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Abstract

:

The potentialities of mechanochemistry trough extrusion have been investigated for the design of nanosized catalysts and their use in C-C bond-forming reactions. The mechanochemical approach proved successful for the synthesis of supported palladium nanoparticles with mean diameter within 6–10 nm, achieved by the reduction of Pd(II) acetate with ethylene glycol, in the absence of any solvent. A mesoporous N-doped carbon derived from chitin as a renewable biopolymer, was used as a support. Thereafter, the resulting nanomaterials were tested as catalysts to implement a second extrusion based-protocol for the Suzuki-Miyaura cross-coupling reaction of iodobenzene and phenylboronic acid. The conversion and the selectivity of the reaction were 81% and >99%, respectively, with a productivity of the desired derivative, biphenyl, of 41 mmol gcat−1 h−1.
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1. Introduction


In recent years, mechanochemistry has emerged as a promising avenue for the synthesis and design of nanomaterials with an environmentally friendly perspective [1]. Due to their simplicity and cost-efficiency, mechanochemical strategies have been implemented to prepare a variety of nanomaterials including supported metal nanoparticles or biomass-templated metal oxides to perovskites and bioconjugates [2,3,4,5,6,7,8,9,10,11]. Thrilling opportunities for mechanochemistry are also found in the field of organic synthesis, to obtain peptides, DNA fragments or even active pharmaceutical ingredients [12,13,14,15,16,17,18]. This scenario testifies to the tremendous versatility and potential of this branch of chemistry, which aims at improving the sustainability of chemical processes by exploiting the mechanical energy typically generated from grinding, milling, and extrusion, to promote reactions. The most common techniques make use of planetary ball mills, mixer mills, drum mills, or cryomills that are limited to batch conditions. Although these procedures are efficient in conducting mechanochemically assisted transformations, ref. [1] and in some cases, accurate on the temperature control, ref. [19,20,21], the combined contributions of mechanical and thermal energy inputs are often hardly differentiated.



Far more promising in this respect are continuous flow (CF) mechanochemical reactors which not only allow a better control of the reaction parameters compared to conventional batch systems but are excellent in designing scalable applications. Extrusion is particularly suitable to this scope since, in a typical process, solid reactants, fed and confined under high pressure, are constantly subjected to shear forces originated by one or more screws, which induce the deformation, comminution, and activation of surface species throughout the passage in the CF-reactor [22]. Under such conditions, the mixing of different components, the temperature of the mixture, the solid-state diffusion, and, finally, the physical and chemical changes in reagents, are tuned by the screw speed and the residence time, so that both the product’s distribution and the corresponding yields can be optimized [23,24].



Extrusion also provides a platform for the synthesis of heterogeneous catalysts with tailored functionalities, where different precursors or additives are incorporated into each other during the (extrusion) process, to achieve nanocomposites and hybrid materials with improved mechanical strength and enhanced surface reactivity. Excellent examples have been described in the preparation of the supported metal nanoparticles used to catalyzed C-C bond forming and cross-coupling reactions via extrusion [25]. Among the most renowned strategies for C-C bond formation, the Suzuki-Miyaura cross-coupling reaction has gained significant attention in recent years for its environmentally friendly nature. The sustainability of the reaction can indeed be optimized through several key considerations. One approach is based on the use of green and renewable solvents such as water, ethanol, and bio-based derivatives or, alternatively, on solvent-less procedures. The latter, for instance, can be achieved through mechanochemical methods such as extrusion. Additionally, the design of recyclable and reusable heterogeneous catalysts can greatly reduce the carbon footprint of the reaction and improve the cost efficiency. Promising results have already been reported with cheap and non-toxic catalysts based on non-endangered metals such as nickel and copper [26,27,28,29,30]. However, Pd-based catalysts continue to be recognized as some of the most popular systems for the Suzuki-Miyaura cross-coupling [31,32,33,34]. Herein, a mechanochemical approach through extrusion was designed through the preparation of such catalytic materials by using palladium acetate as a metal precursor, ethylene glycol as a green reducing agent, and chitin for the synthesis of the catalyst support [35]. Chitin was selected not only for its natural abundance, but also for its high content of nitrogen, which made it an excellent candidate to produce N-doped carbons [36,37,38]. Notably, such (N-doped) carbons can serve as catalysts by themselves, for base-catalyzed reactions and/or facilitate the incorporation and dispersion of metal entities, mostly thanks to the presence of pyridinic surface groups.




