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Syntheses of polylactides by means of tin catalysts
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This article reviews the usefulness of tin(i) and tin(iv) salts and compounds as catalysts for the polymeriz-

ation of lactides. The text is subdivided into nine parts mainly reflecting different polymerization strategies,

such as ring-opening polymerization (ROP), ring-expansion polymerization (REP), ROP combined with
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1. Introduction

This review deals with the role of tin catalysts in ring-opening
polymerizations (ROP), ring-expansion polymerization (REP),
and ring-opening polymerization combined with simultaneous
polycondensation (ROPPOC) of lactides, but also with polycon-
densation of lactic acid. Just now, and even more in the future,
polylactides play an important role as biodegradable materials
for a broad variety of applications with the additional benefit
that the monomers (i-lactic acid, i-lactide (LLA), meso-lactide
(mesoLA), rac-lactide (racLA)) can be produced from natural
resources. Almost all commercial polylactides are produced by
ring-opening polymerization of the cyclic dimers, the lactides
using tin(n) 2-ethylhexanoate (SnOct,) as the standard catalyst
for their technical production. Therefore, tin catalyzed poly-
merizations have stimulated numerous scientific studies and
the present review makes an attempt to summarize the results
of these studies. Despite many review articles about ROPs of
lactides and lactones,"® a review focused on tin-catalyzed
syntheses of polylactides has never been published to the best
knowledge of the authors.

The performance of catalyst is usually defined and deter-
mined in terms of rate of polymerization, the extent of final
conversion and the maximum molar mass that can be
achieved. In case of biodegradable polymers, and above all,
when part of these polymers should be used for medical and
pharmaceutical applications, a fourth parameter plays an
important role, namely toxicity. In this regard tin-based cata-
lysts have a negative image and therefore, this aspect needs to
be discussed in detail. Hence, the present review also tries to
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simultaneous polycondensation (ROPPOC), various catalysts with unknown polymerization mechanisms,
and polycondensation of lactic acid. Since the toxicity of tin salts and compounds is a matter of concern
and frequently mentioned in numerous publications, the first section deals with facts instead of myths
about the toxicity of tin salts and compounds.

present facts about the toxicity of tin salts and compounds in
comparison with toxicity data of other catalysts and drugs.

In addition to a section dealing with toxicity (part 2), this
review is subdivided into seven parts (3-9) according to the
polymerization methods: ROP, REP, ROPPOC and polyconden-
sation of lactic acid. Furthermore, chemical reactions in solid
poly(i-lactide)s (PLLA), and their consequences for the physical
properties are reviewed.

Finally, the origin of tin-catalyzed polymerizations of lac-
tides should be mentioned here. In 1959 Kleine and Kleine
reported on SnCl,-catalyzed polymerizations of i-lactide in
bulk."" At that time SEC was not available and those authors
listed inherent viscosities as crude measure of molar mass.
From those data it may be roughly estimated that only low
molar mass polylactides (weight average molar masses (M) <
30 000) were obtained. However, the work of Kleine et al. has
the important merit that it reported for the first time on the
extent of racemization caused by different catalysts. Those
authors found that the risk of racemization is particularly low
for SnCl, and higher for the less toxic catalysts based on zinc
or magnesium salts. This finding was later confirmed by the
first author of this review in a detailed study including a
broader variety of Sn, Zn and Mg salts or complexes."* Since
crystallinity, mechanical properties and rate of hydrolytic
degradation depend very much on the optical purity of pol(t-
lactide) the results of Kleine et al. were and are still of great
importance.

2. Toxicity — rumours and facts

First, it is necessary to distinguish between catalysts based on
tin(i) ions and organotin(iv) compounds having alkyl or aryl
residues covalently attached to the tin atom. In the case of
tin(u) ions the toxicity has been intensively studied over the past

This journal is © The Royal Society of Chemistry 2022
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40 years and found to be rather low for humans for the follow-
ing reasons.

Both the upper middle and upper class of the European
population have used tin dishes, such as plates, cups, mugs,
jars, pots, tankards, and bottles, over a period of more than
300 years, and fatalities or chronic diseases resulting from
intoxication with tin have not been clearly evidenced (in con-
trast to intoxication with lead). More precise data about the
toxicity of tin(u) ions in food has been elaborated from exten-
sive studies of canned food. Over the past 120 years the
mankind has produced many billions of cans made from steel
having the interior walls plated with tin to protect the steel
walls against corrosion. Thus, in British English tin became a
synonym for can. The low toxicity of tin(u) ions for humans
found in those studies in combination with its high toxicity
against any kind of microbes and fungi has prompted the
American FDA to accept tin(u) 2-ethylhexanoate and other tin
(u) salts, above all SnCl,, as food stabilizer. For example, SnCl,
is the standard stabilizer for any kind of tomato products such
as soups, sauces and juice, and it is well known that hundreds
of thousands of litres of tomato juice are consumed e.g. in
airplanes every year. A concrete figure, the authors have found
for SnCl,, says that up to 200 mg kg™' of human body is
harmless.”*™*® SnCl, is preferentially used as food stabilizer,
because it much less expensive than tin(u) acetate, less expen-
sive and slightly less toxic than SnOct,, since the chloride ions
belong to the human metabolism in contrast to 2-ethyl
hexanoate ions.

It is interesting to compare this ratio with what is known
about pyridine (Table 1). For that amine the LD5, amounts to
400 mg kg™, when orally applied by humans (see footnote (b)
in Table 1). This figure means that 50% of humans who
swallow 500 mg kg™ pyridine will die, whereas the other 50%
will be more or less damaged by intoxication. Hence, it is
obvious that pyridine is considerably more toxic than SnCl,.
The data in Table 1 also indicate that N,N-dimethyl-4-amino-
pyridine is 5-10 times more toxic than pyridine itself. This
comparison is of interest, because in a first paper claiming
that metal-free organo-catalysts may be advantageous over
metal-based catalysts Nederberg et al used N,N-dimetly-4-
aminopyridine (and 4-pyrrolidinopyridine) as catalysts.'® Such
pyridine derivatives were also reported in papers of other
authors."”” ™ Furthermore, the toxicity data compiled in

Table 1 Toxicity data of tin(i) salts and various organic chemicals®

LDso [mg kg™ '] Oral
Chemical transdermal (canine) (rat)
Sn(i)2-ethylhexanoate >2000 —
SnCl, — 700
Tributyltin chloride — 129
Pyridine® 1200 891
N,N-Dimethylamino-pyridine 90 140
Triethylamine 415 460
Guanidine — 475

“Retrieved from Wikipedia. ” LDs, (oral, human) = 500 mg kg™".
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Table 1 suggest that trialkyl amines are more toxic than
pyridine.

Nonetheless, several research groups used bases such as
diazabicycloundecene (DBU) or triazabicyclodecene (TBD) as
catalysts, although their basicity and nucleophilic reactivity are
several orders of magnitude higher than those of triethyl-
amine.”** We were not able to find toxicity data, but a higher
toxicity than trimethylamine or guanidine is predictable, in as
much as these amines are registered as dangerous, highly
caustic, corrosive liquids. Nonetheless, the following statement
can be found in a recent review: “Such organo-catalysts present
lower toxicity than their organometallic counterparts, and can
for the most part, be safely used in biomedical and electronic
applications and can be easily removed from the final PLA
material”.”® This statement turns the known facts about tox-
icity upside down, apparently because of lack of any knowledge
about toxicity of the catalysts they have reviewed (toxicity
data were not mentioned). However, two publications of
Coulembier and co-workers appeared recently, which report on
studies of cytotoxicity of several organocatalysts including
thioureas and tertiary amines.>**> The toxicities covered a
broad range and confirm that it is not a priori justified to attri-
bute a negligible toxicity to organocatalysts.

Finally, it is worth mentioning that most widely used drugs
are more toxic than SnCl,, when the LD;, oral doses for rats
are compared (Table 2). Those drugs are consumed in much
larger quantities than SnCl, or other tin(u) salts. It is certainly
true that tin ions are not desirable in polyesters used for
medical and pharmaceutical applications, but the quantities
needed for such applications are small, not to say negligible,
compared to what is needed for other applications for example
as films and foils in agriculture, for packaging or for 3-D print-
ing and other technical applications.*® This amount will
increase in the future, when more and more ‘immortal’ poly-
mers will be substituted by biodegradable ones. For all those
large-scale applications the low toxicity of tin(u) ions rep-
resents no serious problem. Dangerous accumulation in
nature causing long-term problems to the environment is
probably not a concern, because tin(um) is a reducing agent
which is oxidized by oxygen and Fe(ui) ions (ubiquitous on the
surface of Earth). The oxidation product SnO, is an extremely
insoluble and harmless chemical known and used by the
humankind for more than 5000 years as a mineral named
Cassiterite.

Table 2 Toxicity data of common medicaments?

LDs LDso
Pharmaceutical ~[mgkg™] Pharmaceutical [mg kg™
name oral (rat)  name oral (rat)
Paracetamol 338 Diclofenac 245
Dexamethasone 50 Ibuprofen 636/740 (mouse)
Resorcin 330 Phenobarbital 162
Lidocaine 314 Diazepam 249
Codeine 427 Methamphetamine —/34 (mouse)

“Retrieved from Wikipedia.
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Alkyltin compounds are in general considerably more toxic
than Sn(u) salts. Their toxicity decreases with increasing
length and decreasing number of the alkyl groups. Due to a
moderate toxicity, dibutyltin oxide has found commercial
applications, mainly as transesterification catalyst in the pro-
duction of insulating lacquers. The less toxic dioctyltinoxide
has found a much broader application for example as catalyst
and additive in insulating lacquers, paints, coatings, fresh-
eners or in machine wash liquids. Its production amounts to
approximately 10000 tons per year in Europe. Nonetheless,
catalyst based on dibutyltin(iv) compounds (see below) are
mainly of interest as catalyst for academic research.

3. Ring-opening polymerization
(ROP) catalyzed by tin alkoxides

3.1 Homopolymerization and the coordination-insertion
(C-I) mechanism

For more than three decades ROPs of cyclic esters were
believed to proceed either by a cationic or an anionic mecha-
nism.”>” However, the existence of ionic polymerization mecha-
nisms catalyzed by tin salts has never been evidenced, so that
all polymerization methods reviewed in the following sections
are based on the C-I mechanism.

The concept of a mechanism exclusively based on a
rearrangement of covalent bonds, later called coordination-
insertion mechanism, grew up step by step beginning with
papers of Teyssié and co-workers in 1976/1977.>**° That group
studied ROPs of e-caprolactone catalyzed by Al-isopropoxide
and by a bimetallic complex based on Al and Zn, and formu-
lated for the first time a non-ionic insertion mechanism which
included the insertion of the lactone into a covalent Al-O
bond (Scheme 1).

In 1991 these studies were extended to ROPs of lactide.*
Meanwhile (1985), Kricheldorf et al. reported on copolymeriza-
tions of glycolide with r-lactide (or lactones) using various tin
alkoxides such as BuzSnOMe, Bu,Sn(OMe),, BuSn(OMe); and
BuSn(OPr);.>" Random 1/1 copolyesters were obtained at
150 °C in bulk and by a comparison with the different results
obtained by ionic ROP it was concluded, that the C-1 mecha-
nism illustrated in Scheme 2 was operating.

Characteristic for this mechanism are two steps. At first the
carbonyl oxygen interacts with a free orbital of the Sn atom
with the consequence that the carbonyl C turns more electro-
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Scheme 1 C-I mechanism formulated for ¢CL by Ouhadi et al.>® (with
permission from Wiley).
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Scheme 2 C-| mechanism formulated for glycolide by Kricheldorf
et al.>! (reproduced with permission of Wiley).

philic and the Sn—-O bond more nucleophilic. The second step
consist of a rearrangement of covalent bonds, so that an inser-
tion of the cyclic monomer into the Sn-O bond occurs. In an
ensuing publication (1988) Kricheldorf et al. studied homopo-
lymerizations of i-lactide and various lactones with several
covalent metal alkoxides including Bu;SnOMe and Bu,Sn
(OMe),.*” For all monomer-catalyst combinations it was found
that at temperatures >50 °C all alkoxide groups initiated a
chain, so that the average degree of polymerization (DP) paral-
leled the monomer/alkoxide ratio. It was concluded that all
covalent metal alkoxides initiate a C-I mechanism for ROPs of
all cyclic esters regardless of their ring size. From this time on
the C-I mechanism became an established mechanism, which
is in the case of lactides for two reasons of paramount impor-
tance. Firstly, anionic and zwitterionic ROPs of 1-lactide cause
racemization and cationic polymerization only proceed with
super acids, such as fluorosulfonic acid or trifluoromethane
sulfonic acid, as catalysts in solution.?*** Therefore, the C-I
mechanism is underlaying all the polymerization methods dis-
cussed in the following sections.

