1556

Macromolecules 2002, 35, 1556—1562

Ring-Opening Polymerization of Lactones and Lactides with Sn(lV) and
AI(I1) Initiators

Henrik von Schenck,” Maria Ryner,* Ann-Christine Albertsson,** and
Mats Svensson*?8

Materials Physics, Royal Institute of Technology, SE-100 44 Stockholm, Sweden; Department of
Polymer Technology, Royal Institute of Technology, SE-100 44 Stockholm, Sweden; and Department of
Chemistry, Organic Chemistry, Royal Institute of Technology, SE-100 44 Stockholm, Sweden

Received September 20, 2001

ABSTRACT: A theoretical study is presented of the ring-opening polymerization (ROP) mechanism of
1,5-dioxepan-2-one (DXO) and glycolide with Sn(ll) and Al(111) alkoxide initiators (SnMezMeO, SnMe-
(MeOQ),, and AlMe;MeO). The B3LYP density functional method has been used to perform the quantum
chemical calculations. A coordination—insertion mechanism is presented with two principal reaction steps.
First, the alkoxide of the initiator performs a nucleophilic attack on the carbonyl carbon, and the carbonyl
bond is broken. An intermediate is formed at this point, where the former carbonyl oxygen of the monomer
is coordinated to tin via an alkoxide bond, while the carbonyl carbon assumes a sp® bonding geometry.
The second step involves the acyl—oxygen cleavage of the monomer. For all three initiators it was found
that the transition state involving the breaking of the carbonyl double bond (TS1) represented the highest
point on the potential energy surface for DXO. For glycolide, however, the transition state of the acyl—
oxygen cleavage (TS2) was the least stable structure. The reaction barriers were calculated to 17.1 kcal/
mol for DXO/SnMezMeO, 18.7 kcal/mol for glycolide/SnMezMeO, 14.3 kcal/mol for DXO/SnMe,(MeO),,
14.5 kcal/mol for glycolide/SnMe,(MeOQ),, 13.6 kcal/mol for DXO/AIMe.MeO, and 9.3 kcal/mol for glycolide/
AlMe;MeO. Both electronic and steric properties of the monomer affect the reaction barriers. It was found

that the more electrophilic initiators polymerized cyclic esters faster.

Introduction

The majority of resorbable polymers used in the field
of implant materials are synthesized by ring-opening
polymerization (ROP) of cyclic esters. Aliphatic polyes-
ters have successfully been modified in different ways,
and the field of applications is ranging from resorbable
sutures to controlled drug release systems. New poly-
mers are continuously being synthesized, and there is
still a great demand for new materials and for improved
synthetic pathways. It is therefore important to gain a
fundamental understanding of the mechanistic factors
controlling the synthesis.

The most widely used initiators for ROP of cyclic
esters are various tin and aluminum alkoxides. These
initiators’ predominance is due to their ability to
produce stereoregular polymers'~> of narrow molecular
weight distribution and controllable molecular weight,®—°
with well-defined end groups.l’® The polymerization
mechanism has been investigated for many years, and
the coordination—insertion mechanism proceeding via
acyl—oxygen cleavage of the monomer with insertion
into the metal—oxygen bond of the initiator has been
established. The most commonly used tin initiator is
stannous(l1) ethylhexanoate (SnOcty). There has been
some controversy regarding the ROP mechanism of this
initiator, but the coordination—insertion mechanism is
now accepted, and the initiating species has been proven
to be a tin alkoxide, formed prior to polymerization.11-15

A major difference between tin- and aluminum-based
initiators is that tin initiators are good transesterifica-
tion catalysts whereas aluminum initiators are not. This
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makes the aluminum-based initiators more favorable
for the synthesis of advanced macromolecular struc-
tures, since their polymerizations are more controllable.
Extensive experimental investigations of different alu-
minum initiators have been performed by a number of
groups.16-19

Tin initiators have the advantage of being more
hydrolytically stable than their aluminum counterparts
and are hence easier to handle and to use in polymer-
izations. After several years of research on tin alkoxides,
controlled polymerizations of advanced structures are
now possible. Under mild reaction conditions the un-
desirable transesterification reactions are less pro-
nounced, and structures like triblocks,2° macrocyclics,?!
multiblocks,?? resorbable networks,?® and star-shaped
structures?®* can be prepared.

