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Editorial on the Research Topic
 Sustainable Catalytic Production of Bio-Based Heteroatom-Containing Compounds



Organic synthesis is a versatile tool in the design and creation of desirable scaffolding molecules. These processes typically involve toxic and non-renewable starting materials as well as the formation of waste or byproducts. Biomass, on the other hand, is deemed as the most abundant organic carbon resource, and the development of sustainable approaches to producing valuable organic molecules from waste and biomass feedstocks is of great significance for alleviating environmental pollution, deterioration, and the greenhouse effect.

One of the prominent features of biomass is that it is rich in oxygen, the compounds it yields are typically functionalized with oxygen-containing species such as hydroxy, ether, carbonyl, carboxyl, and ester groups, which significantly enrich the product variety. Derived from these oxygen-rich bio-products, the catalytic functionalization of biomass derivatives with heteroatoms such as nitrogen, sulfur, phosphorus, and silicon can also be realized via specific reaction routes or pathways. These functionalized compounds are crucial core scaffolds or key intermediates in a wide range of pharmaceutical molecules, fiber dyes, and printing ink, which can also be directly used as solvents, surfactants, and so on.

This Research Topic presents a collection of original research and review articles on bio-based heteroatom-containing compounds, including green and facile production of biodiesel (Zhang et al.; Zhu et al.), chemical synthesis, structure, and the evaluation of the bioactivities of naturally occurring haedoxan-like molecules (Chen et al.), pyridylpyrazolamide derivatives containing pyrimidine motifs (Wu et al.), and bioflavonoid-metal complexes (Yao et al.). The Research Topic provides insights into the effect of Ni-ZSM-5 catalysts on biomass pyrolysis (Ding et al.), and into the catalytic strategies developed for depolymerization of cellulosic biomass to value-added products (Luo et al.; Liu et al.). The Research Topic also depicts the process of doping heteroatom in phosphor to improve the resulting luminescent properties of the material (Deng et al.).

An original research paper by Zhang et al. reports a simple and low-cost impregnation method for the facile preparation of metal-organic framework Cu-BTC-supported Sn (II)-substituted Keggin heteropoly nanocomposites (Sn1.5PW/Cu-BTC). The obtained Sn1.5PW/Cu-BTC nanocatalyst show high activity in the production of biodiesel from oleic acid through esterification, with relatively low apparent activation energy (Ea) of 38.3 kJ mol−1, and can be reused seven times with no significant loss of activity. Zhu et al. disclose that Donor-Acceptor (D-A) cyclopropanes can react with α,β-unsaturated enamide substrates via chemo- and diastereoselective (3 + 2) cycloaddition reaction under basic conditions for efficient access to spiro (cyclopentane-1,3'-indoline) derivatives, in which green, inexpensive, and readily available NaOH were used as the sole catalyst to promote this transformation. The authors expand a broad range of D-A cyclopropanes as the C-3 synthons to react with oxindole-derived α,β-unsaturated enamides, furnishing structurally sophisticated spiro(cyclopentane-1,3'-indoline) derivatives with up to 3 adjacent chiral centers in excellent yields as single diastereomers.

The work of Wu et al. reveals the antifungal and insecticidal activities of pyridylpyrazol amide derivatives containing a pyrimidine moiety, synthesized via six-step reactions, including hydrazidation, cyclization, bromination or chlorination, oxidation, hydrolyzation, and condensation. The antifungal properties of some title compounds against Sclerotinia sclerotiorum, Phytophthora infestans, Thanatephorus cucumeris, Gibberella zeae, Fusarium oxysporum, Cytospora mandshurica, Botryosphaeria dothidea, and Phompsis sp. are similar to those of Kresoxim-methyl or Pyrimethanil at 50 μg/mL. These synthesized compounds show a certain insecticidal activity against Spodoptera litura, Mythimna separata, Pyrausta nubilalis, Tetranychus urticae, Rhopalosiphum maidis, and Nilaparvata lugens at 200 μg/mL. Yao et al. evaluate the general synthetic procedures for bioflavonoid–metal complexes that are unstable in air-saturated alkaline solutions. All examined bioflavonoid–metal complex ligands (e.g., dihydromyricetin, myricetin, quercetin, daidzein, genistein, chrysin, baicalein, rutin hydrate, and kaempferol) dissolved in air-saturated alkaline solutions can generate [image: image] at different capacities, as demonstrated by electron paramagnetic resonance (EPR) analysis, indicating that the general procedures for the synthesis of bioflavonoid–metal complexes using a transition metal ion and an air-saturated alkaline solution may require improvement. Deng et al. uncover that doping GdAlO3 phosphors with Er3+/Yb3+/Tm3+, which were prepared by the co-precipitation method, can effectively adjust the up-conversion light performance, especially the white-emitting luminescence properties.

This Research Topic features several review articles with distinct scopes (Ding et al.; Luo et al.; Liu et al.; Chen et al.). Ding et al. mainly review the research progress of ZSM-5 zeolite supported Ni (Ni-ZSM-5) catalysts in pyrolysis and hydro-pyrolysis of biomass, including (i) the single metal Ni-ZSM-5-enabled catalytic conversion of biomass in the absence of hydrogen, (ii) Ni-ZSM-5-promoted biomass catalytic conversion in a hydrogen atmosphere, and (iii) biomass valorization using ZSM-5 supported bimetal catalysts composed of Ni and other metals. The authors focus on the recent investigation of Ni-modified microporous ZSM-5 materials used in catalytic pyrolysis of lignin and cellulose, covering applications of metal-modified hierarchical ZSM-5. Luo et al. provide a comprehensive view on state-of-the-art heteropoly acid (HPA)-based catalysts for the hydrolytic depolymerization of cellulosic biomass. With unique properties such as good solubility, high thermal stability, and strong acidity, HPA-based catalysts are revealed to be efficient for depolymerization and conversion of cellulose into valuable chemicals and biofuels, which is one of the most remarkable processes in chemistry for sustainability. The authors summarize the characteristics, advantages, and applications of HPAs in different categories for cellulose degradation and discuss the mechanisms of HPAs catalysts in the effective degradation of cellulosic biomass, which provides more avenues for the further development of renewed and robust HPAs utilized for cellulose degradation. Liu et al. illustrate the effects of biomass pretreatment method, catalyst texture/acidity, involved catalytic mechanisms, and different possible intermediates (e.g., diethyl ether, 4,5,5-triethoxypentan-2-one, ethoxymethylfuran, ethyl-D-fructofuranoside, and ethyl-D-glucopyranoside) on the catalytic transformation of biomass saccharides into alkyl levulinates (ALs), which have widespread applications like fuel additives, flavorings, plasticizing agents, and synthetic precursors to various building blocks. The authors disclose several typical conversion processes or routes for the synthesis of ALs from renewable resources, mainly including (i) direct esterification of levulinic acid with alkyl alcohols and (ii) alcoholysis of relevant biomass feedstocks, such as furfuryl alcohol, chloromethyl furfural, and saccharide. Chen et al. briefly introduce the chemical structures of naturally occurring haedoxan-like molecules that exhibit promising insecticidal, antifungal, antibacterial, and anticancer activities. The authors detail the synthetic efforts toward haedoxans and phrymarolins in the past three decades.

This Research Topic intends to enlighten researchers about more eco-friendly and sustainable synthetic procedures, shedding light on renewed catalytic strategies and routes developed for the production of bio-based heteroatom-containing compounds, indicating the enthusiasm and commitment of researchers working in this area.
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In the present study, metal-organic framework Cu-BTC-supported Sn (II)-substituted Keggin heteropoly nanocomposite (Sn1.5PW/Cu-BTC) was successfully prepared by a simple impregnation method and applied as a novel nanocatalyst for producing biodiesel from oleic acid (OA) through esterification. The nanocatalyst was characterized by Fourier transform infrared spectrometry (FTIR), wide-angle X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy (TEM), nitrogen adsorption-desorption, thermogravimetrics (TG), and NH3-temperature-programmed desorption (NH3-TPD). Accordingly, the synthesized nanocatalyst with a Sn1.5PW/Cu-BTC weight ratio of 1 exhibited a relatively large specific surface area, appropriate pore size, and high acidity. Moreover, an OA conversion of 87.7% was achieved under optimum reaction conditions. The nanocatalyst was reused seven times, and the OA conversion remained at more than 80% after three uses. Kinetic study showed that the esterification reaction followed first-order kinetics, and the activation energy (Ea) was calculated to be 38.3 kJ/mol.

Keywords: heteropolys, Cu-BTC, nanocomposites, esterification, biodiesel


INTRODUCTION

Nowadays, fossil fuel resource demand is expanding progressively due to industrial growth and constant population rise. Meanwhile, the utilization of fossil fuels along with environmental pollution and global warming has led to the consideration of alternative energy sources like biofuels (Bhanja and Bhaumik, 2016; Long et al., 2019; Negm et al., 2019; Xu et al., 2019; Li et al., 2020). Among the various biofuels, biodiesel is considered to be the most promising renewable fuel, possibly due to its biodegradable, non-toxic, and environmentally friendly features (Al-Saadi et al., 2018; Li H. et al., 2019). Further, the typical way of producing biodiesel is the catalytic esterification of free fatty acids or transesterification of triglyceride with an alcohol in the presence of a homogeneous/heterogeneous catalyst (Mahmoud, 2019). A homogeneous acid catalyst, such as HCl, H2SO4, or H3PO4, can catalyze esterification with high activity; however, the major drawbacks of homogeneous acid catalysts are the generation of a huge amount of chemical wastewater and the high cost for catalyst separation and non-reusability (Zhang et al., 2019a). Therefore, heterogeneous solid catalysts have been widely applied to catalyze the esterification reaction for biodiesel synthesis.

One option is to use hetropolyacids as strong Brønsted acid catalysts for catalytic esterification and transesterification reactions to produce biodiesel with high conversions (Talebian-Kiakalaieh et al., 2013; Sun et al., 2015; Xie and Wan, 2019a). Unfortunately, hetropolyacids have certain disadvantages, such as good solubility in polar media and a low surface area (Parida and Mallick, 2007; Ekinci and Oktar, 2019). Therefore, supporting hetropolyacids on porous supports is an interesting approach to produce heterogeneous catalysts, since it can provide high surface area and insolubility in the polar solvent.

Various types of supported hetropolyacid catalysts have been utilized. Montmorillonite K10 (Nandiwale and Bokade, 2014), Nb2O5 (da Conceiçao et al., 2017), and carbon (Ghubayra et al., 2019) can be used as supports, but they were more or less subject to the disadvantages of weak interaction between object and host, low stability, high-cost synthesis, etc. By contrast, metal-organic frameworks (MOFs) provide excellent support, having the features of stability, adjustable tunnels, ultra-high specific surface area, and high catalytic efficiency (Kang et al., 2019; Li D. D. et al., 2019). Examples are PTA@MIL-53 (Fe) (Nikseresht et al., 2017), AILs/HPW/UiO-66-2COOH (Xie and Wan, 2019b), and ZnFe2O4/MIL-100(Fe) (Hu et al., 2019). Meanwhile, our previous studies showed the esterification of oleic acid or lauric acid with methanol over silicotungstic acid and nickel salts of Keggin-type heteropolyacids encapsulated into metal-organic framework (UiO-66) hybrid nanocatalysts that had excellent activity and reusability (Zhang et al., 2019b, 2020).

To date, there have been no reports on carrying out esterification reaction for biodiesel production using metal-organic framework Cu-BTC-supported Sn (II)-substituted Keggin heteropolyacids as nanocatalysts. Thus, in this work, we successfully synthesized a series of nanocatalysts consisting of Sn (II)-substituted 12-tungstophosphoric acid on a Cu-BTC matrix (Sn1.5PW/Cu-BTC-x) at different ratios and used those nanocatalysts for producing biodiesel from OA with methanol. The characterization of synthesized nanocomposites was done using FTIR, XRD, SEM, TEM, nitrogen adsorption-desorption, TG, and NH3-TPD. Further, the effect of different reaction parameters such as the molar ratio of methanol to OA, amount of catalyst, and reaction time and temperature were investigated to optimize the esterification conditions. Kinetic studies of the OA esterification reaction over the Sn1.5PW/Cu-BTC nanocatalyst were studied. Finally, the reusability of those composites was also studied for seven successive runs.



EXPERIMENTAL SECTION


Materials and Synthesis

All chemicals were obtained from commercial sources and used without further purification. Copper (II) acetate monohydrate (Cu(CO2CH3)2·H2O, AR), 1,3,5-benzenetricarboxylic acid (H3-BTC) (AR), tin chloride dehydrate (SnCl2·2H2O, AR), and 12-tungstophosphoric acid (H3PW12O40, HPW, AR) were purchased from Shanghai Aladdin Industrial Inc. Oleic acid (OA, AR), N,N-dimethylformamide (DMF, AR), acetic acid (AR), absolute ethanol (AR), and anhydrous methanol (AR) were purchased from Sinopharm Chemical Reagent Co., Ltd.

Firstly, Sn1.5PW12O40 (Sn1.5PW) salts were prepared by stirring an aqueous solution containing the HPW and SnCl2 at room temperature for 3 h; then, the obtained mixture was dried overnight at 120°C, according to our previous reports (Zhang et al., 2019a). Second, Cu-BTC was prepared from 0.06 g of copper (II) acetate monohydrate and 0.6 g of acetic acid dissolved in 6 mL distilled water, and 0.16 g of H3-BTC dissolved in 6 mL of DMF was added dropwise from above the mixture solution. The resulting solution continued to be stirred for 3 h at room temperature. Then, the precipitate was collected by centrifugation and washed with 50 mL of hot ethanol two times and hot water once, and the blue powder was dried at 120°C for 12 h, according to the literature (Na et al., 2012). Finally, Cu-BTC-supported Sn (II)-substitute phosphotungstic acid catalysts were prepared by an impregnation method. Sn1.5PW (0.25, 0.50, and 0.75 g) and the framework of Cu-BTC (0.50 g) at certain weight ratios were mixed in water. The obtained mixture was treated by ultrasonication for 10 min and was stirred continuously for 8 h at room temperature, followed by centrifugation and washing with distilled water three times. The resulting material was dried overnight in an oven (120°C). The synthesized Sn1.5PW/Cu-BTC-x hybrids with different Sn1.5PW to Cu-BTC weight ratios of 0.5, 1, and 1.5 were identified as Sn1.5PW/Cu-BTC-0.5, Sn1.5PW/Cu-BTC-1, and Sn1.5PW/Cu-BTC-1.5, respectively.



Instrumentation

Fourier-transformed infrared spectroscopy (FTIR) spectra of the synthesized catalysts were obtained for powdered samples on KBr pellets using a PerkinElmer Spectrum 100 in the range of 400–4,000 cm−1. Wide-angle X-ray diffraction (XRD) patterns were recorded on a D8 ADVANCE (Germany) using CuKI (1.5406 Å) radiation to get insight into the composition of the catalysts. The morphology of the catalysts was obtained on a scanning electron microscope (SEM) at 2.0 kV (Hitachi S4800) and a transmission electron microscope (TEM) at 200 kV (FEI Tecnai G2 20). The BET surface area and pore size were determined based on nitrogen adsorption-desorption isotherms with a Quantachrome instrument (Quantachrome Instruments, Boynton Beach, USA). Thermogravimetric (TG) analysis was carried out in a NETZSCH/STA 409 PC Luxx simultaneous thermal analyzer; the samples were heated up from room temperature to 600°C at a heating rate of 5°C/min. The acidic properties of the Sn1.5PW/Cu-BTC-1 hybrid catalysts were characterized by temperature-programmed desorption (NH3-TPD) (Micromeritics AutoChem II 2920).



Catalytic Evaluation

Using a typical approach, the esterification of OA and methanol was performed in a 50-ml stainless-steel high-pressure autoclave reactor, and an appropriate amount of catalyst was charged into the autoclave reactor. Then, the reactor was preheated in an oil bath with a magnetic stirrer at an appropriate temperature for a specific time. After completion of the reaction period, all catalysts were recovered by centrifugation at 8,000 rpm for 5–7 min and washed by anhydrous methanol. In order to calculate the OA conversion, the reactants were purified in a rotary evaporator to remove water and residual methanol. The conversion of methyl oleate was estimated by measuring the acid value of feedstock and product, and the acid value was determined according to the method described in the ISO 660-2009 standard (Animal and vegetable fats and oils—determination of acid value and acidity).




RESULTS AND DISCUSSION


Catalyst Characterization

The Sn1.5PW, Cu-BTC, and Sn1.5PW/Cu-BTC-x hybrids were firstly characterized by wide-angle XRD (Figure 1). For the Sn1.5PW sample, the peaks at 10.5°, 14.8°, 18.2°, 20.8°, 23.3°, 25.7°, 29.7°, 35.4°, and 38.0° can be related to the Keggin unit of HPW (Pasha et al., 2019), indicating the intact Keggin ion in the Sn-exchanged HPW catalysts. According to the literature (Yang et al., 2015), the wide-angle XRD spectrum of the synthesized Cu-BTC was in perfect agreement with the spectrum of simulated Cu-BTC. After supporting Sn (II)-substituted Keggin HPW, all Sn1.5PW/Cu-BTC-x hybrids showed a decrease in the peak intensities of the Cu-BTC characteristic phase, and the XRD spectrum of Sn1.5PW could not be distinguished from the XRD spectra of Sn1.5PW/Cu-BTC hybrids, suggesting that the Sn1.5PW salts were relatively uniformly distributed on the surface of Cu-BTC cages. Interestingly, the peak intensities of Sn1.5PW/Cu-BTC-1 were much stronger than those of Sn1.5PW/Cu-BTC-0.5 and Sn1.5PW/Cu-BTC-1.5, which is probably due to the existence of interaction between the uniformly dispersed Sn1.5PW molecules and Cu-BTC matrix. These results showed that Sn1.5PW molecules were loaded on the surface of Cu-BTC nanocages through strong interaction.


[image: Figure 1]
FIGURE 1. Wide-angle XRD patterns of the Sn1.5PW, Cu-BTC, and Sn1.5PW/Cu-BTC-x hybrids.


The FTIR spectra of the HPW and Sn1.5PW samples were given in Figure S1. The FTIR spectra of HPW and Sn (II)-substituted HPW salts presented four characteristic peaks at 1,080, 982, 889, and 801 cm−1, which was correlated with the Keggin unit of HPW, in agreement with the literature (Zhang et al., 2016). Moreover, as can be seen in Figure 2, the FTIR spectra of all Sn1.5PW/Cu-BTC-x hybrids showed the peaks corresponding to Cu-BTC, the coordinated acac ligand showed peaks at 1,450 and 1,373 cm−1, and some characteristic peaks at 1,645 and 1,586 cm−1 were shifted to 1,621 and 1,571 cm−1, respectively, indicating strong interaction between Sn1.5PW and Cu-BTC nanoparticles. Surprisingly, the various Sn1.5PW concentrations for Sn1.5PW/Cu-BTC showed four peaks at 1,080, 982, 889, and 801 cm−1, respectively, further indicating that Sn1.5PW molecules were embedded around the surface of the Cu-BTC matrix. This also probably confirmed its stability and that it would suffer less leaching during the esterification reaction.


[image: Figure 2]
FIGURE 2. FTIR spectra of the Cu-BTC and Sn1.5PW/Cu-BTC-x hybrids.


Figure 3 shows the SEM images of the pure HPW, Sn1.5PW, Cu-BTC, and Sn1.5PW/Cu-BTC-x hybrids. The image of the pure HPW shows a large-blocked aggregate morphology. After Sn had been doped with HPW, the Sn1.5PW sample showed large nanoparticles of irregular shape and with a rough surface, indicating the successful exchange of protons by Sn ions, which was similar to our previously reported results (Cai et al., 2019). Moreover, Figure 3c shows a 100–200-nm size for the synthesized Cu-BTC nanoparticles, which are irregular octahedral crystals with low crystallinity and a similar morphology as observed by Na et al. (2012). When Sn1.5PW was supported on Cu-BTC nanoparticles, the octahedral morphologies were markedly improved, suggesting that the addition of Sn1.5PW can be a modulator. Of note, the images (Figures 3d–f) showed a gradual increase in the Sn1.5PW coating on the surface of Cu-BTC nanoparticles, and, at 0.5 g Sn1.5PW loading, the surface morphology of Sn1.5PW/Cu-BTC-1 was smooth, with no Sn1.5PW agglomeration. This observation might be due to the Cu-BTC matrix being completely coated. Meanwhile, compared to Sn1.5PW/Cu-BTC-0.5 and Sn1.5PW/Cu-BTC-1.5, the particle size of Sn1.5PW/Cu-BTC-1 hybrids, which was in a range of 100–250 nm, was lower; thus, the Sn1.5PW/Cu-BTC-1 hybrids possessed a high specific surface. Based on the above analyses, Sn1.5PW/Cu-BTC-1 was selected for further characterization.


[image: Figure 3]
FIGURE 3. SEM images of (a) pure HPW, (b) Sn1.5PW, (c) Cu-BTC, (d) Sn1.5PW/Cu-BTC-0.5, (e) Sn1.5PW/Cu-BTC-1, and (f) Sn1.5PW/Cu-BTC-1.5.


To visualize Sn1.5PW supported on Cu-BTC, TEM images of the Sn1.5PW/Cu-BTC-1 were acquired; these are shown in Figure 4. From Figure 4a, it can be seen that the Sn1.5PW/Cu-BTC-1 presented an octahedral shape, confirming that the framework of Cu-BTC was properly retained. As highlighted in Figures 4b,c, the edges became noticeably roughened, and this reveals that many small Sn1.5PW particles were relatively uniformly distributed on the edges, which is consistent with the XRD and SEM results.


[image: Figure 4]
FIGURE 4. (a–c) Typical TEM images of the Sn1.5PW/Cu-BTC-1 hybrids.


The N2 adsorption-desorption isotherms and BJH pore size distributions of Cu-BTC and Sn1.5PW/Cu-BTC-1 samples are shown in Figure 5. All samples show a type I isotherm, which revealed their microporous nature. Of note, the pore size distribution (Figure 5B) proved that the pores had an average diameter of 2–10 nm and a narrow size distribution. Moreover, the surface area decreased from 578.2 to 29.7 m2/g, and the average pore size increased from 2.38 to 7.11 nm for Cu-BTC and Sn1.5PW/Cu-BTC-1, respectively. The decrease in the BET surface area may be attributed to the presence of Sn1.5PW inside the Cu-BTC nanocages. The increase in the average pore size was probably due to a collapsed microporous structure, which was similar to previously reported results (Jeona et al., 2019). Meanwhile, the open cavities and relatively high specific surface area of Sn1.5PW/Cu-BTC-1 nanocomposites were retained, which made for the free diffusion of the reactants or products, consistent with SEM results.


[image: Figure 5]
FIGURE 5. (A) N2 adsorption-desorption isotherm plots and (B) pore size distributions of Cu-BTC and Sn1.5PW/Cu-BTC-1 samples.


The thermal stabilities of the Sn1.5PW, Cu-BTC, and Sn1.5PW/Cu-BTC-1 samples were established with TG analysis (Figure 6). The Sn1.5PW sample showed no significant decomposition, and only 6% mass loss was observed up to 600°C. For the Cu-BTC and Sn1.5PW/Cu-BTC-1 samples, the TG curve exhibited two stages of mass-loss, namely 40–250 and 250–400°C; these intervals can be associated with the release of physically adsorbed water on the surface of sample and bonded water from the crystal hydrates (Azmoon et al., 2019) and the decomposition of the Cu-BTC frameworks (Xie and Wan, 2018), respectively. Above 400°C, almost no obvious mass loss was observed in the TG curve. The results indicated that the prepared catalysts had better stability and could be employed as heterogeneous catalysts for the esterification reaction.


[image: Figure 6]
FIGURE 6. TG curves of Sn1.5PW, Cu-BTC, and Sn1.5PW/Cu-BTC-1 samples.


Figure 7 displays the NH3-TPD profiles of Sn1.5PW/Cu-BTC-1 nanocomposites. The minimum and maximum desorption temperatures of NH3 are 225 and 319°C. The acidity present is attributed to the surface acidity of Sn1.5PW. Based on these results, the nanocomposites possessed 24.6 mmol/g of total acidity. The results of NH3-TPD also show that the catalyst performance can be correlated with low and medium acidity strength. Therefore, the Sn1.5PW/Cu-BTC-1 nanocomposites exhibit higher catalytic activity in the OA esterification.


[image: Figure 7]
FIGURE 7. NH3-TPD patterns of Sn1.5PW/Cu-BTC-1 nanocomposite.




Catalytic Performance of Different Catalysts

The influence of the molar ratio of Sn1.5PW/Cu-BTC on the esterification of OA was studied at 160°C by using 0.2 g catalyst and a 1:20 OA to methanol molar ratio within 4 h of reaction time. The results in Figure 8 reveal that the OA conversion was enhanced with the increase of the Sn1.5PW/Cu-BTC ratio up to 1. The highest OA conversion was obtained by utilizing Sn1.5PW/Cu-BTC-1 and Sn1.5PW/Cu-BTC-1.5 at 5 h. Most probably, this increase in the catalytic activity can be attributed to its relatively large specific surface area and appropriate particle size. In order to save raw material and avoid Sn1.5PW agglomeration on the support surface, we used this Sn1.5PW/Cu-BTC-1 as the catalyst for further research.


[image: Figure 8]
FIGURE 8. Effects of various nanocatalysts for esterification of OA.




Effect of Esterification Conditions

Biodiesel was produced by esterification, which is a reversible reaction that converts the OA into methyl oleate (biodiesel) and water in the presence of a nanocatalyst such as the Sn1.5PW/Cu-BTC-1. The reaction temperature is one of the key parameters of the esterification reaction. Thus, the effect of temperature in the range 120–160°C on the esterification reaction of OA with methanol with Sn1.5PW/Cu-BTC-1 nanocatalyst was examined, and the results are presented in Figure 9. The results indicated that the OA conversion was improved with an increase in the temperature, which indicates that high temperature would improve the Sn1.5PW/Cu-BTC-1 catalytic activity due to the endothermic nature of the esterification reaction. When the temperature rose to 160°C, the OA conversion increased to 87.7% at 4 h. Moreover, the OA conversion was increased as the reaction time was increased from 1 to 4 h, but no significant increase in OA conversion was observed beyond 4 h until 5 h. Thus, the selected temperature and time for further studies were 160°C and 4 h, respectively.


[image: Figure 9]
FIGURE 9. Effect of reaction time and temperature. Reaction conditions: OA/methanol molar ratio 1:20, catalyst amount 0.2 g.


The OA to methanol molar ratio is one of the most important factors affecting the OA conversion and the cost of biodiesel production. Therefore, the effect of the OA to methanol molar ratio on OA esterification to biodiesel is shown in Figure 10A. Since esterification is a reversible reaction, high OA conversion could be achieved by using excess methanol in the reaction. It is evident that with the increase in the molar ratio of OA to methanol from 1:10 to 1:20, the OA conversion increased somewhat; however, no important change occurred as the molar ratio increased up to 1:30, and a large amount of methanol probably affected the OA conversion adversely, as the reactant was diluted and reduced the OA concentration (Nandiwale et al., 2013). Hence, the OA to methanol molar ratio was restricted to 1:20.


[image: Figure 10]
FIGURE 10. (A) Effect of the molar ratio of OA to methanol (reaction conditions: temperature 160°C, catalyst amount 0.2 g) and (B) catalyst amount (reaction conditions: temperature 160°C, OA/methanol molar ratio 1:20).


The study was further extended to the investigation of the effect of catalyst amount on the OA esterification reaction (Figure 10B). Under similar operating conditions, the OA conversion reached after 4 h of reaction was 60.9 and 87.7% using a Sn1.5PW/Cu-BTC-1 nanocatalyst amount of 0.15 and 0.20 g, respectively. This is attributed to the acceleration of the reaction rate by there being a larger number of active sites in the reaction mixture. However, when a catalyst amount of 0.25 g was used, an OA conversion of 87.2% was reached, remaining practically constant in comparison with a catalyst amount of 0.20 g. Thus, it is suggested that 0.2 g of Sn1.5PW/Cu-BTC-1 was the optimum amount, and this was used in the subsequent reactions.



Kinetic Studies of Biodiesel Production Using Sn1.5PW/Cu-BTC-1 Nanocatalyst

Kinetic study for the OA esterification process was conducted under optimal conditions for Sn1.5PW/Cu-BTC-1 at three different temperatures (120, 140, and 160°C). Because an excess amount of methanol was used, the reverse reaction can be ignored, and the esterification reaction can also be assumed to follow the pseudo-first-order kinetic model (Kaur and Ali, 2015; Shalini and Chandra, 2018). Thus, the reaction rate constant is fitted in Equation (1), and the activation energy (Ea) required for the esterification process is calculated according to the Arrhenius, Equation (2).

[image: image]
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where k is the reaction rate constant; η is the conversion of OA at time t; A is the Arrhenius constant or frequency factor; R is the universal gas constant; T is a reaction temperature.

A graph of ln (1-η) vs. time is given in Figure 11A. The plots display decent linearity with high regression coefficients (R2 = 0.9106, 0.9372, and 0.9446 for 120, 140, and 160°C, respectively), indicating that the model is appropriate in terms of pseudo-first-order kinetics. The plot of ln k vs. 1/T in Figure 11B is found to be linear, with a high regression coefficient (R2 = 0.9994). The value of Ea was determined to be 38.3 kJ/mol, which is much lower than the values determined in the works of Lieu et al. (2016) and Mazubert et al. (2014) for similar systems. More importantly, a value of Ea > 15 kJ/mol further supports that the OA esterification process in this work is controlled chemically (Patel and Brahmkhatri, 2013).


[image: Figure 11]
FIGURE 11. Plot of -ln (1-η) vs. reaction time at different temperatures (A). Arrhenius plot of ln k vs. 1/T (B).




Reusability of Catalyst

Reusability is considered the most important characteristic of heterogeneous solid acid catalysts. In this work, the Sn1.5PW/Cu-BTC-1 nanocatalyst was separated by centrifugation after the completion of the reaction, washed with anhydrous methanol, and then used directly after each cycle. Under the same optimum conditions, the esterification of OA was performed seven times, and Figure 12 displays the results obtained. It was detected that the activity of the catalyst can still keep the conversion above 80% after three-time reuse. Nevertheless, it was found that, after seven times, the conversion was more than 60%. Furthermore, XRD and FT-IR tests were performed to determine the stability of the synthesized nanocatalyst; the results are presented in Figures 13A,B. According to Figure 13A, the XRD pattern of the recycled catalyst was almost consistent with that of the fresh one, and only the peak intensity decreased. As exhibited in Figure 13B, the featured peaks of the Keggin structure and the characteristic peaks of Cu-BTC were found in the FT-IR spectrum of the recycled catalyst, indicating that the Sn1.5PW/Cu-BTC-1 nanocatalyst had a durable structure. Based on the above discussion, the catalytic activity loss might be due to the composites in the reaction mixture losing few Sn1.5PW active sites. Thus, in comparison with earlier reported solid acid catalysts, the synthesized Sn1.5PW/Cu-BTC-1 nanocatalyst showed better stability in biodiesel synthesis.


[image: Figure 12]
FIGURE 12. Reusability of the nanocatalyst Sn1.5PW/Cu-BTC-1 for seven cycles under optimum esterification conditions: temperature 160°C, catalyst amount 0.2 g, reaction time 4 h, and OA-methanol molar ratio 1:20.



[image: Figure 13]
FIGURE 13. (A) XRD patterns of the Sn1.5PW/Cu-BTC-1 nanocatalyst and the nanocatalyst after seven cycles. (B) FT-IR spectra of the Sn1.5PW/Cu-BTC-1 nanocatalyst and the nanocatalyst after seven cycles.





CONCLUSION

In summary, an efficient solid acid nanocatalyst, Sn1.5PW/Cu-BTC-1, was prepared through the immobilization of Sn1.5PW salts on Cu-BTC. The prepared nanocomposites were then implemented for the production of biodiesel from OA and methanol. A high conversion of 87.7% was obtained under the optimized conditions of 160°C for 4 h with a molar ratio of OA to methanol of 1:20, and the addition of 0.2 g of catalyst. In addition, this nanocomposite catalyst showed good stability, and even after seven cycles of reuse, a considerable OA conversion could still be achieved. Moreover, a pseudo-first-order kinetic model was found to represent the data more appropriately, with the Ea of the reaction being 38.3 kJ/mol. The remarkable point in this study was the use of a facile, simple, and cheap method for the synthesis of Sn1.5PW/Cu-BTC nanocomposites in the large-scale production of biodiesel.
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Haedoxans are a series of sesquilignan natural products isolated from the traditional insecticidal plant Phryma leptostachya. Given their significant insecticidal activity, haedoxans and related analogs have been considered as potential agents for plant defense. Moreover, these compounds also exhibit promising antifungal, antibacterial, and anticancer activities. The present paper is a review of the structure, biological activity, and chemical synthesis of naturally occurring haedoxan-like molecules.
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INTRODUCTION

Phryma leptostachya is a perennial herb that is widespread in nature (Lee et al., 2002; Park et al., 2005; Endo and Miyauchi, 2006; Li et al., 2019a,b; Xu et al., 2019). In Chinese culture, the plant has been used as a traditional Chinese medicine to treat inflammatory diseases, such as itching, allergic dermatitis, and gout (Jung et al., 2013). In East Asia, P. leptostachya has also been traditionally used as a natural insecticide (Taniguchi and Oshima, 1972a,b; Ishibashi and Taniguchi, 1998; Xiao et al., 2012a; Jung et al., 2013), for instance being used to repel mosquitos and flies in the southwest district of China (Chen et al., 2012). As a result, the secondary metabolites isolated from P. leptostachya have drawn much attention.

Previous phytochemical investigations showed that this plant is rich in lignans. Among them, (+)-haedoxan A (1, see Figure 1A), isolated in 1989 by Taniguchi, represents the major insecticidal ingredient (Taniguchi et al., 1989; Yamaguchi and Taniguchi, 1992a; Seo and Park, 2012). Structurally, this natural product is a sesquilignan, that is, a trimer of C6C3 units (n-propyl benzene). The skeleton features a furofuran core and a dioxane core with six stereogenic centers. Haedoxan D (2) and E (3) are from the same natural product family, which structurally differs from haedoxan A (1) at one of the aromatic rings. (+)-Phrymarolin I (4) and II (5) are also important ingredients of P. leptostachya extracts. As neolignans, these two compounds are phenylpropianoid dimers that share the same furofuran core with haedoxans.


[image: Figure 1]
FIGURE 1. (A) Structures of haedoxans and phrymarolins; (B) Taniguchi's first total synthesis of (±)-phrymarolin II; (C) Taniguchi's total synthesis of (+)-phrymarolin I; (D) Taniguchi's synthesis toward (±)-haedoxan A, D, and E: fragment preparation.


Haedoxans exhibit excellent insecticidal activity against several insects, such as Musca domestica [Culex pipiens pallens (Xiao et al., 2012b)] and Mythimna separata (Xiao et al., 2012a). It is noteworthy that the insecticidal activity of Haedoxan A (1) is comparable to that of the commercial synthetic pyrethroids (Taniguchi et al., 1989; Hu et al., 2016). (+)-Phrymarolins I (4) and II (5) also show considerable synergistic activities with pyrethrin and carbamate pesticides (Park et al., 2005). Accordingly, haedoxans and phrymarolins could be used as the main insecticidal ingredients in new botanical pesticides. In addition, the potential utilities of these natural products as lead compounds in pesticide discovery are also attractive.

To date, Haedoxan A (1) has only been found in the root of P. leptostachya at very low concentration (from 0.004 to 0.009%). Although two total syntheses of headoxan A (1) have been reported by Taniguchi and Ishibashi, over 20 synthetic steps are needed to achieve a natural product with moderate selectivities (Ishibashi and Taniguchi, 1989, 1998). As a result, the availability of haedoxan A (1) is the main obstacle in its commercialization process. To address this problem, new synthetic routes for headoxans with high efficiencies and stereoselectivities are needed.



SYNTHETIC STUDIES TOWARD HAEDOXAN-LIKE MOLECULES

In this review, we focus on the chemical synthesis of haedoxans and some closely related natural products such as phrymarolin I (4) and II (5). While a number of synthetic studies on the lignan family have been reported, there have been limited reports on the synthesis of haedoxans. Since a phenylpropanoid trimer bears six stereogenic centers, haedoxans are the most structurally complex members in this family. It is noteworthy that besides the four contiguous stereocenters, the two chiral carbons that are remote from the furofuran core might also be a significant synthetic challenge due to stereocorrelation problems in the fragment coupling process. As a result, it would be extremely difficult to control steroselectivites in the total synthesis of haedoxans.

In 1986, Ishibashi and Taniguchi reported the synthesis of (±)-phrymarolin II (5), which represents a pioneering study on the chemical synthesis of haedoxan-like natural products (Ishibashi and Taniguchi, 1986). As shown in Figure 1B, the authors started their synthesis with an aldol reaction between lactone 6 and benzaldehyde 7 to build the left fragment of phrymarolin II (5). The adduct 8 was protected with a TBS group, and the lactone was then reduced with LiAlH4 to afford diol 9. After Upjohn dihydroxylation and oxidative cleavage with NaIO4, diol 9 was converted to semiacetal 10, which possesses one of the two tetrahydrofurans in the central fragment of the natural product. The semiacetal was then oxidized to corresponding lactone (11) with a quantitative yield. Once the lactone was established, a two-step reaction sequence was carried out to realize a β-elimination process. The resulting α, β-unsaturated lactone 12 was then oxidized with Upjohn dihydroxylation to give diol 13 at 97% yield. After deprotection of the TBS group with TBAF, the second tetrahydrofuran ring and the C6 stereocenter were established through an acid-promoted etherification reaction. The product 14 was treated with DIBAL-H to reduce the lactone moiety, and the newly formed diol was differentiated within four steps to afford chloride 16. Finally, a CdCO3 catalyzed substitution successfully introduced the right fragment to give (±)-phrymarolin II (5) with its stereoisomer 17 in a ratio of 1:3 (55% total yield).