In the following years covalent tin alkoxides were rarely
used as catalysts/initiators of ROPs of lactides because most
research groups working on ROPs of lactide focused their
When the
Penczek group started to investigate the mechanism of
alcohol-initiated, SnOct, catalyzed ROPs of r-lactide, they used
Sn(OBu), for comparative studies.*>’ It was found that this
tin(u) alkoxide is more reactive that the afore-mentioned butyl
tin(iv) alkoxides and rapid ROPs became feasible at 80 °C in
THF. Living ROPs resulting in polymers with narrow dispersi-
ties (P) were observed. NMR spectra revealed that both butox-
ide groups initiated chains growth. By means of MALDI TOF
mass spectrometry it was found that the Sn atom was attached
to the O-CH(CH3) end group. In this way, the Sn(OBu),-
initiated ROPs contributed an important mosaic piece to the
elucidation of the alcohol-initiated ROPs of lactides, which are
discussed in more detail in the next section.

In the years 2001-2009 Gibson and co-workers performed

detailed studies on synthesis and properties of Sn(u) single
38-42

interest on SnOct,-catalyzed polymerizations.

site catalysts containing ancillary ligands (Schemes 3-6).
Those studies were mainly focused on syntheses and character-
ization of those complexes by means of NMR spectroscopy and
X-ray methods. All polymerization experiments were conducted
in toluene at 60 °C with racLA as monomer. They were found
to behave 1% order for racLA, whereas the reaction order of the

This journal is © The Royal Society of Chemistry 2022
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Scheme 3 Sn(i) complexes used by Gibson et al. as catalysts for ROPs
of racLA (reproduced with permission from ref. 39 Copyright 2006
American Chemical Society).
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Scheme 4 Sn(i) complexes used by Gibson et al. for ROPs of racLA
(reproduced with permission from ref. 41 Copyright 2006 American
Chemical Society).
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Scheme 5 Sn(i1) complexes used by Gibson et al. for ROPs of racLA
(reproduced with permission from ref. 41 Copyright 2006 American
Chemical Society).
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Scheme 6 ROP of racLA formulated by Gibson et al. indicating an intra-
molecular DA-interaction of the LA unit directly attached to the Sn-
atom.*? (with permission from RSC).

catalyst depended on whether it was monomeric or dimerized
in toluene. A living character was attested to those ROPs with
low dispersities (D). In most cases dispersities even below 1.1
(down to 1.04) were found at low conversions along with a
steady increase at higher conversions. Quite similar results
were obtained by Aubrecht et al.*’ The single-site catalysts out-
lined in Scheme 7 were synthesized and characterized. Again,
ROPs of racLA were performed in toluene (at 80 °C). The cata-
lysts did aggregate under these conditions, but the rate of
propagation was 1% order with regard to the monomer, and
low dispersities (<1.1) increasing with the conversion were
found.

However, poly(p,L-lactide) was more soluble than PLLA in
any solvents, so that precipitation into a non-solvent may
entail significant fractionation. This is also true for methanol
and for heptane, and the removal of oligomers enhances M,
and reduces the dispersities. The influence of fractionation
increases with decreasing molar mass of the polylactide,
and thus, the extremely low dispersities reported by the
Gibson and Aubrecht were at least partly a consequence of
fractionation.>®™*?

From the preparative point of view, the complexes outlined
in Schemes 3-7 have two disadvantages. First, they will race-
mize r-lactide at higher temperatures due to the basicity of the
nitrogen atoms. Second, only uncorrected M,,’s below 50 000
were obtained. However, such low molar mass PLLAsS can
easily be prepared by a variety of catalysts including catalysts
based on metal ions of low toxicity such as zinc, magnesium,
or bismuth. Furthermore, the toxicity of the tin complexes is
unknown, and it should be considered that organic complexes
of tin(n) may have a much higher toxicity than the free Sn>*
ion, in analogy to other organotin compounds (see part 2).

Seh SliMezPh
i
Mozt +DL-LA N i”a i“e
N... _0—CPh; ——— > Ph—C] H-CO-0-CH-CO o CPh,  (a)
Ph—C{ “si” N
N éiM Ph
e
dive,ph +DL-LA ?
SiMe,Ph
+R-OH ,5 CH, CH,
Ph—C/ 0-LH-co-0-¢H-cofo-R (b)
R = Et, CH,Ph e t
éiMe2Ph

Scheme 7 Sn(i1) complex used by Aubrecht et al. for ROPs of racLA
without or with addition of an alcohol as initiator (reproduced with per-
mission from ref. 43 Copyright 2002 American Chemical Society).
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Tin(u) complexes with nitrogen-containing ancillary ligands
were also studied by the group of Carpentier (Schemes 8 and
9).*4™18 Again a 1°* order polymerization mechanism regarding
the monomer with living character and low dispersities were
observed. The incorporation of isopropoxide groups as dead
chain ends was confirmed by 'H NMR spectroscopy. LLA was
used as monomer, but despite the strongly basic tertiary
amino group in the catalyst, no information on racemization
was disclosed. In the paper of Wang et al. Sn-bis-isopropoxide
was also synthesized by means of a large excess of isopropanol
and used as polymerization catalyst.”® In agreement with the
results Penczek et al®>*™®” had found for Sn-bis-n-butoxide,
those authors observed that both isopropoxide groups initiated
a PLLA chain. The consequences of the excess alcohol are dis-
cussed in part 4.3. In their last paper dealing with Sn(u) com-
plexes Carpentier et al. studied the synthesis and catalytic
activity of the Ge, Sn and Pb complexes (la-c)-(4a-c) in
Scheme 9.*® It was found that the reactivity strongly increased
with increasing radius of the metal ion. All the papers of
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Scheme 8 Sn(i) complexes used by Carpentier et al. for ROPs of rac.LA
or LLA** and Cl mechanism formulated in ref. 45 (with permission from
Wiley).
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Scheme 9 Ge, Sn and Pb complexes used by Carpentier and cow. for
ROPs of racLA%® (with permission from RSC).
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Gibson, Tolman or Carpentier and co-workers have in
common that their kinetic results agree with a C-I mecha-
nism, which was proposed analogous to that of Scheme 2 (see
Scheme 8).**

Quite recently Punyodom et al. published three studies
using BuzSn butoxide or tin(un) n-alkoxides as initiators for
ROPs of LA in bulk.*”! Kinetic studies using 'H NMR spec-
troscopy or DSC measurements performed with variation of
temperature and time were used to determine activation ener-
gies and to compare the efficiency of their catalysts with those
of SnOct,-alcohol combinations.’® Sn(OnBu), was also used to
prepare graft copolymers having PLLA side arms and anti-
microbial coated medical grade LLA/eCl copolymers.’™>
However, the statement of those authors that Sn(nBu), is a
novel initiator is not quite correct, because it was already used
before by the Penczek group.**~’

A new dimension of preparative work based on cyclic di-
butyltin bisalkoxides was opened by the Kricheldorf group in
1994, but since those polymerizations fall under the definition
of ring-expansion polymerization (REP) they will be discussed
in part 5.

3.2 Stereocopolymerization

Copolymerizations of lactides with other cyclic esters, such as
glycolide or e-caprolactone (eCL) have been studied by numer-
ous research groups, but either alcohols served as initiators
(see part 4) or catalysts based on other metals (e.g. Al, Zn) were
used. However, covalent Sn-catalysts played a role for early
studies of stereo-copolymers of p- and r-lactyl units.

Since lactide contains two chiral carbons, this dimeric
monomer exists in the form of four different isomers: r,L-
lactide (LLA), p,p-lactide (DLA), p,p,L,L-lactide (racLA) and p,L-
lactide (mesoLA). It was predictable and confirmed in the early
days of lactide research that the percentage of p-units in PLLA
has strong influence on all physical properties.”>® Therefore, it
was a major success of the early work of Kleine and Kleine that
they could demonstrate that Sn-based catalyst do not cause
racemization of lactide even at 160 °C."" Racemization is typi-
cally a consequence of a reversible, temporary proton abstrac-
tion from an a-carbon of the lactide (Scheme 10). Since the
temporarily formed partial C-O double bond hinders rotation
around this C-O bond, its formation is favoured in the cyclic
monomer over a formation in the polylactide backbone. The
basicity of Sn-O, Sn-S and Sn-Cl bonds is low enough to avoid

g
o= $-t°
CH-0

HaC

Scheme 10 Mechanism of the base-catalyzed racemization of LLA.

This journal is © The Royal Society of Chemistry 2022
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racemization up to temperatures of 180 °C when the reaction
time is short (1-4 h depending on the structure and concen-
tration of the catalyst). The influence of small amounts of
p-units on T, and other physical properties have been studied
by several research groups.>*™” It was found that T}, decreases
from 176-178 °C to 138-139 °C when the p-content increases
from 0-10.5%.>* When the p-content approaches 15% in a
random sequence crystallinity vanishes completely. The
sequence of p- and r-units plays of course a decisive role for
the influence the p-units have on the properties of poly(t-
lactide). Two-block copolymers can form so-called stereocom-
plexes that have high T, values (up to 230 °C), whereas
random stereosequences favour an amorphous character of
polylactides.’®°

Stereosequences, in principle, can be analysed by high
resolution "H and "*C NMR spectroscopy. The first NMR spec-
troscopic stereosequence analyses of polylactides prepared by
ROP of racLA were reported by Lillie and Schulz in 1975, but
those authors used Zn and Al catalysts.®” One year later
Schindler and Harper polymerized racLA in bulk at 130 °C for
260 h with neat SnOct, as catalyst and characterized the result-
ing stereo-co-PLLA by means of 100 MHz "H NMR spectra.®’
Despite the long polymerization time they assumed that trans-
esterification reactions were negligible. From NMR spectra,
they concluded that the copolymerization obeyed a
Bernoullian statistics. This means that the p-p and -1 bonds
preformed in the monomers were not involved in transesterifi-
cation, so that syndiotactic sequences (mrmr) were not
formed. The same authors later studied the ROP of mesoLA at
140 °C/42 h catalyzed by neat SnOct,.°* On the basis of a
250 MHz 'H NMR spectrum now syndiotactic tetrads (mrm
and rmr) were prevailing, whereas isotactic tetrads (mmm)
were absent.

A broader study of stereo-copolylactides was performed by
Kricheldorf et al. in 1992. These samples were analysed by
means of 360 MHz homo-decoupled "H NMR spectroscopy (to
eliminate the influence of vicinal coupling) and 90 MHz '*C
NMR spectroscopy.®® Around 50 ROPs of racLA and 40 ROPs of
mesoLA were conducted either in bulk or in xylene. Bu;SnOMe
and SnOct, served as catalysts. The ROPs in bulk were con-
ducted at 20, 150 and 180 °C and the time was varied from 2
to 24 h. The stereosequences were characterized by an average
length of the isotactic blocks, L;, meaning the number of
directly connected o or L units. With Bu;SnOMe as catalyst a
maximum L; of 3.8 was found for racLA and 1.4 for mesoLA
(indicating a predominance of syndiotactic dyads and tetrads),
at 120 °C/2 h. When temperature and time were enhanced, the
L; value of racLA decreased, whereas that of mesoLA increased.
Finally, at 180 °C/24 h random stereosequences were obtained
from both monomers characterized by an average isotactic
block length of 2.0. An analogous series of ROPs performed
with SnOct, showed the same trends. However, a random
stereo-copolymer was not obtained, because at 180 °C total
degradation of the polylactides occurred when polymerization
time was extended beyond 8 h. Polymerizations in xylene at 90
and 120 °C were unsuccessful when Bu;SnOMe served as cata-
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lyst and mesoLA as monomer. For racLA a maximum L;-value
of 4.2 was found. With SnOct, low yields and molar masses
were achieved with both monomers, but the stereospecificity
of the ROPS were quite similar to those observed for polymer-
izations in bulk at 120 °C. In this connection, a recent study of
Bu;Sn butoxide-initiated ROPS of racLA also conducted in bulk
should be mentioned.**

ROPs of racLA and mesoLA followed by NMR spectroscopic
sequence analyses were also performed later by other research
groups, but those groups used Zn or Al-based catalysts, so that
a discussion of their results was outside the scope of this
review.

4. Alcohol-initiated polymerizations
4.1 Mechanistic aspects of SnOct,-catalyzed ROPs

Since tin(u)2-etylhexanoate plays an extraordinary role for
research and technical production of polylactides, the authors
have attempted to trace back the history of this catalyst. In a
patent of Ethicon Inc. filed by A K. Schneider in 1971, most
polymerizations of r-lactide were performed with diethylzinc,
but SnOct, was used for a copolymerization of lactide and gly-
colide.®® Homo- and copolymerizations of LLA were described
in 1972 by Sinclair and Gynn in a report of the Battelle
Columbus Laboratories (Ohio),*® but Schneider and Sinclair
used neat ScOct, as catalyst. In the following years, a rapidly
increasing number of research groups began to use SnOct, for
various preparative purposes either as neat reagent (discussed
in part 6) or in combination with an alcohol as initiator.
Medical or pharmaceutical applications, on the one hand, and
exploration of the physical properties of polylactides, on the
other hand, were in the focus of those research groups. The
usefulness of alcohols as cocatalysts/initiators was apparently
for the first time explored in a publication of Schindler et al.
who used eCL and not lactides as monomer.®” Those authors
demonstrated that each alcohol molecule initiates one chain,
allowing for a control of the average molar mass of the result-
ing polylactones. They also demonstrated that relatively narrow
dispersities may be obtained, and above all, a significant accel-
eration of the polymerization was found. This report prompted
numerous research groups to explore the preparative potential
of this catalyst system. Particularly important was its
implementation as the standard process for the technical pro-
duction of polylactides. In numerous academic studies the
usefulness of mono- or multifunctional alcohols was explored
mainly with the purpose to expand medical and pharma-
ceutical applications of homo- and copolylactides.

