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Introduction

As a consequence of fossil resources depletion as well as environmental issues, the production of chemicals, fuels and polymeric materials from biomass has attracted growing interest. 1 In this context, lignocellulosic biomass seems promising as a C5/C6 carbohydrate feedstock due to its abundance and its great economic and environmental potential. 2 The transformation of such polysaccharides gives access to a large panel of green chemical building blocks like lactic acid, 5-HydroxyMethylFurfural (5-HMF), succinic acid, glutaric acid and several others. 3 Among them, Levulinic Acid (LevOH) and Aspartic Acid (AspOH) have been defined as two of the top twelve chemical building blocks by the US Department of energy in 2004, and still remain promising. 1b LevOH is a cost competitive renewable feedstock, as it is easily mass-produced on multi-ton scale. It generally involves the rehydration of 5-HMF which is obtained from acid catalyzed transformation of abundant cellulose based sugars. 4 The worldwide consumption is nowadays around 2600 tons per year, but it may increase steadily due to the development of the biofine process. [START_REF] Pileidis | [END_REF] Alkyl levulinates, as Methyl Levulinate (LevOMe), are easily synthesized by esterification of LevOH, 6 but can also be directly obtained from the cellulosic biomass, 7 and from microalgae. 8 LevOH and LevOMe are valuable platform chemicals that are converted into value-added products finding places in a broad range of applications like fuel, additives, pharmaceutical intermediates, solvents, plasticizers and polymers. [START_REF] Pileidis | [END_REF]9 As specific examples of its use as a polymer precursor, LevOH can be converted to monomers like γvalerolactone, β-methyl-α-methylene-γ-butyrolactone, 10 1,4pentanediol, 9b succinic acid, 11 α-angelicalactone, 12 or 5hydroxylevulinic acid. 13 It has also been converted to polyesters or polyurethanes via the formation of ketals. 14 Another interest lies in diphenolic acid, which is considered as a renewable substitute to bisphenol-A for polycarbonates. 15 For those purposes, selective and efficient homogeneous or heterogeneous catalytic transformations of LevOH are recognized as a key technology. 2e,16 From the different pathways, the reductive amination with primary amines and the subsequent cyclization is one of the most attractive methods. 9b Indeed, it gives access to value-added N-substituted-5-methyl-pyrrolidone which are promising biosourced solvents, alternatives to the widely used toxic and carcinogenic N-methyl-pyrrolidone (NMP). 17 The synthesis involves the hydrogenation of a Schiff based intermediate to afford a secondary amine, which is subsequently converted to a lactam ring via an intramolecular cyclization. Such a sequence has been reported with H2, formic acid or hydrosilanes as the hydrogen source, and with various homogeneous catalysts based on Al, 18 Ru, 19 Ir, 20 In. 21 Heterogeneous catalysts -generally supported on metal oxideslike Au, 22 Ni, 23 Pd, 24 Pt, 25 Ru, 26 Ir, 26a,27 were also assessed, as well as reaction without catalyst. 28 Similarly, the access to Nsubstituted-pyrrolidones by a palladium catalyzed reductive amination from glutamic acid and aldehydes or ketones, followed by a decarboxylation, has been described. 29 AspOH is an amino-acid found in plants, bacteria and sugars. Nevertheless, the most common route to biobased AspOH is via enzymatic catalysis, reacting ammonia with fumaric acid in the presence of a lyase enzyme. 2c,3b Its direct production from sugars is more desirable, but not possible with the current technology. An interesting potential feedstock for L-aspartic acid is the cyanophycin polypeptide -a poly(L-aspartic acid) backbone with branched L-arginine moieties -that has been produced on pilotscale from protamylase, an amino acid-rich waste from potato starch. 1c,30 AspOH has been used as a building block to prepare many valuable compounds, including fumaric acid, maleic acid, βalanine, aspartic anhydride and amino-γ-butyrolactone. 2c,31 Moreover, water-soluble biodegradable specialty polymers,
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polyaspartic acid and polyaspartates, offer new potential markets as substitutes for polyacrylic acid and polycarboxylates. 3b,32 Polyesters are used in many fields and have great potential as ecofriendly polymers as i) the ester functionality is an obvious point of degradability via hydrolysis and ii) they are very accessible from bio-based building blocks. 33 Miller and coworkers have recently reported the synthesis of a hydroxyacid bearing a lactam group in the chain, leading to a poly(ester-co-amide) polymer after polycondensation (Scheme 1). 34 The lactam group has also been incorporated from itaconic acid and diamines by Kaneko and coworkers, 35 or via the multicomponent 4CR-Ugi reaction from LevOH by Becer and coworkers. 36 Scheme 1. Polyamides and polyesters containing lactam ring starting from biobased itaconic acid and levulinic acid.

