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Abstract

:

In this contribution, an eco-friendly, sustainable, and efficient palladium nanoparticle-decorated chitosan (Pd@Chitosan) catalyst was synthesized by a simple impregnation method. The synthesized material was utilized as a heterogeneous catalyst for the C-H arylation of benzothiazole under ultrasonic irradiation. The Pd@Chitosan catalyst efficiently catalyzed the conversion of aryl iodides and bromides to 1-(4-(benzothiazol-2-yl)phenyl)ethan-1-one selectively. A single product of 83–93% yield was obtained in N,N-dimethylformamide solvent at 80 °C for 2.5h. This study reveals that Pd@Chitosan is an efficient catalyst, which catalyzes the C-H arylation with good reaction yields. The activity of the Pd@Chitosan is due to the presence of highly dispersed Pd(0) nanoparticles on the surface of the chitosan and Pd2+; a tentative mechanism was proposed based on the XPS results of the fresh catalyst and spent catalyst.
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1. Introduction


The circular economy is gradually replacing linear economies, thereby ensuring that consumer materials and chemical elements are recycled efficiently in the future. With this paradigm shift, we aim to preserve the needs of future generations in terms of energy consumption, safe and comfortable materials, and sustainable access to raw and renewable feedstocks [1,2]. Of note, the interest in the utilization of metal nanoparticles as catalysts for organic synthesis has increased considerably because of their high efficiency under environmentally benign reaction conditions [3]. Continuous efforts are ongoing to develop effective and eco-friendly noble metal-based catalysts, although there are many drawbacks observed in the utilization of these catalysts, such as self-agglomeration and the leaching of metal nanoparticles, which negatively affect the catalytic or recycling performance [4,5,6,7]. The choice of an ideal support is one of the major ways to avoid the mentioned drawbacks. The selected support should have a high surface area and specific chelating functional groups to strongly interact with the metal nanoparticles [8,9]. Many different inorganic and organic supports have been used to immobilize various metal nanoparticles [10,11,12]. Among the bio-based organic supports, natural polysaccharides are the most investigated due to their specific properties such as an eco-friendly nature, large surface area, nontoxicity, high chelating capacity, etc. [13,14]. Chitosan, a natural polysaccharide, is of particular interest for utilization in catalysis due to its suitability as an excellent catalyst support [15,16,17,18,19,20,21]. In addition, its insolubility in organic solvents makes it attractive in developing heterogeneous catalysts [22,23]. Due to these outstanding properties, chitosan could be excellent support and a stabilizer to decorate with active metal nanoparticles.



Great interest has been observed in the synthetic chemistry community for the direct functionalization of C-H bonds via supported transition-metal catalysts as a powerful and practical alternative to the well-applied Pd catalyzed cross-coupling reactions to avoid the prefunctionalization of the starting materials [24,25,26,27], in addition to many recent reports dealing with C-H functionalization utilizing different green chemistry tools [28,29,30]. However, some limitations have been realized for the synthetic utility of the direct C-H arylation processes, such as the selective functionalization among multiple C-H bonds in the reactant substrates [31]. It is preferable to use electronically activated substrates such as heteroaromatics to overcome these drawbacks. In addition, benzothiazole derivatives are an essential class of compounds used for synthesizing pharmacophore intermediates. For instance, 2-Arylbenzothiazoles can be effectively used as synthetic building blocks for anticancer [32,33], anti-hepatitis C virus (anti-HCV) [34], antioxidant, and anti-glutamic acid drug molecules [35].



Ultrasound irradiation is widely used along with heterogeneous catalysts to synthesize different organic compounds. It has been used with a catalyst for C-H arylation of benzothiazole. Using ultrasound accelerates the synthesis of organic compounds and saves the energy required for the reactions [36,37]. Thus, in continuation of our interest in the green synthesis of biologically active heterocyclic compounds [38,39,40,41,42,43,44,45], herein, we have fabricated fully characterized palladium nanoparticle-decorated chitosan.




