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Abstract

:

Ultrasound-assisted synthesis of novel pyrazoles using Ni-Mg-Fe LDH as a catalyst in cyclopentyl methyl ether (CPME) is introduced. Different LDHs were tested as a catalyst for the synthesis of pyrazoles via a 1,3-dipolar cycloaddition reaction. Among them, Ni-Mg-Fe LDH was the superior catalyst for this reaction. This protocol offered high yields, a short reaction time, and a green solvent, and with the reuse of this catalyst six times with the same activity, it could be regarded as an ecofriendly, greener process. The NiMgFe LDH catalyst with the smallest particle size (29 nm) and largest surface area showed its superior efficacy for the 1,3 dipolar cycloaddition rection and can be successfully used in up to six catalytic cycles with little loss of catalytic activity. A plausible mechanism for this reaction over the Ni-Mg-Fe LDH is proposed.
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1. Introduction


The pyrazole nucleus is essential in the pharmaceutical industry and represents an exciting scaffold for medicinal chemists [1,2,3,4,5]. Their biological activities include antimicrobial [6], antiviral [7,8], and anticancer [9,10,11] agents. Several FDA-approved and commercialized drugs in recent years have been derived from pyrazole derivatives (Figure 1), suggesting that this group is widely used in newly developed bioactive molecules [12]. Figure 1 shows that many synthetic pyrazole derivatives participate as anti-inflammatories in molecules, avoiding the side effects of known nonsteroid anti-inflammatory drugs (NASIDs) in which the anti-Cox2 receptor was identified to show significant analgesic and anti-inflammatory activity without ulcerogenic effect [13]. In addition, the prevalence of multi-drug-resistant microbial infections has become a global health concern. The development of effective antimicrobials with high activity and low toxicity is a continuous requirement [14]. A number of pyrazoles are capable of effective antibacterial action, such as sulfaphenazoles (Figure 1) and others containing trifluoromethyl groups (CF3) [15]. In addition, a fused pyrazole derivative, sildenafil, has been used to treat erectile dysfunction [16]. Moreover, some pyrazole compounds, such as Acomplia (Figure 1), that are used to treat obesity have a high affinity for CB1 cannabinoid receptors [17,18]. Due to the outstanding biological and pharmacological importance of pyrazole derivatives, many methods have been developed by medicinal chemists for the creation of new pyrazole-based drugs.



These methods include the condensation of hydrazine’s (or similar) nuclei with carbonyl functional group compounds, such as the reaction of amine-functionalized enaminones and aryl sulfonyl hydrazine or tosylhydrazone [19], the reaction of hydrazide with 1,3-diketon [20], and the reaction of arylhydrazines with acetylenic ketones [21], as well as dipolar additions that involve the reaction of ketone with acetyl diazoester [22], the [3 + 2] cycloaddition of dipolarophiles with structurally varied 4-methylbenzenesulfonohydrazides [23], and many other methods [24,25], including 1,3-dipolar cycloaddition (1,3-DC) [26]. 1,3-DC is considered one of the most essential methods used to synthesize pyrazole derivatives. This depends on the reaction of nitrilimine (generated in situ by the action of the base on the hydrazonoyl halide) with α,β-unsaturated carbonyl compounds [26,27]. The main drawbacks of this method are the use of hazardous volatile organic solvents such as benzene and the use of a stoichiometric homogeneous base catalyst such as triethylamine. Recently, Saleh et al. reported [28] an ecofriendly, green protocol for synthesizing pyrazole derivatives in a solvent-free fashion utilizing a Mg-Al HT catalyst. This report considered the first protocol that avoids a hazardous organic solvent in a 1,3-dipolar cycloaddition reaction. It is noteworthy that hydrotalcite-like materials, abbreviated to HTs or layered double hydroxides (LDHs), are a class of beneficial materials for organic chemists in organic catalysis. HTs or LDHs consist of positively charged two-dimensional sheets with water and exchangeable charge-compensating anions in the interlayer region. Their general formula is [29]:
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where M2+ and M3+ represent divalent and trivalent cations in the brucite-type layers, A is the interlayer anion with charge n, x is the fraction of the trivalent cation (x values in the general formula are in the range of 0.20–0.50), and m is the water of crystallization. Two essential characteristics of LDHs are necessary for organic chemists; the first is a considerable anion-exchange capacity, and a second crucial characteristic of HTs is that they behave as solid bases [30,31].



