption bands at 1088 and 800 cm� 1 that disclosed the
presence of MCM-41,[39] in addition to the bands mentioned in
the Fe3O4 structure. In the FT-IR spectrum of Fe3O4@MCM-41-
GPTMS (III) (Figure 1c), two new absorption bands, which
appeared at 2942 and 2851 cm� 1 were attributed to the
stretching vibration modes of CH2 groups.[35b] Also, anchoring
of guanidine to the Fe3O4@MCM-41-GPTMS (III) surface was
proven by the appearance of amazing new bands at 1669 and
1570 cm� 1 (attributed to the ν C=N of guanidine groups and
the ν NH of � NH2 groups) (Figure 1d).[40] Interestingly, the
decreasing intensities of absorption bands at 1665 and
1575 cm� 1 suggested the successful coordination of Cu
(OAc)2 ⋅H2O (Figure 1e).

Furthermore, XRD analysis was implemented to perceivethe
purity, phase, and crystallinity of the synthesized Fe3O4@MCM-
41 (II) and Fe3O4@MCM-41-GPTMS-Gu-CuII (V) nanocatalyst
(Figure 2). As is seen from the diffractogram of Fe3O4@MCM-41
(II), the presence of five characteristic peaks at 2θ= 62.4°, 57.0°,
53.5°, 35.4°and 30.2°, which were attributed to (4 4 0), (5 1 1),
(4 4 2), (3 1 1), and (2 2 0) reflection planes, respectively, were

Scheme 3. Synthesis of 5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-d’]dipyrimidine-2,4,6,8(1H,3H, 7H,9H)-tetraone derivatives in the presence of Fe3O4@ MCM-41-
GPTMS-Gu-CuII.

Figure 1. FT-IR spectra of (a) Fe3O4 (I), (b) Fe3O4@MCM-41 (II), (c)
Fe3O4@MCM-41-GPTMS (III), (d) Fe3O4@MCM-41-GPTMS-Gu (IV), (e)
Fe3O4@MCM-41-GPTMS-Gu-CuII (V) and (f) 5th reused Fe3O4@MCM-41-GPTMS-
Gu-CuII (V).

Figure 2. The XRD patterns of (a) Fe3O4@MCM-41 (II), (b) Fe3O4@ MCM-41-
GPTMS-Gu-CuII (V) and (c) 5th reused Fe3O4@ MCM-41-GPTMS-Gu-CuII (V).
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closely matched with the standard pattern for crystalline
magnetite with spinel structure.[35a&b,41]

After immobilization of CuII, three new diffraction peaks
were observed at 2θ=74.3°, 50.6° and 43.4° corresponding to
(2 2 0), (2 0 0) and (1 1 1) planes, respectively. This can be an
account of the existence of Cu element (JCPDS: 4-0836)[42] in
the nanocatalyst structure. The crystallite size of Fe3O4@MCM-
41-GPTMS-Gu-CuII (V) nanocatalyst was estimated to be 21 nm,
according to the Deby-Scherer equation.

The small-angle powder X-ray diffraction pattern of
Fe3O4@MCM-41 (II) showed a broad peak at 2Ɵ= 2.75, attribut-
ing to (1 0 0) reflection plane with high intensity, which could
be owing to the presence of MCM-41 support (possessing a
well-defined two-dimensional hexagonal structure with a high
degree of long-range order and existence of uniform pores[43])
(Figure 3a).

