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Abstract: Reactive extrusion and magnesium (II) N-heterocyclic carbene catalyst are successfully
employed in continuous polylactide synthesis. The possibility of using six-membered N-heterocyclic
carbene adducts to act as efficient catalysts towards the sustainable synthesis of poly(l-lactide)
through ring-opening polymerization of l-lactide (LA) is first investigated in bulk batch reactions.
Under optimized solvent-free conditions, polylactide (PLA) of moderate to high molecular weights
and excellent optical activities are successfully achieved. These promising results are further applied
in the continuous production of PLA in an extruder.
Keywords: ring-opening polymerization; poly(lactide); reactive extrusion; carbene catalyst

1. Introduction
Environmental concerns have pushed both scientists and industries towards the development of
sustainable plastics, e.g., materials of an annually renewable origin, obtained via efficient synthetic
procedures (low energy consumption and low components of toxicity (if any), solvent consumption,
and waste) and biodegradability (or at least recyclability) [1,2]. Amongst all already studied
biobased/biodegradable polymers, polylactide (PLA) most closely encompasses these prerequisites.
Indeed, its synthesis via solvent-free (bulk or melt) ring-opening polymerization (ROP) of lactide (LA)
allows for getting access to continuous processing via reactive extrusion (REx)3 —a continuous process
positioned as an alternative to batch reactors.
REx affords “more with less” in terms of consumption of raw materials, reagents, energy, and
time, and also requires less investments. An extruder (mainly a co-rotating twin screw extruder) is
employed, where the chemical reaction (bulk polymerization/depolymerization, chemical modification,
saponication, and enzymatic reactions) is performed under elevated mixing at molecular level, and
has already been proven to be effective for PLA production [3–5]. The only concern hindering it from
being successful comes from the use of tin(II) derivatives as catalysts during REx [3,4]. The toxicity
of metal traces remains a serious issue when PLA-based materials are implemented as biomedical
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devices [6,7]. A large variety of purely organic and transition metal-free catalysts have therefore
been investigated for the last 20 years and found to be efficient in solution [8]. Nevertheless, their
applicability in bulk, (where the polymerization temperature surpasses 150 ◦ C) remains inadequate
due to the significant incidence of undesirable side-reactions such as inter- and intra-molecular
transesterification reactions as well as epimerization, yielding PLA-based materials of low crystallinity
and poor thermomechanical performances [8,9]. Alternatively, the use of low-toxicity and low-cost
metals such as zinc and magnesium-based catalysts seems promising for lactide polymerization toward
ROP [10–12]. Amongst these catalysts, despite being rare to date, Mg complexes with N-heterocyclic
carbenes (Mg–NHC) [13,14], especially with functionalized NHC ligands [15–18], displayed particularly
short Mg–C bonds in the solid state, and exhibited interesting ligand deprotonation and reduction
chemistry, forming an organic radical centered on the carbene ring in solution. However, to our
knowledge, no studies have reported the use of Mg–NHCs in bulk conditions.
In regards to solely NHC carbenes, the less nucleophilic ones, i.e., six-membered N-heterocyclic
carbenes, are more thermally stable and mild enough to activate lactide monomer in bulk under a
relatively low polymerization temperature (a maximum of 130 ◦ C). To shift their thermal stability
towards polymerization temperature appropriate to the industrial production of PLA, i.e., above
170 ◦ C, significant efforts have been made on electronic stabilizations through the use of suitable
ligands, yielding labile NHC–based adducts [19–22]. Such adducts have shown to be able to liberate
active free-carbene in other bulk polymerization systems and maintain their efficiency at high
temperatures [8,23]. The literature-gathered knowledge prompted us to investigate 6-membered NHC
Mg adducts for the bulk production of PLA in a continuous manner.
Three types of carbene-based adducts were initially investigated in bulk batch reactions, which
allowed for optimizing reaction conditions and choosing the best performing catalyst. The transfer
of the optimized solvent-free conditions towards the continuous ring-opening polymerization of
l,l-lactide (l,l-LA) was then performed, and polylactide (PLA) of moderate to high molecular weights
and preserved optical activities was successfully produced.
2. Experimental
2.1. Materials
l,l-lactide (l,l-LA, GALACTIC, Celles, Belgium) was recrystallized from dried toluene and stored
in a glove box prior to use. CH2 Cl2 , toluene, and THF were dried by a solvent purification system
(SPS, MBraun, Breukelen, The Netherlands) under N2 flow. KOtBu was purified by sublimation; all
other starting materials and chemicals were purchased from Sigma-Aldrich (Overijse, Belgium) or
VWR (Leuven, Belgium) and used without further purification. All air or water sensitive chemicals
were stored in a glove-box under inert atmosphere prior to use. Unless mentioned, all reactions were
carried out under a nitrogen atmosphere by a standard Schlenk technique.
2.2. Syntheses
Synthesis of the NHC
The synthesis of the NHC (Scheme 1) was performed without special precautions under air.
1,3-dimethyl-3,4,5,6-tetrahydropyrimidin-1-ium tetrafluoroborate (1b).
The synthesis of
compound 1b was performed according to the literature [22] via cyclisation of diamines. Briefly:
N,N0 -dimethyl-1,3-propanediamine (DMPA, 3.0 g, 1 eq), ammonium tetrafluoroborate (3.07 g, 1 eq) and
trimethylorthoformate (2.46 g, 1.2 eq) were added to a round bottom flask and heated at 120 ◦ C for two
hours under stirring. The mixture was then filtered to yield clear oil and dried at 90 ◦ C under reduced
pressure overnight. Yield = 91 %. 1 H NMR (500 MHz, DMSO-d6 , δ): 8.18 (s, 1H, CH), 3.27 (t, 2H, CH2 ,
J = 5.9 Hz), 3.11 (s, 3H, CH3 ), 2.76 (t, 2H, CH2 , J = 5.6), 2.42 (s, 3H, CH3 ), 1.98–1.69 (q, 2H, CH2 , J = 6.9).

