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Introduction

The development of greener chemical processes is now recognized as a priority. The rarefaction of fossil resources combined with climate change issues impose the complete rethinking of our consumption habits and production models. Since the formalization of the concept of green chemistry by Anastas and Warner, [START_REF] Anastas | Green Chemistry: Theory and Practice[END_REF] chemists have been looking for alternative syntheses that are more efficient, less energy consuming, economically sustainable, and more environmentally friendly. Catalytic processes can fulfill most of these requirements; however, they are traditionally based on the use of a single chemo-or biocatalyst, thus only enabling a relatively limited range of reactions. Multicatalytic cascade-type systems have also been studied, with numerous successful examples expending the scope of the achieved reactions. Still, they mostly concentrate on the same types of catalysts, namely chemo-and biocatalysts. Combining these two catalyst types would further expand the reaction variations. The number of studies reporting such combinations has recently increased and the variety of new accessible chemicals is continuously broadening. [2] This is especially observed in the synthesis of asymmetric compounds through different methodologies such as dynamic kinetic resolution processes. [3] Still, the industrial application of these reactions is often very limited owing to their difficulty of implementation. The main challenge lies in finding catalysts that do not inhibit each other and of more importance, in establishing operating conditions that retain the activity of both catalysts. To circumvent such issues, the catalysts are most often used in different successive steps, [4] or isolated from each other through compartmentalization via various methods including two-phase systems communicating through liquid/liquid or solid membranes [3b,5] and whole-cell encapsulation of one of the two catalysts. [6] To address these catalyst combination issues, the novel research field "hybrid catalysis" has recently emerged. It involves the concomitant use of a chemo-and biocatalyst in a single pot, to realize multiple successive reactions. [7] Under one of its simplest forms, a hybrid catalytic reaction combines two soluble catalysts, usually comprising an organocatalyst + biocatalyst. The first examples of such a combination were reported in the early 2000s. In 2003, Schoevaart et al. combined L-proline as an organic chemocatalyst with a D-galactose oxidase and Pt/C hydrogenation catalyst and employed this hybrid catalyst in the synthesis of 4-deoxy-D-glucose derivatives from D-galactose in a one-pot/three-steps process. [8] One year later, Edin et al. described the synthesis of enantiomerically pure acetylated aldols by combining aldolization with acetylation, catalyzed respectively by an (S)-proline and lipase. [9] These examples mainly established the compatibility between biocatalysts and some organocatalysts, subsequently leading to numerous other applications. [2c,2d,7] Heterogeneous chemo-and biocatalysts can also be advantageously combined; however, literature on such methods is scarce. The first example was reported in 1980 with the combination of a glucose isomerase and, once again, a Pt/C chemocatalyst applied for the preparation of D-mannitol. [10] Following these reports, a few successful examples of heterogenocatalytic hybrid pathways have been described where at least one of the two catalysts is supported on a solid carrier. [11] The heterogeneous hybrid approach offers the main advantage of considerably simplifying the purification processes by facilitating catalyst separation from the reaction medium. The hybrid catalysis concept is particularly relevant in the context of biorefineries, with biomass as an alternative feedstock to petroleum for production processes, e.g. chemicals, [12] with the catalytic production of a large number of compounds. [13] Among them, 5-hydroxymethylfurfural (HMF) is described as one of the most important biobased platform molecules [START_REF] Van Putten | [END_REF] with various production processes. [13c,15] A two-pots/one-step hybrid catalytic pathway was recently reported by Gimbernat et al. for HMF production from D-glucose in a triphasic compartmentalized reactor. [5a] This product can be transformed into a variety of value-added building blocks, [16] including monomers useful for the production of biosourced polymers such as 2,5-dihydroxymethylfuran (DHMF), 2,5-dicarboxaldehydefuran (DCAF), 5-hydroxymethyl-2furancarboxylic acid (HFCA), and 2,5-furandicarboxylic acid (FDCA; Figure 1), with a wide range of innovative approaches. [17] HMF transformation in FDCA for example has been investigated intensively through last decades and many approaches have been reported. [17b, 18] Chemical catalysts based on noble-metal materials showed high activity in HMF oxidation. [19] Supported noble metal nanoparticles have shown superior catalytic activity in the liquid phase oxidation of HMF in both, alkaline and acidic conditions. [20] Moreover, enzymes were also applied. One of the first studies that reported biological systems for the oxidation of HMF was that of Koopman who identified a novel HMF oxidoreductase from Cupriavidus basilensis HMF14. The hmfH gene encoding was introduced into Pseudomonas putida S12, and the resulting whole cell biocatalyst was used to produce FDCA from HMF. In fed-batch experiments using glycerol as the carbon source, 30.1 g.L -1 of FDCA were produced from HMF with a yield of 97 %. [21] Dijkman et al. identified and applied the HMF oxidase (expressed on E. coli BL21 (DE3)) to obtain FDCA from HMF in 4 steps. This FAD-dependent enzyme was able to express more than 95 % of conversion in 24 h at 25 °C with 4 mM HMF, 20 mM HMFO, and 20 mM FAD in a 100 mM PBS solution with pH 7. [22] Carro et al. applied unspecific aryl-alcohol oxidase (AAO) from Agrocybe aegerita in a reaction cascade to transform HMF to FDCA. AAO provided H2O2 from O2 reduction and could stepwise oxidize HMF to DFF (2,5-diformylfuran) and further to FFCA (5-formylfuran-2-carboxylic acid). However, the enzyme was unable to oxidize the carbonyl groups in FFCA, but could catalyze the oxidation of FFCA to FDCA using H2O2 as a cosubstrate, achieving a yield of 91 % FDCA after 116 h. [23] A tandem oxidation reaction to FDCA from HMF through a combination of galactose oxidase from Dactylium dendroides, horseradish peroxidase, and lipase was investigated by Zong et al., where a conversion of 75 % of HMF to DFF was achieved in 48 h at room temperature. DFF was further converted to FDCA due to reaction catalyzed by immobilized lipase B from Candida antarctica and H2O2, generating 88 % yield of FDCA after 24 h, and 92 % after 92 h. [24] The coupling of strategic oxidases in enzymatic cascade reaction to FDCA was also the main topic of the work of Mc Kenna et al, that applied Escherichia coli periplasmic aldehyde oxidase PaoABC and galactose oxidase M3-5. In the process more than 99 % FDCA yield was achieved in 16 h. [25] Liu and coworkers applied immobilized Laccase on magnetic nanoparticles with TEMPO as mediator, obtaining a FDCA yield of 90.2 % in 96 h at 35 °C. [26] With the same mindset, furfurylamines have also been described as interesting precursors for biobased polymers including polyamides, polyimides, polyaspartimides, polyureas, polyhydroxyurethanes, polyimines, and polyenamines, with their monomers being readily synthesized from biosourced furfural derivatives. [27] These compounds also have several applications including the preparation of benzoxazine derivatives for flameretardant resins [28] and, after conversion to difurfuryl diisocyanates, the replacement of petroleum-based diphenylmethane diisocyanate in polyurethane systems. [29] Furfurylamines are most commonly obtained via the reductive amination of the carbonyl moiety of the furfural group, [30] under mild conditions with inexpensive reagents. However, such processes often require the use of protecting groups, numerous chemical steps, and toxic reductive agents. [30,31] To circumvent these issues, several chemocatalytic pathways have been recently developed; [30,31,32] however, these are not ideal for the synthesis of furfurylamines deriving from HMF, owing to the sensitivity of the furan ring to reductive conditions and the tendency of these compounds to form secondary and tertiary amines. [17,32g,33] An efficient alternative to perform reductive amination of HMF derivatives is the use of transaminases, already largely described for carbonyl group amination, [34] for the efficient conversion of carbonyl moieties to primary amines in water at low temperatures. Recently, several ω-transaminases were employed for the synthesis of several furfurylamines from HMF derivatives. [33,35] Dunbabin et al. reported yields ≤92 % for the aminated products, starting from different HMF and furfural derivatives. Among them, they achieved the synthesis of 5hydroxymethylfurfurylamine (HMFA), 5-aminomethyl-2furancarboxaldehyde (AMFA), furan-2,5-diyldimethanamine (FDMA), and 5-aminomethyl-2-furancarboxylic acid (AMFC; Figure 2). However, in the case of AMFC, they performed the synthesis directly on 5-aldehyde-2-furancarboxylic acid (AFCA) instead of HMF, owing to the absence of a prior oxidation step for the production of this intermediate in the reaction medium. Evidently, the only amine that can be directly produced from HMF is HMFA. The synthesis of AMFA, FDMA, and AMFC requires a prior oxidation step to yield an aldehyde or carboxylic acid group from the hydroxyl moiety. For FDMA, the double aminated compound, this step should be preferably performed prior to the transaminase 
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action as the two carbonyls could then be converted concomitantly by the enzyme. While HMFA has proven to be useful for several applications (such as the preparation of diuretics, antihypertensives, and antiseptic and curing agents), AMFA and AMFC are very promising building blocks for polymer synthesis, owing to the presence of the aldehyde and carboxylic acid groups. AMFA can be used to form imine-based polymers based on a self-condensation mechanism, while AMFC, as an amino acid, can be used to produce unnatural peptides such as cyclopeptides. [36] These compounds are of great interest because of their considerable bioactivity. Surprisingly, very few studies have reported the successful synthesis of these two compounds and thus, finding a methodology to produce them in larger quantities would certainly help develop their use in polymer synthesis. Herein, we report the first combination of an oxidative metal chemocatalyst and a transaminase, as a heterogeneous hybrid catalytic one-pot/two-steps process, for the successful synthesis of AMFC from HMF (Figure 3). This strategy is based on a first step comprising the oxidation of HMF into AFCA by the chemocatalyst to generate the substrate required for the following transamination step to produce AMFC using an amine donor. The choice of a hybrid system, using a chemocatalyst instead of an enzyme, was motivated by the ability of our catalyst to directly use molecular oxygen for the oxidation step instead of an expensive cofactor/co-substrate, despite the complexity of making these two catalysts work in the same reaction mixture. Therefore, such a system should be more easily transposable to industrial considerations. The first realization of this innovative process ended in the complete conversion of HMF in 52 h to produce AMFC in 77 % yield. Additionally, FDCA was produced as major byproduct with a yield of 21 %.

