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Summary: Recent advances in the controlled ring-opening polymerization
(ROP) of cyclic aliphatic esters are reviewed with a particular attention to
thermodynamics and kinetics of the polymerization of industrially important
monomers, namely: lactide (LA), 1,4-dioxan-2-one (DX), and e-caprolactone
(CL). For comparison, polymerization of B-lactones is discussed. Progress in
stereocontrotled polymerization of monomers bearing centers of chirality [LA
and {3-butyrolactone (BL)] is also briefly reviewed.
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Introduction

Poly(aliphatic ester)s (PAE) have recently become an important class of polymers as both
specialty biomedical materials and large-scale production commodity thermoplastics.
These applications are mainly related to their biocompatibility and ability to
“spontaneously” degrade in the natural environment, after the required time of
exploitation, combined with useful mechanical and thermal properties. There are two large
classes of PAE being extensively developed: bacterial poly(B-hydroxyalkanoate)s and the
polymers prepared by a ring-opening polymerization (ROP) of cyclic aliphatic esters.
Moreover, polymerization of these monomers provides convenient model systems for
studying mechanisms of ROP initiated with classical chemical initiators and more recently
by enzymes.“]

In the present contribution, the recent progress in the controlled ROP of cyclic aliphatic
esters is reviewed with a particular attention to thermodynamics and kinetics of
B-butyrolactone (BL), lactide (LA), 1,4-dioxan-2-one (DX), and e-caprolactone (CL)

polymerization (Scheme ).
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Polymerization is possible only when a free enthalpy of this process (AGy) is negative
(Equation 2).{2’3 !

AG,= AH, - TAS, @)

Table 1. Thermodynamic parameters of cyclic esters polymerization (at 100 °C).

Monomer Ring size I\ggf;ﬁ? AH, AS, M],, [ZxM(x)],,
States? kJ/mol Jmol K mol/L mol/L
pLiM 4 1l -74.4 -51 2.45x1077Y ~0
LAl 6 ss 229 -41 0.099 ~0 9
DXl 6 1l -13.8 -45 2.59 0.959
cLi 7 1l -13.9 -10.4 0379 (=09 0259

- liquid, s-solution
Y calculated from equation 4
% observed experimentally

9 estimated from data in ref.!"™”)
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Polymerization of the four-, six-, and seven-membered cyclic esters is accompanied by an
entropy decrease (AS, < 0) and therefore the only driving force of the monomer-polymer
conversion is the negative enthalpy of polymerization (AH,) mostly related to the release
of the monomer ring strain (Table 1).

Moreover, the applied initiating/catalytic system should give reasonable polymerization
times [i.e., rate constants of propagation (k,) should be high enough] and allow controlling
of the polymer chain growth with regard to its molar masses (M,), molar masses
distribution (My/M,) and end-groups structure. This goal can be achieved only when the
termination and transfer side reactions are eliminated or at least considerably depressed. In
the ROP of aliphatic cyclic esters the best control was observed for the covalent metal
[e.g.: Sn(Il), Zn, Al, La, Y, Sn(IV), Ti] alkoxides as initiators; ¥} when carboxylates are
used, then a coinitiator is needed giving, eventually, the alkoxide structure.

Since the resulting polyester repeating units contain an ester group, in the general scheme
of cyclic esters polymerization, apart from propagation (3a), intra- (3b) and inter-

molecular (3¢) transesterification have also to be taken into account.
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The extent of these side reactions conforms to the Reactivity-Selectivity Principle. Thus,
for the initiators providing less reactive active species (e.g., covalent versus ionic ones)

bearing additionally bulky substituents at the metal atom, transesterification can be almost
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eliminated. Therefore at the kinetic control conditions the covalent metal based initiators
lead to polyesters devoid of macrocyclics and having narrow molar masses distribution

(see the corresponding review papers[4"7'9]).

