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The increasing awareness of sustainability has led to enormous
growth of the demand for bio-based and biodegradable
polymers such as poly(lactide) (PLA). In industry, polymerization
of lactide is currently carried out using tin catalysts (e.g., tin(ll)
ethyl hexanoate, Sn(Oct),). Since the catalyst remains in the
polymer, it can accumulate in the soil or in the human body
after degradation and cause damage due to its toxicity.
Therefore, a search for a suitable substitute for this catalyst has
been going on for decades. Guanidine metal complexes prove

1. Introduction

The current debate in society about our environment also affects
the way we are dealing with petrochemically derived plastics.
Their synthesis from finite petroleum resources and the high level
of contamination by plastic residues in our oceans and habitats
has led to a search for substitutes." Therefore, bioplastics have
received more and more attention and, with a production capacity
of 2.11 million tons in 2018, they account for one percent of the
entire plastics market.” However, no distinction is made here as to
whether the bioplastics are merely bio-based and/or, biodegrad-
able or have both properties. Bio-based and biodegradable
polymers like poly(lactide) (PLA), poly(hydroxyalkanoate) (PHA) as
well as starch blends and materials made from cellulose combine
both properties and have successfully found their way into the
markets.® PLA is the most promising material since its physical
and mechanical properties are similar to poly(ethylene terephtha-
late) (PET), poly(propylene) (PP) and poly(styrene) (PS). Another
advantage of the polyester is that it can be processed using
conventional methods. The polymer can be applied in extrusion,
foaming, injection molding and blow molding.” The material is
used in the packaging industry, in disposable tableware, in textile
production and in the medical sector. Due to its good biocompat-
ibility, PLA is used as suture material in surgical dressing and as an
implant”’ PLA is produced by polymerization of the monomer
lactide, the cyclic diester of lactic acid. The bacterial fermentation
of corn and sugar beets first produces pyruvate, which is then
converted into lactic acid. After oligomerization and a thermal
cracking process, lactide is obtained. Due to two stereocenters
meso-LA, D-LA and L-LA are possible dimers. Since the natural
isomer of lactic acid is L-lactic acid, mainly L-LA is produced. After
the fermentation process, lactide is usually contaminated with
water, residual lactic acid, oligomers and meso-lactide. In the
industrial process the lactide is therefore purified to avoid possible
side reactions and termination reactions during polymerization of
the monomer. The company Total Corbion PLA states the following
impurities after its purification process: Water: less than 0.03%,
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to be excellent catalysts in the polymerization of lactide. They
are not only convincing because of their activity and the
synthesis of high molar mass polymers, but also show a high
robustness against high temperatures, oxidation as well as
residual protic impurities in the monomer. Herein, key zinc and
iron guanidine complexes are discussed with respect to their
apparent rate constant (k,,,) and rate constant of propagation
(k,), produced molar masses and the mechanism involved.

meso-LA less than 0.03%, free acid 7 meqkg " The quality is

called “technical grade quality” or “non-purified lactide”. In
scientific literature, however, in toluene recrystallized lactide or
single/multiple sublimated lactide is mostly used, making it
difficult to compare academic results with industrial requirements
and methods.® The polymer synthesis occurs via a ring-opening
polymerization (ROP). In contrast to the polycondensation of lactic
acid which results technically in the same polymer, the ROP of
lactide achieves a narrow and controlled molar mass distribution
and avoids side reactions.” The obtained PLA polymer is
degradable under industrial composting conditions and meets the
requirements of the European standard EN 13432, thus closing the
life cycle of lactide, ensuring a CO,-neutral emission.!"”

The different stereoconfigurations of the monomer allow
different tacticities in the polymer. This enables to obtain various
material properties by controlling the stereoconfiguration during
polymerization. Thus, semicrystalline atactic PLA, isotactic material
with a high crystallinity, syndiotactic PLA and stereoblock PLA (sc-
PLA) can be obtained!" The tunability of this bio-based and
biodegradable polymer and its good processability on existing
machines makes the material an excellent substitute for petro-
chemical-based plastics.

1.1. Mechanism of the polymerization

The ring-opening polymerization of lactide can basically take place
according to five different reaction mechanisms. A distinction is
made between cationic, anionic, organocatalytic ROP, the coordi-
nation-insertion mechanism (CIM) and the activated monomer
mechanism.”'? In the cationic mechanism, alkylating and acylating
agents as well as Lewis acids are used for ring-opening."™
However, this form of ring-opening does not allow control over
the polymerization and is therefore not considered a living
polymerization."” In contrast, the anionic polymerization exhibits a
living character. Using metal alkoxides and strong bases/nucleo-
philes as catalysts, controlled molar masses with narrow disper-
sities can be obtained."” Nevertheless, the stereoinformation is
lost during the polymerization and the microstructure of the
polymer cannot be controlled. The third option to open the cyclic
diester are organocatalysts. N-heterocycles carbenes,"® guanidines
such as triazabicyclodecene (TBD),"” amines and phosphinimines
possess a high potential to open and polymerize lactide or other
cyclic esters such as e-caprolactone and &-valerolactone."”
However, the best control over the molar masses of the polymers,
the physical and mechanical properties as well as the micro-
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structure is achieved with a polymerization according to the
Coordination-Insertion Mechanism (CIM). Here, metal salts and
metal complexes are used as catalysts. Molar masses can be
adjusted by changing the monomer-to-initiator ratio ([M]/[1])."®
The mechanism starts with the coordination of the carbonyl
oxygen atom of the lactide to the metal center (Figure 1). This
initiating step activates the monomer and enables the nucleophilic
attack of an alkoxide group, guanidine or water to the carbonyl
carbon atom of the cyclic diester. Followed by an insertion of the
monomer in the previous metal-oxygen bond, the lactide ring
opens. Thus, a new alkoxide group is formed which allows the
propagation of the polymer chain. Polymerizations according to
CIM can be described as pseudo-first order kinetics.”® The
concentration of the initiator remains constant during polymer-
ization, which is why it can be integrated with the reaction
constant and expressed as the apparent rate constant k,,, [Eq. (1)I:

dm] _
-~ =

= p [M} ' m = kapp ' [M] (1)

After integrating, Eq. (2) is obtained:

[M];= [M],-e " ®)
= Mo .

