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Alkane elimination reactions of amino-amino-bis(phenblg) 14, SalanH,L 5, and methoxys-diimines
HL &7 with lanthanide tris(alkyl)s, Ln(CkBiMes)s(THF), (Ln =Y, Lu), respectively, afforded a series
of lanthanide alkyl complexe$—8 with the release of tetramethylsilane. Complexess are THF-
solvated mono(alkyl)s stabilized ,N,N,Gtetradentate ligands. Complexés3 and5 adopt twisted
octahedral geometry, wheredsontains a tetragonal bipyramidal core. Bearing a monoanionic moiety
LS (L"), complex7 (8) is a THF-free bis(alkyl). In compleX, the O,N,Ntridentate ligand combined
with two alkyl species forms a tetrahedral coordination core. Compléx2sand3 displayed modest
activity but high stereoselectivity for the polymerizationrat-lactide to give heterotactic polylactide
with the racemic enchainment of monomer umitsanging from 0.95 to 0.99, the highest value reached
to date. Comple exhibited almost the same level of activity albeit with relatively low selectivity. In
contrast, dramatic decreases in activity and stereoselectivity were found for compplex Salan yttrium
alkyl complex6 was active but nonselective. Bis(alkyl) complexeand8 were more active thah—3
toward polymerization ofac-LA, however, to afford atactic polylactides due to di-active sites. The ligand
framework, especially the “bridge” between the two nitrogen atoms, played a significant role in governing
the selectivity of the corresponding complexes via changing the geometry of the metal center. The NMR
spectrum of the active species of thac-lactide oligomer attached to complelx demonstrated a
coordinatior-insertion mechanism. In addition it also confirmed that the geometry of the metal center
of complexl in the solid state was retained in solution (THF) during the polymerization, which contributed
significantly to the high selectivity of the complex.

Introduction single-site complexes of the formulagMR.* Ly is the ancillary

Polylactides (PLAs) are the most promising biodegradable ligand, .the steric and electronic character_ of Whiph tune the
and biocompatible synthetic macromolecules, possessing ver-Properties of the metal center, the catalytic activity, and the
satile physical properties and having been widely used in Selectivity of the complexes; R is the initiation group, usually
medicine, pharmaceutics, and tissue engineering such as medif€ing alkoxide, phenoxide, and amide, or in some cases alkyl
for the controlled release of drugs, scaffolds, and the delivery SPECI€S, which is supposed to affect the activity of the

of antibodies and genésThe applications are strongly depend- COMPIexes. Appropriate combinations gf with M and R have
ent on the microstructures of PLAs. Ring-opening polymeriza- generated highly active initiators for the ROP of LA, such as

tion (ROP) of lactide (LA) by single-site catalysts is the most 2) () Dittrich, W.. Schulz, R, CA ok . Chent971 15
o] H : H H a ittrich, ., ochulz, R. CAngew. Vlakromol. e 3
efficient manner to obtain PLAs with predicted molecular weight -, 4™V icheidorf. 1. R.. Berl, M.. Scharnag], Macromoleculed 988
and_ narrow molecular weight dlstrlbu_tlon and, significantly, 21 286-293. (c) Stevels, W. M.; Ankoné¥. J. K.: Dijkstra, P. J.; Feijen,
tacticity. The past two decades have witnessed the development. Macromoleculesl996 29, 6132-6138. (d) Li, H.; Wang, C.; Bai, F.;
f | for h aims. Metal alkoxi re well-known Yue, J.; Woo, H.-GOrganometallics2004 23, 1411-1415. (e) Zhang,
g- E?ta yf.ts .O.t.Sl;C alb S.t teht? a C; des ate | g toth L.; Shen, Z.; Yu, C.; Fan, LJ. Mol. Catal. A: Chem2004 214, 199
ighly ac'lve Infhiators albel W' ess s ere‘?con ro ,ue othe oo, (f) Yu, C.; Zhang, L.; Ni, X.; Shen, Z.; Tu, K. Polym. Sci.: Part A:
aggregation nature of the active spedéslultidentate ligands Polym. Chem2005 42, 6209-6215. (g) Mao, H.; Huang, B.; Wu, J.; Lin,
containing heteroatoms are intended to encapsulate metal ion<- Macromolecule2005 38, 9482-9487. (h) Wang, X.; Liao, K.; Quan,

; D.; Wu, Q.Macromolecule2005 38, 4611-4617. (i) Kricheldorf, H.; Rost,
and thus control the geometry of complexes to form discrete ¢ Macromolecule©005 38, 8220-8226.

(3) (a) Stevels, W. M.; AnkonheM. J. K.; Dijkstra, P. J.; Feijen, J.
Macromol. Chem. Phyd995 196, 1153-1161. (b) Simic, V.; Spassky,

* Corresponding author. E-mail: dmcui@ciac.jl.cn. Faxt8¢) 431 N.; Hubert-Pfalzgraf, L. GMacromoleculesl997 30, 7338-7340. (c)
85262773. Tel:+86 431 85262773. Simic, V.; Spassky, N.; Hubert-Pfalzgraf, L. G.; Montaudo, MV&cromol.

T Changchun Institute of Applied Chemistry. Symp.1999 144, 257-260. (d) Spassky, N.; Simic, V.; Montaudo, M. S.;

* Changchun University of Technology. Hubert-Pfalzgraf, L. GMacromol. Chem. Phy200Q 201, 2432-2440.

(1) (a) Finne, A.; Albertsson, A.-Biomacromolecule2003 3, 684— (e) O’Keefe, B. J.; Monnier, S. M.; Hillmyer, M. A.; Tolman, W. B.
690. (b) Kowals ki, A.; Duda, A.; Penczek, Blacromolecule200Q 33, Am. Chem. So2001, 123 339-340. (f) Save, M.; Schappacher, M.; Soum,
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Schiff-base (Salen)-ligated aluminum alkoxideg;diiminate
(BDI)-stabilized zinc, magnesium, and lanthanide alkoxfles,
N,N-bidentate guandinateer amidinat&supported lanthanide
complexes, andll,N,Nmultidentate calcium and zinc alkoxid®s.
The phenolafé and bisphenolatéligated metal complexes also
occupy important positions in the catalyst list. Most of catalysts

mentioned above have been explored to initiate the ROP of

optically purep-LA or L-LA to yield isotactic PLA with the
retention of configuration; however, for the racemic lactide{
LA), atactic PLA is usually isolated. Stereoselective polymer-
ization ofrac-LA is initially accessed by employing an optically
pure Salen aluminum initiator to afford isotactic PLA when the
conversion is below 50% Thorough developments have been
achieved by using homochiral or racemic Salen aluminum
initiators that can completely transfierc-LA to stereoblock R(-
LA)-b-P(-LA) via ligand exchange or polymer chain transfer
mechanisn¥?-" Recent investigations demonstrate strikingly that

the stereoblock PLA can be obtained by using achiral Salen

aluminum alkoxides via polymer-chain-end control. The alkyl
bridge between the two imido nitrogen atoms in the ligands is
crucial to govern the selectivity of the complexXes.Contrarily,

studies on the synthesis of heterotactic PLA have remained less

explored. This polymerization is extremely sensitive to the

\
sterics of the ligands, because the environment of the last unit8! NN tBu
of the propagating active species must be sterically proper to \@( " Hoj;j( Y(CHSMea)s(THP).

incorporate the configurationally opposite enantionDi-
iminate zinc or magnesium alkoxide or anfii® and Salan
(C=N reduction derivative of Salen) aluminum alkdAsepre-
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Scheme 1. Preparation of Complexes-14
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Scheme 2. Preparation of Complex 5
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sent rare examples of heteroselective initiators. Complexes basean rare earth metals, unfortunately, have demonstrated to be

(4) Recent reviews on the catalysts of LA polymerization, see: (@)
O’Keefe, B.; Hillmyer, M.; Tolman, WJ. Chem. Soc., Dalton Tran001,
2215-2224. (b) Coates, GDalton Trans.2002 467—475. (c) Dechy-
Cabaret, O.; Martin-Vaca, B.; Bourissou, Dhem. Re. 2004 104, 6147
6176. (d) Chisholm, M.; Zhou, Z1. Mater. Chem2004 14, 3081-3092.
(e) Wu, J.; Yu, T.; Chen, C.; Lin, Goord. Chem. Re 2006 250, 602—
626.

(5) (a) Spassky, N.; Wisniewski, M.; Pluta, C.; Le Borgne Macromol.
Chem. Phys1996 197, 2627-2637. (b) Ovitt, T.; Coates, G. Am. Chem.
Soc.1999 121, 4072-4073. (c) Ovitt, T.; Coates, G. Polym. Sci., Part
A: Polym. Chem200Q 38, 4686-4692. (d) Radano, C.; Baker, G.; Smith,
M. J. Am. Chem. So200Q 122 1552-1553. (e) Zhong, Z.; Dijkstra, P.;
Feijen, JAngew. Chem., Int. ER002 4510-4513. (f) Ovitt, T.; Coates,
G.J. Am. Chem. So@002 124, 1316-1326. (g) Zhong, Z.; Dijkstra, P.;
Feijen, J.J. Am. Chem. SoQ003 125 1129%-11298. (h) Majerska, K.;
Duda, A.J. Am. Chem. So2004 126, 1026-1027. (i) Wisniewski, M
Le Borgne, A.; Spassky, NMacromol. Chem. Physl997 198 1227
1238. (j) Nomura, N.; Ishii, R.; Akakura, M.; Aoi, KI. Am. Chem. Soc.
2002 124, 5938-5939. (k) Tang, Z.; Chen, X.; Pang, X.; Yang, Y.; Zhang,
X.; Jing, X. Biomacromolecule2004 5, 965-970.