The reaction mechanism of alcohol-initiated and SnOct,-
catalyzed ROPs of lactides has been intensively studied by
several research groups and even today (2021) there are still
open questions. A first formulation of a mechanistic concept
was published in 1994 by the McAuley group.®® Those authors
found that the molar mass depended on the LA/alcohol ratio
and accelerated the ROP, whereas addition of carboxylic acids
reduced the rate of polymerization. They postulated that
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initially a rapid equilibration between alcohol and SnOct,
occurs generating a Sn-alkoxide bond (eqn (a) in Scheme 11),
which was considered to be the genuine initiator due to its
higher nucleophilicity relative to the tin carboxylate groups in
SnOct,. For initiation and propagation, they proposed the C-I
mechanism published by Kricheldorf et al. several years before
on the basis of dibutyl and tributyl tin alkoxides (eqn (b) and
(c) Scheme 11).*"*? Those authors also discussed an alterna-
tive mechanism, which proposed a reaction of alcohol with
LLA both associated to the tin(u) atom via sp’d® orbitals
without formation of a covalent Sn-alkoxide bond.®® Yet, on
the basis of further experiments conducted in bulk with NMR
spectroscopic identification of end groups, a little later
Kricheldorf et al. abandoned this mechanism in favour of the
mechanism outlined in Scheme 11.”° The mechanism of
Scheme 11 was also confirmed at the same time by detailed
kinetic studies of the Penczek group, which used butanol as
initiator in THF at 80 °C.>>*” Those authors demonstrated that
under these conditions neat SnOct, is inactive and a rapid
ROP with narrow dispersities is only possible upon addition of
an alcohol. According to the definition of a living polymeriz-
ation the DP parallels the LA/In ratio and the conversion.’” A
later study of Prud’Homme et al. conducted in toluene at
70 °C confirmed these conclusions.”

However, this picture has one important shortcoming. The
reaction conditions are quite different from those used for the
technical production, which is conducted in bulk at tempera-
tures increasing from 130 to 180 °C to keep the PLLA in the
molten state. Extrusion from the reactor even requires temp-
eratures around 200 °C for a few minutes. Prior to extrusion a
catalyst poison is added to the melt to suppress the rapid
degradation of the initially formed high molar mass PLLA, a
typical consequence of SnOct, observed first by Jamshidi
et al.”?> Experimental studies of the authors at 130, 160 and
180 ©°C revealed the following results. ROPs in bulk above
120 °C differ from those described for temperatures below
100 °C in solution in several important aspects.

Oct-Sn-Oct  + H,0 = Oct-Sn-OH  + HOct (a)

Oct-Sn-Oct + HO-R - Oct-Sn-OR  + HOct (b)

Oct-Sn-OR  + HO-R —_— Sn-(OR); + HOct (c)
CH, CH

3
| |
—®» Oct-Sn-0-CH-CO-0-CH-CO-0OR (d)

R

A/ + x LA
n
.5

[¢]
o S0
o
\ o]
S
Oct

CHy CH,
1
Oct-Sn-0-CH-CO-0-CH-CO4OR  (e)

x+1

Scheme 11 Mechanism of the alcohol-initiated and SnOct,-catalyzed
polymerization of lactides first formulated by Zhang et al.%® (with per-
mission of Wiley) and Kricheldorf et al.>® (with permission Copyright
1988 American Chemical Society).
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First, at temperatures >120 °C at least four transesterifica-
tion mechanism occur: three intermolecular reactions
(Schemes 12-14) and the intramolecular formation of cycles by

CH, CH, CH,
HyC-CO~0-CH-CO-0-CH-CO40-CH-CO40-CH,-CH;y
X )

AT
+Sn0ct,

CH, CH, CH,
HaC~COH0-CH-COJ0-CH + ROOC-Sn+0-CH-COJ0-CH,-CH,
x o ]
;

9
R-CO J* 2H,0

CH, CHa
HC-COJ0-CH-COJOH + H-0-CH-COJ0-CH,-CHy
x+1 ¥
+ RCOOH +RCOO Sn-OH

Scheme 12 Intermolecular transesterification via cleavage of poly-
lactide chains by SnOct,.”®

CH,3 (%‘Hg (;HJ (‘IHJ
1
Pol;~~0-CH-CO-0-CH-CO-0-CH-CO-0-CH-CO~~Pol,
A

oy o,
OctSn—0-CH-CO-0-CH-CO-~~Pol,

|

G, oM CH CH,
Poly»~0~-CH-CO-0-CH-CO-0-CH-CO-0-CH-CO~~Poly
A

| CHy CHq
OctSn-0-CH-CO-0~CH-CO~Pol,

Scheme 13 Intermolecular transesterification via reaction of active
chains ends with the polylactide backbone (chain transfer
equilibration).”®
CH
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/ \ =  Oct-Sn—0-CH—C—0wwPol
Oct—Sn C—0wPol I
A7
(o]
CHa
O~ch " CH,
\
Oct—Sn_~ ©-0-CH-CO-0-Pol'
SNy
(oM

CHs

r
Oct—Sn—O—CH—(IZI—OwwvPol2
(o]
CHa

|
Oct-Sn O—CH—?I 0w Pol?

(5]
2

s
Oct-Sn O_CH_FI Qv Pol’
CHs °h
CH;

PO=ch ~ CHy
Oct—Sn ¥ ! 1

\ ,C30-CH-CO-0—Pol

V72

g’

{ O—CcA  cCH

Oct—%r{ % iz 2
\ ,C-0-CH-CO-0-Pol
.’O//

Scheme 14 Two versions of the hypothetical single unit transfer
mechanism.
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“back-biting” (Scheme 15, see “Third” below).”>’* The inter-
molecular transesterifications occur at temperatures around or
below 120 °C, and thus, are more efficient than ring-chain
equilibration by “back-biting”.”® Particularly interesting is the
existence of a transesterification mechanism, which converts
the initially formed even-membered chains into odd-num-
bered ones without broadening of the MWD. Apparently a
single lactyl unit is exchanged as illustrated by the hypotheti-
cal mechanism outlined in Scheme 14. This mechanism
assumes that the last lactyl unit fixed to the Sn atom is acti-
vated by formation of a five membered ring with donor-accep-
tor (DA) interaction between the carbonyl oxygen and Sn.
Evidence for the existence of this intramolecular DA inter-
action was contributed by three research groups by X-ray struc-
ture analyses of isolated complexes,® by >C NMR spec-
troscopy®® and by computer modelling.*>”® However, a definite
prove for the single unit exchange (SUE) mechanism is still
lacking.

Second, it was recently observed by MALDI TOF mass spec-
trometry that the nature of the alcohol used as initiator has a
significant influence on the efficiency of transesterification
reactions above all on the efficiency of the even-odd equili-
bration.”” Two extreme cases are illustrated in Fig. 1. Somehow
the initiators interact with the SnOct, in a way, which has not
been clarified yet. A comparison of three different alkanols by
Pholharn et al. did not include mass spectrometric studies,
and an influence of different alcohols on the course of low
temperature ROPs in solution was not reported.”® When acidic
OH-compounds such as cyclohexanone oxime, 4-chloro-,
4-cyanao-, 4-nitrophenol or pentafluoro phenol are used as
initiators polylactides having activated ester end groups are
formed in a clean ROP at temperatures around 130 °C,
whereas a considerable fraction of cycles is forms at 160 °C

SnOct; + HO-CgFy =g——3= OciSn-O-CoF5 + HOct

o]
O 4'-9
0 "0-Cefs
‘.",Sn \ transesterification
Oct
\ CH, Ch, CH
i
OCI—Sn—O—CH—ﬁ O_CH—ﬁ O—CH—ﬁ—O—CGF5
" 0 o Ao
o 2x-21,.'
CH, CHs /
| |
CI—CH—O-—C—CH—O
| 1}
(o] (o}
OctSn-CgFs  +
CH,
|
O—CH—ﬁ;
(o]

2%-2

Scheme 15 Formation of cycles in SnOct,-catalyzed ROPs initiated
with acidic phenols.
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Fig. 1 MALDI TOF mass spectra of PLLAs prepared in bulk at 130 °C
with SnOct, (LLA/Cat = 1000/1) and (LLA/In = 50/1): (A) initiated with
n-butanol, (B) initiated with 4-nitrobenzyl alcohol (reproduced from
ref. 77 with permission from Elsevier).

(and above). The fraction of cycles increase with higher reactiv-
ity (electrophilicity) of the ester end group, what indicates that
under these conditions most cycles are formed by end-to-end
cyclization (Scheme 15).”°

Third, the ROPs of LA around or above 130 °C include for-
mation of cycles. Two different mechanisms account for this
fact. The reactivity of neat SnOct, increases dramatically and
allows for rapid polymerization of lactides at 160 °C or above
even in the absence of alcohols.”® At LLA/Cat ratios >1000/1
typically used for the technical production, the resulting PLLA
almost completely consists of cycles, because in the absence of
an initiator a ROPPOC mechanism is operating as described in
part 6 in more detail.”> The formation of cycles by neat SnOct,
has the consequence that the ROPPOC mechanism and the
alcohol initiated ROP compete, and the content of cycles
depends on the In/Cat ratio. Low LA/In ratios combined with
high In/Cat ratios suppress the formation of cycles, while low
In/Cat ratios (and thus, high LA/In ratios) favour formation of
cycles via end-to-end (ete) cyclization, because the ROPPOC
mechanism is favoured. However, ete-cyclization is not the
only source of cycles. The second source of cycles is ring-chain
equilibration via “back-biting”. This type of transesterification
reaction (Scheme 16) is less effective than intermolecular
transesterification reactions formulated in Schemes 12-14, but
is favoured at temperatures >130 °C and longer reaction times.
Regardless how the cycles are formed, their formation is un-
avoidable, when high molar mass polylactides are prepared in
bulk >130 °C. Therefore, commercial PLLAs usually contain
1-3 weight% of cycles corresponding to 2-8 mol% of cycles,
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Scheme 16 Ring-chain equilibration via “back-biting”.

that represent the predominant species in mass spectra in the
mass range below 6000 Da.

The formation of cycles has two consequences. First, the
number average molar masses (M,,’s) do not parallel the LA/In
ratio but lag behind. This is an effect, which is particular
remarkable at LA/In ratios >200.%° Nonetheless, even for ROPs
conducted in bulk at higher temperatures the molar masses
can be roughly controlled via the LA/In ratio. The second
important effect of cyclization reactions and of intermolecular
transesterification reactions is a significant broadening of the
MWDs. Dispersities (P) > 2.0 and even >3.0 are quite normal.

Over the past twenty years, polymerizations proceeding
according to the “living pattern” with full control of molar
mass and dispersities < 1.2 have become a kind of academic
fetish, and polymerizations that do not satisfy these properties
are considered to be in lower quality and less useful. However,
this view is not only irrelevant for the technical production of
PLLA and other polymers, but also misleading. Whenever,
commercial applications with thermal processing come into
play (e.g. injection moulding, extrusion, bottle blowing, fibre
spinning) a broad MWD is desirable, because it includes a
better balance between moderate melt viscosity and good
mechanical properties. Hence, the characteristic properties of
LLA polymerizations in bulk at higher temperatures are in fact
favourable for almost all commercial applications based on
thermal processing.

In connection with the afore-mentioned mechanistic
studies of alcohol-initiated ROPs catalyzed by SnOct, the fol-
lowing publication merits mentioning. Kowalski et al. have
demonstrated that primary amines used as initiators yield
almost the same kinetic pattern as primary alcohols.®" The
crude LA isolated from fermentation processes contains
numerous impurities including amino acids, ethanol, glucose
and sodium carbonate. Itzinger et al. have recently studied to
what extent these impurities can influence the properties of
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PLLA when the polymerization is performed at 180 °C for
1 h.*> Whereas the influence on glass transition (7,) and
melting temperature (7,,) was negligible, the influence on
molar mass and dispersity was remarkable. Not unexpectedly,
the strongest effect was found for sodium carbonate, which
can not only cause racemization, but also favour cleavage of
ester groups via p-elimination (yielding acrylate and carboxylic
end groups).

Extensive computer modelling studies of alcohol-initiated
and SnOct,-catalyzed ROPs at 130 °C performed by Morbidelli
and co-workers should be mentioned.**®> More recently,
extensive kinetic studies concerning the synthesis of linear
and star-shaped PLLAs were reported by Karidi et al.®®

4.2 Preparative aspects of alcohol-initiated, SnOct,-catalyzed
ROPs

The usefulness of the alcohol/SnOct, catalyst system for
various preparative purposes is based on the fact that the
structure of the alcohols used as initiators can be varied over a
broad range, and this variation entails, in turn, a broad vari-
ation of structure, architecture and properties of the resulting
polylactides. The following variants of their architecture were
studied.

(A) Linear homo polylactides and random copolylactides
initiated with a monofunctional alcohol.

