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Abstract

The epimerization of polylactide is reported in the presence of 1,5,7-
triazabicyclo[4.4.0]dec-5-ene (TBD) at 105°C in toluene. The extent of the reaction depends
on the amount of TBD introduced and the reaction time. Up to ca. 46% D units can be formed
starting from poly(L-lactide) in the presence of 5 mol% TBD. The epimerization rate is slightly
higher for D-stereoisomers vs. L-stereoisomers. From the decrease of the number-average
molecular weight observed, a concomitant chain scission reaction is observed. A possible
mechanism based on a nucleophilic attack of TBD is proposed based on NMR analyses, notably
DOSY, MALDI ToF mass spectrometry and IR spectroscopy. The implications of the work in

the field of polymer synthesis and chemical recycling of polylactide are discussed.
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1. Introduction

Polylactide is a biobased polymer available at the industrial scale. Although also
obtainable by the polycondensation of lactic acid, polylactide is usually produced by the ring-
opening polymerization of diastereomeric lactides (Scheme 1). Over the last two decades, as an
alternative to metal based catalysts, a huge interest has risen in the quest for organocatalysts for
polymerization reactions including the latter.[1] [2] [3] [4] [S] Among them, nitrogeneous bases
were found to be highly efficient catalysts,[6] [7] [8] [9] [10] [11] [12] [13] [14] due notably to
the versatility of their activation mode. The nitrogen atom can indeed lead to the activation of
a protic (co-)initiator and/or a direct nucleophilic attack of the catalyst on the lactide monomer,
depending on the catalyst’s structure.[15] [16] [17] [18] H-bonding mechanisms are also

operating in some cases.[19] [20] [21]
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Scheme 1 Diastereomeric lactides

N-heterocyclic bases were also reported as catalysts for the depolymerization of
polylactide in combination with protic compounds, leading to alkyl lactates and oligomers.[22]
[23] Another reaction that is catalyzed by these bases is epimerization. This stereochemical
inversion has been studied on L-lactide without catalyst in bulk conditions.[24] The formation

of meso-lactide is observed at temperatures higher than 200°C, up to ca. 40%, together with the



formation of oligomers. Meso-lactide can itself be epimerized into L- and D-lactides in the
presence of an equimolar amount of nitrogeneous bases such as 1,4-diazabicyclo [2.2.2]octane
(DABCO), 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) and imidazole in toluene.[25] The
reaction proceeds at room temperature for the amidine, while higher temperatures are required
for DABCO and imidazole. When combining DABCO with a Lewis acid such as B(CgF5s)s3, the
epimerization of meso-lactide into rac-lactide (an equimolar mixture of D- and L-lactides) is
almost quantitative and rapid with catalytic loadings as low as 20 ppm.[26] The resulting rac-
lactide is then polymerized into the optically pure poly(L-lactide) and poly(D-lactide) by kinetic

resolution.

Epimerization reactions were also followed in the course of the ring-opening
polymerization of L-lactide.[27] Among numerous metal oxides, carbonates and carboxylates,
antimony, iron and lead oxides, together with tin and bismuth carboxylates led to poly(L-
lactide) with high optical purity at 120°C and various yields. Increasing the temperature to
180°C revealed the occurrence of racemization for all systems, the lesser extent being observed

for tin and antimony oxides.

As matter of fact, epimerization can be both a powerful tool for polymer chemists or an
undesirable side reaction leading to a decrease of the optical purity of polylactide, that has
consequences on its thermal properties. Epimerization reactions were reported / studied so far
on the lactide monomer or in the course of a ring-opening polymerization reaction. To the best
of our knowledge, it was never reported starting from the polymer as the substrate in the absence
of the lactide monomer, which may have some potentialities for microstructural control if the
extent is high enough. We report in this contribution the epimerization of polylactides in the

presence of an organic base, TBD.