Using the conversion X; [Eqg. (3)] in the logarithm of Eq. (2),
Eq. (4) is obtained:

() n(r2x) o

Eq. (4) shows that by plotting the logarithmic monomer
concentration against the reaction time, the rate constant k,,, can
be determined. For a more detailed description of the polymer-
ization, k,,, values are then determined at different initiator
concentrations and plotted against the respective initiator concen-
tration used. Thus, the rate constant of propagation (k) is
determined from the slope of the regression [Equation (1)]. This
rate constant (k,) enables a better comparison between the
catalyst systems investigated, provided that the reaction con-

ditions such as temperature and quality of the monomer are
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Figure 1. Coordination-insertion mechanism (CIM) for the ROP of lactide.

identical. The coordination-insertion mechanism is often hard to
distinguish from the “activated monomer” mechanism, which is
also controlled by metal complexes. While CIM needs an initiating
group like benzyl alcohol, for the activated monomer mechanism
an inactivation of the catalyst with benzyl alcohol can be
observed.!"”

1.2. Catalysts for the ROP of lactide

In the industrial production of PLA, tin(ll) ethyl hexanoate (Sn
(Oct),) is the favored catalyst. This compound is better known as
tin octanoate and is able to produce polymers with molar masses
of up to 1.000.000 gmol™ in bulk.”® Studies by Duda et al. show
that the addition of alcohol as co-initiator results in an equilibrium
between the Sn(Oct), and a monoalkoxide species up to a
bisalkoxide (Scheme 1).

The monoalkoxide significantly increases the polymerization
rate compared to pure Sn(Oct),”" After the polymerization the
catalysts remains in the polymer and can accumulate in soil after
degradation. In addition, tin residues in the polymer can interact
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Scheme 1. Equilibrium of Sn(Oct), and an alcohol as coinitiator. Left: Sn
(Oct),, middle: the monoalkoxide species (highly active), right: the
bisalkoxide.?”

with the organism when PLA is used in the human body.”? The
catalyst is classified as harmless by the American Food and Drug
Agency (FDA), but the toxicity of tin(ll) compounds is well known
although less toxic than Sn(IV) compounds. Hence alternatives for
industrial use are urgently required. In recent years, a wide variety
of catalysts have been developed for the polymerization of lactide.
Metal complexes stand out in the literature due to their number
and performance.”® Some systems were convincing due to their
extraordinary control and activity in polymerization like dincuclear
zinc catalysts from Williams et al*¥ and the control of the tacticity
(microstructure).””’ Several complexes containing Mg, AL Ti?
Zr 27 70,29 5p213% and rare earth metals®" have been prepared
and successfully tested in the ROP of lactide.” Nevertheless, only
a few catalysts are able to polymerize under industrially relevant
conditions and do not bring along an intrinsic toxicity. Five criteria
for an industrial relevant catalyst were formulated by Feijen et al.
in 2011: the ligand should be commercially available and thus
inexpensive, the synthesis of the complex should succeed in high
yields, they should show a high activity in the polymerization in
bulk and the polymerization should take place in high conversion
with high molar masses and narrow dispersities.”*¥ In order to
gain biocompatibility of the catalysts, mainly zinc catalysts have
been developed in the last two decades. The good biocompati-
bility of the metal, low costs and the formation of colorless and
stable complexes have proven to be particularly advantageous.”
Besides these criteria, the ligand design plays an important role.

[Zn(L),MeOH] » MeOH (1)

[Zn(L);] (4)

[Zn(L),] + EtOH (2)

{IL(H)Ge]znCI(u-CI} (5)

Anionic ligands in complexes promote a high sensitivity to
moisture. With regard to the residual water and lactic acid in the
lactide, stable complexes are therefore required.

Here, ligands with neutral donors are considered more
advantageous. Zinc and calcium complexes with carbenes,”
trispyrazolylmethane ligands,®*¥ phosphinimine ligands® bipyr-
idine and phenanthroline ligands,*® pyrrolidine and pyridylamine
ligands®” as well as polyamine stabilized sodium aryloxide
ligands®® have been developed in the past. However, most
systems catalyzed lactide polymerization only under inert con-
ditions and in solution due to their sensitivity to air, moisture and
high temperatures. Davidson et al. succeeded in 2009 in synthesiz-
ing a zinc complex with an anionic Schiff-base ligand scaffold (1),
which converted unsublimed lactide ([M]/[l]=300:1) to 80% of
the corresponding polymer in 30 minutes at 130°C (Figure 2).
PLA with molar masses of up to M,=41200gmol' and
dispersities of ©=1.43 were obtained. Furthermore, air and
moisture stable mononuclear zinc Schiff-base complexes (2) were
tested in the ROP of recrystallized L-lactide under industrial
relevant conditions. Molar masses of up to 90000 gmol™' have
been obtained™” Robust zinc complexes with tridentate Schiff
base-like ligands (3) converted 78% of technical grade rac-LA after
42 min at a [MJ/[l] ratio of 500:1. With molar masses of M,=
71000 gmol ™" the polymers were suitable for industrial processing.
Schiff-base ligand complexes (4) were developed by Jones et al. in
2018 and successfully used in the polymerization of lactide."
Once recrystallized lactide was used at a very low catalyst
concentration ([M]/[1}/[BnOH]=10000:1:100) with the addition of
a coinitiator and successfully polymerized in a short time at 150°C
and 180°C. With TOF values of up to 100000 h™' the catalyst is
classified as extremely active under industrial conditions. In
addition to this development of zinc complexes for the ROP of
technical grade lactide, a non-toxic germanium complex (5) has
recently been synthesized, which proved to be active in ring-
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Figure 2. Zinc and germanium complexes for the ring-opening polymerization of lactide under industrially relevant conditions.
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opening polymerization.*? Kinetic investigations showed that the
germanium atom is the active center of the polymerization and
that a CIM mechanism is proceeding. With a rate constant twice as
high as the one of tin octanoate and molar masses of up to
100000 gmol™, this complex has a high potential as a substitute
for existing tin catalysts in industry.

