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Introduction

Introduction

1. Les matériaux biodégradables.

1.1 Contexte et grandes classes de matériaurdegradables.

Depuis une soixantaine d’années, les matiéretiquias de types polyoléfines (par exemple le
polystyrene, le polyéthyléne, le polypropylefég. 1) ont connu un essor considérable, au point de
devenir, avec pres de 50 millions de tonnes prediwen 2009 en Europe seulement (250 millions de

tonnes dans le monde), les matériaux les plusésilactuellemenE(g. 2).

£ 1o

Polystyrene (PS) Polyethyléne (PE) Polypropylene (PP)

Figure 1 : Polyoléfines les plus utilisées.
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Figure 2 : Production européenne et domaines d’'uigation du plastique (2009).

De tels matériaux trouvent leurs applications dales nombreux domaines allant de

I'emballage a I'automobile, en passant par les r@tg de construction. Leur formidable succes est
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dd a leur faible colt et a leurs propriétés physigntéressantes (résistances thermique et méeaniqu
imperméabilité, etc....).

Les polyoléfines sont issues de ressources fessiten renouvelables (d'origine
pétrochimique), de plus en plus rares et chéres.plDs, ces matériaux posent un probleme
environnemental, principalement en ce qui concéne élimination apres utilisation (stockage dans
des décharges, pollutions...). En conséquence, lgsnpres biodégradablest biocompatibles
peuvent constituer une alternative viable aux gaes d'origine pétrochimiques et sont déja utdisé
dans des domaines comme I'emballage, les outilsddicaux (Dexon, la suture bioassimilable la
plus utiliséé contient de I'acide poly(glycolique) (PGA) et dadide poly(lactique-co-glycolique)

(PLGA)) ou les nanotechnologi&¥’ Ils peuvent étre classés en plusieurs catégories :

Les polymeres issus d’agro-ressources (produiti déomasse) : cellulose, chitine,

amidon.

» Les polymeres issus de microorganismes (obtenusxaction) : PHB, PHBV.

 Les polymeres issus de la biotechnologie (synthaseartir de monomeres

renouvelables) : PLA.

» Les polymeres issus de synthése (synthése chirlgssgique) : PCL, PTMC.
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Figure 3 : Cycle de production des sacs en bioplagtie a partir d’amidon.
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L’avantage de ces polymeres est de limiter leuexaux énergies fossiles, puisqu’ils peuvent
étre issus de ressources renouvelables (blé,majg,..). Le cycle de vie de ces produits implique un
restitution des ressources prélevées via leur bradiation Fig. 3). Les analyses du cycle de vie de
ces matériaux tendent a montrer un impact moindre différents facteurs environnementaux
(réchauffement climatique, acidification des plyie#rification des sols, émission d'ozone, etc....)
ainsi qu’'une utilisation d’énergie et un rejet d®,Gnférieurs a ceux des matériaux habituellement
utilisés. Comme mentionné précédemment, ces pwgaitvent étre biodégradables, bioassimilables
ou compostables. La biodégradabilité est un prosesmturel de décomposition de la matiére
organique fig. 4). Elle nécessite I'action de microorganismes, ditdité, d’oxygene et d'une
certaine température, pour donner du,i@ I'eau et de la biomasse. Un matériau biodéipad’est
donc pas un matériau a durée de vie limitée, maismatériau qui peut étre digéré par les
microorganismes du sol. Le compostage est la miseeavre optimisée et contrblée du processus
naturel de biodégradation. Un matériau biodégradasti donc, par définition, toujours compostable.

Biomass

co,
H.0
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Microorganism

p Oraanic acid L' o
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. ,‘J
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Adsarplion
and

Hydrolysis) PHA-degrading enzymse
(PHA depolymerase)
Primary degradation Ultimate degradation
(Enzymatic degradation) (Microbial metabolism)

Figure 4 : Biodégradation du poly(hydroxybutyrate) (PHB).

La faible part de marché de ces matériaux, queigidrte augmentation, est en partie die a
leur codt, qui reste de cing a dix fois supériewehui des plastiques traditionnélgjnsi qu'a leurs
plus faibles propriétés de résistances thermigueéetanique. La problématique actuelle est donc de

créer des matériaux bon marché aux propriétés gungsiaméliorées.
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Les polyesters et polycarbonates aliphatiques ife@mar exemple l'acide poly(glycolique)
(PGA), Tl'acide poly(lactique-co-glycolique) (PLGA)le poly(hydroxybutyrate) (PHB), le
poly(hydroxyvalerate) (PHV), le poly(hydroxybutymerate) (PHBV), I'acide poly(lactique) (PLA),
la poly(caprolactone) (PCL), le poly(triméthylenarlmonate) (PTMC)) ont recu une attention

grandissante ces derniéres annéas 6).

0 0 0 0
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PHBV PLA PCL PTMC

Figure 5 : Exemples de polymeéres biodégradables.

Une recherche récente sur la base de donnéesi@&miRrig. 6) permet de se rendre compte
de 'essor considérable des études académiquedaturitobjet le PLA, la PCL et le PTMC depuis

quelques décennies.
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Figure 6 : Nombre de publications a propos du « PLA, du « PCL » et du « PTMC » apres recherche sur

SciFinder le 05/07/2012.
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1.2 Acces aux polyesters/polycarbonates via@ipolymérisation par ouverture de cycle
(ROP).

Les polyesters/polycarbonates biodégradables orerés précédemment peuvent étre obtenus
via différentes voies : polycondensatibprocessus enzymatiqdesi polymérisation par ouverture de
cycle (ROP) de monoméres de type esters/carbonpttigued comme Iscaprolactone £CL), le
lactide (LA) (un dimére de I'acide lactique) oulienéthyléne carbonate (TMCIig. 7).

Parmi les trois classes de biopolyméres représentfessous, les polycarbonates (PTMC) ont
été les moins étudiés jusqu’ici, et feront I'olgéine présentation plus détaillée lors de I'intratifon
du chapitre Ill. Les polyesters linéaires aliphagig sont les biopolyméres les plus étudiés, et plus

particuliérement le PLA.

Oy i

caprolactone

%ﬁmﬁf—op" coforo o

(@]
(@]
rac-lactide PLA
Jiy
0 (o) ROP
K) R OP\ O/\/\ O]

TMC PTMC

Figure 7 : Structures de polyesters/polycarbonatelienus par ROP de monomeres cycliques.
2. L’acide polylactique (PLA).

Le PLA a été le premier polymere issu de resssurpenouvelables a avoir été

commercialisé? et demeure actuellement le biopolymére le plusétiSes propriétés rhéologiques et
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physiques sont tres intéressantes (voir partie€2.peuvent étre facilement modifiées et modulées d

maniere significative via la longueur de chainetéréorégularité du polymére.

A TI'heure actuelle, deux procédés industriels petene de synthétiser du PLAi@. 8). Le

premier, développé par Cargill (Nature Works), ippé I'utilisation d’octanoate d’étain (Sn(O%t)

ce qui ne constitue pas une solution viable (suorg terme) du fait de la toxicité présumée de ce

métal. Le deuxiéme procédé industriel connu pedegiolymeériser directement I'acide lactique, mais

nécessite l'utilisation d'un solvant toxique, lepkényléther. Un procédé permettant la synthése

industrielle de PLA a partir drac-lactide et sans utiliser de réactifs ou de soldokiques serait

préférable.
iy sc[umlrir; and prrification a
garch _ lachdapites. 4 on . .1
: glucose LA ¢ CalOH )y —= Ca-lactate = 2 Hy0O
{ from corn) enEymitic oo 3 days HO T
yddrolysis 00% yield é, Calactate + H50, —= ZLA + CaS0,
i L' of "
n :ﬁﬁm ¢ 1L{+)Hacoe acid LA+ NaOH —= Noclacuae + HZ |
(LAY tlecirodialypis: Na-locisle + HO — LA + MaCl|
O\ . -He —
HO & Q) H VU [30°C {30k |
it 110 - 180 AT diphenyl cther { molecular seves
O g=10-70 azeotropie destillaticn
Sn“ﬂ};{ﬂ b .lln o4 = sep-growil polymerizalon
| WACOLmE
¥
0 0 4] '
| | | | purificalion iCH,
- Q o | ™ o by tecrystallization Sa'{0LCR), (1 a
0 || o | o | or destillation - - ks
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I ' I . | - — = 2ia5h 0
a @ @ il i r i
e B-tactide 1 dctide chaiv-zrewth pyiymeri PLA
I 92°C T 97 °C w97 C M, 00 10 3x10° g mot”

formation by partial rpcemizstion

Synthesis of poly(lactic acid) (PLA),

Figure 8 : Procédés industriels actuels de synthéde PLA

2.1 Différents mécanismes de ROP du lactide.

La ROP du lactide peut s’effectuer de plusieursigras ®**
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« Polymérisation anioniqudig. 9™
®
®
O M M@ M
o 1 oo RO i 0 i o
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—>
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n

Figure 9 : ROP anionique durac-lactide.
« Polymérisation cationiqué=ig. 10**

a) Activation électrophile du monomere

E
/ n
om)«% 07(1“ 2 —> |5

o n
o] o]
b) Mécanisme de « bout de chaine activé »
0 %Hk
0 W
o) E T(J% 0
@ 0]
m])ko +E EO% )%/
o \; “h\zw
)

R = alkyl, E" = acide de Brénsted ou acide de Lewis

Figure 10 : ROP cationique durac-lactide.
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« Polymérisation nucléophiléig. 11)**
Nu ‘Nu o  ROH RO o.
0 o 0 H
—>
Oy 0 \ °
Nu

R = alkyl
Nu = NHC, amine...

0
RO
O)%o
o

« Polymérisation par un mécanisme dit de « monomgtieéa» Fig. 12

Figure 11 : ROP nucléophile duac-lactide.

o) o / OH
T +%° — = Mﬁ)k Ro% ML
om)% )%

0] 0]

hydrolyse

Figure 12 : ROP durac-lactide via le mécanisme dit de « monomere active
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« La polymérisation par coordonation/insertidig 13

X—ML * %L([Df[k%% O\H/J%L O\[(Lﬂ»
(1 2

O 0 O
_ . . (3)
X = alcoolate ou amido (en général)

4

hydrolyse “) X 0 o

- N
J}/ J\{ ML O)K{ ML
O o)
O
n O\[(J‘%

Figure 13 : Mécanisme général de coordonation/insgon pour la ROP du rac-lactide par un complexe de

type M-X (X = alkoxyde ou amido).

Depuis les travaux précurseurs de Kleine et ahsd@s années 195Dles complexes
métalligues du type M-X (X = alcoolate, amido) ofte trés étudiés en tant quamorceurs de
polymérisation d’esters cycliqués.Ce type d’amorceur effectue généralement la paligaion
d’esters cycliques, tels que le lactide, via un anégme dit de coordonation/insertion, comme établi
par de nombreuses études. Ce mécanisme impliquénétapes a été formulé pour la premiere fois
en 1971 par Dittrich, Schultz et &lLes confirmations expérimentales ont été ensyipoaées, a la
fin des années 1980 par Kricheldorf et’adt Teyssié et &, de maniére indépendante.

La premiére étape du mécanisme de coordonatientios ig. 13) consiste en la
coordonation (par le monomeére) du centre métalligoiele de Lewis (1). Le monomere s'inséere
ensuite dans la liaison métal-alcoolate par additiacléophile du groupement alcoolate sur le carbon
du groupement carbonyle (2). Il s’en suit I'ouvegtdu cycle par un clivage acyle-oxygéne (3), fauis
propagation de la chaine par incorporation des meénes suivants (4). L’hydrolyse de la liaison

active métal-alkoxyde (5) conduit a la formatiourd’groupement hydroxyle a une extrémité de la
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chaine polymérique, tandis que l'autre est occupée le groupement alcoolate. De nombreux
amorceurs métalliques du type LM-OR (L = ligand ticigihtes) ont récemment été rapportés comme
nous le verrons plus loin.

Ce type de polymérisation dite « vivante » perdietivisager un contréle de la longueur de
chaine du PLA formé par la steechiométrie initiablengonomeére. Ainsi, I'utilisation d’'un initiateur
bien défini approprié, par exemple un complexe @ite métallique fixé sur un ligand, peut conduire
a des polyméres de longueur de chaine contfolégou fonctionnalisés. Dans ce type de
polymérisation controlée, idéalement (c'est-a-doeamment en I'absence de réactions secondaires),
la masse du polymére formé croit linéairement &¥@onsommation du monoméfeavec une chaine
de polymere croissant par centre métallique. Ceg@ndune initiation lente et des réactions
secondaires de type transestérificatidrig.(14) peuvent également se produire, pouvant provoquer
un élargissement de la polydispersité du polymegei résultant en une détérioration des propriétés

physiques du polymere.

0 O
V] % [M]/O%OR
0 >O o  intramoléculaire
———e +
O
AN ;
O n O O
o
n
Mg
0 RO\[H\K
[M]\O}\WOE)J\OR intermoléculaire

)

o)
+
O 0
RO)K{ Ojﬁ\o/[M] %L[)k Oj\H/OR
0O OIO 0
oM

Figure 14 : Transfert de chaines de PLA intra ou itermoléculaires par transestérification.
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Pour un excellent contrdle de polymérisation, omorceur doit donc combiner une excellente
activité, un amorcage rapide par rapport a la pyafian et limiter les réactions de transestérifooe
lors de la polymérisation.

Les complexes alcoolates ou amidos de métaux sadeld.ewis et oxophiles sont en général
d’excellents candidats pour amorcer une ROP destarliques tels que le lactide, typiquement par le
mécanisme de coordonation/insertidiig( 13). L'intérét de tels amorceurs organométalliquesde
également dans la possibilité de polymériser sséléotivement leac- et méselactide, permettant

I'obtention de PLA stéréoréguliers.

2.2  Structures et propriétés.
Le lactide, un dimere d’acide lactique, peut senter sous deux formes diastéréomériques : le
mésalactide et lerac-lactide Fig. 15). Suivant la stéréochimie du lactide utilisé est@réosélectivité

de la réaction de ROP, le PLA obtenu peut présediféérentes stéréorégularités, influencant

directement les propriétés thermiques et mécaniduemlymeéreKig. 17).1*>%

o) (@]
\Hj\o \')ko //", O
R S
O\[Hw,, Rom)\ om)«,,,/
S R S
(@]

0 o)
méso-lactide D-lactide L-lactide

N J
Y

rac-lactide

Figure 15 : Diastéréomeres du lactide.

L'obtention d’'un PLA isotactique (PLA commerciaus forme de PLDA) résulte soit de la
polymérisation d’'un monomere énantiomériquement [Drlactide ou L-lactide), soit de la
polymérisation stéréosélective par un catalyseur racrlactide** L’obtention d’'un polymére
syndiotactique nécessite la polymérisation sténémélée duméselactide? tandis qu’un polymére
hétérotactique peut étre produit via une incorpomatontrélée et alternée des deux isoméresadu

lactide®"?®Ce type de polymére peut également étre obtemutia geméselactide Fig. 16).%°
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(RR) RR-SS-RR-SS
(SS)
rac-lactide polymére hétérotactique
(RS) RS-SR-RS-SR
(SR)
méso-lactide polymére hétérotactique

Figure 16 : Obtention d’'un polymeére hétérotactiquevia la ROP deméso-ou rac-lactide.

Les propriétés physiques des polylactides déperfdeement de leur stéréorégularitéab.
1).2" Par exemple, le poly-(lactide) purement isotactique est un matériaudmaent cristallin ayant
un point de fusion autour de 170 °C. Si celui-tiraélangé avec dméselactide, le point de fusion et
la cristallinité chutent proportionnellement a laaqtité deméselactide introduite, jusqu'a devenir
proche de celle d’un polymére amorghe.

Le tableau 1 détaille les propriétés thermiquesmyesters en fonction de leur tacticité. En
effet, le PLLA parfaitement isotactique est un podye semicristallin possédant une température de
transition vitreuse de 60 °C environ, et une terappée de fusion de 170 °C envirértandis que le
PLA hétérotactigue est un polymere amorphe possédiaa température de transition vitreuse
d’environ 55 °C:* Le PLA hautement syndiotactique est un polymeéraiastallin>**° possédant,
quant a lui, une température de transition vitreugeur de 35 °C et une température de fusion qui a
été rapportée par Coates et al. (152*@}t Okuda et al. (119 °Cj,respectivement. Par ailleurs, on
peut remarquer que le polyester possédant le plgintusion le plus élevé est le stéréocomplexe
d’acide poly(lactique) (mélange racémique de PLEARBLA). Celui-ci sera traité plus en détail dans

le chapitre .
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Figure 17 : Les différentes tacticités possibles deolylactides en fonction de la stéréochimie dudtide de

départ.
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Polymére Tacticité JCCY  Tn(°CY
Acide poly(lactique?) Atactique 45-55 /
Acide poly(lactiqué) Isotactique 55-60 170
Acide poly(lactique) Syndiotactique 34 152
Acide poly(lactique) Hétérotactique <45 /

Acide poly(lactique?) Stéréocomplexe  65-72  220-230
2 Température de transition vitreu8&.empérature de fusiohRéf. 30. Voir Réf. 31.° Réf. 15a.

Tableau 1 : Propriétés thermiques des principaux pgesters biodégradables.

3. Complexes organométalligues du groupe 13 angant la polymérisation d'esters et de

carbonates cycliques.

Au cours de ces dix a quinze derniéres annéesomadreux catalyseurs capables d’effectuer
la ROP d’esters et de carbonates cycliques ormag@ortés : catalyseurs non métalliques (enzyfes,
molécules organiques simplEstels que les carbénes N-hétérocycliques (NBIChcides minéraux
et organiques fortS, etc....), complexes des métaux des groupes 1-4, t13l4e ou des
lanthanideg?t!a15212.36

En général, comparés aux autres complexes alkexgelenétaux oxophiles amorcant la ROP
d'esters cycliques, les analogues daluminium somins réactifs ou montrent des activités
catalytiques inférieures. Cependant, les amorcaurase d’aluminium permettent fréquemment une
ROP d’esters cyclique (commerkec-lactide) stéréosélectivé.

En lien direct avec les travaux effectués au calgsma these, la partie bibliographique

suivante présente succinctement les principaux @aues des métaux des groupes 13 (Al, Ga, In)

permettant une polymérisation contrblée d’estedeatarbonates cycliques.
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3.1 Les amorceurs d’aluminium neutres.

De nombreux catalyseurs d’aluminium polymérisaraktide ont été décrits et ont fait I'objet
de plusieurs revugd**** %234 3 partie bibliographique suivante ne sera dors @pdaustive et se
focalisera sur les complexes marquants dans lad®O&ctide.

Bien que la polymérisation soit possible avec egséces simples comme AlR®) (faible
activité, pas de stéréosélectivité)yn grand intérét a été porté au développemenatidyseurs bien
définis a site unique, supportés par des ligand#tidentes. En effet, ces complexes offrent la
possibilité d’améliorer la réactivité et la séleité du catalyseur, via le choix de ligands chéltsta
appropriés. Ceci peut amener a de meilleures peaioces en polymérisation et induire une certaine
stéréosélectivité, en vue d’obtenir des matériaem définis et stéréoréguliers.

Dans cette optique, a la fin des années 1990, lebua. ont utilisé des complexes d’aluminium
portant un ligand tétraphénylporphyrine (TPP-Alupta ROP contrblée de lactonedaprolactone,
d-valerolactone) 1, Fig. 18,*° conduisant & un polymére ayant une longueur dimetzen définie et
une faible polydispersité (PDI < 1.25). Dans le re@emps, des complexes du groupe 13 portant des
ligands tétradentes de type salen (sal&hN:-bis(salicylaldehydo)ethylenediamine) ont recu s
grande attention, due aux propriétés exceptiormelée coordonnation et a la facilité d’acces de ces
ligands tétradentes. Spassky et al. ont ainsi dé#en 1998 que I'utilisation de certains complexes
(salen)aluminium du typ@b (Fig. 18 permettaient la ROP controlée et stéréoséledvda S~
butyrolactone et du lactide. L'utilisation d’un cphexe (salen)aluminium énantiomériquement pur
résulte en une incorporation préférentielleliactide, conduisant & un PLA stéréobloFig( 19).%*?

Les travaux de Spassky, Inoue et al. ont ouvektola aux nombreuses études de polymérisation

stéréosélective dac-lactide qui ont suivi.
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Figure 18 : Complexes neutres de I'aluminium portahdes ligands (1) tetraphénylporphyrine, (2) salen,

(3), salan, (4) demi-salen, (5) demi-salan actifa ®OP contrélée d’esters cycliques.
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Figure 19 : Obtention d'un PLA stéréoblock par incaporation préférentielle d'un énantiomere durac-

lactide par un catalyseur énantiomériquement pur.

Des études complémentaires de ces systemes omténgpriun PLA syndiotactique pouvait
étre obtenu a partir duéselactide, et que I'utilisation d’'un mélange racémecde catalyseur en ROP
du rac-lactide conduisait & un polymere isotactique siigligick possédant une trés haute température
de fusion (187 °Cj**#2¢42 Cette derniére approche a été validée pour laiprerfois au début des
années 2000. En utilisant le comple&echiral sous sa forme racémique, un PLA isotactique
stéréoblock (PLLA-PDLA) est obtentFif. 20, haut). 2*****¢43*4Ay cours de cette polymérisation,

chaque énantiomere du catalyseur d’aluminium potigeépréférentiellement un énantiomére du
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lactide par un mécanisme de contréle du site émantiphe. En utilisant le complexeachiral en
ROP durac-lactide, le PLA est obtenu sous forme de stérédisloia un mécanisme dit de « controle
de bout de chaine » : le dernier monomere de EatigEré stéréo-détermine l'insertion du monomere

suivant Fig. 20, bas).*”®

Mécanisme de contrble du site énantiomorphe

initiateur : Q

Bu 0
t t : 9 Q
W T e e L
6 (e} (@) ;
\[(\ )ﬁ 2/m
(0] (@]

isotactique stéréoblock PLLA-PDLA

0 Bu
(0]

jo o1

(0] (0]
rac-lactide

Mécanisme de "contrdle de bout de chaine"

initiateur : m

N/\A(N_
‘Bu o]0 ‘Bu
OBn _ -
o o ‘Bu Bu -0 0
o 7 :
. o)
o)ﬁo o%o/ for oy / {OYLOJ\)/
A o Ao
O O PLLA PDLA
rac-lactide B PLA stéréoblocks In

Figure 20 : Initiateurs a base d’aluminium pour laROP stéréosélective duac-lactide.

Plus récemment, Feijen et al., quant a eux, oilis&itun complexe chiral de type
(salen)aluminiumZa, Fig. 18 aisément synthétisé a partir du ligand salen égticommercial), pour
I'obtention de PLA isotactique {P= 0.93, 70 °C, toluéne = 0.88, 130 °C, sans solvaftj®

Un bon niveau de stéréocontrble est égalemeribtatteec des complexes (salen)aluminium
achiraux. Nomur&®**®Gibsort’” et Che#**ont mené d'importantes recherches sur ces dé(®s,
Fig.18), et ont créé une bibliotheque de catalyseurfsaatisteréosélectifs en ROP de lactide.

Gibson a également étudié la coordonnation dedigaalang, Fig. 18) sur les dérivés Al(lII)
et leur application en ROP stéréosélectiverdctiactide. Il a notamment démontré que du PLA

stéréoblock ou hétérotactique pouvait étre obtenfoection de la nature des substituants du ligand
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salan. Ainsi, le complex8 conduit & un PLA isotactique, alors que le dé@véonduit a un PLA

hétérotactiqueRig. 21). La tacticité peut donc étre modifiée (voire irsée) par un choix judicieux de

ligand?*°

Stéréoblock

Hétérotactique

n

Figure 21 : Inversion de la tacticité du PLA obtenuavec un complexe de type (salan)Al-OBn.

Des ligands de type demi-salen ou demi-sadagt§, Fig. 18) peuvent également étre utilisés.

Les dérivés d’aluminium correspondants polyméri$ertaprolactone avec de bonnes activités.

X 3
L, v L g
o_. O__O
ORI AL
o 9 o 11: X = Me
O Bn O 12X =Cl
tBU tBU tBU tBU tB
u
tBU OJ<A|\|’
N R1

R R
Al
R R

15 : Ry = Bu, R, = Bn, E = CH,Py
13: R=Et 16 : R1 = tBU, R2 =Bn, E= CH2CH2NM€2
14: R ='Bu 17 : Ry = By, R, = 'Pr, E = CH,CH,;NMe,
18 : Ry = OMe, R, = 'Pr, E = CH,CH,;NMe,
19 : R, = Br, R, = 'Pr, E = CH,CH,NMe,

Figure 22 : Complexes neutres de I'aluminium portahdes ligands thiolates, diols et amine bisphénoles

actifs en ROP contrblée d’'esters cycliques.
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Des dérivés neutres de I'aluminium portant desrlits thiolates13-14,° diolates 10),>* ou
amine bisphénolatel5-19°* (Fig. 22) permettent une polymérisation contrdléerda-lactide et de

I &-caprolactone.

3.2 Les amorceurs d’aluminium cationiques etraoniques.

Alors que la majorité des amorceurs de ROP d'estgcliques a base d’aluminium sont
neutres, une forte acidité de Lewis du métal (cexgsd cationiques) ou une forte nucléophilie du
groupement amorceur (complexe anioniques) peutnpeliement améliorer les performances
catalytiqgues d'un complexe d’aluminium en ROP destcycliques. Plusieurs publications ont
récemment démontré que des dérivés d’aluminiunomigties ou anioniques supportés par des
ligands bi- ou tri-dentes pouvaient amorcer la Ri#3ters cycliques, commesitaprolactone ou le
rac-lactide.

Au sein de notre groupe, différentes études ssicdmplexes cationiques de I'aluminiug®{

22, Fig. 24 ont montré que ces derniers pouvaient étre tmgsaen polymérisation de &
caprolactoné® > Cependant, ceux-ci se sont révélés inactifs eynpiiisation du lactide, car ils sont
trop acides de Lewis. Cette absence de réactieité gexpliquer par la formation et la stabiliténa’

chélate dans le cas du lactide empéchant I'étapeagagation de chaine de s’effectueig(23.

'Pro

(0]
°
. (@]
I .
O\@Syo Pr | Jactide O\A@I /O\:(
Al SN
N, “THF N = O
4 { -~ THF
o
B(CsF5)4

Figure 23 : Formation d’'un chélate a partir d’'un amorceur d’aluminium acide de Lewis et de_-lactide.

Des complexes alcoolates d’aluminium anioniques également été synthétisés afin
d’augmenter la nucléophilie des groupements alkegydortés par le méta®4, Fig. 24).>* Cette

nucléophilie accrue peut favoriser les étapes digage et de propagation de la ROPractlactide.
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Ce type de complexes alcoolates métalliques aniesiepnt été tres peu utilisés en ROP d’esters
cycliques, malgré leur potentiel en catalySEn ce qui concerne I'aluminium, le seul autre eplem
est l'utilisation du Red-Al commercial28, Fig. 24).>° Des conditions drastiques sont toutefois
requises (110-130 °C, 2-3 jours) pour que la ROPB-thetide s’effectue. L'utilisation du complezd
permet une polymérisation contrdlée a températongiante (16 h, 82 % de conversion, PDI = 1.03-
1.06) et préférentiellement hétérotactique<P.7) durac-lactide.

t @
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/—‘\ 0. @ _R :
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S0 > \/AI\' ~ o N\
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Figure 24 : Complexes cationiques et anioniques dlaluminium actifs en ROP d’esters cycliques.

3.3 Les amorceurs a base de gallium.

Seules quelques publications, datant majoritairérdes cing derniéres années, traitent de la
ROP d’esters cycliques par un catalyseur a bagaltiem. Les premiéres études dans ce domaine ont
été réalisées par le groupe de Chisholm qui a étinéhune série de complexes de gallium fixés sur
des ligandg3-dikétiminates (BDI) Fig. 25.°" Cependant, ceux-ci se sont révélés inactifs en ROP

lactide.
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Figure 25 : Complexes de gallium fixés sur un ligahB-diketiminate (BDI).

Horeglad et al. ont synthétisé des complexes egute gallium fixés sur des ligands méthyle

lactates Fig. 26).°® Ces ligands ont été choisis car ils miment I'esppropagatrice en ROP de

lactide®®

O

\A,O
0, /O\ ’,“\ N/ﬁ
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O Je8

X
O\
25 26 : X=0Me

Figure 26 : Complexes de gallium actifs en ROP coriliée derac-lactide.

