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Amides as Non-polymerizable
Catalytic Adjuncts Enable the
Ring-Opening Polymerization of
Lactide With Ferrous Acetate Under
Mild Conditions

Toufik Naolou', Andreas Lendlein? and Axel T. Neffe -%*t

! Institute of Biomaterial Science, Helmholtz-Zentrum Geesthacht, Teltow, Germany,  Institute of Chemistry, University of
Potsdam, Potsdam, Germany

Sn-based catalysts are effective in the ring-opening polymerization (ROP) but are toxic.
Fe(OAc)» used as an alternative catalyst is suitable for the ROP of lactide only at higher
temperatures (>170°C), associated with racemization. In the ROP of ester and amide
group containing morpholinediones with Fe(OAc), to polydepsipeptides at 135°C, ester
bonds were selectively opened. Here, it was hypothesized that ROP of lactones is
possible with Fe(OAc)» when amides are present in the reactions mixture as Fe-ligands
could increase the solubility and activity of the metal catalytic center. The ROP of lactide
in the melt with Fe(OAc) is possible at temperatures as low as 105°C, in the presence
of N-ethylacetamide or N-methylbenzamide as non-polymerizable catalytic adjuncts
(NPCA), with high conversion (up to 99 mol%) and yield (up to 88 mol%). Polydispersities
of polylactide decreased with decreasing reaction temperature to <1.1. NMR as well
as polarimetric studies showed that no racemization occurred at reaction temperatures
<145°C. Akinetic study demonstrated a living chain-growth mechanism. MALDI analysis
revealed that no side reactions (e.g., cyclization) occurred, though transesterification
took place.

Keywords: ring-opening polymerization, polyester, catalyst, iron, amide ligand

INTRODUCTION

(Co)polyesters obtained from diglycolide, dilactide, or e-caprolactone are typical representatives
of hydrolytically and enzymatically degradable polymers that are nowadays employed e.g., as
matrix for drug delivery systems (Wischke and Schwendeman, 2008; Kumari et al., 2010; Hu
et al., 2013) as well as for some temporary implants (Grafahrend et al., 2011; Zhang et al., 2011).
The molecular structure and the material properties of (co)polyesters, e.g., their molar mass,
crystallinity, hydrophobicity, and tacticity, play essential roles for their functional capabilities, such
as the rate of degradation, structural function or drug release rates (Neffe et al., 2010). While
several synthetic routes to (co)polyesters have been developed, ring-opening polymerization (ROP)
of cyclic precursor lactones has many advantages, such as gaining higher molar mass and lower
polydispersity than is accessible by polycondensation. The ability to control the end groups of
the resulting polymer chains provides a versatile method to prepare telechelics. ROP of lactones

Frontiers in Chemistry | www.frontiersin.org

1 May 2019 | Volume 7 | Article 346


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2019.00346
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2019.00346&domain=pdf&date_stamp=2019-05-16
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:axel@neffe.org
https://doi.org/10.3389/fchem.2019.00346
https://www.frontiersin.org/articles/10.3389/fchem.2019.00346/full
http://loop.frontiersin.org/people/689619/overview
http://loop.frontiersin.org/people/691408/overview
http://loop.frontiersin.org/people/688898/overview

Naolou et al.

Amide Adjuncts in Ring-Opening Polymerization

can be conducted under anionic or cationic conditions, by Lewis-
acidic organometallic catalysts, (Jérome and Lecomte, 2008)
organocatalysts, (Kamber et al., 2007), and enzymes (Matsumura
et al., 1997; Numata et al, 2007). Organometallic catalysts
have been demonstrated to be highly efficient in tailoring
the molecular weight of polyesters. These catalysts typically
follow a coordination-insertion mechanism starting from a metal
alkoxide added as a catalyst (e.g., aluminiumalkoxides) or formed
in situ [e.g., tin(II)octoate, compare also (Figure 1)]. While these
two catalysts are the ones predominantly used, literally hundreds
of catalysts are known (Dechy-Cabaret et al., 2004; Wheaton
et al, 2009; Ajellal et al, 2010). Two potential drawbacks
associated with most of these catalysts are the potential toxicity
of the catalysts, (Tanzi et al., 1994; Egorova and Ananikov,
2016), which need to be carefully removed for biomedical use
of the polymer, (Xiao et al., 2012) and the availability of the
catalysts, which for more elaborated catalysts comprises multi-
step synthesis under water-free conditions. Further important
selection criteria for a suitable catalyst are the required activation
energy/reaction temperature, as high temperatures promote
racemization, the solubility of the catalyst in the monomer melt,
or, less frequently used, in a suitable solvent.

Fe(II) and Fe(III) compounds have been proposed as a less
toxic alternative to Sn-based catalysts in the ROP of lactones,
such as dilactide (Gibson et al., 2002; Wang et al., 2005; Chen
et al., 2006; Hege and Schiller, 2014; Geng et al., 2016). The
toxicity of tin compounds is related to disturbance of the iron
and copper metabolism, as well as the potential denaturation of
proteins by reaction with free thiols (Westrum and Thomassen,
2002; Buck et al, 2003). Though Fe(Il) as well as Fe(III)
ions, in high concentrations, may have toxic effects, typically
through redox reactions forming radicals, biological organisms
have developed complexing strategies that typically allow safe
transport and storage of iron ions within the organisms (Imlay
and Linn, 1988; Stohs and Bagchi, 1995). Figure 1 shows the pre-
equilibrium between metal carboxylate and alkoxide (Figure 1A)
(Zhang et al,, 1994; Kowalski et al., 2005), as well as the
coordination-insertion mechanism of the ROP (Figure 1B) in
analogy to the mechanism of Sn(Oct),, demonstrating that this
reaction, in the case of dilactide, will add exactly two monomers
during the addition of each lactone. Furthermore, the catalysts
may promote transesterification of oligomers and polymers
(Figure 1C), which is typically observed at high temperatures
and/or high conversions. Such transesterification would lead to
oligomers and polymers of the structure Initiator-(LA)y rather
than Initiator-(LA),y, and is desired when statistical copolymers
are targeted.

While this general mechanism is well-established in polymer
chemistry, it is simplified, as Fe(II), and many other typical
catalytic metals used for this reaction, preferentially adopt a
octahedral coordination rather than two- or three ligands as
shown in the generic mechanism. In the solid state, Fe(OAc),
crystallizes in a 3D network being bridged by multidentate acetate
ligands adopting four different types of coordination (Weber
et al., 2011). For the melt, the exact coordination is not known,
though modeling studies for Sn(Oct), suggest a coordination
of alcohols and carboxylic acids, as well as monomers to the

central metal (Ryner et al., 2001). We recently showed that in
the case of morpholinediones, Fe(OAc), was effective in the
ROP by selectively opening the ester bond, while the amide
bond was preserved (Naolou et al., 2016). However, Fe(OAc), for
ROP of dilactide was judged to be unreactive (Kricheldorf et al.,
2000), or could only be used at high temperatures promoting
racemization (Stolt and Sodergard, 1999). These somewhat
contradictory results may suggest that while amide coordination
to Fe(II) occurs (Ding et al., 2009), selective coordination of the
morpholinedione to Fe(II) via the amide bond (Figure 2A) leads
to an unreactive species. On the other hand, systems without the
amide functionality, such as that represented in Figure 2B, do not
show any activity. Hence, it is likely that the catalytically active
Fe(II) is octahedrically coordinated to different types of ligands,
i.e., (i) alkoxide ligands, which are the initiator or the growing
chain, (ii) monomers coordinated via the ester group, which are
transferred to the growing chain, and (iii) amides, stabilizing and
activating the metallic center (Figure 2C).