Figure 2. Chemical compounds obtained from: 1) oxidation of the hydroxyl and carbonyl groups of 5-hydroxymethylfurfural (HMF, 1a), 2,5-dicarboxaldehydefuran (DCAF, 2a), 5-hydroxymethyl-2-furancarboxylic acid (HFCA, 3a), 5-aldehyde-2-furancarboxylic acid (AFCA, 4a), and 2,5-furandicarboxylic acid (FDCA, 5a)] and 2) reductive amination of the corresponding carbonyl derivatives [5-hydroxymethylfurfurylamine (HMFA, 1b), 5-aminomethyl-2-furancarboxaldehyde (AMFA, 2b), 5-aminomethyl-2-furancarboxylic acid (AMFC, 4b), and furan-2,5-diyldimethanamine (FDMA, 2c)]. Some of these reductive aminations were recently performed with enzymes, especially with transaminases (TA), in one-step reactions, helping for the development of greener processes. 
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Only traces (<1 %) of HFCA could be detected at the end of the process, proving its efficiency for the synthesis of biobased polymer precursors. Notably, respective AMFC and FDCA yields of 67 and 20 % could by recovered after purification without further optimization.

Results and Discussion

Chemocatalyst screening

To achieve the conversion of 1a to 4b, the reaction pathway must first proceed through the production of 4a under a first oxidation step. The oxidative metal catalysts were therefore first screened on 1a to evaluate their ability to produce 4a selectively at 60 °C in a phosphate buffer at pH 8, the conditions required for transaminase activity during the second step of the reaction, with sole molecular oxygen as the oxidant. In total, 15 heterogeneous metal catalysts were screened on 1a at small scale (1 mL), in glass sealed vials, to limit evaporation. The tested catalysts, which were selected according to their ability and versatility to oxidize short-chain alcohols are listed in Table 1. [28b, 37] The catalytic test results are presented in Figure 4. The results revealed that the 7.68 µmol O2 contained in the 1 mL gas phase were sufficient to oxidize 1a over several catalysts. As a result, catalysts C1, C3, C5, C8, C13, C14, and C15 were found inactive, while the rest of the catalysts formed at least one oxidation product: 3a, 4a, and/or 5a (Figure 4). Interestingly, no 2a could be detected despite it being one of the first two oxidative products of 1a. Catalysts C4, C6, C7, and C11 afforded 8.0, 9.0, 1.5, and 4.8 mM of 3a, respectively, after 24 h. On the other hand, despite the complete conversion of 1a with C4 and C6, these two catalysts afforded low amounts of 4a at the concentrations 0.8 and 0.9 mM. Similar concentration levels were obtained with C7 and C11, with 0.5 and 0.9 mM respectively. This suggests that under the proposed conditions, these catalysts favor the conversion of the aldehyde 1a to a carboxylic acid moiety over that of the alcohol to an aldehyde moiety, which here remains the limiting step. This was confirmed by the concomitant production of 5a and 4a with C4 and C6 at the concentrations 0.7 and 0.2 mM, respectively. Consequently, while the amount of 4a produced was significant, C4 and C6 were considered poor candidates for the cascade reaction, as the yield of the second step would remain limited under these conditions, even with the complete consumption of 1a. In contrast, C2, C10, and C12 selectively led to 4a at the respective concentrations 0.5, 0.7, and 0.7 mM. This suggested that for these catalysts, the limiting step was the conversion of the aldehyde group into carboxylic acid, thereby leading to the straightforward conversion of 3a to 4a. Still, the very low amount of 4a produced in 24 h was not encouraging. The most efficient catalyst for the production of 4a was Pt/SiO2 (C9), with full conversion of HMF after 24 h and the production of 8.1 and 2.0 mM 4a and 5a, respectively. The absence of 3a suggests a reaction pathway similar to that observed over C2, C10, and C11, with conversion of the aldehyde into the acid as the limiting step. With a yield of 4a of >80 % after 24 h, C9 was selected for the subsequent hybrid process.