In 1988, Ishibashi and Taniguchi improved the previous synthetic route and reported the total synthesis of (+)-phrymarolin I [4, (Ishibashi and Taniguchi, 1988)]. This asymmetric synthesis commenced with the preparation of the optically pure (+)-4. As shown in Figure 1C, aminolysis of (±)-6 with (S)-1-phenylethanamine gave two diastereoisomers that could be separated through chromatography. Then, hydrolysis of 18 followed by lactonization afforded (+)-6 at 58% yield. This chiral starting material was subjected to the above synthetic route to give 14 in an asymmetric fashion. Different from the previous synthesis, 14 was first protected by the TBS group and then reduced to lactol 20, which was then fluorinated to set the stage for the subsequent fragment coupling. In the next event, phenol 22 was introduced in the presence of SnCl2 and trityl perchlorate to provide the coupling product 23 with a diastereomeric ratio of 1:2, favoriting the undesired diastereomer. The mixed products were desilylated and separated by preparative TLC to afford 24 in 11% yield over two steps. Finally, acylation of 24 provided the desired natural product (+)-phrymarolin I (4).

One year later, Ishibashi and Taniguchi applied their developed synthetic route to the total synthesis of (±)-haedoxan A (1), D (2), and E [3, (Ishibashi and Taniguchi, 1989)]. As shown in Figure 1D, the preparation of the benzodioxane fragment 33 is not trivial. Their synthesis commenced with selective methylation and MOM protection of the benzaldehyde 25. After Dakin oxidation and hydrolysis, the resultant phenol 27 was etherificated with bromide 28 to give 29 as the coupling product. Global reduction with NaBH4 was followed with acid promoted deprotection to generate 30 at 74% yield. A PPA-mediated cyclization was then introduced to build the dioxane ring. Finally, methylation and selective formylation provided the desired aromatic fragment (±)-33.

With the above fragment in hand, the authors followed their previous synthesis to carry out an aldol reaction between lactone 6 and aldehyde 33, as shown in Figure 2A. However, although the reaction worked well, product 34 was obtained as a mixture of diastereomers due to stereochemical correlation issues. The adduct was protected with the TBS group and then purified by chromatography to afford an inseparable mixture of 35 and 36 at 55% total yield. The mixture was then submitted to the known synthetic route to give fluoride 38 within 11 steps. With this key intermediate, haedoxin A (1), D (2), E (3) were synthesized in diastereoselective fashion.


[image: Figure 2]
FIGURE 2. (A) Ishibashi and Taniguchi's total synthesis of (±)-haedoxan A, D, and E; (B) Taniguchi and Ishibashi's asymmetric synthesis of (+)-phrymarolin I; (C) Ishibashi and Taniguchi's asymmetric synthesis of (+)-haedoxan A; (D) Ishibashi's concise synthesis of (+)-paulownin, (+)-phrymarin I, and (+)-phrymarin II.


In the following decade, Taniguchi and coworkers applied their strategy to synthesizing a series of lignan analogs to explore potential insecticidal compounds (Yamaguchi and Taniguchi, 1991, 1992a,b,c; Yamaguchi et al., 1992a,b). A significant improvement of the synthetic strategy was published by Okazaki et al. (1997). In this report, the authors developed a concise synthetic route toward (+)-phrymarolin I (4). As shown in Figure 2B, the synthesis commenced with an aldol reaction using chiral lactone 40 as the nucleophile, which could be easily prepared from (R)-malate. After reductive opening of the lactone ring, the tetraol intermediate was treated with HCl solution to close the tetrahydrofuran ring and give 42. Then, a three-step reaction sequence, including alcohol protection, Swern oxidation, and Tebbe olefination, was used to prepare alkene 43. Diastereoselective dihydroxylatoin followed by Pfitzner-Moffatt oxidation and desilylation provided chiral lactol 15 at a good yield. The key intermediate that had been used in the authors' synthesis of phrymarolin II (5), 15, was subjected directly to an acid-promoted replacement reaction with phenol 22 to afford the coupling product with desired stereochemistry at 15% yield. Then, a simple acylation reaction of the above product completed the asymmetric total synthesis of (+)-phrymarolin I (4).

In 1998, Ishibashi and Taniguchi reported their asymmetric synthesis of (+)-haedoxin A (1, Ishibashi and Taniguchi, 1998). While the core strategy followed the concept of Taniguchi's previous synthesis, this new synthesis featured the use of chiral synthons to avoid stereochemical correlation problems. As shown in Figure 2C, chiral compound 33 was first prepared via an optical resolution strategy from (±)-31. This synthon was coupled with another chiral building block (S)-6 to give 34 as the adduct. Key intermediate 47 was then prepared through the known reaction sequence to set the stage for the last coupling. Instead of halogenation, the authors used the same key reaction in their synthesis of (+)-phrymarolin I (4) to install the phenol fragment directly on the lactol. This reaction provided the desired natural product, (+)-haedoxan A (1), at 21% yield.

In 2001, Ishibashi published a synthesis of (+)-paulownin, (+)-phrymarin I, and (+)-phrymarin II (Ishibashi et al., 2001). The report featured an elegant photochemical reaction that was developed by Kraus in 1990 (Kraus and Chen, 1990). As shown in Figure 2D, tetrahydrofuran intermediate 42 was synthesized through the procedures reported in Ishibashi's (+)-phrymarolin I (4) synthesis (Figure 2B). A coupling reaction between alcohol 42 and benzyl trichloroacetimidate 48, followed by a Swern oxidation, provided the key intermediate 50 at 98% yield. Ketone 50 was then submitted to the photochemical condition developed by Kraus and Chen. In this event, a new C-C bond was formed between the irradiated benzylic position and the furan carbonyl in a diastereoselective manner to give furofuran 51 and 24 at 40% total yield. Finally, 51 was transformed into the desired natural product (+)-phrymarin I through a simple acylation reaction. With this concise synthetic route, the authors also completed the synthesis of (+)-paulownin and (+)-phrymarin II. It is noteworthy that compound 24 could serve as a key intermediate in the synthesis of (+)-phrymalorin I. However, the diastereoselectivity of the key reaction did not favor this intermediate.



SUMMARY AND FURTHER PROSPECTS

Haedoxans and related neolignans are a family of natural insecticidal products with prominent potential applications. The main problem with the insecticide research process is the availability of sufficient samples. This review detailed the synthetic efforts toward haedoxans and phrymarolins in the past three decades. While these syntheses represent pioneering investigations on this topic, we are expecting new syntheses of haedoxans with higher efficiency, higher stereoselectivities, better step economy and redox economy, and more environmentally friendly procedures. This review may shed some light to guide future synthetic efforts on haedoxans.
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A chemo- and diastereo-selective (3 + 2) cycloaddition reacition between Donor-Acceptor (D-A) cyclopropanes and α,β-unsaturated enamides is developed for efficient access to spiro(cyclopentane-1,3'-indoline) derivatives. Simple, inexpensive and readily available NaOH is used as the sole catalyst for this process. A broad range of D-A cyclopropanes could be used as the C-3 synthons to react with oxindole-derived α,β-unsaturated enamides. The structurally sophisticated spiro(cyclopentane-1,3'-indoline) derivatives bearing up to 3 adjacent chiral centers are afforded in excellent yields as single diastereomers.

Keywords: green, NaOH, donor-acceptor cyclopropane, (3 + 2) cycloaddition, spirocyclopentane, indole derivative


INTRODUCTION

Spirocyclopentanes are interesting structural units with broad applications in organic synthesis and medicinal chemistry. They have existed as core structures in various bioactive molecules (Boeyens et al., 1979; Tsuda et al., 2004; Mugishima et al., 2005; Zhang et al., 2019). Specifically, spiro(cyclopentane-1,3'-indoline) derivatives are frequently found in natural products with proven biological activities (Figure 1). For example, Citrinadin A and B are active molecules against murine leukemia L1210 and human epidermoid carcinoma KB cells, which have been isolated from a culture broth of Penicillium citrinum. Cyclopiamines A and B are extracts from a toxinogenic strain of Penicillium cyclopium. The Notoamides A and B are key members of paraherquamide family which belongs to prenylated indole alkaloids that exhibit various bioactivities including antitumor, antibacterial, and insecticidal properties. Therefore, the development of efficient methods for the preparation of spiro(cyclopentane-1,3'-indoline) derivatives has attracted much interest. Success within this field has been achieved through both organocatalysis (Chen et al., 2009; Antonchick et al., 2010; Tan et al., 2011; Tian and Melchiorre, 2013; Zhang et al., 2016; Chaudhari et al., 2017) and transition metal catalysis (Trost et al., 2007; Brazeau et al., 2012; Ball-Jones et al., 2014; Deiana et al., 2014; Afewerki et al., 2015; Frost et al., 2015; Qiu et al., 2019). Despite of the great achievement obtained in the synthesis of spiro(cyclopentane-1,3'-indoline) molecules, the development of green and economical methods for efficient and stereoselective synthesis of them is still of great interest.


[image: Figure 1]
FIGURE 1. Bioactive Natural Products Containing Spiro(cyclopentane-1,3'-indoline) Units.


Cyclopropanes are important building blocks in organic synthesis (Sohn and Bode, 2006; Bode and Sohn, 2007; Li et al., 2009; Lv et al., 2011; Sparr and Gilmour, 2011; Halskov et al., 2015; Sanchez-Diez et al., 2016; Blom et al., 2017; Apel et al., 2019). Especially, the cyclopropanes bearing both an electron-donating and an electron-withdrawing group on their cyclic structures, which are commonly named as Donor-Acceptor (D-A) cyclopropanes (Danishefsky, 1979; Wenkert, 1980; Reissig and Zimmer, 2003; Carson and Kerr, 2009; Cavitt et al., 2014; Nanteuil et al., 2014; Schneider et al., 2014; Grover et al., 2015; Talukdar et al., 2016; Wang and Tang, 2016; Werz and Biju, 2019), have been extensively studied in the construction of various functional molecules. D-A Cyclopropanes are conventionally activated by transition metal catalysts (Nanteuil et al., 2014), Lewis acids (Reissig and Zimmer, 2003; Carson and Kerr, 2009; Cavitt et al., 2014; Schneider et al., 2014; Grover et al., 2015; Talukdar et al., 2016; Wang and Tang, 2016; Werz and Biju, 2019) or amine-based organic catalysts (Halskov et al., 2015; Sanchez-Diez et al., 2016; Blom et al., 2017) (Figure 2a). Efficient activation of D-A cyclopropanes by simple, inexpensive and readily available bases has been much less developed.


[image: Figure 2]
FIGURE 2. Catalytic Activation of D-A Cyclopropanes.


Very recently, we have disclosed that the D-A cyclopropanes could be activated by simple NaOH and reacted with α,β-unsaturated imines to give a variety of bioactive cyclopenta(c)pyridine derivatives in generally excellent yields and moderate diastereoselectivities (Pan et al., 2019) (Figure 2b). This approach has provided us with a green and facile method for the construction of structurally complex molecules from D-A cyclopropanes with simple and inexpensive reaction catalysts. Therefore, it is interesting and important to extend the border of this strategy to a wide range of substrates in order to get access to a broad scope of complex functional molecules in a green, facile, and economic fashion.

Herein, we disclose that the D-A cyclopropanes 1 can react with α,β-unsaturated enamide substrates 2 under basic conditions in chemoselective fashion (Figure 2c). Heavily substituted spiro(cyclopentane-1,3'-indoline) derivatives could be afforded in good to excellent yields. NaOH was used as the sole reaction catalyst. All the spirocyclic products bearing up to 3 adjacent chiral centers were afforded as single diastereomers. It is worth noting that both an enone and an enamide motif exist in the electrophilic substrate 2. After deprotonation of the D-A cyclopropane substrate 1, the afforded ring-opening intermediate I could selectively react with the electrophile 2 through an enamide 1,4-addition process and gave intermediate II bearing a highly reactive nucleophilic carbon center. The enamide 1,4-addition reaction was believed to go faster than the enone 1,4-addition reaction because that there were less steric hindrance around the enamide β-carbon. After an intramolecular Michael addition process, the spiral cyclopentane products 3 or 4 were afforded in excellent diastereoselectivities. Interestingly, an additional β-elemination could happen during this catalytic transformation when using the D-A cyclopropyl ketone bearing gem-dicyano groups as the reaction substrate. Spiral cyclopentenes 5 were afforded as the final products in this case. Product 6 that might be formed from the enone 1,4-addition intermediate III were not observed. The less nucleophilicity of the enol moiety of the intermediate III might be another reason for the difficult formation of the enone 1,4-addition products.



RESULTS AND DISCUSSION

Reaction Condition Optimization and Large-Scale Reactions

The 2-cyclopropyl acetate 1a and the oxindole-derived α,β-unsaturated enamide 2a were selected as the model substrates to test the catalytic conditions for this (3 + 2) cycloaddition reaction (Table 1). A variety of inorganic bases were found efficient for this 1,3-dipolar cycloaddition reaction between 2-cyclopropyl acetate 1a and the α,β-unsaturated enamide 2a (Table 1, entries 1 to 3). The organic bases we tested were not suitable for this reaction (entries 4 to 5). The catalytic cyclization process could also be carried out in several organic solvents with relatively high polarities, although the yields were generally decreased (entries 6 to 7). Solvents with low polarities could not be used for this transformation (entries 8 to 9). The reaction temperature could be slightly decreased to 30°C without erosion of the product yield (entry 10). Finally, the yield of the spiro(cyclopentane-1,3'-indoline) product 3a could be increased to 90% with a larger excess amount of 1a used under the catalysis of NaOH in THF at 30°C (entry 11). Note that, all the products afforded in these reactions were obtained as single diastereomers.


Table 1. Optimization of Reaction Conditionsa.
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We were also very interested in developing a green and efficient method for the construction of the spiro(cyclopentane-1,3'-indoline) product 3a. Therefore, several green solvents were further examined after obtaining the optimized reaction condition (Table 1, entries 12 to 15). 2-Methyl-substituted THF could give the desired product in a good yield (entry 12). Anisole or water could not be used as the solvents for this transformation (entries 13 to 14). To our delight, the inexpensive and non-toxic ethanol could be used as a suitable medium for the construction of the spiro(cyclopentane-1,3'-indoline) products through this protocol (entry 15). Therefore, we carried out a large-scale reaction of the substrate 1a and 2a in ethanol, with the desired product 3a afforded in a 74% yield as a single diastereomer (entry 16).



Reaction Scope Investigation and Synthetic Application

With the optimized reaction conditions at hand (Table 1, entry 11), we then examined the substrate scope of this (3 + 2) cycloaddition reaction with respect to both D-A cyclopropyl acetates 1 and α,β-unsaturated enamides 2 (Tables 2–4).


Table 2. Scope of α,β Unsaturated Enamides 2a.
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The R substituent on the phenyl group of the indoline motif of the α,β-unsaturated enamides 2 could be either electron-donating groups (Table 2, 3b and 3c) or electron-withdrawing groups (3d to 3n), with most of the spirocyclic products being afforded in good to excellent yields and diastereo-selectivities.

The R1 group of ketone moieties could be phenyl rings of different substitution patterns, with the corresponding products being afforded in excellent yields as single diastereomers (Table 3, 4a to 4i). Moreover, the R1 group could also be switched to a heteroaromatic group or a vinylogous phenyl group without erosion on the product yields or diastereoselectivities (4j to 4k). Interestingly, the R1 group of the ketones 2 could even be replaced with a simple methyl or ethyoxyl group, and the corresponding products 4l and 4m could be afforded in good yields as single diastereomers. The N-protecting benzyl group of indoline motif could be replaced with an N-methyl group, and the desired product 4n could also be afforded in a good yield as a single diastereomer. Unprotected isatin-derived enamide substrates were not effective in this transformation.


Table 3. Scope of α,β-Unsaturated Enamides 2a.
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The scope of the D-A cyclopropyl acetates 1 was also examined (Table 4). The electron deficient 4-nitrophenol group on 1a could be switched to an electron rich aromatic group (1b) without erosion on the reaction diastereoselectivity, although the yield of the product was slightly decreased to 86%. Replacing the R group on ester substrate 1 with a simple methyl group (1c) led to only trace formation of the target product. The sterically bulkier isopropyl ester (1d) also worked well in this transformation and afforded the desired product in a good yield as a single diastereomer. It is worth noting that the cyclopropyl aldehyde 1e was not a suitable substrate for this (3 + 2) cycloaddition reaction.


Table 4. Scope of the D-A Cyclopropanes 1a.

[image: Table 4]

To our great delight, the D-A cyclopropyl acetone 1f bearing two cyano groups also worked well in the (3 + 2) cylcoaddition reaction with the oxindole-derived α,β-unsaturated enamide 2 under the current catalytic conditions (Table 5). The spirocyclopentenes 5 were afforded as the final products with the elimination of one equiv. of HCN. Both electron-donating and electron-withdrawing groups could be installed on the indoline moieties of the α,β-unsaturated enamides 2, with the corresponding products being afforded in moderate yields as single diastereomers.


Table 5. Scope of α,β-Unsaturated Enamides 2a.

[image: Table 5]

The afforded spiro(cyclopentane-1,3'-indoline) product 3a could be used as the reaction material for further transformations (Figure 3). For example, a trans-esterification reaction of 3a could give other ester products (e.g., 7) in moderate yields without erosion of the diastereomeric ratio.


[image: Figure 3]
FIGURE 3. Synthetic transformations of 3a.





CONCLUSION

In conclusion, we have developed a chemo- and diastereo-selective (3 + 2) cycloaddition between D-A cyclopropanes and α,β-unsaturated enones. Green, inexpensive, and readily available NaOH was used as the sole catalyst to promote this transformation. Structurally sophisticated spiro(cyclopentane-1,3'-indoline) derivatives bearing up to 3 adjacent chiral centers were afforded as the final products in generally good to excellent yields as single diastereomers. This study could provide us with a green, facile and economic approach in preparing complex functional molecules through simple operations. Further investigations on the development of efficient methods for the construction of complex molecules are in progress in our laboratory.
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In this study, thirteen new pyridylpyrazolamide derivatives containing pyrimidine motifs were synthesized via six-step reactions. Bioassay results showed that some of the synthesized compounds revealed good antifungal properties against Sclerotinia sclerotiorum, Phytophthora infestans, Thanatephorus cucumeris, Gibberella zeae, Fusarium oxysporum, Cytospora mandshurica, Botryosphaeria dothidea, and Phompsis sp. at 50 μg/mL, which were similar to those of Kresoxim-methyl or Pyrimethanil. Meanwhile, bioassay results indicated that the synthesized compounds showed a certain insecticidal activity against Spodoptera litura, Mythimna separata, Pyrausta nubilalis, Tetranychus urticae, Rhopalosiphum maidis, and Nilaparvata lugens at 200 μg/mL, which was lower than that of Chlorantraniliprole. To the best of our knowledge, this study is the first report on the antifungal and insecticidal activities of pyridylpyrazol amide derivatives containing a pyrimidine moiety.

Keywords: pyridylpyrazol, amide, pyrimidine, antifungal activity, insecticidal activity


INTRODUCTION

Plant fungal and insect diseases have posed serious threats to crops in the world and caused a severe loss throughout the world (Strange and Scott, 2005; Yang et al., 2015). Nowadays, some of the available traditional fungicides and insecticides, such as Kresoxim-methyl, Pyrimethanil, Chlorantraniliprole, etc., are widely used to prevent plant harmful fungal and insect diseases. However, prolonged use of traditional pesticides can not only lead to drug resistance, but also have a harmful influence on the safety of the plants and the environment. Therefore, the development of novel and promising fungicides and insecticides is still an urgent task.

Pyrimidine derivatives, which play an important role in synthesis of various active molecules, have versatile properties in modern life, such as antifungal (Chen et al., 2008; Zhang et al., 2016), antibacterial (Triloknadh et al., 2018; Fang et al., 2019), insecticidal (Liu et al., 2017; Shen et al., 2018), herbicidal (Chen et al., 2015; Li et al., 2018), and antiviral (Xu et al., 2015; Wang Y. Y. et al., 2018) activities. In the previous work, some of the pyrimidine derivatives (for example, Mepanipyrim, Pyrimethanil, Diflumetorim, Azoxystrobin, and so on), which were known for their abilities to control severe fungal diseases, have been marketed as commercial pesticides worldwide. Meanwhile, in our preliminary work, several series of pyrimidine derivatives containing 1,3,4-oxadiazole (Figures 1A,E), 1,3,4-thiadiazole (Figures 1B,E), 1,2,4-triazole (Figure 1C) or amide (Figure 1D) moiety, as shown in Figure 1, were reported and revealed better antiviral, antifungal, and antibacterial activities (Wu et al., 2015, 2016a,b, 2019a,b).


[image: Figure 1]
FIGURE 1. The structures of the pyrimidine derivatives containing 1,3,4-oxadiazole (A,E), 1,3,4-thiadiazole (B,E), 1,2,4-triazole (C) or amide (D) moiety reported by our research group.


In recent years, pyridylpyrazole amide derivatives have attracted more and more considerable attention owing to their broad class of biological activities in pesticide chemistry, such as antifungal (Yan et al., 2012; Wang B. L. et al., 2018) and insecticidal (Wang et al., 2013, 2019; Shi et al., 2017; Wang B. L. et al., 2018) activity. In the past few years, some representative examples of pyridylpyrazole amide derivatives (for example, chlorantraniliprole and cyantraniliprole) were commercialized as pesticides, as shown in Figure 2.


[image: Figure 2]
FIGURE 2. Structures of chlorantraniliprole and cyantraniliprole.


To develop effective pesticide agents, we aim to introduce the pyrimidine ring to the pyridiylpyrazol amide skeleton to design a series of novel pyridiylpyrazol amide derivatives containing a pyrimidine moiety (Figure 3). As far as we know, it is the first report on the antifungal and insecticidal activities of pyridylpyrazol amide derivatives containing a pyrimidine moiety.


[image: Figure 3]
FIGURE 3. Design strategy for title compounds 6a–6m.




EXPERIMENTAL AND METHODS


General Information

JEOL-ECX 500 NMR spectrometer (JEOL, Tokyo, Japan) was used to analyse the NMR spectral (1H NMR and 13C NMR) at room temperature using TMS as an internal standard and DMSO-d6 as the solvent. Elemental analysis was performed on the Elementar Vario-III CHN analyser (Elementar, Hanau, Germany). Mass spectral were conducted on the Agilent 5973 organic mass spectrometer (Agilent Technologies, Palo Alto, CA, USA). Melting points were determined on the XT-4 binocular microscope (Beijing Tech Instrument Co., China). All commercial reagents and solvents were used as they did not require any purification before use.



Synthesis


Preparation Procedure of the Key Intermediate 5

The synthetic procedure for the key intermediate 5 is shown in Scheme 1. To a mixture of 2,3-dichloropyridine (0.1 mol) dissolved in anhydrous ethanol (120 mL), 80% hydrazine hydrate (80 mL) was added dropwise and reacted under reflux. Upon completion of the reaction, the reaction solution was cooled to room temperature and the solvent was removed under reduced pressure. The residue was washed with water and recrystallized with ethanol to gain intermediate 1. Intermediate 1 (90 mmol) and diethyl maleate (90 mmol) were added to the mixture of sodium ethoxide (90 mmol) and ethanol (100 mL), then a moderate amount of glacial acetic acid was added when the temperature was below 60°C. Upon completion of the reaction, the reaction solution was poured into 100 mL distilled water to precipitate the solid, then the solid was recrystallized with ethanol to obtain intermediate 2. Then, a mixture of intermediate 2 (45 mmol), phosphorus oxychloride (POCl3, 50 mmol) or phosphorus oxybromide (POBr3, 50 mmol), and acetonitrile (CH3CN, 50 mL) was reacted under reflux. After ending the reaction, the reaction mixture was poured into 30 mL distilled water, extracted with dichloromethane (CH2Cl2), and dried with anhydrous sodium sulfate (Na2SO4) to give intermediate 3 (Wang B. L. et al., 2018). After that, a mixture of intermediate 3 (40 mmol), potassium persulfate (K2S2O8, 44 mmol), and CH3CN (50 mL) reacted under reflux. Upon completion of the reaction, the reaction mixture was poured into 100 mL of distilled water. The residue was washed with water and recrystallized with ethanol to obtain intermediate 4 (Wang B. L. et al., 2018). Finally, sodium hydroxide (NaOH, 30 mmol) dissolved in 10 mL of water was added to the mixture of intermediate 4 and methanol (20 mL) and reacted under reflux. When the reaction was completed, the reaction mixture was poured into 100 mL of distilled water and acidified the mixture to pH 5–6 using concentrated hydrochloric acid. The key intermediate 5 was attained after recrystallization with ethanol. 1H NMR spectral data for intermediates 1–5 are reported in the Supplementary Data.


[image: Scheme 1]
SCHEME 1. Synthetic route of the title compounds 6a–6m.




General Procedure for the Preparation of the Target Compounds 6a−6m

As shown in Scheme 1, oxalyl chloride (2 mL) and 4 drops of N, N-dimethylformamide (DMF) were added to a mixture of intermediate 5 dissolved in 10 mL CH2Cl2, and reacted at room temperature. When the reaction was completed, the CH2Cl2 and excess oxaloyl chloride were removed under reduced pressure. Then, 5-substituted-4-amino-2-methylpyrimidine was added to the residue dissolved in 5 mL tetrahydrofuran (THF) and reacted under reflux. At the end of the reaction, the reaction mixture was poured into 20 mL of water, extracted with ethyl acetate, and recrystallized with ethanol to obtain the title compounds 6a–6m.

Methyl4-(3-bromo-1-(3-chloropyridin-2-yl)-1H-pyrazole-5-carboxamido)-2-methyl-pyrimidine-5-carboxylate (6a). White solid; yield 45.1%; m.p. 220–222°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.85 (s, 1H, CONH), 8.84 (s, 1H, Pyrimidine-H), 8.52 (d, 1H, J = 4.6 Hz, Pyridine-H), 8.23 (d, 1H, J = 6.9 Hz, pyridine-H), 7.67 (dd, 1H, J1 = 4.55 Hz, J2 = 8.0 Hz,pyridine-H), 7.58 (s, 1H, Pyrazole-H), 3.61 (s, 3H), 2.62 (s, 3H);13C NMR (DMSO-d6, 125 MHz) δ: 170.51, 165.33, 159.38, 156.62, 154.98, 148.73, 147.82, 140.40, 140.06, 138.27,1 128.50, 127.55, 115.07, 109.32, 52.83, 26.00; MS (ESI) m/z: 451.1 ([M+H]+); Anal. Calcd. for C16H12BrClN6O3: C 42.55, H 2.68, N 18.61; found: C 42.60, H 2.70, N 18.66.

Ethyl4-(3-bromo-1-(3-chloropyridin-2-yl)-1H-pyrazole-5-carboxamido)-2-methyl-pyrimidine-5-carboxylate (6b). White crystals; yield 50.4%; m.p. 176–177°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.88 (s, 1H, CONH), 8.84 (s, 1H, Pyrimidine-H), 8.51 (d, 1H, J = 4.0 Hz, Pyridine-H), 8.24 (d, 1H, J = 8.0 Hz, pyridine-H), 7.66 (dd, 1H, J1 = 4.55 Hz, J2 = 8.0 Hz, pyridine-H), 7.59 (s, 1H, Pyrazole-H), 4.09 (q, 2H, J = 6.9 Hz), 2.64 (s, 3H), 1.08 (t, 3H, J = 7.45 Hz); 13C NMR (DMSO-d6, 125 MHz) δ: 170.51, 164.80, 159.38, 156.64, 148.73, 147.80, 140.33, 140.07, 138.27, 128.46, 127.52, 115.38, 109.34, 61.68, 25.97, 14.32; MS (ESI) m/z: 465.1 ([M+H]+); Anal. Calcd. for C17H14BrClN6O3: C 43.85, H 3.03, N 18.05; found: C 43.90, H 3.00, N 18.06.

Methyl4-(3-chloro-1-(3-chloropyridin-2-yl)-1H-pyrazole-5-carboxamido)-2-methyl-pyrimidine-5-carboxylate (6c). White solid; yield 48.2%; m.p. 213–215°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.87 (s, 1H, CONH), 8.85 (s, 1H, Pyrimidine-H), 8.53 (d, 1H, J = 2.85 Hz, Pyridine-H), 8.25 (d, 1H, J = 7.65 Hz, pyridine-H), 7.68 (dd, 1H, J1 = 2.85 Hz, J2 = 8.0 Hz, pyridine-H), 7.55 (s, 1H, Pyrazole-H), 3.62 (s, 3H), 2.64 (s, 3H); 13C NMR (DMSO-d6, 125 MHz) δ: 170.54, 165.32, 159.41, 156.62, 155.01, 148.71, 147.85, 140.48, 140.01, 138.30, 128.51, 127.54, 115.05, 109.30, 52.82, 26.01; MS (ESI) m/z: 407.1 ([M+H]+); Anal. Calcd. for C16H12Cl2N6O3: C 47.19, H 2.97, N 20.64; found: C 47.20, H 3.00, N 20.62.

Ethyl4-(3-chloro-1-(3-chloropyridin-2-yl)-1H-pyrazole-5-carboxamido)-2-methyl-pyrimidine-5-carboxylate (6d). Yellow crystals; yield 38.5%; m.p. 191–192°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.88 (s, 1H, CONH), 8.84 (s, 1H, Pyrimidine-H), 8.51 (d, 1H, J = 2.85Hz, Pyridine-H), 8.23 (d, 1H, J = 7.65 Hz, pyridine-H), 7.66 (dd, 1H, J1 = 2.85 Hz, J2 = 8.00 Hz, pyridine-H), 7.53 (s, 1H, Pyrazole-H), 4.06 (q, 2H, J = 6.90 Hz), 2.64 (s, 3H), 1.08 (t, 3H, J = 6.85 Hz); 13C NMR (DMSO-d6, 125 MHz) δ: 170.52, 164.80, 159.38, 156.64, 148.73, 147.80, 140.33, 140.07, 138.27, 128.46, 127.52, 115.38, 109.34,61.68, 25.97,14.32; MS (ESI) m/z: 422.1 ([M+H]+); Anal. Calcd. for C17H14Cl2N6O3: C 48.47, H 3.35, N 19.95; found: C 48.50, H 3.40, N 20.02.

4-(3-Bromo-1-(3-chloropyridin-2-yl)-1H-pyrazole-5-carboxamido)-N-2-dimethylpyrimidine-5-carboxamide (6e). White solid; yield 52.6%; m.p. 228–233°C; 1H NMR (DMSO-d6, 500 MHz) δ: 12.33 (s, 1H, CONH), 8.78 (s, 1H, Pyrimidine-H), 8.74 (d, 1H, J = 4.55 Hz, CONH), 8.48 (d, 1H, J = 4.00 Hz, Pyridine-H), 8.19 (d, 1H, J = 8.05Hz, Pyridine-H), 7.62 (dd, 1H, J1 = 4.60 Hz, J2 = 8.00 Hz, Pyridine-H), 7.32 (s, 1H, Pyrazole-H), 2.67 (d, 3H, J = 4.6 Hz), 2.45 (s, 3H); 13C NMR (DMSO-d6, 125 MHz)δ: 169.38, 165.98, 157.28, 156.02, 154.80, 148.58, 147.82, 140.09, 139.38, 128.40, 127.68, 127.48, 114.27, 111.72, 26.67, 26.07; MS (ESI) m/z: 450.1 ([M+H]+); Anal. Calcd. for C16H13BrClN7O2: C 42.64, H 2.91, N 21.76; found: C 42.66, H 2.90, N 21.77.

4-(3-Bromo-1-(3-chloropyridin-2-yl)-1H-pyrazole-5-carboxamido)-N-ethyl-2-methylpyrimidine-5-carboxamide (6f). White solid; yield 60.1%; m.p. 236–237°C; 1H NMR (DMSO-d6, 500 MHz) δ: 12.33 (s, 1H, CONH), 8.78 (s, 1H, Pyrimidine-H), 8.72 (s, 1H, CONH), 8.48 (d, 1H, J = 4.00 Hz, Pyridine-H), 8.19 (d, 1H, J = 8.05 Hz, Pyridine-H), 7.62 (dd, 1H, J1 = 4.60 Hz, J2 = 8.00 Hz, Pyridine-H), 7.32 (s, 1H, Pyrazole-H), 2.84 (q, 2H, J = 6.85 Hz), 2.45 (s, 3H), 1.04 (t, 3H, J = 6.25 Hz); 13C NMR (DMSO-d6, 125 MHz)δ: 169.35, 166.00, 157.31, 156.04, 154.78, 148.60, 147.81, 140.11, 139.35, 128.42, 127.65, 127.49, 114.27, 111.76, 26.66, 26.03, 15.32; MS (ESI) m/z: 464.1 ([M+H]+); Anal. Calcd. for C17H15BrClN7O2: C 42.64, H 2.91, N 21.76; found: C 42.66, H 2.90, N 21.77.

4-(3-Chloro-1-(3-chloropyridin-2-yl)-1H-pyrazole-5-carboxamido)-N,2-dimethylpyrimidine-5-carboxamide (6g). White solid; yield 45.9%; m.p. 213–215°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.87 (s, 1H, CONH), 8.85 (s, 1H, Pyrimidine-H), 8.71 (s, 1H, CONH), 8.53 (d, 1H, J= 2.85 Hz, Pyridine-H), 8.25 (d, 1H, J = 7.65 Hz, Pyridine-H), 7.68 (dd, 1H, J1 = 2.85 Hz, J2 = 8.0 Hz, Pyridine-H), 7.55 (s, 1H, Pyrazole-H), 2.85 (s, 3H), 2.64 (s, 3H); 13C NMR (DMSO-d6, 125 MHz) δ: 170.51, 165.33, 159.38, 156.62, 154.98, 148.73, 147.82, 140.40, 140.06, 138.27, 128.50, 127.55, 115.07, 109.32, 52.83, 26.62, 26.04; MS (ESI) m/z: 406.1 ([M+H]+); Anal. Calcd. for C16H13Cl2N7O2: C 47.31, H 3.23, N 24.14; found: C 47.32, H 3.20, N 24.12.

4-(3-Chloro-1-(3-chloropyridin-2-yl)-1H-pyrazole-5-carboxamido)-N-ethyl-2-methylpyrimidine-5-carboxamide (6h). Yellow crystals; yield 47.8%; m.p. 191–192°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.88 (s, 1H, CONH), 8.84 (s, 1H, Pyrimidine-H), 8.71 (s, 1H, CONH), 8.51 (d, 1H, J = 2.85 Hz, Pyridine-H), 8.23 (d, 1H, J = 7.65 Hz, pyridine-H), 7.66 (dd, 1H, J1 = 2.85 Hz, J2 = 8.00 Hz, pyridine-H), 7.53 (s, 1H, Pyrazole-H), 4.06 (q, 2H, J = 6.90 Hz), 2.64 (s, 3H), 1.08 (t, 3H, J = 6.85 Hz); 13C NMR (DMSO-d6, 125 MHz) δ: 170.52, 164.89, 159.38, 156.64, 148.73, 147.80, 140.33, 140.07, 138.27, 128.46, 127.52, 115.38, 109.34, 61.68, 25.97,15.32; MS (ESI) m/z: 420.1 ([M+H]+); Anal. Calcd. for C17H15Cl2N7O2: C 48.59, H 3.60, N 23.33; found: C 48.61, H 3.62, N 23.30.

3-Bromo-1-(3-chloropyridin-2-yl)-N-(2-methyl-5-(5-methyl-1,2,4-oxadiazol-3-yl)pyrimidin-4-yl)-1H-pyrazole-5-carboxamide (6i). Yellow crystals; yield 36.5%; m.p. 180–181°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.64 (s, 1H, CONH), 8.99 (s, 1H, Pyrimidine-H), 8.49 (d, 1H, J = 4.55 Hz, Pyridine-H), 8.18 (d, 1H, J = 8.05 Hz, Pyridine-H), 7.63 (dd, 1H, J1 = 4.60 Hz, J2 = 8.0 Hz, Pyridine-H), 7.54 (s, 1H, Pyrazole-H), 2.67 (s, 3H), 2.61 (s, 3H); 13C NMR (DMSO-d6, 125 MHz)δ: 177.49, 169.89, 164.89, 158.92, 155.80, 155.08, 148.68, 147.69, 139.94, 138.68, 128.48, 127.52, 127.41, 112.34, 111.50, 25.96, 12.43; MS (ESI) m/z: 475.1 ([M+H]+); Anal. Calcd. for C17H12BrClN8O2: C 42.92, H 2.54, N 23.56; found: C 42.91, H 2.50, N 23.60.

3-Chloro-1-(3-chloropyridin-2-yl)-N-(2-methyl-5-(5-methyl-1,2,4-oxadiazol-3-yl)pyrimidin-4-yl)-1H-pyrazole-5-carboxamide (6j). Yellow crystals; yield 41.3%; m.p. 151–152°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.64 (s, 1H, CONH), 8.99 (s, 1H, Pyrimidine-H), 8.49 (d, 1H, J = 4.55 Hz, Pyridine-H), 8.18 (d, 1H, J = 8.05 Hz, Pyridine-H), 7.63 (dd, 1H, J1 = 4.60 Hz, J2 = 8.0 Hz, Pyridine-H), 7.54 (s, 1H, Pyrazole-H), 2.67 (s, 3H), 2.61 (s, 3H); 13C NMR (DMSO-d6, 125 MHz)δ: 177.52, 169.87, 164.92, 158.94, 155.85, 155.11, 148.65, 147.72, 139.99, 138.71, 128.50, 127.53, 127.45, 112.36, 111.32, 26.02, 12.45; MS (ESI) m/z: 431.1 ([M+H]+); Anal. Calcd. for C17H12BrClN8O2: C 47.35, H 2.80, N 25.98; found: 47.37, H 2.77, N 25.99.