To summarize, research of the ROP of cyclic esters is
a very active and expansive field. The work thus far has
mainly been focused on the synthesis of new tin and
aluminum initiators, with the goal of increasing reactiv-
ity and producing novel polymer structures. The aim of
this paper has been to study the reaction mechanism
of tin and aluminum alkoxides initiating polymerization
of cyclic esters, trying to uncover what factors govern
the reactivity of these systems. To achieve this, we used
a quantum chemical approach, a valuable method for
studying reaction mechanisms that are hard to inves-
tigate by kinetic studies, spectroscopic, or chromato-
graphic methods.'11925 Comparisons are made between
different monomers and different initiators and between
experimental and theoretical results.

Computational Details

Geometries and energies of all intermediates were
optimized using the gradient-corrected density func-
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Figure 1. Structures of the investigated ROP initiators: (a)
SnMezMeO, (b) SnMe,(MeO),, and (c) AlMe,MeO.

Table 1. Overview of the Investigated Sn(1V) and Al(l11)

Systems
system initiator monomer
A SnMezMeO DXO
B SnMezMeO GA
C SnMe,(MeO), DXO
D SnMez(MeO), GA
E AlMe;MeO DXO
F AlMe;MeO GA

tional method B3LYP.?6 This popular and computation-
ally relatively cheap method has been shown to predict
reliable geometries and energies.?>27-36 A basis set of
double-¢ valence quality labeled LANL2DZ was used in
the Gaussian98 program.3’ A relativistic electron core
potential (ECP) developed by Hay and Wadt replaced
the tin core electrons.®83° For nonmetal atoms the
double-¢ basis sets of Huzinaga and Dunning were
assigned.*®41 We recalculated all energies using a
triple-¢ contracted basis set at the B3LYP level, i.e., the
6-311G(d,p) basis set,*243 for all non metal atoms and
a 3s3p contraction of the Hay and Wadt primitive basis
set for tin and aluminum augmented with one d-
function (0.18 and 0.19, respectively). The character of
all intermediates and transition states was checked by
performing frequency calculations.

Results and Discussion

We have studied the ROP mechanism of DXO and
glycolide with three different initiators. The model
initiators SnMe;MeO, SnMe;(MeO),, and AlMe,MeO
(Figure 1) were chosen since they resemble some of the
most investigated tin and aluminum initiators.

DXO and glycolide were chosen as model monomers.
Experimental data of the ROP of DXO with different
tin and aluminum initiators have been gathered by
Albertsson et al.5® Glycolide was chosen to represent
the central structural and electronic features of lactide,
relevant to the ROP mechanism.

The systems investigated are summarized in Table
1. The optimized structures during ring-opening polym-
erization of the SnMezMeO/DXO system (A) are pre-
sented in Figures 2 and 3. Intermediates and transition
states 1—4 for systems B—F are analogous to the
structures in Figures 2 and 3. Significant differences
between the systems will be commented upon with
reference to system A (DXO/SnMe3zMeO).

The ROP Mechanism. The first part of the initia-
tion/propagation involved the coordination of the mono-
mer to the initiator species 1a, forming the precursor
structure 2a (Figures 2 and 3). With the coordination
of the monomer, the alkoxy group performed a nucleo-
philic attack at the monomer’s carbonyl carbon. The
formation of the new C—O bond between the monomer
and the alkoxy group occurred via the four-center
transition state TS1a. In intermediate 3a, the former
carbonyl oxygen was coordinated to tin via an alkoxide
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bond, while the carbonyl carbon assumed a sp? bonding
geometry. This arrangement allowed for rotation around
the C—0 axis, enabling the acyl oxygen in the ring to
rotate into position for the ring-opening step. For DXO
the activation energy for the acyl—oxygen cleavage, 8.3
kcal/mol, was notably lower than the barrier for break-
ing the carbonyl bond and forming a new C—O bond,
17.1 kcal/mol. The initiation/propagation was completed
with the formation of 4a, the analogue to species la.

The relative energies of all investigated structures of
systems A—F are given in Table 2, along with the
potential energy surfaces, represented in Figure 4.