2.2. Syntheses
2.2.1. Synthesis of the NHC
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The synthesis of the NHC (Scheme 1) was performed without special precautions under air.

Scheme 1. 1,3-Dimethyl-3,4,5,6-tetrahydropyrimidin-1-ium tetrafluoroborate (1b), isolated free-carbene
(1), NHC-Mg complex (2), NHC-carboxylate (3), and NHC-carbodithioate (4) synthesized in the
present work.

Isolated free-carbene (1). The dried 1b (2.0 g, 1 eq) was further treated with potassium
tert-butoxide (1.08 g, 1.5 eq) in 20 mL dry THF at r.t. in the glove-box under nitrogen atmosphere
and the resulting mixture was filtered to yield the isolated free-carbene (1). Yield = 100 %. 1 H NMR
(500 MHz, DMSO-d6 , δ): 3.34 (s, 1H, :CH), 2.14 (t, 4H, CH2 , J = 5.4 Hz), 1.61 (s, 6H, CH3 ), 1.51 (q, 2H,
CH2 , J = 6.8).
NHC-Mg complex (2). Freshly synthesized 1 (2.0 g, 1 eq) was dispersed in 100 mL dry THF, and
added to a separately prepared dispersion of potassium tert-butoxide (1.68 g, 1.5 eq) in 10 mL THF
and the blend dispersion was transferred to magnesium chloride (0.95 g, 1 eq) in a glove-box under
anhydrous conditions. Upon prolonged stirring under inert atmosphere, a precipitate was formed,
filtered, and dried under reduced pressure to yield 2 as an off-white powder. Yield = 54 %. 1 H NMR
(500 MHz, DMSO-d6 , δ): 8.72 (s, 1H, :CH), 3.17 (t, 4H, CH2 , J = 5.5 Hz), 1.99 (s, 6H, CH3 ), 1.13 (q, 2H,
CH2 , J = 6.5).
NHC-carboxylate (3). Freshly prepared 1 (1 g, 1 eq) was dispersed in 10 mL dry THF. It was added
to a separately prepared dispersion of potassium tert-butoxide (0.701 g, 1.25 eq) in 10 mL dry THF and
then bubbled with carbon dioxide at 0◦ C for 1 h. Reaction was stopped by solvent evaporation and the
formed sticky white precipitate was recrystallized from dry dichloromethane and dry diethyl ether.
Yield = 90 %. 1 H NMR (500 MHz, DMSO-d6 , δ): 4.75 (s, 3H, CH3 ), 3.26-3.31 (t, 2H, CH2 , J = 5.4 Hz),
3.21 (s, 3H, CH3 ), 3.08 (t, 2H, CH2 , J = 5.8 Hz), 2.0 (q, 2H, CH2 , J = 6.8).
NHC-carbothioate (4). The synthesis of 4 was performed similarly to 3 but instead adding a
blend dispersion of 1 (1 g, 1 eq) and potassium tert-butoxide (0.84 g, 1.5 eq) in 20 mL dry THF with CS2
(0.46 g, 1.2 eq). Yield = 96 %. 1 H NMR (500 MHz, DMSO-d6 , δ): 4.21 (s, 1H, CH), 3.36 (t, 2H, CH2 ,
J = 5.9 Hz), 3.27 (t, 2H, CH2 , J = 5.4 Hz), 3.04 (s, 6H, CH3 ), 1.91 (q, 2H, CH2 , J = 7.1).
2.3. Batch Polymerization
In a typical polymerization experiment, l,l-LA (1 g, 0.7 mmol), and 2 (4 mg, 1.73 × 10−5 mol)
are charged into a polymerization tube equipped with a three-way stop-cock and a rubber septum
in the glove-box under controlled atmosphere. The sealed polymerization tube was removed from
the glovebox and introduced into preheated oven at a pre-set temperature (150, 160, 170, 180, 190, or
210 ◦ C). After a required reaction time, the polymerization was stopped by rapid quenching. The crude
product was then dissolved in chloroform and precipitated in ethanol. The off-white polymer was
isolated by filtration and dried at 60 ◦ C under reduced pressure overnight. Conversion is calculated
from SEC analyses of the crude product, while molecular characteristics are calculated from SEC of the
purified polymer. To ensure identical conditions, for each experiment, the same type of vessel and
