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Stereoisomers of lactide.
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4,5,6,7-tetrahydro-4,7-methano-2H-indazol-2-yl|hoj&aN(SiMe)..
2THF and (B) SALAN Ligand-AlMe/PhCOH (Pm) 0.79 and (C)
SALAN Ligand-AlMe/PhCHOH (P,) 0.96.

Carbonyl region of th&C{*H} NMR spectra (125 MHz, CDGJ 40 °C)
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clarity.
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et al. (29 and30).

14

15

17

18

19
21
22
23
24
24

25
26
27
28
30

31

32

33

34



Figure 21

Figure 22
Figure 23

Figure 24
Figure 25
Figure 26

Figure 27
Figure 28

Figure 29

Figure 30
Figure 31

Figure 32
Figure 33
Figure 34

Figure 35

Figure 36

Figure 37

Figure 38

Figure 39

Figure 40

Dinuclear
Ligands

Aluminum Complexes 3{-34) Featuring Biphenolate

Aluminum Complexes3g) and B6).

Aluminum Complexes Supported by Fluorinated Amin@Y) and
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days).

'H-'H NOESY NMR spectrum (toluergy at 25°C, 400 MHz) of the
{ONOSPMA|(( 9-OCH(CHs3)COLPY) (@a).

Variable TemperatureéH NMR spectra (500 MHz, toluerdy) of
{ONOSPMA|(( 9-OCH(Me)CQiPr) @a); bottom, 298 K; middle, 353
K; top, 373 K (* stands for residual solvent resaoces).

Molecular structure of {ONE"JAI((9-OCH(Me)CQiPr) (4a)
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the isopropyl §-lactate group, are omitted for clarity). Selectezhd
distances (A) and angles (deg): —8I(74), 1.745(6); AtO(11),
1.761(6); AFO(51), 1.777(6); AYO(71), 2.018(5); AN, 2.018(6);
N-AI-0O(71), 176.9(3); O(5BHAI-0O(11), 114.9(3); O(B1LAI-0O(74),
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ORTEP drawing of {ONG"™AI(( R-OCH(Me)CHCO:Me) (5a) 91
(thermal ellipsoids drawn at 50 % probability levelll solvents
molecules and hydrogen atoms, except that of thinorg moiety of
the R)-p-alkoxy-butyrate group, are omitted for clarityel&cted bond
distances (A) and angles (deg): -8I(74), 1.729(2); AtO(51),
1.779(2); AFO(11), 1.780(2); AtO(71), 1.993(2); AN, 2.023(3);
O(74xAl-0(51), 121.83(12); O(74AI-0(11), 122.35(12);
O(51)AI-O(11), 115.77(11); O(7%AI-N, 175.62(11);
O(51)-AlI-0(71), 86.37(10); O(74AI-0(71), 92.90(11);
O(11)>AI-0O(71), 88.15(10); O(74AI-N, 91.15(11); O(5BHAI-N,
90.08(11); O(1HAI-N, 91.09(11).

ORTEP drawing of {ONO&™™JAI(( rac)-OCH(CR)CH,CO,Et) (6a) 92
(thermal ellipsoids drawn at 30 % probability levelll solvents
molecules and hydrogen atoms, except that of thyg ef the ¢ac)-p-
alkoxy-trifluorobutyrate group, are omitted for itg). Selected bond
distances (A) and angles (deg): -@I(74), 1.755(2); A+O(11),
1.767(2); AFO(51), 1.777(2); AtO(71), 2.030(2); AN, 2.017(2);
O(74xAlI-0(11), 120.62(12); O(74AI-0O(51), 120.86(12);
O(11)1AI-0O(51), 118.23(11); O(74Al-N, 92.14(10); O(1BHAI-N,
91.86(10); O(BHAI-N, 91.28(10); O(7HAI-O(71), 91.20(10);
O(11)>AI-0(71), 87.82(10); O(51AI-0O(71), 85.63(10);
N-AI-0O(71), 176.29(10).

'H NMR spectrum (500 MHz, CDg1298 K) of a polylactide produced 97
from the {ONCP"3AIMe (2a)/iPrOH (1:1) system (Table 3, entry 16).

'"H NMR spectrum (500 MHz, C{l,, 298 K) of a polylactide 97
generated from the {ON®"3AIMe (2a)/BnOH (1:1) system (Table 3,
entry 9).

Details of the methine (left) and methyl (rightpiens of the'H NMR 100
spectra (500 MHz, toluendy; 298 K) of (a) §-4a, and mixtures of)-

4a with (b) 1.1 equiv. ofac-LA, (c) 1.8 equiv. ofL-LA, (d) 1.1 equiv.

of D-LA, and (e) ofrac-LA alone (*stands for residual hexane
resonances).

Details of theH NMR spectra (500 MHz, toluerdy; 298 K) (a) §-4b, 101
(b) a 1:1.1 §-4b/rac-LA reaction mixture after 30 min at 25 °C, and
(d) rac-LA.

Details ofthe™H NMR spectra (500 MHz, CITl,, 298 K) of (a) §)-4a, 102
(b) a 1:1.2 §-4alrac-LA mixture, and (cyac-LA.

Details of the'H NMR spectra (500 MHz, THEs, 298 K) (a) §)-4a, 103
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Figure 49

Figure 50

Figure 51

Figure 52

Figure 53

Figure 54

Figure 55

Figure 56

Figure 57

Figure 58

Figure 59

Figure 60

Figure 61

(b) a 1:1.7 mixture of)-4aandrac-LA, and (c)rac-LA.

Details of thelow-field aliphatic region of théH NMR spectra (500
MHz, CD,Cl,, 298 K) of a 1:6.26 mixture off-4aand L-LA kept at 25
°C. The bottom spectrum is that of puge-4a.

Details of thehigh-field aliphatic region of thtH NMR spectrum (500
MHz, CD,Cl,, 298 K) of a 1:6.26 mixture ofa and L-LA kept at 25
°C. The bottom spectrum is that of pdie

Detail of thealiphatic region of the¢H NMR spectrum (500 MHz,
CD.Cly, 298 K) of a 1:6.2@la/L-LA mixture after 503 h at 25 °C (66%
conversion of L-LA).

Detail of the aliphatic region of tht#H NMR spectrum (500 MHz,
tolueneds, 298 K) of the reaction mixturge/L-LA (1:6 equiv.) after 17
h at 80 °C (88% conversion of L-LA}stands for residual solvent
resonances).

Plot of L-LA conversion vs. time for the reactionxmre of 4a/L-LA
(1:6.26) in CDCI, at 25 °C, [LAp=0.3932 mol..

Semi-logarithmic plot of L-LA conversion vs. timeitiated by complex
(9-4a(25 °C, COCly, [LA] o = 0.3932 mol.[Y).

Plot of L-LA conversion vs. time for the reactiorixtore of 4a/L-LA
(1:5) at 80 °C in toluends, [LA] o = 0.269 mol.[*.

Semi-logarithmic plot of L-LA conversion vs timeitiated by complex
(9-4a (80 °C, toluenddg, [LA] o = 0.269 mol.[Y).

'H NMR monitoring (500 MHz, CBECl,, 298 K) of the reaction of a
1:1.35 mixture of R)-5a and L-LA in CDCI, at 25 °C (* stands for
residual solvent resonances). The bottom spectsuthat of pureR)-
S5a

'H NMR spectrum (500 MHz, CiTl,, 298 K) of the 1:1.35 reaction of
a mixture of R)-5a and L-LA after 23 h at 25 °C (* stands for residua
solvent resonances).

'H NMR spectra (500 MHz, CfTGl,, 298 K) of the 1:1.35 reaction of a
mixture of R)-5a and L-LA after (bottom) 23 h and (top) 21 day2at
°C (* stands for residual solvent resonances).

Molecular structure of pro-ligand {ON&“"™}H, (all hydrogens
atoms, except those of hydroxyl groups, are omitbectlarity; thermal
ellipsoids drawn at 50 % probability). Selected dafistances (A) and
angles (deg): H(O(1))-N = 1.919; H(O(2))-N = 1.985Py-Ph(1) =
23.55; 0 Py-Ph(2) = 23.21.

ORTEP drawing of {ON&*“"™}Al(( R)-OCH(Me)CHCO,Me) (5d)

(thermal ellipsoids drawn at 50 % probability levell solvents
molecules and hydrogen atoms are omitted for gla8elected bond
distances (A) and angles (deg): (on the left)=@(74) = 1.745(2);
Al-O(51) = 1.757(2); AO(11) = 1.762(2); AtO(71) = 2.006(2);
Al-N = 2.017(2); O(74HAI-0O(51) = 118.16(12); O(74AI-O(11) =

118.18(11); O(5BAI-O(11) = 122.96(11); O(7+AI-N = 171.00(11);
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O(1-Al-O(71) = 84.58(10); O(74AI-O(71) = 93.40(10);
O(11)}-Al-O(71) = 84.05(10); O(74AI-N = 95.44(10); O(5BAI-N
= 92.72(10); O(1BAI-N = 90.26(10). (on the right): Al(2)-O(9) =
1.743(2); Al(2)-0(8) = 1.757(2) ; Al(2)-0(7) = 1.I@) ; Al(2)-N(2)
= 1.996(3); Al(2)-O(10) = 2.057(2); O(9)-Al(2)-O(&} 120.76(12);

0(9)-Al(2)-O(7) = 119.58(11): O(8)-Al(2)-O(7) = 1DB(11);
0(9)-Al(2)-N(2) = 92.25(10); O(8)-Al(2-N(2) = 926l1);
O(7)-Al(2)-N(2) = 92.83(11); O(9)-Al(2)-O(10) = PI(10);
0(8)-Al(2)-O(10) = 85.07(10); O(7)-Al(2)-O(10) = &B&(10);

N(2)-Al(2)-O(10) = 176.44(10).

Figure 62  Detail of the aliphatic region of thBd NMR spectrum (500 MHz, 122
tolueneds, 298 K) of; bottom, §-4d, and mixtures of -4d with;
middle, 1 equiv. ofrac-LA and; top, ofrac-LA (*stands for residual
solvent resonances).

Figure 63  Detail of the aromatic region of th#d NMR spectrum (500 MHz, 122
tolueneds, 298 K) of the reaction mixture; bottong{4d, and mixtures
of (§-4d with; top, 1 equiv. ofac-LA.

Figure 64  Details of the aliphatic region of the VVH NMR spectra (500 MHz, 124
tolueneds, 298-363 K) of {ONG*CU™AY[N(SiHMe ,),](THF)(Et,0)
(9); bottom, 298 K; middle, 333 and 353 K; top, 363 (A) C,-
symmetric species. (B and C) Decomposition prodyétsfers to
residual solvent resonances).

Figure 65 ORTEP drawing of {ON&*C“™}Y[N(SiHMe),](THF)(EO) (9) 126
(thermal ellipsoids drawn at 50% probability levali hydrogen atoms
are omitted for clarity). Selected bond distand&s gnd angles (deg):
Y(1)-0(11) = 2.1427(19); Y(BO(51) = 2.144(2); Y(BHO(61) =
2.366(2); Y(1)O(71)= 2.358(2); Y(1)N(2) = 2.615(2); Y(13N(3) =
2.268(3); Y(1»Si(1) = 3.4276(10); Y(BSi(2) = 3.4158(11);
N(2)-Y(1)-N(3) = 176.57(9); O(1hHY(1)-O(51) = 153.77(7);

O(71r-Y(1)-O(61) = 162.75(9); O(LBY(1)-N(2) = 76.32(7);
O(11FY(1)-N(3) = 106.16(8); O(1BY(1)-O(61) = 90.60(8);
O(11}-Y(1)-O(71) = 85.44(8); OBGBY(1)-N2) = 77.76(7);
O(1yY(1)-N(@3) = 99.91(9); O(BY(1)-O(61) = 88.43(8);
O(1)yY(1)-O(71) = 87.77(8); O(7BY(1)-N(2) = 83.58(8);
O(71-Y(1)-N(3) = 98.90(9); OBBY(1)-N(Q2)= 79.17(7):

O(61)-Y(1)-N(3) = 98.33(9); Si(2)-N(3)-Y(1) = 118.58(14); i1l
N(3)-Y(1) = 118.78(14) = Si(2)-N(3)-Si(1) = 122.68}.

Figure 66  'H NMR spectrum (500 MHz, CDg;1298 K) of a PLA produced from 133
{ONOMECU™Ay ((R)-OCH(CH;)CH,COOMe) (L0) (Table 10, entry
10).

Figure 67 'H-'H COSY NMR spectrum (500 MHz, CDgI1298 K) of a PLA 134
produced from {ON&*C“™hy((R)-OCH(CHs;)CH,COOMe) (@0)
(Table10, entry 10).

Figure 68  Carbonyl f) and MethyleneR) regions of thé*C{*H} NMR spectrum 136
(100 MHz, CDC4, 298 K) of a PHB produced from
{ONOMeCU™hy (( R)-OCH(CHs;)CH,COOMe) (0) (Table 10, entry
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Figure 8A

Figure 9A
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Figure 13A
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Figure 15A

Figure 16A

Figure 17A

21).
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ABSTRACT

A series of new Al(lll) complexes bearing silydrtho-substituted 2,6-
bis(naphtholate)-pyridine tridentate ligands ({Oﬂf@ > SiR; = SiPh, SiMetBu) and
two monomeric Y(lll) complexes bearing a new cunmttho-substituted 2,6-
bis(phenolate)-pyridine tridentate ligand {ONEF'™42" have been prepared and
structurally characterized in solution and in Hudid-state. Preliminary studies on the
catalytic performances of the compounds in the R&Pracemic lactide and-
butyrolactone are described. Also, details of #ctions of chiral Al-lactate andf{
alkoxy ester} complexes which are close models/ménaf the first intermediates and
active species involved in the initiation and prggi@on steps of the ROP of lactides

andp-lactones with stoichiometric amounts of lactide.
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1. INTRODUCTION

1.1 GENERAL INTRODUCTION

Synthetic petrochemical-based polymers have hateraendous industrial impact
since the 1940s. Despite the numerous advantagéesd materials, two major drawbacks
remain to be solved, namely, the use of nonrenewvasources in their production and the
ultimate fate of these large-scale commodity polgméue to their unique properties,
biodegradable polymers have been considered asnatitee environmentally friendly
polymers. The possibility to prepare some of theseerials from renewable resources has
proven to be of increasing importance and has apeammercial perspectives for a range of
applications (e.g. packaging materials and bionsdaystems}. Among the variety of
biodegradable polymers known, aliphatic polyestgesan attractive class of thermoplastics,
especially those derived from lactic acid (PL?A).

The ring-opening polymerization (ROP) of lactones aelated monomers, in which
the relief of ring-strain is the driving force fgolymerization (Scheme 1), is the most
efficient method to prepare aliphatic polyester enats. Some thermodynamic data for
common five- and six-membered monomers are givehable 1. In all the examples given,
the entropic contribution into free energy is pesit like in the majority of polymerizations,
and thus the monomer-polymer conversion is possililee negative enthalpic contribution
can outweigh the entropic factdfhis ROP chain-growth process proceeds with dicanitly
better control in terms of molecular-weight and ydapersity M,/M,) than step-growth
processes, that is, the polycondensation of didicid/comonomers or hydroxy-acid

monomers:®
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Scheme 1.General scheme for (aéhe ring-opening polymerization of cyclic estersd gb)

ROP ofrac-lactide using a metal-alkoxide species.

Table I. Standard Thermodynamic Parameters of PolymerizaticCommon Five- and Six-

Membered Cyclic Monomers’’

O
o)H “““ 0 0 o 0
0 {
“““ Y ° 9 3
O
L-Lactide g—Caprolactone B-Propiolactone y-Butyrolactone 5-Valerolactone
AH°/(kI.mol")  _ 5 g -28.8 -82.3 5.1 ~274
AS°/(1.mol K1) _ 25,00 5397 74 ~29.9° ~65.07

“[Monomer] = 10 M, conducted in liquid monomer
b [Monomer] = 1 M, conducted in solution

1.2 ALIPHATIC BIODEGRADABLE POLYESTERS
As to synthetic biodegradable polymers, aliphata@ygsters are representatives.
Nowadays, aliphatic polyesters, such as poly(lagticand polyhydroxybutyrate, are

commercially produced and their output continustoease.



1.2.1 Poly(lactic acid) (PLA)

Poly(lactic acid) (PLA) is a thermoplastic matendath rigidity and clarity similar to
polystyrene (PS) or poly(ethylene terephthalateET)P End uses of PLA are in rigid
packaging, flexible film packaging, cold drink cypsitlery, apparel and staple fiber, bottles,
injection molded products, extrusion coating, ancbe® PLA is bio-based, resorbable, and
biodegradable under industrial composting condstfon

PLA cannot be considered as a new polymer. As easlyin 1845, PLA was
synthesized by Théophile-Jules Pelouze by the cmadi®n of lactic acid. In 1932, Wallace
Hume Carothers et al. developed a method to poigeédactide to produce PLA that was
later patented by DuPont in 1954. Although PLA tedsfor several decades, its use was
limited to biomedical applications (e.g., biocombplat sutures, implants, biologically active
controlled release devices) due to its high cobe Tow molecular weight PLA polymers
obtained also hampered their wide-ranging appboati The breakthrough occurred in the
early 1990s when Cargill Inc. succeeded in polynieg lactide on large-scale ring-opening
reactions using a Sn(ll)-based catalyst (Schenfe®n 1997, Cargill Dow LLC, a joint
venture between Cargill Inc. and the The Dow Chahftompany, was formed to begin truly
commercially significant production of PLA resinsder the trade name NatureWor%s
This is a major landmark in PLA’s history becaussignifies the beginning of a large-scale
use of this bio-based polymer, transforming PLAnfra specialty material to a commodity
thermoplastic®

Since lactide is prepared from lactic acid, it banfound in two diastereomeric forms:

meselactide and D,L-lactide, the 50:50 mixture of whis also calledac-lactide (Figure 1).
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Figure 1. Stereoisomers of lactide.

Purification of lactic acid produced by industrizcterial fermentation is of decisive
importance because crude lactic acid contains rnmapurities such as acids, alcohols, esters,
metals, and traces of sugar and nutrients. Thad&aahonomer for PLA production is
obtained from catalytic depolymerization of shofARchains under reduced pressttd his
prepolymer is produced by dehydration and polycasdgon of lactic acid under vacuum at
high temperature. After purification, lactide isedsfor the production of PLA and lactide
copolymers by ROP, which is conducted in bulk atgeratures above the melting point of

the lactides and below temperatures that causadaipon of the formed PLA.

Enzymatic _ HO Fermentation | HO))LOH
Hydrolysis HO lactobacillus H CHj

L(+)-lactic acid

m
Starch Glucose -H,O
vacuum
110-180 °C

CH3;

HO&(

Low Molecular Weight PLA
n=10-70

200°C f|_,
vacuum | |Sn"(O,CR),

(0]
sn'(0O,CR), )l\ J\( OJ\
/@O Ring-Opening Polymerization Purification by o o + )Yo
(ROP) recrystallization . K’(
CHy or distillation )
High Molecular Weight PLA i-?:égdoé L- lactlde D- lactlde meso-lactide
-

Formation by partial racemization

Scheme 2Synthetic pathway to the preparation of lactidé BhA*?



The physical —notably the thermo-mechanical- ptogee of a polymeric material
critically depend on many factors, one of whiclstereochemistry. Polylactides can exhibit
different microstructures depending both on the omoer involved and on the course of the

polymerization reaction (SchemeZ)

(0] - 0
Stereoselective =\(ﬂ%\0j\§09ﬁ + \(H/SZ\OJ\?/OQH
(o] : (0]

rac- Mixture of Isotactic PLAs

o : 0
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. Heterotactic PLA
oo ™
. Stereoselective 0] 0O
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R O)J\l/ R O)H/ h
o O
Syndiotactic PLA

Scheme 3Different types of polylactides.

1.2.2 Poly(3-hydroxybutyrate) (PHB)

Isotactic poly(3-hydroxybutyrate) (iPHB) is a naturpolyester whose current
notoriety is due to its inherent biodegradabiltyPHB is naturally produced from acetyl-
CoA by bacteria. Growing on glucose, the bacterRaistonia eutroph@an amass up to 85%
of its dry weight in PHB, which makes this microanism a miniature bioplastic factot¥.
This bacterial production yields perfectly isotactnighly crystalline thermoplastic material

(Tm = 180 °C), where the chiral center in each repeéthas aR absolute configuratiorin



1999, Monsanto has developed genetic modificatioplants to make them produce larger
quantities of PHB in an attempt to industrialize firoduction of this polymer materidl.
Synthetic analogues of natural-origin PHB can bepared more conveniently by the ring-
opening polymerization of-butyrolactone (BL — produced from 3-hydroxybutym@cid
obtained via fermentation of sugars) using metakdacatalysts/initiators (Scheme 4). The
ROP of specifically substitutettlactone rings for the preparation of pghésters) allows for
modulation of the polymer chain stereochemistry. dddition, ROP allows for the

introduction of a range of pendant group structtypés'”*®

o)

S)—0
)j{/ ~ Selective

Enantiopure

B-Butyrolactone /(OjR/\ﬂ/o R «—
Stereoselective o o n

/ Isotactic PHB

0
ij . OR 0SS
R v g Stereoselective 'f \‘/\W \/\fﬂ/n
S0 © O * O

Syndiotactic PHB

Ny

Non Stereoselective

rac-B-Butyrolactone

Atactic PHB

Scheme 4PHB microstructures.

1.3 MECHANISMS FOR THE RING-OPENING POLYMERIZATION (ROP) OF
CYCLIC ESTERS

As explained above, polylactones and polylactidebigh molecular weight can be
produced by the ROP of the corresponding cyclic onogrs. The ring-opening reaction can
be performed either as a bulk polymerization, ors@ution, emulsion, or dispersiohA
catalyst and/or initiator is necessary to startgblymerization. With the most efficient ones,
under rather mild conditions, high-molecular weighphatic polyesters of low polydispersity
can be prepared in short periods of time. Dependimg the catalyst/initiator, the

6



polymerization proceeds according to different namidms: cationic, anionic, by activated

monomer, by coordination- insertion and by dualrepphes.

1.3.1 Cationic Ring-Opening Polymerization

The ability of trifluoromethanesulfonic acid (HOTf) and methyl
trifluoromethanesulfonate (MeOTf) to promote théasc ROP of lactide was demonstrated
by Kricheldorfet al?® in the late 1980s. According 1 NMR, polymers with methyl ester
end groups were obtained with MeOTf as initiatoheTauthors proposed that the chain
growth  proceeds via alkyl-oxygen bond cleavage and involves ring-ogene
trifluoromethanesulfonates as intermediates (Sch&neThe cationic polymerization is
difficult to control and often only low-moleculareight polymers are formed. Further
extensions of this acid-catalyzed ROP of lactideehlaeen developed recently by Bourissou

et al.

R
O

ﬁ)ko ROTf %@
Sy

3
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\O)%O%Oﬂ
O
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Scheme 5Proposed pathway for the cationic ROP of lactRle=(H, Me or growing polymer

chain, Tf = CESQO,).

1.3.2 Anionic Ring-Opening Polymerization

The mechanism of anionic polymerization of lactidas studied by KaspercA#¢
with lithium tert-butoxide and butyllithium as initiators to afforteterotactically-enriched
PLA (P, = 0.90 at room temperature and 0.94 at —20 °C)oia ROP of cyclic ester
monomers takes place by the nucleophilic attacla afegatively charged initiator on the

carbonyl carbon or on the carbon atom adjacenhéoacyl oxygen, resulting in a linear
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polyester (Scheme 6).The propagating species iativety charged and is counter-balanced
with a positive ion. Depending on the nature of tbeic propagating chain-end and the
solvent, the reacting complex varies from compjeihic to almost covalent. One of the best
controlled methods leading to high molecular weigbtymers is anionic polymerization
carried out in a polar solvent. The anionic ringeoing of four-membered ring$-(actones)
occurs through alkyloxygen or acytoxygen cleavage giving a carboxylate or alkoxitié.
problem associated with the anionic ROP is therestte back-biting, and in some cases only

polyesters of low molecular weight are achief&d.

n
(e}
/\O 0 W(L%
initiation o 9]
. o e ROJYOWXO )
(0] M

propagation

Scheme 6Anionic mechanism of the ROP of lactide.

1.3.3 Activated Monomer Mechanism

The activated monomer mechanism operates undertioorsdwhere a Lewis acid
(typically, triflate or acetylacetonate salts of, &In, Zn, Ln), organic molecules.¢.amines)
or enzymes (lipase) are induced in the polymeompateaction. First, the carbonyl group of
the cyclic ester is activated by coordination dihi® Lewis acid; then an external nucleophile
(typically an alcohol or an amine) attacks the vaat&d carbonyl group to initiate the
polymerizationvia cleavage of the acyl-oxygen bond and formatiora gfropagating,o-

hydroxyester (Scheme 3.
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Scheme 7.General activated monomer mechanism for the RORwatide. The charge is

purely formal.

1.3.4 Organo-Catalyzed and Dual ROP Mechanisms

A combination of the anionic and the activated-nmoro mechanisms can be
performed using a Lewis acid and a Lewis base ysttalsimultaneously, where both the
monomer and the nucleophile are activated. Orgdalysss, such as guanidifié8® (Scheme

8) or amino-thiourea®,can promote the ROP of cyclic estei@such a mechanism.



NN 0 <: =N H
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Scheme 8Ring-opening of a cyclic ester by nucleophilicaak of a guanidine in presence of
alcohol.

A new dual approach was also developed using ad awrdic metal complex with an
alcohol initiator and an organic baSaihile the carbonyl group of the monomer is actdat
through coordination on the Lewis acidic metal eenthe Lewis base (generally a tertiary
amine such as triethylamine) activates the alcelioth acts as an external nucleophile and
attacks the carbonyl group of the activated mono(Seheme 9). This approach has the
advantage to fuse the intrinsic high activity o€ telectrophilic metal center, its potential
ability to induce stereoselectivity in the mononesrchainment, and a better tolerance to

functional groups provided by the organic catalyst.
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Scheme 9Dual organic/organometallic approach.
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1.3.5 Coordination-Insertion Ring-Opening Polymeriation

The pseudo-anionic ROP mediated by metal compleypgally a metal-alkoxide
species (preformed or in situ generated) is ofedarred to as coordination-insertion ROP,
since the propagation is thought to proceed by dination of the monomer to the active
species, followed by insertion of the monomer ithi® metal-oxygen bond (of the initiator or
propagating species). This coordination-inserti@ctihanism for the ROP of cyclic esters was
first formulated in 1971 by Dittrich and SchdfzThe first experimental proof for such a
mechanism in the Al(GPr)-initiated polymerization of lactide was indepentigneported in
the late 1980s by Krichelddffand Teyssié® The four steps involved in the coordination-
insertion mechanism are depicted in Scheme 10cq@rdination of the monomer to the
Lewis-acidic metal center, (i) the monomer insem$o the metal-alkoxide bonds via
nucleophilic addition, (iii) ring-opening occursavacyl-oxygen cleavage and (iv) continuous
insertion of monomers.

The growing polymer chain remains attached to tlegahthrough an alkoxide bond
during propagation. The reaction, which is livingder optimal conditions, is terminated by
hydrolysis in the workup, forming an hydroxy enagp. The coordination-insertion type of
polymerization has been thoroughly investigatedesihindeed yields well-defined polyesters

through “controlled-living” polymerization.
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Scheme 10General representation of the coordination-ingertnechanism for the ROP of

lactide.

1.3.5.1 Stereocontrol in ROP of lactide an@3-butyrolactone

The mechanical properties of PLA and PHB rely andtereochemistry of insertion of
monomer into the polymer chain, and the process-@arprinciple— be controlled by the
catalyst and reaction conditions used. Therefdtd&sRvith desired microstructures (isotactic,
heterotactic and syndiotactic) can be derived fribva rac- and mesolactide, and PHBs
(isotactic and syndiotactic) can be derived froat- 3-butyrolactone depending on the
stereoselectivity of the metal catalysts in thersewf the polymerization. Fundamentally,
two different mechanisms can be distinguished:glghain-end control, which essentially

depends on stereochemistry of the monomer insertéee growing polymer chaire.g.if the

12



stereogenic center in the last unit inserted favwmmesoenchainment, isotactic PLA is
obtained fronrac-LA and heterotactic PLA will be obtained by usimgsoLA. However, if
the stereogenic center in the last unit favorac@micenchainment, heterotactic PLA will be
obtained fromrac-LA and syndiotactic PLA fronmmesoLA; and (2) an enantiomorphic site
control, which depends on chirality of the catalystg. in the lactide polymerization
following an enantiomorphic-site control mechanismly isotactic (racemate or stereoblock)
or syndiotactic PLA can be obtained froat- or mesoLA, respectively.

The stereosequence distribution in PLA samplessigally determined by NMR
spectroscopy. Generally, the stereosequences oéftbedled PLAs are assigned from the
homonuclear decoupletH NMR and **C NMR spectra as described independently by

&% and Hillmyer3®

Coate
According to Bernoullian statistics, PLA derivedorh rac-LA and mesoLA

possesses five tetrad sequences in relative ratioghich the propagating chain end shows a
propensy forracemic [r-dyad] and meso [m-dyad] connectivity of the monomer units.
Determination of the stereochemical microstructwe®LA is achieved through inspection
of the methine region of homonuclear decouplddNMR spectra of the polymers. Thus,
although atactic PLA exhibits five resonances & tipomodecoupledH NMR spectrum,
perfectly heterotactic PLA shows onignr (or sis) andmrm (or isi) tetrads (Figure 2). The
degree of stereoregularity of PLA is quantifieddmoefficientsP,, and P, associated with the
probability of racemic (r) or meso (m) linkagesve¢n monomer units, respectiveBy(= 1

- P,). For instance, for determining the isotacticityPh As, theP, values are calculated from
(area ofmmmtetrad)/(total area in the methine proton regioofained from homodecoupled
'H NMR spectra of the resulting PLA. Isotacticity BEAs can also be determined from the

following relations betweef,, and intensity of the tetradsminn} = Py? + (1 —Pp)P/2;

[mmi = [rmm] = (1 —Py)Pr/2; [rmr] = (1 _Pm)2/2; and fnrm] = [(1 _Pm)2+ Pm(1 _Pm)]/2-35
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Differences in tacticity alter the polymer meltid@.,) and glass transitionTg)
temperatures such that enantiopure poly(L-lact{)LA) possesse3y ~ 50 °C andTy =
180 °C; and a 50:50 mixture of PLLA and poly(D-lde) (PDLA) displays a comparablg
to PLLA but a significantly increasetl, (ca. 230 °C). This increased melting transition is
attributed to a stereocomplex microstructtirelhis makes isotactic PLAs (stereoblock,

stereocomplex) the most attractive targets formBLas.
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Figure 2. Homonuclear decoupléti NMR spectra (methine region) of PLA generatearfro
(A) [(Cyclooctane-1,5-diyl)bis[(4S,7R)-7,8,8-trinngd-4,5,6,7-tetrahydro-4,7-methano-2H-
indazol-2-yl]borato]CaN(SiMg,.2THF® and (B) SALAN Ligand-AlMe/PhChOH (Pn)

0.79 and (C) SALAN Ligand-AlMe/PhC#OH (P;) 0.963°
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The stereochemical sequence distribution in PHBp$snis usually determined by
13C NMR spectroscopy at a diad and triad level. Angjtative analysis of the stereochemical
sequence distribution of various PHB tactic formas ®e carried out by observation of the
respective carbonyl and methylene signals intessiising the NMR parameters described by
Grosset al*® In 2009, Carpentieet al** prepared a range of PHBs with a syndiotacticity
degree ranging fronP, = 0.80-0.94 in which a detailed microstructurahlgsis of these

polymers allowed a quite complete assignmerit@f'H} NMR spectra (Figure 3).
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Figure 3. Carbonyl region of th&°C{*H} NMR spectra (125 MHz, CDGJ 40 °C) of PHBs
prepared by ROP afac-BBL. Key: (A) with Y[N(SiHMe,)3]s(THF), (P; ) 0.64); (B) with
complex [(L)Y(N-(SiHMe),)(THF)], L = 3,5-dicumyl-aminoalkoxybis(phenolat{;) 0.88);
(C) with complex [(L)Y(N-(SiHMe),)(THF)] L = 5-methyl-3-triphenyl-

aminoalkoxybis(phenolatelP() 0.94)*

1.3.6 Transfer process (Transesterification Side-Retions).
In addition to transfer reactions with intentioyathdded transfer agents such as

alcohol molecules (“immortal” polymerization®),there exist two main types of chain
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transfer reactions in growing polyester chains: elggmntramolecular or back-biting (leading
to formation of cyclics) and intermolecular transféconserving the activities of both chains),
as shown in Scheme 11. Intramolecular chain tramsfees upon a unimolecular backbiting
reaction, releasing a fragment of a macromolecutbeé form of a cycle and leaving a shorter
but still active macromolecule. The cyclic macroemile can further react with growing
species in the propagation step. One of the fapeps discussing the ring-chain equilibrium
was published in 1950 by Jacobson and Stocknfdy@mcluding that only a small weight
fraction of cyclic macromolecules is present inodymerization conducted in bulk, whereas it
rapidly increases upon dilution due to a gain inray. As far as intermolecular chain
transfer is concerned, two growing macromolecutesszreact without losing the activity of

the chain end-groups.
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Scheme 11Representation of intra- and inter- molecular $esmterification side-reactions.
These transesterification side-reactions result Imoader molecular-weight
distributions. The extent of these undesirablesfiemreactions was found to strongly depend

on the metallic initiatof-
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1.4 CATALYSTS

A large variety of organometallic/coordination caopds has been studied as
initiators/catalysts in order to achieve effectipelymer synthesié*® In addition, many
reactions catalyzed by metal complexes are highégific and, by careful selection of metal
and ligands, reactions can be generated to fornesiredl polymer structufe:® Figure 4
summarizes some examples of highly active and #pesingle-site metal catalysts to
promote ROP in a good controlled manner. Theselessite complexes have a general
formulaL,MR, where M is a central metal atom surrounded myaacillary ligandL,. The
ancillary ligands in the complexes were proven lay @n important role in preventing side
reactions, like transesterification, which lead wacontrolled molecular weight, broad
molecular weight distributions and formation of mwaycles or oligomers. R is the initiating
group (alkoxide, amide, alkyl...), which nucleophijcaffects the polymerization activity of

the complexes; alkoxides, which are similar to phepagating species, are the best initiating

T
O Q & QD
N OiPr . &Y X
d OMe Coatest al.

