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ABSTRACT: A series of aluminum ethyls and isopropoxides based upon N,N,O,O-tetradentate Schiff base ligand
framework have been prepared. X-ray diffraction analysisteBidMR confirmed that these Schiff base aluminum
ethyls and isopropoxides were all monomeric species with a five-coordinated central aluminum in their solid
structures. Compared to the aluminum ethyls which all retain their monomeric structure in the solution, the
dinucleating phenomenons of aluminum isopropoxides with less steric hindered substituents in the solution have
also been observed. The activities and stereoselectivities of these complexes toward the ring-opening polymerization
of rac-lactide have been investigated. Polymerization experiments indicated th@dj8E'Pr [(SB-2d) = 2,2-
dimethyl-1,3-propylenebis(3,5-dért-butylsalicylideneiminato)] exhibited the highest stereoselectivity and (SB-
3b)AIO'Pr [(SB-3b) = 2,2-dimethyl-1,3-propylenebis(3,5-dichlorinesalicylideneiminato)] possessed the highest
activity among these aluminum isopropoxides. The substituents and the mode of the bridging part between the
two nitrogen atoms both exerted significant influences upon the progress of the polymerizations, influencing
either the tacticity of isolated polymers or the rate of polymerization. The polymerization kinetics using (SB-
3b)AIO'Pr as a catalyst were studied in details, and the experimental results revealed that the rate of polymerization
was first-order in [LA] and 1.81th-order with respect to (SBYAIOPr, which indicated that the propagating
species was not uniform in the system without the protection of steric hindered substituents. Furthermore, the
polymerization by initiating with (SBb)AIO'Pr could be progressed at low temperatureSG) without the

change of stereoselectivity.

Introduction from salicylaldehyde have been identified to be notable as

Biodegradable polymers have recently attracted much interesthighly selective for the polymerization ohc-lactide ormese
and are considered to be excellent replacements for conventionalactide (Figure 1). Spassky et%discovered that §)-SalBinap)-
oil-based materials. Among those most promising candidates AIOMe could give a highly stereocontrolled polymerization of
in the class of materials, poly(lactic acid)s (PLAs) derived from rac-LA, to form isotactic and crystalline PLA with a high&,
totally renewable resources such as corn or sugar beets havéhan optically pure PLLA. Coates et ¥l.reported rac-
many unique biodegradable and biocompatible properties su-(salBinap)AIOPr could yield predominantly isotactic PLAS with
perior to those of traditional olefin-based polymers. Therefore, T, of 179-191°C. Feijen et al! succeeded in the polymeri-
they.may haye many environmental, biomedical, and pharma- , 45 of highly crystalline PLAs that had long isotactic
ceutical application$.Although several methods for the syn- sequences with @, of 183.5°C using rac-cyclohexylsalen

thesis of PLAs exist, the most convenient route is the ring- aluminum isopropoxides in solution and bulk polymerization
opening polymerization (ROP) of lactide, which is a cyclic dimer prop poly '

of Iagtic acid, catalyzedsby vgriogs metal catalysts, such & tin,  ajthough these chiral Schiff base aluminum catalysts poly-
.Z'PC’ f;errous‘,‘ a_Iumln;Jm{ yttlr |u_m,trz?nd t|_tan|utm7. ?tereOCPT:TA merizerac-LA in a well-stereocontrolled manner, the cost of
IStry plays an important role in the microstructures of S these chiral catalysts is very high. Fortunately, achiral Schiff
determining the mechanical properties, biodegradability, and . -

base aluminum alkoxides also possess the same stereocontrolled

ultimately the end use of this material. Emphasis has been put
on the dilesign and synthesis of well-defintfd metal complexpes ability. Nomurd?2has synthesized a series of achiral Schiff base

function as efficient and selective lactide polymerization aluminum ethyls and studied their polymerization behaviors.
catalysts during these years. Recent advances have resulted ihl€ suggested that the more flexible propylene backbone could
a variety of PLA architectures being derived from either the give rise to a much higher stereoselectivity than catalysts with
racemic mixture ormeselactide® Systematic studies have ethylene backbone. Nomufdand us® have also reported that
demonstrated that the auxiliary ligand surrounding might achiral (SB2d)AIEt could afford polytac-LA) with a Py, of
significantly influence polymerization behavior of those cata- 90% and a higi,, of 201 °C4in the presence of 2-propanol.
lysts. _ ) ) To expand upon our initial work, we were interested in
Among the variety of catalysts, many chiral aluminum i,yestigating the effect of catalyst architectures on lactide
alkoxides supported by tetradentate Schiff base ligands prepared,,ymerization behaviors, such as stereoselectivity and activity.
. ) . o Herein, we report a series of achiral Schiff base aluminum
Tgﬁgﬁgﬁﬁgg'&%ﬁﬂgﬂf E\}an;ﬁgd )ésﬁgri?fr;'ac'”'cn' isopropoxides generated by in situ alcoholysis of aluminum
* Graduate School. ethyls for the polymerization afac-lactide.

