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ABSTRACT: Poly(lactic acid) (PLA) is one of the best candidates as a sustainable plastic material for a circular economy, being
biodegradable, bio-based, recyclable, and displaying good thermal and mechanical properties. The industrial production of PLA is
mainly based on the ring opening polymerization (ROP) of L-lactide (L-LA) promoted by tin(II) 2-ethylhexanoate [Sn(Oct)2] in a
continuous solvent-free process operating at temperatures between 180 and 200 °C, above the melting point of the resulting isotactic
polymer. Despite the huge efforts in the research of alternative catalysts based on less toxic metals, resulting in a plethora of highly
active catalysts under laboratory mild conditions, very few candidates can compete with Sn(Oct)2 under industrially relevant
conditions. We report a family of new Zn(II) complexes, bearing variously substituted monoanionic [N,O−] (imidazole[1,5-a]pyrid-
3-yl)phenolate ligands, as catalysts for the ROP of L-LA under both mild (20 °C, solvent) and industrially relevant (190 °C, in the
melt, technical grade unpurified monomer, very low catalyst loading) conditions. Interestingly, the best performing catalyst under
mild conditions is the worst performing under harsh conditions, and, on the contrary, the less active catalysts under mild conditions
compete well with Sn(Oct)2 under industrially relevant conditions. Kinetic and DFT mechanistic investigations shed light on the
non-trivial role of the 2-pyridine substituent in the catalytic performances at different temperatures. Preliminary depolymerization
tests on commercial PLLA samples suggested that the new catalysts can also be a suitable candidate for the chemical recycling of
PLA under mild conditions.

■ INTRODUCTION

Polylactic acid (PLA) is one of the few commercially available
polymers assembling all the characteristics ideally necessary for
an environmentally sustainable plastic material:1 it is derived
from biorenewable sources (such as corn, sugar cane, or even
waste biomass),2 it is biodegradable (although it degrades
quickly only in industrial composting plants),3 and it is well
suited for a circular economy owing to the possibility of
mechanical and chemical recycling.4−6

The current industrial production of PLA is in the order of
300,000 tons per year, which is expected to grow significantly in
the coming years.2 However, the growth potential of PLA-based
materials for a variety of large-scale applications, currently
dominated by polyolefins and poly(ethylene terephthalate), is

subject to significant improvements in both the manufacturing
process and the polymer properties. Industrially relevant targets
for the expansion of PLAmarket are, for example, the increase of
biodegradability in natural environments,7 the reduction of the
melt viscosity of high-molecular-weight PLLA for injection
molding,8 the production of PLA with higher impact resistance9

Received: April 8, 2022
Revised: May 24, 2022
Published: June 8, 2022

Articlepubs.acs.org/Macromolecules

© 2022 The Authors. Published by
American Chemical Society

5115
https://doi.org/10.1021/acs.macromol.2c00719

Macromolecules 2022, 55, 5115−5122

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 D

E
L

L
 I

N
SU

B
R

IA
 o

n 
Ju

ne
 2

9,
 2

02
2 

at
 1

2:
09

:4
2 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Massimo+Christian+D%E2%80%99Alterio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ilaria+D%E2%80%99Auria"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Licia+Gaeta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Consiglia+Tedesco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stefano+Brenna"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudio+Pellecchia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Claudio+Pellecchia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.macromol.2c00719&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00719?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00719?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00719?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00719?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00719?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00719?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00719?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.macromol.2c00719?fig=abs1&ref=pdf
https://pubs.acs.org/toc/mamobx/55/12?ref=pdf
https://pubs.acs.org/toc/mamobx/55/12?ref=pdf
https://pubs.acs.org/toc/mamobx/55/12?ref=pdf
https://pubs.acs.org/toc/mamobx/55/12?ref=pdf
pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.macromol.2c00719?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Macromolecules?ref=pdf
https://pubs.acs.org/Macromolecules?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


or elastomeric properties,10 and, last but not least, the
replacement of the catalytic system currently used in the
industrial processes.11 In fact, most of PLA industrial production
is based on the ring opening polymerization (ROP) of L-lactide
(L-LA), the (S,S) isomer of the dimeric lactone of lactic acid.2