LDHs are an excellent choice for catalytic processes due to the fact of their unique basic properties. By exchanging the two- and three-valent cations in LDHs, their basicity properties become tunable [32]. The basicity of rehydrated LDHs is increased when the interlayer anion is replaced by Brönsted OH groups [33,34]. Moreover, because of their capacity to interact with atoms, ions, and molecules not only at their surface but also within the material, porous materials with a tunable pore architecture are receiving a lot of interest [35,36]. Thus, the properties of materials (such as the external surface area, diffusivity, and basicity) that are needed for advanced applications can be significantly modified by reducing the crystallite size to the nanometer range, and downsizing the crystals has attracted much attention in recent years [37,38]. It is noteworthy that LDHs play an important role in catalytic organic synthesis in which NiAl LDHs are used for the carbon dioxide methanation reaction [39]; in addition, Mg-La LDHs present a strong basic character, achieving higher yields in organic reactions that require a strong basic catalyst [40]. However, the properties of LDHs can also be changed with the incorporation of another divalent cation in the brucite layer. Metals, such as Cu2+, Ni2+, Fe2+, Ca2+, Co2+, and Zn2+, among others, can be incorporated into the laminar structure, which allows for obtaining a great variety of materials with catalytic properties. Therefore, as heterogeneous catalysts, hydrotalcites conduct highly efficient processes in short reaction times. Moreover, they are easy to recover and reuse without losing much catalytic activity. Additionally, their modified structural and chemical properties make them useful catalysts for organic synthesis, including Michael’s addition reactions, dehydrogenation reactions of alcohols, Knoevenagel condensations, reduction reactions, oxidations, epoxidations, and multicomponent reactions [41].



On the other hand, ultrasound has been recognized as a key technique in green and sustainable chemical processes used in laboratory to industrial applications [42,43,44,45]. With a focus on more sustainable protocols, sonochemistry has gained prominence as a technique for using sound in a broad range of frequencies and powers [45]. Even though ultrasonic activation is based on well-established cavitation principles, the first step is to know what equipment is needed and how it works. When a few parameters are taken into consideration, reproducible experiments can be carried out [46]. There are known facts that should be taken into consideration when using sonochemistry. In either a physical or chemical sense, some reactions and substrates are sensitive to sonication. In order to understand how the reaction occurs, it may be important to take a reductionist approach that simply considers either convergent or divergent results in conventional chemistry. Regardless of the mechanism, a different result under sonication does not necessarily indicate the formation of radicals or electrons; two polar mechanisms can compete with one another [46]. The most divergent results come from sono-mechanochemistry, which incorporates turbulent solvent flows at the microscale in order to cause mechanical effects, particularly in polymer chains [46]. The ultrasound techniques are usually performed for heterogeneous liquid/liquid and solid/liquid systems. Therefore, the choice of used solvent for the organic reaction in ultrasonic techniques is essential [47]. More recently, two critical reviews that used cyclopentyl methyl ether (CPME) were released [48,49] showing the advantages of CPME, including low toxicity, high boiling point, low melting point, hydrophobicity, and chemical stability, making it a good ecofriendly choice of solvent for a variety of organic reactions. Bearing in mind all of the above, as part of our program toward a nonconventional approach to the experimental setup of organic reactions [50,51,52,53,54], herein, we introduce a green and sustainable route for a 1,3-DC reaction utilizing a Ni-Mg-Fe LDH catalyst in CPME solvent under ultrasonic irradiation.




2. Results and Discussion


2.1. Catalyst Characterization


In the current study, Mg-Fe LDH and Ni-Mg-Fe LDH catalysts were manufactured using the coprecipitation method. A comprehensive physicochemical characterization was performed and is presented in this section. The catalytic efficiency of the synthesis of pyrazoles via a 1,3-dipolar cycloaddition reaction was tested. This selection was based on the predictable physicochemical characteristics that could be essential for improving the catalytic process under ultrasound irradiation.




2.2. Thermal Gravimetric Analysis (TGA)


Thermogravimetric analyses of all of the samples are shown in Figure 2. The thermograms of the Ni-Mg-Fe LDH and Mg-Fe LDH were analyzed to obtain information on the percentage weight loss at different temperatures. The thermal decomposition of this hydrotalcite appeared to undergo a basic four-step mechanism, common to most LDHs [55]. In the Ni-Mg-Fe LDH, they showed two stages of weight loss, while the Mg-Fe LDH thermal decomposition showed three stages. In the Ni-Mg-Fe LDH, the first range of weight loss (64–214 °C), accounting for 13.2% of the total mass, is indicative of the removal of physiosorbed water and of the interlayer of water molecules (i.e., dehydration). The second range of weight loss (214–358 °C), amounting to a further ca. 14.05% of the total mass, is attributed to the removal of OH− groups and the decarbonation of the carbonate anions present in the interlayer space of the LDH, leading to the formation of metal oxides [55,56]. In the Mg-Fe LDH, the first range of weight loss (44–209 °C), amounting to 13.43% of the total mass, is indicative of the removal of physiosorbed water and of the interlayer water molecules (i.e., dehydration). The second range of weight loss (209–452 °C), amounting to a further ca. 17.28% of the total mass, is attributed to the removal of OH− groups and the decarbonation of carbonate anions present in the interlayer space of the LDH, leading to the formation of metal oxides [57].




