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Over 35 years ago, researchers originally reported on the anionic ring-opening polymerization (ROP) of B-butyrolactone
(BBL) into poly(B-butyrolactone) (poly(BBL)), which is an amorphous, atactic analogue of isotactic poly([R]-B-
hydroxybutyrate) (PHB), a promising and widely used natural biodegradable polyester.
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1. Homo- and Copolymerization of B-butyrolactone (BBL) with Anionic
Initiators of Different Nucleophilicity

The ring opening of B-butyrolactone (BBL) can proceed by two different pathways: O-acyl cleavage (a) and O-alkyl
cleavage (b), depicted in Scheme 1. From both pathways, it can be deduced that acyl cleavage leads to the formation of
an alkoxide chain-end group, while a carboxylate results from alkyl cleavage.
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Scheme 1. Two possible mechanisms for the ROP of BBL.

Over 35 years ago, B-butyrolactone was polymerized by a homogeneous solution of potassium in THF. This solution
results from the reaction of a crown ether (18-crown-6) in THF with a preformed potassium mirror 2. The presence of a
crown ether was found to be essential for the anionic ROP of this dormant monomer. Thus, alkali metal naphthalenides in
THF, such as potassium naphthalenide complexes with crown ethers or cryptands, are another class of effective initiators
for ROP of BBL. Accordingly, researchers prepared poly(BBL) within high yields and with a narrow molecular mass
distribution. The mechanism of this polymerization consists of an a-proton abstraction from monomer, formation of the
corresponding enolate, and subsequent scission of the alkyl-oxygen bond with formation of a potassium crotonate
(Scheme 2). This species initiates propagation, which proceeds through an active carboxylate group =141,
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Scheme 2. Anionic ROP of BBL in the presence of potassium naphthalenide/18-crown-6 complex.

A similar initiation mechanism was observed in anionic polymerization of BBL in the presence of a potassium hydride/18-
crown-6 complex. The a-proton abstraction of the monomer was found to proceed at the initiation step of this
polymerization. The salt of the crotonic acid formed initiates further propagation, leading to polyester functionalized with
unsaturated dead end groups .

Over this time, it has also been shown that sodium and potassium alkoxides (strong nucleophiles) in aprotic solvents react
with the BBL according to the mechanism of nucleophilic substitution at the carbonyl carbon with the acyl-oxygen bond of
the lactone ring scission and formation of an unstable B-hydroxyester alkoxide, which is finally transformed into to the
respective alkyl crotonate (Scheme 3). The alkali metal hydroxide formed in this reaction is the real polymerization
initiator, and its reaction with the monomer molecule leads to the formation of a hydroxyacid salt. Under the reaction
conditions, the salt is partially eliminated to the unsaturated acid salt. Thus, the chain growth in the studied polymerization
occurs only at carboxylate centers SIS,
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Scheme 3. Anionic ROP of BBL in the presence of CH3-OK/18-crown-6 complex.

The complexity of the initiation mechanism of anionic BBL polymerization, in relation to the ambient reactivity of the
initiator used, BBL purity, and the effect of experimental parameters such as solvent and temperature, has been further
studied in detail. The influence of monomer purity on the polymerization reaction reveals that an additional reaction of BBL
with an oxidizing agent, such as potassium permanganate, produces a monomer of higher purity, as demonstrated by the
higher rate of BBL polymerization and improved control over the polymerization process that is initiated with either
tetrabutylammonium acetate or carboxylic acid/phosphazene base (P1-t-Bu, P2-t-Bu and P4-t-Bu) systems 19,



The anionic polymerization of BBL initiated with acetic acid salts in selected solvents showed a significant dependence of
the activity of the initiator and polymer chain-growth centers on the size of the counterion used for the process carried out
in a solvent with relatively low polarity (tetrahydrofuran). In addition, acceleration or retardation of the polymerization was
found, depending on the initiator (counterion)/solvent system used. For a carboxylate with a small counterion in a solvent
with high polarity and for a carboxylate with a large counterion in a solvent with low polarity, acceleration of the reaction
was observed. However, for salts with a large counterion in a highly polar solvent, the opposite effect was observed [,
Based on the information obtained, the method for the synthesis of high molar mass (Mn > 100,000) poly(BBL) with low
dispersity by anionic ROP carried out in bulk and initiated with tetrabutylammonium acetate was described 12!,