(B) Block copolymers initiated with a diol including oligo-
meric and polymeric a,0-diols. The use of polymeric a,w-diols
as initiators had usually the purpose to prepare ABA triblock-
copolymers with A segments consisting of crystalline PLLA.

(C) Star-shaped polylactides initiated by a multifunctional
alcohol.

(D) Comb-shaped polylactides initiated by a polymer having
pendant OH groups.

(E) Branched and hyperbranched polylactides.

The references cited regarding A-E are not exhaustive but
focused on those publications that document the earliest
application of the mentioned initiators and later review
articles. A more detailed comment follows here.

(A) The technical production of linear poly(i-lactide)s is
based on initiation by a monofunctional alcohol. The commer-
cial polylactides vary with regard to their molar masses (uncor-
rected M,,’s are typically in the range of 100-200 kDa), but they
also vary with regard to their optical purity. Small amounts of
p-lactyl units are purposely incorporated by addition of meso-
lactide or racemic lactide to reduce the melting temperature
(Twm) to values around or below 170 °C. Such a reduction eases
thermal processing (e.g. injection moulding or extrusion) at
temperatures < 200 °C, thereby lowering the risk of thermal
degradation.” Linear homopolymers of LLA or DLA were pre-
pared by means of lauryl alcohol and SnOct, to study the for-
mation of stereocomplexes (racemates of PLLA and PDLA).
These studies began in 1987 based on the work of Ikada and
Tsuji and entailed numerous publications and review articles.®” %>

Copolymers of i-lactide and other cyclic monomers such as
Glycolide (GL) or eCL having a more or less random sequence
were prepared by numerous research groups mainly for

This journal is © The Royal Society of Chemistry 2022
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medical and pharmaceutical applications. A first study of
alcohol-initiated copolymerization of LA and GL was reported
by Gilding and Reed in 1979.°° Furthermore, a n-butanol-
initiated copolymerization of LA and €CL in supercritical CO,
should be mentioned.”” A complete enumeration of all publi-
cations and patents of copolymers of racLA or LLA and their
medical and pharmacological applications is beyond the
scope of this article, and the reader is referred to pertinent
reviews.,>?% 7102

(B) Diblock copolymers can be prepared by alcohol-initiated
sequential copolymerization of racLA or LLA and another
monomer such as GL or eCL. A first example was contributed
by In’t Veld et al. who performed an ethanol-initiated ROP of
€CL in bulk at 110 °C and used the resulting PCL as macroini-
tiator for LLA under the same conditions.'® Interestingly,
those authors found that the inverse sequence of copolymeri-
zation results in random copolyesters. Pensec et al. used the
same approach.'® They prepared PCL-PLLA and PCL-PDLA
block copolymers and studied the formation and properties of
the corresponding stereocomplexes. Further diblock copoly-
mers were prepared by using commercial poly(ethylene glycol)
monomethyl ethers as macro initiators and either LLA or DLA
as monomer. Jeong et al. examined the usefulness of their
diblock copolymers as injectable drug-delivery systems.'®® The
formation and characterization of stereocomplexes were in the
focus of the Kimura group.’®®'"” Jeong et al. also used their
diblock copolymers for the preparation of A-B-A triblock copo-
lymers by coupling of the diblocks with 1,6-hexamethylene-dii-
socyanate.'® Diblock copolymers based on poly(ethylene
glycol) methyl ether and LLA/eCL copolyester were prepared
and characterized by Min et al.'°® The LA/eCL ratio was varied
over a broad range. However, almost all research groups syn-
thesized A-B-A triblock copolymers by means of a polymeric
diol as telechelic macroinitiator for ROPs of LLA or DLA. Only
two groups used telechelic PCL as initiator (Scheme 17),
whereas most research groups used PEGs.'*>'*°

Starting out from commercial PEGs, Zhu et al. prepared A-
B-A triblocks with amorphous poly(p,.-lactide) A-blocks and
studied to what extent the crystallization of the PEG blocks
depended on their length."* " Other examples of such amor-
phous-amorphous triblocks were contributed by Deng et al.'**
Triblock copolyesters based on a PEG B-block and crystalline
PLLA A-blocks were first synthesized by Kricheldorf et al.**>*°
A special working field which emerged around 1995 concerned
the formation and characterization of stereocomplexes of PEG-

HO-(A)-OH Sn(Oct)z

+ eCL

H{O—(CHz)s—CO%O—(A)—O{»CO—(CHz)s'0‘]‘H
+ LLA

i iy
H-40—CH-CcO O—(CHZ)Z,-COJO—(A)—O{CO—(CHZ)FO CO-CH-O1H

Scheme 17 Synthesis of A—-B—A triblock copolylactides via ROP with
telechelic PeCL91° (with permission Copyright 2009 American
Chemical Society).
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based A-B-A block copolymers having PLLA or PDLA
A-blocks.''*!16712% Kybies et al. studied the microdomain
structure of such triblock copolymers.'**

ROPs initiated with a small diol such as ethanediol, 1,3-pro-
panediol or 1,4-butanediol may be useful to prepare telechelic
PLLAs, which may serve as crystalline central blocks in A-B-A
triblock copolymers. However, this approach to triblock copo-
lymers was rarely used, because almost all A-B-A triblock
copolymers studied so far, were synthesized with a soft
segment as B-block and polylactides as A-Blocks. One example
was published by Tsuji et al.'**

Quite recently, triblock copolymers containing a central
poly(propylene glycol) should be mentioned.’*® Their syn-
thesis was achieved in bulk by coupling of two 1-dodecanol-
initiated PLLA chains with a poly(propylene glycol) end
capped with two epoxide groups.

(C) The first synthesis of star-shaped polylactides was
reported by the Pennings group starting out from myo-inositol
Scheme 18 as a hexafunctional star center.'” The resulting
star-shaped polylactides were crosslinked by means of a diiso-
cyanate derived from the ethyl ester of r-lysine. The resulting
biodegradable polyurethane networks were designed to serve
as coatings or scaffolds for medical applications, because all
components of these networks were compatible with the
human metabolism after hydrolytic degradation. A few years
later Kissel et al. applied the same strategy and used glucose
and sugar related polyols such as mannitol, sorbitol and
xylitol (Scheme 19) as multifunctional initiators."*> The
purpose of that work was elaboration of parenteral depot-
systems for various drugs. Bruin et al. also used pentaerythritol
as initiator,"** but four armed stars based on pentaerythritol
were first prepared by Zhu et al.''® The arms of the star con-
sisted of PLLA and PEO blocks, which were considered to be

H,C—OH H,C—OH H,C—CH,-OH
H(:)—OH H:C—(::—CHZ-OH N—CHa—CHo—OH
H,C—OH H,C—OH H,C—CH,-OH
HO-H,C_ CH,OH HO=Ch; Ho=CH
g HO—CHy~C—CH,~0—CHy—C—CH,—OH
| 1
HO-H,C” “CH,-OH HO—CH, HyC—OH
HO—CH, CH,OH  H,C—OH O
I}
HO—CHZ—C—O—C—O—CHg—(:D—CHz—OH HO-CHz"\/CHz'OH
| i
HO—CH, CH,OH  H,C—OH OH
erythritol
HOH,C
OH OH o OH
HO—CH, OH
T~ “CH,OH i
OH OH
xylitol p-D-glucose
OH  OH
HOCH; oy
HO—CH; £ CH,-OH HO OH
g I OH
oM én HO

sorbitol imositol

Scheme 18 Multifunctional alcohols used as initiators for syntheses of
star-shaped polylactides134 (with permission from Wiley).
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Scheme 19 Grafting of racLA and glycolide from hydrophilic dextranes
modified by attached ammonium groups*** (with permission from
Elsevier).

useful as “super microcapsules” for drugs. Kim et al. used tri-
ethanolamine in addition to pentaerythritol as initiators for
SnOct,-catalyzed ROPs of LLA."**""*° However, tertiary amines
have the disadvantage to cause rapid racemization of LLA at
elevated temperatures. Pentaerythritol and dipentaerythritol
were also used by numerous other research groups as star
centers.”* " In this connection the work of Biela et al. is
noteworthy, because those authors modified pentaerythritol
and dipentaerythritol by selective introduction of protecting
groups in such a way, that they finally obtained di-, tri-, tetra-,
penta- and hexa-functional star centres of similar structure."*>™?>

Several research groups were interested in the formation
and properties of stereocomplexes of star-shaped polylactides.
In this context two papers of Shaver et al. should be mentioned
in which the hexafunctional dipentaerythritol and hexa(hydro-
xymethyl) benzene (Scheme 19) served as star center.'*®"*°
Using tin and aluminium catalysts the sequence of L and
p-units was systematically varied and the influence of the
stereosequences on the physical properties of the resulting
star-shaped polylactides was explored. More recently three
papers of the Tsuji group were published, who prepared four-
and six-armed stars from LLA and DLA and also synthesized
star-shaped stereo diblock copolymers by sequential copoly-
merization of LLA and DLA."*'%'! Star-shaped diblock
copolymers consisting of poly(eCL) A-blocks and PLLA as
B-blocks were prepared by Choochottiros et al. and examined
with regard to their mechanical properties."*>'*?

(D) Comb-like polylactides were prepared by several
research groups by grafting LLA from polymers such as (modi-
fied) polysaccharides, polyvinyl alcohol or poly(2-hydroxy-
methacrylate). Research in this field began with the work of
the Kissel et al. who were interested in hydrolytic degradation
profiles of these copolymers with regard to their usefulness as
drug-release systems.'>>'**'*> Those authors used partly
acetylated dextran, hydroxypropyl cellulose or polyvinyl alcohol
as macroinitiators. In the case of dextran, the authors not only
used partial acetylation to improve the solubility in organic
solvents, but they also modified the dextran with an electric
charge to improve its wettability. Either the sodium salt of
sulphated dextran or dextranes containing ammonium salts
were used (see Scheme 19).
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Other groups used partially silylated dextranes prepared by
silylation with hexamethyl disilazane in DMSO."**'*" The
degree of substitution varied with the reaction conditions, but
typically the least reactive OH group at C-3 remained free and
served as initiator for the ROP of racLA. Grafting of racLA onto
hydroxyethyl chitosan was achieved by B. Luo et al. by means
of microwave irradiation."*® Two groups studied grafting of LA
>on polyhydroxy ethyl methacrylates.'*>**° In the work of Lim
et al.™*° oligomeric side chains either consisting of LLA or DLA
were synthesized, and the formation and properties of stereo
complexes were explored, whereas Zhao et al.'*® studied crys-
tallization and thermal properties of comb polymers having
long PLLA side chains. Two different methods for the prepa-
ration of co-polyacrylates having polylactide side chains were
described by Kobayashi and co-workers (Schemes 20 and
21).">! Either, itaconic acid terminated polylactides were syn-
thesized first, and then copolymerized with acrylates/metha-
crylates (Scheme 21) or vinyl copolymers of itaconic anhydride
were prepared first and OH-terminated polylactides were
grafted onto these copolymers via esterification with the
pendant anhydride group (Scheme 22).

(E) Compared to block- or star-shaped polylactides only few
publications deal with syntheses of branches, including hyper-
branched polymers and studies in that direction appeared rela-
tively late. Apparently, the first paper in this field was pub-
lished by Pitet et al. who initiated a SnOct,-catalyzed ROP of
LLA with glycidol."®* At 80 °C in toluene a normal ROP
occurred so that linear PLLA end-capped with a glycidol group
was formed. However, at 130 °C in bulk the epoxide group also
polymerized and yielded a branched polyether structure
(Scheme 22). A similar approach was explored by Wolf and
Frey (Scheme 23)."°?

They used 5-hydroxymethyl-1.4-dioxanone as comonomer
and obtained a branched copolyester, but only low molar

(1) Macromonomer Approach
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Scheme 20 Whole reaction processes via macromonomer approach
(reproduced from ref. 151 Copyright 2012 American Chemical Society).
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Scheme 21 Whole reaction processes via copolymer approach (repro-
duced from ref. 151 Copyright 2012 American Chemical Society).
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Scheme 22 Synthesis of glycidol-lactide copolymers under different
conditions (reproduced from ref. 152 Copyright 2007 American
Chemical Society).

masses were achieved (M,, < 1300, M,, < 5000). Later, a totally
different approach was elaborated by the same group starting
out from 2,2-bishydroxymethyl propionic acid as initiator and
comonomer of LLA (Scheme 24)."°* The first step of this
approach consisted in a normal ROP, whereupon the two
hydroxymethyl groups served as initiators. The second step
consisted in a polycondensation involving the carboxylic
groups activated with dicyclohexyl carbodiimide and 4-di-
methylamino pyridine. A typical strategy for the preparation of
biodegradable networks based on PLLA segments was
described by Ivirico et al.™>® Starting from 1,6-hexanediol as
initiator telechelic PLLAs were prepared, and the OH end
groups were end-capped with methacrylate groups. Their
radical polymerization yielded networks with tailored water

sorption.
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Scheme 23 Quantitative reaction scheme for ROMBP (ring opening
multibranching polymerization) of 5-HDON with L-lactide derived from
kinetic measurements (reproduced from ref. 153 Copyright 2009
American Chemical Society).
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Scheme 24 Synthetic route to long chain branched poly b,L-lactide by
SnOct, catalyzed ROP and subsequent condensation with DCC DMAP
(reproduced from ref. 154 with permission from Wiley).