Spasskyet al.

groups.

Carpentieet al.

Figure 4. Examples of Single-Site Metal (pre)Catalysts f& ROP of Cyclic Ester§:**°

1.4.1 Aluminum-Based Initiators for the ROP
Due to their high Lewis acidity and low toxicityuaninum compounds, especially Al-
alkoxides and -aryloxides, are well-suited initratdor the ROP of cyclic esters such as

lactides and lactoné8&*"*®The archetypal example, namely AlR®;, has been largely used
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for mechanistic studies. However, it has been Hedeto be significantly less active than
Sn(Oct) (in bulk at 125-180 °C, reaction times of seveatalys are usually required and
molecular weights are generally lower thart D&). Moreover, an induction period of a few
minutes is observed when applying AlR®); as initiator in lactide polymerization. This
feature was attributed to the presence of an équiin between the tetramer fAand the

trimer (Ag) (Figure 5), of which Awas demonstrated to be more reactive thaff A

Figure 5. Equilibrium between the tetramer and trimer of@GiRr);. Only aluminium atoms
(grey) and oxygen atoms (white) are shown for t}dri

Although aluminum-alkoxides were proven to be éfint catalyst/initiators for the
ROP of cyclic esters, control of molecular weighsometimes complicated by the clustered
form of the active species. Molecular weight disitions are usually broadened when more
than one growing chain is connected to one metedlitter. For these reasons, well-defined
single-site catalysts have been designed and ¢gglan cyclic esters polymerization.
Hereafter, we present a brief selection of wellkted aluminum initiators for the ROP of

lactides and butyrolactone.

1.4.1.1 Well-Defined Aluminum Complexes Featuring Ancillaly Ligands
Aluminum-porphyrin alkoxides (Figure 6) were demtvated by Inoueet al®® to

give PLAs with expected molecular weights and narRDIs (< 1.25) at 100 °C. Notably,

one equivalent of lactide inserted the AlI-OR bomccamplex 1b, demonstrating that the

polymerization proceeds by aegixygen bond cleavage, as evidenced by'th&lMR data.
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Studies of kinetics on related systems revealettitieapolymerization follows a second order
rate law with respect to the concentration of Ampbex, suggesting that the propagation
involves two aluminum porphyrins, one as a nucldapbpecies involved in chain growth

and the other as a Lewis acidic monomer activator.

Ph

Ph Ph

Ph

1 a: R = (OCH,CH,),Cl
b: R = OMe

Figure 6. Aluminum Complexesl) Bearing Porphyrins Reported by Inoceteal *°

Bertrand et al® reported a series of neutral and cationic alumincmmplexes
involving triamine ligands, in which complex@a-c (Scheme 12) exist under monomeric
forms as revealed by X-ray structural studies. Ruthe formation of a rather rigid bicyclic
core, the tridentate ligand enforced an approxilpatggonal monopyramidal coordination
geometry around the aluminum, the empty axial doattn site playing the role of the
reactive site during polymerization. In all of coewes, only the methyl and hydrido-
aluminum derivative2a-c were able to initiate the polymerization raic-lactide in benzene
at 80 °C, forming PLAs with PDIs of 1.79 and 1.8dspectively. The hydrido-comple2b

was about twice as active as the methyl-aluminunvaléve 2a.
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Scheme 12Structure and Synthesis of the Neutral and Catigluminum Complexes2@-0

Featuring Tridentate Diamidoamino Ligarids.

1.4.1.1.1 SALEN- Based Aluminum Complexes

Chelating ligands combininy- andO-donors have also been involved in the design
of well-defined complexes for lactide ROP. Inspifgygl the work of Inoue and coworkers,
several groups have investigated aluminum compléeasiring SALEN ligands as structural
analogues of porphyrins. These Schiff-base ligardsreadily available by condensation of
substituted salicyaldehyde derivatives and diamin€orresponding aluminum-alkyl
complexes are synthesized by treatment of theigamdls with trialkyl-aluminum precursors.
Aluminum-alkoxides are generally obtained either Bbicoholysis of aluminum-alkyl
complexes with the desired alcohol or by ligand hexge with trisalkoxy-aluminum
precursors.

Spasskyet al®? reported achiral salen-Al complex®@a-c actives in ROP ofac-LA
andrac-BBL (Figure 7). Compared with the parent methox3dghigher polymerization rates
and less transesterification reactions were obdeimecomplex3c featuring chlorine atoms
in the para position of the phenol ring. These variations have been correlated to an

enhancement of the aluminum electrophilicity andirerease of the polarization of the
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initiating/propagating AtX bond.The occurrence of inter- and intramolecular side:tiens
could be decreased when bulky groups were intratlat¢heortho position of the phenolate
rings (complexedc-eand5c-e.

All of the complexes (Figurd) were found to be active for the ROP of lactones,
without any induction period, high conversions tghly being obtained after a few days at 70
°C in toluene for monomer-to-initiator ratios aroubh00. The resulting PLAs featured ester
chain-ends corresponding to the alkoxide moiety ifalicated by'H NMR spectroscopy
and/or MALDI-ToF mass spectroscopy), suggestingardination-insertion mechanism via

cleavage of one acybxygen bond of lactide®

. -

aR1 R2=H
3 aR;= R,= Rg=H 4n=2 PRi=R;=Me
bRy =R;=H, R; = Me 5n=3 CSRi=HRy=/Pr
cRy=H, R, =Cl,Ry=H dR(=H, R, =Ph

eR; =R, =tBu
Figure 7. Aluminum Complexe8-5 Featuring SALEN Ligand¥>*

In 1996, Spassket al** disclosed a most important breakthrough in thed fief
stereoselective ROP ofac-lactide. They discovered a remarkable stereocondfolan
enantiomerically pure Al complex Rf-6a leading to a tapered stereoblock PLA
microstructure with high melting poiniT{ = 187 °C) (Figure8). Structurally analogous

racemicsalen-Al complex’ resulted in highly isotactic PLA?"
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Figure 8. Salen-Aluminum Complexe$-7) for Isoselective Lactide ROP.

At low conversion (<40%), they demonstrated that ¢hiral aluminum-methoxide
complex R)-(SALBinapht)Al(OCH;) preferentially induces ROP of D-lactide/k = 20) to
give optically active isotactic PDLA (88%e through an enantiomorphic site-control

mechanism (Scheme 13).
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rac-LA

isotactic PDLA

Scheme 13.Kinetic resolution ofac-lactide with R)-(SALBinapht)Al(OCH) described by
Spasskyet al**®

In comparison with Spassky’s catalyst, Feijen’sngopure chiral compleXR,R)-8
(Figure 9) exhibited an excellent reverse steretvobiy preferential polymerization of L-
lactide over D-lactide monomek (ko = 14) that resulted in PLA with enhanced thermal
stability and a higlP, (0.92)%*

Many achiral Schiff base aluminum alkyls were also proven to dfécient
stereoselective catalysts for lactide ROP in tles@nce of an alcohol as co-initiator. Nomura

55
L

et al”” reported on the stereoselective polymerizatioracfLA by in situ formed aluminum-
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alkoxides from the achiral Schiff base aluminumykti®a-b with bulky tert-butyl groups at
the ortho andpara positions of the phenolate group. In the presefdenzyl alcohol as a co-
initiator, complexes9a-b catalyzed ROP ofac-LA via a chain-end-control mechanism.
Complex9b with a propylene diimine bridge furnished PLA nra&ks with a high isotacticity
(Pm = 0.91). ComplexXdb is also able to polymerizeac--butyrolactone with an excellent

control, but yielding only atactic PHB.In 2003, Cheret al>’

reported a structurally similar
achiral Al-Salen complex10/2-propanol as a catalyst/initiator system nac-LA
polymerization offering isotactic selectivity?{ = 0.90). Thermal analysis revealed that this

stereoblock PLA has &, of 201 °C. Kinetic data indicated that tree-LA ROP using the

10/2-propanol system is first-order in monomer comcion.

_N\ /N_
JA( KN_
AN
tBu (0] (’)p 9 aR=(CH,), Bu \ (@] tBu
= b R = (CH.,), Et

tBu tBu tBu {Bu
10

Figure 9. Salen-Aluminum Complexe8+10) for Isoselective Lactide ROP>’

In 2007, Nomuraet al®® have reported on a Schiff base aluminum complek (
Figure 10) with flexible but bulk{BuMe,Si substituents at thartho position of the phenolate
groups. This catalyst induced stereoblock PLA faromafrom rac-LA with a Py, value of
0.98 and ar, of 210 °C. Up to now, this is the highest isoaaiereoblock PLA material

which has been prepared using an achiral catali&itor system imac-LA polymerization.
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Figure 10.Nomura's Salen-Aluminum Complex1).>®
In 2011, Linet al®® disclosed a series of SALEN-type ligands with saly bulky

cumyl groups in theortho and para positions of the phenolate group to investigate th
influence of the ligand on the stereochemistryhef polymerization process (Figure 11). ROP
of rac-LA was performed using aluminum-alkoxidé2p) and aluminum-methyl 12a)
complexes in the presence of benzyl alcohol. CoxmfpRkb displays high stereoselectivity
toward rac-LA (P, = 0.94-0.97), where the highest melting point heac205 °C. These
aluminum complexes can prevent transesterificaéifiactively, as evidenced by MALDI-
ToF-MS studies. The kinetics was also investigaied revealed a first-order dependence for

both the monomer and the catalyst.
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Figure 11. Aluminum Complexes12) Supported by SALEN Ligands Developed by len

al.>®

24



Chenet al®°

documented the synthesis of a series of tetrademtatlic Schiff base
aluminum ethyl complexes and their application asalgsts inrac-LA polymerization.
Systematic research revealed that modificationghenauxiliary ligand exerted a dramatic
influence on their catalytic performance, includagivity and stereoselectivity. Lengthening
the ethylene diimine bridge to a propylene diimiorddge and the presence of electron-
withdrawing substituents at the 5-position in thi&etbne skeleton both resulted in a
remarkable enhancement of stereoselectivity angnpalization rate. In the presence of 2-
propanol as an initiator, complek3 (Figure 12) polymerizedac-LA to form isotactic
enriched PLA material${, = 0.78)%%

Recently, Jonest al® have reported aluminum-SALALEN based complexas
(Figure 12) active for the ROP wdc-LA in presence of one equiv of benzyl alcohol, vitie
ligand influencing the stereoselectivity of the ypokrization. The complexes havg
symmetry in the solid state. It must be noted tadn complexation, the tertiary amine
becomes chiral, and due to the chelation of thenlig the metal center is also chiral, giving

potentially a pair of diastereomers. In additiomen theortho substituent was changed from

a Me to aBu, a sharp decrease in thewas observed? = 0.75 forl4cto P, = 0.40 forl4a).

><\ RZ X aR'=R?={Bu, R®=Me
N :
\/jl

=N_  N= _R3 bR'=R2={Bu, R®=Ph
\ \A|/ / o—AI“ cR'=Me, R2=H, R® =Me
0’| o R' md O dR'=Me, R?=H,R3=Ph
eR'=R?=H,R®=Me
f R1T=R2= 3=
tBu BU R'=R?=H,R®=Ph

gR'"=R?=CI,R®=Me
13 14 hR'=R?=Cl, R®=Ph

Figure 12. Aluminum Complexesld)°®® and (4).**

1.4.1.1.2 SALAN- Based Aluminum Complexes
In 2004, Gibsoret al3 prepared achiral tetradentateN -disubstituted bis(amino-

phenoxide) (SALAN) aluminum-methyl complex&$ (Figure 13).The free ligands were
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obtained by reductive amination and subsequerghtdid with trimethylaluminum to give the
desired complexe45. The corresponding alkoxide initiators for the ROPlactide were
generated byn situ alcoholysis ofl5 using benzyl alcohol. These complexes catalyaesd
LA polymerizations in a well-controlled and livinganner, affording highly isotactic PLA
materials with &, value of 0.79 by using5e and highly heterotactic PLA with value of
0.96 by usindL5h. High monomer conversions were generally reaclfted about 1 day at 70
°C in toluene solution for an initial monomer contation of 0.83 mol.[* and a monomer-
to-initiator ratio of 100. The highest activitiesie observed with complexd®a and 15¢
and considerably lower activities were observedhdsic (only 66% conversion after 1464 h)
and15g (77% conversion after 120 h). So far, this isfirs time that aluminum complexes
have been found to furnish a highly heterotacti@Pand the first time that a dramatic switch
in tacticity of the resulting PLA has been obserugdn changing the substituent pattern at
the ortho and para positions of the phenol group in the complexesliRinary kinetic data
indicated that theac-LA polymerizations catalyzed by these complexesevizath first-order

in monomer and catalyst.

Rii /—/— R a Ry=Me, R, = H
N_ N b R = Me, R, = Me
/AI\ (o R1 = Me, R2 =tBu
R, J | o R, d R =Me, R; = Cl
Me fe§1=gn,ﬁz=|;ﬂ
1=Bn, R, =Me
Ry R g R, =Bn R, =tBu
15 h R1=Bn, R2=C|

Figure 13. Aluminum Complexesls) Featuring SALAN Ligand&?

The ability of complex15h to mediate the ROP afc-B-BL was examined. The
possibility to control the polymerization under aiety of polymerization conditions yielding
atactic PHB was demonstrated. Narrow PDIs (<1.0&)ewbserved at temperatures ranging

from 25 to 120 °C and an increase of the [M]/[Adkio gave PHB with the corresponding
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increased molecular weight. High conversions (>90¢éj)e obtained after 2 h in toluene at
120 °C for a monomer-to-initiator ratio of 160.

In 2009, Feijeret al® evaluated the polymerization abilities in the RGRaz- and
meso-lactide of a series of ethyl-aluminum complexesrivgy tetradentate bis(phenoxy-
amine) (SALAN-type) ligands (Figure 14). Enantiopur pro-ligands afforded
diastereoisomeric mixtures of aluminum complexEs 4-9: i) one diastereocisomer featured
a five-coordinated aluminum center witleia-(O,0) andcis-(Me,Me) ligand geometry and ii)
the other one featured an intermediate geometnyewmat acis-(O,0), trans(Me,Me) and a
trans(O,0), trans(Me,Me). Systems combining Al-complex&8a-f with 2-propanol offered
moderate stereoselectivitl?{ = 0.66 and 0.62 fat6a, d respectivelyP; = 0.55 and 0.57 for
16c, f respectively). The Al-complei6k/2-propanol system afforded slightly heterotactic
PLAs (Pr = 0.64). The heterotacticity of ROP increased t@30with 16€2-propanol.
Furthermore, studies of kinetics revealed firsteordependency on bothac-LA and 16d, as

well as a kinetic resolution y6ain favor of L-LA (ksgdkrr = 10.1).

4= P a(RR)R=H
~NON

< b (RR)R; =Cl
Al ¢ (RR)R;=Me
R o/) o) R dracR;=H
erac Ry =Cl
R R f racR;=Me

16
Figure 14. Aluminum Complexesl) Supported by SALAN Type Ligands.

One class of SALAN ligands are those utilizing g@epazine or homopiperazine
backbone. In this context, Jones al®® documented recently a series of aluminum-
homopiperazine alkoxide complex&3 (Figure 15) and their application mac-LA ROP
under melt conditions (130 °C). High conversion80%) were obtained after 2 h for a
monomer-to-initiator ratio of 300 with complexé3a-d On the other hand, complexe

achieved only 56% conversion under the same polygaten conditions. This is perhaps
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related to the reduced steric demand of this ligieditating multiple chain attachment to

each metal center. In all cases, atactic PLA wadyzed.

\__/ a R4 =1Bu; R, ={Bu
\/ b R, ={Bu; R, =Me
Ro (O R o) R, ¢Ri=Me; R,=1Bu
A/\I d R;=Me; R, =Me
Ry o R, eRy=H; R,=1tBu
17

Figure 15. Aluminum-Homopiperazine Complexek7}.®

1.4.1.1.3 Phenoxy-Imine-Based Aluminum Complexes

Independently, Nomuret al®*and Papparlardet al®® reported the synthesis of alkyl-
aluminum complexes bearing phenoxy-imine (“half-&N”) ligands by a protonolysis
reaction between trimethylaluminum and the corredpw phenol-imine pro-ligand (Figure
16). Compounds18a-h behave as single-site initiators, giving rise tontcolled
polymerization, disclosing monomodal curves andravarmolecular weight distributions
(PDI < 1.3). It appeared that the nature of thenovsubstituent strongly affects the catalytic
activity. In both studies, the highest activity watstained with the g imino moiety (80
whereas the lowest one was shown by the complerasing more sterically crowded
adamantyl 18f) andtBu (18d) substituents. However, high conversions (> 80o%ac-LA
were reached only after 3 days of reaction in toéuat 70 °C, in the presence of 1 equiv of
MeOH. A small dependence of the microstructure lo@ nature of the salicylaldiminato
ligand can be observed: slightly prevailingly isata polylactides P, = 0.6) were obtained

with compound4d.8aand18¢ while an atactic polymer was obtained with.
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Carpentieret al®

reported a series of dialkylaluminum complexedibd by a
phenoxy-imine ligand {OR}~ plataform, with variable R-imino substituents and
functionalized by a bulkyortho-SiPky in the phenoxy moiety (Figure 16). All
dimethy{phenoxy-imine}aluminum complexd® proved to be active in the ROP raic-LA

at 100 °C for period of time ranging from 2 to 2Gah[lactide]/[catalyst/initiator]/PrOH]
ratio of 100/1/1 in a controlled fashion. All th&As formed showed unimodal and narrow
molecular distributionsMy/M, = 1.10-1.24). Interestingly, dimethylaluminum cdexgs
having benzyl-type imino substituents enabled ttteéevement of significant isotacticity

up to 0.80), and the stereocontrol within thisesefollowed grossly the bulkiness of the aryl
moiety: 3,4,5-trimethoxyphenyll@k, P, = 0.80) > mesityl 19g, P, = 0.76) > phenylX9¢

Pm = 0.63-0.73). Based on kinetic studies, a cootinansertion mechanism was proposed

for these aluminum catalysts, in contrast to theesponding indium derivatives which were

thought to operate via an activated monomer meshani

- a R = 8-quinolyl
. E _ S%ﬁ'?pr CH b R = 2,6-Pr,CgHs
N CR=CF. 2% ¢ R = 3,5-(CF3),CsHs
T/ dR = tBau5 \N/R d R = 2-morpholinepheny!
tBu o e R = cyclohexyl - eR=Bn .
\AI\ f R= a)éamantyl PhsSi O l f R = CHy(2-pyridyl)
| "Me - y Al g R = CH,-mesity!
Me ] E - g’j'g"t\gei*c%:? [ Me  hR-=trityl
= &40 BULeM2 Me i R = N-benzyl-4-piperidiny
18 19 j R=benzal
k R = 3,4,5-trimethoxyphenyl

Figure 16. Phenoxy-Imine Aluminum Complexes Developed by Raapdoet al® (18a-9

and Nomurat al. (18b, 18¢, d-i)** and Carpentieet al. (19).°

Recently, Wanget al®’

reported mono- and dinuclear aluminum complexes
supported by amino- and imino-phenolate ligandgufa 17). In the presence of BnOH,
complexes20 and 21 are efficient pre-catalysts for the ROP raic-LA which leads to

polymers with good molecular weight control andraar molecular distribution (1.09 <

Mw/M, < 1.27). The systen21aBnOH displayed the highest activity whilt/BnOH
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showed the lowest activity (93% conversion after He/s 79% conversion after 24 h,
respectively, at lactide:catalyst:BnOH = 100:1:Zhe high activity of complexX2la was
proposed to be related to the steric hindrancehefaryl groups on the nitrogen atoms.
Furthermore, the catalytic activities of the diraal aluminum complexe®la-b and 21e
were higher than those of the corresponding mordeaualuminum complexes reported
previously by Nomur¥ (after 24 h, for [monomer]/[Al}/BnOH of 100:1:13% conversion
was obtained withl8b and for [monomer]/[AlIBnOH of 200:1:2, 75% conviens was
obtained with21a8). The higher activity of the dinuclear complexeaswproposed to arise
from a cooperative effect: in the catalytic progemse aluminum atom would serve as the
Lewis acid, and an alkoxy group bound to the secalondhinum center would attack the
carbonyl group of the incoming lactide. But othactbrs such as the effect of substituents on
2-position of the aromatic rings cannot be ruled. dlinetic studies indicated that the

polymerization proceeds with first-order dependemtenonomer concentration.

Me Me Me Me
RoN. O O. NR RN| (@) O |NR
2 , , 2
Al YAl Al Al
Me2 Me2 M62 M62
20 21
a NR2 = N(CH3)2 aR= 2,6-iPr2C6H3
b NR2 = N(CH2)4 bR = p-MeC6H4
Cc NR2 = N(CH2)5 cR= p-ClCeH4
d NR, = N(Me)Ph d R = p-MeOCgH,

e R=1tBu
Figure 17. Dinuclear Aluminum Complexes Supported by Aminde)(or Imino-Phenolate
(21) Ligands®’

In 2010, Darensbourgt al®®

prepared a series of aluminum ethyl complexes from
AlEt; andNONHtridentate Schiff base ligands derived from chaadl achiral amino-alcohols
and amino-acids2@, 23 and24, Figurel8). Some of these metal complexes were dimeric and

exhibited two isomeric structures, one with theiaors on the two aluminum centetis to
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one another and the other with thens arrangement. Complex@g, 23 and24 were found to
be active in theac-lactide ROP in toluene at 70 °C with good contnetér the polymerization
process, producing isotactic PLA%{= 0.82). The most activ&3calso catalyzed the ROP of
B-butyrolactone (89% conversion of 160 equiv afterhlat 70 °C), affording only atactic
polymers, yet in diving manner. Indeed, in all cases, the polymerizatjprogeeded in a
well-controlled fashion, as indicated by the narrowlecular-weight distributions (PDI <
1.18) and the linear correlations betwekly and conversion. Kinetic parameters were
investigated, and each polymerization was founbddirst order with respect to monomer
concentration.

In 2011, Matsubarat al®® reported a series of aluminum alkoxides bearingchival
or chiral tridentate Schiff bases, “half-SALEN” #igds. Controlled stereoselective ROP of
rac-LA using these complexes was achieved. In particatamplex25 (Figure 18) afforded a
stereoblock copolymer of PDLLAPf, up to 0.92).

In 2012, Carpentieet al”® described dimethyl-aluminum complexes derived from
imino-phenol pro-ligands {ONO}H and {ONN}H. Theseomplexes were evaluated in the
ROP ofrac-lactide. ComplexX26 (Figure 18) in the presence of 1 equiv. of beragbhol as
co-initiator polymerizedrac-lactide in THF or toluene solution; for an initiahonomer
concentration of 2 mollX and a lactide-to-initiator ratio of 100, 79% corsien was
obtained after 14 hours at 60 and 70 °C, respdygti@nly atactic polymers were obtained

though.
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Figure 18. Ethyl- (22-24, Isopropoxide- Z5) and Methyl-Aluminum 26) Complexes

Supported by Tridentate Schiff-Base Ligafti&’

1.4.1.1.4 Phenoxy-amine- Based Aluminum Complexes

A family of aluminum methyl complexes supportedtbiradentate amino-phenolate
ligands have been prepared by Gibsoral”* and exploited for the ROP oéc-LA. It was
found that, again, the catalytic behavior of comps27 (Figure 19) is highly dependent on
the substituents at thertho andpara positions of the phenolate group. CompleR&a and
27b with methyl and isopropybrthd/para substituents, respectively, furnished isotactic-
biased P, = 0.73 and 0.65, respectively) PLA materials. Hesve complex27d with tert-

butyl substituents at thertho and para positions of the phenolate group led to a slight
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heterotactic polymerization afic-LA (P, = 0.57). Complex27c with chlorine ortho/para
substituents gave an atactic material fracLA.

\  Me

-
R Y aR=Me
“—N bR =Pr
cR=Cl
R dR =1tBu

27
Figure 19. Tetradentate Amino-phenolate Aluminum ComplexZg (eported by Gibsoet
al.”*

In 2012, Lambertiet al’? reported a series of aluminum-methyl complexesibga
bidentate phenoxy-thioether ligands (Figure 20)ictvitombine a hard phenoxide donor with
a soft sulfur donor. Theac-LA polymerizations promoted by complex@8 in toluene
solution at 80°C proceed living fashion, leading to polymers with monomodald narrow
molecular weight distributions M,/M, = 1.12-1.16); immortal polymerizations were
achieved upon addition of an excess of methanoh abain transfer agent. THel NMR
spectra of PLAs showed an atactic microstructure.

Recently, Maet al.”® documented a series of aluminum complexes beithentate
phenoxy-amine ligands. The aluminum methyl com@eR6 and30) (Figure 20) polymerize
rac-LA in toluene at 90 °C giving rise also to atactolymers. While the mono-ligand
complexes, especiall¥Ob with cumyl substituents, initiated relatively slg@lymerizations,
much faster polymerizations were found for thellgand catalys80 with chloro substituents
on the phenoxy moiety (94% conversion in 24@sh48 h, respectively; initial monomer

concentration of 1 mol:L. and monomer-to-initiator ratio = 100.)
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Figure 20. Aluminum Methyl Complexes reported by Lambetial. (28)"?and Maet al. (29

and30).”®

1.4.1.1.5 Other Phenolate- Aluminum Based Complexes

Biphenolates and methylene-biphenolates have bealnated as ancillary ligands
for aluminum (Figure 21). The chloride compl8% was obtained from AIECI and the
biphenol pro-ligand, while the alkoxid82 and33 were obtained by successive reaction from
methylene-biphenol with AlMgand the appropriate alcoH8lAluminum chloride31 was
found to be inactive in lactide ROP. The polymei@a occurred very slowly with the
aluminum dimeB2, even at 80 °C, suggesting that such bridgingxadles are poor initiators.
Dimer 33 was found to be slightly more active, able to payire 20-50 equiv of lactide in
refluxing toluene after a few days. The polymerplliged narrow molecular weight
distributions (1.06 M,/M,, < 1.11). Treatment of biphenol pro-liganith 2 equiv of AlMeg
followed by addition of 2,4-dimethylpentan-3-ol @ffiled the dinuclear aluminum complex
34."° This latter complex showed low activity in lactijelymerization (40% conversion after
40 h at 80 °C), delivering polymers with somewhataoened polydispersities (1.22V,/M,

< 1.40).
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Figure 21. Dinuclear Aluminum Complexe81-34) Featuring Biphenolate Ligand$’

Thiophenolate ligands have also been used for tiepapation of aluminum
complexes35, which were found to adopt monomeric structurethensolid state due to the
chelating ortho methoxy group (Figure 22)0nly complex35ainitiates lactide ROP, and for
a low monomer-to-initiator ratio of 20, high cons®ns were achieved only after about 1 day
in refluxing xylene for an initial monomer conceaiton of 0.5 mol.[*. Interestingly yet, the
thiophenolate initiates the polymerization, as @edufromH NMR end-group analysis.

In 2005, Okudat al”’ reported aluminum complexes containing a diani@&SO-
type ligand which in the presence of isopropandl & efficient initiators for thdiving
polymerization ofrac-LA (PDI = 1.03 — 1.06) (Complexe86, Figure 22). The ligand
structure influenced the tacticity of the obtairpaymer, with complex36c giving slightly

heterotactic polylactide$(= 0.65) and comple®6a-b giving atactic polymersR; = 0.5).
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Figure 22. Aluminum Complexes35)’® and @6).”’

1.4.1.1.6 Aluminum Complexes Supported by Fluorinad Ligands

Carpentiert al’®

prepared various aluminum complexes incorpordfilgrinated”
alkoxy ligands (Figure 23) and showed that theymwote efficiently ROP of cyclic esters,
eventually affording polymers with controlled aretitures. The nature of the ligand
backbone and substituents allowed fine tuning ef ititrinsic Lewis acidity of the metal
center in these complexes, imparted by the stréeiren-withdrawing effect of the-CF;
groups at the alkoxide moieties. Interestingly, soof these fluorinated systems based on
tetradentate Salen-type scaffolds sucB&and39 featured significant stereocontrol abilities

in the ROP ofrac-LA, producing PLAs with highly isotactic-enrichedteseoblock

microstructuresR, up to 0.87)8¢
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Figure 23, Aluminum complexes supported by fluorinated amif33) and imino-alkoxy 88,

39, 41, 41), andp-diketonate 40) ligands’®

1.4.2. Yttrium-Based Initiators for the ROP

Lanthanide-based catalysts, despite finding a iaapplication in polymerization of
olefins and polar monomers, can be rather problierdae to the lability of some ligand types
and the versatility of their coordination chemisimythe +3 oxidation stat€.This makes the
controlled synthesis ofsingle-sité Ln(+3) complexes a quite ambitious goal.

Rare-earth metal complexes have attracted consideadtention as initiators for the
ROP of cyclic esters, and promising results wepsned in many case$!’ With adequate
ancillaries, usually very bulky multidentate ligandnstalled on the active lanthanide center,
high levels of stereocontrol can be achieved inR@P of chiral monomers. Particularly,

yttrium complexes have been successfully usechsynthesis of stereocontrolled materials.
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McLain et al®

were the first to demonstrate the high potentiabe homoleptic
yttrium complex (Y(OCHCH:NMey)3) as an active ROP catalyst for the preparatioRLoA
from rac-LA in a controlled manner.

Spasskyet al®* were also pioneered, in 1994, by employing an hepta yttrium 2-
methoxyethoxide complex, described as (Y(QCH,OCH;)s, that proved to be highly
active, with the ROP proceeding readily at roomgerature. Although no stereocontrol was
observed in this reaction, this salient discovegrgred the way to the use of related Group 3
metal complexes for the ROP of cyclic esters, @afigeneso-andrac-LA.

Subsequently, Carpentiet al®® reported a series of bis[bis(oxazolinato)]yttrium
complexes42-43a-¢ (Figure 24) of general type [Bo¥|[N(SiHMey),] (Box = deprotonated
chiral and nonchiral 2;2Znethylene[bis(oxazoline)] ligands) prepared by ramelimination
protocols. The produced PLAs and PHBs have narrowdispersities M,./M, = 1.08-1.44)
and controlled number-average molecular weilyht p to 182000 g.ma?). In particular, for
complex42, >95% conversions in 5 minutes were obtained at@On THF solution for a
[LA] o/[I] o of 2000 ratio. However, whether chiral or nonchiBax ligands are used, the
polymers showed an atactic microstructure.

Carpentier in collaboration with Trifonov’s groupisdosed a series of
bis(guanidinate) yttrium alkoxide complexe®l (Figure 24f° These complexes are active
catalysts/initiators for the controlled-living RG# lactones, with TON up to 240 within a
few hours at 20 °C in the case wic-BL. They afford polyesters (PLAs, PHBs) with
relatively narrow molecular weight distributionsdamolecular weights in a good agreement
with the calculated ones. It is worth noting thamplex 44 afforded highly syndiotactic
PHBs @ up to 0.84) while in the case @fic-LA ROP no stereoselectivity was observed. This
constitutes a rather unique example where betréonpeance are observed with beta-lactones

as compared to lactides.
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In 2009, Yaoet al® prepared a series of mono(amidinate) yttrium miis(alkyl)
complexes 45a-9 with different amidinate ligands (Figure 24). Tlaetivity of the
mono(amidinate) yttrium bis(alkyl) complexed5@-Q revealed the efficiency of these
initiators in the production of high molecular wieig°PLAs with moderate polydispersities
(<1.32). More recently, the yttrium amide compk&° has been found as a highly active
initiator for L-LA polymerization in toluene at 5C; the conversion could reach up to 93%
in 2 min when the molar ratio of [LA]Y]o was up to 10,000 affording materials with
unimodal molecular distributions. This represemg of the most active rare-earth metal-
based catalyst for lactide polymerization, althowglth comparisons should always been
taken with care due to different reaction condsidretween authors (i.e., monomer and
solvent purity, etc). Comple46 is also active forac-LA ROP to produce polymers with a

moderate level of heterotacticitl(up to 0.76).
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Figure 24.Yttrium Initiators @2-46) BearingN,N-Donor Ligand$?®
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The swift reaction of yttrium organometallic presor like tris(alkyl)
Y (CH,SiMes)3(THF), with N,O,Rdonor multidentate ligands (HL1 and HL2, Schefri
driven by alkane elimination, afforded the alkyihgaexes47 and48. In this method, HL1
was deprotonated by the metal alkyl whereas thendanC=N group was reduced by
intramolecular alkylation, generating THF-solvatedono-alkyl complex 47.%° The
mono(alkyl) complex47 led to complete conversions of L-LA within 2 h24i °C, whereas
only 1 h was needed using comp#as initiator under similar experimental conditiomhbis
was attributed to the coordination of THF molecufesomplex47. Complex49 (Scheme 14)
proved less reactive in-LA polymerization. It might be attributed to theordination of
methoxy moieties, which play a similar role as TiHEomplex47. In all cases, the molecular
weight of the resulting PLA increased with the maeo-to-catalyst ratio while the molecular

weight distribution showed no change, indicatirgpatrolled polymerization.
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Scheme 14Yttrium Initiators @47-49 Supported byN,0,R andN,0,0,0Donor Ligand$?®
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In 2008, Arnoldet al®’ described a chiral alcohol which formed homochitat
symmetric yttrium complexesQ, Figure 25) and which showed high isoselectivitythe
polymerization ofrac-LA (P, = 0.81). Complete conversion was achieved in 110 ani-18

°C for a monomer-to-initiator of 200.