(6) (a) Cheng, M.; Attygalle, A.; Lobkovsky, E.; Coates,JGAm. Chem.
Soc 1999 121, 11583-11584. (b) Chamberlain, B.; Cheng, M.; Moore,
D. Ovitt, T.; Lobkovsky, E.; Coates, @. Am. Chem. So2001, 123 3229-
3238. (c) Chisholm, M.; Gallucci, J.; Phomphrai, Korg. Chem.2002
41, 2785-2794. (d) Hill, M.; Hitchcock, P Dalton Trans.2002 4694-
4702. (e) Dove, A.; Gibson, V.; Marshall, E.; White, A.; Williams, Dalton
Trans.2004 570-578. (f) Samchez-Barba, L. F.; Hughes, D. L.; Humphrey,
S. M.; Bochmann, MOrganometallics2005 24, 5329-5334.

(7) Giesbrecht, G. R.; Whitener, G. D.; Arnold, JJ.Chem. Soc., Dalton
Trans.2001, 923-927.

(8) Aubrecht, K.; Chang, K.; Hillmyer, M.; Tolman, W. Polym. Sci.
Part A. Polym. Chem2001, 39, 284—293.

(9) (@) Emig, N.; Nguyen, H.; Krautscheid, H.; &¢ R.; Cazaux, J.;
Bertrand, G.Organometallics1998 17, 3599-3608. (b) Chisholm, M.;
Eilerts, N.; Huffman, J.; lyer, S.; Pacold, M.; Phomphrai,JXAm. Chem.
Soc 200Q 122 11845-11854. (c) Dumitrescu, A.; Martin-Vaca, B.;
Gornitzka, H.; Cazaux, J.; Bourissou, D.; BertrandFE@r. J. Inorg. Chem.
2002 1948-1951. (d) Chisholm, M.; Gallucci, J.; Phomphrai, &hem.
Commun2003 48—49. (e) Chisholm, M.; Gallucci, J.; Phomphrai, IKorg.
Chem.2004 43, 67176725. (f) Chisholm, M.; Gallucci, J.; Phomphrai,
K. Inorg. Chem.2005 44, 8004-8010.

(10) (a) Williams, C.; Breyfogle, L.; Coi, S.; Nam, W.; Young, V.;
Hillmyer, M.; Tolman, W.J. Am. Chem. SoQ003 126, 11350-11359.
(b) Westmoreland, I.; Arnold, Dalton Trans.2006 4153-4260. (c) Chen,
H.; Tang, H.; Lin, C.Macromolecule2006 39, 3745-3752.

less stereocontrolletl. Breakthroughs have been achieved
very recently by Carpentiég,Mountford14 and Okudd? who
employed modified bis(phenolate)-ligated lanthanide amide,
alkoxide, or borohydride to realize heteroselective polymeriza-
tion of rac-LA. The tacticity of the resulting PLA varies from
medium to very high level depending on the ligand framework.
Recently, our group has been engaged in preparing a new family
of rare earth metal alkyl complexes stabilized by non-cyclo-
pentadienyl (nonCp) ligand§.The amino-amino-bisphenols are
one type of moiety we used, which have been applied to prepare
group 4 metal complexes that catalyze living polymerization
of olefins'” and cyclic estef and stereoselective polymerization

of rac-LA.1° Here, we wish to report that the combination of
these ligands with lanthanide alkyl units afforded initiators for

(11) (a) Mack, H.; Eisen, M.Dalton Trans. 1998 917-921. (b)
Chisholm, M.; Llobet, DMacromolecule001, 34, 8851-8857. (c) Ma,
H.; Spaniol, T.; Okuda, Dalton Trans.2003 4770-4780. (d) Kerton, F.;
Whitwood, A.; Willans, C.Dalton Trans.2004 2237-2244. (e) Ma, H.;
Okuda, JMacromolecule2005 38, 2665-2673. (f) Russell, S. K.; Gamble,
C. L.; Gibbins, K. J.; Juhl, K. C. S.; Mitchell, W. S., lll.; Tumas, A. J.;
Hofmeister, G. EMacromolecule2005 38, 10336-10340.

(12) Hormnirun, P.; Marshall, E.; Gibson, V.; White, A.; Williams, D.
J. Am. Chem. So@004 126, 2688-26809.

(13) (a) Cai, C.; Amgoune, A.; Lehmann, C.; Carpentier,Chem.
Commun.2004 330-331. (b) Amgoune, A.; Thomas, C.; Roisnel, T.;
Carpentier, JChem—Eur. J.2006 12, 169-179.

(14) Bonnet, F.; Cowley, A. R.; Mountford, fhorg. Chem2005 44,
9046-9055.

(15) Ma, H.; Spaniol, T.; Okuda, Angew. Chem.,
7818-7821.

(16) (a) Liu, B.; Cui, D.; Ma, J.; Chen, X.; Jing, XXhem—Eur. J. 2007,

13, 834-845. (b) Yang, Y.; Li, S.; Cui, D.; Chen, X.; Jing, XOrgano-
metallics2007, 26, 671—679.

(17) (a) Tshuva, E.; Groysman, S.; Goldberg, |.; Kol,®tganometallics
2002 21, 662-670. (b) Tshuva, E.; Goldberg, I.; Kol, M. Am. Chem.
Soc 200Q 122 10706-10707. (c) Tshuva, E.; Goldberg, I.; Kol, M
Organometallics2001, 20, 3017-3028. (d) Yeori, A.; Groysman, S.;
Goldberg, I.; Kol, M.Inorg. Chem.2005 44, 4466-4468.

(18) (a) Gendler, S.; Segal, S.; Goldberg, I.; Goldschmidt, Z.; Kol, M.
Inorg. Chem2006 45, 4783-4790. (b) Sarazin, Y.; Howard, R.; Hughes,
D.; Humphrey, S.; Bochmann, MDalton Trans.2006§ 340-350.
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Figure 1. ORTEP drawing of compleg with 30% probability ellipsoids. Hydrogen atoms have been omitted for clarity.
Table 1. Selected Bond Distances (A) and Angles (deg) for Complexesa

1:CgH14 2:CgH14 3:CeH1a 4 5:CeH1a
(Ln=Y) (Ln=Y) (Ln = Lu) (Ln=Y) (Ln=Y)

Ln—O(1) 2.1379(16) 2.138(2) 2.1279(10) 2.154(2) 2.113(5)
Ln—0(2) 2.1441(17) 2.168(2) 2.1239(9) 2.141(2) 2.159(5)
Ln—0O(3) 2.3866(17) 2.375(3) 2.3596(9) 2.378(2) 2.354(5)
Ln—C(3) 2.424(3) 2.432(3) 2.3593(15) 2.423(3) 2.445(7)
Ln—N(1) 2.574(2) 2.576(3) 2.5118(11) 2.614(2) 2.582(6)
Ln—N(2) 2.588(2) 2.651(3) 2.5838(11) 2.536(3) 2.525(6)
0(1)-Ln—0(2) 150.94(7) 148.77(10) 151.03(4) 155.66(8) 152.57(18)
O(1)-Ln—0(3) 83.87(6) 81.57(10) 80.39(4) 84.14(8) 85.39(18)
0(2)-Ln—0(3) 81.98(6) 80.65(9) 80.92(3) 88.83(8) 83.16(18)
O(1)-Ln—C(3) 102.92(8) 102.44(11) 103.50(4) 109.32(10) 102.2(2)
0(2)-Ln—C(3) 105.32(8) 106.21(11) 102.60(5) 93.71(10) 105.0(2)
0(3)-Ln—C(3) 105.94(8) 101.89(11) 104.99(4) 88.52(11) 107.4(2)
O(1)-Ln—N(1) 78.08(6) 78.90(9) 81.86(3) 79.62(7) 77.07(17)
0(2)-Ln—N(1) 79.52(6) 79.58(9) 79.64(4) 76.96(7) 79.92(17)
0(3)-Ln—N(1) 99.86(7) 101.03(10) 99.55(3) 88.81(8) 97.91(18)
C(3)-Ln—N(1) 154.15(8) 156.98(11) 155.41(4) 170.35(10) 154.6(2)
O(1)-Ln—N(2) 97.72(7) 92.83(10) 95.87(4) 91.43(8) 102.28(19)
0(2)-Ln—N(2) 91.27(7) 100.13(10) 98.40(3) 93.02(9) 81.88(18)
0(3)-Ln—N(2) 167.99(7) 169.23(10) 169.17(4) 172.96(8) 160.25(19)
C(3-Ln—N(2) 85.37(8) 88.26(11) 85.73(4) 98.13(12) 88.9(2)
N(1)-Ln—N(2) 69.01(6) 68.73(9) 69.77(3) 84.99(9) 66.78(19)