Transaminase activity towards the potential oxidized products

The activity of Chromobacterium violaceum transaminase (Cv-TA) toward the different potential substrates present in solution was next evaluated using a lactate dehydrogenase (LDH) assay based on alanine as the amine donor for transamination. [38] This led to the production of pyruvate as a carbonyl co-product, which was subsequently reduced to the lactate by LDH with a molecule of NADH. The conversion of this latter molecule to NAD + was detected by UV spectrophotometry at 340 nm (ε340nm = 6220 M - 1

.cm -1 , pH 8), which thus allowed the determination of the reaction advancement. First, the activity of Cv-TA toward 1a was measured to assess its possible competition with the chemocatalyst used to produce 4a. Such a transamination reaction would lead to the production of 1b, which may not be oxidized by the chemocatalyst and would thus result in a decrease in the yield of 4b. An activity of 10.7 mUI.well -1 was observed, indicating a specific activity of 535 mUI.mg -1 of cell-free extract (CFE). The activity towards 4a, the intermediate compound of the hybrid reaction, was then investigated under the same conditions. Thus, 14.3 mUI.well -1 (715 mUI.mg -1 CFE) was measured with the LDH assay. Finally, the ability of the transaminase to accept 2a as a substrate was also evaluated. Here, 10.9 mUI.well -1 was measured for this substrate, leading to a specific activity of 545 mUI.mg -1 Cv-TA CF To fit the experimental conditions previously defined during the chemocatalysis screening step, the activity of Cv-TA toward 4a at 60 °C was next investigated. The results revealed that 43 % 4a was converted at 60 °C in 90 min, while 62 % conversion of 4a to 4b was achieved in 90 min at 30 °C (Figure SI 1). Notably, this low yield was probably due to the absence of equilibrium shifting methodology application in this assay, as LDH was only added after sampling because of its instability at 60 °C. The final yield therefore reflects the equilibrium constant of the reaction for these substrate couples. The rapid formation of a blurry precipitate was also observed in the mixture at 60 °C suggesting enzyme precipitation, while no precipitate was observed at 30 °C. Following the evaluation of Cv-TA activity toward the different substrates of the reaction, the synthesis of 4b from 4a was performed at small scale to evaluate the ability of the enzyme to successfully convert the intermediate of the final hybrid reaction. Notably, this synthesis was already described by Dunbabin et al. with several TAs, [33] including Cv-TA, using methylbenzylamine (MBA) and isopropylamine (IPA) as the amine donors. These two donors are known to shift the reaction equilibrium. In their study, Dunbabin et al. reported 47 and 88 % yields for the transamination of 4a to 4b with both donors, respectively. In this study, we performed these tests on the 4a acceptor using both MBA and IPA donors. Although MBA presents a molecular weight equivalent to our desired product, a 1:1 ratio with the 4a acceptor was used to fulfill at best the principles of green chemistry. With the Cv-TA being strictly (S)-enantioselective, (S)-MBA was used as the pure enantiomer in this study. The reaction led to the quantitative production of 4b in 5 h. This demonstrates the Cv-TA efficiency in producing 4b under these conditions. With IPA, a 1:1 ratio was also first tested; however, the conversion yield remained low (<7 %) after 4 h of transamination (Figure SI 2). Thus, a 100:1 ratio was next tested, and the quantitative production of 4b could be observed in only 4 h under these conditions. While this high donor/acceptor ratio is commonly reported throughout the literature for transaminase synthesis with IPA, we are fully aware that using such an amount of donor does not respect the principles of green chemistry. Therefore, as will be described later in this study, when using IPA as donor, our processes used a 10:1 donor/acceptor ratio to head in this direction. Under such conditions, a quantitative production of 4b could also be achieved. Because they are not commercially available, the syntheses of 1b and 2b by the transamination of the corresponding carbonyls (1a and 2a, respectively) were also tested to serve as reference compounds for the HPLC analysis. In this case, sole MBA was used as the donor in a 1:1 ratio. Compound 1b could be obtained quantitatively from 1a. For 2b production, the product could not be purified after the reaction was terminated. However, the HPLC data revealed complete conversion of 2a in 2 h, leading to the production of an amine product that was assumed to be 2b. Interestingly, a small quantity of a second amine product was also detected. Considering that 2a possesses two carbonyl moieties, we assumed that this second compound was probably 2c. However, because the production of 2a was not detected during the chemocatalyst screening, no production of 2b and 2c was expected during the hybrid catalytic synthesis. Thus, no further syntheses of these two standards were attempted.

Cv-TA immobilization

The immobilization of Cv-TA was then performed on a solid carrier. For this purpose, we selected the EziG TM carrier (EnginZyme AB, Sweden), which was described in 2014 by Cassimjee et al. as an efficient immobilization support for Cv-TA with higher stability in organic solvents. [39] The use of this carrier was very recently extended to several other enzyme classes by Thompson et al.. [40] This carrier is available under three different forms with three different polymer coatings, namely, the EziG TM hydrophilic OPAL, semi-hydrophilic AMBER, and hydrophobic CORAL. Thus, to select the most efficient carrier for the enzyme, all forms were tested. The Cv-TA was immobilized directly from the CFE in the presence of a slight amount of its cofactor, pyridoxal phosphate (PLP), to maintain a good folding of the enzyme. Interestingly, after the immobilization and washing steps, the carrier turned yellowish, even when no CFE was used, suggesting a strong affinity for PLP. First an evaluation of the best enzyme/carrier ratio was performed with each EziG TM . In total, six different w/w ratios were tested (1:1, 1:3, 1:6, 1:9, 1:12, and 1:15), with an immobilization incubation ). After measurement of the remaining protein concentration in solution, 50 % of the protein immobilization could be determined with a 1:3 ratio. The immobilization rate could be increased up to 80 % with EziG TM OPAL with a 1:15 ratio, while 85 and 88 % protein immobilization could be respectively obtained with EziG TM CORAL and AMBER. However, no significative evolution could be observed between the ratios 1:9 and 1:15. To reduce the amount of carrier used to set up the processes, the 1:3 ratio was selected. As described later in this study, this ratio was found sufficient to complete the transamination step in only 4 h. The immobilization incubation time was also verified. Protein immobilization rates were measured with the three carriers and a 1:3 ratio, over 3 h (Figure SI 4). No significative evolution could be observed after 60 min of incubation for the EziG TM OPAL, with 60 % maximum protein loading. For the EziG TM CORAL and AMBER, the maximum protein loadings were 66 and 59 %, respectively, after 2 h. Based on these results, a 1:3 enzyme/carrier ratio was selected, with an incubation time of 1 h. Following these preliminary experiments, the activities of Cv-TA@EziG TM OPAL, CORAL, and AMBER were measured with 4a as the acceptor and alanine as donor, to select the best carrier for the process. The reaction advancement was followed spectrophotometrically and the conversion of 4a into 4b was confirmed by HPLC. The best carrier was EziG TM OPAL, with 61 % conversion of 4a into 4b in 60 min (Figure SI 5). Interestingly, this yield, corresponding to the one measured during the thermoactivity assays with alanine, was reached after 30 min of reaction. EziG TM AMBER and CORAL both reached 46 % conversions in 60 min and only 35 % in 30 min. Based on these results, the activity of Cv-TA@EziG TM OPAL was tested at 60 °C under the previously used conditions. In this case, only 37 % conversion was achieved after 60 min (Figure SI 6). In fact, 34 % conversion of 4a was observed after the first 10 min of reaction but no further conversion was observed thereafter. This confirms the instability of Cv-TA at this temperature and demonstrates that its immobilization on the EziG TM carrier materials does not help protect the enzyme from denaturation.