We therefore hypothesized an Fe(II) catalyst active in the ROP
of lactones such as L,L-dilactide can be formed from Fe(OAc),
in situ by adding the lactone to be polymerized and an initiator,
and in addition non-polymerizable amides as catalyst adjuncts
(NPCA) to the reaction mixture. The role of the NPCA could be
to allow this type of coordination to increase the solubility in the
melt or to change the stereoelectronic properties of the catalyst
so that the coordination and insertion is promoted. The latter
requires a fine balance between Lewis acidity and softness of the
catalyst as well as minimal steric hinderance so that coordination,
insertion, and chain transfer are occurring effectively. By adding
the adjuncts, the active complex would form spontaneously and
would not require synthesis and purification (Figure 2D).

Our concept for testing the hypothesis was to study the
ROP of dilactide with Fe(OAc), in the presence (or absence)
of N-ethylacetamide (NEAA) or N-methylbenzamide (NMBA)
as NPCAs. These two adjuncts can be removed during the
precipitation step of the synthesis as they are soluble in methanol
used for the precipitation. By conducting the reaction at different
temperatures, investigating monomer conversion at different
time points, polymer yield, molar mass, polymer composition
and polydispersity as well as thermal transitions, and optical
purity as material characteristics, the validity of the approach
to add NPCAs was comprehensively tested. The kinetics of the
reaction is described and the limits of the catalyst system, in
terms of required temperatures and observed side reactions such
as racemization and transesterification, were explored.

EXPERIMENTAL SECTION

Materials

L,L-dilactide was purchased from Corbion (Gorinchem, The
Netherlands) and purified by recrystallization from anhydrous
toluene.  1,8-Octanediol ~ 98%, 1-Methyl-2-pyrrolidinone
(anhydrous) 99.5% (NMP), iron(II) acetate (Fe(OAc),)
>99.99%, N-ethylacetamide 99%, N-methylbenzamide >99%,
methanol, and toluene (anhydrous) 99.8% were purchased from
Sigma-Aldrich (Schnelldorf, Germany) and used as received.
Chloroform 99% was obtained from Roth (Karlsruhe, Germany),
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A + ROH -AcOH
AcO—Fe'—OAc

- ROH +AcOH

FIGURE 1 | Putative mechanism of the Fe(ll)-catalyzed ring-opening polymerization (ROP) of dilactide by coordination and insertion. (A) An exchange of acylate and
alkoxide ligands of the catalytically active metal center precedes the actual ROP. (B) In the catalytic cycle, a monomer coordinates to the catalytic active metal,
followed by a transfer of an alkoxide ligand to form a tetrahedral intermediate. Subsequently, the ring opening leads to the reformation of an ester bond and the
elongation of the growing chain by two lactic acid units coordinated to iron by the terminal alkoxide group. (C) As side reaction, often increasingly observed in ROP at
high reaction temperatures and/or monomer conversion, transesterification may take place which result in species with 2n+1 lactic acid units rather than with 2n lactic

acid units, which would be expected when only the ring-opening takes place.

AcO—Fe'—OR

+ROH -AcOH

RO—Fe!'—OR

- ROH +AcOH

tetrahydrofuran (for liquid chromatography) from Merck
(Darmstadt, Germany).

Synthesis of Poly(L-lactide) Diol: (PLLA)

In a typical procedure to synthesize PLLA in bulk, 1.5g (10.4
mmol) of L,L-dilactide, 14.6mg (0.1 mmol, 1/104 eq) 1,8-
Octanediol, and 11.2mg (0.065 mmol, 1/160 eq) of Fe(OAc),
were added to a 10mL oven-dried Schlenk tube sealed with
rubber septum. The solid mixture in the tube was shaken to get
a uniform distribution for its components and were degassed
by applying three vacuum/argon refill cycles. 0.16 ml (10 wt%)
of N-ethylacetamide or 150 mg N-methylbenzamide was then
added to the tube followed by a further vacuum/argon refill
cycle. The tube was placed in a preheated oil bath for 4h.
The polymerization was stopped by adding 8 ml of chloroform
to dissolve the resulting polymer, followed by precipitation in
500 ml of methanol. The polymer was collected and dried under
vacuum at 60°C for 2 days to yield a white polymer, 'H NMR
(500 MHz, CDCl3): § = 5.33-4.86 (g, 217H, OCHCO), 4.37-4.22
(s br, 2H, COCHOH), 4.11-3.96 (m, 4H, 2 CH,CH,0), 2.03 -
1.15 (m, 680H, 222 CHCHj3,2 CH,CH,CH,) ppm; *CNMR (126
MHz, CDCl3): § = 169.58 (CHCOO), 69.01 (OCHCO), 65.56

(OCH;,CHy), 29.01(OCH,CH,), 28.41 (2 CH,CH,CH,CH,0),
25.63 (2 CH,CH,CH,CH,0), 16.65 (CHCH3) ppm.

A similar procedure was followed for the case of synthesis
of PLLA using NMP as a solvent, except that the LLA and 1,8-
Octanediol and Fe(OAc), were first dissolved in 2ml of NMP,
which was followed by a degassing process achieved by bubbling
a stream of argon through the reaction solution for 20 min.

Polymer Characterization
'H and '3C NMR spectra were recorded at room temperature
using a DRX 500 Avance II spectrometer (500 MHz, Bruker,
Rheinstetten, Germany; software Topspin version 1.3).
Deuterated chloroform (CDCl3) was used as a solvent. The
determination of the number average molecular weight M, from
the 'H spectra was performed by comparing the integrals of
the CH,-O group of the initiator (4.11-3.96 ppm) with the CH
protons of the lactic acid unit (5.33-4.86 and 4.37-4.22 ppm).
The GPC measurements carried out using
tetrahydrofuran or chloroform as an eluent at 35°C with
a flow rate of ImL - min~! and in the presence of 0.2
wt% toluene as the internal standard. The GPC system was
equipped with a pre-column, two 300mm x 8.0mm linear

were
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FIGURE 2 | Models of potential octahedric coordination of Fe(ll) in the
ring-opening polymerization of lactones. In addition to two alkoxide ligands

(A) shows four morpholinediones coordinated via the amide group. Such
coordination has been reported, but is inconsistent with the observed selective
reaction of the ester bond. (B) contains four dilactide units, as expected in the
ROP of lactide without NPCA, but the ROP of dilactide by Fe(OAc), is
ineffective. (C) ROP of morpholinediones likely proceeds via a complex with
mixed amide and ester coordination. (D) depicts the proposed active center
for the ROP of lactones by Fe(ll) in the presence of NPCAs, which also has
such mixed coordination.

