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 Metal-organic frameworks (MOFs) have been widely used in many 

applications, particularly catalysis. Here, we reported the synthesis and 

characteristics of metal–organic framework-118 (MOF-118), which was used for 

pyrroles synthesis via Paal-Knorr reaction between diketone and aryl amines. It 

was found that MOF-118 exhibited excellent activity in the reaction between p-

anisidine and 2,5-hexanedione. The reaction parameters including catalyst 

concentrations, reaction temperatures, molar ratio of p-anisidine/2,5-

hexadione, and solvents, were systematically investigated. Almost 100% 

conversion was achieved under the optimized reaction conditions. The 

reusability of MOF-118 catalyst was studied. Furthermore, we demonstrated 

that the functional groups on aryl amines have strongly effect on the reaction 

rate.  
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Introduction 

Pyrroles and their derivatives, an important class of 

heterocyclic compounds have been widely used in 

many applications such as polymer synthesis [1], optical 

molecules [2], and gas sensor [3]. In addition, they 

exhibited varieties of biological activities, including 

antibacterial [4], anti-inflammatory [5], and antioxidant 

activities [6]. Thus, the synthesis of pyrroles has been 

attracted intensive attentions. The general methods for 

pyrroles preparation included the Pall-Knorr [7], 

Hantszch [8], Knorr [9], aza-Witting reaction [10]. 

Among these methods, the Paal-Knorr reaction, a 

direct cyclocondensation of amines and γ-diketones, 

was commonly used for the synthesis of N-substituted 

pyrroles [11-13]. 

The Paal-Knorr reaction could be promoted via various 

acidity catalysts, including mineral acids [14], metal salts 

[15], metal oxides [16], zeolite [17], and montmorillonite 

[18]. In addition, this reaction was carried out in ion 

liquid media [7], or under assisting microwave [19] and 

ultrasonic [20]. Despite showing high catalytic activity, 

these catalytic systems require an excess amount of 

catalysts and reagents, which caused purification issues 

and generation a large amount metal-containing 

waste. Moreover, unsatisfactory yields, the used of 

costly solvent (i.e. ion liquids), microwave- or 

ultrasound-assisted, and prolonged reaction times 

were the drawbacks in the previous reports. Therefore, 

the development of efficient and reusable catalyst is 

still demanding. 
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Recently, metal-organic framework (MOFs), the class of 

highly porous materials, have attracted remarkable 

interests in catalysis applications due to their abundant 

and tunable catalytic active sites [21-23]. MOFs 

exhibited superior catalytic activities for many organic 

transformations, including the Fried-Crafts alkylation 

[24], Knoevenagel reaction [25], asymmetric alkylation 

of aldehydes [26], oxidation [27], coupling reaction 

[28], aza-Michael condensation [29], N-methylation of 

aromatic primary amines [30], epoxide ring-opening 

reaction [31]. In addition, facile separation from the 

reaction mixture and reusability potential make MOF 

become a promising heterogeneous catalyst for 

catalysis application. 

In this work, we aim to investigate the synthesis and 

characterizations of MOF-118 and applied as 

heterogeneous catalyst for Paal-Knorr reaction 

between 2,5-hexanedione and aryl amines to form N-

substituted pyrroles (Scheme 1). MOF-118 was 

synthesized by the reaction between copper nitrate 

and 4-4’-dicaboxylic acid in the solvothermal condition 

[32]. The physical and chemical properties of 

synthesized MOF-118 were characterized using XRD, 

FT-IR, TGA, SEM, N2 adsorption/desorption, and AAS. 

The MOF-118 showed highly active for the pyrroles 

synthesis at mild reaction conditions.  

 

 
Scheme 1: Illustration of MOF-118 synthesis and its catalytic activity for Paal-Knorr reaction 

 

Materials and methods 

Chemicals 

Cu(NO3)2.3H2O (99%), Biphenyl 4-4’-dicaboxylic acid 

(H2BPDC, 98%), N-N dimethylacetamide (DMA), 

dimethylformamide (DMF), dimethylsulfoxide (DMSO), 

p-xylene, p-anisidine (99%), 2,5-hexanedione (99%) 

were purchased from Arcos, Merck, and Sigma-Aldrich 

company. All chemicals were directly used without 

purification. 