The mechanism of BBL polymerization initiated with both strong nucleophiles, e.g., alkali metal methoxide, and weak
nucleophiles, such as alkali metal carboxylates, inspired us to clarify the mechanism of initiation of the polymerization of
this monomer in the presence of solvent-activated (DMSO) initiators , such as alkali metal phenolates, i.e., weak
nucleophiles/bases with an alkoxide structure of active centers 23, The obtained results of the research on this system
clearly show that the structure of the active centers of the anionic initiator does not affect the initiation mechanism, and the
main factor defining the opening mechanism of the BBL ring is the basicity and nucleophilicity of the initiator (Scheme 4).

Scheme 4. Anionic ROP of BBL initiated by sodium phenoxide (for simplicity, the counterion is omitted).

The lowest basic phenoxide (sodium p-nitrophenoxide) reacts mainly as a weak nucleophile, i.e., the nucleophilic attack
occurs at the C4 carbon of the lactone, similarly to weak-nucleophile-initiated polymerization. In the case of using sodium
p-methoxyphenoxide, the most basic of the tested phenoxides (but also the most nucleophilic), the initiation proceeds
predominantly according to the addition/elimination mechanism typical of strong nucleophiles, e.g., alkali metal alkoxides.
It is important that depending on the basicity and nucleophilicity of the initiator used, the initiation of anionic polymerization
of BBL varies, but ultimately, the centers of chain growth are carboxylate centers, which is important, for example, when
planning the synthesis of block copolymers 131,

Current studies on anionic ROP of BBL have opened a new perspective for the preparation of bioactive polymer
conjugates containing biodegradable polymer moieties. PHA and their synthetic analogues, due to their in vivo and in vitro
biodegradation, as well as cell and tissue compatibility, can be used in medical applications, especially as drug delivery
systems, implants, including heart-valve tissue engineering, vascular tissue engineering, bone tissue engineering,
cartilage tissue engineering, as well as nerve conduit tissue biomaterials 14!, Researchers have shown that poly(BBL)
oligomers are non-toxic and can potentially serve to modify pharmacological properties and/or serve as carriers able to
vectorize drugs in the form of chemical conjugates for drug delivery. The methods for oligomer preparation are simple, and
drug sensitivity tests have proved that these conjugates are nontoxic. Moreover, poly(BBL) oligomers do not induce the
cellular cytoprotective response L2161,

Over 90 years after Fleming's discovery, penicillins are still widely used as antibiotics, and a variety of their new
derivatives have been synthesized, tested, and commercialized. This B-lactam antibiotic covalently bonded to atactic
poly(BBL) was originally synthetized via ring-opening polymerization of racemic BBL initiated by a supramolecular
complex of penicillin G potassium salt, thus showing that the conjugation of penicillins is a promising method of
pharmacokinetic modification of such antibiotics L7181,

The anticancer activity of acetylsalicylic acid with oligo p(BBL) conjugates, as well as their characteristics and in vitro
biological studies, has also been reported 19, Research has demonstrated that acetylsalicylic acid (aspirin) attached via
hydrolysable ester bonds to non-toxic, well-defined BBL oligomers was more effective than aspirin in growth inhibition of
human colon adenocarcinoma cells, HT-29, and human colon carcinoma cells, HCT 116, in vitro.



Ibuprofen is a well-known anti-inflammatory, analgesic, and antipyretic drug that has recently been found to slow down
proliferation of colon cancer cells effectively. A convenient method of synthesis of ibuprofen conjugates via anionic
oligomerization of BBL initiated with ibuprofen sodium salt in DMSO, as well as their antiproliferative activity against HT-29
and HCT 116 colon cancer cells, has been studied. Research has demonstrated that such modification increased the
anticancer potential of the drug. A significant difference between the antiproliferative properties of ibuprofen conjugate, as
compared to free ibuprofen, indicates changes in the mechanism of action or bioavailability of the drug caused by the
attachment of 3-hydroxybutyrate oligomers, as well as enhancement of cellular uptake of ibuprofen conjugate 29,

The above-mentioned examples demonstrate that conjugation of poly(BBL) oligomers with selected drugs could be one
strategy aimed at improving or modifying biopharmaceutical properties of the drug.

