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Introduction

Green and sustainable catalytic processes for the transformation of biomass-derived platform compounds has been recognized as a key technology for tackling the problems resulting from the massive use of fossil resources.

1 Levulinic acid (LA) that is produced from carbohydrates or biomass wastes is one of the most valuable platform chemicals with multiple applications. 1g, 2 For instance, levulinic acid is the precursor of γ-valerolactone, a compound that can be used as liquid fuel or food additive 3 and reaction media in numerous transformations. 4 LA is also a precursor of succinic acid via oxidation reactions. 5 Pyrrolidone derivatives are important structural units in organic chemistry which find applications in various domains such as surfactants, intermediates for inks, fibers and drugs.

6

Recently, N-substituted 5-methyl-2pyrrolidones were identified as biosourced substitutes for the extensively used NMP (N-methylpyrrolidone) solvent in the ruthenium catalyzed C-H bond functionalization reaction. 7 Despite the availability of synthetic methods including intramolecular hydroamination, 8 hydroamination-cyclization, 9

N-Alkylation 10 and intramolecular hydroamidation, 11 there is an ongoing interest for the development of greener synthesis of N-heterocyclic compounds in particular those employing renewable resources and environmentally friendly and safe conditions. Since the early report by Frank in 1947, 12 the synthesis of N-substituted 5-methyl-2-pyrrolidones by reductive amination of levulinic acid has been investigated with various heterogeneous 13 and homogeneous 14 catalysts using diverse hydrogen sources. In 2017, we initiated a project based on dipyridylamine-containing organometallic catalysts.

A first generation of ruthenium and iridium complexes enabling the reduction of levulinic acid into γ-valerolactone in the presence of triethylamine was reported. It is noteworthy that two examples of reductive amination of levulinic acid by formic acid and a two-fold excess of benzylamine or o-aniline were described, highlighting some selectivity issues. 15a The same year, we reported the synthesis of second generation catalysts with enhanced performances 15b that were used for the base-free synthesis of a broad scope of N-heterocycles by reductive amination of stoichiometric amounts of levulinic acid and various amines including very bulky derivatives using molecular hydrogen as hydrogen source. 7 In particular, an iridium-dipyridylamine catalyst operated at 110 °C under low hydrogen pressure (5 bar). More recently, we disclosed a third generation of catalyst incorporating an electron-enriched dipyridylamine ligand as very efficient for the dehydrogenation of formic acid 15c and the reversible hydrogenation/dehydrogenation of quinoline derivatives. These results prompted us to investigate the synthesis of Nheterocycles by reductive amination of levulinic acid with amines using formic acid, a hydrogen source less studied than dihydrogen. In 2011, Fu 14a prepared several pyrrolidone derivatives by reductive amination of levulinic acid catalyzed by [RuCl 2 (p-cymene)] 2 and t-Bu 3 PHBF 4 using formic acid. This catalyst showed good performances with alkylamines but much lower activity with arylamines. At the same period, several amines were successfully transformed into pyrrolidones at 130 °C in water with an Au-based heterogeneous catalyst using FA as reductant. 13a In 2013, Xiao reported an iridium catalyst operating at pH 3.5 using a mixture of formic acid and sodium formate 14b while García 13c described Ru-NPs catalyst operating at 120 °C, the latter suffering from selectivity issues. Coordination polymers were also employed for the synthesis one compound (5-methyl-2pyrrolidone) from levulinic acid and ammonium formate at 120 °C, N-heterocycles being synthesized by a one-pot synthesis This journal is © The Royal Society of Chemistry 20xx
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Most recently, Burtoloso 14i reported the reductive amination of LA using a homogeneous iron catalyst in water. In this study, several pyrrolidone derivatives were obtained in good yields but a very high reaction temperature was necessary, typically 180 °C hence lessening the green character of the process. It must also be mentioned that metal-free transformations were reported by Xiao 14c and Andrioletti 14d but these processes required either undesirable organic solvents and bases or harsh conditions of temperature and pressure. Apart from the impressive results obtained by Han with a Pt/P-TiO 2 heterogeneous catalyst operating at ambient conditions of pressure and temperature 13m and by Sun using AuPd nanoparticles at 1 bar of hydrogen pressure and 85 °C, 13n the latter suffering from some scope limitations, it is still necessary to improve the sustainability of catalytic methods for the synthesis of pyrrolidone derivatives. This can be tackled by the implementation of modern synthetic tools such as flow synthesis [START_REF] Batista | a) odr uez-adr n, uente-an a o[END_REF] or by the design and implementation of more efficient catalysts and catalytic process. Herein, we describe the efficient base-free reductive amination of levulinic acid and 2-fromylbenzoic acid under mild conditions in water using tailor-made catalysts with enhanced performances. We have recently reported that dipyridylamine (dpa)-based Ir1 complex (Figure 1) was a very effective catalyst for hydrogenation of levulinic acid using formic acid as hydrogen source [15b] and we could further extend the scope of this catalyst to the reductive amination of levulinic acid under hydrogen pressure. [7] The introduction of the electrondonating dimethylamino-group to the dpa ligand (Figure 1, Ir2-Ir4) resulted in the disclosure of Ir3 as a very efficient catalyst for the dehydrogenation of aqueous or neat formic acid.