From these inspiring studies and following our previous researches in the reductive amination of levulinic acid with secondary amine substrates and the subsequent synthesis of renewable poly(ester-co-amine) polymers, 37 we report herein the synthesis of polyesters bearing a pendant lactam group (PAMPS, Scheme 2) by the polycondensation of biobased α-ω linear diols with a diester derived from levulinic acid. This monomer was synthesized by a green sequential catalyzed reductive amination/cyclization strategy starting from the key biobased building blocks LevOMe and AspOH. (DMMPS, Scheme 2). 

Results and Discussion

Monomer synthesis

The dicarboxylic acid bearing a pendant lactam group (MPSA, Table 1) was synthesized by a sequential reductive amination/cyclization reaction starting from racemic aspartic acid (AspOH) and methyl levulinate (LevOMe). Our first attempts were realized on aspartic acid dimethyl ester in the presence of reducing agent such as borohydride reagents (Table S1, see SI). However, low yields were obtained because of the absence of cyclization after reductive amination reaction. We decided to investigate a greener catalytic approach to improve the yield and the selectivity toward the lactam product. [a] Reaction in a 40 mL batch autoclave, on 0.5 g AspOH scale, with 10 mL of solvent. [b] With 5 mol% of AcOH. [c] In 5 mL of solvent. [d] Isolated yield.

In a typical procedure, the reaction was carried out in the presence of palladium charcoal as catalyst under pressure of H2. The use of LevOMe instead of Levulinic Acid presents the advantage to be easily separated from MPSA by extraction at the end of the reaction. The results of the reaction optimization were summarized in Table 1.

Unfortunately, the reaction conducted in water was inefficient as the LevOMe is insoluble in this media (entry 1). However, it was quite efficient in ethanol even if the yield was moderate due to the limited solubility of AspOH (entry 2). The use of a large excess of LevOMe or the addition of acetic acid to catalyze the cyclization did not allow increasing the yield (entries 3 and 4). When the reaction was performed without solvent at higher temperatures, the yield dropped to 36% (entry 5). The addition of water efficiently improved the yield to 78% (entry 6). MPSA was obtained in isolated yield of 95% 10.1002/cssc.201900745
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when the reaction was realized in methanol (entry 7). We next tried to decrease several parameters like catalyst loading to 1.25% (entry 8), hydrogen pressure to 20 bar (entry 9) or the dilution of the reaction (entry 10), but the yield was lower in each case. At least three equivalents of LevOMe were necessary to obtain a yield > 90% (entry 7 vs. 11 and12).

In our quest to a green synthetic process, we also considered the possibility to reuse the palladium heterogeneous catalyst (Table 2, entries 1-3). It can be recovered by filtration after the reaction, dried, and re-engaged to afford MPSA with similar yields. The scale-up of the reaction was also realized.

We first carried out the MPSA synthesis starting from 2.0 g of AspOH. MPSA was obtained in similar yield (entry 4). However, a decrease of the reaction efficiency was observed when the reaction was realized in the presence of 7.5 g of AspOH certainly due to the moderate AspOH solubility in methanol (entry 5). [a] Typical procedure: in a 40 mL batch autoclave, with 5 eq. of LevOMe, with 10 mL of solvent, 50 bar of H2, at 80 °C for 24 hours. [b] Isolated yield. [c] In a 100 mL autoclave, with 40 mL of MeOH. [d] In a 300 mL autoclave, with 150 mL of MeOH and mechanical stirring.