This synthetic strategy is promoted by initiators, typically metal-
alkoxides, through a coordination−insertion mechanism, in
which the lactide monomer, after coordination at the metal
center, undergoes the ring opening by cleavage of the acyl group,
followed by the insertion of the monomer into the metal−
alkoxide bond. The pre-catalyst used in the industrial processes
is Sn(II) 2-ethyl-hexanoate, commonly known as tin octanoate
[Sn(Oct)2], but the active species is believed to be a tin alkoxide
generated in situ in the presence of excess of an alcohol.12

Sn(Oct)2 has a high catalytic activity under the process
conditions (T ≥ 190° C, no solvent, LA/Sn mole ratios ≈
104) and allows good control of polymerization and the
synthesis of high-molecular-weight polymers with minimal
racemization problems when using an enantiopure monomer.
However, the toxicity associated with tin residues in the polymer
is a matter of concern, particularly for biomedical and food
packaging applications. On this basis, catalysts based on non-
toxic metals, such as magnesium, calcium, zinc, or aluminum,
with ancillary ligands including alkoxides, β-diketiminates,
bis(phenolates), Schiff bases, phenoxyimines, and so forth
have been widely explored in the last 2 decades.10,13−15

However, despite excellent performances, in many cases
superior to that of Sn(Oct)2, have been reported,

16 most studies
were performed in conditions very far from those of the
industrial process, that is, at room temperature in solvents such
as methylene chloride or THF, or at slightly higher temperatures
(50−80° C) in toluene, using recrystallized monomer at LA/
catalyst molar ratios in a range of 100−1000.10,17,18 Under these
conditions, the most active catalysts quantitatively convert LA in
a few minutes, with TOFs exceeding 104 h−1 and excellent
control of the molecular weights and stereochemistry. Even
when polymerization tests were reported in the absence of
solvent, commonly used temperatures were in the range 130−
150° C,19,20 at which only the monomer, but not the isotactic
PLLA, is above the melting temperature, a condition that would
be impractical on an industrial scale for serious problems of
viscosity of the reaction mixture and of diffusion of the
monomer. Only a few catalysts active under conditions close

to those of the industrial processes (T = 180−200 °C, technical
grade monomer at L-LA/catalyst ratio 5000−10000:1, excess of
alcohol) have been reported.21,22

In this paper, we report the synthesis and the characterization
of a new family of Zn(II) complexes bearing variously
substituted monoanionic [N,O−] (Imidazole[1,5-a]pyrid-3-
yl)phenolate ligands (1−5, see Scheme 1). Complexes 1−5
were tested as catalysts for the ROP of L-lactide (L-LA) both
under mild (20 °C, solvent) and industrially relevant conditions
(190 °C, neat), resulting in very promising performances. A
thorough kinetic investigation showed that the best performing
catalyst under mild conditions is the worst performing under
harsh condition, and vice versa. A DFTmechanistic investigation
provided a justification for the latter finding. More importantly,
the new Zn complexes were compared with Sn(Oct)2 under
conditions similar to those of the industrial process, resulting in
competitive performances. Finally, some preliminary results
showed that these complexes also efficiently promote the
methanolysis of commercial isotactic PLLA under mild
conditions, affording methyl lactate with high selectivity, a
potentially important further application in line with a circular
economy approach.5,6

■ RESULTS AND DISCUSSION

Synthesis and Characterization of the Complexes. The
(imidazole[1,5-a]pyrid-3-yl)phenol ligands L1−L5 and their
homoleptic bis(chelate) Zn(II) complexes were previously
reported.23 Bidentate L1−L4 bear different electron-with-
drawing or electron-donating substituents in the para position
of the phenolic ring (−R), and a methyl group in the position 1
of the imidazopyridine ring, while L5 bears a H as R and a 2-
pyridine moiety in the position 1 of the imidazopyridine ring,
being a potentially tridentate ligand (Scheme 1). Following
initial screening of the known homoleptic Zn(II) complexes in
the ROP of L-LA, resulting in poor performances both in mild
and harsh conditions (see Supporting Information, Table S1),
we pursued the synthesis of heteroleptic complexes.
Complexes 1−5 were synthesized in almost quantitative

yields by the reaction of equimolar amounts of L1−L5 and
Zn[(NSiMe3)2]2 in dichloromethane at 25 °C and recrystallized
from toluene. The complexes were fully characterized by
multinuclear NMR spectroscopy (Figures S1−S10) and high-
resolution MALDI-ToF mass spectrometry (Figures S13−S22)