This was also preserved in the pattern of Fe3O4@MCM-41-
GPTMS-Gu-CuII (V) nanocatalyst (Figure 3b), representing the
high stability of the structure of the designed nanocatalyst.
Notably, compared to the pattern of Fe3O4@MCM-41 (II), a
decreasing intensity peak confirmed functionalization of MCM-
41 channels during preparation steps of Fe3O4@MCM-41-
GPTMS-Gu-CuII (V).[44]

The nitrogen adsorption-desorption isotherms and pore
size distribution curves of Fe3O4@MCM-41 (II) and Fe3O4@MCM-
41-GPTMS-Gu-CuII (V) are presented in Figure 4a–c. As demon-
strated in Figure 4a, Fe3O4@MCM-41 (II) and Fe3O4@MCM-41-
GPTMS-Gu-CuII (V) exhibited the characteristics of type IV
isotherms as reported by the IUPAC classification of adsorption
isotherms with

H1-type hysteresis loop[45a] (which is a characteristic of
ordered mesoporous materials) (Figure 4 a). The specific surface
area, pore-volume, and mean pore diameter of Fe3O4@MCM-41
(II) and Fe3O4@MCM-41-GPTMS-Gu-CuII (V) are shown in
Table 1. It is observed that both the surface area and total

porevolume decreased in Fe3O4@MCM-41-GPTMS-Gu-CuII (V)
nanocatalyst, compared to Fe3O4@MCM-41 (II), which may be
explained as a result of the occupation of some pores by
anchored organic segments, which took place during the
functionalization process and also immobilization of CuII.[45b&c] It
is noteworthy that increasing mean pore, compared to
Fe3O4@MCM-41 (II), is probably corresponding to the presence
of CuII, which causes the creation of new pores in the structure
of Fe3O4@MCM-41-GPTMS-Gu-CuII (V).[46]

The morphology of Fe3O4@MCM-41 (II) and Fe3O4@MCM-
41-GPTMS-Gu-CuII(V) nanocatalyst was also explored by scan-
ning electron microscopy (SEM) technique (Figure 5). As clearly
shown in Figure 5a, Fe3O4@MCM-41 (II) and Fe3O4@MCM-41-

Figure 3. Small-angle XRD patterns of (a) Fe3O4@MCM-41 (II), (b)
Fe3O4@MCM-41-GPTMS-Gu-CuII (V) and (c) 5th reused Fe3O4@MCM-41-GPTMS-
Gu-CuII (V).

Figure 4. Nitrogen adsorption-desorption isotherms and pore size distribu-
tion curves of (a) Fe3O4@MCM-41 (II) and (b) Fe3O4@MCM-41-GPTMS-Gu-CuII

(V).

Table 1. Total pore volume, specific surface area, and mean pore diameter
of Fe3O4@MCM-41 (II) and Fe3O4@ MCM-41-GPTMS-Gu-CuII (V).

Sample Total
pore
volume
(cm3 g� 1)

SBET

(m2 g� 1)
Mean
pore
diameter
(nm)

Fe3O4@MCM-41 (II) 0.305 262.82 4.642
Fe3O4@MCM-41-GPTMS-Gu-CuII (V) 0.0642 44.88 5.723
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GPTMS-Gu-CuII (V) have an almost irregular spherical morphol-
ogy.

These results demonstrate that there was no significant
change in surface morphology of Fe3O4@MCM-41 (II) after
functionalization processes, verifying chemical stability.

Additionally, the formation of Fe3O4@MCM-41-GPTMS-Gu-
CuII (V) can be authorized by EDX analysis. As illustrated in
Figure 6, the presence of signals of Si, N, O, and Cu elements in
the nanocatalyst structure, was evidence of successful surface
functionalization of Fe3O4@MCM-41 (II), and then immobiliza-
tion of CuII on it.

To further the evaluate elemental composition on the
surface of nanocatalyst, and EDX-mapping analysis was used
and the results are shown in Figure 7. As can be seen, all
elements of the functional groups (Si, O, N, Fe, C, and Cu) that
were anchored on the surface of the nanocatalyst structure are
homogeneously distributed.The morphology of Fe3O4@MCM-41
(II) and Fe3O4@MCM-41-GPTMS-Gu-CuII (V) nanocatalyst was
further examined using transmission electron microscopy (TEM)
analysis, as is depicted in Figure 8. Notably, TEM images of the
core-shell Fe3O4@MCM-41 and Fe3O4@MCM-41-GPTMS-Gu-CuII

