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wAbstract: Non-symmetrical aluminium salen complexes thattamed different substituents were
designed and synthesized. All the ligands and tb@inplexes were characterized 4y, *°*C NMR and
elemental analysis. These complexes can be usedcasslysts to produce polylactide and
poly-e-caprolactone. All polymerizations were living anmblar mass distributions were narrow. The
Mhebsay Of the isolated polymers were in good agreemerth W, cacqy The polymerization rate of

s electrophilic substituted complex was higher th&e non-electrophilic substituted analogies. The
bulky substituents with more steric hindrance o tomplexes had relatively lower activity. Kinetic
studies showed that the polymerizations were badatkt-brdered with respect to lactide and

e-caprolactone monomers.

Keywords: half-Salen, ring-opening polymerization, lactide

» 1. Introduction



Fossil-based polymers are extensively used in dar Millions of tons of fossil-based polymers are
produced and disposed of every year.[1] As fossburces are being depleted gradually, and theiggow
amount of waste created by these polymers havergiemuk serious pollution of our ecosystem, recent
research efforts have been focused on the develupoiebiodegradable alternatives.[2-4] Due to the

s biocompatible and biodegradable properties, potyitaacid) (PLA), whose starting materials are from
corn or sugar beets, becomes a leading candidatieisirespect.[5-10] PLA can degrade via hydrolytic
cleavage of the ester bonds of the polymer backb®he ring-opening polymerization (ROP) of lactide
(LA) is the general way to produce PLA.[11-13] Besa of the presence of two chiral centers in théde
monomer, different lactide stereoisomers are dystished, namely, (S,S)-LA (L-LA), (R,R)-LA (D-LA),

vand (R,S)-LA (neso-LA). The stereochemistry of the monomeric unitstine polymer chains plays an
important role in mechanical, physical, and degtada properties of PLA materials.[14-16] The
polymerization process is typically catalyzed ottiated by Lewis acidic metal alkoxide complexes of
tin,[17-18] zinc,[19] or the rare-earth metals.[20} Aluminum catalysts were effective initiators tine
preparation of PLA for their high Lewis acidity alalv toxicity.[12, 22-25]

15 Symmetric salen Schiff base aluminum catalysts lsoleeved considerable progress in the synthesis
of PLA polymers.[11, 26-29] As far as we know, rasmes on non-symmetrical salen Schiff base complex
were still not fully exploited.[30] Recently, ouesearch group reported two types of aluminum corgse
one derived from enolic ligands and another froormsaetric salen Schiff badsands.[31-33] Enolic
ligands could be obtained from the reactiorfafiketone and diamine. Ideal Schiff base ligandd deir

o aluminum complexes can be obtained through ketd-¢éamatomerism. These complexes proved to be

highly effective single-site living initiators fahe controlled ROP of lactones. Intrigued by thecass of



these two types of aluminum complexes, it was belilethat the combination of these two types of
aluminum complexes would produce a new family oh4sgmmetrical complexes. These complexes are
regarded as promising catalysts for the ROP ofolae$. Herein we report a number of aluminum
non-symmetrical salen complexes and the prelimirsglication on their use as catalysts for the ROP

s lactides an&-caprolactone.

2. Experimental

General

All experiments were carried out in a dry nitroggmosphere in a glovebox. Starting materials fergynthesis
of ligands, rac-LA and-caprolactone were purchased from Aldrich Inc. Etgetate and 2-propanol were
v distilled from CaH under the protection of argon. rac-Lactide wasdfigdr by recrystallization from ethyl
acetate and dried under vacuum at room temperagiioee use. NMR spectra were recorded on BrukeABY
M. Chemical shifts were given in parts per millitnom tetramethylsilane. Gel permeation chromatolgyap
(GPC) measurements were conducted with a Water$GFPIS with CHCJ as the eluent (flow rate: 1 mL rfin

at 35°C). The molecular weights were calibrated agaiostgtyrene (PS) standards.
1s Synthesisof ligandsL-Ls

Ligand family was prepared as shown in Scheme 1sdlution of 2,4-pentanedione (15 mmol) in
dichloromethane (15 mL) was added to a solutioh,2fdiaminoethane (30 mmol) in dichloromethaner(ily
slowly, and the solution was refluxed for 1The excess 1,2-diaminoethane was removed undeunaei

60 °C.[34] A solution of the residue in dichlorommabe (20 mL) was added dropwise to a solution of



corresponding substituted salicylaldehyde (15 mnmolethanol (15 mL). The corresponding ligands were

obtained after purification by flash column chroomraphy.