Thermodynamics of Cyclic Esters ROP

Monomer equilibrium concentration. Cyclic esters of various ring sizes, including -
propiolactone (PL), LA, DX, and CL, are able to provide high molar mass polymers. For
example, in LA polymerization initiated by Sn(OBu); PLA with M, approaching 10 has
been prepared in a controlled manner."? However, the six- and seven-membered cyclic
monomers exhibit only moderate ring strain. This leads to the relatively high equilibrium
monomer concentration ([M]e,), resulting from the pronounced reversibility of propagation
(ks[M] = kg). [M]eq and the thermodynamic parameters of polymerization are interrelated,

according to Dainton and Ivin’s equation:[zl

I[M],, = AH, / RT~AS® / R @

Thus, in the case of AH, < 0 and ASPO < 0, the less strained the monomer (i.e., the less
negative is AHp) and the higher the polymerization temperature, the higher the [M]qis.
Indeed, results of the measurements by means of size exclusion chromatography (SEC) of
the position of the monomer-polymer equilibria, carried out directly in the reacting
mixtures, revealed high [LAJeq and [DX]eq, particularly at elevated temperatures (Table
1).112:13]

Since polymerizations of LA and DX are conducted often in the monomer/polymer melt,
relatively high temperatures are required. It is therefore important to find conditions to
force these monomers, being in a relatively high equilibrium concentration, to enter into
the polymer chains. If lowering of the polymerization temperature cannot be applied,
copolymerization looks to be the only way to achieve this goal. Indeed, polymer
crystallization at a lower temperature would decrease the amount of monomer at
equilibrium,'® but remelting of the system at a higher temperature would restate the
previous conditions of equilibrium. When copolymerization is applied, the repeating units,
derived from a comonomer, will appear at the polymer chain-end, altering the final
polymer properties in a certain way. Thus, the comonomer structure has to be chosen in a
way to keep the deterioration of the properties to as little as possible.

For the latter purpose copolymerization of L,L-lactide (LA) with CL, after the
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homopolymerization system: living poly(L,L-lactide)/L,L-lactide reached equilibrium, has
been recently applied.[”] The copolymerization was initiated by living PLA, bearing at its
growing chain-end aluminum alkoxide species decorated with a bulky ligand - Schiff’s
base derivative, (S)-(+)-2,2’-[1,1’-binaphtyl-2,2’-diylbis(nitrylomethilidyne)]-diphenolate,
in order to at least decrease the extent of transesterification. At these conditions LA was
completely converted into the polymer repeating units. A block copolymer resulted with
the first block composed of PLA and the second block of LA/CL copolymer.

Analysis of the pertinent kinetic scheme:

KaLa
A+ LA == el (g [ NILAT << b [ lala”) (5a)
lala

kact.

welat + CL m=== .acl*  (kop [-1a*}[CL] > kg [.-la-cl*] ) (5b)
klacl
kclLA

.=cl* + LA - .-cl-la* Ckgra [-cI*1[LA] kg [.-cl-la*]) (5¢)
clla

kacL
.-c¥ + CL ;# omclecl* (kgcy, [-CI*][CL] >> kg [...-cl-c1*]) (5d)
clel

led eventually to Equation 6 relating [LA]eq in homo- and copolymerization.

1
([LA]eq )co = —[—CTB;]-—_ X ([LA]eq)homo (6)

[..-la-la*],

Equation 6 shows that, with the exception of [...-cl-la*] = 0, the equilibrium concentration
of LA in copolymerization [([LAleg)co] would always be lower than that in
homopolymerization [([LA]eg)homo]- Thus, the research should be directed towards
comonomers giving as high as possible ratios of active centers resulting from cross- and
homopropagations: [...-ci-la*]/[...-la-1a*] and Ai,cr. < keiLa.

For highly strained four-membered lactones such as PL or BL, which are expected to
polymerize almost completely, [M]eq cannot be determined by a direct analysis of the
reacting mixtures. However, it is possible to calculate [M]eq by employing AH;, and AS,,O
determined by means of thermochemical measurements (see, e.g., [M]eq for PL and CL in
Table 1). It has to be stressed, however, that the calculated values have to be taken with

reserve, as shown by the example of CL. Thermochemical data give the value of 0.37
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mol/L at 100 °C, whereas according to our experience [CL]¢q is close to 0 under these
conditions.