2. Materials and Methods


Materials and equipment. Iodobenzene, phenylboronic acid, K2CO3, Na2CO3, ethylene glycol, ethanol, 2-propanol, chitin, and Pd(Ac)2 were commercially available compounds sourced from Sigma-Aldrich. If not otherwise specified, reagents and solvents were employed without further purification. Gas Chromatography-Mass Spectrometry (GC-MS) (Electron Ionization (EI), 70 eV) analyses were performed on a HP5-MS capillary column (L = 30 m, Ø = 0.32 mm, film = 0.25 mm). GC (flame ionization detector; FID) analyses were performed with an Elite-624 capillary column (L = 30 m, Ø = 0.32 mm, film = 1.8 mm). All reactions were performed in duplicate to verify reproducibility.



Synthesis of supported palladium nanoparticles on chitin-derived N-doped carbonaceous materials. The materials were prepared following a mechanochemical trough extrusion approach employing chitin (5 g) with a Pd(Ac)2 (0.5 mmol) and ethylene glycol (15 mL). The mixture was extruded at 200 °C and at 50 rpm. The resulting material was oven dried at 100 °C under vacuum overnight and further employed in the catalytic tests. In addition, a thermal treatment at 500 °C (heating rate was 5 °C/min) for 1 h under N2 flow (10 mL min−1) for 1 h was carried out and the resulting material was also tested for comparison. The syntheses were performed, also adding Na2CO3 (0.5 mmol) under the conditions previously described.



Material Characterization. The crystalline structure of the samples was investigated by X-ray Diffraction (XRD) in the D8 Advance diffractometer of Bruker® AXS (Berlin, Germany), using the X-ray source of the Cu Kα radiation, coupled to a Lynxeye detector, and monitoring the 2θ within 8–80° at a rate of 0.08° min−1. The textural properties, i.e., surface area, the volume of the pore, and pore size were determined from N2 physisorption at 77 K, performed in ASAP 2000 equipment from Micromeritics® (Norcross, GA, USA). The samples were outgassed at 120 °C for 2 h. Then, adsorption–desorption isotherms were recorded at −196 °C. The specific surface areas were calculated by the BET method; the pore volumes were calculated from adsorption isotherms and the pore size distributions were estimated using the Barrett, Joyner, and Halenda (BJH) algorithm available as a built-in software from Micromeritics. ICP-OES analysis was carried out in the Avio 550 Max ICP-OES Optical Emission Spectrometer.



Typical CF-Mechanochemical Suzuki-Miyaura cross-coupling reaction. The performance of the catalysts was evaluated under mechanochemical continuous flow conditions in the ZE 12 HMI extruder from Three Tec. In a typical reaction, iodobenzene (2 mmol); PhB(OH)2 (3 mmol); K2CO3 (4 mmol), and the selected catalysts (40 mg) were extruded at 80 °C, 50 rpm, with a residence time of 1 h. Conversion and selectivity were determined by GC-FID and the product structures were assigned by GC-MS. Characterization data are available in the SI Section, Figures S1–S4.




3. Results and Discussion


The preparation of the catalysts through extrusion was carried out according to the procedure schematized in Figure 1. The experimental parameters were chosen based on the previous experience of our research group on the mechanochemical synthesis of nanomaterials [1,39,40]. A suspension of palladium acetate (0.50 mmol, 112 mg), ethylene glycol (15 mL, 0.26 mol), and chitin (5 g) was fed to a mini-extruder (ZE 12 HMI extruder from Three Tec., Seon, Switzerland) heated to 200 °C, whose conveying screws were set to 50 rpm at a torque of 2 Nm. At the end of the extrusion segment, a material in the form of small cylindrical pieces (ca 1 mm diameter) was recovered and used either as such or after a thermal treatment at 500 °C under N2 atmosphere, to catalyze C-C bond forming reactions as Suzuki-Miyaura cross-couplings (see below). A variation of this procedure was designed by adding Na2CO3 (53 mg, 0.5 mmol) to the reacting mixture in order to enhance the basic properties of the sample. Overall, the four prepared materials were labelled as: Pd-chitin and Pd-chitin-500, in order to describe the catalysts achieved without and with calcination in the absence of a base, respectively, and Pd-chitin-Na2CO3 and Pd-chitin-Na2CO3-500, in order to describe the catalysts obtained without and with calcination in the presence of Na2CO3, respectively.