3-Bromo-1-(3-chloropyridin-2-yl)-N-(2-methyl-5-(5-(methylthio)-1,3,4-oxadiazol-2-yl)pyrimidin-4-yl)-1H-pyrazole-5-carboxamide (6k). Yellow crystals; yield 46.8%; m.p. 166–168°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.84 (s, 1H, CONH), 9.04 (s, 1H, Pyrimidine-H), 8.46 (d, 1H, J = 5.15 Hz, Pyridine-H), 8.18 (d, 1H, J = 8.0 Hz, Pyridine-H), 7.62 (dd, 1H, J1 = 4.55 Hz, J2 = 7.7 Hz, Pyridine-H), 7.58 (s, 1H, Pyrazole-H), 2.72 (s, 3H), 2.66 (s, 3H); 13C NMR (DMSO-d6, 125 MHz) δ: 170.30, 164.72, 162.00, 158.79, 156.05, 148.51, 148.10, 147.81, 140.01, 138.54, 128.35, 127.60, 127.42, 112.61, 108.46, 26.10, 15.62; MS (ESI) m/z: 507.1 ([M+H]+); Anal. Calcd. for C17H12BrClN8O2S: C 40.21, H 2.38, N22.07; found: C 40.24, H 2.40, N22.05.

3-Bromo-1-(3-chloropyridin-2-yl)-N-(5-(5-(ethylthio)-1,3,4-oxadiazol-2-yl)-2-methylpyrimidin-4-yl)-1H-pyrazole-5-carboxamide (6l). Yellow crystals; yield 42.5%; m.p. 176–177°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.84 (s, 1H, CONH), 9.04 (s, 1H, Pyrimidine-H), 8.46 (d, 1H, J = 5.15 Hz, Pyridine-H), 8.18 (d, 1H, J = 8.0 Hz, Pyridine-H), 7.62 (dd, 1H, J1 = 4.55 Hz, J2 = 7.7 Hz, Pyridine-H), 7.58 (s, 1H, Pyrazole-H), 3.12 (q, 2H, J = 6.9 Hz), 2.66 (s, 3H), 1.35 (t, 3H, J = 7.45 Hz); 13C NMR (DMSO-d6, 125 MHz) δ: 170.25, 164.74, 161.95, 158.75, 156.08, 148.25, 148.12, 147.69, 140.07, 138.55, 128.27, 127.60, 127.44, 112.63, 108.56, 27.86, 26.10, 14.23; MS (ESI) m/z: 521.1 ([M+H]+); Anal. Calcd. for C18H14BrClN8O2S: C 41.43, H 2.70, N 21.48; found: C 41.45, H 2.74, N 21.49.

3-Bromo-1-(3-chloropyridin-2-yl)-N-(2-methyl-5-(5-(propylthio)-1,3,4-oxadiazol-2-yl)pyrimidin-4-yl)-1H-pyrazole-5-carboxamide (6m). Yellow crystals; yield 39.8%; m.p. 197–199°C; 1H NMR (DMSO-d6, 500 MHz) δ: 11.84 (s, 1H, CONH), 9.04 (s, 1H, Pyrimidine-H), 8.46 (d, 1H, J=5.15 Hz, Pyridine-H), 8.18 (d, 1H, J = 8.0 Hz, Pyridine-H), 7.62 (dd, 1H, J1 = 4.55 Hz, J2 = 7.7 Hz, Pyridine-H), 7.58 (s, 1H, Pyrazole-H), 3.15 (t, 2H, J = 6.9 Hz), 2.66 (s, 3H), 1.68 (m, 2H), 0.95 (t, 3H, J = 7.45 Hz); 13C NMR (DMSO-d6, 125 MHz)δ: 170.31, 164.70, 162.03, 158.75, 156.02, 148.48, 148.07, 147.77, 140.04, 138.50, 128.32, 127.60, 127.44, 112.67, 108.49, 34.43, 26.10, 22.92, 13.33; MS (ESI) m/z: 535.1 ([M+H]+); Anal. Calcd. for C19H16BrClN8O2S: C 42.59, H 3.01, N 20.91; found: C 42.53, H 3.00, N 20.92.



Antifungal Biological Assay

The antifungal activities of the title compounds 6a–6m against Sclerotinia sclerotiorum (S. sclerotiorum), Phytophthora infestans (P. infestans), Thanatephorus cucumeris (T. cucumeris), Gibberella zeae (G. zeae), Fusarium oxysporum (F. oxysporum), Cytospora mandshurica (C. mandshurica), Botryosphaeria dothidea (B. dothidea), and Phompsis sp. were evaluated at the concentration of 50 μg/mL (Min et al., 2016; Wu et al., 2019a,b). The target compounds 6a–6m (5 mg) were dissolved in dimethyl sulfoxide (1 mL) and sterile water (9 mL) before mixing with 90 mL potato dextrose agar (PDA) to generate a final concentration of 50 μg/mL. Then, 4 mm diameter of the mycelia dishes were cut from a culture medium of pathogenic fungi, then inoculated in the middle of PDA and cultivated at 27 ± 1°C for 4–5 days. DMSO in sterile distilled water served as a negative control, while Kresoxim-methyl and Pyrimethanil acted as positive controls. For each treatment, three replicates were conducted. The radial growth of the fungal colonies was measured and the data were statistically analyzed. The inhibition rate I (%) of the test compounds against eight pathogenic fungi were calculated by the following formula, where C represents the diameter of fungi growth on untreated PDA, and T represents the diameter of fungi on treated PDA.

[image: image]
 

Insecticidal Biological Assay

The insecticidal activities of all synthesized compounds 6a–6m against Spodoptera litura (S. litura), Mythimna separata (M. separata), Pyrausta nubilalis (P. nubilalis), Tetranychus urticae (T. urticae), Rhopalosiphum maidis (R. maidis), and Nilaparvata lugens (N. lugens) were performed according to the reported method (Wang B. L. et al., 2018; Wang et al., 2019). The target compounds 6a–6m were dissolved in NP-10 (0.1 mg/L) solution to generate a final concentration of 200 μg/mL. Then, 15 maize leaves (approximately 5 cm in length) and 5 sweet potato leaves (diameter 3 cm) were dipped in the test compounds solutions for 10 s, dried and placed into a tumbler. After that, 30 larvae of second-instar S. litura, M. separata, P. nubilalis, T. urticae, R. maidis, and N. lugens were transferred to the petri dish. Chlorantraniliprole was used as a control. All bioassays were performed in the laboratory at 27 ± 1°C for 48 h. Three replicates were performed for each treatment. The percentage of mortalities for the target compounds were determined using Abbott's formula.





RESULTS AND DISCUSSION

In this study, using 2,3-dichloropyridine as the starting material, the title compounds 6a–6m were synthesized in six steps, including hydrazidation, cyclization, bromination or chlorination, oxidation, hydrolyzation, and condensation. The target compounds structures were confirmed by 1H NMR, 13C NMR, MS, and elemental analysis. In the 1H NMR spectra of compound 6a, a singlet at 2.45 ppm assigned to CH3 protons of pyrimidine-CH3, the doublet signal at 2.67 ppm indicated the presence of CH3 proton in CONH-CH3, meanwhile, a singlet at 8.78 and 7.32 ppm indicated the presence of pyrimidine and pyrazole ring. Two proton signals of two -CONH- in amide moiety was observed at 12.33 and 8.74 ppm. The structure of 6b was also confirmed by its mass spectral data. In its mass spectrum, the molecular ion peak was noticed m/z at 450.1 ([M+H]+) corresponding to its molecular weight.

The in vitro antifungal activities at 50 μg/mL of the target compounds against eight plant fungi are listed in Table 1. Table 1 showed that, at 50 μg/mL, compounds 6a–6m indicated certain antifungal activities against S. sclerotiorum, P. infestans, T. cucumeris, G. zeae, F. oxysporum, C. mandshurica, B. dothidea, and Phompsis sp. with the inhibition rates of 6.5–54.1%, 8.7–48.6%, 3.2–54.7%, 0–54.9%, 0–66.3%, 10.7–49.4%, 30.1–85.9%, and 36.2–81.2%, respectively. Among the title compounds, compound 6i revealed good in vitro antifungal activities against P. infestans and B. dothidea, with the inhibition rates of 48.6% and 85.9%, respectively, which were equally to those of Kresoxim-methyl or Pyrimethanil. Meanwhile, compound 6j revealed good in vitro antifungal activities against S. sclerotiorum, G. zeae, C. mandshurica, and B. dothidea, with the inhibition rates of 54.1, 54.9, 49.4, and 85.9%, respectively, which were similar with those of Kresoxim-methyl or Pyrimethanil.


Table 1. The in vitro antifungal activity of the title compounds 6a–6m at 50 μg/mL.
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Based on the preliminary antifungal bioassays, the EC50 values of compounds 6i and 6j were also tested and presented in Table 2. Table 2 showed that compounds 6i and 6j showed good activities against B. dothidea, with EC50 values of 56.4 and 65.3 μg/mL, respectively, which were similar to that of Pyrimethanil (57.6 μg/mL).


Table 2. The EC50 values of compounds 6i and 6j against B. dothidea.

[image: Table 2]

The in vitro insecticidal properties of title compounds against S. litura, M. separata, P. nubilalis, T. urticae, R. maidis, and N. lugens were evaluated and the insecticidal bioassay results are listed in Table 3. Table 3 showed that the target compounds 6a–6m indicated certain insecticidal activities against S. litura, M. separata, P. nubilalis, T. urticae, R. maidis, and N. lugens at 200 μg/mL, with the mortality rates of 10.0–70.2%, 12.0–75.4%, 0–61.3%, 43.0–80.9%, 20.0–88.9%, and 11.0–78.6%, respectively, which were lower than those of Chlorantraniliprole. Especially, compound 6f revealed good insecticidal activities against S. litura, M. separata, P. nubilalis, T. urticae, and N. lugens with mortality rates of 70.2, 75.4, 61.3, 80.9, and 78.6%, respectively. Meanwhile, compound 6c had a good mortality rate of 88.9% against R. maidis.


Table 3. The insecticidal activities of the title compounds 6a–6m at 200 μg/mL.
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CONCLUSIONS

In summary, thirteen novel pyridylpyrazolamide derivatives containing pyrimidine motifs were synthesized, and their structures confirmed by 1H NMR, 13C NMR, MS and elemental analysis. Bioassay results showed that some of title compounds revealed good antifungal and insecticidal properties. The results provided strategy for leading the synthesis of novel pyridylpyrazolamide derivatives containing pyrimidine motifs.
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The general synthesis methods of bioflavonoid–metal complexes are considered to be unreliable due to the instability of flavonoids in air-saturated alkaline solutions. In this study, dihydromyricetin (DHM), as a representative bioflavonoid, was selected for complexation with various transition metal ions in an air-saturated alkaline solution to form DHM–metal(II) complexes, following the general synthetic procedure. After characterization, the metal complexes were hydrolyzed to observe the stability of DHM under acidic conditions via HPLC. The effects of synthetic conditions (metal ion, alkalinity, and reflux time) on DHM stability were then investigated by UV-vis spectroscopy and HPLC. Finally, using electron paramagnetic resonance, DHM and its analogs were observed with DMPO (5,5-dimethyl-1-pyrroline-N-oxide) to form a relatively stable free radical adduct. Multiple peaks corresponding to unknown compounds appeared in the LC spectra of the DHM–metal(II) complexes after hydrolysis, indicating that some DHM reacted during synthesis. Subsequently, the transition metal ion and solution alkalinity were found to have notable effects on the stability of free DHM. Furthermore, DHM and several of its analogs generated the superoxide-anion radical in air-saturated alkaline solutions. Their capacities for generating the superoxide anion seemed to correspond to the number and/or location of hydroxyl groups or their configurations. Interestingly, DHM can react with the superoxide anion to transform into myricetin, which involves the abstraction of a C3–H atom from DHM by O2−. Therefore, the general synthetic procedure for bioflavonoid–metal complexes in air-saturated alkaline solutions should be improved.
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INTRODUCTION

Bioflavonoids are naturally occurring phenolic substances that can be isolated from a wide range of vascular plants, with more than 8,000 individual compounds currently identified. They have been widely used as potent bioactive agents in biological and pharmaceutical fields (Raffa et al., 2017; Spagnuolo et al., 2018; Dai et al., 2019). Recently, numerous studies have revealed that bioflavonoids with novel inherent molecular skeletons [e.g., dihydromyricetin, dihydroquercetin, myricetin, quercetin, kaempferol, and so on (Figure 1)] show valuable biological activities, including anticancer (Raffa et al., 2017; Madunić et al., 2018; Imran et al., 2019), antiviral (Lani et al., 2016; Dai et al., 2019; Lalani and Poh, 2020), anti-inflammatory (Zhang and Tsao, 2016; Chen et al., 2017; Spagnuolo et al., 2018), and other effects (Amirhossein and Shadboorestan, 2016; Liang et al., 2019).


[image: Figure 1]
FIGURE 1. Molecular structures of flavones, flavanones, and their derivatives.


To further improve bioflavonoids in terms of their bioactivities, metal complexes with bioflavonoids as ligands to chelate transition metal ions have gained significant scientific interest (Thangavel et al., 2018; Gençkal et al., 2020; Silva et al., 2020; Wu et al., 2020). These complexes form five- and/or six-membered rings through the interaction of the metal ion with the hydroxyl moiety and/or single carbonyl group on the bioflavonoid skeleton (Figure 2). Therefore, approaches to synthesizing bioflavonoid–metal complexes with novel structures are highly desirable.


[image: Figure 2]
FIGURE 2. Flavanone–metal complexes via the formation of five- and/or six-membered rings.


For instance, metal(II) complexes with quercetin (Gençkal et al., 2020; Silva et al., 2020), hesperitin (Tamayo et al., 2016), kaempferol (Tu et al., 2016; Thangavel et al., 2018), myricetin (Uivarosi et al., 2019), and dihydromyricetin (Li et al., 2016; Wu et al., 2020) as representative examples have been synthesized by following a general synthetic procedure for bioflavonoid–metal complexes (Tu et al., 2016; Maitera et al., 2018; Thangavel et al., 2018; Khater et al., 2019; Gençkal et al., 2020). The general procedure involves the deprotonation of the phenolic hydroxyl group(s) of the bioflavonoid into the corresponding phenolate, which then chelates the metal ion in an air-saturated alkaline solution. These metal complexes have been characterized by FT-IR and UV-vis spectroscopy, elemental analysis, X-ray analyses, and so on. Furthermore, their potential bioactivities have been observed as somewhat higher than that of the corresponding original bioflavonoids in terms of antioxidant capacity (Samsonowicz et al., 2017; Khater et al., 2019), anticancer effects (Qian et al., 2015; Khater et al., 2019), and superoxide anion/hydroxyl free radical scavenging (Jabeen et al., 2017).

In our previous work on bioflavonoid stabilization, we found via UV-vis spectroscopy that most bioflavonoids are unstable in air-saturated alkaline solutions, which prompted us to reevaluate the general synthetic procedure for bioflavonoid–metal complexes. To address this, in this study, dihydromyricetin (DHM) was selected as a representative bioflavonoid to prepare DHM–M(II) complexes using the general procedure. Subsequently, the metal complexes were identified by FT-IR and UV-vis spectroscopy, elemental analysis, and evaluation of antioxidant capacity. Finally, the DHM–M(II) complexes were hydrolyzed to observe any changes in their molecular structures under acidic conditions by means of high-performance liquid chromatography (HPLC). The results indicated that the air-saturated alkaline solution used in the general synthetic procedure is not suitable for the synthesis of bioflavonoid–metal complexes. Moreover, to determine the probable causes of the observed issue with the general synthetic procedure, the synthetic conditions (e.g., metal ion, alkalinity, and reflux time) affecting DHM stabilization were discussed.



EXPERIMENTAL SECTION


Materials and Synthesis

All of the reagents are analytical grade or chromatographically pure, and were purchased from commercial sources. All solutions were prepared using double-distilled water. Dihydromyricetin (DHM) was extracted by our laboratory from tender stems and leaves of Ampelsis grossedentata with more than 95% purity. Standard DHM was purchased from Aladdin Reagent, Shanghai (China). Metal ion reagents (copper, zinc, iron, nickel, and cobalt acetates) were also bought from Aladdin Reagent, Shanghai (China). Organic solvents were obtained from Kemiou reagent, Tianjin (China).



General DHM–M(II) Synthetic Procedure

According to the literature (Tu et al., 2016; Maitera et al., 2018; Thangavel et al., 2018; Khater et al., 2019; Gençkal et al., 2020), the general synthetic procedure for DHM–M(II) complexes is as follows: solid DHM (0.5820 g, 1.82 mmol) was dissolved completely in ethanol (5 mL, 95%, W/W). Then, the mixture was transferred to 50 mL of an alkaline solution (sodium acetate dissolved in a water–ethanol solution (50%, v/v) at pH = 8.2) under stirring for 5 min. Afterward, metal ion reagents (2 mmol) (copper, zinc, iron, nickel, and cobalt acetates) were separately dissolved in ethanol (5 mL, 95%, W/W) and added to the above mixture under reflux for 120 min. The reaction mixture was cooled to room temperature, precipitated, and filtered, and the resulting solid was washed three times with EtOH and double-distilled water in turn. Subsequently, after re-crystallization in acetone, the solid product was dried under vacuum for 48 h at −20°C to afford the DHM–M(II) complexes.




INSTRUMENTATION

EPR spectra were recorded at room temperature, utilizing a Bruker A300 spectrometer for detection of superoxide anion using a center magnetic field at 3500.00 G, sweep width at 150.00 G, microwave power at 3.99 mW, modulation amplitude at 1.000 G, with scanning field and switching time operating for 30 s and 40 ms, respectively. The UV-vis spectra were measured on a UV-759S UV-visible spectrophotometer (Jingke, China). The IR spectroscopies were recorded as KBr pellets on an IR Affinity-1S infrared spectrometer in the frequency range 400–4,000 cm−1. The HPLC was recorded on a LC-20AT spectrometer, equipped with a DAD detector (Shimadzu, Japan). The NMR spectra were recorded on a JEOL-ECX 500 instrument (500 MHz for 1H, 125 MHz for 13C) using DMSO-d6 as the solvent. Tetramethylsilane (δ = 0) and DMSO-d6 (δ = 40.1) served as internal standards for 1H NMR and 13C NMR spectral experiments, respectively. The mass spectral analysis was performed on Waters XevoTQ-XSMs Apparatus. The element analysis (Flash Smart, Thermo Fisher, Germany) was used to identify compound composition.


Evaluation of Antioxidant Activity by Pyrogallol Autoxidation
 
Control Group

Na2EDTA (1 mM) was added to a Tris-HCl buffer (0.05 M, pH = 8.2, 2.90 mL) solution, followed by the addition of 100 μL of a pyrogallol solution (6 mg in 1 mM HCl). After shaking vigorously for 30 min at room temperature, the resulting mixture was measured by UV-vis spectrophotometer from 200 to 800 nm. The resulting spectra were regarded as the control group.



Testing Group

Samples of the DHM–M(II) complexes were prepared at 0.01 mg/mL in DMSO, and free DHM as a positive control was prepared at 0.01 mg/mL in ethanol. Then, 100 μL of each sample was transferred to the above control group sample and shaken vigorously for 1 min. The reaction mixture was then prepared and measured according to the same procedure as for the control group.
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ΔA325nm, control: absorbance of control group at 325 nm

ΔA325nm, sample: absorbance of testing group at 325 nm

T: 25°C.




Hydrolyzing DHM–M(II) Complexes Under Acidic Conditions for HPLC Analysis

The DHM–M(II) complexes (0.9050 g) were each added to an acidic solution (20 mL, 1 mL HCl in 100 mL of ethanol, pH = 2) and stirred for 3 h at 50°C under a nitrogen atmosphere. Afterward, the reaction mixtures were moderated to pH = 5–6 by 0.1% aqueous NaOH. After filtering and evaporation, the residues were dissolved in chromatographic methanol and subjected to HPLC analysis.


Chromatographic Conditions

Hypersil BDS C18 (4.6*200 mm, 5 um), Elute: (Acetonitrile / Water (0.1 % phosphoric acid) = 24 / 76), Flow rate = 1 ml/min, UV = 254 nm.




Assessment of Conditions Affecting the Stability of Free DHM
 
Reflux Time

Solid DHM was dissolved in a water–ethanol solution (50%, v/v) at a concentration of 0.05 mg/mL, and 10 mL was refluxed for different periods. After cooling to room temperature, all samples were subjected to UV-vis analysis.



Metal Ion (Ni2+, Zn2+, Cu2+, Co2+, Fe2+)

A solution (10 mL) of 0.05 mg/mL DHM in water–ethanol (50%, v/v) was combined with each of the metal ion reagents (0.0016 mmol, 0.5 mL in water–ethanol solution) under stirring for 120 min at 25°C. The reaction mixtures were then measured by UV-vis spectroscopy.



Alkalinity

A 1.0 mg/mL solution of DHM (0.5 mL) was added to 10 mL of a sodium acetate solution (pH = 8.2) under stirring for 1, 3, 5, 10, 20, and 30 min at room temperature. Afterward, the reaction mixtures were subjected to UV-vis analysis.



Alkalinity Investigated Quantitatively by HPLC

Solutions at pH = 7.4, 8.2, and 9.4 were prepared by dissolving sodium acetate/acetic acid in water–ethanol (50%, v/v). Of a 0.8 mg/mL DHM solution, 1 mL was added to 10 mL of each alkaline solution with stirring for several minutes at room temperature. The resulting mixtures were moderated to weak acidity (approximately pH = 6) with 0.1% HCl. The control group was prepared in the same manner without the alkaline solution. After evaporating the solvent under vacuum, the test and control groups were dissolved in 1 mL of methanol and filtered (0.45 μm). Finally, the samples were subjected to HPLC for quantitative analysis.

Chromatographic conditions: Hypersil BDS C18 (4.6*200 mm, 5 um), Elute: (Acetonitrile / Water (0.1 % phosphoric acid) = 24 / 76), Flow rate = 1 ml/min, UV = 254 nm.




Separation and Purification of Myricetin (MYR) as an Oxidized Product of DHM in Air-Saturated Alkaline Solution (pH = 8.2)

A 100 mg/mL DHM solution was prepared, to which 3–20 mL of an alkaline solution (pH = 8.2) was added, and the reaction mixture was stirred continuously. After 2 h, the mixture was quenched with 0.1% HCl to pH = 5–6. After evaporating the solvent under vacuum, the residue was dissolved in ethanol and dried over MgSO4. Subsequently, after filtering and evaporation of the solvent under vacuum, the solution was evaporated to dryness. The residue was separated and purified by column chromatography on silica gel (EtOAc/petroleum ether from 1/25 to 1/3) to afford product A (50.2 mg) as a yellow solid. 1H-NMR (500 MHz, DMSO-D6, 25°C, TMS): δ (ppm) 12.51 (s, 1H), 10.82 (s, 1H), 9.36 (s, 1H), 9.25 (s, 2H), 8.83 (s, 1H), 7.25 (s, 2H), 6.38 (s, 1H), 6.19 (s, 1H); 13C-NMR (125 MHz, DMSO-D6, 25°C, TMS): δ (ppm) 176.21, 164.31, 161.17, 156.52, 147.27, 146.16, 136.31, 121.23, 107.60, 103.42, 98.61, 93.66. Anal. Calcd for C15H10O8: C, 56.61; H, 3.17; O, 40.22; Found: C, 56.45; H, 3.24. ESI-MS m/z (CH3OH): 318.04; Found: 358 [M+H+K]+.

A solution of product A at 1.0 mg/mL was prepared and subjected to HPLC analysis. Chromatographic conditions: Hypersil BDS C18 (4.6*200 mm, 5 um), Elute: (Acetonitrile / Water (0.1% phosphoric acid) = 24 / 76), Flow rate = 1 ml/min, UV = 254 nm.



Superoxide Anion From DHM in Air-Saturated Alkaline Solution

Using an air supplier, air, nitrogen, and oxygen were continuously forced into separate alkaline solutions (pH = 8.2) for 10 min. DHM was dissolved in methanol to 0.20 mg/mL, and 100 μL was added to 1 mL of each of the air-, oxygen-, and nitrogen-saturated alkaline solutions with continuous stirring for 1 min. To 100 μL of those solutions, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) (100 mg/L in methanol, 10 μL) was added, and the resulting mixtures were transferred into silica tubes and subjected to EPR analysis.



Superoxide Anions Generated by the DMSO System

Dry DMSO (1 mL) was transferred to a test tube (5 mL), and oxygen was introduced to the system for 10 min at room temperature using an air supplier. Sodium phenolate (100 mmol/L, 100 μL) was immediately added to the system and stirred slowly for 30 min at 37°C under an oxygen atmosphere. DMPO (100 mg/L in methanol, 10 μL) was added to 100 μL of this solution, and the resulting mixture was transferred into a silica tube and subjected to EPR analysis.



Transformation of DHM Into MYR by Superoxide-Anion Radicals

To the above described DMSO system, a DHM solution (1.0 mg/mL in dry DMSO) was added with shaking for ~5 min. When the solution changed from colorless to yellow, it was quenched with saturated aqueous NH4Cl. After filtering (0.45 μm), the solution was subjected to HPLC analysis using the above chromatographic conditions.



DHM Analogs Autoxidized in Air-Saturated Alkaline Solution and Observed by EPR

Following the above conditions for the DHM generation of superoxide anions, DHM analogs (MYR, quercetin, daidzein, genistein, chrysin, baicalein, rutin hydrate, and kaempferol) were each prepared at the same concentration (2.0 mg/mL). The solutions were transferred to an air-saturated alkaline solution (1 mL, pH = 8.2) with continuous stirring for 1 min. To 100 μL of these solutions DMPO (100 mg/L in methanol, 10 μL) was added. The resulting mixtures were transferred to silica tubes and subjected to EPR analysis.




RESULTS AND DISCUSSION


Antioxidant Activity of DHM–M(II) Complexes

By following the reported general synthetic procedure (Tu et al., 2016; Maitera et al., 2018; Thangavel et al., 2018; Khater et al., 2019; Gençkal et al., 2020), the DHM–M(II) complexes DHM–Co(II), DHM–Cu(II), DHM–Fe(II), DHM–Zn(II), and DHM–Ni(II) were obtained. The metal complexes were characterized by FT-IR, elemental analysis, UV-vis, and antioxidant capacity. The IR absorption frequency of the functional groups attached to the DHM–M(II) complexes were red-shifted compared with those of free DMY, indicating the complexation of DHM with metal ions (Supplementary Figure 1 and Supplementary Table 1). Elemental analysis demonstrated that the DHM–metal(II) complexes had the expected compositions (Supplementary Table 2). The UV-vis spectra showed red-shifts and changes in intensity of the absorption of the complexes, further evidencing the complexation of DHM with the metal ions under the selected experimental conditions (Supplementary Figure 2). Finally, the antioxidant activities of the DHM–M(II) complexes were confirmed as higher than that of DHM at the same concentration (Supplementary Figure 3 and Supplementary Table 3). Therefore, it is reasonable to assume that the prepared DHM–M(II) complexes are consistent with those in previous studies.



Hydrolysis of DHM–M(II) Complexes

To further understand whether DHM changes during complexation, DHM and its metal complexes were hydrolyzed under the same acidic conditions. After stirring for 3 h at 50°C, the resulting mixtures were subjected to HPLC with a monitoring wavelength of 254 nm. In the LC spectra, we found that free DHM stirred in an acidic solution was stable, without any impurity peaks. However, in the spectra of the DHM–M(II) complexes, many unknown absorption peaks with different intensities appeared (Supplementary Figure 4). This caused us to question the general synthetic procedure for bioflavonoid–metal complexes. Subsequently, to address this, the synthetic conditions of the metal ion, alkalinity, and reflux time were investigated by UV-vis or HPLC to observe their influence on the stability of free DHM.



Effect of Synthesis Conditions on Stability of Free DHM

Reflux time was first investigated by refluxing free DHM for different times in a water–ethanol solution (v/v, 50%) followed by observation by UV-vis spectroscopy. In the resulting spectra, no notable shift in the DHM absorption peak at 325 nm was observed after refluxing for several minutes compared with free DHM without any workup (Figure 3). This indicated that reflux time does not significantly affect the stability of free DHM in an aqueous solution in the absence of alkalinity or metal ions. Therefore, we did not consider reflux time to be a crucial factor affecting the synthesis of the DHM–metal complexes.


[image: Figure 3]
FIGURE 3. (A) UV-vis spectra and (B) main peak positions of DHM refluxed for different times.


To the best of our knowledge, bioflavonoids are generally weakly acidic in ethanol or aqueous solutions, relying on their phenolic hydroxyl moieties to ionize in the liquid phase. In the general synthetic procedure for bioflavonoid–metal complexes, alkalinity promotes the deprotonation of the bioflavonoid phenolic hydroxyl groups to form the corresponding phenolate. Since phenolates can easily donate a pair of electrons, they are better ligands to chelate with metal ions. Thus, alkalinity seems to be a dominant factor in synthesizing DHM–M(II) complexes. A pH of 8.2 for the reaction solution was selected to investigate the influence of alkalinity on free DHM by UV-vis spectroscopy. With longer stirring times at room temperature, the absorbance at 290 nm shifted to 325 nm and increased in intensity (Figure 4), implying that dissolving DHM in an air-saturated alkaline solution decreased the amount of DHM over time. Therefore, the effect of alkalinity on DHM stabilization required further investigation.


[image: Figure 4]
FIGURE 4. (A) UV-vis spectra and (B) main peak positions of DHM stirred for different times at pH = 8.2.


HPLC as a quantitative and qualitative analysis method was first utilized to investigate the effect of alkalinity on free DHM stabilization (Supplementary Figures 5–8 and Supplementary Tables 4–6). As shown in Figure 5, the air-saturated alkaline solution was adjusted to a pH of 7.4 by sodium acetate/acetic acid, and free DHM was stirred for different times in the solution at room temperature. The resulting mixtures were quenched with 0.1% HCl to approximately pH = 6 and subjected to HPLC. We found that the concentration of DHM decreased from 0.71 to 0.64 mg/mL after stirring for 120 min. When the solution pH was moderated to 8.2, the DHM concentration decreased more than at pH = 7.4; similarly, the concentration decrease was the most severe for pH = 9.4. This confirmed the alkalinity as a significant factor in the synthesis of the DHM–M(II) complexes.


[image: Figure 5]
FIGURE 5. Concentration of DHM depending on alkalinity.


The metal ion is an important participant in the synthesis of the DHM–M(II) complexes as it supplies empty orbitals for complexation with the ligand. Importantly, most transition metal ions in an electron-loss state are electronegative and are thus generally considered to be oxidants. In addition, bioflavonoids are electron-rich and thus easily lose electrons after deprotonation of their phenolic hydroxyl moieties. The presence of electronegative metal ions with the phenolates derived from deprotonated bioflavonoids can initiate a redox reaction. Therefore, the effect of metal ions with different electronegativities on DHM stabilization deserves further consideration. DHM was stirred for 2 h in the presence of the different metal ions without alkalinity at room temperature, and the resulting mixtures were subjected to UV-vis analysis. As shown in Figure 6, the intensity and position of the DHM absorption peak were affected by the metal ion. With Zn2+, the DHM peak red-shifted from 290 to 345 nm, indicating the effective complexation of Zn2+ with free DHM. In contrast, Ni2+, Cu2+, Co2+, and Fe2+ not only red-shifted the peak at 290 nm to different extents but also changed the intensity, suggesting that the redox of free DHM also occurred. These results showed that the metal ions affect the DHM stability according to their electronegativity in the order of Ni2+ > Co2+ > Cu2+ > Fe2+ > Zn2+. Therefore, the metal ion is a dominant factor affecting the stability of DHM in DHM–M(II) complexes.


[image: Figure 6]
FIGURE 6. UV-vis spectra of DHM with different metal ions.


In summary, synthesizing bioflavonoid–metal complexes in air-saturated alkaline solutions is rational in theory. However, in reality, both the alkalinity and metal ions as important participants in the synthesis of DHM–M(II) complexes were shown to be probable reasons for the lack of stability.



Transformation of DHM Into MYR in the Presence of Superoxide-Anion Radical

Based on the above results regarding the synthetic factors affecting DHM stabilization, it was notable that alkalinity is likely the main factor for the general synthesis of bioflavonoid–metal complexes. In the general synthetic procedure, free DHM was first stirred for different times in an air-saturated alkaline solution (pH = 8.2) for deprotonation into the corresponding phenolate, and the resulting solution was subjected to HPLC. The intensity of the absorption peak (t =15.7 min) at 254 nm increased with stirring time (Supplementary Figure 7). Subsequently, the absorption peak was separated by column chromatography with an eluent of P/E (from 25/1 to 3/1) and identified by 1H- and 13C-NMR, ESI-MS, elemental analysis, and HPLC (Supplementary Figures 9, 10). Interestingly, the component was found to be MYR. As far as we know, MYR is the oxidized product of DHM. Thus, the transformation of DHM into MYR in an air-oxidized alkaline solution required further consideration (Scheme 1).


[image: Scheme 1]
SCHEME 1. Transformation of DHM into MYR in an alkaline solution.


For the transformation of DHM into MYR, DHM after deprotonation by a base forms its electron-rich phenolate, which undergoes a redox reaction upon exposure to an oxidant. We noted that oxygen molecules from the air can dissolve into the alkaline solution. The collision of diatomic oxygen with the phenolate can promote the univalent reduction (single electron transfer) of diatomic oxygen, resulting in one filled and one half-filled antibonding π*2p molecular orbitals. This ultimately forms a radical. To validate our proposition, electron paramagnetic resonance (EPR) was applied to observe the radicals generated from DHM dissolved in an air-saturated alkaline (pH = 8.2) solution with DMPO as a spin-trapping electron reagent. DHM dissolved in oxygen- and nitrogen-saturated alkaline solutions at the same pH was also observed for comparison. The EPR results demonstrated that the intensity of the typical signals of the superoxide anion adduct (DMPO-OO–) of DHM in an air-saturated alkaline solution was less than that of the oxygen-saturated alkaline solution, with an overlapping “doublet of a doublet” arising from hyperfine interactions with 14N (Liu et al., 1996). When DHM was dissolved in a nitrogen-saturated alkaline solution, no typical adduct signals were observed (Figure 7). Thus, DHM dissolved in an alkaline solution in the presence of oxygen molecules generates superoxide-anion radicals (O2−) via univalent reduction.


[image: Figure 7]
FIGURE 7. EPR spectra of DHM in air-, nitrogen-, and oxygen-saturated alkaline solutions.


Next, whether the transformation of DHM into MYR in an air-saturated alkaline solution is associated with O2− generation was considered. A system of dry DMSO reacted with sodium phenolate in the presence of oxygen molecules to generate O2− was selected according to a previous report (Branchini et al., 2015). The DMSO system was analyzed by EPR with the aid of DMPO. The typical signals of the DMPO-OO–adduct derived from the DMSO system are shown below (Figure 8).


[image: Figure 8]
FIGURE 8. EPR spectra of superoxide-anion radical generation from DMSO reacted with a base in the presence of oxygen.


Subsequently, DHM was added to this system of generated superoxide anions with full shaking. Within a few minutes, the color of the resulting solution gradually changed from colorless to yellow. After quenching with a 0.1% HCl solution, the resulting mixture was subjected to HPLC with MYR as a standard for comparison (Supplementary Figure 11). As a result, the compound in the reaction mixture was identified as MYR from the reaction of DHM with superoxide-anion radicals (O2−). Therefore, we proposed a pathway of DHM transformation into MYR that involves the abstraction of a C3–H atom of phenolate 1 abstracted by O2− to form the potent radical 2. Phenolate 1 was obtained by the deprotonation of the phenolic hydroxyl moieties of DHM. Subsequently, peroxide 3 was generated from the combination of radical 2 with peroxyl radical HOO·. Then, under acidic conditions, terminal product MYR was formed by successive acidification, dehydration, and enolization (Branchini et al., 2015) (Scheme 2).


[image: Scheme 2]
SCHEME 2. Plausible mechanism of DHM transformation into MYR.




Generation of Superoxide-Anion Radical by Other Bioflavonoids as Ligands for Metal Complexes

Since DHM generates O2− in an oxygenated alkaline solution, its analogs MYR, quercetin, daidzein, genistein, chrysin, baicalein, rutin hydrate, and kaempferol were also considered as potential ligands for metal complexes based on the multi-hydroxyl moieties attached to their molecular backbones (Figure 9). Thus, their behaviors in an air-saturated alkaline solution were investigated by EPR. All of these bioflavonoids originate from natural products and were tested at the same concentration in an air-saturated alkaline solution, then observed by EPR with DMPO (Figure 10). We found that the intensities of the DMPO-OO–adduct signal could be correlated to the location and/or number of phenolic hydroxyl groups or their configurations.


[image: Figure 9]
FIGURE 9. Molecular structures of DHM analogs.



[image: Figure 10]
FIGURE 10. EPR spectra of DHM analogs autoxidized in an air-saturated alkaline solution.