2.3. X-ray Diffraction (XRD)


The X-ray diffraction patterns of the Mg-Fe LDH and Ni-Mg-Fe LDH catalysts are presented in Figure 3. All samples successfully synthesized in this study were identified to a single phase of the LDH [58]. The analysis of the Mg-Fe LDH sample indicated the formation of the pyroaurite phase in which a great deal of the material was formed. From the crystallization, its characteristic diffraction peaks at 11.56°, 23.2°, 34.3°, and 38.7° corresponded to the typical basal spacings (003), (006), (009), and (015), respectively, matching well with the (PDF No. 14–0365) references [59,60]. The diffraction peaks of the Ni-Mg-Fe LDH sample corresponded to the (003), (006), (006), (012), and (113) spacings, which is equal to that of conventionally synthesized LDHs [61]. The average crystallite size was calculated by the Scherrer equation using the FWHM of the reflection plane (003) for the Mg-Fe LDH and Ni-Mg-Fe LDH, and they were equal to 32 and 29 nm, respectively.




2.4. Fourier Transform Infrared Spectroscopy (FTIR)


Figure 4 shows the FTIR spectra of the Mg-Fe LDH and Ni-Mg-Fe LDH samples, which had similar IR bands. The broad and strong signal at 3400–3450 cm−1 is the –O–H stretching band, arising from the interlayer water molecules and the metal-hydroxyl group [62]. The small and weak intensity band centered at approximately 1630–1639 cm−1 can be ascribed to the bending vibration of water H–OH–. The band at 1350 cm−1 can be assigned to the vibration of the interlayer CO32− and NO3− anions. The broad peaks at 550 cm−1 and 750 cm−1 could be assigned to the M–O, O–M–O, and M–O–M (M = Fi, Mg, Ni, Co, and Cu) vibrations [63].




2.5. N2 Physisorption Measurement


Figure 5 illustrates the nitrogen adsorption–desorption for a series of synthesized catalysts, which were examined to estimate their specific surface area and porosity. According to the IUPAC classification [64], the Mg-Fe LDH showed a type II isotherm, while the Ni-Mg-Fe LDH showed type IV. The Mg-Fe LDH showed H2 type hysteresis loops, indicating nonrigid aggregates of plate-like particles that were solid with a wide pore size distribution, while the Ni-Mg-Fe LDH exhibited the typical H3 type, indicating that the type of holes were slit pores formed by the aggregation of sheet particles [64,65]. The pore size distribution analysis, using the pore diameter, revealed that all the samples had bimodal distribution curves in the microporous and mesoporous ranges. Table 1 summarizes the textural properties of all investigated catalysts. The BET surface area of the Ni-Mg-Fe LDH was 143 m2/g, which is two times larger than that of the Mg-Fe LDH (70 m2/g). The pronounced elevation of the specific surface area could be attributed to the small crystallite size of this particular catalyst.




2.6. Temperature-Programmed Desorption (TPD-CO2)


The basic properties of the catalysts were assessed using the temperature-programmed desorption of CO2. The temperatures at which the chemisorbed peaks appeared can be used to relate the peaks. The peaks that decompose at low and moderate temperatures (between 100 and 420 °C) are where bicarbonate and bidentate species can be found. There were monodentate species present, which is why the peak decomposed at a higher temperature (540 °C) [66]. From the deconvoluted peaks in Figure 6, it is revealed that each catalyst had different types of basic sites. The TPD-CO2 profiles of all of the hybrid catalysts show peaks within the range of 100–700 °C due to the desorption of weakly bonded CO and the breakdown of carbonate ions that existed in the interlayer of the LDH samples. In the hybrid catalysts’ TPD-CO2 profiles, the peaks extended to approximately 620 °C, leading to tightly bonded monodentate or bidentate carbonate species. In addition, there was a peak at approximately 350 °C, which is attributed to bicarbonate species connected to weak or medium basic strength sites [67]. From Table 2, it is obvious that the Mg-Fe LDH catalyst had a higher total number of basic sites (1096.44 μmol/g).