Having achieved the best conversion yields with the EziG TM OPAL carrier, the recyclability of Cv-TA@EziG TM OPAL was also tested. MBA in a 1:1 ratio was this time used as donor to mimic the final conditions of the hybrid process. As expected, 100 % conversion was measured after 5 h of reaction during the first cycle (Figure SI 7). The second transamination cycle was performed after the Cv-TA@EziG TM OPAL was kept at 4 °C for 16 h. This time, only 30 % conversion was achieved in 5 h, and full conversion could be obtained after 24 h. This shows the instability of Cv-TA, even when immobilized on the EziG TM OPAL carrier. A last cycle was performed right after the second transamination cycle. This time, 13 % conversion was achieved in 5 h, and full conversion could be obtained after 72 h. Consequently, the immobilization of Cv-TA on EziG TM OPAL is only advantageous for the easy removal of the catalysts and a simplified purification of the reaction products.

In conclusion of this part of the study, EziG TM OPAL was selected as the carrier for the transaminase immobilization for further use in the hybrid process. Considering the significant loss in the Cv-TA@EziG TM OPAL activity at 60 °C, a temperature of 30 °C was selected as the optimal temperature for the transamination step in the final hybrid process for the production of 4b. Because the selected chemocatalyst was effective at 60 °C, the process was performed as a one-pot/two-steps reaction with a short cool down between the two reaction steps. Under these conditions, no recycling of the catalysts was expected. However, the use of heterogeneous catalysts still eases the purification of the products.

One-pot/two-steps heterogeneous hybrid reaction

According to the optimization studies, the best chemocatalyst selected for the production of 4a from 1a and the immobilized enzyme effective for the subsequent conversion of the latter into 4b, were employed in a one-pot/two-steps heterogeneous hybrid reaction. According to the previous results, this reaction was set up as follows in 10 mL total reaction volume (Figure 5): the first step was performed in sodium phosphate buffer (pH 8) at 60 °C using the Pt/SiO2 catalyst. This step led to the production of 4a from 1a. After complete conversion of 1a, the reaction mixture was cooled down to 25 °C and Cv-TA@EziG TM Opal was added to the suspension together with (S)-MBA as the amine donor and PLP. After complete conversion of 4a into 4b, the products were purified and characterized.

Figure 5. One-pot/two-steps hybrid heterogeneous catalytic process for the conversion of 5-hydroxymethylfurfural (HMF) into 5-aminomethyl-2furancarboxylic acid (AMFC), combining a Pt/SiO2 chemocatalyst and Chromobacterium violaceum transaminase (Cv-TA). The first step was performed in sodium phosphate buffer, at pH 8 and 60 °C, on 1a with Pt/SiO2 as the catalyst. Once 1a was entirely converted, the second step was initiated after a short cool down period at room temperature (25 °C) and performed with the addition of Cv-TA@EziG TM OPAL, the amine donor (S)-methylbenzylamine (MBA), and pyridoxal phosphate (PLP). This second step was then carried out in the same reaction mixture at 30 °C until complete conversion of 4a into 4b was attained.

Interestingly, complete conversion of 1a was only observed after 48 h (Figure 6), despite the gas phase volume being proportionally identical to that used during the chemocatalyst screening step. However, in the case of the one-pot/two-steps reaction, the reaction volume was set to 10 mL to allow for more sampling, and considering the simple rotative agitation used, this scale factor may have induced a change in catalysts mixing, resulting in kinetics variations. Additionally, small amount of 3a could be detected during the reaction, with maximum of 0.9 mM (9 %) after 24 h of reaction, and was found completely consumed after 64 h. At this, only 4a and 5a were remaining in the reaction mixture, with 5.2 mM and 4.8 mM respectively. The transamination step was consequently initiated. After 4 h at 25 °C, complete conversion of 4a into 4b could be observed according to the previous transamination syntheses. After the Despite succeeding in the production of the desired 4b product, with only 5a as major impurity, according to the results obtained, it appeared to be possible to optimize the final 4b yield by performing the transamination step earlier. A second experiment was consequently carried out in the same condition, and the transamination step was performed after 48 h where 4a concentration was found at its maximum with 7.7 mM (77 %) produced (Figure SI 26). In this case, a complete conversion of 4a into 4b could again be observed, with a final yield of 77 % in 4b. The 5a final concentration was consequently found lower than during the first experiment with 21 % yield. The transamination step being performed earlier, a small quantity of 3a could also be detected after the transamination step (1 %). This impurity could easily be removed from the two major products during the purification step, and a final yield of 67 % and 20 % could be recovered in 4b and 5a, respectively. A third experiment, identical to the second one, was then performed to evaluate the possibility of using IPA instead of MBA as donor. As stated earlier, a 10:1 donor/acceptor ratio was used in this case, and a quantitative conversion of 4a into 4b was also observed in 4 h of transamination step (Figure SI 30). Notably, the same product profile was observed at each reaction time, while the FDCA concentration was slightly higher after 48 h, with 2.4 mM produced. Finally, 6.7 mM (67 %) 4b and 2.7 mM (27 %) 5a could be obtained. As observed previously, only 1 % 3a was detected at the end of the process. After purification, yields of 57 % 4b and 20 % 5a could be recovered. With a complete consumption of 1a in 48 h, this result represents the first methodology ever described for the synthesis of 4b in a one-pot/two-steps process from this precursor. Notably, the overall yield obtained in 52 h of reaction (77 %) was substantially higher than that described by Dunbabin et al., with MBA for the transamination step with Cv-TA (47 %) on one hand, but also with a more conventional organic synthesis approach (60 %) on the other hand. IPA could also be successfully used as amine donor for the process, with complete conversion of 4a into 4b in 4 h. This confirms that this approach represents an efficient way to synthetize 4b. Additionally, the first reaction led to the production of 4.7 mM (47 %) 5a as unique secondary product during the first experiment. While not being optimized in this objective, this new process could also represent an efficient way to produce 5a, which remains one of the most interesting derivatives from 1a as it can be used to produce another highly industrially valuable biobased polymer, the polyethylene furanoate (PEF). Particularly, as compounds 4b and 5a can be easily separated from each other by a simple liquid/liquid phase extraction process.

Conclusion

Briefly, we herein report the successful first one-pot/two-steps fully heterogeneous hybrid catalytic process for the direct production of AMFC from HMF. Among the 15 metal chemocatalysts tested, Pt/SiO2 proved to be the most effective to convert HMF into AFCA, with 81 % yield in only 24 h, at 60 °C, in sodium phosphate buffer (pH 8). In parallel, Cv-TA was found to be efficient for the complete conversion of AFCA into AMFC in 4 h, at 30 °C, in sodium phosphate buffer (pH 8). To set up a fully heterogeneous process and aid product purification, the possibility of immobilizing the Cv-TA on EziG TM carrier was also studied. EziG TM OPAL material was found to be the best carrier, with almost full retention and maintenance of the Cv-TA activity at 30 °C in sodium phosphate buffer (pH 8). However, the immobilized enzyme could not be recycled over several synthesis cycles with already 70 % activity decrease during the second cycle. The combination of these two catalysts into a one-pot/twosteps process was successfully implemented with a maximum yield of 77 % in AMFC, and 67 % yield in product recovered after the purification step. To the best of our knowledge, this represents the highest yield ever reported for the production of AMFC through a catalytic process. Additionally, this process led to the formation of FDCA as major byproduct in all cases, which can easily be separated from AMFC by simple liquid/liquid extraction. This second compound serves, along with ethylene glycol, as a precursor for the synthesis of PEF, a new biobased polymer with industrial processes being currently validated for its high-scale production.