L;: *H NMR (300MHz, CDCJ): & = 13.01(s Ar® 1H), 10.93(s C@ 1H), 8.36(s N&l 1H), 7.32(m AH
1H), 7.25(dJ=5.0Hz AH 1H), 6.97(tJ=7.3Hz AH 1H), 6.89(tJ=7.5Hz AH 1H), 4.96(s GICOH 1H),
53.77(t J=5.8Hz NQH,CH,N 2H), 3.61(ddJ=12.1,6.0Hz N&,CH,N 2H), 1.99, 1.91(s NC&;, HOC(H;
6H). *C NMR (100MHz, CDCJ): & = 195.34COH), 167.06(NCH), 162.29(CHCN), all benzene ring:
160.96, 132.57, 131.70, 118.81, 118.65, 117.0398BHCOH), 55.24, 50.37(WH,CH,N), 28.91
(HOCCHs3), 18.97(NCH3). Elem. Anal.: Calcd. C 68.27, H 7.37, N 11.37;uRrd C 68.26, H 7.37, N
11.35.
0wl *H NMR (300MHz, CDCJ): & = 13.00(s Ar® 1H), 10.89(s C@ 1H), 8.29(s N& 1H), 7.01, 6.89(s
ArH 2H), 4.94(s GICOH 1H), 3.73(tJ=6.0Hz NCH,CH,N 2H), 3.58(ddJ=12.2,6.1Hz N&,CH,N 2H),
2.25(d J=5.3Hz ArCH; 6H), 1.98, 1.90(s NCB; HOCOH; 6H). *C NMR (100MHz, CDCJ): & =
195.32COH), 167.29(NCH), 163.00(CHCN), all benzene ring: 157.04, 134.70, 129.36, 127125.68,
117.60; 95.93CTHCOH), 60.04, 43.66(WH,CH,N), 28.94(HO@Hs), 19.03(N@CHs), 20.36,
15 15.48(AICH3). Elem. Anal.: Calcd. C 70.04, H 8.08, N 10.21uRd C 70.06, H 8.10, N 10.22.
Ly 'H NMR (300MHz, CDC)): & = 13.95(s Ar® 1H), 10.86(s C@ 1H), 8.27(s N& 1H), 7.40(d
J=2.4Hz AH 1H), 7.15(ddJ=5.9,2.2Hz AH 1H), 4.95(s GICOH 1H), 3.78(tJ=5.6Hz NCH,CH,N 2H),
3.62(ddJ=11.7,5.8Hz NEI,CH,N 2H), 2.06, 2.01(s NCB;, HOCCH; 6H).*C NMR (100MHz, CDC)):8
= 195.73COH), 165.73(NCH), 165.69(CHCN), all benzene ring: 162.88, 156.27, 132.55, 12913.11,
»119.47; 96.28CHCOH), 59.04, 43.26(8H,CH,N), 28.98(HO@H;), 19.06(N@H,). Elem. Anal.: Calcd.