As shown in Table 1, the more phenolic hydroxyl groups are attached to the molecular skeleton, the higher the signal strength of the DMPO-OO–adduct in general. Comparing DHM with MYR, which have the same number of hydroxyl groups, the adduct signal was stronger for MYR under the same conditions. This indicated that molecular configuration contributes to the capacity for generating superoxide anions, potentially because of the transformation of DHM into MYR in the presence of O2−. For the flavonoids with three hydroxyl moieties, baicalein showed a higher adduct signal than genistein. At the same time, chrysin with two hydroxyl groups at the 5,7-positions of the molecular skeleton exhibited a higher DMPO-OO–adduct signal than daidzein. This indicated that molecular skeletons rich with electrons can promote the capacity for superoxide anion generation because of the +C effect from the hydroxyl functional groups. Rutin hydrate, composed of quercetin with rutinoside, was a particular example, as the adduct signal was markedly weaker than that of quercetin. These experimental results confirmed that the synthesis of bioflavonoid–metal complexes should exclude molecular oxygen from the reaction solution and employ fewer electronegative metal ions. Further investigations on work related to this issue is ongoing in our laboratory.


Table 1. Intensity of DMPO-OO–adduct EPR signal related to the characterization of bioflavonoids.

[image: Table 1]




CONCLUSION

The general synthesis of bioflavonoid–metal complexes involves dissolving bioflavonoids in an air-saturated alkaline solution to undergo the deprotonation of phenolic hydroxyl groups and chelation with metals. However, because most bioflavonoids are unstable in air-saturated alkaline solutions, the general synthetic procedure may be inadequate. In this study, DHM as a representative bioflavonoid was selected as a potent ligand to synthesize DHM–M(II) complexes following the general procedure. The metal complexes were shown to be consistent with previous examples through spectroscopic analyses and evaluation of antioxidant capacity. Furthermore, the complexes were hydrolyzed to observe the stability of DHM via HPLC under acidic conditions. Surprisingly, many unknown absorption peaks with different intensities were observed at 254 nm in the LC spectra, indicating that the molecular structure of DHM was damaged during the synthesis of the DHM–M(II) complexes. This caused us to question the employed general synthetic procedure. To address this, the synthetic conditions and their effects on the DHM stability were investigated by UV-vis spectroscopy and HPLC. More electronegative metal ions and the solution alkalinity were shown to affect the DHM stability in an air-saturated solution and were thus regarded as probable causes of the observed damage to DHM using the general procedure. Furthermore, considering the content of MYR in the air-saturated alkaline solution of DHM, a pathway for the transformation of DHM into MYR via interaction with O2− was proposed, involving a C3–H atom of DHM abstracted by O2−. The DHM analogs MYR, quercetin, daidzein, genistein, chrysin, baicalein, rutin hydrate, and kaempferol as potential bioflavonoid–metal complex ligands were also dissolved in air-saturated alkaline solutions and observed by EPR to generate O2− at different capacities. These differences are possibly associated with the number and location of the multi-hydroxyl moieties attached to their molecular skeleton or their configurations. Therefore, the general synthetic procedure for bioflavonoid–metal complexes using a transition metal ion and air-saturated alkaline solution was shown to require improvement.
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A Corrigendum on
 Evaluation of General Synthesis Procedures for Bioflavonoid–Metal Complexes in Air-Saturated Alkaline Solutions

by Yao, Y., Zhang, M., He, L., Wang, Y., and Chen, S. (2020). Front. Chem. 8:589. doi: 10.3389/fchem.2020.00589



In the original article, there was a mistake in the legends for Figures 3, 4, 7, and 8 as published. In these Figures, marks such as a, b, c, d, e, f, and g have not been explained. The updated legends appear below.

Figure 3. (A) UV-vis spectra and (B) main peak positions of DHM refluxed for different times. (a) DHM; (b–g) DHM refluxing for 30, 60, 90, 120, 150, and 180 min.

Figure 4. (A) UV-vis spectra and (B) main peak positions of DHM stirred for different times at pH = 8.2. (a) DHM; (b–g) DHM stirring for 1, 3, 5, 10, 20, and 30 min in pH 8.2.

Figure 7. EPR spectra of DHM in air-, nitrogen-, and oxygen-saturated alkaline solutions. (a) DHM only; (b) DHM + DMPO; (c–e) DHM + DMPO, in nitrogen-, air-, oxygen-saturated alkaline solution.

Figure 8. EPR spectra of superoxide-anion radical generation from DMSO reacted with a base in the presence of oxygen. (a) DMSO + DMPO + O2; (b) Na+PhO− + DMPO + O2; (c) Na+PhO−+O2; (d) DMSO + Na+PhO− + O2; (e) DMSO + Na+PhO−+ DMPO + O2.

The authors apologize for this error and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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Cellulose is the most abundant source of biomass, which can be converted into monosaccharide or other chemical platform molecules for the sustainable production of chemicals and fuels. Acid catalysts can promote hydrolytic degradation of cellulose into valuable platform molecules, which is of great significance in the development of chemicals and biofuels. However, there are still some shortcomings and limitations of the catalysts for the hydrolytic degradation of cellulosic biomass. Heteropoly acid (HPA), as a green catalyst, seems to be more conducive to the degradation of cellulosic biomass due to its extreme acidity. HPAs can be designed in homogeneous and heterogeneous systems. Moreover, they can be easily separated from the products in both systems by a simple extraction process. According to the unique properties of HPAs (e.g., good solubility, high thermal stability, and strong acidity), using heteropoly acid-based catalysts to depolymerize and convert cellulose into value-added chemicals and biofuels has become one of the most remarkable processes in chemistry for sustainability. In this review, the characteristics, advantages, and applications of HPAs in different categories for cellulose degradation, especially hydrolysis hydrolytic degradation, are summarized. Moreover, the mechanisms of HPAs catalysts in the effective degradation of cellulosic biomass are discussed. This review provides more avenues for the development of renewed and robust HPAs for cellulose degradation in the future.

Keywords: cellulose hydrolysis, heteropoly acid, biomass conversion, green chemistry, sustainable catalysis


INTRODUCTION

With the continuous exploitation of human beings, the amount of fossil energy that is the most main energy consumed in the world is decreasing gradually. Therefore, developing a sustainable renewable energy source that can provide valuable chemicals and biofuels is of great importance (Zhang et al., 2015). To furnish the desired bioproducts, some resources are needed which can provide us with basic elements such as C, H, and O in luxuriant amounts (Dhepe and Fukuoka, 2008). Compared with other energy sources (e.g., coal, oil, and natural gas), biomass energy has incomparable advantages as a renewable energy source with little pollution. Moreover, biomass has become the focus of development because of its universality, abundance, and low pollution. In some biorefinery typically using biomass instead of oil, biomass can be converted into energy and relevant bioproducts through multifarious platforms (Chang et al., 2013; Hu et al., 2015; Li et al., 2016; Liu et al., 2016). Especially, biorefinery combines the key technologies of transforming biological raw materials into industrial intermediates and final products (Scheme 1; Kamm and Kamm, 2004; Dhepe and Fukuoka, 2008; Li et al., 2015; Liu and Zhang, 2015; Zhang et al., 2018). Therefore, the utilization of biomass is a wonderful choice to develop sustainable and renewable energy.


[image: Scheme 1]
SCHEME 1. Biorefinery for the development of industrially relevant products.


As the most abundant source of biomass and one of the most widely distributed and abundant polysaccharides in nature, cellulose provides more possibilities for sustainable chemicals and fuels in the future (Huber et al., 2006; Climent et al., 2014; Sheldon, 2014; To et al., 2015). Hence, the conversion of cellulose could become a significant part of biomass utilization, which plays an important role in the development of chemicals and fuels in the future. However, cellulose is a homopolymer of D-glucose made up of β-1,4 glycosidic bonds (Scheme 2A). Its intramolecular and intermolecular hydrogen bonds are formed (Scheme 2B), resulting in its water insolubility (Geboers et al., 2011; Wang et al., 2012; Harada et al., 2014; Yabushita et al., 2014). Therefore, the processes of cellulose conversion are complicated because this biopolymer is insoluble in water, and most organic solvents (Klemm et al., 2005; Albert et al., 2014).


[image: Scheme 2]
Scheme 2. (A) Molecular structure of cellulose. (B) Intermolecular and intramolecular hydrogen bond interactions in cellulose (n = DP, degree of polymerization).


Many homogeneous and heterogeneous acid catalysts were found to be capable of converting cellulose into glucose, a monosaccharide which is an important component for synthesizing different kinds of chemicals and fuels (Scheme 3), such as furans (Li et al., 2014), ethanol (Chheda et al., 2007), polyhydric alcohol (Geboers et al., 2010; de Op Beeck et al., 2013; Xie et al., 2014; He et al., 2018), furfural (Yu et al., 2009a; Feng et al., 2011; Li et al., 2013; Pan et al., 2013), organic acid (Yan et al., 2014; Zhang et al., 2014; Ren et al., 2015), and so on. Several excellent review literature on the conversion of cellulose have been reported, with focus on the discussion of different solid acid catalysts (e.g., Amberlyst-15, PCPs–SO3H, BC–SO3H, CMK-3-SO3H, Zn–Ca–Fe, CsH2PW12O40, Ru/CMK-3, Fe3O4-SBA–SO3H, CaFe2O4, H3PW12O40, H5BW12O40, H5AlW12O40, H5GaW12O40, and H6CoW12O40) for hydrolysis of cellulose (Table 1; Kobayashi et al., 2010; Pang et al., 2010; Rinaldi et al., 2010; Tian et al., 2010, 2011; Wu et al., 2010; Akiyama et al., 2011; Komanoya et al., 2011; Lai et al., 2011; Ogasawara et al., 2011; Zhang et al., 2011).


[image: Scheme 3]
SCHEME 3. The main reaction network of glucose hydrogenation and oxidation.



Table 1. Cellulose hydrolysis over different solid acid catalysts.

[image: Table 1]

Compared with other solid acids, HPA catalysts are more favorable for hydrolysis of cellulose, considering that they have some unique properties such as stronger acidity compared to other mineral acids (e.g., H2SO4, HCl), high redox properties, good thermal stability, easy separation, good reusability, fewer side products, less waste generation, non-toxicity, and easy handling, as illustrated in Figure 1 (Kozhevnikov, 1987, 1998; Mizuno and Misono, 1994; Kaur and Kozhevnikov, 2002; Yu et al., 2009b; Yang et al., 2011; Deng et al., 2012; Reddy et al., 2012; de Op Beeck et al., 2013). Furthermore, HPA catalysts can be used in both homogeneous and heterogeneous systems. The most significant advantage of the heterogeneous system is that the HPA catalysts can be easily separated from the reaction products, thus improving the catalyst reusability. The most common HPAs are Keggin-type HPAs, which have the anions of [XM12O40]n−, where X is a heteroatom (e.g., P, Si) and M is a metal ion (e.g., W6+, Mo6+). Among them, H3PW12O40 is the most common Keggin-type HPA. Moreover, H3PW12O40 with strong acidity is highly soluble in water and can completely dissociate protons, which facilitates contact with the heterogeneous substrates, thus endowing enhanced reaction rates (Tian et al., 2010). Besides, the basic structural units of Keggin-type HPAs are oxygen-containing tetrahedron and octahedron anions in good symmetry and low charge density (Figure 2).


[image: Figure 1]
FIGURE 1. Some unique properties of heteropoly acids (HPAs).



[image: Figure 2]
FIGURE 2. The structure of common Keggin-type HPA.


Given the unique features and rapid development of HPAs-based catalysts in the preliminary degradation of cellulosic biomass with high efficiency, this review mainly reports the design and structural characterization of different types of HPAs employed for hydrolytic depolymerization of cellulosic biomass. In addition, the properties and preparation methods of HPAs as well as their advantages in the hydrolysis of cellulose are discussed. Also, possible research trends of HPAs in the future are forecasted.



HPAS-BASED CATALYSTS


HPA Properties and Classification

HPA catalysts have attracted people's attention, and are known as effective, environmentally friendly and economically viable acid catalysts (Kozhevnikov, 1998), which can be used in either homogeneous or heterogeneous state (Izumi et al., 1983; Nowinska et al., 1996; Song and Lee, 2004; Bennardi et al., 2010; Zhao et al., 2013). Compared with a homogeneous system, the heterogeneous system has the advantage that the catalyst is easy to separate from the reaction products. Due to these special features, HPA catalysts are more beneficial to the degradation of cellulosic biomass than other catalysts.

HPA catalysts can be classified into the following categories: (1) Keggin-type HPAs, the most common HAPs with the anions of [XM12O40]n−, where X is a heteroatom (e.g., P, Si) and M is a metal ion (e.g., W6+, Mo6+). (2) Substituted HPAs, the H+ ions on conventional HPAs are substituted by monovalent cations, such as Cs+ ions. (3) Supported HPAs, the heteropoly compounds are supported on suitable supporters, such as silica. (4) Assembled HPAs, the new catalysts with higher activity are synthesized by self-assembly of HPAs with other substances, such as ionic liquids. (5) Other types, new types of heterogeneous catalysts formed by an effective combination of HPAs with other substances.



Catalyst Preparation Methods

Up to the present, many patents and literature on the preparation of HPAs were published, including e.g., traditional acidification method incorporated with an ether extraction, ion exchange method, impregnation method, and sol-gel method (Bechtold and Square, 1950; Laferty and John, 1966; Chiola and Lawrence, 1969; Chiola et al., 1969; Izumi et al., 1995; Vázquez et al., 2000; Mrowiec-Białoń et al., 2002; Cardoso et al., 2004; Yang et al., 2005; Ahmed et al., 2011). The traditional synthesis method of conventional HPAs is an acidification process coupled with an ether extraction, which is commonly used for the synthesis of phosphotungstate HPA catalysts. In this method, the HPA is prepared by mixing heteroatom oxygen-containing acid and ligand oxide in a certain proportion, heating, refluxing, and then acidifying to obtain HPA. The HPA is dissolved in ether, and the solid HPA is obtained after ether volatilization (Chiola and Lawrence, 1969; Chiola et al., 1969). However, the acidification procedure coupled with an ether extraction has the disadvantages of low safety due to the use of toxic substances and low yield of some HPAs. In connection with this, the ion-exchange method has been developed, which first obtains the corresponding ammonium salt, and then obtains HPA through hydrogen ion-exchange resin. This method avoids the use of ether and improves process safety, but the production cycle is relatively long (Bechtold and Square, 1950; Laferty and John, 1966). For some supported HPAs, the impregnation method is commonly used. The method is to add the carrier into the solution of HPA with a certain concentration, stir for a long time at a certain temperature, stand still, and then remove the excess solvent to obtain the catalyst. The method is simple and safe, but there are some problems such as the loss of catalyst activity and limited recycling ability. Therefore, the support should be screened and optimized (Vázquez et al., 2000; Cardoso et al., 2004; Liu et al., 2004). The sol-gel method is to add raw materials to the HPA colloid and obtain the HPA catalyst through a series of specific processes, such as drying and heat treatment. This method can be used to prepare catalysts at a low temperature or mild condition, which is widely used in manufacturing nanomaterials catalysts. Likewise, this method has the disadvantages of low security and long cycle (Izumi et al., 1995; Mrowiec-Białoń et al., 2002; Yang et al., 2005). Some examples of catalysts for the preparation of HPAs are as follows:

1. Keggin-type Mo-V-P heteropoly acid catalysts (Scheme 4; Zhizhina and Odyakov, 2008; Odyakov and Zhizhina, 2009): Firstly, V2O5 was dissolved in cold diluted H2O2 solution to form peroxy complexes, which was gradually decomposed with oxygen to give H6O10V28. Then, by adding excess H3PO4, H6O10V28 acid produced was immediately stabilized to give H9PV14O42, following by addition into the boiling suspension of MoO3 and H3PO4 to form the catalyst.

2. Substituted heteropoly tungstic acid catalyst CsxH3−xPW12O40 (x = 1–3): It is usually prepared by titration method (Okuhara et al., 1992, 1996, 2000; Tian et al., 2011). At room temperature, dropping 0.10 mol dm−3 Cs2CO3 aqueous solution into 0.8 mol dm−3 of H3PW12O40 aqueous solution at a constant rate was stirred continuously. Then the resulting solution was aged overnight at room temperature and heated at 50°C to obtain the catalyst.

3. The synthesis of catalyst (HOCH2CH2N(CH3)3)x H3−xPW12O40 (abbreviated as ChxH3−xPW12O40) is shown in Scheme 5 (Duan et al., 2013; Zhang et al., 2016): choline chloride (ChCl, HOCH2CH2N(CH3)3Cl) (3.34 mmol) was added to H3PW12O40 (3.34 mmol) solution and the white precipitate was formed after stirring in 20 mL distilled water for 8 h at room temperature. Then the white precipitate was washed with distilled water, followed by recrystallization twice with CH3CN, drying at 60°C, and finally getting the white product ChH2PW12O40 (HOCH2CH2N(CH3)3H2PW12O40).

4. The self-assembled HPA ionic liquid catalyst [C4H6N2(CH2)3SO3H]3PW12O40 (Scheme 6; Leng et al., 2010): 0.11 mol methyl imidazole and 0.10 mol 1,3-propane sulfone were dissolved in 20 mL toluene under nitrogen and stirred for 24 h at 50°C. The resulting white precipitate is filtered and washed three times with ether and then dried in a vacuum. Then it was added to the aqueous solution of H3PW12O40 (0.02 mol) and stirred for 24 h at room temperature. Then water was removed in vacuum to obtain solid products, washed with water and ethanol, and dried at 100°C for 3 h.


[image: Scheme 4]
SCHEME 4. The overall scheme for the synthesis of Mo-V-P HPA catalysts.



[image: Scheme 5]
SCHEME 5. The synthetic procedure of ChxH3−xPW12O40 catalyst.



[image: Scheme 6]
SCHEME 6. The synthetic routes to [C4H6N2(CH2)3SO3H]3PW12O40.





HYDROLYTIC DEPOLYMERIZATION OF BIOMASS WITH HPAS-BASED CATALYSTS


Keggin-Type HPAs

Keggin-type HPAs are the most common HPA catalysts, which have great application prospects for biomass degradation. The potential of HPAs for catalyzing the hydrolysis of cellulose to glucose has been explored.


Cellulose Conversion to Glucose

Tian et al. developed the heteropoly acid H3PW12O40 for selective conversion of cellulose (Scheme 7). The heteropoly acid catalyst can promote cellulose hydrolysis, achieving the glucose selectivity and yield of 92.3 and 50.5%, respectively at 180°C for 2 h with 0.10 g cellulose amount. The authors also studied and optimized reaction parameters influencing the hydrolysis of cellulose and determined the most optimizing reaction conditions. Compared with HCl, H3PW12O40 had greater catalytic activity and glucose selectivity under identical reaction conditions with the same acid concentration (Table 2: 0.2 mmol HCl is equivalent to 0.06 mmol H3PW12O40, and 0.06 mmol H3PW12O40 had higher catalytic activity). After testing the catalytic activity of H3PW12O40 in six consecutive reaction cycles, the total loss of H3PW12O40 was 8.8% of its initial loss (Figure 3; Tian et al., 2010). It was found that the acid catalyst H3PW12O40 was generally stable and could be recycled by extraction using diethyl ether. However, there was still a little loss of catalyst activity, which led to a slight decrease in the yield of TRS and glucose.


[image: Scheme 7]
SCHEME 7. Main products and by-products of cellulose conversion by an acid catalyst H3PW12O40.



Table 2. Hydrolysis of cellulose with different acid catalysts (Tian et al., 2010).

[image: Table 2]


[image: Figure 3]
FIGURE 3. The recyclability of H3PW12O40 in six consecutive reaction cycles. Reaction conditions: 0.1 g cellulose, 0.08 mmol catalyst, 5 mL water at 180°C for 2 h. Reproduced with permission from Tian et al. (2010).


In 2009, Shimizu et al. studied the effects of Brønsted and Lewis acidities on the activity and selectivity of HPA catalysts for hydrolysis of cellulose (Furukawa et al., 2009). The authors also reported that HPAs (i.e., H3PW12O40 and H4SiW12O40) could catalyze the hydrolysis of cellulose with high selectivity to glucose. It was concluded that for Brønsted acid catalysts, the activity increases with the decrease in the deprotonation enthalpies (DPE, for the description of the acid strength of HPAs) (Macht et al., 2008; Shimizu and Satsuma, 2011), indicating that stronger Brønsted acidity is more beneficial to the hydrolysis of cellulose (The effect of DPE on catalysts activity shown in Figure 4). In other words, stronger Brønsted acid is more beneficial to the hydrolysis of β-1,4 glucosidic bonds of cellulose. More interestingly, the obtained catalyst rates are higher for moderate Lewis acidity, while the catalysts with moderate Lewis acidity have higher TOFs for glucose production than H3PW12O40 (Figure 5). Therefore, the Brønsted and Lewis acidities of HPA catalysts can influence the hydrolysis of cellulose. Moreover, with the increase of the catalyst dosage, the yield of glucose increased, which is due to the increase in the number of catalytic active sites. As shown in Figure 4, the lower DPE corresponds to stronger acidity of the catalysts, which is responsible for higher catalytic activity, with the TRS yield in the order of H4SiW12O40 > H3PW12O40 > HClO4 > H2SO4 > H3PO4.


[image: Figure 4]
FIGURE 4. The effect of deprotonation enthalpy (DPE) of acid catalysts on catalysts activity (∘, TRS yield; •, cellulose conversion; Δ, TRS selectivity of cellulose hydrolysis). Reaction conditions: 0.58 mmol cellulose, 6 mL H2O, 6 mol catalyst (Mn/3PW12O40) at 150°C for 2 h. Reproduced with permission from Macht et al. (2008) and Shimizu and Satsuma (2011).



[image: Figure 5]
FIGURE 5. The effect of Lewis acid on the catalytic rate of catalysts (∘, TRS yield; •, cellulose conversion; Δ, TRS selectivity of cellulose hydrolysis). Reaction conditions: 0.58 mmol cellulose, 6 mL H2O, 6 mol catalyst (Mn/3PW12O40) at 150°C for 2 h. Reproduced with permission from Shimizu and Satsuma (2011).


Ogasawara et al. found that the highly negatively charged HPAs (e.g., H5BW12O40, H5AlW12O40, and H5GaW12O40) could efficiently promote the hydrolysis of crystalline cellulose into glucose in concentrated aqueous solutions (Ogasawara et al., 2011). In particular, H5BW12O40 showed a superior yield of glucose (77%) for 48 h in 0.7 mol/L cellulose solution at a lower reaction temperature (60°C), which avoided the formation of undesirable byproducts such as humic substances and dehydration products. And its performance is much better than the commonly utilized mineral acids and HPAs, such as H2SO4, HCl, H3PW12O40, and H4SiW12O40 (Table 3). Procedures for saccharification contains two important points: turning the acidity of catalysts and decreasing the crystallinity of cellulose by breaking intermolecular hydrogen bonding that can be achieved by concentrated H5BW12O40 aqueous solutions (0.70 mol/L). Besides crystalline cellulose, the present system was suitable for the selective transformation of cellobiose and starch into glucose with a good yield of 82 and 85%, respectively (Scheme 8). Also, H5BW12O40 and saccharide can be completely separated from aqueous reaction solutions by extraction using alcoholic solvents due to their different solubility. And the retrieved highly negatively charged HPA H5BW12O40 can be used repeatedly at least ten times without significant performance loss (Figure 6; Ogasawara et al., 2011).


Table 3. Hydrolysis of cellulose using different concentrations of aqueous acidic solutions (Ogasawara et al., 2011).
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[image: Scheme 8]
SCHEME 8. Transformation of cellobiose and starch in concentrated H5BW12O40 aqueous solutions (0.70 mol/L, 2 mL).



[image: Figure 6]
FIGURE 6. Recyclability of H5BW12O40 for the conversion of pretreated cellulose. Reaction conditions: 100 mg pretreated cellulose (the cellulose was mercerized and then ball-milled), 0.70 mol/L, 2 mL H5BW12O40 solution, 60°C for 24 h. Reproduced with permission from Ogasawara et al. (2011).


For the conversion pathways, the HPAs can initially hydrolyze cellulose into glucose that can be further converted into other substance in the assistance of their bifunctional properties (i.e., acidity and redox property), such as catalytic oxidation of cellulose to formic acid (Wölfel et al., 2011; Albert et al., 2012, 2014; Gromov et al., 2016; Lu et al., 2016), direct conversion of cellulose to glycolic acid (Zhang et al., 2012), and cellulose transformation into methyl glucosides (Scheme 9; Zheng et al., 2018).


[image: Scheme 9]
SCHEME 9. Conversion of cellulose to other substance with an HPA catalyst (H+, HPA catalyst).




Cellulose Conversion to Formic Acid

Conversion of cellulose to formic acid using HPAs as catalysts is an efficient and environmentally friendly catalytic system (Lu et al., 2016). This conversion system involves two stages (Scheme 10): (1) acid-catalyzed the hydrolysis of cellulose into glucose, and (2) oxidation of glucose to formic acid with an oxidizer (C-C bond in glucose is oxidized and cracked by HPA catalysts) (Albert et al., 2014; Gromov et al., 2016).


[image: Scheme 10]
SCHEME 10. The stages of converting cellulose into formic acid.


In 2014, different Keggin-type HPAs H3+n[PVnMo12−nO40] (n = 0–6) were synthesized, and the optimized HPA catalyst system H8[PV5Mo7O40] could selectively oxidize biomass to formic acid (Albert et al., 2014). The whole reaction mechanism was divided into three steps: acid-assisted hydrolysis of the insoluble substrate, oxidative cleavage of C–C bonds in the substrate, and re-oxidation of the in situ reduced HPA catalyst by molecular oxygen. The acid catalyst redox cycle is shown in Scheme 11. Albert et al. also confirmed that the HPA catalysts screened with glucose as substrate had general reactivity, and the higher V-substituted catalysts (n = 2–6) showed better activities than the lower V-substituted catalysts (n = 0–1) (Albert et al., 2014). The comparison of the yields of glucose to formic acid under different HPA catalysts is shown in Table 4. Moreover, when H5PV2Mo10O40 and p-toluenesulfonic acid (TSA) are used as a catalyst and an additive, respectively, the conversion of cellulose was explained as a two-stage process that acid-catalyzed both cellulose hydrolysis and glucose oxidation to formic acid (Wölfel et al., 2011; Albert et al., 2014). In the system, TAS was used for the hydrolysis of cellulose, while H5PV2Mo10O40 was used for the oxidant of glucose. It is worth noting that H8[PV5Mo7O40] catalyst has pronounced activity for the conversion of cellulose to formic acid, but with the disadvantage of low selectivity toward formic acid.


[image: Scheme 11]
SCHEME 11. The redox cycle of the catalyst H5PV2Mo10O40.



Table 4. The comparison of the yields of glucose to formic acid with different HPA catalysts (Albert et al., 2014).
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In 2016, Lu et al. found that a Keggin-type heteropoly acid catalyst H5PV2Mo10O40 with H2SO4 was efficient for catalytic oxidation of cellulose to formic acid with oxygen as an oxidant (Lu et al., 2016). The authors discussed the effects of the pH on the catalyst and reaction pathway by adding H2SO4 with variable amounts (Table 5). It was shown in Figure 7 that when 1.6 wt% H2SO4 was added (equivalent to a significant reduction in pH), the conversion of cellulose increased from 60 to 100%, and the yield of formic acid increased from 28 to 61% in a reaction time of 5 min. It can be concluded that adding H2SO4 to the solution promotes the protonation of H5PV2Mo10O40. Decreasing the pH from 1.87 to 0.56 is beneficial for the catalyst protonation and can increase the oxidation potential. In summary, the H5PV2Mo10O40 + H2SO4 system shows a stronger catalytic impact by reducing pH than the direct use of H5PV2Mo10O40 (Lu et al., 2016).


Table 5. Synthesis of formic acid (FA) from cellulose at different pH (Lu et al., 2016).
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FIGURE 7. Conversion of cellulose to formic acid (FA) and acetic acid (AA) under different concentration of H2SO4. Reaction conditions: 0.16 g cellulose, 0.10 g catalyst, 6 mL H2O, 3 MPa O2, 180°C for 0.25 h. Reproduced with permission from Lu et al. (2016).


Likewise, Gromov et al. reported the one-pot catalytic process which was applied to hydrolytic oxidation of cellulose to formic acid (Gromov et al., 2016). In their work, Mo-V-P heteropoly acid catalysts were found to be beneficial for hydrolytic oxidation of cellulose to formic acid because of their bifunctional (i.e., oxidizing and acidic) catalytic properties. The oxidizing and acidic catalytic properties correspond to the conversion process of cellulose to formic acid which involves two stages: Step 1: hydrolysis of cellulose to glucose via acidic HPA sites; Step 2: The oxidation of glucose to formic acid taking place at the oxidation sites of Mo-V-P HPA (V5+) (Scheme 12). Therefore, cellulose was hydrolyzed and then oxidized to formic acid using the low-cost Mo-V-P HPA catalysts. Cascade hydrolysis and oxidation of cellulose to formic acid with high yields (65–66 mol%) were achieved by the single-step catalytic process in the presence of Mo-V-P HPA catalysts. In addition, the temperature of 150–160°C and air pressure of 10–20 Mpa (20% O2 and 80% N2) were found to be the optimal reaction conditions.


[image: Scheme 12]
SCHEME 12. The overall scheme of the hydrolysis-oxidation of cellulose.


The Keggin-type (Mo-V-P)-HPAs were used to catalyze the hydrolysis of hemicellulose in a diluted aqueous solution that was reported by Shatalov (2019). HPAs of series H(n+3)[PMo(12−n)VnO40] used as the bifunctional catalysts were studied. For example (Mo-V-P)-HPAs-catalyzed hydrolysis of model xylan, which confirmed the established order of HPAs catalytic activity in hydrolysis reaction (H3PMo12O40 > H6[PMo8.9V3.1O40] > H7[PMo7.9V4.2O40] >> H2SO4). In addition (Mo-V-P)-HPAs, showed remarkable activity in both the acid-catalyzed reactions and the oxidative degradation of lignin. Therefore (Mo-V-P)-HPAs, as the green bifunctional catalysts have the potential to be an alternative to common mineral acids for selective hydrolysis and oxidative degradation of a variety of polysaccharides.



Cellulose Conversion to Other Substances

In the oxygen environment, HPAs can also catalyze cellulose being converted to glycolic acid. In 2019, Zhang et al. reported the conversion of cellulose to glycolic acid by phosphomolybdic acid catalyst (Zhang et al., 2012). In this reaction system, the heteromolybdic acid acted as multifunctional catalysts that first hydrolyzed cellulose to glucose, followed by oxidation to glycolic acid in a water medium, which combines the advantages of homogeneous and heterogeneous catalysts. The proposed reaction pathways for the conversion of cellulose to glycolic acid are shown in Scheme 13. Cellulose was hydrolyzed to glucose, which was converted to glycolaldehyde by the continuous retro-aldol reaction, and then to glyoxal by oxidation. Simultaneously, the isomerization of glucose produced fructose, which was converted to glycolaldehyde and formaldehyde via the retro-aldol reaction, which was then oxidized to glycolic acid and formic acid, respectively. In addition, the authors investigated the reusability of the phosphomolybdic acid catalyst in cellulose conversion (Figure 8). The results indicated that the catalyst exhibited constant catalytic performance. X-ray photoelectron spectroscopy (XPS) showed that the oxidation state of Mo in the heteromolybdic acid catalyst was unchanged after successive reactions (Figure 9). It can be concluded that Mo-containing HPAs can effectively promote the conversion of various kinds of cellulosic biomass materials to glycolic acid.


[image: Scheme 13]
SCHEME 13. The proposed reaction pathways for the conversion of cellulose to glycolic acid.



[image: Figure 8]
FIGURE 8. The yield of glycolic acid in the continuous reaction of cellulose conversion with HPM (H3PMo12O40) as the catalyst. Reproduced with permission from Zhang et al. (2012). Reaction conditions: 200 mg cellulose, 0.025 mmol catalyst, 20 mL H2O, 0.6 MPa O2, 180°C for 1 h. Reproduced with permission from Zhang et al. (2012).



[image: Figure 9]
FIGURE 9. XPS spectra of Mo 3d in the fresh (A) and used (B) HPM (H3PMo12O40) catalyst. Reproduced with permission from Zhang et al. (2012).


The effective alcoholysis of cellulose to monosaccharide is of great significance for fuel production. The H3PW12O40 catalyst can promote cellulose transformation into methyl glucosides after pretreatment of microcrystalline cellulose by the ionic liquid 1-allyl-3-methylimidazolium chloride, as reported by Zheng et al. (2018). In their work, cellulose was firstly obtained by pretreatment with the ionic liquid 1-allyl-3-methylimidazolium chloride, followed by cellulose alcoholysis using H3PW12O40 as the bifunctional catalyst. It was found that cellulose was easier to be saccharified after pretreatment by the ionic liquid. Meanwhile, prolonging the pretreatment time with the increased temperature is beneficial to the succedent alcoholysis reaction. Whereafter, the authors investigated the effects of various parameters on the alcoholysis reaction, including the alcoholizing time, the alcoholizing temperature, and different concentrations of H3PW12O40 catalyst. It was observed that under the optimum conditions (110°C, 60 min), the yield of methyl glucosides could be up to 70.2% with this system. Therefore, using some processes such as pretreatment of cellulose with ionic liquid can make it easier to saccharify, thus better-promoting HPA catalytic conversion of cellulose into the desired products. However, the reusability of the catalyst is not satisfactory. As shown in Figure 10, the activity of the H3PW12O40 catalyst decreased gradually in the repeated experiment, indicating the low catalyst stability.


[image: Figure 10]
FIGURE 10. Recyclability of H3PW12O40 in alcoholysis of cellulose to methyl α-D-glucoside (M-α-G) and methyl β-D-glucoside (M-β-G). Reaction conditions: 0.3 g cellulose, 8.7 mmol/L catalyst H3PW12O40, 170°C for 2.75 h. Reproduced with permission from Zheng et al. (2018).


In addition, the HPA is also an important catalyst for the formation of glucose from other saccharides. In 2015, Klein et al. found that HPA can catalyze the hydrolysis of glycogen to glucose (Klein et al., 2015). Through a series of experiments, it can be concluded that glycogen could be completely converted to glucose by using H3PW12O40·nH2O and H4SiW12O40·nH2O as the catalyst, respectively, and the optimized hydrothermal conditions are a mass fraction of catalyst 2.4%, 100°C temperature, and 2 h reaction time. In addition to hydrolysis in an autoclave, the authors also investigated microwave irradiation and sonication heating mode for glucose synthesis (Table 6). The results showed that using H4SiW12O40 as a catalyst, glycogen could be completely converted into glucose by the autoclave method and sonication method without other by-products, so relatively high selectivity toward glucose (>99%) was obtained using these two methods. On the other hand, when glycogen was hydrolyzed by microwave method, glycogen was completely transformed in 0.25 h, but giving by-products like levulinic acid and formic acid, which showed lower selectivity of glucose than the other two methods. More importantly, under microwave irradiation, the formation of glucose was the result of the increase of reaction temperature in the process of microwave irradiation (Klein et al., 2012). In the process of sonochemical irradiation, the acoustic bubble collapsed at a faster speed, causing local high temperatures, thus promoting the hydrolysis of glycogen to glucose (Klein et al., 2012). Therefore, high temperature is the key factor of glycogen hydrolysis, and the HPAs are highly efficient, environmentally friendly, and reusable catalysts that can catalyze the hydrolysis of glycogen to glucose.


Table 6. Effect of H4SiW12O40 on glycogen hydrolysis using different methods (Klein et al., 2012).
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Substituted HPAs

Substituted HPAs are formed when H+ ions on conventional HPSs are substituted by monovalent cations, such as Cs+ ions. One of the typical substitutional HPAs, CsxH3−xPW12O40 has the advantages of super acidity, microporous structure, shape selectivity, and hydrophobicity, which is conducive to the hydrolysis of cellulose (Okuhara, 2002).


Cellulose Conversion to Glucose

In 2010, Tian et al. reported hydrolysis of cellulose over the CsxH3−xPW12O40 (x = 1–3) catalysts, which were active in the hydrolysis of cellulose into glucose. Notably, cellulose can be hydrolyzed to glucose in the presence of CsxH3−xPW12O40 catalysts due to the breaking of β-1,4-glycoside bond (Scheme 14).


[image: Scheme 14]
SCHEME 14. The pathways of cellulose hydrolysis into glucose over CsxH3−xPW12O40.


After a series of catalyst tests, it was found that Cs1H2PW12O40 showed the best catalytic performance in terms of cellulose conversion (54.0%) and glucose yield (27.2%), while Cs2.2H0.8PW12O40 showed the highest selectivity toward glucose (83.9%). The test results are shown in Figures 11A–C. In the meantime, they also studied the effect of CsxH3−xPW12O40's properties on cellulose hydrolysis. Cs1H2PW12O40 with the strongest protonic acid site was found to have the best catalytic performance for the hydrolysis and transformation of cellulose. However, the catalyst surface area and porous structure have little effect on the conversion of cellulose (Tian et al., 2010). Stronger Brønsted acid is more beneficial to the hydrolysis of β-1,4-glycoside bond in cellulose (Furukawa et al., 2009). It is further proved that Cs1H2PW12O40 with the strongest acidity is more conducive to the degradation of cellulose. When the catalyst and the unreacted cellulose were in the same reaction, the catalyst kept high activity during the hydrolysis of cellulose to TRS and glucose with the yields was 30.1 and 27.2%, respectively. Therefore, the tested acid catalyst is stable and can be reused.


