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Sustainable chemistry requires application of green processes and often starting
materials originate from renewable resources. Biomass-derived monomers based on
five-membered y-butyrolactone ring represent suitable candidates to replace sources
of fossil origin. a-Methylene-y-butyrolactone, B-hydroxy-a-methylene-y-butyrolactone,
and B- and y-methyl-a-methylene-y-butyrolactones bearing exocyclic double bond are
available directly by isolation from plants or derived from itaconic or levulinic acids
available from biomass feedstock. Exocyclic double bond with structural similarity with
methacrylates is highly reactive in chain-growth polymerization. Reaction involves the
linking of monomer molecules through vinyl double bonds in the presence of initiators
typical for radical, anionic, zwitterionic, group-transfer, organocatalytic, and coordination
polymerizations. The formed polymers containing pendant ring are characterized by
high glass transition temperature (T > 195°C) and render decent heat, weathering,
scratch, and solvent resistance. The monomers can also be hydrolyzed to open the
lactone ring and form water-soluble monomers. Subsequent radical copolymerization
in the presence of cross-linker can yield to hydrogels with superior degree of swelling
and highly tunable characteristics, depending on the external stimuli. The five-membered
lactone ring allows copolymerization of these compounds by ring opening polymerization
to provide polyesters with preserved methylene functionality. In addition, both the lactone
ring and the methylene double bond can be attacked by amines. Polyaddition with di- or
multi-amines leads to functional poly(amidoamines) with properties tunable by structure
of the amines. In this mini-review, we summarize the synthetic procedures for preparation
of polymeric materials with interesting properties, including thermoplastic elastomers,
acrylic latexes, stimuli-sensitive superabsorbent hydrogels, functional biocompatible
polyesters, and poly(amidoamines).

Keywords: Tulipalin A, sustainability, polyesters, ATRP, polyamidoamines, methacrylates

INTRODUCTION

The research in the field of renewable or sustainable materials gained increased attention
mainly due to the examining the possibility to replace petroleum-based raw materials as
polymer materials for large commodity and specialty chemical markets (Vikas, 2012). From
this point of view, polylactides and poly(hydroxy-butyrate)s available from biomass-based lactic
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acid (lactide) or from bacterial biosynthesis as degradable
polyesters have been studied for a longer time. On the
contrary, the group of unsaturated lactones were significantly less
extensively studied so far. Their advantage, however, is that they
carry two different functional moieties, namely, vinyl and lactone,
in one molecule, while both of them are polymerizable. Thus,
these monomers can be taken as replacement of (meth)acrylates
in vinyl-addition polymerization or as (co)monomers for
preparation of degradable polyesters employing lactone ring-
opening polymerization (ROP) (Figure 1). Probably the highest
potential can be seen for family of unsaturated y-butyrolactone-
based monomers such as: a-methylene-y-butyrolactone (MBL),
p-hydroxy-a-methylene-y-butyrolactone (H-MBL), B- and y-
methyl-a-methylene-y-butyrolactone (3-MMBL, y-MMBL), and
angelica lactones (a- and B-AL). While MBL and H-MBL can
be isolated from the tulips (Hoffmann and Rabe, 1985; Kitson
et al, 2009), MMBLs and angelica lactones can be derived
from itaconic or levulinic acids available from biomass feed
stock (Leonard, 1957; Chen et al.,, 2009; Potvin et al., 2011;
Gowda and Chen, 2014). The main advantage of these monomers
is in enhanced functionality of the final polymers bearing
either pendant double bond, pendant lactone ring, or other
pendant substituents allowing for various post-functionalizations
or employing combination with other polymerization technique
for production of desired materials. The applicability of these
monomers is enhanced by the fact that MBL structural unit as
a part of various sesquiterpenoids exhibits multiple biological
properties, including antibacterial, cytotoxic, anti-inflammatory,
antioxidant, allergenic, and antimicrobial activity (Wu et al,
2016). Research in the field of versatile synthetic routes for
their synthesis (Brenna et al., 2017) together with relatively easy
chemical recyclability of the polyesters, prepared by ROP, toward
its monomers (Hong and Chen, 2016b) expands the applicability
of this type of materials.

VINYL ADDITION POLYMERIZATIONS OF
MBL DERIVATIVES

The most studies of MBL derivatives describe their
polymerization exclusively via vinyl addition of exo-methylene
double bond without ring opening of lactone ring using
various polymerization techniques, including free radical
(Akkapeddi, 1979a), reversible deactivation (Mosndcek and
Matyjaszewski, 2008), coordination (Miyake et al, 2010a),
group transfer (Miyake et al., 2010b), or anionic polymerization
(Huetal., 2011; Figure 1).

Free Radical Polymerization of MBL

Derivatives

The first brief description of free radical polymerization of
the unsubstituted MBL, known also as a Tulipalin A, was
reported by McGraw in a patent in 1953 (McGraw, 1953) and
subsequently more detailed by Akkapeddi (Akkapeddi, 1979a).
The poly(a-methylene-y-butyrolactone) (PMBL) prepared by
radical polymerization is atactic with slight preponderance
of syndiotactic placements. This amorphous polymer has

interestingly high T of 195°C and is thermally stable till ~320°C.
The polymer shows poor solubility in common organic solvents;
the polymers are soluble in DMF and DMSO. Structurally,
MBL represents the cyclic analog of methyl methacrylate, but
exhibits higher reactivity in free radical polymerizations due to
the nearly planar lactone ring and consequently better resonance
stabilization of radical species (Ueda et al., 1982).

Early study of homopolymerization of MBL derivative,
such as y-MMBL was published by Suenaga (Suenaga et al,
1984). Chirality of the derivative influences final polymer
properties. Unlinke PMBL, the racemic poly(y-MMBL)
renders good solubility in common organic solvents, such
as acetone, acetonitrile, chloroform, DMSO, and DMF. On
the contrary, the polymers obtained from chiral lactone
showed poor solubility in common organic solvents. The
reason is formation of highly isotactic polymer. This indicates
that monomer placement is dictated by the chirality of the
monomer due to less steric approach. Tg of poly(y-MMBL)
varied from 210 to 220°C regardless of the chirality. y-
MMBL was polymerized also by emulsifier-free miniemulsion
polymerization carried out via homogeneous nucleation
mechanism, while stable nanoparticles with the size from 60
to 200 nm were obtained (Qi et al., 2008). In 2003, Pittmann
(Pittman and Lee, 2003) reported homopolymerization of
another MBL derivative, 3-MMBL. The resulting poly(3-MMBL)
was readily soluble in DMSO and in acetonitrile; however, no T
was reported.

