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Abstract 

A magnetic inorganic-organic catalyst, PTA@Fe3O4/EN-MIL-101 (EN=ethylenediamine, 

PTA=phosphotungstic acid) was fabricated and characterized by XRD, HRTEM, FESEM, UV-

Vis, TGA-DTA, FT-IR, XPS and porosimetry. PTA retained the parent Keggin structure upon 

dispersion throughout the amine-functionalized chromium terephthalate metal-organic 

framework, over which magnetic Fe3O4 nanoparticles were previously introduced. The 

resulting composite heterogeneous solid acid was an active catalyst for the one-pot synthesis 

of diverse 2H-indazolo[2,1-b] phthalazine-triones in goodexcellent yields under mild, 

solventless condition, and offers facile separation and excellent recyclability. 

 

Keywords: metal-organic framework; magnetic nanoparticles; heteropolyacid; phthalazine-

trione 

 

1. Introduction 

The design, synthesis and application of active and selective heterogeneous catalysts inspired 

by molecular analogues has been the focus of intensive recent research, resulting in the 

fabrication of diverse nanocomposites and nanoporous frameworks [1-4]. Critical design 

parameters for nanocomposite catalysts include ease of fabrication, separation and recycle and 

on-stream stability, which together influence their suitability for the large-scale commercial 

production of bulk and speciality chemicals and pharmaceuticals [5-7]. Of the many naturally 

occurring and synthetic catalytic materials available, metal-organic frameworks (MOFs) have 

risen in prominence for applications in organic synthesis due to their tunable microporosity 
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(and more recently micro/mesoporosity [8]), extremely high surface areas, and wide range of 

pre- and post-synthetic routes to incorporate different chemical functionality [9-11].  

Some MOFs offer vacant metal atom coordination sites which can be activated 

thermally, under vacuum, or through solvent exchange to enable their post-functionalization. 

Such coordinatively unsaturated MOFs are potential Lewis acid catalysts, and can act as 

structural building blocks in synergy with co-catalysts to generate multifunctional catalysts 

[12-15]. The attachment of magnetic nanoparticles to inorganic and organic backbones and 

fabrication of magnetic metal-organic frameworks (MMOFs) [16] unlocks opportunities to 

create novel multifunctional catalysts [17] amenable to facile separation and recycling.  

The evolution of benign catalytic routes to the synthesis of structurally diverse active 

compounds for new therapeutic uses remains challenging [18-21]. Recently, phthalazine 

heterocyclic derivatives have attracted attention due to their high therapeutic value in analgesic, 

anti-inflammatory, antimicrobial, antithrombotic, antidepressant, diuretics, antihypertensive, 

antitubercular, and anti-HIV treatments [22]. Flexible synthetic routes to new scaffolds for 

generating various drug-based phthalazines thus represent a high of priority for catalyst design 

[22-24]. In this context, previous research has focused on catalytic functions immobilized on 

nanoparticles [25-30], wherein the catalytic surface area is related to the particle size and shape, 

and is generally too low to provide high activity. Nanoparticle catalysts may also require costly 

separation methods such as ultracentrifugation, although the application of magnetic Fe3O4 

nanoparticles as a template can circumvent this issue [31-33]. Briefly, new composites made 

by immobilizing Fe3O4 nanoparticles onto functional MOFs could help in meeting the 

preceding goals, a high area catalyst offering facile, magnetic separation.  

Here, we extend our recent efforts to develop efficient catalysts prepared from simple, 

low cost materials for atom economical and energy efficient organic synthesis [34-39], through 

the design of a MMOF incorporating H3PW12O40 (phosphotungstic acid, PTA) guest molecules 

to introduce the Brönsted acidity required for one-pot 2H-indazolo[2,1-b]phthalazine-triones 

synthesis [40-43]. Chromium(III) terephthalate MOF, MIL-101(Cr) is a promising framework 

upon which to fabricate such catalysts, since it possesses a high surface area, good thermal and 

chemical stability, large mesopore channels (∼2.9 and 3.4 nm) and wide pentagonal and 

hexagonal microporous windows (1.2 and 1.6 nm respectively) which facilitate rapid in-pore 

transport of substrate and products [15]. In MIL-101(Cr), Lewis acidic chromium vertices 

enable the coordination of ethylenediamine (EN) via simple post-modification. The large pore 

windows and channels facilitate subsequent in-pore anchoring of PTA to the amine moieties 

within EN-MIL-101(Cr) and hence Brønsted acidity, and the introduction of Fe3O4 
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nanoparticles which confer strong ferromagnetism and hence aid catalyst separation and re-

use. This approach affords a magnetically separable, inorganic-organic hybrid catalyst for the 

one-pot condensation of phthalhydrazide, aromatic aldehydes, and dimedone to 2H-

indazolo[2,1-b] phthalazine-trione derivatives (Scheme S1).  