Scheme 1. Zn(II) Complexes of (Imidazo[1,5-a]pyrid-3-yl)phenol Ligands L1−L5
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indicating the formation of heteroleptic dimeric species. Self-
diffusion coefficients of complexes 1 and 5 were obtained from
DOSY NMR experiments using the diffusion coefficient of
TMSS as the internal reference standard. The estimated
hydrodynamic volumes of the complexes are consistent with
the formation of dimeric species (see the Supporting
Information). The 1H NMR and the 13C NMR spectra of
complexes 1−4 display 12 and 18 signals, respectively, as
expected for C2-symmetric dimeric species. On the contrary, 24
and 36 signals are detected in the 1H NMR and the 13C NMR
spectra of complex 5, in agreement with two asymmetrically
wrapped ligands around two Zn centers. This feature made the
punctual assignment of each atom of the ligand skeleton far less
trivial than the highly symmetrical C2 dimeric structures of 1−4.
Assignment of each resonance was possible by crossing the
information coming from 1D and 2D homo- and heteronuclear
NMR experiments. By following the scalar connectivity in the
1H COSY (Figure S8), 13C{1H} HSQC, and 13C{1H} HMBC
(Figure S9) NMR spectra, all 1H and 13C NMR resonances were
assigned for each of the three aromatic rings in the two

inequivalent [N,N,O] ligands (see the Supporting Information
for full details). A comprehensive computational DFT analysis
of all the possible dimeric species of complex 1, chosen as the
prototype for complexes 1−4, and of complex 5 (see the
Supporting Information), indicated that C2 symmetric dimers
with the two Zn centers in the same R or S configuration are the
most stable for both the complexes (C2-A of Scheme S1 and
Table S1). Despite the high proximity of the -NSiMe3 groups in
this conformation, these structures are highly stabilized by the
π−π stacking interactions among the imidazopyridine moieties.
This analysis well complies with the solution structures of
complexes 1−4, but it is not in agreement with the NMR spectra
of complex 5, indicating a C1-symmetric structure (see above).
Apparently, the 2-pyridine moiety increases the degrees of
freedom and so the dimer is “freezed” in the most kinetically
accessible among the thermodynamically feasible C1 symmetric
structures (C1−C, C1−F, or C1−G, see Table S2 in the
Supporting Information).
Orange prismatic single crystals of complexes 2 and 4 suitable

for X-ray diffraction analysis were obtained by slowly cooling
supersaturated toluene solutions. Crystal data and refinement

Figure 1. X-ray molecular structures (ORTEP) of complexes (a) 2 and (b) 4. Ellipsoids are drawn at 20% probability level. Hydrogen atoms were
omitted for clarity. * indicates a C2 symmetry related atom.

Table 1. ROP of L-Lactide by 1−5 Under Variable Conditions

run catalysta alcohol ([ROH]0/[Zn]0) T [°C] time [min] Conv.b [%] TOF ([M]/[I])h−1 Mn,GPC
e [kDa] Mn,theo

f [kDa] Mw/Mn
e

1c 1 20 30 2 3
2c 2 20 30 2 3
3c 3 20 30 2 3
4c 4 20 30 2 3
5c 5 20 30 20 80 18.6 5.8 1.8
6c 1 iPrOH (1) 20 30 65 260 13.3 18.7 1.1
7c 2 iPrOH (1) 20 30 70 280 12.8 20.1 1.1
8c 3 iPrOH (1) 20 30 75 302 15.6 21.6 1.1
9c 4 iPrOH (1) 20 30 56 224 9.7 16.1 1.2
10c 5 iPrOH (1) 20 30 80 320 17.5 23.0 1.2
11d 1 BnOH (5) 190 2 96 28800 19.4 27.6 1.4
12d 2 BnOH (5) 190 2 98 29400 16.1 28.0 1.7
13d 3 BnOH (5) 190 2 98 29400 18.5 28.0 1.6
14d 4 BnOH (5) 190 2 99 29700 16.8 28.4 1.5
15d 5 BnOH (5) 190 10 62 3720 8.1 17.8 1.2