are shown in Figure 8a—d. It was clearly observed in Figure 8a
& b, that the Fe3O4 NPs core is well encapsulated by
mesoporous silica MCM-41 coating with a clear boundary
between the mesoporous silica shell and the Fe3O4 NPs core.
The dispersed state of these magnetic particles in mesoporous
MCM-41 determines the shape and size of the catalyst
particles,[8] which agrees well with the TEM observation (Fig-
ure 8c & d). As can be seen in Figure 8c & d, the finally formed
sample (V) demonstrated the formation of a core-shell structure
with an average size of 8 to 25 nm (according to particle size
distributions inset in Figure 9).

Thermal stability of Fe3O4@MCM-41 (II), Fe3O4@MCM-41-
GPTMS (III), Fe3O4@MCM-41-GPTMS-Gu (IV), and Fe3O4@MCM-
41-GPTMS-Gu-CuII (V) was also studied using TGA analysis at a
temperature between 25–900 °C (Figure 10 a–d). As can be
illustrated in Figure 10a, Fe3O4@MCM-41 (II) has one weight
loss step (9 %), which is due to physisorbed water molecules on
the surface of it.[47] However, Fe3O4@MCM-41-GPTMS (III)
showed two mass loss steps; 25–150 °C (2.9 %), which was
ascribed to the physically-adsorbed water, and above 150 °C
which was due to thermal decomposition of organic segments
of Fe3O4@MCM-41-GPTMS (III) (21.3 %) (Figure 10 b). Interest-
ingly, Fe3O4@MCM-41-GPTMS-Gu (IV) has three weight loss

Figure 5. SEM image of (a) Fe3O4@MCM-41 (II), (b) Fe3O4@MCM-41-GPTMS-Gu-CuII (V) and (c) 5th reused Fe3O4@ MCM-41-GPTMS-Gu-CuII (V).

Figure 6. EDX spectrum of Fe3O4@MCM-41-GPTMS-Gu-CuII (V).

Figure 7. EDX-mapping analysis of Fe3O4@ MCM-41-GPTMS-Gu-CuII (V).
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Figure 8. TEM images of (a and b) Fe3O4@MCM-41 (II) and (c and d) Fe3O4@ MCM-41-GPTMS-Gu-CuII (V).

Figure 9. Particle size distribution histogram of Fe3O4@ MCM-41-GPTMS-Gu-
CuII (V).

Figure 10. TGA thermograms of (a) Fe3O4@MCM-41 (II), (b) Fe3O4@MCM-41-
GPTMS (III), (c) Fe3O4@ MCM-41-GPTMS-Gu (IV), and (d) Fe3O4@ MCM-41-
GPTMS-Gu-CuII (V).
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steps in which the first mass loss started from 25–150 °C
(corresponded to the removal of water), and the second step
related to the decomposition of organic molecules started from
150–350 °C (15.4 %). Above this temperature (>350 °C), the
structure of Fe3O4@MCM-41-GPTMS-Gu (IV) was entirely disinte-
grated (10 %) (Figure 10 c). Similarly, the thermal decomposi-
tion curve of Fe3O4@MCM-41-GPTMS-Gu-CuII (V) indicated three
significant mass changes. The weight loss before 150 °C,
resulted from the loss of the trapped physically-adsorbed
water. The next step happened at 150–250 °C (13 %), which can
be attributed to the elimination of organic segments anchored
on Fe3O4@MCM-41(II). Finally, the last step, which was at
around 250 °C and continued up to 560 °C (12 %), was due to
the complete decomposition of the nanocatalyst and silanol
groups (Figure 10d).[44,47] Based on the TGA results, the amounts
of organic linkers anchored on Fe3O4@MCM-41(II) was eval-
uated to be 1 mmol g� 1. These findings are in perfect
accordance with the results obtained from elemental analysis
data (N =1.71 % and C= 4.16 %). Additionally, ICP analysis
represented that the total immobilized copper content in the
freshly prepared catalyst was 57.150 ppm/or 0.057 g/or
0.900 mmol of Cu per 1 g of catalyst.