M columns (Polymer Standards Service GmbH, Mainz,
Germany, PSS), an isocratic pump 2080, and an automatic
injector AS 2050 (both Jasco, Tokyo, Japan). Two detectors
were used: a RI detector Shodex RI-101 (Showa Denko,
Japan) and the viscosimeter SEC-3010 (WGE, Dr. Bures,
Dallgow, Germany). Polymer molecular weights were evaluated
using universal calibration obtained by applying polystyrene
standards with M, between 580g - mol~! and 975 000g -
mol~! (PSS) using the SEC software WINGPC UniChrom
V. 8.2.1 (PSS).

Differential scanning calorimetry (DSC) measurements were
performed on a Netzsch DSC 204, Selb, Germany. The
experiments were carried out under continuous nitrogen
flow by heating a sample from room temperature up to
200 °C. The temperature was then kept at 200°C for 10 min
followed by cooling down to —70°C, and again warming
up to 200 °C with a constant heating and cooling rate
of 10 K-min~—1.

The specific rotation [a]p of polymer solutions in chloroform
was measured at a concentration of 5 mgml~! and a
temperature of 22°C, using a P-200 polarimeter (Jasco, Grof3-
Umstadt, Germany).

Mass spectra were measured on an ultrafleXtreme MALDI-
ToF spectrometer (Bruker, Bremen, Germany). trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) was used as matrix and Nal to favor ionization by
sodium attachment. PLLA (10 mg/mL in chloroform), the

matrix (10 mg/mL in THF) and sodium ion source (10 mg/ml in
THF) were mixed in a 1:10:1 volume ratio and then 1 pl pipetted
on the matrix target for analysis.

All data presented in this manuscript are based on
single synthesis experiments conducted by T.N. The
reliability of the system has been proven by selected
syntheses repeated by two additional experimenters,
however, the data of these experiments have not been
included here.

RESULTS AND DISCUSSION

The ROP of L,L-dilactide with Fe(OAc), as a catalyst in the
presence of N-ethylacetamide or N-methylbenzamide as NPCAs
(Figure 3) was studied at 165, 145, 125, and 105°C, and the
results are summarized in Table 1. The theoretical M, to be
synthesized at full conversion was in all cases 15 kDa, which
was regulated by the ratio of 1,8-octandiol and L,L-dilactide.
The yield of the respective reaction was determined by weight.
The monomer conversion and molar mass were determined by
'H NMR spectroscopy. The molar mass and mass distribution
of different PLLA samples were measured using gel permeation
chromatography (GPC) equipped with two detectors employing
universal calibration. The thermal transitions, change of heat
capacity at Ty, as well as the melting enthalpy of the PLLA
samples were measured by differential scanning calorimetry
(DSC), and the values from the 2nd heating run are reported.
The specific rotations of the polymer solutions were determined
by polarimetry.

The average number molecular weights of the polymers
from all syntheses with yield >59% and conversion >50%
was reasonably close to the theoretically expected M. Without
addition of a NPCA, an acceptable conversion and yield could
only be reached at 165°C, while at 145°C conversion, when
yield substantially dropped and at lower temperatures, the ROP
was not successful. These results are in agreement with the
literature (Stolt and Soédergard, 1999; Kricheldorf et al., 2000),
in which Fe(OAc), catalyzed the ROP of dilactides only at
elevated temperatures. When Sn(Oct), is used, polymerizations
are typically conducted above the melting temperature of
PLLA (170-200°C). It has been shown that finalizing the
polymerization at temperatures below the melting point of PLLA,
a solid-phase polymerization occurs that leads to more complete
conversions than can be reached in the melt (Shinno et al.,
1997). Both N-ethylacetamide and N-methylbenzamide used as
NPCA allowed for high conversions and yields, even at lower
temperatures down to 105°C. At all times, the investigated
reaction mixtures at this temperature, i.e., above the Ty, of
the L,L-dilactide monomer, behaved as clear solutions/melts.
The polydispersity of the polymers decreased with the reaction
temperature, and was lower than typically reported for Sn(Oct),
(Degée et al., 1999), even when using solid-state polymerization
(Shinno et al., 1997), which shows one benefit of the NPCA. The
difference between conversion and yield correlated with the PDI,
which can be interpreted by removal of smaller oligomers that are
present in a larger fraction in samples with higher PDI than in
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FIGURE 3 | The synthetic route employed to prepare PLLA using 1,8-Octanediol as initiator, Fe(OAc), as a catalyst and N-ethylacetamide or N-methylbenzamide as

N-Ethylacetamide

TABLE 1 | Results of the polymerization reactions.

no NPCA? N-ethylacetamide N-methylbenzamide
T[C] 165 145 165 145 125 105 165 145 125 105
Yield [wt%] 67 37 70 67 83 84 59 67 78 42
Conversion [mol%] 96 50 96 97 98 97 96 97 93 50
Mn (mR) [kDal 21.6 11.2 16.5 18,5 17.3 16.7 15.6 16.8 15.6 10.0
Mn @pc) [kDa] 17.0 14.6 14.1 175 15.3 15.5 15.1 18 14.9 8.2
PDI 2 1.4 1.7 1.8 1.4 1.12 1.9 1.7 117 1.09
Tg [°CP 54 51 53 51 53 51 52 51 53 50
ACp [g-K)~ 1P 0.82 0.16 0.30 0.29 0.95 0.89 0.26 0.44 0.26 0.41
T, [°cP 154 147 149 152 155 153 148 149 152 151
AHL g7 1P 15 8 18 12 12 8 13 2 4 35
T2, [°ClP 162 159 155 161 164 163 158 164 164 156
AHZ, [J-g7 1P 28 33 10 27 35 42 25 39 46 15
[@]?? —153 —155 —146 —151 —155 —153 —153 —156 —158 —143

The reaction was performed for 4 h, with a catalyst/monomer ratio of 1:160, and with/without addition of 10 wt% NPCA (compared to the monomer). The theoretical M, was 15 kDa.

aAt 125 or 105 °C, the polymerization did not take place without addition of an NPCA
bond heating run. Two Tps were observed.

Precision of methods: NMR: ~10%, GPC: <10%, DSC: Enthalpy ~10%, Temperature: 1 K.

samples with lower PDI, and have a higher solubility than larger
oligomers and polymers during the precipitation step.

In Figure4, a representative DSC curve of the PLLAs
synthesized in this work is displayed. A Ty, a cold crystallization,
and two Ty, s were observed as thermal transitions in all samples.
The glass transition was at 52 &= 1°C for all samples. This is well
in the range of the reported T, values for PLLA with an M,, ~15
kDa (Pan et al., 2007; Baker et al., 2008), though generally for

PLLA, somewhat higher values are stated. It cannot totally be
excluded that the measured samples contained small residues of
lower molecular weight compounds that act as softeners, such as
monomers, water, or amide, however, in any case the amount was
so low that it was not observed in the NMR spectra.