Experimental Section

Generalities

All chemicals were obtained from chemical suppliers and used as received unless otherwise stated. All the products were supplied by Sigma-Aldrich (Switzerland): 5-hydroxymethylfurfural, 5-aldehyde-2-furancarboxylic acid, 5-hydroxymethyl-2-furancarboxylic acid, 2,5-dicarboxaldehydefuran, furan dicarboxylic acid, lactate dehydrogenase from rabbit muscle (EC 1.1.1.27; LDH), nicotinamide adenine dinucleotide, 3-trimethylsilyl-2,2,3,3tetradeuteropropionate, deuterium oxide, isopropylamine, pyridoxal phosphate, sodium phosphate monobasic, l-alanine, (S)-αmethylbenzylamine, Bradford reagent, DOWEX 50WX8 100-200 mesh ion exchange resin, ammonium hydroxide solution (30 %), and Luria-Bertini broth. All analytical solvents were of HPLC/MS grade. 

NMR analysis

1 H and 13 C NMR spectra were recorded at 25 °C using a Bruker Advance 300 spectrometer (Bruker, USA). The coupling constants were measured in Hertz (Hz) and multiplicities for 1 H NMR coupling were presented as s (singlet), d (doublet), t (triplet), and m (multiple). The chemical shift was presented relative to the sodium trimethylsilyl propanoate reference.

HPLC analysis

The reaction product analyses were performed on an Ultra-fast HPLC-DAD-MS-LCMS-2020 (Shimadzu, Japan), using a Brownlee Spheri-5 RP-18 (4.6 x 250 mm) cartridge column. Injection volumes of 10 µL were used for all the samples. The water and acetonitrile elution phases contained 0.1 % trifluoroacetic acid (TFA). Elution was carried out at 0.5 mL.min -1 , with a 30 °C oven temperature for the column. The elution profile was as follows: 15 min of 100 % water phase, followed by the progressive shifting of the water phase toward 100 % acetonitrile phase in 2 min. The 100 % acetonitrile phase was held for 2 min and then shifted again to 100 % water phase in 2 min. The 100 % water phase was held until the end of the run, with a total run time of 25 min, to equilibrate the column and attain a stable pressure for the next injection. The products were detected at three different wavelengths, namely 215, 245, and 280 nm. The reaction products were detected at the following retention times and wavelengths: 4b: 8.2 min/245 nm, 1b: 9.46 min/210 nm, 3a: 12.2 min/245 nm, 4a: 13.2 min/280 nm, 5a: 13.8 min/245 nm, 1a: 14.5 min/280 nm, and 2a: 16.6 min/280 nm. The HPLC-DAD calibration curves of these compounds are illustrated in Figures SI 14, 13, 10, 11, 12, 8, and 9, respectively.

Chemocatalyst syntheses

The 15 catalysts described in this paper were synthetized using the following four different approaches according to the methods listed in Table 1:

Reduction-precipitation (C1, C7)

The chemical reduction of the catalyst with hydrazine was performed in deionized water in a 110 cm 3 three-necked reaction flask immersed in a thermostatic water bath. The reaction flask was fitted with a reflux condenser and a thermocouple to control the reaction temperature. A suspension of the gold precursor [tetrachloroauric (III) acid, Sigma Aldrich, <99 %] and the support (1 g Al2O3 in 60 cm 3 distilled water) was stirred for 0.5 h at room temperature. The reaction mixture was then heated slowly from 25 to 50 °C and 2 mL 80 % aqueous hydrazine (Sigma Aldrich, <99 %) was subsequently added (N2H4/H2O ratio: 0.3/5). The pH of the solution was 12 and remained almost constant and the reaction was complete after 1 h. After reduction, the solid was filtered, washed with distilled water, and dried in air at 100 °C for 16 h. The final Au loading was determined by inductively coupled plasma-optic (ICP) emission spectroscopy (720-ES ICP-OES, Agilent, USA) with axial viewing and simultaneous CCD detection.

Sol immobilization (C2, C3, C4, C5, C6, C8, C11, C12)

A 2 wt.% solution of PVA was added to an aqueous HAuCl4 solution (5.08•10 -4 M) under vigorous stirring [PVA/Au (w/w) = 1.2]. A 0.1 M freshly prepared solution of NaBH4 [NaBH4/Au (mol/mol) = 5] was then added to form a light-red (Au) metallic sol. After 30 min of sol generation, the colloid was immobilized by adding the support (MgO, CaO, TiO2, CeO2, ZrO2, and Amberlyst) under vigorous stirring. The amount of support was calculated to give a total final metal loading of 2 wt.% (nominal). After 2 h, the slurry was filtered and the solid was washed with hot deionized water (2 x 25 mL) and ethanol (2 x 25 mL) before drying at 100 °C for 1 h. The final metal loading was determined by ICP analysis.

Wet impregnation (C9, C10)

Pt/SiO2: Pt(NH3)4Cl2 and Pt(NH3)4(OH)2 (0,565 and 0,502 mg respectively, molar ratio 1:1) salts were dissolved in 20 mL of deionized water. Silica (Degussa; specific surface area, 203 m 2 .g -1 ) was then added and the pH of the reactant mixture was maintained at 8.9. The mixture was mixed for 1 h at room temperature, filtered, and washed with hot water to remove all the Cl -ions. The solid was then dried at 105 °C for 2 h and reduced with pure hydrogen at 420 °C for 4 h (2 °C.min -1 and 50 cm 3 .min -1 ). The final Pt loading was 6.3 %, as determined by ICP analysis Ru/HAP: 0.059 mg of Ru(acac)3 (acac, acetylacetinate; Sigma Aldrich <99 %) was mixed with HAP (1 g) in water (50 mL) for 1 h at RT. Next, the reactant mixture was evaporated on a rotary evaporator for 1 h. The obtained solid was calcined at 400 °C for 4 h (4 °C.min -1 ) and the quantity of Ru was subsequently determined by ICP analysis.

Co-precipitation (C13, C14, C15)

5.08•10 -4 M solutions of Au (HAuCl4), Pt (Pt(NH3)4Cl2), and Pd (PdCl2) precursor were added dropwise to water solutions of the support (1 g in 50 cm 3 water) and the reactant mixtures were stirred at room temperature for 1 h. Next, a water solution of NaOH was added to reach pH 9. Finally, the solid was recovered by filtration, washed with water, and dried at 100 °C overnight. The solids were reduced with pure hydrogen at 300 °C for 4 h (2 °C.min -1 and 50 cm 3 .min -1 ).

Transaminase production

The transaminase from Chromobacterium violaceum (UniProt acc. num.: Q7NWG4), cloned in a pET-22b(+) plasmid and transformed into Escherichia coli BL21(DE3), was provided as isolated colonies on LB broth supplemented with 100 μg.mL -1 ampicillin on a petri dish by Professor Thierry Gefflaut, ICCF, Clermont-Ferrand, France. This enzyme was tagged with a 6-His tag at its N-terminal extremity. The original clone was created by Professor Veronique De Berardinis, Genoscope, Evry, France.

