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A B S T R A C T   

Through task-specific design and synthesis of mesoporous catalysts, we introduce a novel metal–organic 
framework serving as a heterogeneous catalyst. In this study, Co(BDC-NH(CH2)3SO3H was meticulously prepared 
through the condensation reaction of 1,4-butane sultone and Co(BDC-NH2) utilizing a post-modification method. 
The thorough examination of these parameters ensures a detailed understanding of the catalyst’s properties. 
Subsequently, the catalytic activity was explored in the synthesis of chromeno[4,3-d]pyrimidine derivatives 
employing a cooperative vinylogous anomeric-based oxidation mechanism. This research not only presents a new 
and efficient catalyst but also contributes valuable insights into the synthesis of biologically relevant chromeno 
[4,3-d]pyrimidine derivatives.   

1. Introduction 

Metal-organic frameworks (MOFs) have emerged as a highly prom-
ising and innovative framework in the past century, owing to their 
nanoscale channels and pore structures akin to zeolites (Dhak-
shinamoorthy et al., 2020, Zhang et al., 2021). These materials consist of 
metal or metallic clusters coordinated with polyhedral organic ligands, 
offering a unique structural foundation (Safaei et al., 2019). The 
augmentation of surface area, pore volume, and architectural flexibility 
in metal–organic frameworks has opened up new avenues in research, 
particularly in the development of novel materials for applications in 
catalytic processes, gas separation, adsorption, and drug delivery 
(MacGillivray, 2010, Biswas et al., 2012, Furukawa et al., 2013, Yang 
et al., 2015, Sepehrmansourie, 2021, Ahmadi et al., 2022, Sepehrman-
sourie et al., 2023). In pursuit of these applications, the post- 
modification method has emerged as a groundbreaking approach for 
the preparation of heterogeneous catalysts. Consequently, this meth-
odology forms the basis for a comprehensive discussion on the potential 
advantages of metal–organic frameworks (MOFs) as heterogeneous 
catalysts (Dhakshinamoorthy and Garcia, 2014, Xu et al., 2019, Bassa-
nini et al., 2020, Dhakshinamoorthy et al., 2020, Zhang et al., 2020, 

Arabbaghi et al., 2021, Gao et al., 2022, Sepehrmansourie et al., 2022, 
Tavakoli et al., 2022).Among metal-based frameworks, those based on 
cobalt (Co), particularly MOFs, have garnered increased research 
attention in the past decade, with a focus on oxidation and the synthesis 
of organic compounds (Masoomi et al., 2015, Yang and Gates, 2019, 
Sepehrmansourie et al., 2021, Zhang et al., 2021). Notably, the post- 
modification of cobalt-based metal–organic frameworks is highly 
esteemed, as catalysts synthesized through this strategy demonstrate 
enhanced catalytic efficiency (Yu et al., 2014, Sepehrmansourie et al., 
2021). The synthesis of N-heterocyclic compounds via the Hantzsch 
method encompasses a diverse array of materials exhibiting significant 
biological activity. These compounds find application in the treatment 
of various severe ailments, including antimicrobial interventions (Fur-
dui et al., 2014), cancer therapeutics (Boselli et al., 2014), malaria 
treatment (Bueno et al., 2016), anticonvulsant drugs (Kumar et al., 
2010), antifungal agents (Zhang et al., 2014), HIV medications (Metobo 
et al., 2006), anti-tumor drugs (Ahmed et al., 2009), antioxidants (Al- 
Omar et al., 2005), antihypertensive medications (Lang and Wenk, 
1988), and urinary incontinence treatments (Catlin et al., 2004). 
Concurrently, chromeno[4,3-d]pyrimidine derivatives represent highly 
versatile chromene structures with widespread applications, serving as 
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anti-cancer agents, anti-tumor compounds, anti-AIDS medications, and 
possessing various other biological properties (Kamdar et al., 2011, 
Rajanarendar et al., 2012, Abd El-Mawgoud et al., 2018). Additionally, 
heterocyclic structures incorporating pyrimidine and chromene have 
been identified as promising drug candidates (Scheme 1). Consequently, 
researchers are motivated to explore and synthesize diverse compounds 
containing chromene and pyrimidine rings for their potential pharma-
cological activities(Aly and Kamal, 2012, Hese et al., 2017, Yavuz et al., 
2021). 