C 53.35, H5.12, N 8.89; Found C 53.32, H 5.09,.908



Ls 'H NMR (300MHz, CDCY): & = 13.45(s Ar@®i 1H), 10.90(s CE® 1H), 8.35(s N& 1H), 7.39(t
J=5.6Hz AH 1H), 7.08(dJ=2.4 Hz AH 1H), 4.95(s GICOH 1H),3.77(t)=6.1Hz NGH,CH,N 2H), 3.61(q
J=6.1Hz NH,CH,N 2H), 1.99, 1.92(s NCB;, HOCCH; 6H), 1.43, 1.30(s C(8:); 18H). *C NMR
(100MHz, CDC}): 6 = 195.34COH), 168.20(NCH), 163.16(CHCN), all benzene ring: 158.16, 140.54,
:136.74, 127.37, 126.36, 117.83; 96 OBCOH), 60.06, 43.75(WH,CH,N), 35.12, 34.24(AE(CHsy)s),
31.60, 29.52(CGTHs)s), 28.96(HO@H,), 19.01(NGCH,). Elem. Anal.: Calcd. C 73.70, H 9.56, N 7.81;
Found C 73.72, H9.54, N 7.79.
Ls: *H NMR (300MHz, CDCJ): & = 13.23(s Ar®i 1H), 10.89(s C® 1H), 8.32(s NE& 1H), 7.43(dd
J=7.2,1.7Hz AH 1H), 7.23(dJ=1.6Hz AH 1H), 6.87(tJ=7.4Hz AH 1H), 4.93(s GICOH 1H), 3.75(t
10J=5.9Hz NH,CH,N 2H), 3.62(ddJ=12.3,6.1Hz NE®&,CH,N 2H), 1.98, 1.89(s NCKE; HOCCH; 6H),
0.91(s SiC(®ls)s 9H), 0.33(s Si(Els), 6H). *C NMR (100MHz, CDC)): § = 195.37COH), 167.49(NCH),
165.99(CHCN), all benzene ring: 163.16, 139.72, 133.21, 125118.33, 117.70; 95.98HCOH), 60.17,
43.60(NCH,CH,N),  28.96(HO@H;),  27.17(SiCCHa)s),  18.96(NGHj),  17.73(SC(CHa)),
-4.68(SiCHs),). Elem. Anal.: Calcd. C 66.62, H 8.95, N 7.77; RALC 66.64, H 8.93, N 7.74.
1s Synthesis of complexes 1-5
AlEt; (0.1 mmol) in toluene (5 mL) was added to theetirimL toluene solution of ligand-Ls (0.1 mmol) at
RT. The reaction was maintained at 80 °C for 1&nid, the reaction mixture was then slowly cooleRTo The
toluene was removed under vacuum (Scheme 1).
Complex 1: *H NMR (300MHz, CDC}): & = 8.21(s N® 1H), 7.35(m AH 1H), 7.20(dJ=7.7Hz AH 1H),
»7.08(d J=8.5Hz AH 1H), 6.72(t J=7.2Hz AH 1H), 5.10(s GCOAl 1H), 4.07(dd J=18.0,11.6Hz

NCH,CH,N 1H), 3.66(ddJ=13.1,6.2Hz, NE&,CH,;N 1H), 3.56(ddJ=12.0,5.7Hz NE,CH;N 1H), 3.34(m



NCH,CH,N 1H), 2.08, 2.02(s NCE;, AIOCCH; 6H), 0.86(tJ=8.0Hz AICH,CH33H), -0.30(m AICH,CH;
2H). °C NMR (100MHz, CDCJ): § = 181.48COAIl), 174.63(NCH), 166.02(CHCN), all benzene ring:
165.60, 134.99, 132.51, 122.86, 119.17, 116.37;58E@HCOAI), 54.07, 47.88(KH,CH,N),
26.08(AIOCCH;), 22.92(N@CH3), 9.99(AICHCH;), 0.41(AICH,CH;). Elem. Anal.: Calcd. C 63.99, H
5 7.05, N 9.33; Found C 64.03, H 7.04, N 9.35.
Complex 2: '"H NMR (300MHz, CDCY): & = 8.13(s N® 1H), 7.11, 6.82(s Al 2H), 5.09(s GICOAI 1H),
4.06(m NCH,CH,N 4H), 3.63(ddJ=14.0,5.7Hz NE®,CH,N 4H), 3.53(ddd) =12.2,6.0,1.8 Hz NB,CH,N
4H), 3.31(m N®,CH,N 4H), 2.30, 2.24(s Ar8; 6H), 2.05, 2.01(s NCB;, AIOCCH; 6H), 0.86(tJ=8.1Hz
AICH,CH33H), -0.30(m AIGH,CH; 2H). **C NMR (100MHz, CDCJ): § = 181.28COAI), 174.15(NCH),
10 165.44(CHCN), all benzene ring: 162.69, 136.73, 130.37, 1@9124.30, 117.78; 99.1GHCOAI), 53.83,
47 71(NCH,CH,N), 25.83(AIOCCH;), 22.66(NGCHj), 20.23, 16.28(AEHs), 10.00(AICHCHS,),
0.35(AICH,CH_y). Elem. Anal.: Calcd. C 65.84, H 7.67, N 8.53; RALC 65.81, H 7.71, N 8.50.
Complex 3: *H NMR (300MHz, CDCY): & = 8.16(s N& 1H), 7.46(m AH 1H), 7.20(dd)=17.6,4.8Hz AH
1H), 5.11(s GICOAI 1H), 4.07(m NG&,CH,N 1H), 3.70(dJ=7.3Hz NH,CH,N 1H), 3.65(dJ=7.9Hz
1s NCH,CH,;N 1H), 3.40(m N®E,CH,;N 1H), 1.98, 1.89(s NCK;, AIOCCH; 6H), 0.80(m AICHCH; 3H),
-0.34(m AICH,CH; 2H). *C NMR (100MHz, CDCJ): 5 = 182.00COAl), 175.99(NCH), 171.63(CHCN),
all benzene ring: 164.05, 136.66, 134.00, 131.929.86, 119.82; 99.59HCOAIl), 54.13,
47.39(NCH,CH,N), 25.90(AIOCCH;), 22.83(N@H3), 9.78(AICH,CH3), 0.54(AICH,CHs). Elem. Anal.:
Calcd. C 52.05, H5.19, N 7.59; Found C 52.07, HL5N 7.58.
» Complex 4: *H NMR (300MHz, CDCJ): 6 = 8.18(s N® 1H), 7.47(dJ=2.5Hz AH 1H), 7.00(dJ=2.5Hz