[image: Figure 11]
FIGURE 11. (A) The relationship between cellulose conversion and cesium content in CsxH3−xPW12O40, (B) the relationship between the yield of TRS and glucose and cesium content in CsxH3−xPW12O40, and (C) the relationship between the selectivity of TRS and glucose and cesium content in CsxH3−xPW12O40. Reaction conditions: 0.1 g microcrystalline cellulose, 0.06 mmol CsxH3−−xPW12O40, 5 mL distilled water, at 160°C for 6 h (stirring 30 rpm). Reproduced with permission from (Okuhara, 2002).




Cellulose Conversion to Other Products

In 2011, Geboers et al. studied the hydrotreated cesium salts of HPAs in combination with Ru/C which can be used to degrade cellulose for the synthesis of hexitol (Geboers et al., 2011). The authors discussed the effects of calcination temperature and cesium HPAs hydrotreating conditions on cellulose conversion. The catalytic properties of several cesium HPAs were discussed and compared with conventional HPAs (Table 7). The synthesized cesium salts of HPAs were more active than the natural HPA salts, and their hydrolysis activity was further improved by increasing the calcination and hydrotreating temperature in the synthesis process.


Table 7. Hydrolysis and hydrogenation of cellulose with Ru/C and different HPAs at 190°C and 5 MPa H2 (Geboers et al., 2011).
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As compared with their fully protonated counterparts (Cs2.5PW and Ru/C or Cs3.5SiW and Ru/C), the cesium HPAs have higher proton activity due to their higher surface acidity and hydrophobicity. After a hydrotreatment of cesium HPAs catalysts in water at 190°C was performed, the activity and selectivity of the catalysts were improved obviously due to the increase of crystallinity and hydrophobicity of samples. Finally, they found that these cesium HPAs could be completely recovered under certain conditions by a simple recrystallization method (Geboers et al., 2011). In 2011, they had studied the catalysts formed by natural HPAs in combination with Ru/C for cellulose degradation to hexitols (90%). These catalysts also had extraordinary catalytic performance, but they were difficult to recovery and reuse because of the limitation of reaction temperature (Geboers et al., 2010). Therefore, the hydrotreated cesium salts of HPAs in combination with Ru/C are more ideal for cellulose degradation.

In 2014, Zhang et al. synthesized a series of HPA catalysts (HOCH2CH2N(CH3)3)xH3xPW12O40 (HOCH2CH2N(CH3)3 abbreviated as Ch), which could be used as heterogeneous catalysts for degradation of cellulose to 5-hydroxymethylfurfural (HMF) (Zhang et al., 2016). By comparing several different types of acid catalysts (Figure 12), they found that the conversion of cellulose with Brønsted acid in HCl and H3PW12O40 was 41.5 and 89.2%, respectively, while that of ChCl and Ch3PW12O40 without Brønsted acid was 2.0 and 12.2%, respectively. So the strong Brønsted acidity of the catalyst was the necessary condition for cellulose hydrolysis. And (HOCH2CH2N(CH3)2)H2PW12O40 had the highest catalytic activity among the previous catalysts. The yield of HMF can reach 75% when cellulose was catalyzed by (HOCH2CH2N(CH3)2)H2PW12O40 within 8 h at 140°C. Besides, the temperature-responsive property and high stability of the catalyst made the recovery and reuse benefit reach 10 times without obvious activity loss (Figure 13).


[image: Figure 12]
FIGURE 12. Hydrolysis of cellulose under different catalysts. Reaction conditions: 0.1 g cellulose, 0.11 mmol catalyst, 0.5 ml water, 5 mL methyl isobutyl ketone, 140°C for 8 h. Reproduced with permission from Zhang et al. (2016).
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FIGURE 13. The recycle reaction test of catalyst. Reaction conditions: 0.1 g cellulose, 0.11 mmol ChH2PW12O40, 0.5 mL water, 5 ml methyl isobutyl ketone, 140°C for 8 h. Reproduced with permission from Zhang et al. (2016).


Overall, it can be seen that the substituted HPA catalysts showed high activity in the conversion of cellulose and they were stable and reusable. Therefore, the substituted HPA catalysts have good application prospects in cellulose degradation. However, the substituted HPA catalysts still suffer the disadvantage of low target product yield or selectivity, possibly due to the resistance of mass transfer.




Supported HPAs

So far, more and more attention has been paid to the supported acid catalysts, especially the supported HPAs. The dispersion of these catalysts on the support material increases the specific surface area, thus improving the catalytic activity. Some supported HPAs have been used in the degradation of cellulose. In 1981, Yusuke and Urabe found that activated carbon can encapsulate a certain amount of HPA, thus producing solid acid catalysts, which provided a convenient method for liquid phase etherification and gas-phase selective esterification of alcohols (Yusuke and Urabe, 1981). In 1989, the nuclear magnetic resonance (NMR) technology had been used in the structural research of HPAs and H3PW12O40 supported on SiO2 (Mastikhin et al., 1990).

HPAs are usually used as soluble catalysts in the liquid phase and as supported catalysts in the gas phase. From a practical point of view, it is useful to develop those supported HPA catalysts, which can be applied to a variety of reactions through fixed catalysts without leakage of HPA in the liquid, such as acylation of anisole with acetic anhydride (Bachillerbaeza and Anderson, 2004), the electrophilic substitution of phenols and aldehydes with HPA/MCM-41 (Udayakumar et al., 2007), and dehydration of aldehydes to nitriles catalyzed by silica-supported HPAs (Scheme 15; Parghi et al., 2011), and so on.


[image: Scheme 15]
SCHEME 15. Dehydration of aldehydes to nitriles catalyzed by HPA-SiO2.


In 2007, Guo et al. studied a sol-gel co-condensation technology that can be used to prepare the green supported heteropoly acid catalysts (H3PW12O40-silica), which was an efficient and reusable solid acid catalyst for the catalytic esterification of levulinic acid (LA) with phenol (Guo et al., 2007). The SBA-15 silica-supported H3PW12O40 catalysts exhibited unique surface physicochemical properties, such as high porosity, larger pore size, and larger surface area (Table 8) that is attractive for the study of acid-catalyzed reactions. Figure 14 shows the nitrogen adsorption-desorption isotherms of the H3PW12O40/SBA-15 catalyst, indicating a clear mesoporous structure and relatively narrow pore size distribution. It is shown in Figure 14 that all isotherms are type IV and the results show that the capillary condensation occurs at high relative pressure (P/P0 = 0.45−0.85), indicating that the mesoporous structure is clear and the pore size distribution is relatively good.


Table 8. Comparison of surface properties and catalytic activities of different catalysts in the esterification of levulinic acid (LA) with phenol (Guo et al., 2007).
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FIGURE 14. Nitrogen adsorption-desorption isotherms and pore size distribution profiles (inset) of H3PW12O40/SBA-15 materials. (A) Removal of H3PW12O40/SBA-15 by extraction with acidic ethanol, and (B) removal of H3PW12O40/SBA-15 by calcination at 400°C. Reproduced with permission from Guo et al. (2007).


In 2011, silica-supported HPA, a heterogeneous and environmentally benign catalyst was found by Parghi et al. (2011). And it was characterized by many analytical techniques. The effect of catalysts on aldosterone dehydration is shown in Table 9. The results showed that the silica-supported phosphotungstic acid catalyst was the most favorable catalyst for the aldosterone dehydration reaction they studied. The reusability of the catalyst was investigated, and it was found that the catalyst was stable in five consecutive recycles with benzonitrile yield slightly decreasing from 85 to 79%.


Table 9. Aldosterone dehydration with different catalysts (Parghi et al., 2011).
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In 2012, An et al. reported on the conversion of cellulose and cellobiose by polyoxometalate-supported gold nanoparticles (An et al., 2012). The catalysts, CsxH3xPW12O40 supported Au nanoparticles can convert cellulose and cellobiose into gluconic acid that is widely used in the pharmaceutical and food industry. The reaction pathways of cellulose to gluconic acid are shown in Scheme 16. Cellulose was first hydrolyzed to glucose, which was then oxidized to gluconic acid by oxygen. The selectivity of Au/CsxH3xPW12O40 to gluconic acid was significantly higher than that of Au catalysts supported on typical metal oxides, carbon nanotubes, and zeolites (Table 10; An et al., 2012). The possible reasons were the acidity of polyoxometalates and the average particle size of Au nanoparticles. The strong acidity of polyoxometalates not only benefited the conversion of cellobiose but also promoted desorption to improve the selectivity of gluconic acid. And smaller Au nanoparticles expedited the oxidation of glucose to gluconic acid, thus increasing the conversion of cellobiose (Figure 15).


[image: Scheme 16]
SCHEME 16. Catalytic conversion of cellulose to gluconic acid with Au/CsxH3xPW12O40.



Table 10. Transformation of cellobiose with different supported catalysts (An et al., 2012).
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FIGURE 15. The effect of Au/Cs2.2H0.8PW12O40 catalysts with different average particle sizes of Au on TOFs of glucose oxidation to gluconic acid. Reaction conditions: 24 mmol/L glucose, 25 mL H2O, 0.5 MPa O2, 145°C for 3 h. Reproduced with permission from An et al. (2012).


In 2012, Lanzafame et al. reported that some solid acid catalysts can convert cellulose into glucose, HMF, and other soluble by-products in 190°C aqueous solution for 5 h or <5 h (Lanzafame et al., 2012). They mainly studied supported solid acid catalysts, including sulphated zirconia supported over HPAs, which were found to effectively transform cellulose at a reaction temperature of 190°C (Figure 16). It can be seen that all the catalysts were active in the hydrolysis of cellulose to glucose. However, a significant disadvantage is that the conversion of cellulose with a solid acid catalyst produces more by-products, resulting in low glucose selectivity.


[image: Figure 16]
FIGURE 16. Activity comparison of different solid acid catalysts for cellulose conversion. Reaction conditions: 2 g cellulose, 0.2 g catalyst, 55 mL distilled water, 190°C for 5 h. Reproduced with permission from Lanzafame et al. (2012).


In 2014, Hafizi et al. found a unique heterogeneous silica-supported Preyssler heteropoly acid catalyst (H14NaP5W30O120), which can be used for alkylation of benzene (Hafizi et al., 2014). Preyssler HPA has the advantages of high thermal stability, high hydrolysis stability, regeneration, safety, easy separation, and so on (Bamoharram et al., 2004; Heravi et al., 2007, 2008). It combines with silica to form a supported heteropoly acid catalyst, which is active for the alkylation of benzene. In 2019, Zhang et al. developed a series of highly efficient heterogeneous catalysts with good stability and reusability for the catalytic conversion of cellulose to glucose. A typical Keggin type HPA (H3PW12O40) was immobilized on the surface and pore of carbon foam (CF) to prepare supported HPA catalyst (H3PW12O40/CF) for cellulose conversion to glucose (Zhang et al., 2019). After comparing with different CFs that were prepared from damaged starch and gluten protein (s is the percentage of gluten protein), it was found that CF30 was considered as the best porous support material for fixing the HPW catalyst because of its higher specific surface area (Table 11). In addition, H3PW12O40/CF30 catalyst had good reusability and was easy to separate and recover from the reaction system (Figure 17). It was shown that the supported catalyst could effectively catalyze the conversion of cellulose to glucose, and the supported technology could improve the catalytic performance and high-efficiency reusability of the catalyst.


Table 11. Selected properties of different catalysts (Zhang et al., 2019).
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FIGURE 17. Reusability test of the HPW/CF30 catalyst for cellulose hydrolysis. Reaction conditions: 0.1 g MAMCC (mechanical activation microcrystalline cellulose), 1.0 g HPW/CF30, 10 mL H2O, 170°C for 9 h. Reproduced with permission from Zhang et al. (2019).


Based on the studies of these supported HPA catalysts, it can be seen that the supported HPAs have a higher specific surface area than conventional HPAs. Also, the supported HPAs can be used in the heterogeneous reaction, which is more convenient for product separation and can be reused. It is worth noting that there are still some shortcomings of the catalysts, such as low selectivity of the target product and gradual decline of stability of the catalysts in recycles.



Assembled HPAs

In recent years, people began to explore new efficient catalysts for cellulose conversion. The assembled HPA catalysts have also become one of the research directions. It is noteworthy that the assembled HPA catalysts were studied for the degradation of cellulose in biomass and other valuable catalytic reactions. For example, in 2010, Wee et al. proposed a simple and highly repetitive synthesis method for the assembly of nanomaterial catalyst H3PW12O40/Cu3(BTC)2 (BTC = benzene tricarboxylic acid). Cu3(BTC)2 was encapsulated into Keggin HPA H3PW12O40 for application in catalysis (Wee et al., 2010). And this assembled HPA nanomaterial catalyst can be used in acid-catalyzed esterification (Figure 18).


[image: Figure 18]
FIGURE 18. Effect of catalysts on conversion of acetic acid in esterification. Catalysts: (A) without catalyst, (B) micron-sized HPW/Cu3(BTC)2, (C) ultrastable Y zeolite (CBV 720), (D) 65 nm HPW/Cu3(BTC)2, and (E) 50 nm HPW/Cu3(BTC)2. Reaction conditions: 1 mol acetic acid, 40 mol 1-propanol, 2.23 wt% catalyst, 60°C. Reproduced with permission from Wee et al. (2010).


In 2011, Cheng et al. reported that a micellar HPA catalyst [C16H33N(CH3)3]H2PW12O40 (C16H2PW) was designed to hydrolyze cellulose and starch into glucose. The micellar HPA catalyst can allow cellulose molecules to enter into the catalytic sites, so as to improve the reaction rate and cellulose conversion rate (Dwars et al., 2005; Cheng et al., 2011). As a heterogeneous catalyst [C16H33N(CH3)3]H2PW12O40 exhibited remarkable catalytic performance for cellulose degradation, and the yield and selectivity of glucose were 39.3 and 89.1% respectively (Table 12). In addition, the catalyst was easily recovered by centrifuge and had good reusability (Figure 19). Therefore, the heterogeneous micelle HPA catalyst is a clean, economical and environmentally friendly catalyst for hydrolysis of cellulose.


Table 12. Hydrolysis of cellulose over different catalysts (Cheng et al., 2011).
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FIGURE 19. Recycling test of the [C16H33N(CH3)3]H2PW12O40 catalyst. Reaction conditions: 0.1 g cellulose, 0.07 mmol catalyst, 7 mL water, 170°C for 8 h. Reproduced with permission from Cheng et al. (2011).


In 2012, Sun et al. investigated a kind of HPA-ionic liquid catalysts [C4H6N2(CH2)3SO3H]3−nHnPW12O40 (n = 1, 2, 3) (abbreviated as [MIMPSH]nH32nPW), which can be used to degrade cellulose into water-soluble products such as glucose and levulinic acid (Sun et al., 2012). Glucose was the main product of hydrolysis of cellulose by the HPA-based on the ionic liquid catalyst, and the conversion of cellulose and the yield of glucose was 55.1 and 36.0%, respectively at 140°C for 5 h in a biphasic system (water–MIBK). Compared with the previously reported HPA catalysts, such as H3PW12O40 and Cs2.5H0.5PW112O40, the assembled catalyst showed much better catalytic performance because of its better solubility in water (Table 13). Moreover, the HPA-ionic liquids catalyst can also depolymerize other polysaccharides, from which high yields of glucose can be obtained (Scheme 17). More importantly, the HPA-ionic liquids catalyst can be completely recovered and reused six times without significant performance loss (Figure 20).


Table 13. Hydrolysis of cellulose with different catalystsa (Sun et al., 2012).
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[image: Scheme 17]
SCHEME 17. Conversion of other polysaccharides over the [MIMPSH]H2PW catalyst. Reaction conditions: 0.077 mmol catalyst, 0.5 mL water, and 5.0 mL MIBK.



[image: Figure 20]
FIGURE 20. Reusability test of the [MIMPSH]H2PW catalyst. Reaction conditions: 0.1 g cellulose, 0.07 mmol catalyst, 0.5 mL H2O, 5 mL MIBK, 140°C for 5 h. Reproduced with permission from Sun et al. (2012).


In 2013, Chen et al. synthesized the polyvinylpyrrolidone-stabilized heteropolyacids (PVP–HPAs), a kind of reusable self-assembling catalysts for conversion of cellulose (Chen et al., 2013). A model for the synthesis of PVP-HPAs is shown in Scheme 18 and the alcoholysis diagram of cellulose is shown in Scheme 19. First, cellobiose alcoholysis, then dehydration between glucose and alcohol molecules, and final interconversion between β-alkylglucoside and α-alkylglucoside gives the product. The authors used a variety of characteristic techniques (e.g., FT-IR and Solid MAS 1H-NMR) to study the structure of the self-assembling catalysts (Figures 21A,B), and they found that HPAs can protonate PVP and the protonated PVP can form the structure similar to the ionic liquid and interact with heteropolyanion (Chen et al., 2013). Moreover, the structure of PVP assembled with HPA contributes to the easy separation and reuse of catalysts. After optimizing the content of PVP and HPA, the results showed that the self-assembling catalyst PVP–H4SiW12O40.5H2O (1/5:3/4) had excellent catalytic performance for the alcoholization of cellulose, and the conversion of cellulose was more than 60% (Chen et al., 2013). The application of the self-assembled catalyst is expected to expand to other reactions.


[image: Scheme 18]
SCHEME 18. Synthetic routes to PVP-HPAs model.



[image: Scheme 19]
SCHEME 19. The conversion pathways and mechanism for the alcoholysis of cellulose.



[image: Figure 21]
FIGURE 21. (A) The FT-IR spectra of PVP, HPAs, and PVP–HPAs, and (B) solid MAS 1H-NMR spectra of PVP–HPW catalysts. Reproduced with permission from Chen et al. (2013).


In 2015, Sun et al. synthesized an assembled HPA catalyst [C16H33N(CH3)3]xH6−xP2W18O62 (abbreviated as (C16TA)nH6−nP2W18O62). Wells–Dawson heteropolyacid H6P2W18O62 was used to synthesize the micellar assembly catalyst, which can catalyze the hydrolysis of cellulose to glucose (Sun et al., 2015). The mechanism of cellulose conversion by (C16TA)nH6−nP2W18O62 catalysts is shown in Scheme 20. The micelle catalyst first partially hydrolyzes cellulose to the oligomer, and then further degrades cellulose to glucose. Meanwhile, this catalyst can also promote the conversion of other polysaccharides, such as starch and cellobiose (Sun et al., 2015). The (C16TA)H5P2W18O62 (n = 1) catalyst exhibited higher catalytic activity than ordinary Keggin heteropoly acid catalyst H3PW12O40 (Table 14).


[image: Scheme 20]
SCHEME 20. The mechanism of cellulose conversion by (C16TA)nH6−nP2W18O62 catalyst.



Table 14. Conversion of cellulose over different catalysts (Sun et al., 2015).
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Sun et al. found that the high catalytic activity of the catalyst was due to the interaction of a high concentration of acid sites, which provided more opportunities for the substrate to enter the catalytic sites and the oxidation ability of (C16TA)nH6−nP2W18O62 (Sun et al., 2015). Moreover, this micellar assembled HPA catalyst was used as a heterogeneous catalyst and recycled by simple centrifuge (Figure 22).


[image: Figure 22]
FIGURE 22. The circulation reaction test of the [C16H33N(CH3)3]H5P2W18O62 catalyst in conversion of cellulose to glucose. Reaction conditions: 100 mg cellulose, 0.08 mmol catalyst, 5 mL H2O, 160°C for 9 h. Reproduced with permission from Sun et al. (2015).


Lu et al. prepared heterogeneous catalysts (CnH2n+1N(CH3)3)H4PW11TiO40 (n = 4, 8, 12, 14, 16, and 18) composed of HPAs and amphiphilic quaternary ammonium salt by self-assembly method (Lu et al., 2015). The results showed that the heterogeneous catalyst (C16H33N(CH3)3)H4PW11TiO40 had the strongest acidity and exhibited excellent activity in the conversion of saccharides to other useful substances, with HMF yield of 53.7 and 50.8% from fructose and glucose, respectively (Figure 23). Meanwhile, the self-assembled structure of (C16H33N(CH3)3)H4PW11TiO40 in water could make cellulose and other polysaccharides gather to the catalytic sites, thus improving the catalytic efficiency. Also, the catalyst can be easily separated from the reactant, and the activity was almost no loss after recycling for many times (Figure 24).


[image: Figure 23]
FIGURE 23. The efficiency of different catalysts for fructose transformation. Reaction conditions: 0.6 g fructose, 0.01 mmol catalyst, 2 mL H2O, 130°C for 1.5 h. Reproduced with permission from Lu et al. (2015).
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FIGURE 24. Recycling test of the (C16H33N(CH3)3)H4PW11TiO40 catalyst in the conversion of fructose to HMF. Reaction conditions: 0.6 g fructose, 0.01 mmol catalyst, 2 mL H2O, 130°C for 1.5 h. Reproduced with permission from Lu et al. (2015).


It can be seen that the assembled HPA catalysts can convert cellulose into glucose or other substances. Their unique structure can make cellulose aggregate to the catalytic sites, thus improving the catalytic efficiency. And almost all of them can be recycled by simple instruments. These advantages make their research more meaningful. However, it can not be ignored that some supported catalysts have low selectivity and yield for glucose, such as (C16TA)H5P2W18O62 and [MIMPSH]H2PW. Moreover, the stability of some HPA catalysts decreased after reuse, which should be improved by the exploration of novel preparation methods.



Other HPA Catalysts

In addition to the HPA catalysts mentioned above, many other HPAcatalysts have also been developed and utilized for cellulose degradation. For example, HPAs can be combined with other catalysts to facilitate cellulose conversion. Palkovits et al. proved that the combination of HPAs and supported Ru catalysts can directly convert cellulose into glycols with a yield of 81% (Palkovits et al., 2011). And the catalyst is very easy to recycle. In 2014, Xie et al. used HPA to synthesize a new catalyst Ru/[Bmim]3PW12O40, which can selectively convert microcrystalline cellulose to hexanol under mild conditions (Xie et al., 2014). The catalyst was synthesized by supporting Ru on ionic liquid (BmimPF6)-heteropoly acid (H3PW12O40·nH2O), which resulted in the formation of Brønsted acid sites. It improves the performance of the catalyst and is an important reason for the remarkable activity of the catalyst in the conversion of cellulose. Su et al. used HPA and ZrO2 to synthesize a kind of dual-functional heterogeneous catalyst (H3PW12O40/ZrO2-Et-HNS), which was composed of organosilicon hollow nanospheres and can be used in esterification (Su et al., 2014). The unique hollow nanospherical morphology of the catalyst increases its surface acidity and thus improves its catalytic activity. Basahel et al. (2016) synthesized a heterogeneous catalyst AlxH3xPW12O40 by ion-exchange method. The HPA catalysts formed by the exchange of hydrogen and aluminum ions showed higher activity because of the increase of Lewis acid sites on the surface of the catalysts. These catalysts proved to be able to synthesize bioactive pyrido[1,2-a]pyrimidines with yields above 90%. In 2017, Wu et al. synthesized a new luryamine-modified

phosphotungstic acid catalyst. They used several characterization instruments to characterize the catalyst and found that the modified heteropoly acid was still the Keggin structure (Wu et al., 2017). As compared with conventional phosphotungstic acid, the luryamine-modified HPA catalyst showed more stable and higher catalytic activity. It's worth mentioning that the yield of glucose reached 100% by hydrolysis of sucrose with the modified catalyst which can provide a way to study cellulose hydrolysis in the future. All the HPA catalysts reported above are heterogeneous. They have a common feature that they are easy to separate from reactants and can be reused with almost no loss of catalytic activity.



Comparison of Different HPA-Based Catalysts

As discussed above, it can be concluded that the Keggin HPA-based catalysts are one of the most common cellulose degradation catalysts. Due to their dual functional properties, the HPA-based catalysts can further promote the oxidation of hydrolysates into valuable compounds. However, their specific surface areas are relatively low, which is not conducive to the catalytic activity. To solve this deficiency, some substituted and supported heteropoly acid catalysts were developed, which are demonstrated to have higher specific surface areas, higher reactivity, and better thermal stability, and are more conducive to the separation because they are commonly used in the heterogeneous systems. It is worth noting that the preparation of these catalysts is complicated and the synthesis cycle is long. In order to further improve the catalytic activity of HPAs, the assembled HPAs and other modified HPA catalysts have been developed. With unique structures, these catalysts exhibit high catalytic performance in cellulose conversion. More importantly, they are all heterogeneous catalysts, providing convenience for the catalyst separation and recycling processes. Therefore, different HPA catalysts have their own characteristics, advantages and disadvantages, and the catalytic upgrading of cellulosic biomass can be effectively enabled with these HPA-based catalysts as long as their properties are properly switched.




CONCLUSIONS AND OUTLOOK

With the rapid development and utilization of chemical fuels, depolymerization of cellulosic biomass has become one of the ways to provide organic carbon sources. It is reported that cellulose can be converted into a variety of useful platform molecules that can be applied in various fields. In this review, the focus is placed on finding homogeneous and heterogeneous HPA catalysts for cellulose degradation.

HPAs, as a king of efficient, environmentally friendly, and safe catalysts, show high catalytic activity for cellulose degradation. HPA catalysts have higher catalytic activity than conventional solid acid catalysts, which are more conducive to the degradation of cellulose into valuable platform molecules, such as glucose. Meanwhile, due to its unique physical and chemical properties, HPAs can be used in homogeneous and heterogeneous systems. And they can all be reused after separation in the reactor with almost no loss of catalytic activity.

Several methods have been developed to synthesize HPA catalysts. (1) The acidification process coupled with an ether extraction is the most commonly used method, which is mainly used for the synthesis of common HPAs (e.g., H3PW12O40, H3SiW12O40), but its safety is low due to the use of some toxic substances. (2) The ion-exchange method has high safety, but it has the disadvantage of a long production cycle. (3) The impregnation method is simple and safe but suffers the disadvantage of the loss of catalyst activity and limited recycling ability. (4) The sol-gel method can prepare HPA catalysts at low temperatures or mild conditions, which is widely used in the synthesis of HPA-based nanomaterial catalysts. However, this method has the disadvantages of low security and long cycle. Therefore, it is very important and urgent to develop more efficient methods for the preparation of HPA-based catalysts.

As depicted in previous studies, typical Keggin-type HPA catalysts are the most common ones for cellulose degradation, and they can further catalyze the oxidation of the hydrolysates to valuable substances due to their dual functional properties. Then, the supported and substituted HPA catalysts always exist in heterogeneous form. After supporting and substituting disposal, the acid site number, the acid strength, and the specific surface area of the HPA catalysts increase, which improves the catalytic properties of the catalysts. In addition, the assembled HPA catalysts and other modified HPA catalysts show good catalytic performance in cellulose conversion because of their unique structure. Therefore, HPA-based catalysts provide convenience for cellulose degradation and more possibilities for the development of chemical fuels in the future. But it cannot be neglected that some of HPAs have the disadvantages of high catalyst dosage and relatively low catalytic activity with respect to the reaction conversion, product selectivity, and catalyst stability. For example, the selectivity of substituted and supported HPAs toward target products is lower than that of Keggin-type HPAs. Also, the stability of the supported HPAs is lower than that of common HPAs.

Although HPAs-based catalysts in either homogeneous or heterogeneous state have made great progress in the degradation of biomass cellulose, there are still many deficiencies to be improved:

(1) Study on the relationship between the properties of HPA catalysts and the degradation of cellulose to further improve the catalytic activity.

(2) Design of a cleaner, safer, and more effective HPA catalyst with simple preparation methods to promote cellulose degradation.

(3) Development of more new HPA catalysts with special structure, and ensure no or fewer side reactions in the reaction process, with the focus on the improvement of the HPA catalyst disadvantages especially unsatisfactory conversion, selectivity, and stability.

(4) Further understanding the structural characteristics of HPAs, study of the reaction mechanism catalyzed by HPAs, and promotional completion of the target reaction by linking the relationship between them.

(5) Extension of HPA catalysts to other biomass feedstocks, providing more help for the future development of fuels and HPAs in the field of catalysis.

In summary, this review mainly summarizes some examples of the degradation of cellulose by some kinds of HPA catalysts. The HPA catalysts are considered to have great application prospects in the degradation of cellulose and the conversion of other relevant research fields.
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With the demand of energy and re-utilization of wastes, the renewable lignocellulosic biomass, has attracted increasing and significant attention for alleviating the growing energy crisis and environment problems. As main components of lignocellulosic biomass, lignin, cellulose, and hemicellulose are connected by hydrogen bond to form a compact skeleton structure, resulting the trenchant condition of biomass pyrolysis. Also, pyrolysis products of above three main constituents contain a large amount of oxygenates that cause low heating value, high corrosiveness, high viscosity, and instability. Meanwhile, zeolites are of considerable significance to the conversion of lignocellulosic biomass to desirable chemical products on account of fine shape selectivity and moderate acid sites and strength. Among numerous zeolites, ZSM-5-based catalysts have been most extensively studied, and the acidity and porosity of ZSM-5 can be tuned by changing the content of Si or Al in zeolite. Beyond that, doping of other metal elements, such as Mn, Co, Ni, Ga, Ce, Pt, into ZSM-5 is also an efficient way to regulate the strength and density of acid sites in zeolite precisely. This review focused on the recent investigation of Ni-modified microporous ZSM-5 used in catalytic pyrolysis of lignin and cellulose. The application of metal-modified hierarchical ZSM-5 is also covered.

Keywords: lignocellulose, microporous, Ni-ZSM-5, catalytic pyrolysis, hydro-pyrolysis


INTRODUCTION

With the rapid development of world economy and the continuous increase of population, human is facing unprecedented energy demand (Department of Economic Social Affairs United Nations, 2019; Energy Information Administration United States, 2019). Petroleum-based resources are currently society's primary source of chemicals and transportation fuels. However, due to limited oil reserves, uneven geographical distribution and environmental motivation to reduce carbon dioxide emissions and other factors, renewable energy such as lignocellulosic biomass has become a promising candidate resource for the production of renewable fuels and chemicals (Huber et al., 2006; Demirbas, 2008; Saxena et al., 2009; Zakzeski et al., 2010). Although fossil fuels continue to meet most of the world's energy demand, renewable energy is the world's fastest growing form of energy and its worldwide consumption will increase by 3% per year between 2018 and 2050 (Energy Information Administration United States, 2019). As carbon-neutral and the most abundant renewable energy resource for production of biofuels and valuable chemicals, biomass energy has attracted great attention, and developed rapidly in the last two decades (Jürgen, 2006; Ragauskas et al., 2006; Chheda et al., 2007; Huber and Corma, 2007). Biomass consists of a mixture of strongly bonded natural polymers such as cellulose (40–50%), hemicelluloses (25–30%), lignin and non-carbohydrate (Zhang et al., 2006; Menon and Rao, 2012). One most recent emerging focus of biomass utilization was the use of bio-oil generated from sustainable biomass feedstocks.

Biomass conversion is generally carried out in two ways: thermochemical decomposition, including gasification, biological carbonization, liquefaction, thermal decomposition (pyrolysis) process, and biological digestion process (essentially microbial digestion and fermentation) (Rocca et al., 1999; Lewandowski et al., 2011). Biomass conversion through thermochemical processes is considered to be a very promising biofuel carrier, because obtained bio-oil can be easily transported, burned directly in a thermal power station or gas turbine, and used in traditional refineries to produce high-quality light hydrocarbon fuels. Fast pyrolysis technology, firstly appeared in the late 1970s, is a promising way to convert biomass into bio-oil, for its high liquid oil production (up to 80% of dry feed) (Bridgwater and Peacocke, 2000; Onay, 2007). Bio-oil has many potential applications in the field of energy including being used for static application, and also can be upgraded to transportation fuel (Bridgwater and Cottam, 1992; Czernik and Bridgwater, 2004; Bridgwater, 2012). However, bio-oil usually presents several shortcomings, among which high water and oxygen content, corrosiveness, heat storage instability, immiscibility with petroleum fuel, high acidity, high viscosity, and low calorific value are main obstacles for its direct application as fuel (Michael, 2008; Park et al., 2011). The major product from non-catalytic fast pyrolysis are acids including linoleic acid, nitrogen containing compounds such as amines, amides, indoles, and pyrroles. Other organic compounds are ketones, alcohols, esters, ethers, phenols, and sugars. Acid is related to the high acidity of bio oil, and ketone is the cause of the instability of bio oil. Ethers and esters will reduce the heating values of bio oil, and nitrogen compounds cause environmental problems. In order to improve fuel quality, the process used must remove oxygen, convert carboxylic acid and other active substances into milder products, and add hydrogen to bio oil (Corma et al., 2007a; Gallezot, 2007; Alonso et al., 2010). Catalytic pyrolysis is the process of pyrolysis with assistance of catalyst and recombination of organic steam obtained from rapid pyrolysis of biomass into a class of compounds under the action of catalysts. Meanwhile, liquid fuels such as aromatic compounds within the gasoline range can be directly pyrolyzed by biomass materials (Chen and Degnan, 1988). However, due to the existence of lignin and hemicellulose structure, it is difficult to transform lignocellulose into liquid fuels by simple chemical or enzymatic hydrolysis, and finally into biofuels. Many pyrolysis parameters, such as temperature, pressure, heating rate, reactor structure, biomass type, particle size, and so on, have been widely studied and summarized (Melligan et al., 2011; Bridgwater, 2012).

Catalysts play an important role in the upgrading of bio-oil (Horne and Williams, 1996; Zhang et al., 2011). The primary catalysts mainly consist of supported noble metals Pt and Pd, transition metals Mo, Ni-Mo, Co-Mo, Ni-W, and Co-W (Viljava et al., 2000; Olivas et al., 2008; Yang et al., 2008). Although the noble metal catalysts have excellent catalytic performance, their high cost limit their large-scale application (Kubičková et al., 2005). To maintain the activity and stability of catalysts modified with metal Co and Ni, sulfurization of these catalysts is necessary during catalysts activation and bio-oil upgrading process, which will result in sulfur pollution of final products (Ryymin et al., 2010). In order to prevent sulfur pollution, it is of great significance to explore the non-sulfurized transition metal catalyst (Hu et al., 2018). ZSM-5 has been widely applied in crude oil refinery and gas adsorption-separation industry due to its strong acidity as well as shape selectivity. ZSM-5 is a kind of crystalline aluminosilicate material, which has unique two-dimensional channel-like pore structure with intersecting channels of ~0.55 nm in diameter favoring hydrocarbons of <10 carbon atoms, good thermal and hydrothermal stability, strong acid resistance, and carbon deposition resistance, adjustable acidity (Brönsted acid sites and Lewis acid sites), excellent shape selectivity, isomerization, hydrodeoxidization, and other catalytic properties (Sharma and Bakhshi, 1991; Chen et al., 2020). It has been successfully used in the hydrolysis of lignocellulose (Corma et al., 2007b; Mortensen et al., 2011; Park et al., 2011). ZSM-5 has also been widely used as a catalyst for biomass pyrolysis, and found to greatly change the composition of bio oil via dramatically reducing oxygenated compounds by deoxidization reactions, increasing aromatic species, and producing more organic matters (bio-oil) which can be upgraded to gasoline and diesel fuel (Vitolo et al., 2001; Cheng and Huber, 2011; Mortensen et al., 2011; Park et al., 2011; Taarning et al., 2011). Oxygen is removed through formation of water due to strong dehydration tendency promoted by the strong acidity of H+-exchanged ZSM-5 (HZSM-5) (Topsøe et al., 1981; Kapustin et al., 1988; Triantafillidis et al., 2001; Lappas et al., 2009). However, the strong acidity of ZSM-5 may lead to the decrease of organic components of bio oil by over-cracking to hydrocarbon, gas, or coke. Therefore, tuning of the acid sites is essential to utilization of catalyst (Huang et al., 2009).

Transition metal dopants are believed to affect the oxygen exclusion pattern by producing more carbon oxides and less water, so that more hydrogen can be incorporated into hydrocarbons. Different metal-modified ZSM-5 catalysts (Ce-ZSM-5, Co-ZSM-5, FeZSM-5, Ga-ZSM-5, HZSM-5, Ni-ZSM-5) have been used in biomass pyrolysis to verify whether these metal promoted low acid zeolites produce higher hydrocarbon yield and less coke than the commercial ZSM-5 catalysts previously tested (Park et al., 2007; French and Czernik, 2010; Valle et al., 2010; Cheng et al., 2012; Neumann and Hicks, 2012). Among them, French and Czernik (2010) studied 40 different catalysts and found that Ni-ZSM-5 catalyst has the highest hydrocarbon yield. The incorporation of transition metals (such as nickel) can increase the yield of aromatics, and they found that the hydrothermal stability of ZSM-5 will be improved by metal impregnation (Valle et al., 2005). Considering the importance of hydrodeoxygenation of bio-oil for biomass utilization and the hydrogenation ability of transition metals such as Ni, this paper mainly reviews the research progress of Ni supported ZSM-5 zeolite in catalytic conversion of biomass, and comprehensively summarizes the following aspects: (1) the catalytic conversion of biomass promoted by single metal Ni supported ZSM-5 in the absence of hydrogen; (2) the promotion of Ni supported ZSM-5 in biomass catalytic conversion in hydrogen atmosphere; (3) the utilization of bimetal supported ZSM-5 composed of Ni and other metals in biomass catalytic conversion.



NI MODIFIED ZSM-5

The most representative organic compounds in pyrolytic bio-oil can be divided into 13 major functional groups: aromatic hydrocarbons, aliphatic hydrocarbons, phenols, furans, acids, esters, alcohols, ethers, aldehydes, ketones, polyaromatic hydrocarbons (PAHs), nitrogen compounds, and heavier compounds (Iliopoulou et al., 2012). Among them, aromatic hydrocarbon, aliphatic hydrocarbon, and alcohol are considered as ideal biofuel products, and phenols and furans are considered as high value-added chemicals. Carbonyl compounds, such as acids, ketones, aldehydes, ketones, esters, ethers are undesirable products for their relation to corrosiveness, instability and reduce the heating value of bio oils. Other undesirable products includes polyaromatic hydrocarbons and nitrogen compounds due to environmental reasons.