The product MPSA was next converted to the dimethyl ester DMMPS for two reasons. First, it is so highly hygroscopic, that makes it difficult to handle. Then, DMMPS can advantageously be purified by distillation under reduced pressure (purity >99%), (Gas Chromatography, Figure S5). The reaction was conducted in methanol with a catalytic amount of sulfuric acid (Scheme 3). Thereby, DMMPS was synthesized in two steps directly from the biobased building blocks, and isolated in 86% overall yield with a straightforward and economical purification method. The synthesized product was fully characterized by 1 H and 13 C NMR spectroscopy and high-resolution mass spectrometry (see SI). The 1 H NMR spectrum (Figure 1, top) is relatively complex due to the presence of two asymmetric centers. It is noticeable that the synthesis was realized starting from racemic DL-Aspartic acid. Thus, the DMMPS was isolated as a mixture of diastereomers in a 64/34 ratio. Then, we also considered the possibility to conduct this synthetic sequence starting from other tri-functional aminoacids as serine (SerOH), and glutamic acid (GluOH) to afford two new lactam-containing monomers, the hydroxyester MHMPP (Scheme 4) and the diester DMMPG (Scheme 5). The synthesis from SerOH was efficiently conducted with the same experimental conditions as previously described (Scheme 4). The MHMPP was obtained in 75% overall yield. Unfortunately, the sequence from GluOH afforded a mixture of two isomers 3 and 4, arising from the two possible ways of cyclization. That was highlighted by the 1 H NMR of the reaction mixture (Figure S10). As it was not possible to separate these two compounds, this precursor was not further investigated.

Polymer Synthesis.

Thereafter, the polycondensation of the renewable diester DMMPS with 1,6-hexanediol was investigated. A classical two steps procedure was applied, starting from an oligomerization step under argon for 5 hours and followed by an 8 hour period under dynamic vacuum to remove the methanol by-product. The temperature was initially set at 180 °C to avoid the degradation of the monomer. A slight excess of diol was used as it is generally described to lead to higher molecular weight. 34,38 
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(antimony(III) oxide, Sb2O3) only allowed oligomer production (entries 1-3). Titanium isopropoxyde led to a number-average molecular weight of 18.4 kg.mol -1 (entry 4). The highest Mn of 20.5 kg.mol -1 was obtained using Tin(II) octoate, giving a PHMPS with 80 % yield and a dispersity Đ of 1.7 (entry 5). Afterwards, other polyesters were synthesized using this latter catalyst, which is FDAapproved. The polymer was further characterized by proton and carbon NMR spectroscopy. The 1 H NMR spectrum of PHMPS is presented Figure 1 (bottom) compared with that of the monomer DMMPS (top). On the polymer spectrum, the polymerization is first evidenced by the almost disappearance of the signal of the protons of the methyl ester g and the presence of new signals attributed to the methylene of the diols unit, i.e. h' at 4.05 ppm, i' at 1.5 ppm and j' at 1.3 ppm. The methyl ester (g') is also noticeable as it appears as a low intensity singlet at 3.62 ppm. The polymer was also characterized by FT-IR spectroscopy (Figure S16).

The absorption bands at 1734 cm -1 and 1685 cm -1 correspond to the carbonyl groups of the ester and the amide, respectively. Then, the homopolymerization of the MHMPP obtained from the SerOH was also investigated, using the previously established polycondensation conditions (Scheme 6). The whole mixture was here evaporated from the bulk with the methanol by-product and recovered in the external trap. The 1 H, 13 C NMR and GC-MS analyzes of this distillate (Figure S11-13) point to the monomer instability at this temperature. A dehydration reaction led to an α,β-unsaturated derivative. Therefore, access to polyesters from this monomer was not further considered. The polycondensation of MPSA was next realized using diols with different chain-lengths to tune the structure of the resulting polymer. C2 to C5 α-ω linear diols were assessed under the experimental conditions optimized with hexanediol. The results are presented in Table 4. Starting from 1,5-pentanediol and 1,4-butanediol, the polymers PPeMPS and PBMPS were obtained with 92% and 83% yields, and number-average molecular weights of 14.3 and 9.8 kg.mol -1 , respectively (entries 2 and 3). The polymerization conducted with 1,3-propanediol and ethyleneglycol led to lower molecular weight polymers (entry 4-5), even after an increase of the temperature of the second step to 200°C for the latter.