 

2.  Experimental section  

2.1. Materials and methods                                                    

All chemicals were obtained from commercial sources (Aldrich and Merck) and used without 

further purification. Scanning electron microscope (SEM) micrographs were taken using a 

KYKY-EM3200 microscope (acceleration voltage 26 kV). HRTEM measurements were 

performed on a Philips TECNAI-20T electronic microscope operated at 200 

kV. Fourier transform infrared (FT-IR) spectra were recorded on a Bomem MB-Series FT-IR 

spectrometer. Ultraviolet-visible (UV-Vis) spectra were obtained on a Shimadzu Model UV-

2550 spectrophotometer. Melting points were recorded on a Barnstead electrothermal type 

9200 melting point apparatus. 1H- and 13C-NMR spectra were recorded on a Bruker AVANCE 

300 MHz spectrometer. Typical 1H NMR parameters were 10 scans averaged, 2 s delay time, 

14.6 s pulse length; and for 13C NMR 1024 scans averaged; 2 s delay time, and 130 s pulse 

length, using TMS as an internal reference. Thermal analysis (TGA-DTA) was carried out 

using a Bahr STA-503 instrument at a heating rate of 10 °C min-1 in air. Powder X-ray 

diffraction (XRD) patterns were obtained on a STOE diffractometer using Cu Kα radiation (= 

0.15418 nm). XPS analysis was performed on a Kratos Axis HSi photoelectron spectrometer 

equipped with a charge neutralizer and magnetic focusing lenses, employing monochromatic 

Al Kα radiation (1486.6 eV) with energy referencing to the C 1s peak at 284.8 eV. Porosimetry 

measurements were conducted by N2 physisorption on a Quantachrome Nova 4200e 

porosimeter with data analysis employing Novawin v11.0 software. Samples were degassed at 

120 °C for 4 h prior to analysis by nitrogen adsorption at -196 °C, with BET surface areas 

calculated over the range P/P0 = 0.05-0.35 where a linear relationship was maintained, while 

pore size distributions were calculated using the BJH model from the desorption isotherm. A 

freeze dryer (Model FD-10, Pishtaz Equipment Engineering Co, Iran) was utilized for 

occasional drying of samples if needed. Elemental analysis was performed with a Varian Vista-

PRO ICP-OES and Thermo Scientific Flash 2000 organic elemental analyzer. Synthesis of 

MIL-101(Cr) was confirmed by comparison of its spectral and physical data with those of 
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previously reported [44]. All prepared indazolophthalazine-triones were known compounds 

and their spectral data was compared with the literature to confirm successful synthesis [36]. 

2.2. Preparation of chromium(III) terephthalate metal organic framework [MIL-

101(Cr)]  

MIL-101(Cr) was synthesized and purified according to the reported literature [45]. Briefly, 40 

mL of deionized water was added to a mixture of ground, powdered terephthalic acid (1.66 g, 

10 mmol) and Cr(NO3)3.9H2O (4.0 g, 10 mmol). The mixture was sonicated resulting in a dark-

blue suspension, which was then poured into a 100 mL Teflon-lined stainless steel autoclave; 

the autoclave was then sealed and heated to 220 °C (heating rate 1°/min) for 24 h. After 

hydrothermal processing, the autoclave was slowly cooled to ambient temperature, and the 

green suspension of MIL-101(Cr) thus obtained then separated by centrifugation (at 

9000 rpm for 10 minutes). The crude product was rinsed with water, methanol, and acetone, 

then centrifuged and purified by 10 min ultrasonication with 25 mL N,N-dimethylformamide 

after which it was kept at 70 °C overnight. The final pure solid was obtained following 

additional centrifugation and repeated washing with methanol and acetone, and further 

overnight drying at 75 °C. The final isolated yield was 42%. MIL-101(Cr) was characterized 

by powder XRD and compared with the simulated single-crystal pattern from Mercury 3.8 

software (Fig. 1) [44].  ICP-OES analysis gave the bulk Cr loading as 21 wt%. 