Stereoelectronic effects play a pivotal role in advancing synthesis 
methods and unraveling mechanisms in organic chemistry. This phe-
nomenon involves a convergence of interactions encompassing orbitals, 
electrostatics, and steric factors in acetals (Miljkovic, 2009, Miljkovic 
and Miljković 2009, Hese et al., 2017, Yarie, 2020). Within a plethora of 
heterocyclic structures containing nitrogen and oxygen atoms, the 
hyperconjugative interaction between anti-bonding orbitals and lone 
pairs is known as the anomeric effect. The reported theory for the 
development of the anomeric effect (AE) concept had been proposed 
that sharing the lone pair’s electrons of heteroatoms (X: N, O) to the anti- 
bonding orbital C-Y (nX → σ*C-Y) and weakened it. Similarly, 

interactions involving double bonds and anti-bonding orbitals are 
termed vinylogous anomeric effects (Figure S1) (Atkins, 1980, Erhardt 
et al., 1980, Erhardt and Wuest, 1980) Conversely, the Cannizzaro re-
action and the oxidation/reduction of NADP+/NADPH or NAD+/NADH 
systems introduce a novel mechanism by sharing electrons into the anti- 
bonding orbital, weakening it, and giving rise to what is termed 
anomeric-based oxidation (ABO). (Tabacchi et al., 2007, Hamasaka 
et al., 2015, He et al., 2016, Bai et al., 2017, Zhao et al., 2017). In this 
context, there is a significant demand for the synthesis of biological 
compounds through the cooperative vinylogous anomeric-based oxida-
tion concept (Figure S2) (Afsar et al., 2018, Babaee et al., 2018, Zolfigol 
et al., 2018, Kalhor et al., 2019, Afsar et al., 2020, Babaee et al., 202, 
Kalhor et al., 2021, Naseri et al., 2021, Sepehrmansourie et al., 2021). 
This concept has yielded remarkable results and gained approval from 
various research groups (Zefirov and Shekhtman, 1971, Dondoni and 
Marra, 2000, Alabugin et al., 2021, Zippel et al., 2021). Recently, a 
comprehensive review of the role of these concepts in organic reactions 
has been conducted (Alabugin et al., 2021). In multi-component re-
actions, several raw materials are combined and react simultaneously 
with each other, facilitating the creation of new compounds through a 

Scheme 1. Structures of compounds with pyridine and chromene have been used as a drug candidate.  

Scheme 2. Preparation of chromeno[4,3-d]pyrimidine derivatives using Co(BDC-NH(CH2)4SO3H) as a catalyst.  
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straightforward approach. Despite its introduction several decades ago, 
this method endures due to its efficiency and ease of application. The 
utilization of various catalysts has further enhanced the potential for 
synthesizing elaborate compounds in multicomponent reactions. 
(Saghanezhad et al., 2017, Sayahi et al., 2018, Sayahi et al., 2018, 
Sayahi et al., 2019, Sayahi et al., 2019, Sayahi et al., 2020, Moavi et al., 
2021, Sayahi et al., 2021, Sayahi et al., 2021, Sayahi et al., 2021, Sayahi 
et al., 2022, Sayahi et al., 2022, Buazar et al., 2023, Sayahi et al., 2023). 

In a recent development of heterogeneous catalysts Co(BDC-NH 
(CH2)4SO3H) have been specifically engineered and produced based on 
their distinctive characteristics, including porosity, thermal stability, 
high surface area, and presence of sulfonic acid groups. These catalysts 
exhibit remarkable catalytic potential in the synthesis of chromeno[4,3- 
d]pyrimidine derivatives. chromeno[4,3-d]pyrimidine compounds have 

garnered significant attention in scientific research due to their note-
worthy biological properties. In light of this, we have achieved suc-
cessful synthesis of chromium compounds with remarkable efficiency, 
minimal time requirement, and convenient separation. This accom-
plishment has been made possible by utilizing the catalyst Co(BDC-NH 
(CH2)4SO3H) developed in a condensation reaction involving ethyl 
cyanoacetate, salicyl aldehyde, ammonium acetate, and various alde-
hydes (Scheme 2). Furthermore, through an in-depth investigation of the 
reaction mechanism, we have expanded our understanding of the 
anomeric-based oxidation mechanism in the course of synthesis of 
chromium compounds. 

Scheme 3. Preparation of Co(BDC-NH(CH2)4SO3H).  