From the potential energy surfaces presented in
Figure 4, some very interesting trends can be noted.
Perhaps the most striking observation is that the rate-
determining step of the ROP was different for the two
monomers. Breaking the carbonyl double bond and
forming a new C—0 bond (TS1) represented the highest
point on the potential energy surface, in the case of
DXO. For glycolide, however, the transition state of the
acyl—oxygen cleavage (TS2) was the least stable struc-
ture. This can be explained by a closer inspection of the
monomer properties. The carbonyl double bond in the
monomer must be broken in order to form the interme-
diate structure 3. The energy required to break such a
bond was found to be 4.2 kcal/mol lower for glycolide.*4
This explains why the reaction barrier of (2-TS1) is
higher for DXO. As for the acyl—oxygen cleavage of the
monomer, the difference in barrier height (3-TS2)
between DXO and glycolide with the same initiator can
tentatively be explained by the ability to accommodate
the induced ring strain in TS2. The six-membered
glycolide ring is inherently more rigid since it contains
two carboxyl components of sp? character.

For the tin initiators SnMezMeO and SnMe(MeO)s,
we found that DXO should undergo ROP somewhat
faster than glycolide. In the case of AIMe,MeO, however,
calculated values suggested that DXO should polymer-
ize much slower than glycolide. The activation energies
for ROP of the corresponding systems were 17.1 kcal/
mol for system A, 18.7 kcal/mol for system B, 14.3 kcal/
mol for system C, and 14.5 kcal/mol for system D. The
difference was more pronounced for the AlMe,MeO
catalyst: 13.6 kcal/mol for system E and 9.3 kcal/mol
for system F.

It has been found experimentally that DXO propa-
gates faster than LL-lactide with SnBu,(MeO), and
similar initiators.6745 The activation energy for DXO
with SnBu,(MeO), has been estimated to be 17.0 kcal/
mol.® The same initiator reacted approximately 10 times
slower with LL-lactide under the same reaction condi-
tions.” Furthermore, experiments have shown that
SnBu,(EtO), polymerizes LL-lactide faster than SnBus-
EtO.%647 The results presented here for systems A—D
agree well with the experimental data, and it appears
that glycolide serves well as a model of lactides.
However, the results obtained for system F (glycolide/
AlMe,MeO) do not account for the experimental obser-
vations for similar systems. The absolute rate constant
(kaps) for pL-lactide polymerization in toluene, 70 °C,
with AIEt,OC,H,Br is 0.011 L mol~! min~1, compared
to kaps = 0.224 L mol=* min~* for ROP of DXO under
identical reaction conditions.184849 The rate of polym-
erization of LL-lactide in THF, 80 °C, with AIEt;EtO is
also comparatively slow.*6

To investigate the effect of the methyl substituents
on lactide, we calculated the activation barrier for the
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Figure 2. Structures of the intermediates and transition states involved in the ROP of DXO with SnMe3;MeO (system A). Distances

are given in A and energies in kcal/mol.

ROP of pL-lactide with both an AIl(IIl) and a Sn(1V)
initiator. A system F' was studied where pL-lactide was
polymerized using AlMe,MeO. This resulted in an
activation energy of 13.1 kcal/mol, i.e., a barrier in-
crease® by 3.8 kcal/mol compared to system F. We also
calculated the reaction barrier for a system B' (DL-
lactide/Sn Me3sMeO) comparing the results to system B.
We found the reaction barrier to be 19.3 kcal/mol for
the pL-lactide monomer, i.e., a small increase®! of 0.6
kcal/mol compared to system B. Clearly, the reaction
barrier of the Al(111) initiator was significantly affected
by the steric bulk of the methyl groups on the monomer
ring, while it was essentially unaffected for the Sn(1V)
initiator. A closer inspection of the transition states
shows that steric interactions cause strain to be induced

into the structures in the case of pbL-lactide. Figure 5
shows the structures of TS2f and TS2f".

In the case of TS2f', the steric interaction between
methyl groups on the monomer and the initiator pri-
marily lead to a shift in the position of C1, relative to
TS2f. As an indicator of the ring distortion, it was found
the dihedral angle AI-O1—-C1—C2 increased by 43°. In
the corresponding transition-state structures for SnMes-
OMe, TS2b and TS2b', the steric interactions caused
considerably smaller alterations in the ring. The change
in the dihedral angles (Sh—01—-C1—C2) was 15°. The
methyl groups on pL-lactide do not induce ring strain
in the structures 2b' or 2f ",