2. Guanidine metal complexes as catalysts

Guanidine metal complexes for the ROP of lactide showed a great
advantage in recent years. With a pK; value of 13.6, guanidines are
neutral ligands with a high basicity and a high donor strength.
They can form metal complexes with a wide variety of coordina-
tion geometries. Their rather outstanding donor properties are
based on the stabilization of the protonated guanidinium species
over the three nitrogen atoms of the guanidine moiety. Guanidine
complexes are used not only in the ROP of lactide, but also in the
atom transfer radical polymerization (ATRP) of styrene,*” in the
modelling of tyrosinase® complexes and the entatic state™
involving the metals copper and iron. First results of various N,N
guanidine zinc complexes were summarized in a review by Herres-
Pawlis etal. in 2012 and form the first generation of guanidine
metal complexes for lactide ROP.¥ At that time, the quinoline-

guanidine bis-(chelato) triflato complexes [Zn(OTf)(TMGqu),][OTf]
and [Zn(OTf)(DMEGqu),][OTf] (6) showed the highest activities in
the ROP of technical grade lactide.*” Conversions of >90% and
molar masses of up to 77000 gmol™" were obtained after 24 h
(Table 1). Mechanistic investigations also showed that the guani-
dine ligand is able to open the lactide ring analogous to metal-
alkoxide complexes. In the following we summarize the develop-
ment of guanidine metal complexes since then and their use in
the ROP of lactide under industrial relevant conditions.

2.1. N,N donor guanidine ligand systems (2™ generation)

Six different guanidine zinc complexes were presented in 2016
(Figure 3)."® Besides the two guanidine units (tetrameth-
ylguanidine=TMG and dimethylethylene=DMEG), ethylene (7, 8)
and propylene (9, 10) bridges as well as an aromatic (11, 12)
backbone were used to investigate the influence of the bridging
unit on the activity in the ROP. Thus, kinetic measurements for the
polymerization of non-purified lactide using the complexes 7-12
were performed. The polymerization was carried out without
stirring the reaction mixture in reaction vessels which were placed
in an oven at 150°C. With values between 5.0x107%s™" (12)-3.3x
107° (10) s' (IMI/[1=500:1) the complexes showed moderate

Table 1. Polymerization data for lactide with guanidine metal complexes and Sn(Oct),.
Catalyst Conditions k, Kapp time conv. M, theo M, DY Ref.
[Lmol™'s™] s [min] [%] [gmol™"] [gmol™]
6 fal - - 1440 92 66200 77000 2.1 [47b]
7 fal - 1.5%x107°6 830 64 46000 19400 1.52 [48]
8 @l - 1.7%1075E 830 59 42500 18200 1.21 [48]
9 el - 2.2x1075 830 70 50400 15600 1.55 [48]
10 @l - 33x1075¢ 830 94 67700 13000 1.77 [48]
11 el - 5.0x 1075 830 27 - - - [48]
12 @l - 5.0% 1075 830 21 - - - [48]
13 el - 3.6+03x107° 360 60 43200 14000 1.59 [49]
14 fal - 574+03x107° 360 71 51100 16000 1.72 [49]
15 el - 3.4+02x107°¢ 360 64 46000 21500 1.62 [49]
16 fal - 58+0.3x107°® 360 79 56900 20000 1.53 [49]
17 el - 3.0+02x107°¢ 420 63 45400 20000 1.47 [49]
18 fal - 3340.2x107°¢ 360 63 45400 19000 1.62 [49]
19 el - 33+03x107°¢ 360 69 49700 25500 1.57 [49]
20 fal - 2.9+03x107°¢ 360 69 49700 16000 2.21 [49]
21 fal - 9.9x107°¢ 120 64 46000 20000 1.70 [50]
22 @l - 7.3x1075 120 55 39500 5100 1.72 [50]
23 el - 12.8x 1075 120 62 44500 13000 1.74 [50]
24 bl 10.95x1073 1.26+£0.07x 1074 920 52+2 37400 49400 14 [51]
25 ol 9.48x 1073 1.09+0.10x 10~ 90 5242 37400 35000 14 [51]
26 bl 7.26x1073 1.014+0.10x 10~ 920 53+2 38200 46900 1.5 [51]
27 (el 825x107° 1.03+£0.15x 10~ 90 5542 39600 42600 1.6 [51]
28 el - 6.7x107% 90 48 33800 34600 14 [52]
29 « - 2.39:£0.005x 10~ 53 25 18000 43900 14 [52]
30 «d 411%x1072 4.92x1074 36 68 49000 85500 1.5 [52]
31 «d 6.104+0.34x107? 8.82+0.1x 107" 120 81 58300 71000 14 [52]
32 d - 0.3%1075 960 25 18000 5300 1.8 [54]
33 (dl 1d 9.2+0.01x107%4 5.46-£0.49% 10 60 83 59800 35500 1.5 [54]
34 (el ] 55.4-+0.02x 1072 43.54+3.5x 1074 1.6 69 49700 46800 1.5 [54]
Sn(Oct), @ 8440.02x1072 0.88x 107" 25 69 99360 168000 19 [54]
[a] Solvent-free melt polymerization, technical grade rac-LA, reaction vessel, 150°C, conversion determined by 'H NMR spectroscopy. [b] Solvent-free melt
polymerization, technical grade rac-LA, Schlenk tubes, 150°C, 260 rpm, conversion determined by 'H NMR spectroscopy. [c] Solvent-free melt polymerization,
technical grade rac-LA, steel reactor with in situ Raman technology to determine k,,, values; 150°C, 260 rpm, final conversion determined by "H NMR
spectroscopy. [d] Solvent-free melt polymerization, recrystallized L-LA, steel reactor with in situ Raman technology to determine k,,, values; 150 °C, 260 rpm,
final conversion determined by using 'H NMR technology. [e] [M]/[I] =500:1. [f] [M]/[I]=1000:1. [g] Determined by GPC (THF).
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[ZnX,(TMGca)] ~ R=CHjy, X = CI (21), Br (23)
[ZnCl,(DMEGca)] R =(CHy)y-, X = Cl (22)