[15c]

These results prompted us to investigate the potential of these catalysts in the aqueous phase reductive amination of levulinic acid using formic acid as source of hydrogen.

Results and discussion

We initiated our investigations with the reductive amination of levulinic acid with aniline as a model reaction. Several experimental parameters were screened and optimized. As depicted in Table 1, we first explored the reductive amination of levulinic acid with our previously reported Iridium complexes (Table 1, entries 1-4). This catalyst screening revealed the superiority of the electron rich catalyst Ir3, which enabled full and selective conversion of LA into the corresponding pyrrolidone as detected by 1 H NMR of the crude reaction mixture. Further studies of the reaction parameters identified 60 °C and 0.05 mol% as the optimal temperature and catalyst loading, respectively. Interestingly, when the reaction was conducted at a lower temperature, the aminoacid intermediate 1a' was detected giving some clues about the catalytic mechanism (Table 1, entries 7-8). It is also worth mentioning that low reaction temperature prevented the formation of -valerolactone as a side-product resulting from direct reduction of levulinic acid. 

H NMR analysis

With the standard conditions in hands, we performed the reductive amination of levulinic acid with a number of commercially available amines. A broad scope of aniline derivatives with various steric and electronic demands was first evaluated. All these amines furnished the corresponding pyrrolidones in good to excellent yields (Table 2,entries 2,3,7, 8). It is noteworthy that the catalyst tolerated very bulky aniline derivatives allowing the synthesis of 1d and 1e in good yields. This is to the best of our knowledge, the first synthesis of these compounds using FA as hydrogen source. For comparison, they were previously obtained in similar yields under 5 bar of hydrogen pressure at 110 °C with 0.1 mol% of Ir1. 7 Another important feature is depicted in Having demonstrated the applicability of the catalysts to a number of amine using pure levulinic and formic acid, we turned our attention to a one-pot process starting from glucose. This one-pot process is an interesting approach considering that LA and FA can be obtained from the acidic treatment of glucose but their separation is difficult. 17 The treatment of glucose with sulphuric acid at 170 °C led to a reaction mixture that was simply filtrated at room temperature in order to remove insoluble materials (humins).

To the filtrate were directly added the iridium catalyst Ir3 and aniline (Scheme 1). After 16 h at 60 °C, the expected pyrrolidone 1a was obtained in a modest but competitive 23 % yield since the one-pot process was performed without pH neutralization of the intermediate filtrate.