La ROP durac-lactide par le complex5 (Fig. 26) s’effectue a 40 °C avec une formation
préférentielle de PLA hétérotactique (PDI = 1.1-B5= 0.50-0.78). Il est intéressant de noter que la
polymérisation duac-lactide amorcée par le compddgdans le dichlorométhane conduit a du PLA
atactique, alors qu’un enrichissement en hétéigteetest observé lorsque la polymérisation est
effectuée dans du THF ou en présence jgecoline. L'effet d'une base de Lewis sur la
stéréosélectivité peut s’expliquer par le fait daecoordonnation d'une base sur la sphére de
coordonation du gallium induit une certaine tatdidors de la polymérisatiof.Afin d’étudier ce
phénomeéne plus avant, des complexes de galliura §iéun ligand NHC ont alors été synthétisés par
Horeglad et al.Kig. 26).°" lls se révélent étre trés actifs en ROP isosékedaerac-lactide (PDI =
1.06-1.36, B = 0.78-0.99) et possédent une activité supériaucelle des dialkylgallium alcoolates
dimériques’ 1l semble que la basicité du NHC affaiblisse laishn Ga-O et défavorise la

coordonnation du groupement C=0 du lactate, rendiasi le complexe de galliu®6 plus réactif.
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Par la simple présence ou absence d’une base piugios forte qui se coordone au centre métallique

Ga, une tacticité préférentielle a la ROPrdctlactide peut donc étre induite avec ces systemes.

3.4 Les amorceurs a base d’'indium.

Dans ce domaine, le premier catalyseur molécutdinglium bien défini a été synthétisé par
Huang et al. 27, Fig. 27).°? Cependant, ce composé amorce la RORaddactide de maniére peu
contrblée (larges PDlIs ainsi qu’une longueur ddrehae correspondant pas a la longueur théorique
attendue). Les premiers composés d'indium (portded ligands tridente®,N,O) relativement
intéressant, puisque conduisant & une ROP raetlactide controlée, ont été décrits par

Mehrkhodavandi et al2g, Fig. 27).%

Bu
NMe2 Cl MezN'Q \@( jg/
\\S

/Cl"' _ S, \\\O/, "
§C|/ s/'”\of ”\s
Bu Bu
X
»'BUP=0—In-0=R'Bu, Ts, X
d % N, [ /=
Ts< </ In-N_ /
Bu Bu \/
By By X = N(SiMe;),, OC¢H3'Bu, X = SiMes, N(SiMes),
30 31 32

Fig. 27 : Complexes de d’indium actifs en ROP de ¢4ide.

Le complexe dimérique alcoola?® (Fig. 27), décrit par Okuda et &ft,amorce également la
ROP dulL-lactide (PDI = 1.03-1.07, PLA atactique), mais egsite une température et un temps de
chauffage plus importants. De plus, son activité jglsis faible que celle de son analogue

d’aluminium® Un composé d’indium fixé sur des ligands bisph&tesl et conduisant a la synthése
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d'un PLA légérement hétérotactique (en présencen dlérivé alcool comme co-catalyseur) a
également été rapporté par Wang, Sun e8] Fig. 27).%°

Le complexe3l, rapporté par Arnold et &, polymérise lerac-lactide pour former du PLA
atactique ou isotactique, selon la nature du gnmepé X, du solvant, du temps de réaction et de la
concentration. En effet, le compo3& portant un groupement X = N(Sil)e conduit a un polymere
atactique dans le GBI, ou le THF, avec un Iéger enrichissement en isgiaetorsque la réaction est
stoppée avant 30 % de conversion. Lorsqu’il portegroupement X = OgElsBu,, il conduit & un
polymere enrichi en isotactique dans le dichlordvaéé, avec une perte de cette tacticité lorsque la
conversion devient trop importante.

Un des exemples les plus remarquables de RORcddactide a été rapporté par Hillmyer,
Tolman et af® Un PLA hétérotactique a été synthétisé en utitisan simple mélange
d'InCl3:BnOH:EgN. Les PLAs ont des polydispersité trés faibled (0) et des Fallant jusqu’a 0.97
ont été obtenus.

Plus récemment, la synthése d’'un complexe d’'indi@mtacoordonné supporté par un ligand
bis(sulfonamide)amine3@, Fig. 27) catalysant la ROP dac-lactide en solution (70 °C, 3-5 h, PDI =
1.06-1.14) a été étudié Ces dérivés d’'indium montrent une meilleure atdigt un meilleur contrle

que leurs analogues d’aluminiuth.

4. Présentation succite des travaux de these.

e Chapitre |: Synthése de complexes d’aluminium dixedir des ligands salen en vue d’un

greffage sur support solide pour une utilisationtaamt gu’'amorceurs de polymérisation par

ouverture de cycle (ROP) d’esters/carbonates ayetiq

Ce chapitre traite de la synthése de complexeken(sduminium portant des
« espaceurs » permettant un support sur solidauerde les utiliser en tant qu’amorceurs en

ROP de monomeres cycligues polairee{actide,s-caprolactone, TMC).
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+ Chapitre Il : Synthése et caractérisation strutgude nouveaux complexes tetracoordonnés

du groupe 13 présentant une géométrie distorduégs fur des ligands de tybNeO,N

Ce chapitre traite de la synthese et la caraetéis structurale de complexes du
groupe 13 (Al, Ga) fixés sur des ligands de ty/{h®,N Ces complexes présentent une

géomeétrie trigonale-monopyramidale (tmp), augmer&am réactivité.

» Chapitre lll : Nouveaux complexes tétracoodonnégrdupe 13 fixés sur des ligands de type

N,O,Npour la ROP contrdlée d’esters/carbonates cydique

Ce chapitre traite de I'utilisation de complexé&sduminium et de gallium portant des
ligands tridentes de typd,O,N (dont la synthése et la caractérisation structuealra été
décrite dans le chapitre 1) en tant qu'amorcewdadROP d’esters cycliquesa-lactide, &
caprolactone) et de carbonates cycliques (trimétigylcarbonate). L'influence du métal, du
groupement amorceur et des substituants portde figand sur la réaction de polymérisation

et la nature du polymeére obtenu sera discutée.
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Synthesis of salen-supported aluminium complexesubsequent attachment to a solid support
cyclic esters/carbonates polymerization acti

I. Synthése de complexes d’aluminium fixés sur des &igds salen en vue
d’'un greffage sur support solide pour une utilisatbn en tant qu'amorceurs
de polymérisation par ouverture de cycle (ROP) d'dsrs/carbonates

cycliques

Abstract

Novel salen ligands bearing terminal alcohol fuantilized arms have been synthesized. The arms
have been protected to allow complexation with @hium. These complexes have been successfully
tested as initiators in the homogeneous ROP oflaetide, &caprolactone and TMC. In the case of
rac-lactide, isotactic- and heterotactic-enriched. A% have been obtained, in contrast to purely
isotactic-stereoblocks being formed using non-fionetized (salen)Al complexes, according to the
literature. Attempts to deprotect the arms of thesmplexes, which is essential to recover terminal
alcohol arms for subsequent grafting onto solidmarp and testing of the resulting entities in the

heterogeneous ROP of rac-lactide, have so far lnesnccessfull.

[.1. Introduction

I.1.1 ROP durac-lactide en milieu homogeéne : limitations actuelles
Parmi les matériaux biodégradables, I'acide potyidae) (PLA) a été le plus étudié au cours
des deux derniéres décennies. Cependant, ses gpéspthermiques et mécaniques ainsi que la

perméabilité a 'eau du PLA commercial restentrieidres a celles des plastiques usuels, ce quelimi
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actuellement ses applications. L'augmentation deperepriétés dépend de la synthese de polyméres

stéréoréguliers possédant une longueur de chaénedéifinie’, par la ROP de lactidé {actide, rac-

lactide oumeselactide) amorcée par des complexes métalliquas dédinis'®Cette approche permet

'obtention de PLAs stéréoréguliers. Malgres desgps significatifs dans ce domaine, trois

limitations doivent étre dégagées :

Les stéréocomplexes de PLA (mélange 1/1.dd A etD-PLA), PLAs les plus prometteurs
puisqu’ils possédent les resistances thermiquegeaniques les plus élevées parmi les PLAs
(Tm = 230 °C¥, ne sont pas accessibles actuellera@nia ROP duac-lactide.

Actuellement, la polymerization du lactide est tymment effectuée en solution ou dans le
monomer fondu, ce qui favorise des reaction intégmdaires non-désirées, comme les
reactions de transéstérification. Celles-ci sogjygliciables a la stéréosélectivité du polymére,
ainsi qu’au contrdle de la longueur de chaine @& souvent la formation d’oligoméres
cycliques non-désirés.

L'amorceur métallique n’est pas recyclable en fa réaction, ce qui augmente son co(t

économique et environnemental. Un amorceur réabhlesserait évidemment préféré.

I.1.2  Stéréocomplexes de PLA.

Comme mentionné précédemment, les stéréocompliedesA (mélange 1/1 de-PLA etD-

PLA), qui sont les PLAs les plus prometteurs puitgjpossedent les resistances thermiques et

mécaniques les plus élevées parmi les PLASH(230 °C), ne sont pas accessibliessla ROP duac-

lactide. En générale, lorsque les interactionseedés polymeres possédant différentes tacticités ou

configurations I'emportent sur celles entre deymelrs possédant la méme tacticité ou configuration

une association stéréosélective de la premiére pairpolymeres est observée. Une telle association

est décrite comme une stéréocomplexation ou foomate stéréocomplex&ify. 1, dans le cas d’'un

stéréocomplexe de PLA).
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O HsC 0

oo

H CH, H CHs

@)
H ,CH,

\ek O%(ofk o

HsC H O H,C

Figure 1 : stéréocomplexe de PLA (mélange 1/1 dePLA et D-PLA)

A cause de l'interaction particuliere entre lequsnces d'uniték-lactyl etD-lactyl resultant
de la presence de liaisons entre les chaines en@migues du polyméreFig. 1)2 la
stéréocomplexation du PLA peut permettre I'amétiora d’'un grand nombre de propriétés des
matériaux a base de PLA (propriétés mécaniquesstagses thermiques et a [I'hydrolyde
Actuellement, les stéréocomplexes de PLA possédsntésistances thermiques et mécaniques les

2a,4

plus intéressantes {F 230 °C, elongation jusqu’a 250 ¥ab. 1).

PLA stéréocomplexé PLLA isotactique (commercial)

Tm (°C) 220-230 170-190
T, (°C) 65-72 50-65
Elongation (%) 250.5 39.2

Tableau 1 : Comparaison des propriétés thermiquest @hysiques des PLAs stéréocomplexés et

PLLAs isotactiques.

Le premier exemple de stéréocomplexation (assogiatétéosélective) pour des polymers
enantiomériques, entre des chaines polymériquefiguogs R et S (ou L et D), a été rapporté par
Pauling, Corey et al. Pour un polypeptide en 1993us tard, lkada et al. ont rapport la
stéréocomplexation entre un pdlyl@ctide) (PLLA) et un polyd-lactide) (PDLA) enantiomériques
en 1987

Il doit étre mentionné que le PLA n'est pas le Ispolyméere pouvant former des
stéréocomplexes, mais un grand nombre d'autresraois ont une tendance a la stéréocomplexation,

comme des polymeres vinyles (poly(methyl-methateyladPMMA)), des polyéthers (pokg(t-
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butylethylene oxide)), des polythioéthers (ptaybutylethylene sulfide)), des polycétones
(polypropylene-carbon monoxide)), des polyamidesly(p<benzyl glutamate)), ou des polyésters
(acide poly(lactic) (PLA)Y.

Depuis la mise en évidence de la stéréocomplexatio PLA énantiomériqguement pur, de
nombreuses études ont été effectuées a propos €ernfation, la structure, les propriétés, la
dégradation, et les applications des stéréocompléedPLA. La stéréocomplexation entre le PLLA et
le PDLA peut étre obtenue par (i) cristallisatidarg: solution d'un mélange 1/1 dePLA etD-PLA
; (i) en milieu fondu, ou leg- et D-PLAs sont fondus (chauffés a une température mupéra leur
point de fusion mais inférieure a celle du stéréguexe) et le stéréocomplexe se forme par
cristallisation. Cette derniére méthode est prétératant donné qu’elle se déroule en l'absence de

solvant et permet une cristallisation plus rapiden solution’

I.1.3 ROP de lactidevia la catalyse hétérogene.

Le greffage de catalyseurs homogénes sur un supmide a attiuré une attention
grandissante durant les dix a vingt dernieres anpéer le développement de systems catalytiques
recyclables. Le catalyseur supporté résultant peaduire une myriad de reaction, comme des
reactions de coupladedes métathésé$ des aldolisation¥, des réactions de Diels-Ald&r,des
cyanosilylations? des epoxidation¥, des oxydation$’ des additions® des résolutions cinétiques
hydrolitiques.’ ou la copolymérisation alternée du £@& de I'oxyde de propylené et peut, dans
certains cas, dépasser les catalyseurs homogertesmas d'activité et de sélectivité. Malgré le fai
gu’elle ait été peu étudiée, une telle approchi @galement utilisée pour la ROP de lactide.

Par exemple, Chung et al. ont effectué la ROR-thctide avec un catalyseur homogene et
hétérogéne (greffé sur silice) afin de comparerslectivités et les caractéristiques des polymers
resultants Tab. 2).*Ils ont démontré que I'utilisation d’une versiogtérogéne du catalyseur TiRD
greffé sur silice est bénéfique tant pour le cdatdie la polymérisation (plus faibles PDIs) quempou

les propriétés physiques du matériay $tipérieures)Tab. 2).
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Entréé Catalyseur Conversion (%)  Mg/mol) PDI  Tw(°C)

1 TiCI(OPr) 72 9650 1.41 1615
2 TIiCI(OPny/SIO, 70 29500 1.23  166.2
3 Ti(OPr), 66 9590 157 1543
4 Ti(OPr)/Si0, 74 30300 1.20  165.6

& Conditions de polymérisation : L-lactide/Ti = 1) mL toluéne, T=70°C, t=12 h.
Tableau 2 : Caractéristiques de PLA produits en ulisant des catalyseurs alcoolates de titane homauygs

et hétérogenes.

De méme, Mahon et al. ont utilize des complexkEesguioxane analogues greffés sur silice
pour la ROP duac-lactide Fig. 2).°°" Des conversions en PLA modestes (& températuriaatalou
en monomere fondu) et des PDIs modestes (1.47-arBté observés en utilisant les trois complexes

décrits ci-dessous.

R
S L o0 ~ \\ R
—OH /Zn/o
R=H, Bu, Cl

Figure 2 : Complexes silesquioxane analogues grefféur silice pour la ROP durac-lactide.

1.2. Projet envisage.

Sur la base des limitations mentionnées précédemmens nous sommes intéressés au
développement de catalyseurs supportés pour I'atogde aux stéréocomplexes de PLA. Le but de
cette partie de ma thése était la ROP énantios@et’esters cycliques racémiques, principalement |
rac-lactide, amorcée par un amorceur métallique éoadiiguement pur chimiquement greffé sur un
support solide (résine, silice, i.e. insoluble denmilieu réactionnel). La figure 3 illustre I'amzhe

générale employee, en pregnant I'exemple d’'unenpetization préférentielle du-lactide.
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Lors d'une polymérisation énantiosélective, un degx énantioméres du mélange racémique
est polymérisé sélectivement. Dans notre cas, utreg conversion de 50 % est atteinte une chaine
polymérique énantiomériquement pure devrait éttachée au support solide insoluble et devrait
pouvoir étre collectée par simple filtration, tadjue la solution devrait contenir uniquement le
deuxieme énantiomére. Celui-ci peut étre polymé&éggarément par un autre amorceur. Par exemple,
dans le cas dwac-lactide, cette methode innovante pourrait condudiene maniére simple et peu
onéreuse, a I'obtention séparéeldeLA et D-PLA. En principe, cette méthodologie peut égalegmen

étre appliquée pour la ROP d’autres esters cydigaeémiques.

-~
mélange enrichi énantiomériquement
en (D)-lactide

@ CATALYSEUR
D @ Q @ SUPPORTE CHIRAL
NN
@_- AP support solide
i Y S
, , © g
mélange racémique de
(- et (D)-lactide en
solution
o] o]
D=(D)—Iactide\(u\o %'Hl\o D ':‘,\‘fi"',’fy{'jﬂlfllQ‘?fZ“’l"‘ﬁ’j ?QfﬁtA

O\,H\ L = (L)-lactide S
"ty

o . c N Lt
0 Pour des raisons de clareté, seule une chaine polymérique et un

seul site catalytique sont représentés.

Figure 3 : Principe de la polymerization énantiosélctive durac-lactide amorcée par un catalyseur chiral

supporté.
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L’approche développée ci-dessus pourrait solugonkes trois limitations mentionnées
précédemment :

» Grace a la fixation sur une support insoluble, flesctions de transfert de chaine
intermoléculaires sont moins susceptibles de gaffa qu’'en solution. Ceci devrait limiter
les réactions de trnaséstérification.

« Une alcoolyse controlee en fin de reaction, suidigne filtration devrait permettre un
recyclage de I'amorceur de ROP.

* Le monomer énantiomériquement pur restant en solyteut étre facilement polymérisé par
un autre amorceur métallique bien defini.

* Un tel procédé peut permettre la synthése peu osémde stéréocomplexes de PLA. A I'heure
actuelle, ces biomatériaux sont synthétisés ppoligmeérisation séparée tleL A et D-LA (en
utilisant généralement un amorceur a base d'étaur pbtenir duL-PLA et du D-PLA

respectivement, combinés par la suite pour obterstéréocomplexe).

Pour une telle étude, le catalyseur supporté éoé bien défini, peu onéreux et étre un
amorceur de ROP facilement accessible, comme umpleam d’aluminium fixé sur un ligand salen.
Le ligand salen est connu depuis plus d’un sickt, étudié systématiquement depuis les années
1930% En effet, les bases de Schiff sont parmi les systee ligands les plus importants en catalyse
asymmétriqu¥ (par exemple, le “ligand de Jacobsen” & recuiledqur “réactif de I'année” en 1994 et
est disponible commercialemeft)En particulier, les complexes métalliques fixes des ligands
salen ont été démontré étre (i) appropriés polRQd stéréosélective d’esters/carbonates cycliques.
(i) Une structure de ligand acceptable pour leffgge sur une large gamme de supports solides
comme des resins mésoporeusegy.(5, gauchg, la silice fig. 5, droite), des polymeéres, des
sulfonamides, des macrocycles, des zéolites ou disdriméres$™®?* Dans notre cas, des

« espaceurs » fonctionnalisés par des groupemgdisxyles ont été envisagés en vue d’'un greffage

sur une résine de Merrifieldrig. 4).
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'Bu Bu
OR
1) HO o | o ‘Bu
/AI\
=N N=
/ 'Bu Bu
OR
Cl 0 O\A|\|/O ‘Bu
2) NaH, -78 °C =N" “N=
3) N-methyl-pyrrolidinone <:§
Support solide : Amorceur supporté résultant

résine de Merrifield

Figure 4 : Amorceur d’aluminium fixé sur des ligands salen greffés sur une résine de Merrifield envigés

pour la ROP d’esters/carbonates cycliques.

PS: Polystyréne branché
(support solide insoluble

dans les solvants usuels) N 2
—N N=

—N N_ \AI/

O x s

OR
R R

S: silice (support solide insoluble
(Salen)AI(OR) dans Ies(solﬁ)/gnts usuels) (Salen)AI(OR)

Figure 5 : Catalyseurs d’aluminium supportés potenels
D’'apres les performances catalytigues des compgs@portés (salen)Mn, l'activité et
I'énantiosélectivité peuvent varier, selon troistéaurs

« La flexibilité du lien entre le ligand salen etsigpport solide.

* La quantité d’amorceur utilisée (pour une quardiv@née de support solide). En particulier,
un exceés d’amorceur peut diminuer I'espace enseaites catalytiques greffés sur le support
solide, favorisant des réactions non-désirées colasneansestérifications.

« Différentes silices mésoporeuses peuvent étreségii comme supports solides, puisque la
taille des pores peut étre controlt&&ll a été démontré que cette taille a une influengeles

performances catalytiques.
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1.3. Carried out research work.

Salen ligands functionalized by hydroxyl side amfs/ariable length (called “spacers” and

exhibiting different flexibilities) have been sye#ized, based on published experimental procedures

-

R OH HO ‘Bu

(Fig. 6).

R = OH
R = CH,OH
R = CH,OCH,CH,OH

Figure 6 : The three salen ligands synthesized it¢ present studies.

I.3.1 Synthesis of salen ligands.

First of all, the salicylaldehyde (half salen) ett@s bearing three different hydroxyl spacers
were synthesized. Figur&sand8 illustrate the procedures that were followed toess the spacess
4 and7.14%%

The three-step syntheses3oind4 involve similar procedures-{g. 7). The first step consists
in a chloromethylation reaction of the commercialpvailable starting material (8+t-
butylsalicylaldehyde) on the phenpéra position, to afford compoung in very good yield (89 %).
The reaction of the alcoholic spackror NaOH, a nucleophilic substitution reaction,ngseither
NaOH or compound, yields3 and4, respectively. These two molecules were isolagegetiowish

oily products (in moderate yields, 25-40 %).
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NaH (
HO HO
" 0H ~"0ONa
Et,O, 17 h 1 999
1 ° "
H™ H
BuyNBr NaOH or 1
O O - O«
H,O/HCI THF, 75°C, 4 h
3 days, 40 °C OH OH
OH ays, 2 89% 3:R=OH 40 %
4: R = OCH,CH,OH 25 %

Figure 7 : Synthesis of the salen moieties 3 and 4.

The diphenol compound was synthesized in a three-step procedure frontdhemercially
available 2tert-butylhydroquinone Kig. 8). Thus, KCO; is used to deprotonate specificatisrt-
butylhydroquinone, since it attacks specificallytive metaposition of atert-butyl (the position 4).

Subsequent addition of benzyl chloride and heatillayvs the obtention ob in moderate yield (51

%).
OH OH
1) K,CO3 acetonitrile
30 min, 25 °C _
2) PhCH,CI/Nal
OH reflux, 3 h OBn
5 51%

1) 2,6-lutidine, toluene
30 min, 25 °C
2) SnCly, toluene
1h,25°C
3) paraformaldehyde
16 h, 100 °C
) H,/Pd/C
oH toluene/NEt; OH
o” 12h,25°C o7
-
OH OBn
7 60 % 6 53 %

Figure 8 : Synthesis of the salen moiety 7.
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The second step involved the addition of an aldehgt theortho position of the phenol,
performed using 2,6-lutidine and SpCht room temperature, followed by the addition of
paraformaldehyde and subsequent heating. Compdisdbtained in moderate yield (53 %).

Once6 is isolated, the protected phenol can then beaotegted, using MPd/C at room
temperature, to yield spacérs an orange solid in a moderate yield (60 %).

Once the three spacer moieties had been syntbesime unsymmetrical salen liganéisl 1
were prepared via a one-pot syntheBig.(9), adapting published experimental procedd?&s.

First, commercially available 3,5-tBrt-butyl-2-hydroxybenzaldehyde was dissolved in
anhydrous methanol and stirred at room temperatath the ammonium sal, previously
synthesized in excellent yields from 1,2-cycloheediamine and hydrogen chloride. After 4 hours the
spacer was dissolved in a mixture of dichlorome¢hand triethylamine was added. After 4 more
hours at 25 °C, the ligand was extracted and puatrifby column chromatography to give the
corresponding compoun@sl1 as yellow-orange solids in good yields (55-71 Wjus, the sequential
addition of two different salicylaldehyde moietiabows for the synthesis of various unsymmetrical

salen ligands in reasonable to good yields.

Q HCI
EtO,

HoN NH, 15 h, 25 °C HoN NH5CI
8 95%

4h,25°C 7

=N N=

Ox 2) 4, 50r 7, CH,Cl,
L NEts, 4 h, 25 °C R OH HO

9:R=0OH 55 %
10 : R = CH,OH 58 %
11 : R = CH,OCH,CH,OH 71 %

Figure 9 : Synthesis of the salen ligands 9-11.
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Having three salen ligands in hands, two methagletare possible to access the supported
Al catalysts : (i) the grafting of the salen ligadito the solid support with a subsequent Al
complexation; (ii) the synthesis of the Al compl@x solution) and its subsequent grafting onto the
solid support. Due to possible selectivity problesinsing the grafting reaction (as both the phenols
and the spacer may react with the solid suppord) fan ease of analysis and characterization, the

second approach was preferred.

1.3.2  Synthesis of the derived Al-salen species.

The unsymmetrical salen specilgwas first reacted with 1 equivalent of Alf@); (toluene,
90 °C) to access the resulting salen-AROspecies via an alcohol elimination pathway, hgghat
the phenols would remain more reactive than theesfsmalcohol despite steric hindranéeg( 10).
An insoluble product was however obtained, possiagsisting of various polynuclear Al species,

suggesting that both the phenol and alcohol funstieact with Al(CPr),.

By By Al(O'Pr)3
HO 90 T, toluene
OH HO '‘Bu
Polynuclear species
=N N= - 2'ProH

Figure 10 : Formation of a polynuclear specie whef0 reacts with Al(OPr)s.

The same ligand was reacted with two equivalehtd(®'Pr);, as one equivalent of Al(Br);

may react with the M, salen core, and the second equivalent of /R(®with the spaceriig. 11).

'‘Bu '‘Bu ? tBUYtB

|
HO t 2 Al(O'Pr), O,A"O o
OH HO BU 50110 T, toluene \<

I AN
N N= X - N N

<:§ - 3'ProH

Figure 11 : Synthesis attempted for a salen-Al dinzlear alkoxide species.




Synthesis of salen-supported aluminium complexesubsequent attachment to a solid supportVQ_

cyclic esters/carbonates polymerization acti

In that case, the spacer’s endR) could then be directly supported on silicagwihg the
obtention of the desired supported complexes. ¥et,2/1 Al(OPr)/salenH reaction consistently

yielded an intractable mixture of products.

1.3.3  Protection of the salen ligand spacers.

To prevent the competitive reaction between thelall and phenol groups, the alcohol of the
salen compounds had to be protected. The chétdyutyldimethylsilyl (TBDMS-CI) compound was
picked as a protecting group as its steric hindraaitows the preferential protection of the alcohol
spacer? The protection reaction is depicted beldvig( 12). The reaction between the salen ligand,
the TBDMS protecting group and a dimethylaminopiyred (DMAP) catalyst leads to the desired

protected salen molecules in good yields (54-80 %).

/l(.,m
Q " Q
=N N= _ _
TBDMS-C NN
R OH HO R OH HO
\N/
N (cat), NEt;,
9:R=OH | ] CHeCl10days) 4y k- oTBDMS 54.%
10 : R = CH,0H N 13: R = CH,OTBDMS 80 %
11: R = CH,0CH,CH,OH OMAP 14 R = CH,0CH,CH,0OTBDMS 75 %

Figure 12 : Protection of the salen ligands 9-11.

1.3.4 Complexation of the protected salen ligands

The protected ligands were then successfully avedeto the corresponding salen-AlR®
species upon reaction of salen-tiith Al(O'Pr); via elimination of isopropanolF{g. 13.%° Thus,
Al(O'Pr); reacts with12 and 13 in toluene (110 °C, 15 h) to quantitatively yieldet alkoxide
complexes15 and 16 (Fig. 13. However, under these conditions, the protectgdnt 14 was
observed not to react with Al{Pr). It appears likely that the spacer 14 sterically inhibits the

activity of the NO, salen core.
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12: R = OTBDMS
13 : R = CH,0TBDMS

Al(O'Pr),
R
toluene, 110 C

15 h_
-2 AIO'Pr

15: R=0TBDMS
16 : R = CH,OTBDMS

99 %
99 %

Figure 13 : Complexation of the ligands 12 and 13ith aluminium.

The reaction between compoudd and the more reactive precursor AlMguantitatively

yielded the alkyl complet7 (Fig. 14). To obtain the corresponding Al-OBn derivativempoundl7

was reacted with benzyl alcohol to afford the aldexcomplexi8in a quantitative yield.

2

=N N=

R OH HO

14 : R = CH,OCH,CH,0TBDMS

AlMe,

[

toluene, 110 C
15 h
-2CH,

17 : R=CH,OCH,CH,OTBDMS 99 %

N

=N_ N=
/Al\
R o” o

BnOH
toluene
90 C,15h

G

18 :R = CH,OCH,CH,OTBDMS 99 %
X =0Bn

- CH,

Figure 14 : Synthesis of the alkyl complex 17 andhé alkoxide complex 18 from the protected ligand 14
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Single crystals ol5 could be grown (from ether), unambiguously esshiohg its molecular
structure (despite the poor quality of the X-rayadlaAs depicted in figure 15, the Al complex c@tsi
of a five coordinated Al metal center with an effeely n*%(O,N,N,Q-chelated salen ligand. The
geometry around the metal center is best descabaalslightly distorted square based pyramid, with
the N and O atoms being nearly co-planar (seenpkesFig. 15. The top of the pyramid is occupied
by the isopropoxide group. Addison et al. defineel geometric parameter= (3-0)/60 (with 3 anda
being the angles opposite to each other in thdatyepcontaining the molecule), which is applicable
five-coordinate structures as an index of the degé trigonality®® For a perfectly tetragonal
geometry,t is equal to zero, while it becomes one for a pésferigonal-bipyramidal geometry. In
our caser = 0.20, indicating that the structure is closeatsquare-based pyramid. The bond lengths
around the metal center are in the typical rangeAfeN (2.01 A average) and Al-O (1.77-1.82 A)

bonds. Finally, the presence of the silyl-protecpdcer is confirmed.