2.7. Catalytic Activity Study


We initiated our study with the reaction of enaminone, named E-4-(3-(dimethylamino)acryloyl)benzonitrile (1), and hydrazonyl chloride (2a) (Scheme 1). This reaction, illustrated in Scheme 1, was taken as a model reaction to optimize the reaction conditions (Table 3).



Inspired by our previous work [28], we decided to test two different LDH catalysts: Mg-Fe(III) LDH and Ni-Mg-Fe(III) LDH. Initially, the reaction between equimolar amounts of enaminone (1) and hydrazonyl chloride (2a) in CPME solvent and the presence of 0.1 g catalyst under ultrasonic conditions (US irradiations) was performed (Table 3).



Table 3 shows the excellent yield of the obtained product (98%) attained using the Ni-Mg-Fe(III) LDH as a catalyst at 80 °C under ultrasonic irradiation for 15 min. (Table 3, entry 3). In addition, the product was obtained via the other LDH catalysts in good yield (Table 3, entry 2). Next, the best catalyst was tested at 0.15 g under the same reaction conditions, which did not reveal any superior efficacy (Table 3, entry 4). In addition, under ultrasonic irradiation, no product formed without a catalyst (entry 1). All reactions were performed under silent reaction conditions (without ultrasonic irradiation) (Table 3). However, a lower yield and long reaction times were noted under conventional reaction conditions, thus proving the significant effect of ultrasound on the synthesis of pyrazole in the present methodology. In addition, the effect of different solvents was tested to address the beneficial impact of CPME in this reaction (Table 3, entries 5–7). It is worth mentioning that CPME was an effective solvent for conducting the 1,3-dipolar cycloaddition reaction over the hazardous benzene, chloroform, or THF. Although the reaction yield in benzene was slightly higher than in CPME, the low vaporization energy of CPME makes it a good choice in ultrasonic reaction media, allowing for easy recycling of the solvent by the usual extractive workup. It is crucial to find a rationale for the enhancement effect of the ultrasound irradiation on the above reaction, since the reaction proceeded under silent conditions, resulting in a longer reaction time and a lower yield (entries 2 and 3). It has been established those heterogeneous catalytic reactions, such as those investigated between solids and liquids, are enhanced by mechanical effects that are caused by violent bubble collapse at the interface. Furthermore, shockwaves can break polar and nonvolatile molecules at the bubble–liquid interface. A competitive, simultaneously polar and radical pathway is considered plausible from this point of view. Ultrasonication usually results in an overall acceleration and a different product distribution when silent and ultrasonic reactions converge to the same product(s) [46], based on the well-established and reported spectroscopic procedure for 2D 1H-13C HMBC NMR (cf. supporting information) [68]. This reaction proceeded regioselectivity between the enaminone and the nitrilimine 3a (generated in situ), which afforded only one isolable product in each case, as examined by thin layer chromatography (TLC). The isolated product may be formulated as 5a or 7a (Scheme 1). Therefore, the formed product was identified as 5a, and structure 7a was ruled out (Scheme 1). Figure 7 shows the diagnostic correlation between the pyrazole proton and carbons in each case, although for both suggested structures, 5a or 7a, a four correlation for the pyrazole proton appeared with carbons, the regioisomer 5a showed a correlation with one carbonyl function group. On this basis, we ruled out the other regioisomer 7a.



The scope and generality of the present methodology were tested by synthesizing different pyrazole derivatives using the Ni-Mg-Fe (III) LDH (0.1 g) catalyst under the optimized reaction conditions (Scheme 2).



Products 5a–d were obtained with good yields (90–98%) (Figure 8).



Compounds 5a–d were in complete agreement with the analytical and spectroscopic data.



The superiority of the Ni-Mg-Fe LDH over the other LDH used is accredited to the small crystallite size, large surface area, and mesoporosity, which assist a greater number of reactant molecules in reacting efficiently on the basic centers of the Ni-Mg-Fe LDH catalyst.



The recyclability of the prepared catalyst, Ni-Mg-Fe(III) LDH, was also studied via filtration each time and reused after drying for the model reaction. It was observed that the catalyst could be reused up to six consecutive catalytic cycles without any significant loss in activity (Figure 9).



The slight decay in yield is due to the catalyst’s weight loss during the workup of the successive runs.