Cyclic oligomers equilibrium concentration. Themodynamically equilibrated
polymerizing mixtures of some cyclic esters reveal the presence of the undesired
macrocyclic side products, formed via intramolecular transesterification (equation 3b).
This phenomenon is particularly pronounced in DX and CL polymerization (cf.
Zx[M(x)]eq values in Table 1) whereas for BL, PL, and LA, formation of cyclic oligomers
was reported only rarely (see e.g. ref"'8)). A series of various ring sizes is formed and, as it

[15,19]

was shown for CL polymerization, these cyclic oligomers are usually strainless and

therefore their equilibrium concentration can be predicted by the Jacobson-Stockmayer

theory: (20]

IM(0)]eq = Ax O

where x is the number of repeating units and A is a constant characteristic for a given
polymer chain.

According to detailed kinetic and thermodynamic studies, a total equilibrium
concentration of the CL macrocyclics (in terms of concentration of the PCL repeating
units) is equal to 0.25 mol/LL. and is approximately independent on the polymerization
temperature.”! %)
Cyclic oligomers are usually considered as undesirable contamination of the high polymer,
and the polymerization control with regard to molar masses and end groups may be lost
this way. Therefore, polymerization methods were elaborated, at least for CL, allowing
climination of the back-biting by a kinetic control,”® as has been already mentioned in the
Introduction.

Formation of cyclic oligomers in DX polymerization have been detected only recently by
means of a combination of SEC and MALDI TOF mass spectrometry.'*l Their
concentration [Xx[DX(x)]eq] increased with increasing temperature and monomer
concentration in the feed, and reached a maximum value equal approximately to 1 mol/L
for the polymerization in bulk. On the other hand, the mass fraction (f) of cyclic oligomers,
after passing a maximum (f = 40% at [DX]o ~ 4.0 mol L, 100 °C), decreased with
increasing [DX]o and eventually for bulk polymerization /< 10% (f = 8% at 80 °C) was

reached.
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Kinetics of Cyclic Esters ROP Initiated with Covalent Alkoxides

The majority of aliphatic cyclic ester/covalent metal alkoxide systems leads to living
polymerization and therefore provides almost perfect control of the overall polymerization
process and serves as a valuable model system for detailed studies of the polymerization
mechanism. (42!

Kinetic data available for anionic polymerization have already shown that thermodynamic

polymerizability cannot be taken as a direct measure of monomer reactivity. A similar

conclusion can be drawn for the covalent (pseudoanionic) process (Table 2).

Table 2. Rate constants of propagation in cyclic esters polymerization initiated with
Al(O'Pr);.

Monomer BL LA® DX cL®
Ring size 4 6 6 7
Temperature / °C 80 80 80 20
Solvent toluene THF bulk THF
ky/ L/mol s 3.9x10° 4.7x10” 2.6x107 0.5

In spite of the high ring strain, the four-membered lactones propagate much slower than
the six- and seven-membered ones. The significant differences between the reactivities of
alkoxides reactivities with PL, BL and with DX, LA, and CL can be attributed to
stereoelectronic and steric factors, similarly to the anionic polymerization.**! Namely, in
the intermediate formed on the attack of the alkoxide species on the carbonyl carbon atom
of the B-lactone molecule, the lone electron pairs on the endocyclic oxygen atom and the
polar carbon-oxygen bonds are in the unfavorable synperiplanar position. In the case of
the larger, folded larger rings, the lone electron pairs and the carbon-oxygen bonds are in
the much more favorable gauche position.