Figure 3. N,N donor guanidine metal complexes (2™ generation) for the ROP of lactide under industrially relevant conditions.

polymerization rates. The highest molar masses with M,=
19400 gmol™' were obtained with complex 7. Mechanistic
investigations with benzyl alcohol as coinitiator showed the
alcohol as the end group on the polymer, hence, a coordination-
insertion mechanism was proposed. The higher activity of the
aliphatic complexes 7-10 in comparison with the aromatic
systems (11, 12) could be explained by higher interaction energies
of the N atoms to the zinc calculated by NBO analysis with DFT.

Eight more zinc chloride complexes containing aliphatic and
achiral bisguanidine ligands were published in 2017.”? The aim of
these investigations was to control the stereo-configuration in the
polymer and to increase the polymerization rate in the ROP of
technical grade lactide. Tacticity studies of the obtained polymers
by catalytic polymerization of technical grade rac-LA with the
complexes 13-20 showed values of P,=0.51 (17)—0.56 (14 & 20).
With respect to these data it is clear that only atactic PLA was
produced. Kinetic measurements showed that using the com-
plexes 13, 14 and 16, apparent rate constants with values of k,,, =
36+03x10°s" (13)-584+03%x107°s™' (16) can be obtained.
Compared to the systems 7-12, the values are in the same order
of magnitude. Besides the investigation of the systems in the ROP
of technical grade lactide, kinetic measurements of recrystallized
lactide with/without addition of the coinitiator benzyl alcohol
were performed. In this case the kinetic data were measured by
in situ FT-IR spectroscopy. In contrast to the previous catalysis
results of the polymerization of lactide with guanidine zinc
complexes, here the reaction mixture was stirred at 140°C with
400 rpm. At a [MI/[ll/[BzOH] ratio of 1000:1:10, a k,,, value of
7.2x107°s' (14) was obtained, so that a significant increase in
reactivity could be achieved by adding the coinitiator.

With molar masses of M,=15000gmol', however, an
application in industrial processing is not possible.
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In the following, camphor-derived guanidine zinc complexes
were presented as catalysts for lactide ROP.®® At 150°C and a [M]/
[] ratio of 500:1, rate constants between k,,,=7.3x107°s™' (22)
—12.8x107°s " (23) were determined. Thus complex 23 shows
the highest activity of the guanidine zinc complexes with NN
donors. The polymerization yielded 62% PLA after two hours and
molar masses of M,=13000gmol". If the [MI/[l] ratio was
increased to 1000: 1, molar masses of M, =56000 gmol~"' could be
obtained. Tacticity measurements showed that despite the
chirality of the complex mainly atactic polymer is formed with
values of P,.=0.54-0.58. For mechanistic elucidation, MALDI-ToF
measurements were also carried out, in which ethoxy end groups,
formed by the precipitation of polymers in ethanol, and OH
groups, formed by the initiation of water residues in the
monomer, were detected.

2.2. N,O donor guanidine ligand systems (3™ generation)

While the focus was for a long time on N,N donor guanidine zinc
complexes, our group has also investigated the field of neutral N,O
donor guanidine ligands starting in 2017 (Figure 4).5" The first
hybrid guanidines of this kind consist of an aromatic backbone
with a guanidine unit as substituent and a methyl ester in ortho
position. The resulting guanidines TMGasme and DMEGasme were
used to form the corresponding tetrahedral guanidine zinc
complexes with zinc chloride (24 & 25) and zinc bromide (26 &
27), in which the imine nitrogen atom of the guanidine unit and
the carbonyl oxygen atom of the methyl ester coordinate to the
zinc ion. The aim of the catalytic investigations of these complexes
in the ROP of technical grade lactide was to determine the
influence of the two guanidine units and the different halide
ligands. The kinetic studies were, unlike most experiments of the

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 4. Left: N,0 and N,N donor guanidine metal complexes (3" generation) for the ROP of lactide under industrially relevant conditions. Right: Reactor with

in situ Raman spectroscopy for bulk polymerization of lactide.

N,N donor class, performed in Schlenk tubes under stirring in an
oil bath to ensure homogenization during polymerization. For
complex 24, catalytic measurements were also performed with
in situ Raman spectroscopy. By observing the characteristic band
for the ring vibration of lactide at 650 cm™' and the characteristic
vibration of the C—O backbone of polylactide at 870 cm™', the
conversion was monitored. Evaluation of the k,,, determination by
Schlenk tubes with Raman technology yielded similar values, but
Raman spectroscopy allows a more detailed progress of the
polymerization which is key for these faster systems.

With a k, value of 948x107°Lmol's™" (25), the N,O
guanidine zinc complexes proved to be the fastest robust zinc
catalysts in the ROP of non-purified lactide at that time. Due to
the obtained molar masses of up to M,=49400 gmol™" (24),
industrially processable colorless polymer was obtained. Further
mechanistic investigations via '"H NMR spectroscopy showed that
the guanidine ligand of the complex is able to open the lactide
ring and thus initiates the polymerization. The polymerization
studies showed that the different halides and guanidine moieties
do not influence the polymerization activity.