By [BY
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Figure 25. Tris(alkoxy-phosphonate) Yittrium Complexé)®’

Carpentieret al®® discovered that yttrium amido complexes suppohbgdan amine
bis(phenolate) ligand have good syndio/heteroselgctin the polymerization of chiral
racemic lactones. The amido and alkoxide compléxXegFigure 26) have been used as
initiators for the ROP) ofac-LA and rac- BBL to provide heterotactic-enriched PLAs and
syndiotactic-enriched PHBSs, respectively, by meaing chain-end control mechanism. Most
of these polymerizations proceeded in a controfeeghion, giving polymers with narrow
polydispersities and experimental molecular weigintsgood agreement with calculated
values. For the polymerization ohc-LA, the heterotactic stereocontrol appears to be
governed essentially, if not only, by steric coesalions. Higher heterotacticities were
achieved with complexes that possess bul&rtiho substituents installed on the phenolate
rings, independently of their electronic naturés Rl (P, = 0.56); CMe (P, = 0.80); CMePh
(P; = 0.90); CMe(4CFRs-Ph) @, = 0.93-0.94); CMgBu (P; = 0.94-0.95); CPh(P, = 0.95—
0.96). On the other hand, for the polymerizatiomaafBBL, electronic interactions appear to
be involved in the syndiotactic stereocontrol, aghér syndiotacticities were obtained only
with ligands bearing a phenyl group in the orthdssituents; R = Cl (P, = 0.42—0.45);

CMextBu (P = 0.62-0.70); CMg(P; = 0.80); CMe(4CFs-Ph) @; = 0.82-0.84); CMéh @
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= 0.89); CPb (P, = 0.94). DFT computations on model intermediatasfiomed a stabilizing
C—H- -t interaction between a methylene C—H of the ringrgal BBL unit and the system
of one of theortho-aryl substituents of the ONC® ligand; by contrast, for model
intermediates in the ROP of LA, no such C—Hinteraction involving the methyl group of
lactate was observéd.

Cui et al®®

also reported a series of THF-solvated yttrium rfojalkyl complexes
supported byONNOtetradentate diamine bis(phenolate) ligands. Ngtatomplexess2a-b
(Figure 26) displayed modest activity but high stselectivity in the polymerization cdc-

LA to give highly heterotactic PLA materials with values ranging from 0.95 to 0.99. An
active oligomer connected to complB2a prepared frontac-LA was characterized b{H
NMR. The spectrum of the active oligomer demonsttaiat the ligand and the pendent
nitrogen atom remain coordinated to the metal &g the geometry around the central metal
in complex 52a did not collapse but retained its structure inugoh upon monomer
coordination and insertion. The spatially sterigimnment in the resulting propagating sites

will favor the incorporation of a configurationalbpposite enantiomer to lower the transition

state energy.
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o
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Me
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X= N(SiHMez)Q, OiPr aR=Me

Figure 26. Yttrium Initiators 61-52 Supported bN,0,0,G andN,N,0,GDonor Ligand$®
90

In 2009, Carpentieet al® prepared another series of yttrium compleXs& (Figure
27) based on sterically demanding sityttho-substituted tridentate 2,6-bis(naphtholate)-

pyridine and 2,5-bis(naphtholate)-thiophene ligarBisch {0Z3""%}# ligands may confer
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various symmetries at the metal center by the roplanar orientation of the rigid flat central
heterocyclic donor and adjacent naphtholate grodys,to steric repulsion imposed between
these moieties. Single-crystal X-ray diffractiondaNMR studies showed that these amido
complexes §3) all adoptCs—symmetric structures in which the naphtholategitwgst in the
same direction from the plane of the pyridine dophene linker. Compounds3a-c are
single-siteinitiators for the ROP ofac-LA at 20 °C, affording PLAs with relatively narrow
polydispersities and molecular weights in good egrent with calculated values. Atactic
polymers are formed in toluene but, when carrietliourHF, the polymerizations afforded
heterotactic-enriched PLA® up to 0.93); the same solvent-dependence ofadelectivity
was observed in ROP ofic-LA with amino-alkoxy-bis(phenolaté}.#®°Interestingly, the
complex53b having o-SiMex;tBu substituents on the naphtholate rings was fanadtive
toward the ROP ofac-BL, while compounds53a and 53c based ono-SiPh substituted
ligands convertedac-BL at 20-50°C with time-of-flight (TOF) up to 720hSyndiotactic-
enriched PHBs, with, up to 0.87, were formed when using toluene asstieent, whereas
atactic polymers were obtained in THI,, the opposite trend than that observed for the ROP
of rac-LA (vide supra but a trend consistent with our previous obsématin the ROP of
rac-BBL using tetradentate bis(phenolate)-Y syst&Hi&2°

The degree of stereocontrol in those polymerizatiohrac-LA and rac-BBL is
affected by the central linker in the ligand franoekv (pyridine, thiophene). For instance,
complex53c afforded PLAs and PHBs with, = 0.5-0.68 and 0.52-0.67, respectively) while
complex53a based on 2,6-pyridine afforded PLAs and PHBs Wit 0.5-0.9 and 0.76—

0.87, respectively).
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bZ =N, n=1SiR; = SiMe,tBu
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Figure 27.Yttrium Initiators(53) Bearing Bis(naphtholate) Ligands

Williams et al®?

reported a series of bis(thiophosphinic amidajuwtt complexe$4
(Figure 28), which are attractive due to their higtes and enhanced control in the ROP of L-
LA polymerization activity; 94% conversion in 6 mat 25 °C for a monomer-to-initiator
ratio of 100 was reached. The phosphorous substgugreatly influenced the rate of the
reaction, and that the rate followed the orderrgppl > phenyl > ethoxy. In 2011, the same
group prepared a series of bis(phosphinic)diamidouyn amide, alkoxide and aryloxide
initiators 65 and 56) (Figure 28) for use imac-LA ROP. The alkoxide complexé&s are all
dimeric both in solid state and in solution, as @@ amide complexes5 substituted with
isopropyl groups on the phosphorous atoms. Inangaghe steric hindrance of the
phosphorous substituentsert-butyl), enabled isolation of mononuclear yttriunmide
complexesh6 with either 2,2-dimethylpropylene or ethylene didmiigand backbones. The
alkoxide complexe$&5 are the most efficient initiators among this sgrghowing very high
rates and good polymerization control, behaviorsdant with rapid rates of initiation
(complete conversions in THF at 25 °C were obtaimed min for fac-LA]o/[Y]o = 400).
Moreover, for the series of complexes wight-butyl substituents on the phosphorous atoms,
it appeared that the ethylene diamido ligand fragnheads to greater rates. It was proposed

that the shorter ethylene diamido linker leaves yttaum atom more exposed than for

complexes with C-3 backbone diamido group, resglim an increase in polymerization
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activity for the former. Furthermore, the mononacleomplex56 in which the longer 2,2-
dimethylpropylene ligand diamido backbone is preés&mowed higher heteroselectivity in the

polymerization ofrac-LA (P, = 0.85); however, this effect is reduced on chapdine

diamido backbone group to ethyleri® £ 0.61)%
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R = iPr, Ph, OFt X = N(SiHMe,), OEt, OiPr, OtBu, OAr

C-r9. M

Figure 28.Yttrium Initiators 64-56) BearingN,N,S,SandN,N,0,0bonor Ligands>®

Similar results were first documented by Okwaal®* in which they observed that
the heterotactic selectivity of yttrium complexXgs(Figure 29) is apparently enhanced when
the steric demand of the bis(phenolate) liganddseased either by the length of the bridge or

by bulky ortho-substituents in the phenoxy unit. The influencehef bridging moiety is most

Table 1. Heteroselectivity during the

significant (Table 2). ROP ofrac-LA using [OSSO]Y
1 complexes?
R bridge R! R® P

Qo -(CHy)>- 'Bu Me 0.68

s\\\((THF -(CH?z- cumyl cumyl 0.71
s /\N(SiHMez)z b By Me 0.72

R2

- ,@0 (CH)s 'Bu 'Bu 084
R’ E ‘Bu Me 0.85

57

Figure 29. Yttrium Complexes Supported by ‘57 cumyl cumyl 0.86

1,0-Dithiaalkanediyl-Bridged Bis(phenolate) Ligarnts b_ 'Bu Me 0.88
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In 2012, Williamset al® prepared highly active yttrium “phosphasalen” tiors 68
and 59, Figure 30) for the stereocontrolled ROP rat-LA. Changing the phosphasalen
structure enabled access to significant isosei@esv(P, up to 0.84, for comple®8)® or
high heteroselectivitiesP{ up to 0.90, for comple%9). These initiators showed high rates,
excellent polymerization control, and tolerancddw loadings. Initiator58 showed nearly
complete conversion of 500 equivraic-LA in ~ 1 h. Analysis of the conversion vs timealat
for 58 indicated a first-order dependence of the polyration rate on the LA concentration,
and pseudo-first-order rate constakig = 6.9 x 10" and 7.9 x 18 s* (0.2 mol %, [LA] =
1M, THF) were obtained. The mechanism for heteemselity and isoselectivity suggested
for 59 and58, respectively, involves chain-end control. Anadysf the polymer produced by
58 by differential scanning calorimetry showedTa value of 178 °C; confirming the
formation of a stereoblock polymer in agreemenhV®@MN analysis.

In an attempt to understand the contrasting tagtaantrol of initiator58 vs. 59, the
structures of these complexes were investigatedsahd state and in solution. The
coordination geometry dd8 and59 are quite different indeed, with the former conitag a
hexacoordinate Y and the latter a pentacoordinatéhvs, the authors tentatively attributed
the isoselectivity observed f&8 to more sterically congested and constrained acite
compared with that iB9.

Coates’ and Carpentier’ groups also reported diéteryttrium complexesg0 and61,
respectively; Figure 30). In comparison with tha$éVilliams described above, the Y-salen
initiator 60 required 14 h at 70 °C in toluene to reach cormepteinversion omeseLA at a
higher initiator loading (1 mol%). Yttrium-“half-salen” complex61 (1 mol %) required 3
days to reach complete conversion rac-LA. In both cases only atactic PLAs were

obtained’®*
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In 2012, Shenet al®® prepared a series of bimetallic and monometalticiuyn
complexes §2-64) stabilized by a piperazidine- bridged bis(phet&ldigand (Scheme 15).
The formation of bimetallic yttrium amido complexe&s significantly influenced by the
reaction temperature and the steric bulkiness efamido group. For the bulky bis(TMS)-
amido group, the bimetallic yttrium bisamido comyptl was isolated when the reaction was
conducted at 60 °C; in contrast, when the reaattaa conducted at room temperature, only
the monometallic yttrium compled3 was isolated. For the less bulky bis(dimethyl3#ghido
group, only the monometallic yttrium complé2 could be prepared. With all of these
complexes §2-64), the L-LA ROP proceeded rapidly at 60 °C in toleeor THF for an
initial monomer concentration of 1 mot‘l(e.g.95% conversion in 30 min at a monomer-to-
initiator ratio = 300 using compled3, and 98% conversion in 10 min at [L-L#Y]o = 2000
using complex64). These complexes were also active for helLA ROP, affording only

moderate heterotactic PLAB,(up to 0.68).
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Scheme 15Yitrium Piperazidine-Bis(Phenolate) Complex68-64.%

1.5. STRUCTURAL, MECHANISTIC AND COMPUTATIONAL STUD IES ON
WELL-DEFINED INITIATORS FOR THE ROP OF LACTIDES AND B-
BUTYROLACTONE

As briefly reviewed in the above sections, over plast decade, many studies have
focused on the development of structurally wellhted metal pre(catalysts)/initiators for the
ROP of cyclic esters in order to get insights atlibatcomplexity of the ROP mechanism and
to enable catalyst design on a rational basis,ceapefor the stereocontrol polymerization of
rac-LA andrac-BBL. For example, popular metal-ligand frameworksls agf3-diketiminate-
or hydro-tris(pyrazolyl)borate (Tp)-supported®Znvig'®® Ca® complexes proved useful in
establishing a correlation between reactivity amecteonegativity while simultaneously
providing information about the relative nucleophiies of various M-X polymerization

initiators. Although chalcogen-bridged (bis)phemeleomplexes of Ti yielded insight into the
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solvent dependence of ROB, similar Ln-(bis)phenolate and more recently amino-
(bis)phenolate complex&€®%revealed the influence of steric bulkiness on gatactivities.

Al complexes bearing (bis)phenoldfethiophenolaté® porphyrin®®° and salef{1%
ligands have been also thoroughly studied, yieldirtgnsive insight into structure—activity
relationships, ligand reactivity, and transesteaifion mechanisms.

One particular mechanistic aspect which is stildebate concerns both the potential
chelation of the growing polymer chain donor siesl the effect of chelating groups on the
reactivity of the active species. However, to datgmples of fully structurally characterized
(pre)catalysts/initiators which may act as modehpkexes mimicking intermediate species
involved in the initiation and propagation stepstie ROP of cyclic esters remain rare
(Figure 31).

In 2005, Lewinskiet al!®*documented the isolation and structural characttoa of
an intermediate formed by primary insertion of eitée (LA) molecule into the AIOR bond
of a dialky-aluminum derivative of 2-methoxyethaf@b, Figure 31). Compoun@b exists as
a dimer, with five-coordinate chelate aluminum eesit as confirmed by an X-ray diffraction
study and IR spectroscopy in @, solution. In 2007, Dagornet al!® described a five-
coordinated Al-lactate cation with a coordinatedFTirdolecule to the metal cent&6( Figure
31) derived from a monoinsertion of L-Lactide intee Al-GiPr bond of an Al-alkoxide
cationic complex incorporating the sterically bulleninophenolate bidentate ligand 6-
(CH,NMe,),-CPh-4-Me-GsH,O™ (N,0).

In 2006, Gibsoret al’® reported a Sn(ll) (isopropyl (S)-lactate) comp&pported
by ap-diketiminate ligand 7, Figure 31). An X-Ray structural determination wied that
the lactate ligand forms a five-membered chelatg with a weak donor bond from the
carbonyl oxygen atom to the tin center. To probe toordination of lactate ligand in

solution,'H NOESY and COSY NMR spectra were recorded. Theda showed that the
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methine hydrogen of the [Sn—®Me] lactate fragment closely approaches two ofahg-
iPr substituents. Furthermore, evidence for weakdination of oxygen of the carbonyl
group to the metal center in the solution state svagjested by alt°Sn NMR chemical shift
of —265.3 ppm.

Also, in 2006, Okudaet al'®” reported a Sc(lll) R)-tert-butyl lactate dithia-
sbis(phenolate) compleX®) which possesses a dimeric structure in the silte (Figure
31). When compleX68 was used for the ROP oéc-LA, a highly heterotactic PLA was
obtained P, = 0.93). The authors observed that Ln-complexdf welatively long dithia
bridges (three or four carbons atoms) feature fiigkionality in solution (according toH
NMR experiments) affording PLAs with higher hetedicities yide supra Table 1), while
complexes with a dithiaethylenyl bridge are morgdriand lead to lower heteroselectivities.
Thus, they claim that a dynamic monomer-recognipoocess involving interconversion of
the ligand configuration from into 4 would lead to high heterotactic selectivity.

In 2007, Nomurat al*® reported an homochiral heteroleptic Al(Ill) metti§)-lactate
complex supported by a salen ligar@b,(Figure 31). CompleX9 has an hexacoordinate
aluminum center with &*- salen-ligand and B> O-lactate moiety, as evidenced in the solid
state by an X-ray diffraction study, and in solatioy **C NMR spectroscopy; the carbonyl
carbon of69 appears ab = 189.2 ppm. lIts large downfield shift relative ttee carbonyl
carbon of free methyl lactaté € 176.1 ppm) suggests that the oxygen atom otdneonyl
group should be coordinated by the Al atom in gofutin the same study, the authors
induced in reaction the isospecific achiral salemgnum complex70 (Scheme 16) at room
temperature with one equivalent of LLA to affordagtitatively the insertion produ@o, as
confirmed by NMR spectroscopy (Scheme 16). Aftez flist monomer inserts into the
Al-0OBn bond of the achiral complé&0, a chirality derived from the monomer is introddce

into the complex. In this process, the metal cemted/or the ligand conformation may
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construct the strictly rigid chiral environment, iaim cannot be inverted by the exchange of
the chiral sense of the polymer terminus. In thase; the stereoselective ROPra€-LA
proceedsvia enantiomorphic site-control. The ROP was also eémadhby the homochiral
complex69 via monitoring the reaction of 20 equiv @c-LA and 1 equiv of compleg9. If

the chiral environment around the metal centerigsl,r the polymerization rate constant
should be drastically diminished once the favoremhoemer LLA has been almost consumed
at around 50% monomer conversion. However, thegrbd that the rate constant before
and after 50% monomer conversion did not changéd 84% monomer conversion. The
enantiomeric excess of the remaining monomer reagahmaximum of 13%, which indicates
that, essentially, reactions of both LLA and DLAdgplace simultaneously in this system. If
the polymerization proceeds via an enantiomorpliie-control, the enantiomeric excess
should have increased with monomer conversiongpsrted by Spassi.Thus, the chiral
environment of the metal complex is flexible and thiral geometry of the metal complex
can be inverted by introduction of the oppositealhsense of the polymer terminus during
the propagation reactions. Because the origin ef dhiral differentiation of the racemic
monomers comes from the chiral sense of the lastried monomer, they conclude that the
stereoselective polymerization aic-LA using achiral complex 0 takes place via a chain-
end control.

In 2008, Carpentieet al’eP reported the Y(lIl) (R)ert-butyl lactate diimino-dialkoxy
complex72 (Figure 31). A single-crystal diffraction study eated tha72 is dinuclear in the
solid state, with bridging.,x® O,0,0,0lactate units and a tetracoordinated {€NO} unit.
Complex72 proved to be an active catalyst/initiator for gwntrolled ROP of bothac-LA

andrac-p-BL, but affording only atactic PLAs and PHBs.
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In 2010, Phomphraét all® prepared the Al(lIl) $,S isopropyl lactidate diamino-
bis(phenolate) compleX3 (Figure 32) by two different routes: (a) a reacttetween EAI-
OiPr and 1 equiv of L-LA at 70°C, (b) treatment obpsopy! lactyllactate with fAl-Me,
resulting in the product3 as observed byH NMR in both cases. Furthermore, a reaction

between EAI-OiPr and 1.5 equiv of L-LA at 70°C gave the ring-opeproduct along with
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the unreacted LA. Then, they concluded that thgation of the first LA insertion of complex
L?Al-OiPr is much faster than the subsequent propagation.

In 2012, Carpentieet al®® prepared aluminum dilactate imino-phenoxy compexe
74a-b (Figure 32). The'H NMR spectra of {ONMAI(iPr (9-lactate) (748 and
{ONPPEEYAI(iPr (S)-lactate) (74b) in benzenads at room temperature are similar. The
observation of a series of sharp resonances in ¢adbs is consistent with the existence of
single monomeric species in solution. In particutae methyl phenoxy hydrogens come out
as singletsq 1.8 and 1.95 ppm, respectively). In compourda-b the two lactate moieties
are magnetically inequivalent, as indicated byraéeseof six doublets, assigned to the methyl
groups and two heptets and two quartets for thénhimeethydrogens of theéPr and lactate
moieties, respectively. These observations sugdektd the lactate moieties are each simply

k'-O-coordinated to the Al center, as expected fomlfour-coordinate Al complexes.

R
N/
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? o/ 0 Y
N---ap0 0 2

Ap
@NMJZ\OJ SiPh,
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0 aR=Bn
b R = pipeBn

73 74

Figure 32. Aluminum Lactidate and Dilactate Complex&8-74.%°1%

The ROP ofrac-LA was investigated also by theoretical methodzsepga, Gibsoret
al.’®®%reported the studies of the ROP at fheiketiminate magnesium and tin centers to
understand the elementary steps as well as theamisoh of heterotactic stereocontrol of this
species in the polymerization dc-LA. Scheme 17 depicts the free energy levels iatbin

the ring-opening of the first monomer unit insemtiand the schematic representation of

stationary points, and also two transition stdi€sl and TS-2. In these computations, the
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coordination of the monomer to the metal siterisrgjly affected by the geometric constraints
imposed by the tin lone pair and binds weakly wtatransto a nitrogen donor of the BDI
ligand (nt). Then, the first transition stat€%-1) can be described as a four-membered cycle
of the metal-alkoxide bond and the C=0O carbonyldoorhe tetrahedral intermediate thus
generatedTl-1) exhibits a SnOMe interaction of 3.23 A (distance comparableh® lbng
S - Ocarbonyl interaction the group observed in the solid stdtéhe complex). The rotation
around the Gxoxiae=C vector next affordd1-2, which reduces the SnOMe bond length
(2.93 A). Cleavage of the six-membered heteroctf@e would occur on passing through the
four-membered cyclic transition stafES-2. Extrusion of the PLA chain from the tin
coordination sphere would occur by dissociationtlwé carbonyl donor interaction and
migration of the Sn-—alkoxide bond to a resting dowation site similar to the starting
complex, to producé®l containing a five-membered Sn-lactate, with a 1&19- Ocarbonyi

interaction of 2.88 A.
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In 2012, Joneet al**%investigated by DFT calculations the influence hé steric
shielding of the aluminum center for two aluminuataden complexesléa andl14c Figure
12). The motivation for this study was that, expmmtally, complex14c produces
heterotactic PLA, whilel4a leads to an isotactic biaside supra. The actual initiating
moiety for the polymerization with4a,cis believed to be the —OGPh residue (produced

from in situalcoholysi3. Then, the model complexes were designed by $utisti of the Me

groups attached to the Al with a OBn residue. Tlenmutations suggested that the
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polymerization proceeds through a chain-end contr@chanism: the experimentally
observed polymer tacticities could be confirmedoth&cally by comparing calculated
activation enthalpies with different sequences afisecutive D- and L-LA insertion. The
subtle difference of having a secaii8ll in the active center df4a steers the tacticity of the
growing chain towards isotactic enrichment by ditisg the incoming LAs for their “fit”
into the reaction chamber. So far, it could be ptbtheoretically that thertho substituent of
the ligand is extremely critical for the positiogiof the new incoming LA.

In 2013, Maron et al*! described detailed theoretical studies involving
initiating/propagating steps for theac-BBL ROP initiated by a highly syndiospecific
mononuclear (salan)Y({®r) (75 (Figure 33). Their aim was to obtain a greater
understanding of the complexity associated withatrglkoxide mediated ROP, as well as to
address the stereoselectivity exhibited by thensalatal systemsvide suprafor salan Al-
catalyzed ROP afac-LA). Furthermore, this salanY{©r) afforded highly alternating PHAs

(up to 94% alternation) as reported by Coatesl.,in 2009

N ﬁn 0 0
FBU@ 255 "| 8T WL_? \IEDK
79 213 .
‘Bu 0
- (R}-BBL  (S)-BBL

75

Figure 33 Complex {5) and Monomer Involved®*
The reaction sequence together with the correspgraptimized structures of the first
insertion is depicted in Scheme 18 (usiRy-BBL, as example). The free energy pathways

for both R)- and §-BBL have thus been determined (Figure 34).
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The reaction begins with the coordination of éixecarbonyl group ofRR)-BBL to the
yttrium center. The formation of the addu2Rj is marginally endergonic (2.9 kcal |
indicating a strong interaction between BBL andytieum complex as the loss of entropy is
almost fully compensated. The yttrium metal certttas becomes six-coordinated. The
transformation oBR into 3R occurs througi'S1 and involves the addition of the Y2@nto
the C—O? double bond and formation of a planar four-memireg (nucleophilic addition).
The reaction requires low activation energy (15chlkmol' with respect to the entrance
channel). The conversion 8R to 4R involves the rotation of the four-member ring bét

BBL around the &-O? bond resulting in the replacement of the Y-#0nd by the Y-®one
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(Scheme 18). Two isomeffRk and4R” can be generated when the BBL ring rotates eléifer
or right. From these two isomers, the ring operoegurs and involves the transition state
(TS2) with the formation of a Sphybridized C atom. In this process, the transition state
arising from4R (0.4 kcal mol* with respect to4R and 14.2 kcal mdi with respect to the
entrance channel) is lower in energy than that ogrfiom4R’". The coordination of ©and

O? to Y remains in5R and is favourable by 12.6 kcal rifowith respect to the entrance
channel (Figure 34).5-BBL reacted with the yttrium complex in a simitaay. The only
difference is that§)-BBL simply rotates in the opposite direction (witespect toR)-BBL)
before TS2 to reach a more stable transition state by redutie steric constraint. The
product 6S) keeps the coordination of*@nd G with Y. Thus, as anticipatedR(-BBL and
(9-BBL can both initiate the ROP with a similar eféncy.

The second step of the reaction appeared slightise momplicated than the first one
since eitherRR)-BBL or (S-BBL can react with the two productsR and5S) of the first step.
Moreover, the second insertion can occur eithenftioe front-side or from the back-side with
respect to the plane defined by, & and G (5R, Schemel8). Therefore, the four possible
associations of monomerBRR RS SRandS9 for both front-side and back-side processes
were computed. Overall, the authors concluded that syndiotactic polymer chain is
preferred over the isotactic one whatever the eatfrthe first inserted monomer. The
mechanism for the syndiotactic polymer formation oacur either from a front-side or from
a back-side insertion and is controlled both kradly and thermodynamically. The latter is
associated with formation of a six-membered Y-alfmxyrate ring rather than an eight-

member ring.
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CHAPTER 2. OBJECTIVES

A first aim of this work was to prepare a seriesvell-defined Al- and Y- complexes
supported by tridentate pyridine—bis(phenolate) ahd(naphtholate) ligands and evaluate
their reactivity and selectivity towarthc-actide andrac-p-butyrolactone. Our objectives
were to reach eventually high activities combinethwigh stereoselectivities, and to further
document —with raw catalytic data- which factorsitcol those properties; this shall be made
in light of previous catalytic and DFT studies whitave, in particular, revealed the key role
of substituents placed on phenolate rings, withuyelear stereo-electronic effects in the ROP
of rac-B-butyrolactone.

A second main aim of this work was to prepare,athnd characterize well-defined
Al- and Y-{a- or B- alkoxy esters} derivatives in order to get betiesights about the
complexity of the ring-opening polymerization megisan, especially for the stereocontrolled
polymerization. The lattes- or B- alkoxy ester units have been selected to mimec|ast
monomer unit inserted in the growing polymer chanthe ROP of lactide and-
butyrolactone. Virtually no examples of intermedginvolved in the ROP @ butyrolactone

are actually known.
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3. EXPERIMENTAL

3.1 GENERAL PROCEDURES

All manipulations were performed under a purifiedan atmosphere using standard
Schlenk techniques or in a glove box. Solvents vdgstlled from Na/benzophenone (THF,
Et,O) and Na/K alloy (toluene, pentane, hexane) uadgon, degassed thoroughly and stored
under argon prior to use. Deuterated solvents @&, tolueneds; >99.5% D, Eurisotop)
were vacuum-transferred from Na/K alloy (or fromHzaor CD,Cl,) into storage tubes.
Pyridineds was stored under argon and kept over activatedwblecular sieves. Benzyl and
isopropyl alcohols (Acros) were distilled over Mgriings under argon atmosphere and kept
over activated 4 A molecular sieves. 4-Methyl-2st&nylpropan-2-yl)phendt?
bis(naphthol) pro-ligands {ONT3H ;2 and Y(N(SiHMe),)s. THF*'* were prepared using
reported proceduresac-Lactide fac-LA) was received from Acros, and L-lactide (L-LA)
and D-lactide (D-LA) were kindly provided by Tot@ktrochemicals. Purification ofc-LA,
L-LA or D-LA required a three step procedure inunty first a recrystallization from a hot,
concentratedPrOH solution (80 °C), followed by two subsequestrystallizations in hot
toluene (100 °C). After purificatiorrac-LA was stored at a temperature of —=30 °C in the
glovebox. Racemi@-butyrolactone (Aldrich) was freshly distilled fro@aH: under nitrogen
and degassed thoroughly by freeze-vacuum-thaw syarier to use. Other starting materials
were purchased from Acros, Strem, Aldrich and Alplesar and used as received.

NMR spectra of complexes were recorded on Brukef3@Q, Avance DRX 400 and
AM-500 spectrometers in Teflon-valved NMR tube5t°C unless otherwise indicateti
and *C chemical shifts are reported in ppm vs. SjMad were determined by reference to
the residual solvent peaks. Assignment of resorsah@e complexes was made from 2D
'H-13c HMQC and HMBC NMR experiments. Coupling constaate given in hertz*°F

NMR chemical shifts were determined by externatmerice to an aqueous solution of NaBF
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Elemental analyses (C, H, N) were performed usifitpah EA1112 CHNS Thermo Electron
apparatus and are the average of two independrhdeations.

The X-ray diffraction analyses were performed by. Dhierry Roisnel at the
University of Rennes. Suitable single-crystals weainted onto a glass fiber using the “oil-
drop” method. Diffraction data were collected &01K using an APEXII Bruker-AXS
diffractometer with graphite-monochromatized Moo Kadiation (k = 0.71073 A). A
combination of o- andp-scans was carried out to obtain at least a undpta set. The
structure was solved by direct methods using tHR9BIprogrant® and then refined with
full-matrix least-square methods based Gn(SHELX-97)*® with the aid of the WINGX
program*'’ Many hydrogen atoms could be found from the Fautiierence analysis. Other
hydrogen atoms were placed at calculated positmasforced to ride on the attached atom.
The hydrogen atom contributions were calculatedrtmitrefined. All non-hydrogen atoms
were refined with anisotropic displacement paramsef€he locations of the largest peaks in
the final difference Fourier map calculation aslvasl the magnitude of the residual electron
densities were of no chemical significance. Crysi@ia and details of data collection and

structure refinement for the different compoundsgiven in Table 1ASee the Annexes

3.2 PRO-LIGAND SYNTHESIS

3.2.1 1-(Methoxymethyl)-4-methyl-2-(2-phenylpropar2-yl)benzene: To a suspension of
NaH (3.20 g, 133.34 mmol) in DMF (100 mL), undegar flow, was added dropwise a
solution of 4-Methyl-2-(2-phenylpropan-2-yl)pher{@0.0 g, 88.37 mmol) in DMF (100 mL)
at 0 °C. After stirring for 4 h at room temperatumeethoxymethyl chloride (13.64 g, 141.33
mmol) was added slowly, and the reaction mixturs si&red for 18 h. The reaction mixture
was carefully diluted with water (ca. 1 L). And argc materials were extracted with &

(3 x 100 mL). The combined organic extracts wershed with water (2 x 500 mL) and
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brine, and dried over MgSOThe solution was evaporated to dryness at 800°Qivte a
colorless oily product (21.0 g, 77.67 mmol, 88%)hichh was used without further
purification.*H NMR (300 MHz, CDC} 298 K): 3 7.34 (s, 1H, Haro), 7.22 (br s, 4H, Haro),
7.13-6.91 (m, 3H, Haro), 4.56 (s, 2H, B4DCHg), 3.00 (s, 3H, OCKOCH3), 2.40 (s, 3H,

CH3), 1.72 (S, 6H, Gg)

3.2.2 {ONG"*C“™hH, (1c): A solution ofsecBuLi (30.0 mL of a 1.3 M solution in hexane,
39.0 mmol) was added dropwise over 20 min to aestisolution of 1-(methoxymethyl)-4-
methyl-2-(2-phenylpropan-2-yl)benzene (9.50 g, 3&mubol) in THF (100 mL) at -78 °C.
After stirring overnight at room temperature, akdaplution was obtained to which was
added a solution of Zng(4.79 g, 35.1 mmol) in THFcA 30 mL) at —78 °C over 30 min.
Then the resulting solution was gently warmed updom temperature. To the resulting
organozinc solution, a suspension ob(Eda)y (0.16 g, 0.35 mmol), S-Phos (0.326 g, 0.70
mmol) and 2,6-dibromopyridine (4.16 g, 17.6 mmoBsnadded. The reaction mixture was
stirred for 72 h at 64 °C, then cooled to room temafure, diluted with water (200 mL), and
finally extracted with CHCI, (3 x 50 mL). After evaporation to dryness, thederunaterial
was recrystallized in ethyl acetate to give a whibgvder (7.00 g, 65%). The resulting solid
was dissolved in a mixture of 36% aq. HCI (20 mCHCl; (30 mL), and EtOH (40 mL), and
the solution was refluxed for 24 h. The reactiorxtore was cooled to 0 °C and carefully
reacted with a concentrated solution of NaOH (30).nllhen, a concentrated solution of
NH,4CIl was added to adjust the pH value #8.7The product was extracted with &b (3 x

20 mL), and the combined organic extracts wereddoieer MgSQ and finally evaporated to
afford 1c as a white solid (5.8 g, 97%H NMR (500 MHz, CDC4, 298 K):5 9.80 (br s, 2H,
OH), 7.82 (1,3 = 7.8 Hz, 1H), 7.55 (d?J = 7.65 Hz, 2H), 7.387.22 (m, 14H), 2.44 (s, 6H,

CHa), 1.78 (s, 12H, 63). ®*C{*H} NMR (125 MHz, CDC}, 298 K):5156.5, 152.5, 150.7,
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139.0, 137.2, 129.7, 128.0, 127.9, 127.1, 125.5,42122.4, 120.1 (), 42.3 C(CHa).),

29.8 (CCHa)2), 21.2 CH3).