The thermal properties of these polyesters bearing a pendant lactam group were assessed by differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA).

The glass transition temperature increases as the number of carbons of the diol decreases, from ca. 5 °C (C6) to 44 °C for the C2. The absence of melting temperatures on the thermograms highlights fully amorphous polymers. In comparison, the glass transition temperature of the main poly(alkylene succinate), including polybutylene succinate 10.1002/cssc.201900745
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This article is protected by copyright. All rights reserved. a Typical procedure: 0.1 mol% Sn(oct)2, 180 °C, under i) nitrogen for 5 hours, then ii) dynamic vacuum for 8 hours. [b] Step ii) at 200 °C, with 0.2% Sn(Oct)2. [c] Name of the different Poly[Alkylydene 2-(2-Methyl-5-oxoPyrrolidin-1-yl) Succinate] were the alkylydene can be: Hexylene (PHMPS), Pentylene (PPeMPS), Butylene (PBMPS), Propylene (PPMPS) and Ethylene (PEMPS). [d] GPC in THF at 40 °C vs. polystyrene standards. Value not corrected. [e] Determined by DSC on the second heating curve. [f] TGA temperature at which 50% mass loss was observed under nitrogen, with a heating rate of 10 °C.min-1. [g] Value from literature, with corresponding reference , of Tg of similar polymers without the lactam ring, i.e. poly(alkylydene succinate), where the alkylydene is hexylene, pentylene, butylene, propylene and ethylene.
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(PBS), are given in the Table 4. The lactam ring brings a substantial rigidity, leading to an impressive increase of the Tg, from ca. 60 °C when compared to the non-functionalized poly(alkylene succinate), while also hampering the crystallization of the polymer. Table 4 also presents the Td50 values, the temperature at which 50% of the mass loss occurs according to TGA analysis under nitrogen, with a ramp of 10 °C.min -1 . Contrary to the Tg, Td50 value decreases as the length of the diol decreases. Such polymers could be of interest as components for biobased paintings and coatings, the pendant lactam being expected to provide good adhesion to a substrate and possibly hardness improvement.

Conclusions

In an unprecedented manner, two of the top chemical building blocks from biomass, methyl levulinate and aspartic acid were reacted together to afford a novel monomer with a pendant lactam unit. A one-pot palladium-catalyzed reductive amination/cyclization sequence was selected as a green synthetic pathway to construct the lactam ring. The choice of the solvent and the number of equivalents of methyl levulinate are the key parameters of the reaction to selectively obtain the cyclic monomer with high yield. After esterification, the DMMPS diester was efficiently purified by distillation to reach a high purity. This two-step catalytic process is scalable, and the palladium catalyst can be reused. Starting from this diester, biobased polyesters PAMPS were synthesized via copolymerisation with various diols. From a survey of catalysts, tin octanoate was identified as the most performant to promote the two stages melt polycondensation at 180°C leading to a PHMPS with high yield and Mn up to 20.5 kg.mol -1 . From the library of these new functionalized polyesters, the thermal properties scale proportionally with the lactam methylene ratio. The glass transition temperature increases with the rigid lactam density, up to 44 °C with ethyleneglycol, when the 50% decomposition temperature increases with the stable methylene unit density, up to 354 °C. Future work will aim to study the application of those new materials, notably as coatings components.

Experimental Section

General. Chemicals used in this study have been purchased from various 2-(2-Methyl-5-oxopyrrolidin-1-yl)succinic acid (MPSA). The autoclave was charged with AspOH (0.5 g, 3.76 mmol), LevOMe (2.3 mL, 18.80 mmol), Pd 10 wt% on charcoal (100 mg, 0.09 mmol) and methanol.

The autoclave was sealed, purged three times with hydrogen, and then pressured at 50 bars of H2. The reaction mixture was stirred for 24 h at 70 °C. After cooling down to room temperature and depressurization, the reaction mixture was filtered on a short pad of Celite® to remove catalyst, then concentrated under reduced pressure. The residue was taken in 30 mL of water and extracted three times with organic solvent (DCM or AcOEt) (3 x 20 mL) to remove the excess of LevOMe. The aqueous layer was concentrated under reduced pressure. The resultant viscous oil was dried under reduced pressure for several hours to afford the pure diacid MPSA as a highly hygroscopic white powder (0.79 g starting from 0.5 of AspOH, 95% yield).