Moreover, there are suggestions that an attack of the anion on the carbonyl carbon atom in
the planar (-lactone, occurring with the initial part of the trajectory along the dipole
moment of the monomer molecule (along the C=0 bond), can be hindered by the
hydrogen atoms and/or larger substituents. Such restrictions are much less significant in

the case of puckered LA, DX, and CL molecules.
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More recently, however, the kinetics of polymerization of the 6-, 7-, 9-, 12-, 13-, 16, and
17-membered lactones initiated with zinc 2-ethylhexanoate/butyl alcohol system has been
studied.®® The following relative rates have been measured: 2500, 330, 21, 0.9, 1, 0.9, 1,
respectively (bulk polymerization, 100 °C). Since active species operating in the
polymerization of various lactones in this systen are structurally identical, viz.
..-C(O)(CH2)m1CH,0-Zn-..., the order of the resulting polymerization rates is equivalent
to the order of lactones reactivities. Comparison of the lactone ring sizes with the relative
polymerization rates shows that the larger the lactone ring, the lower is its reactivity
(reactivities of the 12-, 13-, 16-, and 17-membered lactones are practically identical,
taking into account experimental error). It can be expected that in the transition state of
propagation the ring strain is partially released and the resulting enthalpy of activation
(AHy") is lower for strained monomers in comparison with the non-strained ones. Probably
this is the main reason why the reactivity of lactones decreases with increasing their sizes
and eventually reaches a constant value for larger rings.

Interestingly, the order of rates of the enzymatic polymerization shows an inverted
dependence on the ring size, namely: 0.10 : 0.13 : 0.19: 0.74 : 1.0 for the 7-, 12-, 13-, 16-
, and 17-membered lactones, respectively. This kinetic behavior can be explained
assuming that in enzymatic polymerization, the rate-determining step involves formation
of the lactone-enzyme complex. The latter reaction is promoted by the hydrophobicity of
the lactone monomer, which is higher for the larger lactone rings.

On the other hand, the rate of polymerization of a given monomer depends strongly both
on the metal atom and on the number of (macro)alkoxide chains growing from this atom

in the involved active centers (Table 3).

Table 3. Rate constants of propagation for L,L-LA polymerization initiated with covalent

metal alkoxides.®!!%
Initiator BusSnOMe Bu,Sn(OEt); Sn(OBu), ANO'Pr);  Y(OR);?”
k,/ L/mol s 3.5x10™ 1.5x10% 5x10°7! 4.7x10° 10”

® Polymerizations carried out in THF as solvent at 80°C if not otherwise indicated.
8 CH,Cl, as solvent, 22 °C; R = 2,6-di-tert-butylphenoxide group, polymerization conducted in the presence
of (CH3),CHOH.
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Higher reactvity of the Sn(Il) compounds in comparison with their Sn(TV) counterparts
may be explained by the better steric accessibility of the tin atom in the divalent derivative
as well as its more pronounced ability to coordinate the approaching monomer molecule.
The positive induction effect of the alkyl groups on Sn(IV) additionally decreases its
reactivity towards nucleophilic agents. The large difference of the reactivities between
Sn(ll) dialkoxides and Al trialkoxides [10 times in favor of Sn(II)] comes mostly from
the difference of the ionic radii of both metal atoms resulting in a stronger polarization of
the tin-oxygen bond.

However, the highest rates of LA polymerization reported till now were found for even
more polarized yttrium alkoxides. For example, polymerization initiated with a ris(2,6-di-
tert-butylphenoxy)yttrium/isopropanol mixture reveals a k, as high as 10 mol/L s at 20 °C.
It would be of interest to compare this rate constant with the corresponding value for

anionic polymerization, but reliable data are not yet available.

Stereocontrolled Polymerization of Cyclic Esters

Stereoregular polyesters consisting of macromolecules bearing centers of chirality in the
main chain provide highly ordered materials with unusual mechanical and thermal
properties. Moreover, strong dependence of (bio)degradability on the polyesters
stereostructure was observed.!! Two of the monomers discussed in the present review bear

centers of chirality, namely BL and LA (see structures below).