Cold crystallization was observed at ~100°C (Eling et al.,
1982). In the reported second heating run, two melting
transitions (T. and T2,) were observed. This has in the literature
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been rationalized by two different mechanisms. On the one
hand, the polylactide may contain two populations of lamellae,
the one with the lower melting transition corresponding to
small lamellae formed during secondary crystallization, while
the higher Ty, corresponds to lamellae formed in primary
crystallization (Su et al., 2009). On the other hand, the second
(lower) melting transition may occur in melt recrystallization
(Yasuniwa et al, 2004). The corresponding model of melt-
crystallizations describes melting of small crystals and re-
crystallization as competitive processes in the heating, and as
these processes are relatively slow, the detection and relative
integral of the cold crystallization peak and the T in the DSC
experiments is dependent on the heating rate.

endo

| "cold crystallization"

50 100 150

T/°C

-50 200

FIGURE 4 | Representative DSC of PLLA synthesized by Fe(OAc), catalysis
(with N-ethylacetamide as catalytic adjunct and at 105°C, column 6 of
Table 1).

The relatively low melting transition temperatures, T and
T2, indicated a small crystallite size, which is in accordance
with the observation that decreasing PLLA molecular weight
correlates with decreasing melting transition temperatures when
no curing is performed (He et al, 2007), and are furthermore
dependent on the heating rate, as at lower heating rates more

TABLE 2 | Result of the polymerization reactions at 105°C after 4 h, with a
catalyst/monomer ratio of 1:160, and under variation of NPCA type and amount.

N-ethylacetamide N-methylbenzamide

(11 mol%) (31 mol%)
Vield [mol%] 71 56
Conversion [mol%] 88 62
Mn (umiR) (KDl 14.1 9.6
Mn po) [kDal 15 10.7
PDI 112 1.06
Ty [°C]2 51 47
ACp [g-K)~12 0.86 0.54
T [PCP? 152 148
AHL g TR 10 14
T2, [°CP? 162 158
AHZ [JgT 1R 39 36
[a]?2 157 —158

The theoretical M, was 15 kDa.

apnd heating run. Two T,s were observed.

Precision of methods: NMR: ~10%, GPC: <10%, DSC: Enthalpy ~10%, Temperature:
1K
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FIGURE 5 | A comparison between the 18C-NMR expanded spectra of racemization free PLLA (bottom spectrum, reaction conditions: NEAA as NPCA, 105 °C;
result column 6 in Table 1) and PLLA with small degree of racemization (top spectrum, reaction conditions: NEAA as NPCA, 165 °C; result column 3 in Table 1). The

indicated integrals are referring to the top spectrum.
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points were determined from the THNMR spectra and have an error of ~ 10%.
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FIGURE 7 | Structure of PLLA species found in the MALDI studies.

re-crystallization could take place. The increasing enthalpy
of melting with decreasing temperature of the reaction gave
evidence for an inverse correlation of crystallinity of PLLA and
synthesis temperature, as long as the temperature was high
enough to give high conversions and M. When taking the
literature value for AHS, of 93 J.g=! for PLLA (Fischer et al.,
1973), the degrees of crystallinity (taking AHL, and AH2 into
account) were between 30% and 54%.

Addition of N-ethylacetamide resulted in a more active
catalyst system compared with N-methylbenzamide, as can be
deducted from the more effective polymerization at 105°C when
the former NPCA was used. As in the experiments reported
in Table1, 10 wt% of the respective NPCA was added and
the molar masses of the two used NPCA were different, such
difference in catalytic activity might have been connected with
the different molar amounts used in the reactions (17 mol% vs.
11 mol%). In an additional set of experiments, therefore, the
amount of N-methylbenzamide was increased to 31 mol%, while
N-ethylacetamide was used in 11 mol% to study the influence of
NPCA content (Table 2).

While the amount of NPCA did have an influence on the
catalytic ROP at 105°C as the lowest investigated reaction
temperature, N-ethylacetamide as NPCA resulted in more
effective polymerization compared to N-methylbenzamide, even
if the latter was used in higher quantities. The electronic
properties of the two chosen NPCAs, in regard of their abilities to
coordinate to Fe(II) while facilitating the coordination-insertion
mechanism of the ROP, is likely differing. In fact, the rate of
hydrolysis of aliphatic amides is faster than that of benzamides
(Chapman, 1989), suggesting a higher polarity of the C=0
bond in the acetamide. This would indicate a higher electron
density at the carbonyl oxygen in the acetamide than in the
benzamide, which may support coordination to Fe(II). The lower
activity shown in the case of N-methylbenzamide compared to
N-ethylacetamide could also be related to the steric hindrance in
the first case.
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FIGURE 8 | Excerpt of MALDI spectra of PLLA synthesized with N-Ethylacetamide as NPCA at (A) 165°C, (B) 145°C, (C) 125°C, (D) 105°C. The regular structure
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A critical point for the polymerization of optically active
monomers is whether the chiral information is retained during
the polymerization or is (partially) lost because of racemization.
Increased temperatures during the polymerization are known
to increase racemization (Ehsani et al., 2014), so that lowering
the reaction temperature is beneficial. In order to detect
racemization, the optical rotation of the synthesized polymers
was measured. The values ([a]?? = —146° to —159°) are in
good agreement with the literature (Yui et al, 1990; Pavlov
et al., 2017). While an [a]?? ~ —146° might already indicate
racemization to a minor extent, such a value was only obtained
for the reaction with N-ethylacetamide as NPCA at 165°C, while
at all other studied conditions, especially at lower polymerization
temperatures, values around —155° were observed. Furthermore,
racemization can be observed in '*C NMR spectra (Figure 5).
Here, the excerpt of carbonyl- and the methine-carbon region
of the 3C-NMR of PLLA, synthesized with N-ethylacetamide
at 165°C (upper spectrum) and 105°C (lower spectrum), is
shown. The main peaks at 169.6 ppm (carbonyl-C) and 69.0

ppm (methine-C) are related to iii-tetrades in the chain. At
small degrees of racemization in the chain, in addition to the
iii tetrades, ssi and iss tetrades, are expected to occur in the
spectra (compare also Supplemental Information Figure S1 and
Table S2), which is indeed the case for the sample synthesized
at 165°C. The related peaks occur at ~169.2-169.4 ppm in the
carbonyl region (Kricheldorf et al., 2008), and at 69.1 and 69.4
ppm in the methine region (Kasperczyk, 1999). Integration shows
about ~4% of the iii signal in the region’s representative for
iss/ssi tetrades. Therefore, at 165°C configurational inversion
occurred at about 4% of the lactic acid units. Because of
very small signal size (and hence bad signal/noise ratio) and
partial signal overlap, the error of this value is estimated to
be around 20%. Concluding from the NMR spectra, it can
be stated that indications for racemization were observed only
with N-ethylacetamide as NPCA at a reaction temperature of
165°C, which is in line with the results from the polarimetry.
This shows that the chosen catalyst system can be used
without racemization.

Frontiers in Chemistry | www.frontiersin.org

May 2019 | Volume 7 | Article 346


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Naolou et al.