Fig. 1. Comparison FT-IR spectra of starting materials and Co(BDC-NH(CH2)4SO3H).  
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2. Results and discussion 

In our exploration of the catalytic potential of modified metal–organic 
frameworks (MOFs) using a post-modification approach (Babaee et al., 
2020, Sepehrmansouri et al., 2020, Babaee et al., 2021, Kalhor et al., 
2021, Naseri et al., 2021, Jalili et al., 2022), we introduce a novel 
approach for the design and synthesis of Co(BDC-NH(CH2)4SO3H) uti-
lizing metal–organic frameworks incorporating sulfuric acid groups. The 
desired catalyst, Co(BDC-NH(CH2)4SO3H), was synthesized by reacting 
Co(BDC-NH2) with 1,4-butanesultone in acetonitrile. (Scheme 3). A 

comprehensive analysis of the porous catalyst’s structure and 
morphology was conducted, confirming its characteristics through 
various techniques such as Fourier transform infrared spectroscopy (FT- 
IR), elemental mapping analysis (EDX), scanning electron microscopy 
(SEM), X-ray spectroscopy (XRD), thermal gravimetric analysis (TG), 
derivative thermal gravimetric analysis (DTG), N2 adsorption–desorption 
isotherm (BET), Transmission electron microscopes (TEM) and BJH. 
Subsequently, Co(BDC-NH(CH2)4SO3H) was explored as a catalyst in the 
synthesis of chromeno[4,3-d]pyrimidine derivatives employing the 
cooperative vinylogous anomeric-based oxidation concept. 

Fig. 2. Comparison XRD pattern of Co(BDC-NH2), Co(BDC-NH(CH2)4SO3H) and simulated of Co(BDC-NH2).  

Fig. 3. Energy dispersive X-ray (EDX) of Co(BDC-NH(CH2)4SO3H).  
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2.1. Investigating the structure and morphology of the catalyst 

In Fig. 1, the FT-IR spectra of Co(NO3)2⋅6H2O, 2-aminoterephthalic 
acid (BDC-NH2), 1,4-butanesultone, Co(BDC-NH2), and Co(BDC-NH 
(CH2)4SO3H) were meticulously compared. Notably, the broad peak in 
the range of 2600–3500 cm− 1 is attributed to the presence of OH in the 
SO3H groups. Furthermore, the absorption peak at 1146 cm− 1 corre-
sponds to the stretch bands of O-S. Aromatic C–H and C = C stretches 

bands are observed at 2945 and 1588 cm− 1, respectively. Additionally, 
the peaks associated with Co-O in octahedral CoO6 are evident at 776 
cm− 1. Subsequently, absorption bands at 3400 and 3516 cm− 1 are 
linked to the NH2 group of (BDC-NH2). Through analysis of the alter-
ations observed in the Fourier-transform infrared (FT-IR) spectrum of 
the unprocessed substances and at every stage of the catalyst synthesis, 
one may deduce that the functional entity of the metal–organic frame-
work substrate has undergone modification, resulting in the acquisition 

Fig. 4. Elemental mapping analysis of Co(BDC-NH(CH2)4SO3H) as a catalyst.  

Fig. 5. Scanning electron microscopy (SEM) of Co(BDC-NH2) (a & b) and Co(BDC-NH(CH2)4SO3H) (c & d).  
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of the proposed configuration for the catalyst. 
The structural integrity of Co(BDC-NH(CH2)4SO3H) underwent 

verification through XRD analysis (Fig. 2). The comparison of the X-ray 
diffraction (XRD) patterns demonstrates congruity with previously 
documented observed data and verifies the arrangement of Co(BDC-NH 
(CH2)4SO3H), as depicted in the study by Yang et al., 2015. The growth 
pattern of crystal plates shows that the metal–organic framework is well 
prepared and its crystal plates were not destroyed during the post- 

modification stage of this structure to make it functional. 
In an additional examination, the elemental composition of Co(BDC- 

NH(CH2)4SO3H) was analyzed using the energy dispersive X-ray spec-
troscopy (EDX) technique, revealing the presence of cobalt, carbon, ni-
trogen, sulfur, and oxygen atoms (Fig. 3). Also, the presence of these 
elements and their uniform distribution on the surface of the catalyst 
was well confirmed by the elemental mapping analysis (Fig. 4). The 
morphology of both Co(BDC-NH2) and Co(BDC-NH(CH2)4SO3H) was 

Fig. 6. Transmission electron microscopes (TEM) of Co(BDC-NH(CH2)4SO3H).  