3.3 COMPLEXES SYNTHESIS

Preparation of Aluminum Complexes Bearing Ortho-Sulstituted Tridentate 2,6-
Bis(naphtholate)Pyridine {ONO®®*}H, where SiR = SiPh; or SitBuMe, and 2,6-

Bis(phenolate)Pyridine {ONG"®““™"H, pro-ligands.

Figure 35. Numbering scheme of 1,1-bis(naphtholate)-1",1"pyedigand (left) and 1,1-

bis(phenolate)-1",1"pyridine ligand (right).

3.3.1 {ONO°""}AIMe (2a): A solution ofAIMe; (1.4 equiv., 0.80 mL of a 1.0 M solution in
heptane, 0.80 mmol) was added slowly to a cleartisol of {ONO>""™3H, (0.500 g, 0.57
mmol) in toluene (ca. 10 mL) at room temperaturge Teaction mixture was warmed to 80
°C and stirred overnight. After cooling to ambigéemperature, the volatiles were removed in
vacuo, and the crude product washed withexane (ca. 15 mL) to give, after dryirgg as a
yellow solid (0.420 g, 80%)H NMR (500 MHz, benzends, 298K): 5 8.22 (s, 2H, Haro),
7.88-7.86 (m, 14H, Haro+¥ 7.34-7.32 (m, 2H, B, 7.23-7.10 (m, 18H, Haro), 7.06-7.00

(m, 6H, Haro), 6.66 (£J = 8.1 Hz , 1H, BP), —1.26 (s, 3H, B3). *C{*H} NMR (125 MHz,
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benzeneds, 298 K): 5162.3 (C-0), 153.9 (C-N), 144.8 ¢ 139.2 (é°), 137.1 (Cortho),
135.2, 134.3, 130.4, 130.1, 129.7, 129.6, 127.5,812123.45, 123.4, 115.2 (Caro). Anal.

calcd. for GoH46AINO,Si: C, 79.73; H, 5.04; N, 1.52. Found: C, 79.62; HG5 N, 1.34.

3.3.2 {ONOM®2B"1AIMe (2b): This product was prepared as described abovedstarting
from {ONOSMe2B, (0.500 g, 0.85 mmol) and AIMg1.4 equiv., 1.20 mL of a 1.0 M
solution in heptane, 1.20 mmol) in toluene (10 rd_Yive2b as a yellow solid (0.336 g, 0.53
mmol, 63 %)H NMR (500 MHz, benzends, 298 K):5 8.12 (s, 2H, Haro), 7.91 (d) = 8.4
Hz, 2+, Haro), 7.66 (d3J = 8.4 Hz, 2H, Haro), 7.29-7.25 (m, 2HHaro), 7.21-7.16 (m,
2H%+ 2H, Haro), 6.76 (t2J = 8.1 Hz, 1H, BP), 1.23 (s, 18HtBu), 0.61 (s, 6H, Me), 0.56 (s,
6H, Me), —0.50 (s, 3H, AMe). *C{*H} NMR (125 MHz, benzenels, 298 K):5 162.1 (C-0),
154.4 (C-N), 142.4 (&, 139.4 (GP), 133.8 and 133.5 (Caro), 129.8 and 129.%,(C28.4,
127.8, 125.8 (&), 123.45 and 123.4 {; 115.0 (Caro), 28.0 (S{CHs)s), 17.9 (SiCCHs)a),
-3.64 and -4.20 (Mey), -15.5 (AlMe). Anal. calcd. for GgH46AINO,Sk: C, 72.22; H, 7.34;

N, 2.22. Found: C, 72.31; H, 7.28; N, 2.16.

3.3.3 {ONO*™"}AI'Bu (2c): This product was prepared as described abov@dastarting
from {ONO>""H, (0.500 g, 0.57 mmol) and ius (1.2 equiv., 0.62 mL of a 1.1 M solution
in toluene, 0.68 mmol) to givec as a yellow solid (0.439 g, 80 %H NMR (500 MHz,
CsDs, 298 K):58.24 (s, 2H, Haro), 7.91-7.89 (m, 14H, Haro), 7-3331 (m, 2H, Haro),
7.23-7.19 (m, 8H, Haro), 7.14-7.11 (m, 14H, HaP5-7.01 (m, 2H, Haro), 6.67 @ =
8.1 Hz, 1H, H, 1.15 (m,3J = 6.5 Hz, 1H, AICHCH(CHs),), 0.47 (d,%J = 6.5 Hz, 1H,
AICH,CH(CHa),), —0.69 (d,J = 7.0 Hz, 1H, AlG,CH(CHs),). *C{*H} NMR (125 MHz,
CeéDs. 298 K): & 162.6 (C-O), 153.8 (C-N), 144.8 9¢ 139.3, 137.2, 136.9, 135.2, 134.3,

130.2, 130.1, 129.6, 129.4, 125.8, 123.4, 123.3,3127.6, 25.4.
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3.3.4 {ONO"®C“™hAIMe (2d): This product was prepared as described above2éor
starting from {ONG/'¢C"™, (1¢, 0.300 g, 0.57 mmol) and AIN&1.4 equiv., 0.80 mL of a
1.0 M solution in heptane, 0.80 mmol). When theuoh was cooled down to room
temperature, a pale yellow microcrystalline solidswobtained. Then solvents were removed
by filtration, and the resulting produ2tl washed with coleh-hexane and dried under vacuum
(0.248 g, 77%)'H NMR (500 MHz, CBCl,, 298 K):57.89 (t,%) = 8.1 Hz, 1H, ¥), 7.54 (d,
3)=8.1 Hz, 2H, ¥, 7.46 (s, 2H, B, 7.32 (s, 2H, B), 7.24 (m, 8H, Ho- + m-cumyl), 7.14
(m, 2H, Hp-cumyl), 2.39 (s, 6H, B3 aryl), 1.70 (s, 6H, 83 cumyl), 1.65 (s, 6H, B3
cumyl), —1.87 (s, 3H, Al-85). **C{*H} NMR (125 MHz, CD,Cl,, 298 K): 5155.1 (C-O),
154.9 (C-N), 151.4, 141.9, 141.7, 131.8, 128, 12¥27.5, 126.1, 125.2, 122.6, 121.6,;
42.4 C(CHa)z, 30.5 (CCH3)), 28.5 (CCHa)), 21.2 CHa), —17.3 (Al-CH3)). Anal. calcd. for

CssH3sAINO2: C, 80.40; H, 6.75; N, 2.47. Found: C, 80.34; 18, &, 2.19.

3.3.5 NMR-scale generation of {ON&""}AIO 'Pr (3a): A J-Young NMR tube was charged
with {ONOSP"3AIMe (0.045 g, 0.049 mmol). Toluends ca. (0.65 mL) was added in, and
the tube was shaken. Then, via a microsyrifRi€©H (5.0uL, 65.3pmol) was added into the
solution. The tube was shaken and allowed to @80 °C for 18 h for completiohH NMR
spectroscopy revealed the release of methane gblilhiconversion of the reagents to give
the desired produ@a *H NMR (500 MHz, toluenels, 298 K): 5 8.05 (s, 2H, H), 7.91 (d*J

= 8.5 Hz, 2H, H), 7.85-7.83 (m, 12H, Haro), 7.29 @& = 8.1 Hz, 2H, H), 7.22-7.13 (m,
24H, Haro ), 6.81 (£J = 7.8 Hz, 1H, ¥, 3.55 (m, 1H, OEIMe,), 0.59 (d3J = 5.0 Hz, 6H,
OCHMe,). BC{*H} NMR (125 MHz, tolueneds, 298 K): 163.1 (C-O), 144.9, 137.8, 137.5,

137.2, 1355, 134.3, 129.9, 129.6, 129.4, 128.8,1227.8, 125.6, 123.3, 123.2 (Caro), 63.9
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(OCHMey), 27.6 (OCHMe,). Anal. calcd. for G4Hs0AINO3SI: C, 79.72; H, 5.23; N, 1.45.

Found: C, 82.18; H, 4.85; N, 1.28.

3.3.6 {ONO""JAI(iPr (S)-lactate) (4a): Toluene ¢a 5 mL) was vacuum-condensed in a
Schlenk flask containing {ONE"3AIMe (0.354 g, 0.385 mmol). Then, via a microsyge
isopropyl §-lactate (52uL, 0.390 mmol) was added into the solution. Thectiea mixture
was warmed to 80 °C and stirred for 18 h. Afterlegpto ambient temperature, the volatiles
were removed in vacuo, and the crude product wasifted-hexane ¢a. 15 mL) and driedh
vacuoto give4a as a yellow solid (0.345 g, 86 %H NMR (500 MHz, toluenels, 298 K):
58.08 (d,%J = 8.5 Hz, 1H, 1), 8.03 (s, 1H, B, 7.99 (d,°J = 8.5 Hz, 1H, H), 7.92 (s, 1H,
H%, 7.76=7.74 (m, 12H, Haro), 7.40 (dd,= 8.0 Hz andJ = 0.8 Hz, 1H, &), 7.31 (br d3J

= 7.8 Hz, 1H, H), 7.30 (br d3J = 7.5 Hz, 1H, R), 7.26 (dd3J = 8.0 and’J = 0.8 Hz, 1H,
H??), 7.20-6.96 (m, 22H, Haro), 6.86 ] = 8.0 Hz, 1H, "), 4.01 (q,% = 6.9 Hz, 1H,
(OCH(CHs)), 3.17 (sept?] = 6.2 Hz, 1H, (C(O)O8Me,), 0.79 (d,%) = 6.9 Hz, 3H,
(OCH(CH3)), 0.41 (d,%) = 6.2 Hz, 3H, (C(O)OCMe,), 0.29 (d,%] = 6.2 Hz, 3H,
(C(O)OCHVIe,).*C{*H} NMR (125 MHz, tolueneds, 298 K): 3 189.5 (CO0), 164.1 (C-0),
164.0 (C-O), 154.9 (C-N), 154.7 (C-N), 144.9°\C144.5 (C), 137.8, 137.4, 137.2, 137.0,
136.9 (GP), 136.3, 135.1, 134.7, 129.5, 129.4, 129.3, 12(8,8, 128.5, 128.3, 128.0, 127.9,
127.6, 125.6, 125.5, 125.4, 124.5, 124.3, 122.82.712115.6, 115.5 (Caro), 75.4

(COOCHMe), 68.8 (QCH(CHs), 21.7 (OCHCHs), 21.4 (COOCHe,), 20.5 (COOCHe).

3.3.7 {ONOMe2BA|(iPr (S)-lactate) (4b): This product was prepared as described above
for 4a starting from {ONG™**®4AIMe (0.176 g, 0.278 mmol) and isopropyS)lactate
(37.2pL, 0.279 mmol). The reaction mixture was stirredX8 h at 25 °C. The volatiles were

removed in vacuo, and the crude product washed mviibxane ¢a. 10 mL) and driedn
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vacuoto give4b as a yellow solid (0.166 g, 85 %H NMR (500 MHz, toluenels, 298 K):
58.08 (d,3) = 8.7 Hz, 1H, H), 8.05 (s, 1H, B, 8.04 (d, 1H, &), 8.02 (s, 1H, F), 7.64 (m,
2H, H), 7.34 (dd?J = 8.0 Hz andJ = 1.0 Hz, 1H, &), 7.31 (ddJ = 8.0 Hz and'J = 1.0
Hz, 1H, H?), 7.26-7.22 (m, 2H, B, 7.16-7.13 (m, 2H, B, 6.79 (t,] = 8.0 Hz, 1H, &),
5.52 (septiJ = 6.2 Hz, 1H, (C(O)O8Mey), 3.82 (q,2J = 6.9 Hz, 1H, (OEI(CHs)), 1.18 (two
singlets overlapped, 18H, SiMBu), 1.08-1.06 (two doublets overlappéd= 5.9 Hz, 6H,
(OCH(CHa3),)), 0.67 (d,’J = 6.9 Hz, 3H, (OCH(E)), 0.64 (s, 3H, SileMetBu), 0.58 (s, 3H,
SiMeMetBu), 0.54 (s, 3H, Sile’MetBu), 0.54 (s, 3H, SiMde’tBu). *C{*H} NMR (125
MHz, tolueneds, 298 K): 190.0 COO), 164.1 C-0), 164.0 C-O), 154.6 C-N), 140.7 (C),
140.6 (C), 137.8, 136.9 (&), 134.5, 134.4, 132.0 {Gpso), 131.8 (€ ipso), 129.4, 129.3,
129.2, 128.5, 128.3, 127.1, 127.0, 125.6, 125.8,0.2124.6 (&), 124.5 (&), 122.6, 114.9
(C! ipso), 114.6 (€ ipso), 73.8 (C(O)GHMe,), 68.5 (QCH(CHs), 28.1 (CCHa)3), 28.05
(C(CH3)3), 22.0 (OCHCHz3)2), 21.9 (OCHCHa3)), 21.6 (OCHCHs3), 18.1 C(CHs)s), 18.08
(C(CHg)3), —2.9 (SMeMetBu), -2.93 (SiMéMetBu), —3.83 (SMe’;tBu). Anal. calcd. for

Ca3HssAINOsSk: C, 69.04; H, 7.28; N, 1.87. Found: C, 68.93; B67 N, 1.66.

3.3.8 {ONO"*CU™hA|(iPr (S)-lactate) (4d): This product was prepared as described above
for 4a starting from {ONC/¢C“™AIMe (2d, 0.114 g, 0.200 mmol) and isopropyd)-@-
lactate (27uL, 0.202 mmol) to giveld as a pale yellow powder in quantitative yield 8& 1,
99%).*H NMR (500 MHz, toluenels, 298 K):& 7.57 (m, 4H, Ho-cumyl), 7.29 (m, 6H, B+
H m-cumyl), 7.09 (m, 2H, Hb-cumyl), 6.95 (s, 1H, B, 6.91 (s, 1H, Fi), 6.55 (1,31 = 8.0 Hz,
1H, H*), 6.48 (d,3) = 7.8 Hz, 1H, ¥), 6.42 (d,3) = 7.8 Hz, 1H, &¥), 5.37 (hept’J = 6.3
Hz, 1H, C(O)O®I(CHs),), 4.00 (q,2J = 6.6 Hz, 1H, OEI(CHs), 2.24 (s, 3H, B aryl), 2.23
(s, 3H, CGHzaryl), 2.00 (s, 3H, B3 cumyl), 1.99 (s, 3H, Bz cumyl), 1.83 (s, 3H, Bz cumyl),

1.82 (s, 3H, €5 cumyl), 1.12 (2d overlapped] = 6.3 Hz, 6H, C(O)OCH(B5),), 0.91 (d,*J
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= 6.7 Hz, 3H, OCH(E)). **c{*H} NMR (125 MHz, tolueneds, 298 K): 3 189.5 COO),
157.3 (Grg), 157.2 (Gry), 154.5 CN), 154.4 C'N), 151.5 CO), 151.4 C'0), 140.0 (G,
139.8 (G0, 139.6 (M), 130.7 €%, 130.6 C*), 129.2 (G, 128.3 (G0, 127.6 C°), 127.4
(C%), 126.9 (G, 126.8 (G, 122.9 (Gro), 122.8 (G, 120.8 C), 120.6 C'?P), 73.8
(C(O)OCHMey), 68.8 (QCH(CHa)), 42.6 C(CHa),), 42.5 C'(CHs)2), 32.4 CH3 cumyl), 32.3
(CH3 cumyl), 27.6 CHs cumyl), 27.5 CH3 cumyl), 21.8 (OCHCH3), 21.6 (C(O)OCHVley),
21.5 (C(O)OCHey), 21.2 CHs aryl). Anal. calcd. for ¢3H46AINOs: C, 75.53; H, 6.78; N,

2.05. Found: C, 75.37; H, 6.86; N, 1.85.

3.3.9 {ONOP"AI((R)-OCH(CH3)CH,COOMe) (5a): This product was prepared as
described above fota starting from {ONG""3AIMe (0.045 g, 48.9umol) and methyl R)-
3-hydroxybutyrate (7.QuL, 62.5 umol). After cooling to ambient temperature, theussie
solution was concentrated ¢a. (1 mL). Slow evaporation of the solution géheas yellow
crystals (0.025 g, 50%JH NMR (500 MHz, CDCl,, 298 K):58.26 (d,J = 8.6 Hz, 1H, H),
8.23 (d,2J = 8.6 Hz, 1H, H), 7.89-7.80 (t + 2 dd overlapped, 3H"+HH°), 7.74 (s, 1H, B),
7.67 (s, 1H, H), 7.57-7.53 (m, 14H, Haro SiPr HYH"), 7.50-7.47 (m, 2H, HH"),
7.40-7.37 (m, 6H, Haro Siph 7.26-7.23 (m, 14H, Haro SiPhk HYH®), 3.44 (m, 1H,
OCH(Me)), 2.51 (s, 3H, CRCOOMe), 1.42 (dd, 1H,°J = 2.1 Hz, %) = 16.8 Hz,
CHHCOOMe), 1.19 (dd, 1HJ = 10.5 HzJ = 16.8 Hz, CHHCOOMe), 0.60 (d, 3HJ = 6.1
Hz, OCHMe)). **C{*H} NMR (125 MHz, CD:Cl,, 298 K): 5180.8 £COO0), 163.5 (C-0),
163.2 (C-0), 155.24 (C-N), 155.21 (C-N), 144.6)(A44.4 (C), 137.5, 136.9, 136.2, 136.1,
134.8, 129.64, 129.6, 128.7, 128.66, 128.1, 1220,9, 127.86, 127.7, 127.64, 126.4, 126.3,
124.3, 124.25, 122.9, 122.8, 115.7, 115.1 (Car8)p §CCH(Me)), 53.9 (CHCOOMe,

overlapped with CECly), 41.3 CH,COOMe), 25.5 (OCHVle)).
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3.3.10 {ONG"®C"™NA|((R)-OCH(CH3)CH,COOMe) (5d): A J-Young NMR tube was
charged with {ONG*CU™AIMe (0.0127 g, 22.4umol). Tolueneds (ca. 0.65 mL) was
added in, and the tube was shaken. Then, via asyignge, methyl R)-3-hydroxybutyrate
(2.5 L, 22.4umol) was added into the suspension. The tube walseshand warmed at 80
°C for 5 h.'H NMR spectroscopy revealed the release of metlasdecompletion of the
reaction. Evaporation of volatiles in vacuum I&itl as an impure pale yellow solid.
Analytically pure crystals of5d suitable for X-ray diffraction were obtained by
recrystallization from a concentrated &H, solution layered with hexane at room
temperature!H NMR (500 MHz, CBCl,, 298 K):5 7.83 (t,°J = 8.15 Hz, 1H, Ff), 7.65 (m,
2H, Haro), 7.45 (M, 2H, K, 7.26-7.07 (M, 12H, K, 3.91 (s, 3H, CHLCOOMs), 3.47 (m,
1H, OCH(CHs)), 2.35 (s, 3H, El3), 2.32 (s, 3H, E3), 1.95 (dd3J = 2.9 Hz andJ = 16.4 Hz,
1H, CHHCOOCH), 1.77 (s, 3H, €3), 1.72 (s, 3H, €l3), 1.68 (s, 3H, €l3), 1.63 (s, 3H,
CHa), 0.65 (d,%J = 6.2 Hz, 3H, OCH(E3)). The second BHCOOCH; overlapped with the

methyl signals.

3.3.11 {ONCP"3AI((rac)-OCH(CF3)CH,COOEt) (6a): A solution of ethyl 3-hydroxy-
4,4, 4-trifluorobutyrate (10.9 mg, 58ffmol) in tolueneds (ca. 0.3 mL) was added to a
suspension of {ONE&"3AIMe (0.045 g, 48.9umol) in tolueneds (ca. 0.4 mL). The resulting
suspension was transferred in a J-Young NMR tulteheated at 80 °C for 40 HH NMR
spectroscopy revealed the release of methane angletion of the reaction. The resulting
solution was layered with hexanea(1 mL) and left a t room temperature to give ywllo
crystals of6a (0.032 g, 60%)H NMR (500 MHz, CRQCl,, 298 K):58.28 (d, 1H2] = 8.6
Hz), 8.18 (d, 1H3J = 8.5 Hz), 7.95-7.91 (m, 2H), 7.82-7.8 (m + 14, B*+ aro), 7.61 (s,
1H, H*), 7.60-7.47 (m, 14H, Haro), 7.42-7.38 (m, 6H, Ha7031-7.13 (m, 14H, Haro + 5 H

for 1 molecule of toluene), 3.37 (m, 1H, B(CF;)), 2.86-2.80 (m, 1H, C,LOOCHHCH;),
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2.69-2.62 (m, 1H, CRCOOCHHCH3), 1.34 (dd, 1H,%J = 2.25 Hz and®J = 17.1 Hz
CHHCOOEY), 1.19 (dd, 1HJ = 11.1 Hz andJ = 17.1 Hz, CHICOOEY), 0.81 (t, 3H>J =
7.1 Hz, CHCOOCHCHs). *C{*H} NMR (125 MHz, CD:Cl,, 298 K):5 178.1 COO0), 162.7
(C-0), 162.3 (C-0), 155.58 (C-N), 155.57 (C-N), BB, 144.4 (¢), 137.8, 136.9, 136.8,
136.2, 135.7, 134.8, 134.6, 129.7, 129.3, 129.28,01 128.6, 128.2, 128.1, 128.01, 127.98,
127.6, 127.1, 126.7, 126.5, 124.5, 124.2, 123.13.017Caro), 66.9 Jcr = 0.25 Hz,
OCH(CF3)), 64.3 (CO@H,CHs), 32.6 CH,COOE), 13.1 COOCHHs). *F{*H}INMR (185

MHz, CD.Cl,, 298 K):0 —81.94.

3.3.12 {ONG"®CU™hA|(( rac)-OCH(CF3)CH,COOEt) (6d): This product was prepared as
described above fda starting from {ON'®CU™4AlMe (0.0256 g, 45.1Jumol) and £)-ethyl
3-hydroxy-4,4,4-trifluorobutyrate (9.2 mg, 4514inol). The J-Young NMR tube was heated at
80 °C for 17 hH NMR spectroscopy revealed the release of metgaseand completion of
the reaction. The product is slightly soluble ifueme and it precipitates with conversion of
the starting2d. The supernatant solution was removed by filtrat@nd, the resulting
precipitate was dried under vacuum to ddeeas a pale yellow solid (0.020 g, 60%). NMR
(500 MHz, CDCl,, 298 K):57.81 (t,3) = 8.3 Hz, 1H, &), 7.65 (d, 1H2J = 8.3 Hz, HP),
7.63 (d, 1H3J = 8.2 Hz, H?), 7.45 (2 singlets, 2H, i 7.31-7.07 (m, 12H, HH* and other
aro), 4.34 (2 quadruplets overlapped, 3H,= 7.2 Hz, COOE,CHs), 3.56 (m, 1H3J = 9.1
Hz and®J = 3.1 Hz, OGI(CR)), 2.37 (s, 3H, B), 2.34 (s, 3H, E3), 1.98 (dd, 1H3J = 3.1
Hz, 2J = 16.5 Hz, CHHCOOEt), 1.84 (dd,®) = 9.1 Hz and®) = 16.5 Hz, 1H,
CHHCOOCHCH;3), 1.81 (s, 3H, E3), 1.75 (s, 3H, E3), 1.67 (s, 3H, E3), 1.63 (s, 3H,
CHs), 1.49 (1,3 = 7.2 Hz, 3H,CHCOOCHCH;). *C{*H} NMR (125 MHz, CD.Cl,, 298
K): 8178.9 (COO), 157.6 and 157.08C0), 156.3 and 156.25CN), 152.4 and 152.1 (C

quaternary aro), 139.8CH), 139.4 and 139.3 (Guaternary aro), 132.1 and 132@H¢),
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129.4 and 128.63°),128.00 (CH aro), 127.5 and 127@H?®), 126.2 and 126.15H cumyl),
126.1 and 126.00 (CH cumyl), 125.3 and 125.2 (Chhydy 122.5 and 122.00 quaternary
aro), 121.0 and 120.&H%), 67.4(q, 2J = 31.2 Hz, @H(CF)), 64.8 (CO®@H,CHz), 42.8
and 42.7 C(CHs),), 33.6 CH,COOEL), 32.3 and 30.8 (CHa),), 29.9 and 28.6 (CHa),),

21.2 and 21.1GH; phenyl), 13.8 (COOCKCH3). *°F{*H} NMR (185 MHz, CxCl2, 298 K):

0 —-81.87 ppm.

3.3.13 NMR-scale generation of the propagating spes formed from (§)-4a and L-LA
(7a): In the glove box, a J-Young NMR tube was chargeth f)-4a (0.0338 g, 0.0326
mmol) and L-lactide (0.024 g, 0.166 mmol) in tolaely (0.7mL) or CD,Cl, (0.7 mL). The
NMR tube was sealed, shaken, and allowed to stamdoan temperature for 20 days (for
CD.Cly) and at 80 °C for 18 h (for toluenés). After this time period, the mixture was
composed of 42% of propagating spedlas33% of L-LA and 25% of%-4a. *H NMR (500
MHz, tolueneds, 298 K): Aromatic signals of the product and staytcomplex 4a
overlappedd 5.05-4.97 (m, 12H, ), 4.89 (q2J = 7.1 Hz, 1H, H), 4.84 (q3J = 6.2 Hz, 1H,
Hj), 4.09 (9,3 = 6.8 Hz, 1H, W), 3.67 (9,°J = 6.9 Hz, 1H, H), 1.44-1.35 (m, (it seems 3
doublets, they are related with the unit sequerite}, Me)), 1.15-1.12 (d, 3H, g+ d, 6H,
(C(O)OCHMe) from L-LA overlapped), 0.95-0.89 (3d overlapped, 9K +Hb), 3.67 (d,2J

= 6.9 Hz, 3H, K). *C{*H} NMR (125 MHz, tolueneds, 298 K):3 189.2 COOCHg), 169.8
(COOCH), 169.78 COO), 169.67 COO), 169.66 COO), 169.4 COOCH), 167.7
(COOCH), 163.9 (C-O), 163.8 (C-0), 154.67 (C-N), 154.5N§; 144.8 (C), 144.2 (C),
137.4, 137.14, 136.7, 136.2, 135.07, 134.5, 12104.3, 124.1, 122.9, 122.8, 115.6, 1154
(Caro), some signals could not be identified beeabey overlapped with the signals of the
deuterated solvent, 73.£Kld), 69.7 CHh), 69.3 CHf), 68.9 CHj), 68.8 CHa), 21.93

(CHbs), 21.5 and 21.440His), 16.7 and 16.6QHes), 16.5 CHgs), 16.4 CHCs).
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3.3.14 NMR-scale generation of the first insertioproduct from (R)-5a and L-LA (8a):

In the glove box, a J-Young NMR tube was chargeth {R)-5a (0.030 g, 29.35umol),
CD.Cl, (0.7 mL), and L-lactide (0.0057 g, 39.¢2nol). The tube was sealed, shaken, and
allowed to stand at room temperature for 23 h. rAftes time period, the mixture was
composed of 32% a, 42% ofL-LA and 26% ofa *H NMR (500 MHz, CDBCl,, 298 K):
Aromatic signals for the product and the startingplex5a overlappedd 5.25 (m, 1H2J =

6.3 Hz, H), 4.19 (q, 1H3J = 6.9 Hz, H), 3.7 (s, 3H, O€lis), 3.25 (g, 1H%J = 6.9 Hz, Hi),
2.67 (dd, 1H3J = 7.2 Hz andJ = 16.0 Hz, H)), 2.55 (dd, 1H3J = 5.8 Hz andJ = 16.0 Hz,
Hh), 1.29 (d, 3H3J = 6.3 Hz, H), 0.89 (d, 3H3J = 7.0 Hz, Hb), 0.36 (d, 3H3J = 6.9 Hz,
Hc). *C{*H} NMR (125 MHz, CD:Cl,, 298 K): d 188.7 COOCHa), 170.2 COOCHs3),
167.7 COOCH), 163.6 (C-O), 163.4 (C-O), 154.8 (C-N), 154.7 N&- 144.7 (),
144.1((f), 137.3, 137.1, 136.8, 136.77, 136.7, 136.4, 1362B.7, 129.63, 129.25, 128.45,
128.13, 127.96, 127.71, 127.68, 126.26, 126.2,3824124.1, 123.05, 123.0, 115.2, 115.16
(Caro), 74.4CHd), 69.2 CHe), 68.8 CHa), 52.1 (CCHis), 40.6 CH,COOMe), 21.8 CHbs),

19.8 (CHf3), 15.85 CHCy).

Preparation of Yttrium Complexes Bearing Pyridine-Bis(phenolate) {ONG"¢C"™hH,

pro-ligand.

3.3.15 {ONG"*““™Y[N(SiHMe ,),(THF)(Et ,0) (9): A Schlenk flask was charged with
{ONOMECU™AH , (1, 331 mg, 0.63 mmol) and Y[N(SiHMg]s(THF) (350 mg, 0.63 mmol),
and diethyl ether (15 mL) was vacuum-condensedThe reaction mixture was gently
warmed to room temperature and stirred overnigliterAfiltration, the clear solution was
concentrated and placed-é80 °C, which eventually afforde@l as yellow crystals (130 mg,
23%).9a 'H NMR (500 MHz, toluenels, 298 K):3 7.37-7.35 (m, 6H, aro), 7.6%.89 (m,
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11H, aro), 4.68 (br s, 2H, $1), 3.22 (q,%) = 7.0 Hz, 4H, BO), 3.15 (br mo-CH,, 4H,
THF), 2.33 (s, 6H, Me), 1.93 (s, 12H, Me), 1.06 €r6H, E40), 0.99 (br mB-CH,, 4H,
THF), 0.26 (br s, 12H, SiMe;). Note that this compound is however not very Istab
tolueneds, and slowly transforms into another, yet unideésdifspecies at room temperature
(ca. 13% after 15 min at 25 °C) and even more so gtdri temperature (27% conversion
after 4 h at 90 °C). Characteristic signals for tlezomposition species formed at room
temperatured 7.59 (2H, aro), 7.41 (2H, aro), 7.28 (m, 2H, a®),7 (m, 2H, aro), 7.11 (m,
2H, aro), 6.85 (m, 1H, aro), 6.81 @, = 1.85 Hz, 1H, aro), 6.76 (d) = 2.3 Hz, 1H, aro),
6.47 (dd,*J = 2.4 Hz andJ = 0.5 Hz, 1H, aro), 6.39 (ddJ = 6.6 Hz,*J = 2.1 Hz, 1H, aro),
4.77 (m, 2H, SH), 2.42 (s, 3H, Me), 2.33 (s, 3H, Me), 1.96 (s, 3k&), 1.90 (s, 3H, Me),
1.79 (s, 3H, Me), 0.04 (¢J = 3.0 Hz, 6H, Si¥e,), —0.08 (d,%J = 3.0 Hz, 6H, Si¥le).
Compound9 is much more stable in pyridirdg; in which it does react, at least for several
hours at room temperaturéd NMR (500 MHz, pyridineds, 298 K): 7.63(d,3J = 7.9
Hz, 4H, Ho-cumyl), 7.48 (s, 2H, §, 7.377.29 (m, 5H, Hmcumyl + H?), 7.18-7.16 (m,
2H, H p-cumyl), 7.06 (fJ = 7.9 Hz, 2H, &), 6.9 (s, 2H, 18), 4.77 (br m, 2H, SH), 3.64 (br
m, a-CH,, 4H, free THF), 3.35 (¢¢J = 7.0 Hz, 4H, free EO), 2.35 (s, 6H, €3), 2.13 (s,
12H, Hz cumyl), 1.60 (br mp-CH,, 4H, free THF), 1.11 (8J = 7.0 Hz, 4H, free EO), 0.20
(d3J = 2.8 Hz, 12H, SiMMe,). *C{*H} NMR (125 MHz, pyridineds, 298 K):3 161.7 (C-N),
158.8 (C-0), 158.77 (C-0), 153.2, 138.1, 137.5,.83130.1 (€), 129.1 (¢), 128.1, 126.8,
125.06, 124.1, 67.8a{CH,, free THF), 65.8 (GH,, free E$0), 43.2 C(CHa),), 31.3

(C(CH3),), 25.8 B-CHy, free THF), 21.0CHs), 15.52 CHs, free E30), 4.1 (SitMe).