Amide Adjuncts in Ring-Opening Polymerization

.
In(LA) +Na*

A In(LA),,+Na"
Eﬁ In(LA),,*Na
> 1
17}
C
Q
IS
°
o
8200 8250 8300 8350 8400
m/z
E In(LA) #Na® EA)#Na” In(LA)Na®
5
8
>
= A=T2
[ =t
8
£
°
8200 8250 8300 8350 8400
m/z
E 1 1 1
=
E .
2 ]
K7}
C
g ]
e
°
4000 6000 8000 10000 12000
m/z

FIGURE 9 | Excerpts of MALDI spectra of PLLA synthesized with N-Methylbenzamide as NPCA at (A) 165°C, (B) 145°C, (C) 125°C, or (D) 105°C. The regular
structure with a A = 72 m/z indicates transesterification, which was observed only to a minor extend at 105°C (D). (E) Same conditions as D, full spectrum.

B
T | InA)Na AN LAy eNa®
S,
>
= A=T2
=
Q
£ |
E-; In(LA),, In(LA),,-
. FeOAc+Na® FeOAc+Na®
8200 8250 8300 8350 8400
m/z
D | . - . .
3 In(LA)s;+Na In(LA),,+Na’
S,
>
@ A=144
Q
€
°
= A=T2 A=T2
In(LA),,+Na*
8200 8250 8300 8350 8400

m/z

Testing the limits of the catalytic system, polymerizations were
run at a catalyst:momoner ratio of 1:750 instead of 1:160 and at
a temperature of 105°C. The monomer:initiator ratio was kept
constant in all experiments containing initiator at 1:104. In this
case, the speed of reaction decreased so that even after 24 h of
reaction, only a conversion of 68 mol% was observed, and the M,
remained <10 kDa. The PDI increased to 2 in these experiments,
putatively a result of the prolonged reaction time that may allow
for more transesterification (Full data: see supporting Table S1).

It is known that initiators such as the 1,8-octandiol used in
this study increase the rate of ROP for catalysts like Sn(Oct),
by lowering the energy of activation of the ring-opening
(Kricheldorf et al., 1995). However, also in the absence of a co-
initiator, polymerization is often observed in ROP, as nucleophilic
impurities such as water or alcohols present in the catalyst can
substitute for the specifically added co-initiator. This was also the
case for Fe(OAc), —catalyzed ROP of dilactide, in which longer
reaction times of 24 h were required to reach nearly quantitative
(99 mol%) conversion of L,L-dilactide to PLLA. Here, Mys of
PLLA up to 23.6 kDa were reached. Prior drying of the catalyst at

125°C under high vacuum for 24 h did not change the outcome
of the reaction (full data: see supporting Table S1).

ROP polymerization is typically performed in the melt
as the rate of polymerization is higher than in solution
(Katiyar and Nanavati, 2010). However, side reactions, such
as transesterification that may disturb sequence specificity, are
reduced in solution so that it was also of interest to see whether
the Fe(OAc),/NPCA system would be active in solution. To
explore the possibility to use the catalytic system in solution,
NMP was chosen as a solvent, as it can act as NPCA and no
further addition of another compound is required. ROP in NMP
solution at 90°C resulted in a conversion of 87 mol% after 24 h
and a PDI of 2.1. Hence, while the ROP can be performed under
these conditions, the reaction is not as well controlled as in
the melt.

The kinetic of the ROP of L,L-dilactide with Fe(OAc),
(catalystmonomer = 1:160mol), 1,8-octandiol as initiator
(initiatorrmonomer = 1:104 mol) and 10 wt.% N-ethylacetamide
(compared to the monomer), is depicted in Figure 6. >90%
conversion was already reached after 2h of reaction time. The
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observed linear dependence of conversion and reaction time in
the semilogarythmic depiction (6A) and M, and reaction time
(6C) indicates a quasi-living chain growth mechanism up to high
degrees of conversion (~95%), which is reflected furthermore
by the low PDI of the synthesized polymers (see Table 1), and
which has not been reached, with tin alkoxides, for example
(Aubrecht et al., 2002).

MALDI studies (Figures 7-9) were conducted to investigate
which species are present in the product in order to see
whether side reactions such as cyclization and transesterification
occurred, or if a noticeable fraction of chains were initiated
by other nucleophiles other than 1,8-octanediol. In Figure 7,
the species found in the MALDI are depicted. These are the
targeted structure 1 as well as species 2, in which on one
terminus, a FeOAc group is covalently attached. The direct
observation of catalyst bound to the growing chain has been
described before for Sn(Oct),-catalyzed ROP (Kowalski et al.,
2000), and is taken as evidence for the mechanism depicted in
Figure 1. The structures of species potentially formed in side
reactions, such as cyclic structures or polymers initiated by
water, are depicted in Supplemental Information Figure S2, but
none of these were found in the MALDI spectra. Spectra and
excerpts of spectra are shown in Figure8 (NEAA as NPCA)
and Figure9 (NMBA as NPCA). Figures 8A-D) shows the
same region of the spectra for polymers synthesized at 165°C
(Figure 8A), 145°C (Figure 8B), 125°C (Figure 8C), and 105 °C
(Figure 8D), with the same species occurring in all spectra, while
in Figures 9A-D, the spectra of polymers were synthesized at
the same temperature in the presence of N-methylbenzamide
as NPCA are depicted. Of the potentially formed species, only
species 1 and 2 were observed (Figures 8, 9). The attachment
of one FeOAc group at the chain end (species 2), present in
most spectra, shows that the polymerization is well-controlled
and that the predominant mechanism of ROP by Fe(OAc); is
the mechanism depicted in Figure 1, and is analogous to the
mechanism of Sn(Oct), catalyzed polymerization of lactones.
The regular 72 m/z difference between ions showed that
transesterification took place affecting the ester bond in a pure
lactid diad. While transesterification in (co)polyesters based on
dilactids has been observed for various catalysts, such as Sn(oct),
(Kowalski et al., 2005), DBU (Meyer et al., 2010) and a Fe(II)-
based ROP catalyst (Keuchguerian et al., 2015), the extent is
largely differing depending on the reaction conditions, especially
the temperature and some transesterification catalysts do not
promote the transesterification of the ester bond of the lactide
unit (Lendlein et al., 2000). In most of the conducted syntheses,
the area of the peaks representing species containing an even
number of lactide units was roughly equal to peaks representing
species with an odd number of lactide units. However, when
N-Methylbenzamide was used as NPCA and the reaction was
conducted at 105°C, a much lower degree of transesterification
was observed compared to the other cases. This coincides with
a lower degree of monomer conversion at the studied time
points and may suggest that for the catalyst system studied
here, transesterification plays only a role at high conversions.
The transesterification was not necessarily associated with a
high PDI (compare Tables 1, 2) or with lowering of M,, with

reaction time, which is otherwise typically observed. A potential
rational for this observation may be that the coordination of ester
groups is not totally random, but may occur preferentially at
the sterically more easily accessible end groups of the polymers,
which, after transesterification, would only lead to small changes
in the PDI. The mass spectra did not display species 8-10 related
to ring formation (Figure S2). No end groups with attached
acetate or benzoate were found (species 11-13), therefore, it
could be shown that the acyl part of the NPCA in fact was
not transferred to the growing chain. Figure 8E shows another
region of the same spectrum as in Figure 8D, demonstrating
exemplarily that no additional species were observed in other
regions of the spectra. Figures 8F, 9E depict the full spectrum.
Also, only the presence of the above-mentioned species can be
observed here. 8F may give the impression that there is an
additional species present at lower masses, however, this is only a
change of relative intensity of the M+Na™ ions compared to the
M+KT ions.