Figure 15 : Molecular structure of the Al complex 5 (Hydrogen atoms are omitted for clarity). Selected
bond lengths (A) and angles (deg) : Al(1)-N(1) 812(5), Al(1)-N(2) = 2.008(3), Al(1)-O(1) = 1.772(3AI(1)-
0(2) = 1.822(5), Al(1)-O(4) = 1.732(3), N(1)-Al(J¢2) = 78.5(2), N(2)-Al(1)-O(2) = 88.9(2), O(2)-Alj-O(1)
= 90.3(2), O(1)-Al(1)-N(1) = 88.8(2), O(1)-Al(1)-@) = 116.5(2), O(2)-Al(1)-O(4) = 105.2(2), N(1)-AX-O(4)

= 92.0(2), N(2)-Al(1)-O(4) = 107.3(2).



Chapter |

I.3.5 The use of salen Al alkoxide compounds 156 and 18 as ROP initiators of cyclic
esters and cyclic carbonates.

Prior to their attachment to a solid support, commsl5, 16 and18 were first tested for their
ability to mediate the homogeneous ROP of cyclieregcarbonates. Moreover, comparison of the
present systems to reported salen-Al species (liead spacers) is of interest, as the influendhef

spacer on the polymerization reaction should bebéshed.

1.3.5.1. Application of the alkoxide compourds16 and18in the ROP of rac-lactide.
All three (salen)Al complexes were found to irttisthe ROP ofrac-lactide albeit with
moderate activity and stereoselectivity. The polyragion results are compiled in table 3 for vasou

reaction conditions (toluene, 80-130 °C, 17-70 thAwithout BnOH).

0]

‘ﬁ)\o 15,16 or 18 o J
(0] H
O\H/L««v toluene RO \H/g\o n
80-130 °C, 17-70 h (0]
O with/without BnOH

rac-lactide PLA

Figure 16 : ROP ofrac-lactide initiated by complexes 15, 16 and 18.

Entry Catalyst Monomer BnOH T (°C) Conv. (%) Mees Mn cac  PDI RS
1 15 rac-lactide / 80 <5 / / /

2 15 rac-lactide / 100 41 5904 3840 1.13 0.59
3 16 rac-lactide / 80 10 1440 1295 1.10

4 16 rac-lactide / 130 39 5616 2139 126 031
5 18 rac-lactide / 80 45 6480 4621 1.12 0.56
6 1¢° rac-lactide / 80 95 13680 8978 1.09

7 18 rac-lactide 5 80 16 461 408 1.01

Polymerization conditions : 100 eq. of monomer, fidmer}, = 1 M, Toluene, 17 h® Calculated using Nkneo=
[Monomer]y/[BNOH] g X MionomerX Conv”Measured by GPC in THF (30 °C) using PS standards@rrected
by the appropriate correcting factor (0.58)¢ Determined by'H NMR experiment¥ ¢ [Monomer, = 1 M,
Toluene, 70 h.

Table 3 : Results of the ROP ofac-lactide using complexes 15, 16 and 18 as initiatar
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Complex15 is hardly active at 80 °C and a temperature of DG required for any decent
rac-lactide ROP activity (41 % conversion to PLA, 17190 °C) éntries 1-2 Tab. 3). The PLA
chain length does not match the theoretical vaduggesting transesterification reactions as the ROP
proceeds. The obtained PLA is isotactic-enriched=<®.59, see figure 1 in the exprimental section).
As a comparison, Feijen et al. obtained an isatatéreoblock PLA (R= 0.92) using an isopropoxide
complex bearing the Jacobsen ligand (70-130 °G} 8a¥s, PDI = 1.04-1.37.

Complex16, which contains the spacer OGJHBDMS, is less active than specigs (39 %
conversion to PLA, 17 h, 130 °Gartries 3-4 Tab. 3). It is inactive at 100 °C. Once again, the chain
length does not match the theoretical value, wihiéepolydispersity remains relatively narrow (PDI =
1.26) although a bit broader than that with comgdlBxThis can be explained by the higher heating
temperature o6 compared td.5, which may favor transesterification reactionssrdasing the chain
length and increasing the polydispersity. Furtheema@and remarkably, the obtained PLA is
heterotactic-enriched ¢ 0.39, i.e. P=0.61, see figure 2 in the experimental section).

Complex18 yielded the best ROP results, with a ROP procegdirB80 °C (45 % conversion
to PLA, 17 h, 80 °C). The conversion is nearly ditative within 3 days, but the chain length is
shorter than the theoretical valwn{ries 5-6 Tab. 3). However, the polydispersity is very low (PDI =
1.09-1.12), and the obtained PLA is isotactic-dmeit (B, = 0.56, see figure 3 in the experimental
section). Adding some amount of alcohol in ordeathieve a better control of the ROP process,
significantly slowed down the reaction since thevarsion decreases from 45 % to 16 éatfy 7,
Tab. 3).

The GPC spectrum of the PLA produced with initiat® shows a monomodal and well-
defined polymer, exhibiting narrow polydispersityid. 17), which further confirms the controlled

character of the ROP.
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Figure 17 : SEC traces of isolated PLA prepared vi&ROP of rac-lactide by the (salen)Al-OBn complex 18.

(Conditions : 100 equiv. ofrac-lactide, 80 °C, toluene, 45 % conversion, 17 h).

Kinetic studies carried out for the (salen)Al-OBomplex18 are all consistent with a ROP

proceeding in a controlled manner. In particuldinear correlation between the,Ntorrected) value

of the formed PLA and the monomer conversion dutivgpolymerization reaction is observéag(

18), showing that the polymer chain grows linearlyhathe conversion. The first order kineticrarc-

lactide also agrees with a controlled ROP prodess 19).

10000
M, (g.mol )
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Figure 18 : Plot of M, as a function of the time in the ROP ofac-lactide using the (salen)AI-OBn complex

18 as an initiator. (Conditions : 100 equivalentsfarac-lactide (vs 18), fac-lactide], = 1 M, toluene, 80 °C).
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In(M,/M)

O T T T T T T t lh] 1
0 10 20 30 a0 50 b0 /0 80

Figure 19 : Plot of In(My/M) as a function of time in the ROP ofrac-lactide using the (salen)Al-OBn
complex 18 as an initiator. (Conditions : 100 equidents of rac-lactide (vs 18), fac-lactide]o = 1 M,

toluene, 80 °C).

The MALDI-TOF spectrum of the prepared PLA agreéth a linear PLA bearing an OBn
group at the end of its chain and substantial éstesification reactions during the ROP procésg. (

20-21).

Ik S|

ALY

Tomn e R Y 1O 1 Tadn Tt g
Figure 20 : The 3500-3900 atomic unit (a. u.) regmoof the MALDI-TOF spectrum of the PLA prepared
by ROP of rac-lactide initiated using the (salen)Al-OBn complexl8. (Conditions: 100 equivrac-lactide,

[rac-lactide]y = 1 M, toluene, 80 °C, polymer isolated at 45 % cwersion to PLA).
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Figure 21 : Zoom-in of the MALDI-TOF spectrum of the PLA prepared by ROP ofrac-lactide initiated

using the (salen)Al-OBn complex 18. (Conditions: IDequiv. rac-lactide, [rac-lactide], = 1 M, toluene, 80

°C, polymer isolated at 45 % conversion to PLA).

Altogether, these polymerization data agree wjbcges18 polymerizing rac-lactide in a
coordination/insertion mechanism. Indeed, it camdigced that the difference between two peaks on
the spectrum is 72 (the mass of one lactic acid) @md not 144 (the mass of one lactide unit),
confirming the presence of transesterification tieas during the polymerizatiorFig. 20). These

detrimental chain transfer reactions also ratiaeatlne shorter chain length (vs theoretical value).

In summary, all three compountlS, 16 and18 are active catalysts for the ROPrat-lactide.
They yield shorter PLA chains than expected andomapolydispersities (PDI = 1.01-1.26). Kinetic
studies performed for complek8 (the most active) and MALDI-TOF spectrometric datee
consistent with a controlled ROP process, yieldimgransesterified linear PLA bearing an OBn
group.

All three catalysts lead to isotactic- or hetecotaenriched PLA, while (salen)Al complexes
bearing no spacer lead to isotactic stereoblock.AlbAs, the presence of spacers significantly tdfec
the stereoselectivity of these Al-salen systeme ihkiersion of the stereoselectivity of compoured

compared to compounds and18 is one of the few examples of stereoselectivitydwobserved
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upon varying the chelating ligand’s substituentsisTclearly illustrates the importance of the gpac
in the present stereocontrolledc-lactide ROP process. The three complexes exhitfierent
alkoxide groups and arms of different nature (ORC¥$OR), both factors possibly influencing the

nature and the level of stereocontrol in these R&@etions’

1.3.5.2. Application of (salen)AlI-OR compountls, 16 and18) in the ROP of TMC.
In view of the interest of the resulting mate@TMC), the salen compound$, 16 and18
were also tested in the homogeneous ROP of TM& 22). The polymerization results are compiled

in table 4 for two given sets of conditions (tolagB0 °C, 17 h, with/without BnOH).

1
0
o 0 15,16 or 18 ’
v t RO O/\/\O 0
oluene
80 °C, 17 h
T™C with/without BnOH PTMC

Figure 22 : ROP of TMC using initiators 15, 16 andl8.

All three compounds led to a nearly quantitatieenersion of 100 equivalents of TMC to
PTMC within 17 h at 80 °Cefntries 1, 3 and 5, Tab. ¥ However, the chain lengths do not match the
theoretical values foll5 and 16 and very high polydispersities are observed (POR)>which is
indicative of a poorly controlled ROP process. fipiove chain length control, alcohol was added to
act as a chain transfer ageentfies 2, 4 and 6, Tab. ¥ No significant change, either regarding the
activity or the chain length control, was observed.

As earlier observed in the ROPrat-lactide, the (salen)Al-OBn compléb8 yielded the best
results (control and activity) in the ROP of TMC @mg the three Al compounds testemtfies 5-6,

Tab. 4).
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Entry Catalyst Monomer BnOH Conversion (%) Mee My, e PDI
1 15 T™MC / 94 9588 14233 2.30
2 15 T™MC 5 100 2040 2588 1.32
3 16 T™MC / 98 9996 14085 2.73
4 16 T™MC 5 100 2040 2547 1.44
5 18 T™MC / 98 9996 9633 241
6 18 T™MC 5 95 1938 1647 1.29

Polymerization conditions : 100 eq. of monomer, fidmer}, = 1 M, Toluene, 80 °C, 17 i Calculated using
M theo= [Monomer]o/[BNOH]o X MnonomerX Conv.” Measured by GPC in THF (30 °C) using PS standard$ a
corrected by the appropriate correcting factor (0,9.76 or 0.88§*
Table 4 : ROP of TMC initiated using complexes 1516 and 18 as initiators.
The GPC spectrum of PTMC derived from the ROP Bceesl8 features a monomodal and
well-defined polymer, with a narrow polydispersitiyig. 23, while the MALDI-TOF data of the

prepared PTMC agree with a linear polymer bearm@®Bn group at the end of its chakfid. 24). As

expected, the difference between two peaks onpibetrsim is 102 a. u. (the mass of one TMC unit).
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Figure 23 : SEC traces of isolated PTMC prepared @ ROP of TMC initiated by the (salen)Al complex 18.

(Conditions: 100 equiv. of TMC, 5 equiv. BnOH, 80 °C, toluene,®% conversion, 17 h).
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Figure 24 : Zoom-in of the MALDI-TOF spectrum of the PTMC prepared by ROP of TMC initiated using

the (salen)Al complex 18. (Conditions: 100 equiv.MC, 5 equiv. BnhOH, [TMC], = 1 M, toluene, 80 °C,

polymer isolated at 95 % conversion to PTMC).

In summary, all three compounds$, 16 and 18 are active catalysts of the ROP of TMC.

Compoundsl5 and 16 yield longer PTMC chains than expected in conttastompoundl8, where

the observed Mmatch well with the theoretical values. Polydisiig¥s were observed to decrease

upon addition of BnOH (PDI = 2.30-2.73 (absencealwfohol) vs 1.29-1.44). The MALDI-TOF

spectrum registered for compl&g is consistent with a linear PTMC bearing an OBougr.

1.3.5.3. Application of the alkoxide compoui&s16 and18in the ROP o&-caprolactone.

The compound&5, 16 and18 were also tested a&caprolactone ROP initiatorfif. 25. The

polymerization results are compiled in table 5ugole, 80 °C, 17 h, with/without BnOH) and all

polymerization data suggest a well-controlled R@#tess in the presence of an alcohol source.

15,16 or 18 O
toluene RO H

0

80°C, 17 h
caprolactone with/without BhOH

Figure 25 : ROP ofe&caprolactone using initiators 15, 16 and 18.
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Entry Catalyst Monomer BnOH Conversion (%) . MJS M, ac  PDI
1 15 e-caprolactone / 98 11172 16325 1.64
2 15 g-caprolactone 5 100 2280 3075 1.41
3 16 e-caprolactone / 100 11400 12345 1.63
4 16 g-caprolactone 5 100 2280 3351 1.55
5 18 g-caprolactone / 100 11400 17401 1.48
6 18 g-caprolactone 5 70 1596 1442 1.14

Polymerization conditions : 100 eq. of monomer, fidmer}, = 1 M, Toluene, 80 °C, 17 i Calculated using
Mn theo= [Monomer]o/[BNOH]o X MmonomerX Conv. Measured by GPC in THF (30 °C) using PS standaru$ a

corrected by the appropriate correcting factor @)3"

Table 5 : Results of the ROP o&-caprolactone using complexes 15, 16 and 18 as iaibrs.

As earlier observed in the ROPrat-lactide and TMC, the (salen)Al compl&® afforded the
best ROP control (upon BnOH addition) in the ROR-océprolactone among the three Al compounds
tested. Again, the activity of complé8 is lower than those of complex&sand16 (70 % conversion
to PCL vs 100 %), but the chain length matchestlieeretical value and the polydispersity is low

(PDI = 1.14) éntry 6, Tab. 5.
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Figure 26 : SEC traces of isolated PCL prepared vidROP of &caprolactone using the (salen)Al-OBn
complex 18 as an initiator. (Conditions:100 equiv. ofe-caprolactone, 5 equiv. of BhOH, 80 °C, toluene, 70

% conversion, 17 h).
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The GPC spectrum shows a monomodal and well-ce:fipelymer, exhibiting narrow
polydispersity Fig. 26), while the MALDI-TOF data of the prepared PCL egg with a linear
polymer bearing an OBn group at the end of itsrtif@ig. 27). It can be noticed that the difference

between two peaks on the spectrum is 114 a. unféss of one-caprolactone unit).
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Figure 27 : Zoom-in of the MALDI-TOF spectrum of the PCL prepared by ROP of &caprolactone
initiated by the (salen)AlI-OBn complex 18. (Condithns: 100 equiv.&caprolactone, 5 equiv. BnOH, &

caprolactone} = 1 M, toluene, 80 °C, polymer isolated at 70 % cwersion to PCL).

In summary, all three compound®, 16 and 18 are active catalysts of the ROP &f
caprolactone. Complexd$ and16 yield higher PCL chains than expected and higlygispersities
(PDI = 1.41-1.64). The syste@8/BnOH allows the obtention of a linear polymer legran OBn

group, and exhibiting controlled chain length aagrow polydispersity (PDI = 1.14).

I.3.6 Deprotection of the spacers.

After having tested compound$, 16 and18, we aimed at the deprotection of the spacers for

subsequent grafting on a Merrifield resin or siliEay. 4).%°
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1.3.6.1. Deprotection using tetrabutylammonium ffide (TBAF).

The most widely used reagent to deprotect a sttyér moiety is TBAE>? with the formation
of a very strong Si-F bond being the driving forthus, an alcoholate function may be recovered on
the spacer after deprotection. However commercialigilable TBAF is a tri-hydrate. Thus, the
synthesis of anhydrous TBAF ((BY', F as described) has been envisaged according teratiire

procedure depicted in figure 38.

1/3 CN
F I F F e
THE : N/\/\ + 1/3
N , o ® NC CN
© -78°Ct0-15°C |
CN i 4h F
o C)

TBACN TBAF

Figure 28 : Synthesis of anhydrous TBAF.

Yet, we were unable to reproduce the synthesianbfydrous TBAF. Instead, we attempted
drying commercial TBAF, under high vacuum (40 °Cdays)®’ Heating it higher can lead to the
decomposition of the salt to tetrabutylammonium lubifide, tributylamine and 1-butef.
Unfortunately, théH NMR spectrum of the product using this procecshewed that the TBAF was
not completely dehydrated, with the presence ofe@ivalents of water per TBAF, that could not be
further removed (as Cox et al. report&dndeed, as fluoride is such a strong hydrogen lzmueptor,
it is near impossible to totally dry hydrated saespl Thus, it nevertheless was used “nearly
anhydrous” Fig. 29 but the reaction betwedr and “nearly anhydrous” TBAF led to the complex’s
hydrolysis, as observed By NMR (presence of the Ph-OH signals). Thus, thallsamount of water
in TBAF was certainly sufficient to cause this depdexation, showing how important it is to work

with extremely anhydrous reactants for this detata reaction.



Synthesis of salen-supported aluminium complexesubsequent attachment to a solid support
cyclic esters/carbonates polymerization acti

t t f t
Bu \( Bu “anhydrous" TBAF B Y 5
19 o) t
O\(,)/O Bu - R Or.©0 Bu
TBDMSC AL Al
=N N= =N N=
16

Figure 29 : Attempted procedure used to deprotecte spacer using “anhydrous” TBAF.

1.3.6.2. Deprotection using potassium fluoride (KF)
Potassium fluoride (KF) can also be used to deptaiéyl ethers in an anhydrous fashith.
KF is an anhydrous salt. It is insoluble in orgasiwtvent, but crown ether can complex the potassium

and the resulting entity is soluble in polar and-polar aprotic solvent§. Thus, a “naked” fluoride

can react with the silyl protecting grougid. 30).

\ I /
TBDMSO i ; 18-crown-6
= > KO

toluene 25 °C

16
Figure 30 : Attempted procedure used to deprotecthe spacer of complex 16 using a “naked” fluoride.

Several reaction conditions were tested (readéomperature, time or concentration), but a

degradation of the product was systematically oleserThus, the deprotected compound could not be

prepared.

1.3.7  Other approaches for the spacers deprotecin.

1.3.7.1. Modifying the spacers protecting group.

Replacing the protecting group (i.e. the bulkiB8Me,) for a less hindering one, easier to

remove, was attempted. Thus, the reaction of contewith triethoxysilane (a much smaller group
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than TBDMS), in the presence of Grubbs catalystd%nol%) was performed according to an adapted
literature procedureF{g. 31).*° Although several conditions were tested (modifythg catalytic
amount of the Ru catalyst, the temperature, timd aoncentration), complicated mixtures of

compounds were systematically obtained.

'Bu Bu (EtO);SiH 'Bu ‘Bu
HO Grubbs Catalyst  (OEt);Si—O
OH HO Bu %, OH HO Bu
—N N

=N N=
10

Figure 31 : Attempted procedure used to protect copound 10 with triethoxysilane.

1.3.7.2. Modifying the spacers end group.

The synthesis of a salen ligand bearing a chlegitibed spacer was also studi€ig( 32).
This type of ligand can potentially be grafted ofbl-functionalized polystyrene (Wang resiff).
The synthesis of such ligands was expected to pbes those of compounds5 and7 (Fig. 7).

However, the expected product could not be obtaimadpure form.

4, 25 °C
—N N=
OH HO
2) 2, CH2CI2, NEts,
4h,25°C

Figure 32 : Attempt to synthesize a salen ligand laging a chloride spacer.

1.3.7.3. Perspectives : modifying the synthesighauwnlogy.

Since the spacers of salen-Al complexes could bt deprotected, another synthesis
methodology should be thought about. As highlightdxbve, the future work in this area in the
laboratory will focus on supporting the salen lidaior to complexation to AlFig. 33. The lack of

time precluded me from carrying out this work mysel
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Cl

t
Bu Solid support :

Bu
@ Q oH HO - Merrifield resin @ Q OH HO Bu
=N N=

2)NaH, -78 °C -
3) N-methyl- <:§
pyrrolidinone

Supported salen ligands

Al(O'Pr),
80°C, 15 h

tBUY’Bu
(0]
@ Q O\A|\I/O Bu

AN
o)

Resulting supported initiator

Figure 33 : New methodology for the synthesis of pported (salen)aluminium catalysts, taking the

example of the Merrifield resin support.

[.3.8 Conclusions.

Despite the thus far unsuccessfull grafting of #yathesized (salen)Al complexes, these
studies brought to light the fact that the funciilmed arms on the salen backbone could be
detrimental to the stereoselectivity of the RORtiea. Thus, the obtained PLA are less isotactmth
those reported in the literature for related (Sg@enomplexes but bearing no functionalized armse T
inversion of the stereoselectivity of compouricompared to compound$ and18is one of the few
examples of stereoselectivity switch for a giveh afemetal-chelate species, clearly illustrating th

importance of the chelating ligand bearing the sp@on the ROP stereoselectivity.
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|.4. Résumé.

De nouveaux ligands salen portant des bras fon@itsés par des alcools terminaux ont été
synthétisés. Les bras ont été protégés afin degtgaria complexation sur I'aluminium ce qui a

permis I'obtention de trois complexes (salen)Ab( 34).

15 R = OTBDMS 18 : R = CH,OCH,CH,OTBDMS
16 : R = CH,OTBDMS X = OBn

Figure 34 : Complexes (salen)Al portant des bras pitégés synthétisés et testés en ROP d’esters/caratmn

cycliques ¢ac-lactide, e&caprolactone, TMC).

Ces complexes ont été testés avec succes enuaitiateurs de ROP deac-lactide, d&-
caprolactone et de TMC en milieu homogémah( 6-8). Le complexel8 est le plus performant, en
termes d'activité et de controle de polymérisati@ontrle de longueur de chaines, faible
polydispersité). Dans le cas dac-lactide, du PLA modérément isotactique ou hététimae a été
obtenu, contrairement au PLA purement isotactiqéeéeblock reportés dans la littérature mais formé
en utilisant des complexes (salen)Al non fonctidisga. L'inversion de stéréosélectivité observée en
ROP derac-lactide entre les complexekt et 15 et 18 est un des rares exemples de ce type
d’inversion, illustrant clairement I'importance tigand chélatant portant les bras fonctionnaligés s
la stéréorégularité du PLA formé. Les trois compkexprésentent des groupements alkoxydes
différents ainsi que des bras de différentes longuet nature (OR vs GAR), ce qui peut étre crucial

pour la nature et le niveau de stéréocontrole deéactions.
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Entrée Catalyseur Monomére BnOH T (°C) Conv. (%) nM¢ M, e PDI RS

1 15 rac-lactide / 80 <5 / / /

2 15 rac-lactide / 100 41 5904 3840 1.13 0.59
3 16 rac-lactide / 80 10 1440 1295 1.10

4 16 rac-lactide / 130 39 5616 2139 1.26 031
5 18 rac-lactide / 80 45 6480 4621 1.12 0.56
6 18 rac-lactide / 80 95 13680 8978 1.09

7 18 rac-lactide 5 80 16 461 408 1.01

Conditions de polymérisation :

100 équiv. de monemfMonomere} = 1 M, Toluéne, 17 h? Calculé en

utilisant M, neo = [Monomerel/[BnOH]y X Mmyonomere X Conv.? Mesuré par GPC dans le THF (30 °C) en
utilisant des standards PS et corrigé par le factrrectif approprié ° Déterminé patH NMR.% [Monomére},
=1 M, Toluéne, 70 h.

Tableau 6 : Résultats pour la ROP deac-lactide initiée par les complexes 15, 16 et 18.

Entrée Catalyseur MonomereBnOH Conv. (%) M tee My, e PDI
1 15 T™MC / 94 9588 14233 2.30
2 15 T™MC 5 100 2040 2588 1.32
3 16 T™MC / 98 9996 14085 2.73
4 16 TMC 5 100 2040 2547 1.44
5 18 T™MC / 98 9996 9633 241
6 18 TMC 5 95 1938 1647 1.29

Conditions de polymérisation : 100 équiv. de momem@lonomeére} = 1 M, Toluéne, 80 °C, 17 H Calculé
en utilisant M heo= [Monomeére}l/[BnOH]o X MyonomereX Conv.? Mesuré par GPC dans le THF (30 °C) en

utilisant des standards PS et corrigé par le facerectif approprié.

Tableau 7 : Résultats pour la ROP dé-caprolactone initiée par les complexes 15, 16 8.1
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Entrée Catalyseur Monomére BnOH  Conv. (%) My theo Mn,camb PDI

1 15 g-caprolactone / 98 11172 16325 1.64
2 15 g-caprolactone 5 100 2280 3075 1.41
3 16 e-caprolactone / 100 11400 12345 1.63
4 16 g-caprolactone 5 100 2280 3351 1.55
5 18 e-caprolactone / 100 11400 17401 1.48
6 18 e-caprolactone 5 70 1596 1442 1.14

Conditions de polymérisation : 100 équiv. de monem@ionomeére} = 1 M, Toluéne, 80 °C, 17 i Calculé
en utilisant M sheo= [Monomeére}/[BnOH]o X MyonomereX Conv.? Mesuré par GPC dans le THF (30 °C) en
utilisant des standards PS et corrigé par le facerectif approprié.

Tableau 8 : Résultats pour la ROP du TMC initiée pales complexes 15, 16 et 18.

Les tentatives menées afin de déprotéger les deases complexes n’'ont pas abouti aux
produits désirés. Cette déprotection est essantidith de retrouver des bras fonctionnalisés par de
alcools terminaux pour les greffer sur un suppolids. Ces entités supportées pourraient alors étre
testées en ROP dac-lactide en milieu hétérogéne, afin de conduirea stéréocomplexes de PLA,
qui sont les PLA présentant les meilleures pro@siéthermiques et mécaniques actuellement.

L'approche doit étre revue, et le greffage desnlifgasur un support solide devra précéder la

complexation sur I'aluminiumFjg. 35.
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cl
1)

t
tBu Bu

¢
tB Bu
! Support solide : t
@ Q OH HO - résine de Merrifield @ O OH HO Bu
=N N= —N N=—

| 2) NaH, -78 °C -
3) N-methyl- <:§
pyrrolidinone

Ligands salen supportés

Al(O'Pr)5
80°C, 15h
tBuY‘Bu
()0
0 (6] O tBU
A
=N “N=

Initiateur supporté résultant

Figure 35 : Nouvelle méthodologie envisagée pour $ynthése de catalyseurs (salen)Al supports, en

prenant I'exemple d’une résine de Merrifield en tam que support solide.
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Synthesis and structural characterization of ndly&,N-supported tetracoordinate group 13 comple
exhibiting distorted geometryh

ll. Synthése et caractérisation structurale de nousaux complexes
tétracoordonnés du groupe 13 présentant une géomérdistordue, fixés sur

des ligands de typdN,O,N.

Abstract

Novel N,O,N-supported tetracoordinate aluminum aadlium complexes have been synthesized
according to simple procedures and structurally reteéerized. Except for complex@&sand 9, they
consist of four coordinate Al or Ga species effestyiz*(N,0,N)-chelated by the dianionic diamido-
amino ligand, forcing the metal center to adoptistatted tmp geometry. This particular destabilized
geometry allows these catalysts to exhibit an iaseel reactivity, which is of interest in catalysis.
Importantly, the solid-state data of these compsumdicate the presence of an apical vacant site
ideally disposed for coordination to the Lewis angidtal center. From a structural point of view, the
Ga species represents the first X-ray characterized compoimdvhich a four-coordinated Ga
center adopts a clear-cut tmp geometry. Complé&gesnd 11 exhibit short contacts between fluorine

atoms and the metal centers, certainly due tortbeeased Lewis acidity of the metal center.

[1.1. Introduction

I1.1.1 Les ligands pinceurs en chimie organométatjue.
De nos jours, les ligands chélatants ou pinceorgerjt un réle important en chimie

organométallique et en catalyse homogeris. sont capable de promouvoir un large panel de



Chapter Il

transformations chimiques comme, par exemple, Fbgdnation de cétorfeu d'oléfines’ la
reaction d’hydroaminatioh,de cyclopropanatioh, I'activation de liaisons C-H, C-O ou C<C,
I'addition oxydanté, la réaction de Diels-Ald€rdes réactions de couplabls polymérisation de 1-
hexéné et d’éthylén& ou la polymérisation par ouverture de cycle (R@®) oxyde de propyleré

et d’esters cycliquesdc-lactide, scaprolactonej-** lls sont souvent utilisés en tant que partie d’'un
systéme chélatant pour stabiliser des espéces $e alence ou pour obtenir des géométries non
ordinaires’™® Les complexes métalliques & base de ligands pisgeossédent une balance unique
entre stabilité et réactivité. Cette derniére pite contrélée par une modification systématique du
ligand ou une variation du centre métallique, cepguit conduire a une augmentation de la réactivité

du complexe métallique ainsi que de sa stabilitheds sélectivité de la réaction.