2. Materials and Methods
2.1 Materials

Poly(L-lactide) was kindly supplied by Corbion (L105). 1,5,7-Triazabicyclo[4.4.0]dec-5-
ene (TBD) was purchased from Aldrich. Toluene (Aldrich) was purified through alumina
column (Mbraun SPS). D-lactide (Purasorb® D) and rac-lactide (Purasorb® D,L) both with an
optical purity > 99.5% (MW = 144 g-mol™!, free acid < 1 meq-kg™!, water content < 0.02%)
were supplied by Purac Biochem BV (The Netherlands) and stored in a glove box under
nitrogen atmosphere. Tin(I) 2-ethylhexanoate (Sn(Oct)2, 95%, MW = 405 g-mol™!, from
Sigma-Aldrich (now Merck)) and 1,4-butanediol (> 98%, Kosher) were stocked in a cold room

(T =4°C) and used as received.
2.2 Synthesis of polylactides

Both D-lactide and rac-lactide ring-opening polymerizations were butanediol initiated and
Sn(Oct), catalysed ([M]o:[In] = 243:1 mol/mol and [M]o:[Cat] = 10 000:1 mol/mol), and
performed in bulk, using Autoclave™ reactors (Autoclave, France (now Maximator)) at the
conditions described before.[28] Yield, 88 - 95%. 'H NMR, (500 MHz, CDCls, §): 5.18 (q, 1H,

CH), 1.54 (d, 3H, CHz).
2.3 Typical epimerization reactions

Polylactide (0.5 g — 6.94 mmol considering a 72 g/mol repeating unit) and TBD (9.7
mg, 69.4 umol) were weighted in a Schlenk flask and dried under vacuum during 6 h. Purified
toluene is then added under argon atmosphere. The reaction was carried out at 105 °C during a
certain time. At the end of the reaction, the solution was either (1) precipitated in ethanol and
the product was filtered and dried for 48 hours or for low molecular weight polylactides (ii) put

under vacuum to remove toluene.



NMR tube reaction: a NMR tube fitted with a J. Youngs Teflon valve was prepared
under inert atmosphere in the glove box with poly(L-lactide) (dried overnight under vacuum),
5 mol% TBD and distilled toluene-ds. The reaction was conducted in the NMR tube 48 h at 105

°C.
2.4 Characterization

'H, BC, 2D COSY, 2D HMQC (Heteronuclear Multiple-Quantum Correlation) NMR
spectra were recorded on AVANCE III HD 300 Bruker spectrometer (7.1 Tesla) or Bruker 500
MHz (for poly(D-lactide) and poly(rac-lactide)) at room temperature with CDCl; (0.5 mL).
Homonuclear decoupled 'H NMR and DOSY spectra were recorded on Avance II 400 Bruker
spectrometer (9.4 Tesla) regulated at 298 K respectively in CDCl3 and toluene ds. The coupling
effect between the methine and the CHj3 proton of polylactide was removed by irradiation of

CHj; area (1.58 ppm) under O2 (635 Hz, PLW24 = 0.0006 Watt).

The number-average molecular weights (M,) and the molar mass dispersities (D) were
determined by Size Exclusion Chromatography (SEC). The SEC apparatus (Agilent
Technologies) is equipped with Styragel HR1, HR3 and HR4 columns, a refractive index
detector and the calibration is done using polystyrene (PS) standards in THF as the eluent (1

mL/min, 40 °C). A correction factor of 0.58 is applied to get the M, of polylactide.[29]

Polarimetry measurements were performed on Perkin Elmer (343) in chloroform (0.020 g
of polylactide in 2 mL of solvent) at T= 20 °C with the D-line of the sodium lamp (A=598 nm).
The equation 1 (from Biot law) was used to calculate the specific optical rotation from

experimental data.

a obs
Cx*1

Equation 1: [a]3® =



where oobs 1S the observed optical rotation angle, ¢ the concentration of the solution (g/mL), and

1 the length of the tube in decimeters

The percentage of isomers D was obtained from equation 2.[30]

([a]3?)PLLA-([a]?’)PLA after reaction
2+ ([a]3”)PLLA

Equation 2: D (%) = x 100

The measurement of poly(L-lactide) optical rotation angle (oobs) was carried out eight
times and the calculated specific optical rotation values varied from -159 ° to -165 ° with an
average of -162.3 ° (standard deviation = 2.3°). This corresponds to a standard deviation on the
epimerization rate (D %) of 0.6 %. This average specific rotation was in agreement with the
value of the literature [31] (chloroform, 25 °C, A = 598 nm). Other values are an average over

3 measurements.

