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Abstract

:

Oxidative reactions often require unstable and environmentally harmful oxidants; therefore, the investigation of safer alternatives is urgent. Here, the hydroxylation of aryl boronic acid in the presence of Co-complexes is demonstrated. Tetrakis(4-carboxyphenyl) Co(II)-porphyrin was combined with biodegradable polymers such as chitosan catalyzed hydroxylation of phenyl boronic acids to form phenol derivatives under blue-light irradiation. This catalytic system can be used as an eco-friendly oxidation process that does not release oxidizing agents into the atmosphere.
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1. Introduction


Oxidation reactions are abundant and necessary to form important useful intermediates in the laboratory, commonly by using unstable oxidants such as hydrogen peroxide [1], oxone [2], NaClO2 [3], N-oxide, mCPBA [4] and hypervalent iodine [5]. Methylene blue has also been used as a photosensitizer under aerobic conditions for oxidative hydroxylation [6,7,8]. Recently, there has been increased attention within the industry on eco-friendly oxidation processes and their development. In pursuit of this effort, new and advanced oxidation reactions that are safer, faster and more environmentally friendly have been developed [9]. For example, eco-friendly oxidation processes have been developed and used significantly in the field of modern organic synthesis [10]. Cozzi et al. studied the green methodology for hydroxylation of aryl boronic acid in open air using two equivalents of sodium ascorbate [11]. The combination of sodium ascorbate with atmospheric oxygen produced hydrogen peroxide, which was able to oxidize arylboronic acid [12,13].



The synthesis of phenols has received much attention in recent studies because of its importance as a starting material and structural constituent of pharmaceuticals, polymers, versatile intermediate building blocks [14] and natural products [15,16,17]. Mulakayala et al. reported the preparation of phenols from aryl boronic acids by treatment with hydrogen peroxide in the presence of Amberlite IR-120 resin; the reaction was conducted at room temperature in the absence of an organic solvent [18]. Under these conditions, catalytic hydroxylation in water promoted by complexes with recyclable ligands is highly desirable [19]. Alternatively, molecular or atmospheric oxygen can be used as an eco-friendly oxidant but poses a considerable challenge because of its relatively weak oxidation characteristics. Obtaining fast kinetics and high yields under these conditions requires an efficient catalytic system with complicated ligands, which requires a long time to complete the reactions [20]. Co(II)-porphyrin was chosen as a good catalyst because it has a higher ability to bind towards O2 in aqueous solution besides the stability and long-lifetime phosphorescence compared to Cu(II) that has a far shorter lifetime phosphorescence [21,22].



Metalloporphyrins are biomimetic catalysts that have gained popularity because of their distinctive catalytic activities coupled with environmental stability [23,24]. The development of metalloporphyrin as a good catalyst has been demonstrated in several synthetic transformations that are of great interest for oxidation, such as via C–H activation of alkanes, epoxidation of alkenes and sulfoxidation of sulfides with oxygen molecules or under aerobic conditions possibly via radical-chain mechanisms [25,26]. In particular, immobilized porphyrins with bioavailable, nontoxic and antimicrobial polymers such as chitosan and polyaniline (PANI) have promising biomedical applications and demonstrated chemical stability [27]. Poltowicz et al. reported the increase of catalytic activity of Fe, Mn and Co porphyrins by supporting polyaniline as a catalyst in co-oxidation of styrene and isobutyraldehyde by gas phase oxygen [28]. The combination of polyaniline with porphyrin would further broaden its application range, especially in gas sensors, solid dye-sensitized solar cell (DSSC), powerful catalyst and fluorescence properties, as well as photocatalysis application [29,30,31]. Decreasing the environmental impact by immobilized metalloporphyrin on chitosan was a catalyst in the oxidation of ethylbenzene to produce less pollution reaction [32]. Chitosan, cheap and eco-friendly, was used to increase the catalytic activity of porphyrin [33].



Recently, it was reported that Co(II)-porphyrin catalysts effectively promoted oxidation of azo dye Orange II in the presence of hydrogen peroxide and led to mineralization in an aqueous solution [34]. Furthermore, Co(II)-porphyrin was so effective that it was used as a catalyst in the oxidation of azo dyes to water and carbon dioxide via hydroxyl radical active species [35].