A tentative mechanism was proposed for the above reaction in which the creation of novel pyrazole derivatives 5a–d were supposed to be formed via initial 1,3-dipolar cycloaddition of the nitrilimines 3a–d (liberated in situ by the action of the large surface area, porosity, and basicity of the Ni-Mg-Fe LDH catalyst, causing dehydrohalogenation (−HCl)) (Scheme 1) to the stimulated double bond in the enaminone 1 to pay for the non-isolable dihydro pyrazole transition state liaises 4, tracked by the elimination of dimethylamine (improved by the reaction with the inattentive HCl), yielding the pyrazole derivative 5a–d.





3. Conclusions


We report an efficient ultrasound-assisted sustainable protocol for the regioselective synthesis of novel pyrazoles via 1,3-dipolar cycloaddition reaction over different LDH base solid catalysts. The Ni-Mg-Fe LDH catalyst showed a significant advantage over all the investigated LDH-based catalysts. The controlling factors of LDH on this reaction were based on the surface area, porosity, and basicity of the used LDH catalyst. The ultrasound irradiation method offered high yields of pyrazole derivatives in a short reaction time over the Ni-Mg-Fe LDH solid catalyst. The recyclability experiment advises the excellent reusability of this Ni-Mg-Fe LDH catalyst. Introducing CPME into the 1,3-dipolar cycloaddition reaction opens new horizons for such reactions in a safe and environmentally friendly solvent, avoiding the dangerous effects of nonpolar volatile solvents and the limitations of solvent-free reactions.




4. Experimental


4.1. General


4.1.1. Materials for Catalyst Synthesis


The chemical reagents used for the catalysts’ synthesis included ferric nitrate nonahydrate and nickel(II)nitrate hexahydrate from Fluka, Buchs, Switzerland; magnesium nitrate hexahydrate from Koch-Light, Haverhill, UK; sodium carbonate and sodium hydroxide from Sigma-Aldrich Laborchemikalien Gmbh; distilled/deionized water; N2 gas cylinders, Abdullah Hashim Ltd., Jeddah, Saudi Arabia.




4.1.2. Catalyst Characterization Techniques


Thermogravimetric Analysis (TGA)


TGA is used to characterize materials for their thermal stability and their quantity of layered double hydroxide water by monitoring weight loss or phase changes from the material to the temperature [69]. Thermogravimetry (TG) and differential scanning calorimetric (DSC) analyses of the different solid samples were performed on a Netzsch system STA 449 F3 Jupiter–Simultaneous Thermal Analyzer. The TGA DSC was operated in an air flow at a heating rate of 25 °C/min up to 800 °C. In each run, 6–10 mg was placed in the platinum pan under a flow of nitrogen atmosphere of 40 mL min–1 and at a heating rate of 10 °C min−1.




X-ray Diffraction (XRD)


X-ray diffraction (XRD) is one of the primary techniques used by mineralogists and solid-state chemists for the characterization of crystalline solids and determination of their structure [70]. X-ray diffraction (XRD) studies were performed for all prepared solid samples using a Bruker diffractometer (Bruker D8 advance target). The patterns were run with Cu Kα and a monochromator (λ = 1.5405 Å) at 40 kV and 40 mA. The crystallite size phases were calculated using the Scherer equation: d (nm) = Bλ/ β½ cos θ, where d is the average crystallite size of the phase under investigation; B is the Scherer constant (0.89); λ is the wavelength of the X-ray beam used (1.5405 Å); β½ is the full width at half maximum (FWHM) of the diffraction peak; and θ is the diffraction angle.




Fourier Transform Infrared Spectroscopy (FTIR)


FT-IR spectroscopy is often used to classify structures because functional groups generate characteristic bands in terms of both the intensity and location (i.e., frequency). The position of a large number of characteristic bands are known and tabulated in the FTIR library [71]. Fourier transform infrared (FTIR) spectroscopy of the samples was performed using a PerkinElmer UATR Two FT-IR spectrometer. The measurements were carried out in the wavenumber range 4000–400 cm−1 after 32 scans.