Instrumentations 

The crystal structure of the samples was recorded 

using powder X-ray diffraction (XRD - Bruker AXS D8 

Advantage). The FT-IR spectra was analysed on Bruker 

Optics Tensor37. The morphology of the samples was 

monitored by scanning electron microscopy (SEM, 

JEOL JSM- 7401F TEM). TGA analysis was performed in 

the N2 gas with the heating rate of 10 oC/ min to 800 
oC (NETZCH STA 409 P). The copper content in the 

MOF-118 was determined by atomic absorption 

spectroscopy (AAS). Gas chromatographic (GC, 

Shimadzu GC 2010-Plus) with a flame ionization 

detector (FID) and an SPB-5 column (length = 30 m, 

inner diameter = 0.25 mm, and film thickness = 0.25 

μm), was used to monitor the reaction. 

Synthesis of MOF-118 

 MOF-118 was synthesized analogous to the previous 

report with slightly modification [32]. Typically, 

Cu(NO3)2.3H2O (0,026g, 0,11 mmol) and 4-4’-

dicaboxylic acid (H2BPDC, 0,027g, 0,11 mmol) were 

dissolved in DMA/methanol/pirydine (20.5 mL, 15:5:0.5 

v/v). The mixture was heat at 85 °C for 48 h and then 

cooled at room temperature. The green solid was 

collected by washing with DMA (5 mL x 3) and 

dichloromethane (DCM, 5 mL x 2), then activated 

under vacuum at 100 oC in 5 h.  

Catalytic studies 

In a typical reaction, p-anisidine (0.12 g, 1 mmol), 2,5-

hexanedione (0.24 mL, 2 mmol), and n-dodecane (0.15 

mL) as internal standard were added to the three-neck 

flask containing 5 mL DMA and MOF-118 (3 %mol) as 

the solvent and catalyst, respectively.  The catalyst 

concentration was calculated with respect to the 

copper/p-anisidine molar ratio. The reaction mixture 

was heated at 110 oC. The reaction conversion was 
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monitored by withdrawing aliquots from the reaction 

mixture at different time intervals. The withdrawn 

solution was diluted with diethyl ether, and dried with 

anhydrous Na2SO4 before gas chromatographic (GC) 

analysis. The products were confirmed by GC–MS. 

Results and discussion  

Characterization of MOF-118 

As shown in Fig. 1a, the XRD pattern of as-synthesized 

MOF-118 displays diffraction peaks at 2θ = 5.9°, 6.2°, 

10.14°, 12.4°, 18.7°, which was similar to those simulated 

from single crystal X-ray structure reported in the 

previous literature [32]. The sharp peak indicates the 

as-synthesized product with high purity. It is noticed 

that the XRD of as-synthesized MOF-118 also exhibited 

several extra peaks, resulting from polycrystalline 

structure of MOF-118. Interestingly, the diffraction 

peaks of MOF-118 are changed after activation (Fig. 1a). 

We suppose that this phenomenon could be caused by 

the removal of solvent out MOF-118, which can reveal 

the open-metal active site for catalytic performance 

[33]. The FT-IR spectrum of MOF-118 shown the C=O 

vibration frequency (ʋC=O) at 1657 cm-1 while this values 

is 1689 cm-1 in the free H2BPDC ligand, suggesting the   

bonding formation between Cu2+ and the carboxylic 

acid (Fig. 1b). Further, the TGA analysis was performed 

to determine the thermal stability of MOF-118. The TGA 

result shown that MOF-118 can be stable at 

temperature of 270 oC (Fig. 1c). SEM image revealed 

the rod-like morphologies of MOF-118 with the length 

of 200 μm and the width of 40 μm (Fig. 1d). The 

copper content in MOF-118 was detected by AAS, to 

be 21.9 wt%, which was similar to that of the theoretical 

calculation (i.e. 21.1 wt%). These results indicated that 

MOF-118 was successfully synthesized. 

 

Fig. 1: a) XRD patterns, b) FT-IR spectra, c) TGA analysis, and d) SEM image of MOF-118 
 

Catalytic studies 

The Paal-Knorr reaction between p-anisidine and 2,5-

hexanedione was carried out at different reaction 

conditions (Table 1). Extremely low p-anisidine 

conversion (2.1 %) was observed in the absence of 

catalyst (Table 1, Entry 1). As expected, MOF-118 was 

highly active for the reaction, the conversion 

significantly enhanced with 78.2 % in the presence of 1 

mol% MOF-118 catalyst at 110 oC for 6 h (Table 1, entry 

2). The reaction conversion was additionally increased, 

corresponding to increasing of MOF-118 concentration. 