11.L1.2 Utilisation de ligands pinceurs chélatantsN- et O- pour fixer et stabilizer des
centres métalliques du groupe 13.

Les composés organométalliques du groupe 13 k#énigl fixés sur des ligands chélatant
multidentesN- et/ouO, comme les ligands salen et salan, ont été langeétadiés et ont trouvé de
nombreuses applications en catalyse homogéne allanta promotion de reactions organiques
assistées par un acide de Lewis varies a la catdlysgpolymerization de monomers polaires (esters
cycliques, epoxydes) (voir I'introduction générdfe'y
Les catalyseurs efficacies bien définis & base d@mum du groupe 13 développés jusqu’a présent
consistent majoritairement en des especes penttmuodes ou plus du type Hy)MX'or
(LXo)M(X)(LN.* En effet, dans de tels complexes, le haut degréatedonnation du centre
métallique et la formation de chélates robustesyda (L,X,)M assurent typiquement une excellente
stabilité et défavorisent la formation d’aggrégaas désirés. Malgré leur bonne réactivité en géaéra
et donc leur intérét en catalyse, les espécesddénies faiblement coordonnées (< 4) du groupe 13
n’'ont trouvé que peu d’'applications jusqu’a prestarts ce domaine, ce qui est certainement di a leur

stabilité limitée (dans des solvants polaires epmtiques par exempléd:*®

De plus, la propension
bien connue de telles espéces électrophiles a fordes aggrégats (par divers modes de

liaison/pontage) complique souvent leur chimie alerdonnation et leur isolation sous forme pure.
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11.1.3 Complexes tétracoordonnés constraints du gupe 13 forgcant le centre métallique
dans une géométrie distordue.

Bien que peu étudiés, les complexes tétracoordoomgstraints d’Al(lll) fixes sur un ligand
LXdianbionique congu de maniére a forcer le centrmlii|ie dans une géométrie de coordonnation
trigonale-monopyramidale (tmp) (par rapport a sanggtrie tétraedrique classiguement préférée) ont
été démontrés étre des catalyseurs acide de Ld¥iisces pour la promotion de nombreuses
transformations asymmétriquega(iche Fig. 1)."'*® De tels complexes d’Aldfoite, Fig. 1) ont
également été reporté une fois comme étant dedoosceurs de la ROP dac-lactide et de I'oxyde

de propéne, bien qu'avec de faibles activité etréber!

’Pr

N/} \\ /w
f/N/,

| |1||N '“N

/ T / R

X X

X =alkyl, halogéne X = alkyl, halogene
R = Me, Bn R, R' = alkyl, silyl, Bn

Figure 1 : Catalyseurs d’Al acides de Lewis efficaes pour des transformations asymmeétriques.

Energie |« |«
—AlL —AlL
R R
+ RCOH
+RCOH
an
Al tétracoordonné possédant N~ T¢ N/j
une géometrie tmp Tt N_A\| | o N~ A'|,,,/N Complexe d'Al tétraédrique classique
—Al’
M \
© O T  Me Tf

Figure 2 : Acidité de Lewis impose par le ligand das les complexes d’Al(ll1).
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La réactivité augmentée de tels complexes d’Al fystemes tétraédriques d’Al) provient
d’'une géométrie distordue déstabilisante imposéd gr@hitecture du ligand, résultant en un centre
métallique plus acide de LewiBig. 2).1%°

Cependant, en comparaison a des systémes us@ktealtifs, qui requiérent typiquement un
centre métallique faiblement coordonné (< 4) pawg activation acide de Lewis et don't la stabilité
limitée et la tendance a former des aggrégats §@guemment problématiques, les chélates
d’aluminium tétracoordonnés distordus peuvent éfaxilement accessibles (sous forme
mononucléaire) et fournir une meilleure protectstérique du centre métallique acide de Lewis, et

donc une meilleure stabilité. De telles entitésveati donc posséder une balance réactivité/stabilité

convenable, intéressante en catalyse.

1.L1.4 Projet.

Sur ces bases et d’apres le contexte dévelopdéssids, nous nous sommes intéressés au
développement de nouvelles familles d’acides deisé@racoordonnés du groupe 13 dans le but de
tester leur potential dans la catalyse de polyratos de monomeéres polaires. Le ligaN@D,N
potentiellement tridente bis(amido)-éthdrdite, Fig. 3) apparait convenir afin de forcer le métal dans
une géomeétrie de coordonnation trigonale-monopyatai(tmp). Il semble également approprié pour
la synthese de nombreux complexes d’aluminium défimis car sa nature stérique peut étre aisément
modifiée via le substituant NR. De plus, I'atome d'oxygene central peut fournireustabilization
électronique supplémentaire du centre métallidubdlchélaté Al et donc défavoriser I'aggrégation.

Il faut noter que ce type de ligands a été démoatré efficace pour des métaux a haut degree
d’oxydation et oxophiles du groupe%.

De récentes etudes montrent que, malgré leuefaittivité, I'avantage des especes aluminium
réside dans le caractére stéréocontrdlé des R@&seimment induites par elldl réside également
dans le fait que I'aluminium est une source méfadi peu onéreuse. Contrairement aux espéeces d’'Al,
les analogues de gallium ont été trés peu étudiruja present en tant qu'amorceurs de ROP de
monomeres cycliques. Malgré leur acidité de Levis faible et leur colt supérieur (par rapport aux

espéeces d’aluminium), les espéces de gallium s@atmoins intéressantes car elles sont plus stables
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et biocompatibles que les dérivés d’aluminiumsti@onc intéressant de comparer ces deux métaux en
tant qu’amorceurs de ROP car leurs performancegytigues en ROP peut grandement varier,
impactant directement les propriétés physiques aliémau résultant.

Ce chapitre traite de la synthése et la caraetéis structurale de nouvelles especes
tétracoordonnées du groupes 13 fixées sur dediigda typeN,O,N(gauche Fig. 3). Leur utilisation
ultérieure en tant qu'amorceur (en présence/absdhuoe source d’alcool) pour la ROP d'esters

cycliques fac-lactide, &caprolactone) et de carbonates cycligues (TMCh s#iscutée dans le

O ; (0]
/N‘

prochain chapitre.

_N _N N.
R™ ™S\ R R'@ ©R
|
X
R= Cy, C5H9, Tf, CGF5
X= Me, NMez, OBn R= Cy, C5Hg, Tf, CGF5
M= Al Ga

Figure 3 : Ligands de typeN,O,N et complexes tétracoordonnées du groupe 13 fixés sles ligands de

type N,O,N.

[1.2.  Carried-out research work.

11.2.1 Synthesis ofN,O,N ligands bearing different substituents.
First of all, four N,O,N ligands (a-d) bearing differentN-substituents were synthesized.
BesidesN-alkyl substituents, more electron withdrawiNgsubstituents (CJS0O,, GiFs) have been

introduced so that to increase the Lewis acidityhef metal center in the derived metal complexes

(Fig. 4).
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Zn/CH;COOH [ R

. /
70 °C, 40h NH
72 %
@ :

0]
(), ht
R
1a: R = CgHy4
2 OZO 1b : R = CgH,

Figure 4 : Synthesis of theN,O,N ligands 1a and 1b bearing six- and five-memberedg groups.

The syntheses dfa and1b were carried out using identical proceduréig(4).'? It consists of
a condensation between commercially available @&dianiline and an appropriate ketone derivative
(two equivalents of cyclohexanone or cyclopentah¢aectic acid, 70 °C, 40 h). Proligantsandlb
were isolated as colorless oily products in goaddg (72 %).

The bis-triflate ligandlc was prepared via a modified literature procefuaed involved a
nucleophilic substitution reaction between 2,2’-gianiline and trifluoromethanesulfonic anhydride
(two equivalents) to introduce two triflate groups the nitrogen atoms (dichloromethane, 25 °C, 16
h) (Fig. 5). First, one moiety of the trifluoromethanesulforanhydride reacts with thid,O,N-H,

proligand and a subsequent deprotonation by tliethipe yieldslc as a white solid (63 % yield).

0. SFs
s
/ O
25°C, 16h, 63 %
O O
2 O\\ /O\ //O
- ~ NH
NH> F4C &4 CF, \ o
O;S’
CF3
1c

Figure 5 : Synthesis of theN,O,N ligands 1c bearing two triflate groups.

Finally, the synthesis of the diamino-ether ligatdl (CsFs-HN,O,NH-C¢Fs) involved the
reaction of the diamido dilithio salt fJO,NH]Li, with two equivalents of &% (Fig. 6). Thus, the

salt 2 (Fig. 6), generated in situ from LiN(SiMg and N,O,N-H,, was found to react with
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hexafluorobenzene to yieltld as a colorless oil (46 % yield). The mono-substduproduct, i.e.
H,N,O,NH(C¢Fs), was also isolated as a side product (52 % vyiel,6), which explains the moderate

yield in the desired produdt.

NH,
LiN(SiMe,)s (4.5 eq.)

NH,

o
-

F
F F
F
THF,
F 25°C, 72 h
F F
O o
+
asy o
e | Oy
F F F F
52 % F F
1d, 46 %

Figure 6 : Synthesis of theN,O,N ligands 1d bearing two GFs groups.

11.2.2 Synthesis and structural characterization & N,O,N group 13 (Al, Ga) complexes.

[1.2.2.1 Synthesis and structures
The ligandsla-d were then reacted with aluminium and gallium prsots to yield well-

defined andN,O,Nsupported Lewis acidic group 13 complexes.
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As illustrated in figure 7, the derivediO,Nsupported Al and Ga amido specéeand5 may
be readily prepared in good yields (51-60 %) viaaarine elimination route by reaction of ligahd
with one equivalent of AI(NMg; or Ga(NMe); (the latter precursors were synthesized in extelle
yields by reaction of AlGlor GaC} with 3 equivalents of LiNMg Fig. 7, top);"*° In these reactions,

the amine elimination (HNMg# is the driving force of the reaction.

6 LiNMe, M, (NMe,)s

pentane 3a: M=Al 88 %
M=Al,Ga 25°C, 5days 3b:M=Ga, 80 g/o

2 MCly

3a,b N
NH 2 :
M= Al, Ga O—M—=NMe,
0 ~
Toluene, 100 °C N
< § 1-3 days
NH - 2 HNMe, b
1b : 4:M=Al60%
| 5:M=Ga, 51 %

Figure 7 : Synthesis oN,O,N-supported Al and Ga amido complexes 4 and 5.

Single crystals suitable for X-ray analyses wexeng for compoundd and5. As illustrated
in figures 8 and 9, complexdsand5 indeed consist of four coordinate Al or Ga speeiisctively
n3(N,0,N-chelated by the dianionic diamido-amino ligandrcing the metal center to adopt a
distorted tmp geometry. The nitrogen atoms of thekbone and the NiMe, group (defining the
pyramidal base) are thus nearly coplanar with tietéai(sum of the N-AI-N angles : 356.84 ° (Al),
358.72 ° (Ga)). All bond lengths are as expectedpdrticular, with all Al- and Ga-N amido bond
distances lying within the typical range (1.83-1480for such bond$ Notably, the Al(1)-N(3) and
Ga(1)-N(3) bond distances (1.784 (1) A and 1.81&({pre significantly shorter, which most likely
reflects the ionic contraction of the Al(1), Gagir)d N(3) radii due to the polar character of thteta

bond?
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[HL] b

Figure 8 : Molecular structure of the Al amido spe@s 4. Hydrogen atoms are omitted for clarity : (a)
front view; (b) side view. Selected bond lengths (A) and angles (deg): Al(@)N- 1.834(1), Al(1)-N(2) =
1.828(1), AI(1)-N(3) = 1.784(1), AI(1)-O(1) = 1.968; N(1)-Al(1)-N(2) = 125.00(6), N(1)-Al(1)-N(3) =

116.11(6), N(3)-Al(1)-N(2) = 115.73(7), N(3)-Al(X)1) = 115.72(6).

/TN 4)
)
-

[}
Figure 9 : Molecular structure of the Ga amido speies 5. Hydrogen atoms are omitted for clarity: (a)
front view; (b) side view.Selected bond distances (A) and angles (deg)1)@¥() = 1.877(2), Ga(1)-N(2) =
1.891(2), Ga(1)-N(3) = 1.816(2), Ga(1)-O(1) = 2.1¢45); N(3)-Ga(1)-N(1) = 119.16(10), N(3)-Ga(1)-NE

117.92(9), N(1)-Ga(1)-N(2) = 121.67(9), N(2)-GaQ{1) = 82.92(7).
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From a structural point of view, the Ga specdesepresents the first X-ray characterized
compound in which a four-coordinated Ga center tlapclear-cut tmp geometry. Importantly, the
solid-state data of compoundsand5 indicate the presence of an apical vacant sitalliddisposed
for coordination to the Lewis acid metal center. RMolution data for these two complexes are
consistent with a&Cs-symmetric structure under the studied conditio®rf temperature, {Dg), in

agreement with solid-state structural data.

The analogous!,O,N-supported Al methyl comple& may be directly prepared in good yield

(63 %) via a methane elimination route by reactbhigand 1a with one equivalent of AIMg(Fig.

0O ol

10).

N

NH z
AlMes 0—Al—=Me
o g :
Toluene, 120 °C N
NH 5 days
\< -2CH,
6 63%

1a

Figure 10 : Synthesis olN,O,N-supported Al alkyl complex 6.

Single crystals suitable for X-ray analyses wdse grown for compoun@. As illustrated in
figure 11, it also consists of a four-coordinate 9iecies effectively;’(N,O,N-chelated by the
dianionic diamido-amino ligand, forcing the metanter to adopt a distorted tmp geometry. The
nitrogen atoms of the backbone and theM&-group (defining the pyramidal base) are thus wgearl
coplanar with the metal (sum of the N-Al-N and N-@langles : 356.2 °). All bond lengths are as
expected, in particular, with all AI-N amido bonistances (1.84-1.85 A) as well as the Al-C(1) bond
distance (1.948 (3) A) lying within the typical g for such bonds. Notably, similarly to
compoundst and5, the solid-state data of compou@dndicate the presence of an apical vacant site

ideally disposed for coordination to the Lewis agidtal center. NMR solution data for this complex
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are consistent with &-symmetric structure under the studied conditiosnsrf temperature, {Dg), in

agreement with solid-state structural data.

Figure 11 : Molecular structure of the Al alkyl species 6. Hydrogen atoms are omitted for claritySelected

bond lengths (A) and angles (deg) : Al-N(1) = 1.@38AI-N(2) = 1.854(2), Al-C(1) = 1.948(3), Al-O

1.937(2); N(1)-Al-N(2) = 122.3(1), N(1)-Al-C(1) =1B.4(1), C(1)-Al-N(2) = 115.6(1), C(1)-Al-O = 117X).

The benzyloxide comple8 was prepared in a moderate yield (44 %) via awohalysis

reaction (BnOH, 1 equiv.) of the Al amido spedle§ig. 12). Numerous attempts to prepare the Ga

analogue remained unsuccessful.

/C> Q /Q Br@\,@

BnOH

O—/;_}I—-NMez 1/2 O_'?‘I\ / H

Toluene, 80 °C =
\Q - HNMe, \Q

Figure 12 : Synthesis ofN,O,N-supported Al alkoxide complexe 8.

Wz
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Unlike the amido and methyl analogues, compd8iigla dimer in the solid state, as depicted
in figure 13. This illustrates the well-known tendg of oxophilic metals (such as Al and Ga) to

aggregateria oxygen bridges when possible.

Figure 13 : Molecular structure of the Al alkoxide species 8. Hydrogen atoms and the Ph groups of thd¢
OBn moieties are omitted for clarity. Selected bond lengths (A) and angles (deg) : A@) = 1.870(3),
Al(1)-N(2) = 1.846(3), Al(1)-O(1) = 2.027(2), Al(AD(2) = 1.858(2): Al(1)-O(4) = 1.878(2), Al(2)-N(3}
1.857(3), Al(2)-N(4) = 1.835(4), Al(2)-0(2) = 1.8(@, Al(2)-O(3) = 2.016(2), Al(2)-O(4) = 1.860(2N(1)-
Al(1)-N(2) = 120.4(1), N(1)-Al(1)-O(1) = 81.8(1), M)-Al(1)-O(2) = 115.2(1), N(1)-Al(1)-O(4) = 106.1,
N(2)-Al(1)-O(1) = 82.7(1), N(2)-Al(1)-O(4) = 104.3), O(1)-Al(1)-O(2) = 86.4(1), O(2)-Al(1)-O(4) = 7(1),
N(3)-Al(2)-N(4) = 121.0(1), N(3)-Al(2)-0(2) = 103(D), N(3)-Al(2)-0(3) = 82.2(1), N(3)-Al(2)-O(4) =
116.9(1), O(2)-Al(2)-0(4) = 77.2(1), O(4)-Al(2)-O(Z 89.2(1), O(3)-Al(2)-N(4) = 83.4(1), N(4)-Al(Z)(2) =

104.0(1).

Albeit five-coordinated, the metal center onceilagaopts a distorted-tmp geometry (sum of
the N-AI-N and N-AI-O angles = 354.6 ° (Al(1)) aB84.8 °C (Al(2))), resulting in a five-coordinated
n%(N,O,N-chelated Al center. The oxygen of the ligand tbacie and that of the bridging OBn group

occupy the two apical positions. All bond lengths as expected. NMR solution data for this complex
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are consistent with &,-symmetric structure under the studied conditionsr(y temperature, {Dg),

in agreement with solid-state structural data.

As illustrated in figure 14, the bis-triflatd,O,N-supported Al specieS may be readily
prepared in good vyield (72 %) via a methane elitimnaroute by the reaction of ligands with one
equivalent of AlIMg. This compound bears a THF molecule in its coatiom sphere presumably
because the molecule (NO,N-Tf)AIMe is to Lewis acidic to be stable. Despitetcoordination of
THF and the tetrahedral geometry at Al (and thietively un-constrainedvide infrg), compoundd

was found to be unstable over time in the soliteseven when stored at -35 °C in a glovebox.

N

CFs CF3
0
O%s/ \\S<
o / ~o
Ot O
AlMe; = pTHF
0 O Al
NN
CH,Clo/THF § Me
NH 25°C, 15 h N
/\s _0 -2 CH, \S //o
V7
N &7\
CF3 CFsy
1c \ 9 72%

Figure 14 : Synthesis olN,O,N-supported Al alkyl complex 9.

Despite the low stability of the Al triflate compad 9, single crystals could be grown. This
species does not adopt distorted-tmp geome€igy 5. Indeed, in comple®, the oxygen atom of the
ligand backbone is not coordinated on the metalteteand a THF molecule completes the
coordination sphere of the Al. Thus, the Al centercompound9 adopts a classical tetrahedral
geometry. All bond lengths are as expected angairticular, the Al(2)-C(1) bond is shorter thanttha
of the analogous compourd(1.92 A vs 1.95 A), presumably reflecting the mimeic nature of the
Al-C bond in9 vs 6. As a consequence, the Al center in compaoingllikely to be more acidic than
compound6. The coordination of a THF molecule to the Al @nis certainly necessary for the

obtainment of a stable complex. That coordinatiesults in a tetracoordinate and tetrahedral Al
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center. In comple®, the geometry of the Al center apparently prectudeordination of thé&l,O,N
central oxygen. This is probably due to geometrimahstraints imposed by the formation of the

n%(N,N) Al tetrahedral chelate.

Figure 15 : Molecular structure of the Al alkyl species 9. Hydrogen atoms are omitted for claritySelected
bond lengths (A) and angles (deg) : Al(2)-N(1) 899(4), Al(2)-N(2) = 1.897(5), Al(2)-C(1) = 1.924(4Al(2)-
O(1) = 1.860(3); N(1)-Al(2)-N(2) = 107.9(2), N(1)H{R)-C(1) = 109.9(2), C(1)-Al(2)-N(2) = 122.2(2),(D-

Al(2)-O(1) = 106.8(2).

Finally, similarly to complexe6, 9, 10 and11, the GFs-substituted Al and Ga analoguesto
were prepared in good to excellent yields (53-92b%6a methane elimination reaction between ligand
1d with 1 equivalent of AIMgor GaMg (Fig. 16).

As depicted in figures 17 and 18, compleddésand 11, whose molecular structures were
established by X-ray diffraction studies, also ¢sinsf a four coordinate Al or Ga species effedive
n%(N,O,N-chelated by the dianionic diamido amino ligandrcing the metal center to adopt a

distorted tmp geometry (sum of the N-M-N and N-M=B56.5 A (Al) and 359.3 A (Ga)).
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R F
R F
F ] F
F
N F
NH F
MMe; (M = Al, Ga) O—M—Me
0 2
Toluene, 80-130 °C N F
NH E 1-3 days
-2 CH, F
F
F
F F
1d - F
F 10:-M=Al 92%
M. M=Gabs53%

Figure 16 : Synthesis ofN,O,N-supported Al and Ga alkyl complexes 10 and 11.
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Figure 17 : Molecular structure of the Al alkyl species 10. Hydrogen atoms are omitted for clarity.
Selected bond lengths (A) and angles (deg) : AN@) = 1.874(3), Al(2)-N(4) = 1.842(3), Al(2)-C(50
1.914(5), Al(2)-O(2) = 1.955(4); N(3)-Al(2)-N(4) £17.8(2), N(3)-Al(2)-C(50) = 123.2(2), C(50)-Al(2y¢4) =

115.6(2), C(50)-Al(2)-O(2) = 117.6(2).

Moreover, the Al-Me bond length is shorter in campd 10 than in compoun@ (1.91 A vs
1.95 A), and the Ga-Me bond in compoutidis 1.93 A long. This indicates the more ionic mataf

the AI-C bond in10 vs 6. In addition, both speciel) and11 feature rather short N+ distances (for
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10: Al(2)-F(11) = 3.116 A, Al(2)-F(16) = 2.892 Aof11: Ga(1)-F(1) = 2.770 A, Ga(1)-F(6) = 2.953
A), which are well below the sum of the van der Wahdii for aluminium and fluorine (3.31 A) and
for gallium and fluorine (3.34 A). This clearly idences the presence of short"M contacts,
reflecting the Lewis acidity of the Al and Ga ceasta 10 and11, respectively. Despite the less Lewis
acidic nature of Ga vs. Al, a shorter Ga@j1) vs. Al(2)"F(16) contact (2.770 A vs 2.892 A) is
observed, which may be explained by steric facsinse the Ga core is larger (and possibly less

constrained) than the Al core, this being favorablstronger GaF interactions.

o 2 &
o o »®
F 1

A
. 2 _ga®. .
G Jq Gal .(;25 .. f{;’.‘
c o ’
- . FB ﬁl §
e &
oy

Figure 18 : Molecular structure of the Ga alkyl speies 11. Hydrogen atoms are omitted for clarity.
Selected bond lengths (A) and angles (deg) : Gd(1)-= 1.898(2), Ga(1)-N(2) = 1.923(2), Ga(1)-C(25)
1.927(3), Ga(1)-O(1) = 2.104(1); N(1)-Ga(1)-N(2)1£0.2(7), N(1)-Ga(1)-C(25) = 125.6(9), C(25)-Gal(R)

= 123.5(9), C(25)-Ga(1)-0(1) = 111.9(8).

At room temperature, thé’F NMR spectrum for compoundl shows three signals,
corresponding to three groups of fluorine atomstlimortho, metaand para positions,Fig. 19. It
may be noticed that the signal at -149.5 ppm iy @oad compared to the two others signals. This
may be due to the short contacts betweerotti® fluorine atoms and the metal center or a steyicall

caused restricted rotation of the NFEbonds.
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Figure 19 : *F NMR spectrum (600 MHz, CD,Cl,, 299 K) of the Ga methyl complex 11.

The low temperatur€F NMR spectrum for compourtdl (CD,Cl,, 243 K) shows the splitting
of the fluorine signal at -149.5 ppm (correspondimghe four fluorine atoms in thertho position of
the C-N bonds) into two different signals (at -Digpm and -151.4 ppm), suggesting that two of these
atoms become inequivalent to the two othé&ig.(20). These data are consistent with a restricted
rotation around the N+4Es bonds under the studied conditions, which may e @ : (i) the short
interactions between twortho fluorine atoms and the metal center in compotihdFig. 18); (ii)
steric hindrance. The latter may be ruled out, @splitting is observed on the low temperattife
NMR spectrum for the Al analogue) (CD,Cl,, 243 K), indicating that the &5 groups can rotate
freely. In compoundlLl, the existence of short Gk contacts are likely the source of the observed
patterns as the temperature is lowered. These ehiatdcts also induce a splitting of the signabatb
-164 ppm (corresponding to the four fluorine atamshe metaposition of the C-N bonds) into two
different signals (at -164.7 ppm and -164.5 ppig, 20). The fact that the short contact is weaker in
the case of compoundl0 (compared to compounill) may explain the absence of observable

restricted rotation around the Nj#& bonds on the NMR timescale.
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Figure 20 : *F NMR spectrum (600 MHz, CD,Cl,, 243 K) of the Ga methyl complex 11.

[1.2.2.2 A Ga-mediated unexpected rearrangemetiteofN,O,N ligand backbone.

In contrast to that between compoubaland 1 equivalent of AIMg the reaction between
ligand 1a and 1 equivalent of GaMalid not yield the corresponding four-coordin&t®,N-Ga-Me
species as expected even under harsh reactiontioosdilndeed, after several days of reaction
(toluene, 130 °C) the equimolar reactionldf and GaMe yielded the quantitative formation of the
mono-amido GaMespeciesa (Fig. 21). To promote the reaction completion, a secondvetgnt of
GaMe was thus added and the mixture subsequently h¢mieene, 150 °C, 3 days). However, the
quantitative formation of the peculiar and unexpdalinuclear compound(Fig. 21) resulted instead
and arises from a ligand rearrangement whose megharemains to be studied and established.
Species’ was isolated in good yield (58 %) and its identitys unambiguously established via single
crystal X-ray diffraction studies. The NMR data fepecies7 are consistent with the solid state

structural data.
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NH 1) GaMej toluene
130 °C, 6 days
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Figure 21 : Synthesis of the dinuclear complex 7daring a rearrangedO,N,N ligand.

As deduced from the molecular structure7afFig. 22), the observed ligand rearrangement
results from the conversion of a formally diamidbex N,O,N ligand into a amino-monoamido
phenolateO,N,Nligand and has to involve the breakage of C-O kalndg with the formation of a C-
N bond. Specieg thus featuresn®(N,N,O-chelated Ga center by the rearranged ligandjrigrthe
metal center to adopt distorted-tmp geometry asrobs with theN,O,N-Ga chelate previously
characterized. The two Ga centers are connecteshéoanother via a bridging®-O-phenolate. As
observed for compounds6, all bond lengths are as expected, and the nitraggms of the backbone
and the methyl group (defining the pyramidal base)close to coplanarity with the metal (sum of the
0(1)-Ga(1)-C(23), O(1)-Ga(1)-N(1) and N(1)-Ga(1p@) angles = 351.5 °). Similarly to the
previously described structures, the solid-stata dacompound are consistent with the presence of

an apical vacant site. While the mechanism rem@iriee studied, it appears likely that the observed



BT Chapter i

speciesa reacts with GaMgto generate the dinuclear speciesthat subsequently rearranges7to

(Fig.21).

Figure 22 : Molecular structure of the rearranged Ga alkyl species 7. Hydrogen atoms are omitted for
clarity. Selected bond lengths (A) and angles (deg) : Gd(1)-= 1.884(1), Ga(1)-N(2) = 2.073(1), Ga(l)-
C(23) = 1.939(2), Ga(1)-O(1) = 1.904(1); N(1)-GaKi(R) = 84.7(5), N(1)-Ga(1)-C(23) = 124.8(7), C(23)

Ga(1)-N(2) = 123.1(7), C(23)-Ga(1)-O(1) = 118.8M}1)-Ga(1)-O(1) = 107.9(8).

1.2.3 Summary.

In summary, foulN,O,Ntype ligands bearing differem-substituents have been synthesized
from commercially available reagents, accordingstmple procedures. These ligands have been
supported on aluminium and gallium, yielding sel’/eliO,Nsupported constrained group 13
complexes bearing different substituents.