Photoredox processes are also attractive as sustainable methods and have received much attention in the catalytic activation of organic molecules [36]. These methods depend on metal complexes with photosensitizers to engage in a single-electron transfer (SET) for photoexcitation processes under irradiation of visible light. Despite stoichiometric changes to the catalytic protocol, most of these reactions often have disadvantages such as intrinsic toxicity and energy consumption for the removal of the complexes [37] and require specific conditions such as the elimination of air, moisture and impurities [38]. The superoxide radical anion generated from the photoredox cycle can oxidize the arylboronic acid because of its Lewis acidity, which arises from the boron atom that has vacant p-orbital, the reaction proceeds promoted by [Ru(bpy)3Cl2]·6H2O in the presence of TEA (trietyhlamine) under irradiation visible light [14].



Because they are one of the more efficient photocatalytic systems, use of porphyrins has also been developed in sustainable flow processes [34]. In this context, we developed oxidative reactions catalyzed by Co(II)-porphyrin under blue-light irradiation to form useful molecules. We reported a new method for the oxidative hydroxylation of aryl boronic acids to phenols in air, promoted by Co(II)-porphyrins combined with biodegradable polymers as an eco-friendly catalyst (Scheme 1). We focused on Co(II)-porphyrins immobilized to chitosan or polyaniline because of the ease of synthesis and stability for photo-irradiation processes.




2. Results and Discussion


The reaction proceeded through treatment of phenyl boronic acid in a basic aqueous solution at room temperature under irradiation of blue light (523 nm) and exposed to air (Figure 1). A range of catalysts, additives and solvents were used, and the reaction time and yield were measured. The results are shown in Table 1.



In the absence of a catalyst and additives, no reaction proceeded at all, and the substrate was recovered quantitatively (entry 1, Table 1). It was revealed that phenyl boronic acid cannot be decomposed under blue-light irradiation conditions alone. Transition metal catalysts and triethylamine as a sacrificial reagent to promote the oxidation processes were then tested; 0.3 mol% of Co(II)-porphyrin served as an effective catalytic system to provide phenol from phenyl boronic acid (entries 2–5, Table 1). Oxidative hydroxylation did not occur in the absence of porphyrin. Substituents on the porphyrin ligand of Co(II)-catalysts were greatly affected by blue-light irradiation in air (entries 5–7, Table 1). Carboxylic acid substituted porphyrin (Co-TCPP, R = CO2H) efficiently achieved the oxidation reaction and produced the best yield (entry 7, Table 1). No reaction occurred in the absence of TEA, as it is responsible for energy transfer from the activated Co(II)-porphyrin species as an electron donor to form a Co(I)-porphyrin species. This optimized result shows that the solubility of the catalyst influences the yield of oxidation reactions in the homogeneous catalytic system.



The oxidation reactions considered were expanded to include more eco-friendly systems. We investigated the reactions promoted by Co(II)-porphyrin catalysts combined with a polymer as a sustainable solid phase method (entries 8–15, Table 1). Polyaniline and chitosan immobilized to Co(II)-porphyrin were employed as the practical photosensitizer. Modest yields of the desired product were obtained using water as the solvent (entry 11, Table 1). Almost no reaction proceeded using dry pyridine, dimethylformaldehyde (DMF) and MeCN without water. These results suggest that the hydroxyl group of water plays an important role in the hydroxylation processes [39]. The highest yield was obtained using Co(II)-porphyrin/polyaniline hydrochloride (Co(II)TCPP/PANI) as the solid phase catalyst under the standard conditions using a MeCN:H2O solvent in a 4:1 ratio (entry 12, Table 1). Co(II)-porphyrin/chitosan complex (Co(II)TCPP/Cts) could also be used effectively to obtain the desired product (entry 13, Table 1). Although the hydroxylations of phenyl boronic acid proceeded efficiently using Co(II)TCPP/PANI and Co(II)TCPP/Cts in high yields, the isolation of the product for homogeneous Co(II)TCPP/Cts complex was very difficult [40]. The heterogeneous system gave higher yield and easier isolation, so further studies were undertaken using the Co(II)TCPP/PANI catalytic system. A total of 0.2 mol% of Co(II)-porphyrin catalyst provided the desired product in 30% yield under similar conditions, so that the concentration should be increased until the higher yield of 0.3 mol% catalyst loading. Higher concentration of porphyrin in more than 0.3 mol% would cause a decrease in the adsorption of other starting material on the polymer surface due to the aggregation of porphyrin. When the concentration of Co(II)-porphyrin catalyst increased as the aggregation form of porphyrin, it seemed to be less reactive than the monomeric form [41,42].



