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ABSTRACT: Triethanolamine (TEA) reacted with 3 equiv of yttrium alkyl complex 1 bearing O,N,N,O-
tetradentate Salan ligand to give a trinuclear yttrium alkoxide counterpart 2 via metathesis reaction. Complex
2 initiated the ring-opening polymerization of rac-lactide in a livingness mode under mild conditions.
Remarkably, 2 was so tolerant of the protic TEA that under various TEA-to-yttrium molar ratios ranging
from 1:3 up to 81:1, the polymerization performed smoothly, suggesting an immortal characteristic. The
resultant polylactides had variable molecular weights (M, = 1.36 x 10*0 32.54 x 10*) but narrow molecular
weight distributions (PDI = 1.02—1.09), and, especially, pure heterotactic (P, = 0.99), hydroxyl-functio-
nalized and star-shaped architecture, which were fully characterized by NMR spectroscopy and MAL-
DI—TOF mass spectrum analyses and confirmed further by calculating the contraction factor value g’ (¢ =
0.96) via Mark—Houwink equations. Detailed investigation of the “immortal” polymerization gave a unique

kinetics law of —d[LA]/d¢ = kp[LA][TEA]—0»352.

Introduction

In recent years, biodegradable polymers as a promising alter-
native of synthetic petrochemwdl based plastics have attracted a
considerable attention.' Of the variety of biodegradable polymers
known, polylactide (PLA) derived from lactic acid of nonpetro-
leum sources has become one of the most important candidates
because of its favorable degradation rate and mechanical proper-
ties. In the meantime, owing to its good biocompatibility, PLA
has been also widely applied in medicine and pharmaceutics, for
instance, as the media for controlled release of drugs and for
delivery of antibodies and genes and in tissue engineering as the
scaffolds.” On the other hand, the properties of the linear PLA,
such as the crystallinity, brittleness, degradation when processing
at temperatures higher than its melting point, impermeability to
many drugs with low molecular weights,** and difficulty in film-
ing, limit a broader spectrum of its possible applications. There-
fore, aiming at modulating further the physical and chemical
properties of linear PLA and thereby to extend its application field,
researches have directed to copolymerize lactide with other mono-
mers such as glycolide and lactones,*® or to modify the topologies
via creating novel macromolecular architectures, which lead to
formation of the linear/ grafted block copolymers or star-shaped
and dendritic polymers.*”® The star-shaped polymers known
for their interesting morphologies and rheological properties and low
melting viscosity as compared with their linear structural counter-
parts, have gathered an increasing attention.” To date, 3- to 10-
armed polylactides have been synthesized mainly through the

“core-first” method by using tin(II) octoate (SH(OCt)2) combined
with polyols such as 1,1,1- tr1s(hydroxymethy1)propane pentaery—
thritol,®~ 10dlpentaerythrltol and its derivatives,'' natural sugars'>
and polyglycermes etc.’ Recently a number of catalysts based

on potassium,'® lithium,'* zinc,'> magnesium, 4131~ 131.15n.16
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iron,"” and calcium'***'® or organic' and enzymatic®® systems

have been investigated. However, there are problems remained to
be solved: (i) in the obtained PLA the amount of catalyst residue is
still high, although the use of tin element has been approved by the
U.S. FDA, concerns have been raised in the literature re-
garding the potentldl health issues associated with the toxicity of
tin-based residues;”' (ii) the nonuniform reactivity of the hydroxyl
functions in the polyols with Sn(Oct), and the presence of tran-
sesterification during the polymerization process make good con-
trol of the molecular weight of the side arms a challenging project;
(iii) owing to lack of stereoselectivity for most of the above systems
when rac-LA is employed, good control of stereotacticity of the
side arms has not been achieved yet.