aCatalyst = 10 μmol. bConversion of monomer determined by 1H NMR. cPolymerization conditions: [LA]0/[Zn]0 = 200, recrystallized L-LA;
solvent = 2 mL of CH2Cl2.

dPolymerization conditions: [LA]0/[Zn]0 = 1000, technical grade L-LA, no solvent. eExperimental Mn and Mw/Mn
values determined by SEC in CHCl3.

fCalculated Mn of PLA (in g mol−1) = 144.14 × ([LA]/[ROH]) × conversion of LA.
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details are reported in the Supporting Information. Crystals of
both 2 and 4 feature a monoclinic unit cell belonging to the
centrosymmetric C2/c space group. The X-ray molecular
structures of complexes 2 and 4 (Figure 1) show similar
structural features, both consisting of Zn dinuclear species, with
the Zn atoms bridged by two phenolate oxygen atoms. Each zinc
atom completes the coordination sphere bonding to the
pyridine-like nitrogen of one imidazopyridine moiety and to
one bis(trimethylsilyl)amido group. Bond lengths and angles for
2 and 4 are listed in Table S3. In both complexes, the
crystallographic twofold axis (parallel to the b axis) passes
through the center of mass of the Zn complex, being
perpendicular to the complex equatorial plane, as defined by
two zinc and two phenolate oxygen atoms. The two
bis(trimethylsilyl)amido groups are located cis to each other.
Interestingly, the imidazopyridine moieties are parallel to each
other and oriented perpendicular to the complex equatorial
plane with anti-located methyl groups, with distances in the
range 3.5−3.7 Å. It is worth noting that the previously reported
homoleptic dinuclear Zn complex bearing 2-(imidazo[1,5-
a]pyridin-3-yl)phenolate ligands24 does not display any intra-
molecular stacking interaction among the pyridine moieties
because in that case, the coordination sphere of each Zn atom is
saturated by two bidentate [N,O−] ligands. For the related
aminophenolate Zn(II) complexes reported by Jed̨rzkiewicz et
al.,25 where no stabilizing π−π stacking interaction is possible,
the repulsion among the −NSiMe3 always drives the dimers to
the Ci structures, where the two Zn centers bear an opposite
configuration. The X-ray molecular structures of 2 and 4
perfectly fit within the C2−A forecasted by the energetic DFT
analysis.
ROP of L-Lactide. Complexes 1−5 were initially tested as

catalysts for the ROP of L-LA under mild conditions, that is, at
20 °C in CH2Cl2 at L-LA/Zn ratio = 200 without any alcohol co-
initiator: under these conditions, complexes 1−4 are hardly
active, while 5 has a remarkably higher TOF (cf. runs 1−5, Table
1). Addition of 1 equiv of isopropanol as the co-initiator under
otherwise identical conditions resulted in a significant increase
of the TOF for all the complexes with a substantial reduction of
the activity gap between 5 and 1−4, although the former
remains the most active under mild conditions (cf. runs 6−10,
Table 1).
The high difference of activities between catalysts 1−4 and 5

in the absence of alcohol can be ascribed to the different
stabilities of themore tightly boundC2 symmetric dimers of 1−4

compared to the C1 dimer of 5, which is probably more easily
broken in the presence of L-LA. Indeed, all the C1 symmetric
dimers calculated for complex 5 are 6−7 kcal/mol less stable
than the C2 symmetric one. Possibly, the alcoholysis reaction
cleaves the dimeric structure of the precursors, generating more
reactive Zn-OR species. NMR monitoring of the reaction of
catalyst 2 with 3 equiv of L-LA in CD2Cl2 at 25 °C resulted in no
significant spectral changes; then, 2 equiv of iPrOHwas added to
the solution and the 1H NMR spectrum was recorded after 10
min, resulting in almost complete monomer consumption and in
the appearance of the resonances of two new species, which were
identified, also on the basis of a DOSY NMR experiment, as the
homoleptic (L2)2Zn complex (probably the catalyst resting
state, as already suggested for similar catalysts25) and the
propagating active complex bearing the growing chain (see
Figures S11 and S12).
The five catalysts were then tested in conditions closer to