10.1021/ma062194u CCC: $37.00 © 2007 American Chemical Society
Published on Web 02/16/2007



Macromolecules, Vol. 40, No. 6, 2007 Polymerization ofrac-Lactide 1905

O O T
il
Ry o/ K\o Ry

—N Ni Ry Ry
:< / | \ C§: i%} Cat. R R, Cat. R R,
la (CH,), 2a (CH,), tBu

H

R=Me or iPr Reip 1b (CH,), H 2b (CH,), Bu
:;:: g: I(\j/lle (Coates) le (CH)), H 2 (CH)), tBu
(Spassky) 1d CH,C(CH,),CH, H 2d CH,C(CH,),CH, Bu
le o-CH,CH, H 2e 0-CH,CH, tBu

cl 2f (CH,),CCH Bu

/R\
—N\_ ‘,,,N—
. O/AI\O . — 3a (CH), X
1 \ ! / ' \ 3b CH,C(CH,),CH, cl 2g o-CH, tBu
R R ) . ) o
2 2 Figure 2. Schiff base aluminum ethyls prepared in this paper.

R=-CH,CH,- or -CH,CH,CH,-

R,=H, Me or 'Bu Feijen
Ry=H, Me, "Pr, Ph, or ‘Bu e (18), 2.0129(18), and 1.974(2) A. However, because of the
(Nomura) backbone of three carbon atoms, the geometries of central
U~ aluminum atoms in (SB-d)AIEt, (SB-2d)AIEt, and (SB3b)-
S AlEt are tbp withr values of 0.88, 0.76, and 0.82. The molecular
o o structure of (SBtd)AIEt (Figure 5) exhibits a tbp geometry
with N(2), O(1) atoms occupying the axial site and N(1), O(2),
and the ethyl group lying on the equatorial plane. The aluminum
(Nomura and us) atom lays ca. 0.094 A above the equatorial plane formed by
Figure 1. Schiff base aluminum catalysts explored for stereoselective C(20), N(1), and O(2) in the direction of O(1). The average
ROP ofrac-LA. compressed axial N(2)Al—0O(1) bond angle is 170.53@)and