During our previous studies on the ring-opening polymeriza-
tion (ROP) of LA,** we found that an achiral yttrium alkyl
complex 1 was an excellent heteroselective initiator for the ROP
of rac-LA (Chart 1).* Herein we wish to report that by treat-
ment of complex 1 with triethanolamine (TEA), a trinuclear
yttrium alkoxide complex 2 was obtained in situ via metathesis
reaction, which initiated living ROP of rac-LA. Moreover the
polymerization can proceed in an “immortal” fashion that each
Y —alkoxide species generated an up to 81 star-shaped PLA mole-
cules with adjustable molecular weight and very narrow poly-
dispersity as well as high heterotacticity. In addition the side-arms
of PLA were automatically capped with hydroxyl functionality
without any extra process. The hydroxyl-ends will facilitate the
incorporation of bioactive substituents such as drugs or fluor-
escent tags to construct novel PLA-contained functionalized
biopolymers.*>**

Results and Discussion

Synthesis of Trinuclear Initiator and Star-Shaped Heter-
otactic PLA. Heterospecific ROP of rac-LA can be achieved
by using indium trichloride,*® bis(phenolato)scandium,*® and
a range of germanium, zirconium, and hafnium complexes.?’

© 2010 American Chemical Society
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Recently, we reported that the ONNO-tetradentate Salan
ligated yttrium alkyl complex 1 initiated efficiently the ROP
of rac-LA to afford PLA with the highest heterotacticity (P, =
0.99) under mild conditions. The distinguished specific selec-
tivity was governed mainly by the “cage-like” geometry of
the Salan ligand. The polymerization proceeded in a con-
trollable manner but not livingness, which might be ascribed
to the highly active Y—alkyl initiator.>*® In this work, com-
plex 1 was employed to react stoichiometrically with TEA
(Y-to-OH = 1). The reaction was monitored by NMR techni-
que in THF-dg solvent (Supporting Information, Figure S7),
which showed that the Y—alkyl moiety in 1 was alkoxylated
via metathesis reaction by releasing TMS (tetramethyl silane)
to generate a trinuclear Y —alkoxide counterpart 2, exclu-
sively (Scheme 1). No ligand abstraction was observed.
Complex 2 initiated efficiently the ROP of rac-LA to reach
higher than 90% conversion within 1 h in THF at 10 °C
(Table 1, entry 1). Moreover the trinuclear 2 remained the
excellent selectivity of its mononuclear precursor 1 by giving
pure heterotactic PLA (Supporting Information, Figure S1).
This confirmed further that the protic TEA reacted with the
yttrium—alkyl moiety selectively while the Salan ligand

Chart 1. Salan-Ligated Yttrium Alkyl Complex 1
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remained untouched and kept bonding to yttrium ion to
govern the selectivity via its steric environment.

Remarkably, the Y —alkoxide species in 2 showed the living
fashion that linear correlation between molecular weight of the
obtained PLA and conversion was observed meanwhile the
polydispersity indices maintained almost constant (PDI =
1.02—1.04) (Figure 1, I). The living mode could be confirmed
further by adding a second portion of rac-LA to a 100% con-
version rac-LA ROP system to reach a total 200% conversion
and to give PLA with doubled molecular weight (Table 1,
entry 5). These results were also in agreement with the previ-
ous reports that the Ln—O species induce more controllable
polymerization than the corresponding Ln—C and Ln—N
species (Ln: lanthanide element).*>*** Noteworthy was that
the molecular weights of the resultant PLAs were very close
to the theoretic values, suggesting a 100% catalytic efficiency
of the system.

The "H NMR and the '*C NMR spectra of the obtained
PLA showed clearly the resonances from three HOCH(CH3)-
CO end-groups and a triethanolamine-core for each macro-
molecule, as the integral ratio of H, to H, is 2:1 while the
integral ratio of C, to C.is 1:1 (Figure 2 and Figure S2, Sup-
porting Information). This result suggested that rac-LA
monomers inserted into the three Y—alkoxy bondsin 2 and
propagated into the three-armed architecture. The three-
arm architecture of oligomeric PLA was confirmed further
by MALDI—TOF mass spectrum analysis as shown in Figure 3.
According to the m/z value, a formula of [H—(OCHMeCOOC-
HMeCO),—OCH,CH,]5N-H" (n = 2 to 4) was establis-
hed, which was in well agreement with a three-armed PLA
oligomer having HOCHMeCO— and TEA end-groups (Mys =
1371, PDIys = 1.02). No peaks arising from cyclic oligomers
and oligomers with nonintegral LA repeat units were found