Differential Scanning Calorimetry (DSC) experiments were carried out on a DSC Q20
instrument calibrated according to standard procedures using a high purity Indium sample. For
the analyses, samples (3 mg) were placed into aluminum pans, heated from 0°C to 195°C,
cooled to 195°C from 0°C and heated again from 0°C to 195 °C at a rate of 10°C/min under

nitrogen atmosphere.

Positive-ion Matrix assisted LASER Desorption/Ionization-Mass Spectrometry (MALDI-
MS) experiments were performed using a Waters QToF Premier mass spectrometer equipped
with a Nd:YAG laser operating at 355 nm (third harmonic) with a maximum output of 65 pJ
delivered to the sample in 2.2 ns pulses at 50 Hz repeating rate. Time-of-flight mass analysis
was performed in the reflectron mode at a resolution of about 10 k (m/z 569). All samples were
analyzed  using  trans-2-[3-(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile

(DCTB) as a matrix. Polymer samples were dissolved in THF to obtain 1 mg.mL"! solution.



Additionally, 40 pL of 2 mg.mL! Nal solution in acetonitrile was added to the polymer

solution.

The polylactide obtained after reaction in the NMR tube was dried under vacuum within
the glove box to remove toluene dg (even though traces of solvent remind trapped in the viscous
product as evidenced by the v(CD) stretching bands between 2000 and 2200 cm™!) The sample
was then diluted in dry KBr and loaded under inert atmosphere into an air-tight DRIFT cell
equipped with CaF, windows. Diffuse reflectance infrared spectra were collected in a Nicolet

6700 FT-IR spectrophotometer in 4 cm™! resolution and the final spectra comprise 32 scans.

3. Results and discussion
3.1 Epimerization

After assessing several solvents and temperatures, the reactions were conducted using
poly(L-lactide) as the substrate and 1 mol% TBD in toluene at 105 °C. Representative examples
are given in Table 1, entries 2-8, and can be compared to a blank experiment conducted without
catalyst (entry 1). The recovering yield was found to be higher than 95% in all cases. Substantial
racemization of poly(L-lactide) is observed in these conditions, with up to ca. 30% D
stereoisomer at the equilibrium. It is noteworthy that the number-average molecular weight of
the resulting polylactide is lower than that of the starting material. From the evolution of the
molecular weight and the amount of D stereoisomer over time, one can see that racemization
and chain scission are occurring simultaneously. The final number-average molecular weight

is reached after 16 h, while the racemization continues to proceed until ca. 48 h reaction time.

Base catalyzed epimerization of a-alkyl carboxylic acid derivatives is well known in the
literature.[32] It can occur via two mechanisms represented Scheme 2. The first step is the

abstraction of the acidic proton in a of the carbonyl group by the base to form a carbanion. The



latter can recombine with the proton, or go through a tautomer, the enolate form, both leading

to the inversion.
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Scheme 2 Epimerization mechanism



Table 1

Epimerization of poly(L-lactide) in the presence of TBD

Entry*  Time Catalyst  [a]3 (°)" M b
(hours) loading D(%) ¢ corrected
(mol%) (g/mol) ¢
Starting material - -162.3 0 35400 1.7
1 48 - -159.4 0.9 32500 1.8
2 1 1 -128.9 10.3 9100 2.4
3 6 1 -124.3 11.7 8 700 1.9
4 16 1 -98.7 19.6 5900 1.8
5 24 1 -90.6 22.1 5 800 1.7
6 48 1 -64.9 30.0 5900 1.6
7 120 1 -61.7 31.0 5 800 1.5
8 240 1 -59.5 31.7 5900 1.5
9 48 3 -22.4 43.1 1900 1.7
10 48 5 -13.3 459 1 500 1.9
11 240 0.5 -111 15.9 8 900 1.9
12 240 0.25 -125 12.0 12 600 1.9

1 mol% of catalyst, 0.5g poly(L-lactide) (2.3 mol/L), T=105°C, anhydrous toluene (3

mL).

b Specific optical rotation determined by polarimetry (chloroform, 20°C, A=598 nm,

standard deviation * 2.5°).