stirrer was used, as well as the same stirring rate.
2.4. Reactive Extrusion
REx was tested into a 15 cm3 twin-screw DSM microcompounder (Xplore Instruments BV, Sittard,
The Netherlands) at 170 ◦ C and 75 rpm under nitrogen flow. The initial molar ratio [l,l-LA]0 /[2]0
was fixed to 400. Premixing l,l-LA and 2 was performed at 130 ◦ C for 1 min. Reaction progress was
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monitored by torque increase and followed up until constant values were obtained. The resulting
product was finally recovered at 100 rpm and purified as described before.
3. Characterizations
NMR spectra were recorded at 25 ◦ C in DMSO-d6 or in CDCl3 on Bruker AMX-500 NMR
spectrometer (Leiderdorp, The Netherlands). Chemical shift scale was referenced using TMS as an
internal standard.
Size-exclusion chromatography (SEC) was performed in chloroform (CHCl3 ) at 30 ◦ C using an
Agilent liquid chromatograph equipped with an Agilent degasser (Diegem, Belgium), an isocratic
HPLC pump (flow rate = 1 mL min−1 ), an Agilent autosampler (loop volume = 100 µL; solution
concentration = 2 mg mL−1 ), an Agilent-DRI refractive index detector (Diegem, Belgium), and three
columns: a PL gel 5 µm guard column and two PL gel Mixed-B 5 µm columns (linear columns
for separation of Mw (PS) ranging from 200 to 4 × 105 g mol−1 ). Polystyrene standards were used
for calibration.
MALDI-ToF mass spectra were recorded using a Waters Q-Tof Premier mass spectrometer
(Zellik, Belgium) equipped with a nitrogen laser, operating at 337 nm with a maximum output
of 500 J m−2 delivered to the sample in 4 ns pulses at a 20 Hz repeating rate. Time-of-flight
mass analysis were performed in the reflectron mode at a resolution of about 10,000. The
matrix-trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB)—prepared as
10 mg mL−1 solution in acetone. The matrix solutions (1 µL) were applied to a stainless-steel target
and air dried. Polymer samples were dissolved in dichloromethane to obtain 1 mg mL−1 solutions.
Precisely 1 µL aliquots of these solutions were applied onto the target area already bearing the matrix
crystals, and were then air dried. Finally, 1 µL of a solution of NaI (2 mg mL−1 in acetonitrile: water (1:1,
v/v)) was applied onto the target plate. For the recording of the single-stage MALDI-MS spectra, the
quadrupole (rf-only mode) was set to pass ions from m/z 1000 to 10000, and all ions were transmitted
into the pusher region of the time-of-flight analyzer where they were mass analyzed with 1s integration
time. Temperature: 80 ◦ C and desolvation temperature: 120 ◦ C. Dry nitrogen was used as the ESI
gas. The quadrupole was set to pass ions from m/z 100 to 7000 and all ions were transmitted into the
pusher region of the time-of-flight analyzer where they were mass-analyzed with a 1 sec integration
time. Data were acquired in a continuum mode until acceptable averaged data were obtained.
Differential scanning calorimetry (DSC) analyses were carried out on a DSC Q200 apparatus from
T.A. Instruments (Zellik, Belgium), calibrated with indium. Instruments under nitrogen flow (heating
and cooling rate 10 ◦ C min−1 ) from r.t. to 200 ◦ C. Samples (weight: about 5−7 mg) were sealed in
aluminum pans and placed in the DSC cell.
1H