Scheme 1. Synthesis of Star-Shaped Polylactide from rac-Lactide Initiated by Complex 2
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Table 1. ROP of rac-Lactide by Complex 1 in the Presence of Triethanolamine (TEA)

entry’  [LAJ/[Y]o [TEAJ/[Y]y  time(min)  convn(%)” Myeuea X 107%° My x 10749 My g x 1074 My /M,? P
1 900 1/3 65 93 36.20 32.54 33.84 1.04 0.98
2 900 1 60 93 12.08 11.42 11.76 1.03 0.99
3 900 2 50 87 5.66 5.70 5.81 1.02 >0.99
4 300 2 1440 100 2.18 2.10 2.21 1.05 0.98
5 300+ 300 2 1440 + 1440 200 4.34 3.73 4.07 1.09 0.98
6 900 3 70 85 3.69 435 4.44 1.02 >0.99
7 900 9 60 68 1.00 1.36 1.40 1.03 0.97
8 900 9 570 100 1.46 1.81 1.86 1.03 0.97
9 2700 27 1440 100 1.46 1.52 1.56 1.03 0.98
10 8100 81 1440 100 1.46 1.42 1.55 1.09 0.98

“@Polymerizations were performed in THF, 10 °C, [LA], = 2.08 M. ® Obtained from "H NMR analysis. ¢ Calculated by ([LA]o/[TEA]y) x 144.13 x X
(X = convn) + 149.19. “Determined by SEC-MALLS. Number-average molecular weight (M, 1s), weight-average molecular weight (M, 1), and
polydispersity index (M,,/ M) s were measured using the light scattering (LS) detector. ¢ P, is the probability of racemic linkages between monomer units
determined from the methine region of the homonuclear decoupled "H NMR spectrum.
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Figure 1. Plots of M, s vs conversion (PDI indicated in parentheses)
for the ROP of rac-LA. Conditions: [TEA]-to-[Y] ratio =1/3 (I), 1 (II),
2 (1), 3 (IV) and 9 (V); [rac-LAly/[Y]o = 900, [rac-LA], = 2.08 M;
THF, 10 °C.

OHO

HO o LA
Jz@zov\f@?ﬁ

o

Figure 2. 'H NMR (300 MHz, CDCls, 25 °C) spectrum of trihydroxyl-
functionalized highly heterotactic star-shaped polylactide. Conditions:
[LAJ, = 2.08M, [LAJ,:[TEA]¢:[Y]o = 100:1:3, THF, 100% conversion,
T, = 10°C.
in the spectrum, indicating the absence of intramolecular and
intermolecular transesterification. To prove the star-shaped
microstructures of higher molecular weight PLAs obtained,
the contraction factor (¢’') was determined (in this case the
MALDI-TOF-MS method is not possible). g’ was defined
as the ratio of intrinsic viscosity of star-shaped polymer to
that of linear polymer of equal molecular weight. For all star-
shaped polymers with perfect three-armed architecture in
their good solvents, g’ value is about 0.95.>° Therefore, in-
trinsic viscosity [#] of PLA samples in THF at 25 °C were
measured by means of Ubbelohde viscometer, and their
absolute molecular weights were characterized by SEC-MALLS.
According to the experimental data, the Mark—Houwink eq-
uation was established as [#]s@r = 0.01180MW,LSO'743 (mL/g)
for the narrow-distributed star-shaped PLA while [#]inear =
0.01234 My 1 " (mL/g) for the narrow-distributed linear PLA
(Supporting Information, Figure S3). Thus, the g’ value was
determined to be about 0.96, indicating the symmetric three-
arm-star topology of the obtained PLA.

