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From Syndiotactic Homopolymers to Chemically Tunable Alternating
Copolymers: Highly Active Yttrium Complexes for Stereoselective
Ring-Opening Polymerization of f}-Malolactonates™**

Cédric G. Jaffredo, Yulia Chapurina, Sophie M. Guillaume,* and Jean-Frangois Carpentier*

Abstract: Alternating copolymers constitute an attractive class
of materials. It was shown previously that highly alternated
poly(B-hydroxyalkanoate)s (PHAs) can be prepared by ring-
opening polymerization (ROP) of mixtures of two different
enantiomerically pure 4-alkyl-f-propiolactones. However, the
approach could not be extended to PHAs with chemically
tunable functional groups, which is highly desirable to access
original advanced materials. Reported herein is the first highly
syndioselective and controlled ROP of racemic allyl and
benzyl B-malolactonates (MLA®; R = allyl, benzyl) using an
yttrium complex supported by a tetradentate dichloro-substi-
tuted bis(phenolate) ligand. This highly active catalyst allows
the nearly perfect alternating copolymerization of MLA™
and MLA®"". Hydrogenolysis of the benzyloxycarbonyl or
functionalization of the allyl pendant groups opens a route
towards a new class of functional alternating copolymers.

N ature taught us how vital the sequence is for macro-
molecules such as DNA and proteins. Controlling the
architecture and composition of synthetic macromolecules is
also, of course, of paramount importance so as to obtain
polymers with optimized properties for applications. Among
the broad variety of synthetic materials, regularly alternating
copolymers are of special interest, as optimal positioning of
functional substituents can induce improved performance
over that of copolymers having lower periodicity (block,
gradient, random).!!! Major advances have been achieved in
this field over the last two decades thanks to the use of
coordination polymerization with well-defined metal com-
plexes.!"

Poly(hydroxyalkanoate)s (PHAs) are a class of aliphatic
polyesters having a three-carbon-atom backbone structure,
and differ by their substituent on the 4-position. These
polymers, which are naturally occurring in different micro-
organisms in their isotactic form, represent a highly valuable
targets as substitutes for nonpetrochemical-based plastics and
for use in biomedical applications.”! PHAs can also be
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synthetically prepared by ring-opening polymerization
(ROP) of B-lactones.”’) However, the stability of the latter
monomers makes this process challenging, and even more so
if stereoselectivity is simultaneously addressed.’! Yttrium
complexes with tetradentate bis(phenolate) ligands are highly
active catalysts for the living ROP of simple [(-lactones
bearing alkyl substituents at C4; the prototypical example is
B-butyrolactone (BL)."! Additionally, some of these catalysts,
when applied to racemic mixtures of these chiral monomers,
can achieve high syndioselectivity (P,, probability of racemic
linkage, up to 95%) by a chain-end control mechanism.[l By
taking advantage of this unique syndioselectivity of yttrium
catalysts, Coates, Thomas, and co-workers devised a smart,
new strategy for making original alternating PHAs by
performing ROP on 1:1 mixtures of two different enantio-
merically pure 4-substituted-f3-propiolactones of opposite
absolute conﬁguration.[’ﬂ Yet, the demonstration is limited
to monomers bearing nonfunctional substituents [(fluoro)alk-
yls] or substituents that do not allow easy chemical trans-
formations (ethers).

Alkyl B-malolactonates (MLAR) are monomers that,
upon ROP, lead to poly(B-malic acid) derivatives (PMLAR),
which are PHAs of high interest because of the potentially
accessible pendant functional carboxylate moieties. Although
a variety of catalysts/initiators have been disclosed for the
ROP of derivatives such as MLA® (Bz=benzyl), none of
them has shown stereoselectivity towards racemic monomers
and thus afford only atactic®® or slightly isotactic-enriched
PMLA® "

Herein we report on highly active and syndioselective
yttrium catalysts for the ROP of rac-MLAR derivatives (R =
Bz, All =allyl). Unexpectedly, in light of previous studies on
ROP of lactide and more simple B-lactones such as BL, high
stereoselectivity has been achieved with an o,p-dichloro-
substituted bis(phenolate) ligand and not with ligands bearing
bulky aryl/alkyl substituents.