In the next phase, the magnetic features of Fe3O4 (I) and
Fe3O4@MCM-41-GPTMS-Gu-CuII(V) were determined by vibrat-
ing sample magnetometer (VSM) analysis at room temperature,
as can be seen in Figure 11. According to this analysis, the
saturation magnetization of Fe3O4@MCM-41-GPTMS-Gu-CuII (V)
was measured to be 60 emu/g, which declined compared with
those of Fe3O4 (I) (70 emu/g) (Figure 11 a). It is clear that based
on literature,[35a] this decrease is due to the successful
modification of the surface of Fe3O4@MCM-41 (II). It is worth
noting that the easy separation of the desired nanocatalyst by
placing an external magnet experimentally represents that the
nanocatalyst has superparamagnetic behavior, as can be seen
from the magnetization curve (Figure 11 b).

To achieve a better insight into the oxidation state of the
Cu ions immobilized on functionalized magnetic mesoporous
MCM-41, X-ray photoelectron spectroscopy (XPS) analysis was
carried out for both fresh NPs (IV) and the 5th recovered
nanocatalyst (Figure 12a & b). The Cu2p spectrum of fresh
nanocatalyst indicates that Cu is present only as Cu+2 ions by
two spin-orbit doublets with strong satellite peaks. As observed
in Figure 12a, binding energy peaks at 933.6 eV and 953.4 eV
can be attributed to Cu2p3/2 and Cu2p1/2 spin-orbit split-
doublets, respectively, which are characteristic of Cu in +2
oxidation state.[48]

Catalytic synthesis of 5-phenyl-5,10-dihydropyrido
[2,3-d :6,5-d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-tetraone
derivatives

Due to our continuing substantial interest in green chemistry
(by applying heterogeneous catalysts in various organic
transformations),[35] after successful preparation and full struc-

Figure 11. Magnetization curves of (a) Fe3O4 (I) and (b) Fe3O4@ MCM-41-
GPTMS-Gu-CuII (V).

Figure 12. XPS spectra of (a) fresh Fe3O4@ MCM-41-GPTMS-Gu-CuII (V) and (b)
5th reused Fe3O4@ MCM-41-GPTMS-Gu-CuII (V).
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tural characterization of Fe3O4@MCM-41-GPTMS-Gu-CuII, the
catalytic activity of this magnetic nanostructured catalyst was
explored in the preparation reaction of dihydropyrido[2,3-
d : 6,5- d’]dipyrimidine derivatives (Scheme 2).In our initial
study, an optimum reaction profile for preparation of 5-phenyl-
5,10-dihydropyrido[2,3-d : 6,5-d’]dipyrimidine-
2,4,6,8(1H,3H,7H,9H)-tetraone was investigated via one-pot
multicomponent reaction of benzaldehyde(0.5 mmol), barbitu-
ric acid (1 mmol), and ammonium acetate (0.8 mmol) as a
model reaction by taking into consideration various important
parameters including the catalyst loading, solvent, and temper-
ature in the presence of Fe3O4@MCM-41-GPTMS-Gu-CuII. The
screening of various conditions is presented in Table 2. At the
outset, to elucidate the catalyst’s role, it was observed that in a
refluxing mixture of water/ ethanol (5 : 1) and the absence of
catalyst, the model reaction led to a 50 % yield of the desired
product after a long time. (Table 2, entry 1). During our
optimization studies, Table 2 shows that by applying the same
reaction conditions, the model reaction was progressed
smoothly in the presence of Fe3O4@MCM-41-GPTMS-Gu-CuII