Fig. 7. N2-adsorption/desorption isotherm (BET) and the pore size distribution plot based on BJH method for Co(BDC-NH(CH2)4SO3H).  

Fig. 8. Thermal gravimetric analyses (TGA) and derivative thermal gravimetric (DTG) analyses of Co(BDC-NH(CH2)4SO3H).  
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scrutinized through scanning electron microscopy (SEM) (Fig. 5). As 
depicted in Fig. 5, the particle morphology of the desired Co(BDC-NH 
(CH2)4SO3H) remains spherical, demonstrating stability and maintain-
ing its structure after functionalization. Morphology of catalyst Co(BDC- 
NH(CH2)4SO3H) was investigated with transmission electron micro-
scope (TEM) (Fig. 6). The TEM images obtained from the catalyst Co 
(BDC-NH(CH2)4SO3H) show that the morphology is spherical, which 
confirms the images obtained from the SEM. The existence of such a 
morphology creates a suitable substrate for catalytic activity because in 
this case the raw materials of the reaction are well placed on this sub-
strate and the catalyst plays its role better. 

The porosity and surface area of Co(BDC-NH(CH2)4SO3H) were 
examined through N2 adsorption–desorption analysis (Fig. 7). The BET 
data yielded a surface area of 235 m2g− 1, while the total pore volume 
was determined to be 0.15 cm3g− 1, indicating the porous nature of Co 
(BDC-NH(CH2)4SO3H). Utilizing the Barrett-Joyner-Halenda (BJH) 
method, the pore size distribution was obtained, revealing predominant 
pore sizes between 1 and 10 nm, with an average pore size of 2.5 nm. 
This analysis affirms the mesoporous structure of Co(BDC-NH 
(CH2)4SO3H), consistent with the observed hysteresis loop. The exis-
tence of a porous structure as well as a suitable surface area created for 
the catalyst has been an important factor in advancing the catalytic goals 
of the target catalyst. 

To assess the thermal stability of Co(BDC-NH(CH2)4SO3H), thermal 
gravimetric (TGA) and derivative thermal gravimetric (DTG) analyses 
were conducted (Fig. 8). The TGA pattern displayed three distinct 

decline stages for Co(BDC-NH(CH2)4SO3H. The initial weight loss of 5–6 
% was attributed to the removal of moisture and organic solvents used 
during the synthesis. The primary stage of weight loss, occurring at 
temperatures between 270 and 320 ◦C, corresponds to the release of SO2 
(Bhardwaj et al., 2016, Saikia and Saikia, 2016). Notably, the TGA re-
sults indicate that as the temperature increases to 400 ◦C, the structure 
and morphology of the metal–organic framework undergo complete 
degradation. This analysis underscores that the operational temperature 
of Co(BDC-NH(CH2)4SO3H) is limited to temperatures below 250 ◦C. 

2.2. Optimum conditions of the synthesis chromeno[4,3-d]pyrimidine 
derivatives 

Once the structure and topography of Co(BDC-NH(CH2)4SO3H) were 
confirmed, it was employed as a heterogeneous catalyst for the synthesis 
of chromeno[4,3-d]pyrimidine derivatives featuring pyrimidine and 
chromene structures. The synthesis involved the reaction of 2-oxo-2H- 
chromene-3-carbonitrile (1 mmol, 0.171 g), p-methyl benzaldehyde (1 
mmol, 0.12 g), and ammonium acetate (3 mmol, 0.234 g) as a model 
reaction for optimization purposes. Table 1 summarizes the results, 
revealing that the optimal conditions for the preparation of chromeno 
[4,3-d]pyrimidine derivatives were achieved in the presence of 10 mg 
Co(BDC-NH(CH2)4SO3H) as a catalyst under solvent-free conditions 
(Table 1, entry 3). The exploration extended to using various solvents 
such as DMF, CH3CN, H2O, EtOH, CH2Cl2, and EtOAc (5 mL) in the 
presence of 10 mg of catalyst, but no improvement was observed 

Table 1 
The effect of different amounts of catalysts, temperature and solvent (5 mL) in the synthesis of chromeno[4,3-d]pyrimidine.  