4.3 Alcohol-initiated ROPs catalyzed by various tin
compounds

In addition to SnOct, various tin salts and compounds can be
used as catalysts for alcohol initiated ROPs of lactides. At first,
ROPs with two commercial tin(n) salts, namely SnCl, and tin
acetate (SnAc,), should be discussed.

Although these tin salts were commercially available for
many decades and their toxicity is low or lower than that of
SnOct, (see part 2, chloride and acetate belong to the human
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metabolism), systematic exploration of their usefulness as cat-
alysts for ROPs of lactide and e-caprolactone was only reported
quite recently.”®'*® With SnAc, and temperatures < 160 °C a
full control of the molar mass is feasible up to a LA/In ratio of
100. The MALDI the mass spectra do not display formation of
cycles in close analogies to ROPs catalyzed by SnOct, under
identical conditions.’®® With SnCl, side reactions occur and
the control of the molar mass was less perfect.”® Surprisingly,
even cyclic dibutyltin catalysts, such as DSTL,">” BuSnBuca,'*®
or BuSnNaph'® (see Scheme 25) which, when used as neat
compounds, catalyse formation of cyclic polylactides by the
REP mechanism (see part 4), also catalyse formation of linear
chains, when an alcohol was added as initiator.

Full control was again feasible at temperatures around or
below 160 °C and LLA/In ratios up to 100/1. All these alcohol-
initiated ROPs have in common that the even-numbered
chains predominate over the odd-numbered ones. However,
detailed studies about the influence of different alcohols,
different cyclic catalysts, In/Cat ratio and addition of solvents
on the extent of even-/odd-equilibration and other transesteri-
fication reactions are missing.

Finally, a recent publication of Novak et al. discussing the
usefulness of the cationic Sn(i1) complexes (Schemes 26-28) as
catalysts for ROPs of LLA should be mentioned.'®® In the title
and in the section “Discussion” those authors claim that these
cationic catalysts initiate an activated monomer mechanism.
However, MALDI TOF mass spectra and NMR spectroscopic

SnCl, Bu

Sn(00C-Me), Bu”

BuSnNaph BuSnBuCa

Scheme 25 Various tin compounds used as catalysts for alcohol
initiated ROPs of LLA ref. 159 (with permission from Elsevier).
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Scheme 26 [L-Sn]* type tin cations (modified from ref. 160, copyright
2021 American Chemical Society).
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Scheme 28 [p-Sn]?* type tin cations (modified from ref. 160, copyright
2021 American Chemical Society).

end group analyses were missing. Furthermore, the authors
have ignored that, Kricheldorf et al'°“'®* and Bourissou
et al** demonstrated long ago that only super acids such as
fluorosulfonic acid and trifluoromethane sulfonic acid catalyse
a cationic activated monomer mechanism of lactides, whereas
any other kind of cationic species does not.

5. Ring-expansion polymerization
(REP)
5.1. Cyclic dibutyl tin(iv) alkoxides as catalysts

The first successful experiments of REP were reported by
Kricheldorf and Lee in 1994 and 1995.'°>'®* -Butyrolactone
and e-caprolactone were used as monomers and the cyclic di-

This journal is © The Royal Society of Chemistry 2022
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butyltin alkoxide (Scheme 29) served as catalyst. The structures
and formula numbers of the cyclic tin alkoxides used later as
catalysts for REPs of lactides and lactones are compiled in
Scheme 30. The three standard methods used for their prepa-
ration are outlined in Scheme 31. The most convenient
method is method (b) but requires the preparation of dibutyl-
tin bis-methoxide. Although it was a commercial chemical in
previous decades, it is hard to find a commercial source
around 2021 (when this manuscript was written) due to its tox-
icity. Method (a) is simpler and less expensive but limited to a
catalyst soluble in the reaction medium. Toluene or xylene are
typically used for this purpose to remove the liberated water by
azeotropic distillation. However, the five and six-membered
cycles 1a + b, 2, 3 and 7 (Scheme 31) form dimers or oligomers

b
Bu. O CHy Bu‘s,O'CH'CH2"CO'CHz CH;
n E— o n
Gl CHs B 0-CH-CH,-CO-CH, CHa
o CHy
i
0

Scheme 29 First REP of a cyclic ester as reported by Kricheldorf and
Lee (reproduced with permission from ref. 163 Copyright 1994 American
Chemical Society).
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Scheme 30 Structures of cyclic dibutyltin bis alkylene oxides used for
REPs of LLA and several lactones.
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Scheme 31 Three synthetic methods useful the preparation of cyclic
dibutyltin bisalkyleneoxides.
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in the solid state combined with a 3D network based on
donor-acceptor interactions (DA) between oxygen and tin
atoms. The consequence is insolubility in all inert solvents.
The same is true for dibutyltin oxide, and so it may happen
that part of the reaction product begins to precipitate before
all dibutyltin oxide went into solution. Therefore, most REP
experiments were performed with the soluble liquid catalyst 4.
In the case of the ethylene glycol derivatives 6, an intracircular
DA interaction, confirmed by '*®Sn NMR spectroscopy, stabil-
izes the monomeric character.'®

Regardless of monomer and catalyst, the REPs proceed via
the normal C-I mechanism discussed above for non-cyclic
thin alkoxides (see Scheme 30). The catalyst, which is in fact
an initiator, remains covalently fixed in the chain with a nega-
tive and several positive consequences. The negative conse-
quence is that cyclic polylactides free of initiator groups
cannot be prepared by direct polymerization. Furthermore, the
Sn-O-CH bonds are sensitive to hydrolysis and alcoholysis, so
that these cyclic polylactides (and corresponding polylactones)
are useless for any application on air. On the other hand, three
positive aspects may be mentioned. First, the average ring size
may be controlled via the LLA/Cat ratio. Second, the hydrolyti-
cally sensitive Sn-O bonds can be replaced in a second reac-
tion step, as illustrated by reactions (1) and (2) in Scheme 32.
The third approach consists of a second step which keeps the
ring closed for example by incorporation of y-thiobutyrolactone.
Incorporation of thiobutyrolactone is a stoichiometric reaction,
because this lactone is for thermodynamic reasons not
polymerizable.'®® The resulting Sn-S bond is more stable
against hydrolysis than the ester groups of lactide units.
Further ring closing reactions were reported for REPs with
8CL.166_168

The high reactivity of the Sn—-O bond allows for a quantitat-
ive ring-opening with numerous reagents such as water, alco-
hols, thioesters, acid anhydrides and acid chlorides, so that a
broad variety of telechelic polyesters can be prepared in this
way (Scheme 32). Star-shaped polyesters and biodegradable
networks (useful as matrices for drug delivery) can also be pre-
pared in his way. Most of these preparative applications were
explored with lactones as monomers and thus, are not dis-

Bu lO—A—CO<]»O‘
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Bu~ :
0-A-CO+0
T t

+Hz0 |- BuzSnO
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+2 R'CO-SR? |- BuSN(SR%)z
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X 2z

R—CO-{O—A—CO}O—(CHZ%—O{CO—A-O-}CO-R
X z

\

R‘—coJ[o-A—co~]»o-(CH2),-o-{co_A-o-}co-R‘
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Scheme 32 Transformation of cyclic Bu,Sn-containing polylactides
into telechelic linear polyesters.

Polym. Chem., 2022,13,1618-1647 | 1631


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2py00092j

Open Access Article. Published on 03 March 2022. Downloaded on 10/31/2025 9:39:11 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

cussed here in detail, but they were summarized and discussed
in a previous review article.'® However, two methods used for
preparation of telechelic A-B-A triblock copolymers having
crystalline poly(i-lactide) blocks are illustrated in Scheme 33"7°
and Scheme 34.'7%172

CHy
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Scheme 33 Synthesis of A-B-A triblock copolymers via a cyclic poly-
siloxane initiator (adapted from ref. 170 with permission from Wiley).
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Scheme 34 Synthesis of A-B—A triblock copolymers via REP with 2,2-
dibutyltin-2-stanna-1,3-dioxaalkanes'’* (with permission from Wiley).
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Important for the success both synthetic approaches is the
optimization of the reaction conditions, so that formation of
large amounts of cyclics via intracircular back-biting is
avoided. In the case of the second approach (Scheme 34),
intermolecular transesterification between both polyester
blocks needs also to be avoided. Furthermore, the preparation
of a network starting out from the REP of racLA followed by
crosslinking with glycerol triglutarate trichloride should be
mentioned.'”® This gel exclusively consists of biocompatible
components and may serve as drug delivery system.

5.2 Cyclic tin mercaptides and bisphenoxides as catalysts

A new dimension of REP catalyzed by cyclic tin compounds
was opened when the reactivity of DSTL (2,2-dibutyl-2-stanna-
1,3-dithiolane) (Scheme 35) was reinvestigated.'®” Originally, it
was reported that DSTL is inactive as catalyst for REP of
lactide, for two reasons.'’* First, the Sn-S bond is thermo-
dynamically more stable than the Sn-O bond formed in the
(hypothetical) initiation step. Second, in an attempt to poly-
merize r-lactide in bulk with a high concentration of catalyst
(LLA/Cat ratio of 100/1) no significant polymerization was
observed after 8 h at 120 °C. This negative result was more
recently confirmed, but in a re-investigation with longer reac-
tion times (e.g. 24 h) at 120 °C or with shorter times (>3 h) at
160 °C nearly complete conversions were achieved.'®” Both, 'H
NMR spectra and MALDI-TOF mass spectra revealed that the
reaction products almost completely consisted of cyclic poly-
lactides free of initiator fragments. A confirmation of this
interpretation by comparison of the intrinsic viscosities with
those of commercial linear polylactides was not reported at
that time but was achieved later. A typical example of such
Mark-Houwink-Sakurada (MHS) measurement is presented in
Fig. 2. A simplified scheme of the polymerization mechanism,
which is based on the normal coordination/insertion mecha-
nism, is presented in Scheme 36. The formation of odd-num-
bered cycles indicated that the kinetically controlled polymer-
ization reaction yielding even-numbered chains was followed

PGl B BuSnBuCa - R = CMe,
Bu,Sni (CHz), 32#) r'|1—=01 Bu;Sn BuSnCyCa:R=CN
‘s—cfi, : BuSnBzCa : R = CO-CoHs

e oI
Buzsn\ BuSnBiph BMZSn
e ¢ O

BuSnNaph

SnBuCa : R = CMe,
SnCyCa:R=CN
SnBzCa : R = CO-CgHg

SnSal

SnBiph SnNaph

Scheme 35 Cyclic tin catalysts used by the Kricheldorf group for REP
of LLA.157'175_177
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Fig. 2 MHS plots of (A) commercial linear Purapol L105, (B) cyclic PLLA
prepared with DSTL in bulk at 160 °C (unpublished measurements,
sample (B) was prepared in ref. 178).
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Formation of cyclic oligolactides via intracircular “back-

by rapid intracircular back-biting reactions, which finally
result in thermodynamic control of the entire REP
(Scheme 37).
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In agreement with the existence of equilibration reactions,
dispersities above 2.5 were found and M,,’s up to 140 000 were
obtained without racemization. Only few polymerizations were
conducted with the 2,2-dibutyl-2-stanna-1,3-dithiane (DSDT,
Scheme 35), which indicated that this six-membered ring is
slightly less reactive than DSTL.">®

Following the successful synthesis of cyclic polylactides
bare of initiator fragments with DSTL, sulphur-free cyclic tin
catalysts derived from suitable diphenols such as catechols,
1,1’-diphenol, 1,1'dinaphthol and salicylic acid were syn-
thesized (Scheme 35) and their catalytic potential was explored
in much detail. All these catalyzed are easily accessible from
inexpensive, commercially available starting materials in three
ways. The dibutyltin derivatives are best prepared from dibutyl-
tin oxide in hot toluene with azeotropic removal of water. The
cyclic Sn(u) catalysts can be prepared by heating of the diphe-
nol with SnOct, in toluene, whereupon the desired catalyst
crystalizes after cooling and drives the equilibrium into the
desired direction. Higher yield can be achieved by using sily-
lated diphenols or salicylic acid, a method which can be per-
formed in a one-pot procedure.

REPs with Bu,Sn-catalyst derived from catechols were
studied first revealed that with BuSnBuCa cycles almost free of
linear by-products were obtained.'*® Polymerizations in bulk at
160 °C with variation of LA/Cat ratio and time yielded (uncor-
rected) M,,’s in the range of 70 000 to 100 000 with high disper-
sities. Characteristic for the BuSnBuCa catalyst, is a predomi-
nance of even numbered cycles in the reaction product.
However, when BuSnCyCa or BuSnBzCa were used as catalysts
at temperatures below 100 °C, the odd-numbered cycles were
large prevalent."”> A mechanistic explanation for this surpris-
ing result was discussed. With the seven-membered cyclic
dibutyltin compounds BuSnBiph and BuSnNaph higher
polymerization rates and higher molar masses were
achieved."®® REPs performed in bulk at 160 °C were completed
within 1 h and yielded uncorrected M,,’s up to 140 000 again
in combination with high dispersities (>3). A major shortcom-
ing of these useful REP catalysts is their toxicity, which is
unknown, but predictably higher than that of the commercial
standard catalyst SnOct,.