(Table 2, entry 2). In a set of experiments, the model reaction
was conducted in the presence of different amounts of the
catalyst loading (Table 2, entries 2–7). Pleasantly, it was found
that the maximum yield of the desired product was obtained in
30 min by applying a 4.5 mol % catalysts. To search for the best
solvent system, the model reaction was performed by applying
4.5 mol % of Fe3O4@MCM-41-GPTMS-Gu-CuII in H2O owing to
environmental awareness, cost-effectiveness, and easy accessi-
bility of H2O. It was found that the reasonable yield of the
desired product (97 % after 30 min) was achieved when the
model reaction was performed in refluxing H2O (Table 2,
entry 8). Then, the model reaction’s feasibility was examined at
room temperature, 80 °C, and 90 °C (Table 2, entries 9–11).
Interestingly, the obtained results revealed that the best

catalytic activity of Fe3O4@MCM-41-GPTMS-Gu-CuII was gained
in H2O at 90 °C (97 %, 30 min (Table 2, entry 11). In further
attempts, to emphasize the essential role of Fe3O4@MCM-41-
GPTMS-Gu-CuII and also to study the effect of grafted guanidine
and immobilized Cu(OAc)2.H2O, in the preparation of dihydro-
pyrido[2,3-d : 6,5- d’]dipyrimidine derivatives, several sets of
reactions were performed in presence of Fe3O4 NPs (I),
Fe3O4@MCM-41 (II) and Fe3O4@ MCM-41-GPTMS (III) as catalyst
(Table 2, entries 12–15). Comparatively, the low yield of the
desired product was obtained after prolonged reaction time in
all cases (due to Lewis acidity of Fe3O4 NPs, and influence of
grafted guanidine on functionalized Fe3O4@MCM-41). Similarly,
the model reaction in the presence of Cu(OAc)2.H2O afforded
the desired product in 55 % yield after 2.5 h (Table 2, entry 16).

Encouraged by these identified optimized conditions
(Table 2, entry 11), we focused our attention on generalizing
the present method for the synthesis of 5-phenyl-5,10-
dihydropyrido[2,3-d : 6,5-d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-
tetraone derivatives through the one-pot multicomponent
reactions of various aldehydes, barbituric acid, and ammonium
acetate under the optimized reaction conditions. The results of
this detailed study are presented in Table 3. As illustrated by
the summarized data in Table 3, the reactions proceeded
rapidly, and the desired 5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-
d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-tetraone derivatives were
obtained from a diverse set of aromatic aldehydes in high
yields (Table 3, entries 1–13). Comparatively, electron-poor
aldehydes resulted in higher yields after a short time than
electron-rich ones (Table 3 entries 2–4 vs. Entries 7–13). The
difference in reactivity between 4-chloro benzaldehyde/or 4-
hydroxy benzaldehyde and 2-chloro benzaldehyde/or 2-
hydroxy benzaldehyde can be rationalized by the steric effects
of Cl/or OH in the ortho position of the aromatic ring (Table 3,
entry 4/ or 7 vs. entry 5/or 8). The present catalytic system was

Table 2. Optimization of various reaction parameters for the synthesis of 5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-
tetraone.

Entry Catalyst
(mol %)

Solvent Temp.
(°C)

Time
(h)

Isolated Yield
(%)

1 – H2O/EtOH (5 : 1 v/v) Reflux 22 50
2 2.4 H2O/EtOH (5 : 1 v/v) Reflux 2.5 68
3 3.4 H2O/EtOH (5 : 1 v/v) Reflux 2 80
4 3.9 H2O/EtOH (5 : 1 v/v) Reflux 1 87
5 4.2 H2O/EtOH (5 : 1 v/v) Reflux 40 (min) 92
6 4.5 H2O/EtOH (5 : 1 v/v) Reflux 30 (min) 97
7 4.7 H2O/EtOH (5 : 1 v/v) Reflux 30 (min) 97
8 4.5 H2O Reflux 30 (min) 97
9 4.5 H2O RT 4 80
10 4.5 H2O 80 1.5 90
11 4.5 H2O 90 30 (min) 97
12[a] 0.05(g) H2O 90 5 25
13[b] 0.05 (g) H2O 90 2.5 45
14[c] 0.05 (g) H2O 90 2.5 45
15[d] 0.05 (g) H2O 90 2.5 70
16[e] 0.17 (g) H2O 90 2.5 55