A colony was picked and introduced in a 15-mL vial containing 5 mL sterile LB broth supplemented with 100 μg.mL -1 ampicillin. It was then incubated overnight (16 h) at 37 °C with 200 rpm agitation. Exactly 3 mL of this preinoculum was then introduced in 150 mL fresh LB broth supplemented with 100 μg.mL -1 ampicillin. The culture was incubated at 37 °C under 200 rpm agitation for 5 h and then supplemented with 0.5 mM isopropyl-β-dthiogalactoside (IPTG) to induce enzyme overexpression. The culture was maintained at 30 °C overnight (16 h) under 200 rpm agitation and then centrifuged at 4,000 g for 10 min. Next, the supernatant was removed, and the pellet was washed twice with sodium phosphate buffer (40 mL, pH 7.0, 10 mM). The sample was centrifuged at 4,000 g for 10 min after each washing step and the supernatant was discarded. The resulting pellet was then resuspended in lysis sodium phosphate buffer (5 mL, pH 7.0, 10 mM; 50 μM pyridoxal phosphate). The cells were exploded with a French Press (FP) at 2.4 bar and the lysate was subsequently centrifuged at 16,000 g for 2 min to remove the cellular debris. The supernatant was recovered and stored at -80 °C before lyophilization. The protein concentration of the CFE was assayed using the Bradford methodology and was determined as ~10 mg.mL -1 protein for each enzyme production batch. Lyophilization, which was performed at room temperature under a pressure of 25 mBar, afforded a white powder.

Cv-TA/LDH enzymatic assay

All the assays were performed in triplicate. The reactions were implemented at 200-µL scale in a microtiter plater, using 100 mM sodium phosphate buffer (pH 8) containing 2 mM substrate [(1a), (4a), or (2a)], 5 U.mL -1 LDH, 0.5 mg.mL -1 NADH, 0.1 mM PLP, 0.1 mg.mL -1 Cv-TA CFE, and 10 mM l-alanine. The kinetics were followed by spectrophotometry at 340 nm and 30 °C for 20 min. As described in the international measurement system, 1 UI enzyme activity corresponded to 1 µmol substrate transformed per minute. The optical path of the microtiter plate, well filled with 200 µL deionized water, was estimated at 0.59 cm.

AFCA transamination with Cv-TA using (S)-MBA as the amino donor

A 1 mL reaction mixture sample containing 10 mM 4a, 100 mM sodium dihydrogen phosphate, 10 mM (S)-MBA, and 1 mM pyridoxal phosphate in ultra-pure water was adjusted to pH 8 using concentrated sodium hydroxide solution. Next, 1 mg.mL -1 Cv-TA CFE was added to the mixture and incubated for 5 h at 25 °C. A 50-µL aliquot was collected after 0.5, 1, 2, 3, 4, and 5 h, and product formation was quantified by HPLC-DAD at 245 and 280 nm as described in the general procedures.

AFCA transamination with Cv-TA using IPA as the amino donor

A 1 mL reaction mixture sample containing 10 mM 4a, 100 mM sodium dihydrogen phosphate, 10 mM (or 1 M) IPA, and 1 mM pyridoxal phosphate in ultra-pure water was adjusted to pH 8 using concentrated sodium hydroxide solution. Next, 1 mg.mL -1 Cv-TA CFE was added to the mixture and incubated for 5 h at 25 °C. A 50-µL aliquot was collected after 0.5, 1, 2, 3, 4, and 5 h, and product formation was quantified by HPLC-DAD at 245 and 280 nm as described in the general procedures.

Cv-TA thermoactivity

The Cv-TA thermostability was tested at 30 and 60 °C. The reactions were implemented at 1-mL scale, using a 100 mM sodium phosphate buffer (pH 8) containing 4 mM of 4a, 1 mM PLP, 25 mM l-alanine, and 0.1 mg.mL -1 Cv-TA CFE. The reactions were incubated on a dry bath at 30 and 60 °C and 20-µL aliquots were collected after 10, 20, 30, 60, and 90 min. Next, 20 µL of the 50 U.mL -1 LDH + 0.5 mg.mL -1 NADH and 160 µL of 100 mM sodium phosphate buffer (pH 8) were added to each aliquot after cool-down at room temperature. The NADH conversion was followed by spectrophotometry at 340 nm and 30 °C.

Protein loading evaluation on EziG TM

EziG TM OPAL, CORAL, and AMBER (EnginZyme, Sweden) were used as immobilization carriers for Cv-TA. Six different ratios (w/w 1:1, 1:3, 1:6, 1:9, 1:12, and 1:15) were tested. The desired carrier mass was suspended in 1 mL 100 mM sodium phosphate buffer (pH 8), containing 1 mg.mL -1 Cv-TA CFE and 1 mM PLP. The mixtures were incubated for 1 h at 25 °C on a rotative agitator (Tube Revolver, Thermoscientific, USA) at 22 rpm. The mixtures were then centrifuged at 16,000 g for 1 min and 15 µL of the supernatant was collected. The remaining protein concentration was measured using the Bradford assay at 595 nm and determined using a bovine serum albumin (BSA) calibration curve (0 to 1 mg.mL -1 ; concentration step, 0.1 mg.mL -1 ).

Enzyme loading incubation time optimization

EziG TM OPAL, CORAL, and AMBER (EnginZyme, Sweden) were used as immobilization carriers for Cv-TA. Exactly 3 mg of each support was suspended in 1 mL 100 mM sodium phosphate buffer (pH 8), containing 1 mg.mL -1 Cv-TA CFE and 1 mM PLP. The mixtures were incubated for 3 h at 25 °C on a rotative agitator (Tube Revolver, Thermoscientific, USA) at 22 rpm. After 15, 30, 45, 60, 120, and 180 min the agitation was stopped and a 15 µL sample was collected from the aqueous phase. Each sample was kept in an ice bath before further analysis. The remaining protein concentration was measured using the Bradford assay at 595 nm and determined using a BSA calibration curve (from 0 to 1 mg.mL -1 ; concentration step, 0.1 mg.mL -1 ).

Cv-TA@EziG TM activity measurement

EziG TM OPAL, CORAL, and AMBER (EnginZyme, Sweden) were tested as immobilization carriers for Cv-TA. Thus, 1.5 mg of each support was suspended in 1 mL 100 mM sodium phosphate buffer (pH 8) containing 0.5 mg.mL -1 Cv-TA CFE and 1 mM PLP. The mixtures were incubated for 1 h at 25 °C on a rotative agitator (Tube Revolver, Thermoscientific, USA) at 22 rpm. The mixtures were then centrifuged at 16,000 g for 1 min and the supernatants were discarded. The beads (1 mL) were resuspended in 100 mM sodium phosphate buffer (pH 8) containing 0.1 mM PLP, 4 mM 4a, and 25 mM l-alanine. The reaction mixtures were incubated for 90 min at 30 °C on a rotative agitator (Thermoscientific, USA) at 22 rpm. Next, 20-µL aliquots were collected after 10, 20, 30, 60, and 90 min, to which 20 µL of 50 U.mL -1 LDH + 0.5 mg.mL -1 NADH and 160 µL of 100 mM sodium phosphate buffer (pH 8) were added after cooling to room temperature. The disappearance of NADH was followed by spectrophotometry at 340 nm and 30 °C.

General synthetic Cv-TA@EziG TM OPAL immobilization procedure

For the hybrid reactions, Cv-TA in CFE was immobilized on EziG TM OPAL (EnginZyme, Sweden). Thus, 3 mg EziG TM OPAL was suspended in 1 mL of 100 mM sodium phosphate buffer (pH 8) containing 1 mg.mL -1 Cv-TA CFE and 1 mM PLP. The mixture was incubated for 1 h at 25 °C on a rotative agitator (Thermoscientific, USA) at 22 rpm. The mixture was then centrifuged at 16,000 g for 1 min and the resultant supernatant was discarded. Cv-TA@EziG TM OPAL beads were immediately used in the synthetic reaction to limit enzyme denaturation.