The reaction conversion achieved 96.6% and 97.5% 

using 3 and 5 mol% catalyst, respectively (Table 1, entry 

3-4). This result confirmed that MOF-118 played crucial 

role for the reaction. Moreover, the reaction conditions 

including reaction temperatures, time, and molar ratio 

of the reactant were scanned (Table 1, entry 6-11). The 

tested results indicated that an affordable conversion 

(96.6%) could be obtained using 3 mol% MOF-118 

catalyst and DMF solvent, with the molar ratio of p-

anisidine/2,5-hexanedione of 1:2 at 110 oC for 6 h. The 

obtained reaction parameters were in good agreement 

with the previous reports [16, 34].  
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Table 1: Paal-Knorr reaction between p-anisidine and 2,5-hexanedione over MOF-118 catalyst 

 

Entry Catalyst loading 

(mol%) 

2,5-hexanedione 

(equiv) 

Temperature 

(oC) 

Time 

(h) 

Conversion 

(%) 

1 Non 2.0 110 6 2.1 

2 1.0 2.0 110 6 78.2 

3 3.0 2.0 110 6 96.6 

4 5.0 2.0 110 6 97.5 

5 3.0 2.0 100 6 81.4 

6 3.0 2.0 90 6 37.0 

7 3.0 2.0 80 6 28.1 

8 3.0 2.0 110 4 81.0 

9 3.0 2.0 110 2 44.0 

10 3.0 1.1 110 6 54.4 

11 3.0 1.15 110 6 90.0 

Reaction condition: the reaction was carried out with 1 mmol p-anisidine over MOF-118 catalyst 

using 5 mL DMF and 0.15 mL n-dodecane as solvent and internal standard. The amount of 

MOF-118 catalyst was calculated based on the molar ratio of Cu/p-anisidine. 

 

 

Further, we investigated the effect of solvents on the 

reaction of p-anisidine and 2,5-hexanedione. The 

solvent testing results displayed that the reaction was 

accelerated rapid in DMSO, DMA, and DMF than in p-

xylene (Fig. 2). After reaction time of 3 h, the reaction 

conversion was observed to be 59.5%, 77.1%, 91.2%, 

and 100% in the solvent including p-xylene, N,N’-

dimethylformamide (DMF), N-N dimethylacetamide 

(DMA), and dimethylsulfoxide (DMSO), respectively. 

Although, DMSO exhibited the highest effective for the 

Paal-Knorr reaction between p-anisidine and 2,5-

hexanedione, the MOF-118 was collapsed during the 

reaction condition. In contrast, the MOF-118 structure 

still remained in the p-xylene, DMA and DMF solvent. 

In addition, 100% reaction conversion could achieve in 

the DMA solvent for 5 h reaction time. Thus, the DMA 

was the best solvent for the reaction. 

 

Fig. 2: The effect of solvent on the Pall-Knorr reaction. 

Reaction condition: p-anisidine (1 mmol), 2,5-

hexanedione (2 mmol), 3 mol% MOF-118 catalyst, 110 
oC, 5 mL solvent. 
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Fig. 3: Leaching test of the Pall-Knorr reaction over 

MOF-118 catalyst. 

 

As for most liquid-phase organic transformations using 

solid catalysts, the active sites could be possibly leaked 

into the reaction mixture, causing purification issues 

and decrease catalytic activity in the next usage [25], 

thus, leaching test was conducted. The Pall-Knorr 

reaction between p-anisidine and 2,5-hexanedione was 

performed in DMA solvent at 110 oC, using 3 mol% 

MOF-118 catalyst and p-anisidine/2,5hexanedione 

molar ratio of 1:2. After 1 h reaction time, the solid 

catalyst was separated from the reaction mixture by 

simple centrifugation, then the organic phase was 

transferred to the new three-neck flash. The reaction 

mixture was stirred for additional 5 h at 110 oC. The 

aliquots were withdrawn at different time intervals, and 

analyzed by GC. As shown in Fig. 3, the p-anisidine 

conversion remained unchanged (29.5%) after removal 

of the MOF-118 catalyst. The result clearly confirmed 

that the reaction of p-anisidine and 2,5-hexanedione 

proceeded in the presence of the solid MOF-118 

catalyst, and copper ions of the MOF-118 did not leak 

out in the liquid phase. 