Excellent transparency, heat, solvent and scratch resistance
of PMBL homopolymers offer efficient platform for the
development of more complex MBL-containing polymeric
materials. Therefore, the free-radical copolymerizations of
MBL monomer with MMA, styrene, acrylamide, acrylonitrile,
and vinylene carbonate (Akkapeddi, 1979b; Ueda et al,
1982) and halogenated styrenes (Trumbo, 1995) were
studied as well. The copolymerization reactivity ratios were
higher for MBL compared to the comonomers. Similarly,
higher copolymerization reactivity ratios were found also
for MBL derivatives, y-MMBL and B-MMBL, during their
copolymerization with styrene and MMA (Pittman and Lee,
2003; Cockburn et al., 2010) and n-butyl acrylate (BA) (Cockburn
etal., 2011). In addition to batch copolymerizations, a y-MMBL
was successfully used also in copolymerization with styrene
in miniemulsion (Qi et al, 2008) and using stabilizer-free
precipitation either in water (Qi et al., 2008) or in isoamyl
acetate (Ramram et al., 2016) to form polymeric particles of
size in the range of 50-200 or 600-2600 nm, respectively. In
the precipitation polymerization performed in isoamyl acetate,
the study of the mechanism of the poly(MBL-co-St) particles
formation was found to be similar to that of conventional
precipitation polymerization in water; e.g., after a short
nucleation stage, the amount of polymer particles remained
constant and the newly formed polymer chains are captured
by particles progressively growing with polymerization time.
The difference was that the particles started to precipitate at
size as big as ~600nm. Thus, the size of the nanoparticles
can be modulated based on selection of media used for
precipitation polymerization.
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FIGURE 1 | A scheme of polymerization routes for preparation of (co)polymers from MBL derivatives.

R methyl methacrylate, styrene,
Tl = acrylamide, n-butyl acrylate, acrylonitrile

X=2-9

Properties of PMBL were utilized in dental resin formulations,
where MBL was copolymerized with 2,2-bis-[4-(2-hydroxy-3-
methacryloxypropoxy)phenylene]propane  (Stansbury  and
Antonucci, 1992). It was found that MBL has a beneficial
effect on diametral tensile strength and degree of cure of
resin formulations.

Reversible Deactivation Radical
Polymerizations of MBL Derivatives

Development of reversible-deactivation radical polymerizations
(RDRP) together with increasing demand on renewable materials
opened a new era for synthesis of well-defined functional
materials from renewable monomers such as MBL derivatives.
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First precise polymerization of MBL with control over molecular
characteristics was performed by Mosnacek and Matyjaszewski
(2008). The MBL was polymerized via atom transfer radical
polymerization (ATRP) technique providing polymer with
predeterminable M,, and narrow dispersity (D = 1.09). Recently,
the polymerization was optimized using a more environmentally
friendly ATRP technique, photochemically induced ATRP
(photoATRP), while only ppm amounts of the catalyst were used
and the polymerization was performed at room temperature
without necessity to remove oxygen from the polymerization
mixture (Zain et al, 2019). High-density semirigid PMBL
brushes were also produced by surface-initiated atom transfer
radical polymerization of MBL (Higaki et al., 2012). The PMBL
brushes exhibited stable friction coefficient with great potential
for practical scratch resistant applications. RDRP techniques,
namely, miniemulsion reversible addition-fragmentation chain
transfer (RAFT) (Qi et al., 2008) and RAFT ab initio emulsion
(Xu et al,, 2013) polymerizations were used also for preparation
of poly(y-MMBL) (nano)particles.

Livingness of the ATRP technique was used for preparation of
well-defined triblock copolymers containing middle soft poly(n-
butyl acrylate) (PBA) and outer hard PMBL (Mosndcek et al.,
2009). The resulting thermoplastic material could be suitable
for high-temperature applications. The low solubility a quite
low elongation at break and tensile strength of the triblock
copolymers were significantly improved by preparation of star-
like polymers with PBA-b-PMBL arms, while high thermal
stability was retained (Juhari et al., 2010).

Anionic and Coordination Polymerization

of MBL Derivatives

Living anionic polymerization of MBL was investigated by
Akkapeddi (1979a) at either 0 or —78°C. He found an increase
in isotacticity of the PMBL up to 75% with a decrease of the
polymerization temperature. However, the degree of isotacticity
was still not high enough to provide crystallization.

Recently, living polymerization of MBL and y-MMBL
was investigated using ambiphilic silicon propagating species
(Scheme S1) (Miyake et al., 2010b). Polymerizations followed the
zero-order kinetics, while for y-MMBL, quantitative conversions
were obtained in 10min and narrow dispersity polymer was
formed. The authors however did not discuss the significantly
higher molar masses of the polymer compared to theoretical
ones. For polymerization of MBL, low conversions and bimodal
distributions of molar masses were obtained due to insolubility
of the formed polymer in dichlormethane used as a solvent.
Livingness of the system was confirmed by preparation of
block copolymers.