ArH 1H), 5.06(s GICOAI 1H), 4.10(m NG,CH,N 1H), 3.65(ddJ=13.2,6.8Hz N&,CH,N 1H), 3.50(dd



J=12.1,6.4Hz NE&,CH,N 1H), 3.34(m N&,CH,N 1H), 2.00, 1.99(s NCE;, AIOCCH; 6H), 1.49, 1.32(s
C(CH3); 9H), 0.88(tJ=8.1Hz AICH,CH; 3H), -0.29(qJ=7.8Hz AICH,CH; 2H). *C NMR (100MHz,
CDCL): & = 181.54COAl), 174.11(NCH), 166.01(CHCN), all benzene ring: 163.31, 140.98, 137.32,
129.74, 126.37, 118.15; 98.THCOAI), 57.31, 47.82(KRH,CH,N), 35.40, 34.09(AE(CH,);), 31.59,
529.41(CCHs)s), 25.78(AIOGCH,), 22.62(NGHs), 10.21(AICHCHs), 0.51(AICH,CHs). Elem. Anal.:
Calcd. C 69.87, H9.04, N 6.79; Found C 69.85, 859N 6.82.
Complex 5:'H NMR (300MHz, CDC)): & = 8.15(s N® 1H), 7.49(dJ=7.0Hz AH 1H), 7.17(m AH 1H),
6.71(tJ=7.3Hz AH 1H), 5.05(s GICOAI 1H), 4.08(ddJ=18.3,11.6Hz NE,CH,N 1H), 3.60(dd)=13.2,6.7Hz,
NCH,CH,N 1H), 3.49(ddJ=11.9,6.3Hz NE,CH,;N 1H), 3.33(m NE&,CH,N 1H), 2.00(s NCE;, AIOCCH;

10 6H), 0.96(s SiC(El3); 9H), 0.83(tJ=8.0Hz AICHCH;3H), 0.36(s Si(Els), 6H), -0.35(qJ=7.6Hz AICH,CH;
2H). *C NMR (100MHz, CDG)): § = 181.75COAl), 174.36(NCH), 171.12(CHCN), all benzene ring: 165.36,
142.59, 133.91, 130.38, 118.23, 115.81; 9&LHELOAI), 53.79, 47.78(KH,CH;N), 27.62(SiCCHs)s),
25.58(AIOCCH;), 22.79(NGCH3), 17.91(SC(CHs)s), 10.21(AICHCHs), 0.21(AICH,CHs), -4.61(SiCHs),).
Elem. Anal.: Calcd. C 63.73, H 8.51, N 6.76; Fohd3.77, H 8.48, N 6.74.

1s Polymerization procedure
In a typical polymerization experiment, complexe$ 110 mmol), the required amount of LA or CL itutene
were loaded in a flame-dried vessel containing gmatc bar. The vessel was placed in a thermostakdath.
Conversion of the monomer was determined on thés lmisH NMR spectroscopic studies. After a certain
reaction time, the polymer was isolated by preatmn with cold methanol. The precipitate was ate and

20 dried under vacuum at RT for 36 h.