Temperature-Programmed Desorption (TPD-CO2)


Temperature-programmed desorption (TPD) is an analysis technique allowing for programmed temperature changes revealing the strength and number of active sites under a range of reaction conditions [72]. Temperature-programmed desorption was first described by Amenomiya and Cvetanovic in 1963 [73]. In TPD studies, a solid specimen previously equilibrated with adsorbate under well-defined conditions, immediately prior to the analysis, is submitted to programmed temperature elevation. TPD-CO2 was performed in an atmospheric pressure microreactor connected to a TCD via a heated quartz capillary. The catalyst (≈60 mg) was heated at 100 °C in flowing helium for 1 hr in order to remove the physically adsorbed water. The sample was then cooled to 30 °C and exposed to CO2 (10% CO2 in nitrogen) for 1 h. After this, the system was purged in flowing helium for 30 min to remove any physiosorbed CO2 and then the temperature was increased from 30 °C to 800 °C at a rate of 10 °C min−1 under a flow of helium gas at a flow rate of 90 mL min−1. The concentration of the CO2 desorbed into the helium carrier gas was monitored with the TCD. Prior to each TPD experiment, the response of the TCD was calibrated by the calibration curve of the peak area and injected gas volume. The TPD-CO2 experiments were evaluated using OriginPro Software.




Nitrogen Adsorption/Desorption (N2 Physisorption)


Adsorption is an increase in the density of the fluid in the area of the interface, occurring when a solid surface is exposed to a gas or liquid [74]. Gas adsorption is of major importance for the characterization of a wide range of porous materials. Of all the many gases and vapors that are readily available and can be used as adsorptives, nitrogen has remained universally pre-eminent. With the aid of user-friendly commercial equipment and online data processing, it is now possible to use nitrogen adsorption at 77 K for both routine quality control and the investigation of new materials [75]. The adsorption techniques presented in this work is physisorption. Physisorption occurs as a gas molecule approaches the surface of the solid where it experiences London dispersion forces of attraction, as well as short-range repulsion forces. At a particular distance from the surface, these forces balance each other to minimize the potential energy, and the gas molecule is physiosorbed [76]. The texture properties of the prepared samples were determined from nitrogen adsorption/desorption isotherms measured at 77 K using a model NOVA 3200e automated gas sorption system (Quantachrome, USA). Prior to the measurement, a sample was degassed for 3 h at 100 °C. The surface area, SBET, was calculated by applying the Brunauer-Emmett-Teller (BET) equation [77]. The average pore radius was estimated from the relation 2Vp/SBET, where Vp is the total pore volume (at P/P0 = 0.975). The pore size distribution over a mesopore range was generated by a Barrett-Joyner-Halenda (BJH) analysis of the desorption branches, and the values for the average pore sizes were calculated [78].





4.1.3. Catalytic Organic Reaction


All organic solvents were purchased from commercial sources and used as received unless otherwise stated. All other chemicals were purchased from Merck, Aldrich, Laborchemikalien Gmbh or Acros, Belgium and used without further purification. Thin layer chromatography (TLC) was performed on precoated Merck 60 GF254 silica gel plates, Laborchemikalien Gmbh with a fluorescent indicator and detection by means of UV light at 254 and 360 nm. The melting points were measured on a Stuart melting point apparatus and are uncorrected. The IR spectra were recorded on a Smart iTR, which is an ultrahigh-performance, versatile attenuated total reflectance (ATR) sampling accessory on the Nicolet iS10 FT-IR spectrometer. The NMR spectra were recorded on a Bruker Avance III 400 (9.4 T, 400.13 MHz for 1H, 100.62 MHz for 13C analysis) spectrometer, Switherland with a 5 mm BBFO probe at 298 K. Chemical shifts (δ in ppm) are given relative to internal solvent, DMSO. The mass spectra for the synthesized derivatives were recorded using a Thermo ISQ Single Quadrupole GC-MS instrument, USA. An elemental analysis was carried out using a Euro Vector EA3000 Series C, H, N, and S analyzer, Italy. The sonication was performed using the Elma Sonicator P30H instrument, Germany with an ultrasound frequency of 37 kHz and power of 320 W (max.). The bath temperature was raised from 25 °C to 80 °C after 30 min of operation. All reactions were carried out at 80 °C, which was maintained by adding or removing the water in an ultrasonic bath (the temperature inside the reaction vessel was 76–79 °C).



According to the reported literature, enaminone 1 [79] and α-ketohydrazonoyl halides 2a–d [80] were prepared.





4.2. General Procedures for the Synthesized Pyrazoles 5a–d Derivatives


4.2.1. Method A (under Ultrasonic Irradiations (US))


To a mixture of enaminone 1 (10 mmol) and the appropriate hydrazonyl chloride 3a–d (10 mmol) in CPME (25 mL), an 0.1 g of LDH was added. The total mixture was placed in a 100 mL round-bottom flask in the sonicator and was irradiated. The reaction flask was exposed to ultrasound irradiations until the reaction was complete. The progress of the reaction was monitored by TLC (eluent; ethyl acetate: chloroform). Upon completion of the reaction, the catalyst was removed by filtration and washed several times with hot ethyl acetate. The filtrate was evaporated under reduced pressure. The obtained solid product was crystallized using ethanol to afford the corresponding pyrazole derivatives 5a–d.