the equatorial O(2yAl—N(1), O(2-Al—C(20), and C(20)
—N(1) bond angles are 117.47¢{8)118.77(119, and 122.05-
(11), very close to a typical tbp geometry. The distances from
Synthesis and Determination of Structures in Solid State. the aluminum atom to O(1), O(2), N(1), N(2), and C(20) are
The Schiff base aluminum ethyls (Figure 2) were prepared by 1.8302(16), 1.7887(17), 1.998(2), 2.080(2), and 1.980(3) A. The
treatment of the appropriate ligands with stoichiometric AIEt molecular structure of (SBbh)AIEt (Figure 6) is an analogue
in toluene at 70°C (Scheme 1). All these complexes were of (SB-Ld)AIEt. The sqp and tbp geometries deviation among
isolated as solids in quantitative yields. X-ray diffraction analysis these Schiff base aluminum ethyls indicate that the modification
of the crystals of (SRa)AIEt, 152 (SB-2f)AIEt, (SB-3a)AlEt, of the bridging part in the ligand leads to a dramatic change in
(SB-1d)AIEt, (SB-2d)AIEt,15P and (SB3b)AIEt grown from the coordination geometry of the metal center, which is
concentrated toluene solution revealed analogous monomericconsistent with the previous observatign.
structures with two distinct geometries of central aluminum  To better mimic and investigate the structures of the actual
atoms. The geometry of five-coordinated aluminum atom can initiating species in the solid and solution state, Schiff base
be classified into square pyramidal (sqp) and trigonal bipyra- aluminum isopropoxides (SBe)AIOPr, (SB2d)AIO'Pr8 and
midal (tbp) measured by value ranges from 0 (for ideal sqp)  (SB-3b)AIO'Pr were prepared by in situ alcoholysis. Treatment
to 1 (for ideal tbp) (Scheme 2§.(SB-2a)AlEt, (SB-2f)AIEt, of the three appropriate aluminum ethyls with stoichiometric
and (SB3a)AlEt with two carbon atoms backbone exhibit more  2-propanol in toluene or treatment of the Schiff base ligands
sgp geometries with values of 0.44, 0.48, and 0.17, respec- directly with AI(O'Pr); both resulted in the formation of the
tively. It is apparent that by introducing the bulkgrt-butyl three desired aluminum isopropoxides along with the release
group on the phenol rings the geometries of central aluminum of C,Hg or 2-propanol (Scheme 1). X-ray diffraction analysis
in (SB-2a)AlEt and (SB2f)AIEt become more distorted than  had previously revealed the molecular structure of @B~
(SB-3a)AIEt. The molecular structure of (SBHAIEt (Figure AIO'Pr to be a monomeric species with a distorted tbp geometry.
3) depicts a sgp geometry with the ethyl group lying on the X-ray diffraction analysis of crystal of (SBb)AIO'Pr (Figure
axial position and two nitrogen atoms and two oxygen atoms 7) grown from toluene revealed a similar monomeric structure,
on the basal position. The aluminum atom is ca. 0.565 A above with no significant perturbations of the central core. For
the N(1)N(2)O(1)O(2) mean plane with a compressed axial example, the bond lengths of the-AD [1.820 A] and AFN
O(1)—AlI—N(2) bond angle of 158.80(%and equatorial N(t) [2.031 A] on the axial site of (SBb)AIO'Pr are extremely the
—C(35), N(1-Al—0(2), and C(35FAl—0(2) bond angles  same as A+O [1.818 A] and AN [2.030 A] in (SB2d)AIO'-
of 115.31(109, 129.73(9), and 114.35(10) The distances  Pr, while the other bond lengths in the core are only slightly
between the Al atom and O(1), O(2), N(1), N(2), and C(35) different from each other. Moreover, comparison of the bond
are 1.8320(17), 1.7903(16), 2.013(2), 2.066(2), and 1.974(3) A. angles in the central core of (SE)AIOPr with (SB-3b)AIEt
The structure of (SBBa)AIEt (Figure 4) is an analogue of (SB-  reveals that the axial average compressed angle-&((}) —
2f)AIEt with the average compressed axial N{B) —O(2) bond N(2) of (SB-3b)AIOPr is 172.2(2), larger than 168.33(11)pf
angle of 152.50(?)and equatorial N(2YAl—C(17), N(2)-Al— (SB-3b)AIEt, and the largest equatorial angle of (S8B}AIO'-
O(1), and C(17Al—0O(1) bond angle of 105.13(8)142.24- Pris N(1)-Al(1)—0O(2) which is 118.2(2) less than 118.99-
(7)°, and 111.80(8) The distances from the Al atom to O(1), (13)° of (SB-3b)AIEt. It is well indicated that (SE3b)AIO'Pr
0O(2), N(1), N(2), and C(17) are 1.8144(15), 1.8268(15), 2.0472- with a r value of 0.85 possesses a more typical tbp geometry

Results and Discussion
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square pyramidal geometry trigonal bipyramidal geometry

than its ethyl counterpart (SBb)AIEt with a 7 value of 0.78.
The molecular structure of (SBd)AIO'Pr (Figure 8) as
determined by X-ray diffraction is also a monomeric species
with a r value of 0.82. It is reasoned that the Schiff base
aluminum isopropoxides, even without the protection of bulky
tert-butyl groups, all adopt monomeric species in their solid

R1 R1

Schiff base aluminum ethyls 1a-3b

3.13 ppm are ascribed to the four bridge protons in the
monomeric species. The four minor doublets appeared at 4.78,
3.53, 3.31, and 2.77 ppm were also ascribed to the bridge
protons, which indicated another species to be rigid and
nontautomerized in the solution. The only probable reason for
the disappearance of tautomerization phenomenon for this
species is the formation of dimeric structure by aaQlcore

in the solution staté? The existence of equilibrium between
monomeric and dimeric species was also confirmed by the
appearance of two singlet at 34.37 and 3.75 ppm in’tA¢
NMR spectrum of (SBtd)AIO'Pr. The monomeric species
holded ca. 70.6% according to the integrals in tReNMR
spectrum at room temperature. Although (SBAIO'Pr pos-
sesses very poor solubility in common deuterated solvents such
asdg-toluene andls-dichlorobenzene for VT NMR, a prelimi-
nary study on this equilibrium was conducted in CR®Ithin

a narrow temperature range from 25 to 8D. At 40 °C, the
monomeric species accounts for ca. 74.2% in the medium
solution; however, this proportion increased to ca. 79.5% at 60
°C. According to Gibbs free energy equation, the activation
parameters for this transformation of dimeric species to mon-

states due to the large steric hindered effect caused by theomeric species

secondary isopropoxide groups, which is consistent with the

previous observation by Coat&s.
Determination of Structures in Solution. The 27Al NMR

dimeric species> monomeric species
are calculated as followsAH* = +17.63 kcal mof! andASf

spectra of all the aluminum ethyls revealed them to retain their = +110.74 cal moi! K=1. We concluded that the monomeric

monomeric structures with five-coordinated central aluminum
in solution with single peaks exhibited at about-35b ppm?°
Aluminum isopropoxide (SEd)AIO'Pr was previously ob-
served to be monomeric in the chlorofodn-solution, in
agreement with the monomeric structure in its solid state.
However, (SB1d)AIOPr had a complexH NMR spectrum