3. Result and discussion



Synthesis of ligands and aluminum complexes

The synthetic pathway of non-symmetrical ligandsl auminum complexes family was described in
Scheme 1All ligands and complexesvere characterized byH, *C NMR spectroscopy and elemental
analysis. The ligand precursdrs-Ls were obtained by the condensation reaction betvaeetylacetone,

s 1,2-diaminoethane and the corresponding substitetditylaldehyde.[34] The analytical results wenre i
accord with their respective formulas. For examfteNMR spectrum of.; showed signals at abodi8.36
and 4.96 ppm, which were attributed to the NE=@roton from salicylaldehyde part andHCOH proton
from acetylacetone part, respectively. The intgnsatio of the signals at 8.36 and 4.96 ppm was THis
was consistent with the structure of ligahd Complexesl-5 were obtained via the reaction of ligands

w L 1-Ls with AlEt; under nitrogen atmosphere . Th& NMR spectra of complek showed signals at aboéit
0.86 and —-0.30 ppm, which were attributed to théhyiegorotons and methylene protons of the aluminum
ethyl group, respectively. The N#{Cproton displayed signal at 8.21 ppm. The intensityo of the three

signals at 0.86, —0.30 and 8.21 ppm was 3:2:1, wbamfirmed the structure of compléx

0 HoN NH, - ak —
+ 2 2
© Y o
=N = AlEt; _N“AFN_
NN
) OH HOb—RZ o \0 Ry
R1 R‘l
L4-Ls 1-5

L1, 1: R1=R2=H; Lz, 2: R1=R2=CH3;
L3, 3: R1=R2=Cl; L4, 4: R4=Ry=t-Bu;
Ls, 5: Ry=8i{CH3);C(CH;);, R=H

1s Scheme 1 Synthetic pathway for the preparation of ligandd emmplexes.

Ring-opening polymerization of L-LA and rac-LA

Complexesl-5 were investigated as catalysts for the ROP of Ldmiirac-LA in the presence of 2-propanol.
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The representational polymerization data weredisteTable 1 and Table 2. Molecular weight of theARvas

determined byH NMR spectroscopy and gel permeation chromatogré@RC).

2.0+ 1.2

(4
t

0.9+ b

t

0.6 1 (]

Ln[LA]/|LA]|
=
Q
Ln[LA]/[LA]

0.5 0.3

0.0 T T T T 0.0

Time/h Time/h

Fig. 1 Kinetic plots of the L-LA conversion vs. the raaat time. Left: [M}/[cat]=60, (a) complex3; (b)
scomplex1; (c) complex2; (d) complex4; (e) complex5. Right: (a) [M}/[cat]=40; (b) [M]0/[cat]=60; (c)

[M]O/[cat]=80; (d) [M]o/[cat]=120 by using complek
Kinetic studies of L-L A polymerization

Polymerization of L-LA was investigated in deteflolymerization data indicated that the number-ayeata
molecular weights Mpgpcy Of PLA were close to theoretical one@Vl,cacqy calculated from the
1 monomer-to-catalyst molar ratio). The polydispgrsitdex (PDI) of PLAs ranged from 1.1 to 1.2. Plofs
L-LA monomer conversions versus reaction time witmplexesl-5 were showed in Figure 1. For all the five
complexes, L-LA monomer conversions increased tigeaith reaction time (Figure 1, left). Obviousthe
activity of 1-5 was remarkably influenced by the substituent gsoop the salicylaldehyde. Compl8x(with
chloride substituentghowed the highest conversion under the same oeactndition. The activities of these
s complexes reduced accompanied with the raise dftisuent’s bulk on the phenyl parts, values were 1.26

Lmol™*min~*for 1, 0.86 Lmol'min*for 2, 0.20 Lmol'min *for 4 and 0.12 Lmof'min *for 5 (Table 1, entry 1,