First, homopolymerization experiments were performed
using yttrium isopropoxide initiators generated in situ by
using 1equivalent of iPrOH and the compounds 1la-d
(Scheme 1), which were selected based on previous work on
the ROP of rac-lactide (LA) and rac-BL.¥ All four catalytic
systems were highly active for the controlled ROP of rac-
MLAR at 20°C in toluene, thus allowing full conversion of
100 equivalents of MLAR within 2-120 minutes (Table 1).
These activities under mild reaction conditions with turnover
frequencies (TOF) of at least 3000 h™' using the 1a/iPrOH
system (Table 1, entries1 and 5) are quite remarkable.
Although in line with those observed in the ROP of BL
with similar systems,!! these TOF values are the highest ones
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Scheme 1. Synthesis of syndiotactic and alternating PMLA®.

ever reported for the ROP of any (-malolactonate such as

[1b]

i

[d]
MLA® and MLA?!8 Additionally, excellent agreement
between theoretical molar mass values and experimental
ones, as wel.I as .the rather narrow dispersity Valufas (1.03 < Dy Py pry . P o
< 1.64), highlighted the good control of this ROP. The f1 (ppm)

performance in terms of activity and control over the molar
mass varied with the nature of the ancillary. Although the
CMe,Ph-substituted ligand in 1a proved the most active and
led to the narrowest dispersities, its stereocontrol abilities
turned out to be surprisingly! inferior to those of the o,p-
dichloro-substituted ligand (1d), as discussed below.
Microstructural analysis of the recovered PMLAR was
performed by “C{'H} NMR spectroscopy. A complete assign-
ment of the methine region was possible, based on previous
work describing PMLAP having various stereoregularities,”’
and using atactic and isotactic PMLAP” that were purposely
synthesized from the corresponding rac-MLA®™ and (R)-
MLAP®” and the [(BDI)Zn{N(SiMe,),})/iPrOH and 1b/iPrOH
systems, respectively (see Figures S1-S5 in the Supporting

Figure 1. Region of the main-chain methine in the *C{'"H} NMR
spectra (125 MHz, CDCl;, 25°C) of PMLA® prepared from the
complexes 1c (P,=0.68; Table 1, entry 3), 1a (P,=0.79; entry 1), 1b
(P,=0.85; entry 2), and.1d (P,>0.95; entry 4).

triads supported the syndiotacticity of the PMLAR formed.
Statistical analysis indicated that the stereocontrol originates
from a chain-end mechanism (see the Supporting Informa-
tion), which is in line with previous observations for the ROP
of rac- and meso-LA and rac-BL,"**1 and allowed extraction of
the P, values (Table 1). A consistent trend was observed for
both the B-malolactonates MLA® and MLA”"", and the
syndioselectivity increased in the following order: 1¢ (P,=

Table 1: Syndiospecific ROP of rac-MLA® mediated by the 1a—-d/iPrOH catalyst systems.!

Entry  Complex  MLA® [MLA®o/[Y]o/[iPrOH], ¢ Conv My heo M, nur M, sec p,f1 pH T,
[min® %7 [gmol¥  [gmol™®  [gmol e
1 1a MLA®  100:1:1 2 100 20700 21000 45300 1.06 079 71
2 1b MLA%  100:1:1 15 91 18800 20300 42100 1.18 0.85 87
3 1c MLA®  100:1:1 120 96 19700 19500 39200 1.27 0.68 -0
4 1d MLA%  100:1:1 120 80 16500 17600 35200 1.54 >0.95 117
5 la MLAM  100:1:1 2 100 15700 14100 29300 1.03 0.82 51
6 1b MLAA 100:1:1 5 89 14000 14600 20300 1.41 0.87 80
7 1c MLAM  100:1:1 120 100 15700 15300 22100 1.15 068 -1
8 1d MLAM  100:1:1 10 80 12500 13300 23500 1.64 >095 112

[a] All reactions were performed with [MLA®);=1.0m in toluene at 20°C. [b] Reaction times were not necessarily optimized. [c] MLAR conversion as
determined by "H NMR spectroscopy on the crude reaction mixture. [d] Theoretical molar mass calculated considering one growing polymer chain per
metal center from the relation: M, yeo = (IMLA®]o/[Y]oX Myiae) + Miprop, With Myas:=206 gmol™", My sa =156 gmol™' and M;p,on =60 gmol .