Entry Catalyst 
(mg) 

Amine source Temperature (◦C) Solvent Time (min.) Yield (%) TOF TON 

1 – NH4OAc 100 Solvent-free 60 Trace – – 
2 5 NH4OAc 100 Solvent-free 60 45 0.15 4.5 
3 10 NH4OAc 100 Solvent-free 35 88 0.25 8.8 
4 15 NH4OAc 100 Solvent-free 35 88 0.17 58 
5 10 NH4OAc 25 Solvent-free 60 Trace – – 
6 10 NH4OAc 50 Solvent-free 60 52 0.08 5.2 
7 10 NH4OAc 70 Solvent-free 60 67 0.11 6.7 
8 10 NH4OAc Reflux DMF 50 70 0.14 7.0 
9 10 NH4OAc Reflux CH3CN 120 62 0.05 6.2 
10 10 NH4OAc Reflux H2O 50 55 0.11 5.5 
11 10 NH4OAc Reflux EtOH 35 48 0.14 4.8 
12 10 NH4OAc Reflux CH2Cl2 120 – – – 
13 10 NH4OAc Reflux EtOAc 60 58 0.1 5.8 
14 10 (NH4)2SO4 100 Solvent-free 60 Trace – – 
15 10 NH4Cl 100 Solvent-free 60 – – – 
16 10 NH4F 100 Solvent-free 60 – – – 
17 10 (NH4)2CO3 100 Solvent-free 60 50 0.08 5.0 
18 10 NH4HCO2 100 Solvent-free 60 45 0.07 4.5 
19 10c NH4OAc 100 Solvent-free 60 40 0.07 4.0 
20 10d NH4OAc 100 Solvent-free 60 Trace 0 0 
21 10e NH4OAc 100 Solvent-free 40 50 0.12 5.0 

aReaction conditions: Salicylaldehyde (1.0 mmol, 0.122 g), Ethyl cyanoacetate (1.0 mmol, 0.113 g) and NH4OAc or Co(BDC-NH(CH2)4SO3H) as a catalyst, solvent-free 
at 100 ◦C; b Reaction conditions: 4-Methylbenzaldehyde (1.0 mmol, 0.12 g), NH4OAc (3.0 mmol, 0.234 g) and 2-oxo-2H-chromene-3-carbonitrile (1.0 mmol, 0171 g), 
C: BDC-NH2, d: Co(NO3)3⋅6H2O, e: Co(BDC-NH2). 
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Fig. 9. The synthesis of chromeno[4,3-d]pyrimidine using Co(BDC-NH(CH2)4SO3H) as a catalyst.  
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(Table 1, entries 8–13). Encouraged by these findings, a diverse range of 
pyrazolo [3,4-b] pyridine compounds were created under solvent-free 
conditions. Further investigations considered varying conditions, such 
as temperature changes and different catalyst amounts, as detailed in 
Table 1. After optimizing the reaction conditions for chromeno[4,3-d] 
pyrimidine synthesis, a variety of amine sources were explored to assess 
their impact on efficiency. According to the results in Table 1, the 
highest efficiency was achieved with ammonium acetate (Table 1, entry 
3), while ammonium carbonate and ammonium format resulted in 
average efficiency (Table 1 entries 17–18). No product was observed 
with ammonium chloride and ammonium fluoride, and ammonium 
sulfate salt yielded negligible product (Table 1, entries 14–16). After 
identifying the optimal conditions through the model reaction chosen 
for chromeno[4,3-d]pyrimidine synthesis, BDC-NH2, Co(NO3)3⋅6H2O, 
and Co(BDC-NH2) were employed as catalysts in the chromeno[4,3-d] 
pyrimidine synthesis (Table 1, entries 19–21). The outcomes indicate 
lower efficiency compared to the Co(BDC-NH(CH2)4SO3H). Since the 
determination of TON and TOF is performed for homogeneous catalysts 
and is not easily definable for the heterogeneous catalysts in comparison 
to homogeneous ones or enzymes, this is due to the adsorption sites, 
which are commonly quantified through chemical adsorption of a suit-
able gas and the enumeration of surface metal atoms employed, do not 
necessarily align with the “active” sites. The reaction conditions on an 
atomic scale, as well as the precise configurations of atoms that consti-
tute the active site, remain largely unknown for any heterogeneous re-
action. It is highly plausible that distinct active sites may coexist, each 
operating at its own individual rate. Consequently, the determined TON 
and TOF values subsequently reflect an average measure of the overall 
catalytic activity (Vannice and Joyce, 2005). 

