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Synthesis of novel Levulinic Acid based Poly(amine-co-ester)s 

Yann Bernhard,a Lucas Pagies,a Sylvain Pellegrini,a Till Bousquet,a Audrey Favrelle,a Lydie Pelinski,a 
Pascal Gerbauxb and Philippe Zincka* 

Four novel biobased monomers (i.e. two diesters and two hydroxyesters) bearing a tertiary amine in their backbone have 

been synthesized from the sustainable methyl levulinate and amino-alcohol/amino-esters derived from natural amino-acids. 

Their homopolymerization / copolymerization with diols leads to six Poly(amine-co-Ester)s with various microstructures. 

These families of biodegradable polyesters have been reported to be efficient carriers for gene delivery. The polymers are 

carefully characterized by nuclear magnetic resonance spectroscopy (1H and 13C NMR), size exclusion chromatography (SEC), 

and exhibits molecular weight (Mn) up to 36 kg.mol-1 and dispersities (Đ) between 1.5 and 2.1. They also present a good 

solubility in aqueous acidic media due to the amine protonation. Such properties are hopeful for applications in the 

biomedical field or in personal care products. 

Introduction 

In recent years, the growing interest in renewable resources has 

promoted the development of numerous biobased polymers for 

a wide range of applications. For instance, in the biomedical 

field,1–4 naturally occurring polysaccharides, like pectins, 

alginates, chitin have been used for surgical devices, tissue 

engineering and drug delivery. In particular, when interacting 

with the anionic plasmid DNA,5,6 cationic chitosan-based 

systems have emerged as non-viral and non-toxic gene delivery 

vectors. Alternatively, biodegradable and biocompatible 

polymeric particles of Poly(Lactic Acid) (PLA), Poly(Glycolic Acid) 

(PGA) or PolyButyleneSuccinate (PBS) have proven to be good 

candidates for drug encapsulation as well. In this context, due 

to their potential as nonviral carriers for DNA (or gene) delivery, 

polyesters containing amine functional groups in the main or 

side chain, have sparked a growing interest in the last decade.7–

12 Like chitosan, their cationic properties display binding 

plasmid DNA, resulting in a polyelectronic complex (polyplex). 

In comparison with conventional amine-containing polymers, 

i.e.  Poly(Ethylene-imine) or Poly(L-Lysine), it has been 

highlighted that the additional ester linkage allows for 1) a 

higher biodegradability, thus avoiding the accumulation of 

polymers in the body after repeated administration, 2) a lower 

cytotoxicity, and 3) an outstanding gene transfection efficiency. 

Consequently, over the past three decades, several Poly(Amine-

co-Ester)s (PAEs) have been prepared through various synthetic 

approaches. First examples have involved the polycondensation 

of N-protected amino-acids, by means of a coupling agent 

(DCC/DMAP) or a catalyst (APTS) and have led to poly(L-serine 

ester)s,13 poly(L-aspartate ester)s,14 poly(4-hydroxy-L-proline 

ester),15,16 or Poly[R-(4-Aminobutyl)-L-Glycolic Acid] (PAGA) 

(Scheme 1.A).17 Another convenient, catalyst-free and easy to 

implement method is based on the poly-Michael addition of 

secondary or primary amines to bisacrylate derivatives (Scheme 

1.B). This synthetic pathway furnished a large library of Poly(β-

aminoester)s possessing gene delivery or antibacterial 

properties.18–30 It is worth noting that these two first 

approaches A and B lead to relatively low molecular weight 

polymers. As an alternative, the ring-opening polymerization 

(ROP) of amine-containing lactones is used to prepare PAEs. For 

such process, the amine moiety is present either in the 

backbone of the polymer when starting from protected-amine 

containing lactones,31–33 or in its side chain when starting from 

amine-substituted lactones (Scheme 1.C),34–38 or introducing by 

thiol-ene post modification.39 In addition, as outlined in Scheme 

1.D, a classical approach consisting in the condensation of a 

diacid or a diester with an aminodiol is implemented to prepare 

PAEs for gene delivery applications.40–45 The diol precursor is 

generally a N-alkylated N,N-diethanolamine. As the amino 

group can deactivate metal catalysts, this type of 

polycondensation is usually catalyzed by an enzyme.41,42 Asides 

from these polymerizations, a polycondensation between 

sebacoyl chloride and N-methyldiethanolamine has also been 

reported for the synthesis of the poly(N-methyl 

diethyleneamine sebacate).46 
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Scheme 1. Synthetic routes to Poly(Amine-co-Ester)s (PAEs). 