3-Hydroxy-2-(2-methyl-5-oxopyrrolidin-1-yl)propanoic acid (HMPPA).

The compound was prepared via analogous procedure.

Dimethyl 2-(2-methyl-5-oxopyrrolidin-1-yl)succinate (DMMPS). The MPSA (0.79 g, 3.67 mmol) was dissolved in MeOH (10 mL) and sulfuric acid (0.2 mL, 0.37 mmol) was added. The mixture was heated to reflux for 16 hours. After evaporation of the methanol, the mixture was dissolved in CH2Cl2 (30 mL), and washed with a saturated solution of sodium hydrogen carbonate (20 mL). The organic layer was dried with magnesium sulphate and concentrated under reduced pressure. The resulting oil was subjected to distillation using a Kugelrohr distillation apparatus (100 °C, 0.15 mbar) to afford the pure diester as a colourless oil (794 mg, 89% yield). Methyl 3-hydroxy-2-(2-methyl-5-oxopyrrolidin-1-yl)propanoate (MHMPP). The compound was prepared via analogous procedure.

Polymer synthesis. Bulk polymerizations were performed in a 25 mL onenecked round bottom flask fitted with a bulb to collect the methanol byproduct and adapted on a Büchi Kugelrohr apparatus (method A) or a 50 mL round bottom flask equipped with an Argon/Vacuum entry, a distillation arm to collect the methanol by-product, a mechanical stirring, and an oil bath (method B).

Typical procedure for poly[alkylidene 2-(2-methyl-5-oxopyrrolidin-1yl)succinate] (PAMPS). The flask was charged with DMMPS (0.50 g, 2.06 mmol), diol (2.18-2.39 mmol) and catalyst (2.06 μmol, 0.1 mol%) and then adapted on the reaction apparatus, which was purged three times with argon. The reaction was first performed at 180 °C under an atmospheric pressure of Argon for 5 hours. During this period, methanol was distilled and collected in the external bulb (method A) or via the distillation arm (method B). The reaction medium was slowly put under vacuum over a period of 1 hour, and then was left at 180 °C under 0.2 mbar for 8 hours. After cooling down to room temperature, the polymer was collected without further purification.

FULL PAPER FULL PAPER

Biobased Polyesters: The renewable building-blocks aspartic and levulinic acids have been combined via a catalytic reductive amination/cyclisation process to yield a novel diester. The latter has been copolymerized with biobased diols to get fully biobased polyesters with a pendant rigid lactam unit.
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Scheme 2 .

 2 Scheme 2. Synthesis of the monomer DiMethyl 2-(2-Methyl-5-oxoPyrrolidin-1yl) Succinate (DMMPS) from biobased Methyl Levulinate (LevOMe) and Aspartic Acid (AspOH), and Poly[Alkylydene 2-(2-Methyl-5-oxoPyrrolidin-1-yl) Succinate] (PAMPS) polymers.

Scheme 3 .Scheme 5 .

 35 Scheme 3. Summary of the synthesis of the monomer DMMPS.

Figure 1 .Scheme 6 .

 16 Figure 1. 1 H NMR Spectra of the monomer DMMPS (top, CDCl3, 300 MHz, 300 K) and the polymer PHMPS (bottom, DMSO-d6, 300 MHz, 300 K) synthesized with Sn(Oct)2 as the catalyst.