¢ Determined with equation 2 (standard deviation * 0.6%) ; d: M, corrected = M, sec *

0.58 and molar mass dispersity
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Fig. 1. '"H Homonuclear decoupled NMR of polylactide as a function of the reaction

is

time and related tetrads and hexads.

'"H NMR spectroscopy is a powerful tool to analyze the fine structure of organic
compounds. However, in the case of closely related structure the scalar coupling between
proton often leads to signal overlaps hampering a precise attribution. In this sense, homonuclear
decoupling allows to obtain a simpler spectrum devoid of mutiplet facilitating their
interpretation. The microstructure of the resulting polylactide was thus further studied by
homonuclear decoupled '"H NMR spectroscopy. Typical NMR spectra are presented Fig.1. The

iii tetrad of poly(L-lactide) evolves as a function of the reaction time toward a more complex



microstructure. Hexads stereosequences involving the sis and iis/sii tetrads are resolved in
homonuclear decoupled 'H NMR of polylactide.[33] The isisi, iiisi and iiiss hexads appear as
the reaction proceeds. The latter iiiss sequence can be found in polylactide synthesized in the
absence of transesterification as soon as meso-lactide is involved[33] but is absent in samples

resulting from the polymerization of L- and/or D-lactide.

This microstructure may be the result of both epimerization and transesterification
occurring in the presence of TBD. MALDI analyses (reported in the appendix) could not be
conclusive about the latter, as the MALDI ToF mass spectra of the poly(L-lactide) precursor
(represented Fig. A.1) shows already macromolecules with both odd and even multiple of 72,
as a confirmation of transesterification reactions occurring during the production step. Bases
such as TBD are however known to catalyze transesterification reactions,[34] (ring-opening
polymerization being itself a transesterification) and the occurrence of transesterification in

toluene at 105 °C is thus highly probable.

We further assessed the influence of the TBD loading on the reaction. The molecular
weight of the resulting polylactide follows the catalytic loading as shown entries 9-10 for 3 and
5 mol% but also for lower amount, given in entries 11 and 12. Besides chain scission, the extent
of racemization is also a function of the TBD loading, with up to 46% D stereoisomer in the
resulting polymer for 5 mol% TBD (entry 10), i.e close to the amount of a polymer obtained
from the ring-opening polymerization of rac-lactide. This relationship is interesting as it allows
one to control or target a specific amount of D stereoisomer in the microstructure, at the expense
of the molecular weight however. We further assessed the kinetic of the reaction for low
loadings (Fig. 2). The time to reach (i) the final number-average molecular weight and (ii) the
final D stereoisomer content are decreasing with increasing catalytic loading. Again, it can be

seen that the microstructure of the resulting polylactide can be controlled in a certain range of



D stereoisomer content (0 to 18%) and molecular weight (24 000 to 9000 g/mol), but not

independently: the higher the D%, the lower the number-average molecular weight.
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Fig. 2. Effect of catalyst loading on the molecular weight (top) and the amount of D-

stereoisomer (bottom)