 

Scheme 2. The synthesis of bio-based PEAs from renewable monomers prepared 

from methyl levulinate and amino alcohols or amino esters. 

We wish to describe herein the synthesis of renewable PAE 

polymers from levulinic acid and amino acid derivatives 

(Scheme 2). To the best of our knowledge, this synthetic 

approach has not yet been investigated. Among bio-based 

building blocks, levulinic acid is one of the most promising and 

has been highlighted in the synthesis of various fine chemicals 

of interest.47–51 As an example, the reductive amination of 

levulinic acid with aliphatic or aromatic primary amines 

followed by a cyclization has been widely described to access 

bio-based solvents alternative to NMP (N-MethylPyrrolidone).52 

Besides this, amino acids and their derivatives are one the most 

important natural structural units found in many fine chemicals 

and polymers. As such, these structures occupy a prominent 

place in bio-based industry.55 

Experimental 

Materials. 

Chemicals used in this study were purchased from standard 

suppliers and used as received. Solvents were dried by a 

MBRAUN Solvent Purification System (MB-SPS-800).  

Instrumentation. 

All reactions (synthesis of monomers) were monitored by GC-

FID analysis on a Shimadzu GC-2014. 1H NMR and 13C NMR 

spectra were recorded in CDCl3 or D2O on a Bruker AC 300 

spectrometer at room temperature. High Resolution Mass 

Spectra (HRMS) were measured on a Waters Synapt G2-Si 

(mode ESI(+)) at the University of Mons, Belgium. The number-

average molar masses (Mn) and the polydispersity indexes (Đ) 

were determined by Size Exclusion Chromatography (SEC) in 

tetrahydrofuran at 40 °C with a flow rate of 1 mL.min-1. 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 

the polymers 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 aluminum pans and heated from -70 °C to 180 

°C at a rate of 10 °C.min-1. 

General procedure for the synthesis of monomers. 

A 250 mL two-necked round-bottom flask was conditioned 

under argon atmosphere and charged with anhydrous 

dichloromethane (100 mL). Then, methyl levulinate (3 mL, 24.2 

mmol) and the appropriate amino-alcohol/amino-ester (36.3 

mmol) were introduced into the flask, followed by potassium 

carbonate (for compounds 1c and 1d) and sodium 

triacetoxyborohydride (10.8 g, 50.9 mmol). The reaction 

mixture was stirred under argon atmosphere at room 

temperature and monitored by GC-FID analysis. When the 

conversion remains constant (48-72 h), 100 mL of 1 M aqueous 

solution of NaOH were added to the reaction, and the two 

layers were separated. The aqueous layer was further extracted 

twice with 50 mL of dichloromethane, and the combined 

organic layers were dried with magnesium sulfate and 

concentrated under reduced pressure. The product was directly 

purified by distillation under a short-path vacuum distillation 

apparatus (Kugelrohr apparatus) and obtained as a colourless 

liquid. 

General procedure for the synthesis of polymers. 

The two-stage melt polycondensation was performed using a 

Kugelrohr apparatus. A 25 mL one-necked round bottom flask 

was charged with monomers 2a-d (0.5 g) and diols (1 eq.) -for 

compounds 2c-d. After the catalyst (0.1 mol %) was introduced, 

the flask was fitted with one Kugelrohr bulb to collect the 

methanol produced, and then connected to the Kugelrohr 

device. After purging the apparatus three times with argon, the 

temperature was first set at 180°C under an atmospheric 

pressure of Argon for 5 hours. During this period, methanol was 

distilled off and collected in the external bulb. The vacuum was 

slowly reduced to 0.2 mbar over a period of 30 min. Then the 

mixture was left at 180°C for 8 hours. After cooled down to 

room temperature, the polymer was collected without any 

further purification and obtained as a viscous sticky solid. 

Results and discussion 

Monomer synthesis. 

Reductive aminations of ketones with secondary amines are 

well known to be more challenging than with primary amines. 

Therefore, to reduce the iminium/enamine intermediate, 

longer reaction times and smoother reducing agent are usually 

required.54 For this reason, we decided to perform the reductive 

amination of methyl levulinate (LevOMe) by sodium 

triacetoxyborohydride as the reducing agent. 
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As a result, the two aminohydroxyesters 2a and 2b were 

isolated from N-methylaminoethanol 1a and L-prolinol 1b and 

the two aminodiesters 2c and 2d were obtained from sarcosine 

methyl ester 1c and L-proline methyl ester 1d hydrochloride 

salts. The reaction conditions and the results are summarized in 

Table 1. The best conversions were obtained using 

dichloromethane (DCM) as the solvent and with an excess of 

reducing agent (1.5-2.1 eq.). As anticipated, several days of 

reaction time were required to reach an acceptable yield (2 to 

3 days). Interestingly, cyclic L-prolinol 1b and L-proline ester 1d 

afforded the desired compounds 2b and 2d with higher yields 

(>85%) than the linear amines with in addition lower reaction 

times and a lower amount of reducing agent (entries 2 and 4). 