Variation of this successful carboxy-guanidine system, the
influence of different electronic substituents on the aromatic
skeleton was studied recently.f? Different “asme” (German:
Anthranylsduremethylester, English: methyl anthranilate) deriva-
tives with electronically donating and withdrawing substituents
were introduced in para- and meta-position to the guanidine unit.
While the electron-donating dimethylamine group in meta-
position (28) to the guanidine unit tended to slow down
polymerization compared to the unsubstituted “asme” system
(25), the polymerization rate increased by a factor of 6 when the
dimethylamine group was introduced in para-position to the
guanidine unit. The electron-withdrawing chlorine substituent in
the para-position (29) doubled the rate of polymerization in
comparison to the unsubstituted system, which could be
explained by the increase in Lewis acidity at the zinc atom. The
substitution of a methyl group in para position (30) quadrupled
the rate compared to 25. The novelty of the project was that
almost all polymerizations were recorded in a self-designed steel
reactor with in situ Raman technology based on the reactor design
developed by Liauw et al. (Figure 4).%¥ Thus, the corresponding
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polymerizations could be monitored with a time resolution of
seconds. The now fastest complex 31 with k,=6.10£0.34%
102Lmol's™" reached a conversion of 81% already after 2 h
with a [M)/[I] ratio of 500:1. Molar masses of M,=71000 gmol™
were obtained. With D=1.4, the polymerization can be described
as well controlled. In addition to the studies with technical grade
rac-lactide, polymerizations with recrystallized and sublimed
lactide were carried out, with no changes in the catalysis activity.
To elucidate the operating mechanism, polymer in the presence of
a coinitiator was prepared which was characterized via MALDI-ToF
analysis. It was found that both the alcohol and the ligand were
identified as endgroups and therefore act as initiators for the
polymerization. Besides, the complex was found at the chain end
which is why a CIM mechanism was proposed.

While the literature is full of zinc complexes as catalysts for the
ROP of lactide, iron was given less attention than zinc. Polymer-
ization data of iron complexes with bis(pyrazolyl)-bipyridinyl-
methane ligands showed low activity in the ROP of technical
grade lactide™ In 2019, three guanidine iron complexes for
lactide polymerization were synthesized with FeCl, using the three
best guanidine ligands TMGqu, TMGasme and TMG5NMe,asme
from zinc chemistry for lactide polymerization.®¥ In all three
obtained complexes tetrahedral coordination was present by the
corresponding hybrid guanidine and the two chloride ligands. First
kinetic studies with technical grade rac-LA at a ratio of [MI/[l]=
500:1 showed a conversion of 25% for 32 after 16 h. The complex
[FeCl,TMGasme] (33) achieved a conversion of 83 % and molecular
weights of M,=35500gmol™" in 60 min. By introducing the
dimethylamine group in para-position to the guanidine unit (34),
the activity could be increased by a comparable factor regarding
the corresponding zinc system (31). Already after 1.4min a
conversion of 66% was reached. In addition, polymers with
molecular weights of M,=77300 gmol™" were obtained. These
initial polymerization data were followed by more in-depth kinetic
investigations of 33 and 34, which were, however, carried out with
once recrystallized lactide to ensure a constant purity of the
monometr. In order to make an accurate comparison with the
catalyst Sn(Oct),, kinetic studies were carried out with Sn(Oct),
under identical polymerization conditions. The rate constant of
propagation k, was determined and showed that the two iron

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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complexes are not only several times faster than their zinc
equivalents, but also exceed the polymerization rate of Sn(Oct),.
While 33 with a k, value of 9.2£0.01x107*Lmol's™" is slightly
faster than Sn(Oct), with k,=8.4+0.02x 107 Lmol~'s™, 34 with
k,=554+002x10"*Lmol's™" is 6.5 times faster than Sn(Oct),.
This means that a biocompatible solution has been found for the
toxic catalyst tin octanoate currently used in industry. Plotting of
the molar masses against the respective conversion showed that
the polymerization is proceeding in a controlled manner. With the
data of the MALDI-ToF analysis it was also shown that the
complex, the ligand, as well as OH groups are found at the chain
end. In addition to residual water in the monomer, the ligand is
therefore able to open the lactide ring, which led to the
conclusion that the guanidine iron complex 33 corresponds to a
well-defined catalyst and that the polymerization proceeds
according to a CIM mechanism.

3. Conclusion and Outlook

In this mini-review, the second and third generation of guanidine
metal complexes as catalysts for the ring-opening polymerization
of technical grade lactide were summarized. While the developed
guanidine zinc complexes with N,N donors showed moderate
results, the use of N,O donor hybrid guanidines opened up a new
avenue for the ligand design. Several zinc complexes showed high
activities in the ROP of lactide, requiring the development of new
methods for kinetic monitoring of the polymerization. By design-
ing a steel reactor and using in situ Raman technology, the rate
constant of propagation k, could be determined more accurately
under stirring and with much less effort than before. In addition to
the zinc complexes, the synthesis of corresponding iron complexes
and their catalytic investigation have shown that N,O donor hybrid
guanidine iron complexes have a much higher activity than N,N
donor guanidine zinc complexes and the catalyst Sn(Oct),
currently used in industry. With the development of a robust
catalyst with higher activity than Sn(Oct), an important step
towards a biocompatible alternative has been taken. In addition to
the catalytic activity, the catalyst also convinced by the formation
of polymers with high molecular masses. Mechanistic investiga-
tions revealed that the complex polymerizes as a well-defined
catalyst and follows a CIM mechanism. In future projects these
very active and robust systems will be tested in the ROP of other
cyclic esters. In addition to homopolymerization, application in
copolymerizations of other cyclic esters will be investigated, for
example with ¢g-caprolactone, in order to construct different
material properties of the biodegradable polymers.

Acknowledgements

The authors like to thank Total Corbion PLA for lactide donations
and the Deutsche Forschungsgemeinschaft (SFB985) for generous
support. P.M.S. thanks the Hanns Seidel Foundation for generous
support.

ChemPlusChem 2020, 85, 1044-1052  www.chempluschem.org

1051

Conflict of Interest

The authors declare no conflict of interest.