Reaction conditions: benzaldehyde (0.5 mmol), barbituric acid (1 mmol), ammonium acetate (0.8 mmol) and solvent (5 mL).[a] The reaction was performed in
the presence of Fe3O4 NPs.[b] The reaction was performed in the presence of Fe3O4@MCM-41 (II).[c] The reaction was performed in the presence of Fe3O4@ MCM-
41-GPTMS (III).[d] The reaction was performed in the presence of Fe3O4@ MCM-41-GPTMS-Gu (IV).[e] The reaction was performed in the presence of Cu
(OAc)2 ⋅H2O.
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further examined for the one-pot multicomponent reaction of
aliphatic aldehydes with barbituric acid and ammonium acetate
(Table 3, entries 14–15). Comparatively, aliphatic aldehydes
resulted in the corresponding products with moderate yields
and in longer reaction times. This catalytic system did not
support the one-pot multicomponent reaction of heteroaro-
matic aldehydes (2-thiophene carbaldehyde, 4-pyridine carbal-
dehyde, and 2-furan carbaldehyde) with barbituric acid and
ammonium acetate.

Most of the obtained 5-phenyl-5,10-dihydropyrido[2,3-
d : 6,5-d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-tetraone derivatives
(4a, 4b, 4d, 4e, and 4g–m) were known, and their structures
were confirmed by comparing their physical data (color and
melting points) with those of authentic compounds which
have been reported in the literature. The structure of the novel
synthesized compounds (4c, 4f, 4n, and 4o) and some of the
selected products were further recognized by FT-IR, 1HNMR,
and 13CNMR spectroscopy and mass spectrometry as well. The
elemental analysis technique was also employed for further
characterization of the novel synthesized compounds. It is
worth noting that the disappearance of the initial materials and
the appearance of the product on TLC was used to monitor the
reaction’s progress and hence to confirm the completion of the
reaction.

A recommended mechanism pathway for the synthesis of
5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-d’]dipyrimidine-
2,4,6,8(1H,3H,7H,9H)-tetraone derivatives through the one-pot
multicomponent reaction in the presence of Fe3O4@MCM-41-
GPTMS-Gu-CuII is presented in Scheme 3, as reported
previously.[22]

At first, the aldehyde carbonyl group becomes activated by
donating a lone pair to Lewis acid sites (CuII) as well as the
formation of a strong hydrogen bond between OH, NH, NH2,

and =NH of the anchored guanidine on magnetic mesoporous
MCM-41 and a carbonyl group. Then, Knoevenagel dehydration
condensation between the tautomeric form of barbituric acid I
and activated aldehyde resulted in the generation of benzyli-
dine barbiturate II. Subsequently, Michael’s addition between
intermediate II and the second molecule of barbituric acid I led
to the formation of the adduct III. In the next step, the
nucleophilic attack of ammonium acetate to the adduct III
afforded the intermediate IV, which subsequently tautomerizes
to intermediates V and VI, respectively. Eventually, Michael
adduct VI (the more stable tautomeric form) takes part in a
facile intramolecular ring-closure via a 6-exo-trig process to
generate the desired product VII on removing water as green
waste (Scheme 4). Finally, Fe3O4@MCM-41-GPTMS-Gu-CuII re-
introduced to another catalytic cycle.