ROP of rac-LA with unprecedented heteroselectivity. The amino-amino-bisphenold{,L1%, and lanthanide tris(alkyl)s,
resulting PLA has &, of 0.99, the highest value reached to Ln(CH,SiMe3)3(THF), (Lh =Y, Lu), took place immediately
date, as far as we are award>:( probability of racemic upon addition by release of tetramethylsilane. The reaction was
enchainment of monomer units calculated according to the maintained at=30 °C for 12 h in hexane, then the volatiles
methine region of the homonuclear decoupldd NMR were removed under reduced pressure to afford oily residues.
spectrum.) The syntheses and full characterizations of theseThe residues were carefully washed with a minimum amount
complexes and investigations on the correlation between of cold hexane to extrude unreacted reagents to give white
catalytic performances and molecular structure, and the mech-crystalline solids of lanthanide mono(alkyl) complexes5
anism of polymerization, will be presented. The primary (Schemes 1 and 2). It is crucial to control the reaction
polymerization results by using the rare earth metal bis(alkyl)s temperature below-25 °C and avoid prolonging the reaction
bearing modifieds-diiminate ligands are also described as a time to increase the yield; otherwise, some unknown complexes
comparison. would be produced. Following a similar procedure, treatment
of Y(CH,SiMes)3(THF), with Salan compoundi,L > afforded
Results and Discussion complex6 selectively (Scheme 3). All complexds-6 except
5 have good solubility in solvents such as THF, ether, toluene,
benzene, and hexane. Therefore, pure solids or good single
crystals for X-ray analysis were isolated only from a concen-
(19) Chumura, A Davidson, M. Jones, M. Lunn. M.: Mahon, M.: trated mixture of toluene and hexane (1:10 v/v}-&0 °C within

Johnson, A.; Khunkamchoo, P.: Roberts, S.; WongM&cromolecules several days. An alternative pathvyay for.the pr.ep.aration of
2006 39, 7250-7257. complexesl—6 is through metathesis reaction of lithium salts

Synthesis and Characterization of Lanthanide Alkyl
Complexes 8. Reactions between the neutral compounds of
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Complexes 1-3 Complex & Complex 4

Figure 2. ORTEP drawings of the molecule cores of compleke®.

of the ligands with lanthanide trichlorides followed by alkyla- Scheme 4. Preparation of Complexes 7 and 8

tion. However, lithium adduct or ate complexes are usually

/ 1
isolated. The NMR spectra for complexies6 were informative Z . W R

! ) | R N_ N
for the formation of mon(_)(all_<yl) species. The methylene protons NN Y(CH,SiMes)s(THF), N2
of the metal alkyl species ii—6 gave resonances arouidd H _— o )ﬁ
0—0.5, downfield shifted compared to thatéat-0.60 in metal /o R 0°C, 0.5 h, hexane /s siR
tris(alkyl)s. The pendent nitrogen atom was found to attach a - SiMe, //\ 7\
metal center in solution, because the proton resonances of the ys.r=r"=ipr
groups—N(CHg);z in 1 and4, —N(CH2CHg), in 2 and 3, and HL:R'=H, R" = OMe 7: L8Y(CH,SiMes),

—NCsHy in 5 shifted approximately 0:30.5 ppm, respectively, 8: LTY(CHSiMes),

compared to those in the free ligartdgl 1—H,L 4. The benzylic 13021 _
protons in each complex were diastereotopic, giviriglaAB Ln—Nerminal (@v 2.286 A)!3*2LThe bond distance of L-AaC,
spin in contrast to the singlet resonance in free ligands; v_wth an average of 2.417 A is typical for those found in nonCp-
moreover, the methylene protons were equivalent, showing ligated rare earth metal alkyl pomplex@sThe bond angle of
doublets with coupling constants of-8 Hz in all yttrium O(1)-Y—0(2), 155.66(8), in 4is larger than 152.57(18)n 5
complexes1, 2, 4, and 5, indicating monomeric andCs and the average of 150.2%n 1—3, while the bond angle of
symmetric molecular structures in solution. O(3)~Ln—N(1) is 99.86(7) for 1, 101.03(10) for 2, 99.55-
X-ray diffraction analyses displayed that the overall structures (3)° for 3, 97.91(18] for 5, and only 88.81(8)for 4 (Table 1);
of 1-5 are analogous six-coordinate monomers (Figure 1, 0 obvious difference is found for the deviation angle of the
ORTEP plot of complext).2° For complexed—3 and5, each alkyl ligand from the LnOl_\lO plane, being 29:3fr 1, 29.97
metal ion bonds to an alkyl moiety, a THF molecule, and the for 2, 31.45 for 3, and a slightly smaller 26.77or 5, however,
dianionic amine-amino-modified bisphenolato ligand in an & Mmuch smaller 2.72was found for4 (Figure 2). This suggested
O,N,N,Otetradentate mode, adopting a twisted octahedral that the short ethylene bridge between the two nitrogen atoms
geometry. In complex4, the O,N,N,Gtetradentate ligand N(1) and N(2) in1—3 and the stiff piconyl bridge i cause a

combined with a THF molecule and the alkyl species forms a M0"® disto.rted geometry of .these mo!eculgr cores .than the
tetragonal bipyramidal geometry core. The pendent nitrogen anglonger, flexible trimethylene bridge iy which might contribute
THF oxygen atoms occupy the axial positions, while the significantly to the different activity and selectivity among these
phenolate oxygen, the nitrogen, and the carbon atoms are locatefCMPIexes {ide infra). . _

at equatorial positions. The average bond distance &f@genol Treatment of ligandsiL ® with Y(CH2SiMes)s(THF), gener-
(Ln—O(1): av2.134 A; Lr-O(2): av 2.147 A) is comparable ated the corresponding yttrium bls(alkyl) qomp@(Scheme

to that formed by a lanthanide metal ion and phenol oxy- 4)- The molecular structure of is shown in Figure 3. The
genl3b2122uhich is noticeably shorter than ErO(3), averaging ~ Yttrium atom coordinates to theé,N,Gtridentate ligand and two
2.371 A (Table 1), whereas the bond distances from lanthanide @/Kyl species arranged tis-positions, generating a tetrahedral
ions to the equatorial nitrogen (EfN(1)) and the pendent geometry core. The complex is solvent-free. The bond lengths
nitrogen (Ln-N(2)) atoms are similar, falling in a narrow range  ©f Y(1)—N(1) and Y(1)-N(2) (2.310(2) and 2.338(2) A) are

of 2.5118(11}2.651(3) A, which are comparable to other

i ini 3 (24) (a) Bambirra, S.; Meetsma, A.; Hessen, B.; Teube@rdanome-
yttrium complexes containing these gro@b%, but longer than tallics 200Q 16, 3197-3205. (b) Bambirra, S.; Meetsma, A.; Hessen, B.;
Teuben, J.Organometallics2001, 20, 782-785. (c) Bambirra, S.; van

(20) The'H and3C NMR spectra for complexe&—8, crystallographic Leusen, D.; Meetsman, A.; Hessen, B.; Teuben, Lketm. Commur2001
data and structure refinements of compleXess and 7, and ORTEP 637—638. (d) Emslie, D. J. H.; Piers, W. E.; Parvez, M.; McDonald, R.

drawings of complexe2—5; see Supporting Information. Organometallics2002 21, 4226-4240. (e) Kirillow, E.; Toupet, L.;
(21) Emslie, D.; Piers, W.; MacDonald, ®alton Trans.2002 293— Lehmann, C. W.; Razavi, A.; Carpentier, Qrganometallics2003 22,
294, 4467-4479. (f) Bambirra, S.; van Leusen, D.; Meetsman, A.; Hessen, B.;
(22) Cai, C.; Toupet, L.; Lehmann, C.; Carpentier,JJ.Organomet. Teuben, J. HChem. CommurR003 522-523. (g) Hayes, P. G.; Welch,
Chem.2003 683 131-136. G. C.; Emslie, D. J. H.; Noack, C. L.; Piers, W. E.; Parvez, M.
(23) (a) Runte, O.; Preiermeier, T.; AnwanderGhem. Commuri996 Organometallic2003 22, 1577-1579. (h) Bambirra, S.; Boot, S. J.; van
1358-1359. (b) Evans, W.; Fujimoto, C.; Ziller, Chem. Commuri999 Leusen, D.; Meetsma, A.; Hessen, Brganometallics2004 23, 1891~

311-312. 1898.
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Figure 3. ORTEP drawing of compleX with 30% probability ellipsoids. Hydrogen atoms have been omitted for clarity.

slightly shorter than LrN, averaging 2.572 A in complexes  (alkyl) complexes? and8 as initiators, a complete conversion
1-5, but the bond length of Y(HO(1) (2.4394(16) A)islonger  could be achieved in 30 min. The molecular weight of the
than Ln—0O(1) (av 2.134 A) in complexek—5. The bond angle  resultant PLA was close to the theoretic value calculated on
of C(1)-Y(1)—C(2), 115.92(9), is larger than those found in  the basis of di-active sites. Thus, we suggested that both metal
bis(alkyl) yttrium complexes stabilized by anilido imine (108.90- alkyl species participated in the initiation, leading to the
(6)°),2%9 tetradentate triamine (av 101)#%Pch and Salen relatively broad molecular weight distribution and atactic
compounds (110.97(7)?*d but smaller than that in the amidi-  microstructure of the isolated PLA (Table 2, entries 11, 12).
nato yttrium bis(alkyl) complex (140.56(§)**' Complex7 is At various monomer-to-initiator ratios ranging from 100 to
asymmetric in the solid state, consistent with that in solution, 5oq, polymerization ofac-lactide initiated by complexeksand
which is evidenced in the NMR spectrum, because the meth- 3 proceeded smoothly. The molecular weight of the resulting
ylene protons Y@SiMe; are diastereotopic, showing four  pj A increased with the ratio, while the molecular weight
di_screte signals that fu_rther split into a doublet due to coupling jistribution did not change obviously (PB{1.25-1.48) (Table

with the Y aton; (SI, Figure 7). Treatment of Y(G8iMes)s- 3, entries +4 and 7-10). When the ratio was raised to over
sTHF)Z with HL 7 afforded comples8 (Scheme 4). ThéH and 500, the reaction became sluggish because of too low concentra-
°C NMR spectral analyses indicate a symmetric monomer of s of the initiator, and complete conversion could not be

bis(alkyl) species in soluti.o?f’.. . reached even for long reaction times (entries 5, 6, 11). Strikingly,
Ring-Opening Polymerization of rac-Lactide. All these  ne high heteroselectivity of complexes and 2 was not
lanthanide alkyl complexe$—8 can initiate the ROP ofac- influenced or even slightly increased with the ratio and also
LA. The catalytic activity and stereoselectivity are strongly showed no relationship with the conversion. The resulting
dependent on the molecular structures of the complexes andheterotactic PLA had B, of 0.99, the highest value reached up
the polymerization conditions. For mono(alkyl) complees3, to date, as far as we aware. This result indicated the absence of