Coordination polymerizations of MBL, y-MMBL, and f-
MMBL were investigated by discrete half-sandwich rare-earth
metal dialkyl catalysts (Hu et al, 2012). The first-order
kinetics for this type of catalysts were found, while almost
quantitative conversions were obtained in very short time—
in some experiments even below 1min. However, the control
over the molecular characteristics was poor, leading to higher
molar masses (low initiatior efficiency) and broad dispersity,

probably due to the high activity of the catalyst. Interestingly,
unlike for MBL and y-MMBL, in the case of f-MMBL, the
polymerization provided Highly isotactic polymer, insoluble in
common organic solvents, with extremely high T of 290°C.
Some other coordination polymerizations of MBL derivatives
with non-metallocene benzyl complexes (Gowda and Chen,
2013) or lanthanide and early metal catalysts (Miyake et al.,
2010a) were described but with no improvement in control
over the molecular characteristics. Improvement was found using
C2-ligated zirconocenenium catalysts (Scheme S2) (Chen et al.,
2012) providing poly(y-MMBL) with narrow dispersity and My
close to theoretical ones. In none of these works, however, was
livingness of the coordination polymerization investigated.

Copolymerization of Hydrolyzed MBL

Derivatives

Recently, it was demonstrated that hydrolysis of MBL (Kollar
et al., 2016) and y-MMBL (Luk et al., 2017) monomers with
sodium hydroxide proceeds rapidly to form water-soluble
sodium 4-hydroxy-2-methylene butanoate (SHMB) and sodium
4-hydroxy-4-methyl-2-methylene ~ butanoate = (SHMeMB),
respectively. Radical homopolymerization was very slow;
however, they copolymerized readily with acrylamide (AM)
(Figure 1). When the copolymerization was performed in
the presence of cross-linker, superabsorbent hydrogels were
obtained. The hydrogels with higher SHMB or SHMeMB
content possessed significantly higher water absorption capacity
than common commercially available superabsorbent hydrogels
based on copolymers of acrylic acid with AM. The mechanical
characteristics of hydrogels were shown to be also highly
tunable. Hydrogels with higher content of AM rendered better
mechanical properties and could be suitable for cell culturing or
tissue engineering, since they were found to be non-cytotoxic
materials. In addition, effect of various stimuli, such as pH, ionic
strength, and temperature were investigated to prove stimuli-
responsive behavior of the hydrogels (Kollar et al., 2019). For
agricultural purposes, the phytotoxic properties of SHMB/AM
hydrogels were tested and compared with conventional and
commonly used hydrogels (Rychter et al., 2019). Among tested
materials, SHMB-based hydrogels were found to be non-toxic
with even slightly positive effect on growth of green parts
of plants.

RING OPENING (CO)POLYMERIZATION OF
MBL

Biocompatibility and biodegradability are the properties
that make the aliphatic polyesters interesting for various
applications (Nair and Laurencin, 2007). Enhanced functionality
enables these polymers to be finely tuned toward the specific
applications. The renaissance for ROP of y-butyrolactone
(BL)-based monomers as “non-polymerizable” (correctly said
hardly polymerizable) lactone family brought recently highly
active lanthanide complexes (Hong and Chen, 2016a), organo-
catalysts as super-base 'Buy-P (Hong and Chen, 2016b), and urea
catalysts (Lin et al., 2018). These systems allowed initiation of
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BL polymerization at lower temperatures, i.e., in the range from
RT to —40°C, thus decreasing probability of side reactions such
as transesterification or depolymerization. This also allowed
synthesis of high molar mass poly(y-butyrolactone) (PBL)
homopolymer, as a model for functional BL derivatives, at
ambient pressure conditions. Approaches utilizing microbial
synthesis reported isolation of high molar mass PBL with M,, ~
10° g mol~! (Moore et al., 2005).

In the case of MBL, the number of examples of its
polymerization using ROP is very limited. Up to now, only
four works deal with homopolymerization or copolymerization
of MBL with other lactones. The first work appeared in 2010
by Zhou et al. (2010), describing copolymerization of MBL
with e-caprolactone (CL) (Figure1). Common catalysts for
ROP under the proposed coordination-insertion mechanism
such as tin 2-ethyl hexanoate [Sn(Oct);], titanium(IV) n-
butoxide, or Novozym 425 were described to be not active
enough to copolymerize MBL. The polymerization was however
successful, employing bismuth(III) trifluoromethanesulfonate at
130°C. Copolymers with higher MBL/CL ratio were obtained
in moderate yield, their M, values did not exceed 17kg
mol~!, and the dispersity values did not drop below 1.5,
indicating low control over the molecular characteristics. The
formed polyester with incorporated exo-vinylidene group of
MBL was subsequently used for cross-linking by free radical
copolymerization with methacrylates. These bicomponent cross-
linked networks could be applied as material with shape-
memory effect. Presence of any PMBL side product, which
could be formed by spontaneous thermally initiated radical
polymerization via vinyl bond, was not considered by these
authors. On the other hand, Hong repeated ROP of MBL under
the same conditions and observed formation of the PMBL
side product due to high polymerization temperature (Hong
and Chen, 2014). The same authors have shown that more
active lanthanum-based coordination catalysts are more suitable
for preparation of copolyesters of MBL with CL. Due to the
combination of the high Lewis acidity and coordination number
of the Ln center (desirable for monomer coordination and
activation) and the high nucleophilicity of the ligand (desirable
for chain initiation), the catalysts such as La[N(SiMes);]s,
Sm[N(SiMe3)2]3, Nd[N(SiMe3)2]3, and Y(CstiM63)3(THF)2
were suitable for ROP copolymerization under the coordination-
insertion mechanism. Obtained polyesters had M, in the range
of 20-90 kg/mol; however, the dispersity was broader than
1.5, showing that the process is less selective and thus less
controlled from the point of view of the molecular characteristics.
The formation of side product, PMBL homopolymer, through
polymerization of vinyl bonds has been also observed when the
ROP was performed only with MBL without CL at 25°C or
for high MBL/CL feed ratios, especially at temperatures over
50°C. However, copolymerization at lower temperatures using
the same catalyst and MBL/CL mixture provided only desired
copolyester without side product. Depending on the MBL/CL
ratio, the content of MBL incorporated into the copolyester
chains reached values of 7.7 mol% for 1/1 feed ratio and 20

mol% for 3/1 feed ratio at 25°C. Higher MBL incorporation
was achieved at lower temperature (—20°C) while keeping other
experimental conditions the same. Application of the strategy for
decreasing free Gibb’s energy of polymerization by decreasing
reaction temperature enabled ring opening of the y-BL ring in
MBL and the authors were able to incorporate up to 40 mol% of
MBL into the copolyester.