Keywords: bioplastics - catalysis -
ring-opening polymerization

guanidines - poly(lactide) -

[1] a) R. Geyer, J.R. Jambeck, K.L. Law, Sci. Adv. 2017, 3; b)L.C. M.
Lebreton, J. van der Zwet, J.-W. Damsteeg, B. Slat, A. Andrady, J. Reisser,
Nat. Commun. 2017, 8, 15611; ¢) C. Schmidt, T. Krauth, S. Wagner,
Environ. Sci. Technol. 2017, 51, 12246-12253.

[2] BIOPLASTICS - facts and figures, European Bioplastics 2019.

[3] a) A. Metz, A. Hoffmann, K. Hock, S. Herres-Pawlis, Chem. Unserer Zeit
2016, 50, 316-325; b) G-Q. Chen, M.K. Patel, Chem. Rev. 2012, 112,
2082-2099; c) T. P. Haider, C. Vélker, J. Kramm, K. Landfester, F. R. Wurm,
Angew. Chem. Int. Ed. 2019, 58, 50-62; Angew. Chem. 2019, 131, 50-63;
d) S. Lambert, M. Wagner, Chem. Soc. Rev. 2017, 46, 6855-6871.

[4] L. Yu, K. Dean, L. Li, Prog. Polym. Sci. 2006, 31, 576-602.

a) W. Groot, J. van Krieken, O. Sliekersl, S. de Vos, Poly(Lactic Acid), John

Wiley & Sons, Inc. 2010, pp. 1-18; b) R. Auras, B. Harte, S. Selke,

Macromol. Biosci. 2004, 4, 835-864; c) E. Castro-Aguirre, F. IAiguez-

Franco, H. Samsudin, X. Fang, R. Auras, Adv. Drug Delivery Rev. 2016,

107, 333-366.

[6] a) P.P. Pescarmona, K.P.F. Janssen, C. Delaet, C. Stroobants, K.
Houthoofd, A. Philippaerts, C. De Jonghe, J.S. Paul, P. A. Jacobs, B.F.
Sels, Green Chem. 2010, 12, 1083-1089; b) P.Y. Dapsens, C. Mondelli,
B.T. Kusema, R. Verel, J. Pérez-Ramirez, Green Chem. 2014, 16, 1176—
1186; ¢) P. Van Wouwe, M. Dusselier, A. Basig, B.F. Sels, Green Chem.
2013, 75, 2817-2824; d) P. Coszach, P.-A. Mariage, WO 2009077615
2009.

[7] Total Corbion PLA bv, Puralact® L Polymer Grade, L-Lactide 2018.

[8] W. Groot, J. van Krieken, O. Sliekersl, S. de Vos, Poly(Lactic Acid) (Eds.: R.
Auras, L.-T. Lim, S. E. M. Selke, H. Tsuji), John Wiley & Sons, Inc. 2010, pp.
3-18.

[9] D. Garlotta, J. Polym. Environ. 2001, 9, 63-84.

[10] DIN EN 13432:2000-12, Verpackung - Anforderungen an die Verwer-
tung von Verpackungen durch Kompostierung und biologischen Abbau
- Priifschema und Bewertungskriterien fiir die Einstufung von Verpack-
ungen; Deutsche Fassung EN 13432:2000.

[11] H. Tsuji, Macromol. Biosci. 2005, 5, 569-597.

[12] T. Rosen, I. Goldberg, W. Navarra, V. Venditto, M. Kol, Angew. Chem. Int.
Ed. 2018, 57, 7191-7195; Angew. Chem. 2018, 130, 7309-7313.

13] V. W. Dittrich, R. C. Schulz, Angew. Makromol. Chem. 1971, 15, 109-126.

[14] H.R. Kricheldorf, R. Dunsing, Makromol. Chem. 1986, 187, 1611-1625.

15] H.R. Kricheldorf, I. Kreiser-Saunders, Makromol. Chem. 1990, 191, 1057-
1066.

[16] a) E. F. Connor, G. W. Nyce, M. Myers, A. Mock, J. L. Hedrick, J. Am. Chem.
Soc. 2002, 124, 914-915; b) G. W. Nyce, T. Glauser, E. F. Connor, A. Mock,
R. M. Waymouth, J. L. Hedrick, J. Am. Chem. Soc. 2003, 125, 3046-3056.

[17] @) B. G. G. Lohmeijer, R.C. Pratt, F. Leibfarth, J. W. Logan, D.A. Long,
A. P. Dove, F. Nederberg, J. Choi, C. Wade, R. M. Waymouth, J. L. Hedrick,
Macromolecules 2006, 39, 8574-8583; b) R. C. Pratt, B. G. G. Lohmeijer,
D. A. Long, R. M. Waymouth, J. L. Hedrick, J. Am. Chem. Soc. 2006, 128,
4556-4557.

[18] a) A. P. Dove, Chem. Commun. 2008, 6446-6470; b) M. J. Stanford, A. P.
Dove, Chem. Soc. Rev. 2010, 39, 486-494.

[19] P.W. Atkins, J. De Paula, Atkins' Physical chemistry, Oxford, New York,
Oxford University Press, 2014.

[20] J. W. Leenslag, A.J. Pennings, Makromol. Chem. 1987, 188, 1809-1814.

11 A. Kowalski, A. Duda, S. Penczek, Macromolecules 2000, 33, 689-695.

2] a) M. C. Tanzi, P. Verderio, M. G. Lampugnani, M. Resnati, E. Dejana, E.
Sturani, J. Mater. Sci. Mater. Med. 1994, 5, 393-396; b) A. Stjerndahl, A.
Finne-Wistrand, A. C. Albertsson, C. M. Backesjo, U. Lindgren, J. Biomed.
Mater. Res. Part A 2008, 87 A, 1086-1091; c) A. Stjerndahl, A. F. Wistrand,
A.-C. Albertsson, Biomacromolecules 2007, 8, 937-940.

[23] Y. Sarazin, J.-F. Carpentier, Chem. Rev. 2015, 115, 3564-3614.