2, 7 and 12).k, value for complexl (R,=H) was more than 10 times higher than that of dem
(Ri=Si(CH;),C(CHg)s, TBDMS). While electron-withdrawing substituentsieased polymerization rate lgs
value was 1.68 Lmolmin *for 3 (Table 1, entry 3). Similar situations also appedareour previous reports as
for the symmetric salen Schiff base aluminum catalgystem.[26,28] The more bulky substituents withre

s steric hindrance may keep active species from bappgoached by lactide monomer, as a result, stpalawn
the polymerization rate. While Lewis acidity as had electrophilicities of metal centers was enkdnay the
electron-withdrawing substituents of chlorine, sA inonomer was easy to nucleophilic addition, agsult,
increase the polymerization rate.[13] At certainct@®n time, took compled as example, the reaction with
lower monomer/catalyst ratio showed higher monoomversion (Figure 1, right). This was consisteithw

wour previous reports of enolic and/or symmetriesabchiff base complexes.[26,28,32] First-ordee#as in
monomer was observed [equation (1)], &ggwas the apparent polymerization rate constant.

—d[LAJ/dt = KapdLA] equation (1)

Mn/103

T : T T
0 20 40 60 80
Conversion%

Fig. 2 Plot of PLA Mn g and polydispersity &) as a function of L-LA conversion using compléx

15 [M] ()/[Ca.t]=60.
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2.8

2.1

Kapp/10~(min™")

0.7

0.0

T T 1
0 4 12 16

8
[A1}/10°(molL")
Fig. 3 kappVs. the concentration of compléxor the L-LA polymerization.

Linear relationship between number-average moleautaght (M,) and monomer conversion was observed
(Figure 2).kapp Was plotted versus the concentratiorddb determine the order in catalyst (Figure 3).rfro

s this plot, kapp increased linearly with comple# concentrations, manifesting that the orderdinwvas
first-order too. Therefore, the polymerization oA using 4 followed an overall kinetic equation of the

form as equation (2k, was the polymerization rate constamtss Kapd[4].

—d[LA]/dt = k,[LA][ 4] equation (2)
Table 1 Polymerization data of L-LA with complexds5.?

Entry Complex Temp(°C) t (h) [M]J[Cat] Con¥(%) Mneacai*10° Maamr®x10° Myx10° PDF

1 1 90 6 60 95 8.3 8.1 8.5 1.18
2 2 90 7 60 90 7.8 7.5 8.0 1.14
3 3 90 4 60 94 8.2 7.9 8.7 1.17
4 4 70 24 40 82 4.8 4.5 4.3 111
5 4 80 16 40 85 5.0 4.7 5.2 1.14
6 4 90 17 40 91 5.3 5.6 5.8 1.19
7 4 90 20 60 87 7.6 8.0 7.8 1.17
8 4 90 30 80 90 10.4 10.9 10.6 1.15
9 4 90 42 120 85 14.8 151 141 1.19
10 4 100 8 40 90 5.2 5.7 5.4 121
11 4 110 6 40 93 5.4 5.8 6.2 1.24
12 5 90 25 60 86 7.5 7.4 7.9 1.10

102 All polymerizations were carried out in toluenewtin, [LA]o= 0.5 mol L. °Measured byHNMR. ¢ Calculated
from the molecular weight of LA x [M][Cat] x conversion + Mw(iPrOHf.Obtained fromH NMR analysis® The
values of M, were calculated according to formulg, 80.58Mn;pd35].
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0.9 v
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@

0.6 A

Ln[LA] /[LA]

0.31 *

0.0

0 2 4 6 8
Time/h

Fig. 4 Kinetics of the L-LA polymerization using compléxat the reaction temperatures of (a) £00 (b)

100°C; (c) 90C; (d) 80°C; (e) 70°C, [M]y/[Cat]=40.

Investigation of the influence of temperature oa plolymerization of LA monomer was proceeded (Feglir.
s Decrease the temperature fronf@Q@o 80C would result in a decrease kpvalue from 0.22 Lmétmin™ to
0.16 Lmol™min™, further decrease to %0 led to a reduction ik, to 0.11 Lmol'min™*, a 50% reduction. At the

same time, an increase in the temperature t8CLIE to a 191% increase kpvalue (from 0.22 Lmofmin*to

0.64 Lmol'min™) using complex.

05{ &

-1.0 +

LnKp

-1.5 [}

-2.0 1

-2.5 T T T T
2.6 2.7 e 2.8 29
1/T(10°)

v Fig. 5 Plot of Lrk, vs 1/T for the polymerization of L-LA with comple

The activation energy of the polymerization wascakdted by fittingk, values determined at different

temperatures to the Arrhenius equatiggefe =*""), an activation energy Ea of 48.5 kJmakas deduced

by plotting Irk, versus 1/T (Figure 5).
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Fig. 6 '"H NMR spectrum of oligomer of L-LA