those of the industrial process (T = 190 °C, no solvent, L-LA/Zn
molar ratio = 1000, 5 equiv of alcohol, technical grade unpurified
monomer). Under these conditions, complexes 1−4 resulted
very active, with TOF of the order of 3 × 104 h−1, while 5 was
much less active, with a TOF almost 1 order of magnitude lower
(cf. runs 11−15, Table 1).
SEC analysis of the samples of Table 1 shows a significant

difference between the experimental and the theoretical
molecular weight for the sample prepared without alcohol
(run 5), indicating a poor efficient initiation in the Zn−
NSi(Me3)2, while a better agreement is found for samples
prepared in the presence of alcohol.
The above preliminary screening suggests that the presence of

a 2-pyridine in the position 1 of the imidazopyridine ring
strongly affects the catalytic behavior of the catalysts, resulting in
an opposite effect on the activity under mild and harsh
conditions, respectively, while the electron-withdrawing or
electron-donating substituents R are poorly effective. In order
to verify if a different thermal stability of complexes 1−4 versus 5
would influence the catalytic performances, NMR spectra of 2
and 5 were recorded after heating the complexes at 190 °C in
sealed vials, resulting in no spectral changes. A tentative
rationalization of the substituent effects on the catalyst
performances by a combined kinetic and DFT investigation is
discussed in the following sections. The TOFs of complexes 1−
4, even using unpurified technical-grade monomer, are among
the highest reported in the literature under industrially relevant
conditions. For example, the homoleptic Zn complexes reported

Table 2. Comparison of the Activities of Zn Catalyst 2 and Sn(Oct)2 in the of ROP of L-LA at 190 °C and Low Catalyst Loadingsa

run catalyst [LA]0/[Zn]0 [ROH]0/[Zn]0 T [°C] Time [min] Convb [%] TOF ([M]/[I])h−1 Mn,GPC
c [kDa] Mn,theo

d [kDa] Mw/Mn
c

12 2 1000 5 190 2 98 29400 16.1 28.0 1.7
16 Sn(Oct)2 1000 5 190 2 62 18600 14.7 17.8 1.0
17 2 2000 5 190 2.5 89 42720 29.8 51.2 1.4
18 Sn(Oct)2 2000 5 190 2.5 85 40800 30.8 48.9 1.4
19 2 3000 10 190 3 93 55800 33.2 40.2 1.3
20e 2 3000 10 190 3 93 55800 28.1 40.2 1.3
21 Sn(Oct)2 3000 10 190 3 88 52800 30.0 38.0 1.3
22 2 4000 15 190 3.5 92 63085 29.9 35.3 1.3
23 Sn(Oct)2 4000 15 190 3.5 91 62400 28.6 34.9 1.3
24 2 5000 20 190 4 83 62250 24.6 29.9 1.3
25 Sn(Oct)2 5000 20 190 4 93 69750 33.5 33.5 1.4

aPolymerization conditions: catalyst = 10 μmol, technical grade L-LA, no solvent, T = 190 °C. bConversion of monomer determined by 1H NMR.
cExperimental Mn andMw/Mn values determined by SEC in CHCl3.

dCalculatedMn of PLA (in g mol−1) = 144.14 × ([LA]/[ROH]) × conversion
of LA. eRun performed in air.
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by Jones and co-workers showed TOFs ranging between 11,400
and 54,000 h−1.21