Several other amino derivatives such as N-ethylaminoethanol, 

pipecolic acid methyl ester, N,N'-dimethylethylenediamine and 

piperazine were evaluated but failed to furnish PEA monomers 

in reasonable yields (Table S1). From these results, it can be 

assumed that the reductive amination reaction is mainly 

governed by steric hindrance factors. Monomers 2a-d were 

easily purified by distillation under reduced pressure and as 

such did not request the use of costly and non-green 

purification solvents. 

 

Scheme 3. Synthesis of aminohydroxyesters (2a-b) and diesters (2c-d) from methyl 

levulinate (LevOMe) and amino-alcohol or amino-esters (1a-d). 

Table 1. Structure, conditions and yields for the synthesis of monomers 2a-d starting 

from methyl levulinate (LevOMe) and amino-alcohol/esters 1a-d (see Scheme 3). 

Entry 1a-da Product 
STABb  

(Eq.) 
t (h) Yield (%)c 

1 

N-methyl 

aminoethanol 

(1a) 

2a 2.1 72 72 

2 L-prolinol (1b) 2b 1.5 48 86 

3d 
Sarcosine methyl 

ester (1c)e 
2c 2.1 72 56 

4d 
L-proline methyl 

ester (1d)e 
2d 1.5 48 90 

[a] 1.5 eq of amine per mole of methyl levulinate, [b] STAB: Sodium TriAcetoxy 

Borohydride, [c] Isolated yield after purification by distillation under reduced 

pressure, [d] in presence of K2CO3 (1.5 Eq.), [e] Chlorohydrate form. 

Interestingly, monomers 2b and 2d, obtained from the 

enantiomerically pure L-prolinol and L-proline methyl ester 

respectively, were isolated as a mixture of two diastereomers 

with a 70/30 diastereomeric ratio. That is well highlighted on 

the 1H-NMR (Figure S11) and 13C-NMR (Figure S12) spectra of 

compound 2d where all signals are distinct. 

Polymer synthesis. 

Thereafter, the synthesis of PAE by the polycondensation of the 

renewable monomer 2a was investigated. A classical two step 

procedure was started by the oligomerization under argon 

during 4 hours following by the slow introduction of dynamic 

vacuum which was maintained for 8 hours at 180°C to remove 

the methanol byproduct. Table 2 gathers the yield, the number-

average molecular weight (Mn) and the dipersity (Đ) measured 

by SEC analysis of the crude polymer, from a survey of nine 

different catalysts (0.1 mol %). A Brönsted base (K2CO3), a 

Brönsted acid (paraToluene Sulfonic Acid, pTsOH) and several 

Lewis acids, i.e. zinc (II), tin (II and IV), antimony (III) and 

titanium (II) derivatives were assessed. A low molar mass was 

obtained when the polymerization was conducted without any 

catalyst (entry 1). The Brönsted base led to higher molecular 

weight than the Brönsted acid, but both were outperformed by 

the metal-based Lewis acids. The use of dibutyltin dilaurate 

afforded a polymer with a molar mass of 14.8 kg.mol-1 (entry 6). 

Zinc acetate (entry 4) and antimony(III) oxide (entry 7), led in 

turn to oligomers. The best result was finally obtained with 

titanium(II) isopropoxyde (entry 8), giving the PEA-I in 70 % 

yield, a Mn of 36 kg.mol-1 and a dispersity Đ of 1.9. Therefore, 

all other PEAs were synthesized using this catalyst. 

Table 2. Catalyst screening for the polymerization of hydroxyester 2a by a two-stage melt 

polycondensation. 

 

Entry Catalyst Yield (%) Mn (kg.mol-1)a Đa 

1 - 29 1.2 1.1 

2 K2CO3 25 4.1 1.7 

3 pTsOH 43 2.1 1.5 

4 Zn(OAc)2 75 2.3 1.7 

5 Sn(Oct)2 50 5.7 1.9 

6 SnBu2(laurate)2 65 14.8 1.8 

7 Sb2O3 65 2.7 1.7 

8 Ti(OiPr)4 70 36.0 1.9 

9 Ti(OBu)4 83 10.0 1.8 

[a] GPC in THF at R.T. vs. polystyrene standards. 