Recycling of Cv-TA@EziG TM OPAL

Cv-TA was immobilized using the general synthetic procedure. The resulting Cv-TA@EziG TM OPAL was then incubated in 1 mL of reaction mixture containing 10 mM 4a, 100 mM sodium dihydrogen phosphate, 10 mM (S)-α-methylbenzylamine, and 1 mM pyridoxal phosphate in ultrapure water. The mixture was incubated for 5 h at 25 °C on a rotative agitator (Tube Revolver, Thermoscientific, USA). Exactly 50 µL samples were collected after 30, 60, 120, 180, 240, and 300 min of reaction time, and the product concentrations were measured by HPLC-DAD at 245 and 280 nm. Once the reaction was complete (complete conversion of the substrate), the mixture was centrifuged at 16,000 g for 1 min and the supernatant was discarded. After the first cycle, the Cv-TA@EziG TM OPAL was kept at 4 °C for 16 h. A fresh solution containing 10 mM 4a, 100 mM sodium dihydrogen phosphate, 10 mM (S)-α-methylbenzylamine, and 1 mM pyridoxal phosphate in ultra-pure water was then added to the immobilized enzyme. Incubation was allowed to proceed over 24 h, as described previously, and the reaction products were quantified after 30, 60, 120, 180, 240, 300, and 1440 min. The mixture was then centrifuged at 16,000 g for 1 min and the supernatant was discarded. An identical reaction mixture was then added, as previously described, to the immobilized enzyme and the incubation was allowed to proceed over 72 h. The reaction products were finally quantified after 30, 60, 120, 180, 240, 300, and 4320 min.

Purification of the reaction products

All the amine products were purified on DOWEX 50WX8 100-200 mesh ion exchange resin with a ratio of 0.1 mmol product to 20 mL resin. The resin was first washed with ultra-pure water until a neutral pH was obtained. The reaction mixture was then directly deposited on the resin and washed with four volumes of ultra-pure water. Elution was initiated with 0.5 M ammonium solution in ultra-pure water until a basic pH was attained. The elution of the product was then completed with 1 M ammonium solution in ultra-pure water. The elution of the product, which was followed on TLC with 0.1 M ammonium solution in distilled water as the eluent, was revealed, using ninhydrin, as a yellow-brown spot. All the productcontaining fractions were pooled together and evaporated using a MiVac Quattro Concentrator (Sp Scientific, United Kingdom) under 25 mBar at 35 °C.

FDCA was also purified on DOWEX 50WX8 100-200 mesh ion exchange resin with a ratio of 0.1 mmol product to 20 mL resin. The resin was first washed with ultra-pure water until a neutral pH was obtained. The reaction mixture was then directly deposited on the resin and washed with four volumes of ultra-pure water. The FDCA could directly be recovered after 20 mL of washing volume. Its elution was followed on TLC with 0.1 M ammonium solution in distilled water as the eluent, and the product was revealed by using a UV-lamp at 254 nm. All the product-containing fractions were pooled together. To ensure the absence of salts, the FDCAcontaining solution (10 mL) was first acidified to pH 1 using a few drops of concentrated HCl and extracted using three aliquots of 20 mL ethyl acetate.

The organic phase was finally evaporated using a MiVac Quattro Concentrator (Sp Scientific, United Kingdom) under 25 mBar at 35 °C.

Synthesis of the reference products

5-Hydroxymethylfurfurylamine (HMFA, 1b)

A 10-mL reaction mixture sample containing 10 mM 1a, 100 mM sodium dihydrogen phosphate, 10 mM (S)-α-methylbenzylamine, and 1 mM pyridoxal phosphate in ultra-pure water was adjusted at pH 8 using concentrated sodium hydroxide solution. Next, 10 mg lyophilized CFE was added and the reaction mixture was incubated for 4 h at 25 °C. The product formation was followed by 1 H NMR. After the reaction was complete, the product was obtained by purification on ion exchange resin as described in the general procedures (TLC: Rf = 0.79 / eluant: 0.1 M ammoniac in distilled water). After drying, the product was recovered with >99 % yield in the form of a yellowish-brown powder. 

5-Aminomethyl-2-furancarboxaldehyde (AMFA, 3b)

A 4-mL reaction mixture sample containing 10 mM 2a, 100 mM sodium dihydrogen phosphate, 10 mM (S)-α-methylbenzylamine, and 1 mM pyridoxal phosphate in ultra-pure water was adjusted to pH 8 using concentrated sodium hydroxide solution. Next, 4 mg lyophilized Cv-TA CFE was added, and the reaction mixture was incubated for 2 h at 25 °C. The product formation process was followed by HPLC-DAD and 1 H NMR over 2 h. The product could not be purified on ion exchange resin (TLC: Rf = 0.94 / eluant: 0.1 M ammoniac in distilled water).

5-Aminomethyl-2-furancarboxylic acid (AMFC, 4b)

A 10-mL reaction mixture sample containing 10 mM 4a, 100 mM sodium dihydrogen phosphate, 10 mM (S)-α-methylbenzylamine, and 1 mM pyridoxal phosphate in ultra-pure water was adjusted to pH 8 using concentrated sodium hydroxide solution. Next, 10 mg lyophilized CFE was added and the reaction mixture was incubated for 4 h at 25 °C. The product formation process was followed by 1 H NMR. After the reaction was complete, the product was obtained by purification on ion exchange resin as described in the general procedures (TLC: Rf = 0.85 / eluant: 0.1 M ammoniac in distilled water). After drying, the product was recovered in >99 % yield as a yellow powder. 38.41 (CH2NH2); 6.64, 115.46; 7.00,118.63 (NMR spectra described in Figures SI 19-22).

Catalyst screening for 5-hydroxymethylfurfural (1a) oxidation

The oxidation of 1a was performed in a 2-mL GC vial. Thus, 2 mg solid catalyst was added to 1 mL of a 10 mM 1a solution in 100 mM sodium phosphate buffer (pH 8) in ultra-pure water. The vials were incubated at 60 °C in a stove and stirred using a rotative agitator (Tube Revolver, Thermoscientific, USA) at 22 rpm, with an angle of 45° compared to the rotation axis to maintain good homogeneity in the reaction mixtures comprising the solid heterogeneous catalysts. In total, 15 different catalysts were tested as described in Table 1. A blank reaction was performed without the addition of a catalyst. To follow the product formation process, a 50-µL aliquot was collected after 24 h and analyzed by HPLC-DAD as described in the general procedures.

« One-pot/two-steps » reactions

The first one-pot/two-steps reaction was performed in a 20 mL vial. Exactly 20 mg of solid catalyst were added to 10 mL of a 10 mM 1a solution in 100 mM aqueous sodium phosphate buffer at pH 8. The reaction mixture was incubated at 60 °C in a stove and stirred using a rotative agitator (Thermoscientific, USA) at 22 rpm. Aliquots (50 µL) were collected after 0, 24, 40, 48, and 64 h and the formation of the oxidation products was confirmed by HPLC-DAD. The reaction mixture was cooled down to room temperature (25 °C) after 64 h and 10 mg of Cv-TA@EziG TM OPAL was then added to the solution together with 1 mL of 100 mM (S)-αmethylbenzylamine and 500 µM solution in ultra-pure water at pH 8. The reaction mixture was incubated at room temperature (25 °C) for 4 h. The product formation was confirmed by HPLC-DAD, as described in the general procedure after the reaction was complete. The reaction mixture was also analyzed by 1 H NMR to validate the complete conversion of 4a into 4b (Figure SI 23). After a total of 68 h of reaction, the catalysts were removed by centrifugation (4,000 g, 1 min) and the reaction products were purified on ion exchange resin as described in the general procedures. The 5-aminomethyl-2-furancarboxylic acid was recovered as a yellowish powder, with a yield of 50 % (7.1 mg), and characterized by NMR ( 1 H, 13 C, and HSQC) and HPLC. The FDCA was recovered as a white powder, with a final yield of 43 % (6.7 mg) and confirmed by 1 H NMR and HPLC. In parallel to the synthesis, a blank reaction was run under the same conditions but in the absence of the Pt/SiO2 catalyst. The second step was initiated after 70 h oxidation at 60 °C. The absence of oxidation of 1a was followed by HPLC-DAD after 0, 24, 40, 48, 64, and 70 h (Figure SI 24), as described above, and the complete conversion of 1a into 1b after 4 h of transamination at 25 °C was confirmed in the same way (Figure SI 25).