Except for complexes and9, these group 13 compounds consist of four cootdidhor Ga
species effectively®(N,0,N-chelated by the dianionic diamido-amino ligaratcfng the metal center
to adopt distorted-tmp geometry. Importantly, tiiéidsstate data of these compounds indicate the

presence of an apical vacant site ideally dispésedoordination to the Lewis acid metal center.
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From a structural point of view, the Ga spe&espresents the first X-ray characterized compaaond
which a four-coordinated Ga center adopts a cleartmp geometry. The {Es-N-substituted
complexesl0 and 11 exhibit short contacts between fluorine atoms #redmetal centers, certainly
due to their increased Lewis acidity.
The unexpected rearranged dinuclear Ga compldras been serendipitously formed and
contains a four coordinatg(N,N,0-chelated Ga metal center also adopting a distang geometry.
Chapter 3 details the use of these constraineattairdinate Al(Ill) and Ga(lll) as initiators of

the controlled ROP of cyclic esters/carbonates.

[1.3. Résumé.

La deuxiéme partie de cette thése a concernénthésse de nouveaux complexes d’aluminium

et de gallium tétracoordiné&i¢. 23) qui ont ensuite été utilisés en ROP d’esterseetarbonates

cycliques.
R R
/ Vs GaMe; CF3
O Qe S
E /o
N—Ga—=Me > THF
NH N, o Al
R R N 3 \Me
4:R=CgHg, M = Al, X = NMe, N
1a:R=CgHy;  5:R=CeHo X = Ga, X = NMe, \ 0O
1b:R=CsHg 6:R=CgHqsq, M= Al X =Me 7 S
1c:R=Tf 8 :R=CsHg, M = Al, X = OBn 0 CE
1d:R=CgF5  10:R=CgFs5, M=Al, X=Me 8
11: R = C4Fs, M = Ga, X = Me 9

Figure 23 : Ligand N,O,N synthétisés et complexes d’aluminium et de galliursupportés par ces ligands.

Exceptés pour deux complexes d’aluminium et déugalméthyle, ils consistent tous en une
espéce métallique tétracoordinée, effectivemgiiN,O,N)-chélatée par le ligand diamido-amino,
forcant le métal en une géométrie trigonale-monaydale (tmp) distordue. Cette géométrie

contrainte augmente la réactivité des complexander ce qui est intéressant en catalyse. Les dennée
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a I'état solide de ces composés montrent la préséihm site vacant apical, idéalement disposé pour
la coordination au centre métallique acide de Lel®ian point de vue structural, 'espece Ga amido
représente le premier exemple de composé de gatitiracoordiné adoptant une géométrie tmp
caractérisé par rayons-Xi@. 24).

——

_m
P -y

) 1k
Figure 24 : Structure moléculaire du complexe Ga ardo 5. Les atomes d’hydrogéne ne sont pas

représentés pour des raisons de clareté : (a) vue fhce ; (b) vue de profile.
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CHAPITRE 1ll

Nouveaux complexes tétracoodonnés du groupe 13 fixéur des ligands de

type N,O,N pour la ROP controlée d’esters/carbonates cycliquse

[1I.1 Introduction

[11.1.1 Polyesters et polycarbonates biodegraskabbtenus par polymérisation
par ouverture de cycle (ROP) de monomeres cycliguasiue par des
amorceurs métalliques bien définis

[11.1.2 Copolyméres biodegradables Biodegradableomopolymeres pour
I'amélioration des propriétés mécaniques

[11.1.3 Travail envisagée

[1l.2 Carried-out research work
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lll. Nouveaux complexes tétracoodonnés du groupe I&és sur des ligands

de typeN,O,N pour la ROP contrdlée d’esters/carbonates cycliguse

Abstract

Novel N,O,N-supported tetracoordinate aluminum gatium were successfully used as catalysts in
the controlled and immortal ROP of cyclic esterdidcamates (rac-lactideg-caprolactone and TMC)
using various reaction conditions. The ROP perfanoes of the Al and Ga species (bearing different
substituents, initiating groups or metal centergrevcompared. In this regard, the Ga-NMmpecies
exhibits better activity and control in the ROPra€-lactide than Al-NMg(without alcohol additive)
and vyields linear non-transesterified PLA. The Akaes yields better activity in the ROP &f
caprolactone. The high degree of molecular chaingte control of Al-NMg in the ROP of&
caprolactone was further exploited to access nardispersed PEG-functionalized copolymers. Also,
the Al-NMeg species, when combined with an alcohol source sgchbenzyl alcohol, effectively
polymerize trimethylene carbonate (TMC) at roomgerature in a highly controlled manner to yield
narrow disperse poly(TMC), as deduced from polyoteracterizations and various kinetic studies.
The high degree of molecular chain length contrblthee present system was further exploited to
access narrow dispersed PEG-functionalized amplipbopolymers. The attractive features of the
latter system lie in the combination of an excelizctivity, a high level of chain length controhda

mild reaction conditions.
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[11.1. Introduction

lll. 1.1 Polyesters et polycarbonates biodegradabk obtenus par polymérisation par
ouverture de cycle (ROP) de monoméres cycliques prue par des amorceurs métalliques bien
définis.

Les polyesters aliphatiqgues biodegradables (cotenfeLA et I'ssPCL) ont recu un intérét
croissant récemment d0 a leur applications bionaéeicet pharmceutiques importantes aussi bien
qu'au fait qu'ils soient des alternatives viablas< glastiques d’origine pétrochimiqlieDans ce
domaine, la polymerization par ouverture de cy&O©R) d’'esters cycliques (lactidecaprolactone
par exemple) par des amorceurs métalliques bieimiglés’est indubitablement établie comme la
méthode de choix pour I'accés a des polyméresd#énis et faiblement dispersés grace a un controle
de la longueur de chaine précis (voir l'introductggnérale.

Malgré l'intérét porté au polymére resultant (goiynethylene carbonate) : PTMC), la ROP
de carbonates cycligues comme le TMC, un monomerevgmt étre facilement prépawa une
synthese en deux étapes a partir du glycétgl. (1), par des espéces métalliques bien définies a été

relativement peu étudiée.

Biodiesel OH I
- HO\)\/OH —_— HO/\/\OH — O 0

Triglycérides k)

glycérol 1,3-propanediol TMC

Figure 1 : Synthése du TMC a partir du glycérol.

Les amorceurs métalliques reportés jusqu’a prégsantla ROP du TMC sont illustrés dans la
figure 2. Certains de ces amorceurs possedent ctigtea catalytique élevée mais nécessitent
typiquement un chauffage et conduisent a un patyéthylene carbonate) (PTMC) possédant une
polydispersité modérée (PDI > 1.5) que la polynadias soit éffectuée en monomere fondu ou en
solution® Ainsi, le développement amorceurs métalliques plUROP controlee de TMC en

conditions douces reste un enjeu actuel.
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O
)J\ catalyseur o
0" o H
v RO O/\/\O 0
TMC PTMC
N EN_ Sn(Oct),

:Mi Pr X Pr
cl o' Lo cl
Cl (BDI)M
[M-X] =
Cl Cl (BDI)Zn[N(SiMes),], (BDI)Zn[N(SiMe,),],

(BDI)Fe[N(SiMes),], Fe[N(SiMe3),],

M = Al or SnY (Y = Cl or nBu) Fe[N(SiMes)s]3, YIN(SiMes),)3

R = C,H, or CgHqo Ca[N(SiMes),lo(THF),, Mg[N(SiMes),],

Figure 2 : Systémes amorcant la ROP du TMC reportégisqu’a présent.

Ill. 1.2 Copolyméres  biodegradables Biodegradable vs homopolyméres pour
'amélioration des propriétés mécaniques.

En générale, outre leur propriétés intrinsequesifigpées, les polyméres faiblement disperses
sont également intéressant en tant que “briquet tdédinie pour leur incorporation dans des strasur
de copolyméres blocks par exemple, afin de prodigraombreux matériaux bien définis comportant
des longueurs de chaines précises, possédantapegef@s mécaniques ameéliorées par rapport a leurs
équivalents mal définis. Dans ce but, le PTMC agipaiomme un candidat intéressant pour un acces
ultérieur & des biomatériaux bien definis intéragsaomme le copolymére PTMC-PLA, un matériau
plus flexible et résistant a I'acide que le PLA]JeePTMC-PEG, un copolymere amphiphile qui peut

étre utilisé pour I'encapsulage de médicaméhts.
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[ll. 1.3 Travail envisageé.

Sur ces bases et au vu du context mentionné sisde$ious nous sommes intéressés au
développement de nouvelles familles d’acides deis.é@tracoordonnés distordus du groupe 13 fixés
sur des ligands de typge,0O,N dans le but de tester leur potentiel en catalgs@alymérisation de
monomeéres polaires. Ce chapitre reporte nos réswtaropos de I'utilisation des complex¢©,N
d’Al et de Ga (dont les syntheses et caractérisatgiructurales ont été discutées dans le chdhitre
Fig. 3 en tant gu'amorceurs (en présence/absence donees d'alcool) pour la ROP d'esters

cycliques (ac-lactide,&-caprolactone) et de carbonates cycliques (TMC).

(@) ;
/N‘

_N
R \'Y' R
X
R = Cy, C5Hg, Tf, C6F5
X =Me, NMe,, OBn
M= Al Ga

Figure 3 : Complexes tétracoordonnés du groupe 18&eés sur des ligands de typsl,O,N pour la ROP

contr6lée d'esters/carbonates cycliques.

Lorsque cela était appropri€, les caractéristiguiEsessantes de ces amorceurs du groupe 13
ont été exploitées plus profondément pour accéddesacopolymeres blocks bien définis du type

PTMC/PEG et-PCL/PEGvia un processus de ROP contrélée en conditions douces
[11.2. Carried-out research work.

I11.2.1 Synthesis and structural characterization ¢ N,O,N group 13 (Al, Ga) complexes.
As described in chapter II, compounti$l (Fig. 4) were isolated as highly air- and moisture-
sensitive colorless solids, and their moleculancitres were confirmed by X-ray crystallography

analyses (see chapter Il section I1.2.2 for stmestwdescription). Importantly, these solid-stateada
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indicate the presence of an apical vacant sitdlyddsposed for monomer coordination/activation by

the Lewis acid Al or Ga center (except for compo@nd

\ J Al
R \R N 3 Me
4: R =CzHg, M = Al, X = NMe, N
1a:R=CgHy;y  5:R=CgHg X = Ga, X = NMe, \ 0O
1b:R=CgHy 6:R=CgHyy, M= Al X =Me 7 //S\
1c  R=Tf 8:R=CsHg, M =Al, X =0Bn O Nof
1d:R=CgF5  10:R=CgFs5 M=Al, X=Me 3

11: R =CgF5, M=Ga, X=Me

Figure 4 : Synthesized\,O,N ligand and N,O,N-supported Al and Ga complexes.

11.2.2 The use of N,O,N-supported Al and Ga compounds 4-11 as ROP initiate of
cyclic esters (ac-lactide, &caprolactone).

With the exception of compoundsand9, all Al and Ga compounds were tested for their
ability to mediate the homogeneous ROP of cycltersstac-lactide, e&-caprolactone). The influence
of the metal, the initiating group and the substitis on the ligand backbone will be compared.
Indeed, despite its lower Lewis acidity and higbest (compared to aluminium) and the fact that it
has been, to date, relatively unstudied as RORatimits, gallium species are more stable and

biocompatible than aluminium analogues. It is tbfignterest to compare those two metals as ROP

initiators.

[11.2.2.1 ROP of rac-lactide.
With the exception ol1, all complexes were found to ring-open polymemae-lactide. The

polymerization results are compiled in table 1 fearious reaction conditions (toluene or

dichloromethane, 25-90 °C, 1-17 h, with/without BH)O
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O
O

)

rac-lactide

4,5,6,8,10 or 11

toluene or dichloromethane
25-90 °C, 1-17 h
with/without BnOH

PLA

ROPOK(OWOXO}:

Figure 5 : ROP ofrac-lactide initiated by species 4, 5, 6, 8, 10 and .11

Entry Catalyst raclactidé BnOH t(hf Conv.(%J M mee Mncac PDIF PJ
1 4 100 / 1 45 6480 14250 3.10 /
2 4 100 / 3 80 11520 12360 1.66 /
3 4 100 5 17 92 2650 2690 1.15 0.70
4 5" 100 / 1 100 14400 12390 1.12 /
5 5 100 / 5 31 4464 3773 1.09 0.70
6 5 100 / 17 75 10800 8230 1.11 /
7 6° 100 / 15 0 / / / /
8 6 100 1 15 95 13680 8067 1.30 /
9 6 20 / 7 40 1152 2608 1.30 /
10 6 20 1 7 93 2678 1677 1.20 /
11 g" 100 / 1 42 6048 6218 125 0.62
12 g" 100 / 2 61 8784 7750 1.32 0.62
13 g" 100 / 3 79 11376 7949 1.23 0.62
14 1C 100 1 15 98 14400 15586 1.19 /
15 1C 100 5 15 98 2822 2970 1.22 /
16 11 100 5 15 0 / / / /
17 11 100 5 15 0 / / / /

[rac-lactide], = 1M. ® equiv. versus initiator’ reaction time® Monomer conversiofl.Calculated using Mye,= [rac-

lactide]y[BNOH]o x Myyc % conv.® Measured by GPC in THF (30 °C) using PS standardscmrected by applying

the appropriate correcting factor (0.58).Measured by GPC in THF (30 °C)Determined byH NMR experimerit”

Toluene, 80 °C.Toluene, 60 °C.Dichloromethane, 40 °¢.Dichloromethane, 25 °C. Toluene, 90 °C.

Table 1. Results of the ROP ofac-lactide initiated by species 4, 5, 6, 8, 10 and .11
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The Al amido compound was found to be active at 80 °C (45 % conversmRLtA of 100
equivalents of monomer, 1 h, 80 °@nfry 1, Tab. 1), yet to yield broadly disperse PLA (PDI =
3.10). In addition, the PLA chain length does noatch the theoretical value, suggesting
transesterification reactions as the ROP proceé&tss, this compound was tested at a lower
temperature (60 °C) and in presence of BnOH, whits as a chain transfer agent. Despite a lower
activity (92 % conversion to PLA of 100 equivalenfsmonomer, 17 h, 60 °C), a better control is
observed, as reflected by the fact that the PLAnclemgth matches the theoretical valeatfy 3,
Tab. 1) along with a narrow PDI (1.15 vs 3.10 in the afegeof an alcohol source). The GPC data
thus feature a monomodal and well-defined PLA tremesistent with a narrow polydispersifyid.

6), which further confirms the controlled charaatéthe ROP. The obtained PLA is isotactic-enriched
(Pn = 0.70, entry 3, Tab. 1), as deduced from decaupit NMR data (see figure 4 in the

experimental section).
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Figure 6 : SEC traces of isolated PLA prepared vilROP of rac-lactide initiated by the Al-NMe,/BnOH

system. (Conditions:100 equiv. ofrac-lactide, 5 equiv. of BnOH, 60 °C, toluene, 92 % cwersion, 17 h).

Kinetic studies carried out for the ROPrat-lactide by a4/BnOH system are all consistent
with a ROP proceeding in a controlled manner. Intipaar, a linear correlation between the, M

(corrected) value of the formed PLA and the monoomgversion during the polymerization reaction
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is observedKig. 7), demonstrating that the polymer chain grows lilyewith the conversion. The

first order kinetic irrac-lactide (kys= 0.147 ) also agrees with a controlled ROP procé&ss. @©).

3000

M, (g.mol'?) Y
2500 '

2000

1500
1000 /
500

0

/(

Conversion (%)

T T T T 1
0 20 40 60 80 100

Figure 7 : Plot of M,, as a function of the time in the ROP ofac-lactide initiated by the 4/BnOH system.

(Conditions: 100 equiv ofrac-lactide vs. 4, 5 equiv of BnOH vs 4r@c-lactide], = 1 M, toluene, 60 °C).

In(VI,/M) y=0,1467x

N /
2

1,5

1
0,5 /
t ()

0 5 10 15 20

Figure 8 : Plot of In(M¢/M) as a function of the time in the ROP ofrac-lactide initiated by the 4/BnOH
system. (Conditions: 100 equiv ofac-lactide vs. 4, 5 equiv of BnOH vs. 4réc-lactide], = 1 M, toluene, 60

°C).

The Ga amido compleX (the gallium analogue of compley was found to be more active
than its Al analogud at 80 °C (100 % conversion to PLA of 100 equivedesf monomer, 1 h, 80 °C,
entry 4, Tab. 1), and is also active at 40 °C in dichloromethaB % conversion to PLA of 100
equivalents of monomer, 5 h, 40 °éntry 5, Tab. 1). The PLA chain length closely matches the
theoretical value, and a narrow polydispersity isesved (PDI = 1.09). The obtained PLA is also

isotactic-enriched (= 0.70, see figure 5 in the experimental sectiahthus exhibits the samg,P
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value than that obtained using comp#exHence, unlike its Al analogukefound to mediate the ROP
of rac-lactide in an uncontrolled manner in the abserfcanoalcohol sourcevide suprd, the Ga
amido specie$ allows a well-controlled ROP process with no exéémlcohol source. In addition, it
performs better than the Al speciéghigher ROP activity), which may be due to the fation of a
less robust lactate chelate for the Ga speBigs the Al analogud (Fig. 9, see also the general

introduction section 1.3.2), favoring the ROP prg@@on in the Ga vs. Al analogue.

X
$O
R
/
N N
L -lactide >, :(

O—M—X — ~ 0—

Figure 9 : Lactate chelate formation from a Lewis aidic metal initiator and L-lactide.
Similarly to compound, the GPC data for the obtained PLA are monomouailagree with a

narrowly disperse materiaFig. 10, which further confirms the controlled charactérthe ROP

initiated by compouné.
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Figure 10 : SEC traces of isolated PLA prepared viaROP of rac-lactide initiated by the Ga amido

complex 5. (Conditions:100 equiv. ofrac-lactide, 40 °C, dichloromethane, 31 % conversiorg h).
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Kinetic studies carried out for the Ga amido compteare all consistent with a ROP
proceeding in a controlled manner, with a linearralation between the PLA M(corrected) and
monomer conversion during the polymerization rescifig. 11), and a first order kinetic inac-
lactide (kps = 0.078 H) (Fig. 12. The MALDI-TOF spectrum of the prepared with fBa initiator5
PLA agrees with a linear PLA bearing an NMgroup at the end of its chain and the absence of
transesterification reactions during the ROP presace the difference between two successive peaks

on the spectrum is 144 (the mass of one lactid® (Fig. 13).

9000

M, {g.mal)
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Figure 11 : Plot of M, as a function of the time in the ROP ofac-lactide using the Ga amido complex 5 as

an initiator. (Conditions: 100 equiv ofrac-lactide (vs 5), fac-lactide], = 1 M, dichloromethane, 40 °C).
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Figure 12 : Plot of In(My/M) as a function of the time in the ROP ofrac-lactide using the Ga amido
complex 5 as an initiator. (Conditions: 100 equiv fo rac-lactide (vs 5), fac-lactide]l, = 1 M,

dichloromethane, 40 °C).
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Figure 13 : Zoom-in of the MALDI-TOF spectrum of the PLA prepared by ROP ofrac-lactide initiated
using the Ga amido complex 5. (Conditions: 100 equirac-lactide, [rac-lactide]o = 1 M, dichloromethane,

40 °C, polymer isolated at 31 % conversion to PLA).

The Al methyl comple) was found to be inactive at room temperature btive at 90 °C
(100 % conversion to PLA of 20 equivalents of moron? h, 90 °Centry 9, Tab. 1). While SEC
traces feature a monomodal signal (see figure thanexperimental section) and agree with a fairly
narrow PDI (1.30), the chain length does not mahehtheoretical value. Thus, this compound was
tested in presence of BnOH, acting as a chain feargent, resulting in improved reactivity and
control (93 % conversion to PLA of 20 equivalentstmnomer, 7 h, 90 °C). Indeed, the PLA chain
length better matches the theoretical vakmtry 10, Tab. ) and the PDI slightly decreases (1.20 vs
1.30). The MALDI-TOF andH NMR spectra of the PLA prepared with initia®ragree with the
presence of two types of PLAs : (i) linear PLA aisabearing an OBn and (ii)NyO,N{igand chain-
end PLA Fig. 14and15). Also, the presence of transesterification remsiduring the ROP process
is clearly evidenced (the difference between twakpeon the spectrum is 72, the mass of one lactyl

unit).
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Figure 14 : Zoom-in of the MALDI-TOF spectrum of the PLA prepared by ROP ofrac-lactide initiated

using the Al methyl complex 6. (Conditions: 20 equi rac-lactide, 1 equiv. BnOH, fac-lactide], = 1 M,

toluene, 90 °C, polymer isolated at 93 % conversioio PLA).

D EEE
w-_ -'-'...I_
O = OBn end group !
I
T = Toluene
L = Ligand end group
i
I
II
- 1 I
o|T L T
]
u'l‘ 4 . 1'I
L - ._..—__..__._......a—_,__J;wﬂ—f" S35
I = |

*
<

Figure 15 : *H NMR spectrum (300 MHz) of the PLA prepared by ROPof rac-lactide initiated using the

Al methyl complex 6. (Conditions: 20 equivrac-lactide, 1 equiv. BnOH, fac-lactide], = 1 M, toluene, 90

°C, polymer isolated at 93 % conversion to PLA).
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The formation of two different chain-end PLAs lkearises from the presence of two different

ROP initiators under the studied conditions, presigncomplex6 and thein situ formed alkoxide

ol

O—Al—Me  / BnOH

specieskig. 16).

\\\Z

Zin

6
0] 0]
A A
oj(kw om/kw
0] 0]
rac-lactide rac-lactide
(0] 0] }
0] H
Ligand P?/OW}\O]:I BnO \f(g\o n
(@] 0]
PLA PLA

Figure 16 : Two species involved in the ROP ahc-lactide initiated by 6/BnOH.
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Figure 17 : Zoom-in of the MALDI-TOF spectrum of the PLA prepared by ROP ofrac-lactide initiated
using the Al methyl complex 6. (Conditions: 20 equi rac-lactide, [rac-lactide], = 1 M, toluene, 90 °C,

polymer isolated at 40 % conversion to PLA).
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Figure 18 : *H NMR spectrum (300 MHz) of the PLA prepared by ROPof rac-lactide initiated using the
Al methyl complex 6. (Conditions: 20 equiv.rac-lactide, [rac-lactide], = 1 M, toluene, 90 °C, polymer

isolated at 93 % conversion to PLA).

For initiator6, the ROP may proceed through an initial ring-opgrinsertion of lactide into
an amido Al-N bond of th&l,O,N-Al chelate and subsequent chain-growth; thull,@QN-PLA is

eventually obtained in such a case. In contrast,akoxide analogue, formdd situ from 6 and
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BnOH, affords a BnO-chain-end PLA, as typically @bv®d for M-OR metal alkoxide derivatives. In
agreement with the above, carrying out the ROPacfide by specie$ in the absence of BnOH
yielded the sole formation of a PLA bearindNgD,Niigand chain-end, as deduced from MALDI-

TOF dataFigs. 17and18).

Complex8 (the alkoxide analogue of the Al-amido comp#xexhibits a similar activity to
that of complex4 (42 % conversion to PLA of 100 equivalents of mmeo, 1 h, 80 °C)dntry 11,
Tab. 1) but the ROP is more controlled (see figures 8alie experimental section). Indeed, the PLA
chain length matches the theoretical value, andPieis significantly lower than that for compou#d
(1.25 vs 3.10). The obtained PLA is isotactic-émeit (B, = 0.62, see figure 6 in the experimental
section). The MALDI-TOF spectrum of the preparedAPdgrees with a linear PLA bearing an OBn
group at the end of its chain and the presenceangésterification reactions during the ROP process

(Fig. 19.
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Figure 19 : Zoom-in of the MALDI-TOF spectrum of the PLA prepared by ROP of rac-lactide initiated
by the Al alkoxide complex 8. (Conditions : 100 edu. rac-lactide, [rac-lactide], = 1 M, toluene, 80 °C,

polymer isolated at 42% conversion to PLA).

Finally, the more Lewis acidic compléX (bearing NEgF5 vs. N-CsHg ligand substituents in

complex6) was also found to be active in the presence @mr{98 % conversion to PLA of 100



Chapter Il

equivalents of monomer, 1 equivalent of BnOH, 19®,°C), with a similar activity and a bit better
control to that with initiato6 (entry 14, Tab. 1). The PLA chain length matches the theoreticaleal
and the polydispersity is narrow (PDI = 1.19). bntast, the Ga specidd (analogous to the Al
speciedlO) is inactive in the ROP ohc-lactide, which is consistent with the presenceGa F short
contacts being detrimental to catalytic activitytefnatively, the increased Lewis acidity of theakid

Ga centers in these systems may well yield the ddon of very stable metal-lactate species (upon
initial insertion of a lactide unit into the M-ORohd), precluding subsequent chain propagation and

thus the ROP to proceed.

In summary, all the tested compounds, except thedBgpoundll, are active catalysts of the
ROP ofrac-lactide @, 5, 6, 8 and10). The Ga catalysb yields linear non-transesterified PLA and
exhibits a better activity than its analogous Ainpbex4. Both complexes polymerizac-lactide in a
controlled manner with a moderate preference fotaigic enchainment. The Al alkoxide spedes
yields similar results to the Al amido speciés Finally, the more Lewis acidicN(O,N-GFs)-
supported Al specie$0 exhibits a similar activity than its analogous,@,N-GH3,)-supported Al
species.

These constrained Al(Ill) and Ga(lll) systems camgpfavorably to distorted Al initiators
bearing bis(8-quinolinolato) ligands recently repdrin the literaturé,or (salen)Al initiator$, in
terms of activity (complete conversion in severalfs upon heating at 90 °C or less) and control
(controlled chain lengths and narrowly dispersedA$)L The latter have been reported to
guantitatively polymerize 100 equivalentsrat-lactide in several hours (> 12 h) upon heatingCat

°C, to yield narrow disperse and isotactic-enricReds (PDI ~ 1.1, R~ 0.7).
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111.2.2.2 ROP ofs-caprolactone.
O

0 4,5,6,10 or 11 P?\/\/V }
o
toluene or dichloromethane RO r|_1|
25-90 °C, 10 min-17 h
caprolactone with/without BhOH PCL

Figure 20 : ROP ofé&caprolactone initiated by species 4, 5, 6, 10 arid..

Entry Catalyst escaprolacton2 BnOH  t(hY Conv. (%§ M, tes Mo cac PDI

1 4° 100 10 1 45 459 584 1.11
2 49 100 5 10 min 100 2280 2261 1.26
3 4° 100 g 3 100 7283 6353 1.13
4 4° 600 5 3 100 13697 14356 1.29
5 4° 1000 5 30 min 15 3420 2858 1.19
6 5° 100 5 10 min 41 936 687 1.15
7 5° 600 5 3 95 13012 12507 1.05
8 6° 100 / 15 39 5616 23247 1.63
9 6 100 1 15 82 9348 9285 1.12
10 6 20 / 7 98 2280 4532  1.39
11 6° 100 5 15 15 432 499 1.09
12 6 100 5 15 71 2044 1996 1.18
13 1c° 100 / 17 3 342 / /
14 1c° 100 5 10 min 46 1050 576 1.06
15 1¢° 100 5 30 min 95 2166 2446  1.40
16 11° 100 5 10 min 0 / / /

[ ecaprolactone) = 1M. ? equiv. versus initiator® reaction time® Monomer conversiorf. Calculated using
M, heo= [rac-lactide]o/[BnOH], x Myyc * conv.® Measured by GPC in THF (30 °C) using PS standaris
corrected by applying the appropriate correctingcttr (0.56)°° ' Measured by GPC in THF (30 °CJ.
Dichloromethane, 25 °¢.mPEG-5000 instead of BnOHToluene, 90 °C.

Table 2 : Results of the ROP o&-caprolactone initiated by species 4, 5, 6, 10 aid.
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All the synthesized complexes have also been tastéte ROP ofs-caprolactoneKig. 20),
except compounds9. These were found to ring-open polymer&eaprolactone, except for complex
11 The polymerization results are compiled in tebldor various conditions) and all polymerization
data suggest a well-controlled ROP process in téggnce of an alcohol source.

The Al amido complex was found to be highly active at room temperatarpresence of
BnOH (100 % conversion to PCL of 100 equivalentsnohomer, 5 equivalents of BnOH, 10 min, 25
°C) (entry 2, Tab. 2). The PLA chain length matches the theoreticalieand the polydispersity is

narrow (PDI = 1.11).
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Figure 21 : SEC traces of isolated PCL prepared vi&ROP of &caprolactone initiated by the Al amido
complex 4. (Conditions: 100 equiv. of g-caprolactone, 5 equiv. of BnOH, room temperature,

dichloromethane, 100 % conversion, 3 h).