2.3. Synthesis of EN-MIL-101 

MIL-101 grafted with ethylenediamine (EN) was synthesized according to a previously 

reported procedure [46]. 1.0 g of MIL-101 was activated at 150 °C for 24 h and then added to 

anhydrous toluene (60 mL) and ethylenediamine (0.09 g, 1.4 mmol). The mixture was stirred 

under reflux for 12 h and then centrifuged and washed repeatedly with deionized water/ethanol 

(1:1) and finally dried at room temperature for 24 h. The bulk N loading by elemental analysis 

was 8.1 wt%. 

2.4. Synthesis of Fe3O4/EN-MIL-101  

Fe3O4/EN-MIL-101 was prepared adapting a literature synthesis of Fe3O4/MIL-101 [47]. 0.40 

g (2 mmol) of FeCl2.4H2O and 0.65 g (4 mmol) FeCl3 were added to an aqueous suspension 

(200 mL) of 1.0 g EN-MIL-101. The mixture was briefly sonicated and then vigorously stirred 

and degassed with nitrogen for 1 h. Aqueous NH4OH (15 mL, 25 %) was then added resulting 

in a black suspension which was magnetically separated and washed with copious deionized 
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water until the washing were pH 7. The final nanocomposite was dried at room temperature in 

air and designated Fe3O4/EN-MIL-101. The bulk Fe loading by ICP-OES was 37 wt%. 

2.5 Synthesis of PTA@Fe3O4/EN-MIL-101 

1.0 g Fe3O4/EN-MIL-101 was suspended in a methanolic solution of phosphotungstic acid (1.0 

g in 50 mL), and the mixture briefly sonicated and then stirred at ambient temperature for 6 h. 

The resulting solid was separated and repeatedly washed with methanol and water, then dried 

under reduced pressure and designated PTA@Fe3O4/EN-MIL-101. The bulk W loading from 

ICP-OES was 12.9 wt% (equivalent to 16.9 wt% PTA), with loadings of other elements as 

follows: Cr 9.7 wt% and Fe 29.1 wt%. The overall synthesis is summarized in Scheme 1. 

     

Scheme 1. Synthetic route to PTA@Fe3O4/EN-MIL-101. 
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2.6. General procedure for the preparation of 2H-indazolo-[2,1-b]phthalazine-

1,6,11(13H)-triones 

To a mixture of aldehyde (0.25 mmol), phthalhydrazide (0.25 mmol) and dimedone (0.25 

mmol), PTA@Fe3O4/EN-MIL-101 (0.02 g) was added and the mixture warmed to 100 °C to 

initiate reaction whose progress was followed by TLC. After reaction, hot ethanol (5 ml) was 

added to the reaction mixture and stirred for 5 min. The heterogeneous solid catalyst was then 

quickly filtered off, and the filtrate cooled to 5 °C to precipitate the desired 

product. The resulting solid product was further purified by recrystallization in aqueous ethanol 

(25 %). Pure products were identified by comparison of their physical data  with those of known 

2H-indazolo[2,1-b]phthalazine-1,6,11-(13H)-triones. 

 

3.  Results and discussion 

3.1. Structural characterization 

X-ray diffraction patterns of MIL-101, EN-MIL-101, Fe3O4/EN-MIL-101 and 

PTA@Fe3O4/EN-MIL-101 are shown in Fig. 1. In all cases the diffractograms were consistent 

with the simulated single crystal pattern for MIL-101, evidencing retention of the parent MOF 

framework throughout the synthesis. However, the peak width and intensities of (notably low 

angle) reflections for the synthetic MOFs increased and decreased respectively following each 

synthetic step, indicating a progressive decrease in crystallinity. Although nearly all simulated 

(hkl) reflections of MIL-101(Cr) were conserved in the experimental powder XRD pattern of 

the final PTA@Fe3O4/EN-MIL-101, no reflections characteristic of the free phosphotungstic 

acid were observed in the PTA@Fe3O4/EN-MIL-101 sample, indicative of a high dispersion, 

since PTA reflections would only be observed from an extended crystalline network of 

Keggins. The absence of PTA reflections for silica supported analogues has likewise previously 

been attributed to highly dispersed (isolated or a 2D monolayer) Keggins [48, 49], even for 

loadings approaching 26 wt% (versus ~17 wt% PTA in this work). Characteristic reflections 

of magnetite (Fe3O4) were observed for Fe3O4/EN-MIL-101 and PTA@Fe3O4/EN-MIL-101 

(Fig. 1). Note that the overall crystallinity decreased following PTA incorporation into the 

magnetic composite, presumably due to structural distortions arising from accommodating the 

bulky anion within the small mesopores and/or microporous windows. Note that MIL-101(Cr) 

possesses 1.6 nm hexagonal windows [50] and hence is certainly able to accommodate 

individual Keggin units of PTA (diameter ~1.2 nm), and that Fe3O4 nanoparticles have also 

previously been accommodated in MIL-101(Cr) following the same synthetic route adopted in 

our work [47]. 
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Fig. 1. X-ray diffraction patterns of parent and functionalized MOFs. 