CONCLUSIONS

It was shown that the addition of NPCAs to Fe(OAc),
enabled the ROP of lactide at temperatures down to 105°C.
Such low polymerization temperatures were associated with
low polydispersities and no racemization of the polymers.
The catalyst system is easily available through the mixing of
commercially available compounds in situ, which supports a
widespread use. Furthermore, Fe-based compounds putatively
have a lower toxicity than Sn-based compounds. The lower
temperatures required for the synthesis compared to a Sn(Oct);-
catalyzed ROP means that less energy is consumed, which is
economically beneficial for larger scale reactions. Therefore,
the introduced system is of interest to the synthetic polymer
chemist. In further studies, the exact structure of the active
catalyst would need to be elucidated. As other catalysts employed
for the ROP of lactide are also catalyzing the ROP of other
lactones, such as e-caprolacton, glycolide, or p-dioxanone, and
as copolymers from these monomers are generally used rather
than the homopolymers, the introduced catalytic systems will
be tested for the homo- and copolymerization of such lactones
in the future. Furthermore, the influence of the NPCA will
have to be evaluated by systematic variation of their properties
and structures.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

AUTHOR CONTRIBUTIONS

ATN contributed conception and design of the study. TN
performed the experiments and contributed selected experiments
as well as experimental setup. TN, AL, and ATN analyzed
and interpreted the data. TN wrote the first draft of the

Frontiers in Chemistry | www.frontiersin.org

10

May 2019 | Volume 7 | Article 346


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Naolou et al.

Amide Adjuncts in Ring-Opening Polymerization

manuscript. TN, AL, and ATN wrote sections of the manuscript.
ATN was responsible for writing the final version. All authors
contributed to manuscript revision, read and approved the
submitted version.

FUNDING

This work was funded by the Deutsche Forschungsgemeinschaft
(through CRC 1112, project A03) and the Helmholtz Association
(programme-oriented funding).

REFERENCES

Ajellal, N., Carpentier, J.-F., Guillaume, C., Guillaume, S. M., Helou, M., Poirier,
V., et al. (2010). Metal-catalyzed immortal ring-opening polymerization of
lactones, lactides and cyclic carbonates. J. Chem. Soc. Dalton Trans. 39,
8363-8376. doi: 10.1039/c001226b

Aubrecht, K. B., Hillmyer, M. A., and Tolman, W. B. (2002). Polymerization
of lactide by monomeric Sn (II) alkoxide complexes. Macromolecules
35, 644-650.doi: 10.1021/ma011873w

Baker, G. L., Vogel, E. B., and Smith IIL, M. R. (2008). Glass transitions in
polylactides. Poly. Rev. 48, 64-84. doi: 10.1080/15583720701834208

Buck, B., Mascioni, A., Que, L., and Veglia, G. (2003). Dealkylation of organotin
compounds by biological dithiols: toward the chemistry of organotin toxicity.
J. Am. Chem. Soc. 125, 13316-13317. doi: 10.1021/ja0354723

Chapman, T. M. (1989). Models for polyurethane hydrolysis under moderately
acidic conditions: a comparative study of hydrolysis rates of urethanes,
ureas, and amides. J. Poly. Sci. Part A Poly. Chem. 27, 1993-2005.
doi: 10.1002/pola.1989.080270620

Chen, M. Z. Sun, H. M., Li, W. F, Wang, Z. G, Shen, Q. and
Zhang, Y. (2006). Synthesis, structure of functionalized N-heterocyclic
carbene complexes of Fe (II) and their catalytic activity for ring-opening
polymerization of e-caprolactone. J. Organometal. Chem. 691, 2489-2494.
doi: 10.1016/j.jorganchem.2006.01.031

Dechy-Cabaret, O., Martin-Vaca, B., and Bourissou, D. (2004). Controlled ring-
opening polymerization of lactide and glycolide. Chem. Rev. 104, 6147-6176.
doi: 10.1021/cr040002s

Degée, P., Dubois, P., Jacobsen, S., Fritz, H.-G., and Jérome, R. (1999). Beneficial
effect of triphenylphosphine on the bulk polymerization of L,L-lactide
promoted by 2-ethylhexanoic acid tin (II) salt. J. Poly. Sci. Part A Poly. Chem.
37, 2413-2420.

Ding, K., Zannat, F., Morris, J. C., Brennessel, W. W., and Holland, P. L. (2009).
Coordination of N-methylpyrrolidone to iron (II). J. Organometal. Chem. 694,
4204-4208. doi: 10.1016/j.jorganchem.2009.09.005

Egorova, K. S., and Ananikov, V. P. (2016). Which metals are green for catalysis?
comparison of the toxicities of Ni, Cu, Fe, Pd, Pt, Rh, and Au Salts. Angew.
Chem. Int. Ed. 55, 12150-12162. doi: 10.1002/anie.201603777

Ehsani, M., Khodabakhshi, K., and Asgari, M. (2014). Lactide synthesis
optimization: investigation of the temperature, catalyst and pressure effects.
e-Polymers 14, 353-361. doi: 10.1515/epoly-2014-0055

Eling, B., Gogolewski, S., and Pennings, A. (1982). Biodegradable materials of poly
(I-lactic acid): 1. Melt-spun and solution-spun fibres. Polymer 23, 1587-1593.
doi: 10.1016/0032-3861(82)90176-8

Fischer, E., Sterzel, H. J., and Wegner, G. (1973). Investigation of the structure
of solution grown crystals of lactide copolymers by means of chemical
reactions. Kolloid-Zeitschrift und Zeitschrift fiir Polymere 251, 980-990.
doi: 10.1007/BF01498927

Geng, C., Peng, Y., Wang, L., Roesky, H. W, and Liu, K. (2016). A multimetallic
iron (II)-lithium complex as a catalyst for e-caprolactone polymerization. J.
Chem. Soc. Dalton Trans. 45, 15779-15782. doi: 10.1039/C6DT00078A

Gibson, V. C. Marshall, E. L., Navarro-Llobet, D., White, A. J., and
Williams, D. J. (2002). A well-defined iron (II) alkoxide initiator for the
controlled polymerisation of lactide. J. Chem. Soc. Dalton Trans. 4321-4322.
doi: 10.1039/b209703f

ACKNOWLEDGMENTS

We acknowledge the assistance by Regine Apostel who
performed the MALDI and polarimetry measurements.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2019.00346/full#supplementary-material

Grafahrend, D., Heffels, K.-H., Beer, M. V., Gasteier, P., Méller, M., Boehm, G.,
et al. (2011). Degradable polyester scaffolds with controlled surface chemistry
combining minimal protein adsorption with specific bioactivation. Nat. Mat.
10, 67-73. doi: 10.1038/nmat2904

He, Y., Fan, Z, Hu, Y., Wu, T., Wei, J,, and Li, S. (2007). DSC analysis
of isothermal melt-crystallization, glass transition and melting behavior of
poly (I-lactide) with different molecular weights. Eur. Poly. J. 43, 4431-4439.
doi: 10.1016/j.eurpolym;j.2007.07.007