A great significance of using MOFs as solid catalyst was 

their facile recoverability and efficient reusability [27, 

35]. Hence, we investigated the recyclability of MOF-

118 catalyst in the Paal-Knorr reaction. After each 

catalysis run, the MOF-118 catalyst was centrifuged 

from the reaction mixture. The obtained solids were 

washed with known amounts of DMA and DCM to 

remove adsorbed reagents, dried at 100 oC under 

vacuum in 4 h. The catalyst was then reused in further 

catalysis runs under the identical reaction conditions. It 

can be seen that MOF-118 can be reused five times 

without a significant loss in catalytic activity (Fig. 3b). 

The XRD pattern of the reused MOF-118 catalyst was 

similar to that of the fresh MOF-118, indicating that 

MOF-118 was stable during the reaction conditions.  

 

Fig. 4: a) Recycle testing of MOF-118 catalyst in the 

Pall-Knorr reaction; reaction condition: p-anisidine (1 

mmol), 2,5-hexanedione (2 mmol), 5 mL DMA as 

solvent, 0.15 mL n-dodecane as internal standard, 3 

mol% MOF-118. b) the XRD patterns of the fresh and 

spent MOF-118 catalyst. 

For extensive study, we further conducted the Paal-

Knorr reaction of 2,5-hexanedione with different aryl 

amines (such as p-anisidine, m-anisidine, o-anisidine, 

aniline, p-toluidine, 4-bromoaniline) using MOF-118 as 

catalyst (Table 2). It was found that the substitutional 

groups on aryl amines structure have strongly effect on 

the reaction conversion. Aryl amines containing 

electron-donating p-OCH3 and p-CH3 substituents 

exhibited the excellent conversion, achieving the 

reaction conversion of 100% and 95.1% for 5 h, 

respectively (Table 2, entries 1, 2). A lower conversion 

was observed for aryl amines with electron-

withdrawing group and without substituent, to be 

aniline (50.9%) and 4-bromoaniline (21.2%) (Table 2, 

entries 3, 4). Our result was in good agreement with 

the previous reports [36, 37], showing that amines 

containing the electron-rich groups exhibited higher 

pyrroles yield, compared to the amines coupling with 

the electron-deficient groups. Interestingly, the 

positions of substituents in the aryl amines have 

significantly contributed to the Pall-Knorr reaction 

conversion. Aniline comprising the methoxy group (-

OCH3) at its para position enhanced noticeable 

reaction rate, with 100% conversion in 5 h (Table 2, 

entry 1). In contrast, the methoxy substituent at meta 
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and ortho in aniline decreased significant conversion to 

36.8% and 15.4% for m-anisidine and o-anisidine, 

respectively (Table 2, entries 5, 6).  

 

Table 2: Substrate scope for the Pall-Knorr of 

amines with 2,5-hexanedione using MOF-118 as 

catalyst. 

 

Entry Aryl amines Products  
Conversion 

(%) 

1 
  

100 

2 
  

95.1 

3 

  

50.9 

4 

  

21.2 

5 

  

36.8 

6 

  

15.4 

 

Conclusion 

In summary, we reported the synthesis of MOF-118 

catalyst and studied its catalytic activity for the Paal-

Knorr reaction. The crystalline porous MOF-118 was 

prepared by the reaction between copper (II) nitrate 

trihydrate and 4,4’ biphenyldicarboxylic acid in DMA as 

solvent. Various characterizations, including XRD, SEM, 

FT-IR, TGA analysis, and AAS, were conducted for 

MOF-118. The MOF-118 exhibited the excellent catalytic 

activities for the Paal–Knorr reaction of p-anisidine with 

2,5-hexanedione to form 2,5-dimethyl-1-phenyl-1H-

pyrrole as the major product. Under the optimized 

conditions, the reaction conversion achieved to be 

100% in the presence of 3 mol% MOF-118 using DMA 

as solvent at 100 oC in 5 h, with p-

anisidine/2,5hexanedione molar ratio of 1:2. Moreover, 

the MOF-118 catalyst could be reused five times 

without a significant decrease in catalytic activity. 

Further, we extended to the Paal-Knorr reaction of 2,5-

hexanedione with different substituents on the aryl 

amines. Our work contributed to catalysis application 

of the porous metal–organic frameworks (MOFs), 

which could be interested to the organic synthesis and 

heterogeneous catalysis. 
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