Immortal ROP of rac-LA. Addition of excess amount of
TEA (based on Y) to complex 2 did not abstract the Salan
ligand as usually happened to give homoleptic (usually

Zhao et al.

uncontrollable) yttrium alkoxides, leading to termination
of the active propagation species by releasing “dead” PLA.
Strikingly, complex 2 was so tolerant of the protic TEA that
the presence of increasing amount of TEA only led to regular
decrease of molecular weight of the resultant PLA without
any change of the molecular weight distribution (Figure 4).
Under a broad range of TEA-to-Y molar ratios, the poly-
merizations could perform fluently all in livingness modes
(Figure 1, I1-V), to give PLAs with variable molecular weights
(M, = 1.36 x 10*—32.54 x 10*) and narrow molecular weight
distributions (PDI = 1.02—1.09). The highest TEA-to-Y molar
ratio was 81:1 (OH-to-Y molar ratio was 243), suggesting
that each initiator molecule generated up to 81 three-armed
PLA macromolecules. Therefore, a very high catalytic effi-
ciency had been achieved successfully and the amount of
catalyst residue was negligible (Table 1). These results de-
monstrated that the ROP of rac-LA with 2 was “immortal”,
suggesting there existed rapid and reversible exchange reac-
tion among the active propagation species and the protic
TEA and the resultant hydroxyl-ended PLA (Scheme 2). The
star-shaped architecture and heteroregularity of the side
arms had been sustained in the process (Figure 5). It should
be noted that the immortal characteristic of this polymeri-
zation should be attributed to the concert effects of chain-
transfer-agent TEA and the Y —alkoxide active species. The
kinetics study of the polymerization confirmed further there
was no aggregate active species.’! Previously, we attempted
repeatedly to treat complex 1 with one equiv of primary alco-
hol such as methanol, ethanol, and 2-propanol to synthesize
its alkoxide analogues to isolate the corresponding alkoxide
counterpart but failed, because 1 was so fragile to these pro-
tic alcohols to afford uncontrollable products that were
definitely inert for the ROP of rac-LA.

Immortal polymerization presents advantages such as
atom economy, molecular weight control, and polymer end-
functionality, whereas to date only polymerizations of epoxi-
des and 8-lactone by using aluminum porphyrin systems,*>
ROP of e-caprolactone by using biphenol supported alumi-
num alkoxides, and ROP of trimethylene carbonate by using
[Zn(BDI){N(SiMej;),}] (BDI = CH(CMeNCgHs-2,6-'Pr»),)
have been reported to show immortal fashion,** and a limi-
ted number of immortal ROP of LA initiated by rare-earth
metal amido and alkoxide complexes in combination with
primary alcohols have been reported very recently.*> How-
ever the synthesis of the star-shaped and specific regular side-
armed PLA via immortal ROP, is, as far as we are aware,
unprecedented. At the same time, the high ratio of monomer-
to-catalyst (up to 8100) also provides a facile way to obtained
“clean” PLA materials applied in some special fields.

Kinetics Study of rac-Lactide “Immortal” Polymerization
with Complex 1/TEA. To establish the reaction orders in rac-
LA and TEA for the ROP of rac-LA with yttrium complex 1
in THF at 10 °C, kinetics study was conducted by monitoring
the conversion of rac-LA versus time with '"H NMR spec-
trum. The kinetics equation could be written as —d[LA]/dz =
kp[LA]“[TEA]b where kj, is the rate constant. Fixing the init-
ial concentration [TEA], at 0.77, 2.31, 4.62, 6.94, and 20.87
mM, respectively, the In([LA]o/[LA],) values were calculated
according to the conversions observed, which were plotted
versus polymerization time to give straight lines accordingly
(Figure 6), indicating that polymerization proceeded in a
first-order dependence on rac-LA concentration. Thus, the
polymerization rate equation could be simplified as —d[LA]/
dr = kypp[LA] where k,p,, = kp[TEA]b. According to the slops
of the straight lines, the k,,, values were calculated to be 0.055,
0.046, 0.038,0.027, and 0.018 min™ ", respectively. The order in
TEA concentration b was determined as the slope of In kg,
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Figure 3. MALDI—TOF mass spectrum of the star-shaped polylactide obtained by complex 1/TEA (doped with H*). Conditions: [LA], = 2.08 M,

[LA]p:[TEA]y:[Y]y = 10:1:3, THF, 100% conversion, T, = 10 °C.
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Figure 4. Dependence of the molar mass M, s (PDI indicated in par-
entheses) on [TEA]y/[Y]o ratio. Conditions: [LA]y-to-[Y]o ratio =900,
[LA]o = 2.08M, solvent, THF, T}, = 10 °C.

vs In[TEA], line being —0.352, while the rate constant k,
as intercept being 0.0049, respectively (Figure 7). The
overall kinetic law was depicted as —d[LA]/dr = k,[LA]
[TEA] %32, Noteworthy was that the rate law was different
from those reported previously for the other initiation sys-
tems, "% in which the minus exponent was observed. This is
consistent with the immortal characteristic of the system,
although the exchange among the active species, the transfer
agent and the macromolecules was claimed to be rapid and
reversible, the slowdown of the polymerization rate should
be not avoided.* unless chain transfer agents could be added
endlessly.