species might dimerize in the solution medium due to the solvent
effect, while the positive activation entropy was the driving force
of this tranformation to monomeric species which dominated
in the medium under polymerization conditions. ThENMR
spectrum of (SB3b)AIO'Pr revealed a completely dimeric
structure with two different signals for the two imine protons

with two sets of resonance peaks (Figure 9). The resonanceand four different doublets for the four protons-6€CH,— on

peaks of the four protons of CH,— groups on the backbone

the bridge. This dimeric structure was further confirmed by the

may help distinguish the two different species. Because the apperance of a singlet at 2.14 ppm in #&l NMR spectrum.

monomeric species could not retain its chiralty due to the fast It is well concluded that without the presence of steric hindered
exchange between the two conformational stereoisomers in thetert-butyl substituent on the phenolate rings the monomeric
NMR time scale, the two major doublets appeared at 3.93 andspecies of these Schiff base aluminum isopropoxides may
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Figure 4. X-ray structure of (SB3a)AIEt, with all non-hydrogen atoms shown as 30% thermal ellipsoids. CCDC: 298665.

Figure 5. X-ray structure of (SBEd)AIEt, with all non-hydrogen atoms shown as 30% thermal ellipsoids. CCDC: 292364.

dimerize in the solution state, and the electron-withdrawing to the methyl protons of the isopropoxycarbonyl end group and
substituents at the ortho and para positions on the phenolatethe methine proton neighboring the hydroxyl end group. These
rings facilitate this dimerization due to electronical effects. features suggest that the two end groups of this patylLA)
Mechanism and Kinetics ofrac-Lactide Polymerization. are isopropoxycarbonyl and hydroxyl group and may further
The 'H NMR spectrum of oligomer prepared using (28)- confirm that the ROPs follow the coordinative-insertion mech-
AIEt at a low concentration ratio of monomer to catalyst is anism?!
shown in Figure S1 in the Supporting Information. The two  The presence of the substituent ortho to the phenolic hydroxy
doublets combined to be a triplet at 1.24 p@apgnd the quartet  group plays an important role in determining the rate of
at 4.34 ppmf), with an integral ratio close to 6:1, were assigned polymerization. The introduction of bulkert-butyl substituents
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Figure 7. X-ray structure of (SB3b)AIO'Pr, with all non-hydrogen atoms shown as 30% thermal ellipsoids. CCDC: 295900.

at the ortho position generally brings the effect of protecting formation of highly conjugated structure resulting from the
the active species and slowing down the polymerization rate. presence of a benzene ring on the backbone could accelerate
The p-phenolate substituent was commonly varied to provide the polymerization progress. Moreover, the introduction of gem-
the catalyst different electron-donating ability, but its function alkyl substituents on the backbone also enhances the activities
on polymerization rate was demonstrated to be conf3léXB- of catalysts, which were compared by (BYAIEt (Kapp =
3b)AIO'Pr with chlorine atoms at both ortho and para positions 1.17 x 1073 min~) and (SB2d)AIO'Pr (Kapp = 7.28 x 1073
was confirmed to possess the highest polymerization activity min—?) as well as (SB2a)AlEt (reached 15.6% conversion after
among all the Schiff base aluminum isopropoxides we studied. 72 h) and (SB2f)AIEt (reached 28.3% conversion after 72 h)
Polymerization experiments revealed that the-lactide poly- (Table 1).

merization initiated with (SBBb)AIO'Pr reached 96.3% conver- Our previous study demonstrated that (S®AIO'Pr poly-
sion within 3 h, exhibiting a much faster polymerization rate merized rac-lactide in a first-order kinetic manner in both
than those initiated with (SBd)AIO'Pr of 96.3% conversion  monomer and cataly$t(Figure 11a). In order to fully under-
within 22 h and (SB2d)AIO'Pr of 95.4% conversion within 9 stand the nature afac-lactide polymerization using catalysts
h. The high activity of (SB3b)AIO'Pr could also be confirmed  with less steric substituent, the conversiongauflactide with

by the polymerization ofac-lactide at low temperatures (Table time at various concentrations of (SB)AIO'Pr in toluene at

2). The conversions afc-lactide could reach 95.3% and 41.9% 70 °C were monitored by'H NMR spectroscopy until the
after 48 h at 40 and OC, respectively, without significant ~monomer consumption was achieved ([bA} 0.53 mol L%
decrease in selectivity (entries 4 and 5, Table 2). It is also [LA] ¢/[Al] = 120, 88, and 69; [LA]= 0.20 mol L% [LA] ¢
indicated that the bridging part between the two nitrogen atoms [Al] = 100; [LA]o = 0.10 mol L™t [LA] o/[Al] = 60). In each
also influences the polymerization rate. The comparison betweencase, an induction period and first-order kinetics in monomer
(SB-26)AIEt (kapp = 2.10 x 1072 min~%) and (SB2b)AIEt were observed to obtain the semilogarithmic plots for these
(kapp = 1.17 x 103 min~%) (Figure 10) revealed that the polymerizations, as shown in Figure 12. Thus, the polymeri-
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Figure 8. X-ray structure of (SBtd)AIO'Pr, with all non-hydrogen atoms shown as 30% thermal ellipsoids. CCDC: 617430.