To overcome or reduce this problem, the Kricheldorf group
explores synthesis and application of cyclic Sn(u) bisphenox-
ides. At first catechols, 2,2"-dihydroybiphenyl or 1,1-bisnachtol
were added to SnOct,-catalyzed polymerizations of LLA in bulk
at 160 °C. Indeed, cyclic PLLAs were obtained in contrast to
analogous experiments with monophenols as cocatalysts."”®
This observation prompted the synthesis of the cyclic Sn(u)
bisphenoxides listed in Scheme 35. Numerous REPs conducted
in bulk at 160 of 180 °C were performed in such a way, that
either the isolated catalysts or the combination of SnOct, and
catechol or 4-tert-butylcatecol were used under identical con-
ditions."”” Surprisingly, higher molar masses (M,’s up to
170 000) and perfect cyclization were found for the combi-
nation of SnOct, and catechols. Analogous results were
obtained with salicylic acid as cocatalyst."”® However, a lower
risk of discoloration was observed for salicylic acid. Catechol
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and salicylic acid were selected as cocatalyst, because they are
natural products with low and well-known toxicity.

SnBiph and SnNaph proved to be the most active cyclic tin
catalysts studied so far even slightly more reactive than
SnOct,."®® When REPs were performed in bulk at 160 or
180 °C with SnBiph conversions were complete within 15 min
at LLA/Cat ratio of 1000/1 and within 1 h at a LLA/Cat ratio of
10 000/1. Cyclic PLLAs free of racemization and with M,, values
up to 305000 were obtained. Finally, polymerization experi-
ments with the spirocyclic Sn(iv) compounds SnNaph, should
be commented. In a first paper (also including experiments
with analogous Ge and Zr compounds) the authors reported
that SnNaph, is a rather sluggish catalyst yielding low molar
mass cycles with low dispersity and a conspicuous predomi-
nance of even-numbered species.'®" However, this interpret-
ation turned out to be a mistake, because masses of cyclic
PLLAs and linear chains having a dihydoxybisnaphthol end
group (Scheme 38) are nearly identical, so that mass spec-
trometry alone does not suffice for trustworthy distinction.
This analytical problem does not exist for other monomers,
and in a recent publication including glycolide and e-caprolac-
tone the authors have revised their original misinterpretation
of MALDI TOF mass spectra and clarified that all monomers
yield linear chains having the structures formulated in
Scheme 38.'®> Nonetheless, the strong predominance of even-
numbered chains which reaches levels >90% at low polymeriz-
ation temperatures, was an interesting phenomenon and a
mechanistic explanation has been discussed.

o
N7
S
[=]

o
H+40=CH-CO-0-CH-CO+0
La
HO

r4o-n:n2 co-o-cnz-co]lo

HO

o o
H O—CH—CO—O—CH—CO%O—CHZ CO-O-CHZ-COlO

HO

H{o-(cnm-co}o
Ld
HO

Scheme 38 Structures of the SnNaph, catalyst and of the linear chains
obtained from it via REP followed by hydrolytic cleavage of the Sn—O
bonds (adapted from ref. 182 with permission from Wiley).
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6. Ring-opening polymerization with
simultaneous polycondensation
(ROPPOC)

6.1. Tin mercaptides and phenoxides as catalysts

A normal ROP is characterized by an initiation reaction which
yield a stable end group, usually an amide or ester group in
the case of PLLAs, whereas chain growth continues at the
nucleophilic chain end, typically a Sn-O-CH(CH); group.
Condensation steps, and thus, a ROPPOC mechanism come
into play, when the CO-X chain end is electrophilic/reactive
enough to react with the nucleophilic end group. Depending
on chain length and concentration more intermolecular con-
densation steps, resulting in chain growth, or more intra-
molecular condensation steps, yielding cyclic PLLAs are the
consequence. Two review articles, the second one with a more
detailed definition and theoretical analysis, have been
published.'®*8*

Since the Sn-S bond is more stable than the Sn-O bond,
condensation reactions were expected when the initiator is a
Sn mercaptide or thiophenolate yielding a Sn-SR end group.
Using three Sn-SR compounds displayed in Scheme 39, the
first ROPPOC syntheses of more or less cyclic PLLAs were
achieved via the mechanism outlined in Scheme 40."®®> Under
identical conditions the extend of cyclization was higher for
the catalysts derived from acidic SH-compounds (BuSnMBT
and BuSnSPF) than that from benzyl mercaptane, as expected
for an ete-cyclization. At temperatures above 130 °C BuSnMBT
has the shortcoming to cause slight racemization of LLA.

)
Bu S ) - F
Sn Sn Sn F
Bu” 'S Bu” 'S Bu” 'S
\CH2 \« .
N
F
F
P
BuSnSBn BuSnMBT BuSnSPF
CHa
0 I
0 0 - Bu,Sn O—CH—CO—O—CH—SO SX
o 8X X
HaC S-X CIEREERATT
Bu,Sn
S-X
S—-X
CH CH
BuSh  + [ P
'§_x 0—-CH-CO-0-CH-CO

X

equilibr. ¢

Scheme 39 Dibutyltin bis-thiolates prepared and used by Kricheldorf
et al. for ROPPOCs of LLA and the ROPPOC mechanism catalyzed by di-
butyltin bis-thiolates.*®®
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Scheme 40 ROPPOC mechanism resulting from the in situ combi-
nation of SnOct, and pentafluoro thiophenol.*8°

Moreover, the basicity of the N-heterocycle is low. Therefore,
the BuSnSPF catalyst proved to be the most useful Sn-S type
ROPPOC catalyst and yielded cyclic PLLAs with M,’s up to
200 000 without racemization.

Experiments with Sn(u) mercaptides or thiophenolates have
not been reported yet, but the following results indicate that
also Sn(SR), compounds may react as ROPPOC catalysts.'®
When pentafluorothiophenol was added to a SnOct, catalyzed
polymerization of LLA at 160 °C in bulk, formation of linear
chains having SPF end groups as the first reaction products
was detected by MALDI mass spectrometry. At longer reaction
times (>4 h) complete transformation into cyclic PLLA was
observed. These observations suggested the mechanism out-
lined in Scheme 40 (and steps analogous to those formulated
in Scheme 39). The assumption that the thiophenol almost
completely substitutes the octanoate groups is based on the
fact that the Sn—S bond is in general thermodynamically more
stable than analogous Sn-O bonds. Yet, compelling evidence
requires, of course, the isolation of Sn(SPF),.

In a subsequent paper the authors studied reactivity and
usefulness of dibutyltin bisphenoxides ((b)-(d) in Scheme 41)
in comparison with dibutyltin bisbenzyloxide ((a) Scheme 41)
and in comparison with BuSnSPF (Scheme 39).'%°
Polymerizations performed in bulk at 160 °C revealed that the
efficiency of cyclization strongly increased with the acidity of
the R-OH used for the preparation of the catalyst. This means,
in turn, the electrophilicity of the CO-chain end is decisive for
the success in agreement with the ROPPOC mechanism and
ete-cyclization. Since all PLLA chains have identical Bu,Sn-O-
CH end groups, formation of cycles should be independent of
the CO-end group when the formation of cycles exclusively
occurs via “back-biting” from the nucleophilic chain end. As
evidenced by MALDI TOF mass spectrometry and measure-
ments of intrinsic viscosities the most reactive catalyst,
BuSnOPF, yielded almost completely cyclized PLLAs with M,,’s
up to 200 000. Furthermore, it was observed, that BuSnOPF is
considerably more reactive than BuSnSPF and allowed poly-
merizations in solution at 120 °C, whereupon the resulting
molar masses can roughly be controlled via the initial
monomer concentration. However, an unexplained phenom-
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Scheme 41 Dibutyltin bisbenzyloxide and bisphenoxides prepared and
used by Kricheldorf et al. for ROPPOCs of LLA, and a linear intermediate
identified at low temperature.

enon is the tendency towards increasing side reactions at
lower catalyst concentration, so that relatively large amounts of
catalyst are needed for successful syntheses of cyclic PLLAs
(LLA/Cat = 100/1-400/1).

6.2. Tin carboxylates as catalysts

Activation of the CO-chain end in the form of a mixed anhy-
dride via initiation with tin carboxylates is another variant of
the ROPPOC approach. However, a mixed anhydride consists
of two more or less electrophilic CO-groups and thus, the
polymerization may, in principle, proceed in two different
directions as illustrated for SnOct, as catalyst in Scheme 42.

CHa
0 CHs CH,
OC €0 —_» R-CO-0-Sn{0-CH-CO-0-CH-CO10-CO-R
0 T el A e
HC ., 0-CO-R T e
Sn
0-CO-R
ks
(a) —» R-CO-0-5n-0-CO-R + CH, CHs

0-CH-C0-0-CH-CO
X

kp CHS‘CIHZ ?Hs CIHa
(b) —» CH;-(CH,);-CH-C0O+0-CH-CO-0-CH-C0+0-5n-0-CO-R
X

+R-OH l- R-0-Sn-0-CO-R

CH;-CH, CH, CHs
CHy-(CH,);—~CH-C0{0-CH-CO-0-CH-COJ-OH
X

Scheme 42 ROPPOC mechanism catalyzed by SnOct, as proposed by
Kricheldorf et al.”®
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When the CO-group of the lactyl unit is more electrophilic,
cycles will be the main reaction product (course (a) in
Scheme 42), but when the CO group of the initiator is more
electrophilic, linear chains having COOH end groups will be
the sole or predominant polymerization product (b). In other
words, the ratio of the rate constants k,/k, should be high to
yield cyclic PLLAs. In the case of SnOct, the CO group of hexa-
noic acid is for electronic and steric reasons far less reactive
than that of lactyl units. The high sensitivity of LLA or PLLAs
to hydrolysis in contrast to alkyl alkanoates is indicative for
this scenario. Hence, the authors expected that SnOct, might
be a useful ROPPOC catalyst.

Polymerizations of LLA and racLA catalyzed by neat SnOct,
were performed by numerous research groups®!:66:6%70:115,187-205
beginning in 1972 with a report of Sinclair and Gynn.*® High
molar mass PLLA (M, > 500 000) were prepared by Pennings
et al. and used for the characterization of physical and
mechanical properties and of potential applications in
medicine.®>'®"° That group performed, for example, a
detailed study how the thermal history influences T, and
AH,,, and extrapolated the equilibrium T7y,0 of an ideal
crystal.'®®1°"  Much work was also dedicated to fibre
spinning.'®>'°%'% The influence of triphenyl phosphine on
the molar mass and thermal properties was studied by Degée
et al.”® and Kaur et al.>*® Several research groups proposed
initiation mechanisms as illustrated in Schemes 43-46. Witzke
et al*® and Shinno et al®® contributed detailed kinetic
studies concerning polymerizations conducted in bulk. Most
authors who commented on the polymerization mechanism

0
/oJ—R OH
Srl +H0 ~—— 551 +RCOOH
R o R
T -
0 o]
R= —CH-{CHz)s—CHs
éHz—CH
o o o]
0 R OH
/ / — » R-ALo-sn-0-sn-0-1lr
Sn + Sh —
0——R 0—rR
T T
o] 0
Scheme 43 |Initiation mechanism of SnOct,-catalyzed ROP of LLA pro-

posed by Pennings et al.'*? (with permission from Wiley).

SnOct; + H;0 ———> OctSn-OH + OctH
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OctSn-0-SnOct
CH,
2 CH; CHa
O =0 —> OctSn oL co—o—Lcolo-r
Q
HsC OR ~
ocdisn R = H, Alkyl, SnOct

Scheme 44 Initiation mechanism of SnOct,-catalyzed ROPs of LLA
proposed by Dahlmann and Rafler®8-290 (with permission from Wiley).
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Scheme 45 Cationic  polymerization mechanism proposed by

Nijenhuis et al., (with permission from ref. 194, Copyright 1992 American
Chemical Society).
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Scheme 46 Initiation mechanism proposed by Kricheldorf et al. for

ROPs of LLA catalyzed by neat SnOct; ®° (with permission from Elsevier).

assumed that traces of water or other R-OH impurities play
the role of cocatalysts/initiators (Schemes 43 and 44).
Nijenhuis et al. proposed the cationic mechanism outlined in
Scheme 45. Kricheldorf et al. assumed an initial formation of
a mixed anhydride group (Scheme 46). However, a complete
polymerization mechanism was never formulated, and the for-
mation of linear PLLAs was never put into question.

Quite recently, polymerizations performed by the authors
with water-free SnOct, revealed that the structure of the
polymerization products can only be explained by the ROPPOC
mechanism formulated in Scheme 42.7% At extremely low LLA/
Cat ratios (50/1 and lower) linear chains terminated by one
octanoate and one COOH group were the main reactions pro-
ducts. With increasing LLA/Cat ratio the fraction of cycles
increased at the expense of linear chains and at LLA/Cat ratios
>400/1 PLLAs almost exclusively consisting of cycles were
obtained. The cyclic topology was proven by MALDI mass spec-
trometry, NMR spectroscopy and by comparison of intrinsic
viscosity with the corresponding properties of a commercial
linear PLLA. Furthermore, analogous polymerizations were
performed with SnAc,, and nearly identical results were found.