To delve deeper into the synthesis of chromeno[4,3-d]pyrimidine 
derivatives, a comprehensive exploration involving a varied spectrum of 
aryl aldehydes, encompassing both electron-withdrawing and electron- 
releasing substituents, was undertaken. The results, as outlined in Fig. 9, 
underscored the effectiveness of Co(BDC-NH(CH2)4SO3H) in facilitating 
the production of target molecules in high to excellent yields (71–92 %) 
within relatively short reaction times (30–65 min.). Several aliphatic 
aldehydes, including crotonaldehyde, heptanal, butyraldehyde, and 
acetaldehyde, were explored for the potential synthesis of chromium 
compounds. However, upon monitoring the reaction using TLC tech-
nique, no products were observed. The absence of product synthesis 

with aliphatic aldehydes is attributed to their tendency to undergo 
condensation reactions. 

To gauge the efficacy of the synthesized catalyst in the synthesis of 
chromeno[4,3-d]pyrimidine derivatives, reactions were conducted 
using 2-oxo-2H-chromene-3-carbonitrile (1 mmol, 0.171 g), p-methyl 
benzaldehyde (1 mmol, 0.12 g), and ammonium acetate (3 mmol, 0.234 
g) with various inorganic and organic catalysts under optimal conditions 
(Table 2). The results presented in Table 2 unequivocally demonstrate 
that Co(BDC-NH(CH2)4SO3H) outperforms other catalysts, emerging as 
the most effective catalyst for the synthesis of the desired product. 

The superior efficiency of the designed catalyst, in contrast to both 
homogeneous and heterogeneous catalysts, can be attributed to the 
highest stability of the formed sulfonic acid functional group (carbon-
–sulfur bond). This stability surpasses that of other heterogeneous cat-
alysts (entries 6, 7, 9, 11), characterized by weaker nitrogen-sulfur 
bonds. Additionally, the inclusion of sulfonic acid enhances the reaction 
rate more than catalysts containing phosphorous acid functional groups 
(entries 5, 8, 12). 

2.3. Mechanism for the synthesis of chromeno[4,3-d]pyrimidine 
derivatives 

The SO3H functional group plays the role of acid catalyst in many 
organic reactions. Here, the goal was to design a porous solid catalyst 
with SO3H acidic groups. These types of catalysts work well in activating 
different compounds by using their proper acidic property and are 
important in increasing the reaction rate. The proposed mechanism for 
the synthesis of chromeno[4,3-d]pyrimidine derivatives utilizing Co 
(BDC-NH(CH2)4SO3H) as a catalyst is elucidated in Scheme 4. In the first 
step, the catalyst activate aldehyde, and NH3 released from the ammo-
nium acetate reacts with it to form the intermediate (I), accompanied by 
the elimination of a water molecule. Subsequently, intermediate (I) 
engages in a reaction with 2-oxo-2H-chromene-3-carbonitrile, serving as 
a Michael acceptor, to yield intermediate (II). The ensuing steps involve 
intramolecular cyclization and tautomerization of intermediate (II), 
leading to the formation of intermediate (III). In line with recent ad-
vancements, a novel concept involving negative hyperconjugation dur-
ing the synthesis of molecules through susceptible intermediates, 
specifically termed anomeric-based oxidation, has been introduced 
(Zolfigol et al., 2015, Kiafar et al., 2016, Moosavi-Zare et al., 2016, 

Table 2 
The evaluation of various catalysts for the synthesis of chromeno[4,3-d]pyrimidine in comparison with Co(BDC-NH(CH2)4SO3H) under solvent-free condition.  

Entry Catalyst Amount of catalyst (mg) Time (min) Yield (%)a TOF TON 

1 p-TSA 10 mol% 45 66  0.15  6.6 
2 Al(HSO4)3 10 mol% 45 75  0.17  7.5 
3 H3[p(W3O10)4].XH2O 10 mol% 60 25  0.04  2.5 
4 Fe3O4 10 55 30  0.05  3.0 
5 MIL-101(Cr)-N(CH2PO3H2)2 

(Babaee et al., 2020) 
10 45 73  0.16  7.3 

6 [Zr-UiO-66-PDC-SO3H]Cl 
(Naseri et al., 2021) 

10 35 78  0.22  7.8 

7 [Zr-UiO-66-PDC-SO3H]FeCl4 

(Jalili et al., 2022) 
10 50 74  0.15  7.4 

8 PCPs(Bi)N(CH2PO3H2)2 

(Babaee et al., 2021) 
10 45 72  0.16  7.2 

9 [Py-SO3H]Cl 
(Moosavi-Zare et al., 2013) 