CHcl/ ortho to the phenolic hydroxy group protect the active species
o S to be nonaggregate and thus form the singular species in the
L e . d:‘/“\\:%} ponm_erization system. It is also po;tulated th_a_t _the singularity
SC§°>”<QD _— e}< v~ ¢ of active species accounts for the high selectivities of catalysts
#f %//"53 d4 and low PDI of the resultant polymers.
A

The parameter “efficiency” is defined as the percentage of
active initiators, calculated from the observit relative to
the theoretical ones, assuming that each aluminum atom of active
species initiates one polymer chain. Most of the efficiencies of
the Schiff base aluminum initiators in Table 1 are approximately
equal to 1.0, indicating the molecular weights determined by
gel permeation chromatography (GPC) analysis correlate well

ppm with the monomer conversion and, thus, reflecting the nature
Figure 9. H NMR spectrum of (SBE)AIOIPr in CDCE solution at of living and controlled polymerization catalyzed by these
25°C. initiators. The efficiencies of (SB€)AIEt and (SB2f)AIEt were

1.47 and 1.48, respectively, much higher than 1.0, which

suggested a significant transesterification reaction during the

polymerization process. The initiators (SBYAIEt and (SB-

3b)AIEt bearing chlorine atoms on their phenolate rings
—d[LAJ/dt =k, ;ILA] (1) possessed much lower efficiencies, having a value of 0.56 and

s 0.70, which probably suggested that, under the polymerization

wherekapp = kAl]%, andk, is the propagation rate constant. conditions_, studieql, th(_ar(aT (_e?dsted an _equilibrium between the

To determine the order in aluminum)(In Kappis plotted vs In ~ Monomeric and dimeric initiator species.

[Al] o (Figure 11b). From this plot, the order in catalyst which Stereochemistry of rac-Lactide Polymerization. All the

can be shown by the plot slope is 1.81. Therefore, the polymerizations were carried out in toluene at €0, using

zation of rac-lactide by (SB3b)AIOPr presumably proceeds
according to

polymerization ofrac-lactide by (SB3b)AIOPr follows the Schiff base aluminum isopropoxide catalysts generated by in
following overall kinetic law: situ alcoholysis of Schiff base aluminum ethyl complexes. Since
all the Schiff base ligands prepared here were achiral, it is

—d[LAVdt =k [Al] “*LA] 2) anticipated that these catalysts might be capable of stereochem-

ical control in the polymerization afac-lactide via a predomi-

Fractional dependencies upon catalysts have been previouslynated chain-end control mechani$t#23t-23Under Bernoullian
reported for several cases of lactone ring-opening polymerization statistics, successive additions of different enantiomeric mono-
with zinc23ab ferrous?3¢ and stanno’8d alkoxides. Such mers are independent events, so the rates of addition of L- and
noninteger orders in catalyst are difficult to interpret mechanisti- D-monomers to the growing chain ends are not affected by the
cally, but it is commonly believed to result from the reversible configuration of the last repeating unit. Atatic paly¢-LA)s
balance between nonaggregate and aggregrate species in thare most probably prepared under this condition. Because there
polymerization medium? Although it cannot be fully deter-  was a preference for isotactic addition during the ROP=of
mined whether the dimeric species of catalysts possess polym-LA in our research, the intensity values of the individual
erization activity, the kinetic order related to catalyst concen- stereosequences did not obey Bernoullian statistics, and a
tration is above 1, which does indicate that the propagation of Markovian process should be used to interpret the stereose-
the aggregated species is faster than the nonaggragated forrguence distribution inste&d. According to the first-order
Comparison of the kinetic order in catalyst between @23~ Markovian statisticg/ PLA derived fromrac-lactide can exhibit
AIO'Pr and (SB3b)AIOPr indicates that the bulky substituents up to five tetrad sequences, which anenm mmr, rmm, mrm,
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Table 1. Stereoselective Polymerization ofac-LA with Discrete Schiff Base Aluminum Catalysts®