The aromatics produced by catalytic pyrolysis can be divided into two types including (1) monocyclic aromatics (MAHs), such as benzene, toluene, ethylbenzene (EB), xylene, indene and other substituted benzenes as styrene, ethyl-methyl-benzene, etc. (2) polycyclic aromatics (PAHs: naphthalene, anthracene, phenanthrene, fluorene). The metal on ZSM-5 helps to catalyze the formation of monocyclic aromatics and retards the further polymerization of PAHs and other oxygenates, which is a competitive reaction and leads to the formation of PAHs.

The conversion of biomass to bio oil (XA) and selectivity to product i (Si) was defined as:

[image: image]

Where w0 refers to the initial weight of biomass, w1 means the weight of bio oil after catalytic pyrolysis; ni refers to moles of the product i, and ai is the carbon atom numbers for product i.

The addition of Ni metal to ZSM-5 zeolite is believed to promote the conversion of oxygenated and nitrogen compounds to aliphatics and aromatics and improve the hydrothermal stability of the catalyst, due to the synergistic effect of the dehydrogenation activity of nickel and the moderate acid strength of the catalyst (Valle et al., 2010). The formation of aliphatic compounds may be due to the fact that the metal part slows down the reaction between aromatics and other oxygenated compounds during the catalytic pyrolysis, forming alkylated benzene or polycyclic aromatic hydrocarbons (PAHs) (Carlson et al., 2010; Thangalazhy-Gopakumar et al., 2012).


Monometallic Ni-Modified ZSM-5

Huynh et al. (2014) synthesized Ni-ZSM-5 for 4, 12, 21 wt.% Ni loadings. The N2 adsorption studies revealed a steady decline in adsorption capacities with the increase in Ni content, as the N2 adsorbed volume were 94.5, 75.2, 73.4, and 65.4 cm3·g−1 at standard temperature and pressure for 4, 12, 21 wt.% Ni loadings ZSM-5, respectively. This finding could be attributed to pore blocking by the increasing proportion of loaded metal species, which is in consistence with the results of Gayubo et al. (2010). The H2 temperature-programmed reduction (TPR) profile of 21 wt.% Ni-ZSM-5 consists of two peaks at low temperature (350–450°C) and high temperature (500–600°C). There are two possible explanations for this result. One is that nickel oxide can be reduced to two-step reaction as shown in formula (1) and formula (2), as Hadjiivanov et al. (2002) confirmed. The other explanation is the intensities of interaction between Ni2+ and HZSM-5 at different positions are different, which may lead to different reducibility, which is in line with conclusion from Maia et al. (2010). According to the elemental compositions analysis by X-ray photoelectron spectroscopy, the surface Ni/Si ratio decrease from 0.24 to 0.11 during the reduction of 21 wt.% Ni-ZSM-5, and this result may be due to the sintering or migration of Ni into the pore (volume) during reduction. Results from IR spectra of neat and reduced 21 wt.% Ni-ZSM-5 showed that the total acidity remains the same (619 and 588 μmol·g−1 for neat and reduced 21 wt.% Ni-ZSM-5). However, after impregnation with Ni species, the overall Brönsted acidity significantly decreased from 451 to 243 μmol·g−1 whereas the overall Lewis acidity increased from 168 to 345 μmol·g−1. The variation of overall Brönsted acidity and Lewis acidity may be attributed to substitution of protons at Brönsted sites by exchangeable cations, that is Ni2+ (Huynh et al., 2014). The overall Lewis acidity could be produced by dehydration of protonated oxide bridge after high temperature treatment in the calcination or reduction step (Hooff and Roelofsen, 1991). This combination of Brönsted acid sites and Lewis acid sites is more suitable for HDO reaction because the acid center can cleave C-O bond through protonation, while the metal center can activate H2 and reduce aromatic ring.
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Catalytic Pyrolysis

Catalytic pyrolysis with cracking catalyst is an emerging technology to directly convert the oxygenated compounds produced in the pyrolysis of biomass into hydrocarbons, so as to improve the quality of bio-oil. Catalytic pyrolysis can be carried out in the atmosphere without high hydrogen pressure, which reduces the operation cost. The volatile oxygenated species in the pyrolysis gas enter into ZSM-5 pores and react with the protons in the active sites through dehydration, decarboxylation, decarbonylation, oligomerization, and dehydrogenation to generate aromatic compounds, carbon monoxide, carbon dioxide, and water.

The results from Huynh et al. revealed that phenol conversion of 14, 82, and 98% were obtained with 4, 12, 21 wt.% Ni-ZSM-5, respectively. For 21 wt.% Ni-ZSM-5, selectivity toward deoxygenated products reached 98%, which included ~88% for cyclohexane and 8% for benzene, indicating that the combination of metal and acid is needed to effectively remove oxygen from phenol. Tuning of the metal sites can provide additional control over the severity of hydrogenation (whether it is an attack on a substituent or aromatic ring system) and selectivity. Iliopoulou et al. (2012) investigated the catalytic upgrading of biomass pyrolysis vapors using different loadings (1, 5, 10 wt.%) Ni-modified commercial equilibrium ZSM-5 diluted with silica-alumina (containing 30 wt.% crystalline zeolite) via typical wet impregnation method. There is no significant loss of surface area at low loadings (1 and 5 wt.%). However, high loading (10 wt.%) results in a 15% decrease of surface area, which is mainly due to the blocking of micropores in ZSM-5 crystal when metal phases are formed (Vitolo et al., 2001). On the other hand, compared with porosity, the effect of metals on the acidity of ZSM-5 zeolite catalyst is more significant. The presence of 1 and 5 wt.% Ni reduced the number of Brönsted acid sites by 40%, and higher loading (10 wt.%) induced further reduction (47 wt.%). The significant decrease of Brönsted acid sites indicated that the acidic protons in ZSM-5 zeolite were exchanged by Ni ions during the dry impregnation process, and the quantity of Lewis was increased by 2–3 times, possibly due to the formation of the corresponding oxide, i.e., NiO, which can serve as Lewis acid center. Basing on X-ray diffraction (XRD) pattern, crystallite size of NiO increases from 28.5 to 39.5 nm for the 5 and 10 wt.% loaded catalyst, while it is difficult to identify the XRD peaks caused by NiO in Ni (1%) ZSM-5 catalyst. For10 wt.% Ni-ZSM-5, the rectangular or cubic NiO particles were highly dispersed on catalysts and showed a mean size of ~40–45 nm.

The results of deoxy-liquefaction of laminaria japonica to liquid oil over Ni-ZSM-5 showed that Ni-ZSM-5 catalyst could increase the liquid oil yield and the contents of aromatics and long-chain alkanes, and decrease the amounts of phenols, other oxygen and nitrogen containing species (Li et al., 2013). Vichaphund et al. (2015) investigate the catalytic pyrolysis of jatropha residues including 59.2% cellulose, 18.0% hemicelluloses, and 22.8% lignin with 3 wt.% Ni-ZSM-5 catalysts. The combination of Ni and acid sites provides an ideal environment for the oligomerization, cyclization, and dehydrogenation of small olefins, and improves the formation rate of aromatic compounds. The main product is toluene with selectivity of 36.4% while the selectivity of benzene is only 10%, owing to the alkylation of benzene and other oxygenated compounds to form alkylated benzene. In addition, the 3 wt.% Ni-ZSM-5 catalysts with different preparation method of ion-exchange and wet impregnation are compared in catalytic pyrolysis of jatropha residues. For ion-exchanged HZSM-5, the MAHs selectivity is 85–88% and PAHs can be reduced to 12–16%, while for impregnated HZSM-5, the MAHs selectivity is 85–90% and PAHs can be reduced to 10–15%.

The upgrading of bio-oil with Ni modified hierarchical ZSM-5 catalyst is also studied, and results showed that the preferential mechanism for O-removal using hierarchically structured Ni-ZSM-5 zeolite catalysts seems to proceed through decarbonylation and decarboxylation reactions at the Lewis acid sites evolved after metal incorporation (Veses et al., 2016). However, the main product in obtained bio-oil is phenols (42.8 wt%). Chen et al. synthesize hierarchical ZSM-5 catalyst by NaOH desilication and HCl treatment and investigate the catalytic pyrolysis of rice straw to aromatics with Ni modified ZSM-5. High yields of aromatics (28%) can be obtained at very low Ni loading (0.1 wt.%), and there is no difference in the selectivity of aromatic products when the amount of Ni added is 0.1, 0.5, or 1.0% (Chen et al., 2018). The study on effect of reaction temperature on conversion of phenol with hierarchical Ni-ZSM-5 shows that the main products were mostly benzene and cyclohexene formed by phenol deoxygenation at low and intermediate temperatures (393 and 423 K) whereas a shift in the reaction pathways occurred at higher temperature (448 K), leading to high slectivity of valuable alkylphenols (mostly cresols and cyclohexylphenols) generated by the occurrence of alkylation reactions catalyzed by the zeolite acid sites (García-Minguillan et al., 2020). The mixture of microporous ZSM-5 and another mesoporous zeolite is also employed for catalytic pyrolysis of biomass. Hu et al. (2020) investigate the catalytic co-pyrolysis of seaweeds and cellulose using mixed ZSM-5 and MCM-41, the yield of main product (furans) is 52.2%, which is higher than that using single ZSM-5 or MCM-41. Because of the interaction between the free radicals of seaweeds/cellulose and ZSM-5/MCM-41, as well as the synergism between the joint channel advantage of mesoporous molecular sieve and the acidity of microporous molecular sieve, the yield and composition of bio oil are improved.

The biomass pyrolysis experiments were performed on a bench-scale fixed bed tubular reactor, and catalytic pyrolysis experiment with NiO was also conducted for comparison (Iliopoulou et al., 2007; Triantafyllidis et al., 2007). Compared with the non-catalytic experiment, all the catalysts reduced the total liquid yield, increased the gas products and coke at the expense of organic yield. This behavior is due to various hydrocarbon conversion reactions, such as cracking, dehydrogenation, and cyclization/aromatization, which are catalyzed by zeolite protonic acid sites. Besides that, water formation was promoted by dehydration/decarboxylation of oxygenated compound on acid sites of ZSM-5 (Lappas et al., 2009). What is needed to point out is that the addition of Ni in to ZSM-5 does not influence the formation of water and leads mainly to increased production of H2 and C2-C6 gaseous hydrocarbons. Iliopoulou et al. (2012) suggested two important reaction routes: (1) bio oil deoxidized by decarboxylation, producing a small amount of water and in situ generating hydrogen; (2) in situ generated hydrogen atoms participate in the hydrogen transfer reaction on NiO atoms, increasing the generation of saturated hydrocarbon through the carbonium intermediate on the acid sites of zeolite. The almost unaffected water production indicates that the oxygen of bio oil compounds is not removed by hydrogen deoxidation, which can be promoted by Ni supported metals, but mainly by decarboxylation reactions. The increase of aromatics may be due to the enhancement of dehydrogenation of Ni metal, and the increase of phenolic content may be related to the decrease of Brönsted acid sites which are covering by Ni metal ions. After pyrolysis experiment, a majority of NiO particles converted to metallic Ni particles which showed smaller spherical or rectangular particles with an average size of ~17 nm, and the catalyst particle were covered by a layer of graphitized carbon, which may be due to the strong dehydrogenation effect of Ni species (related to the formation of coke) during pyrolysis. This is the first report of observation of reduction of Ni oxides to metallic Ni during biomass catalytic pyrolysis. And this result may play an important role in commercial use of Ni-ZSM-5, because the catalyst will continue to circulate between the pyrolysis reactor (reduction of Ni oxides) and the regenerator (oxidization of metal Ni) which is used to burn off char (coke deposited on the catalyst and possibly unreacted biomass). In addition, the in-situ formation of reduced Ni metal phase can also promote the hydrogen transfer reaction using the in situ produced H2 on metallic Ni or external supplied H2 in a hydro-pyrolysis process (Yung et al., 2016). Porosity and acidity of different Ni-ZSM-5 catalysts and their catalytic pyrolysis performance are shown in Table 1.


Table 1. Porosity and acidity characteristics of catalysts and catalytic pyrolysis performance of different catalysts.
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Catalytic Hydro-Pyrolysis

When hydrogen is added in the pyrolysis process, very active H· radicals will be produced. H· radicals are easy to react to form biomass fragments, while removing oxygen and covering free radicals, thus increasing the hydrocarbons production. Hydro-pyrolysis has been widely used in coal pyrolysis, and the results show that under high hydrogen pressure, cracking, and hydrogenation of bio oil compounds will occur simultaneously (Canel et al., 2005). To study the deoxidization effect of Ni-ZSM-5 catalyst in the process of catalytic hydro-pyrolysis, Thangalazhy-Gopakumar et al. (2012) investigated the catalytic hydro-pyrolysis of pine wood sample (particle size of 149–177 μm) using HZSM-5 and 5 wt.% Ni-HZSM-5 under different hydrogen pressure of 10, 20, 30, and 40 MPa.

For HZSM-5 catalysts, the aromatic yields have no change in the hydrogen pressure of 10–40 MPa, and the catalyst may only play the role of cracking catalyst, not the role of promoting hydrogenation (Pindoria et al., 1998). Lower amounts of the higher molecular weight phenolic compounds and larger amounts of the lighter phenols were observed in the presence of Ni supported ZSM-5 (Melligan et al., 2012). The possible reaction mechanism for the formation of phenols, benzene, toluene, and ethylbenzene is shown in Scheme 1. Compared with ZSM-5 catalyst, Ni-ZSM-5 lowered the ethanoic acid content, and a further decrease of 20% in ethanoic acid was observed after introduction of H2 to the reaction.


[image: Scheme 1]
SCHEME 1. Possible reaction pathway for lignin, from Melligan et al. (2012).


The hydrodeoxygenation of guaiacol and 2-phenoxy-1-phenylethanol as model compounds of lignin are performed with different Ni loadings (5, 10, 12.5, 15, 20 wt.%) Ni-ZSM-5 under 5 MPa of hydrogen pressure (Barton et al., 2018). Regardless of Ni loading, the conversions of guaiacol are nearly 100% and three main products are 2-methoxycyclohexanol, cyclohexanol, and cyclohexane. But the time required to reach 100% conversion decreased with increased Ni loading. The Ni-ZSM-5 was also used to investigate the hydrodeoxygenation of vegetable oils to liquid alkane fuels, where the selectivity of n-C5-C16 alkane was 71.0% (Na et al., 2012). Porosity and acidity of different Ni-ZSM-5 catalysts and their catalytic hydro-pyrolysis performance are shown in Table 2.


Table 2. Porosity and acidity characteristics of catalysts and catalytic hydro-pyrolysis performance of different catalysts.
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Bimetallic Ni Modified ZSM-5

Although the activity of nickel-based catalysts is higher than that of other catalysts, there are still many problems that limit the utilization of Ni-ZSM-5 catalysts, such as carbon deposition. Zhang et al. (2013) observed that 36 wt.% of residue such as coke was deposited on the surface after hydrotreatment. Zhao et al. (2012) observed the deactivation of Ni-ZSM-5 catalysts owing to sintering during the hydrothermal treatment and recycling process as well as partly Ni leaching from the catalyst into water (Zhao et al., 2012). The deactivation of catalysts mainly depends on the zeolite pore structure, acidic properties, reaction temperature, and properties of reactants. The main function of Lewis acid sites is to bind substances to the catalyst surface; Brönsted acid sites is to transfer protons to related compounds to form carbon positive ions, which is considered to be the main reason for coking (Mortensen et al., 2011). The process of carbon deposition is very complex, in which the intramolecular and intermolecular condensation reactions of reactants and/or products play a key role. These condensation reactions usually undergo nearly irreversible second reaction of dehydrogenation or hydrogen transfer to form stable oligomer or graphite carbon, which is difficult to remove from the acid catalyst. Li et al. (2015) investigate the coke deposition on 15 wt.% Ni-ZSM-5 in bio-oil hydrodeoxygenation process under 523–603 K and 2.0 MPa of hydrogen pressure. The results showed that most of the deposited filamentous carbon is converted into carbon-rich flat plate as the temperature rises from 250 to 330°C. The filamentous carbon and carbon-rich flat plate both possess low volatility and solubility and are often retained within pores or on the outer surface of the catalysts, which could potentially block reactant molecules from reaching acid sites and result in catalysts deactivation. The deposition coked at 250°C is soft carbon which is soluble in organic solvents, the deposition coked at 280°C shows that some soluble carbon burned off or is transformed into derivatives with higher molecular weights, the deposition coked at 300°C shows deposited hard coke (or amorphous graphite) which is insoluble in organic solvents, and the deposition coked at 330°C shows deposited graphite or amorphous graphite (Rossetti et al., 2005; Xu et al., 2009). Thermogravimetry analysis of catalysts after hydrodeoxygenation process shows four stages of mass loss from 50 to 250°C, from 250 to 450°C, from 450 to 600°C, and from 600 to 750°C, which corresponds to the loss of moisture, physical absorbents, the formation of soft coke, hard coke, and graphite, respectively.

Bimetallic catalysts often show properties different from those of the corresponding monometallic catalysts (Alonso et al., 2012). Therefore, bimetallic catalysts have also attracted much attention from researchers in recent years. Huynh et al. (2014) discovered that when using monometallic Ni-ZSM-5 and bimetallic Ni-Cu or Ni-Co-ZSM-5 as catalysts, no differences in adsorption capacities were observed irrespective of mono- or bimetallic catalysts with 20 wt.% loading. Thus, the difference of catalytic performance must be related to other reasons besides pore size effect, because all of these samples have similar micropore volumes. After calcination and reduction of Ni-Cu-ZSM-5 and Ni-Co-ZSM-5, Ni-Cu alloy and possible Ni-Co alloy are detected. What should be pointed is that a new phase of NiCo2O2 is detected in the calcined Ni-Co-ZSM-5. During the H2 temperature-programmed reduction (TPR) experiments, the Ni-Cu-ZSM-5 shows lower reduction temperature, possibly due to synergistic interaction between the oxide phases and even physical mixing of NiO and CuO (Carrero et al., 2007; Rogatis et al., 2009), whereas the effect of Co addition to Ni on reducibility is not as strong as that of Cu on Cu-Ni bimetallic precursors. The above TPR results reveal that the addition of Cu and Co promotes the reduction of nickel oxide. For catalytic hydro-pyrolysis of phenol with Ni-Cu-ZSM-5 catalyst, the phenol conversion decreases substantially along with exchange of Ni with Cu, while the selectivity to cyclohexanol increases. Considering the decrease in the number of Ni active sites and acid sites, it can be concluded that the combination of metal and acid sites can effectively remove oxygen from phenol, and tuning of metal sites can provide additional control over the severity and selectivity of hydrogenation. For catalytic hydro-pyrolysis of phenol with Ni-Co-ZSM-5 catalyst, the phenol conversion is complete for 10 wt.% Ni-10 wt.% Co-ZSM-5 and the selectivity toward deoxygenated products (benzene and cyclohexene) is 99.3%, which is probably due to the formation of a NiCo2O4 spinel phase in the catalyst precursor resulting in the high dispersion of metal species. The Ni-Cu biometallic zeolite also is investigated by Kumal et al., where CuNi/zeolite showed better deoxygenation efficiency than mono-metallic catalysts (Cu/zeolite and Ni/zeolite) and produced comparatively higher percentage of aromatic hydrocarbons at 14.3% and aliphatic hydrocarbons at 39.9% (Kumar et al., 2019, 2020).

The addition of noble metals to Ni-ZSM-5 show excellent catalytic performance in hydrogenation of microcrystalline cellulose (Liang et al., 2014). All investigated noble-metal-modified Ni-ZSM-5 gave enhanced hexitols yields in an order of Ir-Ni-ZSM-5 (49.2%) < Ru-Ni-ZSM-5 (55.6%) < Pd-Ni-ZSM-5 (58.9%) < Rh-Ni-ZSM-5 (60.6%) < Pt-Ni-ZSM-5 (76.9%). The TPR results show that the reduction of NiO is promoted by the addition of noble metals, and this promotion is due to hydrogen spillover, i.e., free hydrogen migrates from noble metals to NiO surfaces. The close interaction between platinum clusters and nickel clusters leads to homogeneous reduction, forming Pt-Ni alloy. In addition, the size of metal particles decreases to 13 nm in the presence of Pt, indicating that the addition of Pt results in higher dispersion of Pt-Ni particles, as same as the effect of addition of Ce (Li et al., 2017). The Pt-enriched alloy surface can inhibit the oxidation of nickel and suppress the leaching of active nickel, which leads to excellent hydrothermal stability. Guo et al. (2019) investigate the cleavage C-O ether bond of lignin model compounds (2-methoxyphenyl anisole, 2-(2-methoxyphenoxy)-1-phenylethanol, and 4-phenoxyphenol) over Ni/CaO-ZSM-5 catalyst and conclude that low H2 pressure favored hydrogenolysis, while high H2 pressure favored hydrogenation. Porosity and acidity of different bimetallic Ni-ZSM-5 catalysts and their catalytic hydro-pyrolysis performance are shown in Table 3.


Table 3. Porosity and acidity characteristics of catalysts and catalytic performance of different bimetallic Ni-ZSM-5.

[image: Table 3]




OUTLOOK

Despite the praiseworthy achievements in catalytic pyrolysis and catalytic hydro-pyrolysis of bio oil have been studied extensively, there are still some disadvantages, such as harsh conditions (high temperature and high pressure), the use of molecular H2 as hydrogen donor, and the high cost of developing catalysts (generally noble metal catalyst is needed), low selectivity to target products and low catalyst stability. Special attention should be paid to the stability of bifunctional ZSM-5 catalysts containing different catalytic sites (metal and acid sites), which get deactivated due to different mechanisms. The metal particles on ZSM-5 suffer from leaching out while the ZSM-5 suffers from phase transformation and surface area loss. However, there are limited methods to stabilize each type of catalytic active sites. Though surface functionalization can be used to stabilize ZSM-5 catalyst, it is difficult to prepare bifunctional catalysts by different methods. Considering that improving the stability of catalyst can help to solve the problem of high catalyst cost, further study on the stability of bifunctional sites is needed. It is also necessary to study the long-term operation of continuous reactor system, because the batch reactor used in most studies is not the appropriate choice to evaluate the stability of catalyst. In order to obtain higher quality bio oil, most processes need to add a lot of molecular H2, which is usually obtained from non-renewable resources (such as steam reforming of coal). The use of gaseous hydrogen has brought challenges to the process economy and transportation. More importantly, its low solubility in most solvents requires high operating pressure, which will cause serious safety problems.

Excessive metal loading reduces the acidity and physical properties of ZSM-5, and then reduces the diffusivity and catalytic activity of the reactants. High mesopore content will increase coke formation and catalyst deactivation, so it is necessary to determine the mesoporous content of ZSM-5 and the optimal metal loading. Considering the cost of catalyst, the regeneration of ZSM-5 is still the focus of future research. Co-pyrolysis of biomass needs to be taken into account as an effective way to improve the quality as well as quantity of bio-oil, in which two or more materials will be used as feedstock. In general, the use of catalysts for biomass conversion has achieved valuable results, but there is still much room for us to understand the design of catalysts for the selective preparation of target products from biomass. Therefore, the reasonable design of catalyst is of great significance to the innovation of biomass conversion technology.
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Doping heteroatom in phosphor can effectively improve luminescent properties, which has attracted great attention recently. GdAlO3 phosphors (GAP) doped with Er3+/Yb3+/Tm3+ were prepared via the co-precipitation method. Upon 980 nm excitation, strong blue, green, and red up-conversion (UC) emissions centered at 476, 524, 546, and 659 nm were observed, which could be successfully combined to form pure white light. It was found that changing the doping concentration of Er3+ and Yb3+ ions, the calcination temperature of the precursor, the laser power of the excitation light source, and doping Li+ could systematically adjust red/green/blue colors of GdAlO3:Er3+/Yb3+/Tm3+ phosphors to optimize the white emitting luminescence. When the Er3+ doping concentration of the phosphors increased, each color distribution successfully moved, making the maximum shift of the CIE coordinate. Finally, the influence of each factor on adjusting the UC white light performance and its mechanism were explored.

Keywords: sustainable chemistry, white-emitting, heteroatom-containing compounds, laser power, phosphors


INTRODUCTION

Recently, the development of green and sustainable approaches have become a particularly important theme. The use of white light-emitting diodes (WLEDs) as a promising general illumination source in lighting and display applications has attracted great attention (Du et al., 2018; Li et al., 2018; Liu et al., 2019). There are two alternative approaches to WLEDs assembly now. The first way is to mix the red, green, and blue monochromatic light sources together to modulate white light directly. Another way is to convert the ultraviolet, blue, or infrared light sources into a combination of red, green, and blue emissions by using phosphors (DiMaio et al., 2006; Liu M. et al., 2007; Liu X. M. et al., 2007). At present, the strategy widely used in producing white light is to combine a blue LED chip with a YAG: Ce yellow phosphor (Justel et al., 1998). However, the blue light LED has low luminescence efficiency, and the device color is changed by a combination of the working temperature, voltage, and the phosphor coating thickness, which makes the white light emission unstable. Meanwhile, the lack of red light components results in a white light with both a high color temperature and a poor color rending index.

As far as we know, up-conversion photoluminescence (UCPL) can convert long wave light into short wave light and the white light obtained by UCPL can reduce the photo degradation process caused by high energy photons compared with down conversion luminescence excited by short wavelengths (Leleckaite and Kareiva, 2004; Milliez et al., 2006; Chung et al., 2012). At the same time, infrared light was used as the excitation source which had a very low cost and was easy to obtain. It is reported that UC white light can be combined by doping rare earth ions Er3+/Ho3+ emitting red and green light and Tm3+ emitting blue light in fluoride under 980 nm excitation (Sivakumar et al., 2005; Wang and Liu, 2008; Chen et al., 2017). While the large-scale application and industrial production of fluoride phosphors are limited by the low stability, being unfriendly to environment, and harsh conditions in the process of synthesis, it is important to find some suitable matrix materials in the UC process to obtain white light. In recent years, lots of oxides with good chemical stability, mild synthesis conditions, that are eco-friendly, and have low phonon energy are being used as the host material to obtain UC white light which has attracted researchers' attention (Rai et al., 2013; Chen et al., 2017; Annadurai et al., 2018). The GdAlO3 system has a orthogonal perovskite crystal structure with a Pbnm space group. The density of GdAlO3 is 7.437g.cm−3, and the phonon energy is 670 cm−1, which is good for UCPL (Deng and Jiang, 2018).

In our previous research on GAP, it was found that the ratio of the red to green emissions intensity can be modified after changing the Er3+/Yb3+ doping concentration and laser power. Apart from this, the particle size and the content of impurity groups adsorbed on the surface of the GAP phosphors calcined at different temperatures will also affect the intensity and proportion of red/green emissions in UCPL (Deng et al., 2014a,b). In this paper, Yb3+ was used to sensitize Er3+, Tm3+ in GdAlO3 to obtain the UC white light, and the doping concentration of Er3+ and Yb3+ ions, the calcination temperature of the precursor, the laser power of the excitation light source, and Li+ doping were changed to adjust the intensity and relative proportion of red, green, and blue emissions. Then the influence of each factor on UCPL performance and its mechanism were explored, which can provide guidance for the UC white light process by systematically adjusting the red /green/ blue colors.



EXPERIMENTAL

The Gd(1−x−y−z)ErxYbyTm0.01LizAlO3 (x = 0.004, 0.006, 0.008; y = 0.10, 0.12, 0.14, 0.16; z = 0, 0.02) precursors were prepared by a co-precipitation method. Firstly, stoichiometric amounts of starting rare earth (RE) oxides Gd2O3 (99.99%), Yb2O3 (99.99%), Er2O3 (99.99%), Tm2O3 (99.99%), and Li2CO3 (99.9%) were dissolved in HNO3 aqueous solution with the molar ratio of RE3+ to [image: image] being 1:3. Then a required amount of Al(NO3)3·9H2O and ethanol aqueous solution were added sequentially under vigorous stirring until the homogenous solution A was formed. The beaker containing the homogenous solution A was placed in a water bath at 45°C. The 1 mol·L−1 NH4HCO3 aqueous solution was added into solution A at a rate of 2 mL min−1 with stirring. After completion of precipitation, the agitator was turned off and the precipitate was ripened at room temperature for 10 h. After ripening and filtration, the precipitate was washed with deionized water three times and ethanol two times, then dried at 120°C for 12 h. Finally, the precursor powders were calcined at different temperatures for 6 h. The crystalline GdAlO3:Er3+/Yb3+/Tm3+ phosphors were finally obtained.

The x-ray diffraction patterns of the phosphors were tested by a Bruker D8 advance diffractometer with Cu Kα radiation (λ = 0.154056 nm) operated at 30 mA and 40 kV. The UCPL spectra of the phosphors were recorded using an Ocean Optics PlasCalc-2000-UV-VIS-NIR plasma monitor control system and the exciting source was a MDL-H-980 980 nm infrared laser.



RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the GAP phosphors prepared by calcining the precipitate at different temperatures. In the figure all the XRD diffraction peaks obtained at 1,200, 1,300, and 1,400°C can match the standard GdAlO3 card (PDF#46-0395) with no impurity phase being detected (Deng and Jiang, 2018), and the GdAlO3 host material can exist quite stably with calcination temperature from 1,200 to 1,400°C. The average sizes of the crystallites calcined at different temperatures are estimated using Scherrer's equation (Shannon, 1976):

[image: image]

where D is the average crystallite size, λ is the wavelength of the Cu Kα line, β is the full-width at half maximum in radians, and θ is the Bragg angle.


[image: Figure 1]
FIGURE 1. XRD patterns of the GAP phosphors prepared by calcining the precipitate at different temperatures.


The strongest peak of the phosphors by calcining the precipitate at 1,200, 1,300, and 1,400°C, respectively, are at 34.18° (β = 0.00541), 34.20° (β = 0.00436), 34.22° (β = 0.00401) and using the procedure, the prepared phosphor particles by calcining the precipitate at 1,200, 1,300, and 1,400°C had the average crystallite sizes of 30.63 nm, 38.01 nm, 41.33 nm, which showed that a higher calcination temperature resulted in larger sized phosphor particles.


The Effect of Er3+/Yb3+ Doping Concentration on the Tunable UC White Emissions

Figure 2 shows the UCPL spectra of the GdAlO3:x%Er3+,10%Yb3+,1%Tm3+ (x = 0.4, 0.6, 0.8) phosphors and the dependence of the 546 nm/476 nm and 659 nm/476 nm intensity ratio on Er3+ concentration. Under excitation of 980 nm, all of the GdAlO3:x%Er3+,10%Yb3+,1%Tm3+ (x = 0.4, 0.6, 0.8) phosphors appeared to have four main emission peaks at 476 nm (blue), 524 nm, 546 nm (green), and 659 nm (red). The blue emission peak at 476 nm belongs to the Tm3+ (1G4 → 3H6) transition and the green emission peaks can be assigned to Er3+ (2H11/2 → 4I15/2, 4S3/2 → 4I15/2) transitions, and the red emission peak can be ascribed to the Er3+ (4F9/2 → 4I15/2) transition (Tamrakar et al., 2016; Cao et al., 2018). It was found that different doping concentrations of Er3+ does not produce a change in shape or location of the emission peaks. It can be seen from the inner illustration that the ratios of red to blue emission and green to blue emission intensity are improved at different degrees with the Er3+ doping concentration increase, so as to change each color distribution successfully.


[image: Figure 2]
FIGURE 2. UCPL spectra of the GdAlO3: x%Er3+, 10%Yb3+, 1%Tm3+ phosphors (inset is the dependence of the 546 nm/476 nm and 659 nm/476 nm intensity ratio on Er3+ concentration).


Figure 3 represents the chromaticity coordinate CIE diagram of the phosphors with different Er3+ doping concentrations. When the Er3+ doping concentration was 0.04, the CIE of phosphor GdAlO3:4%Er3+,10%Yb3+,1%Tm3+ is (0.2787, 0.3213) shown in point a, and the CIE changed to (0.3015, 0.3609) when the Er3+ doping concentration added was 0.06, shown in point b. Finally, when the Er3+ doping concentration was 0.08, the CIE reached (0.3349, 0.4031), shown in point c. CIE significantly moves to the red and green direction, and all the CIE of the GdAlO3:x%Er3+,10%Yb3+,1%Tm3+ (x = 0.4, 0.6, 0.8) phosphors fall into the nearly white light region in the CIE diagram, which makes it suitable for the fabrication of white light emitting LEDs (Shi et al., 2014; Seo et al., 2017). Therefore, the white light can be effectively adjusted by changing the Er3+ doping concentration.


[image: Figure 3]
FIGURE 3. Chromaticity coordinate of the GdAlO3: x%Er3+, 10%Yb3+, 1%Tm3+ phosphors under 980 nm excitation (a: x = 0.4, b: x = 0.6, c: x = 0.8).


Figure 4 shows the UCPL spectra of the GdAlO3: 0.6%Er3+, y%Yb3+, 1%Tm3+ (y = 12, 14, 16) phosphors and the dependence of the 546 nm/476 nm and 659 nm/476 nm intensity ratio on Yb3+ concentration. It can be seen that the relative intensity of red to blue emission and the relative intensity of green to blue emission shows a downward trend with the increase of Yb3+ doping concentration.
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FIGURE 4. UCPL spectra of the GdAlO3: 0.6%Er3+, y%Yb3+, 1%Tm3+ phosphors (inset is the dependence of the 546 nm/476 nm and 659 nm/476 nm intensity ratio on Yb3+ concentration).


Figure 5 represents the CIE diagram of the phosphors with different Yb3+ doping concentrations. The CIE are (0.2926, 0.3542), (0.2811, 0.3373), and (0.2725, 0.3272) as shown in the points a, b, and c when the Yb3+ doping concentration was 0.12, 0.14, and 0.16, respectively. The CIE moves to the blue light direction with the increase of the Yb3+ doping concentration, but the moving range was not as large as that of the Er3+ doping, and the white light can be adjusted slightly by changing the Yb3+ doping concentration.
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FIGURE 5. Chromaticity coordinate of the GdAlO3: 0.6%Er3+, y%Yb3+, 1%Tm3+ phosphors under 980 nm excitation (a:y = 12, b:y = 14, c:y = 16).




The Effect of the Calcining Temperatures on the Tunable UC White Emissions

It can be seen that GAP phosphor can exist stably by calcining the precipitate from 1,200 to 1,400°C in Figure 1. Figure 6 shows the UCPL spectra of the GdAlO3: 0.6%Er3+, 16%Yb3+, 1%Tm3+ phosphors prepared by calcining the precipitate at different temperatures and the dependence of the 546 nm/476 nm and 659 nm/476 nm intensity ratios on calcination temperatures at 1,200, 1,300, and 1,400°C. It can be seen that the blue emission intensity decreases, while the ratios of red to blue emission and green to blue emission intensity increase with the increase of the calcination temperature. The corresponding coordinates were (0.2596, 0.3189), (0.2725, 0.3272), and (0.2796, 0.3328) as shown in points a, b, and c, respectively, when the calcination temperatures were 1,200, 1,300, and 1,400°C from Figure 7. Moreover, all the points are located in the white light area, and the color coordinates move to the red and green emission direction. The moving range was less than that of the Er3+ and Yb3+ doping. The UC white light can be further adjusted on the basis of the Er3+ and Yb3+ doping concentration by changing the calcination temperature.


[image: Figure 6]
FIGURE 6. UCPL spectra of the GdAlO3: 0.6%Er3+, 16%Yb3+, 1%Tm3+ phosphors prepared by calcining the precipitate at different temperatures (inset is the dependence of the 546 nm/476 nm and 659 nm/476 nm intensity ratio on calcination temperature).
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FIGURE 7. Chromaticity coordinate of the GdAlO3: 0.6%Er3+, 16%Yb3+, 1%Tm3+ phosphors prepared by calcining the precipitate at different temperatures (a:1,200°C, b:13,00°C, c:1,400°C).




The Effect of the Excitation Laser Powers on the Tunable UC White Emissions

Figure 8 shows the UCPL spectra of the GdAlO3: 0.6%Er3+, 16%Yb3+, 1%Tm3+ phosphor and the dependence of the 546 nm/476 nm and 659 nm/476 nm intensity ratios under excitation at 980 nm with different laser powers. It can be seen that the intensity of each emission peak was improved with the increase of laser power, but the relative intensities of red to blue emission and green to blue emission decrease obviously. Figure 9 presents the chromaticity coordinate of the GdAlO3: 0.6%Er3+, 16%Yb3+, 1%Tm3+ phosphor under excitation at 980 nm with different laser powers at 197 mW, 253 mW, 310 mW, and 366 mW, the CIE are (0.2846, 0.3277), (0.2825, 0.3360), (0.2725, 0.3272), and (0.2707, 0.3320) as shown in the points a, b, c, and d, respectively. Moreover, the movement of color coordinates was very small and all the points fall near the white light area.
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FIGURE 8. UCPL spectra of the GdAlO3: 0.6%Er3+, 16%Yb3+, 1%Tm3+ phosphor under excitation at 980 nm with different laser powers (inset is the dependence of the 546 nm/476 nm and 659 nm/476 nm intensity ratio on laser power).
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FIGURE 9. Chromaticity coordinates of the GdAlO3: 0.6%Er3+, 16%Yb3+, 1%Tm3+ phosphor under excitation at 980 nm with different laser powers (a:197 mW, b:253 mW, c:310 mW, d:366 mW).