It can be noticed that increasing the amount odladl strongly decreases the activigntry
1-2, Tab. 2. The amount of monomer can be increased up t0 &§Qivalents, conserving the control
of the ROP. Indeed, the chain length still matahestheoretical value, despite the small increasing
the PDI (1.19 vs 1.11)eftry 5, Tab. 2. Interestingly, the alcohol source can be modifi€hus,
using a monocapped methoxy ether (polyethyleneogiyd®EG-OH(5000)) instead of BnOH leads to
a narrowly disperse amphiphilic P@GlPEG-OH copolymer (100 % conversion to POPEG-OH of

100 equivalents of monomer, 5 equivalente®EG-OH, 3 h, 25 °C)eftry 4, Tab. 2, Fig. 2).
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Kinetic studies carried out for the Al amido coewpl4 are all consistent with a ROP
proceeding in a controlled manner. In particuldinear correlation between the,Ntorrected) value
of the formed PLA and the ratio monomer/alcoholimtyrthe polymerization reaction is observed
using BnOH or mPEG-OH as an alcohol source (seedgy12 and 13 in the experimental section).

The MALDI-TOF spectrum of the prepared PCL agreéth a linear polymer bearing an
NMe, or an OBnN group at the end of its chain with &edince of 114 (the mass of oaeaprolactone
unit) between two successive peaks on the spectfin. presence of NMe and BnO-chain-end
PLAs suggests that a coordination/insertion meamar{ivith an initial lactide insertion into the Al-
NMe, bond;Fig. 239 and a “monomer activation” mechaniskg. 23b) are both at play in the ROP

of &caprolactone initiated by compldx
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Figure 22 : Zoom-in of the MALDI-TOF spectrum of the PCL prepared by ROP of &caprolactone
initiated by the Al amido complex 4. (Conditions: D0 equiv. &caprolactone, 5 equiv. BnOH, §&
caprolactonep = 1 M, dichloromethane, room temperature, polymerisolated at 100 % conversion to

PCL).
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Figure 23 : a) Coordination/insertion general mechaism for the ROP of &caprolactone by a M-X

complex (X = amido); b) “Activated monomer” generalmechanism for the ROP of TMC.

Unlike what was observed withc-lactide, the Ga amido complé&x(the gallium analogue of
complex4) was found to be less active than its Al analodle the ROP ofs-caprolactone (41 %
conversion to PCL of 100 equivalents of monomeeggivalents of BnOH, 10 min, 25 °@ntry 6,
Tab. 2), yet being an efficient ROP initiator, with thaamtitative conversion of 600 equivalentssof
caprolactone within 3 h. The most likely factorigaglizing the difference of activity between these
two compounds is the Lewis acidity of the metaltegnwith the less Lewis acidic Ga spedidseing

less active than the Al speciésThe PLA chain length closely matches the thecaétialue, and a
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narrow polydispersity is observed (PDI = 1.F5g. 24). The amount of monomer can also be

increased up to 600 equivalents with a ROP praegsaining well-behaved.
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Figure 24 : SEC traces of isolated PCL prepared vi&ROP of &caprolactone initiated by the Ga amido
complex 5. (Conditions: 200 equiv. of &caprolactone, 5 equiv. BnOH, room temperature,

dichloromethane, 95 % conversion, 3 h).

Kinetic studies carried out for compléx are all consistent with a ROP proceeding in a

controlled manner.
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Figure 25 : Plot of the molecular weight number (M) of the formed PCL as a function of the
monomer/BnOH ratio in the ROP of &caprolactone initiated by the Ga amido complex ¥Conditions: [&

caprolactone}p = 1 M, CH,CI,, room temperature).
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In particular, a linear correlation between thg (bbrrected) value of the formed PCL and the
ratio monomer/alcohol during the polymerizationaté&n is observedHig. 25. The MALDI-TOF

spectrum of the prepared PCL agrees with a linegmper bearing an OBn group at the end of its

chain Fig. 26).
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Figure 26 : Zoom-in of the MALDI-TOF spectrum of the PCL prepared by ROP of &caprolactone
initiated by the Ga amido complex 5. (Conditions: Q0 equiv. &caprolactone, 5 equiv. BnOH, &

caprolactone} = 1 M, dichloromethane, room temperature, polymeiisolated at 97% conversion to PCL).

The Al methyl complex6 was found to be active at room temperature inRI@P of &
caprolactone in the absence of an alcohol sour@e¥3conversion to PCL of 100 equivalents of
monomer, 15 h, 25 °Gntry 8, Tab. 2). However, the chain length does not match thertieal
value, and a large polydispersity is observed (BP0I.63). Thus, this compound has been tested in
presence of BnOH, acting as a chain transfer a@espite the significant decrease in the activity (

% conversion to PCL of 100 equivalents of monorbeequivalents of BnOH, 15 h, 25 °C), a better
control is observed as expected. Heating the @ad¢t 90 °C in the presence of BnOH allows an
increase of the activity (71 % conversion to PCL16D equivalents of monomer, 5 equivalents of
BnOH, 15 h, 90 °C). The Al methyl complé&wexhibits a lower activity than the Al amido comple
Unlike all polyesters prepared so far, the MALDDH spectrum of the prepared PCL (with

the initiating systen6/BnOH) agrees with a cyclic PCL polymétig. 27).
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Figure 27 : Zoom-in of the MALDI-TOF spectrum of the PCL prepared by ROP of &caprolactone
initiated by the Al methyl complex 6. (Conditions: 100 equiv. &caprolactone, 1 equiv. BnOH, &

caprolactonep = 1 M, toluene, 90 °C, polymer isolated at 82 % cwersion to PCL).
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Figure 28 : Zoom-in of the MALDI-TOF spectrum of the PCL prepared by ROP of &caprolactone

initiated by the Al methyl complex 6. (Conditions: 20 equiv. &caprolactone, [e-caprolactonel, = 1 M,

toluene, 90 °C, polymer isolated at 98 % conversioto PCL).

In contrast, when performed in the absence of Bntbel ROP ofs-caprolactone initiated by
complex6 yields a mixture of cyclic PCL and,O,N-ended PCL chaing-(g. 28, which is consistent

with a ROP process proceedivig an initial ring-opening insertion of lactide iném Al-amido bond
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(of the N,O,N-Al chelate) and subsequent chain growth. Howether,observation that th&/BnOH

initiating system (in a 1/1 ratio) polymerizescaprolactone only to afford cyclic PCL remains

S~ %

perplexing to us.

N N

B BnOH E
O—AI—Me O—AI—=0Bn

N N

O O

6
(0] 0]
caprolactone caprolactone
Q 0
Ligand o H O
n n
PCL PCL

Figure 29 : Two obtained PCL initiated by the Al methyl species 6 with/without BnOH addition.

Finally, the Al methyl complextO (bearing GFs substituents on its backbone vsHg
substituents for comple® was found to be poorly active in the absencerd®B (3 % conversion to
PCL of 100 equivalents of monomer, 17 h, 25 °éntfy 13, Tab. 2). Interestingly, the activity
significantly increases in the presence of BnOH ¥46conversion to PCL of 100 equivalents of
monomer, 5 equivalents of BnOH, 10 min, 25 °&)t(y 14, Tab. 2). The PCL chain length matches
the theoretical value and the polydispersity isyvasrrow (PDI = 1.06). It must be noticed that this
activity is higher than that of compouBdfor species : 46 % conversion to PCL of 100 equivalents

of monomer, 5 equivalents of BnOH, 10 min, 25 °@; $peciedt : 71 % conversion to PCL under
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identical conditions). This may be explained by kingher Lewis acidity of compleXO compared to

complex6.

In summary, the tested compourdis5, 6 and 10 are active catalysts of the ROP &f
caprolactone. The Ga methyl compouridvas found to be inactive under the studied comati This
may be explained by the stronger Gashort contacts observed between tkig; Grtho fluorine atoms
and the metal center. Contrary to the results @ksgewhen comparing the Ga spetikewith its Al
analoguel 0 for the ROP ofac-lactide, the Al catalyst exhibits a better activity than its Ga analogue
5. Also, the more acidicN,0,N-CsFs)-supported specied0 exhibits a higher activity than its
analogous N,0,N-C¢H1,)-supported specieB, which yields the formation of cyclic PCL (when no
alcohol is added in the reaction mixture).

The Al and Ga centers have thus a complementdeywith the Ga derivatives being more
active in the ROP afac-lactide and affording a better level of polymetiaa control. In contrast, the
Al analogues exhibit better ROP performances inRI¥° of &-caprolactone. These results illustrate
the importance of finetuning the Lewis acidity dfet metal center for optimal polymerization
performances (for a given monomer). While an ineeeaf Lewis acidity is typically associated with
higher ROP performances (for such polar monom#rs)present study further illustrate that it may be
detrimental in some cases.

These constrained Al(lll) and Ga (Ill) systems game favorably to Al initiators bearing
thiolates, diolates or aminebisphenolate ligarsg®orted in the literaturgjn terms of activity (less
than 3 h to achieve complete conversion at roonpésature, except for comple®) and control
(controlled chain lengths and narrow disperse PQlb)le they exhibit slightly lower activities than
O,N,N,O-type aluminium complexe$. Indeed, the thiolates, diolates and aminebisplagémoAl
complexes have been reported to quantitativelyrpetjze at best 200 equivalents &taprolactone
at room temperature (5-48 h) to yield narrow to eratk disperse PCL (PDI = 1.15-1.37) or at 50 °C

(14 h) to yield narrow disperse PCL (PDI = 1.04hilevO,N,N,O-type Al complexes were reported to
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quantitatively polymerize up to 1000 equivalentss@iaprolactone in 12 h at room temperature, and

100 equivalents in 1 h, to yield narrowly dispgrsé/mer.

111.2.3 ROP of TMC

With the exception of the dinuclear Ga compoundnd the thermally sensitive Al methyl
compound9, all other synthesized complexes were found tg-apen polymerize TMC to produce
PTMC (Fig. 30. The influence of the metal center, the initigtgroup and the nitrogen substituents
(on the ligand backbone) was studied. The polyratidn results are compiled in table 3 for various

reaction conditions (dichloromethane, 25 °C, 5 &im-with/without BnOH).

0]

O
O)J\O 4 56,8 100r11 y
k) RO O/\/\O 0

dichloromethane
25°C, 5min-5h
TMC  \yith/without BnOH PTMC

Figure 30 : ROP of TMC using complexes 4-8, 8, 1(hd 11.

As a starting point, the Al amido speci¢svas found to readily mediate the ROP of TMC
with the quantitative conversion of 100 equiv of Thuithin a few minutes at room temperature to
PTMC (entry 1, Tab. 3); yet the resulting polymer features a broad pelyersity, indicative of a
likely poorly controlled polymerization reactiom tontrast, the ROP of TMC initiated by4&nOH
mixture was much more successfehifies 2-5 Tab. 3). Thus, using various amounts of BnOH and
monomers, thd/BnOH system may quantitatively polymerize from 1(0to 1100 equiv of TMC at
room temperature within 30 min to yield narrowlgmerse PTMC (PDI = 1.04-1.18), as deduced from
NMR and SEC data~g. 31and32). Carrying out the ROP catalysis using 3000 e@fiVMC in the
presence of 30 equiv of BnOH (vs specleyields a 70% conversion to PTMC after 30 mincatm
temperature (corresponding to a TON of 4200, lthereby showing the excellent activity of the
present4/BnOH system. All data support that the ROP polyragion by 4/BnOH proceeds in an
immortal manner, with BnOH acting as a chain tranagenﬁ.1 In particular, as shown in table 3, all
observed M values (after correction) closely match the ihifiaMC]/[BnOH], ratio with, for

instance, up to 30 polymer chains being generatedpcenter éntry 6, Tab. 3).
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Entry Catalyst TMC BnOH  t(min® Conv. (% M, hee Mncac PDI

1 4 100 0 16 100 10200 23521 2.29
2 4 100 5 5 90 1940 1514 1.12
3 4 300 3 36 100 10200 9492 1.18
4 4 600 3 36 100 20400 20678 1.12
5 4 1100 10 30 100 11220 11973 1.04
6 4 3000 30 30 70 7140 8120 1.08
7 5 100 5 5 19 388 442 1.03
8 5 100 5 30 98 1999 2257 1.15
9 5 300 3 180 65 6630 9590 1.21
10 5 600 3 300 75 15300 22426 1.35
11 6 100 5 16 100 2040 2704 1.13
12 6 100 5 1 60 1224 956 1.15
13 6 600 3 30 32 6534 12826 1.47
14 8 100 5 36 100 2040 1613 1.21
15 8 300 3 36 100 14521 12778 1.26
16 8 600 3 36 100 29478 25941 1.32
17 10 100 5 8 62 1266 1108 1.12
18 10 300 3 15 51 5207 1558 1.33
19 10 600 3 15 29 5922 1858 1.17
20 10 600 3 30 42 10006 3050 1.21
21 11 100 5 8 0 0 / /
22 11 100 5 30 4 / / /

Polymerization conditions : [TMG]= 1M, dichloromethane, room temperatufeequiv. versus initiator”
reaction time® Monomer conversiofi.Calculated using Mineo= [TMC] ¢/[BNOH] 4 X Myyc * conv.® Measured
by GPC in THF (30 °C) using PS standards and cde@dy applying the appropriate correcting factorg7,
0.76 or 0.88)°*?" Measured by GPC in THF (30 °@)The reaction time is not optimizefiTMC], = 2 M.

Table 3 : Results of the ROP of TMC initiated by spcies 4, 5, 6, 8, 10 and 11.



Chapter Il

|

THL o 2 FI--.'.I.'__f'I-FTi'-'-\.'
. |

—— | | ._'I._ = ET

Figure 31 : *H NMR spectrum of isolated PTMC prepared by polymeization of 300 equivalents (vs. Al)

of TMC initiated by the system 4/BnOH. (Conditions: room temperature, CH,Cl,, 30 min, quantitative

conversion).
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Figure 32 : SEC traces of isolated PTMC prepared byolymerization of TMC initiated by the system

4/BnOH. (Conditions : room temperature, CHCl,, 30 min, quantitative conversion).

The controlled character of the present ROP sysgeffarther substantiated by the linear
correlation between the Mcorrected) value of the formed PTMC and mononwatversion during
the polymerization reactionFig. 33. Also, as depicted in figure 34, varying the ialitAl
initiator/BNOH ratio (for a given amount of monormewras found to be linearly related to the
molecular weight number (M of the resulting polymers, this being consisteiith the alcohol-

mediated chain transfer reactions proceeding irordralled manner during these polymerization
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reactions. The first order kinetic in TMC, fk= 0.152 mifl) also agrees with a controlled ROP

processkKig. 35).
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Figure 33 : Plot of the molecular weight number (M) of the formed PTMC as a function of TMC
conversion in the ROP of TMC using a 4/BnOH initiaing system. (Conditions : 100 equiv of TMC (vs 4}

equiv of BnOH (vs 4), [TMC]y = 1 M, CH,Cl,, room temperature).
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Figure 34 : Plot of the molecular weight number (M) of the formed PTMC as a function of [4}/[BnOH]
in the ROP of TMC using a 4/BnOH initiating system.(Conditions : 1100 equiv of TMC (vs 4), [TMC} =1

M, CHCl,, room temperature).
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Figure 35 : Plot of In(My/M) as a function of the time in the ROP of TMC usig a 4/BnOH initiating
system. (Conditions: 100 equiv of TMC (vs 4), 5 equof BnOH (vs 4), [TMC], = 1 M, dichloromethane, 25

°C).

Whether it be with regard to catalytic performancgolymer chain length control, the ROP
activity of the Al amido initiatod compares very favorably with that of higher cooede Al(llI)
complexes such as, for instance, salen-supportedkékides. At best, the latter have been repaded
quantitatively polymerize 350 equiv of TMC withini2at 95 °C to yield PTMC with moderately
narrow polydispersity (PDI = 1.6J.

End-group analysis of the obtained PTM@stfies 2-5 Tab. 3) by '"H NMR and MALDI-
TOF spectrometryHig. 36 and 37) unambiguously establishes the presence of a O@irtynat the
ester end and the absence of amido-capped PTM@gesting that the Al-amido group 4hmay not
act as an initiating moiety at all in these polyization reactions as might have been thought.

This, along with control experiments showing thatdoes not readily convert to the
corresponding AI-OBn derivative in the presence BMfOH at room temperature, disfavors a
coordination-insertion mechanism proposal simitathat taking place in the ROP of TMC by salen-
bearing Al alkoxide complex€8 Rather, it appears likely that the present polyzagion may occur
through a sequential Lewis acid monomer activasilmohol nucleophilic attack and subsequent chain

transfer reaction® in which complex4 would act as a well-defined Lewis acid componéii.(38).
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Figure 36 : *H NMR spectrum of isolated PTMC prepared by polymeization of 300 equivalents (vs. Al)

of TMC initiated by the system 4/BnOH. (Conditions: room temperature, CH,Cl,, 30 min, quantitative

conversion).
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Figure 37 : MALDI-TOF spectrum of the PTMC prepared by polymerization of 100 equiv. (vs. Al) of
TMC initiated by the system 4/BnOH ((TMC)y/(BnOH), = 20). (Conditions : room temperature, CHCI,, 5

min, quantitative conversion).
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Figure 38 : Proposed mechanism for the ROP of TM(nitiated by a 4/BnOH system.

To compare the influence of the metal center mROP of TMC, the Ga amido compousid
were also tested under identical conditions to éheosed for compound. It is noteworthy that the
activity is much lower (19 % conversion to PTMCI6i0 equivalents of monomer, 5 equivalents of
BnOH, 5 min, 25 °Centry 7, Tab. 3) but the conversion of 100 equivalents of TMC esaurly
gquantitative after 30 min. The GPC data also agri¢ge a monomodal and well-defined polymer of

narrow polydispersityKig. 39), consistent with a controlled ROP reaction.
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Figure 39 : SEC traces of isolated PTMC prepared @ ROP of TMC initiated by the Ga amido complex 5.
(Conditions: 100 equiv. of TMC, 5 equiv. BnOH, room temperaturedichloromethane, 100 % conversion,

3 h).
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However, for the Ga initiatob, increasing the amount of the TMC monomer causes a
dramatic decrease in activity (75 % conversion ME of 300 equivalents of monomer, 3
equivalents of BnOH, 5 h, 25 °@ntry 10, Tab. 3), suggesting a possible deactivation of the Ga
catalyst. Thus, while the chain lengths of the ltesyPTMC match the theoretical values for the ROP
of 100 equiv. of TMC, a broader PDI (suggestingsslcontrolled ROP) is obtained when 300 and

600 equiv. of TMC are polymerized by compoungntries 9-1Q Tab. 3).
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Figure 40 : Plot of the molecular weight number (M) of the formed PTMC as a function of TMC
conversion in the ROP of TMC using a 5/BnOH initiaing system. (Conditions : 300 equiv of TMC (vs 58

equiv of BnOH (vs 5), [TMC], = 1 M, CH,CI,, room temperature).

Kinetic studies performed with the Ga initia® 100 equivalents of TMC, 5 equivalents of
BnOH) are all consistent with a ROP proceeding igoatrolled manner. In particular, a linear
correlation between the Mcorrected) value of the formed PLA and the monoom&version during
the polymerization reaction is observédg( 40). Also, as depicted in figure 42, varying theiaditAl
initiator/BNnOH ratio (for a given amount of monomewras found to be linearly related to the
molecular weight number (W1 of the resulting polymers. The first order kieth TMC (ky,s = 0.006
min; Fig. 42) also agrees with a controlled ROP process beinghnslower compared to that

initiated by thed/BnOH system (ks = 0.152 mift).
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Figure 41 : Plot of the molecular weight number (M) of the formed PTMC as a function of [5}/[BnOH]
in the ROP of TMC using a 5/BnOH initiating system.(Conditions: 300 equiv of TMC (vs 5), [TMC} =1

M, CH ,Cl,, room temperature).
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Figure 42 : Plot of In(My/M) as a function of the time in the ROP of TMC usig a 5/BnOH initiating
system. (Conditions: 100 equiv of TMC (vs 5), 5 equof BnOH (vs 5), [TMC], = 1 M, dichloromethane, 25

°C).

The MALDI-TOF spectrum of the prepared PTMC agredth a linear polymer bearing an
NMe, or an OBn group at the end of its chain, sugggstiat two different mechanisms are involved
in the ROP ofs-caprolactone by speciés(see figure 15 in the experimental section). Titst fs the
classical coordination/insertion mechanism (yieddihe NMe-capped PTMC) and the second is the

“activated monomer” mechanism (yielding the OBnggp PTMC) Fig. 43).
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Figure 43 : a) Coordination/insertion general mechaism for the ROP of TMC by a M-X complex (X =

alkoxyde or amido); b) “Activated monomer” generalmechanism for the ROP of TMC.

The Al methyl complex (analogous to the Al amido compoufidwas also tested for TMC
ROP activity. Remarkably, the activity is high fitre ROP of 100 equivalents of TMC (60 %
conversion to PTMC of 100 equivalents of monomeggbivalents of BnOH, 1 min, 25 °€Entry 12,
Tab. 3), but becomes significantly lower when the amafnonomer increases (32 % conversion to
PTMC of 600 equivalents of monomer, 3 equivalet8rmOH, 30 min, 25 °Centry 13, Tab. 3). A

similarresult was observedr the Ga amido compouridupon a higher loading in monomer.
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The MALDI-TOF spectrum of the prepared PTMC (usit@ equiv. of TMC) agrees with a
linear polymer bearing a BnO ester end group (seed 16 in the experimental section).

To further compare the influence of the X grougfjO,N)M-X complexes (M = Al, Ga) on
TMC ROP activity, the Al alkoxide compour@(analogous to the Al amido compouddwas tested
under identical conditions to those used for theadido compound. It exhibits similar activity and
chain length control to speciddut the polydispersity is a bit broader (PDI =1:1232 vs 1.04-1.18).
A well-defined linear polymer bearing an OBn graiphe end of its chain is obtained (see figures 17

and 18 in the experimental section).

The Lewis acidic Al methyl compounti0 (analogous to the Al methyl compougdbut
bearing NE€¢F5 substituents) was also evaluated in the ROP of TiM€&xhibits a lower activity than
species (62 % conversion to PTMC of 100 equivalents of omaer, 5 equivalents of BnOH, 8 min,
25 °C,entry 17, vs 100 % conversion to PTMC of 100 equivalentsnminomer, 5 equivalents of
BnOH, 10 min, 25 °Centry 11, Tab. 3), which is probably due to the interaction betwtgenfluorine
atoms (in the ortho position of the C-N bond) aimel mnetal center (see chapter Il section 11.2.2¢ Th
chain length of the resulting PTMC is controlleddathe polydispersity is narrow wheh00
equivalents of monomer (see figure 20 in the expenital section). However, the PDIs slightly
increase with increasing of the amount of mononiére MALDI-TOF spectrum of the prepared
PTMC agrees with a linear polymer bearing a OBrugrat the end of its chain (see figure 21 in the
experimental section).

Kinetic studies carried out for complé® (100 equivalents of TMC, 5 equivalents of BnOH)
are all consistent with a ROP proceeding in a allett manner. In particular, a linear correlation
between the M (corrected) value of the formed PLA and the monomenversion during the
polymerization reaction is observed (see figureirR2he experimental section), showing that the
polymer chain grows linearly with the conversiors@ as depicted in figure 23 in the experimental
section, the ROP exhibits an apparent first ordeetic (kps= 0.128 mift) towards TMC, confirming

the controlled character of the polymerization teac This kys value is higher than that for the Ga
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amido compound but a little bit lower than that tioe Al compound! (Ko,{5) = 0.006 Mift < ky,d10)

= 0.128 mift < kypd4) = 0.152 mirf).

The Ga methyl compoundl (the Ga analogue to compoudd) was also tested. This
compound was observed to be nearly unreactive (dofversion to PTMC of 100 equivalents of
monomer, 5 equivalents of BnOH, 30 min, 25 é&@try 22, Tab. 3). This result is consistent with the
fact that the Ga specidd is less Lewis acidic and exhibits stronger Gahort contacts (see chapter

Il section 11.2.2) than specid®.

In summary, when the Al and Ga specte8, 8 and 10-11 are combined with an alcohol
source, they afford a highly effective two-companiaitiator for the ROP of TMC in the presence of
an alcohol source. In particular, the repor®®nOH and 8/BnOH systems combine catalytic
efficiency, a high level of molecular weight coritfor the resulting polymer, and mild polymerizatio
conditions, allowing a straightforward access tdl-defined PTMC. The reported/BnOH system
exhibits a lower activity, due to the lower Lewigidity of the metal center, and a lower molecular
weight control which may be ascribed. The sys&BnOH, more active than thBnOH, 5/BnOH
and10/BnOH systems for the ROP of 100 equivalents of Txhibits a lower catalytic activity than
the system/BnOH as the monomer loading increases (600 earitg). Notably, the gallium system
11/BnOH exhibits no TMC ROP activity, which is presainy due to its lower Lewis acidity (vs. Al)
along with stronger G& short contacts.

Whether it be with regard to catalytic performacgolymer chain length control, the ROP
activity of all the tested compoundd-¢, 8, 10 and 11) constitute significant improvements when

compared to initiating systems developed thus far.
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I11.2.4 The use of N,O,N-supported Al-amido species 4 as ROP initiator forthe
copolymerization of trimethylene carbonate (TMC) armd monocapped methoxy ether PEG-
OH(5000) polymer.

The apparent attractive features of #4/OH initiating system prompted us to further explo
its possibilities to access various well-definednmterials, such as PTMC-PEG amphiphilic
polymers, through the use of a monocapped methther en-PEG-OH(5000) polymer as an alcohol

source Fig. 44).

o

J-I-\ 4 /m-PEG-0OH [n' equiv.) (@]
6770 {initiating system) o Hu l} I ! )
n L\/] - N EOMG’J o “‘*--'r*g'w"“,'*g*'
CHACl, RT vt m
TMC 30 min. narrowly disperse PTMC-b-m-PEG

(1.0 <PDI<1.2)

pEGOH = My G
m-PE H ‘(0"\\,)}[:“\.\

Figure 44 : ROP of TMC by a 4/m-PEG-OH system.

Remarkably, the ROP of TMC (from 100 to 600 equihiiated by a4/m-PEG-OH(5000)
two-component initiator was found to proceedam temperature with efficiency and high level of
chain lengtrcontrol similar to that observed for tA8nOH systemTab. 4).

In all cases, the ROP reactions were completekim®0 minutes to yield narrowly disperse
PTMC-PEG block copolymers with molecular weight foers in agreement with the initial

[TMC] o/[m-PEG-OH]}, ratio, as deduced frofitl NMR andGPC dataKig. 45and46).
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Entry Catalyst TME m-PEG-OH M, tes Mn oo{GPCf M, corf PDF

1 4 100 5 7040 10979 6627 1.08
2 4 200 5 9080 11739 9278 1.20
3 4 400 5 13160 15328 13525 1.09
4 4 600 5 17240 25418 19020 1.11

Polymerization conditions : [TMG]= 1M, CH,Cl,, room temperature, 30 min. All conversions are quatne after
30 min (the reaction time is not optimize@)Amount in equiv versus initiatot. ® Calculated using hheo =

[TMC] /[MPEG-OH], X MTMC + 5000.¢ Measured by GPC using standard PS calibration in T8 °C).*

Measured by GPC in THF (30 °C) using PS standardsamtkected by applying the appropriate correctirmgtbrs
X312 (X, = 0.61 for m-PEG(5000) and,X 0.57 or 0.88 for PTMC) using Mo = My, oo{ GPC) X X% x (MPEG fraction
in PTMC-PEG based ofH NMR) + M, ,,{GPC) x X2 x (PTMC fraction in PTMC-PEG based ‘6hNMR)¥*?"

Measured by GPC in THF (30 °C).

Table 4 : Results of the ROP of TMC initiated by spcies 4/mPEG-OH.

PED) ui
m-PEG-OH . m-PEG-OH'

T™MC / [me

-
1

E
E

Figure 45 :'H NMR spectrum of isolated co-polymer PTMC-PEG prepred by polymerization of :

a) 100 equiv. (vs. Al) of TMC using a 4/mono methgx ether m-PEG-OH(5000) initiating system.
(Conditions : room temperature, CH,Cl,, 30 min, quantitative conversion).

b) 200 equiv. (vs. Al) of TMC using a 4/mono methgxether m-PEG-OH(5000) initiating system.

(Conditions : room temperature, CH,Cl,, 30 min, quantitative conversion).
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Figure 46 : SEC traces of isolated co-polymer PTM@EG(5000) prepared by polymerization of 400
equiv. (vs. Al) of TMC initiated by a 4/mono methoy ether m-PEG-OH(5000) system. (Conditions : room

temperature, CH,Cl,, 30 min, quantitative conversion).

Also, indicative of their amphiphilic nature, thel NMR spectrum in BO of all prepared
PTMC-PEG copolymers only contains the PEG resorgnatich is consistent with a biphasic
medium under the conditions studfd.Notably, as a comparison, PTMC-PEG copolymersh(wit
moderate to broad molecular distributions) aredgiby prepared via the ROP of TMC at 130 °C using
a Sn(Octym-PEG-OH initiator® For the ROP of TMC by#m-PEG-OH, it appears likely that the
mild reaction conditions account for the precisdanolar control of the resulting copolymers; inttha
regard, higher ROP temperatures are, for instékmemyn to favor polymer chain transfer reactions,
frequently resulting in a broadening of the mate&rianolecular distribution. The presedtROH
initiating systems might well find application imet synthesis of various well-defined PTMC-

containing block copolymers via the use of apptprpolymer monoblocks as alcohol sources.