These collected results suggest that the photosensitizer, blue light and atmospheric air are essential for the reaction. No reaction proceeded under nitrogen atmosphere and in the natural light (in the absence of blue light) (entries 14 and 15, Table 1). As the porphyrins absorbed intensely in the Soret region (around 435 nm) and partially in the Q region (around 500−600 nm), we carried out all hydroxylation reactions under blue LED light (435−600 nm) [43,44]. While similar oxidation reactions from phenyl boronic acid to phenol have been reported elsewhere [45,46,47], the toxicity of hydrogen peroxide, longer reaction times (from 24 h to several days) and higher temperatures make them less-efficient reactions and less eco-friendly [48,49]. The protocol developed here using a Co(II)-porphyrin system showed higher yields within 6 h and mild reaction conditions (room temperature and under the atmosphere) and could be used as an environmentally friendly, reusable catalyst for oxidative hydroxylation transformations.



Boronic acids with other functional groups were examined under similar catalytic conditions; the results are shown in Table 2 (Figure 2). Monomethyl- and trimethyl-substituted phenylboronic acids gave the corresponding substituted phenols within 4–6 h and with yields above 90% (entries 2 and 3, Table 2). p-Bromophenyl boronic acid was tolerated to form the oxidized product, and the hydroxylation reaction proceeded without any observable debromination under blue-light irradiation. The 1-Naphthylboronic acid gave the desired 1-naphthol in high yield under 4 h at similar conditions (entry 5, Table 2). Thus, Co(II)TCPP supported on polyaniline served as a sufficient and suitable catalytic system to form the functionalized substituted phenols and naphthol in air without any oxidizing agents. The products were isolated and characterized by 1H NMR, 13C NMR, and mass spectrometry, and these data are reported in Supporting Information.



Although it is premature to draw conclusions regarding the reaction mechanism at present, a plausible mechanism is presented in Scheme 2. The Co(II)-porphyrin catalyst is excited by irradiation of blue light at 523 nm and undergoes a single-electron transfer (SET) accompanied by the generation of an activated Co(II)-porphyrin species. Energy transferred from the Co(II)-porphyrin in its excited state species with triethylamine as an electron donor causes the formation of a Co(I)-porphyrin species, then accelerates the reduction of oxygen to give a superoxide radical anion (O2•−) species. The oxidative hydroxylation of aryl boronic acid might proceed via the coupling reaction of boronic acid with the superoxide radical anion through photoredox processes in air. Subsequently, the formed superhydroxy anion combines with the boronic acids at the vacant p-orbital to afford the superhydroxy borate intermediate and accompanying reduction by triethylamine to the iminium cation, and Co(II)-porphyrin could then be regenerated [45]. The hydroxylation process would be completed by migratory insertion of the hydroxyl anion to form triaryl borate followed by hydrolysis to give rise to the corresponding phenol derivatives [46].




3. Materials and Methods


3.1. Preparation of Meso-Tetraphenylporphyrin H2(TPP)


Benzaldehyde (4 mL, 40 mmol) was added to 150 mL propionic acid and then heated to 80 °C in a three-neck round flask. Pyrrole (2.8 mL, 40 mmol) was added to the mixture over a 15-min period before the temperature was increased to 180 °C. After 1 h, the reaction mixture was cooled to room temperature and filtered. The solid residue was washed with hot water and methanol. After drying under reduced pressure, the desired product was obtained in 50% as a purple crystal.