It is worth noting that the recycling and recovery of the
heterogeneous catalytic systems are one of the main advan-
tages of the economic, industrial, and environmental perspec-
tives. In this regard, the recyclability potential of the prepared
catalyst was checked for the model reaction under the standard
conditions. For this purpose, after the completion of the
reaction, the Fe3O4@MCM-41-GPTMS-Gu-CuII nanocatalyst was
separated from the reaction media, and recovered using a
permanent magnet and washed with deionized water (3 ×
5 mL), ethanol (3 × 5 mL) to remove excess reagents and
organic residues. Afterward, it was dried under a vacuum at
60 °C and consequently used for the subsequent experiments.
It became apparent that the nanocatalyst can be reused
successfully with satisfactory yields compared to the fresh
catalyst without any deactivation even after 5 runs (Figure 13).

Interestingly, a comparison of the FT-IR spectrum of the
fresh and the 5th reused nanocatalyst showed the remaining

Table 3. One-pot synthesis of different structurally 5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-tetraone derivatives in the
presence of Fe3O4@MCM-41-GPTMS-Gu-CuII under optimized condition.

Entry R Product Time (min) Isolated Yield (%)

1 C6H5 4a 30 97
2 4-O2N-C6H5 4b 25 97
3 4-NC-C6H5 4c 25 95
4 4-Cl-C6H5 4d 25 90
5 2-Cl-C6H5 4e 25 80
6 4-I-C6H5 4f 25 85
7 4-HO-C6H5 4g 35 90
8 2-HO-C6H5 4h 40 70
9 3,4-HO-C6H5 4 i 35 85
10 4-H3CO-C6H5 4 j 30 75
11 4-H3C-C6H5 4k 30 80
12 2-H3C-C6H5 4 l 35 75
13 4-(H3C)2N-C6H5 4m 30 70
14 1-H7C10 4n 30/10 h 65/65
15 2-H7C10 40 40/10 h 65/65
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three absorption bands at around 2924–2826 cm� 1, 1644 cm� 1

and 1063
cm� 1, which were due to the stretching vibration of CH2

groups, stretching vibration of ν C=N, and stretching vibration
of Si� O� Si of the MCM-41, establishing the stability of the
structure of nanocatalyst after five cycles (compare Figure 1e

and f). Likewise, the obtained XRD results exhibited that the
chemical structure of nanocatalyst has no significant difference
even after five runs (compare Figure 2b and c, and Figure 3b
and c). Also, the obtained SEM images of the reused nano-
catalyst as compared to fresh nanocatalyst established that the
nanocatalyst has an approximately spherical shape, confirming

Scheme 4. Recommended mechanism pathway for the synthesis of 5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-tetraone
derivatives catalyzed by Fe3O4@MCM-41-GPTMS-Gu-CuII (V).
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the stable morphology of nanocatalyst even after being used
several times (compare Figure 5b and c). Besides, the XPS study
of the fifth recovered nanostructured catalyst showed that all
Cu species are in a +2 oxidation state (Figure 12b). Similarly,
the ICP analysis demonstrated that the freshly prepared catalyst
contains 57.150 ppm/or 0.057 g/or 0.900 mmol of Cu per 1 g of
catalyst, while this amount decreased to 56.642 ppm/or
0.056 g/or 0.892 mmol of Cu per 1 gr of 5th reused. This
indicates that 8 % of CuII leached from the structure of the
catalyst after five runs.

Hot filtration test

To check the heterogeneous nature of the nanocatalyst, a hot
filtration test was performed. At first, the model reaction was
conducted under the optimized reaction condition for15
minutes, and then the catalyst was magnetically separated
from the reaction medium while the reaction proceeded
approximately 50 %. Then, the reaction was continued and
monitored (by TLC) for another 15 minutes under the same
reaction conditions without any catalyst. It appeared that the
reaction did not proceed further after the removal of the
nanocatalyst (Figure 14). This result proposed that no leaching
of CuII took place in the reaction mixture, and thus, the
nanocatalyst has a truly heterogeneous nature, and stable
during the catalytic reaction.