14a Scheme 1. One pot synthesis of 1a from glucose

The generality of this catalytic reaction was further extended to the reaction of 2-formylbenzoic acid with amines aiming at preparing N-arylisoindolinone derivatives (Table 3). These compounds display interesting biological properties and therefore represent an attractive target in organic synthesis. Thus, when reacted with aliphatic (Table 3, entry 1) or aromatic amines (Table 3, entries 2-6), 2-formylbenzoic acid was converted into N-subsituted isoindolinones in good to excellent yields. Here too, electron-donating (Table 3, entry 3), electron-withdrawing (Table 3, entry 4) and bulky amines (Table 3, entries 5, 6) were efficiently transformed into the desired compounds. b Isolated yield Following our investigations on the efficiency and scope of the reaction, we turned our attention to the reaction pathways. As generally accepted, the reaction mechanism first involves the formation of an imine and further reduction to the corresponding amine, which in turn reacts in an intramolecular fashion with the carboxylic acid. As observed in the initial optimization of the reaction conditions, an amine was detected as a side-product upon decreasing the reaction temperature to 40 °C. This reaction at 40 o C in the presence of 0.05 mol% of Ir3 (Scheme 2, 1) was repeated and produced the expected mixture of 1a':1a in a 75:25 ratio. After solvent removal, this crude reaction mixture was left stirring for an additional hour resulting in an inverted 21/79 ratio of amine/pyrrolidone. This result demonstrates that the reaction mechanism follows the generally proposed mechanism. To confirm this transient amine intermediate, the reaction was performed with 6-oxo-heptanoic acid and 4-chloroaniline since, as observed in the initial screening, long chain derivatives are less reactive. As anticipated, the intermediate amine 3a' was isolated in good yield without detection of the 7-membered cyclic product (Scheme 2).

Reaction intermediates

On the basis of the above results and considering that an iridium hydride complex can be obtained upon reacting Ir3 with formic acid, 15 a plausible reaction pathway is proposed in Scheme 3. It must be mentioned that according to our previous studies, 15 the reaction likely proceeds by transfer hydrogenation with FA but also by hydrogenation resulting from the fast dehydrogenation of formic acid into carbon dioxide and dihydrogen. In both cases the key catalytic step is the reduction of the imine A by the metal-hydride species M leading to the amino-acid B which upon cyclisation delivers the desired product.

Scheme 3. Reaction pathway of reductive amination of LA.

Conclusions

In summary, we have achieved the reductive amination of levulinic acid into a number of pyrrolidone derivatives with direct extension to the synthesis of piperidones and Narylisoindolinones. Unlike most of the reported catalytic processes, our catalyst could efficiently involve very bulky amines. Most of all, this catalytic method makes use of the easily accessible and safe to handle formic acid as hydrogen source and a biosourced substrate hence ensuring a safe and sustainable process, the single co-product of the reaction being carbon dioxide. The green and sustainable features of this process are further strengthened by the mild reaction conditions and the use of an aqueous media. Nevertheless, efforts will be necessary to improve further the catalytic performances since we are using a rather expensive noble metal. The search for catalysts based on more accessible transition metals is currently underway in our group.

Experimental Section

Levulinic acid (98%), amines and 2,2'-dipyridylamine (98%) were purchased from Sigma-Aldrich. Water was HPLC grade and used as received. Ir1, Ir2, Ir3, Ir4 were synthesized according to the previous synthetic procedures. 15 
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Figure 1 .

 1 Figure 1. Iridium complexes used in this study.

Table 1 .

 1 Ir-catalyzed reductive amination of Levulinic acid.

	a

b

The yield of A and B was determined by 1

Table 2

 2 The reductive amination protocol was extended to the synthesis of 6membered lactams (piperidone derivatives) which are also valuable compounds in organic chemistry. Three derivatives were thus prepared from 5-oxo-hexanoic acid. However, it was necessary to increase the reaction temperature to 100 °C to reach high yields(Table 2, entries 13-15) 

	, entries 7

with two aliphatic amines including a linear (Table 2, entry 9) and a cyclic amine (Table 2, entry 10) was also successful, yielding the desired products in good yields (76-83%). Likewise, two benzyl amine derivatives led to the corresponding Please do not adjust margins Please do not adjust margins pyrrolidones in good yields (Table 2, 1k, 1l). b isolated yield. c 100 o C (oil bath).

Table 3

 3 

	. Ir3-catalyzed reductive amination of 2-formylbenzoic acid: Substrate scope a
	Entry Substrate	Product	Yield b (%)
	1	2a	93
	2	2b	96
	3	2c	90

  NMR spectra were recorded on a Bruker Avance I 300 MHz or Avance III 400 MHz spectrometers. General procedure for reductive amination of LA: Levulinic acid (2 mmol) or formylbenzoic acid (2 mmol), formic acid (4 mmol), amine (2.2 mmol), catalyst (0.01-0.05 mol %) and 2 mL of water were added to a heavy walled Schlenk tube equipped with a Teflon screw cap. The mixture was stirred at the appropriate temperature for the desired time. Volatile compounds were removed under vacuum. The crude mixtures were analysed by

1 H NMR. and purified by column
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