4. Results and Discussion
As mentioned in the Introduction, the literature gathered knowledge prompted us to investigate
6-membered NHC (Scheme 1) for the bulk production of PLA in a continuous manner.
Three types of carbene-based adducts were investigated, i.e., the MgCl2 –, CO2 – and CS2 -based
adducts (2, 3 and 4 in Figure 1A) from the isolated free-carbene 1. The motivation to select these
ligands and corresponding adducts is based on their ability to efficiently stabilize NHCs with a special
emphasis on magnesium chloride for its excellent biocompatibility and non-toxicity in biomedical
applications.24 The initial analogue used for the synthesis of these adducts is constructed over cyclic
amidinium halide salts. The 1,3-dimethyl-4,5,6-tetrahydropyrimidin-1-ium tetrafluoro-borate salt 1b
(Figure 1A) was then synthesized via cyclisation of diamines, in situ transformed in free-carbene by
treatment with potassium tert-butoxide and lastly converted into zwitterionic (CO2 , CS2 ) or magnesium
adduct by appropriate treatment [23–25]. As such, the catalytic activity of adducts 2, 3, and 4 was
evaluated in the bulk LA ROP at 150 ◦ C (Table 1). Polymerization experiments were performed for an
initial monomer-to-adduct molar ratio of 400 and at different reaction times. As references, reactivities
of both free-carbene 1 and MgCl2 were performed under similar experimental conditions.

organic catalytic systems, increasing the temperature gives contradictory results where faster kinetics
are detrimental to the overall control of the process. As an example, a temperature increase from 170
to 190 °C results in sharp increase in the monomer conversion from 64% to72 % after only 5 min of
reaction, but the molar mass decreases from 39,000 to 33,000 g mol−1. Above 190 °C, intensive
transesterification
reactions occurred in a similar way to for organometallic catalysts such as tin(II)5 of 10
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Table 1. Molecular characterizations of PLLA prepared at 150 ◦ C by l,l-LA ROP from pristine carbene,
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MgCl
carbene adducts ([l,l-LA]00/[Cat]
= 400, mol/mol).
2 , and
MgCl
2, and carbene adducts ([L,L-LA]
/[Cat]00 = 400, mol/mol).
EntryEntry
1
2
3
4

1
2
3
4

Adduct
Adduct

t t
(h) (h)

1 1
0.5 0.5
2
2
0.5 0.5
3 3
17 17
4
(or
MgCl
2)
4 (or MgCl2 )
1 1

Conv.
Conv.
a a
(%)(%)
2828
9494
9292
- -

eded
a a
(%)
(%)
2222
5 5
3838
- -

Mn M n
MwM w
−1)b −1 )b (g (g
−1)b−1 )b
(g mol
mol
(g mol
mol
5,7005,700
11,000
11,000
32,000
54,000
32,000
54,000
8,1008,100
9,400
9,400
- -

Ð b Ðb
1.911.91
1.941.94
1.251.25
- -

a

Conversions and epimerization degree (ed) determined by 500 MHz 1 H NMR. b Experimental molar masses
and dispersity values obtained by SEC analyses in CHCl3 , PS standards, 1 mL min−1 , T = 30 ◦ C. “-“ Indicates no
polymerization or partial oligomerizations.