Further decreasing of the temperature (down to the range
of —40 to —60°C) allowed Tang et al. (2016) to prepare, as
a first, also homopolyester of MBL fully functionalized with
pendant vinyl groups. Thus, polyesters with M, up to 21kg
mol~! and dispersity over 1.4 were successfully prepared by
using yttrium or lanthanum-based catalyst in combination
with alcohol. Interestingly, three types of polymeric materials
were obtained depending on the La/ROH ratio. For ratio
La/ROH —1/3, the polymerization proceeded as ROP under
the coordination-insertion mechanism and linear polyester was
obtained. For lower content of alcohol (La/ROH —1/2), both
ring-opening and vinyl-addition propagations were observed
giving cross-linked polymer. Further increase of the La-catalyst
content led to PMBL homopolymer formed via addition of vinyl
double bonds. The chemo-selectivity of the system controlled by
La[N(SiMe3),]3/ROH ratio, temperature, or concentration may
have wide practical applications.

Even though the Ln-based catalyst provides polyesters
with high incorporation of functional double bonds along
the polymer chain, there were still disadvantages of the
catalyst: (a) the polyesters possessed quite broad dispersity
due to too high activity of the catalyst; (b) high price;
and (c) commercial availability. Very recently, Danko et al.
described MBL/CL copolymerization by two mechanisms,
namely, coordination-insertion mechanism and monomer-
activated mechanism (Danko et al., 2018). In the first case,
the linear functional P(MBL-co-CL) copolyesters with M, ~
15kg mol~! and 16-25 mol% of MBL content were synthesized
by employing tris aluminum isopropoxide [Al(OPr);] as a
cheap and commonly available catalyst, while high MBL/CL
feed ratio (5-10/1) was used. In addition, high molar mass
copolyesters with M, ~ 25-90 kg mol~! and 3-7 mol% of MBL
content were synthesized from 1/1 or lower MBL/CL feed ratio.
Dispersity values for all polyesters were kept in the range of 1.2—-
1.3, confirming good control over the molecular characteristics
thanks to the lower activity of the catalyst compared to Ln-
based ones. Based on the coordination-insertion mechanism
(Scheme $3), the polymers can be initiated only by isopropoxide
groups, thus not allowing introduction of functionality at
the beginning of the polymer chain or preparation of star
polymers. This is however allowed by application of the
monomer-activated mechanism (Scheme S4) and was proved
by preparation of star-shaped P(MBL-co-CL) using metal-free
diphenyl phosphine (DPP) catalyst in combination with multi-
hydroxyl alcohol as co-catalyst. In order to prove the availability
of the pendant double bonds for post-funtionalization and the
possibility of the polyester to act as a carrier for biologically
active compounds, both thermal and photochemical thiol-ene
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click reactions of benzothioxanthene fluorophore and N-acetyl
cysteine, respectively, were successfully reported.

POLYADDITION OF MBL WITH DIAMINES

MBL can undergo two different reactions with amines. It is
described that the BL ring can be open by amines under
formation of an amides. The aminolysis of the BL ring of y-
valerolactone (y-VL) toward amides was investigated by Chalid
et al. (2012). When the y-VL was in excess under reaction
with diamines, the diamides were formed. Similarly, for a dimer
made out of a thiolactone and a butyrolactone ring, functional
polymers were formed by polyaddition reactions (Marquardt
et al., 2017). It is also well-known that (meth)acrylates can react
with amines via Michael addition. Thus, in the case of MBL,
both vinyl group and lactone ring can react with amines. Jean
et al. published an investigation that deals with the synthesis
of branched polyamines from MBL (Jean et al., 2005). It was
presented that different N-tert-butoxycarbonyl (BOC) protected
diamines reacted via Michael addition with the double bond of
MBL, while it was possible to add mono-protected as well bi-
protected diamines. Our recent results showed that when MBL
is reacted with unprotected diamines, the poly(amidoamines) can
be prepared (Figure 1). When the polymerization was performed
under 100°C, linear polymers were formed. For comparison, so
far linear the poly(amidoamine)s were synthesized via reactions
of diacrylates with primary (Isca et al., 2016) or secondary
(Emilitri et al., 2005) amines or aminoalcohols (Elzes et al.,
2016) and others usually possessed (hyper)branched structure

(Wang et al., 2005). Therefore, the linear poly(amidoamine)s
from MBL can provide a new approach toward synthesis of
this class of functional polymers with novel properties worth to
be investigated.

CONCLUSIONS

A wide range of functional polymers can be prepared from
renewable MBL derivatives thanks to the presence of two
different functionalities in their structure. Polymerization
through vinyl moieties provides polymers with pendant lactone
ring or its hydrolyzed form. Oppositely, when lactone ring is used
in ring opening (co)polymerization, hydrolyzable copolyesters
with pendant double bonds are prepared. In both cases, the
polymers and polymeric materials with novel and interesting
properties are formed (Table 1). Postfunctionalization of the
MBL-based polymers can provide further variation of the
properties. In addition, poly(amidoamine)s, which can be
prepared by polyaddition of MBL with diamines, can open space
for a novel class of polymers derived from MBL derivatives
with wide application potential, similar to diacrylates-based
poly(amidoamine)s, which were previously studied for different
applications, such as wastewater treatment (Ferruti et al., 2006),
fire protection (Manfredi et al., 2018), or paper conservation
(Isca et al., 2019). Poly(amidoamine)s showed low cytotoxicity
(Li et al., 2016). Therefore, another big class of application of
poly(amidoamine)s are in medicine or biotechnology (Hartmann
et al., 2006; Magnaghi et al., 2011; Martello et al., 2014; Ndamase
et al, 2018). In addition, MBL-based poly(amidoamines)

TABLE 1 | A summary of properties of polymers from MBL derivatives.