Therefore, a scale-up of the polymerization was carried out
using complex 2 by gradually increasing both the monomer and
the alcohol equivalents. In Table 2, the performances of catalyst
2 are compared with those of Sn(Oct)2 under identical
conditions, resulting in comparable or higher TOFs, thus
demonstrating its uncommon resistance to protic impurities,
alcohol excess, and high temperature. It is worth to note that the
activity of 2 remains the same performing the polymerization
either in an inert atmosphere (as usual) or in the presence of air
(cf. runs 19 and 20). The polymer produced by 2 under these
harsh conditions is highly isotactic, as shown by both
homonuclear-decoupled 1H NMR analysis and DSC analysis
of the polymer sample obtained by run 22. The sample revealed
a very low monomer racemization, identical to that of Sn(Oct)2
under the same conditions (run 23) (see Figures S25 and S26).
The highly regular microstructure of the polymer results in a
high Tm [174.3 °C of the polymer sample obtained by 2 vs 173.9
°C of polymer sample obtained by Sn(Oct)2, see Figures S27
and S28].
Two low-molecular-weight PLA samples were purposely

prepared for MALDI-TOF MS analysis using catalyst 2 ([LA]/
[BnOH]/[Zn] = 200:10:1) either in dichloromethane at 25 °C
or in the melt at 190 °C. End group analysis indicated the
presence of Ph−CH2−O and CH(CH3)−OH, confirming in
both cases that ROP of L-LA is initiated by BnOH. Trans-
esterification processes are absent at 25 °C, while they occur to a
significant extent at 190 °C as generally observed (see Figures
S23 and S24).
Kinetic Investigation. The kinetics of polymerization of L-

LA were investigated at 20 and 50 °C in solution (in
dichloromethane and toluene, respectively) for catalysts 1−5
using [Zn] = 5mM, [LA]0/[Zn]0 = 400, and [ROH]0/[Zn]0 = 1
(ROH = benzyl alcohol). The kinetics of polymerization were
also studied in the melt at 190 °C for 1−5 employing 1 × 10−5

mol of catalyst, LA0/Zn0 = 1000 (monomer was technical grade
L-LA) and [ROH]0/[Zn]0 = 1. The detailed experimental
procedure is reported in the Supporting Information. In all cases,
the polymerization followed pseudo first-order kinetics in [L-
LA], implying that the concentration of the active species
remained unchanged during the run. The apparent propagation
rate constants (kapp) were evaluated by pseudo-first-order
kinetic plots of ln([L-LA]0/[L-LA]t) versus time (see Supporting
Information, Figures S29−S34) and they are reported in Table 3
for catalysts 1−5, and, for comparison, for Sn(Oct)2 tested in the
same conditions at 190 °C.
The values of the kapp’s reported in Table 3 for Zn catalysts 1−

5 confirm that the most significant effect on the polymerization
activity is played by the 2-pyridine substituent in the R′ position,
while the influence of the R substituents is minor. In fact, 5 has
the highest kapp in solution at 20 °C but, on the contrary, its kapp
is 1 order of magnitude lower than those of catalysts 1−4 in the
melt at 190 °C. It is worth to note that in these conditions at 190
°C, kapp values of 1−4 are around 2−3 times larger than kapp of
Sn(Oct)2.
To better understand the influence of the R′ substituent, we

determined the kapp’ values of 3 and 5 also at 65 and 80 °C
(Table 3). As shown in Figure 2, by plotting ln kp versus 1/T
(where T is the temperature of the polymerization and kp is
obtained from the relationship kapp = kp[Zn]0), the activation
energy of the polymerization for the two catalysts can be

obtained according to the Arrhenius equation ln(kp) = ln(A) −
ΔEa/RT.
The activation energies for 3 and 5 are, respectively, 9.8 and

7.8 kcal/mol. It is remarkable that just a subtle difference in
activation energy places catalysts 1−4 as candidate substitutes of
Sn(Oct)2 under high temperature industrial conditions, whereas
5 remains appealing only in lab-scale applications for mild-
condition reactions, a general warning for the large number of
catalysts successfully tested under the latter conditions in the
literature.