3.3.16 {ONG"* "™y ((R)-OCH(CH 3)CH,COOMe) (10): In the glove box, methylR)-3-
hydroxybutyrate (1.4 pL, 13 umol) was added to a solution of

{ONOMECUAYIN(SIHMe 2)](THF)(ELO) (9, 0.0116 g, 13 pmol) in ¢Ds (ca. 0.7 mL).
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After 10 min, the reaction was complete as eviderneH NMR. Evaporation of volatiles in
vacuum left10 as a pale yellow solid in quantitative yield (638, 99 %).*H NMR (500
MHz, tolueneds, 258 K):57.48 (d, *J = 7.6 Hz, 2H, Haro), 7.35 (d) = 7.6 Hz, 2H, Haro),
7.20-6.93 (m, 13H, Haro), 2.96 (br m, 1H, G(Me)), 2.89 (s, 3H, CLCLOOH3), 2.43 (br
dd,%J = 14.4 Hz, 1H, HCOOMe), 2.31 (s, 3H, B3), 2.27 (s, 3H, €l3), 2.03 (s, 3H, E),
1.99 (s, 3H, El3), 1.74 (br dd2J = 14.4 Hz, 1H, HCOOMe), 1.66 (s, 3H, ), 1.58 (s,
3H, CHa), 0.87 (d,°J = 5.7 Hz, 3H, OCH(E3)). **C{*H} NMR (100 MHz, tolueneds, 258
K): 6180.1 (COO), 163.0, 162.9, 159.2, 158.5, 152.0, 151.5,(1’8803”), 137.4, 136.95,
136.9, 136.6, 131.6, 131.35, 131.15, 131.0, 12B28,0, 127.7, 127.6, 126.8, 125.1, 125.0,
124.8, 123.5, 123.3, 123.2, 122.9, 65.0CHIMe), 53.4 (CO@Hs3), 43.5 C(CHs),), 43.3
(C(CHy),), 42.4 CH,COOMe), 31.4 CHs), 30.9 CHs), 29.3 CHa), 26.5CHs), 23.5 CHa),

21.0 CH3), 20.8 CHa).

3.3.17 {ONG"*““™N1y((S,S)-OCH(CH 5)CO,CH(CH3)CO,Me) (11): This product was
prepared as described above 6 starting from {ONC'® ™Y [N(SiHMe ,),](THF)(Et,O)

(9, 0.030 g, 33.6umol) and methyl $S)-lactyllactate (6.0 mg, 33.Aamol) in THFdg (0.7
mL) for 30 min at room temperaturéH NMR spectroscopy revealed the release of
HN(SiHMe,), and E£O and formation od.1 along with another species yet unidentified (33—
40%). Compound.1 is not stable in solution at room temperature madsforms over 18 h
into other species; probably arising from trans#station reactions. Characteristic data for
11: *H NMR (500 MHz, THFéls, 298 K):57.63 (t, °J = 7.9 Hz, 1H, &), 7.22-6.77 (m, 16H,
Haro), 4.90-4.85 (two quadruplets overlappedd = 6.9 Hz, 2H, -
OCH(CH3)CO,CH(CH3)COMe), 4.44 (m,%J = 3.0 Hz, 2H, HN(S#Me,),), 3.67 (s, 3H,
COOQH3), 3.36 (9,3 = 7 Hz, 3H, OGI,CHs, free E3O), 2.22-2.20 (m, 6Hp-CH; of

phenolate), 1.69-1.65 (m, 12 HHEof cumyl), 1.56 (dJ = 7.0 Hz, 3H, CH(El3)), 1.49 (d,
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3 = 6.9 Hz, 3H, CH(Els)), 1.09 (t,3J = 7.0 Hz, 3H, OCKCHs, free E3O), 0.09 (dJ = 3.1
Hz, 12H, HN(SiHMe),. *C{*H} NMR (125 MHz, THFds, 298 K): 5190.0
(OCH(CH;)CO,CH(CH3)CO;Me), 169.0 (OCH(CHCO,CH(CHs)CO,Me), 162.1 and 162.0
(CN), 158.8 and 158.7C0), 154.7 and 154.6C(quat aro), 153.5 and 153.€ Quat aro),
136.5 CH®), 130.6 and 130.50H), 129.15 and 129.1C(quat aro), 128.0 and 127.8H),
126.2 and 126.15( quat aro), 125.2 and 125.16H), 125.1 and 125.0CH), 123.15 and
123.1 CH), 1225 and 122.3 QH?®), 73.0 (GCH(CH3)CO,CH(CHs;)CO:Me), 69.9
(OCH(CHs)CO,CH(CHs3)CO:Me), 42.1 and 41.9Q(CHs),), 51.0 (QCH3), 29.1 and 29.0
(C(CHa),), 23.2 (OCHCH3)CO,CH(CHs)CO:Me), 20.1 and 20.3
(CHs), 16.0 (OCH(CH;)CO,CH(CH3)CO:Me). Characteristic signals for the another species
formed in THF (500 MHz, THRl, 298 K):3 7.73 (t, *J = 8 Hz, 1H, H"), 7.30 (d,*J = 8 Hz,
2H, HP), 7.54 (m2J = Hz, 2H, SH), 1.81 (s, 12H, 85 of cumyl), 0.12 (d®J = 3.1 Hz, 12H,

-N(SiHMe&,),. Some other signals overlapped with thos&lof

3.4 REACTIVITY TOWARD LACTIDES AND B-BUTYROLACTONE
3.4.1 Typical Procedure forrac-Lactide Polymerization

In a typical experiment (Table 5, entry 23), {ORB3AI(iPr (9-lactate)] (10.0 mg,
9.65 umol) andrac-Lactide (139 mg, 0.965 mmol, 100 equiv vs. Al) evazharged in a
Schlenk flask in the glovebox. Toluene (0.5 mL) wan added, and the flask was immerged
in an oil bath preset at the desired temperatubhe. rEaction mixture was stirred over the
appropriated time (17 h; note that reaction timegenot been systematically optimized). The
reaction was quenched by addition of an excess,0f (ga. 2 mL of a 10 % KO solution in
THF). The resulting mixture was then concentratadew vacuum and the conversion was

determined byH NMR analysis of the residue. Finally, the crudéymer was redissolved in
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CH.Cl, and purified upon precipitation in pentarea.(30 mL), filtered and dried under

vacuum. The recovered polymer was then analyzedNbi and SEC.

3.4.2. Typical Procedure forrac-Lactide Polymerization in presence of ROH (R = Bn;
iPr)

The procedure is similar to described above, eximE@ddition of alcohol (0.653 mg,
11.0pmol of iPrOH, 1 equiv vs. Al) to a solution of {ONTB"3AIMe] (10.0 mg, 11.0umol)
in toluene (0.55 mL). The resulting mixture wasrstl at room temperature for 5 min, and

thenrac-Lactide (156 mg, 1.09 mmol, 100 equiv vs. Al) wagidly added to.

3.4.3. Typical Procedure forrac-p-butyrolactone Polymerization

In a typical experimenfTable 10, entry 12), in the glove-box, a SchlelasK was
charged with a solution of {ON¥C“™AY[N(SiHMe ,),](THF)(E,0) (10.0 mg, 11.2umol)
in toluene (0.56 mL). Into this solution was rapgidlringed inrac-p-butyrolactone (96.4 mg,
1.12 mmol, 100 equiv vs. Y) with stirring. The r@an mixture was stirred at room
temperature for 45 min. The reaction was quencheddalition of an excess of,B (ca. 2
mL of a 10 % HO solution in THF). After a small sample of the @eunaterial was removed
for characterization bjH NMR, the crude polymer was precipitated in peaté@a. 50 mL),

filtered and dried under vacuum. The polymer was thnalyzed by NMR and SEC.

3.5 POLYMER CHARACTERIZATION

3.5.1 Size Exclusion Chromatography (SEC)
Molecular weights of PLAs were determined by sixel@sion chromatography (SEC)
in THF at 30 °C (flow rate = 1.0 mL-miD) on a Polymer Laboratories PL50 apparatus

equipped with a refractive index detector and twesiRore 300 x 7.5 mm columns. The
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polymer samples were dissolved in THF (2 mg.MLThe number average molecular masses
(My) and polydispersity indexed/(,/M,) of the polymers were calculated with referenca to
universal calibration vs. polystyrene standaMgyvalues of PLAs were corrected with Mark-
Houwink factor of 0.58, to account for the diffecenin hydrodynamic volumes between

polystyrene and polylactidg®*

3.5.2 Nuclear Magnetic Resonance (NMR)

Monomer conversions were calculated frobth NMR spectra of the crude reaction
mixtures in CDGCJ, from the integration (Int.) ratio Int. polymerifl polymer + Int.
monomer], using the methyl hydrogen resonancePliér até 1.49 ppm and for LA ai 1.16
ppm, the methine hydrogen resonances for PHB5a25 ppm and forac-BL at s 4.66 ppm.

Molar masses of PLAs samples were determinetHb)MR spectroscopy in CD@I
taking into account the relative intensities ofsilg for the chain end and the main chain ester
units.

The microstructure of PLAs was determined by homodpling 'H NMR
spectroscopy at 25 °C in CDCwith a Bruker AC-500 spectrometer. The microduice of
PHBs was determined by analyzing the carbonyl aethytene regions ofFC{*H} NMR
spectra at 40 °C in CDgWith a Bruker AC-500 operating at 125 MHz, usizag 0.2 mol.L*

solutions of PHB (reprecipitated with pentane framlichloromethane solutioft).
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4. RESULTS AND DISCUSSION

4.1 Discrete lactate and B-alkoxy-butyrate Aluminum bis(phenolate)-pyridine
complexes: Models for mechanistic investigations ithe Ring-Opening Polymerization
of lactides.

Aluminum(lll) complexes of the typgL},AIR’ were synthesized by one-potbond
metathesis reaction of {ONt3H , pro-ligands (SiR = SiPh, 1a; SiMextBu, 1b) with AIR’3
(R’ = Me, iBu).**® Then, in order to obtain Al-alkoxide, -lactate artalkoxy-butyrate
compounds, the parent methyl complexes {Ofi&AIMe (2a, 21) were reacted with the
corresponding alcohol ard and3-hydroxy-esters R"OH (R” #Pr, 3a; (S-CH(Me)CGiPr,

4a, 4b; (R)-CH(Me)CH,CO,Me, 53; (rac)-CH(CR;)CH.CO,EL, 6a) (Scheme 19).

iPrOH
toluene
80 °
“RH  PhsSi O\A_ro SiPh,
O 34 OPF
O ~
O N O AR,
N s _
OH HO toluene or o g _
! . diethyl ether R,Si a1~ SiR |
RS SiR e Ra Al 3 S
3 3 25 er.?_' C : O N O
] - J
{ONOR}H, 0 O R ONIO SR,
2a SRy=SiPh; R'=Me |_ OMR sl
1a SiR; = SiPh, 2b SiR; = SiMe,tBu R'=Me | ’ o ©
1b SiR; = SiMe,tBu 2c SiR;=SiPh; R =iBu toluene \
250r 80 °C - ¥e) n "R,

-RH

Scheme 19Preparation of Aluminum Complexe-6) Featuring Bis(Naphtholate)-Pyridine

Ligands.
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4.1.1 Preparation of alkyl {ONO"™}AIR’ Complexes (R’ = Me, SiR; = SiPhs, 2a;
SiMe,tBu, 2b; R =iBu, SiR; = SiPh, 2¢).

The reaction of the bis(naphthol)-pyridine pro-igfONO>R3H , (SiR; = SiPh, 1a;
SiMextBu, 1b) with 1.2 equiv. of AIR; in toluene at 80 °C or in diethyl ether at 20 °C
afforded selectively the corresponding Al(lll)-alkgompounds {ONS&""3AIMe (2a),
{ONOSMe2BUAIMe (2b) and {ONC*P"3AIiBu (2¢), which were isolated as yellow solids in
80 %, 63 % and 80 % vyields, respectively (SchemeTigese compounds, which are air- and
moisture-sensitive, are readily soluble in aromdyclrocarbons (benzene, toluene). Also,
compound2b is slightly soluble in aliphatic hydrocarbons (hagr, pentane). Compounas,
2b and 2c were characterized in solution by NMR spectroscapg in the solid state by a
single-crystal X-ray diffraction study f@a.

The H and B®C{*H} NMR spectra of2a, 2b and 2c' feature each one set of
resonances, consistent with the existence of aesimgpnomeric species exhibiting Gy
symmetric structure in D solution at room temperature. TH¢ NMR spectra ofa, 2band
2c feature a singlet for the naphtholatéatld 8.22,5 8.12 and 8.24 ppm, respectively, and a
triplet for the pyridine FP atd 6.66,5 6.76 and 6.67 ppm, respectively, in a diagnostic 2
intensity ratio, as expected foiGgsymmetric structure. The methyl resonance2@and2b

appears ab -1.26 and-0.50 ppm, respectively. Also, tHel NMR spectrum ofc contains

three resonances for thBu fragment as a multiplet (ADCH,CH(CHs),) atd 1.15 ppm, a

" Numbering scheme of 1,1-bis(naphtholate)-1", 1iciiye ligand
H7 H3p
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doublet (AFOCH,CH(CH3);) at & 0.47ppm and a doublet (ADCH,CH(CHs),)
atd —0.69 ppm(see the Annexes).

Single crystals oRa suitable for X-ray diffraction studies were sucfally prepared
by recrystallization from a concentrated toluengéme solution (30:70) at room temperature.
The molecular structure @&a, with selected bond distances and angles, aren givé&igure
36. The main crystallographic details are repometiable 1A(See the Annexesjomplex2a
features a monomeric structure in the solid statee Al atom is four-coordinated by the
tridentate {ONG"™"3 2" ligand and the methyl group. The geometry arouvel Al atom is
better described as distorted tetrahedral with bemgles in the range 94.15(7)-119.39(9) °.
The AFO naphtholate bond lengths 2a are similar (1.7445(14) and 1.7588(14) A) and fall
within the range (1.714(4)1.7842(10) A) observed for related Al-bis(phendlate
complexes?*'* The naphtholate groups twist in the same directiom the plane of the
pyridine linker, affording a&Cs-symmetric structure with a dihedral angle of 43ifnilar to

those observed in related group 3 metal complesegsaped by Grunovet al. (49-84°)**

Figure 36. Molecular structure of {ON&"™AIMe (2a2C;Hg) (all solvents molecules and
hydrogen atoms are omitted for clarity; thermajpstbids drawn at 50% probability). Selected
bond distances (A) and angles (deg): AHQJ51), 1.7445(14); Al(BO(11), 1.7588(14);
Al(1)-N(2), 1.9394(15); Al(1}C(1), 1.922(2); O(BAI(1)-O(11), 110.18(7);
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O(51)-Al(1)-C(1), 115.85(9); O(1BAI(1)-C(1), 119.39(9); C(BAI(1)-N(2), 117.05(9);

O(51)-Al(1)-N(2), 95.95(6); O(LBAI(1)-N(2), 94.15(7).

4.1.2 Preparation of {ONORJAIOR (R = iPr, 3a; (S)-CH(Me)CO.iPr, 4a, 4b; R)-
CH(Me)CH,CO,Me, 5a; (rac)-CH(CF3)CH,CO,Et, 6a).

The Al-methyl complexega and2b were transformed into Al-alkoxide complexes via
methane elimination upon reaction with the corresiiag alcohol, as shown in Scheme 19.
The reaction betwee@a and isopropanol proceeded slowly in toluene at°80 50%
conversion was observed after 20 h, which yieldafter purification, the isopropoxide
complex3a as a yellow solid in 45% vyield. This compoundiis and moisture-sensitive and
is readily soluble in aromatic hydrocarbons (beezetoluene). The identity oBa was
assigned on the basis of NMR spectroscopy and elairgnalysis.

The'H and™*C{*H} NMR spectra of3a are consistent with the existence of a single
species in which both naphtholate groups are mamgtigtequivalent on the NMR time scale.
The'H NMR spectrum in toluends features a singlet for the naphtholatéaid 8.05 ppm
and a triplet for the pyridine #atd 6.81 ppm in a 2:1 intensity ratio. The resonarioeshe
isopropoxide group were observed as a broad siraglét3.55 ppm (OEI(CHzs),) and a
doublet a® 0.59 ppm (OCH(Es5),).

Other routes were considered for the preparatiaccoofplex3a, that is the reaction of
pro-ligand {ONGP"3H , with Al(OiPr); or (PrO)AIMe, (Scheme 20). Actually, the alcohol
elimination reaction between Al{®r); and {ONCG*"3H, proceeded significantly more
slowly (55% conversion after 4 days at 80 °C iruémle) than the corresponding methane
elimination reaction from complea (vide supra Scheme 1); this may presumably reflect
the lower basicity of the former Al precursor. Alstifferent conditions were explored for the

reaction of pro-ligand {ON&"3H , with (iPrO)AIMe,, i.e. heating at 20-15 in toluene or
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THF. However, none of the reactions led to the etqubisopropoxide complex; instead, and
quite surprisingly considering the abovementioraddtive reactivity of Al(@GPr); and AlMe
toward {ONO*"™H ,, in all cases the formation of methyl complex {ON®}AIMe (2a)

was observed b{H NMR spectroscopy (Figure 37).

O Z ] O
Al(OiPr), O T O

toluene, 80 °C Phssi O~A~0  siphg
4 days, 55 % conv. B

O ‘ -2 iPrOH OiPr
<@
3

OH HO
Ph,Si SiPhj % < O
N

AlMe,(OiPr) O
toluene or THF
20 °C to 150 °C PhsSi  O~A=C  SiPh,
- CH4 and - iPrOH I_Vle
2a

Scheme 20Preparation of Al-MethylZa) and Al-Isopropoxide3a) Complexes.
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Figure 37.*H NMR spectrum (300 MHz, §Ds, 298 K) of the crude product of the 1:1

reaction between {ON&™H ,and (PrO)AIMe; (toluene, 80 °C, 4 days).

We also anticipated that Al or 3-alkoxy ester} derivatives may act as good model
complexes, mimicking intermediate/active specieshm initiation and propagation steps of
the ROP of lactides arfétlactones mediated by such Al-alkoxides. So, tlaetiens between
methyl complexes {ON&*}AIMe (2a and2b) and variousa-hydroxy ester (isopropylg-
lactate) orf3-hydroxy esters (methyRj-3-hydroxybutyrate and ethytgc)-3-hydroxy-4,4,4-
trifluorobutyrate) were conducted to reach the mesi corresponding lactate
{ONOSR3AI(( 9-OCH(Me)CQIPr) (R = SiPh, 4a; SiMetBu, 4b) and B-alkoxy-butyrate
complexes {ONOPMAIOR) (OR = (R-OCH(Me)CHCOMe, 5a (rac)-
OCH(CR)CH,CO,Et, 6a) (vide supra Scheme 19). Adjusting the reaction conditionsvedid

recovering the targeted compounds in 86%, 85%, &0860% isolated yields, respectively.
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Compounds4a, 5aand 6a are readily soluble in polar solvents (dichlorohaete,
THF). Compoundgla and4b are also soluble in aromatic hydrocarbons (benzihgene),
while 6a is slightly so. Thanks to its TBDMS groups, compddb is also quite soluble in
aliphatic hydrocarbons (hexanes, pentane). Thditgef 4a, 4b, 5aand 6a was established
by elemental analysigH and**C NMR spectroscopy in solution, and single-crystafay
diffraction studies foda, 5aand6a.

The*H and®*C{*H} NMR data for the aluminum(lll)$)-lactate 4a, b) and R)- and
(rac)-B-alkoxy-butyrate %a, 6a) complexes in toluends, CsDg and CDCl,, at room
temperature, are indicative of the existence dhgle C,-symmetric species. In tHel NMR
spectra recorded in tolueng- the non-equivalent #H* and H/H® hydrogens of the
naphtholate groups appear as two sets of reson&8e33 and 7.92 ppnd 8.08 and 7.99
ppm, respectively foda andd 8.05 and 8.02 ppn§ 8.02 and 8.04 ppm, respectively #i).
The resonances for the isoprop§)-(actate group were observed as a quartet fomibhine
OCH(CH3)CO,iPr 04.01 for4a and d 3.82 ppm for4b), a septet for the other methine
OCH(CH;)CO,CH(CHs)2 (0 3.17 for4a and 0 5.52 ppm for4b), a doublet for the methyl
group associated with the chiral center (OCH{CGO,iPr) (6 0.79 for4aandd 0.64 ppm for
4b) and two doublets for the non-equivalent methylHDCH3;)CO,CH(CH3), (60.41 and
00.29 ppm for4a and 6 1.08 andd 1.06 ppm for4b). The significant difference in the
chemical shifts for the methine resonance of tlgrigpyl group, in those two compounds
(63.17 for4aandd 5.52 ppm fordb) probably stems from, at least in part, from ainguc
effects induced by the phenyl groups of the naghtbmrtho-substituents in the former
compound. It could also reflect the existence tdractions between those isopropyHCand
the T=system of one of the phenyl groups of #&Ph substituent, as observed in the solid
state yide infra. NOESY experiments demonstrate the spatial prityid < 5 A) between

hydrogens of the phenyl groups and isopropyHGFigure 38)-%2
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Figure 38. 'H-'H NOESY NMR spectrum (toluendy at 25°C, 400 MHz) of the
{ONOSPMAI(( 9-OCH(CH3)COuiPY) @a).

In the’H NMR spectrun{see the Annexesj 5ain CD,Cl,, the non-equivalent #H*
hydrogens of the naphtholate groups were observéd.@4 and7.67 ppm The resonances
for the R)-B-alkoxy-butyrate group were observed as a multiplett a doublet for the
methine and methyl hydrogens associated to thalotenter (O€I(Me)CH,CO.Me, b 3.44
ppm; OCH(CH3)CH,COMe, 60.60 ppm), two doublets of doublet for the diastéspic
methylene hydrogens (OCH(MelEICO,Me, 6 1.42 and 1.19 ppm), and a single resonance
for the methyl ester group (OCH(Me)@EIO,CH3, 6 2.51 ppm).

In the’H NMR spectrun{see the Annexesj 6ain CD,Cl,, the non-equivalent #H*
and H/H® hydrogens of the naphtholate groups were observeéd78 and 7.6 ppm and
08.27 and 8.17 ppm, respectiveljhe resonances for the fluorinatext-p-alkoxy-butyrate
group were observed as a multiplet for the methiydrogen (OEI(CFR;)CH,COEL, d 3.37

ppm), two doublets of doublet for the diastereatopmethylene hydrogens
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(OCH(CR)CHHCO,EL, 61.33 and 4 1.18 ppm); the methylene hydrogens of the ethyrest
group (CQCHHCHg) are also diastereotopic, giving rise to an elgtg-pattern § 2.83 and
2.66 ppm), and a triplet for the methyl group (OCH{)CH,CO,CH,CHg3, 4 0.81 ppm).

In the **F{*H} NMR spectrum of comple¥a, a single resonance for the £group
was observed & —-81.93 ppm, clearly shifted from the resonance enstarting reagentgc-
CR;CH(OH)C(O)OEt;5 -80.18 ppm).

In the ®*C{*H} NMR spectra of these complexes in toluaagthe resonance for the
carbonyl group was observed in the radge’7.0-190.0 ppm (Table 3 significantly shifted
downfield from the corresponding resonance in thigal alcohol reagentd 175.0 ppm).

These data suggest that the carbonyl group in tbosgplexes is coordinated to the Al atom

in solution, forming mononuclear species, as ole®m the solid statevide infra).

Table 11l : Comparison of thé*C{*H} NMR chemical shifts (ppm) for carbonyl groups in
aluminum-{alkoxy ester} complexe4a, 4b, 5a and6a, and the corresponding hydroxy-ester

reagent.

4a 4b 5a 6a

ofor C=0 complex 189.5 190.0 180.0 177.0

o for C=0 initial reagent ROH  175.0 175.0 1725 170.1

The variable temperatur#! NMR spectra of lactate compleba in tolueneds in the
temperature range 298-373 K are shown in Figurd'B8se spectra, which are representative
also for [3-alkoxy-butyrate compound$a and 6a complexes, revealed no dynamic
phenomena. This suggests that no interconversiosiseketween overall dissymmetric
species having different geometries (symmetriesh@foordinated ONO fragmerie(, C,*~

ONO __ = CJ_CZ-ON%
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Figure 39. Variable Temperature'H NMR spectra (500 MHz, toluerd) of
{ONOSPMAI(( 9-OCH(Me)CGQiPr) @a); bottom, 298 K; middle, 353 K; top, 373 K (*

stands for residual solvent resonances).

The molecular structures of complexés, 5aand 6a were established by X-ray
crystallography. Single crystals suitable for si¢hay diffraction studies were grown from
concentrated toluene solutions layered with hexaheoom temperature. The molecular
structures, and selected bond distances and afoglésese compounds are given in Figures
40, 41 and 42. The main crystallographic detaisraported in Table 14see the Annexes).

In the solid-stateda, S5aand 6a are monomeric with a five-coordinated aluminum
center. Their geometry is best described as sjigtidtorted trigonal bipyramidal (trigonal

index, T = 0.89-0.93 for these three complexéd).In all cases, the axial positions are
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occupied by a nitrogen atom (N2) and a carbonygexryatom (O71), with NAI-O angles in
the range 175.62(12).76.9(3).*%° The other oxygen atoms (O(11), O(51) and O(74}upy
the equatorial positions with -@l-O angles ranging from 114.9(3) to 123.3(4Yhe
Al-O(carbonyl) bond distances (AIED(71), 2.018(5) Ada; 1.993(2) A,5a; 2.030(2) A,
6a) (Table 4) are slightly shorter than those in jMéethyl lactate)} (2.157(2) A) and
[Me,Al(H-OCH(Me)COOYO(CH,),OMe], (2.147(4) A)'®* In comparison, in the six-
coordinated Al-{salen}(§)-OCH(Me)CQMe) complex described by Nomuet al,*® the
carbonyl oxygen of lactate occupies the sixth pmsitit the Al center with a AD bond
length of 2.165 A slightly longer than in the preseompounds. The AD(phenoxide) bond
distances foda, 5aand6a are in the range 1.761(6)-1.780(2) A and compak te those
for aluminum amino-bis(phenolate) complexes (1.3%8(.782(1) A):%812¢

More singularly, the molecular structures of compked4a, 5a and 6a feature close
contacts (Table 4) between tlwesystem of one of the SiRPphenyl groups and €H of the
isopropyl group inda (Figure 40), CH of the ester methyl and methylene groupsHan
(Figure 41), and €H of the methine, methylene and ester ethyl gromp8ai (Figure 42)
present in the)-lactate and3-alkoxy-esters moieties, respectively. These oladmmns are
important when considering-Eleee 7£system interactions, which can occur only whenzhe

system is close enough to thekCunit 2109127
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Figure 40. Molecular structure of {ON&"™AI(( 9-OCH(Me)CQiPr) (4a) (thermal
ellipsoids drawn at 50 % probability level; all @hts molecules and hydrogen atoms, except
that of the isopropyl moiety of the isopropyb){actate group, are omitted for clarity).
Selected bond distances (A) and angles (degyOM4), 1.745(6); AtO(11), 1.761(6);
Al-O(51), 1.777(6); AtO(71), 2.018(5); AN, 2.018(6); NAI-O(71), 176.9(3);
O(511AI-0O(11), 114.9(3); O(BLAI-0O(74), 123.3(4); O(TAI-O(74), 121.2(4);
O(74FAl-O(71), 84.1(3); O(1BAI-O(71), 89.0(2); O(BBAI-O(71), 89.7(2);

O(74)-A1-N,93.1(3): O(L1JAI-N, 91.5(3); O(513AI-N, 92.9(3).
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Figure 41. ORTEP drawing of {ON&P™AI(( R-OCH(Me)CHCOMe) (5a) (thermal
ellipsoids drawn at 50 % probability level; all @hts molecules and hydrogen atoms, except
that of the methoxy moiety of theR}[p-alkoxy-butyrate group, are omitted for clarity).
Selected bond distances (A) and angles (degyOM4), 1.729(2); AO(51), 1.779(2);
Al-0O(11), 1.780(2); AtO(71), 1.993(2); AN, 2.023(3); O(74HAI-0(51), 121.83(12);
O(74FAl-0(11), 122.35(12); O(53AI-O(11), 115.77(11); O(7*AI-N, 175.62(11);
O(511AlI-0O(71), 86.37(10); O(74AI-0O(71), 92.90(11); O(1:AI-O(71), 88.15(10);

O(74)-AI-N, 91.15(11); O(5BAI-N, 90.08(11); O(1BAI-N, 91.09(11).
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Figure 42. ORTEP drawing of {ON&™™AI(( rac)-OCH(CR)CH,COEt) (6a) (thermal
ellipsoids drawn at 30 % probability level; hydrogetoms, except that of the ethyl group of
the tac)-p-alkoxy-trifluorobutyrate are omitted for clarity®elected bond distances (A) and
angles (deg): AIO(74), 1.755(2); AtO(11), 1.767(2); AtO(51), 1.777(2); AHO(71),
2.030(2); AFN, 2.017(2); O(74)AI-O(11), 120.62(12); O(74AI-O(51), 120.86(12);
O(11)FAI-O(51), 118.23(11); O(74AI-N, 92.14(10); O(1BAI-N, 91.86(10);
O(51FAI-N, 91.28(10); O(74AI-O(71), 91.20(10); O(1TAI-O(71), 87.82(10);

O(51)-Al-O(71), 85.63(10); NAI-O(71), 176.29(10).
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Table IV: Selected bond lengths (A) around the Al centerctonpound<a, 4a, 5a and6a,

and close contacts (A) for compounts 5a and6a.

Bond

Al-0(11)

Al-0(51)

Al-N

Al-C(1)

Al-0O(71) (carbonyl)

Al-0(74)

C-Heeert (OCH(CHs3) CO,CH(CHs))
C-Heeert (OCH(CH;) CO,CH(CHb)2)
C-Heeert (OCH(CH;) CO,CH(CH3),)
C—Heeen (OCH(CH3)CH,CO,CHy)
C—Heeert (OCH(CH;)CH,CO,CHs)
C—Heeert (OCH(CH;)CH,CO,CHs)
C-Heeemt (OCH(CF3)CH,CO,CH,CHy)
C—Hee et (OCH(CFR)CH,CO,CH,CHy)
C-Heeet (OCH(CR3)CH,CO,CH,CHy)
C-He e et (OCH(CFR)CH,CO,CH,CHs)

2a
1.7445(14)
1.7588(14)
1.9394(15)
1.9220(2)

4a
1.761(6)
1.777(6)
2.018(6)
2.018(5)
1.745(6)
3.731
3.088
2.846

5a
1.779(2)
1.780(2)
2.023(3)
1.993(2)
1.729(2)

6a
1.767(2)
1.777(2)
2.017(2)
2.030(2)
1.755(2)

4.1.3 Studies on the ring-opening polymerization ofrac-lactide with aluminum

bis(naphtholate) complexes.

Alkoxide complexes of aluminum are well-establislvadalysts/initiators for the ROP

of lactide®* " Activity (MOlmonomefMOlmetath), productivity (MahonomefMOlmes), degree of

control/livingness, and stereoselectivity in thee@f chiral monomers depend crucially on

ancillary ligands that define the sterics and etegts around the active metal center. We

were therefore interested in evaluating the catabfilities of the new aluminum complexes,

considering that (i) alkoxide aluminum complexeargy (bis)phenolate ligands have been

shown to have valuable catalytic abilities, esgdiciar controlling the stereoselective ROP

44,55,71

of rac-lactide; and (ii) scandium, yttrium and lanthanum amido ptaxes supported by

the tridentate pyridine-bis(haphtholate) ligandsdus this study have been previously shown

to feature high activities and stereocontrol towaailactide’
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The catalytic abiliies of {ONO"™3AIMe (2a), {ONOSPMAIOiPr (3a),
{ONOSR3AI(( 9-OCH(Me)CGiPr) (SIR = SiPh, 4a SiMetBu, 4b) and
{ONOSPMA|(( R-OCH(Me)CHCOMe) (5a) to promote the ROP afic-lactide was thus
examined (Scheme 21). The performance of methylptexn2a was also tested in the
presence of PhCIDH or iPrOH as co-initiator/chain transfer agent. Repriedeme results

obtained in those polymerization experiments arersarized in Table 5.

2a, 3a, 4a, 4b, or ba

1, OO 0.0 o o o o
n LT T 1 - \
oo 070 toluene, CH,Cl, or THF o o 0 0
(S,S)-lactide  (R,R)-lactide 60-80 C 0

%{_/
rac-lactide

Scheme 21Ring-Opening Polymerization odc-Lactide Initiated by Complexes5.
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Table V. ROP ofrac-lactide promoted by {ONERJAIR complexes.