The crystal structure and arrangement of the samples were evaluated by XRD analysis. Figure 2A depicts the XRD patterns of the samples before the thermal treatment, while Figure 2B shows the results for the calcined samples. The Pd-chitin and Pd-chitin-Na2CO3 materials displayed the typical diffraction peaks of chitin at ca. 10, 20, 21, 23, and 26°, related to the (020), (110), (120), (101), and (130) crystallographic planes, respectively [41,42]. The overlapping of a wide peak observed in the region between 20 and 30° was most likely due to the presence of amorphous carbon formed during the mechanochemical synthesis of 200 °C. In addition, the presence of a signal at 39° indicated the (successful) reduction of palladium (II) and the formation Pd(0) nanoparticles. In Figure 2B, instead, the complete disappearance of the typical chitin peaks, and the simultaneous presence of a wide signal at ca. 24°, were consistent with the decomposition of chitin into amorphous carbon due to the thermal treatment at 500 °C. The sharp and well-defined crystallographic peaks at 39, 47, and 68° were attributed to the (111), (200), and (220) crystallographic planes of Pd(0), respectively [43,44,45].



For comparison, the SI section reports the XRD data for commercial chitin, while the XRD diffraction patterns of palladium acetate and Na2CO3 are available in the literature [46,47].



The two calcined samples with and without the base, which presented consistent and clearer Pd diffraction signals, were further characterized. The results are reported in Table 1. From the XRD diffraction patterns, metal particle sizes of (6.7 ± 0.5) and (9.7 ± 0.5) nm for Pd-chitin-500 and Pd-chitin-Na2CO3-500, respectively, were calculated using the Scherrer equation [48,49]. The palladium loading, determined by ICP-MS, was around 4 mg gcatalyst−1 for both samples. The textural properties including surface area, pore volume, and pore size were investigated by N2-physisorption. Figure 3 displays the result for Pd-chitin-500. A type IV isotherm and type II adsorption hysteresis were representative of the formation of a mesoporous material. The same held true for Pd-chitin-Na2CO3-500. Both samples exhibited a remarkably high surface area of 452–498 m2g−1, while the range of pore diameter (4.9–5.3 nm) further proved the occurrence of mesoporous solids.



The smaller size of palladium particles in Pd-chitin-Na2CO3-500 was correlated to an occlusion phenomenon in the carbonaceous matrix, which plausibly led to a higher mean pore diameter and a slightly lower surface area, in comparison with the Pd-chitin analogue.



Overall, the characterization studies confirmed the suitability of the mechanochemically assisted protocol for the preparation of supported metal nanoparticles on a mesoporous N-doped carbon-base matrix [50,51].



A well-known C-C bond-forming reaction, such as Suzuki-Miyaura cross-coupling, was selected as a model to test the activity of the Pd-based materials. The same approach used for the synthesis of the catalysts, i.e., mechanochemistry based on extrusion, was considered to carry out the reactions. Figure 4 summarizes the design of the experiments. A mixture of phenyl boronic acid (366 mg, 3 mmol), iodobenzene (408 mg, 2 mmol), and the Pd-based catalyst (40 mg) was fed to a mini-extruder heated to 80 °C, the conveying screws of which were set to 50 rpm at a torque of 2 Nm. The residence time was 1 h. Other tests were performed by adding K2CO3 (53 mg, 0.5 mmol). The use of an extra base reactant is reported by most, if not all, protocols for the Suzuki-Miyaura process. The extrudate was collected in the form of a solid. A portion of this material (100 mg) was rinsed with ethanol as a solvent (5 mL). The resulting solution was analyzed by GC-FID and GC-MS to evaluate the conversion and the selectivity, and to assign the structure of the products. The most representative results are reported in Table 2.