 

 Nitrogen porosimetry of the parent and functionalized MOFs revealed a significant 

decrease in the surface area from around 2000 m2.g-1 for MIL-101 to <150 m2.g-1 (accompanied 

by a similar magnitude decrease in the pore volume), even following the first ethylenediamine 

functionalization step, evidencing significant pore blockage (Fig. 2) and hence in-pore 

incorporation of the various functionalities consistent with the structural distortion of the parent 

MIL-101(Cr) observed by XRD. 

 

Fig. 2. N2 adsorption-desorption isotherms for parent and functionalized MOFs. 
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 As expected, FESEM images of MIL-101 (Fig. 3a) exhibited well-defined double 

pyramidal crystallites; however, post-modification the final material (Fig. 3b-c) revealed 

micron-scale aggregates of semi-spherical particles of approximately 25 nm diameter. Bulk 

elemental mapping by energy dispersive X-ray (EDX) analysis revealed a uniform distribution 

of tungsten (Fig. S1). 

 

Fig. 3. FESEM images of MIL-101 (a), PTA@Fe3O4/EN-MIL-101 in low and high magnification (b 

and c), and EDX analyses of PTA@Fe3O4/EN-MIL-101 (d).  

 

 TEM of the parent and functionalized MOFs highlighted the ordered mesopore 

channels within the MIL-101 crystallites and their preservation following amine 

functionalization (Fig. 4). Bright and dark-field TEM of the iron oxide functionalized EN-MIL-

101 sample revealed the presence of high contrast nanoparticles with a relatively broad size 

distribution between 5-50 nm, and lattice fringes of 0.25 nm consistent with Fe3O4 (Fig. S2) 

[51]. Subsequent heteropolyacid addition resulted in a uniform distribution of high contrast 

features throughout the Fe3O4/EN-MIL-101 sample.  
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Fig. 4. Dark and bright-field TEM images parent and functionalized MOFs. 

 

The UV-Vis spectrum of phosphotungstic acid exhibits characteristic features arising 

from two types of ligand→metal charge-transfer bands involving different oxygen atoms. The 

Keggin unit comprises twelve terminal oxygen atoms (Ot) coordinated to tungsten, while each 

oxygen atom from the central PO4 tetrahedron (Oc) is bonded to three different tungsten atoms. 

There are also two types of bridging oxygen; twelve bridged between the four different W3O13 

sub-units (Ob1) in which each sub-unit comprises three WO6 connected by three other oxygen 

atoms (Ob2) resulting in a total of 24 O bridging atoms (Fig. S3a). PTA therefore possesses 

four unique oxygen species. Characteristic charge-transfer bands were observed in the 

spectrum of phosphotungstic acid at 213 and 266 nm (Fig. S3b): that around 213 nm is assigned 

to Ot→W LMCT (ligand-to-metal-charge-transfer) and that around 266 nm is assigned to Ob1, 

b2→W LMCT band [52, 53]. 
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The PTA loading was quantified from the intensity of the 266 nm absorption band 

following the suspension of 1.0 g of Fe3O4/EN-MIL-101 in a 20 mL methanolic solution of 

PTA (initial concentration 5×104 ppm) and stirred at ambient temperature for 6 h to equilibrate 

adsorption on the MOF. The resulting UV-Vis spectrum of the diluted sample after magnetic 

separation from the solution was compared with calibration curves for PTA solutions, and 

indicated a PTA loading of ~21 wt% (6.2 mol%) on the MOF, close to that of 16.9 wt% 

determined by ICP-OES. 