It seems likely that the influence of monomer bulki-
ness on the potential energy surface can be related to
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Figure 3. Schematic 2D representation of the reaction
mechanism for the ROP of DXO with SnMezMeO (system A).
Energies are given in kcal/mol.
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Table 2. Relative Energies (kcal/mol) of the
Intermediates and Transition States in the Ring-Opening
Polymerizations of Systems A—F

structure A B C D E F
1 5.8 6.7 115 10.4 21.2 18.4
2 0.0 0.0 0.0 0.0 0.0 0.0
TS1 17.1 12.7 14.3 7.8 13.6 6.9
3 2.3 -1.6 4.2 -1.3 6.6 5.1
TS2 10.6 17.1 9.1 13.2 7.1 9.3
4 —-8.1 —13.4 7.1 —-12.8 —-4.5 —15.0

the strength of the oxygen—metal bonds. The Al initia-
tor, being more electronegative, displays shorter metal
to oxygen bonds, in the range of 0.1—0.3 A, compared
to the corresponding structures of the Sn initiators.
Therefore, it is no surprise that destabilization of
structures along the potential energy surface is greater
for Al, with an increasing bulk of the monomer. It can
also be expected that sterically demanding ligands on
the initiator can have similar effects.

It is interesting to note the influence of sterics of the
reaction barriers of Sn and Al initiators. Below, it is
concluded that initiators with a more electrophilic metal
center tend to be more reactive for the studied mono-
mers. It seems, however, that such initiators are also
more sensitive with respect to steric interactions influ-
encing the reaction barrier. This may have intriguing
effects on the design of future initiator/monomer sys-
tems. An extensive investigation of steric influences on
the reactivity in ROP with strongly electrophilic initia-
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tors is currently under way in our group. Preliminary
results show that the character of the potential energy
surface does not change for the system pL-lactide/AlMe;-
MeO compared to glycolide/AlMe,MeO; i.e., the relative
stabilities of the structures 1—4 are the same.

Comparison of Initiators. The electrophilicity of
the metal center plays an important role in the ROP
reaction sequence. The propensity toward metal—oxygen
bond formation followed the accessibility of the initia-
tor’s lowest unoccupied molecular orbital (LUMO). The
energy of the LUMO was 6.5 kcal/mol higher for SnMes-
MeO compared to that of SnMe,(MeO),, which in turn
was 4.0 kcal/mol higher than that of AlMe;MeO.%?
Several trends correlate with the relative differences
between the energy levels. First of all, we noted that
the monomer coordination strength followed the se-
quence SnMezMeO < SnMey(MeO), < AlMe;MeO. A
stronger coordination of the monomer to the metal will
lead to an increased polarization of the active carbonyl.
This should in turn translate into a lower barrier of
activation for the steps 2-TS1-3. As can be seen from
the potential energy surfaces in Figure 4, we found that
the barrier decreased in the following order: SnMes-
MeO > SnMey(MeO), > Al Me;MeO. The activation
barrier of the acyl—oxygen cleavage, 3-TS2-4, followed
the same trend, which can be explained by similar
arguments. First, we note the close relation between the
intermediate 3 and the free initiator 1. For instance, in
the case of system A 1la and 3a both have the character
of SnMe3RO; i.e., the metal center will have similar
electronic properties in both structures. Second, the
formation of TS2 involves a bond being created between
the endocyclic oxygen and the initiator metal. The
donation of the oxygen lone pair to the metal is
facilitated by a stable unoccupied molecular orbital; i.e.,
the initiator with the lowest lying LUMO will have the
lowest TS2. The stability of the initiator LUMO cor-
related with the overall driving force of the reaction.
For instance, in the case of DXO the energy difference
between structures 1 and 4 is —13.9 kcal/mol for system
A, —18.6 kcal/mol for system C, and —25.7 kcal/mol for
system E. An increasing thermodynamic driving force
tends to decrease the relative energy of the associated
transition state. This is what is observed for both TS1
and TS2. Experimental results agree with the general
trend that more electrophilic initiators polymerize cyclic
esters more rapidly.57.9.17.18,48

Comparison of Sn(1V) and Sn(ll) Initiators. We
have previously investigated the reaction mechanism
of the ROP of DXO and LL-lactide with stannous(l1)
ethylhexanoate (SnOct;), using quantum chemical cal-
culations. In this case Sn(ll) acetate (SnOct';) and
methanol were used as a model of the initiating com-
plex. The SnOct; initiator shares many features with
the Sn(1V) systems discussed in this paper. The general
reaction mechanism outlined in Figures 2 and 3 is
parallel for the Sn(ll) and Sn(IV) systems. It is also
found that DXO reacts somewhat faster than LL-lactide
with SnOct,. This trend has been noted above for DXO
and glycolide in tin systems A—D. Also, the highest
point on the potential energy surfaces is the transition
state equivalent to TS1 in the case of DXO/SnOct, and
TS2 in the case of LL-lactide/SnOcts,.