[e] Molar mass value determined by using the resonances of the terminal isopropoxy group in the '"H NMR spectra of the isolated polymer in CDCl, at
25°C. [f] Number-average molar mass value determined by SEC versus polystyrene standards (uncorrected M, values) in THF at 30°C. [g] P, is the
probability of racemic linkages between MLAF units as determined by *C{'"H} NMR spectroscopy. [h] Melting temperature as determined by
differential scanning calorimetry (second heating cycle). [i] Not observed.
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0.68, Table 1, entries 3 and 7) <1a (P,=0.79-0.82, Table 1,
entries 1 and 5) <1b (P,=0.85-0.87, Table 1, entries 2 and 6)
<1d (P,>0.95, Table 1, entries 4 and 8). Most interestingly,
this trend is strikingly different from that observed in the
ROP of rac-LLA and rac-BL: in these latter polymerizations,
only the bulky, aryl-containing CPhs;- (1a) and CMe,Ph-
substituted (1c¢) ligands led to high syndioselectivity (P,
La=0.90 and 0.96, P,,,.5. = 0.89 and 0.94, respectively), while
the o,p-dichloro-substituted ligand in 1d proved incompetent
in controlling the stereoselectivity (Py,eia=0.56; PyuenL =
0.42).1*° Here, even the catalyst based on the ligand bearing
a purely aliphatic substituent R' = CMe,tBu (1b) proved to
be more stereoselective than 1¢ and 1a, yet not as much as
with 1d. Notabbly, Gibson et al. have also reported on the
unique stereocontrol of o,p-dichloro-substituted systems in
the ROP of rac-LA mediated by aluminum salan and
aluminum salen complexes. Although the origin of the
dramatically different stereocontrol in these could not be
fully rationalized, an electronic contribution was clearly
operative.'”)

Thermal analysis by differential scanning calorimetry
(DSC) of the PMLA®* and PMLA" demonstrated the strong
influence of the stereochemistry on the melting temperature
(T)- In both cases, the T, dramatically increased with the
syndiotacticity [up to 117°C for PMLAP* (Table 1, entry 4)
and 112°C for PMLAA" (Table 1, entry 8); see Figures S6 and
S12]. The glass-transition temperature (7,) remained stable,
regardless of the stereochemistry of the polymers (7, =12 and
33°C for PMLA*" and PMLA®, respectively).

Remarkably, original PMLAR were also formed by the
simultaneous copolymerization of 50:50 mixtures of MLA®
and MLA*" as enantiopure monomers with opposite absolute
configuration (S and R, respectively; Scheme 1 and Table 2).
This synthetic strategy leads to unfunctionalized PHA
copolymers with different degrees of alternation when
applied to 4-alkyl-substituted B-propiolactones.” It is imple-
mented here for the first time for monomers which are prone
to chemical transformation of their pendant groups. The use
of the yttrium complexes 1a—d combined with 1 equivalent of

Table 2: Alternating copolymerization of 1:1 mixtures of (S)-MLA®* and
(R)-MLA* from the 1a-d/iPrOH systems.

Entry  Complex t M, sec B %4 T,
[min®  (gmol™) [°Cle

1 1a 5 33000 1.09 52 M

2 1b 15 38700 1.28 75 54

3 1c 120 34400 1.38 65 Y

4 1d 15 35200 1.54 >95 63

[a] All reactions performed at [MLAR]o/[MLA®]o/ [Y1]o/[iPrOH],=
50:50:1:1, with [MLA®|,=1.0Mm in toluene at 20°C; quantitative con-
version of both monomers were observed in all cases, as determined by
"H NMR spectroscopy on the crude reaction mixture. [b] Reaction times
were not necessarily optimized. [c] Number-average molar mass value
determined by SEC versus polystyrene standards (uncorrected M,
values) in THF at 30°C. [d] The percentage of alternation is the
probability of alternating linkages between two monomer units of
opposite configurations and was determined by *C{"H} NMR spec-
troscopy. [e] Melting temperature determined by DSC (second heating
cycle). [f] Not observed.
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iPrOH showed the simultaneous conversion of the two
monomers (see Figure S13 in the Supporting Information
for kinetic monitoring).

The microstructure of the resulting PIMLAP%alt--MLAA")
was also elucidated by “C{'H} NMR spectroscopy. The
analysis of the methine region of the precipitated copolymers
showed the predominance of alternating triad sequences of
the type ABA and BAB at 0 =68.77 and 68.83 ppm (A and B
stand for MLAA!" and MLA®” repeating units, respectively),
versus the non-alternating triads sequences AAB, BBA, BBB,
and AAA, assigned to the d =68.57-68.72 ppm region(Fig-
ure 2).'"1' As anticipated, the near complete absence of the
signals corresponding to non-alternating triads was noted

ABA/BAB BBA/AAB/BBB/AAA

A

[a]

[e]

[1b]

[d]