The Effect of Doping Li+ on the Tunable UC White Emissions

Figure 10 shows the UCPL spectra of the GdAlO3:0.6%Er3+, 16%Yb3+, 1%Tm3+, z% Li+ phosphors and the dependence of the 546 nm/476 nm and 659 nm/476 nm intensity ratios under excitation at 980 nm. It can be seen that the blue emission intensity increases and the relative intensities of red to blue and green to blue emission decreases obviously with Li+ doping. The CIE was (0.2626, 0.3168), when the Li+ doping concentration was 0.02 at point b in Figure 11. It moves slightly to the blue direction compared with no Li+ doping at point a (0.2725, 0.3272). Therefore, the color coordinate position of UC white light can be adjusted slightly by Li+ doping.
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FIGURE 10. UCPL spectra of the GdAlO3:0.6%Er3+, 16%Yb3+, 1%Tm3+, z% Li+ phosphors (inset is the dependence of the 546 nm/476 nm and 659 nm/476 nm intensity ratio).
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FIGURE 11. Chromaticity coordinates of the GdAlO3:0.6%Er3+, 16%Yb3+, 1%Tm3+, z% Li+ phosphors (1:z = 0; 2:z = 2).




UCPL Mechanism

The luminescence mechanism of GdAlO3:Er3+, Yb3+, Tm3+ phosphors was analyzed to reveal the UC white light chromaticity coordinate changed with different Er3+/Yb3+ concentration doping, calcining temperatures, laser powers, and Li+ doping. Figure 12 shows the schematic diagram of energy levels of the Er3+, Yb3+, and Tm3+ ions and possible transitions under 980 nm excitation. Specific processes that the green emission at 524 and 546 nm are ascribed to 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions, and the red emission at 659 nm would be observed from the 4F9/2 → 4I15/2 transition all from Er3+, which have been discussed in our previous work (Deng and Jiang, 2018). Meanwhile, both green and red emissions are the two-photon processes. The blue emission at 476 nm would be observed from the 1G4 → 3H6 transition of Tm3+. The specific process was that Yb3+ ion, as a sensitizer first absorbed energy and transitioned from the 2F7/2 level to 2F5/2 under 980 nm irradiation, and the Tm3+ ion in the ground state of 3H6 was elevated to the 3H5 excited state via ET from an Yb3+ ion in the 2F5/2 state, then Tm3+ in the state of 3H5 relaxed to the 3F4 level by non-radiative relaxations. This process was followed by a second ET from another Yb3+ ion also in its excited state, resulting in the population of 3F2 of the Tm3+. After 3F2 → 3H4 fast non-radiative relaxations, the Tm3+ ion in the excited state of 1G4 is pumped by the third ET from an Yb3+ ion. Finally, the excited Tm3+ ion in 1G4 returned to the 3H6 ground state giving the blue emission at 476 nm, which belongs to the three-photon process. Therefore, there was a relative competition between Er3+ and Tm3+ in energy transfer from Yb3+ ion as the same sensitizer.


[image: Figure 12]
FIGURE 12. Schematic diagram of energy levels of GdAlO3: Er3+, Yb3+, Tm3+ and possible transitions under 980 nm excitation (ET: energy transfer).


Firstly, the UC white emissions of phosphors were adjusted by changing the Er3+ doping concentration. It was found that the red and green emission intensity of samples increased, while that of the blue emission decreased with increased Er3+ doping concentration. It is not difficult to explain that the luminescence mechanism that the red and green emissions belong to Er3+ (2H11/2,4S3/2 → 4I15/2) and (4F9/2 → 4I15/2), while the blue emission belongs to Tm3+ (1G4 → 3H6). Therefore, the distance between the sensitizer Yb3+ and luminescent Er3+ became closer with the increase of the Er3+ doping concentration, which made the energy transfer more effective, and then the luminescent intensity of green and red emissions became higher. Meanwhile, the energy transfer between Yb3+ and Tm3+ was accordingly decreased, and to some extent, the blue emission intensity was reduced. The UC white light can be further adjusted by changing the doping concentration of sensitizer Yb3+. It was found that the intensity ratio of red to blue and the green to blue emissions decreased, and the blue emission increased obviously with an increase in the Yb3+ doping concentration. This was because the blue emission belongs to the three-photon process, which requires the effective energy transfer from the sensitizer Yb3+ to Tm3+ to reach the final blue emission level three times. While, red and green emissions belong to the two-photon process of Er3+, so it was more favorable to obtain the energy transfer from Yb3+ to Tm3+, which made the relative intensity of red to blue and green to blue emissions decrease.

Secondly, it can be reasonably explained that the intensity ratios of red to blue and green to blue emissions are enhanced by the increase of the calcination temperature of the precursor. As we know, the energy gap of non-radiative relaxation is very close to the vibrational frequency of the OH− in the phosphor. The higher the concentration of OH− impurity in the phosphor the higher the probability of 4I11/2 → 4I13/2, 4S3/2 → 4F9/2, 3F2 → 3H4, and 3H5 → 3F4 non-radiative transitions. The concentration of surface OH− groups in the phosphor decreased gradually when the calcination temperature increased as shown in our previous work (Deng et al., 2014a). From the energy level diagram, it can be seen that the blue emission process needed three non-radiation transitions. Then, with the decrease of the OH− groups on the surface of the phosphor, the probability of non-radiation transitions decreased, which mostly weakened the blue emission, resulting in the increase of relative intensity of red to blue and green to blue emissions, making the UC color coordinates move to the red and green emission direction.

Thirdly, the luminous intensity of each red, green, and blue emissions all increased with the increase of the excitation power laser. As far as we know, red and green emissions from Er3+ are two-photon processes, and the luminous intensity is directly proportional to the second power of the power, while the blue emission from Tm3+ is a three-photon process, and the luminous intensity is directly proportional to the third power of the power, so the effect of power on blue emission is more significant, resulting in the increase of blue emission intensity being larger than that of the red and green emission, then the relative intensity of red to blue emission and green to blue emission decreased, which can adjust the white light slightly again.

Finally, the UC white light was adjusted and the luminous efficiency was improved by Li+ doping. Li+ ion can work as a low melting point flux, which enhances the crystallization degree of the phosphor, meanwhile the crystal structure around the luminescent ions can be adjusted to reduce the crystal symmetry by replacing or occupying the crystal vacancy with Li+ doping (Zhao et al., 2013), and the color coordinate position of UC white light can be further slightly adjusted.




CONCLUSIONS

In this paper, different methods were used to adjust the UCPL performance of GdAlO3:Er3+, Yb3+, Tm3+ phosphors to obtain ideal white light. The energy transfer between Er3+ and Yb3+ in the phosphors increased, then the ratios of red to blue emission and green to blue emission intensity were improved with the increase of Er3+ doping concentration, so as to change each color distribution successfully, and making the maximum shift of the CIE coordinate of phosphors. The UC white light could be further adjusted by changing the doping concentration of the sensitizer Yb3+, because it was good for the blue emissions of Tm3+ to obtain the energy transfer from Yb3+ than that of the red and green emissions from Er3+, which made the relative intensity of red to blue and green to blue emissions decrease. The ratios of red/green to blue emissions decreased with the increased calcination temperature of the precursor, while increasing the excitation laser power was conducive to the three-photon UC emission process of Tm3+, both enhanced the blue emission part of the UC white light, so as to slightly adjusted the UCPL. The crystal symmetry could be reduced by Li+ doping, which made the color coordinate position move slightly. The four different methods on the effect of phosphors UC white luminescence were researched systematically, and the UCPL mechanism was correspondingly discussed, which played an important role in adjusting the red /green /blue colors to obtain the ideal UC white emitting luminescence.
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Biomass is a potential non-food, carbon-neutral, and abundant resource, which can be used as an alternative to fossil fuels during the sustainable preparation of various platform chemicals. Alkyl levulinates (ALs) have found widespread application as flavorings, plasticizing agents, and fuel additives, as well as synthetic precursors to various building blocks. Several processes have been investigated to transform biomass and its derivatives into ALs, which mainly include: (i) direct esterification of levulinic acid (LA) with alkyl alcohols and (ii) alcoholysis reactions of renewable biomass feedstocks and their derivatives, including furfuryl alcohol (FAL), chloromethyl furfural (CMF), and saccharides. This review focuses on illustrating the effects of the biomass pretreatment step, catalyst texture, possible mechanisms, acidities, and intermediates on the synthesis of ALs from sustainable resources covering a wide range of intermediates, including diethyl ether (DEE), 4,5,5-triethoxypentan-2-one (TEP), ethoxymethylfuran (EMF), ethyl-D-fructofuranoside (EDFF), and ethyl-D-glucopyranoside (EDGP).

Keywords: alkyl levulinates, levulinic acid, furfuryl alcohol, chloromethyl furfural, acidic catalysts


INTRODUCTION

As the natural reserves of non-renewable resources such as petroleum, diesel, natural gases, and coal (fossil fuels) dwindle (Badgujar and Bhanage, 2015; Dhyani and Bhaskar, 2018) while causing unavoidable environmental issues, such as the emission of harmful gases and global-warming (Sun and Cheng, 2002; Wagh et al., 2016), extensive efforts must be devoted toward the search for alternative and renewable resources that are also environmentally friendly. Biomass is a carbon source used for renewable energy, which can provide multiple fuels, chemicals, and value-added platform molecules in a green and sustainable manner (Rackemann and Doherty, 2011; Tadele et al., 2017; Badgujar and Bhanage, 2018). Alkyl levulinates (ALs) derived from biomass have shown great potential for biorenewable fuels like bio-lubricants (Mukherjee et al., 2015), chemicals synthesis (Mullen et al., 2013), polymer or resin precursors (Alloaoua et al., 2014; Cousinet, 2014), green solvents (Lomba et al., 2011), plasticizers (Bloom, 2007), food-flavor agents (Yontz, 2011), and pharmaceuticals (Tsucha and Yoshida, 1994) during the effective utilization of biomass (Table 1). (Fiorentino et al., 2014). An investigation on Scopus indicated that the interest in developing ALs as a fuel has built up great momentum over the past 5 years. Research on ALs has mainly concentrated on methyl, ethyl, and butyl levulinate (Mascal and Nikitin, 2010b). Among these three levulinates, ethyl levulinate (EL) exhibits enhanced solubility with diesel (Christensen et al., 2011) and only ~4% NOx emissions upon blending in diesel (Windom et al., 2011). Therefore, research has mostly been devoted toward the effective synthesis of EL.


Table 1. Potential alkyl levulinates applications.

[image: Table 1]

ALs can be produced from biomass or via the conversion of levulinic acid (LA), furfuryl alcohol (FAL) (Démolis et al., 2014; Desidery et al., 2018), or chloromethyl furfural (CMF) (Mascal and Nikitin, 2010a). All of the possible reaction pathways involved in the alcoholysis procedure performed in the presence of acid catalysts have been reported (Figure 1). This review comprehensively contains all of the discussed approaches used for the production of ALs and executes critical evaluation of the various types of catalysts used in the conversion reactions: i) an overall understanding of the reaction parameters, texture and chemical properties, possible mechanism, and the reaction intermediates that favor the development to achieve high yields (Chia et al., 2013; Gupta et al., 2016), ii) different catalytic routes of ALs preparation, iii) utilization of various catalysts to obtain ALs, and iv) the future challenges and opportunities for the lab scale to the industry scale development of ALs.


[image: Figure 1]
FIGURE 1. The pathways used for the production of ALs from bio-renewable resources.




PREPARATION OF ALs

Numerous advantages for using solid acid catalysts have been demonstrated including their low cost, ease of recycling from the product mixture, low equipment corrosion, and high thermal stability (Su et al., 2013b), while the application of heterogeneous materials toward the production of ALs requires further detailed discussion including the reaction temperature, time, substrates, acidic density and intensity, and textural properties.


Routes to Prepare ALs From LA
 
Heteropolyacid (HPA) as Catalysts

The LA esterification reaction has been investigated using several solid acid catalysts toward the production of ALs in comparatively high yields (Pileidis and Titirici, 2016). Heteropolyacid (HPA) is a special species of acid composed of a combination of certain metals (tungsten, molybdenum, or vanadium) and p-block non-metals (silicon, phosphorus, or arsenic) with acidic hydrogen and oxygen atoms, which are generally applied as reusable acid catalysts for the preparation of fine chemicals (Yan et al., 2013; Wu et al., 2016a,b,c; Zhou et al., 2016; Manikandan and Cheralathan, 2017; Ramli et al., 2017a; Zheng et al., 2017; Luan et al., 2018; Vilanculo et al., 2018; Lucas et al., 2019). Numerous structural combinations can be prepared upon adjusting the metal and non-metal used. Furthermore, HPAs possess very strong Brønsted acidity and can be applied as homogenous or heterogeneous catalysts and solvents (Wu et al., 2016b; Zhou et al., 2016; Ramli et al., 2017a; Zheng et al., 2017).

HPAs have several disadvantages, including high solubility in water and other polar solvents, low specific surface area and thermal stability, and difficult reusability and regeneration (Gupta and Paul, 2014; Hu et al., 2015; Yamaguchi and Shirai, 2016), which hinders their application as efficient and effective catalysts for reactions with large molecules. A variety of diverse synthetic approaches have been studied to overcome these disadvantages including their immobilization on ordered silica, zirconia, and niobium (Narkhede et al., 2015).

HPA implanted into the Wells–Dawson (WD) structure provided EL with a 76% yield upon heating at 78°C for 10 h (Pasquale et al., 2012). Luan et al. carried out the production of ethyl, methyl, and isobutyl levulinates using an organic-salt of H4SiW12O40 as the catalyst (Luan et al., 2018). Manikandan and Cheralathan investigated heteropoly acid-supported silicalites in the synthesis of various ALs (Manikandan and Cheralathan, 2017).

Similarly, when changing WD to Keggin HPA (H3PMo12O40), the EL yield increased to 93% under identical reaction conditions. The higher yield observed over Keggin HPA (H3PMo12O40) was attributed to its higher acidity when compared to the WD structure. While transforming the alkylation substrates with isobutylene and methanol, WD HPA showed increased activity during the preparation of ALs when compared to Keggin HPAs, which was attributed to the higher adsorption of the reactants in the WD structure (Briand et al., 2003). Nevertheless, both WD- and Keggin-structured HPAs show comparable or higher activity than their corresponding homogeneous catalysts (Baronetti et al., 1998). However, leaching of the HPAs in polar solvents still occurs owing to the weak interactions formed between the HPAs and the support. The Keggin HPA (H4SiW12O40) embedded in the channels of mesoporous SiO2 gave EL a 67% yield with improved recyclability when compared to the original HPA (Yan et al., 2013). Similarly, a combination of HPAs and zeolites was reported by Nandiwale et al. Improved stability was achieved using dodecatungstophosphoric acid (DTPA) supported on desilicated HZSM-5, which gave EL a 94% yield from LA at 76°C in 240 min (Nandiwale et al., 2013). High EL yields up to 77% were achieved over four reaction cycles demonstrating the high stability of the catalyst.

Neurock, Iglesia, and co-workers carried out a series of investigations on the acidity and reactivity of Keggin HPAs, which confirmed that the deprotonation energy (DPE) of the HPA was crucial for its activity (Macht et al., 2007, 2008). The HPA DPE determines the strong acidity of the material and thereby its increased reactivity in acid-catalyzed processes. The DPE of Keggin H4SiW12O40 was determined to be 1,105 kJ·mol−1, which was lower than Keggin H3PMo12O40 (1,126 kJ·mol−1) (López et al., 2012). Hence, the two Keggin-structured HPAs prove the correlation between their activity and DPEs. To further enhance the acidity of Keggin HPAs, an acidic silica-like support such as ZrO2 was applied for the preparation of a variety of hybrid Keggin HPA/ZrO2 composites containing both Brønsted and Lewis acid sites with increased activity toward the production of ALs when compared to HPA-silica (Su et al., 2013a). DRIFTS research on H3PW12O40/ZrO2 further verified the existence of Brønsted and Lewis acid sites, which was in accordance with this hypothesis (Alsalme et al., 2010; Wu et al., 2016a). In addition, the modification of Keggin HPA- organosilica/ZrO2 was proposed to prepare a hybrid catalyst, whereby a maximum AL yield of up to 95% was observed (Luan et al., 2018). Subsequently, several efforts have been devoted toward designing catalysts for the transformation of LA into ALs with enhanced stability, available active sites, and recyclability.



Zeolites as Catalysts

Other factors in regard to the catalyst that influence the reactivity and selectivity during the conversion of LA into EL are its texture, porosity, specific surface area, and availability of active sites. Well-organized materials, such as zeolites, contain functionalities that can be used to control the acidity and pore size to achieve better EL yields. For example, desilicated H-ZSM-5 (DH-ZDM-5) has moderate acidity (0.73 mmol·g−1), a high surface area (427.6 m2·g−1), and mesoporosity, which affords EL a 95% yield under autogenous pressure (Nandiwale et al., 2014). The obtained EL yield was comparable to that obtained over HPA/H-ZSM-5 at high temperature (130°C). To account for this phenomena, Janik et al. carried out DFT calculations on the mobility of the isolated protons. The results indicate the relatively low activation barrier of phosphotungstic acid (Ea = 103.3 kJ·mol−1) (Janik et al., 2005), which was also calculated by Ryder et al. for H-ZSM-5 (Ea = 117.2 kJ·mol−1) (Ryder et al., 2000). The activation barrier was confirmed to be significantly reduced (Ea = 11.2 kJ·mol−1) in the presence of hydrated protons in the Keggin HPA structures (Janik et al., 2005). The acid strength was directly proportional to the protons mobility and thus, a slightly higher reaction temperature was required for the conversion of LA into EL using desilicated H-ZSM-5 (Nandiwale et al., 2014). Dharane and Bokade reported the production of butyl levulinate using dodecatungsten phosphoric acid inserted in acid-treated clay (K-10) (Dharne and Bokade, 2011). Therefore, the lower proton mobility and pore structure of zeolites lead to the higher selectivity observed toward EL during the esterification of LA, which was attributed to the highly efficient mass transfer observed within the moderate pore channels in zeolites (Yan et al., 2013). Patil et al. further demonstrated that mesoporous zeolites (micro/meso-HZ-5) with larger cavities enhanced the substrates access to the acidic sites (total acidity = 0.73 mmol·g−1) and gave a high EL yield of up to 95% when compared with a traditional microporous zeolite (H-BEA0.10; total acidity = 0.69 mmol·g−1, EL yield = 39.2%) (Patil et al., 2014). The achievement was confirmed further by Nandiwale et al. on the esterification of LA with n-butanol (Nandiwale and Bokade, 2015), and the proposed mechanism is shown in Figure 2.


[image: Figure 2]
FIGURE 2. Proposed reaction mechanism for the esterification of LA with n-butanol over the H-ZSM-5 catalyst.




Metal Oxides as Catalysts

Mesoporous metal oxides are potential alternatives to zeolites as catalytic supports (Dave and Pant, 2011; Mondal et al., 2015). During the esterification for LA to prepare ALs, acidic catalysts are desirable. For instance, sulfated zirconia (SO42−/ZrO2) exerts a higher Hammett acid strength (H0 = −16.04) than homogeneous pure sulfuric acid (H0 = −11.99), which indicates it is a superacid (Yadav and Nair, 1999). Owing to their high acidity, solid superacids embedded into various metal oxides have been developed toward the transformation of LA into ALs. Sulfated tin oxide gave EL a 44% yield, which was significantly better than that observed using non-sulfated tin oxide (6% EL yield) under identical reaction conditions (Fernandes et al., 2012). For the resulting sulfated oxides, the acidity followed the order of [image: image]/ZrO2 > [image: image]/Nb2O5 > [image: image]/TiO2 > [image: image]/SnO2. (Rao et al., 2006), while the EL yield trend observed with the sulfated metal oxides followed the order of [image: image]/SnO2 > [image: image]/TiO2 >SO[image: image]/ZrO2 > [image: image]/Nb2O5 (Yadav and Nair, 1999). The acidic strength was opposite to the EL yield and could be attributed to the texture, specific surface area, and pore size of the catalyst, which in turn determines the accessibility of the active sites. Fernandes et al. carried out these investigations and the results suggested that the poor activity (14% EL yield) observed for the [image: image]/Nb2O5 catalyst can be attributed to its lower SBET (67 m2·g−1) when compared to [image: image]/TiO2 (107 m2·g−1) and [image: image]/SnO2 (130 m2·g−1) (Fernandes et al., 2012). Similarly, the low SBET (51.7 m2·g−1) of sulfated zirconia (SO[image: image]/ZrO2) displays an EL yield of 27.5% at 70°C, which was significantly increased up to 80% when using mingling mesoporous silica (SBET = 130 m2·g−1) synthesized via a successive co-precipitation-impregnation method. Optimization studies confirmed that ZrO2 with a Si content of 5.0–10 mol% Si per Zr exhibits the best catalytic performance (Kuwahara et al., 2014). However, when catalyzed using sulfated metal oxides such as [image: image]/ZrO2, [image: image]/SnO2, and [image: image]/Nb2O5 at elevated temperature (160°C), each catalyst showed improved EL yields (~70%), which was attributed to their enhanced activity (Yadav and Yadav, 2014). In addition, the higher density and availability of the active acid sites in the catalyst may enhance the EL yield (Li Z. et al., 2014). Dispersing TiO2 onto sulfated zirconia nanoparticles increases the sulfur complex density up to 1.71 sulfate groups per nm3 and when distributed on the surface of a ZrO2/TiO2 support results in a significant improvement when compared to their corresponding TiO2 nanocomposites (0.35 sulfate groups per nm3) (Li et al., 2012). Based on the above discussion, Kuwahara and co-workers reported a high EL yield of up to 80% from LA upon heating at 70°C over 1,440 min using sulfated Zr-SBA-15, which was attributed to the appropriate acid site density of sulfated ZrO2 immobilized on the ordered and mesoporous silica template (Kuwahara et al., 2013). Therefore, the acid site density, acid strength, and predominant morphological characteristics contribute to the higher EL yield. However, the drawback of deactivation via hydration of the sulfur complexes in sulfated metal oxide catalysts occurs in an aqueous phase or when water is produced as a product of the reaction, which impedes the development of numerous reactions.



Sulfonic Acid-Functionalized Materials as Catalysts

To overcome the limitations of sulfated metal oxides, sulfonic acid-based materials have been introduced as an alternative to performing the desired reactions. Sulfonic acid ions construct a hydrophobic microenvironment in the reaction medium, which protects the catalyst from water molecules generated during the reaction, thus guaranteeing their stability (Song et al., 2015). Therefore, sulfonic acid functionalized mesoporous materials have several advantages including high surface area, accessible active sites, appropriate pore structures, and high stability for achieving the desired ALs in good yield.

Silica has aroused great interest from researchers owing to its superior features, such as ordered porosity, low cost, adjustable surface functionalities, high surface area, and chemical and thermal stability (Melero et al., 2013; Maggi et al., 2016; Chermahini and Nazeri, 2017; Enumula et al., 2017; Ramli et al., 2018; Yang and Tang, 2019).

EL was obtained in 100% yield upon heating at 117°C for 2 h using propylsulfonic acid-functionalized mesoporous silica (Pr-SO3H-SBA-15), which could be reused three times without needing to be regenerated (Melero et al., 2013). Similarly, Ramli et al. prepared methyl levulinate in 69% yield over sulfated silica under mild reaction conditions (Ramli et al., 2018). Meanwhile, Chermahini and Nazeri reported the use of aluminum-containing MCM-41 for the production of isobutyl and butyl levulinate, and verified that the regenerated catalyst can be recycled without any obvious loss of activity (Chermahini and Nazeri, 2017). Besides, the insertion of tungsten oxide into SBA-16 also showed enhanced acidity and catalytic performance, and gave a higher yield of the desired levulinate products. This was attributed to the uniform distribution of acidic tungsten oxide sites over the large specific surface area and ordered structure of SBA-16 (Enumula et al., 2017). These materials combined with silica-based materials are easily deactivated in polar solvents because of the H-bonding formed between the active silica-functionalized groups and polar solvent molecules.

Inspired by these outstanding results, Oliveira et al. conducted studies using carbon nanotubes (CNT) as a support with a high surface area available for sulfonation. By varying the functionalization temperature and number of acid sites, the activity of the sulfonated CNT catalyst can be easily adjusted and controlled by its acid site density. Unfortunately, the overall EL yield was relatively low (~50%) because of the selectivity and strong chemisorption of LA on the CNT surface (Oliveira and Teixeira Da Silva, 2014).

An innovative approach to prepare bifunctional acid-base catalysts using Zr-containing metal-organic frameworks (MOFs) formed using 2-aminoterephthalate ligands has been proposed by Corma and coworkers (Cirujano et al., 2015). The interactions formed between the catalyst, LA, and alcohol were activated on the catalytic centers of the metal (Zr) and amino group in the ligand. The results demonstrate that these centers play different roles within proximity to one another and they all allowed the simultaneous activation processes to occur. The resulting NH2-Zr-MOF catalysts afford a high EL yield (>95%) under relatively mild reaction conditions (78°C). The excellent performance was further confirmed by the turnover frequency (TOF), which was measured to be 230 h−1, which was >2-fold higher than that obtained using homogeneous p-toluene sulfonic acid (TOF = 120 h−1).

Several research groups have explored the effectiveness of various heterogeneous catalysts toward the production of EL from LA under optimal reaction conditions. Sulfonated carbon nanotubes have also been explored as a catalyst for the synthesis of ALs (Oliveira and Teixeira Da Silva, 2014). However, this type of catalyst is not recyclable when employed in the LA esterification reaction and exhibits a lower catalytic performance than that observed using the classic benchmark catalyst (Amberlyst-15).

Resins are organo-polymeric materials, which possess high surface areas, high ion-exchange capacities, and various functionalities depending on the type of resin used (Tejero et al., 2016; Marrocchi and Vaccaro, 2017; Ramli et al., 2017b; Kokare et al., 2018; Trombettoni et al., 2018). The main catalytic resins are Amberlyst-15, Amberlyst-16, Amberlyst-36, Amberlyst-70, Purolite, Dowex, and polystyrene-supported p-toluensulfonic acid. The existence of sulfonic-acid groups (-SO3H) endows the resin catalysts with acidic properties, which initiate the conversion process (Tejero et al., 2016; Ramli et al., 2017b; Kokare et al., 2018). Ramli et al. developed an ion-exchange resin (Amberlyst-15) for use as a solid acid catalyst in the production of ALs under safe media flow conditions, confirming that the process was chemically and environmentally efficient (Ramli et al., 2017b). Kokare et al. carried out response surface optimization for the preparation of n-butyl levulinate over Amberlyst-15 and a maximum LA conversion of 97% was achieved using a LA to n-butanol molar ratio of 1:4 at 124°C (Kokare et al., 2018). Meanwhile, a low divinylbenzene (DVB) content gel-type resin (Dowex 50Wx2; 2% DVB) gave good yields of the desired AL products, which was attributed to the accessibility of the reactants to the acid centers in the highly swollen and low polymer density resin (Tejero et al., 2016). The reusability of Amberlyst-15 and Amberlyst-70 is highly practical and requires a simple washing step, and are therefore less expensive when compared to other resin-based catalysts. However, the instability of Amberlyst-15 at high temperatures greatly impedes its further application. The major challenges for the employment of resins in these catalytic conversion reactions are their high cost, thermal instability, non-flexibility, H-bond formation, and destabilization of the active centers.




Routes to Prepare ALs From Biomass Feedstocks and Their Derivatives
 
FAL as a Feedstock

Zhang et al. have explored a wide variety of acid catalysts including zeolite, ion-exchange resins, ionic liquids (ILs), and HPA toward the synthesis of butyl levulinate (BL) (Zhang et al., 2011). The results showed that the production of 2-butoxymethylfuran (BMF) was faster than the subsequent conversion reaction to form BL. In addition, reports have speculated that BMF reacts with water, which accelerates the reaction. When one equivalent of water was added to the reaction, BL was obtained in 93% from FAL. This confirmed the higher activity observed in the presence of water when compared to the reaction performed in the absence of water (BL yield = 88%). Based on their experimental results, a proposed mechanism for the conversion of FAL into ALs indicated that the reaction may occur via the formation of an alkoxymethylfuran intermediate.

Similar conclusions have been reported by Huang et al. when studying the conversion of FAL into methyl levulinate (ML) (Huang et al., 2016). The results indicated multiple routes involving the production of methoxymethylfuran (MMF) and 4,5,5-trimethoxypentan-2-one (TMP) as intermediates occurred during the reaction. Their investigations demonstrated that TMP was formed from MMF under specific reaction conditions, which indicates that both TMP and MMF promote the synthesis of ML. When the reaction system was carried out using FAL and ethanol to prepare EL, the observation of the above-mentioned intermediates proposed in the mechanism was difficult. However, the published studies established two clear observations. The formation of the reaction intermediates (TEP and/or EMF) was slower than the reaction converting FAL into multiple intermediates. In addition, the yield of DEE formed in the reaction when compared to EL or the reaction intermediates (TEP and EMF) was low and various pathways contributed to the formation of EL.

The production of DEE during the synthesis of EL depends on the texture of the catalyst used, including the pore structure and accessibility of the active sites for ethanol dehydration derived from the ethanolysis of FAL. The results revealed the acid catalysts used for the FAL-EL procedure, reaction temperature, time, acidic sites employed, and observed EL yields. Owing to the microporous and non-swelling structure of gel-type resins (Dowex, Amberlyst, etc.), a higher amount of DEE was formed and a lower EL yield (<60%) was obtained, which can be ascribed to the improved accessibility of the active sites to ethanol when compared to FAL (Lange et al., 2009). This was different from resin catalysts with mesoporous structures (carbon-based, silica-based, etc.), which showed better EL yields (>80%) and lower amounts of DEE depending on the superior accessibility of the acidic sites to FAL when compared to ethanol (Lange et al., 2009; González Maldonado et al., 2012). Sulfonic acid-functionalized mesoporous materials (activated carbon, silica-carbon composites, organosilica hollow nanospheres, and sulfated MOF) have been used in the production of EL utilizing the ethanolysis procedure giving EL yields in the range of 80–90% (Russo et al., 2014a,b; Zhu et al., 2014; Liu et al., 2016; Guo et al., 2020). In addition, the density of the acidic groups has been shown to affect the reaction rate. For example, adjusting the –SO3H density from 5.4 to 17% in propylsulfonic acid-functionalized ethane bridged organosilica hollow nanospheres (Pr-SO3H-Et-HNS) gave EL yields ranging from 52.5 to 72% under the same reaction conditions. Meanwhile, with the catalyst MIL-101(Cr)-SO3H, EL yield was enhanced up to 79.1% when FAL was used as the starting material ascribed to the MOF texture (SBET = 1,492 m2·g−1, titration [mmol(H+)·g−1] = 1.01) (Figure 3).
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FIGURE 3. Reaction route for the conversion of FAL to EL over MIL-101(Cr)-SO3H.


Sulfonic acid-functionalized ILs, which have similar non-swelling properties, have also been explored by Wang et al. to obtain better EL yields (Wang et al., 2014). A comparison of sulfonic acid and non-sulfonic acid-functionalized IL catalysts bearing HSO[image: image] anions was carried out. Using 3-butyl-1-methyl-1H-imidazole-3-ium [BMIm] as the cation gave a low EL yield (~34%) at 120°C, while replacing [BMIm] with BMIm-SH produces a significantly greater yield of EL (92%) under the same reaction conditions (Wang et al., 2014). The higher yield of EL obtained using the sulfonic acid functionalized IL was ascribed to the higher acid intensity. The acid intensities of BMIm-SH and BMIm IL were 1.2 and 2.5, respectively when measured using the Hammett acidity, which was comparable to conventional acids (i.e., H2SO4) (Liu et al., 2008). Subsequently, the results indicated that the cationic sulfonic group facilitates proton transfer and the protonation of FAL, which then enhances the yield of the target product (Li et al., 2015a,b). Similar tendencies were verified by Hengne et al. who showed that the EL yield obtained over a non-sulfonic IL (1- methyl imidazolium [MIm]) was lower (65%) than that obtained using a sulfonic acid-functionalized IL (95%) (Hengne et al., 2013).

Possessing both Brønsted and Lewis acidity, metal salts have been investigated in the acid-catalyzed transformation of biomass-derived oxygenates (Loerbroks et al., 2014). During the reaction, the Lewis acid active site coordinates with the oxygen atom in FAL, which was verified by the stability of the as-formed complex and further decreased the activation barrier (Pidko et al., 2010). To confirm the effect of the Lewis acidity, Peng et al. researched various aluminum salts (AlCl3, Al2(SO4)3, Al(NO3)3, and Al(C6H5SO3)3) as catalysts for the FAL-EL conversion reaction. A maximum EL yield of 74% was obtained using AlCl3 as a catalyst at 110°C for 3 h. This was attributed to the weaker Brønsted acidity of AlCl3 (pH = 0.89) compared to Al(OTf)3, which shows greater Brønsted acidity (pH = 0.12) (Peng et al., 2015). The EL yield obtained using AlCl3 was maintained over six successive runs of the reaction, demonstrating its high stability, which fulfills the requirements of its future commercialization (Peng et al., 2015). For comparison, Khusnutdinov et al. obtained a higher EL yield (95%) under milder reaction conditions (70°C) using iron(III) acetylacetone (Khusnutdinov et al., 2007).

Heterogeneous acidic catalysts, such as zeolites, have been recently studied for the ethanolysis of FAL used to produce EL. An excellent catalytic performance has been demonstrated using hierarchical HZ-5 and HZSM-5, which give EL yields up to 73.0 and 85.8%, respectively at 100–120°C (Zhu et al., 2014; Nandiwale et al., 2015). Nandiwale et al. were interested in the preparation of zeolite materials upon adjusting the Si/Al ratio (SAR) and further explored the effect of their Brønsted acidity on the EL yield (Nandiwale et al., 2015). A significant achievement was reported using the zeolite prepared with a SAR of 30.15 exhibiting the strongest Brønsted acidity (~0.73 mmol·g−1), which gave the maximum EL yield when compared to the other zeolites studied. Based on the published findings, the overall yield of EL obtained over the zeolite catalysts was affected by the formation of DEE, which leads to a serious loss of ethanol. These limitations can be overcome by modifying the textural properties of the zeolite materials. Antunes et al. have prepared and perfected a series of zeolite catalysts by introducing three different procedures to change the textural properties of the catalyst (Antunes et al., 2015, 2016). By introducing an organic template, Al-TUD-1 generated a smaller pore size distribution to increase the accessibility of the acidic sites to FAL, which produced a higher EL yield. Beta/TuD-1 was prepared with a reduced crystallite size and ITQ-2 was synthesized via the delamination of MCM-22 (Lima et al., 2010a,b; Antunes et al., 2012; Neves et al., 2013). Among the three catalysts studied, Al-TUD-1 exhibited a SAR of 21 and an acidity density of 197 μmol·g−1 and provided a significant yield of EL (80% over 24 h with negligible DEE formed) at 140°C (Neves et al., 2013). The delamination of MCM-22 was similar to Al-TUD-1, which opened the pore structure to provide increased accessibility to FAL (Corma et al., 1998). The surface area and the total acidity of the ITQ-2 catalyst were enhanced two- and 1.5-fold, respectively when compared to MCM-22. The results were in accordance with those reported by Katz et al. using layered zeolite and the delamination procedure was shown to be responsible for the enhancement in the acidity and surface area (Ogino et al., 2013). As a consequence, a significant enhancement in the EL yield (60%) was obtained using ITQ-2 when compared to MCM-22 (47%) at 140°C over 24 h (Neves et al., 2013).

Based on the above analysis, modified mesoporous aluminosilicates materials with high surface areas and appropriate pore sizes guaranteed the accessibility of the active sites for the reactants, which significantly improves the yield of EL. However, the production of undesired by-products containing aromatic compounds, cyclic hydrocarbons, and lactic acid poly-condensation compounds need to be inhibited to enhance the yield of EL (Dusselier et al., 2015).

Zhu et al. have also studied functionalized graphene oxide (GO) as an acid catalyst for the conversion of FAL into EL. The results showed that lamellar-structured nano-GO is beneficial for the accessibility of the reactants. Under the optimal reaction conditions (120°C), a high EL yield of up to 95.5% was obtained when compared to the other catalysts studied (modified zeolites, HPAs, and sulfonic acid functionalized catalysts; Zhu et al., 2014). The strong hydrogen bonding interactions formed by the synergistic effect observed between the various acid sites including sulfonic acid groups and carboxyl/hydroxyl functionalities are responsible for the excellent performance of the GO catalyst. The carboxyl/hydroxyl groups in GO have a strong affinity toward the hydroxyl group in FAL, which provides unprecedented adsorption and favors the accessibility of the active acid sites for the reactants (Zhu et al., 2015). In regard to the Brønsted acidity, the sulfonic acid density of GO is lower than H2SO4 and p-TSA, however, the higher yield of EL obtained using GO can be attributed to the crucial role played by this synergistic effect.

In addition to the catalytic performance, the recyclability of the catalyst is also a significant factor for its industrial applications. For instance, DH-ZSM-5 is reusable over five continuous runs without any significant loss in its activity. After the sixth run, the conversion of FAL decreased from 95 to 93%, demonstrating that the recycling of DH-ZSM-5 was feasible (Nandiwale et al., 2014). On the contrary, the sulfonated carbon catalyst (AC-Fe-SO3H) reported by Zhang and Chen, for which the yield of EL decreased from 58 to 46% after three runs, showed insufficient stability for industrial application (Zhang and Chen, 2016). Similarly, the EL yield decreased from 45 to 36% over six runs using USY zeolite (Chang et al., 2015). Further exploration is needed to achieve stable, convenient, and excellent catalytic performance during the conversion of FAL into EL.