Fourier transform infrared (FT-IR) spectra of MIL-101, EN-MIL-101, Fe3O4/EN-MIL-

101, and PTA@Fe3O4/EN-MIL-101 are shown in Fig. S4. MIL-101 exhibited bands around 

3432 and 1627 cm-1 associated with water. The band at 1666 cm-1 was due to the presence of 

DMF guest molecules, while bands at 1404 and 1546 cm-1 corresponded to the symmetric and 

asymmetric O−C−O stretching vibrations of carboxylates in the MOF framework [54, 55]. The 

C=C stretching vibration of the aromatic ring in terephthalic acid was observed at 1504 cm-1. 

The other bands around 1168, 1103, 883 and 748 cm-1 can be attributed to C-H deformations 

[55]. In the spectrum of as-synthesized EN-MIL-101, both N-H stretches spanning 3100-3600 

cm-1 exhibited changes relative to the parent MIL-101 spectrum, while the C-H stretches 

between 2890 and 2950 cm-1 indicated the presence of framework ethylenediamine [56, 57]. 

Following iron oxide functionalization, a band characteristic of Fe3O4 appeared at 580 cm-1 

evidencing the incorporation of magnetic nanoparticles into MIL-101 consistent with XRD 

[58, 59]. The [PW12O40]
3- Keggin anion exhibits four characteristic bands arising from νas(P-

Oa), νas(W-Ot), νas(W-Ob1) and νas(W-Ob2) vibrations [60]. The latter three are apparent at 983, 

891 and 806 cm-1 in the spectrum of PTA@Fe3O4/EN-MIL-101, while the νas(P-Oa) band 

appears split into two bands at 1080 and 1053 cm-1, possibly due to formation of the lacunary 

species [PW11O39]
7- species [61]. The appearance of phosphotungstic acid characteristic bands 

in the FT-IR spectrum of PTA@Fe3O4/EN-MIL-101 confirms that the primary Keggin 

structure of the heteropolyacid was retained after immobilization. 

 For the parent MIL-101, the Cr 2p XP spectrum showed a doublet with 2p3/2 binding 

energy of 575.6 eV (Fig. 5a) characteristic of the expected Cr3+ vertex species [62]. 

Ethylenediamine functionalization resulted in the appearance of a N 1s chemical environment 

at 399.0 eV binding energy (Fig. 5b), consistent with amine incorporation [62]. This was 

accompanied by an increase in Cr 2p energy to 576.7 eV, indicating direct coordination 

between the diamine and Cr3+ sites. Subsequent iron oxide addition had minimal impact on 

either Cr 2p or N 1s environments, suggesting only weak interactions between Fe3O4 

nanoparticles and the amine-functionalized MOF framework, with a Fe 2p doublet 710.5 eV 
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consistent with magnetite (Fig. 5c) [62]. The tungsten 4f XP spectrum of PTA@Fe3O4/EN-

MIL-101 (Fig. 5d) revealed a doublet with W 4f7/2 binding energy of 35.6 eV and spin-orbit 

splitting of 2.14 eV consistent with that of silica supported H3PW12O40 (35.3 eV) [48] and 

hence retention of the Keggin structure. Note that silica supported PTA exhibits two distinct 

chemical environments [48]: a minority component arising from three terminal W=O units 

directly coordinated (probably via hydrogen bonding to silanols) to silica giving rise to a low 

binding energy doublet at 33.5 eV; and a majority component arising from nine terminal W=O 

units unperturbed by the silica surface (characteristic of the parent PTA) at 35.3 eV. If PTA 

Keggin units coordinate to ethylenediamine within the MIL-101 pore network via a single 

W=O unit then only 1/12th of the W atoms would be perturbed relative to the parent acid, and 

hence the W 4f XP spectrum would be dominated by the high binding energy environment 

giving rise to a 4f7/2 envelope centred at 35.3 eV as seen in Fig. 5d. PTA incorporation had no 

impact on the Cr or Fe chemical environments as expected, however the N 1 s peak shifted 

from 399.0 to 399.9 eV, confirming coordination of the heteropolyacid to the amine linker. 
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Fig. 5. Background-subtracted XP spectra of MIL-101, EN-MIL-101, Fe3O4/EN-MIL-101, and 

PTA@Fe3O4/EN-MIL-101. 