  providers and were used without additional purification. Monomers were analysed by 1 H and 13 C-NMR spectroscopy, GC chromatography, and high-resolution mass spectrometry. 1 H NMR and 13 C NMR spectra were recorded on a Bruker AC 300 spectrometer at room temperature with CDCl3 or DMSO-D6 as the solvent. High resolution mass spectra (HRMS) were measured on a Waters Synapt G2-Si (mode ESI(+)) at the University of Mons, Belgium. Polymers were analysed by 1 H and 13 C-NMR 10Exclusion Chromatography (SEC), Differential Scanning Microscopy (DSC) and ThermoGravimetric Analysis (TGA). The number-average molecular weight (Mn) and the dispersity (Đ) were determined by Size Exclusion Chromatography (SEC) in tetrahydrofuran at 40 °C with a flow rate of 1 mL/min. The Mn and the Đ were derived from the Refractive Index (RI) signal with a calibration curve based on PolyStyrene (PS) standards from Polymer Standards Service. Thermal characterization of copolymers was performed with a DSC7 Perkin-Elmer instrument calibrated according to standard procedures using a high purity Indium sample. For the analyses, samples (10 mg) were placed into aluminium pans and heated from -70 °C to 180 °C at a rate of 10 °C/min. Monomer synthesis. Hydrogenation reactions were performed in a 40 mL or a 100 mL high-pressure magnetically stirred Maximator® stainless-steel autoclave (0.5-2 g scale) or in a 300 mL mechanically stirred Parr stainless-steel autoclave (7.5 g scale).
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Table 1 .

 1 Optimization of the reductive amination of methyl levulinate (LevOMe) with aspartic acid (AspOH) a

	Entry	Solvent	LevOMe (Equiv.)	T (°C)	Catalyst (mol %)	PH2 (bar)	Yield (%) d
	1	H2O	5	80	2.5	50	0
	2	EtOH	5	80	2.5	50	42
	3	EtOH	10	80	2.5	50	43
	4 b	EtOH	10	80	2.5	50	48
	5	Neat	5	130	2.5	50	36
	6	EtOH/H2O	5	80	2.5	50	78
	7	MeOH	5	70	2.5	50	95
	8	MeOH	5	70	1.25	50	51
	9	MeOH	5	70	2.5	20	76
	10 c	MeOH	5	70	2.5	50	65
	11	MeOH	3	70	2.5	50	93
	12	MeOH	2	70	2.5	50	54

Table 2 .

 2 Synthesis of MPSA i) reusing the palladium on charcoal, ii) performing the scale-up of the reaction. a

	Entry	Pd reusing trial	AspOH scale (g)	MPSA yield (%) b
	1	0	0.5	95
	2	1	0.5	93
	3	2	0.5	92
	4 c	0	2.0	90
	5 d	0	7.5	74

Table 3

 3 

	shows the yield, the number-
	average molecular weight (Mn) and the dispersity (Đ)
	measured by SEC analysis of the crude polymer, from a
	survey of six catalysts (0.1 mol%). The use of the Brönsted

base (potassium carbonate, K2CO3), the Brönsted acid (ptoluene sulfonic acid, TsOH) and the Lewis acid 10.1002/cssc.201900745 Accepted Manuscript ChemSusChem This article is protected by copyright. All rights reserved.

Table 3 .

 3 Catalyst screening for the polymerization of DMMPS with 1,6hexanediol as co-catalyst.

	Entry	Catalyst	Yield (%)	Mn (kg.mol -1 ) a (Đ)
	1	K2CO3	42	1.7 (1.2)
	2	TsOH	73	2.1 (1.2)
	3	Sb2O3	38	1.9 (1.2)
	4	Ti(OiPr)4	91	18.4 (2.1)
	5	Sn(Oct)2	80	20.5 (1.7)

[a] GPC in THF at 40 °C. vs. polystyrene standards. Value not corrected.

Table 4 .

 4 Scope of the diol comonomer in the polymerization of DMMPS with Sn(oct)2 as catalyst and thermal properties of the PAMPS. a

	Entry	Polymer name c	Polymer structure	Monomer ratio (diester:diol)	Yield (%)	Mn (kg.mol -1 ) d	Đ d	Tg(°C) e	Td50(°C) f	Tg(°C) [Ref] linear g
	1	PHMPS		1.06	79	20.5	1.7	5	377	-49 39
	2	PPeMPS		1.06	92	14.3	1.9	11	360	-44 40
	3	PBMPS		1.06	83	9.8	2.0	21	335	-44 41
	4	PPMPS		1.06	81	4.9	1.7	24	337	-41 42
	5 b	PEMPS		1.16	94	4.8	1.6	45	328	-11 41
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