[24] A. Thevenon, C. Romain, M. S. Bennington, A. J. P. White, H. J. Davidson,
S. Brooker, C. K. Williams, Angew. Chem. Int. Ed. 2016, 55, 8680-8685;
Angew. Chem. 2016, 128, 8822-8827.

[25] P. J. Dijkstra, H. Du, J. Feijen, Polym. Chem. 2011, 2, 520-527.

5]

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


http://orcid.org/0000-0002-4354-4353

Chemistry
Minireviews Europe ,
ChemPlusChem doi.org/10.1002/cplu.202000252 Sociais Pubiehing

[26] a) S. L. Hancock, M. F. Mahon, M. D. Jones, Dalton Trans. 2013, 42, 9279- [42] R.D. Rittinghaus, J. Tremmel, A. RGzicka, C. Conrads, P. Albrecht, A.

9285; b) P. McKeown, M. G. Davidson, G. Kociok-Kohn, M. D. Jones,
Chem. Commun. 2016, 52, 10431-10434; c) N. Spassky, M. Wisniewski, C.
Pluta, A. Le Borgne, Macromol. Chem. Phys. 1996, 197, 2627-2637; d) Z.
Zhong, P.J. Dijkstra, J. Feijen, Angew. Chem. Int. Ed. 2002, 41, 4510-
4513; Angew. Chem. 2002, 114, 4692-4695.

a) C. K. A. Gregson, I. J. Blackmore, V. C. Gibson, N. J. Long, E. L. Marshall,
A. J. P. White, Dalton Trans. 2006, 3134-3140; b) E. Kim, E. W. Shin, I.-K.
Yoo, J.S. Chung, J. Mol. Catal. A 2009, 298, 36-39; c) E. Sergeeva, J.
Kopilov, I. Goldberg, M. Kol, Chem. Commun. 2009, 3053-3055; d) M. D.
Jones, L. Brady, P. McKeown, A. Buchard, P. M. Schéfer, L. H. Thomas,
M. F. Mahon, T. J. Woodman, J. P. Lowe, Chem. Sci. 2015, 6, 5034-5039.
a) A.J. Chmura, M. G. Davidson, C.J. Frankis, M. D. Jones, M. D. Lunn,
Chem. Commun. 2008, 1293-1295; b) Y.-L. Duan, Z.-J. Hu, B.-Q. Yang, F.-
F. Ding, W. Wang, Y. Huang, Y. Yang, Dalton Trans. 2017, 46, 11259-
11270; ¢) M. D. Jones, S.L. Hancock, P. McKeown, P. M. Schéafer, A.
Buchard, L. H. Thomas, M. F. Mahon, J. P. Lowe, Chem. Commun. 2014,
50, 15967-15970; d) P. McKeown, M. G. Davidson, J.P. Lowe, M.F.
Mahon, L. H. Thomas, T.J. Woodman, M. D. Jones, Dalton Trans. 2016,
45, 5374-5387; e) T. K. Saha, V. Ramkumar, D. Chakraborty, Inorg. Chem.
2011, 50, 2720-2722; f) A. Sauer, A. Kapelski, C. Fliedel, S. Dagorne, M.
Kol, J. Okuda, Dalton Trans. 2013, 42, 9007-9023.

a) S. Ghosh, P. M. Schéfer, D. Dittrich, C. Scheiper, P. Steiniger, G. Fink,
A. N. Ksiazkiewicz, A. Tjaberings, C. Wolper, A. H. Groschel, A. Pich, S.
Herres-Pawlis, S. Schulz, ChemistryOpen 2019, 8, 951-960; b) P. Steiniger,
P. M. Schéfer, C. Wolper, J. Henkel, A. N. Ksiazkiewicz, A. Pich, S. Herres-
Pawlis, S. Schulz, Eur. J. Inorg. Chem. 2018, 2018, 4014-4021.

a) A. Kowalski, A. Duda, S. Penczek, Macromolecules 2000, 33, 7359-
7370; b) A. Kowalski, A. Duda, S. Penczek, Macromol. Rapid Commun.
1998, 19, 567-572; c) A. Kowalski, J. Libiszowski, A. Duda, S. Penczek,
Macromolecules 2000, 33, 1964-1971.

a) G. Du, Y. Wei, W. Zhang, Y. Dong, Z. Lin, H. He, S. Zhang, X. Li, Dalton
Trans. 2013, 42, 1278-1286; b) H. Ma, T.P. Spaniol, J. Okuda, Inorg.
Chem. 2008, 47, 3328-3339.

O. Dechy-Cabaret, B. Martin-Vaca, D. Bourissou, Chem. Rev. 2004, 104,
6147-6176.

[33] T.R. Jensen, L.E. Breyfogle, M.A. Hillmyer, W.B. Tolman, Chem.

Commun. 2004, 2504-2505.

M. G. Cushion, P. Mountford, Chem. Commun. 2011, 47, 2276-2278.

a) H. Sun, J.S. Ritch, P.G. Hayes, Inorg. Chem. 2011, 50, 8063-8072;
b) C. A. Wheaton, P.G. Hayes, Chem. Commun. 2010, 46, 8404-8406;
c) C. A. Wheaton, P. G. Hayes, Dalton Trans. 2010, 39, 3861-3869; d) C. A.
Wheaton, P.G. Hayes, Catal. Sci. Technol. 2012, 2, 125-138; e) C. A.
Wheaton, B.J. Ireland, P.G. Hayes, Organometallics 2009, 28, 1282-
1285.

J. Borner, U. Florke, A. Doring, D. Kuckling, M. D. Jones, S. Herres-Pawlis,
Sustainability 2009, 1, 1226-1239.

S. Nayab, H. Lee, J. H. Jeong, Polyhedron 2011, 30, 405-409.

B. Calvo, M. G. Davidson, D. Garcia-Vivé, Inorg. Chem. 2011, 50, 3589-
3595.

M. D. Jones, M. G. Davidson, C. G. Keir, L. M. Hughes, M. F. Mahon, D. C.
Apperley, Eur. J. Inorg. Chem. 2009, 635-642.

M. Fuchs, S. Schmitz, P. M. Schéfer, T. Secker, A. Metz, A. N. Ksiazkiewicz,
A. Pich, P. Kégerler, K. Y. Monakhov, S. Herres-Pawlis, Eur. Polym. J. 2020,
122, 109302.