This journal is © The Royal Society of Chemistry 2022
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M,’s in the range of 250 000-333 000 were achieved.”>”” These
findings have the important advantage that a technical pro-
duction of high molar mass cyclic PLLA is easily feasible,
because a change of the catalyst is not necessary. The advan-
tage of low toxicity, high efficiency, absence of discoloration
and identical catalyst poison (needed at the end of the
polymerization process) all remain. These results also mean,
in turn, that all those research groups, that used water-free
SnOct, in fact synthesised cyclic PLLAs without knowing it.
Since the water content of the SnOct, was not determined and
the end groups of the resulting PLLAs were not characterized,
it is not possible to retrace which group studied cyclic PLLAs
or mainly linear species.

In this context, a recent paper of Louisy et al. should be
mentioned.>*® These authors reported on the production of
glass fibre reinforced composites by polymerization of LLA
with neat SnOct, in bulk. That work is a typical example of
studies of physical and mechanical properties of PLLA without
knowing, whether the sample under investigation has a linear
or cyclic topology. This issue is aggravated by the problem that
the initially formed cyclic topology may change to a linear one,
due to chain scission by thermomechanical processing, by
reaction with moisture or additives such as catalyst poison,
stabilizers, and pigments. Only a characterization after com-
pletion of the processing can reveal whether the final product
had cyclic or linear topology.

Finally, it is worth noting that Bu,SnAc, and Oct,SnAc, also
yield cyclic PLLA when used in bulk at 130-160 °C.”” Yet in
contrast to SnOct, and SnAc,, cyclic PLLAs are best achieved at
low LLA/Cat ratios (e.g. 50/1). Furthermore, M,,’s in the range
of 20 000-80 000 were obtained, complementary to the high
M,’s typical for the Sn(u) carboxylates. Unfortunately, the
bisalkyl tin acetates are certainly more toxic than the Sn**
based catalyst and thus, their preparative usefulness is
restricted to academic research.

6.3. Tin chlorides as catalysts

SnCl,-catalyzed polymerizations belong to the oldest examples
of tin based ROPs of LLA.'"*°” Since SnCl, is a strong Lewis
acid a cationic polymerization mechanism was assumed, but
without any experimental evidence. Mass spectrometry was
not available and thus, no information about the topology of
SnCl,-catalyzed PLLA was published and the polymerization
mechanism is still unknown (see below) In the case of SnCl, a
recent study has elucidated that ROPs conducted in bulk
>120 °C yield mixtures of cycles and linear chains having un-
identified end groups.'®® A recent examination of various com-
mercial alky- or aryl tin chlorides gave the following results.>*®
Dimethyl tin dichloride and dibutyltin dichloride yielded reac-
tion products mainly consisting of cycles, but the ratio of
cyclic/linear chains was difficult to reproduce. BuSnCl; gave
mixtures of cyclic and several linear species. However, when
Bu3SnCl was used as catalyst at 160 °C in bulk, cyclic PLLA was
reproducibly prepared at LLA/Cat ratios in the range of 100/
1-600/1 (Scheme 47), whereas linear by-products became
detectable at higher LLA/Cat ratios.
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Scheme 47 ROPPOC mechanism catalyzed by tributyltin chloride pro-
posed by Kricheldorf et al.2%8 (with permission from Wiley).

BuzSnCl is a sluggish catalyst and reaction times around
20 h were required to reach maximum conversion and M,,’s up
to 80 000. Far more reactive proved Ph,SnCl, which allowed
maximum conversion within 1 h at 160 °C. Here again, low
LLA/Cat ratios are beneficial, because at LLA/Cat ratios >200/
1 more and more linear by-products are formed. The reasons
for this unusual correlation (also observed for BuSnOPF) were
not explored. Although, such tin chlorides have the advantage
to be inexpensive commercial products, further studies of their
properties are of minor interest because of their high toxicity.

6.4 Various tin compounds as catalysts

Cyclic tin(u) complexes such as the bisphenoxide complexes
la-g or the salicylaldiminato complexes 2a-c in Scheme 48
were synthesized by the Phomphrai group and characterized
by various methods including X-ray structure analyses.”**>'"
In most polymerization experiments with LLA or eCL cyclic
polyesters were obtained and their formation was ascribed to a
zwitterionic mechanism, which is another version of ROPPOC
mechanism as explained and discussed before. Those authors
assumed that the lone electron pair of the tin atom stabilizes
the acylium ion of the electrophilic chain end in analogy to a
carbene. However, convincing evidence for such a mechanism
is lacking. These authors ignored the more likely alternative,

g
S a: R=Ph
'f_R b: R =2,6-Me,CgHy
o ¢ R=26-Prop,CqHs
Sn: d: R = 4-(OMe)CgH,4
0 e R = 4-(CFa)CeHs
: f R=CHs
C’«N_R g R=1tBu
H
tBu t-Bu
tBu 0-Sn-0 a: (A) = -(CHz),-
l b: (A)=-(CHy)s-
CH=N—(A) ¢ (A) = -(CHz),-0-(CHz)z-

Scheme 48 Cyclic tin(n) catalysts used by the Phomphrai group for the
preparation of cyclic polylactides210 (with permission from Wiley).
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which is a REP mechanism via a Sn-O bond in analogy to the
cyclic tin bisphenoxides compiled in Scheme 35 and in
analogy to the REP mechanism formulated for cyclic tin sul-
phides in Scheme 36. A zwitterionic mechanism causes race-
mization of LLA even below 50 °C like anionic ROPs. Yet, the
cyclic tin(u) bisphenoxides outlined in Scheme 35 yielded opti-
cally pure PLLAs up to 180 °C clearly indicating that such
tin(u) catalysts do not initiate a zwitterionic ROP.

7. Various catalysts and unknown
polymerization mechanisms
7.1 SnCl, and SnCl, as catalysts

This part summarizes reports on catalysts, of which the
polymerization mechanism has not clearly been identified. In
this context, the first academic paper, published in 1959 by
Kleine and Kleine should be mentioned, because those
authors used SnCl, in addition to catalysts based on other
metals."" The polymerizations were conducted in bulk at
140 °C and yielded low molar mass poly(i-lactides) as esti-
mated from the viscosity measurements (SEC was not available
at that time). No information on end groups or hypothetical
reaction mechanism was provided. Twelve years later Dittrich
and Schulz reported on SnCl,-catalyzed ROPs of r-lactide in
solution at temperatures between 35 and 110 °C.%°” More than
20 years later Feijen and co-workers tried to detect the for-
mation of lactide or glycolide complexes with SnCl, by means
of IR spectroscopy, but failed.”' Since SnCl, is a liquid, which
is aggressive, hygroscopic and difficult to handle, it has not
found much interest in later years. Those researchers, who
used it as catalyst for ROPs of lactones classified it as cationic
catalyst, because it is a strong Lewis acid.”*”*'**'* However,
several decades later it was demonstrated by Lillie and
Schulz®® and Kricheldorf et al.'®"'®* that Lewis acids or carbe-
nium salts do not catalyse ROPs of lactide (in contrast to ROPs
of eCL). Only protic super acids such as fluorosulfonic acid
and trifluoromethane sulfonic acid were able to catalyse a true
cationic polymerization of lactide. The mechanism was eluci-
dated about twenty years later by Bourissou and co-workers.>*
Therefore, SnCl,-catalyzed polymerizations do certainly not
proceed via a cationic mechanism.

In the case of SnCl, the majority of papers deal with its
application as polycondensation catalyst, an aspect which will
be discussed in part 8. Only a handful ROPs of LLA catalyzed
with neat SnCl, were studied by Zavrazhnov et al>*'* Those
experiments were conducted in bulk at 120-160 °C with a high
concentration of catalyst. Only low M,,’s < 16 000 were obtained
whereas SnOct, gave higher M,’s under identical conditions.
In a more detailed study of the authors the same trend was
found, but higher LLA/Cat ratios were used. M,, values up to
190 000 were achieved.'”® Yet, regardless if neat or in combi-
nation with alcohols (see part 4) SnCl, proved to be inferior to
SnOct, under all polymerization conditions with regard to
molar masses and homogeneity of the topology of the result-
ing PLLAs. However, when SnCl, was compared with other
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acidic metal chlorides, such as MgCl,, ZnCl,, FeCl;, BiCl; and
HfCl,- in ROPs conducted in bulk at 160 °C, SnCl, proved to
be the best catalyst.

7.2 SnPh, as catalyst

SnPh, is another catalyst which was used by a couple of
research groups in the early years of polylactide
research.'*®*'»2157217 gylkarni et al. conducted polymeriz-
ations of racLA in bulk only for preparative purposes, because
those authors were only interested in properties and medical
applications of polylactides.>'>*'® However, Feijen and co-
workers were interested in optimization of the reaction
conditions and elucidation of the polymerization
mechanism."®*'” Their attempts to identify complex for-
mation of SnPh, and lactide via IR spectroscopy failed and 'H
NMR spectroscopy was not used, so that end groups were not
identified. However, numerous polymerizations of racLA were
performed in bulk under various conditions and the resulting
polylactides were characterized by SEC measurements. Using
the universal calibration with polystyrene standards a Mark-
Houwink-Sakurada equation was elaborated. High molar
masses (M,, up to 200 000) were obtained with broad dispersi-
ties. A systematic dependence of the molar masses on the LA/
Cat ratio was not found and the authors concluded that no
living chain ends survived the polymerization process. Due to
the poor reproducibility and control of the SnPh,-catalyzed
ROPs of lactide, the Feijen group and other researchers aban-
doned to work with this catalyst and turned their interest to
SnOct,-catalyzed polymerizations with or without addition of
alcohols. Further studies of SnPh,-catalyzed ROPs of racLA
were contributed by Dahlmann and Rafler in 1993.>°° Later,
the first author studied SnBu,-catalyzed ROPs of e-caprolac-
tone and found that the activity of this tin compound
depended on its exposure to oxygen, apparently due an inter-
mediate formation of a Sn-OBu group.>'® Possibly, the cata-
Iytic activity of SnPh, obeys the same reaction pathway.

7.3 Various tin compounds

A third Sn(wv) compound which was used for a few ROP experi-
ments by the Pennings group was the Sn acetylacetonate
complex."” High molar mass PLLA was obtained, but since
the reactivity of this catalyst proved to be lower than that of
SnOct,, it has not found interest in later years. A group of
cyclic tin(iv) complexes containing a Sn-NR, group as active
site was synthesized by the Gibson group (Scheme 49).** The
ROP of racLA yield low molar mass mixtures of several species
with dimethyl amide terminated chains as the main polymer-
ization product. Similar complexes containing Sn-alkoxide
groups were discussed in part 3.

8. Polycondensations

The first synthesis of a polylactide was published in 1833 by
the French chemists Gay-Lussac and Pelouze.”'® They tried to
isolate pure lactic acid by concentration of an aqueous solu-

This journal is © The Royal Society of Chemistry 2022
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Scheme 49 Syntheses of Sn(iv)Jamine complexes as reported by the
Gibson group (reproduced with permission from ref. 41, Copyright 2008
American Chemical Society).

tion at 140 °C in vacuo. Although those authors did not under-
stand the consequences of their experiment (even the formula
of lactic acid was unknown at that time) the description of the
experiment and the properties of the reaction product clearly
indicate that low molar mass poly(p,.-lactic acid) was obtained.

A systematic study of the polycondensation of r-lactic acid
was launched more than 150 years later by chemists of Mitsui
Chemicals Co0.>*°*** Their method was based on polyconden-
sation in inert solvents with azeotropic removal of water and
recycling of the liberated r-lactide. The rate of polycondensa-
tion increased with higher boiling points of the solvents and
diphenyl ether proved to be particularly useful. Different cata-
lysts were compared, and the best results (M,, = 230 000) were
achieved with SnO and SnCl,. These polycondensation experi-
ments were extended to various ratios of p- and r-lactic acid.
The synthetic method of the Mitsui group has certain disad-
vantages, such as the need of a relatively expensive solvent,
which is difficult to remove completely from the polylactides,
and long reaction times compared to the ROP of LLA.

In order to get rid of the solvent and to shorten the reaction
time, Kimura and co-workers have studied the polycondensa-
tion in bulk.>**?**?*¢ Screening of different metal catalysts
showed that SnCl,-2H,0 gave the best results and an examin-
ation of several acidic cocatalysts revealed that a 1:1 combi-
nation with 4-toluene sulfonic acid (TSA) was the most
efficient combination.>** However, even with this combination
reaction times around 5 h were required for polycondensations
at 180 °C to achieve M,,’s up to 85 000, whereupon partial race-
mization occurred, whereas discoloration was avoidable. In a
later study SnCl,—2H,0 was also combined with various metal
oxides or alkoxides and Ge(OEt), was found to be the best
partner of the tin chloride, but the results were not better than
those obtained with TSA as cocatalyst.”*® A breakthrough was
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achieved with a three-step procedure based on the SnCl,-
2H,0/TSA catalyst.*****® The first step consisted in a polycon-
densation in the melt at 180 °C for a short time and yielded a
low molar mass PLLA (M, up to 13 000). In a second step crys-
tallization followed for 2 h at 105 °C and, finally, solid state
polycondensation was conducted at 150 °C. M,, values up to
600 000 were achieved by this technique without significant
racemization. However, annealing for 20 h was required. The
most likely mechanism of SnCl,-catalyzed esterification of car-
boxylic groups is outlined in Scheme 50, and a formulation of
SnCl, + TSA-catlyzed reactions in the amorphous phase are
presented in Scheme 51. This Scheme might be difficult to
understand, but represents the original version published by
Moon et al.>*®> A few years later Shyamroy et al. reported on
polycondensations of lactic acid catalyzed by SnPh, or tetra-
methyl dichlorodistannoxane.?*” No solid state polycondensa-
tion (SSP) was applied and all M,,’s were below 43 000.