In order to explore the mechanism of initiatid, NMR spectrum of PLA oligomers was investigatedriplet
of two overlapping doublets at 1.24 ppm and a gbat 4.34 ppm with an integral ratio close to @iure 6)
s were assigned to the methyl protons of the isoprpgarbonyl and the methine proton neighboring tyardxyl
end groups, respectively. This clearly indicateat the polymer was capped with one isopropyl egpteup and
one hydroxyl group.[11,33,35] The actual initiateas the aluminium alkoxide propagating species. Ro#

selected a coordination insertion mechanism (ScHdrfi4,36-37]

Ster eoselective polymerization of rac-LA

10 TO test the stereo-controllability of complexes, the ring opening polymerizations iefc-LA by 1-5 were also
studied. The stereochemical microstructures optig(rac-LA) were determined from the methine fragment of
the homonuclear decoupléd NMR spectra byl-5 (Figure 7). Similar activity trends were found asLiLA

polymerization (Figure 8).
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Table 2 Polymerization data ofac-LA with complexesl-5.?

Enty  Complex (;) [M] J[Cat] C(f)’/?)‘)u Mn(eaioatx10° M ey’ X10° Myex10° PDF P
1 1 45 60 90 7.8 7.6 8.1 116 047
2 2 8 60 96 8.4 8.7 8.2 115 050
3 3 4 60 95 8.3 8.8 8.4 119 043
4 4 18 40 92 5.4 6.0 5.8 119 064
5 4 20 60 85 7.4 8.0 7.7 120 065
6 4 36 40 93 5.4 5.7 5.9 112 068
7 4 24 80 83 96 10.7 9.9 115 063
8 4 36 120 80 13.9 14.2 14.4 117 064
9 5 24 60 83 7.2 7.0 75 112 067

“ All polymerizations were carried out in toluendusimn at 90°C, [LA],= 0.5 mol L. "Measured byHNMR. ©
Calculated from the molecular weight of LA x
The values of Mwere calculated according to
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Fig. 7 Homonuclear decouplé#i NMR spectrum of the methane part of podgtLA) using compless.
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Fig. 8 Kinetic plots of theac-LA conversion vs. the reaction time, [Mtat]=60. (a) comples; (b) complexi;

(c) complex2; (d) complexd; (e) complexs.

Parameter Pwas used to describe the controllability.[37] Budstituent groups on the salicylaldehyde showed
remarkable influence. Complexes with small stefictance showed no stereoselectivity (complekesd 2

had Pm values of 0.47 and 0.50). Comg@éhad the highest stereoselectivity among the foraplexes (Table

2, entry 1, 2, 3, 5 and 9). The enhancement oéaselectivity was attributed to the bulky substitiseof the
salicylaldehydes of ligand.[24pwered the temperature from 90 °C to 70 °C, Fhevalue raised, i.e., from

0.65 to 0.68 for comple# (Table 2, entry 5, 6).
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Fig. 9 Kinetic plots of thes-CL conversion vs. the reaction time [M¢at]=100. (a) comple$; (b) complexl;
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(c) complex2; (d) complexd; (e) complexs.

Table 3 Polymerization data afCL with complexed-5.%

ConV

Entry ~ Complex .. [Mlo[Cal (%) Mn(caicafx10° Mn wry’ x10° M.*x10° PDF  kj/Lmol™min™
1 1 55 100 93 10.7 10.9 11.0 1.41 10.40
2 2 100 100 90 10.0 9.7 10.2 1.42 481
3 3 40 100 95 10.9 11.3 11.4 1.54 16.01
4 4 55 50 80 46 5.1 49 1.48 3.42
5 4 150 100 90 10.3 9.8 10.6 1.50 3.38
6 4 170 150 91 15.6 16.7 16.2 151 3.34
7 4 200 200 80 18.3 19.4 19.3 157 3.39
8 5 155 100 85 9.8 10.8 10.5 1.40 1.44