In summary, the reported/ROH systems combine catalytic efficiency, a higivel of
molecular weight control for the resulting copolysieand mild polymerization conditions, allowing a
straightforward access to well-defined block copmdys such as PTMC-PEG. Such Al-based initiators
may well be useful for the ready preparation ofouss tailor-made and narrowly disperse copolymeric

biomaterials.
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[11.2.5 Conclusion.

As a conclusion, one Al amidd)( one Ga amido5], one Al alkoxide §), two Al methyl 6
and 10) and one Ga methylll) were successfully used as catalysts in the RORyaefic
esters/carbonatesa€-lactide, &caprolactone and TMC), using various reaction @&wrks. The ROP
performances of the Al and Ga species were compémeghrticular, the Ga-NMespecies exhibits
better activity and control in the ROP dc-lactide than the Al-NMganalogue (without alcohol
additive) and yields linear non-transesterified PIAe Al species yields better activity in the R&fP
&caprolactone. The high degree of molecular chamgth control of AI-NMeg in the ROP ofe
caprolactone was further exploited to access nadispersed PEG-functionalized copolymers. Also,
the Al-NMe, species, when combined with an alcohol source ssctenzyl alcohol, effectively
polymerize trimethylene carbonate (TMC) at roomgenature in a highly controlled manner to yield
narrow disperse poly(TMC), as deduced from polyctearacterizations and various kinetic studies.
The high degree of molecular chain length contfothe present systems was further exploited to
access narrow dispersed PEG-functionalized amgluptopolymers. The attractive features of the
system lie in the combination of an excellent attjva high level of chain length control, and mild
reaction conditions.

These constrained Al(lll) and Ga (lll) systems pame favorably to the reported systems, in

terms of activity and control (controlled chaindéims and narrowly dispersed PLAS).

l11.3. Perspectives : modifying the backbone to suport the complexes and the subsequent

heterogeneous ROP of cyclic esters and carbonates.

The complexedl-6, 8 and10-11 have been tested in the homogeneous ROP of TMi@, wi
excellent results. It would be interesting to tegpported analogues in the heterogeneous ROP of
cyclic esters/carbonates. This approach may liaitsesterification reactions and allow a re-usthef
grafted catalyst (decrease of the PDI, increagbemelting temperature, see 1.1.3, chapter 1)g&o
access to the supported analogues, the backborie basmodified so that to be grafted onto a solid

support (Merrifield resin or silica). Figure 47 stwthree different pathways to prepare the modified
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N,O,N backbone by introducing phenol grodpsThese groups may be readily grafted onto solid
supports (Merrifield resins, silica). Once graftatto a solid support, thd,O,Nsupported Al and Ga

species (analogues to compoundis5, 6, 8, 10 and 11) may be subsequently tested in the

heterogeneous ROP wHc-lactide, &-caprolactone and TMC.

AcO HO
Amberlyst-15
NH; or lodine | NH;
AcO O HO 0
MeOH
3h
NH> NH,

, NH2 510 mol% LioAc
R3SiO o}
\C[ DMF-H,0 (50:1)
NH, 25-70 °C
NH,

e} TiO,
hv

HO
; NH,
NH,
HO
NH, NH,

Figure 47 : Three different pathways to modify theN,O,N backbone for grafting onto a solid support, by

introducing a phenol group in the para position ofthe amine.
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Figure 48 : Stereoselective intermolecular hydroanmiation reaction mediated by theN,O,N-supported Ga

complex 5.

In addition, the constrained,O,N-supported Al en Ga complexes may also be testechizw

fundamental reactions, such as, for instance, nmmgkrcular hydroamination in which the Ga-amido
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complex5 was already successfully usdeg. 48)." This reaction is a widely studied atom-efficient
process for the formation of imines and enaminesifalkynes and primary amines. However, while
various and numerous metal-based catalysts have dfemvn to mediate the latter transformation,
no group 13 catalyst had been reported when trseptaevork was initiatetf. Studies in this area have
been thus far restricted to a couple of reportalominum-mediated intramolecular hydroamination of
alkenes, found to proceed under rather harsh donsglit
These N,O,N-supported complexes may also be used for the asisthof copolymers

exhibiting elastomeric properties, by alternatimgstalline &-caprolactone monomer and amorphous

TMC monomer®

X
O O

N 0 0

T™C initiator o "0

o RO H
@ copolymer

caprolactone

Figure 49 : Synthesis of an alternating-CL/TMC copolymer by ROP mediated by well-defined netal-

based species.

Finally, modifications may also be made on th&®,N complexes, varying the metal center
(using In), theN-R substituents (electroattractive substituentsimetacting with the metal center) or
the central atom on the backbone (changing O far ) in order to improve the catalytic activitydan

control for the ROP of cyclic esters/carbonates.
[ll.4. Reésume.

Les complexes décrit dans le chapitre Il ont égtés en ROP d’esters/carbonate cycliques

(rac-lactide, e&-caprolactone et TMCTab. 5-7), en utilisant de nombreuses conditions expériaiest
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Les performances relatives des dérivés de I'aluminét du gallium (portant différents substituants,

groupements initiateurs) ont été comparées.

Entrée  Catalyseur rac-lactidé BnOH t(hP’ Conv. (% M, mee Mncac PDIF P2
1 4n 100 / 1 45 6480 14250 3.10 /
2 4 100 / 3 80 11520 12360 1.66 [/
3 4 100 5 17 92 2650 2690 1.15 0.70
4 5" 100 / 1 100 14400 12390 1.12 /
5 5 100 / 5 31 4464 3773 1.09 0.70
6 5 100 / 17 75 10800 8230 1.11 /
7 6 100 / 15 0 / / / /
8 6 100 1 15 95 13680 8067 1.30 /
9 6 20 / 7 40 1152 2608 1.30 /
10 6 20 1 7 93 2678 1677 120 |/
11 g" 100 / 1 42 6048 6218 1.25 0.62
12 g" 100 / 2 61 8784 7750 1.32 0.62
13 g" 100 / 3 79 11376 7949 1.23 0.62
14 10 100 1 15 98 14400 15586 1.19 /
15 10 100 5 15 98 2822 2970 1.22 |/
16 11¢ 100 5 15 0 / / / /
17 11 100 5 15 0 / / / /

[rac-lactide], = 1M. ? équiv. versus initiateuP, temps de réactiorf. Conversion du monoméré Calculé en

utilisant My yneo= [rac-lactide]/[BNOH]o x Myc % conv.® Mesuré par GPC dans le THF (30 °C) en utilisant

des standards PS et corrigé par le facteur corfeapiproprié (0.58)" Mesuré par GPC dans le THF (30 °@).

Déterminé parH NMR." Toluéne, 80 °C. Toluéne, 60 °C. Dichlorométhane, 40 °C Dichlorométhane, 25

°C. ' Toluéne, 90 °C.

Tableau 5 : Résultats pour la ROP deac-lactide initiée par les complexes 4, 5, 6, 8, 10H.
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Ainsi, le composé Ga-NMamontre une meilleure activité et un meilleur colgren ROP de
rac-lactide que son homologue Al-NMésans ajout d’alcool) et conduit & un PLA non sesiérifié.
Ceci est d0 a la formation possible d’'un chélates glu moins stable entre le lactide et le centre
meétallique Fig. 50. Etant donné sa plus forte acidité de Lewis, Hélate est plus stable pour le

dérivé d’'Al, d’'ou une moindre activité en ROP datide.

X
e
/ R /
N oo
% L-lactide %~ O=
O—M—X —> O—I ,
S s 00 7
~ N 4
N\ < > \
R R

Figure 50 : Formation d’'un chélate de métal-lactatgar insertion du L-lactide dans une liaison M-X.

Il est remarquable que I'espedd,©,N-GFs)Al-Me 10 montre une activité plus faible que
I'espece N,0,N-GH;;)Al-Me 6, ce qui peut étre expliqué par les interactiorisedrs fluors en ortho
sur les groupementssks et le centre métallique, qui limitent la coordinatdu monomere.

Cependant, le composé Al-NMpossede une meilleure activité en RORdadiprolactone que
le composé GaNMeétant donné qu’aucun chélate ne peut se fornmes dacas. Le composé le plus
acide de Lewis est donc celui qui a la meilleurevaié. Le haut degré de contrbéle de longueur de
chaine du complexe Al-NMeen ROP d&caprolactone a été exploité afin d'accéder a des
copolyméres PCL/PEG bien définis.

L'aluminium et le gallium peuvent jouer un rolengglémentaire. En effet, le gallium montre
une meilleure activité et un meilleur contréle e@ARderac-lactide, alors que I'aluminium montre
une meilleure activité et un meilleur controle e@RRd's-caprolactone. Ces résultats illustrent le réle
clé de l'acidité de Lewis qui est trés importanupdnitier une ROP. Cependant, une acidité trop

importante peut étre nuisible dans certains cas.
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Entrée Catalyseur g—caprolacton% BnOH t (h)b Conv. (%5 Mn, theo Mn, calc PDI

1 49 100 10 1 45 459 584  1.11
2 49 100 5 10 min 100 2280 2261 1.26
3 49 100 & 3 100 7283 6353 1.13
4 49 600 5 3 100 13697 14356 1.29
5 49 1000 5 30 min 15 3420 2858  1.19
6 59 100 5 10 min 41 936 687 1.15
7 59 600 5 3 95 13012 12507 1.05
8 6° 100 / 15 39 5616 23247 1.63
9 6 100 1 15 82 9348 9285 1.12
10 6 20 / 7 98 2280 4532  1.39
11 6° 100 5 15 15 432 499  1.09
12 6 100 5 15 71 2044 1996 1.18
13 1C° 100 / 17 3 342 / /

14 1¢¢ 100 5 10 min 46 1050 576  1.06
15 109 100 5 30 min 95 2166 2446  1.40
16 119 100 5 10 min 0 / / /

[ &-caprolactone) = 1M. @ équiv. versus initiateuf. Temps de réactiofi.Conversion du monoméreCalculé en
utilisant My neo= [rac-lactide]/[BNOH]o x Myc % conv.® Mesuré par GPC dans le THF (30 °C) en utilisant
des standards PS et corrigé par le facteur corfeapiproprié (0.56)" Mesuré par GPC dans le THF (30 °@).
Dichlorométhane, 25 °¢.mPEG-5000 au lieu de BnOHToluéne, 90 °C.

Tableau 6 : Résultats pour la ROP décaprolactoneinitiée par les complexes 4, 5, 6, 10 and 11.

Enfin, lorsque le dérivé Al-NMeest combiné a une source dalcool comme I'alcool
benzylique, ce systéme polymérise le TMC a températmbiante de maniere contrdlée pour
conduire & un PTMC monodisperse. Les autres coraplmontrent une plus faible activité et/ou un
plus faible contrdle, excepté le complex&@,N-CsH)Al-Me qui est plus actif que le complexe Al-

NMe, (pour de faibles quantités de monomere uniquement)
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Entrée Catalyseur TMC BnOH t(min® Conv. (% M, mee Mncac PDI

1 4 100 0 16 100 10200 23521 2.29
2 4 100 5 5 90 1940 1514 1.12
3 4 300 3 36 100 10200 9492 1.18
4 4 600 3 36 100 20400 20678 1.12
5 4 1100 10 30 100 11220 11973 1.04
6 4 3000 30 30 70 7140 8120 1.08
7 5 100 5 5 19 388 442 1.03
8 5 100 5 30 98 1999 2257 1.15
9 5 300 3 180 65 6630 9500 1.21
10 5 600 3 300 75 15300 22426 1.35
11 6 100 5 16 100 2040 2704  1.13
12 6 100 5 1 60 1224 956 1.15
13 6 600 3 30 32 6534 12826  1.47
14 8 100 5 36 100 2040 1613 1.21
15 8 300 3 36 100 14521 12778 1.26
16 8 600 3 36 100 29478 25941 1.32
17 10 100 5 8 62 1266 1108 1.12
18 10 300 3 15 51 5207 1558 1.33
19 10 600 3 15 29 5922 1858  1.17
20 10 600 3 30 42 10006 3050 1.21
21 11 100 5 8 0 0 / /
22 11 100 5 30 4 / / /

Conditions de polymérisation : [TMGE 1M, dichlorométhane, température ambiarftequiv. versus initiateur’
Temps de réactiorf. Conversion du monomeré Calculé en utilisant Mieo= [TMC] /[BNOH]o X Myyc * conv.®
Mesuré par GPC dans le THF (30 °C) en utilisant dasdards PS et corrigé par le facteur correctif amprié (0.57,
0.76 ou 0.88)' Mesuré par GPC dans le THF (30 °€).e temps de réaction n’est pas optimi§eMC], = 2 M.

Tableau 7 : Résultats pour la ROP de TMC initiée pales complexes 4, 5, 6, 8, 10 and 11.
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La encore, le haut degré de contrble de longueuctthine du polymére permis par le
complexe Al-NMg en ROP de TMC a été exploité afin d’accéder aabgmlymeres amphiphiles
PTMC/PEG bien définisTiab. 8). De tels initiateurs pourraient étre utilisés ptau préparation de

nombreux biomatériaux copolyméres monodisperselmgieurs contrélées.

Entrée Catalyseur TMC m-PEG-OH M, e Mn 0{GPCf M, cort PDF

1 4 100 5 7040 10979 6627 1.08
2 4 200 5 9080 11739 9278 1.20
3 4 400 5 13160 15328 13525 1.09
4 4 600 5 17240 25418 19020 1.11

Conditions de polymérisation : [TMEF 1M, CHCl,, température ambiante, 30 min. Toutes les conwassi
sont quantitatives aprés 30 min (le temps de réagatiest pas optimisé}.Quantité en equiv. versus initiatedir

b Calculé en utilisant Mieo = [TMC] o/[MPEG-OH], x MTMC + 5000.° Mesuré par GPC en utilisant des
standards PS dans le THF (30 °€)Mesuré par GPC dans le THF (30 °C) en utilisans deandards PS et
corrigé en appliquant le facteur correctif appro@rX (X = 0.61 pour m-PEG(5000) et,X 0.57 ou 0.88 pour
PTMC) en utilisant Mcor = M obdGPC) x X x (fraction de mPEG dans PTMC-PEG basé sur legraemces
'H NMR) + M, x{GPC) x X2 x (fraction de PTMC dans PTMC-PEG basgélss expériencelH NMR).'
Mesuré par GPC dans le THF (30 °C).

Tableau 7 : Résultats pour la ROP de TMC initiée pale systeme 4/mPEG-OH.

Il serait intéressant de tester des analoguesosidisp(sur un support solide) des complexes
décrits ci-dessus en ROP d’esters/carbonate cedidbette approche pourrait améliorer les prowiété
des polymeres obtenus (baisse de la polydispeasitgmentation du point de fusion). Afin d’accéder a
ces analogues supportés, le ligand doit étre nipdif sorte a pouvoir étre greffé sur support solid
(résine de Merrifield ou silice). La figure 51 montrois possibilités pouvant permettre I'introdant
des groupements phénol sur le ligand (pour greffage support solide). Une fois greffés, les
analogues aux complexes décrits ci-dessus pougtmntestés en ROP hétérogene d’esters/carbonates

cycliques.
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Figure 51 : Modifications du ligandN,O,N envisagées en vue d'un greffage sur support solide

De plus, ces complexes d’Al et de Ga constrainssfsur des ligands de typéO,N

pourraient également étre testés en tant que sataly de nouvelles reactions fondammentales,

comme, par exemple, la réaction d’hydroaminatidermoléculaire, pour laquelle le complexe Ga-

amido 5 a déja été utilisé avec sucdédg.(52.

Qe

1
o

b N
7 N ¢ fGa.P" R
R g _‘f RI
- Nhe 2 = N
R—H I
(5% mol.) =
+ . ~
_ Benzene, 100 °C Markovnikov
R'—NH, product

Figure 52 : Hydroamination intermoléculaire stéréoglective promue par le complexe Ga-amido 5.

Cette réaction un un procédé a économie d'atomegergent étudié pour la formation

d'imines et d’enamines a partir d'alcynes et d’agsirprimaires. Cependant, malgré I'utilisation de

nombreux catalyseurs métalligues permettant de queoir cette reaction, aucun catalyseur du
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groupe 13 n'avait été reporté lorsque I'étude sucdmplexe Ga-amidb a été entamée. Les études
dans ce domaine se sont jusque la restreintes paigeée de reactions d’hydroamination d’alcénes
intramoléculaires promues par des catalyseursédiakiminium dans des conditions trés dures.

Ces complexes d’Al et de Ga constraints fixés des ligands de typ®&,0O,N pourraient
également étre utilisés pour la synthése de copolysrmalternéss{CL/TMC) possédant des propriétés
élastoméres grace a la copolymérisatiog-adiprolactone (partie cristalline) et de TMC (parti

amorphe) Ffig. 53.

X
o O
N 0 0
T™C amorceur 00
o RO mH
&j copolymére

caprolactone
Figure 53 : Synthese d'un copolymére altern&CL/TMC par ROP promue par un amorceur métallique
bien défini.
Pour finir, des modifications pourront égalemetre é&ffectuées sur les complexesde type
N,O,N. En effet, le centre métallique pourrait étre rfiédicomplexation sur I'indium), ainsi que les
substituantsN-R (introduction du substituants éléctroattractifinteragissant pas avec le centre
métallique) ou l'atome central du ligand (rempla€erpar S ou N), dans le but d’augmenter les

performances catalytiques pour la ROP d’'estersbceates cycliques.
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De nouveaux complexes d’Al(lll) supportés par tigands salen portant des « espaceurs »
protégés et terminés en silyl ethers ont été stisieavec de bons rendements par des synthéses
multi-étapes Fig. 1). Dans l'optique d’évaluer I'énantiosélectivitésdees complexes avant de les
greffer sur un support solide (pour finalement decéux stéréocomplexes de PLA), ceux-ci ont été

testés en ROP d’esters et de carbonates cycliques.

_N\AI/N_
v I\
R e R 0" x 0

R = OTBDMS, CH,OTBDMS )R(’f gg§OCH2CH2OTBDMS

Figure 1 : Complexes (salen)Al(lll) synthétisés.

Ces complexes sont actifs en ROP de monomeregjuegsl tels que leac-lactide, I's
caprolactone et le TMC. Le complexe possédant wupgment amorceur OBrdrpite, Fig. 1)
conduit aux meilleurs résultats, puisque les RORedetrois monomeéres mentionnés sont contrblées,
alors qu’elles ne le sont pas lorsque les deuxesuwtomplexes sont utilisés comme amorceurs. Les
polyméres linéaires obtenus montrent une longueuchdine contrélée et une polydispersité faible.
Dans le cas duac-lactide, les études cinétiques sont cohérentes aneprocédé de ROP controlé.
Cependant, le PLA obtenu n’est pas purement igqtestcontrairement aux résultats espérés (au vu
de la littérature concernant des complexes d’aliuminportant des salen ne possédant pas
d’ « espaceurs »). Ces « espaceurs » affectenta@mnement la stéréosélectivité de la réactiomsAi
un PLA modérément isotactique est obtenu en utili$es especes portant des bras OTBDMS et
CH,OCH,CH,OTBDMS en tant gu’initiateurs, alors que du PLAédrétactique est obtenu en utilisant
I'espéce portant un bras @BITBDMS. Le but final était de tester ces especeR@R hétérogéne du
rac-lactide, afin d’obtenir des stéréocomplexes, aquitdes types de PLA possédant les meilleures

propriétés mécaniques et thermiques. Pour ce fd@g,groupements alcools terminaux, essentiels
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pour le support des complexes sur un solide, deva@dre présents sur les « espaceurs ». Malgré de
nombreux essais, ces derniers n'ont pas pu étnetd¢és. En conséquence, une autre méthode de
synthese devra étre envisagée. Comme décrit cpdesse travail a venir dans ce domaine (qui
pourrait faire I'objet d’une prochaine thése) sealsera sur le support des ligands salen, avant la
réaction de complexation avec I'aluminiufid. 2), puis I'utilisation des amorceurs supportés ePRO
du rac-lactide. Dans le cas de I'obtention de stéréocewrgd de PLA, cette approche, validée par

I'expérience, pourra faire I'objet d’'un dépot demt.

Cl
1)
'Bu Bu . ‘Bu ‘Bu
Support solide : )
@ Q OH HO - résine de Merrifield @ O OH HO Bu
=N N= =N N=—

| 2) NaH, -78 °C 3
3) N-methyl- <:§
pyrrolidinone

Ligands salen supportés

Al(O'Pr)5
80°C, 15h

Initiateur supporté résultant

Figure 2 : Nouvelle méthodologie pour la syntheéseeccatalyseur (salen)Al(lll) supporté, en prenant

I'exemple d’une résine de Merrifield comme support.

Le second projet de cette thése a impliqué laheet de nouveaux complexes tétracoordonés

d’aluminium et de gallium a réactivité augmentéagportés par des ligands dianioniques diamido-
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amino (de typeN,O,N et leur utilisation en ROP d’esters et de carbemaycliques a partir de réactifs
simples Fig. 3). A I'exception des complexes {ds-N,N,O-CsHg)Ga.Me; et (TF-N,O,NTH)(THF)AI-

Me, ces complexes consistent en un centre métallijuou Gan*(N,O,N-chélaté par le ligand,
for¢ant le centre métallique a adopter une géoméigonale-monopyramidale (tmp) distordue. Cette
géométrie contrainte augmente la réactivité desptexas obtenus, ce qui est intéressant en vue

d’applications catalytiques.

O—M—X N—Ga— Q—N
—Ga—=Nle z
[ > g ;__A\I/THF
\ :
R N § e
R = CsHg, M = Al, X = NMe, N
R = CsHg, X = Ga, X = NMe, \ //0
R = CgHq1, M= Al, X = Me P
R = CsHg, M = Al, X = OBn N
R = C4F5, M = Al, X = Me CFs

R =CgF5 M=Ga, X=Me

Figure 3 : Complexes d'Al et de Ga supports par delggands de typeN,O,N synthétisés.

Les complexesN,O,N)M-X (M = Al, Ga ; X = NMe,, Me, OBn) mentionnés ci-dessus ont été
testés en ROP d’esters cycliqueac{lactide, e&-caprolactone) et du carbonate de triméthylénenet
comparaison systématique des performances degsgdiws Ga a été également discutée.

En particulier, le complexe amido Ga-NMmontre une meilleure activité pour la ROP du
rac-lactide que son analogue d’Al, conduisant a un Rhdaire et non transéstérifié. Cependant, il est
moins actif que le complexe Al-NM¢our la ROP de &caprolactone et du TMC. Lorsque I'entité
Al-NMe, est combinée avec une source d’'alcool, un initiaties efficace pour la ROP de TMC and
d’ ecaprolactone, formé de deux composants, est obtées systemes combinent de trés bonnes
activités, un haut degré de contrble des longudershaines des homo-/copolymeres résultants ainsi
que des conditions de polymérisation douces (PTWMRBGLE ainsi que des copolymeres block tels que

PTMC-PEG et PCL-PEG). De tels initiateurs a bagd du de Ga peuvent étre tres utiles pour la
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préparation de biomatériaux copolymeres sur mestirenonodisperses et sont parmi les plus
intéressants initiateurs moléculaires développés pe type de polymérisation.

A Tavenir, nous pouvons envisager de supportes cemplexesN,O,N grace a une
modification du ligand (introduction de groupemegfténols sur le ligand, indispensables pour le
support sur solidekig. 4). De cette maniere, ces especes pourront étreetesin ROP hétérogene

d’'esters et de carbonates cycliques-actide,&caprolactone, TMC).

AcO HO
Amberlyst-15
NH; or lodine | NH;
AcO O HO 0
MeOH
3h
NH> NH,

_ NH2 5 10 mol% LioAc
R3SiO o}
\CE DMF-H,0 (50:1)
NH, 25-70 °C
NH,

2

e} TiO,
hv

HO
; NH
NH,
HO
NH, NH,

Figure 4 : Trois différentes voies pour modifier leligand N,O,N pour greffage subséquent sur un support

solide.

De plus, ces complexes d'Al et de Ga constraiitesf sur des ligands de typ¢O,N
pourraient également étre testés en tant que sataly de nouvelles reactions fondammentales,
comme, par exemple, la réaction d’hydroaminatiderimoléculaire, pour laquelle le complexe Ga-
amido 5 a déja été utilisé avec succ@dg( 5). Cette réaction un procédé a économie d’atomes
largement étudié pour la formation d’'imines et dines a partir d’alcynes et d’amines primaires.
Cependant, malgré l'utilisation de hombreux catalys métalliques permettant de promouvoir cette

reaction, aucun catalyseur du groupe 13 n'avaiteferté lorsque I'étude sur le complexe Ga-amido

5 a été entamée. Les études dans ce domaine spisquie la restreintes a une poignée de reactions
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d’hydroamination d’alcénes intramoléculaires prompar des catalyseurs a base d’aluminium dans

des conditions tres dures.

i
NGy R
R W _‘f Rl
R— H NMe. N
— |
(5% mol.) RJ\
+ A
_ Benzene, 100 °C Markovnikov
R'—NH, product

Figure 5 : Hydroamination intermoléculaire stéréoséective promue par le complexe Ga-amido 5.

Ces complexes d’Al et de Ga constraints fixes ss ligands de typ®&,O,N pourraient
également étre utilisés pour la synthése de coplysnalternéss{CL/TMC) possédant des propriétés
élastoméres grace a la copolymérisatiog-adiprolactone (partie cristalline) et de TMC (parti

amorphe) Fig. 6).

X
O ©°
K) 0 O
T™C amorceur 00
o RO mH
&j copolymére

caprolactone
Figure 6 : Synthése d’'un copolymere alterné&CL/TMC par ROP promue par un amorceur métallique
bien défini.
Pour finir, des modifications pourront également &ffectuées sur les complexes de type
N,O,N. En effet, le centre métallique pourrait étre rfiédicomplexation sur I'indium), ainsi que les
substituantsN-R (introduction du substituants éléctroattractifinteragissant pas avec le centre
métalliqgue) ou l'atome central du ligand (remplamar S ou N), dans le but d’augmenter les

performances catalytiques pour la ROP d’esterséceaties cycliques.
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General Procedure

Materials

Air sensitive experiments were carried out undgusing standard Schlenk techniques or in a
nitrogen-filled MBraun Unilab glovebox. Dichloronfeine, pentane, toluene and diethylether were
first dried through a solvent purification systeliBraun SPS) and stored for at least a couple of day
over activated molecular sieves (4 A) in a glovepader to use. Tetrahydrofuran was distilled over
Na/benzophenone and stored over activated molesigaes (4 A) for a couple of days in a glovebox
prior to use. Methanol, ethanol and DMF were delilbver KOH and stored over activated molecular
sieves (4 A) for a couple of days in a glovebooptd use. Trimethylene carbonate was purchased
from either T.C.l. Europe Corporation or Boehringet was dried over CaHin THF for 24h and
precipitated with pentane prior to usecaprolactone was purchased from Aldrich : it wastiltbd
over CaH and stored over molecular sieves 24 h in the dloxeprior to useRaclactide was
purchased from Aldrich : it was sublimed prior teeu All other chemicals were purchased from

Aldrich and were used as received unless othernwieated.

Nuclear Magnetic Resonance

Deuterated solvents were purchased from Eurisdogé\, Saclay, France), degassed under a
N, flow and stored over activated molecular sieved\f4n a glovebox prior to use. NMR spectra
were recorded on Bruker AC 300 MHz, 400 MHz, 500 Mét 600 MHz NMR spectrometers, in
Teflon-valved J-Young NMR tubes at ambient tempegtinless otherwise indicatédl, *°F and™*C
chemical shifts are reported vs. SiMad were determined by reference to the resitjdfF and**C

solvent peaks.

Size-exclusion chromatography (SEC) analysis
The number-average, weight-average molar masseantiM,, respectively) and molar mass

distribution (M/M,) of the polyesters (PLA, PCL) and poly(trimethyderarbonate) (PTMC) samples
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were determined by size exclusion chromatograpBC({Sat 30 °C or 40 °C with Shimadzu LC20AD
ultra-fast liquid chromatography equipped with ain®idzu RID10A refractometer detector.
Tetrahydrofuran (THF) was used as the eluent aadlthv rate was set up at 1.0 mL/min. A Varian
PLGel pre-column and a Varian PLGel 5 pm were u<@dlibrations were performed using
polystyrene standards (400-100000 g/mol) and rduegeaof M,secywere thus obtained.

Some SEC analyses of polymers were performed &trikgtut Charles Sadron” (Strasbourg, France)
on a system equipped with a Shimadzu RID10A refiraetre detector and a TREOS (WYATT
Techn.) multiple angles light scattering detectdipowing direct access to the real masses of the

synthesized polymers.