CMF as a Feedstock

Besides the existing substrates, researchers have devoted great efforts toward developing the synthesis of EL from low-cost and novel starting materials, such as CMF (Li H. et al., 2014). For example, Breeden et al. have developed the synthesis of CMF (>70% yield) from HMF, glucose, and inulin at 80°C over 15 min (Breeden et al., 2013). Mascal et al. successfully obtained high EL yields up to 84.7% from CMF at 160°C over 30 min (Mascal and Nikitin, 2010a). The investigators confirmed the feasibility of a one-pot process to produce EL directly from biomass, even seed oil, using CMF as an intermediate (Mascal and Nikitin, 2010a). At room temperature, the obtained CMF intermediate remained stable in high yield (Mascal and Nikitin, 2010a), while at elevated temperature (>100°C), the ethanolysis reaction proceeds to convert the CMF intermediate into EL via TEP during the FAL ethanolysis process.



Saccharides as a Feedstock

With respect to the starting material, EL can be directly prepared from saccharides, such as carbohydrates, sucrose, glucose, or fructose via a one-pot process using an acid catalyst and alcohol as the reaction media. The one-pot process generates multiple by-products, which result in a low EL yield (Liu et al., 2011; Peng et al., 2011). Fructose has been reported to display excellent activity over multiple acid catalysts when compared to other monosaccharides (glucose and mannose).

Similar to the FAL conversion reaction, sulfonic acid functionalized ILs bearing [BMIm-SO3H] and [NEt3B-SO3H] cations have been developed to generate a comparable yield of EL ranging from 67 to 77% starting from fructose (Saravanamurugan et al., 2011). The difference observed in the EL yield was attributed to the acid intensity of the anions ([OMS]−, [HSO4]−, and [NTf3]−). Owing to the uniform structure of SBA-15 bearing sulfonic acid functionalities, its high Brønsted acid density (731 μmol·g−1) and surface area (819 m2·g−1) provide EL in 70% yield under the optimum reaction conditions (140°C over 24 h) (Saravanamurugan and Riisager, 2012). Similarly, Liu et al. have introduced a sulfonic acid functionalized Amberlyst-15 catalyst for the preparation of EL in ~73% yield (Liu et al., 2013). To explore the effect of the acid density on the formation of EL, a series of sulfonated mesoporous carbon catalysts were synthesized with decreasing acid site density (5.67, 4.26, 2.89, and 1.75 mmol·g−1). A declining trend in the EL yield (84, 69, 60, and 45%) was observed in the presence of the sulfonated mesoporous carbon structures (Liu et al., 2013).

The observed results indicate that the EL yield increases upon increasing the reaction time and temperature. For instance, the EL yield was improved to 37% when the reaction was conducted at a higher temperature (140°C) when compared to 130°C in the study reported by Zhu and coworkers (Wang et al., 2013). Furthermore, the utilization of a metal promoter on HPA can also afford a better EL yield. The results achieved by Zhao et al. showed that doping HPA with monovalent potassium cations (K+) leads to an increase in the acidity and higher EL yield (64.6%), which was further improved to 68.7% because of the use of toluene and heating at 150°C (Zhao et al., 2015).

Li et al. developed a fructose-EL conversion reaction catalyzed by HY zeolites with a SAR of 2.6 at 230°C, which achieved a 52% yield of EL (Li et al., 2016). The results were in contrast with the better EL yield (>80%) obtained at a lower temperature (<130°C) using LA and FAL as starting materials using similar zeolite-based catalysts. The reason for the lower yield can be attributed to the microporous structure of the Y-zeolite, in which the undesired 5-ethoxymethylfurfural (EMF) intermediate was formed and affected the rehydration step (Saravanamurugan and Riisager, 2012). Interestingly, H-USY zeolite has a superior BET surface area (732 m2·g−1) and acid density (1383 μmol·g−1), which exhibits better textural properties, to give a higher EL yield (~52%) at 160°C when compared to the weaker zeolite (699 m2·g−1, 874 μmol·g−1, EL yield ~40%) (Saravanamurugan and Riisager, 2012, 2013; Li et al., 2016). Thus, the structural characteristics including the pore structure, surface area, and acid site density are significant toward obtaining higher EL yields over zeolite materials, which indicates that the microporous structure of zeolite catalysts may suppress the complete conversion of fructose into the key intermediates of the reaction.

When compared with fructose, the alcoholysis of glucose to prepare ALs has been demonstrated to be difficult. The experimental results confirm that the EL yield can be significantly decreased (<13%) utilizing the same IL catalysts ([BMIm-SO3H] and [NEt3B-SO3H]) when the substrate was changed from fructose to glucose under identical reaction conditions (Saravanamurugan et al., 2011). The low EL yield derived from glucose was attributed to the formation of ethyl-D-glucopyranoside (EDGP) in the presence of a Brønsted acid (Li et al., 2015c). Similar to the isomerization of glucose in fructose, EDGP isomerization to ethyl-D-fructofuranoside (EDFF) is catalyzed by a Lewis acid (Morales et al., 2014). Generally, the isomerization of EDGP into EDFF is difficult and is considered to be a rate-limiting step (Li et al., 2015c). Therefore, the combination of both Brønsted and Lewis acid sites determines the successful conversion of glucose into EL (Zhao et al., 2015). Similar to the results obtained using ILs, several other catalysts have been investigated for the glucose alcoholysis reaction, which gave low yields of the target ALs. Interestingly, HPA acts as a catalyst over a shorter reaction time (120 min) to achieve an equal yield of EL (Yang et al., 2012; Wang et al., 2013), which was attributed to the existence of both Lewis and Brønsted acid sites and the appropriate Brønsted to Lewis acid site ratio (B/L >58) (Tao et al., 2015).

Zeolites possessing both moderate Brønsted and Lewis acidity have been explored by Xu et al. in the glucose ethanolysis reaction used toward the production of EL (Xu et al., 2013). An optimum EL yield of 40% was afforded at 180°C for over 30 min using USY zeolite starting from glucose. The moderate B/L ratio (~3.7) of the USY zeolite was responsible for the good EL yield (West et al., 2010; Otomo et al., 2015). When further mineral acid (H2SO4) was added to the USY zeolite, a higher EL yield of 51.4% was achieved over 120 min because of the increased B/L ratio (Chang et al., 2015).

The amount of Brønsted acid in the catalyst plays an important role during the ethanolysis of glucose and fructose, giving different EL yields. This has been demonstrated during the ethanolysis of disaccharides, such as sucrose. For instance, in the presence of sulfonic acid functionalized ILs, the EL yield achieved after 24 h via ethanolysis of sucrose was 43% at 140°C (Saravanamurugan and Riisager, 2012). This result was attributed to the molecular components in sucrose, which includes one molecule of glucose and one molecule of fructose. The EL yield (~43%) obtained from sucrose was higher than that from glucose (<13%) and lower than that from fructose (>70%). This indicates that the glucose molecule in sucrose produces EDGP, which is the rate-limiting step and difficult to isomerize, while the fructose molecule is easily converted into EDFF, which may undergo subsequent reactions to form EMF and EL. In accordance with this conclusion, Chen et al. published a similar EL synthesis (~45%) using Brønsted acidic IL-based HPAs [3.2H]3(PW12O40)2 (IL POM) to convert sucrose into EL (Chen et al., 2014). Generally, in the presence of only a Brønsted acid, the fructose molecule in sucrose can be converted into EL without the transformation of glucose. For example, sulfonated SBA-15 has been applied as a catalyst and the yield of EL from sucrose decreased (~35%) when compared to that obtained from fructose (Saravanamurugan and Riisager, 2012). However, in the presence of both Brønsted and Lewis acid sites, two molecules of sucrose can simultaneously undergo ethanolysis to form EL (Li et al., 2016). Different from sucrose, maltose contains two units of glucose, whose properties are similar to glucose. Therefore, the reactivity of maltose is similar to glucose, providing a better yield of EL when using the catalyst with an optimum ratio of Brønsted and Lewis acidity. The experimental exploration concluded by Hu et al. using maltose confirmed the above-mentioned hypothesis that a lower yield of EL (20%) is obtained in the presence of Amberlyst-70 when compared with the EL yield (47%) observed using H-USY (Hu et al., 2013; Saravanamurugan and Riisager, 2013).

Saravanamurugan et al. have studied polysaccharides constructed from fructose monomers, such as inulin, which provide excellent EL yields. The production of EL was found to conform to the same tendency as the Brønsted acidity of the catalyst used. For instance, high EL yields of up to 39.0, 52.3, and 67.0% have been obtained over H-USY zeolite, HPA, and IL functionalized polyoxometalate salts (IL-POM), respectively (Saravanamurugan and Riisager, 2013; Chen et al., 2014; Zhao et al., 2015). The Brønsted acidity followed the order of H-USY < HPA < IL-POM. Considering that cellulose is a glucose-based polysaccharide, the ethanolysis reaction was different under mild conditions for the production of EDGP and EL. Thus, the ethanolysis of cellulose conducted at temperatures >170°C can offer an appreciable EL yield. Deng et al. reported an EL yield of 27% via the ethanolysis of cellulose using HPA (H4SiW12O40) at 205°C over 30 min (Deng et al., 2011). However, multiple undesired by-products which formed via polymerization may affect the overall EL selectivity, which was responsible for the low EL yield gained during cellulose ethanolysis using metal-doped HPA as a catalyst at an elevated temperature of 220°C (Zhao et al., 2015). Consequently, Amarasekara et al. introduced ethanol and water as the solvent medium for the ethanolysis of cellulose using an IL (1-(1-propylsulfonic)-3-methylimidazolium chloride) as a catalyst. The existence of water favored the isomerization of glucose into fructose and avoided the formation of EDGP, resulting in a high yield of EL (38.5%) (Amarasekara and Wiredu, 2014).

Le Van Mao et al. have developed two different approaches for the one-pot conversion of lignocellulosic biomass into EL catalyzed by an acid catalyst (Le Van Mao et al., 2011). The first method showed that biomass can be directly converted into EL in ethanol under acidic catalysis, while the second method proposed that biomass was first hydrolyzed to produce a complex mixture, which then undergoes the ethanolysis reaction. Both approaches used woody biomass or grass and were conducted in a high-pressure batch reactor in the presence of sulfuric acid at 190°C for 2 h. The best yield was 16.6 wt.%.

Chang et al. have investigated the direct conversion of wheat straw in one-pot to produce EL using H2SO4 as a catalyst (Chang et al., 2012). Under the optimal reaction conditions, a maximum EL yield of 17.9 wt.% was observed from wheat straw. No significant increase in the EL yield was obtained upon increasing the sulfuric acid loading (Chang et al., 2015).





CONCLUSIONS AND PERSPECTIVES

This review summarizes the trends observed for the yields obtained for ALs from various starting materials including LA, FAL, CMF, monosaccharides, disaccharides, polysaccharides, and biomass residues using acid catalysts in the alcoholysis reaction. The esterification reaction used to produce EL mainly depends on the acid intensity, acid site density, and accessibility of the acid sites. The conversion of FAL depends on the intermediates obtained during the reaction. Glucose is difficult to react when compared to fructose, which avoids the isomerization step. An appropriate combination of Lewis and Brønsted acidity is needed for the transformation of glucose-based saccharides.

We can conclude that efficient catalytic procedures for the one-pot conversion of biomass directly into ALs and the separation and purification of ALs are urgently needed. Due to the complex structure of biomass and multifunctional active sites in the catalyst, green and sustainable process are highly desirable. As an alternative reaction approach, microwave irradiation has exhibited significant potential for reaction time reduction with fewer undesired products. The extensive exploration of microwave reactions for the transformation from lab scale to the industry scale to the synthesis of ALs needs to be studied further.
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Catalysts

17 Ni2 CuP
16 Ni4 Cu
10Ni 10 Co
5Ni 14 Co
17Ni 1Pt
1.3Ni3.1Ga
8Ni8Ce
45Ni5 Ca

45Ni5 Ca

45Ni5 Ca

Surface area
(m?/g)*

63.0°
66.3°
65.4°
63.5°
None
328
257
None

None

None

*Mult-point BET method.
bRefers to 17 wt.% Ni 2% Cu-ZSM-5, and the other representations have the same meaning.

Refers to the N adsorbed volume (cm? - ™) at standard temperature and pressure (0.1 MPa, 0°C).
?Refers to atmosphere pressure.
®BETX: sum of benzene, toluene, ethylbenzene, and xylenes.

NM, not measured.

Acidic properties (mol/g)

Brénsted
acidity
None
None

162

166

None
None
None
318

318

31.8

Lewis
acidity
None
None
509
507
None
None
None
157.6

157.6

167.6

Experimental conditions

Total acidity Raw material

189.4

189.4

189.4

Phenol
Phenol

Phenol

Phenol

Cellulose

Eucalyptus urophylla
Phenol

2-methoxypheny!
anisole

2-(2-methoxyphenoxy)-
1-phenylethanol

4-phenoxyphenol

Hp pressure
(MPa)

AP¢
AP
AP
AP
4.0

None

None
1.0

Primary product
(wt.%)

Cyclohexane (77)
Cyclohexane (60)
Cyclohexane (92)
Cyclohexane (90)
Hexitols (76.9)
BTEX® (NM)

Ha (NM)

Phenol (31.3)

1-Phenyl ethanol (37.6)
Guaiacol (43.7)
Toluene (49.4)
Guaiacol (50.5)

References

Huynh et al., 2014
Huynh et al., 2014
Huynh et al., 2014
Huynh et al., 2014
Liang et al., 2014
Schultz et al., 2016
Lietal, 2017
Guoetal., 2019

Guo et al., 2019

Guoetal., 2019
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Catalysts Surface area Acidic properties (mol/g) Experimental conditions  Primary product in liquid ~ References
(m2/g)* phase (wt.%)
Bronsted  Lewis Total acidity Raw H_ pressure
acidity acidity material (MPa)
5wt.% Ni-ZSM-5° 292 None None None Pine wood® 40 Avomatic compounds Thangalazhy-
(41.3+4.5) Gopakumar et al.,
2012
10wt.% 331 1,900° None None Scots Pine AP® Low molecule weight Meligan et al., 2012
Ni-ZSM-5¢ Phenols (13.19)
Aromatic
hydrocarbons (21.86)
10wt.% 331 1,900 None None Mahogany AP Low molecule weight Meligan et al., 2012
Ni-ZSM-5¢ Phenols (16.13)
Aromatic
hydrocarbons (31.67)
10wt.% 331 1,900 None None Miscanthus x AP Low molecule weight Meligan et al., 2012
Ni-ZSM-5¢ giganteus Phenols (31.11)
Aromatic
hydrocarbons (21.73)
W0wt% None  None None None Cellulose 20 Hexitols (~48.6) Liang et al., 2012
Ni-ZSM-59
10wt%NiZSM5 254 None None None Guaiacol 50 2-methoxycyclohexanol (12) Barton et al., 2018
7 wt.% Ni-ZSM-5" 178 None None None Methyl 20 1-Cs-Cyg alkane (71.0) Naetal., 2012
hexadecanoate’

aMulti-point BET method.

b75M-5 is commercially purchased, whose BET surface area is 301.9 m?/g.
°Pine wood particle size is 149-177 um.

9ZSM-5 (SVAl = 23) is commercially purchased, whose BET surface area is 425 m?/g.

*Refers to atmosphere pressure.
The Brénsted ecidity was measured by tiration method with standardized 0.1 M NaOH (aq) after catelyst equilibrating with 0.1 M NeCl solution.

9ZSM-5 (SiAl = 25).

"The ZSM-5 (Si/Al = 38) was commercially purchased.

'The Methyl hexadecanoate was choose as model compound of vegetable oil.
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Catalyst

ZsM-5°
5wt.% Ni-ZSM-5°
Ni-ZSM-5°

3 wt.% Ni-ZSM-59

3 wt.% Ni-ZSM-58"

12 Wt.% Ni-ZSM-5.

1wt.% Ni-ZSM-5
0.1 wt.% Ni-ZSM-5¢

2Muli-point BET method.

bCommercial equilbrium ZSM-5 zeolite catalyst diluted with silica-alumina (~30 wt.% zeollte).

Surface area
(m?/g)*

138
132
306

358

386

None

Acidic properties (mol/g)

Bronsted

36.5°
21.9°
None

None

None

148°
None

©Fourier-Transform Infrared (FTIR) measurements.
9A commercial lignocelulosic biomass originating from beech wood consists of 1.35% ash, 3.74% extractives, 21.75% lignin, 33.91% hemicellulose and 39.25% celluiose.
°ZSM-5 (Si/Al = 100) was commercially purchased.

1The result was obtained from NHg temperature programmed desorption.

Lewis acidity ~ Total acidity

18.1°
54.6°
None

None

None

None

270°
None

54.6°
76.5°
401"

None

None

None

a18°
None

Raw material

Beech wood?
Beech wood?

Laminaria japonica

Jatropha residues

Eucalyptus urophylla
Prairie cordgrass

Pine wood
Rice straw

Primary product in liquid
phase (Wt.%)

Phenols (35.0)
Pherols (39.0)

Ci2-Car alkanes (22.9)
Phenols (23.0)

Aromatics (30.6), Acid (15.7)

N-compounds (28.9)
BETX (NM)
Naphthalenes (NM )
C4-C2 hydrocarbons
(82.45)

Phenols (42.8)
Aromatics (28)

9The ZSM-5 zeoltte is synthesized at 160°C for 72h with raw materials ratio as SiOz: AlpOs: TPABr: NazO: Hz0 = 1: 40: 10: 1.0: 0.02.
hZSM-5 (Si/Al = 46) was commercially purchased.
IBETX: sum of benzene, toluene, ethylbenzene, and xylenes.

JNM: not measured.

KThe ZSM-5 is deal with NaOH solution and HCI, with surface area of 354 m?/g, total acidity of 103.9 umol/g.

References

liopoulou et al., 2012
lliopoulou et al,, 2012
Lietal, 2013

Vichaphund et al, 2015

Schultz et al., 2016

Cheng et al., 2016

Veses et al., 2016
Chen etal., 2018
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Catalyst Conversion/% TRS Glucose TOF/g mmol~!
yield/%  yield (%)

HePoWis0s2 985 526 456 129 x 102
(C16TAHsP2W1s0s2 872 72.4 69.1 12.1 x 1072
(C16TA)2HaP2W150s2 75.5 64.4 61.7 10.5 x 1072
(C16TA)3H3P2W1s0s2 638 58.7 534 89 x 1072
(C16TA)H2P2W180s2 583 53.0 49.4 8.1x 1072
(C16TA)sHP, W10 435 403 378 60 x 10~
(C16TA)sP2W1052 306 285 257 43 x 1072
(C16TAHPW12020 816 753 63.3 1.3 x 1072
HaPW12040 55.7 463 44.2 7.7 x 1072

Reaction conditions: 100mg cellulose, 0.08 mmol catalyst, 5mL H20, 160°C, 9h.
Reproduced with permission from Sun et al. (2015).





OPS/images/fchem-08-580146/fchem-08-580146-t013.jpg
Catalyst Conversion/%  TRS Glucose  TOF/g
vield/%  yield (%)  mmolt

MIMPSH 0 0 0 o
HsPW 12040 54.1 316 27.0 0.12
HsPW120u0 +IL° 573 338 274 0.12
[MIMPSHH,PW 551 4 1.7 402417 360426 047
[MIMPSHHPWE  13.1 + 1.6 96+20 84423 014
[MIMPSHIEHPW 427 + 1.3 359+19 273+18 013
[MIMPSHJ;PW 284+ 1.4 252415 282+425 011
CsasHosPWiOw 123 100 8.1

@Reaction conditions: 0.1g cellulose, 0.07 mmol catalyst, 0.5mL water and 5 mL MIBK
(methylisobutyl ketone) at 140°C for & h.

£0.07 mmol HsPW;2040 and 0.07 mmol IL as the catalyst.

©No MIBK, just 5.5 mL water. Reproduced with permission from Sun et al. (2012).
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Catalyst (mmol) Reaction Amount of Cellulose TRS yield Glucose Glucose TOF (g

time (h) water (mL) conversion (%) (%) yield (%) selectivity (%) mmol-" h")
CTAB (0.07) 8 7 o 0 0 0 0
HaPW12040 (0.07) 5 5 704 68.1 59.9 85.1 0.201
CsasHosPW (0.07) 6 5 237 222 213 89.9 0,056
Cis H2PW (0.08) 8 7 457 363 5.1 768 0071
Cio HzPW (0.07) 8 8 437 357 342 783 0078
Cis H2PW (0.07) 8 7 441 40.2 39.3 89.1 0.079
Cig HzPW (0.07) 8 6 426 405 37.0 869 0076
Cio HzPW (0.07) 8 5 393 34.4 335 852 0070
Cig HaPW (0.07) 8 4 347 307 293 84.4 0.062
Cio HzPW (0.06) 8 7 4238 385 376 87.9 0,089
Cio HzPW (0.05) 8 7 37.4 313 302 80.7 0,003

Reaction conditions: 0.1g cellulose, 170°C. Reproduced with permission from Cheng et al. (2011).
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sample Compressive  Specific Pore  Mean pore

strength  surfacearea  volume  size (nm)
(MPa) m?g™)  (em®g™)
CFo - 2012 0208 or2
CF10 0096 2256 0221 795
CF20 0.126 2539 0232 436
CF30 0.147 302.5 0.259 4.03
CF40 0.146 255.2 0242 365
Original HPW/CF0  0.148 2009 0222 373

Reused HPW/CF30 0.140 2219 0.223 201
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Catalyst

AU/Cs12H1 8PW12060
A/Cs1.7H1.3PW120s0
AW/Gsz2HosPW12040
Au/Csz6Ho.4PW12040
AU/Cs3,0PW120s0
AU/SO;

AWAZOs

AWTIO

AWH-ZSM-5

AWHY

AWCNT

Conversion (%)

97
98
96
97
95
67
95
96
45
64
84

GA® selectivity (%)

>99
96

2888

31
63
7%
62
86

GA yield (%)

97
94
91
87
81
41
29
60
34
40
72

4GA, GLUCONIC acid. Reaction conditions: 12 mmol/L. cellobiose, 0.050g catalyst (Au
loading: 1.0 wt%), 25 mL Hz0, 0.5 MPa Oz, 145°C for 3h. Reproduced with permission

from An et al. (2012).
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1 S0, 10
2 HPW 51
3 HPW 40
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5 HPW-SI0; 72
6 - e

Reaction condition: 2 mmol benzaldehyde oxime, catalyst (20 wt%); 3mL toluene, 100°C
ford.5h.
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Catalyst

H3PW12040/SBA-16-E-4.0
HaPW12040/SBA-15-E-14.8
HaPW12040/SBA-15-E-17.5
HaPW1204/SBA-15-C-7.5
HsPW1204/SBA-16-C-11.3
HaPW;204/SBA-15-C-15.7
H3PW12040/Si02-D-15.4
HgPWi2040

HCl

SBA-15-E

$BA-15-C

20/°

096
0.92
0.90
0.95
091
0.96

0.99
0.96

Sger/m? gt

691.6
683.0
630.4
753.0
7132
604.5
317.6
55
868.2
750.1

2Pore diameters are estimated from BJH desorption determination.

bThe porosity is estimated from the pore volume determined using the adsorption branch of the Ny isotherm curve.
Reaction conditions: 3.4 mmol LA, 13.6 mmol phenol, 0.05g catalyst, 100°C for 8 h.

Dy/nm

71
7.4
86
8.0
6.4
6.6
12

52
53

Porosity?

1.20
0.95
091
1.10
0.85
0.75
0.34

071
051

LA conversion (%)

236
748
80.1
19.2
723
80.3
53
60.1
65.4
0
0

TOF

46.4
51.0
35

53.9
0.65
1.04
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Applications

Chemical industry
Fuels and fuel additives
Pharmaceuticals

Food additives
Agricutural products
Solvents and polymers

Products

Chiral reagent, polyhydroxy alkanoates, lubricants, adsorbents, formic acid, valerates.
EL, 2-methyltetraydrofuran, y-valerolactone, angelica lactone, methyl levulinate, and other esters

s-aminolevulinic acid, calcium levulinate, heterocylic derivatives of levuiinic acid, angelica lactone, ketals, tetrapyrroles, succinic acid
y-valerolactone, ethy valerate, succinic acid, valerate esters

8-aminolevulinic acid, formic acid, lignins, ethyl formate

Diphendlic acid, succinic acid, pyridine, furans, epoxies, 1,4-butanediol, tetrahydrofuran, N-methyl-2-pyrrolidone, -y-butyrolactone
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Compds. Mortality rate (%)

S. litura M. separata P nubilalis T. urticae R. maidis N. lugens
6a 218+12 120+25 256+20 498+ 09 200+ 1.8 64.1+£26
6b 100£1.0 485+32 31.6+15 506+22 300+22 746+3.0
6c 118+£15 568+28 281212 430+£26 889+20 67.3+£28
6d 186420 16.7 +£22 0 572425 224411 635+25
6e 433+25 663 £2.0 427+23 516£20 26.7£15 503 £ 1.5
6f 702+28 754 +28 61.3+45 809+ 4.5 66.5+30 786 +33
6g 452 £20 196£1.0 383+ 1.1 572£35 409£20 416£25
6h 375+22 248+15 469432 61.4+28 365+ 15 506 +3.1
6i 300£18 266£20 100£22 527£25 378+1.2 284+1.8
6j 363+15 31.2+28 261418 61.7+£3.0 432+1.8 241£15
6k 40214 320+21 18415 726+26 402£15 325+£28
6l 324£10 2765+£16 235+15 64.5+£22 338+ 1.0 238+1.9
6m 26.1+£08 234£12 282410 57.8+20 266+08 110256

Chlorantraniliprole 100.0 100.0 100.0 100.0 100.0 100.0
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Entry Bioflavonoids

Dihydromyricetin
Myricetin
Quercetin
Kaempferol
Chrysin
Baicalein
Daidzein
Genistein

Rutin hydrate

© ® N O s N =

Characterization

3,6,7,3,4,6 -OH

3,5,7,8,4 -OH
3,5,7,4 -OH
5,7-OH
5,6,7-OH

7,4 -OH

5,7,4 -OH
5,7,8,4 -OH

Intensity of
DMPO-00-adduct®

1827117.71
2383714.06
1576987.37
1148836.33
717476.37
952788.229
544170.9081
838478.55
349361.2188

aTypical signals of DMPO-00~ adduct performed to be maximum in value.





OPS/images/fchem-08-00589/math_1.gif
5 x 100%
T AAs2Sumconirl

T





OPS/images/fchem-08-00589/fchem-08-00589-g008.gif





OPS/images/fchem-08-00589/fchem-08-00589-g009.gif
O

o

on

Kecapferol

on o

Biicain

on o

_on

Dibydromyricetin

on

[

o

on
o
Myeein
on o
"
]
on
Quercin by

SCeL
5

o
o
i
on i





OPS/images/fchem-08-00589/fchem-08-00589-g010.gif
b 4

EEEE yae






OPS/images/fchem-08-580146/fchem-08-580146-t006.jpg
Method Reactant
Glycogen
Autoclave® -
Microwave® -
Sonication® -

3LA, levuiinic acid.
BFA, formic acid.

<Glycogen: 50mg, HSIW: 50mg, water: 2mL, 2h, 100°C.

Reaction products

Glucose

49
+
+

9Glycogen: 200mg, HSW: 1.2g, water: 10mL, 0.25 h.
*Glycogen: 250mg, HSW: 1.5g, water: 10mL, 3 h.

I, absent.
94, present.

vy FAb
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Catalyst Temp/°C Time/h

HPA 90 66
HPA + TSA 90 66
HPA 170 9
HPA + HCI 170 9
HPA 180 3
HPA 180 72
HPA + H2S04 180 1712

HPA, HsPVaMo10040; TSA, p-toluenesulfonic acid.

pH

1.79
091
1.96
1.87
1.80
1.79
0.56

FA yield/%

9
22
3
34
45
28
61
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Catalyst  Combinedyield pHbefore pHafter  Selectivity
FA+CO, (%)  reaction  reaction  FA+ CO; (%)

HPA-O0 10 3.32 1.54 40 : 60
HPA-1 12 3.34 1.52 50:50
HPA-2 a1 351 1.30 52:48
HPA-3 100 3.39 Far 56:44
HPA-4 o7 3.45 1.41 54:46
HPA-5 94 3.45 1.41 61:39
HPA-6 97 3.24 1.41 68:42
HoPV14042 88 3.68 1.41 58:42

Reaction conditions: 5.0 (27.8 mmol) glucose and 0.8 mmol catalyst, 100.0mL Ho0,
90°C, 8h, 1,000 rpm. HPA-n, Hz.n[PVnMo12_nOao].
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No.  Acid catalysts Concentration Glucose

yield (%)
Anion (mol/L)  Proton (mol/L)

1 HsPW12040 0.70 21 8
2 HaPW12040 0.60° 35 18
3 HaSW12040 0.70 28 37
a HaSW12040 0.70 35 61
5 HsBW:2040 070 35 77
6 HsBWi2010 0.40 20 4
7 HsAW 12040 070 35 68
8 HsGaW12040 0.70 35 62
9 HgCoWs2040 0.70 42 59
10 HpS04 1.75 35 <1
11 H2S04 45¢ 90

12 HCI 35 35 4
13 Hel 60° 60 9

aThe proton concentration was adjusted using HzSO4.
®Saturated concentration.

©The same as that of the HsBW12040 solution (0.7 mol/L).

Reaction conditions: crystallne celllose (100mg), aqueous acidic solution (2mL), 60°C
for 48 h.
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Catalyst (mmol)

None

HCI (0.20 mmol)
H3PW;2040 (0.01 mmol)
HaPW;2040 (0.02 mmol)
H3PW 12040 (0.03 mmol)
HaPW 12040 (0.05 mmol)
H3PW 12040 (0.05 mmol)
HaPWi2040 (0.06 mmol)
H3PW 12040 (0.07 mmol)
HsPW 12040 (0.08 mmol)
HsPW12040 (0.09 mmol)

Conversion
(%)

0
256
10.4
171
230
29.7
332
385
44.0
54.7
57.4

TRS
yield (%)

0
253
104
16.7
221
28.4
32.8
385
43.8

54
56.3

Glucose
yield (%)

0
13.8
82
13.8
209
285
30.7
36.6
41.8
50.5
51.9

Selectivity
(%)

0
53.9
788
80.7
9.7
89.2
25
95.1
95.0
923
90.4

TRS, totel reducing sugars. Reection conditions: 0.1g cellulose, SmL water, at

180°C for 2 h.
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Catalyst

Amberlyst-15
PCPs-SO3H
BC-SO3H
CMK-3-SO3H
Zn-Ca-Fe
CsHaPWi2040
RU/CMK-3
Fes04-SBA-SOsH
CaFe;04
HsPW12040
HsBW12040
HsAW12040
HsGaW 1200
HgCoW 12040

Solvents

[BMIm|C/H,0
H0
H0
H0
H0
H0
H0
H0
H20
H0
H20
H0
H20
H0

Temp (°C)

100
120
90
150
160
160
230
150
150
180
60
60
60
60

Time (h)

5
3
1
24
20
6
24
3
24
2
6
24
24
24

Glucose/TRS yield TRS yield/%

1.0
5.30
198
745
29
27.0
342
26.0
36.0
505
770
8.0
62.0
59.0
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PhOC, COCaHs
— ) COCHs
Amwcozczu; o
Ar=4-NO,CgHy 8 N
1a 2 B 3

Entry Cat. Solvent  Yield (%)° dre
1 NaOH THF 82 >20:1
2 NaOCH;  THF 80 >20:1
3 K,CO;  THF 74 >20:1
4 DBU THF <5
5 EtN THF <5
6 NaOH EtOAc 72 >20:1
7 NaOH CHsON 25 >20:1
8 NaOH CH,Clp <5
9 NaOH PhCHg <6
107 NaOH THF 8 >20:1
11 NaOH THF 90 >20:1
120 NaOH 2-Me THF 72 >20:1
13° NaOH Anisole <6
140 NaOH H,O <5
15° NaOH EtOH 75 >20:1
16/ NaOH EtOH 74 >20:1

“General conditions (unless othenwise specified): 1a (0.075 mmol), 2a (0.05 mmol), cat.
(0.01 mmol), THF (1.0mL), 40°C, 24 . Plsolated yield of 3a. °Dr was determined via 'H
NMR on the crude product, “The reaction was carried out at 30°C for 24h. °1a (0.1
mmol) 2a (0.05 mmo), NaOH. (0.01 mmol) solvent (1.0mL), 30°C, 24h. 1a (1.0 mmo)),
2a (0.5 mmol), NaOH. (0.1 mmol), EtOH (10.0mL), 30°C, 24 h.
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PhOC £OLaHs

COCahHs
COzCsz __NaOH _
A.o cozczu5 g
Ar=4NO,CHy gn 3a °c 24h //
1a " 3
ArO.
3a, 90%, > 20:1 dr 3b, 89%, > 20:1 dr 3¢, 65%, > 20:1 dr
ATO C0,CoHs ™ CO,CoHs ATO
CO,CoHs x. CO,CHs
COPh :OPh

3d,x=0l, 7A%‘>2 argh, X = o> oo, 4:10ry %
3e, X = Br, 89%, > 20:1 drdi, X = Br, > 99%, 7:1 dr 3k X
36X =1,90%, > 20:1 dr; 3%
39, X - F 77% > 201 o

A0 0
410 COCHs " CO,CoHs A0 CO,CoHs
CO,CoHs CO,CoHs CO,C,Hs
\§oPh %, COPh OPh
~0
N
Bn 5% Bn

NO_ 31, 76%, > 20:1 dr 3m, 79%, > 20:1 dr 3n, 39%, >20:1 dr

", 88%, > 20:1 dr;
Br, 72%, >20:1 dr

#Reaction condliions as stated in Table 1, entry 11. Isolated yieids are reported after
purilication via SOz column chromatography. Dr was determined via 'H NMR on the
crude product,
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Entry  Acid catalyst

CsasSWigy
CsasS Wiy
CszsPWago
CozsPWey
Csp5PWEy,
HaSWe

HsPWe

N o s N

219 cellulose, 0.5 CsHPA ([H+] =

Reaction time/h ~ Conversion (%)

24
13
8
8
1
24
24

100
100
91
95
B

100
81

5mM), 0.25g Ru/C, 50 m water

Hexitol yield

55
56
45
59
46
18
a1

b5 cellulose, 2.5 CSHPA ([H+] = 7.5mM), Ru/C = 1.25 g, water 50 mL.
¢ Adjust the HPA amount to make the proton concentration consistent with CsHPA.
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6i y=121x +356 0.99 56412
6 y=0.85x+4.15 099 653+ 1.1
Pyrimethanil y=101x+625 0.99 576+18
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Compds.

Kresoxim-methyl
Pyrimethanil

S. sclerotiorum

275+ 1.1
37.8+16
35014
340+13
65+09
11.8+38
415+10
37.4%£12
479+1.6
541 £1.1
39.9+3.1
306+23
248+1.2
523+1.1
/

P. infestans

20.7+10
296+13
168+ 13
87+08
100£09
151£1.2
32910
270+£09
486+ 1.4
425+12
30.1+09
241£17
163+ 14
498+ 1.0
/

T. cucumeris

68+1.9
197414
14209
8112
3210
94+£12
352+13
375+£10
492418
547£23
479+12
403+26
34609
64112
/

Inhibition rate (%)
G.zeae  F oxysporum
[ 169409
87+1.1 360+13
332£13  121£09
0 26+ 1.1
9909 0
78£22 162£1.7
151 £15 321£09
216+15 25819
488+16  668+10
549+15 53813
412411 456+ 1.1
3B7+28 38523
24917 82216
569+10  706£12

/

/

C. mandshurica

107 £1.1
402+1.7
222%10
11.74£09
128+£30
21.2+09
148409
207£10
M5+14
49.4+£1.2
477+13
402+18
325+16
51.1+£13
/

B. dothidea

316+2.1
365416
459 £33
508 +3.1
30119
375430
384+12
449+£30
859+1.1
83621
566+28
59.5+30
46227
/
844+21

Phompsis sp.

36.2+1.4
421£10
53512
5756+21
403£27
462£1.4
418+33
463+£22
812424
788+ 1.2
570+19
622£35
51.4£20
/
85114
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PhOC, R COR
o ) COR'
COR' NaOH
= o
R)!\/A<001R‘ 0 " THF e
B 30°c24h N
1 2 L
Enty R R 4 Yield (%) dr
1 4-CHzOCgHs  CHyCHz 4o 86 > 2011
2 4-NOCeHs  (CHglCH  4p 79 > 20:1
3 CHs CHaCH; - 0 -
4 H CHaCH, - 0 -

“Reaction conditions as stated in Table 1, entry 11. Isolated yields are reported after
purilication via SiOz column chromatography. Dr wes determined via 'H NMR on the
crude product.
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HC
NaOH
THF
30°C,24h

67%, > 20:1 dr 67%, > 20:1 dr

#Reaction condtions as stated in Table 1, entry 11. Isolated yields are reported after
purification via SiOz column chromatography. Dr was determined via 'H NMR on the
crude product.
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0
R'OC, A

WCOzCsz N [ NaOH
AO COLCMHg 0 THF

Ar=4-NO,CeHy N , 30°C.24h
5

4c,X=F, 88%,> 201 dr;
4d,X = CI, 88%, > 20:1 dr X
0

4b, 85%, > 20:1 dr

Ph
4k, 90%, > 20:1 dr

. COCHs CO,CaHs
CO,CoHs CO,CoHs
° 'COPh
O CHy Fa
Bn CHy
4,72%,> 201 4m, 75%, > 20:1 dr 4n, 7%, > 20:1 dr

?Reaction conditions as stated in Table 1, entry 11. Isolated yields are reported after
purification via SiOz column chromatography. Dr was determined via "H NMR on the
crude product.