Poisoning test

To further discern the true nature (homogeneous or heteroge-
neous) of the nanocatalyst, a poisoning test was done under
the optimized reaction conditions in two separate flasks in the
presence and in the absence of ethylenediaminetetraacetic
acid (EDTA), as an excellent scavenger to grab homogeneous
CuII species because of its high affinity to the formation of a
stable complex with the soluble CuII ions (Scheme 5).[49] Toward
this point, the reaction progress was monitored by TLC. The
obtained results of Figure 15 displayed that the yield of the
reaction experienced no noticeable decrease, confirming the
fact that no leaching of CuII ions took place in solution during

the reaction and can prove the specific heterogeneous nature
of the nanocatalyst.

To show the merits of the proposed catalytic system, the
efficiency of the present nanocatalyst was compared with those
obtained using other catalysts that were applied in the one-pot
preparation of 5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-d’]dipyri-
midine-2,4,6,8(1H,3H,7H,9H)-tetraone (4a) (Table 4).

Although, each of these catalytic systems has their superi-
ority, as can be apparently seen from Table 4, prolonged
reaction time to obtain the appropriate product (Table 4,
entry 1 and 4), the use of a toxic solvent (Table 4, entry 2 and
5), tedious reaction procedure (unfeasible for reaction monitor-
ing (Mw), difficult to control the temperature (US), unsuitable
for scale-up) (Table 4, entries 3 and 4), and homogenous
catalytic system (difficult separation from products) (Table 4,
entry 5), are the drawbacks of some of these methods. There-
fore, Fe3O4@MCM-41-GPTMS-Gu-CuII as a heterogeneous and
green nanocatalyst is more effective than most of the catalysts
concerning the reaction time, green condition reaction, high
yield of the products, and especially easy recovering potential
of the catalyst from the reaction mixture. The superiority of the

Figure 13. Synthesis of 5-phenyl-5,10-dihydropyrido[2,3-d : 6,5-d’]dipyrimi-
dine-2,4,6,8(1H,3H,7H,9H)-tetraone (4a) in the presence of reused
Fe3O4@MCM-41-GPTMS-Gu-CuII (V).

Figure 14. Time-dependent correlation of the product yield in hot filtration
test.

Scheme 5. The chemical structure of the Cu II (EDTA) complex.

ChemistrySelect
Full Papers
doi.org/10.1002/slct.202004112

15206ChemistrySelect 2020, 5, 15195 – 15208 © 2020 Wiley-VCH GmbH

Wiley VCH Montag, 28.12.2020

2048 / 190199 [S. 15206/15208] 1

https://www.powerthesaurus.org/in_spite_of_the_fact_that/synonyms


current approach over the previously reported methods was
well-established thanks to the results obtained.

Conclusion

In summary, in order to make an excellent contribution to the
development of green chemistry, Fe3O4@MCM-41-GPTMS-Gu-
CuII was successfully fabricated as a new magnetic nanocatalyst
and characterized using several techniques (FT-IR, XRD, small-
angle XRD, BET, SEM, EDX, EDX-mapping, TEM, TGA, VSM, XPS,
and ICP). The catalytic performance of Fe3O4@MCM-41-GPTMS-
Gu-CuII with narrow particle size distribution (8–25 nm) and
super magnetic behavior was investigated in a one-pot multi-
component reaction towards the formation of 5-phenyl-5,10-
dihydropyrido[2,3-d : 6,5-d’]dipyrimidine-2,4,6,8(1H,3H,7H,9H)-

tetraone derivatives in a green media. This magnetic nano-
catlyst has heterogeneous nature and shows high durability
according to the hot-filtration test, controlled poisoning experi-
ment studies, and spectroscopic and microscopic results of the
5th reused catalyst. Efficiency, environmental tolerability, ex-
cellent yield of products, short reaction times, excellent func-
tional group compatibility, clean reaction profile, easy exper-
imental and work-up procedures, and using H2O as the reaction
media are consistent advantages of the present methodology.

Supporting Information Summary

Experimental section, FT-IR, 1HNMR, 13CNMR, and Mass spec-
trum analysis of products were described.
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