 

 The thermal stability of MIL-101, EN-MIL-101, Fe3O4/EN-MIL-101, and 
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of guest water molecules and DMF from the larger mesopore cage of MIL-101(Cr) below 200 

°C [44, 63] and that between 200-300 °C from the smaller mesoporous cage [54, 55] Higher 

temperature loss is attributed to collapse of the MIL-101 framework between 300-500 °C due 

to composition of the dicarboxylate linkers and OH elimination [15, 44]. MIL-101(Cr) thus 

3033363942

W
 4

f 
X

P
 i
n

te
n

s
it
y

Binding energy / eV

PTA@Fe3O4-EN-MIL-101

392396400404408

N
 1

s
 X

P
 i
n

te
n

s
it
y

Binding energy / eV

EN-MIL-101

Fe3O4-EN-MIL-101

PTA@Fe3O4-EN-MIL-101

698708718728738

F
e
 2

p
 X

P
 i
n

te
n

s
it
y

Binding energy / eV

Fe3O4-EN-MIL-101

PTA@Fe3O4-EN-MIL-101

568573578583588593

C
r 

2
p

 X
P

 i
n

te
n

s
it
y

Binding energy / eV

MIL-101

EN-MIL-101

Fe3O4-EN-MIL-101

PTA@Fe3O4-EN-MIL-101 a b

c d



13 
 

appears thermally stable to 300 °C in accordance with the literature report of Xu et al [64], with 

a total mass loss approaching 90 % by 800 °C. The TGA-DTA profiles of EN-MIL-101 were 

similar pattern to the parent MOF, but with a 12 % greater overall mass loss reflecting the 

additional organic (ethylenediamine) functionality present. Fe3O4/EN-MIL-101 exhibited a 

similar pattern to MIL-101 and EN-MIL-101, albeit in this instance a lower mass loss (~58 % 

total) due to the presence of dense, inorganic Fe3O4 nanoparticles. PTA incorporation into the 

Fe3O4/EN-MIL-101 further decreased the total mass loss to only 40 % due to the incorporation 

of additional thermally stable (inorganic) components and associated displacement of in-pore 

(thermally unstable) solvent guest molecules. These changes mirror the decrease in bulk C 

content (from elemental analysis), which fell from 31 wt% for MIL-101 to 12 wt% for Fe3O4-

EN-MIL-101 (for which the Fe loading was 37 wt%), and reached only 9 wt% for 

PTA@Fe3O4-EN-MIL-101. 

 

Fig. 6. TGA-DTA curves of MIL-101, EN-MIL-101, Fe3O4/EN-MIL-101, and PTA@Fe3O4/EN-MIL-

101.  
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3.2 Catalytic tests 

The effect of reaction temperature was first examined to optimize the catalytic activity of 

PTA@Fe3O4/EN-MIL-101 for the condensation of benzaldehyde, phthalhydrazide, and 

dimedone (Fig. 7a). The reaction was slow at room temperature, resulting in only 55 % isolated 

product yield after 140 min, whereas at 60 ºC a 79 % yield was attained after 75 min, with 94 

% yield obtained at 100 ºC after only 20 min reaction. Further temperature increases had no 

impact on activity. The effect of reaction time at the optimum temperature (100 ºC) was 

subsequently examined to determine the minimum reaction time to reach optimal yield (Fig. 

7b), with 20 min required to reach the limiting 94 % conversion. 

 

 

Fig. 7. (a) Effect of reaction temperature, and (b) effect of reaction time on catalytic synthesis of 2,2-

dimethyl-13-phenyl-2,3-dihydro-1H-indazolo[2,1-b]phthalazine-4,6,11(13H)-trione with 

PTA@Fe3O4/EN-MIL-101. Reaction condition is described in 2.6. 

a 

b 
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 The mass of PTA@Fe3O4/EN-MIL-101 was then optimized employing the reaction 

temperature and time identified above (Fig. S5). A maximum yield of 94 % was obtained for 

0.02 g of PTA@Fe3O4/EN-MIL-101 (representing only 4 mg of H3PW12O40) in 20 min, 

highlighting the efficacy of PTA@Fe3O4/EN-MIL-101 for this condensation reaction.  

 

3.3 Impact of catalyst components 

The impact of each component of the PTA@Fe3O4/EN-MIL-101 catalyst on reactivity was 

subsequently assessed for the condensation reaction (Fig. 8). Lewis acidic Fe3O4 showed 

modest activity (44 % yield), comparable to the Lewis acidic MIL-101 and mixed Lewis 

acid/Brønsted basic EN-MIL-101 supports, which gave 59 and 54 % yields respectively after 

20 min. In contrast, the (homogeneous) pure Brønsted acid PTA offered 67 % yield. The 

combination of Lewis and Brønsted acidity in the PTA@Fe3O4/EN-MIL-101 composite 

significantly enhanced activity above that achievable with either individual acid, delivering a 

94% yield. 