Polymer Polymerization technique Properties References
PMBL Free radical, ATRP, photoATRP, Amorphous, atactic, T4 of 195°C, excellent Akkapeddi, 1979a; Mosnacek and
coordination transparency, heat, and solvent resistance Matyjaszewski, 2008; Miyake et al.,
(soluble only in DMF and DMSQO) 2010a; Zain et al., 2019
Anionic Isotactic, soluble in DMF, and DMSO Akkapeddi, 1979a
PMBL brushes Surface-initiated ATRP Stable friction coefficient, scratch resistance Higaki et al., 2012
Poly(y-MMBL) Radical, anionic, miniemulsion, Racemic—good solubility in organic solvents; Suenaga et al., 1984; Qi et al.,
group-transfer, coordination Chiral—poor solubility in organic solvents; 2008; Hu et al.,, 2012
T4 of 210-220°C
Poly(B-MMBL) Radical Soluble in DMSO and acetonitrile Pittman and Lee, 2003
Coordination highly isotactic polymer, insoluble in common Hu et al., 2012
organic solvents, T4 of 290°C
Triblock ATRP Properties of thermoplastic elastomers; high Mosnéacek et al., 2009; Juhari et al.,

PMBL-b-PBA-b-PMBL or
starlike PBA-b-PMBL

AM-co-SHMB and
AM-co-SHMeMB networks

Linear or starlike
P(MBL-co-CL)

P(MBL-co-CL) gels

Free radical copolymerization of
hydrolyzed MBL derivatives

Ring opening polymerization

Ring opening polymerization with
subsequent free radical
copolymerization with
methacrylates

temperature stability up to >300°C

Superabsorbent hydrogels, stimuli sensitive,
low cytotoxicity, and low fytotoxicity
Hydrolyzable, (multi)functional —possible
carriers of active compounds through thiol-ene
click

Hydrolyzable gels, shape-memory

2010

Kollér et al., 2016, 2019; Luk et al.,
2017; Rychter et al., 2019

Hong and Chen, 2014; Tang et al.,
2016; Danko et al., 2018

Zhou et al., 2010
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contains additional functional groups, such as secondary amine
in the main chain and pendant hydroxyl groups, which can be
further used for postfunctionalization and can broaden their
application area. Although, nowadays, the availability of MBL
monomers is complicated and they are quite expensive; once
there are commercial applications of the MBL-based polymers,
they can replace various petroleum-based polymers. This can
be further supported by the fact that efficient synthesis of y-
MMBL was developed by DuPont, and scale-up to commercial
production has already been investigated.

AUTHOR CONTRIBUTIONS

JK, MD, and FP collected the references and wrote the draft. JM
finalized the manuscript.

REFERENCES

Akkapeddi, M. K. (1979a). Poly(a-methylene-y-butyrolactone) synthesis,
configurational structure, and properties. Macromolecules 12, 546-551.
doi: 10.1021/ma60070a002

Akkapeddi, M. K. (1979b). The free copolymerization
characteristics of o-methylene y-butyrolactone. Polymer 20, 1215-1216.
doi: 10.1016/0032-3861(79)90145-9

Brenna, E., Distante, F., Gatti, F. G., and Gatti, G. (2017). Substituent and
catalyst effects on GAC lactonization of y-hydroxy esters. Catal. Sci. Technol.
7,1497-1507. doi: 10.1039/C6CY02177H

Chalid, M., Heeres, H. J., and Broekhuis, A. A. (2012). Ring-opening of y-
valerolactone with amino compounds. J. Appl. Polym. Sci. 123, 3556-3564.
doi: 10.1002/app.34842

Chen, T., Deng, T., and Hou, X. (2009). Preparation of o-angelica lactone
by integrated reaction-separation process from levulinic acid. Fine Chem.
9, 885-888, 918.

Chen, X., Caporaso, L., Cavallo, L., and Chen, E. Y.-X. (2012). Stereoselectivity
in metallocene-catalyzed coordination polymerization of renewable methylene
butyrolactones: from stereo-random to stereo-perfect polymers. J. Am. Chem.
Soc. 134, 7278-7281. doi: 10.1021/ja301811s

Cockburn, R. A., McKenna, T. F. L., and Hutchinson, R. A. (2010). An investigation
of free radical copolymerization kinetics of the bio-renewable monomer vy -
methyl- o -methylene- y -butyrolactone with methyl methacrylate and styrene.
Macromol. Chem. Phys. 211, 501-509. doi: 10.1002/macp.200900553

Cockburn, R. A., Siegmann, R., Payne, K. A., Beuermann, S., McKenna, T. F. L., and
Hutchinson, R. A. (2011). Free radical copolymerization kinetics of y-methyl-
a-methylene-y-butyrolactone (MeMBL). Biomacromolecules 12, 2319-2326.
doi: 10.1021/bm200400s

Danko, M., Basko, M., Durkatovd, S, Duda, A, and Mosnacek, ]J.
(2018). Functional polyesters with pendant double bonds prepared by
coordination—insertion and cationic ring-opening copolymerizations of
e-caprolactone with renewable Tulipalin A. Macromolecules 51, 3582-3596.
doi: 10.1021/acs.macromol.8b00456

Elzes, M. R., Akeroyd, N., Engbersen, J. F., and Paulusse, J. M. (2016). Disulfide-
functional poly(amido amine)s with tunable degradability for gene delivery. J.
Controll. Release 244, 357-365. doi: 10.1016/j.jconrel.2016.08.021

Emilitri, E., Ranucci, E., and Ferruti, P. (2005). New poly(amidoamine)s
containing disulfide linkages in their main chain. J. Polym. Sci. Part A Polym.
Chem. 43, 1404-1416. doi: 10.1002/pola.20599

Ferruti, P., Ranucci, E., Bianchi, S., Falciola, L., Mussini, P. R., and Rossi, M.
(2006). Novel polyamidoamine-based hydrogel with an innovative molecular
architecture as a Co24--, Ni2+-, and Cu2+--sorbing material: cyclovoltammetry
and extended X-Ray absorption fine structure studies. J. Polym. Sci. Part A
Polym. Chem. 44, 2316-2327. doi: 10.1002/pola.21349

radical

FUNDING

This study was performed during the implementation of the
project Building-up Centre for advanced materials application of
the Slovak Academy of Sciences, ITMS project code 313021T081
supported by Research & Innovation Operational Programme
funded by the ERDF. JM and MD also thank VEGA agency
for financial support through projects VEGA 2/0129/19 and
VEGA 2/0158/17.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fchem.
2019.00845/full#supplementary-material