2. Results and Discussion


2.1. C-H Arylation of Benzothiazole


We initiated our study with the reaction of benzothiazole (1) and 4-iodo acetophenone (2a) (Scheme 1). This reaction, illustrated in Scheme 1, was taken as a model reaction to optimize the reaction conditions (Table 1).



A palladium nanoparticle-decorated chitosan (Pd@chitosan) catalyst (0.05 g) was tested. Initially, the reaction between equimolar amounts of benzothiazole (1) and 4-iodoacetophenone (2a) (2 mmol) in the presence of potassium carbonate as base (one equiv.) and catalyst under ultrasonic conditions was performed, and we obtained the target product identified as 1-(4-(benzothiazol-2-yl)phenyl)ethan-1-one (3a) as a sole product at an 81% yield in N,N-dimethylformamide (DMF) at 80 °C for 3 h (Table 1, entry 3).



Next, we increased the amount of the catalyst to 0.1g with the same molar ratio and the conditions mentioned above. There was no change after increasing the amount of catalyst (Table 1, entry4). The rising amount of potassium carbonate to two equivalent was beneficial for the reaction to be smoothly conducted, reducing the time to 2.5 h at an 83% yield under ultrasonic irradiation (Table 1, entry 5). When the reaction was conducted with three equivalent of potassium carbonate, no further improvement in the yield was noticed (Table 1, entry 6). Next, we screened different solvents. Acetonitrile (ACN), dimethyl sulfoxide (DMSO), dichloromethane (DCM), and tetrahydrofuran (THF) were used under the same abovementioned scale in the presence of the Pd@chitosan catalyst and potassium carbonate at a temperature of 80 °C. The results showed that DMF was the best solvent, as a yield of 83% of 3a was obtained (entry 5 and entries 7–10). Then, we screened different bases such as potassium acetate, sodium carbonate, and potassium phosphate; no large difference was noticed, and potassium carbonate remained the most effective (entries 11–13).



Of note, under ultrasonic irradiation, no product formed in the absence of the catalyst (entry 1) or in the presence of the chitosan (catalyst support) (entry 2).



To find the beneficial effect of the ultrasound on this reaction, all the reactions were carried out under conventional reaction conditions without ultrasound irradiation (Table 1). However, it was observed that under the traditional reaction conditions, the yield of the products decreased, and the reactions required significantly longer periods. Thus, ultrasound was found to have an influence on the C-H arylation reaction in the present methodology.



The effect of halogen in the used aryl halide also was tested; for example, in the above model reaction, we used 4-bromoacetophenone instead of the 4-iodoacetophenone (2a) under the same optimized reaction conditions, and no obvious effect was noticed as almost same reaction yield and time were attained for the product 3a. The apparent effect of the ultrasound irradiation on the abovementioned reaction over the silent condition can be interpreted in light of the micro-jet impact and shockwave damage at the liquid–solid interface [46]. Along with the shock wave associated with the cavitation collapse, the jet caused localized deformation and surface erosion, which increased the possible reaction area. Therefore, the treated surfaces contained increased dislocations that are widely considered active sites in catalysis [46,47]. The cavitation intensity rises depending on the type of solvent and frequency used. As we work at a constant frequency of 37 kHz, the solvent used to perform the sonochemical reaction must be carefully chosen. Any particles or motes (solid catalysts) present in the solvent will act as seeds for cavitation [45]. As a general rule, most sonochemical applications are performed in water. However, in our reaction case, we used DMF. It was found that DMF had the nearest viscosity to water at 70–80 °C [48], and cavitation is easier in solvents with low viscosities [45]. The above facts led us to interpret the observed reactivity for our reaction under ultrasound over silent conditions and the superiority of DMF over other tested solvents.



The scope and generality of the present methodology were tested by synthesizing benzothiazole derivatives using Pd@chitosan catalyst under the optimized reaction conditions (Scheme 2). The products 3a–e were obtained in good yields (83–93%) (Scheme 2). All the obtained structures in Scheme 2 provided satisfactory elemental analysis and spectroscopic data (see the experimental section).