 

 

 

Fig. 8. Effect of catalyst components on isolated product yields. Reaction condition given in the 

footnote to Table 1.   
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3.4 Phthalhydrazide and benzaldehyde condensation with diverse diketones  

Phthalhydrazide and aromatic aldehyde condensation with a range of cyclic and acyclic 

diketones was subsequently explored catalyzed by PTA@Fe3O4/EN-MIL-101. Among the 

investigated diketones (Table 1), dimedone (5,5-dimethyl-1,3-cyclohexane-dione) gave the 

highest product yield. The electron releasing nature of the two methyl substituents in dimedone 

appears desirable to activate the diketone for this condensation reaction [65, 66]. The linear 

hexanediones (2, 5-hexane-dione and 3, 4-hexane-dione) were less efficient than their cyclic 

counterpart, resulting in lower product yields of 52-69 % after 40 min. 

 

Table 1. Reactivity of PTA@Fe3O4/EN-MIL-101 for one-pot condensation 

Diketone Structure Time (min) Yield (%) 

 

 

5,5-dimethyl-1,3-cyclohexane-dione 

  

 

 

O

O 

 

 

20 

 

 

94 

 

ethyl acetoacetate 

 

 

60 

 

31 

 

2,5-hexane-dione 

 
 

 

40 

 

52 

 

3,4-hexane-dione 

 

 

40 

 

69 

Reaction conditions: Aldehyde (0.25 mmol), phthalhydrazide (0.25 mmol) and dimedone (0.25 mmol), catalyst 

(0.02 g) at 100 ºC. Yields determined by TLC. Work-up performed as described in Experimental. 

 

3.6. Benchmarking of PTA@Fe3O4/EN-MIL-101 against literature 

Table 2 provides a semi-quantitative comparison of the performance of PTA@Fe3O4/EN-MIL-

101 catalyst with several literature catalyst systems for the reaction of dimedone, 

phthalhydrazide, and benzaldehyde as a representative model reaction. Although the wide 

variation in catalyst:reactant stoichiometries employed in the literature, and lack of detailed 
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information on the acid site loading of each catalyst in Table 2 hinders a quantitative 

comparison, it is clear that PTA@Fe3O4/EN-MIL-101 outperforms all but entry 4 in Table 2 

for which catalyst recovery/re-use is difficult due to leaching of sulfonic acid groups. The 

heterogeneous nature of the present Lewis/Brönsted acid catalyst supported on a magnetic 

MIL-101 nanostructure is in line with the efforts on the development of new eco-compatible 

strategies for the synthesis of  2H-indazolo[2,1-b]phthalazine-1,6,11(13H)-trione derivatives, 

and offers facile product separation and catalyst recycling in contrast to entries 1-3. 

 

Table 2. Catalytic performance of PTA@Fe3O4/EN-MIL-101 against literature catalysts 

Entry Catalyst and conditions Catalyst 

mass 

(mg) 

 

Time 

(min) 

Aldehyde 

Amount 

(mmol) 

Yield 

(%) 

Ref. 

1 Ceric ammonium nitrate, solvent-

free, 50 ºC 

27 120 1 94 [67] 

2 p-toluenesulfonic acid (p-TSA), 

solvent-free, 80 ºC 

52 10 1.2 86 [68] 

3 [[(CH2)4SO3HMIM][HSO4], 

solvent-free, 100 ºC 

47 10 1 81 [69] 

4 Silica sulfuric acid, solvent-free, 

100 ºC 

25 8 12 87 [70] 

5 Fe3O4@silica sulfuric acid, solvent-

free,100 ºC 

75 35 1 88 [71] 

6 PTA@Fe3O4/EN-MIL-101, 

solvent-free, 100 ºC 

20 20 1 94 This 

work 

In each case, the optimum reaction condition is stated. 

 

3.7. Synthesis of different phthalazine-triones 

Following optimization of the reaction conditions, the substrate scope of PTA@Fe3O4/EN-

MIL-101 was explored for various aromatic aldehydes in the preparation of diverse substituted 

2H-indazolo [2, 1-b]phthalazine-triones. Ortho-, meta-, and para-substituted aryl aldehydes all 

gave the corresponding 2H-indazolo [2, 1-b]phthalazine-trione derivatives in goodexcellent 

yields (Table 3). High yields were obtained for aldehydes possessing electron-withdrawing 
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and with electron-donating substituents. Aromatic aldehydes were more reactive than aliphatic 

analogues which gave poor yields even over longer reaction times.  