69.1 690 689 688 687 68.6 68.5 684 683 682
f1 (ppm)
Figure 2. Region of the main-chain methine in the "C{'"H} NMR
spectra (125 MHz, CDCl;, 25°C) of P(MLA®%alt-MLA"Y prepared from
the complexes 1a (Table 2, entry 1), Tc (entry 3), 1b (entry 2), and 1d
(entry 4).

when 1d was used. This high degree of alternation in
P(MLA®*alt-MLA"s prepared from 1d was further corro-
borated by MALDI-ToF MS and ESI MS-MS studies. As
illustrated in Figure 3, the major signals observed in the
MALDI-ToF mass spectrum, in the region corresponding to
an overall degree of polymerization of 12 (typically,
6MLAP* + 6 MLAA"), were assigned to macromolecules
with a perfect alternation between MLA®" and MLAP units
(Figure 3; dashed and solid lines), and some signals were also
observed to correspond to macromolecules with a single
alternation error (dashed/dotted lines).

The control of the alternating copolymerization of (R)-
MLAA" and (S)-MLA® followed the same trend as the one
observed for the syndioselective homopolymerization of
these racemic monomers (Table 1). The use of 1c¢ allowed
the preparation of copolymers with 65 % alternation (Table 2,
entry 3), a percentage which increased to 75% with 1b
(Table 2, entry2), and reached a very high control of
alternation with 1d (>95%, Table 2, entry 4). The only
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Figure 3. Details of the MALDI-ToF MS of a P(MLA®™-alt-MLA) prepared by simultaneous ROP of (S)-MLA®™ and (R)-MLA* with 1d in presence
of 1 equiv of iPrOH (Table 2, entry 4) using IAA as matrix. The major populations correspond to macromolecules ionized by Na+ (see the
simulated spectrum at the bottom of the figure) and to alternating copolymers with MLA®* (B) as the first unit (dashed line), alternating
copolymers with MLA*' (A) as the first unit (solid line), and copolymers with one alternation error (dashes/dotted line).

exception was la, which allowed a fair control of the

homopolymerization of MLA® (P,=0.79-0.82, Table 1,
entries 1 and 5), but showed essentially no control in the
copolymerization of (R)-MLA*" and (S)-MLA® (Table 2,
entry 1).

The thermal properties of the P(MLA®“al--MLA®") were
investigated by DSC (Table 2). Only the copolymers showing
a high degree of alternation (i.e. > 75 %; Table 2, entries 2 and
4) featured DSC traces displaying a single broad endotherm
assigned to the melting transition. The higher the degree of
alternation, the higher the T, thus supporting the influence
of the monomer sequence on the crystallinity of the copoly-
mer materials. The glass-transition temperature (7,) was
observed at around 22°C in all cases.

The major advantage of these new alternating PHA
copolymers is to readily fine-tune the chemical functionality
by post-polymerization modification. The benzyloxycarbonyl
moiety of PMLA® is well known to be easily cleaved by
hydrogenolysis.”  Accordingly, totally  hydrophobic
P(MLAP“alt-MLA*") copolymers were successfully switched
into the corresponding alternating hydrophilic/hydrophobic
P(MLA-alt-MLA"™") copolymers by hydrogenation with

a heterogeneous Pd/C catalyst under mild reaction conditions
(Scheme 2). Hydrogenolysis of the -CO,Bz moiety proceeded
concomitantly with hydrogenation of the allyloxycarbonyl
group without altering the copolymer backbone chain.
Indeed, the resulting amphiphilic copolymer showed the
same degree of polymerization as determined by NMR
spectroscopy (see Figure S19 in the Supporting Information).
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kPh \~

P(MLABZ_ajt-MLAA!) P(MLA-alt-MLA"P")

Scheme 2. Hydrogenation/hydrogenolysis of P(MLA®-alt-MLA™) into
P(MLA-alt-MLA™). THF =tetrahydrofuran.

In conclusion, we have developed the first syndioselective
polymerization of racemic [}-malolactonates. The most ste-
reoselective yttrium catalyst for this purpose, 1d, unusually
relies on an o,p-dichloro-substituted bis(phenolate) ligand.
This unexpected finding leads to new questions about the
stereocontrol mechanism(s) operating in the ROP of (-
lactones. This catalyst also enables the preparation of highly
alternating PHAs with different pendant carboxylate moi-
eties. A simple proof of concept has been described for the
easy chemical modification of the carboxylate moieties. This

strategy provides a route towards a new class of functional-
ized alternating copolymers.
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