Temp Time ConV Mncaé Mnopd Mnawre

LAJ/[AI d f
Entry Cat [ /[R](gH} ROH solvent °C) h) (%) (kDa) (kDa) (kDa) Mw/Mp Py
1 2a 20:1:0 - tol 60 10 - - - - - -
2 2a 20:1:0 - tol 80 17 55 1.6 15.0 nd 1.52 0.50
3 2a 50:1:0 - tol 80 17 47 3.4 29.6 nd 1.55 0.54
4 2a 100:1:0 - tol 25 17 - - - - - -
5 2a 100:1:0 - tol 60 17 28 4.0 10.5 nd 1.16 0.55
6 2a 100:1:0 - tol 80 17 72 10.4 43.3 nd 1.39 0.55
7 2a 500:1:0 - tol 80 17 42 30.3 69.5 nd 1.18 0.54
8 2a 100:1:1 BnOH tol 60 17 70 10.1 6.2 6.7 1.06 0.56
9 2a 100:1:1 BnOH tol 80 6 80 11.5 6.8 11.2 1.06 0.53
10 2a 100:1:1 BnOH tol 80 17 100 14.4 7.4 12.0 1.13 0.51
11 2a 500:1:1 BnOH tol 80 17 78 56.2 24.7 nd 1.08 0.55
12 2a 100:1:1 'PrOH tol 60 17 63 9.1 10.5 13.8 1.07 0.56
13 2a 100:1:1 'PrOH THF 60 17 44 6.3 5.0 7.2 1.06 0.59
14 2a 100:1:1 'PrOH CH,Cl, 60 17 44 6.3 3.0 5.6 1.08 0.57
15 2a 100:1:1 'PrOH tol 80 6 89 12.8 155 nd 1.08 0.59
16 2a 100:1:1 'PrOH tol 80 17 100 14.4 10.9 14.4 1.19 0.55
17 2a 250:1:1 'PrOH tol 80 17 91 36.0 26.6 nd 1.08 0.55
18 2a 500:1:1 'PrOH tol 80 17 60 43.2 25.0 nd 1.08 0.56
19 2a 500:1:1 'PrOH tol 80 23 94 67.7 40.3 nd 1.17 0.56
20 3a 100:1:0 - tol 80 17 50 7.2 16.5 nd 1.12 0.54
21 4a  100:1:0 - tol 80 4.5 80 11.5 7.2 9.6 1.09 0.55
22 4a 100:1:0 - tol 80 9.5 95 13.7 8.7 8.8 1.09 0.58
23 4a 100:1:0 - tol 80 17 100 14.4 9.3 15.1 1.10 0.55
24 4a 500:1:0 - tol 80 195 76 54.7 34.0 nd 1.14 0.55
25 4b  100:1:.0 - tol 25 17 - - - - - -
26 4b  100:1:0 - tol 80 4.5 95 13.7 9.5 9.8 1.04 0.60
27 4b  100:1:0 - tol 80 17 100 14.4 13.8 9.0 1.19 0.61
28 5a 100:1:0 - tol 80 3 72 10.4 7.1 6.05 1.07 0.55
29 5a 100:1:0 - tol 80 10 96 13.8 9.0 8.75 1.11 0.55
30 5a 100:1:0 - tol 80 17 100 14.4 9.8 9.7 1.2 0.57
31 5a 500:1:0 - tol 80 17 92 66.3 30.7 nd 1.12 0.53
32 5a 1000:1.0 - tol 80 22 74 106.7 42.15 nd 1.10 0.55

2 General conditions:rfic-LA] = 2.0 mol.L™. ® Conversion of lactide as determined 1y
NMR on the crude reaction mixtureM, values calculated considering one polymer chain pe

metal-center from the relatioM,, cac= conv x [LAJ/[Al] o x 144.% ExperimentalM, and
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Mw/M, values determined by GPC in THE PS standarddl, values are corrected with a
0.58 factor.® ExperimentalM, values determined byH NMR analysis of the reprecipitated
polymer. " P, is the probability of racemic linkage, as deterdinby *H NMR homo-

decoupled experiments.

All complexes proved to be active at 80 °C in tokle The molecular weight
distributions were all unimodal, ranging frdvk,/M, = 1.06 to 1.55, indicative of a single-site
behavior. When the polymerization was promoted ksthyl complex2a, without added
alcohol, we observed a linear relationship betw#®e monomer-to-metal ratio and the
number-average molecular weigiM.§ (compare 2, 3, 6 and 7); however the much larger
values ofM, expas compared thl, cacvalues in those cases indicate a low initiatiorcefhcy
(IF = 11-44 %); this is in line with the poor nuefehilicity generally attributed to AMe
moieties. On the other hand, the ROP promotedain the presence of 1 equiv. of ROH (to
preparein-situ the active species), or with discre®-lactate 4a) and R)-B-alkoxy-butyrate
(5a) complexes, showed that the molecular weight emes linearly with time and that
experimental and calculatéd, values matched quite well (entries 9-10, 21-233@8 For
43, increase of theac-LA loading from 100 to 500 equiv. led to proportaly higher
molecular weights PLAs (entries 21, 24). These dlastrate the good degree of control over
the polymerization provided bBja and5a

For relatively low molecular weight polymers, thl values were also determined by
'H NMR spectroscopy (in CDglor CD,.Cl,), taking into account the polymers end-groups
(Figures 43 and 44). These values generally matghite well the calculated ones.

Surprisingly, we observed quite different convemsamdM; ey, Values for the PLAs
produced from if the Al-isopropoxide speciem situ generated by adding 1 equiv. of

isopropanol to the aluminum methyl compl2a and (i) that obtained from the isolated
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isopropoxide complea (compare the entries 16 and 20). One possiblear&pbn is the
existence of dimeric Al-isopropoxide species indted monomeric ones in the latter case.
Indeed, we didn’t run DOSY experiments neither sygtable crystals for X-ray diffraction

studies in order to understand this polymeriza#ictivity of the complex3a.

Ha +
He + Ha

i o ¢ o
: S e
B ‘o/nlﬁ( * 7){0%}(0 g
o d 0 d dn-1

1 acetone \ Hs
| Hs THF | THE \

Figure 43.H NMR spectrum (500 MHz, CDg;1298 K) of a polylactide produced from the

{ONOSP"3AIMe (2a)/iPrOH (1:1) system (Table 3, entry 16).
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78 % T4 T2 0 &6 6.2 5.8 54 5.0

Figure 44.'"H NMR spectrum (500 MHz, CIZl,, 298 K) of a polylactide generated from the

{ONOSP"3AIMe (2a)/BnOH (1:1) system (Table 3, entry 9).
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The homo-decoupledH NMR spectra of the methine region of the PLAs gas
derived from2a/ROH, 4a and 4b in toluene at 80 °C (Table 6) are consistent viftl
formation of polymer chains that are most predomiilyaatactic, with a slightly bias toward
heterotactic B, max = 0.61, Table 5, entry 27). In striking diface with the series of
{ONOSPLn[N(SiMe ,H),](THF) complexes reported by Grunowt al®® which led to
highly heterotactic enriched PLAs, these aluminuomplexes {ONG™"3AI(X) are less
active and do not induce high stereocontrol, degpi¢ smaller ionic radius of Al (for penta-
coordinate complexes: Al(Ill) = 0.48 A; Sc (I1)&745 A; for six-coordinate complex Y(lII)

=0.90 A)1*#

Table VI: Methine region ofH NMR and'H homo-decoupled NMR spectra of different

PLAs.

Experiment "H NMR "H{"H} NMR

16

1 .|" .l- |
23 || || |||| ,;‘n'.-'ll { lLI ‘l, “\ ‘ \“.‘\

27 (YRRl ‘J‘\‘ \‘
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4.1.4 Reactivity studies and mechanistic consideiiahs on ring-opening polymerization

of D-, L- and rac-lactide.

4.1.4.1 Studies of the reactivity of Al(lll)-(isopiopyl (S)-lactate) complexes 4a and 4b.
Al(111) isopropyl (9-lactate complexes {ON®AI(( 9-OCH(CHs)COyiPr) 4a and4b

were synthesized as model compounds to get a hettirstanding of the reactivity of the

propagating species. Reactions $F4a or (§-4b with D-, L- andrac-lactide monomers in

tolueneds, CD,Cl, and THFés were monitored byH NMR spectroscopy (Table 7, Scheme

22).

(0]
\\\"\\H/O N—
[\ o
(0]

O /

0 l d (6 equiv) '/M\(\) /H’{O\)?\ /'\'%O i
R;Si N\ SiRy ———— O\)\O ) \_\%kOiPr
SN toluene-dg CD,Cl, ? ol = ol mé H
o or THF-ds H -
Me‘i/Q oPr 250r80°C
H
(4a) SiR; = SiPh, [L-LA]/[4a] = 6.0, toluene-dg, 80 °C, 17 h, 88% conversion
(4b) SiR; = SiMe,tBu [L-LA)/[4a] = 6.3, CD,Cl,, 25 °C, 503 h, 66% conversion

Scheme 22General Scheme for the Reactions between Al-Isgh{&) Lactate Complexes

(4a-b)and L-LA.

Table VII. Reactions between D-, L- anaic-Lactide Monomers and Complexe&3-éaand

(S)-4b.

tolueneds CD.Cl, THF-dg

(25; 80°C) (25°C) (25°C)
(9-4a L-LA 1.8 to 6.0 equiv. 1.35to 6.3 equiv -
(9-4a D-LA 1.1 equiv. - -
(9-4a rac-LA 1.1 equiv. 1.2 equiv. 1.7 equiv.
(9-4b  rac-LA 1.1 equiv. - -

A first series of experiments was conducted at raemperature over short reaction

times in order to possibly observe intermediateshsas monomer adducts. THed NMR
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spectrum of a reaction mixture of compl&-4awith 1.1 equiv. ofac-LA in toluenedsg after

30 min at 25 °C showed a split of the resonanceddth the methine and methyl groups of
the rac-LA monomer (each as two broadened quartets). \\dmamtiomerically-pure L-LA
(1.8 equiv.) or D-LA (1.1 equiv.) was used insteddac-LA, only one of these resonances
was observed (Figure 45). These observations suggesaction of the monomer with the
chiral complex, with formation of possible diastareeric L) and §D) six-coordinated
adducts. Surprisingly yet, at the same time, wendidobserve any significant change in the
resonance set of the initial complex, indicatinghoni (if any) changes in the coordination

sphere of §-4a, and arguing against coordination of the mononméo the Al center.

(e} rac-LA

\ rac-LA
. e _.'h-I| I"l I-'ll-_ .Il".ll
(d) D-LA _ ‘ DLA
) | Il | |
M / ) A
() L-LA | L-LA ®
I
.'PllI || \ ,'\J‘ ||I"i| |'” ||J|
M .'II IIl ol -'I1 il W { | || | ||
- T - = . o ozt / ‘l‘ = A it S PR PR =
(&) rac-LA i I‘ rac-LA Il
TR “ ” ’]\
I' b | |
l | )1 I | .| 1|
! JI| 'IJ I' II. II 'l I| .'l I |"|II|| I | | |' [
¢ ST - e -4a N _jla." _3a‘¥'_'
Ia] da da “ |
. | |
| | | .
Ildh'll.. JruIH ~ | L | |\ | I\
13 42 41 40 38 38 27 18 38 34 33 32 31 3 13 12 11 10 63 08 07 06 05 04 03 O
(ppm) {ppm)

Figure 45. Details of the methine (left) and methyl (rightgiens of the'H NMR spectra
(500 MHz, tolueneds, 298 K) of (a) §-4a, and mixtures ofF)-4a with (b) 1.1 equiv. ofac-
LA, (c) 1.8 equiv. ofL-LA, (d) 1.1 equiv. of D-LA, and (e) ofac-LA alone (*stands for

residual hexane resonances).
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In contrast to the above reaction betweknand rac-LA, no splitting of the LA
methine resonances was observed when we monitgrédl INMR the reaction of a 1:1.1
mixture of §)-4b/rac-LA (Figure 46). It is worth noting that the onlyfférence between
these two systemda vs. 4b, lies in the SiPhvs. SiBuMe, substituent. These observations
suggest that the lactide enantiomers may interath te phenyl groups of the SiPh
substituents in the “second-coordination” spheréhefAl complex. Also, it may suggest that
the CHeeent interactions observed in the solid state persigolution and play a role in the
differentiation of the two enantiomers of lactide)yway, the exact nature of those likely

weak interactions observed in solution remain olestus far.

(<)

i1 Vi
L)
MU i S

“:'] rac-LA ab
4b 4b 4b

rac-LA
!

iy Jul

N —_ N N o d

57 56 55 54 40 39 38 37 12 11

Figure 46. Details of the'H NMR spectra (500 MHz, toluerdy; 298 K) (a) §-4b, (b) a
1:1.1 ®-4b/rac-LA reaction mixture after 30 min at 25 °C, and (@g-LA.
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When the'H NMR spectra of such mixtures were recorded in Fgfr CDCl,
instead of toluenés, the split of the LA methine resonances in tBed@/rac-LA (1:1.2 or
1:1.7) mixture was not observed, only minor spigtiof the LA methyl resonances was
observed in CECI, or THFdg (Figures 47 and 48, respectively).

(c)

(b)

rac-LA
d4a 4a 4a
raec-LA

€D:Cl2 4a 43 | l
1k P A _| ke M JE Ot
(al

CD:Cl2

H | INI_ jl 5 1.;'»‘-'__ RSV b W _||\ .Ig il

55 50 45 40 35 30 25 20 15 1.0 05

{ppm)
Figure 47. Details ofthe '"H NMR spectra (500 MHz, CiTl,, 298 K) of (a) §-4a, (b) a

1:1.2 @-4alrac-LA mixture, and (cyac-LA.
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(c)

“ thf-ds thf-ds |

(b)

toluene
rac-LA thi-ds thf-ds

(a) toluene

PrLE Y e : T L T B bttt —

54 52 50 48 456 44 42 40 35 36 34 32 30 28 26 24 22 20 18 16 14 12 L0 OF 06 D4 02
\ppmy

Figure 48. Details of the'H NMR spectra (500 MHz, THBs, 298 K) (a) §-4a, (b) a 1:1.7

mixture of §-4aandrac-LA, and (c)rac-LA.

Monitoring of the propagation step was attemptedrbi{MR spectroscopy in CITl,
in which the polymerization reaction proceeded $yost room temperature. Selected spectra
of a 1:6.26 reaction mixture oBf4a/L-LA, recorded over a time period of 503 h witlirzal
66% conversion of L-LA, are shown in Figures 49-bBilthe early stage, resonances & (
4a (C-H quartet and €3 doublet related to the chiral centér4.16 andd 0.9 ppm), the -
OCHMe; septet ad 3.19 and —OCH(B3), doublets ad 0.59 andd 0.41 ppm), and for the
non-consumed monomer (the methindHQesonance visible as a quartetda®.09) were
observed. As the polymerization started, thesenaasmes progressively were replaced by a
new set of resonances assignable to propagatimiespeThese include a broad resonance at
5 5.2 ppm, assigned to the methine of propagating &ligomers, as confirmed byC, *H—

'H cosY,c-*H HMQC and“*c—*H HMBC NMR experimentssee the Annexgs
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Figure 49. Details of thelow-field aliphatic region of théH NMR spectra (500 MHz,
CD,Cly, 298 K) of a 1:6.26 mixture off-4a and L-LA kept at 25 °C. The bottom spectrum is

that of pure §-4a
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Figure 50. Details of thehigh-field aliphatic region of théH NMR spectrum (500 MHz,

CD.Cly, 298 K) of a 1:6.26 mixture afa and L-LA kept at 25 °C. The bottom spectrum is

that of pureda.

The reaction of a 1.6 mixture dbf4a/L-LA in tolueneds at 80 °C for 17 h, giving a
final 88% conversion of L-LA, was monitored fiy NMR (Figure 52). We could observe in
the'H NMR spectrum in toluends, the resonance of the Gi®r end-group, Has a septet at
0 4.84 ppm; the corresponding doublet resonancestaerved ad 0.94 and 0.91 ppm. The
observation of ester chain termini implies thatgropening of the cyclic ester monomer
occurs via cleavage of an acyl-oxygen bond, as queg for metal-alkoxide initiating

systems?°
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Figure 51.Detail of thealiphatic region of théH NMR spectrum (500 MHz, CiZl,, 298 K)

of a 1:6.264a/L-LA mixture after 503 h at 25 °C (66% conversiainL-LA).

He +
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Figure 52. Detail of the aliphatic region of tH&l NMR spectrum (500 MHz, toluerdy; 298

K) of the reaction mixturda/L-LA (1:6 equiv.) after 17 h at 80 °C (88% conversof L-LA)

(*stands for residual solvent resonances).
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The conversion of L-lactide by compleQ){4a as a function of time was monitored by
'H NMR spectroscopy (Tables 8 and 9, Figures 53 }- A6pseudo first-order kinetics in
monomer was observed, wikh,,= 3.6 x 10°min (in CD,Cl, at 25 °C) and 6 x I6s™ or
3.6x 102 min (in toluenedg at 80 °C). Further studies should be extended © &ndrac-

Lactide in order to better understand the kinatitthe polymerization.

Table VIII. Kinetic monitoring tH NMR) of the reaction mixture ofa/L-LA (1:6.26) in

CD.Cl, at 25 °C.

a

o on LA LAIJLAL In[LAJILAL.

0 0 0.3932 1.0000 0.0000
53 h 11 min 2.5 0.3833 1.0261 0.0258
196 h 24 min 29 0.2791 1.4132 0.3458
218 h37 min 33 0.2634 1.4937 0.4012
240 h 31 min 39 0.2398 1.6389 0.4940
383h27min 57 0.1691 2.3366 0.8487
502 h 57 min 66 0.1337 2.9500 1,0818

8Conversion of L-LA as determined from the intemsitiof methyl

resonances of L-LA and those of oligomers.

conversion (%)

T T T T T T 1
0 5000 10000 15000 20000 25000 30000 35000
Time (min)

Figure 53. Plot of L-LA conversion vs. time for the reactionxture of4a/L-LA (1:6.26) in

CD.Cl, at 25 °C, [LA}, = 0.3932 mol.[*.
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Figure 54. Semi-logarithmic plot of L-LA conversion vs. timeitiated by complex $-4a

(25 °C, CDCly, [LA] o = 0.3932 mol.CY).

Table IX. Kinetic monitoring {H NMR) of the reaction ofia/L-LA (1:5) mixture in toluene-

dg at 80 °C.

o o WAL ILAIJIAL InLATYILAL,
0 0 0.269 1.000 0.000
288 1 0.266 1.011 0.011

790 8 0.247 1.011 0.011
1292 21 0.212 1.269 0.238

1794 38 0.167 1.611 0.477
2356 53 0.126 2.135 0.758
2798 66 0.091 2.956 1.084
3300 77 0.062 4.339 1.468
3802 83 0.046 5.848 1.766
4304 87 0.035 7.686 2.039
4806 93 0.019 14.158 2.650
5307 93 0.019 14.158 2.650
5809 93 0.019 14.158 2.650

8Conversion of L-LA as determined from the intersitiof methyl

resonances of L-LA and those of oligomers.

108



100
u u u
u
u
80
u
<
9\./ u
- 604
k=l
Q u
()
g
S 404 ]
@)
20 u
u
O T T T T T T T T T T T )
0 1000 2000 3000 4000 5000 6000
Time (s)

Figure 55. Plot of L-LA conversion vs. time for the reactionxmare of 4a/L-LA (1:5) at 80

°C in tolueneds, [LA] o = 0.269 mol.C".
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Figure 56. Semi-logarithmic plot of L-LA conversion vs timeitiated by complexS)-4a (80

°C, tolueneds, [LA] o = 0.269 mol.CY).
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4.1.4.2 Studies of the reactivity of Al(lll)-(methy (R)-B-alkoxy-butyrate) complex 5a.

In attempts to catch the first insertion produa, monitored byH NMR spectroscopy
the room temperature reaction of a 1:1.35 mixtdréRy-5a/L-LA in CD,Cl,. NMR spectra
were recorded over a period of 12 days (SchemeNt#g that this monitoring could not be

performed in toluene due to the very poor solupoit5a in this solvent.

O
)

A

O

W

O

N~
L-LA (\/0
1.35 equiv. O_7|‘\O Me, H H H
| - = \ (0] OMe
~
PhsSi A|< SiPhs  cp,clyat2scC o S
o /O Me H O H MeO
Me OMe
(5a) (8a)

Scheme 23Reaction between 1 equiv of Al-(methiR){3-alkoxy-butyrate) $a) and 1.35
equiv of L-LA giving the product of the first ingam of the LA molecule&a).

In the early stages of the reaction, resonanceSd@dC-H multiplet and Gi; doublet
related to the chiral cented 8.44 and 0.6 ppm), the -OMe singletés2.51 ppm and the —
CHH two doublet of doublet for diastereotopic még¢myc protons 1.42 and 1.19 ppm), and
for unconsumed monomer (the methine C-H resonarsikler as a quartet & 5.04 ppm)
were observed (Figure 57). After 23 h, these resoem decreased in intensity and were
replaced by a set of resonances assignable tarshénsertion product. The resonance for the
methoxycarbonyl fragment was shifted significarttwnfield Ao = 1.19 ppm) from that in
5a; the same trend was observed for the two doubfedsublet of the methylene groufid =
1.31 ppm) (Figure 58). Prolonging the reaction &&h resulted in the formation of a second
species that built up with time. To better visualthe presence of this second species’the
NMR spectrum of the reaction after 21 days is showhigure 59. We suspect that this new
species may be the product of intra- or intermdbecside reactions.
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Figure 57.*"H NMR monitoring (500 MHz, CBCl,, 298 K) of the reaction of a 1:1.35 mixture Bj-6a and L-LA in CD:Cl, at 25 °C (* stands

for residual solvent resonances). The bottom specis that of pureR)-5a.
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Figure 58.'"H NMR spectrum (500 MHz, CiZl,, 298 K) of the 1:1.35 reaction of a mixture Bj6aand L-LA after 23 h at 25 °C (* stands for

residual solvent resonances).
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Figure 59.'H NMR spectra (500 MHz, CITl,, 298 K) of the 1:1.35 reaction of a mixture Bj-6a and L-LA after (bottom) 23 h and (top) 21

days at 25 °C (* stands for residual solvent resoes).
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4.2 Well-defined Al- and Y- Complexes Bearing a Tridentate CumylOrtho-Substituted
Bis(phenoxy)pyridine ligand.

This section addresses a different issue in the RDIRc-lactide andrac-BBL in
bis(phenolate)-metal systems, which is the origintlee stereoselectivity. Preliminary
experimental and computational works in the grodpJean-Francois Carpentier have
suggested that the presence of aryl substituenteeophenolate rings may play a significant
role in this stereocontrol, via weak attractiveHe&+n interactions between those aryl groups
and C-H moieties of the monomer moieties in thewvimg polymer chairf®

Accordingly, the aim of this work was to preparsegies of well-defined Al- and Y-
complexes supported by tridentate pyridine-bis(pler) ligands having cumyl substituents
and to assess the exact nature of interactionseleetéhose substituents amdor - alkoxy
esters moieties coordinated onto the metal ceftes.lattera- or B- alkoxy ester units have
been selected to mimic the last monomer unit iegen the growing polymer chain in the

ROP of lactide an@-butyrolactone.

4.2.1 Preparation of the new pro-ligand {ONC®CU™hH,

The preparation of the new diprotio pro ligand {OYS&"™H, was successfully
achieved starting from the methoxymethyl-protececimyl-4-methyl-phenol, followed by
Negishi cross-coupling reaction using a Pd-Phoalystt in a similar synthetic protocol as

previously described for those 2,6-bis(naphthoijpige pro-ligands (Scheme 24}
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1. sec-BuLi/THF
O 2.ZnCl,
OMOM >

~
Br N Br

SPhos/Pd,(dba); (2%)
THF, reflux, 72 h

Z = OMOM (65% isolated)

HCI/EtOH/CHCl,

reflux, 20 h
Z = OH (97% isolated)

Scheme 24Preparation of Pro-Ligand {ONSC"™4H , (10).

Pro-ligand {ONG"®““™H , was recovered in 65 % vyield as a colorless, crjystal
compound soluble in polar solvents as (CEH@H,Cl,, THF) and in toluene at 80 °C, but
sparingly soluble at room temperature. This compouas characterized B and**C NMR
spectroscopy. The NMR specffsee the Annexegt 25 °C in CDJ show single sets of
resonances. Crystallographic data and structutafmeation details fol.c are summarized
in Table 1A(see the Annexes).

Single crystals suitable for X-ray diffraction stesl were successfully prepared by
crystallization from dichloromethane. The molecaofgro-ligandlc adopts in the solid state
an approximated (noncrystallographic) §mmetry, in which the phenol groups are twisted
from the pyridine plane in the opposite directi¢Rgyure 60). The short distance of 3.412 A
between the oxygen atomsin apparently results from the small torsion anglie23055 and

23.21° between the planes of the pyridine unittaedohenol fragments.
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Figure 60. Molecular structure of pro-ligand {ON$"™H , (all hydrogens atoms, except
those of hydroxyl groups, are omitted for clarityiermal ellipsoids drawn at 50 %
probability). Selected bond distances (A) and aniieg): H(O(1))-N = 1.919; H(O(2))-N =

1.985; 0 Py-Ph(1) = 23.55(] Py-Ph(2) = 23.21.

4.2.2 Preparation of {ONG"*““™IAIOR (R = Me, 2d; (S)-CH(Me)CO.iPr, 4d; (R)-
CH(Me)CH ,CO;Me, 5d; (rac)-CH(CF3)CH,COEt, 6d).

In the previous section, we described the synthasisthe structure characterization
of silyl ortho-substituted tridentate 2,6-bis(naphtholate)pyedisl(lll) complexes. These
compounds were tested in the ROP maic-lactide showing good control over the
polymerization. Also, structural investigations ealed short contacts between #resystem
of one of the phenyl substituents of the naphtleaimbups and & of the isopropyl group of
the lactate substituent (fda) and CH of the methylenic and methyl groups of the bugrat
fragment (for5a). Seeking for better insights into such type of iatéions, we prepared

complexestd, 5d and6d (Scheme 25) supported by the tridentate ligand (AN&™)?.
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6d n=1;R'=Et;R2=CF,
Scheme 25.Synthesis of Aluminum Complexe®-6) Supported by the {ONW§Cum™h2-
Ligand.

Complex2d was synthesized by heating at 80 °C of a toluahatien of the pro-
ligand {ONO"® ™41 , with 1.4 equiv. of AlMg (vide supra Scheme 7); and isolated as an
air- and moisture-sensitive colorless crystals T%4 yield. This product is soluble in polar
solvents as C§Cl, at room temperature and in aromatic hydrocarbbeszene, toluene) at
60 °C. The identity oRd was established on the basisidfand**C NMR spectroscopysée
the Annexes

Aluminum derivatives of lactate4d) and B-alkoxy-butyrate (5d and 6d) were
prepared by methane elimination from the reactib@dwith 1 equiv. of the corresponding
hydroxy-ester ®-CH(Me)CGiPr, 4d; (R-CH(Me)CH.COMe,  5d; (rac)-
CH(CR)CH,CO,EL, 6d) (vide supra Scheme 7). The reactions proceeded at 80 °dusrte
to afford complexesid-6d, as air-sensitive, colorless solids, isolated th % (for 4d).
ComplexesAd-6d were characterized in solution by NMR spectroscg@e the Annexed].
was not possible to purify the complB& for the use in polymerization. In an attempt made
to purify the complex5d, small amounts of crystals were successfully tedlacrystals
suitable for X-Ray diffraction studies were growarh concentrated CICI, solution layered

by hexane at room temperature. The main crystafdgc details are reported in Table 1A
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(see the AnnexgsThe molecular structure &, and selected bond distances and angles for
this compound are given in Figure 61.

The *H and *C{*H} NMR data for the aluminum(lll) §-lactate 4d) and R)- and
(rac)-B-alkoxy-butyrate %d, 6d) complexes in toluends and CDCI,, at room temperature,
are indicative of the existence of a sin@lesymmetric species. In the spectrum of the
NMR of complex4d, the resonances for the isoprop$)-lactate group were observed as a
quartet for the methine Q€CH3)COuiPr ©4.00 ppm), a septet for the other methine
OCH(CHs)CO,CH(CHa)2 (85.37 ppm), a doublet for the methyl group assodiatéh the
chiral center (OCH(B3)CG,iPr) ©0.91 ppm)and two doublets overlapped for the non-
equivalent methyl OCH(CHCO,CH(CHz), (0 1.12 ppm).

It is worth to note that, there is a significantfelience in the chemical shifts for the
methine resonance of the isopropyl group amonghtee aluminum )-lactate complexes,
observed abd 3.17,0 5.52 and 5.37 ppm foda, for 4b and4d, respectively

In the '"H NMR spectrum of5d in CD,Cl,, the resonances for th&®)¢{p-alkoxy-
butyrate group were observed as a multiplet andwblét for the methine and methyl
hydrogens, respectively, associated to the cheater (OG(Me)CH,COMe, & 3.47 ppm;
OCH(CH3)CH,CO:Me, 6 0.65 ppm), one doublet of doublet for the diastengic methylene
hydrogens (OCH(Me)BHCO;Me, 61.95 ppm; the second would be overlapped), and a
single resonance for the methyl ester group (OCHQWeCO,CHs, 63.91 ppm). In
comparison with the compleR)-5a, the resonance for the methyl ester group is fogmitly
shielded (OCH(Me)CKHCO,CHg, 6 2.51 ppm).

In the™H NMR spectrum oBd in CD,Cl, the resonances for the fluorinatest-p-
alkoxy-butyrate group were observed as a multipfet the methine hydrogen

(OCH(CFRs)CH,CO,EL, 8 3.56 ppm), two doublets of doublet for the diastéopic methylene
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hydrogens (OCH(CHCHHCO,Et, 61.99 and 461.85 ppm), two multiplets for the
diastereotopic methylene hydrogens of the ethyregtoup (CQCHHCHs;) (6 4.35 ppm,
overlapped), and a triplet for the methyl group CF;)CH,CO,CH,CH3, 6 1.49 ppm). In
comparison with the bis(haphtholate) A#¢)-OCH(CR)CH,COOELt) 6a) complex, we
observed chemical shifts significantly differentingipally for the diastereotopic methylene
hydrogens of the ethyl ester group ({@BIHCHj3) (6 2.83 and 2.66 ppm fda).

The solid-state structure &d features a monomeric molecule with an aluminum
center in a slightly distorted trigonal bipyramidgeometry, penta-coordenated by the
{ONOMECU™A 2 Jigand and the R)-B-alcoxy-butyrate moiety. In additiorsd adopts two
different structures in the crystal unit: in one tumyl groups points in the same direction of
the R)-B-alkoxy-butyrate moiety, and in the second oneahg groups ofsd are turned in
the opposite direction with respect to tig-f-alkoxy-butyrate group (Figure 61). The axial
positions are occupied by a nitrogen atom and boogt oxygen atom (O71 and O10), with
N-AI-O angles (171.00(11) and 176.44(20))he other oxygen atoms (O(11), O(51) and
O(74)) occupy the equatorial positions with-A)—O angles ranging from 118.16(12) to
122.96(11)°. The AtO(carbonyl) bond distances AD(71), 2.006(2) and Al(2)-0O(10),
2.057(2) compare well with the ARJ-pB-alkoxy-butyrate supported by (bis)naphtholaterida

(AI-O = 1.993(2) A) yide supraFigure 41).
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Figure 61. ORTEP drawing of {ON&*C"™AA|(( R)-OCH(Me)CHCO,Me) (5d) (thermal

ellipsoids drawn at 50 % probability level; all @hts molecules and hydrogen atoms, except

that of the methylene of th&)-B-alkoxy-butyrate group, are omitted for clarity, itted for
clarity. Selected bond distances (A) and angleg)(d@n the left): A+O(74)= 1.745(2);
Al-O(51)= 1.757(2); AHO(11)= 1.762(2); AO(71)= 2.006(2); AtN= 2.017(2);
O(74)-Al-0O(51)= 118.16(12); O(74Al-0O(11)= 118.18(11); O(5+AI-O(11)= 122.96(11);
O(71)-Al-N= 171.00(11); O(5BAI-O(71)= 84.58(10); O(74AI-O(71)= 93.40(10);
O(11)}-Al-O(71)= 84.05(10); O(74AI-N= 95.44(10); O(5BAI-N= 92.72(10);
O(11)}-Al-N= 90.26(10). (on the right): AI(2D(9)= 1.743(2); Al(2)-O(8)= 1.757(2) ;
Al(2)-0(7) = 1.771(2) ; AIIN(2)= 1.996(3); Al(2)-O(10)= 2.057(2); O(9)-Al(2)-O(8)=
120.76(12);  O(9AIQR)-O(7)=  119.58(11);  O®)-AlQQ)-O(7)=  119.06(11);
O(9)-Al(2)-N(2)= 92.25(10); O(8)-Al(2)-N(2)= 92.62(11); O(7YAI(2)-N(2)= 92.83(11);
O(9)-Al(2)-0O(10)=  91.27(10); O(8)-Al(2)-O(10)= 85.07(10); O(7)~Al(2)-O(10)=

85.95(10); N(2)-Al(2)-O(10)= 176.44(10).
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4.2.3 Studies of the reactivity of Al(lll)-(isopropyl (S)-lactate) complex 4d toward L- and
rac-Lactides.

In the previous studies of reactivity of bis(hapi#ite) Al(lll) (S-lactate complexes,
we observed in théH NMR spectrum for the reaction mixture of compl&-4a with 1.1
equiv. ofrac-LA in tolueneds after 30 min at 25 °C a split of the resonancesbimh the
methine and methyl groups of theec-LA monomer (each as two broadened quartets). ©n th
other hand, no significant splitting of the LA mieida resonances was observed when we
monitored by'H NMR the reaction of a 1:1.1 mixture @&){4b/rac-LA. The only difference
between these two system&a vs. 4b, lies in the nature of SiRsubstituent (SiPhvs.
SitBuMey). In order to investigate possible interactioedaeen ther-system of the cumyl
substituent present inSE4d complex and the lactate moiety that could evenuall
differentiate the two enantiomers framac-LA, we monitored the reaction o$)}4d with rac-
lactide in tolueneads after 30 min at room temperature. In this case,didm’'t observe a
significant splitting of the LA methine resonan¢egyure 62). However, we noticed changes

in the chemical shifts of signals in the aromagigion (Figure 63).