# All polymerizations were carried out in toluenéusimn at 60 °C, [CL§= 0.5 mol L*. "Measured byHNMR. ©
Calculated from the molecular weight of CL x [T at] x conversion + Mw(iPrOHY.Obtained fromtH NMR analysis®
s The values of Mwere calculated according to formulg #0.56Mn;pd39].
Recently, our research lab has successfully deeedlgmme enolic Schiff base aluminum complexes; they
were used as catalysts to prepare isotactic erdietheé\ from rac-LA.[32] In comparison, complexgs in
this work had effectively one half of the enolicngplexes structurally, and this would offer the ogipnity
for the comparison of the two types of complexeswa only need to compare another half part frolansa
10 Schiff base. Comparing with our previous resulteablic Schiff base complex l1a (see reference 3th wi
symmetrical enolic ligand surrounding), complekesid2 had lower R. This may indicate that the steric
hindrance of the corresponding half Schiff baséhvidtor CH; substituent group was small. This was also
consistent with the activity data shown in Tablthdt a less bulky structure due to smaller sultstituled
to complex having higher catalytic activity. Consithg the large steric hindrance, it was not septhat
1iscomplex5 with TBDMS substituent group showed higher &hd lowerk, comparing with 1a in reference

32. It is worth noting that complexand 1a had similar,Pandk;, this might suggest their similar ligand

surroundings. The reason for these phenomendlisativery clear and is under investigation.
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[M] o/[cat]=100.
Ring-opening polymerization of e-CL

s Complexesl-5 can also efficiently control the ring-opening polrization ofe-caprolactone. Polymerization
was systematically examined and the data wereatetlein Table 3. Kinetic studies were exploredudtfer
understand the nature efCL polymerization process. As for theCL monomer, first-order kinetics was

proofed by the good linear relationship of thedn@]o/[e-CL]) vs. reactiontime (Figure 9).

32-
241
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Kapp/10~(min™)

0 T T T 1
0 3 6 9 12

[A1]/10”(molL™")

v Fig. 11 KappVS. the concentration of compléxor thee-CL polymerization.

17



Similar conclusions were found as in L-LA and ra&-polymerization: the activity of complex decreased
with the increase of substituents’ bulk on salitgddnyde (Table 3, entry 1, 2, 3, 5 and 8). Comfdldwith
less bulky group, H) had itg, value more than 3 times greater than comgléwith bulky group,Bu), i.e.,
10.40 Lmol'min~tvs. 3.41 Lmol'min™%; and even more than 7 times greater than com®léxith more

s bulky group, TBDMS), i.e., 10.40 Lmdmin'vs. 1.44 Lmol'min™'. Electron-withdrawing substituents on
salicylaldehyde as compleXincreased polymerization rate remarkaldg\alue 16.0 Lmof'min™). This
principle was also consistent with previous repoaisout symmetric salen Schiff base aluminum
catalysts.[24] The number-average molecular weflyy) increased linearly along with tlkeCL monomer
conversion (Figure 10). Complexéss showed lower control efficiency in the polymerizatiof e-CL as

v slightly wide polydispersity of PCL than that of R& This may suggest thatCL was less sterically
demanding monomer when comparing with LA monom40] [To determine the order in catalykf,,was
plotted against [catalyst{Figure 11). In this plotk,p, increased linearly with the catalyst concentration

indicating a first order in catalyst.

4. Conclusion

15 In conclusion, a series of non-symmetrical alumimsalen complexek5 with half enolic and half salen Schiff
basestructure were prepared. These complexes wereeagtithe polymerization of cycle ester. Kineticdstu
disclosed that-5 showed differentiation upon LA ardCL polymerization due to the different substitigeah
salicylaldehyde part. Larger substituents with materic hindrance had relatively lower activity. €Th
electron-withdrawing substituents enhanced the Eewidity, therefore increased the polymerizatate of LA

»and e-CL. Complexes4 and 5 even showed moderate selectivity to rac-lactidegite isotactic enriched

polylactide. All the polymerizations of LA anglCL proceeded with first-order rate dependence oth b

18



monomer and catalyst concentrations.
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Highlights

® A number of Non-Symmetrical Aluminium Salen complexes were synthesi zed.
® These complexes were activein lactide and caprolactone pol ymerization.
® First-ordered kinetics with respect to lactide and caprolactone were observed.