3.2. Preparation of 5,10,15,20-Tetrakis[4-(methoxycarbonyl)phenyl]porphyrin H2(TMCPP)


p-Methoxycarbonyl benzaldehyde (1.312 g, 8 mmol) was added to 100 mL propionic acid and stirred at 80 °C in a three-neck round flask. Pyrrole (0.56 mL, 8 mmol) was added to the mixture over a 15-min period before the temperature was increased to 140 °C. After 1 h, the reaction mixture was cooled to room temperature under the air atmosphere. The reaction solution was filtered and washed with hot water and methanol to remove adsorbed acid. Purple crystals were obtained in 40% after purification by thin-layer chromatography with silica gel-coated glass plates using methylene chloride as the eluent.




3.3. Preparation of 5,10,15,20-Tetrakis(4-carboxyphenyl)porphyrin H2(TCPP)


H2(TMCPP) (0.12 mmol) was dissolved in 5 mL trifluoroacetic acid, 2.5 mL HCl (35%) was added to the solution and the mixture was stirred at 85 °C for 36 h. The reaction mixture was diluted with cold water to give a green precipitate that was then filtered and washed with water and CH2Cl2 three times to remove unreacted H2(TMCPP). The green solid was dissolved in 10 mL pyridine, filtered, and evaporated after washing with water and CH2Cl2 to give an 80% yield of H2(TCPP) as purple powder.




3.4. Metallation of Porphyrins


Co(II)TPP, Co(II)TMCPP and Co(II)TCPP were prepared by the reaction of H2(TPP), H2(TMCPP) and H2(TCPP) (1 mmol) with CoCl2·6H2O (6 mmol) in 150 mL dimethylformamide followed by refluxing for 6 h under a nitrogen atmosphere. After the solution was cooled to room temperature, the solvent was evaporated under vacuum. The residue was washed with water and dried under vacuum to give the corresponding Co(II)-porphyrins.




3.5. Preparation of Co(II)TCPP Immobilized on Chitosan (CTS)


In a three-neck round flask, a mixture of CTS (0.1 g) and diluted acetic acid (5 mL) was stirred at room temperature for 15 min. Then, 10 mL distilled water was added to form a colloidal solution. Next, 2.85 mol·L−1 NH3·H2O solution was added dropwise until the colloidal solution became neutral. Co-TCPP (0.05 g) was dissolved in ethanol (100 mL) and then slowly added to the reaction system. The solution was stirred for 24 h, and the reaction was stopped and filtered. A saturated NH4HCO3 solution was then added to the obtained pale-yellow colloid and stirred for 2 h. The mixture was filtered and dried under vacuum to obtain a Co-TCPP/p-CTS complex.




3.6. Preparation of Polyaniline Emeraldine Hydrochloride


Aniline hydrochloride (2.29 g, 20 mmol) was dissolved in 50 mL distilled water. Following that, ammonium peroxydisulfate (5.71 g, 25 mmol) was dissolved in distilled water (50 mL) and added dropwise to the aqueous solution of aniline hydrochloride at ambient temperature. After cooling for 1 h in an ice bath, the radical initiator was added very slowly and the polymerization reaction was left for 24 h at ambient temperature. After 24 h, the reaction mixture was filtered, and the precipitate was washed three times with aqueous HCl (0.2 M) and once with acetone. The green powder of polyaniline emeraldine hydrochloride was obtained after drying under atmospheric air [50,51,52].




3.7. General Method for Hydroxylation Reaction


3.7.1. Hydroxylation Reaction Catalyzed by Co(II)TPP, Co(II)TMCPP, Co(II)TCPP


A mixture of arylboronic acid (1 mmol), 0.3 mol% of catalyst in 5 mL of MeCN: H2O (4:1) and TEA (0.64 mL, 5.0 mmol) was added to the reaction mixture, and the mixture was stirred at room temperature under blue light.




3.7.2. Hydroxylation Reaction Catalysed by Co(II)TCPP Supported on Polyaniline


A mixture of (0.3 mol%) of Co(II)TCPP and (0.3 mol%) of prepared polyaniline was stirred for 15 min in 5 mL of MeCN:H2O (4:1) at pH 9 using NaOH solution until complete adsorption of catalyst on the polyaniline surface. Arylboronic acid (1 mmol) and TEA (0.64 mL, 5.0 mmol) were added to the reaction mixture and the mixture was stirred at room temperature under blue light.