While MgCl2 and non-stabilized adduct 4 did not lead to any traceable polymerization extent, both
free-carbene 1 and adduct 3 were efficient in terms of monomer conversion, but merely resulted into
SEC

only low molar mass PLA samples (Table 1, Mn ≤ 8.100 g mol−1 ). Moreover, lactide epimerization at
a degree as high as 38 % was recorded (as deduced from the presence of meso-lactide resonances at δ =
1.7 ppm), therefore excluding 1 and 3 for use in solvent-free conditions. Interestingly, the adduct 2
(Entry 2, Table 1) gave a higher conversion at a relatively high rate (92% conversion in 30 min), with
nearly non-epimerized PLA (~5 %) of a number-average molar mass of 32.000 g mol−1 .
Further polymerizations were then carried out at different time intervals by using 2 in sealed
vessels at 170 or 190 ◦ C ([l,l-LA]0 /[2]0 = 400, mol/mol; Table 2). As already demonstrated for other
organic catalytic systems, increasing the temperature gives contradictory results where faster kinetics
are detrimental to the overall control of the process. As an example, a temperature increase from
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170 to 190 ◦ C results in sharp increase in the monomer conversion from 64% to72 % after only 5 min
of reaction, but the molar mass decreases from 39,000 to 33,000 g mol−1 . Above 190 ◦ C, intensive
transesterification reactions occurred in a similar way to for organometallic catalysts such as tin(II)
octoate [4].
Table 2. Molecular characterizations of PLLA prepared at 170 and 190 C by l,l-LA ROP promoted
from MgCl2 -carbene adduct 2 ([l,l-LA]0 /[Cat]0 = 400, mol/mol).
Entry
1
2
3
4
5
6
7
8
9
10

T (◦ C)

T (min)

Conv (/%)a

Ed (%)a

M n (g mol−1 )b

Ðb

170

5
15
30
45
60

64
76
80
83
85

3
6
6
8
8

39.000
38.000
41.000
35.000
33.000

1.61
1.70
1.76
1.88
1.94

190

5
15
30
45
60

72
80
90
92
95

5
8
10
10
15

33.000
27.000
24.000
19.500
18.300

1.73
1.95
2.01
2.30
2.14

a

Conversions and epimerization degree (ed) determined by 500 MHz 1 H NMR. b Experimental molar masses and
dispersity values obtained by SEC analyses in CHCl3 , PS standards, 1 mL min−1 , T = 30 ◦ C.