Gowda, R. R., and Chen, E. Y.-X. (2013). Chiral and achiral (imino)phenoxy-based
cationic group 4 non-metallocene complexes as catalysts for polymerization
of renewable a-methylene-y-butyrolactones. Dalton Trans. 42, 9263-9273.
doi: 10.1039/c3dt50430a

Gowda, R. R,, and Chen, E. Y.-X. (2014). Synthesis of B-methyl-a-methylene-
y-butyrolactone from biorenewable itaconic acid. Organ. Chem. Front. 1,
230-234. doi: 10.1039/¢3q000089¢

Hartmann, L., Krause, E., Antonietti M., and Bérner, H. G. (2006).
Solid-phase  supported  polymer  synthesis of  sequence-defined,
multifunctional ~ poly(amidoamines). Biomacromolecules 7, 1239-1244.

doi: 10.1021/bm050884k

Higaki, Y., Okazaki, R., and Takahara, A. (2012). Semirigid biobased polymer
brush: poly(a-methylene-y-butyrolactone) brushes. ACS Macro Lett. 1,
1124-1127. doi: 10.1021/mz3002148

Hoffmann, H. M. R,, and Rabe, J. (1985). Synthesis and biological activity of
a-methylene-y -butyrolactones. Angew. Chem. Int. Edn. English 24, 94-110.
doi: 10.1002/anie.198500941

Hong, M., and Chen, E. Y.-X. (2014). ring-opening
copolymerization of naturally renewable «-methylene-y-butyrolactone

polyesters.  Macromolecules 47, — 3614-3624.

Coordination

into  unsaturated
doi: 10.1021/ma5007717

Hong, M., and Chen, E. Y.-X. (2016a). Completely recyclable biopolymers
with linear and cyclic topologies via ring-opening polymerization of y-
butyrolactone. Nat. Chem. 8, 42-49. doi: 10.1038/nchem.2391

Hong, M., and Chen, E. Y.-X. (2016b). Towards truly
polymers: a metal-free recyclable polyester from biorenewable non-
strained y-butyrolactone. Angew. Chem. Int. Edn. 55, 4188-4193.
doi: 10.1002/anie.201601092

Hu, Y., Gustafson, L. O., Zhu, H., and Chen, E. Y.-X. (2011). Anionic
polymerization of MMA and renewable methylene butyrolactones by
resorbable potassium salts. J. Polym. Sci. Part A Polym. Chem. 49, 2008-2017.
doi: 10.1002/pola.24628

Hu, Y., Miyake, G. M., Wang, B., Cui, D,, and Chen, E. Y.-X. (2012). Ansa
-rare-earth-metal catalysts for rapid and stereoselective polymerization of
renewable methylene methylbutyrolactones. Chem. Eur. J. 18, 3345-3354.
doi: 10.1002/chem.201102677

Isca, C., D’Avorgna, S., Graiff, C., Montanari, M., Ugozzoli, F., and Predieri,
G. (2016). Paper preservation with polyamidoamines: a preliminary study.
Cellulose 23, 1415-1432. doi: 10.1007/s10570-016-0880-7

Isca, C., Di Maggio, R., Collado, N. P., Predieri, G., and Lottici, P. P. (2019). The
use of polyamidoamines for the conservation of iron-gall inked paper. Cellulose
26, 1277-1296. doi: 10.1007/s10570-018-2105-8

Jean, M., Le Roch, M., Renault, J.,, and Uriac, P. (2005). Synthesis of a
laterally branched polyamine from a-methylene-y-butyrolactone. Org. Lett. 7,
2662-2665. doi: 10.1021/01050803x

sustainable

Frontiers in Chemistry | www.frontiersin.org

December 2019 | Volume 7 | Article 845


https://www.frontiersin.org/articles/10.3389/fchem.2019.00845/full#supplementary-material
https://doi.org/10.1021/ma60070a002
https://doi.org/10.1016/0032-3861(79)90145-9
https://doi.org/10.1039/C6CY02177H
https://doi.org/10.1002/app.34842
https://doi.org/10.1021/ja301811s
https://doi.org/10.1002/macp.200900553
https://doi.org/10.1021/bm200400s
https://doi.org/10.1021/acs.macromol.8b00456
https://doi.org/10.1016/j.jconrel.2016.08.021
https://doi.org/10.1002/pola.20599
https://doi.org/10.1002/pola.21349
https://doi.org/10.1039/c3dt50430a
https://doi.org/10.1039/c3qo00089c
https://doi.org/10.1021/bm050884k
https://doi.org/10.1021/mz3002148
https://doi.org/10.1002/anie.198500941
https://doi.org/10.1021/ma5007717
https://doi.org/10.1038/nchem.2391
https://doi.org/10.1002/anie.201601092
https://doi.org/10.1002/pola.24628
https://doi.org/10.1002/chem.201102677
https://doi.org/10.1007/s10570-016-0880-7
https://doi.org/10.1007/s10570-018-2105-8
https://doi.org/10.1021/ol050803x
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Kollar et al.

Functional Renewable Polymers

Juhari, A., Mosnacek, J., Yoon, J. A., Nese, A., Koynov, K., Kowalewski,
T., et al. (2010). Star-like poly (n-butyl acrylate)-b-poly (a-methylene-
y-butyrolactone) block copolymers for high temperature thermoplastic
elastomers applications. Polymer 51, 4806-4813. doi: 10.1016/j.polymer.2010.
08.017

Kitson, R. R., Millemaggi, A., and Taylor, R. J. K. (2009). The renaissance of
a-methylene-y-butyrolactones: new synthetic approaches. Angew. Chem. Int.
Edn. 48, 9426-9451. doi: 10.1002/anie.200903108

Kollar, J., Mrlik, M., Morav¢ikova, D., Ivan, B., and Mosnacek, J. (2019).
Effect of monomer content and external stimuli on properties of renewable
Tulipalin A-based superabsorbent hydrogels. Eur. Polym. ]. 115, 99-106.
doi: 10.1016/j.eurpolym;.2019.03.012

Kolldr, J., Mrlik, M., Morav¢ikova, D., Kronekovd, Z., Liptaj, T., and Mosnacek,
J. (2016). Tulips: a renewable source of monomer for superabsorbent
hydrogels. Macromolecules 49, 4047-4056. doi: 10.1021/acs.macromol.6b
00467

Leonard, R. H. (1957). Method of Converting Levulinic Acid Into Alpha Angelica
Lactone. US Patents: US2809203A. Alexandria, VA: United States Patent Office.