cat. M/ time (h) conv (99) Mn,caf x 1073 Mncpd x 1073 PDI efficiency? Prf (%) Tm(°C)
1 la 58.2 22 85.3 7.36 10.56 1.22 1.20 71 n.a.
2 1b 60.7 9 95.5 8.53 15.66 1.53 0.94 67 n.a.
3 1c 62.0 9 85.9 7.74 13.48 1.10 0.99 71 n.a.
4 1d 58.9 22 96.3 8.24 13.51 1.38 1.05 67 n.a.
5 le 61.1 9 90.6 8.18 9.59 1.12 1.47 69 n.a.
6 2a 62.2 72 15.6 1.46 2.40 1.09 1.05 82 165.6
7 2b 59.4 9 41.0 3.57 6.96 1.06 0.89 86 182.5
8 2c 60.5 48 66.6 5.87 9.76 1.09 1.04 69 158.1
9 2d 57.4 9 95.4 7.95 13.05 1.09 1.05 90 191.0
10 2e 69.8 12 61.6 6.26 10.58 1.08 1.02 82 175.5
11 2f 56.1 72 28.3 2.35 2.73 1.08 1.48 72 142.2
12 29 55.0 240 65.3 5.38 9.97 1.08 0.93 62 n.a.
13 3a 57.2 14 94.3 7.83 24.3 1.49 0.56 70 n.a.
14 3b 58.1 3 96.3 8.27 20.23 1.36 0.70 71 n.a.

a All polymerizations were carried out in toluene solution at*@) [LA]o = 0.53 mol L1, P Measured byH NMR. ¢ Calculated from the equatidvi, cal
= (M/I) x conversionx 144.13+ 60. 9 Determined by GPC in THF, relative to PS standard. The true valiv, abuld be calculated according to formula
Mn = 0.58M,cpc! ©Efficiency is defined as the percentage of active initiators, calculated from the obsésvethtive to the theoretical ones, assuming
that each aluminum atom of active species initiates one polymer chtie. parametePy, is the tetrad probabilities of polsgc-LA) are [mmn} = P2 +
(1 — Pm)Pw/2, [mmi] = [rmm] = (1 — Pm)Pm, [rmr] = (1 — Py),2 and nrm] = [(1 — Pp)? + Pm(1 — Pm)}/2.

Table 2. Stereoselective Polymerization ofac-LA with (SB-3b)AIO 'Pr at Different Temperatures?

entry M/I T(°C) time (h) con¥ (%) Mncpé PDIc Pmd (%)
1 378 110 1 83.5 455 1.20 71
2 180 90 1 85.3 21.8 1.11 69
3 58 70 3 96.3 12.4 1.20 71
4 75 40 48 95.3 11.9 1.09 71
5 75 0 48 41.9 4.74 1.05 70

a All polymerizations were carried out at a [L&bf 0.53 mol L™1; entries 1-3 were carried out in toluene solution while entries 4 and 5 were carried out
in dichloromethane solutio®.Measured by*H NMR. ¢ Determined by GPC in THF, relative to PS standard. The true valud,ofould be calculated
according to the formul#, = 0.58Vhcpc3! 9 The parametePy, is the tetrad probabilities of polsgc-LA) are [mmn) = P2 + (1 — Pm)Pn/2, [mMmi] =
[rmm] = (1 — Pm)Pm, [rmr] = (1 — Py)?, and pnrm] = [(1 — Py)2 + P(1 — Py)]/2.

o~ 207 130°C, Py, can be diminished to 0.82 and 0.77, respectively.
8 ¢ According to first-order Markovian statistics, the probability for
S mesolinkages could be determined?&s
5 1.5
g . P = Kl (kpy + k) = KgjsdKs/sst Ksira) =
KU 104 Krre/ (Krirr T Kris9 (3)
g ° wherekg;ssandksrrare the propagation rates of adding another
= LLA/DLA monomer to a living chain ending wit a S lactic
g 0.5 a acid unit andkr/rr andkg/ss represent the propagation rate of
= . adding another DLA/LLA monomer to a living chain ending
£ o0 ‘ with a R lactic acid unit. According to absolute reaction rate
0 200 400 600 800 1000 1200 1400 1600 theory, we could obtain the following equations:
Time (min) P = K/ (K + K) = kgisd(Kgisst Ksire)
Figure 10. Kinetics of the ROP ofac-LA by discrete initiators in
toluene at 70C with [M]o = 0.52 mol L%, [LA] ¢q = 0.046 mol L1, P = K/ (K + k) = Keire/(Kriss T Krirr) (4)
[Al] [PrOH] = 1:1, [Al]o = 8.67 x 103 mol L% (@) initiator (SB-
26)AlOPr, Kapp = 2.10 x 1072 min~%; (A) initiator (SB2b)AIO'Pr, — L = oy ¥
Kapp= 1.17 x 10-3 min-%; (M) initiator (SB2d)AIOPY, kapp = 7.28 x ksiss= Krirr = km = (KT/h) exp[(AS,/R) — (AH,/RT)]
1072 min™t.