DFT Investigation. To shed light on the mechanistic details
of the polymerization and on the origin of the difference of
activity between 3 and 5, we modeled the first insertion of the L-
LA into the Zn−OR bond. We assumed that the alcoholysis of
the Zn−N(SiMe3)2 is a fast and quantitative reaction. To reduce
the degrees of freedom, we substituted the initiating−O−CH2−
Ph with −OCH3. In Scheme 2, we report the ROP cycle
catalyzed by a Zn−OCH3 catalyst. The ROP operates with a
coordination−insertion mechanism in which the first transition

Table 3. Kinetic Rate Constants of L-LA Polymerization
Promoted by 1−5 and Sn(Oct)2 Under Different Conditions

catalyst solvent T [°C] kapp [s
−1]

1 DCM 20 5.23 × 10−4

2 DCM 20 5.31 × 10−4

3 DCM 20 8.19 × 10−4

4 DCM 20 5.13 × 10−4

5 DCM 20 9.34 × 10−4

1 toluene 50 1.95 × 10−3

2 toluene 50 3.76 × 10−3

3 toluene 50 3.54 × 10−3

4 toluene 50 2.15 × 10−3

5 toluene 50 2.09 × 10−3

1 neat 190 7.19 × 10−2

2 neat 190 5.53 × 10−2

3 neat 190 4.66 × 10−2

4 neat 190 5.77 × 10−2

5 neat 190 4.13 × 10−3

Sn(Oct)2 neat 190 2.00 × 10−2

3 toluene 65 8.20 × 10−3

3 toluene 80 1.41 × 10−2

5 toluene 65 4.45 × 10−3

5 toluene 80 1.02 × 10−2

Figure 2. Arrhenius plots for 3 (red, R2 = 0.997) and 5 (black, R2 =
0.944).
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state (TS) for the nucleophilic addition (TS1) of the −OCH3 is
followed by a second TS for the ring opening of L-LA (TS2).
Between these two TSs, at least two intermediates (INT1 and
INT2) are present.26,27 Once the L-LA ring is opened (INT3),
another L-LA molecule can insert in the newly generated Zn−
OR bond.
In Figure 3, we report the minimum energy path (MEP) for

the first insertion of L-LA with the re enantioface in the Zn−
OCH3 bond for 3 (left) and 5 (right), respectively. Other

mechanistic details are reported in the Supporting Information.
The rate-limiting step for both these reactions is the nucleophilic
attack (TS1) with an activation energy of, respectively, 9.4 kcal/
mol for 3 and 6.2 kcal/mol for 5. It is worth to note that if the
MEP for 5 is calculated assuming bidentate ligand coordination
(i.e., with a dangling pyridine moiety), the energetic barriers of 3
and 5 are comparable (respectively, 9.4 and 9.0 kcal/mol, see
Figure S38 in the Supporting Information). Thus, the
coordination of the 2-pyridine moiety lowers the activation
energy of the reaction, in agreement with the experimental
results, confirming the involvement of 5 as a tridentate ligand
during the reaction. The theoretical results also fit well in terms
of ΔΔG between the activation energy of 3 and 5 (2.0 kcal/mol
experimental vs 3.2 kcal/mol theoretical). Finally, the RDSs TS1
were modeled also for catalysts 1, 2, and 4, resulting in activation
energies of 9.2, 9.2, and 9.1 kcal/mol, respectively, thus
confirming the experimental evidence that the modifications
of R moieties are not influential.

Depolymerization of PLA via Methanolysis. As
mentioned in the Introduction, chemical recycling of polymers
has recently become a key target for the sustainability of plastics
in a circular economy.4,6 The controlled depolymerization of
PLA through transesterification reactions with either methanol
or ethanol affords methyl or ethyl lactate as valuable
chemicals.28−31 Thus, we have preliminary tested complex 5
for the depolymerization of a commercial sample of PLLA via
methanolysis under the conditions reported by Jones et al.,30

that is, using 1 mol % of Zn catalyst with respect to the number
of ester linkages in either CH2Cl2 or THF solvent at 40 °C. The
main reaction conditions and results are summarized in Table 4,
while the details of the experimental procedure are reported in

Scheme 2. Ring Opening Catalytic Cycle of L-LA
Polymerization.