Conclusion

We have demonstrated that by properly choosing a specific
selective coordination catalyst, the yttrium alkyl complex bearing
the Salan ligand, and a polyol such as triethanolamine (TEA), a
star-shaped catalyst-core was generated, which initiated effi-
ciently the ROP of rac-LA to give the unprecedented PLA with

highly heterotactic three side arms. This was contributed sig-
nificantly to the clean metathesis reaction between the polyol
agent and the yttrium—alkyl species, leaving the Salan ligand
attaching to the metal center to govern the selectivity. In addition,
the system showed a livingness mode and the remarkable im-
mortal nature with each active species generating up to 81 macro-
molecules, to afford hydroxyl-functionalized, star-shaped poly-
lactides with stereocontrolled side arms. We are sure that the
“specific control catalyst core first” strategy conveyed an idea to
synthesize homo- and copolymeric materials with totally new
architectures.

Experimental Section

General Methods. All reactions were carried out under a dry
and oxygen-free argon atmosphere by using Schlenk techniques
or under a nitrogen atmosphere in an MBraun glovebox. Sol-
vents were purified by an MBraun SPS system. Ligands H,L
were synthesized according to modified literature procedures.
The phenols and amines were purchased from Aldrich or Fluka.
All liquids were dried over 4 A molecular sieves for a week and
distilled before use, and solid materials were used without
purification. The synthesis of lanthanide tris(alk_yl)s followed
the established method with minor alteration.’” p,L-Lactide
(Aldrich) was recrystallized three times with dry ethyl acetate.
Triethanolamine was dried over calcium hydride prior to dis-
tillation under vacuum.

Instruments and Measurements. Organometallic samples for
NMR spectroscopic measurements were prepared in a glovebox
by use of NMR tubes and then sealed by paraffin film. 'H, 1*C
NMR spectra were recorded on a Bruker AV300 (FT, 300 MHz
for 'H; 75 MHz for '*C) spectrometer. Homonuclear decoupled
"H NMR spectra were recorded on a Bruker AV400 spectro-
meter. Assignments were confirmed by '"H—'H (COSY), 'H-"3C
(HMQC), and '*C NMR (DEPT) experiments when necessary.
SEC—MALLS were carried out by combining a Waters 515
GPC instrument with a light scattering apparatus at 25 °C. The
system included a Styragel HMWG6E column, a 515 HPLC
pump, an IR OPTILAB DSP detector, and a DAWN EOS
multiangle laser-light scattering (MALLS) detector (Wyatt
Technology). The eluent was DMF at a flow rate of 0.5 mL
min~!. Matrix-assisted laser desorption/ionization time-of-
flight (MALDI—TOF) mass spectra were recorded using a Bruker
Reflex IIT mass spectrometer (Bremen, Germany) equipped.
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Scheme 2. “Living” and “Immortal” Polymerization of rac-Lactide Initiated by Complex 2/TEA
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Figure 5. Representative homonuclear decoupled "H NMR spectra of
the methine region of star-shaped PLAs (Table 1, entries 2, 3, 6, and 8)
at 25 °C (400 MHz, CDCl;).

The ions were accelerated with pulsed ion extraction by a
voltage of 19 kV and detected using a microchannel plate
detector. Samples were dissolved in THF, 2,5-dihydroxybenzoic
acid (DHBA) was used as the matrix material. Viscosity of the
synthesized star-shaped as well as linear PLAs were measured at
25 °C with a 1836 Ubbelohde viscometer in THF solution.
Under a series of PLA concentrations, special viscosities (75p)
and relative viscosities (77,) were measured and evaluated. Fur-
thermore, intrinsic viscosities ([#]) were estimated via the extra-
polation of the 7, vs polymer concentration plot for the synthe-
sized polyesters.