For the second one-pot/two-steps reaction, oxidation step conditions were identical, and aliquots (50 µL) were collected after 0, 24, 40 and 48 h (Figure SI 26). Oxidation products formation was confirmed by HPLC-DAD. The reaction mixture was cooled down to room temperature (25 °C) after 48 h and the transamination step was performed under the same conditions as for the first one-pot/two-steps reaction. After 4 h incubation at 25 °C, the product formation was confirmed by HPLC-DAD as described in the general procedure. The reaction mixture was also analyzed by 1 H NMR to validate the complete conversion of 4a into 4b (Figure SI 27). The catalysts were removed as described before, and products were purified on ion exchange resin as described in the general procedures. After purification, 4b and 5a could be recovered with a final yield of 67 % (9.4 mg) and 20 % (3.1 mg) respectively. In parallel to this second reaction, the corresponding oxidation blank reaction was run under the same conditions but in the absence of the Pt/SiO2 catalyst. The second step was initiated after 48 h oxidation at 60 °C. The absence of oxidation of 1a was followed by HPLC-DAD after 0, 24, 40, 48 and 52 h (Figure SI 28), as described above, and the complete conversion of 1a into 1b after 4 h of transamination at 25 °C was confirmed in the same way (Figure SI 29).

For the third one-pot/two-steps reaction, oxidation step conditions were again identical to the two previous ones, and aliquots (50 µL) were collected after 0, 24, 40 and 48 h (Figure SI 30). Oxidation products formation was confirmed by HPLC-DAD. The reaction mixture was cooled to room temperature (25 °C) after 48 h and the transamination step was performed under the same conditions, as for the first one-pot/two-steps reaction, with a 1M isopropylamine solution added instead of the 100 mM (S)-α-methylbenzylamine solution. After 4 h incubation at 25 °C, the product formation was confirmed by HPLC-DAD as described in the general procedure. The reaction mixture was also analyzed by 1 H NMR to validate the complete conversion of 4a into 4b (Figure SI 31). The catalysts were removed as described before, and products were purified on ion exchange resin as described in the general procedures. After purification, 4b and 5a could be recovered with a final yield of 57 % (8.1 mg) and 20 % (3.1 mg) respectively. In parallel to this third reaction, the corresponding oxidation blank reaction was run under the same conditions but in the absence of the Pt/SiO2 catalyst. The second step was initiated after 48 h oxidation at 60 °C. The absence of oxidation of 1a was followed by HPLC-DAD after 0, 24, 40, 48 and 52 h (Figure SI 32), as described above, and the complete conversion of 1a into 1b after 4 h of transamination at 25 °C was confirmed in the same way (Figure SI 33).
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5-Hydroxymethylfurfural is one of the main building blocks that can be easily obtained from biomass. Among its many possible transformations, furfurylamines have been little explored, probably due to their difficult synthesis which generally requires difficult conditions. This study presents a hybrid catalytic system combining a metal nanoparticle and an enzyme to efficiently produce 5aminomethyl-2-furancarboxylic acid under mild conditions.
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Figure 1 .

 1 Figure 1. Valorization of 5-hydroxymethylfurfural (HMF) into 2,5dihydroxymethylfuran (DHMF), 2,5-dicarboxaldehydefuran (DCAF), 5hydroxymethyl-2-furancarboxylic acid (HFCA), and 2,5-furandicarboxylic acid (FDCA) as building blocks for biobased polymers (applications indicated in brackets).

Figure 3 .

 3 Figure3. One-pot/two-steps hybrid catalytic process for the direct synthesis of 5-aminomethyl-2-furancarboxylic acid (AMFC) from 5-hydroxymethylfurfural (HMF) combining a heterogeneous metal oxidative catalyst and an immobilized transaminase.

Figure

  Figure 4. Concentrations of 1a, 3a, 4a, and 5a measured by high-performance liquid chromatography with diode-array detection (HPLC-DAD) after reaction for 24 h, at 60 °C, over the 15 selected chemocatalysts. The screening was performed in 1 mL of 100 mM sodium phosphate buffer (pH 8) in ultra-pure water on 10 mM 1a, with 2 mg chemocatalyst. Carbon balances (•) were calculated for each catalyst

  a yield of 53 % 4b was obtained, with a final yield of 50 % after the purification step.

Figure

  Figure 6. Concentrations of 1a, 3a, 4a, 5a, and 4b measured by high-performance liquid chromatography with diode-array detection (HPLC-DAD) after 0,24, 40, 48, 64, and 68 h. The first oxidative chemocatalytic step was performed at 60 °C for 64 h in 10 mL sodium phosphate buffer at pH 8, on 10 mM 1a and 20 mg Pt/SiO2 (1/20 substrate/metal ratio). The mixture was then cooled to 25 °C and 10 mg of Cv-TA@EziG TM OPAL were added with 1 mL of 100 mM (S)-methylbenzylamine (MBA) and 500 µM pyridoxal phosphate (PLP) solution in ultra-pure water (10 mM and 50 µM final concentrations, respectively). The transamination was run over 4 h. Carbon balances (•) were calculated for each reaction time based on the average measured reactant concentrations.

Table 1 .

 1 Oxidation catalysts screened for the conversion of 1a to 4a.

	Catalyst	Method	Metal content (ICP)	Support
	code	of preparation		
	name			
	C1	Reduction-	2.3 % Au	Al2O3
		precipitation		
	C2	Sol immobilization	1.8 % Au	Amberlyst 15
	C3	Sol immobilization	1.6 % Au	CaO
	C4	Sol immobilization	1.6 % AuPVA	CaO
	C5	Sol immobilization	1.8 % Au	CeO2
	C6	Sol immobilization	1.8 % Au	MgO
	C7	Reduction-	1.7 % Pd	Al2O3
		precipitation		
	C8	Sol immobilization	0.9 % Pd	TiO2
	C9	Wet impregnation	6.3 % Pt	SiO2
	C10	Wet impregnation	1.5 % Ru	Ca₁₀(PO₄)₆(OH)₂
	C11	Sol immobilization	0.9 % Au -0.1 %	TiO2
			Pd	
	C12	Sol immobilization	0.3 % Au -0.7 %	ZrO2
			Pd	
	C13	Co-precipitation	0.8 % Au -0.8 % Pt	TiO2
	C14	Co-precipitation	0.7 % Pt -0.8 % Pd	Al2O3
	C15	Co-precipitation	1.0 % Pt -1.0 % Pd	TiO2
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