Hege, C. S, and Schiller, S. M. (2014). Non-toxic catalysts for ring-
opening polymerizations of biodegradable polymers at room temperature
for biohybrid materials. Green Chem. 16, 1410-1416. doi: 10.1039/C3GC
42044B

Hu, Q. Gu, G, Liu, Z, Jiang, M. Kang, T. Miao, D, et al. (2013).
F3 peptide-functionalized PEG-PLA nanoparticles co-administrated with
tLyp-1 peptide for anti-glioma drug delivery. Biomaterials 34, 1135-1145.
doi: 10.1016/j.biomaterials.2012.10.048

Imlay, J. A., and Linn, S. (1988). DNA damage and oxygen radical toxicity. Science
240, 1302-1309. doi: 10.1126/science.3287616

Jérome, C., and Lecomte, P. (2008). Recent advances in the synthesis of
aliphatic polyesters by ring-opening polymerization. Adv. Drug Deliv. Rev. 60,
1056-1076. doi: 10.1016/j.addr.2008.02.008

Kamber, N. E., Jeong, W., Waymouth, R. M., Pratt, R. C., Lohmeijer, B. G., and
Hedrick, J. L. (2007). Organocatalytic ring-opening polymerization. Chem. Rev.
107, 5813-5840. doi: 10.1021/cr068415b

Kasperczyk, J. E. (1999). HETCOR NMR study of poly(rac-lactide) and poly(meso-
lactide). Polymer 40, 5455-5458. doi: 10.1016/S0032-3861(99)00128-7

Katiyar, V., and Nanavati, H. (2010). Ring-opening polymerization of L-lactide
using N-heterocyclic molecules: mechanistic, kinetics and DFT studies. Poly.
Chem. 1, 1491-1500. doi: 10.1039/c0py00125b

Keuchguerian, A., Mougang-Soume, B., Schaper, F., and Zargarian, D. (2015).
Lactide polymerization with iron alkoxide complexes. Can. J. Chem.
93, 594-601. doi: 10.1139/cjc-2014-0561

Kowalski, A., Duda, A., and Penczek, S. (2000). Mechanism of cyclic ester
polymerization initiated with Tin(II) octoate. 2.1 macromolecules fitted
with Tin(II) alkoxide species observed directly in MALDI-TOF spectra.
Macromolecules 33, 689-695. doi: 10.1021/ma9906940

Kowalski, A., Libiszowski, J., Biela, T., Cypryk, M., Duda, A., and Penczek, S.
(2005). Kinetics and mechanism of cyclic esters polymerization initiated with
tin (II) octoate. Polymerization of e-caprolactone and L, L-Lactide co-initiated
with primary amines. Macromolecules 38, 8170-8176. doi: 10.1021/ma0
50752

Kricheldorf, H. R., Kreiser-Saunders, 1., and Boettcher, C. (1995). Polylactones:
31. Sn (II) octoate-initiated polymerization of L-lactide: a mechanistic study.
Polymer 36, 1253-1259. doi: 10.1016/0032-3861(95)93928-F

Kricheldorf, H. R., Kreiser-Saunders, 1., and Damrau, D. O. (2000). Resorbable
initiators for polymerizations of lactones. Macromol. Symp. 159, 247-258.
doi: 10.1002/1521-3900(200010)159:1<247::AID-MASY247>3.0.CO;2-O

Kricheldorf, H. R., Lomadze, N., and Schwarz, G. (2008). Cyclic polylactides
by imidazole-catalyzed polymerization of L-lactide. Macromolecules 41,
7812-7816. doi: 10.1021/ma801519t

Kumari, A., Yadav, S. K., and Yadav, S. C. (2010). Biodegradable polymeric
nanoparticles based drug delivery systems. Coll. Surf. B 75, 1-18.
doi: 10.1016/j.colsurtb.2009.09.001

Frontiers in Chemistry | www.frontiersin.org

11

May 2019 | Volume 7 | Article 346


https://www.frontiersin.org/articles/10.3389/fchem.2019.00346/full#supplementary-material
https://doi.org/10.1039/c001226b
https://doi.org/10.1021/ma011873w
https://doi.org/10.1080/15583720701834208
https://doi.org/10.1021/ja0354723
https://doi.org/10.1002/pola.1989.080270620
https://doi.org/10.1016/j.jorganchem.2006.01.031
https://doi.org/10.1021/cr040002s
https://doi.org/10.1016/j.jorganchem.2009.09.005
https://doi.org/10.1002/anie.201603777
https://doi.org/10.1515/epoly-2014-0055
https://doi.org/10.1016/0032-3861(82)90176-8
https://doi.org/10.1007/BF01498927
https://doi.org/10.1039/C6DT00078A
https://doi.org/10.1039/b209703f
https://doi.org/10.1038/nmat2904
https://doi.org/10.1016/j.eurpolymj.2007.07.007
https://doi.org/10.1039/C3GC42044B
https://doi.org/10.1016/j.biomaterials.2012.10.048
https://doi.org/10.1126/science.3287616
https://doi.org/10.1016/j.addr.2008.02.008
https://doi.org/10.1021/cr068415b
https://doi.org/10.1016/S0032-3861(99)00128-7
https://doi.org/10.1039/c0py00125b
https://doi.org/10.1139/cjc-2014-0561
https://doi.org/10.1021/ma9906940
https://doi.org/10.1021/ma050752j
https://doi.org/10.1016/0032-3861(95)93928-F
https://doi.org/10.1002/1521-3900(200010)159:1<247::AID-MASY247>3.0.CO;2-O
https://doi.org/10.1021/ma801519t
https://doi.org/10.1016/j.colsurfb.2009.09.001
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Naolou et al.

Amide Adjuncts in Ring-Opening Polymerization

Lendlein, A., Neuenschwander, P, and Suter, U. W. (2000). Hydroxy-
telechelic copolyesters with well defined sequence structure through ring-
opening polymerization. Macromolecular Chem. Phy. 201, 1067-1076.
doi: 10.1002/1521-3935(20000701)201:11<1067::AID-MACP1067>3.0.CO;2-Y

Matsumura, S., Mabuchi, K., and Toshima, K. (1997). Lipase-catalyzed ring-
opening polymerization of lactide. Macromol. Rapid Commun. 18, 477-482.
doi: 10.1002/marc.1997.030180604

Meyer, F., Raquez, J.-M., Coulembier, O., De Winter, J., Gerbaux, P,
and Dubois, P. (2010). Imidazolium end-functionalized poly (L-
lactide) for efficient carbon nanotube dispersion. Chem. Commun. 46,
5527-5529. doi: 10.1039/c0c00920b

Naolou, T., Lendlein, A., and Neffe, A. T. (2016). Influence of
metal  softness the metal-organic catalyzed polymerization of
morpholin-2, 5-diones to oligodepsipeptides. Eur. Poly. J. 85, 139-149.
doi: 10.1016/j.eurpolym;j.2016.10.011

Neffe, A. T., Tronci, G., Alteheld, A., and Lendlein, A. (2010). Controlled change
of mechanical properties during hydrolytic degradation of polyester urethane
networks. Macromol. Chem. Phys. 211, 182-194. doi: 10.1002/macp.2009
00441