5’t and6, ?Imost c,:[omplitr(]a con\llersilon was rr]‘teacﬁet?] withinltl_ h transesterification that would cause a decrease in selectivity.
alroom temperature. 1he molecuiar Weights ol the resuiting o - tion conditions also affected the catalytic performance

were close to the theoretic values, and the molecular ; ) A
PLAS X of the complexes. With compleg, if the polymerization was

weight distributions were narrow. Strikingly, complexes3 . . -
sho?/ved similar high stereoselectivity fc?aB(/:-LA tg afford performed at 70C, 85% conversion could be achieved in 5

heterotactic PLA wittP, over 0.94 (Table 2, entries 1, 4, ®)2° min (Table 4, entry 1),.whereas, the hetgrotactjcity of the
Complex 5 showed the same level of catalytic activity as resultant PLA dropped slightly? = 0.93). This also indicated

complexesl—3, albeit with relatively low selectivity (Table 2, t_hat2 was stable at _hig_h temperature, at Ieast_, in the initiatio_n

entry 9). In contrast, dramatic decreases in catalytic activity and time SC"’_‘le' Polymt_ar_lzatlon medium played an important role in

stereocontrol ability were found for complexeven though it influencing the activity and stereocontrol ability of the catalysts.
i 991,12,15

is an analogue of complek(Table 2, entries 7, 8). The Salan- THF was the optllmum solvent (Taple 4, entry °2):

ligated mono(alkyl) comple& showed no selectivityR; = 0.65, Contrarily, ponmenzapon performed in GBI, at room .tem-

Table 2, entry 10), although its aluminum counterpart was Perature for a long time (12 h) led to low conversion and

reported to be highly heteroselective, & 0.96)12 Using bis- isolation of low-tacticity PLA P, = 0.75, Table 4, entry 3).
This could be due to the competitive coordination between the

(25) Zell, M.; Padden, B.; Paterick, A.; Thakur, K.; Kean, R.; Hillmyer, polar CH?CIZ molecule and .monomer lactide, which changed
M.; Munson, E.Macromolecule002 35, 7700-7707. the environment of the initiatd® Toluene was such a poor
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Table 2. Polymerization ofrac-Lactide with Various Lanthanide Alkyl Complexes?
o]

0
R S complex o.R $ R i s i s ]
o Os —_ o] (o] o
ow O\H).,, B z n
2 3 :
o)

rac-Lactide ° Heterotactic Poly(Lactic Acid)
[LA]

entry initiator [Ln] (mol-L~1) [LA)/[LN] t (h) T(°C) conv Mecalea x 10740 Mn x1074¢ PDI P

1 1 1.7 300 1 20 100 4.32 5.66 1.32 0.96
2 1+ CeHsNH2 (1:1) 1.7 300 1 20 96 4.15 4.69 1.44 0.95
3 1+ HOIiPr (1:1) 1.7 300 24 20 trace nfd. n.d. n.d. 0.94

4 2 1.7 300 1 20 100 4.32 3.96 1.43 0.97
5 2-Mee 1.7 300 2 20 68 2.93 1.54 1.29 0.90
6 3 1.7 300 1 20 100 4.32 3.86 1.59 0.94
7 4 1.7 300 6 20 trace n.d. n.d. n.d. n.d.
8 4 1.7 300 1 70 70 3.02 2.10 1.44 0.75
9 5 1.7 300 1 20 91 3.89 2.12 1.51 0.90
10 6 1.7 300 1 20 100 4.32 3.74 1.64 0.65
11 7 1.0 500 0.5 20 100 3.60 4.57 1.72 0.69
12 8 1.0 300 0.5 20 100 2.6 2.67 1.96 0.64

a Polymerizations were performed in THECalculated by ([LA)/[Ln]) x 144.14x X (X = conv). Determined by GPC against polystyrene standéfd.
is the probability of racemic linkages between monomer units determined from the methane region of the homonuclear decdiRdspectrum.
eComplex2~Me js an analogue o2 with methyl substituents on thertho-positions of phenyl ringsn.d.: not determined?Calculated by ([LA]/2[Ln]) x
144.14x X (X = conv).

medium that almost no polymerization m@fc-LA took place at Much higher selectivity has been found for the dimeric
room temperature. The reaction became obviously rapid at 70L*-stabilized yttrium borohydridesP{ = 0.87)14

°C, but gave atactic PLA with low molecular weight and broad  Mechanistic Aspect.A computational investigation of the
molecular weight distribution (Table 4, entries 4, 5). This is in mechanism for the stereoselective RORauf-LA with (BDI)-
striking contrast to the methoxy-amino-bisphenolato lanthanide Mg(OiPr) reported by Rzepa demonstrates that the clashes

alkqxide systems, which initiate the equally rapid RORauf between the methyl of the first insertion lactide and ¢intho
LA in toluene and THF3 substituent ofN-aryl of the BDI ligand represent the most
The effect of the type of initiator was also investigated- significant contribution to the stereoselectii§The larger the

ligated yttrium amide and alkoxide initiatoris, situ generated ortho substituent is, the higher the selectivity of the complex.
by addition of equivalent aniline and 2-propanol to yttrium alkyl This can well explain some experimental results. For instance,
complexl, respectively, were employed to catalyze the polym- substituting theortho CHs unit of theN-aryl in (BDI)Zn(GiPr)
erization ofrac-LA. Both exhibited similar selectivity to the by a largeriPr group or substituting thertho CH3 group of
parent alkyl species. The slight drop in heterotacticity for the the bisphenolate in the lanthanide alkoxide complexes by a larger
resulting PLAs might be attributed to the impurities in the C(CHs),Ph group leads to a dramatic increase in the selectivity
systems, such as the unreacted lanthanide tris(alkyl)s and theof the corresponding complex&st3°For our system, the sterics
ligand-redistribution byproduct, which were active initiators but of theortho position, indeed, influenced the selectivity, however
nonselective (Table 2, entries 2, 3). It should be noted that the not as obviously as the above-mentioned systems. The less bulky
alkoxide species displayed extremely low activity; only a trace complex2-Me 30 (ortho CH3) showed slightly lower selectivity
amount of polymer could be isolated from the polymerization (P, = 0.90, Table 2, entry 5) than the spacially steric analogue
carried out for 24 h at room temperature, which might be due
to the too electron-negative metal center. This is in contrast to  (26) The NMR spectrum (see Supporting Information) for comléx
the literature results that lanthanide alkoxide species are slightlyziEZF'zrznowgﬁi% giﬁféﬁgw;“ﬁeef%ffrfé”‘iéga;if@%oeggefiﬂy tgeeyt”iumm
less or equally active initiators compared to the corresponding ind?’ca%ng e changge of geometry STthe tetal senter o PR
alkyl congeners and initiate very controllable polymerizatié> (27) The Lewis acidity of the central metal ion influences the catalytic
In fact, the catalytic performance of a complex is affected activity o_f the.comple>_< tovyar_d the polymerization of cyclohexene oxide
by_the concerted influence of the ligand fra_me_work_ a_n_d _Lewis é"g%gg&iggg'(?%)ngrghéséiﬁgr%_'\g:; H?euig%z?r%r'nzlfcglgﬁgg 5J D.:
acidity of the central met&l and the nucleophilicity of initiation Reibenspies, J. HJ. Am. Chem. Soc1998 120, 4690-4698. (c)
speciedldeComplex L1~OMey(CH,SiMes)(THF) containing a Darensbourg, D. J.; Yarbrough, J. £.Am. Chem. So€002 124, 6335~
pendent OMe.fl'JnctionaI group in the ligand skeletoln displays 63‘(‘22é) Yao, Y: Ma, M: Xu, X.: Zhang, Y. Shen, Q.. Wong, W.
modest selectivit$° compared to complex (L1Y(CH;SiMe)- Organometallic2005 24, 4014-4020.
(THF)), having a pendent N(G$$ functionality. The same i (29) Marshall, E.; Gibson, V.; Rzepa, H. Am. Chem. So2005 127,

h rbium methyl show ivi rol 6048-6051.
attached ytterbu ethyl shows activily fo cap olactthe, (30) Methyl-substituted phenol reacted with dimethylamino ethylene