Li, M., Zhou, X., Zeng, X., Wang, C., Xu, J., Ma, D., et al. (2016). Folate-targeting
redox hyperbranched poly(amido amine)s delivering MMP-9 SiRNA for cancer
therapy. J. Mater. Chem. B 4, 547-556. doi: 10.1039/C5TB01964H

Lin, L, Han, D, Qin, J, Wang, S, Xiao, M., Sun, L., et al. (2018).
Nonstrained y-butyrolactone to high-molecular-weight poly(y-butyrolactone):
facile bulk polymerization using economical ureas/alkoxides. Macromolecules
51, 9317-9322. doi: 10.1021/acs.macromol.8b01860

Luk, S. B., Kollar, J., Chovancové, A., Mrlik, M., Lacik, I., Mosndacek, J., et al. (2017).
Superabsorbent hydrogels made from bio-sourced butyrolactone monomer in
aqueous solution. Polym. Chem. 8, 6039-6049. doi: 10.1039/C7PY01397C

Magnaghi, V., Conte, V., Procacci, P., Pivato, G., Cortese, P., Cavalli, E., et al.
(2011). Biological performance of a novel biodegradable polyamidoamine
hydrogel as guide for peripheral nerve regeneration. J. Biomed. Mater. Res. Part
A 98A, 19-30. doi: 10.1002/jbm.a.33091

Manfredi, A., Carosio, F., Ferruti, P., Alongi, J., and Ranucci, E.
(2018). Disulfide-containing polyamidoamines with remarkable flame
retardant activity for cotton fabrics. Polym. Degrad. Stab. 156, 1-13.
doi: 10.1016/j.polymdegradstab.2018.07.028

Marquardt, F., Mommer, S., Pascal Jeschenko, L., Keul, H., and Moller, M.
(2017). Homoserine lactone as a structural key element for the synthesis of
multifunctional polymers. Polymers 9:130. doi: 10.3390/polym9040130

Martello, F., Tocchio, A., Tamplenizza, M., Gerges, I, Pistis, V., Recenti, R.,
et al. (2014). Poly(amido-amine)-based hydrogels with tailored mechanical
properties and degradation rates for tissue engineering. Acta Biomater. 10,
1206-1215. doi: 10.1016/j.actbio.2013.12.023

McGraw, W. J. (1953). Lactone Derivatives and Method of Making. US Patents:
US2624723A. New York, NY: United States Patent Office.

Miyake, G. M., Newton, S. E, Mariott, W. R, and Chen, E. Y.-X.
(2010a). Coordination polymerization of renewable butyrolactone-based vinyl
monomers by lanthanide and early metal catalysts. Dalton Trans. 39, 6710-
6718. doi: 10.1039/c001909g

Miyake, G. M., Zhang, Y., and Chen, E. Y.-X. (2010b). Living polymerization of
naturally renewable butyrolactone-based vinylidene monomers by ambiphilic
silicon propagators. Macromolecules 43, 4902-4908. doi: 10.1021/mal00615t

Moore, T., Adhikari, R, and Gunatillake, P. (2005). Chemosynthesis of
bioresorbable poly(y-butyrolactone) by ring-opening polymerisation: a review.
Biomaterials 26, 3771-3782. doi: 10.1016/j.biomaterials.2004.10.002

Mosnécek, J., and Matyjaszewski, K. (2008). Atom transfer radical polymerization
of Tulipalin A: a naturally renewable monomer. Macromolecules 41, 5509-5511.
doi: 10.1021/ma8010813

Mosnacek, J., Yoon, J. A., Juhari, A., Koynov, K., and Matyjaszewski,
K. (2009). Synthesis, morphology and mechanical properties of linear
triblock copolymers based on poly(a-methylene-y-butyrolactone). Polymer 50,
2087-2094. doi: 10.1016/j.polymer.2009.02.037

Nair, L. S., and Laurencin, C. T. (2007). Biodegradable polymers as biomaterials.
Prog. Polym. Sci. 32, 762-798. doi: 10.1016/j.progpolymsci.2007.05.017

Ndamase, A. S., Aderibigbe, B. A., Sadiku, E. R., Labuschagne, P., Lemmer, Y.,
Ray, S. S, et al. (2018). Synthesis, characterization and in vitro cytotoxicity
evaluation of polyamidoamine conjugate containingpamidronate and platinum

drug. J. Drug Deliv. Sci. Technol. 43, 267-273. doi: 10.1016/j.jddst.2017.
10.011

Pittman, C. U., and Lee, H. (2003). Radical-initiated polymerization of B-methyl-a-
methylene-y-butyrolactone. J. Polym. Sci. Part A Polym. Chem. 41, 1759-1777.
doi: 10.1002/pola.10719

Potvin, ], Sorlien, E., Hegner, J., DeBoef, B., and Lucht, B. L. (2011). Effect of NaCl
on the conversion of cellulose to glucose and levulinic acid via solid supported
acid catalysis. Tetrahedron Lett. 52, 5891-5893. doi: 10.1016/j.tetlet.2011.09.013

Qi, G., Nolan, M., Schork, F. J., and Jones, C. W. (2008). Emulsion and
controlled miniemulsion polymerization of the renewable monomer y-
methyl-a-methylene-y-butyrolactone. J. Polym. Sci. Part A Polym. Chem. 46,
5929-5944. doi: 10.1002/pola.22909