Numata, K., Srivastava, R. K., Finne-Wistrand, A., Albertsson, A.-C., Doi,
Y., and Abe, H. (2007). Branched poly (lactide) synthesized by enzymatic
polymerization: Effects of molecular branches and stereochemistry on
enzymatic degradation and alkaline hydrolysis. Biomacromolecules 8,
3115-3125. doi: 10.1021/bm700537x

Pan, P, Kai, W., Zhu, B, Dong, T., and Inoue, Y. (2007). Polymorphous
crystallization and multiple melting behavior of Poly(L-lactide): molecular
weight dependence, Macromolecules 40, 6898-6905. doi: 10.1021/ma0
71258d

Pavlov, G. M., Aver’yanov, 1. V., Kolomiets, I. P., Kolbina, G. F., Dommes, O. A,,
Okatova, O. V., et al. (2017). Conformational features of poly-L- and poly-D,L-
lactides through molecular optics and hydrodynamics. Eur. Poly. J. 89, 324-338.
doi: 10.1016/j.eurpolym;j.2017.02.018

Ryner, M., Stridsberg, K., Albertsson, A.-C., Von Schenck, H., and Svensson, M.
(2001). Mechanism of ring-opening polymerization of 1, 5-dioxepan-2-one and
L-lactide with stannous 2-ethylhexanoate. A theoretical study. Macromolecules
34, 3877-3881. doi: 10.1021/ma002096n

Shinno, K., Miyamoto, M., Kimura, Y., Hirai, Y., and Yoshitome, H. (1997).
Solid-state postpolymerization of L-lactide promoted by crystallization of
product polymer: an effective method for reduction of remaining monomer.
Macromolecules 30, 6438-6444. doi: 10.1021/ma9704323

Stohs, S. J., and Bagchi, D. (1995). Oxidative mechanisms in the toxicity of
metal ions. Free Rad. Biol. Med. 18, 321-336. doi: 10.1016/0891-5849(94)
00159-H

Stolt, M., and Sodergird, A. (1999). Use of monocarboxylic iron derivatives
in the ring-opening polymerization of L-lactide. Macromolecules 32,
6412-6417. doi: 10.1021/ma9902753

Su, Z,, Li, Q, Liu, Y., Hu, G. H., and Wy, C. (2009). Multiple melting behavior
of poly (lactic acid) filled with modified carbon black. J. Poly. Sci. Part B: Poly.
Phys. 47, 1971-1980. doi: 10.1002/polb.21790

on

Tanzi, M., Verderio, P., Lampugnani, M., Resnati, M., Dejana, E., and Sturani,
E. (1994). Cytotoxicity of some catalysts commonly used in the synthesis
of copolymers for biomedical use. J. Mater. Sci. Mater. Med. 5, 393-396.
doi: 10.1007/BF00058971

Wang, X., Liao, K, Quan, D, and Wu, Q. (2005). Bulk ring-opening
polymerization of lactides initiated by ferric alkoxides. Macromolecules 38,
4611-4617. doi: 10.1021/ma0475450

Weber, B., Betz, R., Bauer, W., and Schlamp, S. (2011). Crystal structure of iron
(II) acetate. Zeitschrift fiir Anorganische und Allgemeine Chemie 637, 102-107.
doi: 10.1002/zaac.201000274

Westrum, B., and Thomassen, Y. (2002). The Nordic Expert Group for Criteria
Documentation of Health Risks from Chemicals and the Dutch Expert
Committee on Occupational Standards: 130. Tin and Inorganic Tin Compounds.
(Stockholm: National Institute for Working Life).

Wheaton, C. A., Hayes, P. G., and Ireland, B. J. (2009). Complexes of Mg, Ca and
Zn as homogeneous catalysts for lactide polymerization. J. Chem. Soc. Dalton
Trans. 4832-4846. doi: 10.1039/b819107g

Wischke, C., and Schwendeman, S. P. (2008). Principles of encapsulating
hydrophobic drugs in PLA/PLGA microparticles. Int. J. Pharm. 364, 298-327.
doi: 10.1016/j.ijpharm.2008.04.042

Xiao, L., Wang, B., Yang, G., and Gauthier, M. (2012). Poly (lactic acid)-Based
Biomaterials: Synthesis, Modification and Applications. Rijeka: INTECH Open
Access Publisher.

Yasuniwa, M., Tsubakihara, S., Sugimoto, Y., and Nakafuku, C. (2004). Thermal
analysis of the double-melting behavior of poly (L-lactic acid). J. Poly. Sci. Part
B Poly. Phy. 42, 25-32. doi: 10.1002/polb.10674

Yui, N., Dijkstra, P. J., and Feijen, J. (1990). Stereo block copolymers
of L-and D-lactides. Macromol. ~ Chem. Phy. 191, 481-488.
doi: 10.1002/macp.1990.021910303

Zhang, X., Macdonald, D. A., Goosen, M. F., and Mcauley, K. B. (1994).
Mechanism of lactide polymerization in the presence of stannous octoate: the
effect of hydroxy and carboxylic acid substances. J. Poly. Sci. Part A Poly. Chem.
32, 2965-2970. doi: 10.1002/pola.1994.080321519

Zhang, Z., Ni, J., Chen, L., Yu, L., Xu, J., and Ding, J. (2011). Biodegradable
and thermoreversible PCLA-PEG-PCLA hydrogel as a barrier for
prevention of post-operative adhesion. Biomaterials 32, 4725-4736.
doi: 10.1016/j.biomaterials.2011.03.046

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Naolou, Lendlein and Neffe. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Chemistry | www.frontiersin.org

12

May 2019 | Volume 7 | Article 346


https://doi.org/10.1002/1521-3935(20000701)201:11<1067::AID-MACP1067>3.0.CO;2-Y
https://doi.org/10.1002/marc.1997.030180604
https://doi.org/10.1039/c000920b
https://doi.org/10.1016/j.eurpolymj.2016.10.011
https://doi.org/10.1002/macp.200900441
https://doi.org/10.1021/bm700537x
https://doi.org/10.1021/ma071258d
https://doi.org/10.1016/j.eurpolymj.2017.02.018
https://doi.org/10.1021/ma002096n
https://doi.org/10.1021/ma9704323
https://doi.org/10.1016/0891-5849(94)00159-H
https://doi.org/10.1021/ma9902753
https://doi.org/10.1002/polb.21790
https://doi.org/10.1007/BF00058971
https://doi.org/10.1021/ma047545o
https://doi.org/10.1002/zaac.201000274
https://doi.org/10.1039/b819107g
https://doi.org/10.1016/j.ijpharm.2008.04.042
https://doi.org/10.1002/polb.10674
https://doi.org/10.1002/macp.1990.021910303
https://doi.org/10.1002/pola.1994.080321519
https://doi.org/10.1016/j.biomaterials.2011.03.046
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Amides as Non-polymerizable Catalytic Adjuncts Enable the Ring-Opening Polymerization of Lactide With Ferrous Acetate Under Mild Conditions
	Introduction
	Experimental Section
	Materials
	Synthesis of Poly(L-lactide) Diol: (PLLA)
	Polymer Characterization

	Results and Discussion
	Conclusions
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