When these results are compared with ROPs of LLA, the fol-
lowing aspects need to be considered.

1. The polycondensation process avoids the costs resulting
from the preparation of LLA.

OH oH
R-C{ + SnCl, —_— R-C{
0—SnCl,

OH OH OH o®
R-C_ + R-C{ =—> R-C® + R-C{

~o 0—SnCl, OH 0-SnCl,

OH e O-R
R-C® + R-OH <= R-C-0-R === R-C_ +Ho0

"OH oh i

Scheme 50 Mechanism of SnCl,-catalyzed esterification of carboxylic
acids and alcohols.

Scheme 51 Hypothetical illustration of transesterification and esterifi-
cation reactions proceeding in the amorphous phase of PLLAs prepared
by polycondensation of LLA according to Moon et al??® (with per-
mission from Elsevier).
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2. The “Moon-Kimura process” requires three steps at
different temperatures with total reaction times >15 h, whereas
the technical ROP of LLA requires only 0.5-1.5 h.

3. The ROP of LLA allows for control of the molar mass via
the LLA/In ratio as discussed in part 4.1. Although this control
is not precise at high LLA/In ratios, it is easy to perform, but
difficult to achieve in the polycondensation process. However,
it is worth noting that the role of chain terminators in the
polycondensation process has not been studied yet.

4. The ROP of LLA allows for the preparation of various
copolymers, for instance by mixing LLA with glycolide, e-capro-
lactone or trimethylene carbonate. ROP in the melt is best
suited for the preparation of (nearly) random copolymers,
whereas ROP in solution with sequential addition of the como-
nomer can be used to synthesize block copolymers. The poly-
condensation process cannot compete in this regard.

In addition to homopolylactide various copolyesters of
lactide were prepared by SnCl,-catalyzed polycondensations.
Matos et al. reported on syntheses of biodegradable and com-
pletely biosourced copolyesters by transesterification and con-
densation of bishydroxyethyl 2,5-difuranate with oligopolylac-
tides (Scheme 52).>%*

Sb,0; and SnCl, + TAS gave similar results, but the M,’s
remained below 10000 despite reaction temperatures up to
210 °C. However, these temperatures were perhaps too high
and caused degradation. Further polycondensation methods
were reported which involve lactide as comonomer.
Copolyesters of r-lactide, isosorbide, and isophthalic, 4-tert-
butyl isophthalic and terephthalic acid were prepared in a two-
step/one-pot process.*****° At first, isosorbide was used as
initiator of a SnOct, or SnCl,-catalyzed oligomerization of
t-lactide, and in the second step the resulting telechelic oligo-
mers were condensed with the corresponding acid chlorides
(Scheme 53). M,’s above 100000 were achieved in several
experiments, but this approach had the shortcoming of con-
siderable discoloration and the use of chlorobenzene as reac-
tion medium. The purpose of that study was the preparation of
biodegradable and largely biosourced materials with high T,’s
(>90 °C), because most engineering plastics used in everyday

Oecﬂ\c’/o
i 0

\
HO—CH,-CH,-0 0-CH,-CH,-OH  +

SnClz

TSA

(o] /0\ c* CH; O\C /0\ C?
/ \ | !
0-CH,-CH,-0 O-CHZ-CHZ-[O-CH—CO}O—CHZ-CHZ-O

2

Scheme 52 SnCl,-Catalyzed synthesis of copolyesters of LLA; 2,5-
tetrahydrofuran dicarboxyclic acid and ethylene glycol (reproduced
from ref. 228 with permission from Wiley).
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Scheme 53 SnCl,-Catalyzed synthesis of copolyesters from LLA, iso-
sorbide and isophthaloylchloride (reproduced fromref. 229 and 230 with
permission from Wiley).

life (PMMA, amorphous polystyrene, polycarbonate etc.)
possess these properties. Depending on the composition, Ty's
in the range off 90-170 °C were indeed achieved. Mechanical
measurements proved that the mechanical properties of these
copolylactides were better than those of commercial PMMA,
but a convenient, inexpensive synthesis suited for technical
production is still lacking.?**

The approach outlined in Scheme 53 is flexible and allows
for the preparation of unsaturated copolyesters in two ways.**?
Either the isosorbide-initiated oligolactides reacted with
fumaroyl chloride ((a) Scheme 54) or unsaturated diols were

0
0
o'y
CH, 10 o}
(o] | 1l 1l
04C—CH-0+4-C—CH=CH—C
5 2

(a)

CH, CH, 10 o]
| | 1l 1
0—CH—C10—CH,~CH=CH~CH—0—-C—CH-0 C@»Ca
1]
Oy (o] z

(b)

T

CH, cH; 10 o]
1 1 1l 1l
0-CH—C+0-CHy-C=C—CH,-0—-C—CH-0 COC——
1] 1]
07y (o) z

(c)
Br Br (o]

[ ghe e ¢ cHy 10
{»O—CH—E]O—CH;—CH—CH—CHz—O (";—CH—O C@C——
y (o] z

[o]

(d)

Scheme 54 Unsaturated copolyesters of LLA prepared via SnCl,-cata-
lyzed ROP followed by polycondensation of the resulting oligolactides
with dicarboxylic acid dichlorides.?*?
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used as initiators ((b) and (c), Scheme 54) The double bond
can be used for radical grafting of styrene or other vinyl mono-
mers, and for addition of thiols or bromine. In the latter case,
the resulting copolyester ((d) Scheme 54) has flame-retardant
properties. Furthermore, addition of the oligolactides onto aro-
matic diisocyanates is feasible and yield biodegradable poly-
urethanes having high 7, values above 100 °C (Scheme 55).>*
SnOct, and SnCl, catalyse both oligomerization of lactide and
polyaddition of the resulting oligomers. This approach avoids
expensive acid chlorides and liberation of HCI. But the ther-
mostability of the resulting polyurethanes is approximately
100 °C lower than those of the afore mentioned copolyesters,
because the urethane bond begins to dissociate above 180 °C.
However, application as glues or lacquers (in suitable solvents)
are imaginable.

Furthermore, a paper of Katiyar and Nanavati should be
mentioned which describes synthesis of OH-terminated oligo-
lactides followed by SSP, whereupon uncorrected M,,’s up to
228000 were achieved.”® The mechanism presented in
Scheme 56 was postulated.

g
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1) » [e]
07y
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0 ﬁ—CH—O
0

0
1 1l
C—NH~(Ar)-NH-C—

(b)

Scheme 55 Poly(ester-urethan)es prepared from isosorbide, LLA and
aromatic diisocyanates®>® (with permission from Wiley).
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Scheme 56 Reaction mechanism postulated by Katiyar and Nanavati
shown in ref. 235 (with permission from Wiley).
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Finally, polycondensations involving alkyl ester end groups
need to be mentioned. The alkyl ester end groups resulting
from alcohol initiated ROPs discussed in part 4 are considered
to be stable. This classification is correct, when short reaction
times are considered (<2 h). But recent experiments with ethyl
t-lactate have shown that this liquid, which is stable for years <
30 °C, undergoes slow polycondensation when heated with
SnOct, and even faster with BuSnOPF.>** This means that
heating of alkyl ester terminated oligo and polylactides at
temperatures of 160 or 180 °C may cause chain growth by poly-
condensation with the consequence of higher dispersities.
However, a detailed study in this direction has not yet been
published.

9. Chemical reactions in solid PLLA

One reason for the numerous applications of polylactides in
various areas is the broad variation of physical properties such
as glass transition (7,), melting temperature (Ty,) and the
degree of crystallinity paralleling the melting enthalpy (AHy,).
Above all, three parameters are responsible for the variation of
these fundamental parameters.

1. Since lactic acid is a chiral monomer, the optical purity,
or in other words, the ratio of D and L units is of great influ-
ence on all physical properties. PolyLLA with a p-content >15%
turns amorphous and a lower content has a strong influence
on Ty, and other physical properties.>*>*>6236:237

2. Quite analogous to other semi crystalline polymers the
thermal history (heating and cooling rates, annealing time and
temperature) plays an important role for the physical
properties.72’92‘93’188’191’237—245

3. Due to the polyester backbone, polylactides can undergo
transesterification reactions not only in the melt and in solu-
tion, but also in the solid state. At temperatures below 200 °C
nature and efficiency of transesterification reactions depend
on the presence of catalysts. Hence, catalyst activity and
concentration are important for rate and extent of
transesterification.

Whereas the first two parameters have intensively been
studied over the past thirty years by numerous research
groups, research activities concerning the third parameter are
relatively new.””>#6748

Most research groups reported Ty, values in the range
of  174-180 °C for annealed  optically  pure
polyLLAg,>%5%536:7292,93,188,191,2362245 11y aoreement with those
reports, the authors found for three commercial PLLA samples
(Purapol L105, NW 3251D, NW 3001D) T,,’s in the range of
173.5-180.3 °C after annealing at 160 °C for 10 h or at 170 °C
for 24 h.>*® Those commercial polyLLAs were prepared by
SnOct,, but as usual for the technical production, a catalyst
poison was added to prevent severe degradation upon thermal
processing.

The morphology responsible for T,,’s around or below
180 °C has now been labelled as low-Ty, (LTy,) morphology to
allow for a clear and rapid distinction from the high Ty, (HT}y)
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morphology which shows T;,,’s above 190 °C. PLLA having a T},
> 190 °C were first reported by Kalb and Pennings, but without
any characterization of the morphology and without any
explanation.'®®'®! The authors have found that H7,, mor-
phology is formed when catalysts yielding cyclic PLLA either
via the REP or via the ROPPOC mechanism are used, and
when the time is extended to >20 h, even when the conversion
was complete after 1-3 h. Non-cyclic catalysts such as SnOct,
also yield the HT,,, morphology, but the T;,’s are slightly lower
under identical conditions.>*® A poorly understood phenom-
enon is the observation that the highest T,,’s were achieved by
direct isothermal crystallization from the polymerization
process. Annealing did never enhance the Ty, but yielded
higher crystallinities (up to 90%).>*”**® Another unexpected
and unexplained phenomenon is the finding that alcohol
initiated ROPs are less favourable for the formation of the
HT,, morphology. Particularly unfavourable is the standard
catalyst system, namely the combination of alcohol and
SnOct,.””**® When alcohols are used as initiators, only cyclic
Sn(u) catalysts, (above all SnBiph) yield the HT,, mor-
phology.>*® Furthermore, it was found that the most active
cyclic catalysts allow for a transformation of LT, PLLA into
HT,, PLLA by annealing at 170 °C for 8-24 h.””>*’

SAXS measurements revealed that the formation of the HT},,
morphology involves growth of the crystal thickness by a factor
2-3. Furthermore, smoothing of the crystal surface, which
reduces the surface free energy, takes place. An additional
effect and consequence of these processes is a higher 3-dimen-
sional order of the lamellar crystals in the spherulites. Three
transesterification reactions which explain these phenomena
are outlined in Schemes 57-59. The consequences for the
shapes of the crystallites and their 3-dimensional order are
schematically illustrated in Scheme 60.

Finally, it should be noted that a discussion of chemical
reactions in solid PLLA was first published by the Kimura
group in connection with the polycondensation of lactic
acid.**® As already mentioned in part 8, those authors found a
considerable chain growth by annealing in the solid state and
postulated the existence of condensation reactions (SSP).
Scheme 51 was presented to illustrate the progress of conden-
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Scheme 57 Transesterification resulting in shortening or growing of
loops on a crystal surface.?*’
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bined with thickness growth.?*’

sation reactions in the amorphous phase. An exact reaction
mechanism was not formulated. Since it is well known that
carboxylic acids can protonate themselves at higher tempera-

This journal is © The Royal Society of Chemistry 2022
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tures, so that esterification is self-catalyzed, the mechanism
outlined in Scheme 50 is the most likely reaction pathway. The
complexation of COOH groups with SnCl, enhances their
acidity and thus, accelerates the reaction with alcoholic OH
groups. This mechanism also explains the catalytic effect of
TSA. A detailed study of SSP was later reported by Katiyar and
Nanavati, who polymerized LLA by means of SnOct, and low
oligolactides as initiators.>*> Those authors observed a dra-
matic growth of the molar masses upon SSP at 150 °C, where-
upon Ty,’s up to 189.5 °C were reached. The two-step reaction
mechanism of Scheme 56 combining ROP with a C-I mecha-
nism and a condensation reaction was formulated. The exist-
ence of condensation reactions of course does not exclude,
that in the presence of tin catalysts transesterification reac-
tions as outlined in Schemes 57-59 also occur.
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