3.2 Chain scission mechanism

The extent of chain scission, i.e a number-average molecular weight decreasing with
increasing quantities of TBD may suggest a nucleophilic attack of the latter on the carbonyl
moieties along the macromolecular chain, as presented in Scheme 3. Although the basic
character of guanidines such as TBD usually control their reactivity, they can also act as
nucleophiles. [9] [35] [36] [37] In this case, TBD end-capped polylactide should be formed
during the reaction. MALDI ToF analyses (Fig. A.1) revealed carboxylic acid terminated linear
polylactide and a small amount of macrocyclic polylactide, but not the expected TBD end-
capped macromolecule. It is however known that the acyl-TBD bond is very reactive toward
protonated compounds, reacting quantitatively with e.g alcohols in less than 10 minutes at room
temperature.[37] The acyl-TBD bond, if formed during the reaction, may thus be hydrolyzed

upon quench, and no longer be detectable by analytical techniques after this step.
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Scheme 3. Proposed mechanism for the chain scission and hydrolysis of the resulting acyl-TBD

upon quench
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Fig. 3. DOSY analysis of an experiment conducted in an NMR tube with 5 mol% TBD

We thus performed a reaction in a sealed NMR tube prepared in the glovebox to check
if the acyl-TBD species is formed during the reaction. A loading of 5 mol% was chosen for this
specific experiment in order to have a quantity of N-heterocycle high enough to conduct a
reliable DOSY NMR study, that is shown Fig. 3. 'TH NMR signals assignments were done on
the basis of COSY, '*C and HSQC analyses that are provided in the SI section (Fig. A.2 — Fig.
A.5). The measurement of the diffusion coefficient allows to check if a molecule is covalently
bonded to the polymer. Indeed, if this is the case, they will have the same diffusion coefficient,
while if not, two diffusion coefficients will be detected. It can be seen Fig. 3 that the signals
representative of the TBD moieties are at the same level than those of the polylactide. The
diffusion coefficient is found around 2.1 10"'° m%.s’!, while that of the native TBD molecule
was determined at 1.3 10 m2.s™! (see Fig. A.6), well below. This confirms the existence of a

bond between the TBD moiety and the polylactide at the end of the reaction. It can also be seen



that the '"H NMR signals resulting from the TBD are shifted after the reaction compared to the
initial TBD (Fig. A.6). A small amount of lactide is also formed in this experiment, which was
also observed for entries 9 and 10 where 3 and 5% catalyst were used. This low quantity was
quantified by NMR to ca. 1-2 mol%. This may be attributed to a back-bitting reaction, as
proposed in the literature when the pyrolysis of polylactide is realized in the presence of a
catalyst at temperatures around 250 °C.[38] [39] The corresponding mechanism adapted from

refs [38] [39] is given in the appendix as Scheme A.1.
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Fig. 4. Infrared spectra of poly(L-lactide), TBD and polylactide after the reaction

Infrared analyses were performed to get additional information about the nature of the
polylactide-TBD bond. Fig. 4 shows the infrared spectra of the poly(L-lactide) precursor, TBD
and the product of the reaction conducted under inert atmosphere in the NMR tube. Polylactide
characteristic stretching frequencies for V(C=0) and v(C-O) can be seen at 1760 cm™' and
between 1000 and 1300 cm™! together with the stretching frequencies for Vs(CH3) and Va.s(CH3)
at 2950 and 3000 cm ™, respectively. The peaks of 8(CH3) and 8,s(CH3) were identified at 1385

and 1456 cm™'. The signal of alcohol v(OH) polylactide chain end was observed at 3510 cm™.



Regarding TBD, stretching frequencies for v(C=N) and V(C-N) are visible at 1660 cm™' and
between 1000-1300 cm™!. The amine function can be seen at 1570 cm™' (§(NH)) and 3200-3300
cm}(v(NH)) while §(CHz), vs(CH>) and v.s(CH.) can be seen between 1300-1500 cm’!, at 2870
and 2950 cm™!, respectively. On the infrared spectrum of the reaction product after reaction,
peaks characteristics of both TBD and polylactide were observed, together with the apparition
of a new peak at 1610 cm™!. This latter peak is in the range of a V(N-CO) that may result from

a nucleophilic attack of TBD on a polylactide ester group.