All reactions provided the expected product, biphenyl, with >99% selectivity (setails on the characterization of the product are in the SI section), though the conversion was largely affected by the experimental conditions. The reaction outcome was not satisfactory without an added base (entries 1–3); regardless of the use of calcined or not calcined catalysts and the presence/absence of Na2CO3 incorporated in the samples, the cross-coupling proceeded to a very limited extent, with a conversion not exceeding 10%. The catalyst preparation was modified using K2CO3 in place of Na2CO3. This change, however, did not impact on the reaction outcome; the activity of the newly prepared sample was as low as that of Pd-chitin-Na2CO3-500. In the presence of K2CO3 as an extra base, however, the conversion of iodobenzene was remarkably improved to 73 and 81% using Pd-chitin and Pd-chitin-500, respectively, with an overall biphenyl productivity of up to 41 mmol gcat−1 h−1 (entries 4 and 5). This clearly confirmed the role of excess (free) base for the cross-coupling process. According to the most accepted mechanistic hypothesis, the base assists the activation of boronic acid, enabling a Pd-B transmetallation step which is critical for the C-C bond formation. Although there are still uncertainties about the occurrence of such a step, a plausible pathway has been proposed whereby the reaction of the base with the organoboron compound produces an anionic organoboronate species which, in turn, performs a nucleophilic attack on a Pd-halide intermediate [52,53].



Overall, our findings not only proved the suitability of the extrusion-assisted protocol to perform the reaction, but it demonstrated that: (i) the base fundamental for the reaction was effective only when added as such and could in no way be made available by incorporating it in the solid catalyst; (ii) the basic sites on the N-doped carbon used as a support were moderately, if at all, involved in the investigated cross-coupling process; and (iii) the calcined catalysts performed slightly better than non-calcined ones. This was highlighted once the reaction took place at a substantial conversion (≥70%) and was even corroborated by the behavior of Pd-chitin-Na2CO3-500 (calcined) sample, of which a 78% conversion was reached (entry 6), thereby suggesting that the thermal activation used to prepare the former (calcined) samples made the metal nanoparticles dispersed on them more accessible and active for catalysis. An additional test was carried out by employing Pd(OAc)2 (4 mg) as a catalyst in place of Pd-chitin-500, though the iodobenzene:Pd molar ratio was kept unaltered. Other conditions can be seen in Table 2 (80 °C, 50 rpm, residence time 1 h). The reaction proceeded with both quantitative conversion and selectivity, thereby indicating (as expected) that the availability of the active sites on the acetate complex was superior to that of the heterogenous system. The use of Pd(OAc)2, however, suffered from the well-known disadvantages associated to homogeneous catalysts including the very difficult separation from the product and the virtually impossible reuse for subsequent reactions. For comparison, this last aspect (catalyst recycle) was explored with the heterogenous Pd-chitin-500 system. Under the conditions of entry 5 in Table 2, once the reaction was complete, the catalyst was washed, dried, and reused without any further treatment, and a second reaction was run in exactly the same way as the first one (entry 5). The recycle test confirmed that Pd-chitin-500 preserved its original activity yielding an iodobenzene conversion and a biphenyl selectivity of 79% and >99%, respectively. Moreover, the stability of the used catalyst was examined by comparing its Pd content to that of the fresh catalyst: ICP-OES analyses proved that a negligible metal leaching (<5%) occurred (4.1 and 4.3 mgPd g−1, for the used and the fresh catalyst, respectively).



Pd-chitin-500 was also tested using bromobenzene and chlorobenzene in place of iodobenzene as a reactant. Under the conditions of entry 5, however, the reactions showed a negligible conversion (ca. 5%) consistent with the general effect of the halide as a leaving group in the Suzuki-Miyaura cross-coupling reactions [52]. Thereafter, to gather further information on the general applicability of the protocol, the organoborane reaction partner was changed. An additional experiment was run by coupling iodobenzene with m-tolylboronic acid in place of phenylboronic acid. The test was successful; the conversion was 75% and the selectivity towards the desired product, 3-methyl-1,1′-biphenyl, was 95% (details on the characterization of the product are in the SI section). This proved that, under the reactive extrusion conditions, the onset of secondary reactions, such as the homocoupling of aryl boronic acids, was not significant.