10 45 52  0.11  5.2 

10 SSA 
(Zolfigol, 2001) 
(Sepehrmansourie, 2020) 

10 45 50  0.11  5.0 

11 [Phen(SO3H)2]Cl2 

(Babaee et al., 2018) 
10 mol% 60 35  0.06  3.5 

12 SBA-15/PrN(CH2PO3H2)2 

(Jalili et al., 2020) 
10 60 60  0.1  6.0 

13 Co(BDC-NH(CH2)4SO3H) 
This work 

10 35 88  0.25  8.8  

a : Isolated yield. 
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Yarie, 2017, Zolfigol and Yarie, 2017, Zolfigol et al., 2018, Zolfigol et al., 
2018, Jalili et al., 2020). These concepts have been comprehensively 
reviewed (Yarie, 2017, Yarie, 2020). According to the aforementioned 
concept, intermediate (III) undergoes hydride transfer and H2 release 
through the interaction of lone pair electrons of N atoms and C = C 
bonds. Finally, intermediate (III) transforms into the desired product via 
a cooperative vinylogous anomeric-based oxidation, liberating a 
hydrogen molecule (–H2) (Zolfigol and Yarie, 2017). The results ob-
tained from the model reaction under argon, nitrogen, and oxygen at-
mospheres are consistent, validating the proposed mechanism. 

2.4. Recyclability of Co(BDC-NH(CH2)4SO3H) 

The reusability of the described Co(BDC-NH(CH2)4SO3H) for the 
preparation of chromeno[4,3-d]pyrimidine derivatives is depicted in 
Fig. 10. In this assessment, Co(BDC-NH(CH2)4SO3H) was employed as a 
catalyst for the model reaction under the previously optimized condi-
tions. The results presented in Fig. 10 demonstrate that Co(BDC-NH 
(CH2)4SO3H) maintains its catalytic activity effectively for up to six 
runs, with no noticeable changes observed. The observed reduction in 
efficiency subsequent to catalyst reuse can be attributed to a decline in 
porosity levels, stemming from pore blockage. Additionally, the inter-
action between materials and intermediates with the functional groups 
of the catalyst leads to catalyst poisoning, which is the primary cause of 
decreased catalyst efficiency. 

The structure and morphology of the reused catalyst were charac-
terized using EDX and SEM techniques after six runs in the model re-
action. The EDX analysis revealed that the presence of carbon, oxygen, 
nitrogen, sulfur, and cobalt elements in the structure of the recovered 
catalyst (Fig. 11). SEM images indicated that the morphology of the 
catalyst remained unchanged after six cycles of use and recovery, 
retaining its spherical structure (Fig. 12). 

3. Experimental section 

3.1. Materials and methods 

The materials used, such as Cobalt(II) nitrate hexahydrate (Co 
(NO3)2⋅6H2O) (Merck, 95 %), 2-aminoterephthalic acid (BDC-NH2) 
(Sigma-Aldrich, 99 %), Butane sultone (Merck, 99 %), Ethyl cyanoace-
tate (Merck, 99 %), Salicylaldehyde (Merck, 99 %), Ethanol (C2H5OH) 
(Merck, 99 %), Dimethylformamide (DMF) (Merck, 99 %), Ammonium 
acetate (NH4OAc) (Sigma-Aldrich, 99 %), Aldehyde derivatives (Merck, 
99 % & Sigma-Aldrich, 99 %), and other materials (Merck), were 
reagent-grade and used without further purification. 

Instrumental measurements included FT-IR analysis using a Perkin 
Elmer Spectrum Version 10.02.00 device for infrared spectra, melting 
points recorded on a Büchi B-545 apparatus in open capillary tubes, and 
NMR spectra (1H NMR at 400 MHz, 13C NMR at 100 MHz) recorded on a 
BRUKER Ultra shield FT-NMR spectrometer (δ in ppm). SEM analysis 

Scheme 4. Proposed mechanism for synthesis chromeno[4,3-d]pyrimidine using Co(BDC-NH(CH2)4SO3H) as a catalyst.  
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was conducted using a TESCAN scanning electron microscope (model: 
MIRA-II, Czechia). Thermal gravimetry (TGA) and differential thermal 
gravimetric (DTG) analyses were performed using a TA instrument 
(model: Q600). BET and BJH analyses were conducted by BEL (model: 
Belsorp Mini II). XRD analysis was carried out using a PHILIPS X-ray 
diffractometer (model: PW1730), and TEM analysis was performed 
using an EM 208S Transmission electron microscopy. 