whereas the yttrium amido counterpart is highly activeao amine to affordHL2Me, treatment of which by Y(CkBiMes),THF,
LA but ambiguous in selectivity owing to the existence of gave 12-MeY(CH,SiMes)(THF) (2-M€), an analogue o2. NMR data: ¢
competitive initiators (impurities}?® The titanium bis(alkoxo) ~ 7-11 (s, 1H, @Hy), 6.88 (s, 1H, @Hy), 6.86 (s, 1H, GHy), 6.82 (s, 1H,
complexes bearing allmoiety can initiate the polymerization ge(')"‘f()é 5'1‘"5 (iréi’,\l'?r%'%'\é)'(%3%a' 1THH'|£\)KH32§£3’ é‘ozﬁ' %nttj\lr)mg\le?'s
of caprolactone and-LA. 8 L4-attached titanium bis(alkoxide)s (s, 1H. ArGH.N), 3.08 (s, 1H, ArGLN), 3.05 (s, 1H, ArGLN), 2.80
are active toward the ROP ddc-LA, although it is nonselective,  (m, 2H, N(GH2CH)2), 2.66 (m, 2H, N(CH)2N), 2.51 (s, 3H, ArCH), 2.44

whereas their zirconium and hafnium counterparts belong to (ﬁ% st SES—?Cst)j)O 2(52103(';’ ?,A;CEZ’C;% é?’(anAHN(TCH%N%’ 6%-%&
the rare examples of group 4 metal complexes that show modesky N(éHzCHa)z), 0.43 '(br’ 3H, N’(C,_iCH;)Z,'gH’ C’,_bSi'(ng)', 2010,

iso- or heteroselectivityR;/Py, = 0.3/0.7;P,/Py, = 0.5/0.5)%° —0.57 (AB, d,J(H, H) = 12 Hz, J(Y, H) = 3.2 Hz, 2H, G,Si(CHa)3)).
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Table 3. Polymerization ofrac-Lactide with Complexes 1 and 2 at Various Monomer-to-Initiator Ratiost

entry initiator [Ln] [LA] (mol-L~1) [LA)/[LN] t (h) conv Mcai x 1074 Mn x 1074¢ PDI pd
1 1 1.7 100 1 100 1.44 1.93 1.25 0.95
2 1 1.7 200 1 100 2.88 2.11 1.41 0.97
3 1 1.7 300 1 100 4.32 5.66 1.32 0.96
4 1 1.7 500 1 100 7.20 9.25 1.33 0.96
5 1 1.7 700 3 86 8.67 3.77 1.48 0.99
6 1 2.2 1000 18 36 5.18 3.51 1.47 0.98
7 2 1.0 100 1 100 1.44 1.78 1.38 0.96
8 2 1.0 200 1 100 2.88 2.68 1.28 0.97
9 2 1.7 300 1 100 4.32 3.96 1.43 0.97
10 2 1.0 500 1 100 7.20 6.69 1.39 0.97
11 2 1.7 700 3 95 10.08 8.04 1.59 0.98

apolymerizations were performed in THF at 20. PCalculated by ([LAJ/[Ln]) x 144.14x X (X = conv).°Determined by GPC against polystyrene
standard9p; is the probability of racemic linkages between monomer units determined from the methane region of the homonuclear decbidpRd
spectrum.

Table 4. Polymerization ofrac-Lactide with Complex 2: Influence of the Reaction Conditions

entry solvent [LA] (motL~1) [LAY/[LN] t(h) T(°C) conv Mear x 10742 M, x 1074b PDI P
1 THF 1.0 300 5 min 70 85 3.67 3.07 1.47 0.93
2 THF 1.7 300 1 20 100 4.32 3.96 1.43 0.97
3 CH.Cl, 1.0 300 12 20 70 4.32 3.98 1.57 0.75
4 toluene 0.5 300 12 20 trace . n.d. n.d. n.d.
5 toluene 0.5 300 1 70 86 4.32 1.83 1.67 0.63

aCalculated by ([LAJ/[LN]) x 144.14x X (X = conv).Determined by GPC against polystyrene stand@®dis the probability of racemic linkages
between monomer units determined from the methane region of the homonuclear deébullgiR spectrumdn.d. = not determined.

2 (ortho Bu, P, = 0.97, Table 2, entry 4). This result was isolated the active propagating speciesra€-LA oligomer
consistent with theD,S,S,Gtype scandium alkoxide systems attached to complek The process could be described as shown
reported by Okuda et al. that showed that the sterics afiie in Scheme 5. TheS,SLA (or R,RLA) enantiomer first
substituent of the bisphenolate does not greatly influence the coordinated to a yttrium ion via its & from the back-side of
selectivity'®> They attribute the high selectivity to a dynamic the alkyl moiety with respect to the steric environment of the
monomer-recognition process involving interconversion of the metal center in the cases of complexes3 and 5 being
ligand configuration. The structure of Salan yttrium comgex  catalysts. For comple the coordination of monomer was more
is much close to thes®,S,S,@ype scandium alkoxide systems;  random due to the less distorted geometry of the metal center.
however, it is a nonselective initiator, which might be due to The following nucleophilic addition of ¥CH,SiMe; species
the lesser constraint of the ligand framework and the absencetq the Gabonyled to the ring-opening d&,SLA (or R,RLA) to
of the exchange of ligand configuration. form five-membered metal-lactate active species with C(O)-
It was noteworthy that the major differences in molecular CH,SiMe; as the end group. The NMR spectrum was clear and
structures of complexes-5 were the bridge between the two  jnformative (Figure 4). There were two sets of ideal quartet/
nitrogen atoms of the ligand, the type of lanthanide element, goyplet resonances at 5.01/1.59 and 4.82/115&:spectively,
and the pendent amino alkyl group. X-ray crystallographic data ity an integral intensity ratio of 1:3 andXH, H) of 3.6 Hz,
had shown that the bridge significantly influenced the geometry which were assigned to the methine,(Hx) and methyl (H,
of the metal center. The more flexible trimethylene bridge 1y protons derived from two different enantiomeric lactate
resulted in a less distorted tetragonal bipyramid,imhile the units bonding to the yttrium ion. This indicated that two types

short ethylene iril—h3 an? the rigid pycrc])_nyl irb gef?erated_ a o of active propagating species were present, consistent with the
more twisted octahedral geometry. This was reflected in the ,emating arrangement of two enantiomers in the polymer

deviation angles of the alkyl ligand from the LnONO plane, - o5in “More strikingly, the ligand also showed two sets of

being 29.39 for 1, 29.97 for 2, 31.45 for 3, and a slightly chemical shifts. The benzvlic broton.HPhCH-N) dave two
smaller 26.77 for 5, but very small 2.72for 4 (vide suprg, in 1H AB spins compared toyonepin co?nrﬂpldx(szl, Ligure 12);

a trend ofl ~ 2 ~ 3 > 5> 4, which was fairly coincident . o . ;

with the catalytic activity® and stereoselectivity. This indicated the amino methyl prot(;)ns.rﬂ N(CH3)2) d|3ﬁ!ayed two Slgglr? t

that changing the substituent of the pendent nitrogen atom from resonances compare to one in compleXhis suggeste_ that
the ligand and the pendent nitrogen atom kept attaching to the

methyl (1) to ethyl @), or switching the central metal from .
yttrium (2) to lutetium @), caused negligible differences in ”?eta' ion and the geometry.of thg centra! metal of compilex
did not collapse but remained in solution upon monomer

catalytic behavior. In contrast, the bridge between the two dinati qi tion. It furth firmed that th al
nitrogen atoms was crucial in governing the catalytic perfor- coordination and nsertion. 1t further confirmed that the meta

mance via tuning the geometry of the metal center ion was bonded to two different enantiomeric lactate units. Thus

Obviously, it is important to know whether the geometry of the environment .Of the resulti_ng prqpagating site_s was sp_acially
the molecular core is retained in solution especially during the steric. Incorporation of a configurationally oppos!te enanfu_omer
polymerization process and what are the mechanistic aspectéq’F‘LLA (S,SLA) should .be favored t'o. '°Wef .thls transition-
of the ROP ofrac-LA initiated by these LA-C species. Thus, state energy. The following nu_cleophlll_c addition of the newly
we designed a polymerization performed inDgO at a formed metal alkoxy propagating species to then&ayiled to

monomer-to-initiator ratio of 15:1 (10 min) and successfully e ring-opening ofR,RLA (S,SLA) to form a racemic
enchainment. This coordinatiefinsertion mechanism was

(31) The activities of complexes-5 were 73.5, 73.5, 73.5, 0, and 66.9 PTQVGd by the presence of the _end group C(@)8Mes, giving
kg-mol~%h~1, respectively. a singlet resonance atl.49 assignable to the methylene protons
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Schene 5 . Formation of Active Propagating Species ofac-LA Oligomer Initiated by Complex 1
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Figure 4. 'THNMR spectrum (400 MHz) of the active speciesrat-lactide oligomer initiated by complek (*C4DgO, [LA]o:[Y] = 15:1,
25°C).
Hy, which was comparable with C(OMzSiMes in [(CsMes- atoms of the ligand played a critical role in governing the