2.2. Catalyst Characterization


X-Ray Photoelectron Spectroscopy (XPS)



The deconvoluted XPS spectra for the fresh and spent Pd@Chitosan samples are shown in Figure 1. Both the fresh and spent catalyst samples exhibited two Pd 3d core peaks indicating the presence of Pd species with two different oxidation states. The contributions corresponding to Pd 3d5/2 at 341.0 eV and Pd 3d3/2 at 346.2 eV indicated the presence of Pd(II) species [49]. In addition, there were minor contributions due to the presence of Pd(0) species with its binding energy at 337.4 eV and 343.1 eV, respectively [50]. In the spent catalyst, the presence of similar Pd species with lower binding energies were observed, due to the different chemical nature of the neighboring atoms on an individual surface. It is also known that the binding energy varies with the change in shielding effect [51]. The spent catalyst was characterized by an increase in the proportion of the Pd (0) species (increased from 45 to 50%). The reduction of Pd can be explained by the presence of solvents and the reaction conditions used for C-H arylation. The C 1s spectra for fresh and spent Pd@Chitosan samples had three peaks in the range of 284.7 eV to 289.4 eV. The peaks observed at 285.1 eV, 286.6 eV, and 289.4 eV could be assigned to the C-C/C=C, C=N, and O-C=O functional groups, respectively [52]. The high intensity of the peaks in the fresh sample compared to the spent sample confirmed the strong network consisting of carbon and nitrogen bonds. The contribution due to the peak at 286.8 eV was predominant in the case of the spent catalyst, and this was possibly due to presence of C=N groups in the benzothiazole molecules adsorbed on the surface of the spent catalyst.



The deconvoluted N 1s spectra for both samples are shown in Figure 1. The fresh sample exhibited three different N 1s deconvoluted peaks with a binding energy of 399.4 eV corresponding to -NH2 or -NH of chitosan, 401 eV to C=N, and 402.7 eV to the Pd bonded to -NH or -NH2 groups [41]. However, the spent catalyst showed the presence of a low intensity peak due to the Pd bonded to the -NH2/-NH functional groups of chitosan; the decrease in the intensity of this peak was possibly due to the leaching of some Pd species from the chitosan surface during the reaction. The presence of different N 1s peaks in different chitosan samples was previously observed, and it was due to the change in the chemistry of the chitosan material (different sources and functional groups, etc.) [53]. The fresh Pd@Chitosan sample exhibited O 1s peaks at 532.5 eV and 534.0 eV, which could be assigned to the oxygen species of the N-C=O and C-OH/C-O-C in the chitosan structure, respectively [54]. The third peak at a higher binding energy (536.5 eV) could be attributed to the Pd bonded oxygen containing carbon species [55]. The spent catalyst also showed three O 1s peaks; however, the binding energy of the XPS peaks was shifted to lower levels due to the change in the shielding effect. Interestingly, the intensity of the peak at 532.5 eV due to the N-C=O species was increased in the case of the spent catalyst, which was due to the C=N bonds of the benzothiazole molecule.




2.3. Tentative Mechanism


It is reasonable to propose a mechanism for the C-H arylation of benzothiazole under the adopted reaction conditions (Scheme 3). Based on the characterization of the fresh and the spent catalysts, a possible reaction mechanism for the arylation of benzothiazole is depicted in Scheme 3. The proposed catalytic cycle based on the Pd in our catalyst present as Pd(II) in the majority may involve the following steps: (i) palladation of benzothiazole via C-H activation as indicated from the XPS in which the presence of the peak at 286.8 eV was predominant in case of the spent catalyst, which may be due to the presence of the C=N groups in the benzothiazole molecules, indicating the possible Pd adsorbed or coordinated on the surface of the spent catalyst; (ii) the oxidation addition of aryl iodide and formation of Pd(III) cannot be excluded [56,57], as well as Pd(IV) [58]; and the (iii) reductive elimination affording monoarylated product 3 as exclusive product, and the Pd(II) in addition to some Pd(IV) or Pd (III) may be reduced to Pd (0), as indicated from the XPS in which the spent catalyst was characterized by a slight increase in the proportion of the Pd (0) species (increasing from 45 to 50%).