(R)-BL (S)-BL

O\(R)'_.,CHg (0] (0]
LNy INH Bl o] "™H H, | |
RSN > PORT L
Hy,C"(R) ©7 SO HyC (5 07 70 e’ ©®

O\\/ X

0\(?/CH3

(RR)-LA (S.5)-LA (RS)-LA

In the case of BL polymerization the main problem is still related to slow polymerization

with the covalent initiators, whereas anionic polymerization, although much faster, suffers
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from the chain transfer to monomer, disabling controlled synthesis of the high polymer.”!

Nonetheless, it has been shown that in rac-BL polymerization initiated with Et; AVH,0

4,91 whereas

mixtures, PBL containing short poly(R) and poly(S) stereoblocks is forme
initiation with some alumoxanes, stannoxanes or tin carboxylates leads to the syndiotactic
PBL sequences.F?™! Polymerization with the enantiomerically pure initiator, e.g.,
(CHs)2Zn/(R)-(CH3); CCH(OH)CH,OH, proceeded with a low stereoelection coefficient
(krr/kgs) not higher than 1.7.%% Similar results were obtained with the Al-alkoxide
initiators bearing chiral bidendate phenoxy Schiff’s bases."34

More substantial progress in the area of stereocontrolled polymerization of heterocyclic
monomers has recently been achieved for LA polymerization. Stereochemical
microstructure of PLA macromolecules formed in the ROP of LA can be controlled by the
monomer composition in the feed [proportion of (R,R)-, (S,S)-, and (R,S)-LA
stereoisomers] and/or by the stereochemical preference of the initiating/catalytic system.
Moreover, the polymerization process should be devoid of racemization and
intermolecular transestrification (equation 3c). Elimination of these side reactions is

particularly efficient with a single-site, enatioselective and/or enantioelective covalent

alkoxides bearing bulky Schiff’s base ligands of the general structure SBO,Al-OR.

«(CHp)n-
R'\ R =

— Ay /N—_—
Al
QO OO
OR
\ /

Rl Rl
SBO,AI-OR (R) and/or (S)

[37.39,40] [41]

This method originally developed by Spassky was then followed by Baker,

¥ and in our laboratory.[%} In polymerization of rac-LA

Coates,[****] Feijen[44], Nomura,
mediated either with achiral [R’> = ~(CHy)i,-] or chiral, racemic [R’: (R,S)-(1,1’-binaphtyl-
2,2°)-diyl] catalyst SBO,AI-OR the multiblock stereocopolymers [(S)-PLA-b-(R)-PLA],
were prepared due to a chain-end control or an enantiomorphic site control of the
monomer addition, respectively (Scheme 8). Because segmental exchange via

transesterification was excluded (bulky bidendate ligand around the active site), the
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multiblock structure was attributed to the exchange of the growing chains between active
centers of various configurations."*’!

The independent kinetic measurements, carried out for the (S)-SBO2AI-OiPr/(S,S)-LA and
(S)-SBO2AI-0iPr/(R,R)-LA systems, exhibited a 28:1 preference for the polymerization
of (S.8)-LA over (R,R)-LA (i.e., stereoelection coefficient kR(R,R)/kR(S,S) = 28).

New opportunities were provided by the SB(OH)»/Al(O'Pr)s/rac-LA polymerization

system employing a combination of stereoelection with (S)- and (R)-ligands exchange at

the Al-alkoxide active centers [see (R)-SB(OH), and (S)-SB(OH), structures below].1*’!

(R)-SB(OH),

Two step polymerization of rac-LA was initiated by a (S)-SB(OH),/AL(O'Pr)s system and
mediated in the second step by (R)-SB(OH), added to the reacting mixture. The
stereoelectivity was close to that determined for the process with an additional synthetic
step of isolation and purification of the SBO,AI-O'Pr alkoxide. The resultant poly(rac-LA)
has a gradient stereocopolymer structure and exhibits enhanced thermal stability due to the
stereocomplex formation with a melting temperature (Tp) equal to 210 °C. This is the

highest Ty, reported till now for PLA prepared directly from rac-LA.
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