In summary, the mechanism represented Scheme 3 may operate for the chain scission.
The first step would be a nucleophilic attack of TBD on an activated carbonyl moiety, resulting
in the acylguanidinium intermediate I. The latter may be in equilibrium with II in the course of
the reaction, and the acyl-TBD bond may finally be hydrolyzed at the quenching step, releasing

polylactide and TBD.
3.3 Thermal properties

The samples obtained with 1 mol% TBD were subjected to DSC analyses represented
Fig. 5. Decrease of (i) the glass transition temperature Tg from 61 °C to 51 °C, (i1) the melting
temperature from 177 °C to 136 °C and (iii) the crystalline ratio from 56% to 8% are observed
as a function of the reaction time. For a content of 30% of the D stereoisomer, there was almost

no crystallinity on the first heating (crystalline ratio Xc = 8%).

In addition of the influence of the D stereoisomer content, the discussion on the
influence of the microstructure on the glass transition temperature has to consider the molecular
weight, as the Tg is dependent on the latter in this range. For 16 h and 48 h reaction time (entries
4 and 6), the final number-average molecular has been reached. The increase of the percentage
of the D stereoisomer from ca. 20 to 30% leads to a Tg decreases from 52.3 °C to 51.3 °C in

first heating and 51.8 °C vs. 48.1 °C in the second heating. This evolution is in agreement with



the one observed in the literature for polylactides with different optical purity obtained by ring-
opening copolymerization of D- and L-lactides using tin octanoate as initiaor.[40] The melting
temperature and the crystallinity also decrease on our samples, 152.4 °C vs. 136.6 °C and 29%
vs. 8% respectively, which was also observed in the literature on polylactides made by ring-

opening copolymerization using aluminium SALEN complexes by Spassky and coworkers.[41]
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Fig. 5. DSC analysis (first heating). The percentage of crystallinity of the samples was
calculated via the following equation Xc = A Hmelting / A Hmelting” (crystallized PLA) where A
Hmelting Was the melting enthalpy, A Hmelting ® Was the melting enthalpy of totally crystallized

polylactide (93 J/g after [42]).

3.4 Poly(D-lactide) and Poly(rac-lactide)

Experiments starting from poly(D-lactide) and poly(rac-lactide) were finally realized to
assess the influence of the microstructure and stereoconfiguration of the polylactide precursor
on the epimerization reaction. Representative results are given in Table 2. The epimerization

rate is slightly higher starting from poly(D-lactide) vs. poly(L-lactide), and so is the



epimerization extent. It is noteworthy that, starting from the poly(rac-lactide), the 50/50 ratio
between the D and L stereoisomer stays almost constant, with a slight increase in D%. Although
in the range of the standard deviation, this could be consistent with an epimerization rate of the
same order of magnitude for D- and L-stereocenters, with however a slightly higher rate for the
D, as observed on the poly(D-lactide). The study of the origin of this difference by DFT

(Density Functional Theory) will be the subject of a forthcoming work.

The different values of the number-average molecular weight obtained for the 3
polylactides considered in this study may be a consequence of the presence of various amount
of macrocyclic species. MALDI analysis (reported Fig. A.1 and Fig. A.7) reveals the presence
of macrocycles for all polylactides. The nucleophilic attack onto a macrocycle open it and thus
leads to a number-average molecular weight higher than the scission of a linear macromolecule
of a similar M, into two macromolecular chains. In addition, macrocycles have a higher
retention time in the SEC apparatus,[43] which will also lead after opening to an increase of the
SEC measured molecular weight. The combination of these two factors may explain the
difference in number-average molecular observed here under the hypothesis of a different

content of macrocycles for the 3 polylactides.



Table 2

Reactions conducted with poly(D-lactide) and poly(rac-lactide)

Entry" Polylactide Time [a]3? (°)® D(%)¢ M comected (g/mol) ¢ D¢

(hours)
13 Poly 0 152.0 100 29 000 12
14  (D-lactide) 1 110.7 86.5 21 500 1.3
15 6 88.6 79.1 4700 2.6
16 24 54.6 68.0 4 000 1.9
17 48 38.2 62.6 3 800 1.7
18 0 0.0 50 15 700 1.1
19  Poly 6 0.67 50.2 2900 1.7
20 (rac-lactide) 24 0.23 50.1 2 800 1.7
21 48 1.3 50,5 2 200 1.7

* 1 mol% of catalyst, 0.5g poly(lactide) (2.3 mol/L), T=105°C, anhydrous toluene (3

mL).