SiMe3) Y (OC(O)CH:SiMes),]2,2"2and also evidenced in tRéC stereoselectivity via tuning the geometry of the molecular core
DEPT spectrum (SI, Figures 13 and 15). During the process, of the complexes, while the mono(alkyl) complex bearing a
the THF molecule might be extruded from or rebonded to the Salan ligand was an active initiator, unfortunately without
Y ion to satisfy a six-coordination sphere and also contributed stereocontrol due to the less constrained ligand. The monoan-

partially to lower the transition-state enerfyThis might be ionic S-diiminate-ligated lanthanide bis(alkyl) complexes were
the reason that THF was the optimum medium for the also active but nonselective due to the di-active sites. A more
polymerization. important implication of the current work is that single-site
catalysts offer new opportunities for microstructural control of
Conclusion polymers if new reaction pathways are accessed through catalyst

o ) . design and control of reaction conditions.
We have demonstrated that the combinations of amino-amine-

modified bisphenolate ligands with lanthanide alkyl units
generated unprecedented stereoselective initiators for the ring-
opening polymerization ofac-LA to give heterotactic poly- General Methods. All reactions were carried out under a dry
lactide withP; up to 0.99. The bridge between the two nitrogen and oxygen-free argon atmosphere by using Schlenk techniques or

Experimental Section
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under a nitrogen atmosphere in an MBraun glovebox. Solvents were(m), 808(m), 781(w), 668(m) cm. Anal. Calcd for GoH73N,0s-

purified by an MBraun SPS system. LigandsL *—H,L5, HL®
and HL” were synthesized according to modified literature
procedure§e17°32The phenols and amines were purchased from
Aldrich or Fluka. All liquids were dried owe4 A molecular sieves

SiY (%): C, 65.43; H, 9.54; N, 3.63. Found: C, 65.35; H, 9.48;
N, 3.56.
L2Y(CH ,SiMe3)(THF) (2). Following a similar procedure to that

described for the preparation of compléxtreatment of Y(CH-

for a week and distilled before use, and solid materials were used sjMe,)5(THF), (0.181 g, 0.37 mmol) with equimolai,L2 (0.20

without purification. The synthesis of lanthanide tris(alkyl)s fol-
lowed the established method with minor alterafidn.

Instruments and Measurements.Organometallic samples for

g, 0.37 mmol) afforded compleXas white powders (0.18 g, 64%).

IH NMR (400 MHz, GDs, 25°C): 6 7.71 (d,%)(H, H) = 2.7 Hz,
2H, GHy), 7.23 (d,)(H, H) = 2.7 Hz, 2H, GH,), 4.05 (m, 4H,

NMR spectroscopic measurements were prepared in a gloveboxTHF), 3.87 (d,2J(H, H) = 12.0 Hz, 2H, ArG,N), 3.02 (d,2J(H,

by use of NMR tubes and then sealed by paraffin filid, 13C
NMR spectra were recorded on a Bruker AV400 (FT, 400 MHz
for H; 100 MHz for 13C) spectrometer. NMR assignments were
confirmed byH—!H (COSY),H—1C (HMQC), and'3C NMR

H) = 12.0 Hz, 2H, ArGi;N), 2.75 (m, 2H, N(G1.CHs),), 2.47
(br, 2H, N(CH)2N), 2.22 (br, 2H, N(®,CHa),), 1.99 (br, 2H,
N(CH,)2N), 1.91 (s, 18H, C(El3)s), 1.56 (s, 18H, C(€3)3), 1.32
(m, 4H, THF), 0.63 (s, 9H, CkBi(CH3)3), 0.56 (t,3)(H, H) = 7.3

(DEPT) experiments when necessary. The molecular weight andHz, 6H, N(CHCHz),), —0.29 (d,2)(Y, H) = 3.2 Hz, 2H, ®,Si-
molecular weight distribution of the polymers were measured by a (CHs)z) ppm.*3C NMR (100 MHz, GDs, 25°C): 162.2 (2Cjpso
GPC Waters 410. Crystals for X-ray analysis were obtained as 2,4tBu,CsH,0), 137.4 (2Cjpso-2,44Bu,CsH,0), 136.9 (2Cjpso-

described in the Experimental Section. The crystals were manipu-

lated in a glovebox. Data collections were performeed-86.5°C
on a Bruker SMART APEX diffractometer with a CCD area
detector, using graphite-monochromated Ma. Kadiation ¢ =
0.71073 A). The determination of crystal class and unit cell

2,44BU,CsH,0), 126.2 (2C, 2,4Bu,-CoH,0), 125.2 (2C, 2,4BUy-
CeH,0), 125.1 (2C|ipso-2,44Bu,-CsH,0), 72.1 (2C, THF), 66.0
(2C, ArCH,N), 52.8 (1C, N(CH),N), 49.0 (1C, N(CH).N), 45.9
(2C, N(CH,CHs),), 36.2 (2C,C(CHs)3), 34.7 (2C,C(CHa)3), 32.7
(6C, CCH3)3), 31.3 (6C, CCHa)a), 26.3 (1C.CH,SiMes), 25.6 (2C,

parameters was carried out by the SMART program package. TheTHF), 9.0 (2C, N(CHCHa),), 5.5 (3C, SiCHz)3) ppm. IR (KBr
raw frame data were processed using SAINT and SADABS to yield pellet): v 2954(m), 2901(m), 2867(m), 1603(m), 1559(w), 1478-
the reflection data file. The structures were solved by using the (m), 1443(m), 1415(m), 1385(m), 1361(m), 1304(m), 1248(m),

SHELXTL program. Refinement was performed B# anisotro-
pically for all non-hydrogen atoms by the full-matrix least-squares

1238(m), 1203(m), 1167(m), 1134(m), 1115(w), 1089(w), 1059-
(w), 1026(m), 959(w), 912(m), 876(m), 862(m), 838(m), 806(m),

method. The hydrogen atoms were placed at the calculated positions782(w), 694(m) cmt. Anal. Calcd for GsH77/N,0sSiY (%): C,

and were included in the structure calculation without further

refinement of the parameters. IR spectra were obtained on a Bruker

66.13; H, 9.71; N, 3.51. Found: C, 65.78; H, 9.66; N, 3.40.
L2Lu(CH ,SiMe3)(THF) (3). Following the same procedure as

Vertex 70 FTIR spectrometer. Elemental analyses were performedinat of complexl, complex3 was isolated by treatment of Lu-
at National Analytical Research Centre of Changchun Institute of (cH,SiMe;)s(THF), (0.213 g, 0.37 mmol) with equimolatL 2

Applied Chemistry.

L1Y(CH,SiMe3)(THF) (1). To a hexane (5 mL) solution of
Y(CH,SiMe3)3(THF), (0.181 g, 0.37 mmol) was added an equimolar
amount ofH,L! (0.19 g, 0.37 mmol, in 10 mL of hexane). The
reaction mixture was stirred at30 °C for 12 h. Removal of the
volatiles afforded a residue, which was carefully washed with cold

(0.20 g, 0.37 mmol) as white powders (0.22 g, 719%).NMR
(400 MHz, GDg, 25°C): 6 7.74 (d,4J(H, H) = 2.8 Hz, 2H, GH,),
7.22 (d,*J(H, H) = 2.8 Hz, 2H, GH,), 4.09 (m, 4H, THF), 3.91
(d, 2J(H, H) = 12.0 Hz, 2H, ArGi,N), 3.00 (d,2J(H, H) = 12.0
Hz, 2H, ArCH.N), 2.79 (m, 2H, N(®.CHs),), 2.46 (br, 2H,
N(CH,)2N), 2.27 (br, 2H, N(®,CHs)s), 2.02 (br, 2H, N(CH)2N),

hexane to remove nonreacted lanthanide tris(alkyl)s and then cooled1.90 (s, 18H, C(€l3)3), 1.56 (s, 18H, C(El3)3), 1.28 (M, 4H, THF),

to —30°C again. White solids of complekwere deposited on the
bottom of the flask in 1 day (0.19 g, 70%). Good crystals for X-ray
analysis were isolated by recrystallizing the solids from a mixture
of toluene (0.5 mL) and hexane (2.5 mL) aB80 °C for several
days.?H NMR (400 MHz, GDs, 25°C): 6 7.72 (d,4)(H, H) =

2.7 Hz, 2H, GHy), 7.23 (d,*)(H, H) = 2.72 Hz, 2H, GH,), 4.06
(br, 4H, THF), 3.86 (d2J(H, H) = 12.0 Hz, 2H, ArGi,N), 3.00

(d, 2J(H, H) = 12.0 Hz, 2H, ArG4,N), 2.39 (br, 2H, N(CH):N),
1.90 (s, 18H, C(Ch3), 1.83 (s, 6H, N(CH),), 1.70 (br, 2H,
N(CH,)2N), 1.57 (s, 18H, C(Ch)3), 1.27 (br, 4H, THF), 0.62 (s,
9H, CH;SIi(CH3)3), —0.35 (d,2(Y, H) = 3.2 Hz, 2H, H,SiMe3)
ppm.13C NMR (100 MHz, GDs, 25°C): 6 162.3 (2C,ipso-2,4-
tBu,-CgHy), 137.4 (2C,ipso-2,44Bu,-CeHy), 136.9 (2C,ipso-2,4-
tBUz-CeHz), 126.3 (2C, 2,4BU2-C6H2), 1252(2C, 2,4BU2-CGH2)
125.1 (2Cjpso-2,44Buy-CgHy), 72.3 (2C, THF), 65.9 (2C, /8H,N),
60.47 (1C, N(CH)2N), 48.9 (1C, N(CH)2N), 46.8 (2C, N(CH)2,),
36.2 (2C,C(CHg)3), 34.7 (2C,C(CHa)3), 32.7 (6C, CCH3)3), 31.1
(6C, C(CHg)3), 26.1 (1C,CH,SiMes), 25.6 (2C, THF), 5.4 (3C,
Si(CHa)3) ppm. IR (KBr pellet): v 2956(m), 2903(m), 2870(m),
1606(m), 1480(m), 1446(m), 1417(m), 1388(m), 1363(m), 1307-
(m), 1255(m), 1240(m), 1205(m), 1169(m), 1136(m), 1113(w),
1087(w), 1031(m), 996(w), 963(w), 940(w), 915(m), 879(m), 839-

(32) (a) Burke, W.; Smith, R.; Weatherbee,LAm. Chem. Sod952
74, 602-605. (b) Burke, W.; Kolbezen, M.; Stephens, £.Am. Chem.
Soc 1952 74, 3601-3605. (c) Carey, D.; Cope-Eatough, E.; Vilaplana-
MaféMair, E.; Mair, F.; Pritchard, R.; Warren, J.; Wood, Balton Trans.
2003 1083-1093.