Ksrr= Kriss= k- = (KT/h) exp[(AS'/R) — <AH?‘/RD](5)

andrmr, in its TH NMR spectrum in relative ratios determined
by the ability of the catalyst to control racemic-diad] and
meso fn-diad] connectivity of the monomer units. Determination
of the stereochemical microstructures of PLA is achieved
through inspection of the methine region of homonuclear

In order to determine the activation entropy and enthalpy
difference between the competition formation of isotactic and
syndiotactic stereosequences, eq 6 could be deduced from the
above equations:

decoupledH NMR spectra of the resultant polymeé&Micro- k.,

structural analysis of PLA formed fromac-lactide reveals that ——— == exp[(ASﬂjF - ASrjF JR—

all these complexes have the abilities to influence on the tacticity =~ Pn Kk

of the polymer chains, and this ability varies according to their (AHr;F - AH:F )/RT] (6)

different auxiliary ligand surroundings.

(SB-2d)AIO'Pr was previously demonstrated to be a highly Figure 13 could be drawn through plotting IRJ/(1 — Pp)]
selective catalyst which afforded substantially isotactic PLA with against 1&T. The slope of the plot is in direct proportion to
a Py, of 0.90. Upon heating the reaction mixture to 110 and the enthalpy difference while the intercept is in proportion to
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Figure 11. (a) Plot of Inkapp vs In [Al]o for the polymerization of
rac-lactide with (SB2d)AIO'Pr as catalyst (toluene, AT, [LA]o =

0.53 mol ). (b) Plot of Inkap,vs In [Al]o for the polymerization of
rac-lactide with (SB3b)AIO'Pr as catalyst (toluene, 7).
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Figure 12. Semilogarithmic plots ofac-lactide conversion with time
in toluene at 70C with (SB3b)AIO'Pr as catalyst ([LA] = 0.53 mol
L™ @, [LAJ/[AI] = 69; m, [LAJ/[A]] = 88; a, [LAJ/[A] = 120;
[LA]o = 0.20 mol L% w, [LAJ/[A]] = 100; [LA]o = 0.10 mol L%
&, [LAJ/[A] = 60).
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Figure 13. Relationship between polymerization temperatures and

stereochemistries of resulting palg¢-LA)s by using (SB2d)AIEt (A)
and (SB1e)AIEt (M), respectively.

— ASH and AH,F — AH/%) were of —14.64 4.9 cal/(K mol)
and —7.23 + 1.8 kcal/(K mol), respectively (Figure 13).

Furthermore, the polymerization data indicated that the
substituents at the ortho positions on the phenol rings of Schiff
base ligand significantly affect the ability of the catalysts to
control monomer insertion. For instance, changingéhebutyl
substituents in (SRd)AIEt (P, = 0.90) to hydrogen atoms in
(SB-1d)AIEt resulted in a dramatic decrease in isotacticity
(Pm = 0.67). Similarly, this trend can also be shown from the
comparison between (SBA)AIEt (P, = 0.82) and (SBta)-

AIEt (P, = 0.71), (SB2b)AIEt (P, = 0.86) and (SBb)AIEt

(Pm = 0.67), and (SB26)AIEt (P, = 0.82) and (SBte)AIEt
(Pm=0.69). The origins for this dramatic change in selectivities
are consistent with the previous observations that the enhance-
ment of stereoselectivity requires bulky substituents at the ortho
positions for the stereoselective polymerization adopting chain-
end control mechanisA#2:230.25|n such a reaction, the bulky
substituents not only favor mononuclear complex formation to
limit chain aggregation during the polymerization process but
also increase the influence of the stereogenic center of the last
inserted monomer, which in turn determines the microsequence
of stereocenters on the polymer chain.

The modification of the bridging part in the ligand also led
to significant change in selectivities of these catalysts. It is
apparent that PLA prepared with (SB)AIEt (Pn = 0.62) is
less isotactic than that prepared with (3BAIEt (P, = 0.82),
possibly due to the enhancement of conjugated molecular
structure resulting from the benzene rings on the backbone to
form rigid planar geometry. Comparison between (SHAIEt
(Pm = 0.82) and (SB2b)AIEt (P, = 0.86) is also consistent
with this lack of tacticity. (SB2b)AIEt with three carbon atom
backbone was found to have higher stereoselectiity= 0.86)
compared to (SRa)AIEt (Py, = 0.82) with two carbon atom
backbone and (SR€)AIEt (P, = 0.69) with four carbon atom
backbone. However, withouert-butyl groups, (SBEb)AIEt
with three carbon atom backbone possessed a poorer stereose-
lectivity (Pm = 0.67) than (SBta)AlEt (Pm = 0.71) with two
carbon atom backbone and (SB}AIEt (P, = 0.71) with four
carbon atom backbone. The introduction of gem-alkyl groups