Ramram, M. B., Chen, D., Ma, Y., Wang, L., and Yang, W. (2016). Stabilizer-
free precipitation copolymerization of renewable bio-based a-methylene-
y-butyrolactone and styrene. J. Macromol. Sci. Part A 53, 484-491.
doi: 10.1080/10601325.2016.1189281

Rychter, P., Rogacz, D., Lewicka, K., Kollar, J., Kawalec, M., and Mosnacek,
J. (2019). Ecotoxicological properties of Tulipalin A-based superabsorbents
versus conventional superabsorbent hydrogels. Adv. Polym. Technol. 2019,
1-15. doi: 10.1155/2019/2947152

Stansbury, J. W., and Antonucci, J. M. (1992). Evaluation of methylene
lactone monomers in dental resins. Dental Mater. 8, 270-273.
doi: 10.1016/0109-5641(92)90098-W

Suenaga, J., Sutherlin, D. M., and Stille, J. K. (1984). Polymerization of (RS)- and
(R)-a-methylene-y-methyl-y-butyrolactone. Macromolecules 17, 2913-2916.
doi: 10.1021/ma00142a080

Tang, X., Hong, M., Falivene, L., Caporaso, L., Cavallo, L., and Chen, E. Y.-
X. (2016). The quest for converting biorenewable bifunctional a-methylene-
y-butyrolactone into degradable and recyclable polyester: controlling vinyl-
addition/ring-opening/cross-linking pathways. J. Am. Chem. Soc. 138,
14326-14337. doi: 10.1021/jacs.6b07974

Trumbo, D. L. (1995). The copolymerization of substituted
with  a-methylene-y-butyrolactone. ~ Polym.  Bull. 35,
doi: 10.1007/BF00963122

Ueda, M., Takahashi, M., Imai, Y., and Pittman, C. U. (1982). Radical-initiated
homo- and copolymerization of a-methylene-y-butyrolactone. J. Polym. Sci.
Polym. Chem. Edn. 20, 2819-2828. doi: 10.1002/p0].1982.170201008

Vikas, M. (ed.). (2012). Renewable Polymers; Synthesis, Processing and Technology.
Hoboken, NJ: Scrivener Publishing LLC; John Wiley and Sons.

Wang, D., Liu, Y., Hu, Z,, Hong, C, and Pan, C. (2005). Michael addition
polymerizations of trifunctional amines with diacrylamides. Polymer 46, 3507
3514. doi: 10.1016/j.polymer.2005.02.095

Wu, Y., Wang, D., Gao, Y., Feng, J., and Zhang, X. (2016). New o-methylene-y-
butyrolactone derivatives as potential fungicidal agents: design, synthesis and
antifungal activities. Molecules 21:130. doi: 10.3390/molecules21020130

Xu, S., Huang, J., Xu, S, and Luo, Y. (2013). RAFT ab initio emulsion
copolymerization of y-methyl-o-methylene-y-butyrolactone and styrene.
Polymer 54, 1779-1785. doi: 10.1016/j.polymer.2013.02.007

Zain, G., Bondarev, D., Dohanosova, J., and Mosnacek, J. (2019). Oxygen
tolerant photochemically induced atom transfer radical polymerization
of renewable monomer Tulipalin A. ChemPhotoChem 3, 1138-1145.
doi: 10.1002/cptc.201900151

Zhou, J., Schmidt, A. M., and Ritter, H. (2010). Bicomponent transparent
polyester networks with shape memory effect. Macromolecules 43, 939-942.
doi: 10.1021/ma901402a

styrenes
265-269.

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

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

Frontiers in Chemistry | www.frontiersin.org

December 2019 | Volume 7 | Article 845


https://doi.org/10.1016/j.polymer.2010.08.017
https://doi.org/10.1002/anie.200903108
https://doi.org/10.1016/j.eurpolymj.2019.03.012
https://doi.org/10.1021/acs.macromol.6b00467
https://doi.org/10.1039/C5TB01964H
https://doi.org/10.1021/acs.macromol.8b01860
https://doi.org/10.1039/C7PY01397C
https://doi.org/10.1002/jbm.a.33091
https://doi.org/10.1016/j.polymdegradstab.2018.07.028
https://doi.org/10.3390/polym9040130
https://doi.org/10.1016/j.actbio.2013.12.023
https://doi.org/10.1039/c001909g
https://doi.org/10.1021/ma100615t
https://doi.org/10.1016/j.biomaterials.2004.10.002
https://doi.org/10.1021/ma8010813
https://doi.org/10.1016/j.polymer.2009.02.037
https://doi.org/10.1016/j.progpolymsci.2007.05.017
https://doi.org/10.1016/j.jddst.2017.10.011
https://doi.org/10.1002/pola.10719
https://doi.org/10.1016/j.tetlet.2011.09.013
https://doi.org/10.1002/pola.22909
https://doi.org/10.1080/10601325.2016.1189281
https://doi.org/10.1155/2019/2947152
https://doi.org/10.1016/0109-5641(92)90098-W
https://doi.org/10.1021/ma00142a080
https://doi.org/10.1021/jacs.6b07974
https://doi.org/10.1007/BF00963122
https://doi.org/10.1002/pol.1982.170201008
https://doi.org/10.1016/j.polymer.2005.02.095
https://doi.org/10.3390/molecules21020130
https://doi.org/10.1016/j.polymer.2013.02.007
https://doi.org/10.1002/cptc.201900151
https://doi.org/10.1021/ma901402a
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Functional Polymers and Polymeric Materials From Renewable Alpha-Unsaturated Gamma-Butyrolactones
	Introduction
	Vinyl Addition Polymerizations of MBL Derivatives
	Free Radical Polymerization of MBL Derivatives
	Reversible Deactivation Radical Polymerizations of MBL Derivatives
	Anionic and Coordination Polymerization of MBL Derivatives
	Copolymerization of Hydrolyzed MBL Derivatives

	Ring opening (co)polymerization of MBL
	Polyaddition of MBL with diamines
	Conclusions
	Author Contributions
	Funding
	Supplementary Material
	References