121



rac-LA

rac-LA

0CHMe2 OCHMe rac-LA
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Figure 62. Detail of the aliphatic region of thel NMR spectrum (500 MHz, toluerdy; 298
K) of; bottom, §-4d, and mixtures of)-4d with; middle, 1 equiv. ofac-LA and; top, of

rac-LA (*stands for residual solvent resonances).

T T T T T T T T T T T T T T T T
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Figure 63. Detail of the aromatic region of thel NMR spectrum (500 MHz, toluerdy; 298
K) of the reaction mixture; bottom$¥4d, and mixtures of)-4d with; top, 1 equiv. ofac-

LA.
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Moreover, the $-4d complex was tested in ROP wHc-Lactide [rac-LA]/[(S)-4d =
100] giving rise to atactic polymers (2 0.5). Thus, the above results, such as polymeiza
outcome usingY-4d, NMR analysis of these Al(lll) lactate afidalkoxy-esters derivatives
and X-ray diffraction studies oR}-5d suggest absence of any weak stabilizing interacfon
the (H of the lactate an@i—alkoxy-esters moieties and thesystem of the cumyl groups

present in the ligand.

4.2.4 Preparation of yttrium complexes supported byridentate pyridine-bis(phenolate)
{ONOMECU™N 2 igand.

An yttrium complex of the new ligand {ON{"™ 2 \was also prepared viasabond
metathesis approach. The amine elimination reachietween the silylamido precursor
[Y(N(SiHMe,),)s(THF)] and pro-ligand {ON&ECU™4, in diethyl ether afforded the
monosilylamido complex {ON&CU™AY[N(SiHMe ,),](THF)(EtO) (9), with concomitant
release of 2 equiv. of bis(dimethylsilyl)amine (8ote 26). Compound is readily soluble in

usual organic solvents (THF, toluene, benzene).

Y[N(SiHMe,),]sTHF
+
=
o |
-30t0 20 °C N
dlethyl ether
OH HO ot g
-2 HN(SiHMe,), Cumyl Y Cumyl
THF /\
- OEt,
(Me,HSi),N
{ONOMe,CumyI}H2 9

Scheme 26Synthetic Route for Y-Amido Comple®)
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The 'H and **C NMR spectra 0B in tolueneds or D¢ at room temperature all
contain two sets of resonances, indicative of tiesgnce of one £&ymmetric specie®f) as
major component and one second sped@B3 (esulting from the decomposition ®A. In the
'H NMR spectrum(see the Annexes)e observed the presence of one coordinated THF an
one coordinated diethyl ether molecules3ér. The chemical shift for the Bi(6 4.85 for9B
and 4.80 ppm foBA at 298 K in GDg), which is shifted upfield when compared to the
chemical shift in [Y{N(SiHMe),}3(THF)] precursor § 4.99 ppm), argue against a strong
B(Si—H) agostic interaction with the yttrium ceniesolution®?®

The VT-NMR spectra (500 MHz, tolueng; 298-363 K) show an increase from 1/8
to 1/4 of the decomposition prod@B and the formation of another unidentified spe$«3)
after heating the compourdto 363 K (Figure 64). The bottom spectrum shdvesdynamic
behavior of the EO molecule. Besides, we observe in the middle apdspectra that an
increase of the temperature favors the dissociatbrthe labile E{O molecule with

concomitant formation d8 andC as decomposition products (Figure 64).

o
\
J

-~

o o Il
In Ll
I\

!
B

[

OCHCH .THE

Figure 64. Details of the aliphatic region of the VVFF NMR spectra (500 MHz, toluerd;

298-363 K) of {ONJ'®CU™hY[N(SiHMe »),](THF)(E,0) (9); bottom, 298 K; middle, 333
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and 353 K; top, 363 K. (A) &symmetric species. (B and C) Decomposition pragi(icefers
to residual solvent resonances).

In order to stabilize complexd, we have run’H NMR in pyridineds.'*
Predominantly, théH and **C NMR spectra o9 in pyr-ds are consistent with a single
hexacoordinated £symmetric species, which is stable for severakddayoom temperature.
Thanks to the strong basicity of pyridine, the Tatid diethyl ether were displaced from the
yttrium coordination sphere. Indeed, in thieNMR spectrun{see the Annexesj 9 in Pyrds
at room temperature, signals for free THF angDEholecules were observed.

Single crystals of9 suitable for an X-ray diffraction analysis weretaibed by
recrystallization from a diethyl ether solution-&0 °C. Crystallographic data and structural
determination details are summarized in Table (38e the Annexesand important bond
distances and angles are given in Figure 65. Thigl-state structure oP features a
monomeric structure with an yttrium center in atati®d octahedral geometry, six-
coordinated by the {ON¥CU™4 2" |igand, the bis(dimethylsilyl)amido group, a THRdaa
diethyl ether molecules (Figure 65). The THF arethyl ether ligands are locaténs to
each other andcis to the silylamido ligand, as indicated by correggiog angles
[O(71)Y-0O(61) 162.75(9), O(7E)Y-N(3) 98.90(9), O(6BHY-N(3) 98.33(9)°]. Also, the
two oxygen donors of the bis(phenolate) ligand iarea trans position [O(11}Y-0(51)
153.77(7)°]. The ¥O(ligand) (2.1427(19) and 2.144(2) A) bond distanae well as the Y—
N(silylamido) (2.268(3) A) bond distance, fall intiee range of distances observed in related
amido-yttrium complexes supported by tridentatgnaiphtholate)-pyridine and tetradentate
bis(phenolaté) 88949 ligands. Further features such as a SKIB)-Si(2) angle of
122.63(16)° that is just slightly larger than fon adeal sp hybridization and long,
equivalentYeesSi (3.4276(10) and 3.4158(11) A) distes exclude #(Si-H) diagostic

interaction in comple®.***
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Figure 65. ORTEP drawing of {ON#*CU™AY[N(SiHMe ,).J(THF)(ELO) (©) (thermal
ellipsoids drawn at 50% probability level; all hgden atoms are omitted for clarity).
Selected bond distances (A) and angles (deg):-~Q(@1) = 2.1427(19); Y(HO(51) =
2.144(2); Y(1XO(61) = 2.366(2); Y(BO(71)= 2.358(2); Y(BN(2) = 2.615(2); Y(IIN(3)
= 2.268(3); Y(1}Si(1) = 3.4276(10); Y(BSi(2) = 3.4158(11); N(JY(1)-N(3) = 176.57(9);
O(11)Y(1)-0(51) = 153.77(7); O(7EY(1)-O(61) = 162.75(9); O(11)Y(1)-N(2) =
76.32(7); O(11¥Y(1)-N(3) = 106.16(8); O(1B)Y(1)-O(61) = 90.60(8); O(1HY(1)-O(71)
= 85.44(8); O(5BY(1)-N(2) = 77.76(7); OGBY(1)-N(3) = 99.91(9); O(5HY(1)-O(61)
= 88.43(8); O(5HY(1)-O(71) = 87.77(8); O(7HY(1)-N(2) = 83.58(8); O(7HY(1)-N(3)
= 98.90(9); O(6BY(1)-N(2) = 79.17(7); O(6BY(1)-N(3) = 98.33(9); Si(2)-N(3)-Y(1) =

118.58(14); Si(1)-N(3)-Y(1) = 118.78(14) = Si(2)3MSi(1) = 122.63(16).
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Yttrium derivatives containing p-alkoxy-butyrate 10) and a $,3 methyl lactidate
(1) moiety were prepared by treatment of comp®xwvith 1 equiv. of methyl R)-3-
hydroxybutyrate and 1 equiv. of meth{d,§-lactyllactate in toluene or benzene, and TddF-
respectively, at room temperature (Scheme 27).néthyl R)-alkoxy-butyrate complet0
was isolated in quantitative yield, while lactyliaie complexl1 was generated only ina
Young NMR tube. It is worth to note thé is, as our knowledge, the first example of a well-

defined yttrium alkoxy-butyrate complex

<4
O OH O SN O
Y[N(SiHMe,),]3(THF) Me O)J\)"'Me l
" - PhMe,C O\Y/O CMe,Ph
{ONOMe.Cumyly, 20 T, benzene ,/'
~ HN(SiHMe,), ~Et,0, ~THF 0\ 0
-301020 T - )\)
— 2 HN(SiHMe “
EL,0 l ( 2)2 MeO Me
10
< i OH
O SN iPro)H/
Me . . -
l > mixtures of unidentified compounds
PhMe,C  O>y—C  CMe,Ph -301020 T
THF / toluene, pyridine or
(Me,Hsi),N OFt

9 Me (0] O
o
HO/kH/ \;)J\OMe

0] Me K
> o’\ o)
-301t0 20 T, THF Me, >_<
— HN(SiHMe,),, —Et,0, ~THF —0  Me
Meo—(
O 11

+ side-products

Scheme 27Synthesis of Yttrium Complexes Supported by the @K™ 2" Ligand (Lo).
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The resonances in tHel and*C{*H} NMR spectra of complex0 in tolueneds at
room temperature are noticeably broadened, refigdtie existence of a dynamic behavior
under these conditions. Decrease of the temperatonen to 258 K allowed freezing this
dynamic process, resulting in a sharp set of resm® consistent with a singlz-symmetric
species. ThéH NMR spectrum ofL0 in tolueneds at 258 K(see the Annexesljsplays six
singlets § 2.31, 2.27, 2.02, 1.99, 1.66 and 1.58 ppm) forstkeon-equivalent methyl groups
in the {ONG"®““™ |igand unit. The resonances for th)B-alkoxy-butyrate group were
observed as a broad singlet and a doublet for #thime and methyl hydrogens associated to
the chiral center (OCH(&;)CH,CO;Me, 6 2.96 and).87 ppm, respectively), two doublets of
doublet for the diastereotopic methylene hydrogb€H(Me)CHHCO:Me, 62.43, 1.75

ppm), and a singlet resonance for the methyl egteup (OCH(Me)CHCO,CH3;, 62.89

ppm)

In a previous study, Carpentiet al®

demonstrated by means of DFT computations
that, in yttrium amino-alkoxy-bis(phenolate) conmyde, C-H 1t interactions between
methylenic hydrogens of the alkoxy-butyrate mogetad certain carbon atoms (typically,
ortho- andmeta) of phenyl rings of the cumyl substituents carrdiaarkably stabilizing (by
5-12 kcal-mof). Herein, we have used the same computationaloapp to assess the
stabilization ability of cumyl groups in complex&8and5d. Thus, the molecular structure of
yttrium and aluminum complexes adopting both geoe®bbserved fobsd in the solid state
(Figure 61,vide supra Scheme 28) were optimized. Unexpectedly, the oidge contacts
detected involved hydrogens of the OMe group ofdlkexy-butyrate moiety and theeta
carbon atoms of phenyl rings of the cumyl substitsie(2.742.77 A) (see optimized

geometrieslO-I and5d-1). However, only insignificant differences were moubetween the

total electron energies values calculated for geéonesel andIl of complexeslO and 5d
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(0.3-0.7 kcal-mot), which argues against strong stabilizing intécast in these molecules.

This is in line with the observation of two confations in the solid state structuresaf

M =Y (10-l); 0 kcalmol! M =Y (10-ll); -0.3 kcal mol-!
M = Al (6d-1); 0 kcal mol! M = Al (6d-ll); +0.7 kcal mol!

Scheme 28Model geometries computed to assess possiate @ interactions irbd and10.

Interestingly though, the NOESY data obtainedctfamplex10 in tolueneds at 253 K
(see the Annexeslso suggest close contacts between hydrogetiseoDMe group of the
alkoxy-butyrate moiety and phenyl hydrogens of thienyl substituents on the NMR-time
scale.

Complex11 decomposes in THF solution over a few hours atmréeemperature; the
yttrium co-product(s) eventually formed in thisusidn could not be identified b{H NMR.
Perhaps the yttrium co-products result from traieseigation reactions, but this is not clear
yet. We also observed that exposure of sblidinder high vacuum results in the formation of
unidentified products. Due to the instability ohgplex 11 in solution, it was characterized by
multinuclear NMR spectroscopy in THig-at ambient temperatursge the Annexgausing a
freshly prepared sample. As complekmimics the first insertion product of the LA RO/
were interested in probing the existence, and eatmiature and extension of a metallacycle

formed between the yttrium center and the lactiftaigment.
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The multinuclear NMR spectra afl (see the Annexgs showed that the two signals
for the carbonyl groups appearafl90.0 (OCH(CH)C(=O)OCH(CH;)COOMe) and 169.0
(OCH(CH)C(=O)OCH(CH)COOMe) ppm. In comparison, the carbonyl carbonghef
initial methyl (S,9-lactyllactate reagent in theC {*H} NMR spectrum appear &t 175.1
(internal) and 170.0 (terminal) ppm. Thus, the oasth carbon of complef1 (56 190.0 ppm)
significantly shifted downfield from the free reagesuggesting that this internal carbonyl
group is coordinated to the Y center forming a-imembered ring, instead a eight-membered
ring in solution.

Attempts to generate an yttrium isopropyd)-{actate derivative complex from
{ONOMECU™AVIN(SiIHMe ,),](THF)(E,O) and 1 equiv. of isopropyl S¢-lactate, under

various conditions, were unsuccessful (Schemeidé,supra.

4.2.5 Studies on the Ring-Opening Polymerization ofrac-lactide and rac-p-
Butyrolactone with Yttrium Pyridine-Bis(phenolate) Complexes.

Discrete group 3 metal complexes are well-estaptistatalysts-initiators for the ring-
opening polymerization (ROP) of lactones and relat®nomers such as lactide (LA) gid
butyrolactone (BBL). We were therefore intereste@valuating the performances of the new
yttrium pyridine-bis(phenolate) complexes prepahsidering that (i) yttrium complex8s
and 10 possess a potentially active nucleophilic group.,(iamido and-alkoxy-butyrate,
respectively§’ and (ii) B-alkoxy-butyrate complef0 is assumed to be an early intermediate
in the ROP of3-butyrolactone or, more exactly, to mimic the aetspecies with a growing
PHB chain in such a process.

Complexes9 and 10 were thus assessed in the RORaaflactide (Scheme 29) and

rac-p-butyrolactone (Scheme 30). Representative reatdtsummarized in Table 10.
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Scheme 29Ring-Opening Polymerization o&c-Lactide Initiated by Complexes10.
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Scheme 30Ring-Opening Polymerization of rgeBL Initiated by Complexe8-10.

Table X. ROP ofrac-Lactide and rac-p-butyrolactone Initiated by Complexes 9 and 10

; c d e

entry compd Mo(nl\z)m € IMIIY]  solvent (Trg:rls C((;:])vb '\("kngg'i l\(/lk’ggg I\?Eg"g Mo/ M? P/

1 9 rac-LA 100 toluene 10 41 5.9 10.9 - 1.91 0.60
2 9 rac-LA 500 toluene 50 67 48.2 60.6 - 1.88 0.60
3¢ 9 rac-LA 100 toluene 13 55 7.9 9.0 - 1.94 0.79
4 9 rac-LA 100 pyridine 30 90 13.0 18.3 - 1.47 0.77

5 9 rac-LA 100 THF 6 94 13.5 30.6 - 1.98 0.96
6 9 rac-LA 500 THF 10 75 54.0 79.0 - 2.02 0.96

7 9 rac-LA 1000 THF 15 70 100.8 165.9 - 1.75 0.94
g" 9 rac-LA 100 THF 13 64 9.2 4.2 6.4 1.14 0.87

9 10 rac-LA 100 toluene 10 87 12.5 9.4 13.9 1.49 0.55
10 10 rac-LA 100 THF 90 94 13.5 8.8 15.8 1.38 0.84
11 10 rac-LA 500 THF 330 65 46.8 25.1 - 1.29 0.88
12 9 rac-BBL 100 toluene 45 43 3.7 20.1 - 1.15 0.81
13 9 rac-BBL 250 toluene 90 39 8.4 44.3 - 1.43 -
14 9 rac-BBL 500 toluene 230 25 10.7 41.7 - 2.10 -

15 9 rac-BBL 100 pyridine 130 100 8.6 27.3 - 1.28 0.59
16 9 rac-BBL 100 pyridine 10 82 7.0 23.4 - 1.11 -

17 9 rac-BBL 200 toluene 1 100 17.2 28.1 - 2.40 0.86
18" 9 rac-BBL 100 toluene 45 89 7.6 - - - -

19" 9 raccBBL 500 toluene 230 62  26.7  27.6 - 1.07 0.81
20 10 rac-BBL 100 toluene 45 35 3.0 6.4 3.2 1.05 0.80
21 10 rac-BBL 100 toluene 1080 81 7.0 16.1 11.5 1.13 0.80
22 10 rac-BBL 250 toluene 90 28 6.0 11.0 7.5 1.05 -

23 10 rac-BBL 250 toluene 1080 93 20.0 35.0 26.5 1.10 -
24 10 rac-BBL 500 toluene 1080 81 34.8 66.0 40.2 1.15 -
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2 General conditions:r@ic-LA]o = 2.0 mol.L.* or [rac-BBL]o, = 3.0 mol.L.}, and room
temperature® Conversion of monomer as determined by NMR on the crude reaction
mixture. ¢ CalculatedM,, values considering one polymer chain per Y cefitExperimental
M, andM,/M, values determined by GPC in THE PS standarddyl, values are corrected
with a 0.58 factor for PLAs, and uncorrected forB2tf ExperimentalM,, values determined
by *H NMR analysis of the reprecipitated polymfeliar is the probability of racemic linkage,
as determined byH NMR homo-decoupled experimenfsThe polymerization was carried
out in the presence of 5 equiv of pyridimeY. " The polymerization was carried out in the
presence of 1 equiv GPrOH vs Y. ' No stirring; a highly viscous reaction mixture was

observed after the reaction time.

Both complexe® and10 are active in the ROP ohc-LA at ambient temperature.
Complex9 is highly active in THF solution; polymerization§ 1000 equiv ofac-LA in THF
reached 70% conversion in only 15 min (entry 7)m@k@x 10 proved to be even more active
than9 in toluene solution (compare entrywgentry 9) but less active th&in THF solution
(compare entry ¥sentry 10). In toluene, we assume that this difieesin apparent catalytic
activities reflects more the higher nucleophiliaitfythe butyrate group as initiating group (as
compared to amido). Perhaps, these differencesaictivity arise from the chelating butyrate
group, leavindlO less nucleophilic than expected.

We also observed that, for compl8xthe number-average molecular weight values
determined by GPQM, (exp)) almost doubled in comparison with the clalted M, values
(compare entries 1-2 and 5-7). At the same tim@emmentalM,, values are in linear
dependence on the monomer conversions for diffenemomer loadings (compare entries 5—

7). The molecular weight distributions are ratbevad (although unimodal), in the range
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(Mw/M,, = 1.75-2.02). In the polymerizations cdc-LA mediated by complexiO, the
experimentaM,, values are in quite good agreement with the catedlones for a single-site
catalyst (entries 9-10). In addition, the polydisgees are narrowe,/M, = 1.29-1.49).
The somewhat decrease of the molecular weights gacmentries 9-10s. 11) for larger
monomer loadings (@c-LA] o/[Y] = 500) suggests that significant transesteaifion reactions
take place under these conditions. Similar sidetr@as were observed using Al(Ill)
bis(naphtholate)-pyriding-alkoxy-butyrate complex R)-5d] in the ROP of lactidesvide
supra.

For relatively low molecular weight PLAs produceg 10, the M, values were also
determined byH NMR spectroscopy in CDgltaking into account the polymers end-groups

(Figures 66 and 67). These values generally matghitel well the calculated ones.

He .+ He Ha + Hp

b or d o0 I o
H. 0
oja\[( f/&[ojcﬁ(o FjoTe 0,
(0] d (@) d n-1 9

T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppn

Figure 66: 'H NMR spectrum (500 MHz, CDgl 298 K) of a PLA produced from

{ONOMECU™ Ay (( R)-OCH(CH;)CH,COOMe) (L0) (Tablel0, entry 10).

133



U Hs

) B
—
-
-

"] @

5.5

5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

Figure 67.'*H-"H COSY NMR spectrum (500 MHz, CD£PR98 K) of a PLA produced from

{ONOMECU™ Ay (( R)-OCH(CH;)CH,COOMe) (L0) (Tablel0, entry 10).

Interestingly, homo-decoupletH NMR spectra (homodecoupling of the methine
resonances) showed that some of the PLAs formddthése systems had highly heterotactic
microstructures (Table 11). The probability of naee linkage P;) ranged from 0.55 (nearly
atactic) up to 0.96. As we observed with tetradentais(phenolato)-lanthanide and the
parents tridentate bis(naphtholate)-lanthanideesyst the stereoselectivity strongly depended
on the nature of the solvent: almost all the PLA®dpced in toluene had atactic
microstructures whereas those obtained in THF hadalmost all cases heterotactic

microstructures.
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Table XI: Methine region ofH NMR and'H homo-decoupled NMR spectra of different

PLAs.
Experiment "H NMR "H{*H} NMR P,
5 M 0.96
11 M J 0.88
4 M J 0.77
9 M 0.55

Similarly, the ROP ofac-BBL promoted by complexed and10 in toluene allowed
the formation of highly syndiotactic PHBs (Figur@) 6with P, values in the range 0.59-0.86

(entries 1224).
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Figure 68. Carbonyl A) and MethyleneR) regions of the”*C{*H} NMR spectrum (100
MHz, CDCk, 298 K) of a PHB produced from {ON®““™y(( R)-OCH(CH;)CH,COOMe)

(10) (Table 10, entry 21).

As reflected in entries 12 and 16, the polymeraratactivity towards BBL depends
much on the solvent nature: the polymerization@ &quiv ofrac-BBL in pyridine reached
82 % conversion in 10 min, while aaf-BBL]/[Y] = 100 in toluene, the conversion reached
43% in 45 min). Surprisingly, wherac-BBL was polymerized witl® in the presence of 5
equiv of pyridine (entry 17), a higher activity étipolymerization of 200 equiv o&c-BBL in
toluene reached 100% in 1 min) and higher stereoseity (P, = 0.86) were found; in order
to stabilize complex9, the active species in these experiments was prparsitu by
addition of 5 equiv of pyridine.

The experimental number-average molecular weight$HBs produced by complex
10 (entries 2624) are in close agreement with the calculated ,oals® calculated byH
NMR taking into account the PHB end-groups (Fig8Beand 70). The molecular weight

distributions were unimodal and much narrowdy,/M, = 1.05-1.15) than those observed for
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PLAs (Table 10). These data evidence a significdagree of control over the

polymerization.

e He o Hy He

obToi o,

T T T T T T T T T 1
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 ppm

Figure 69: '"H NMR spectrum (500 MHz, CDgl 298 K) of a PHB produced from
{ONOMEC"™Ay (( R)-OCH(CHs)CH,COOMe) (L0) (Table 10, entry 21).
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Figure 70.*H-"H COSY NMR spectrum (500 MHz, CD£P98 K) of a PHB produced from

{ONOMEC"™Ay (( R)-OCH(CHs)CH,COOMe) (L0) (Table 10, entry 21).
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5. CONCLUSIONS

In conclusion, we have prepared in good yields aeseof discrete aluminum
complexes supported by tridentate obi#fo-silyl-substituted naphtholate)-pyridine, and a
new bisprtho-cumyl-substituted phenolate)-pyridine ligandgia the reaction of the
corresponding pro-ligand {ONGH, (R* = SiR; Me, Cumyl) and AIR (R = Me, iBu).
These Al-alkyl complexes were treated with hydresyers to afford new Al-lactate an@—
alkoxy-butyrate complexes. All aluminum complexedopt either C-symmetric or C;-
symmetric structures in the solid state, as obskfmecomplexefa, 4a, 5a, 6a and5d and in
toluene, benzene and @El, solutions as well. Also, we observed close costhetween
substituents of those ligands and the lactateaaiétoxy-butyrate moieties by NOESY NMR
experiments and also in solid state. Compowadbaare single-site initiators for the ROP of
rac-LA at 80 °C, affording PLAs with narrow polydispéies and their molecular weights
were found in good agreement with the calculatddeg Furthermore, we have characterized
by NMR a first insertion product of lactide in tHROP using the AB-alkoxy-butyrate
complex.

In parallel, two new yttrium complexes based om lew bisgrtho-cumyl-substituted
phenolate)-pyridine ligand were synthesizéa controlled amine-elimination reactions. The
polymerizations ofac-lactide, when carried out in THF, afforded hetaotic-enriched PLAS
(Pr up to 0.96). These complexes were also activettier ROP ofrac-BBL, to afford
syndiotactic-enriched PHB®(up to 0.86) when 5 equiv of pyridine where adae@ t

A unique yttrium complexl0 that contains g-alkoxy-butyrate moiety has been
isolated and characterized in solution. This comphemics the early intermediate and active
species with a growing polymer chain in butyrola&aing-opening polymerization. In fact,
this complex has been shown to be an active andostelective catalyst/initiator for the
controlled ROP of both lactide afibutyrolactone. This is the first experimentaldarice in
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line with the recent theoretical studies demonstrdaty Maronet al.. In addition, an yttrium
lactidate complexll was generateth situ in THF solution, suggesting coordination of the
oxygen from the internal carbonyl group and themation of a five-membered ring with the
metal center.

The degree of stereocontrol in those polymerizatiofrac-LA using aluminum and
yttrium complexes is significantly affected by thature (and ionic radius) of the metal center

(Al, Y), resulting only in atactic PLAs for aluminucomplexes.

139



6. REFERENCES AND NOTES

[1]

[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]

[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]

Mahrova, T. V.; Fukin, G. K.; Cherkasov, A. ;VTrifonov, A. A.; Ajellal, N.;
Carpentier, J-Hnorg. Chem2009 48, 4258-4266.

Dechy-Cabaret, O.; Martin-Vaca, B.; BourissBuChem. Rev2004 104 6147—-6176.
Duda, A.; Penczek, $4acromoleculed499Q 23, 1636-1639.

Carpentier, J-FAngew. Chem. Int. EQ01Q 49, 2662—2663.

Okada, M.Prog. Polym. Scik002 27, 87-133.

Bouyahyi, M. PhD Thesi®009 University of Rennes 1.

Williams, C. K.Chem. Soc. Re2007, 36 1573-1580.

Garlotta, D.J. Polym. Environ2001, 9(2), 63—84.

Gupta, A. P.; Kumar, VEur. Polym. J2007, 43, 4053-4074.

Auras, R.; Lim, L-T.; Selke, S. E. M.; TsuH. Poly(lactid acid): Synthesis, Structures,
Properties, Processing, and applicatic2®1Q John Wiley & Sons, Inc., Hoboken ,
New Jersey.

Kleine, J.; Kleine, H.; Uber, HMakromol. Chem1959 30 23-38.

Mecking, SAngew. Chem. Int. E@004 43,1078-1085.

Dijkstra, P. J.; Du, H.; Feijen, Bolym. Chem2011, 2, 520-527.

Dutta, S.; Hung, W-C; Huang, D.-H.; Lin C.AGdlv. Polym. Sc012 245 219-284.
Inoue, Y.; Yoshie, NProg. Polym. Scil992 17, 571-610.

Frazzetto, GEur. Mol. Bio. Org.2003 4,835-837.

Carpentier, J.-AMacromol. Rapid Commug01Q 31, 1696-1705.

Kramer, J. W.; Treiter, D.S.; Dunn, E. W.asfro, P. M.; Roisnel, T.; Thomas, C. T.;

Coates, G. WJ. Am. Chem. So2009 131, 16042-16044.

140



[19] (a) Sosnowski, S.; Gadzinowski, M.; Slomkowsk Macromoleculesd996 29, 4556—
4564. (b) Gadzinowski, M.; Sosnowski, S.; Slomkoiw§k Macromolecules996 29
6404—-6407.

[20] (a) Kricheldorf, H.; Dunsing, RMakromol. Chem1986 1611; (b) Kricheldorf, H.;
Kreiser, I. RMakromol. Chem1987, 188.

[21] Bourissou, D.; Moebs-Sanchez, S.; Martin-\@&aC. R. Chimi€2007, 10, 775-794.

[22] Kasperczyk, J. BMacromol.1995 28, 3937-3939.

[23] Bero, M.; Dobrzynski, P.; Kasperczyk, d. Polym. Sci. A: Polym. Cherhi999 37,
4038-4042.

[24] Hofman, A., Slomkowski, S., Penczek Makromol. Chem.1984 185:91.

[25] Ito, K.; Hashizuka, Y.; Yamashita, Wlacromoleculed977, 10:821.

[26] Normand, M. PhD Thesis. 2012, University ariRes 1.

[27] Simon, L.; Goodman, J. M. Org. Chem2007, 72, 9656—9662.

[28] Chuma, A.; Horn, H. W.; Swope, W. C.; Pratt, C.; Zhang, L.; Lohleijer, B. G. G.;
Wade, C. G.; Waymouth, R. M.; Hedrick, J. L.; RideE.J. Am. Chem. So2008 130
6749-6754.

[29] Pratt, R. C.; Lohmeijer, B. G. G.; Long, D.;Aundberg, P. N. P.; Dove, A. P.; Li, H.;
Wade, C. G.; Waymouth, R. M.; Hedrick, J.Macromolecule2006 39, 7863—7871.

[30] (a) Piedra-Arroni, E.; Brignou, P.; Amgoung,, Guillaume, S. M.; Carpentier, J.-F.;
Bourissou, DChem. Comm2011, 47, 9828-9830. (b) Brignou, P.; Guillaume, S. M;
Roisnel, T.; Bourissou, D.; Carpentier, J&hem. Eur. J2012 18, 9360-9370.

[31] Dittrich, W.; Schulz, R. CAngew. Makromol. Cherh971, 15, 109-126.

[32] Kricheldorf, H. R.; Berl, M.; Scharnagl, Macromolecule4988 21, 286—-293.

[33] Dubois, P.; Jacobs, C.; Jérbme, R.; Tey$silacromolecule4991], 24, 2266—-2270.

[34] Ovitt, T. M.; Coates, G. Wl. Polym. Sci. A Polym. Che&00Q 38, 4686—4692.

141



[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Chamberlain, B. M.; Cheng, M.; Moore, D. Rwyitt, T. M.; Lobkovsky, E. B.; Coates,
G. W.J. Am. Chem. So2001, 123 3229-3238.

Zell, M. T,; Padden, B.E; Paterick, A. J.;aKkur, K. A. M.; Kean, R. T. Hillmyer, M. A;
Munson, E. JMacromolecules2002 35,7700-7707.

Biela, T.; Duda, A.; Penczek, Bacromolecule2006 39, 3710-3713.

Chisholm, M. H.; Gallucci, J.C. Phomphrai, Ikorg. Chem2004 43, 6717-6725.
Hormnirun, P.; Marshall, E.; Gibson, V. C.; Wy A. J. P.; Williams, D. JJ. Am.
Chem. So2004 126, 2688—2689.

Kemnitzer, J. E.; McCarthy, S. P.; GrossARMacromolecule4993 26, 1221-1229.
Ajellal, N.; Bouyahyi, M.; Amgoune, A.; Thaas, C. M.; Bondon, A.; Pillin, 1;
Grohens, Y.; Carpentier J-Macromolecules2009 42, 987-993.

(a) Penczek, S.; Biela, T.; Duda, Macromol. Rapid. Commu200Q 21, 941-950; (b)
Baran, J.; Duda, A.; Kowalski, A.; Szymanski, Renezek, SMacromol. Rapid.
Communl1997, 18 325-333.

Jacobson, H.; Stockmayer,W.H.Chem. Phy<.95Q 18, 1600-1606.

(a) Spassky, N.; Wisniewski, M.; Pluta, C.; Boargne, A.Macromol. Chem. Phys.
1996 197, 2627-2637(b) Radano, C.P.; Baker, G.L.; Smith, MJP.Am. Chem. So200Q
122 1552-1553.

(a) Cai, C. X.; Amgoune, A.; Lehmann, C. Warpentier, J. FChem. Commun2004
330-331. (b) Amgoune, A.; Thomas, C. M.; Roisne},Jarpentier, J.-liEhem.— Eur.
J., 2005 12 169-179. (c) Amgoune, A.; Thomas C. M.; Carpentie F.Macromol.
Rapid Commun2007, 28, 693.

Degee, P.; Dubois, P.; Jérébme, R.; JacobSenkritz, H.-G.Macromol. Symp1999
144, 289-302.

Dubois, P.; Jacobs, C.; Jerome, R.; Tey$si®lacromol.1991 24, 2266—-2270.

142



[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Degee, P.; Dubois, P.; Jacobsen, S.; FritzGHJerome, RJ. Polym. Sci., A: Polym.
Chem.1999 37, 2413-2420.

Kowalski, A.; Duda, A.; Penczek, Blacromol.1998 31, 2114-2122.

(a) Shimasaki, K.; Aida, T.; Inoue, Bacromol. 1987, 20, 3076—3080. (b) Trofimoff,
L.; Aida, T.; Inoue, SChem. Lett1987 991-994. (c) Aida, T.; Inoue, 8cc. Chem.
Res.1996 29, 39-48

Emig, N.; Nguyen, H.; Krautscheid, H.; RéaR,; Cazaux, J.B.; Bertrand, G.
Organometallicsl998 17, 3599-3608.

Leborgne, A.; Vincens, V.; Jouglard, M.; Sglag N., Makromol. Chem., Macromol.
Symp.1993 73, 37-46.

Montaudo, G.; Montaudo, M. S.; Puglisi, Carfperi, F.; Spassky, N.; LeBorgne, A,;
Wisniewski, M.Macromolecule4996,29, 6461—-6465.