Synthesis of Complex 2. To a THF (2.5 mL) solution of com-
plex 1(0.51 g, 0.66 mmol) was dropwise added !/; equiv of TEA
(0.033 g, 0.22 mmol, in 2.5 mL of THF) slowly. After being
stirred at 10 °C for 10 min, Volatile materials were then removed
in vacuo, giving complex 2 in quantitative yield (0.44 g). 'H
NMR (300 MHz, THF-ds, 25°C) 6 7.19 (d, *J (H, H) = 3.0 Hz,
6H, C¢H,), 6.90 (d, *J (H, H) = 3.0 Hz, 6H, C¢H>), 4.30 (brs,
6H, NCH,CH,0), 4.24—3.94 (m, 6H, ArCH;N), 3.52 (brs, 6H,
NCH,CH,0), 3.24—-2.89 (m, 6H, ArCH,N), 2.55 (brs, 6H,
N(CH»),N), 2.03 (s, 18H, N(CHj3),), 1.91 (brs, 6H, N(CH,),N),
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Figure 6. In([LA]y/([LA],) vs time for the ROP rac-LA initiated by 1/
TEA. Conditions: [TEA]-to-[Y] ratios, 0.33 ((TEA], = 0.77 mM, W), 1
([TEA]p = 2.31 mM, ¥%), 2 ([TEA], = 4.62mM, @), 3 ([TEA], = 6.94
mM, %), 9 ((TEA], = 20.81 mM, #); [Y]o = 2.31 mM; [LA]y-to-[Y]o =
900; solvent, THF; T,, = 10 °C.

1.50 (s, 54H, C(CHs3)3), 1.26 (s, 54H, C(CH3)3) ppm. *C NMR
(100 MHz, THF-dg, 25 °C): ¢ 163.0 (6C, ipso-2,4-1Bu,-C¢H>),
136.0 (6C, ipso-2,4-1Bu,-CH,), 135.8 (6C, ipso-2,4-1Bu,-C¢H>),
126.3 (6C, 2,4-1Buy-C¢H,), 125.5(6C, 2,4-1Bu,-C¢H,), 124.2
(6C, ipso-2,4-tBu,-C¢H,), 65.8 (6C, ArCH,;N), 63.1 (3C,
NCH,CH,0), 59.8 (3C, N(CH,),N), 49.9 (3C, N(CH,),N),
47.8 (3C, NCH,CH,0), 46.5 (6C, N(CHj3),), 35.8 (6C, C-
(CH3)3), 34.4 (6C, C(CH3)3), 32.3 (18C, C(CH3)3), 30.6 (18C,
C(CHs);) ppm.

General Kinetics Procedure. A typical procedure for polym-
erization of rac-LA was performed in a 25 mL round flask under
an N, atmosphere. To a vigorously stirred THF solution (3 mL)
of complex 1 were added a THF solution (2 mL) of triethano-
lamine and then rac-LA. The polymerization took place im-
mediately at 10 °C. After specified time intervals, an aliquot was
withdrawn and quenched quickly with 1.0 mL of HCI/CH;OH/
CHCl; (0.1/10/60 v/v) solution, and then 1.0 mL of THF was
added to obtain a clear solution. Several drops of the clluenched
solution was taken, removed volatiles and subjected to ' H NMR
spectrum analysis to determine the monomer conversion by
integrating methine or methyl resonances of monomer vs poly-
mer (CDCI;). The residue solution was quenched by an excess
amount of ethanol, filtered, washed with ethanol, and then dried
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Figure 7. k,p,p, vs [TEA], for the ROP rac-LA initiated by 1/TEA. (The
inset is a linear plot of Ink,,, vs IN[TEA],.) Conditions: [LA], = 2.08 M;
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at 40 °C for 24 h in vacuo to give the polymer product. The
molecular weight and the molecular weight distribution of the
resulting polymer were determined by SEC—MALLS. The tacti-
city of the PLA was calculated according to the methine region
homonuclear decoupling "H NMR spectrum. Each sample que-
nched at specified time was used as one data point.
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This material is available free of charge via the Internet at http://
pubs.acs.org.
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