Following all experimental temperatures investigated here, working at 170 ◦ C represents the
best optimal conditions in terms of kinetics and control over the reaction. Considering that control
experiments demonstrated that MgCl2 or free NHC 1 could not induce reasonable polymerizations
(Table 1), a dual catalytic mechanism supporting the very high activity of 2 is proposed here. The
concept of dual catalysis, where a Lewis acid supports a nucleophile to gain an increased catalytic
effect, is not new and has already been reported several times in organic chemistry [26,27] and in
polymerization catalysis [27,28]. NHC-adducts with MgCl2 , serving as latent catalysts, have already
been reported by Dove for the polymerization of lactones at high temperatures [28]. Inspired by their
work, a cooperative action mechanism involving the dissociation of complex 2 at high temperature
is here proposed (Figure 1B). Interestingly MALDI-ToF mass spectrometry evidenced the presence
of both cyclic and α-hydroxy-ω-carboxy-linear PLA species (Figure S1 in Supplementary Materials).
Such an observation tends then to indicate that during the reaction, the lactide monomer is activated
by the MgCl2 , and that the free NHC 1 can act both as a base (Figure 1B, route I) and a nucleophile
(Figure 1B, route II). Therefore, the route I generates linear chains initiated by water impurities via a
cooperative catalysis, while route II essentially leads to cyclic structures through a cascade catalysis.
Transesterification side reactions are clearly evidenced in Figure S1 (in Supplementary Materials).
Indeed, a 72-mass unit (u) separates each distribution signal instead the expected 144 u between
consecutive ions. 1 H NMR (Figure S2 in Supplementary Materials) clearly evidenced the most striking
feature, which was the low extent of epimerization (as deduced from the presence of meso-lactide) for
all investigated polymerization temperatures (Table 2), thus indicating that the Mg-protected carbene 2
is an efficient eco-friendly catalytic adduct for the bulk ROP of l-LA.
To further highlight the low extent of epimerization, four-cycle DSC analyses were carried out on
a high molecular weight PLA obtained at 170 ◦ C (Figure S3 in Supplementary Materials). As expected,
the crystalline features are maintained after 4 cycles, showing a melting temperature at circa 167 ◦ C
characterized by a melting endotherm of about 32 J g−1 . In contrast to other organic catalysts [29–32],
this maintained constant of the melting endotherm along all 4 cycles suggests that the polymer-trapped
adduct 2 does not interfere with PLA thermal properties.
These promising results led us to investigate the synthesis of PLA in a continuous manner using a
microcompounder at 170 ◦ C and at a rotation speed of 75 rpm under a nitrogen flow ([l,l-LA]0 /[2]0
= 400, mol/mol). The efficiency of the adduct 2 was evaluated by first feeding the LA monomer
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into the microcompounder machine at 130 ◦ C before increasing the extrusion temperature to 170 ◦ C.
Interestingly, machine force increased with the extrusion time, indicating the successful building up
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5. Conclusions
In conclusion, we developed an eco-friendly Mg-based six membered catalyst, which provided an
effective and efficient polymerization route for the continuous synthesis of PLLA under solvent-free
melt conditions. The resulting PLLA materials present controlled molecular weights, relatively low
dispersities, and high optical purity. Another advantage of our new organocatalyst is the possibility to
extend its efficiency in the continuous polymerization of LA, as carried out in a microcompounder.
This enables us to consider this catalyst for the continuous synthesis of eco-friendly polylactide using
reactive extrusion.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/12/1987/s1.
Figure S1: (a) global MALDI mass spectrum recorded for poly(l-lactide) (Table 2, Entry 3) and (b) magnification
between m/z 14350 and m/z 14550 with theoretical isotopic model for cyclic (red) and linear (green) (HO– and
–COOH as end-groups) polymer with 100 lactoyl monomer units respectively. Figure S2: 1 H NMR of PLA as
obtained after 30 min at 170 (red curve) or 190 ◦ C (bleu curve) in batch scale (Table 2, Entry 3 and 8). Figure
S3: Four-cycle DSC analyses of PLA obtained after 30 min at 170 ◦ C in batch scale (Table 2, Entry 3) after
monomer purification.
Author Contributions: Investigation, J.D.W. and P.G.; Resources, S.N.M.C., R.T. and B.G.; Supervision, O.C., P.D.
and J.-M.R.; Writing–original draft, R.M.
Funding: Seventh Framework Programme (459595).
Acknowledgments: The authors thank the 7th Framework Program—Small Scale Project—NMP: Continuous,
highly precise, metal-free polymerization of PLA using alternative energies for reactive extrusion: InnoREX; both
Wallonia and the European Commission “FSE and FEDER” for financial support in the frame of Phasing-out
Hainaut and the LCFM-BIOMASS project; and the National Fund for Scientific Research (F.R.S.-FNRS). O.C. and
J.-M.R. are Research Associate for the F.R.S.-FNRS. The UMONS-MS laboratory acknowledges the F.R.S.-FNRS for
its contribution to the acquisition of the Waters QToF Premier mass spectrometer and for continuing support.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.