(33) Lappert, M.; Pearce, Rhem. Commuril973 126-127.

0.62 (s, 9H, CHSIi(CH3)3), 0.55 (t, 3J(H, H) = 7.3 Hz, 6H,
N(CH,CHy)), —0.41 (br, 2H, G1,Si(CHs)3) ppm13C NMR(100
MHz, CsDg, 25°C): 0 162.6(2Cjpso-2,41Bu,CeH,0), 137.4 (2C,
ipso-2,44Bu,CsH,0), 137.3 (2Cjpso-2,41Bu,CeH,0), 126.0 (2C,
2,44Bu,-CsH,0), 125.2 (2C, 2,4Bu,-CsH,0), 125.0 (2C,ipso-
2,44Bu-CgH,0), 72.5 (2C, THF), 66.0 (2C, AAH.N), 52.7 (1C,
N(CHy):N), 49.3 (1C, N(CH).N), 46.5 (2C, NCH,CHs)), 36.2
(2C, C(CHz)3), 34.7 (2C,C(CHg)3), 32.7 (6C, CCH3)3), 31.4 (6C,
C(CHs)3), 31.0 (1C, CH.SiMej), 25.7 (2C, THF), 9.1 (2C,
N(CH,CHy),), 5.6 (3C, CHSI(CH3)3) ppm. IR (KBr pellets): v
2954(m), 2901(m), 2865(m), 1605(m), 1477(m), 1445(m), 1415-
(m), 1383(m), 1361(m), 1308(m), 1240(m), 1203(m), 1167(m),
1133(m), 1115(w), 1071(w), 1018(m), 913(m), 876(m), 839(m),
809(m), 772(w), 670(m) cnt. Anal. Calcd for G4H77NO3SiLu
(%): C, 59.70; H, 8.77; N, 3.16. Found: C, 59.55; H, 8.78; N,
3.11.

L3Y(CH,SiMe3)(THF) (4). Reaction of Y(CHSiMe;)3(THF),
(0.181 g, 0.37 mmol) with equimolad,L 2 (0.199 g, 0.37 mmol)
by the same manner as described previously for the formation of
complexl afforded complext (0.08g, 30.7%)*H NMR (400 MHz,
CsDs, 25°C): 0 7.72 (d,*J(H, H) = 2.8 Hz, 2H, GHy), 7.23 (d,
4J(H, H) = 2.8 Hz, 2H, GHy), 3.99 (m, 4H, THF), 3.89 (PJ(H,

H) = 12.0 Hz, 2H, ArGH,N), 2.88 (d,2J(H, H) = 12.0 Hz, 2H,
ATCHzN), 2.55 (m, 2H, N(HzCHzCHzN(CH:;)z), 2.09 (S, 6H,
N(CHs)2, 1.90 (s, 18H, C(Bl3)3), 1.57 (s, 18H, C(El3)3), 1.50 (s,
2H, NCH,CH,CH,N(CHs),), 1.32 (m, 4H, THF), 0.90 (br, 2H,
NCH,CH,CH,N(CH),), 0.59 (s, 9H, CHSi(CHzg)3), —0.39 (d,2(Y,
H) = 3.2 Hz, 2H, G1;Si(CHg)s) ppm.3C NMR(100 MHz, GDs,
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25 °C): 162.4 (2C,ipso-2,4tBu,CeH,0), 137.3 (2C,ipso-2,4-
tBUzCGHzo), 136.6 (2ij$0—2,4-tBU2C6H20), 126.5 (2C, 2,4Bu,-
CeHzO), 125.6 (2C,ip502,4-tBu2-CgH20), 124.9 (2C, 2,4Bu,-
CeH20), 71.9 (2C, THF), 66.7 (2C, AH,N), 63.4 (1C, NCH,CH,-
CH;N(CHg),), 56.6 (1C, NCHCH,CH,N(CHs),), 48.0 (2C, NCH3),),
36.2 (2C,C(CHg)3), 34.7 (2C,C(CHs)3), 32.7 (6C, CCH3)3), 31.5
(6C, C(CHs)3), 25.6 (2C, THF), 25.0 (1CCH,SiMes), 14.9 (1C,
CH,CH,CH,), 5.4 (3C, CHSI(CH3)3) ppm. IR (KBr pellet): v
2954(m), 2866(m), 2784(m), 1604(m), 1478(m), 1442(m), 1415-
(m), 1386(m), 1361(m), 1305(m), 1266(m), 1238(m), 1202(m),
1167(m), 1134(m), 1099(w), 1057(m), 1027(m), 970(w), 914(m),
876(m), 838(m), 808(m), 777(w), 694(m) ctn Anal. Calcd for
Cu3H7sN0sSIY (%): C, 65.79; H, 9.63; N, 3.57. Found: C, 65.69;
H, 9.61; N, 3.57.

L4Y(CH ;SiMe3)(THF) (5). To a stirred solution of ligané,L 4

Liu et al.

946(w), 915(w), 876(m), 839(m), 809(m), 795(w), 772(w), 680-
(m) cnm . Anal. Calcd for GoH73N,0sSilu (%): C, 58.86; H, 8.59;
N, 3.27. Found: C, 58.65; H, 8.55; N, 3.20.

L8Y(CH ,SiMes), (7). To a stirred suspension of ligaiktl 6 (0.26
g, 0.84 mmol) in hexane (20 mL) was added Y (SMes)3(THF),
(0.41 g, 0.84 mmol) in hexane (5 mL) at°C. The mixture was
reacted until a clear solution was obtained in 0.5 h. Then, the
solution was concentrated to half-volume and cooled-89 °C.
Bright yellow single crystals of compleX were isolated after
several hours (0.17 g, 75%3H NMR (400 MHz, GDg, 25°C): ¢
7.22-7.19 (br, 3H, 2,6Pr,-CeH3), 6.9 (t,3J(H, H) = 7.2 Hz, 1H,
2-OMe-GH4-8H), 6.82 (t,3J(H, H) = 8.0 Hz, 1H, 2-OMe-@H;-
yH), 6.74 (dd 3J(H, H) = 1.2 Hz, 1.2 Hz, 1H, 2-OMe-,-oH),
6.58 (d,3J(H, H) = 8.0 Hz, 1H, 2-OMe-@H,-0H), 5.18 (s, 1H,
HC(C(CH;)NAT),), 3.86 (s, 3H, ArO®is), 3.31 (m, 2H, ArH-

(0.22 g, 0.04 mmol) in toluene (10 mL) was added a toluene (5 (CHs)2), 2.04 (s, 3H, C(Ei3)NAr), 1.72 (s, 3H, C(Eiz)NAr), 1.41

mL) solution of Y(CHSiMes)s(THF), (0.20 g, 0.04 mmol) at-30
°C. The reaction mixture was stirred for 12 h, and the volatiles

(d,3J(H, H) = 8.0 Hz, 6H, ArCH(GHs),), 1.23 (d,3J(H, H) = 8.0
Hz, 6H, ArCH(CH3)2), 0.23 (s, 18H, ChSi(CHs)s), —0.30,—0.33

were removed under vacuum. The residue was washed with hexandd, d, 2J(H, H) = 12.0 Hz,2)(Y, H) = 4.0 Hz, 2H, ¢,SiMe3),