® Specific optical rotation determined by polarimetry (chloroform, 20°C, A=598 nm,

standard deviation * 2.5°).
¢ Determined with equation 2 (standard deviation % 0.6%).

4 M, corrected = M, sec * 0.58 and dispersity.

3.5 Implications of the work

The results of the present study have implications in the field of polymer synthesis,

microstructural control and polymer recycling. Regarding polymer synthesis, the results show



that in the frame of a polymerization experiment, for long reaction time at high temperature,
chain scission may occur, and could lead to some deviations of the number-average molecular
weight vs. the monomer / protic initiator ratio, with the former being lower than the latter. In
addition, the production of poly(L-lactide) or poly(D-lactide) using TBD as a catalyst may lead
to semi-crystalline polylactides suffering from a loss in the optical properties and a decrease of

the melting temperature and ratio.

The reaction reported in this work also enables to access carboxylic acid end-capped
oligolactides with targeted molecular weight. Polylactide hydrolysis and ring-opening
polymerization of lactide also allow the access to similar end-capped oligolactides with a
targeted molecular weight if water is used as a protic source. The strategy developed in this
work enables to additionally control the D/L stereoisomer ratio of the resulting oligolactide
starting from poly(L-lactide) or poly(D-lactide) precursors by playing on the catalyst ratio. The
resulting thermal properties of the oligomer / polymer can be tuned in a certain range. Recycling
poly(L-lactide) and/ or poly(D-lactide) using TBD in the experimental conditions of this work
can afford the access to fully amorphous oligomers starting from a semi-crystalline polymer,
which extend the range of applications of the recycled polylactide. It is thus complementary to
existing approaches for recycling polylactide into oligomers of controlled molecular weight.
The position of the work in the landscape of polylactide chemical recycling is represented in

Scheme 4.
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Scheme 4. Pyrolysis,[38] [39] [44] [45] alcoholysis, [22] [23] [46] [47] hydrolysis[48] [49]

[50] and the current work in the landscape of chemical recycling of polylactide.

4. Conclusion

The reactions induced by TBD on polylactide in solution have been studied.
Epimerization and chain scission are observed at 105°C in toluene. It is proposed that the latter
occurs via a nucleophilic attack of the catalyst, leading to a TBD end-capped oligolactide that
is hydrolyzed upon quench. The molecular weight of the resulting oligomers, terminated by a
carboxylic acid moiety, can be controlled by adjusting the catalyst / lactate units ratio, with
dispersities around 1.5-1.6. In the presence of 1% TBD, the epimerization leads to the presence
of ca. 30% D-stereoisomer starting from poly(L-lactide), while up to 38% L-stereoisomer are
obtained starting from poly(D-lactide) in similar conditions. The epimerization rate of D-lactate

units is thus slightly higher than that of L-lactate units. The amount of D-lactate vs. L-lactate of



poly(rac-lactide) is as a consequence negligibly affected by the nitrogeneous base, due to

equilibrium between the epimerization of both species.
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Appendix

Fig. A.1 MALDI data for the poly(L-lactide) precursor (in red) and the PLAs obtained after

6h (entry 3, purple) and 24h (entry 5, brown) reaction time
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Fig. A.2 Comparison of 'H NMR spectra (toluene ds, 400 MHz) of TBD and the PLA

obtained after reaction in NMR tube.
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Fig. A.3 COSY NMR spectrum of PLA after reaction in NMR tube (toluene ds, 400MHz)
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Fig. A.4 >*C NMR spectra of TBD and PLA after reaction in NMR tube (toluene ds, 400MHz)
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Fig. A.5 HSQC NMR spectrum of PLA after reaction in NMR tube (toluene ds, 400MHz)
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Scheme A.1 Back-bitting mechanism leading to the formation of lactide.
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Fig. A.7 MALDI data for the poly(D-lactide) (green) and the Poly(rac-lactide) (red)
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