2. Studies on the Biodegradable Polymer Systems for Controlled Release
of Bioactive Substances for Cosmetology

Using the concept of activated initiators in anionic polymerization of BBL and extension on other -substituted B-lactones
containing a bounded biologically active substance, innovative, biodegradable polymer systems were developed for
controlled release of bioactive substances for application in cosmetology. Two approaches were elaborated to enable
chemical bonding of the biologically active substances of antioxidative properties with the chains of oligomeric 3-
hydroxybutyrate and its copolymers. In the first method, as initiators of the ring-opening polymerization of B-butyrolactone,
the sodium or potassium salts of the selected phenolic acids with antioxidative properties were used.

Conjugates were obtained in which the biologically active compounds of antioxidative properties, including lipoic acid, as
well as selected phenolic acids, were chemically bonded as end groups of the oligomeric poly(BBL) 2122 |n further
research, within the cooperation of the team managed by Professor Janusz Jurczak from the Institute of Organic
Chemistry of the Polish Academy of Sciences, a method for synthesis of B-substituted B-lactones containing biologically
active substances was developed, which has not yet been described in literature 23], Using the B-substituted B-lactones
containing a chemically bonded bioactive substance as monomers or comonomers in anionic polymerization obtained
bioactive (co)oligoesters containing more molecules of the bioactive substance linked as side groups along the polymer
chain 24, It was demonstrated that the studied conjugates are non-toxic and well-tolerated by epidermal cells. The
conducted tests of permeability confirmed that the obtained bioconjugates penetrated deep into skin layers, but no in vitro
transdermal penetration was observed [22],

3. Studies on the Biodegradable Polymer Systems for Controlled Release
of Bioactive Substances for Agriculture and Environmental Protection

Simultaneous to the research on the systems for controlled release of bioactive substances for cosmetology, studies on
systems for controlled release of bioactive substances for potential application in agriculture were conducted. Research
covered bioactive substances belonging to pesticide groups, which aimed to develop systems to allow for extended
duration of release of a pesticide for the purpose of delivering its optimum amount to a target area. As a result, this would
limit significant losses of active ingredients caused by weather conditions, as well as the adverse impact of such
compounds on the environment, which can be seen in conventional forms of pesticide use. Preliminary research resulted
in the development of methods that allow us to chemically bind the bioactive substances, i.e., pesticides with
biodegradable oligomers of poly(BBL)s. The developed methods are based on anionic oligomerization of BBL or other 3-
substituted B-lactones containing linked bioactive substance selected from the pesticide group and possessing a carboxyl
group. Just like in the case of the above-mentioned conjugates for cosmetology, the application of these methods allowed
us to obtain and characterize two types of pesticide-oligomer conjugates:

(i)pesticide-oligo BBL conjugates in which each oligo(BBL) chain contains one molecule of pesticide (a herbicide or an
antibacterial substance) as an end group, which is connected by ester bond [231126],

(ilhomo- and (co)oligoesters containing an increased amount of bioactive substance connected to the oligomer chains as
the end group and side groups along the polymer chain. The amount of pesticide molecules bonded to the chain of
(co)oligoesters may be controlled by changing the composition of the B-lactone monomers used in the process of
(co)oligomerization 122,

Initial tests on the obtained conjugates were performed to determine the usefulness of the developed systems for
application in agriculture. An important element was research into hydrolytic degradation of pesticide-oligomer conjugates,
which confirmed that the ester bond between the bioactive substance and the oligomer chain is subject to hydrolysis. This
allowed for the gradual release of the bioactive compounds from the oligomer chain in their original form, while
maintaining their biological activity. Moreover, the tests conducted in both greenhouse and field conditions, in cooperation



with the Plant Protection Institute in So$nicowice and the Jan Dlugosz University in Czestochowa, Poland, demonstrated
that the herbicidal effectiveness of the formulations containing the selected polymer-herbicide conjugates on selected
dicotyledonous weeds was comparable to that of the commercially available formulation containing the same active
substance 28],

The benefit of the developed system is an extended period of action, which permits a reduction in the use of that type of
ingredients during one season.