4.2.2. Method B (Silent Reaction—Without Ultrasonic Irradiation)


The reactions were performed on the same scale described above. The reaction mixture was heated under reflux at 80 °C for the required time to complete the reaction, as monitored by TLC. After the completion of the reaction, the catalyst was removed by filtration, and the products were obtained and purified as described in the previous method.




4.2.3. 4-(3-Acetyl-1-phenyl-1H-pyrazole-4-carbonyl)benzonitrile (5a)


mp 179–181 °C; IR (KBr) v/ cm−1: 2204 (C≡N), 1705, 1674 (C=O), 1601 (C=N); 1H NMR (DMSO-d6): δ 2.58 (s, 3H, CH3), 7.47 (t, 1H, ArH, J = 7.78 Hz), 7.62 (t, 2H, ArH, J = 7.78 Hz), 7.88 (d, 2H, ArH, J = 8.15 Hz), 8.01–8.03 (m, 4H, ArH), 9.12 (s, 1H, pyrazole-H);13C NMR (DMSO-d6): δ 27.50, 120.02, 122.61, 124.22, 126.16, 128.60, 130.25, 130.36, 132.62, 132.91, 138.96, 141.03, 150.42, 189.23, 193.32; MS (m/z): 315 (M+). (Found: C, 72.95; H, 4.09; N, 13.21; C19H13N3O2 requires C, 72.73; H, 4.16; N,13.33).




4.2.4. 4-(3-Acetyl-1-(p-tolyl)-1H-pyrazole-4-carbonyl)benzonitrile (5b)


mp 187–189 °C; IR (KBr) v/ cm−1: 2206 (C≡N), 1703, 1673 (C=O), 1601 (C=N); 1H NMR (DMSO-d6): δ 2.37 (s, 3H, CH3), 2.56 (s, 3H, CH3), 7.41 (d, 2H, ArH, J = 8.3 Hz), 7.86–7.88 (m, 4H, ArH), 8.03 (d, 2H, ArH, J = 8.3 Hz), 9.04 (s, 1H, pyrazole-H); 13C NMR (DMSO-d6): δ 20.95, 27.45, 119.95, 122.48, 124.22, 126.12, 130.22, 130.65, 132.25, 133.06, 136.72, 138.36, 141.02, 150.27, 189.38, 193.53; MS (m/z): 329 (M+). (Found: C, 73.13; H, 4.54; N, 12.66; C20H15N3O2 requires C, 72.94; H, 4.59; N,12.76).




4.2.5. Ethyl 4-(4-Cyanobenzoyl)-1-phenyl-1H-pyrazole-3-carboxylate (5c)


mp 121–123 °C; IR (KBr) v/ cm−1: 2204 (C≡N), 1710, 1668 (C=O), 1596 (C=N);1H NMR (DMSO-d6): δ 1.00 (t, 3H, CH3, J = 7.4 Hz), 4.11 (q, 2H, CH2, J = 7.4 Hz), 7.45 (t, 1H, ArH, J = 7.6 Hz), 7.57 (t, 2H, ArH, J = 8.4 Hz), 7.95 (d, 2H, ArH, J = 8.4 Hz), 7.97 (d, 2H, ArH, J = 8.4 Hz), 8.05 (d, 2H, ArH, J = 8.2), 9.15 (s, 1H, pyrazole-H);13C NMR (DMSO-d6): δ 13.96, 61.62, 120.10, 123.38, 124.24, 126.25, 128.69, 130.23, 130.34, 132.86, 133.04, 138.93, 141.35, 144.17, 161.51, 188.19; MS (m/z): 345 (M+). (Found: C, 69.75; H, 4.29; N, 12.06; C20H15N3O3 requires C, 69.56; H, 4.34; N, 12.17).