Dubois, P.; Coulembier, O.; Raquez, J.M. (Eds.) Handbook of Ring-Opening Polymerization; Wiley-VCH:
Hoboken, NJ, USA, 2009.
Itävaara, M.; Karjomaa, S.; Selin, J.F. Biodegradation of polylactide in aerobic and anaerobic thermophilic
conditions. Chemosphere 2002, 46, 879–885. [CrossRef]
Raquez, J.M.; Narayan, R.; Dubois, P. Recent Advances in Reactive Extrusion Processing of Biodegradable
Polymer-Based Compositions. Macromol. Mater. Eng. 2008, 293, 447–470. [CrossRef]
Jacobsen, S.; Fritz, H.G.; Degée, P.; Dubois, P.; Jérôme, R. New developments on the ring opening
polymerisation of polylactide. Ind. Crops Prod. 2000, 11, 265–275. [CrossRef]
Banu, I.; Puaux, J.P.; Bozga, G.; Nagy, I. Modeling of L-lactide polymerization by reactive extrusion. Macromol.
Symp. 2010, 289, 108–118. [CrossRef]
Nachtergael, A.; Coulembier, O.; Dubois, P.; Helvenstein, M.; Duez, P.; Blankert, B.; Mespouille, L.
Organocatalysis paradigm revisited: Are metal-free catalysts really harmless? Biomacromolecules 2015,
16, 507–514. [CrossRef] [PubMed]
Sheldon, R.A.; Arends, I.W.C.E.; Hanefeld, U. Green Chemistry and Catalysis; Wiley-VCH: Hoboken, NJ, USA,
2007; Chapter 1; pp. 1–47.
Mezzasalma, L.; Dove, A.P.; Coulembier, O. Organocatalytic ring-opening polymerization of L-lactide in
bulk: A long standing challenge. Eur. Polym. J. 2017, 95, 628–634. [CrossRef]
Raquez, J.M.; Ramy-Ratiarison, R.; Murariu, M.; Dubois, P. Reactive extrusion of PLA-based materials: From
synthesis to reactive melt-blending. RSC Polym. Chem. Ser. 2015, 12, 101–123.
Rosen, T.; Goldberg, I.; Navarra, W.; Venditto, V.; Kol, M. Block–Stereoblock Copolymers of
Poly(-Caprolactone) and Poly(Lactic Acid). Angew. Chem. Int. Ed. 2018, 57, 7191–7195. [CrossRef]
D’Auria, I.; Tedesco, C.; Mazzeo, M.; Pellecchia, C. New homoleptic bis(pyrrolylpyridiylimino) Mg(II) and
Zn(II) complexes as catalysts for the ring opening polymerization of cyclic esters: Via an “activated monomer”
mechanism. Dalt. Trans. 2017, 46, 12217–12225. [CrossRef]

Polymers 2019, 11, 1987

12.

13.
14.
15.
16.
17.

18.

19.

20.
21.
22.
23.

24.

25.

26.
27.
28.

29.

30.