Figure 3. MEP for the first insertion of L-LA in the Zn−OCH3 bond of 3 (left, in red) and 5 (right, black).
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the Supporting Information. According to the literature,28−31

the methanolysis of PLA under these conditions proceeds via
initial random cleavage of internal ester bonds leading to
oligomers which are then converted into methyl lactate. Analysis
of the methine region of the 1H NMR spectrum allows the
determination of the conversion of internal methines (Xint), the
yield in methyl lactate (YMe−La), and the selectivity in methyl
lactate (SMe−La).
The preliminary results displayed in Table 4 show that 5 is

highly active in the methanolysis of a high-molecular-weight
commercial PLLA sample in both solvents: quantitative
degradation was achieved in 30 min in CH2Cl2 and in 60 min
in THF, in both cases with excellent selectivity toward methyl
lactate. The apparent propagation rate constants (kapp) were
evaluated by pseudo-first-order kinetic plots of ln([Int]0/[Int]t)
versus time (where [Int]t is the fraction of unconverted internal
methine carbons at time t, see the Supporting Information for
further details). The calculated kapp for methanolysis is 2.5 ×
10−3 s−1 in CH2Cl2 and 9.9 × 10−4 s−1 in THF, in both cases
significantly larger than those reported in ref 30. Highly efficient
degradation with 100% selectivity to methyl lactate was achieved
in the absence of solvents using only boiling methanol at 65 °C
for 1 h (see run 38, Table 4).

■ CONCLUSIONS
Five new heteroleptic Zn(II) complexes with (imidazole[1,5-
a]pyrid-3-yl)phenolate ligands were synthesized and tested in
the ROP of L-LA: the polymerization results showed that the
trend in the performances of the catalysts are very different using
either typical mild laboratory conditions (i.e., room temper-
ature, dissolving the purified monomer in methylene chloride,
and using low monomer/catalyst ratios) or industrially relevant
conditions (i.e., technical-grade monomer, no solvent, at 190
°C, and high monomer/catalyst ratios). In fact, complexes 1−4,
bearing bidentate [N,O−] ligands are less active under the
former conditions with respect to complex 5, bearing a
tridentate [N,O−,N] ligand, but they become much more active
under the latter ones, rivaling with the performance of Sn(Oct)2
tested under the same conditions. A kinetic study showed that

the activation energy for 5 is significantly lower than that of
complex 3 (chosen as a representative example of ligands
bearing bidentate ligands). DFT calculations confirmed the role
of the coordination of the additional pyridine moiety in
decreasing the activation energy for the first insertion of the L-
LA into the Zn-OR bond of the active species. Finally,
preliminary depolymerization tests via methanolysis of
commercial isotactic PLLA samples under mild conditions
afforded methyl lactate with high activity and selectivity. Future
work will address this interesting route to the chemical recycling
of post-use PLA waste as well as a scale-up of the polymerization
using larger reactors with more efficient mechanical stirring to
target the production of polymers with higher molecular
weights.
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Table 4. Methanolysis of Commercial PLLA by Complex 5a

run solvent t [min] XInt
b [%] SMe−LA

c [%] YMe−LA
d [%]

25 DCM 5 38.3 10.3 3.94
26 DCM 10 65.6 26.0 17.1
27 DCM 15 86.6 42.6 36.9
28 DCM 20 93.1 55.2 51.4
29 DCM 25 98.4 60.1 59.2
30 DCM 30 99.1 62.8 62.2
31 THF 5 14.7 10.6 1.55
32 THF 10 38.1 14.4 5.48
33 THF 15 59.2 28.3 16.8
34 THF 20 71.7 34.7 24.9
35 THF 25 78.0 43.0 33.6
36 THF 30 83.0 49.4 41.1
37 THF 60 99.9 91.1 91.0
38 -e 60 88.6 100 88.6

aReaction conditions: 0.25 g of PLLA (Sulzer L99L, Mn = 85 kDa, L-
LA content = 99%), MeOH = 1 ml (nMeOH/nester = 7:1), solvent = 4
mL, 5 = 35 μmol = 1 mol % relative to ester linkages, T = 40 °C, time
= 1 h. bConversion of internal methine groups; cselectivity in methyl
lactate; dyield in methyl lactate; all the latter parameters were
determined from 1H NMR. eNo solvent, 5 mL of CH3OH at 65 °C.
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