4.2.6. Ethyl 4-(4-Cyanobenzoyl)-1-(p-tolyl)-1H-pyrazole-3-carboxylate (5d)


mp 133–135 °C; IR (KBr) v/ cm−1: 2204 (C≡N), 1707, 1661 (C=O), 1602 (C=N);1H NMR (DMSO-d6): δ 1.01 (t, 3H, CH3, J = 7.2 Hz), 2.41 (s, 3H, CH3), 4.23 (q, 2H, CH2, J = 7.4 Hz), 7.43 (d, 2H, ArH, J = 8.4 Hz), 7.93–7.95 (m, 4H, ArH), 8.06 (d, 2H, ArH, J = 8.4 Hz), 9.08 (s, 1H, pyrazole-H); 13C NMR (DMSO-d6): δ 13.79, 20.83, 61.51, 120.10, 123.46, 124.26, 126.25, 130.21, 131.44, 132.32, 133.74, 137.11, 138.15, 141.65, 145.23, 160.49, 187.56; MS (m/z): 359 (M+). (Found: C, 70.39; H, 4.71; N, 11.56; C21H17N3O3 requires C, 70.18; H, 4.77; N, 11.69).
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Figure 1. Several biologically active molecules containing pyrazole. 
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Figure 2. TGA and DTG thermograms of the Mg-Fe LDH and Ni-Mg-Fe LDH catalysts. 
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Figure 3. XRD patterns of the Mg-Fe LDH and Ni-Mg-Fe LDH catalysts. 
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Figure 4. FTIR spectra of the Mg-Fe LDH and Ni-Mg-Fe LDH catalysts. 






Figure 4. FTIR spectra of the Mg-Fe LDH and Ni-Mg-Fe LDH catalysts.



[image: Catalysts 13 00650 g004]







[image: Catalysts 13 00650 g005 550] 





Figure 5. (A) N2 adsorption–desorption isotherms; (B) pore size distribution curves for the Mg-Fe LDH and Ni-Mg-Fe LDH catalysts. 
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Figure 6. CO2-TPD patterns of the Mg-Fe LDH and Ni-Mg-Fe LDH catalysts. 
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Scheme 1. Optimization of the reaction conditions for the 1,3-dipolar cycloaddition reaction. 
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Figure 7. Diagnostic correlations in the 1H-13C HMBC (red arrows) for the two regioisomers 5a and 7a. 
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Scheme 2. The scope of green access for the synthesis of the novel pyrazoles. 
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Figure 8. Scope of the synthesis of the pyrazole derivatives. 
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Figure 9. Reusability of the Ni-Mg-Fe LDH catalyst for synthesis of 5a. 
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Table 1. Textural properties of the different catalysts from N2- physisorption.
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	Sample
	SBET

(m2/g)
	Smicro

(m2/g)
	Smeso

(m2/g)
	Vtotal

(cc/g)
	Vmicro

(cc/g)
	Vmeso

(cc/g)
	Average Pore Size (nm)





	Ni-Mg-Fe LDH
	143
	35.6
	27
	0.08
	0.03
	0.05
	2.3



	Mg-Fe LDH
	70
	76.13
	57.6
	0.16
	0.05
	0.1
	2.2
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Table 2. Data obtained from the CO2-TPD profile analyses of all investigated samples.
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Catalyst

	
Temp. (°C)

	
CO2 Uptake (μmol/g)

	
Total CO2 Uptake (μmol/g)






	
Ni-Mg-Fe LDH

	
288.1

	
439.74

	
626.45




	
348.8

	
143.71

	




	
422.8

	
43.01

	




	
Mg-Fe LDH

	
156.3

	
59.59

	
1096.44




	
333.3

	
593.67

	




	
272.9

	
142.12

	




	
388.8

	
226.34

	




	
550.2

	
74.72
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Table 3. Screening of the reaction conditions for the synthesis of pyrazoles.
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Entry

	
Catalyst/wt

	
Solvent

	
Temp.

(°C)

	
US Irradiation

	
Silent Condition




	
Yield

(%)

	
Time

(Min.)

	
Yield (%)

	
Time






	
1

	
none

	
CPME

	
80

	
-

	
180

	
-

	
10 h




	
2

	
Mg- Fe (lll) LDH

[2:1]/0.1 g

	
CPME

	
80

	
90

	
30

	
76

	
4 h




	
3

	
Ni- Mg- Fe (lll) LDH

[1:1:1]/0.1 g

	
CPME

	
80

	
98

	
15

	
90

	
1.5 h




	
4

	
Ni- Mg- Fe (lll) LDH

[1:1:1]/0.15 g

	
CPME

	
80

	
98

	
15

	
90

	
1.5 h




	
5

	
Ni- Mg -Fe (lll) LDH

[1:1:1]/0.1 g

	
Benzene

	
80

	
99

	
15

	
93

	
1.5 h




	
6

	
Ni- Mg -Fe (lll) LDH

[1:1:1]/0.1 g

	
CHCl3

	
80

	
81

	
15

	
69

	
2 h




	
7

	
Ni- Mg -Fe (lll) LDH

[1:1:1]/0.1 g

	
THF

	
80

	
89

	
15

	
81

	
2 h
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