We cannot ignore that the reaction may have been through Pd(0) to certain extent, which began with the oxidative addition of aryl halide to form Ar-PdII-X, followed by transmetalation enhanced by the base present to form benzothiazole (BT)-PdII-Ar, and finally by reductive elimination, it may have formed the BT-Ar and the regenerated catalyst. However, in our opinion, the first mechanism is more acceptable based on the XPS data.



Of note, we used the spent catalyst for a new run for the CH arylation reaction to study the recyclability of the catalyst; we obtained the product 3a in same yield and time for the second run. However, in the third run, there was no product obtained even after six hours, which means leaching of Pd may have occurred.





3. Experiments


3.1. Reagents


All the chemicals used in this work were of high analytical grades, including chitosan (molecular weight 100,000–300,000) (Acros Organics, Geel, Belgium) and palladium (II) acetate (Sigma Aldrich, Bangalore, India). All organic chemicals were purchased from Acros Organics (Geel, Belgium) and used as is without further purification.



Thin-layer chromatography (TLC) was performed on precoated Merck 60 GF254 silica gel plates with a fluorescent indicator and detection utilizing UV light at 254 and 360 nm. The melting points were measured on a Stuart melting point apparatus and were uncorrected. IR spectra were recorded on a Smart iTR, an ultrahigh-performance versatile Attenuated Total Reflectance (ATR) sampling accessory on the Nicolet iS10 FT-IR (Thermo Scientific, Waltham, MA, USA)spectrometer. The NMR spectra were recorded on a Bruker Avance III 400 (Bruker, Billerica, MA, USA)(9.4 T, 400.13 MHz for 1H, 100.62 MHz for 13C) spectrometer with a 5-mm BBFO probe, at 298 K, and a Bruker High Performance Digital FT-NMR Spectrometer Avance III 850 MHz. Chemical shifts (δ in ppm) were given relative to the internal solvent, DMSO-d6 2.50 for 1H and 39.50 for 13C; CDCl3 7.25 for 1H and 77.7 was used as an external standard. Mass spectra were recorded on a Thermo ISQ Single Quadrupole GC-MS(Waltham, MA, USA). Elemental analyses were carried out on a Euro Vector instrument C, H, N, S analyzer EA3000 Series(Pavia, Italy). Sonication was performed by the Techno-gaz sonicator (with a frequency of 37 kHz and ultrasonic peak max. 320 W).




3.2. Synthesis of Pd Nanoparticle-decorated Chitosan Sample (5% Pd@chitosan)


The synthesis of constant Pd nanoparticles conducted with chitosan as a natural polymer with steadying properties and the absence of toxicity in a one-step process, following the method described by Manikandan and Muthukrishnan [59]. First, 0.75 g chitosan was dissolved in 100 mL 0.1% acetic acid (in distilled water). Then, 25 mL of 0.015 M paladium solution was added to 50 mL of the chitosan solution under stirring at 70 °C for 9 h until the reaction was completed. The colloid was centrifuged for 10 min. to separate particles from suspension and washed with acetone (90%, v/v); the centrifugation was repeated three times to remove unreacted reagents. The cake was then dried under vacuum at room temperature overnight and stored.




3.3. C-H arylation of Benzothiazole


3.3.1. Silent Reactions


In 10 mL DMF, potassium carbonate (1mmol) was added and stirred for 30 min. Then a mixture of benzothiazole (1) (0.5 mmol), different aryl halides (0.5 mmol), and Pd catalyst (0.05 g) were added, and the mixture was refluxed at 80 °C for the appropriate time (Table 1) until completion of the reaction (monitored by TLC). The reaction mixture was filtered to separate the catalyst; then, the filtrate was cooled at room temperature, and the reliable product obtained was filtered, dried, and purified by recrystallization from ethanol.