P. McKeown, S.N. McCormick, M. F. Mahon, M. D. Jones, Polym. Chem.
2018, 9, 5339-5347.

Hoffmann, A. N. Ksiazkiewicz, A. Pich, R. Jambor, S. Herres-Pawlis, Chem.
Eur. J. 2020, 26, 212-221.

[43] a) T. Rosener, O. Bienemann, K. Sigl, N. Schopp, F. Schnitter, U. Florke, A.
Hoffmann, A. Déring, D. Kuckling, S. Herres-Pawlis, Chem. Eur. J. 2016,
22, 13550-13562; b) T. Rdsener, A. Hoffmann, S. Herres-Pawlis, Eur. J.
Inorg. Chem. 2018, 3164-3175.

[44] F. Strassl, B. Grimm-Lebsanft, D. Rukser, F. Biebl, M. Biednov, C. Brett, R.
Timmermann, F. Metz, A. Hoffmann, M. Ribhausen, S. Herres-Pawlis,
Eur. J. Inorg. Chem. 2017, 2017, 3350-3359.

[45] a) B. Dicke, A. Hoffmann, J. Stanek, M. S. Rampp, B. Grimm-Lebsanft, F.
Biebl, D. Rukser, B. Maerz, D. Gories, M. Naumova, M. Biednov, G.
Neuber, A. Wetzel, S. M. Hofmann, P. Roedig, A. Meents, J. Bielecki, J.
Andreasson, K.R. Beyerlein, H.N. Chapman, C. Bressler, W. Zinth, M.
Rubhausen, S. Herres-Pawlis, Nat. Chem. 2018, 10, 355; b) A. Hoffmann,
J. Stanek, B. Dicke, L. Peters, B. Grimm-Lebsanft, A. Wetzel, A. Jesser, M.
Bauer, M. Gnida, W. Meyer-Klaucke, M. Riibhausen, S. Herres-Pawlis, Eur.
J. Inorg. Chem. 2016, 4731-4743; c) J. Stanek, A. Hoffmann, S. Herres-
Pawlis, Coord. Chem. Rev. 2018, 365, 103-121; d) J. Stanek, M. Konrad, J.
Mannsperger, A. Hoffmann, S. Herres-Pawlis, Eur. J. Inorg. Chem. 2018,
2018, 4997-5006; e) J. Stanek, T. Rosener, A. Metz, J. Mannsperger, A.
Hoffmann, S. Herres-Pawlis, Topics in Heterocyclic Chemistry, Springer
Berlin Heidelberg, Berlin, Heidelberg 2015, pp. 1-70.

[46] |. dos Santos Vieira, S. Herres-Pawlis, Eur. J. Inorg. Chem. 2012, 765-774.

[47] a) J. Borner, I. dos Santos Vieira, A. Pawlis, A. Doring, D. Kuckling, S.
Herres-Pawlis, Chem. Eur. J. 2011, 17, 4507-4512; b) J. Boérner, U. Florke,
K. Huber, A. Doring, D. Kuckling, S. Herres-Pawlis, Chem. Eur. J. 2009, 15,
2362-2376.

[48] A. Metz, R. Plothe, B. Glowacki, A. Koszalkowski, M. Scheckenbach, A.
Beringer, T. Résener, J. Michaelis de Vasconcellos, R. Haase, U. Florke, A.
Hoffmann, S. Herres-Pawlis, Eur. J. Inorg. Chem. 2016, 4974-4987.

[49] A. Metz, P. McKeown, B. Esser, C. Gohlke, K. Krockert, L. Laurini, M.
Scheckenbach, S. N. McCormick, M. Oswald, A. Hoffmann, M. D. Jones, S.
Herres-Pawlis, Eur. J. Inorg. Chem. 2017, 5557-5570.

[50] A. Metz, J. Heck, C. Gohlke, K. Krockert, Y. Louven, P. McKeown, A.
Hoffmann, M. Jones, S. Herres-Pawlis, Inorganics 2017, 5, 85.

[51] P. M. Schéfer, M. Fuchs, A. Ohligschldger, R. Rittinghaus, P. McKeown, E.
Akin, M. Schmidt, A. Hoffmann, M. A. Liauw, M. D. Jones, S. Herres-
Pawlis, ChemSusChem 2017, 10, 3547-3556.

[52] P. M. Schéfer, P. McKeown, M. Fuchs, R. D. Rittinghaus, A. Hermann, J.
Henkel, S. Seidel, C. Roitzheim, A. N. Ksiazkiewicz, A. Hoffmann, A. Pich,
M. D. Jones, S. Herres-Pawlis, Dalton Trans. 2019, 48, 6071-6082.

[53] S. Hardy, I. M. de Wispelaere, W. Leitner, M. A. Liauw, Analyst 2013, 138,
819-824.

[54] R.D. Rittinghaus, P. M. Schafer, P. Albrecht, C. Conrads, A. Hoffmann, A.
Ksiazkiewicz, O. Bienemann, A. Pich, S. Herres-Pawlis, ChemSusChem
2019, 712, 2161-2165.

[55] U. Herber, K. Hegner, D. Wolters, R. Siris, K. Wrobel, A. Hoffmann, C.
Lochenie, B. Weber, D. Kuckling, S. Herres-Pawlis, Eur. J. Inorg. Chem.
2017, 2017, 1341-1354.

Manuscript received: March 30, 2020
Revised manuscript received: April 30, 2020
Accepted manuscript online: May 4, 2020

ChemPlusChem 2020, 85, 1044-1052  www.chempluschem.org

1052 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA


http://orcid.org/0000-0002-4354-4353