Zhong, Z.; Dijkstra, J. P.; Feijen,J.Am. Chem. So2003 125 11291-11298.
Nomura, N.; Ishii, R.; Akakura, M.; Aoi, K. Am. Chem. So2002 124 5938-5939.
Cross, E. D.; Allan, L. E. N.; Decken, A.; &rer, M. PJ Polym. Sci., A: Polym. Chem.
2013 51, 1137-1146.

Tang, Z.; Chen, X.; Pang, X.; Yang, Y.; Zhaig; Jing, X.Biomacromolecule2004

5, 965-970.

Nomura, N.; Ishii, R.; Yamamoto, Y.; Kondo, Chem. — Eur. 22007, 13 4433—-4451.
Chen, H.-L.; Dutta, S.; Huang, P.-Y.; Lin,-C. Organometallic2012 31, 2016-2025.
(a) Pang, X,; Du, H,; Chen, X.; Zhuang, XyiCD.; Jing, X.J. Polym. Sci., A: Polym.
Chem.,2005 43 6605-6612. (b) Pang, X,; Du, H,; Chen, X.; WakKg, Jing, X.
Chem.—Eur. J.2008 14,3126-313

Whitelaw, E. L.; Loraine, G.; Mahon, M. F.poles, M. D.Dalton Trans.2011, 40,

11469-11473.

143



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

Du, H.; Velders, A. H.; Dijkstra, P. J.; Suh; Zhong, Z.; Chen, X.; Feijen, Ghem.
Eur. J.2009 15, 9836-9845.

Hancock, S. L.; Jones, M. D.; Langridge,LG.Mahon, M. F.NewJ. Chem2012 36,
1891-1896.

Iwasa, N.; Fujiki, M.; Nomura, Kl. Mol. Cat. A: Chemica008 292 67-75.
Papparlardo, D.; Annunziata, L.; PelleccidaMacromolecules2009 42, 6056—6062.
Normand, M.; Dorcet, V.; Kirillov, E.; Carpéar, J.-F.Organometallics2013 32,
1694-17009.

Yu, X.-F.; Wang, Z.-X Dalton Trans2013 42, 3860—-3868.

(a) Darensbourg, D. J.; Karroonnirun, Ocrganometallics201Q 29, 5627-5634. (b)
Darensbourg, D.; Karroonnirun, O.; Wilson, Sinidrg. Chem2011, 50, 6775-6787.
Matsubara, K.; Terata, C.; Sekine, H.; Yamat&.; Harada, T.; Eda, K.; Dan, M
Koga, Y.; Yasuniwa, MJ. Polym. Sci. Part A: Polym. Che&012 50, 957-966.
Bouyhayi, M.; Sarazin, Y.; Casagrande, O. Carpentier, J.-F.Appl. Organomet.
Chem.2012 26, 681-688.

Tang, Z.; Gibson, V. (Eur. Polym. J.2007, 43 150-155.

Lamberti, M.; D’Auria, I.; Mazzeo, M.; Miliom S.; Bertolasi, V.; Pappalardo, D.
Organomettalic2012 31, 5551-5560.

Wang, Y.; Ma, HJ. Organomet. Chen2013 731, 23-28.

(@) Ko, B.-T.; Wu, C.-C.; Lin, C.-COrganometallics2000, 19, 1864-1869. (b)
Chisholm, M. H.; Navarro-Llobet, D.; Simonsick, W. Macromolecules2001, 34,
8851-8857. (¢) Liu, Y.-C.; Ko, B.-T.; Lin, C.-Glacromolecule200], 34, 6196-6201.
Chisholm, M. H.; Lin, C.-C.; Gallucci, J. &Ko, K.-T.; Lin, B.-T. Dalton Trans.2003

406-412.

144



[76] Huang, C.-H.; Wang, F.-C.; Ko, B.-T.; Yu, L. Lin, C.-C. Macromolecule001, 34,
356-361.

[77] Melillo, Ma. H.; Oliva, G.; Spaniol, L.; Enett, T. P.; Okuda, J. Dalton Trans.2005
121-727.

[78] (a) Amgoune, A.; Lavanant, L.; Thomas, C.; Mhi, Y.; Welter, R.; Dagorne, S.;
Carpentier, J.-F.Organometallics2005 24, 6279-6282. (b) Bouyahyi, M.; Grunova,
E.; Marquet, N.; Kirillov, E.; Thomas, C. M.; Romin T.; Carpentier, J.-F.
Organometallic2008 27, 5815-5825. (c) Alaaeddine, A.; Thomas, C. M.;9Rel, T.;
Carpentier, J. —FOrganometallic2009 28, 1469-1475. (d) Bouyahyi, M.; Roisnel, T.;
Carpentier, J.-FOrganometallics201Q 29, 491-500. (e) Bouyahyi, M.; Roisnel, T.;
Carpentier, J.-FOrganometallic2012 31, 1458—-1466.

[79] Palard, I., Schappacher, M.; Soum, A.; Guithe, S.M.Polym. Int.2006 55 1132—
1137.

[80] McLain, S.; Ford, T.; Drysdale, NPolym. Prep. Am. Chem. Soc. Polym. Ch&®o2
33, 463-464.

[81] LeBorgne, A.; Pluta, C.; Spassky, Nlacromol. Rapid. Commut994 15, 955-960.

[82] Alaaeddine, A.; Amgoune, A.; Thomas, C. M.adorne, S.; Bellemin-Laponnaz, S.;
Carpentier, J.-Hzur.J. Inorg. Chem2006 18, 3652-3658.

[83] Ajellal, N.; Lyubov, D. M.; Sinenkov, M. AFukin, G. K.; Cherkasov, A. V.; Thomas,
C. M.; Carpentier, J. F.; Trifonov, A. £hem. Eur. 2008 14, 5440-5448.

[84] Luo, Y.; Wang, X.; Chen, J.; Luo, C.; Zhang, Yao, Y.J. Organomet. Chen2009
694 1289.

[85] Wang, Y.; Luo, Y.; Chen, J.; Xue, H.; Liartd, New J. Chen012 36, 933-940.

[86] Miao, W.; Li, S.; Cui, D.; Huang, Bl. Organomet. Chen2007, 692 3823.

145



[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

Arnold, P. L.; Buffet, J-C.; Blaudeck, R. Buyjecki, S.; Blake, A. J.; Wilson, @ngew.
Chem. Int. EJ2008 47, 6033—-6036.

Amgoune, A. ; Thomas, C. M. ; llinca, S.; Roés T. ; Carpentier, J.-Angew. Chem.
Int. Ed.2006 45, 2782.

Bouyahyi, M.; Ajellal,N.; Kirillov, E.; Thoms, C. M.; Carpentier, J.-EChem. Eur. J.
2011, 17, 1872.

Liu, X.; Shang, X.; Tang, T.; Hu, N.; Pei, FCui, D.; Chen, X.; Jing, X.
Organometallics2007, 26, 2747-2757.

Grunova, E.; Kirillov, E.; Roisnel, T.; Canpiger, J.-F.Dalton Trans.201Q 39, 6739—
6752.

Hodgson, L.M.; Platel, R.H.; White, A.J.P.;illdms, C.K. Macromolecule2008 41,
8603—-8607.

Platel, R. H.; White, A. J. P.; Williams, &. Inorg. Chem2011, 50 7718-7728.

Ma, H.; Spaniol, T.P.; Okuda, lhorg. Chem2008 47, 3328-3339.

Cao, T. P. A.; Buchard, A.; Le Goff, C. F.ufirant, A.; Williams, C. K.Inorg. Chem.
2012 51,2157-2169.

Bakewell, C.; Cao, T. P. A,; Long, N.; Le GoX. F.; Auffrant, A.; Williams, C. KJ.
Am. Chem. So2012 134 20577-20580.

Ovitt, T. M.; Coates, G. WI. Am. Chem. So2002 124 1316-1326.

Li, W.; Zhang, Z.; Yao, Y.; Zhang, Y.; SheQ, Organometallic012 31, 3499-3511.
(a) Chisholm, M. H.; Eilerts, N. W.; Huffmad, C.; lyer, S. S.; Pacold, M.; Phomphrai,
K. J. Am. Chem. SoQ00Q 122 11845-11854. (b) Cheng, M.; Attygalle, A. B,
Lobkovsky, E. B.; Coates, G. W. Am. Chem. So2999 121, 11583-11584. (c) Dove,

A. P.; Gibson, V. C.; Marshall, E. L.; White, A. B.; Williams, D.J. Dalton Trans.

146



[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

2004 570-578. (d) Helou, M.; Miserque, O.; BrussomMJ. Carpentier, J.-F.;

Guillaume, S. MChem. Eur. J2008 14, 8772-8775.

(@) Chisholm, M. H.; Huffman, J. C.; PhomaihnrK. J. Chem. Soc., Dalton Trans.
2001, 222-224. (b) Chisholm, M. H.; Gallucci, J.; Phdma, K. Inorg. Chem2002
41, 2785-2794.

(&) Chisholm, M. H.; Eilerts, N. WChem. Commurll996 853— 854. (b) Chisholm,
M. H.; Gallucci, J.; Phomphrai, KChem. Commur2003 48-49.

(a) Nakayama, Y.; Watanabe, K.; Ueyama, Nakamura, A.; Harada, A.; Okuda, J.
Organometallic200Q 19, 2498-2503. (b) Takashima, Y.; Nakayama, Y.; Walban
K.; Itono,T.; Ueyama, N.; Nakamura, A.; Yasuda, HHarada, A.; Okuda, J.
Macromolecule2002 35, 7538-7544. (c) Takashima, Y.; Nakayama, Y.; Hiffo
Yasuda, H.; Harada, A. Organomet. Chen2004 689, 612—619.

(a) Wisniewski, M.; Borgne, A. L.; Spassky, Macromol. Chem. Phy4.997 198
1227-1238. (b) Bhaw-Luximon, A.; Jhurry, D.; Spassi. Polym. Bull.200Q 44,
31-38. (c) Nomura, N.; Ishii, R.; Akakura, M.; A&, J. Am. Chem. So2002 124,
5938-5939.

Lewinski, J.; Horeglad, P.; Wojcik, K.; Jusiak, 1. Organometallic2005 24, 4588—
4593.

Dagorne, S.; Le Bideau, F.; Welter, R. ;IB@lin-Laponnaz, S. ; Maisse-Francois, A.
Chem. Eur. J2007, 13, 3202-3217.

Dove, A. D.; Gibson, V. C.; Marshall, E.;IRzepa, H. S.; White, A. J. P.; Williams,
D. J.J. Am. Chem. So2006 128 9834-9843.

Ma, H.; Spaniol, T. P.; Okuda,Angew. Chem. Int. EQO0G 45, 7818-7821.
Phomphrai, K.; Chumsaeng, P.; SangtriruthuB.; Kongsaeree, P. ; Pohmakotr, M.

Dalton Trans 201Q 39, 1865-1871.

147



[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

Marshall, E. L.; Gibson, V. C.; Rzepa, HJSAm. Chem. So2005 127, 6048—-6051.
Vieira, |. dos S.; Whitelaw, E. L.; Jones, Bi; Herres-Pawlis, SChem. Eur. 2013
19, 4712-4716.

Fang, J.; Tschan, M. J.-L.; Roisnel, T.;vElli, X.; Gauvin, R. M.; Thomas, C. T.;
Maron, L.Polym. Chem2013 4, 360-367.

Kochnev, A. I.; Oleynik, I. I.; Oleynik, 1. ¥ Ilvanchev, S. S.; Tolstikov, G. Russ.

Chem. Bull., Int. EQ2007, 56,1125-1129.

Kirillov, E.; Roisnel, T.; Razavi, A.; Caeptier, J-F.Organometallics,2009 28,
5036-5051.
Anwander, R.; Runte, O.; Eppinger, J.; Gertjer, G.; Herdtweck, E.; Spiegler, M.

Chem. Soc., Dalton Tran$998 847.

Altomare, A.; Burla, M.C.; Camalli, M.; Cam@no, G.; Giacovazzo, C.; Guagliardi,
A.; Moliterni, A.G.G.; Polidori, G.; Spagna, B. Appl. Crystallogr1999 32, 115.

(a) Sheldrick, G.M. SHELXS-97, Program fbetDetermination of Crystal Structures,
University of Goettingen, German¥997 (b) Sheldrick, G.M. SHELXL-97, Program
for the Refinement of Crystal Structures, Univgrsit Goettingen, German{997.
Farrugia, L.JJ. Appl. Crystallogr1999 32, 837.

Barakat, I.; Dubois, P.; Jerome, R.; TeysBig). Polym. Sci., A: Polym. Ched993
31, 505.

Similar reactions with {OS®"™H , pro-ligand resulted in instable materials.

Chen, C.-T.; Huang, C.-A.; Huang B.4Macromolecules2004 37, 7968—-7973.
Alcazar-Roman, L. M.; O’Keefe, B. J.; Hillrag; M. A.; Tolman, W. BDalton Trans.

2003 3082-3087.

148



[122]

[123]

[124]

[125]
[126]

[127]

[128]

[129]

[130]

[131]

Silverstein, R. M.; Webster, F. X.; Kiemld®.; Kiemle, D. J. Spectrometric
identification of organic compounddohn Wiley & Sons. Inc2003 p. 189.

The carbonyl carbons of (alkyl lactate)-Abneplexes in the”*C NMR spectrum
(C=0...Al) are reported to appearcal81.8-185.3 ppm. See: Ko, B.-T.; Wang, F.-C.;
Sun, Y.-L.; Lin, C.-H.; Lin, C. —C.; Kuo, C. -YRolyhedron1998 17, 4257-4264.

In comparison, a dialkyl-aluminum complex aftropolone and ethylac-lactate
shows a much stronger distortion (angle formed Hey axial bonds = 153.8(1)°),
which was ascribed to the constraints imposed ey diéntral four-membered and
chelating five-membered heterocyclic rings in tb@npound. See: Addison, A. W.;
Rao, T. N.; Reedijk, J.; Van Rijn, J.; Verschoor,@& J. Chem. Soc., Dalton Trans
1984 1349-1356.

Lewinski, J.; Zachara, J.; JustyniakQftganometallicsl997, 16, 4597—-4605.

Chen, C-T.; Huang, C-A.; Huang, B-Blalton Trans 2003 3799-3803.

(a) Broder, C. K.; Davidson, M. G.; Forsyii, T.; Howard, J. A. K.; Lamb, S;
Mason, S. ACryst. Growth Des2002 2, 163. (b) Desiraju, G. R.; Steiner, The
Weak Hydrogen Bondxford University Press, Oxford999

Shannon, R. DActa Cryst1976 A32 751 — 767.

Anwander, R.; Runte, O.; Eppinger, J.; Gesger, G.; Herdtweck, E.; Spiegler, 3.
Chem. Soc. Dalton Tran$998 847.

NMR studies in THRlg were more complicated than expected. For now, #reynot
discussed here.

Hieringer, W.; Eppinger, J.; Anwander, Rerrmann, W. AJ. Am. Chem. So200Q

122 11983-11994.

149



04T

€66°0- pue L6E'T  EVC0- PUE GG2°0

Sv'0- pue Z1S°'Av0'T- PUe TYO'T  ¥ZE°0- PUe 89€°0 8¢'0- pue 86%°0

'3 "HIp 1sabue

(9ET9ZT 0 (wyT°0) €TTIT0  (2T¥20) £222°0 (L922°0%2D (LT12°0)86T°0  (¥0.T°0) G6ST'0 (erep |e) [(1)oz<I] 2am
(ZoL81S0°0 (2T°0) 9¥S0°0 (6TT°0) 82070 (T2TT°0)@¥®B  (890T°0) 6200  (22200) ¥€50'0  (erep jie) [(1)oz<I] ™o
2201 ZT0'T T90'T ZET'T T80T 6.0'T  4,UO )I-J0-SS8UP00D)
ZTS/0/TS80T 69E/0/ 959 €T6/0/800.T 689/0/T80ST  /6BACIVYT ¥19/0/2862T weled \mc_gmmw\ﬁmo_
1)og<I
TS80T 9¥59 800.T T80ST Tt 2862T anbiun "9o43x
TES0°0 100 ¥v0°0 1600 68500 L1€0°0 wry
2282 25592 geley €565 414014 12.9% p8129]|0D 09|18y
o o — Ge €Z> GZ> V2> o e ino —
Yl B s sse 0TS iSezzes sz eTs  1Fzersy e lUY 0 se01puI BunILIT
>6- ‘9T > U >9T- >02- LT>UY>02- 3>8T- ‘9T >Y>9T- >8T- ‘9T >U>cI-

8v°'/2 01 ¥6°2 8Y'/2 01 16°C 2G°L201EST ¥ .3O1G6°C G'/20126C 8Y°/2 01€6°C Bap ‘abuel g
8E'0x 97’0 x G50 SOFMW x /G0 E€Z0xE0%x90 600x9T0x2Z200%ZZ0x.20 600xGST'0x%220 wuw ‘azis [eyshid
968T 821T vevT OETT 2,01 8¢6T (000)4
vIE'T ¥1,0°0 860°0 8TT0 vTT°0 LTT0 Sw
V2T 602'T 98T'T v.0T 650'T 990'T L6 ‘AususQ
14 % Z Z Z 14 Z
(TT)E6LLY G)2' 6682 (6T)60°05.€ (@)oLe€ (@)1 902¢ (LT)TL'€€LS Y ‘dWn|oA
06 06 (0T)0929'VTT (9T)080°S8 (0T)098%'66 06 (o) 4
(§)2zZT 01T ()262°06 (0T)009T 20T (ST)99T°2L (2)906'96 (0T)06.8°26 () ¢
06 06 (0T)0692°L0T (81T)TS8'6L (2)oes'16 06 ()P
(2)9es'ST €)619°.2 (9)82.2'8T (L)2.G8°6T (8)9019°8T ()ooe8’ L2 Y ‘0
(€)s0¥°'s2 1)2/00°'8 (#)9T86°91 (9)22G8VT (9)TO¥0' VT (€)zesz8T Y ‘q
(2)968°2CT )4BaT €T (5)5€68°ST (9)e€T9°2T (r)oszs et (@YTOETT y'®e
ufig d ufig d T-d T-d T-d o/'g dnoib aoeds
JIUIIO0UON JIUIJOOUON 1801 J1UID1IL J1UID1L JIUID0UOIN walsAs [e1shin
v1°€68 9'L&& ZS6E€T G2'060T G2'2e0T 9T°026 1yBram enwiio-
AUSPOINLOHEYD CONLEHLED  OTOPNCIVBBHYED  USSONEHIVISH®D  USSONIVISH?D  dSCONIVOYH e[nuwiioj feouidw3

6 9T [ eg eg ez

‘6pUBT ‘PG ‘e9 egpemedwod 10} Blep juawaulal pue [ei1sAid Jo Arewwns 'vT a|gel



€eL”

OtV -

ST0°

TS

69S -

1740
166 °
8€0 "
GO0 -
4
TET”
A4
cee”
vic
6S€E

=\

NNNNNNNNOO

T A T

L

ppmr

| © __088°¢C

o« 9887

L ™ 6VT ‘0

€26 T

_O
To)
_LO
To)
_O
©
_LO
©
" o —096 0
"~ =166 0
—2v0 T
=80 ¥
10 —0I0 T
LN

Figure 1A. *H NMR spectrum (300 MHz, CDg;1298 K) of 1-(methoxymethyl)-4-methyl-2-(2-phengdpan-2-yl)benzene.

151



¢at

T

J

7~ o]
1. 667 . N —9.798

] 7.840
. /7. 824

0.935 — | /; ggg

] e . 545
15. 319 ] P —/-384

15. 319 ] - N7
4 N

1. 900 —

7.224

- — —5.331

(9T) ¢ Hswnooy@NO} J0 (M 86215AD ‘ZHIN 00G) wnuoads YAIN H; Ve ainbi4
Ik
!
|
}

-
w —
6. 000 ] L - —2.435
N —
12. 358 ] - —1.775
0. 362 - —1.336
H —
©
e
3



OLT TC—

€L 62—

Ll cv—

606 9L

€9T "LL 7* ==

LTV °LL

SOT
(07474
ST 4
1€eL
cl0
606
8e0
vS9
gee
/120

60.L
jSTAs]

62S

‘02T

Z2T \
‘GZT \
‘GZT x
12T —
‘12T 7
‘82T /
‘62T

‘J€T 7
‘6ET

‘0ST —
CST
OST ——

‘
30

A

ppr

20

40

50

160 150 140 130 120 110 100 90 80 70

I
170

Figure 3A. C{*H} NMR spectrum (125 MHz, CDGI298 K) of {ONG"®““™H, (1c) (stands for residual solvent resonances).

153



91— —

—

FO00°€t

= 69°€ |

I/860

Ty ¢
JGGI
LTl

161

=8L'€T |
=10C}

T T
0.5

T T T T T T T T T T T T T
8.0 6.5 5.0 3.5

8.5

-2.5

-0.5 -1.0 -1.5 -2.0

0.0

2.5 2.0 1.5 1.0

3.0

4.0

4.5

5.5

6.0

7.0

7.5

9.0

9.5

10.0

f1 (ppm)

Figure 4A. *H NMR spectrum (500 MHz, De, 298 K) of {ONO*"™AIMe (2a) (*stands for residual solvent resonances).

154



ST —

1AY4!
1AY4! \
JAT4!
8'9CT \
A4t
9'8¢1 \

A TAEW
9621 .
L6t/
1'051{
b0ET

£pET —
TSET
T'/ET

6'LET —
C6ET —

8'br1 —

6'€ST —

€91 —

166 162 158 154 150 146 142 138 134 130 126 122 118 114 110
f1 (ppm)

170

Figure 5A. Aromatic selected region &1C{*H} NMR spectrum (125 MHz, §Dg 298 K) of {ONO " "3AIMe (2a).

155



o4qT

(9oURUOSBI BUBN|O} [ENPISAI 10} SPUBIS,) (4Z) BINIV, G20, ONO} JO (M 862 @ ‘ZHIN 00S) WnJdads YN H; 'v9 ainbi4

(wdd) 13
ST 0T S'0- 00 S0 0T ST 0'¢ ST o€ S'E (V4 Sy 0’s S'S 09 S'9 0L S'L 0’8 S'8 0’6 S'6
1 " 1 1 1 1 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
w v o = = WS
o N o o NN Wwo
G © o 1S) NI RN S N
) S i i de— LSS
A ‘ < e
J: | q_a __ I
* i
i
i
i
:\ 4 ‘\ \\ / &
|
<N ——— S ————
&S oo — ro OO NNNNNNNNNNN®
.ﬁﬁ_ Ul O N —_ NN N NN DNDNDNDOYO W W
b= D = w —_ U OO OO OO UM N OUTNN NN



LSGT

(a2) 3NV gizonONO} 1O (M 862 °@3 ‘ZHN G2T) wnnoads JIAN {H;}O,; V. 8inbi

(wdd) 13
o1 (014 o€ ot 0S 09 oL 08 06 00T (0]81 (1[4 0€T ovT 0ST 091 01

Th

9¢-/

|
|

6'L1
0'8¢

pect
12%4!
8'SCT
/71
1'8¢1
1A 14!
L6
8'6¢CT
8'EeT
1 Xad!
PyST —
T'eort



00~
69°0-/

90~
8v'0-
80

&0}
06'0

€T
A

me—

— ozl

A

FEe0L

- =80 |
O [
Ligel

]

=3 AN{8T!
; TP
- ﬁr%'

— v 1Ty

ST |
=817}

8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5
f1 (ppm)

9.0

Figure 8A. *H NMR spectrum (500 MHz, §De, 298 K) of {ONO*"3Al iBu (2c) (*stands for residual toluene resonance).

158



6GT

‘(s@oueUOsal suexay [enpisal 10} spuels,) (92) nal IV, ,ONO} 40 (M 862 °A ‘ZHIN GZT) wnidads YN {H;}O;; 'v6 ainbi4

(wdd) 14
ot (014 (0]3 ov 0S 09 0z 08 06 00T 0Tt 0zt 0€T obT 0ST 09T 04T

»)
/A | ———~ S F——"
NN e e i e e e e e — —_
[S 2N O N NN WWIWWWh (5] (o))
™ o twwurnovwpborbhhaNds W N
W = W= O DPAD—~NF O ~ Ul
I NN ONIPUTOO OO N (o)) (o]



048 'T-—

LY9 T~
20L T

L8 ¢—

0ce 'S

€cT’
9ET”
6vT "
ove-
€G6¢”
69¢"
61E "
ASI 2
GEG
TGS
L/8°
€68
016"

NNNMNNNNNNNNNNN

TSN\

b6

J

ppm

—000 ‘€

LE0 2T

|

—8009

o~ /19T 2
I —ovv '8
=220 ¢z
=\0£0 Z
\800 2

Lo T\L00 T

Figure 10A.'H NMR spectrum (500 MHz, CiZl,, 298 K) of {ONG"¢C"™4AIMe (2d) (*stands for residual solvent resonances).

160



T9T

(P2) BNIV{4uno e ONO} 0 (1 862 4D ‘ZHN GZT) Wnidads YN {H;}O,; VTIT ainbi4

ot 0)4 o€ ov 0s 09 0L 08 06 00T OTT O0¢T O€T OvT OST 097

0

udd ot -

155. 120
—-154. 855

1. 390

1. 936
1.702
1.811

128. 015
J/r127.658
127. 485
:§:126.106
\\¥125.170

\\&122.622
121. 578

54
54
53
53
53

—A42.

——30
—28

—21.

. 269
.051
. 838
. 619
. 403

370

. 492
. 508

185

—-17.254



807
e’

PS'€—

A

Fsrof

(]
C
]
=
(O]
e
2
o ©
T (O]
(&)
T
|2 c
T (@]
(7]
(O]
S
LS GCJ
(O]
=
3 =
©
-
L < =]
- n
(O]
-
n S
- oo 8
[%2]
©
o C
L3 9
(7]
*
N
- T
(32
N
p -
o o
Lo —
©
<
10 o
I~ ™ ey
-~ o
£ ©
o Z
- o
Q
[
n (@]
r < —~
\Vd
[e0]
o (@]
L2 ¥
L2 %
©
e
o -
o N
I
=
n
: o
© o
Lo
N
N e
N~
2
o
[&]
n (]
_’\' %
ad
o
3 2
I
n —
Lo <
(qV]
—
D)
S
>
2
LL

realease).

162



€91

(eg) 1d! OIVE,,, ONO} 0 (M 862 “8puan|o} ‘ZHIN G2T) wnioads HIAN {H, YO, 'VET ainbi4

(wdd) 14
0z o€ ov 0S 09 (74 08 06 00T oTT ozt 0€T ovT 0ST 091 0T

2 /€T
gre1/

vic
9'/¢
6'¢9

84
8'LCT
6Pl —
6'vST
T€91



80C~.
e’

ST'e
LI'E&
81°€
GI'E{
oce
00t
[4\h%
€0y
o'y

989
88'9-
689
169
€0°L-
50°L1
[0°L-
80°L -
bT'L ]
9T’/
LT[
ST'L1
(1
A |
o4
IQ'AE
65 L~E
iy

v
9L'L\

==% Fyrt

00T
08¢

v0'L

0€L

660
CET

6L —
86'L
£0'8

= $6°0
ﬁt 160

6L [
N0
70T

560 |

T
3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.0
f1 (ppm)

4.5

5.0

5.5

6.5

8.5

Figure 14A.*H NMR spectrum (500 MHz, toluerdy; 298 K) of {ONO*P"AI( iPr(S)-lactate)(4a) (*stands for residual toluene resonance and

methane realease).

164



99T

(ep)(are10e|-S)id! )Iv{, 4, ONO} J0 (M 862 “Puan|ol ‘ZHIN SZT) wninoads YN {H;}Og; VST ainbig

(wdd) 13
ot 0z o€ ob 0s 09 0z 08 06 00T 01T ozt 0€T obT 0ST 097 0/T 08T 06T

T Aqq._ﬂqd —— Ly |
] I |
I

|

|

|
S§~— _ _ AN — _— AN AN _
NN NN N ~ e — = = — = —
o wu NN o o) N v o N ©O© N N I I N O
[SalNe) o) IaNo] (G4 B\ I N ~N WO o = ol



9¢0
¥S'0
¥S'0
850

¥9°0
£9°0-%
890/
90'T
L0'T

80°T
81T
61T
807~
e’

6L’¢

443
€8t

o

o

~
—

= (L€

FL6°0 |

F 00T

c
o
O
‘»m
o)
C
IS
)
[
o
=
)
+—
©
S S
=
7
Q
0
p —
° 0o
—
3
A
I
+—
7
X
an
'_i/-\
a
<
N
o
I
)
3]
<
|-n|
Lz
o
o N~
3
5“-.
m
&
n o
© =2
C>Z
e Q9
S
A~
s <
©
o))
5 N
T8
o
w3
w0
+—
N
o I
s =
o
o
PRTs)
,o'v
e
>
P —
(= R
~ O
)
o
)
O A o
N
>
zZ
c I
o -
<
©
n ol
@ o
S
S
2
I

grease resonances).

166



L L

'

0061 —

200 190 180 170 160 150 140 130 120 110 100 20
f1 (ppm)

210

Figure 17A.2C{*H} NMR spectrum (125 MHz, toluends, 298 K) of {ONO™e?BYA|(iPr(9-lactate)(4b).

167



89T
"(S®0UBLOSBI JUBA|0S [eNPISaI 10} SpUELS;,) (Pr)(e1e10el-6)1d! )IV{iyny: ONO} 10 (M 862 “FuBN|01 ‘ZHIN 00S) Wnioads HINN H; V8T ainbi4

1. 003

1. 004

6. 076

6. 005
6. 158

6. 374
3.284

s

. 306
. 290
. 267
. 109
. 087
. 072
. 058
. 968
. 953
.914
. 563
. 548
. 532
. 491
. 475
. 425
. 410

. 380
. 368
. 356

. 008
. 995
. 982

. 240
.234
. 080
. 997
. 834
. 819

. 128
. 118
. 108
. 921
. 908



69T

(pr)(e1e108-6)id! )IV{t1ny0ONO} 4O (M 862 BpuaN|0} ‘ZHIN GZT) wndads HIAN {H;}O.; V6T ainbi4

ov (0] 09 0L 08 06 00T OTT octT O€T ovT 0ST 09T 0T 08T 06T

o€

udd o0z

—189.

157.
157.

154.
151.
112151.
139.
139.
139.

130.

130.

120.
Y 128,
127.
127.
126.
126.
122.
122.
120.
120.

499

268
173
534
456
487
375
991
783
608
713
560
184
258
557
431
866
855
910
833
793
567

—73.786

—68. 761

42. 635
<42 564

32. 413

Jéi32.385

27.576

4£i27.469

21.821

AN
\\¥21.571

21. 185



0.7

"(Pr)(ere10el-6)id! )IV{suwns s ONO} 1O (M 862-8pidN|0} ‘ZHIN 00Y) WnJdads YN ASION H—H; 'V0zZ anbi

= =
= ©@=




16—

e
e
1243
1243
9
Ly'E

oy
ST'LA
9T'L]
L8°L]
6€'L
0v'L
8v'L 1
8v'L 1
€5°L 1
55°L
S5/
e |
LYA |
bl

S8'L
98'L

-

_
T

€8~

¥C'8
6’8
LT'8

7

Lvoe|

F60T|
L 660 |

2.5

Faoe

00T |

[YAN!

vPET [

=~ 880]
1 60

6Ler

0Tt

f

0.5

1.5 1.0

2.0

5.5 5.0 4.5 4.0 3.5 3.0
f1 (ppm)

6.0

6.5

7.0

7.5

8.0

8.5

Figure 21A. 'H NMR spectrum (500 MHz, CiTl,, 298 K) of {ONO"™Al(( R-OCH(CHs)CH,COOMe) 6a) (*stands for residual solvent

resonances).

171



AR}

"9 (BNOODHI(HO)HOO-M )Iv,, ONO} Jo (M 862 UTTD ‘ZHIN G2T) wnivads YN {H;}0g; 'Vzz a1nbi

(wdd) 14
(014 (013 ot 0s 09 (074 08

06 00T OTT ozt O€T ovT 0ST 0971 0T 08T 06T
1 1 1 1 1 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 1 1 n 1 n 1 n 1
I
|
|
|
_ N ————l ST N _
N N o)) o e e e e —
[S,] — w RO NN RN DNDWWWW (S0 (o)W e)] (@]
PN W o UTUN OO0V 1ol LW S
= N O WO — N WO NN N Ol (0]



© CANONRWIDOBNOEAOANDOSNDOBNO R Q PRBEAITY,
3 IRLeIeQLy QOO MONOS D %%

© < dERINSRRSIZREIBBZEEEEENNS o SITITITONMO
7.7.7.7.7.7.7.7.7.7777777.77.7.7.7.7.7.7.7.7777555 oo NNAdAAA

- — /< RSP

829
813
660

23

N o N N~
6632
[l lNe)]

< QL@ R R © ™ 3| §gle ™ o
fo) ™) (O 9 W0 0 [0 o) © o M |0 [~ o0 |©
@) — |6 O |0 |© ™ 0 o | [ |1 [o o (O
o 1LZLm2 N o N (o9 g | O [

Figure 23A. *H NMR spectrum (500 MHz, CITl,, 298 K) of {ONG"* "™ A|(( R)-OCH(CHs)CH,COOMe) 6d). (*stands for residual solvent

resonances). (P.S: we can notice the releasedigeind. We didn’t succeed to purify this complexse it in polymerization)
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