3.3.2. Sonicated Reactions


These processes were performed on the same scale described above for the silent reactions. All the reactions were kept at 80 °C, which was attained by adding or removing water in an ultrasonic bath (the temperature inside the reaction vessel was 74–76 °C). The sonochemical reactions were continued for a suitable time (Table 1) until the starting materials were no longer detectable by TLC. Then, the catalyst was separated, and the products obtained were purified as described above in the silent reaction procedures. The synthesized compounds with their physical data are depicted in the Supplemental Information. We washed the spent catalyst with hot ethyl acetate and sonicated for 5 min. to desorb all adsorbed product on their surface; this was followed by filtration and drying prior to a new catalytic test.






4. Conclusions


We introduced an efficient sustainable heterogeneous catalyst based on a natural polymer and minimal loading of Pd for selective C-H monoarylation of benzothiazole in high yields and short reaction times utilizing ultrasound irradiations. A tentative mechanism was suggested for this reaction based on the XPS of the fresh and spent catalyst after the first run.
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Scheme 1. Optimization of the reaction conditions for the C-H arylation reaction of benzothiazole. 
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Scheme 2. The scope of the C-H arylation of benzothiazole and the structure of 2-arylbenzothiazoles using Pd@chitosan catalyst under the optimized conditions. 
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Figure 1. XPS spectra for the fresh and spent Pd@Chitosan samples. 
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Scheme 3. Tentative mechanism of Pd@chitosan catalyst for CH arylation of benzothiazole. 
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Table 1. The reaction conditions for Pd@Chitosan catalysis of the C-H arylation of benzothiazole.
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Entry

	
Base (Equiv.)

	
Catalyst

	
Solvent

	
Ultrasound Irradiation a

	
Silent Condition a




	
Yield b

(%)

	
Time

(h)

	
Yield b

(%)

	
Time

(h)






	
1

	
K2CO3

(1)

	
None

	
DMF

	
-

	
-

	
-

	
-




	
2

	
K2CO3

(1)

	
Chitosan

	
DMF

	
-

	
-

	
-

	
-




	
3

	
K2CO3

(1)

	
5%Pd@

Chitosan

(0.05 g)

	
DMF

	
81

	
3.0

	
48

	
16




	
4

	
K2CO3

(1)

	
5%Pd@

Chitosan

(0.1 g)

	
DMF

	
81

	
3.0

	
48

	
16




	
5

	
K2CO3

(2)

	
5%Pd@

Chitosan

(0.05 g)

	
DMF

	
83

	
2.5

	
51

	
16




	
6

	
K2CO3

(3)

	
5%Pd@

Chitosan

(0.05 g)

	
DMF

	
83

	
2.5

	
51

	
16




	
7

	
K2CO3

(2)

	
5%Pd@

Chitosan

(0.05 g)

	
ACN

	
59

	
4.0

	
38

	
24




	
8

	
K2CO3

(2)

	
5%Pd@

Chitosan

(0.05 g)

	
DMSO

	
43

	
5.5

	
33

	
24




	
9

	
K2CO3

(2)

	
5%Pd@

Chitosan

(0.05 g)

	
DCM

	
26

	
6.0

	
17

	
36




	
10

	
K2CO3

(2)

	
5%Pd@

Chitosan

(0.05 g)

	
THF

	
41

	
5.5

	
33

	
24




	
11

	
CH3COOK

(2)

	
5%Pd@

Chitosan

(0.05 g)

	
DMF

	
81

	
3.0

	
50

	
16




	
12

	
Na2CO3

(2)

	
5%Pd@

Chitosan

(0.05 g)

	
DMF

	
80

	
3.0

	
50

	
16




	
13

	
K3PO4

(2)

	
5%Pd@

Chitosan

(0.05 g)

	
DMF

	
79

	
3.0

	
50

	
16








a Reaction conditions: equimolar amounts of benzothiazole (1) and 4-iodoacetophenone (2a) in the presence of two equivalent of potassium carbonate in DMF (10 mL) at 80 °C under ultrasonic irradiation and/or silent conditions. b The % yield calculated in each time for the obtained crude products.
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