The positive results of these preliminary tests of the oligomer-pesticide conjugates obtained through anionic
oligomerization provided the impulse for continuing research in this area and to search for synthesis methods of such
conjugates that might be more economically advantageous. This resulted in the development of a method for synthesis of
this type of conjugates through transesterification of commercially available aliphatic biopolyesters with selected
pesticides. The developed method is relatively simple, provides a high percentage value of attachment of pesticide to
PHA, and may be applied to the synthesis of conjugates both using pesticides containing a carboxyl group and bioactive
substances containing hydroxyl groups 22129,

Such methods are promising both from an economical point of view and from the point of view of scale-up of synthesis,
owing to the application of commercially available polyhydroxyalkanoates and pesticides used in preparations currently
available on the market, the relatively short period of reaction of biopolyesters with pesticides (transesterification in 2 min),
and the elimination of solvents.

4. Varying Copolymer Composition Affords Copolyesters with Adjustable
Properties

The block polymerization of BBL with 3-propiolactone proceeds fast, with a high yield in the presence of potassium
solutions in THF containing 18-crown-6. Respective block copolymers with the expected molar mass and composition are
formed in this way. Their glass transition and melting temperatures, as well as their melting enthalpies, determined by
DSC, show a strict correlation with block copolymer composition 241,

The “living” poly(BBL) with carboxylate active centers was applied as an initiator for synthesis of poly(pivalolactone)
(PPVL) block copolymers. The obtained diblock copolymers with tailored molecular weight and composition contain an
amorphous phase with Tg = 5 °C, associated with the poly(BBL) block, and a high-melting crystalline phase, the amount
of which increases with PPVL content 22,

Copolyesters with designed architecture were obtained via anionic ring-opening copolymerization of BBL with (-
ethoxymethyl-3-propiolactone initiated with tetrabutylammonium acetate. Depending on the reaction conditions, diblock or
random copolymers were obtained, and their structure was evaluated at the molecular level B3],

Diblock copolymers consisting of natural PHAs and poly(BBL) were also prepared. Macroinitiators obtained by the
controlled degradation of natural PHAs (PHB, PHBYV, or PHO) in the presence of KOH/18-crown-6 complex were then
used in anionic ROP of BBL 4. Combining the anionic polymerization of the of BBL with the coordination ring-opening
polymerization of the e-caprolactone enabled synthesis of the respective diblock copolymer. According to NMR and DSC
analysis, the poly(BBL) block is atactic and totally amorphous, in contrast to the polycaprolactone block, which is
semicrystalline. However, a partial miscibility of the two blocks in the amorphous phase was detected B3, The
polyethylene oxide (PEG)-containing poly(BBL)-b-PEG-b-poly(BBL) triblock copolymers were obtained via anionic
polymerization of racemic BBL, initiated with respective PEG macroinitiators with carboxylate moieties. The structure of
resulting triblock copolymers was proved by SEC and NMR spectroscopy (8. Star-like copolymers composed of
hydrophilic PEG and hydrophobic poly(BBL) segments linked by phosphoester moiety were also obtained B4. A brush
copolymer composed of a biodegradable hydrophobic poly(BBL) chain and hydrophilic PEG brushes was synthesized by
a three-step procedure consisting of ring-opening anionic polymerization of BBL, yielding polyester with two hydroxyl
functionalities at one chain terminus, followed by synthesis of PHB-derived microinitiator species, and ATRP of
polyethylene glycol methyl ether methacrylate. The self-aggregation behavior of the brush copolymer in an agueous
medium was evidenced by optical-absorption-probe technique and dynamic/static light-scattering measurements 28!,
ATRP was also used for synthesis of the poly(BBL) copolymers modified by introduction of hydrophobic or hydrophilic
segments via grafting technique B9, The anionic grafting from the reaction of BBL on poly(methyl methacrylate) (PMMA)
was used for the synthesis of graft copolymers of PMMA with poly(BBL) side chains 49, The partially saponified PMMA
bearing carboxylate anions complexed by 18-crown-6 potassium counterion was used as a macroinitiator of BBL



polymerization (Scheme 5). The compatibilizing effect of such graft copolymers on bacterial PHB/PMMA blends was
observed 11,
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