3.2. General procedure for the post-modification of Co(BDC-NH 
(CH2)4SO3H) 

Initially, Co(BDC-NH2) was synthesized according to the previously 
reported method (Yang et al., 2015). For this purpose, a mixture of Co 
(NO3)2⋅6H2O (2 mmol, 0.58 g), BDC-NH2 (1 mmol, 0.18 g) and DMF (35 
mL) and EtOH (10 mL) as solvent were stirred. After 5 min., the contents 
of both containers were placed in a 60 mL autoclave at 120 ◦C for 48 h. 
After cooling, the precipitate was washed several times with DMF and 
EtOH. Subsequently, in a 25 mL round-bottom flask, Co(BDC-NH2) (0.2 
g), 1,4-butane sultone (5 mmol, 0.68 g), and 10 mL of dry acetonitrile as 
the solvent were stirred for 12 h under reflux condition. When the re-
action was complete, the mixture was cooled to 25 ◦C, and the resulting 

purple solid was collected through centrifugation (3 × 1000 rpm). The 
purple sediment was washed with acetonitrile (3 × 5 mL) and then dried 
under vacuum at 80 ◦C to 0.23 g of Co(BDC-NH(CH2)4SO3H) (Scheme 
3). Inductively Coupled Plasma (ICP) analysis was used to measure the 
amount of cobalt metal present in the Co(BDC-NH(CH2)4SO3H) struc-
ture, and the amount of cobalt 2.5 × 10-3 mol g− 1 was obtained in the 
catalyst. 

3.3. General procedure for the synthesis of chromeno[4,3-d]pyrimidine 
derivatives using Co(BDC-NH(CH2)4SO3H) as a catalyst 

For the synthesis of chromeno[4,3-d]pyrimidine derivatives using Co 
(BDC-NH(CH2)4SO3H) as a catalyst, 2-oxo-2H-chromene-3-carbonitrile 
was initially prepared by the condensation reaction of salicylaldehyde 
(1 mmol, 0.122 g) and ethyl cyanoacetate (1 mmol, 0.113 g) following 
reported methodology (Scheme 5) (Sakurai et al., 1971). In a 10 mL 
round-bottomed flask, a mixture of 2-oxo-2H-chromene-3-carbonitrile 
(1 mmol, 0.171 g), benzaldehyde derivatives (1 mmol), ammonium 
acetate (3 mmol, 0.234 g), and Co(BDC-NH(CH2)4SO3H) (10 mg) as a 
catalyst were stirred under solvent-free conditions at 100 ◦C. The reac-
tion progress was monitored by TLC (n-hexane/ethyl acetate: 2/1). 

Fig. 10. Recyclability of Co(BDC-NH(CH2)4SO3H) as a catalyst for the synthesis of chromeno[4,3-d]pyrimidines.  

Fig. 11. Energy dispersive X-ray (EDX) of reused catalyst.  
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Upon completion, hot PEG (10 mL) was added, and the catalyst was 
separated through centrifugation (2000 rpm) for 10 min. In the next 
step, 10 mL of H2O was added to the resulting solution to obtain pre-
cipitate. Then the pure product was obtained via trituration of the res-
idue by using ethanol and drying under a vacuum (Scheme 2). 

4. Conclusions 

In summary, the aim was to develop heterogeneous porous catalysts 
based on a post-modification strategy. This paper introduces a novel 
heterogeneous acidic catalyst, Co(BDC-NH(CH2)4SO3H), based on a 
metal–organic framework utilizing sultone in its synthesis. The structure 
and morphology of Co(BDC-NH(CH2)4SO3H) were thoroughly investi-
gated and validated through various techniques, including FT-IR, XRD, 
BET & BJH, SEM, TEM, EDX, Elemental mapping and TGA & DTG. Co 
(BDC-NH(CH2)4SO3H) demonstrated its catalytic capability in the syn-
thesis of chromeno[4,3-d]pyrimidines under mild reaction conditions, 
with a short reaction period, high efficiency, and without generating by- 
products. In the structure of the synthesized compounds, two biological 
moieties such as pyrimidine and chromene were used. Another feature 
of the synthesized catalyst was its recyclability, which gave it a special 
feature. Notably, the described reaction marks the first report of a back- 
to-back anomeric-based oxidation. 
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