An additional experiment was designed to test the activity of Pd-chitin-500 also under conventional batch conditions. Accordingly, the same reactants mixture used in Table 2 [phenyl boronic acid (43 mg, 0.35 mmol), iodobenzene (51 mg, 0.25 mmol), K2CO3 (70 mg, 0.50 mmol), and the catalyst (10 mg)] was set to react in a 10 mL glass flask, at 80 °C for 1 h, using ethanol (3 mL) as the solvent. The reaction proceeded with complete selectivity to biphenyl, but the reaction conversion was only 58%, ca. 25% lower than that achieved under the reactive extrusion conditions of entry 5 in Table 2. This result, plausibly due to a solvation/dilution effect, highlighted the higher efficiency of the mechanochemical approach compared to traditional procedures in a solution.




4. Conclusions


Mechanochemistry is among the strategies working towards the innovative design of sustainable and cost-efficient synthetic processes. This contribution provides a proof of concept aimed at expanding the applications in this field, using the reactive extrusion that combines the potential of mechanochemistry with the benefits of continuous-flow processes. Albeit at an early stage, the research communication proposed here offers the reliability and reproducibility that demonstrate the suitability of extrusion methods for both the preparation of nanostructured catalysts and the implementation of remarkable catalytic processes for the C-C bond-forming reactions. Supported Pd-based nanoparticles with excellent textural properties (surface area up to 498 m2 g−1) were prepared via mechanochemistry, in the absence of solvents. Such materials have proven active for the Suzuki-Miyaura cross-coupling of aryl boronic acid with iodobenzene, achieving conversion and selectivity values of up to 81% and 99%, respectively, and a productivity on the desired coupling products of up to 41 mmol g−1 h−1, making them amenable for further scaled up studies of the process.
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Figure 1. Schematic representation of the mechanochemically assisted synthesis of catalytic materials. 
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Figure 2. XRD pattern of the catalytic materials (A): before and (B): after calcination. 
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Figure 3. N2 physisorption isotherm of Pd-chitin-500 sample. 
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Figure 4. The design of the mechanochemically assisted catalytic Suzuki-Miyaura cross-coupling reaction. 
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Table 1. Textural properties, particle size, and palladium content of the catalytic materials.
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	Material
	SBET [m2g−1] a
	DBJH (nm) b
	VBJH [cm3/g] c
	Pd conc./mg g−1 d
	Pd Particle Size (nm) e





	Pd-chitin-500
	498
	4.9
	0.61
	4.3
	9.7



	Pd-chitin-Na2CO3-500
	452
	5.3
	0.53
	3.9
	6.7







aSBET: specific surface area was calculated using the Brunauer-Emmett-Teller (BET) equation. bDBJH: mean pore size diameter was calculated using the Barret-Joyner-Halenda (BJH) equation. cVBJH: pore volumes were calculated using the Barret-Joyner-Halenda (BJH) equation. Pd concentrations were determined by d ICP-OES and e Pd particle size was calculated using XRD analyses employing the Scherrer Equation.
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Table 2. The Suzuki-Miyaura cross-coupling under mechanochemistry conditions based on extrusion.
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	Entry
	Catalyst
	Base
	Conversion (%) a
	Selectivity (%) b





	1
	Pd-chitin-500
	/
	<10
	>99



	2
	Pd-chitin-Na2CO3
	/
	<10
	>99



	3
	Pd-chitin-Na2CO3-500
	/
	<10
	>99



	4
	Pd-chitin
	K2CO3
	73
	>99



	5
	Pd-chitin-500
	K2CO3
	81
	>99



	6
	Pd-chitin-Na2CO3-500
	K2CO3
	78
	>99







Reaction conditions: Iodobenzene (2 mmol); PhB(OH)2 (3 mmol); K2CO3 (4 mmol); Catalysts amount: 40 mg, 80 °C, 50 rpm, residence time 1 h. a,b Conversion of iodobenzene and selectivity to biphenyl were determined by GC. The best catalytic result is highlighted in bold.
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