4. Conclusions


Co(II)TCPP immobilized on chitosan or polyaniline were used as photoredox catalytic species for the oxidative hydroxylation of aryl boronic acids in the presence of triethylamine under blue-light irradiation. The immobilized porphyrins had the highest catalytic activity compared with the basic Co(II)-porphyrin. We developed eco-friendly reactions for the hydroxylation of phenyl boronic acid that does not require oxidizing agents. These photoredox catalytic protocols in the absence of harmful oxidizing agents could serve as new oxidation methods. The immobilized porphyrins on polyaniline were more investigated because improving the stability by site isolation prevents porphyrin aggregation and intermolecular self-oxidation. Moreover, Co(II)TCPP immobilized on chitosan or polyaniline could increase its photocatalytic activities as well as the total turnover frequencies (TOFs). More detailed investigations into the reaction mechanisms and the practical use for the recycling solid catalysts are ongoing.
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Scheme 1. Hydroxylation of arylboronic acid catalyzed by Co(II)-porphyrins. 
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Figure 1. Hydroxylation of phenylboronic acid catalyzed by Co(II)-porphyrins. 
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Figure 2. Hydroxylation of substituted arylboronic acids catalyzed by Co(II)TCPP/PANI. 






Figure 2. Hydroxylation of substituted arylboronic acids catalyzed by Co(II)TCPP/PANI.



[image: Catalysts 10 01262 g002]







[image: Catalysts 10 01262 sch002 550] 





Scheme 2. Plausible reaction mechanism for oxidation of phenyl boronic acid under irradiation of blue LED. 
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Table 1. Co-catalyzed hydroxylation of phenylboronic acid under irradiation 1.
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	Entry
	Catalyst
	Additives
	Solvent
	Time (h)
	Yield (%)





	1
	none
	none
	H2O
	12
	0



	2
	none
	H2O2
	CH3CN/H2O
	6
	18



	3
	Pd(OAc)2
	TEA
	CH3CN/H2O
	12
	0



	4
	H2TPP
	TEA
	CH3CN/H2O
	12
	0



	5
	Co-TPP
	TEA
	CH3CN/H2O
	12
	40



	6
	Co-TCMPP
	TEA
	CH3CN/H2O
	12
	60



	7
	Co-TCPP
	TEA
	CH3CN/H2O
	12
	70



	8
	Co-TPP/PANI
	TEA
	pyridine
	6
	0



	9
	Co-TPP/PANI
	TEA
	DMF
	6
	0



	10
	Co-TPP/PANI
	TEA
	CH3CN
	6
	0



	11
	Co-TPP/PANI
	TEA
	H2O
	6
	42



	12
	Co-TCPP/PANI
	TEA
	CH3CN/H2O
	6
	90



	13
	Co-TCPP/Cts
	TEA
	CH3CN/H2O
	6
	88



	14 2
	Co-TCPP/PANI
	TEA
	CH3CN/H2O
	6
	0



	15 3
	Co-TCPP/PANI
	TEA
	CH3CN/H2O
	6
	0







1 Reaction conditions: phenylboronic acid (1 mmol), TEA (5.0 mmol), catalyst (0.3 mol% of Co-TCPP, 0.3 mol% polyaniline) in 5 mL MeCN: H2O (4:1) at pH = 9 using NaOH (0.1N), blue light (523 nm), in air, r.t. 2 In the absence of blue light. 3 Under N2 atmosphere.
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Table 2. Co-catalyzed oxidation of substituted phenyl boronic acids.
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	Entry
	Boronic Acid (R1, R2, R3)
	Time (h)
	Yield (%)





	1
	Phenyl boronic acid (R1, R2, R3 = H)
	6
	90



	2
	p-Methylphenyl boronic acid (R2 = Me)
	4
	96



	3
	2,4,6-Trimethylphenyl boronic acid (R1, R2, R3 = Me)
	6
	92



	4
	p-Bromophenyl boronic acid (R2 = Br)
	12
	80



	5
	1-Naphthylboronic acid
	4
	95







Reaction conditions: arylboronic acid (1 mmol), TEA (5.0 mmol), catalyst (0.3 mol% of Co-TCPP, 0.3 mol% of polyaniline) in 5 mL MeCN: H2O (4:1) at pH = 9 using NaOH (0.1N), Visible Light, in air, at room temperature.
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