The PEA-I was next characterized by proton (Figure S14) and 

carbon (Figure S15) NMR spectroscopy. The spectrum are fully 

ascribed using 2D NMR experiment (Figure S3). On the 1H-NMR 

spectrum, the transformation from monomer to polymeric 

material is highlighted by the disappearance of the signal of (i) 

the hydroxyl group at 2.93 ppm, (ii) the methyl ester at 3.58 
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ppm and (iii) the methylene attached to the hydroxyl at 3.46 

ppm. The new triplet at 4.09 ppm corresponds to the methylene 

protons attached to the oxygen atom. On the 13C-NMR 

spectrum, the transformation is also assessed by the shift of the 

methylene carbons of the ethanolamine moiety. 

Following the polymerization procedure described above, a 

series of six new bio-based poly(amine-co-ester)s, namely, PEA-

I to PEA-VI was synthesized starting from monomers 2a-d. The 

results of the polycondensation are summarized in Table 3. As 

for PEA-I, the synthesis of PEA-II was performed in bulk, using 

titanium isopropoxyde as the catalyst. The yield and the 

dispersity were in range of the one obtained for PEA-I, with a 

lower molecular weight. The diesters 2c and 2d were co-

polymerized with 1,4-butanediol and 1,6-hexanediol. This 

approach allows to play on the properties of the PEA, by 

adjusting the hydrophobicity and decreasing the positive charge 

density via the introduction of a hydrocarbon chain. Such 

modulations are highly desirable for gene delivery applications, 

as a reduced charge density leads to a decrease of the carrier's 

cytotoxicity.40 The polymers PEA-III and PEA-IV were obtained 

with Mn ranging from 3.2 to 11.5 kg.mol-1 and dispersities 

between 1.8 and 2.8. 

The thermal properties of the PAEs were analyzed by DSC. All 

polymers were found to be amorphous. The glass transition 

temperature (Tg) is given in Table 3. The Tg of PAE-I is around  

-40°C. The introduction of a rigid cycle in the polymer backbone 

led to a significant increase of 50°C of the glass transition 

temperature of PAE-II vs. PAE-I. The effect was less pronounced 

for PEA-V and PEA-VI vs. PEA-III and PEA-IV, respectively, 

probably due to the increased chain mobility of the diol co-

monomer. Regarding the influence of the latter, it can be seen 

that 1,6-hexanediol based PAEs led to lower glass transition 

temperature that 1,4-butanediol based ones. 

Protonation experiments. 

To highlight the potential of these polymers as gene carrier or 

their use in personal care products, the water solubility in acidic 

aqueous media was assessed. On the proton spectrum of PEA-I 

in D2O containing 5% of deuterated trifluoroacetic acid (TFA-d) 

(Figure S38), it can be noticed that the signals of the protons 

close to the protonated nitrogen are shifted to higher ppm 

values. Moreover, the protonation of the nitrogen resulted in 

the creation of a new stereogenic center, and so led to 

diastereomers. This is consistent with the multiplicity observed 

for the signals of the protons close to the asymmetric 

carbon/nitrogen centers. This water solubility in acidic media 

was also observed for the more hydrophobic polymers PEA-II-

VI. 

 Conclusion 

We report the synthesis of four new bio-based amino-

containing monomers of PEA from renewable methyl levulinate 

and aminoalcohol or aminoesters, via an exclusive reductive 

amination promoted with good yields. New bio-based PEAs 

were further synthesized by polycondensation of these new 

monomers, i.e homopolymerisation of the hydroxyesters or 

copolymerisation of the diesters with butanediol and 

hexanediol, leading to number-average molecular weight up to 

36 kg.mol-1. A study of the dilution of the cationic charge 

allowed us to adjust the hydrophobicity of the carrier. 

Therefore, this methodology offers an opportunity to 

synthesize water-soluble PAEs from renewable resources and 

with tunable properties for gene delivery applications. 
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Table 3. Structure, yields and properties of the six synthesized PEAs. 

Polymer Yield (%) Mn (kg.mol-1)a Đa Tg (°C)b 

PAE-I 
 

70 36.0 1.9 -40 

PAE-II 

 

72 14.1 2.1 11 

PAE-III 
 

85 3.2 2.2 -40 

PAE-IV 
 

90 5.5 1.8 -46 

PAE-V 

 

82 6.7 2.5 -36 

PAE-VI 

 

84 11.5 2.8 -41 

[a] GPC in THF at R.T. vs. polystyrene standards. [b] Determined by DSC on the second heating curve
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