the entropy difference. While the analysis presented aboveonto the backbone also revealed a distinguished effect on

revealed an activation entropy differenc&S,,f — AS¥) of
—18.0 £ 2.5 cal/(K mol) and activation enthalpy difference
(AHm" — AH/) of —12.2+ 0.9 kcal/(K mol), which explained
the preference of isotactic stereosequence by using2(§B-
AlEt. Similarly, analysis of the microstructures of the resulting
poly(rac-LA)s prepared by using (SRe)AIEt revealed AS,

stereoselectivity. (SBf)AIEt with gem-alkyl groups on the two
carbon atom bridge afforded less isotactic PL, (= 0.72)
compared to that polymerized using (2BYAIEt (Pm = 0.82)
without gem-alkyl groups. Nevertheless, (3BYAIEt bearing
two gem-methyl groups on the three carbon atom bridge
exhibited a higher stereoselectivitly{ = 0.90) than (SB2b)-
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Figure 14. 13C NMR spectra of polyac-LA) (methine region) prepared from (a) (SRHAIEt, (b) (SB2d)AIEt, and (c) (SB3b)AIELt.

AlEt (P, = 0.86) without gem-alkyl groups. Because of this Conclusions
uncertainty of the effect of backbone length and gem-alkyl
groups on the backbone, it is difficult to conclude whether this
deviation in stereoselectivity reflects a direct influence of the
backbone nature or a competition between different initiating
species resulting from the backbone nature.

In conclusion, we report a series of aluminum isopropoxides
formed by in situ alcoholysis of ethyl complexes that act as
single-site, living catalysts for the polymerizationrat-lactide.
Structural analysis of these complexes reveals that although the
aluminum ethyls are monomeric in both the solid and solution

TO further |nVeSt|gate the I’e|atI0nShIp betWeen the stereose- Sta‘te Whether the alum|num |sopropox|des can reta|n the|r
lectivities of catalysts and their polymerization proces$&,  monomeric properties in the solution largely relies on their
NMR analyses of the methine region of paly¢-LA) materials substituents on the phenol rings. Microstructural analysis of the
obtained from (SBEd)AIEt, (SB-2d)AIEt, and (SB3b)AIEt polymers formed by these complexes reveals that the tetradentate
were conducted, and the spectra are shown in Figure 14.Schiff base ligands have the ability to control the tacticity of
According to Bero et af? the existence of thenrr tetrad with the growing polymer chains, and this ability varies according
chemical shift at ca. 69.4 ppm is the result of transesterification to different ligand surroundings. The bulky substituents on the
because thenrr tetrad is normally forbidden for pair-addition  Schiff base ligand influence the enantiomeric form of the lactide
mechanism. The transesterification coefficieRt\as used to monomer incorporated next to the growing polymer chain and
quantitative estimate the degree of transesterification, which wasthus significantly influence the stereoselectivity. Furthermore,
calculated by the ratio dfn/lmax Whereln is the intensity of kinetic analysis suggests that, although polymerizatiomaof
themrr tetrad and max is the maximal intensity in a completely  lactide by these complexes are first-order in lactide monomer,
transesterified polyéc-LA). The calculatedT values of (SB- the active initiating species of them are distinguished and
1d)AIEt, (SB-2d)AIEt, and (SB3b)AIEt are 47%, 11%, and complex in the polymerization medium reflected by their
11%, respectively, and thenrm tetrad intensities of these noninteger orders in catalysts for the catalysts without steric

materials prepared by (SBJ)AIEt, (SB-2d)AIEt, and (SB3b)- hindered substituents. The bulky substituents protect the active
AlEt are 15.4%, 7.2%, and 15.4%. Considering that rttven species from being aggregated and slow down the polymeri-
tetrad intensities of materials prepared by (BBAIEt and (SB- zation rate. In contrast, electron-withdrawing substituents

3b)AIEt are the same (ca. 15.4%), the decrease of stereoselecdramatically raise the polymerization rate without the diminish-
tivity for (SB-1d)AIEt (67%) compared to (SBb)AIEt (71%) ment of selectivity. In addition, the formation of a highly
was largely attributed to the significant transeterification conjugated structure may also raise the polymerization rate and

exhibited by a greaf value of 47% for (SBtd)AIEt. Moreover, low the selectivity.
the extents of transesterification caused by @BAIEt and
(SB-3b)AIEt were at the same leveT (= 11%), which suggested Acknowledgment. This project was financially supported

that the much higher stereoselectivity for (2B)AIEt (90%) by the National Natural Science Foundation of China (20574066),
was mainly caused by the strong chain end control ability the National Fund for Distinguished Young Scholars (50425309),
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