9 of 10

Fliedel, C.; Vila-Viçosa, D.; Calhorda, M.J.; Dagorne, S.; Avilés, T. Dinuclear zinc-N-heterocyclic carbene
complexes for either the controlled ring-opening polymerization of lactide or the controlled degradation of
polylactide under mild conditions. Chem. Cat. Chem. 2014, 6, 1357–1367. [CrossRef]
Arduengo, A.J.; Davidson, F.; Krafczyk, R.; Marshall, W.J.; Tamm, M. Adducts of Carbenes with Group II
and XII. Organometallics 1998, 7, 3375–3382. [CrossRef]
Schumann, H.; Gottfriedsen, J.; Glanz, M.; Dechert, S.; Demtschuk, J.J. Metallocenes of the alkaline earth
metals and their carbene complexes. Organomet. Chem. 2001, 617, 588–600. [CrossRef]
Mungur, S.A.; Liddle, S.T.; Wilson, C.; Sarsfield, M.J.; Arnold, P.L. Bent metal carbene geometries in amido
N-heterocyclic carbene complexes. Chem. Commun. 2004, 2, 2738–2739. [CrossRef] [PubMed]
Arnold, P.L.; Edworthy, I.S.; Carmichael, C.D.; Blake, A.J.; Wilson, C. Magnesium amido N-heterocyclic
carbene complexes. Dalt. Trans. 2008, 3739–3746. [CrossRef]
Arnold, P.L.; Casely, I.J.; Turner, Z.R.; Bellabarba, R.; Tooze, R.B. Magnesium and zinc complexes of
functionalised, saturated N-heterocyclic carbene ligands: carbene lability and functionalisation, and lactide
polymerisation catalysis. Dalt. Trans. 2009, 6903–6914. [CrossRef]
Brulé, E.; Guérineau, V.; Vermaut, P.; Prima, F.; Balogh, J.; Maron, L.; Slawin, A.M.Z.; Nolan, S.P.; Thomas, C.M.
Polymerization of Cyclic Esters Using N- Heterocyclic Carbene Carboxylate Catalysts. Polym. Chem. 2013,
4871–4877. [CrossRef]
Dove, A.P.; Pratt, R.C.; Lohmeijer, B.G.G.; Culkin, D.A.; Hagberg, E.C.; Nyce, G.W.; Waymouth, R.M.;
Hedrick, J.L. N-Heterocyclic carbenes: Effective organic catalysts for living polymerization. Polymer 2006, 47,
4018–4025. [CrossRef]
Van Ausdall, B.R.; Glass, J.L.; Wiggins, K.M.; Aarif, A.M.; Louie, J.J. A systematic investigation of factors
influencing the decarboxylation of imidazolium carboxylates. Org. Chem. 2009, 74, 7935–7942. [CrossRef]
Fèvre, M.; Pinaud, J.; Gnanou, Y.; Vignolle, J.; Taton, D. N-Heterocyclic carbenes (NHCs) as organocatalysts
and structural components in metal-free polymer synthesis. Chem. Soc. Rev. 2013, 42, 2142–2172. [CrossRef]
Delaude, L.; Demonceau, A.; Wouters, J. Assessing the potential of zwitterionic NHOCS2 adducts for probing
the stereoelectronic parameters of N-heterocyclic carbenes. Eur. J. Inorg. Chem. 2009, 1882–1891. [CrossRef]
Naumann, S.; Schmidt, F.G.; Speiser, M.; Böhl, M.; Epple, S.; Bonten, C.; Buchmeiser, M.R. Anionic
ring-opening homo- and copolymerization of lactams by latent, protected N-heterocyclic carbenes for the
preparation of PA 12 and PA 6/12. Macromolecules 2013, 46, 8426–8433. [CrossRef]
Nyce, G.W.; Glauser, T.; Connor, E.F.; Möck, A.; Waymouth, R.M.; Hedrick, J.L.J. In situ generation of
carbenes: a general and versatile platform for organocatalytic living polymerization. Am. Chem. Soc. 2003,
125, 3046–3056. [CrossRef] [PubMed]
Bantu, B.; Pawar, G.M.; Decker, U.; Wurst, K.; Schmidt, A.M.; Buchmeiser, M.R. CO2 and Sn II adducts of
N-heterocyclic carbenes as delayed-action catalysts for polyurethane synthesis. Chem. A Eur. J. 2009, 15,
3103–3109. [CrossRef] [PubMed]
Cohen, D.T.; Scheidt, K.A. Cooperative Lewis acid/N-heterocyclic carbene catalysis. Chem. Sci. 2012, 3, 53–57.
[CrossRef] [PubMed]
Grossmann, A.; Enders, D. N-heterocyclic carbene catalyzed domino reactions. Angew. Chem. Int. Ed. 2012,
51, 314–325. [CrossRef] [PubMed]
Naumann, S.; Scholten, P.B.V.; Wilson, J.A.; Dove, A.P.J. Dual Catalysis for Selective Ring-Opening
Polymerization of Lactones: Evolution toward Simplicity. Am. Chem. Soc. 2015, 137, 14439–14445.
[CrossRef] [PubMed]
Csihony, S.; Culkin, D.A.; Sentman, A.C.; Dove, A.P.; Waymouth, R.M.; Hedrick, J.L.J. Single-component
catalyst/initiators for the organocatalytic ring-opening polymerization of lactide. Am. Chem. Soc. 2005, 127,
9079–9084. [CrossRef]
Culkin, D.A.; Jeong, W.; Csihony, S.; Gomez, E.D.; Balsara, N.P.; Hedrick, J.L.; Waymouth, R.M. Zwitterionic
polymerization of lactide to cyclic poly(lactide) by using N-heterocyclic carbene organocatalysts. Angew.
Chem. Int. Ed. 2007, 46, 2627–2630. [CrossRef]

Polymers 2019, 11, 1987

31.

32.

10 of 10

De Winter, J.; Coulembier, O.; Gerbaux, P.; Dubois, P. High molecular weight poly(α,α0 ,β-trisubstituted
β-lactones) as generated by metal-free phosphazene catalysts. Macromolecules 2010, 43, 10291–10296.
[CrossRef]
Coulembier, O.; Moins, S.; Raquez, J.M.; Meyer, F.; Mespouille, L.; Duquesne, E.; Dubois, P. Thermal
degradation of poly(l-lactide): Accelerating effect of residual DBU-based organic catalysts. Polym. Degrad.
Stab. 2011, 96, 739–744. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