 

Table 3 Synthesis of different 2H-indazolo[2,1-b]phthalazine-1,6,11(13H)-triones 

Entry R1
 R Time (min) Yield (%) 

1 Ph Me 20 94 

2 4-Br-ph Me 60 60 

3 4-NO2-Ph Me 80 50 

4 2-Cl-Ph Me 40 65 

5 2,6-(Cl)2-Ph Me 60 70 

7 4-(CH3)2N-Ph Me 80 81 

8 4-Me-Ph Me 60 70 

9 Pyridinecarbaldehyde Me 40 22 

10 terephthalaldehyde Me 60 10 

11         Butyraldehyde Me 

 

60 

 

24 

 

Yields refer to the isolated pure products. The desired pure products were characterized by comparison of their 

physical data with those of known compounds [65].  

 

3.8 Leaching test 

To ensure that the catalytic activity was only generated from immobilized functions within 

PTA@Fe3O4/EN-MIL-101, and not from PTA leached during reaction, a hot filtration test was 

conducted. The condensation reaction was performed at 100 °C for 10 min in the presence of 

the PTA@Fe3O4/EN-MIL-101 catalyst, at which stage the product yield has reached 68 % 

compared with 94 % after 20 min). The catalyst was then magnetically-separated from the hot 

supernatant which was immediately decanted, and the latter monitored for another 10 min, 

however the product yield remained at 68 %. This result confirmed that condensation was 

catalyzed solely by the heterogeneous solid acid. 

 

3.9 Recyclability of PTA@Fe3O4/EN-MIL-101 

The reusability of the catalyst was arranged to be tested in the synthesis of 2,2-dimethyl-13-

phenyl-2,3-dihydro-1H-indazolo[2,1-b]phthalazine-4,6,11(13H)-trione, as shown in Fig. 9, 
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employing magnetic separation of the catalyst and subsequent ethanol washing and drying at 

90 ºC for 4 h in between each reaction. The product yield (and hence catalytic activity) 

remained almost constant over eight consecutive reactions, demonstrating excellent stability, 

reflecting the relatively mild, and crucially solvent free, reaction conditions. Deactivation of 

supported heteropolyacids most commonly arises from their leaching in polar media [72], 

which is minimised in this work by the absence of solvent and low reactant polarity. Powder 

XRD of the spent catalyst confirmed negligible structural changes to the MOF framework 

following one reaction (Fig. S6). 

 

 

            Fig. 9. Product yield as a function of reusability of PTA@Fe3O4/EN-MIL-101 catalyst. 

 

3.10 Proposed reaction pathway for a heterogeneous catalytic system 

In agreement with the literature, the following mechanism, as shown in Scheme 2, is suggested 

for the formation of 2H-indazolo [2,1-b]phthalazine-triones. At the beginning, it was started 

by a Knoevenagel condensation reaction of 1,3-dione and the aldehyde which subsequently 

pursued by a Michael addition of phthalhydrazide, and later cyclization. The catalyst activity 

was interpreted by donating H+ from the heteropolyacid and Lewis acid sites on Fe3O4 and MIL-

101fragments which was initially bound to the carbonyl oxygen of the aldehyde. Finally, (I) was 

generated by nucleophilic addition of dimedone to the carbonyl group of aldehyde and 

provoked by loss of H2O which affords (II) [65, 73].  
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Scheme 2. Proposed mechanism for the synthesis of 2H-indazolo[1,2-b]phthalazine-triones. 

 

4. Conclusions 

A magnetically-separable heterogeneous catalyst, PTA@Fe3O4/EN-MIL-101 was prepared 

and characterized by bulk and surface sensitive analytical methods, comprising Fe3O4 

nanoparticles (likely distributed over the external surfaces of MOF crystallites) and 

phosphotungstic acid Keggin units uniformly distributed throughout the pore network tethered 

to amine linkers which themselves coordinate to Lewis acid Cr3+ vertices. This catalyst was 

investigated for the one-pot synthesis of 2H-indazolo[2,1-b]phthalazine-1,6,11(13H)-trione 

derivatives, exhibiting excellent activity and stability, and good to excellent yields under mild 
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and environmentally benign (solventless) conditions. This catalyst, and design strategy, afford 

new and green routes to pharmacologically important 2H-indazolo[2,1-b]phthalazine-triones. 
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