The SnOct; initiator does have some unique features
making it distinct from SnMe3;MeO and SnMe,(MeO),.
Our previous work has shown that the bidentate Oct
ligands of SnOct;, can change character during the ROP
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A System A: B System B:

SnMe;MeO + DXO SnMesMeO + GA

TS1a

-30.5

C System C: D System D:
SnMe,MeQ, + DXO SnMe,MeO, + glycolide

TS1c TSad _ _ _

-16.2 -26.0

System E: F System F:
AlMe,MeO + DXO AlMe;MeO + glycolide

|—l

-18.4
-21.2

4f

Figure 4. Potential energy surfaces for the ROP systems SnMe;MeO/DXO (A), SnMesMeO/glycolide (B), SnMe,(MeO),/DXO (C),
SnMez(MeO)./glycolide (D), AIMe;MeO/DXO (E), and AlMe,MeO/glycolide (F). Energies are given in kcal/mol.

sequence, fluctuating between states of Oct and OctH see how the electron-accepting ability of possible Sn(ll)
character.*! Furthermore, it has been proposed that the initiating species correlated to the reactivity.
SnOct; initiator loses octanoic acid (OctH) prior to the We have found that the reaction barriers for the ROP

ROP of cyclic esters.1253 |t was therefore interesting to of DXO with SnOct'>(MeOH),, SnOct'(MeO)MeOH, and
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Figure 5. Structures of TS2f and TS2f ' showing how steric
interactions between methyl groups on the monomer ring and
initiator lead to induced strain in the transition state. Hydro-
gen atoms have been omitted for clarity.

Sn(MeO), to be 19.8, 16.1, and 12.6 kcal/mol, respec-
tively.!! The second and third of these initiating systems
represent situations where one and two acids (Oct'H)
have dissociated. The energy of the LUMO was 5.8 kcal/
mol higher for SnOct'y(MeOH), compared to SnOct'-
(MeO)MeOH, which in turn was 29.4 kcal/mol higher
than Sn(MeO),.5* Sn(MeO), has a notably more stable
LUMO than the other initiating systems and also
displays the lowest reaction barrier. As was the case in
the Sn(1V) and Al(l11) systems, the overall driving force
of the reaction increases with the stability of the
initiator. For the ROP of DXO the total exothermicity
of the reaction was 11.8 kcal/mol for SnOct',(MeOH),,
12.2 kcal/mol for SnOct’'(MeO)MeOH, and 14.3 kcal/mol
for Sn(MeO),. It should be mentioned that the character
of the LUMO is notably different for the different tin
systems. Experimental work using SnOct; initiators as
well as mixtures of Sn(OBu), and OctH547:5355 confirms
this trend in reactivity of Sn(l1) systems. Duda et al.>3
found that polymerization with Sn(OBu), was ap-
proximately 10 000 times faster than polymerization
with Sn(Oct),.

Conclusions

We have investigated the ROP of DXO and glycolide
with three different initiators: SnMez;MeO, SnMe;-
(MeO),, and AlMe,;MeO. It was found that the highest
point on the potential energy surface was different for
the two monomers. For all three initiators it was found
that the transition state involving the breaking of the
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carbonyl double bond (TS1) represented the least stable
structure for DXO. For glycolide, however, it was the
transition state structure of the acyl—oxygen cleavage
(TS2). The reaction barrier varied with both the elec-
tronic and steric properties of the monomer.

Comparing the three different initiators, it was found
that the stability of the initiator LUMO had a key
influence on the reactivity. Both transition states in the
proposed reaction sequences (A—F) were lowered with
increasing stability of the initiator LUMO. Explicitly,
the LUMO energy of the initiators decreased as follows,
SnMezMeO > SnMey(MeO), > AlMe;MeO, and the
reaction barrier followed the same trend for the ROP
of both DXO and glycolide. Results also indicate that
the reactivity of the more electrophilic aluminum initia-
tors is more sensitive to steric interference.
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