and dried under vacuum, to give compkeas white powders (0.24
g, 75%). Good crystals for X-ray analysis were grown from a
toluene solution’H NMR (400 MHz, GDe, 25 °C): 6 8.73 (d,
3J(H, H) = 5.1 Hz, 1H, PyeH), 7.46 (d,%J(H, H) = 2.5 Hz, 2H,
CeHy), 7.09 (d,2)(H, H) = 2.5 Hz, 2H, GH,), 6.55 (d, d, d3J(H,
H) = 1.6 Hz, 1.7 Hz, 1.5 Hz, 1H3-Py), 6.26 (,3)(H, H) = 6.4
Hz, 1H, y-Py), 5.90 (d2J(H, H) = 8.0 Hz, 1H,6-Py), 4.10 (br,
4H, THF), 4.06 (d2J(H, H) = 12.0 Hz, 2H, ArG.N), 3.36 (s,
2H, Py(H,N), 3.06 (d,2J(H, H) = 12.0 Hz, 2H, ArG,N), 1.82
(s, 18H, C(CH)3), 1.52 (s, 18H, C(CH)3), 1.36 (m, 4H, THF),
0.70 (s, 9H, CHSIi(CHs)3), 0.09 (d,2J(Y, H) = 3.0 Hz, 2H, G,-
SiMes) ppm. 13C NMR(100 Hz, GDs, 25 °C): 162.6 (2C,ipso
2,44BUu,CgH-0), 160.5 (1Cipso-GsHaN), 149.8 (1CCeH4N), 138.1
(2C,ipso-2,44Bu,CeH-0), 136.8 (2Cipso-2,44Bu,CeH,0), 126.1
(1C, CeHaN), 126.0 (2C,ipso-2,44Bu,-CsH,0), 124.6 (2C, 2,4-
tBu,-CeH,0), 124.1 (2Cipso-2,44Bu,-CeH20), 122.5 (1CCeHN),
121.7 (1CCeHaN), 72.0 (2C, THF), 64.9 (2C, A&BH,N), 57.5 (1C,
PYCH,N), 36.0 (2C, C(CHa)s), 34.6 (2C,C(CHs)s), 32.8 (6C,
C(CHa3)3), 30.8 (6C, CCHa3)s), 26.8 (1C,CH,SiMes), 25.6 (2C,
THF), 5.40 (3C, CHSIi(CHa)3) ppm. IR (KBr pellet): v 2955(m),
2905(m), 2869(m), 1607(m), 1574(m), 1520(w), 1479(m), 1443-
(m), 1417(m), 1388(m), 1362(m), 1307(m), 1240(m), 1204(m),
1169(m), 1156(m), 1136(m), 1101(w), 1070(w), 1057(m), 1029-
(w), 1016(w), 975(w), 932(w), 915(w), 877(m), 838(m), 809(m),
754(m), 697(m) cm’. Anal. Calcd for G4HgdN2O3SiY (%): C,
66.81; H, 8.79; N, 3.54. Found: C, 66.66; H, 8.71; N, 3.50.
L5Y(CH ;SiMes)(THF) (6). Treatment of Y(CHSiIMes)s(THF),
(0.181 g, 0.37 mmol) with Salan ligand,bL 5 (0.20 g, 0.37 mmol)
according to the procedure described for the preparatiod of
afforded comple6 as white powders (0.18 g, 64%H NMR (400
MHz, C¢Ds, 25 °C): 6 7.76 (s, 2H, GHy), 7.06 (s, 2H, GH,),
4.70 (br, 1H, THF), 4.09 (br, 4H, A8:N), 3.75 (br, 1H, THF),
2.95 (br, 2H, THF), 2.83 (br, 2H, THF), 2.17 (br, 3H, Ng), 1.94
(br, 7H, NCH3, N(CH,)2N), 1.82 (s, 18H, C(CH)s), 1.53 (s, 18H,
C(CHa)s), 1.24 (br, 1H, THF), 1.05 (br, 1H, THF), 0.44 (s, 9H,
CH,Si(CHs)3), —0.35,—0.38 (AB, 2J(H, H) = 12.0 Hz,2)(Y, H)
= 4.0 Hz, 2H, ®,SiMe;) ppm. 3¢ NMR (100 MHz, GDs, 25
°C): ¢ 162.4 (1C,ipso-2,44Buy,-CsHy), 161.6 (1C,ipso-2,44Buy-
CgHs), 138.3 (1C,ipso-2,44Buy-CeHy), 137.2 (2C,ipso-2,44Bu,-
CeHs), 136.7 (1Cjpso-2,44Bu,-CeHy), 126.7 (2C, 2,4BU,-CgHo),
125.7 (2C, 2,4BuyCgH,), 124.7 (2C,ipso-2,44Bu,-CeH.), 72.3
(2C, THF), 65.7 (2C, AEH,N), 64.7 (1C, N(CH),N), 52.0 (1C,
N(CH,)N), 46.0 (1C, NCH), 45.0 (1C, NCH), 36.1 (2C.C(CHa)s),
34.7 (2C,C(CHs)3), 32.7 (6C, CCHa)3), 31.0 (6C, CCHa)a), 29.7
(1C, CH,SiMes), 25.6 (2C, THF), 5.2 (3C, SiiH3)s). IR (KBr
pellet): v 2955(m), 2902(m), 2865(m), 1605(m), 1477(m), 1444-
(m), 1415(m), 1389(m), 1361(m), 1308(m), 1283(m), 1239(m),
1203(m), 1167(m), 1133(m), 1071(w), 1014(w), 981(w), 963(w),

—0.45,-0.48 (d, d,2J(H, H) = 12.0 Hz,2)(Y, H) = 4.0 Hz, 2H,
CH,SiMe;). 13C NMR(100 MHz, GDg, 25°C): 6 168.8 (1C, HC-
(C(Me)NAr),), 160.7 (1C, HCC(Me)NAr),), 151.4 (1C,ipso-2-
OMe-CgH,), 143.2 (1C,ipso-2,6-iPp-CgH3), 142.5 (2C,ipso-2,6-
iPr,-CgHg), 138.5 (1C,ipso-2-OMe-GH,4), 127.0 (1C, 2,6Pr-
CsH3), 124.9 (2C, 2,6iPr-CgH3), 124.0 (1C, 2-OMe=gH,), 123.8
(1C, 2-OMeC¢Hy), 123.5 (1C, 2-OMe=gH,), 111.8 (1C, 2-OMe-
CeHas), 100.9 (1C, KE(C(Me)NAr),), 58.9 (3C, ArGCH3), 36.9 (1C,
CH,SiMe;), 36.5 (1C,CH.SiMe3), 29.3 (2C, ACH(CHjy),), 25.5
(2C, ArCH(CHs),), 24.7 (2C, ArCHCHs),), 23.9 (1C, CCHs)
NAr), 23.3 (1C, CCH3) NAr), 4.6 (6C, CHSI(CHs)3). IR (KBr
pellet): v 3057(m), 2959(m), 2866(m), 2836(w), 1637(m), 1597-
(m), 1560(m), 1516(m), 1478(m), 1462(m), 1437(m), 1384(m),
1363(m), 1327(m), 1284(m), 1241(m), 1227(m), 1177(m), 1117-
(m), 1050(w), 1031(m), 935(m), 789(m), 750(m), 735(m)€ém
Anal. Calcd for GoHsgN,OSLY (%): C, 61.31; H, 8.52; N, 4.47.
Found: C, 61.10; H, 8.44; N, 4.39.

L7Y(CH ,SiMe3); (8). Complex8 was prepared according to the
same procedure as that fotby reaction of Y(CHSiMes)s(THF),
(0.41 g, 0.84 mmol) anHiL 7 as light yellow crystals (0.36 g, 85%).
H NMR (400 MHz, GDg, 25°C): ¢ 6.91-6.85 (td,3J(H, H) =
1.7 Hz, 1.4 Hz, 1.6 Hz, 2H, 2-OMe84-8H), 6.83-6.78 (td,2J(H,

H) = 1.2 Hz, 1.1 Hz, 1.2 Hz, 2H, 2-OMe8,-yH), 6.65 (d 3J(H,

H) = 8.0 Hz, 4H, 2-OMe-@H;-a,0H), 5.19 (s, IHHC (C(CHs)-
NAr),), 3.87 (s, 6H, ArOEl3), 2.01 (s, 6H, C(El3) NAr), 0.11 (s,
18H, CHSIi(CH3)3), —0.49 (br, 4H, ¢,SiMes). 13C NMR (100
MHz, CsDs, 25 °C): 0 164.0 (2C, HCC(Me)NAr),), 151.7 (2C,
ipso-2-OMe-CgHy4), 138.2 (2C,ipso-2-OMe-GH,4), 125.2 (2C,
2-OMe-CgHa), 124.4 (2C, 2-OMe=gH,), 123.3 (2C, 2-OMdzgH,),
111.5 (2C, 2-OMe=gHy), 104.1 (1C, KE(C(Me)NAr),). 57.6 (2C,
ArOCHg), 30.6 (1C,CH,SiMe3), 30.2 (1C,CH,SiMe3), 23.4 (2C,
C(CH3) NAr), 4.3 (6C, CHSI(CHas)s). IR (KBr pellet): v 3061-
(w), 2948(m), 2839(w), 1630(w), 1527(m), 1482(m), 1451(m),
1388(m), 1308(w), 1272(m), 1236(m), 1193(w), 1175(m), 1114-
(m), 1046(w), 1017(m), 930(m), 858(m), 790(m), 745(m), 695(w)
cmL. Anal. Calcd for G/H43sN0,SibY (%): C, 56.62; H, 7.57;
N, 4.89. Found: C, 56.33; H, 7.48; N, 4.64.

Polymerization of rac-Lactide. A typical procedure for polym-
erization ofrac-LA was performed in a 25 mL round flask in a
glovebox. To a stirred solution af,L.-LA (0.50 g, 3.47 mmol) in
1.50 mL of THF was added a THF solution (0.5 mL) of complex
1(13.37 mg, 0.017 mmol, [LA)/[Y]= 200:1, [LA] = 1.75 mol/

L). The polymerization took place immediately at room temperature.
The system became viscous in a few minutes and kept stirring for
1 h and then was terminated by 1.0 mL of HCI/§&MH/CHCkL
(0.1/20/60 viv). The viscous solution was quenched by an excess
amount of ethanol, filtered, washed with ethanol, and then dried at
40 °C for 24 hin vacuoto give polymer product (0.50 g, 100%).
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The molecular weight and the molecular weight distribution of the ~ Supporting Information Available: CIF file and crystal-
resulting polymer were determined by GPC. The tacticity of the lographic data for complexels—5 and7 including atomic coordi-
PLA was calculated according to the methine region homonuclear nates and anisotropic thermal parameters, ORTEP drawings of
decoupling'H NMR spectrum. X-ray structures for complexes-4, 'H and3C NMR spectra for
complexes6—8, which have not been characterized by X-ray
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