MALDI-TOF analysis

Mass spectra were acquired on a time-of-light msgsctrometer (MALDI-TOF-TOF-
Autoflex Il TOF-TOF, Bruker Daltonics, Bremen, Geany) equipped with a nitrogen lasar£ 337
nm) at the “Service de Spectrométrie de Masse Idstitut de Chimie de Strasbourg” (Strasbourg,
France) and run in a positive mode. An externaltinpaiint calibration was carried out before each
measurement using the singly charged peaks ofhndasta peptide mixture (0.4 pm in water acidified
with FlexAnalysis 3.0 software.
a-cyano-4-hydroxy-cinnamic acid (CHCA) was obtairfiemm Sigma (St Louis, MO, USA) and 1,8,9-
anthracenetriol (dithranol) from Alfa Aesar (Kadbke, Germany).
Matrix solutions were freshly prepared : CHCA wissdlved to saturation in a,8/CH;CN/HCOOH
(50/50.1 %) solution and dithranol to saturationTiHF. Typically, a 1/1 mixture of the sample
solution in CHCI, was mixed with the matrix solution and 0.5 pL bé tresulting mixture was

deposed on the stainless steel plate.

Elemental analysis
Elemental analyses for all compounds were perfdratéhe “Service de Microanalyse” of the

Université de Strasbourg (Strasbourg France).
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X-Ray crystallography

Single crystals of complexes were mounted on diilhess and data collected on a Nonius
Kappa-CCD or Bruker Apex Il DUO Kappa-CCD area datediffractometer (MolKA = 0.71073 A).
The complete conditions of data collection (Denafivearef and structure refinements are provided
in the different chapter’s experimental sections.
All structures were solved using direct methods EEMS97) and refined against’ Rining the

SHELXL97 softwaré’. All non-hydrogen atoms were refined anisotropicall



Experimental section

Chapter |
Syntheses.
1)
HO~oNa
C2H5N802
84.02

In a glovebox, ethylene glycol (3.00 g, 48.00 mnwds dissolved in ether and the mixture
was cooled to -35 °C. Sodium hydride (1 eq., 1) l%as subsequently added and the reaction mixture
was stirred at room temperature overnight. A wipitecipitate is observed. The solvent was then

evaporated and the product was obtained as a sdlite(4.00 g, 47.60 mmol, 99 % yield).

3-'Bu-5-chloromethyl-2-hydroxybenzaldehyde (2)

Cl

Ox
OH

226.08

In a round bottom flask, Bu-2-hydroxybenzaldehyde (3.00 g, 16.80 mmol),
paraformaldehyde (2.2 eq., 1.11 g) and tetrabutylanium bromide (0.1 eqg., 0.54 g) were stirred in
concentrated hydrochloric acid (15 mL) at 40 °C3adays. The reaction mixture was extracted with
diethyl ether (3 x 50 mL), and the organic phase washed with 5% NaHG{2 x 40 mL), brine (2 x
40 mL), and dried over MgSQ Evaporation of the solvent under vacuum affor@®Bu-5-

chloromethyl-2-hydroxybenzaldehyde as a yellow tafjige solid (3.40 g, 15.00 mmol, 89% vyield).
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'H NMR (CDCl 3, 300 MHz) : & (ppm) 1.43 (s'Bu, 9H), 4.59 (s, 8,Cl, 2H), 7.44 (d*Jyy = 1.8 Hz,

Ar, 1H), 7.53 (d3J4s = 1.8 Hz, Ar, 1H), 9.87 (s, 0, 1H), 11.87 (s, 8, 1H).

3-'Bu-5-hydroxymethyl-2-hydroxybenzaldehyde (3)

HO

Ox

OH
C12H1603
208.11

In a round bottom flask, ‘Bu-5-chloromethyl-2-hydroxybenzaldehyde (300 m@31mmol)
was dissolved in anhydrous THF and NaOH 0.3 M (1 @5 g) in water (5 mL) was subsequently
added dropwise. The mixture was then stirred dtixeduring 4 h and cooled at room temperature.
HCI 1M was then added until pH 4-5. The solvent waaporated and dichloromethane was added.
The layers were separated, and the organic onedwed over MgSQ After evaporation of the
solvent, a brown oil was obtained, which was pedfiby column chromatography (SiO
pentane/ethyl acetate 7:3) to give the productl@san oil (0.11 g, 0.53 mmol, 40 % yield).

'H NMR (CDCl 3, 300 MHz): 5 (ppm) 1.43 (sBu, 9H), 4.68 (s, B8,0H, 2H), 7.43 (d3Jy = 1.8 Hz,

Ar, 1H), 7.52 (d3J4s = 1.8 Hz, Ar, 1H), 9.89 (s, 0, 1H), 11.79 (s, &, 1H).

3-'Bu-5-hydroxyethoxymethyl-2-hydroxybenzaldehyde (4)

OH

b

@)

Ox

OH
C14H2004
252.14
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In a round bottom flask, ‘Bu-5-chloromethyl-2-hydroxybenzaldehyde (0.61 g92mmol)
was dissolved in anhydrous THF abdl eq., 0.23 g) was subsequently added at 0 °€.riilkture
was then stirred at reflux during 4 h and cooletbam temperature. The solvent was evaporated and
the crude product was purified by column chromadpby (SiQ, pentane/ethyl acetate 7:3) to give the
product as a brown oil (0.17 g, 0.68 mmol, 25 %dyie
'H NMR (CDCl 3, 300 MHz): & (ppm) 1.42 (s'Bu, 9H), 3.64 (m, €, 2H), 3.77 (m, El,, 2H), 4.52
(s, CHy, 2H), 7.40 (d3Jyy = 1.8 Hz, Ar, 1H), 7.49 (I = 1.8 Hz, Ar, 1H), 9.88 (s, O, 1H),

11.79 (s, ®1, 1H).

4-benzyloxy-2Bu-phenol (5)

OH

OBn
C17H200-
256.15

Under nitrogene atmosphere, a mixture dB@- hydroquinone (8.00 g, 48.20 mmol) and
anhydrous potassium carbonate (0.5 eq., 3.33 d}yiracetonitrile (100 mL) was stirred for half an
hour at room temperature. Subsequently, benzyridedl eq., 6.10 g) and potassium iodide (0.39 g,
2.60 mmol) were added to the reaction mixture anevas allowed to reflux for 3 h in inert
atmosphere. The mixture was cooled to room temperand was poured into water (250 mL). The
oily layer was extracted thrice with ether and doenbined organic phase was dried over sodium
sulfate. The solvent were removed under reducedspre and the residue was finally purified by
column chromatography (SiOpentane/ethyl acetate 1:0 to 9:1). The produobtained as a orange
oil (6.30 g, 24.60 mmol, 51 % vyield).

'H NMR (CDCl 3, 300 MHz): & (ppm) 1.40 (s'Bu, 9H), 5.00 (s, 8,0, 2H), 6.57-7.46 (m, Ar, 8H),

12.50 (s, ®f, 1H).
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5-benzyloxy-3‘Bu-salicylaldehyde (6)

OH

OBn

C1gH2003
284.14

Under nitrogene atmosphere, 4-benzyloXd@-phenol (6.30 g, 24.60 mmol) was dissolved
in anhydrous toluene (40 mL). To this, freshlyitlesd over potassium hydroxide 2,6-lutidine (0.4,eq
1.15 mL) was added via syringe. The reaction me&twas allowed to stir for 30 min followed by
dropwise addition of freshly distilled Sn0.1 eq., 0.29 mL) dissolved in anhydrous tolué€2@
mL). The yellow heterogeneous mixture was stirream temperature under nitrogene for 1 h, after
which the purge was shut off and paraformaldeh@de €q., 2.40 g), dried oves® at 100 °C under
vacuum, was added quickly in one portion. The mixtwas heated for 16 h at 100 °C. The thick and
brown oily layer was allowed to cool to room tengiare and while stirring water (200 mL) was
added to the flask. The thick mixture was acidifiedapproximataly pH 2.0 with a few mL of 2 M
HCI. The mixture was extracted with ether (3 x 200). The combined ether extracts were washed
with water, brine and dried over sodium sulfateteAfemoving the solvent under reduced pressure a
viscous brown liquid was obtained. This residue veasystallized from petroleum ether to give the
product as an orange solid (3.70 g, 13.00 mmo%058eld).

'H NMR (CDCl3, 300 MHz): & (ppm) 1.41 (s'Bu, 9H), 5.05 (s, 8,0, 2H), 6.88-7.45 (m, Ar, 7H),

9.81 (s ; ®lO, 1H), 11.51 (s, B, 1H).




Experimental section

5-hydroxy-3-'Bu-salicylaldehyde (7)

OH

In a round bottom flask, 5-benzyloxy'Bu-salicylaldehyde (3.70 g, 13.00 mmol) was taken i
a mixture of dry toluene (70 mL) and dry NEt eq., 1.80 mL) and Pd/C (10 %, 0.50 g). The amixt
was deaerated with nitrogen for 30 min. The reactiessel was connected to hydrogen gas burette
and stirred at room temperature for 12 h until harge in hydrogen consumption level was observed
after depletion of theoretical amount of hydrogEne mixture was filtered over celite and removal of
solvent afforded an orange solid which was puribedr column chromatography (Si@entane/ethyl
acetate 7:3) to give the product as a yellow-orawdie (1.50 g, 7.73 mmol, 60 % yield).
'H NMR (CDCI s/DMSO-ds, 300 MHz) : 5 (ppm) 1.47 (s'Bu, 9H), 6.98 (d3J4 = 3 Hz, Ar, 1H),

7.16 (d 34y = 2.7 Hz, Ar, 1H), 9.07 (s, 1@, 1H), 9.91 (s, €0, 1H), 11.38 (s, 8, 1H).

Trans-1,2-diaminocyclohexane monohydrochloride salt (8)

H,N  NH,CI

CeHq5CIN,
150.09

In a round bottom flaskrans1,2-cyclohexyldiamine (5.00 g, 43.90 mmol) wassdlged in
ether (120 mL). The solution was stirred vigorousllyile anhydrous HCI (1 eq., 11 mL, 4 M in
dioxan) was added dropwise over 15 min. An exothereaction was observed upon the addition of
the acid, and a precipitate was formed. After catgphddition of the acid, the mixture was alloned t

stir at room temperature for 15 h. The white prigaip was collected by vacuum filtration, washed
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with excess ether and dried in vacuo. The produobtained as a white solid (6.30 g, 42.00 mmol, 95
%).
'H NMR (300 MHz, D;0) : § 1.27 (m, G1,, 4H), 1.67 (d, €l,, 2H), 1.93 (d, -El,, 2H), 2.72 (m, @,

2H).

(R,R)-N-(3,5-di-Bu-salicylidene)N’-[3-'Bu-5-hydroxysalicylidene]-1,2-cyclohexanedediaming)

HO OH HO

C32H4eN205
506.35

A 100 mL flask was charged withRPR)-1,2-diaminocyclohexane monohydrochloride salt
(1.46 g, 7.73 mmol), activated 4 A molecular sie®80 g), and anhydrous methanol (80 mL). 3,5-
di-'Bu-2-hydroxybenzaldehyde (1 eq., 1.81 g) was adidehe portion, and the reaction mixture was
stirred at room temperature for 4 h. A solutiorbdiydroxy-3:Bu-salicylaldehyde (1 eq., 1.50 g) in
anhydrous dichloromethane (40 mL) was added todhetion mixture, followed by the slow addition
of anhydrous triethylamine (2 eq., 1.97 mL). Thacten mixture was stirred at room temperature for
an additional 4 h followed by the removal of thelveats. The residue was dissolved in
dichloromethane (100 mL), washed with water (2 & frf).), and dried with magnesium sulfate. Flash
chromatography of the crude product (gi€ther/pentane 1:4 to 1:1) afford@d2.15 g, 4.25 mmol,
55%) as a orange solid.
Ca2H46N,05 (506.35): Anal. Calcd. C, 75.85, H, 9.15, N, 5.53; Fou@¢d74.96, H, 9.13, N, 5.07H
NMR (300 MHz, CDCl) : ¢ (ppm) 1.23 (s!Bu, 9H), 1.38 (s'Bu, 9H), 1.41 (s!Bu, 9H), 1.43-2.02
(m, CHa, 8H), 3.24-3.42 (m, NBCH,, 2H), 6.56 (dJ = 2.1 Hz, Ar, 1H), 6.84 (fJuy = 2.1 Hz,

Ar, 1H), 6.99 (d3Jyy = 2.1 Hz, Ar, 1H), 7.31 (®4 = 2.1 Hz, Ar, 1H), 8.25 (s, N34, 1H), 8.31
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(s, N=CH, 1H). ®C NMR (100 MHz, CDCl,) : & (ppm) 24.3 'Bu), 29.3 Bu), 29.5 {Bu), 31.4 Bu),
33.2 CHy), 34.1 CH,), 34.9 CH,), 35.0 CHy), 72.4 CH), 72.5 CH), 114.5 (Ar), 117.8¢=N), 117.9
(C=N), 118.3 (Ar), 126.0 (Ar), 126.9 (Ar), 136.€i(s), 138.6 Cipso), 140.0 Cipsa), 146.7 Cipsd), 154.5

(Cipso)- 158-0 Cipso)v 164-9 Cipso)- 165-9 Cipso)-

(R,R)-N-(3,5-di-Bu-salicylidene)N’-[3-Bu-5-(2’-hydroxymethyl)salicylidene]-1,2-

4

=N N=

cyclohexanedediamine (10)

OH HO
HO

C33H4gN20;
520.37

A 100 mL flask was charged with RPR)-1,2-diaminocyclohexane monohydrochloride salt
(0.34 g, 2.26 mmol), activated 4 A molecular sie¢s0 mg), and anhydrous methanol (25 mL). 3,5-
di-'Bu-2-hydroxybenzaldehyde (1 eq., 0.53 g) was adideshe portion, and the reaction mixture was
stirred at room temperature for 4 h. A solutiorBéBu-2-hydroxy-5-(hydroxymethyl)benzaldehyde (1
eq., 0.47 g) in anhydrous dichloromethane (25 ma$ added to the reaction mixture, followed by the
slow addition of anhydrous triethylamine (2 eq63mL). The reaction mixture was stirred at room
temperature for an additional 4 h followed by teeoval of the solvents. The residue was dissolved
in dichloromethane (50 mL), washed with water G0xmL), and dried with magnesium sulfate. Flash
chromatography of the crude product (Sj@ther/pentane 1:4 to 1:1) afford&@(0.68 g, 1.31 mmol,
58 % yield) as a light yellow solid.
'H NMR (300 MHz, CDCl) : 6 (ppm) 1.23 (s'Bu, 9H), 1.41 (s'Bu, 9H), 1.42 (sBu, 9H), 1.43-1.51
(m, CH,, 2H), 1.70-1.80 (M, B,, 2H), 1.88-1.92 (m, B,, 2H), 1.96-2.02 (m, B,, 2H), 3.29-3.38 (m,

CH,, 2H), 4.52 (s, €,0, 2H), 6.96 (0% = 2.2 Hz, Ar, 1H), 7.01 (Ju = 2.0 Hz, Ar, 1H), 7.25
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(d, %3 = 2.0 Hz, Ar, 1H), 7.31 (¥ = 2.4 Hz, Ar, 1H), 8.28 (s, Nig, 1H), 8.29 (s, NE, 1H),

13.68 (s br, ®, 1H), 13.97 (s br, B, 1H).

(R,R)-N-(3,5-di-Bu-salicylidene)N’-[3-'Bu-5-(2 -hydroxyethoxymethyl)salicylidene]-1,2-

cyclohexanediamine (11)

OH HO
HO—/_O

C35H52N20,4
564.39

(RR)-1,2-diaminocyclohexane monohydrochloride (0.452@8 mmol), 3,5-dtert-butyl-2-
hydroxybenzaldehyde (1 eq., 0.70 g), and 4 A mdéeaieves (0.33 g) were charged into a 250 mL
flask equipped with a magnetic stir bar and a sapténhydrous ethanol (8 mL) and anhydrous
methanol (8 mL) were added, and the bright yellotson was stirred at room temperature for 4 h. A
solution of 3'Bu-2-hydroxy-5-(2'-hydroxyethoxymethyl)benzaldehy(le eq., 0.75 g) in anhydrous
CH.CI, (16 mL) and anhydrous NE(2 eq., 0.83 mL) weradded. The red solution was stirred at
room temperature for amdditional 4 h. The reaction mixture was filterbdough a shorpad of dry
silica gel, and the silica gel was flushed with CH. The solvent was removed under reduced
pressure. The residue wpsrified by column chromatography (SiCethyl acetate/pentane 1:3) to
afford11(1.20 g, 2.13 mmol, 71%) as a yellow powder.

'H NMR (300 MHz, CDCls) : § (ppm) 1.24 (sBu, 9H), 1.41 (s'Bu, 9H), 1.42 (s'Bu, 9H), 1.43-1.55
(m, CHy, 2H), 1.83-1.92 (m, B,, 2H), 1.61-1.81 (m, B,, 2H), 1.93-2.08 (m, B,, 2H), 2.01 (br s),
3.28-3.38 (m, €, 2H), 3.54 (m, €l,, 2H), 3.72 (br s, B,, 2H), 4.40 (s, €, 2H), 6.98 (d2J, = 2.3
Hz, Ar, 1H), 7.01 (d3Jyy = 1.6 Hz, Ar, 1H), 7.22 (@Jy = 1.6 Hz, Ar, 1H), 7.31 (I = 2.3 Hz,

Ar, 1H), 8.29 (s, N&, 1H), 8.30 (s, N&, 1H), 13.70, (br s, B, 1H), 14.00 (br s,8, 1H).
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(12)

TBDMSO OH HO

C3gHgoN203Si
620.44

In a round bottom flask, RR)-N-(3,5-di-Bu-salicylidene)N'-[3-'Bu-5-(2’-
hydroxy)salicylidene]-1,2-cyclohexanediamir@® (0.20 g, 0.39 mmol) was dissolved in anhydrous
dichloromethane, and TBDMS-CI (1 eq., 0.06 g), DM@ eq., 0.08 g) and triethylamine (0.2 eq.,
10 pL) were subsequently added. The mixture wasstineed at room temperature during 10 days,
after what the solvent were evaporated. The resicage purified by chromatographic column (giO
pentane/ether : 9/1) to give the product as angeraolid (0.13 g, 0.21 mmol, 54 % yield).
CsgHeoN203Si (620.44): Anal. Calcd. C, 73.50, H, 9.74, N, 4.51; Fou@€d.73.96, H, 9.82, N, 4.60.
'H NMR (300 MHz, C¢Ds) : & (ppm) 0.13 (s, 85, 6H), 1.03 (s!Bu, 9H), 1.26 (s'Bu, 9H), 1.55 (s,
‘Bu, 9H), 1.63 (s'Bu, 9H), 0.80-1.60 (M, B,, 8H), 2.87 (m, €, 2H), 6.53 (d°Jyy = 2.7 Hz, Ar, 1H),
6.93 (d,%Jun = 2.4 Hz, Ar, 1H), 7.03 (FJuy = 2.7 Hz, Ar, 1H), 7.49 (Juy = 2.4 Hz, Ar, 1H), 7.80
(s, NCH, 1H), 7.87 (s, N€, 1H), 13.84 (s, @, 1H), 14.05 (s, @, 1H). *C (300 MHz, GDs) : &
(ppm) -4.5 CHs), 18.3 [Bu), 24.6 (Bu), 26.5{Bu), 29.9 (Bu), 30.0 (Bu), 31.7 {Bu), 33.4 CH,), 34.5
(CH,), 35.5 CH,), 35.7 CH,), 72.2 CH), 72.4 CH), 118.8 C=N), 118.9 C=N), 126.7 (Ar), 127.3
(Ar), 129.7 (Ar), 131.0 (Ar), 137.00ps0), 137.4 Cipse)» 140.4 Cipso), 159.0 Cipsd), 160.5 Cipso), 166.5

(Cipso) ) 170.0 Cipso) .
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(13)

TBDMSO

C39Hg2N20;3Si
634.45

In a round bottom flask, RR)-N-(3,5-di-Bu-salicylidene)N'-[3-'Bu-5-(2'-
hydroxymethyl)salicylidene]-1,2-cyclohexanediami(i)) (0.20 g, 1.40 mmol) was dissolved in
anhydrous dichloromethane, and TBDMS-CI (1 eq.,20d), DMAP (0.2 eq., 0.02 g) and
triethylamine (0.2 eq., 40 pL) were subsequentlgdeaid The mixture was the stirred at room
temperature during 10 days, after what the solweare evaporated. The yellow residue was purified
by chromatographic column (SiQpentane/ether : 9/1) to give the product as wesolid (0.71 g,
1.12 mmol, 80 % yield).

C3oHeoN203Si (634.45): Anal. Caled. C, 73.77, H, 9.84, N, 4.41; AnabuRd. C, 74.02, H, 9.87, N,
4.56."H NMR (300 MHz, C¢Dy) : & (ppm) 0.07 (s, B3, 6H), 1.01 (s'Bu, 9H), 1.25 (s'Bu, 9H), 1.60
(s,'Bu, 9H), 1.62 (s'Bu, 9H), 1.10-1.60 (m, B,, 8H), 2.85 (m, €, 2H), 4.54 (s, €, 2H), 6.90 (d,
3Jun = 2.7 Hz, Ar, 1H), 6.94 (83,4 = 2.4 Hz, Ar, 1H), 7.40 (dJuy = 2.7 Hz, Ar, 1H), 7.48 (s =
2.4 Hz, Ar, 1H), 7.88 (s, N&, 1H), 7.92 (s, N&, 1H), 14.05 (s, @, 1H), 14.23 (s, @, 1H).C
(100 MHz, C:Dg) : 6 (ppm) -4.7 CHs), 18.3 [Bu), 24.7 {Bu), 26.4 [Bu), 29.9 {Bu), 30.0 {Bu), 31.9
(‘Bu), 33.3 CH,), 34.5 CH,), 35.4 CH,), 35.6 CH,), 65.4 CH,-0), 72.3 CH), 72.4 CH), 118.7
(C=N), 118.9 C=N), 126.7 (Ar), 127.3 (Ar), 129.5 (Ar), 131.1 (AD37.0 Cips), 137.5 Cipsg), 140.4

(Cipso)- 159.0 Cipso)v 160.3 Cipso)- 166.3 Cipso)v 166.9 Cipso)-
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(14)

0
TBDMSO—/_

678.48

In a round bottom flask, RR)-N-(3,5-di-Bu-salicylidene)N'-[3-'Bu-5-(2’-
hydroxyethoxymethyl)salicylidene]-1,2-cyclohexarsdine (1) (0.60 g, 1.06 mmol) was dissolved
in anhydrous dichloromethane, and TBDMS-CI (1 @416 g), DMAP (0.2 eq., 0.02 g) and
triethylamine (0.2 eq., 30 pL) were subsequentlgesd The mixture was the stirred at room
temperature during 10 days, after what the solwemre evaporated. The yellow residue was purified
by chromatographic column (SiQpentane/ether : 9/1) to give the product as ewesolid (0.54 g,
0.80 mmol, 75 % yield).

CaHesN20,Si (678.48): Anal. Calcd. C, 72.52, H, 9.80, N, 4.13; Fou@d.72.82, H, 9.86, N, 4.27.
'H NMR (300 MHz, CDCls) : 5 (ppm) 0.05 (s, B3, 6H), 0.88 (s'Bu, 9H), 1.22 (s'Bu, 9H), 1.40 (s,
Bu, 9H), 1.54 (s'Bu, 9H), 1.20-1.95 (m, B,, 8H), 3.35 (m, €, 2H), 3.49 (t3Jun = 5.7 Hz, CH,
2H), 3.75 (t3Jun = 5.7 Hz, G5, 2H), 4.39 (s, €, 2H), 6.96 (d3Jyy = 2.4 Hz, Ar, 1H), 6.97 (¢
= 1.8 Hz, Ar, 1H), 7.21 (FJs = 1.8 Hz, Ar, 1H), 7.29 (dJ. = 2.1 Hz, Ar, 1H), 8.26 (s, N&, 1H),
8.29 (s, N®, 1H), 13.65 (s, €, 1H), 13.91 (s, €, 1H).**C (100 MHz, CDCL) : & (ppm) 1.1 CHs),
18.4 {Bu), 24.4 Bu), 26.0 Bu), 29.4 {Bu), 29.5 Bu), 31.4 {Bu), 33.2 CH,), 34.1 CH,), 34.8
(CH,), 35.0 CH,), 62.8 CH,-0), 71.4 (OEH,), 72.4 CH), 72.5 CH), 73.3 CH,-Si), 117.8 (Ar),
118.3 (Ar), 126.0 (Ar), 126.8 (Ar), 127.L(a), 129.4 C=N), 129.5 C=N), 136.4 Cipso), 137.2

(Cipso)- 140.0 Cipso)v 158.0 Cipso)- 160.0 Cipso)v 165.3 Cipso)v 165.9 Cipso)-
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1°-O,N,N,O-(C3sHs:N,03Si)AIO'Pr (15)

TBDMSO

C41HesAINLO,Si
704.45

In a glovebox, gHgN03Si (12) (0.70 g, 1.13 mmol) was dissolved in anhydrousetoe,

and Al(OPr); (1 eq., 0.23 g) was subsequently added. The oeaatixture was heated at 110 °C

overnight. After evaporation of the solvent, theidee was washed with pentane to give the product

as a white powder (0.79 g, 1.12 mmol, 99 % yield).

C41H6sAINO,4Si (704.45): Anal. Calcd. C, 69.85, H, 9.29, N, 3.97; Fou@d69.52, H, 9.37, N, 3.67.

'H NMR (300 MHz, C¢De) : & (ppm) 0.27 (s, Hs, 6H), 1.11 (s!Bu, 9H), 1.15 (dd3Jy = 5.7 Hz,

“Jun = 2.4 Hz, ®l5, 3H), 1.27 (dd3J = 5.7 Hz,*Jyy = 2.4 Hz, G5, 3H), 1.40 (s'Bu, 9H), 1.88 (s,

'Bu, 9H), 1.93 (s'Bu, 9H), 1.05-1.60 (m, B,, 8H), 3.64 (m, ©, 2H), 4.28 (93 = 5.7 Hz, &,

1H), 6.75 (d3Jyy = 3.0 Hz, Ar, 1H), 7.11 (s = 2.7 Hz, Ar, 1H), 7.42 () = 2.7 Hz, Ar, 1H),

7.67 (d,°J = 3 Hz, Ar, 1H), 7.83 (s, Ng, 1H), 7.85 (s, N€, 1H)."*C (300 MHz, GDs) : & (ppm) -

4.5 (CHs), 18.2 (Bu), 23.4 {Pr), 23.9 'Pr), 25.7 Bu), 26.4 Bu), 27.9 (Pr), 28.0 Bu), 28.4 [Bu),

29.7 {Bu), 30.0 (Bu), 30.2 Bu), 31.4 Bu), 33.9 CH,), 35.6 CH.), 35.9 CH,), 62.0 CH), 62.7

(CH), 65.0 CH,), 118.5 C=N), 118.6 C=N), 118.8 (Ar), 119.6 (Ar), 125.6 (Ar), 125.7 (A}29.5

(Cipso)» 130.7 Cipse)s 137.8 Cipse)s 141.2 Cipse), 142.8 Cipse)s 162.3 Cipse)s 162.9 Cips), 166.2 Cipso)-
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1°-O,N,N,O-(CagH 6N,03Si)AIO'Pr (16)

)

_N\ /N_
/AII\

OO
TBDMSO )\

718.47

In a glovebox, GHgsN>OsSi (13) (0.15 g, 0.24 mmol) was dissolved in anhydrousetoe,
and AI(OPr); (1 eq., 0.05 g) was subsequently added. The czaatixture was heated at 110 °C
overnight. After evaporation of the solvent, theidee was washed with pentane to give the product
as a white powder (0.17 g, 0.24 mmol, 99 % vyield).

C4HeAINO,4Si (718.47). Anal. Calcd. C, 70.15, H, 9.39, N, 3.90; Fou@d68.54, H, 9.30, N, 3.54.
'H NMR (300 MHz, Cg¢Dg) : & (ppm) 0.16 (s, 3, 6H), 0.97 (s'Bu, 9H), 1.05 (s'Bu, 9H ), 1.13 (t,
*Jun = 5.7 Hz, ®ls, 3H), 1.24 (t3Juy = 5.7 Hz, G5, 3H), 1.39 (s!Bu, 9H), 1.92 (s'Bu, 9H), 1.00-
1.65 (m, G1,, 8H), 3.68 (m, €, 2H), 4.18 (q’Jun = 5.7 Hz, &1, 1H), 7.06 (d’Jun = 2.7 Hz, Ar, 1H),
7.17 (d,*34n = 2.7 Hz, Ar, 1H), 7.61 (s = 2.7 Hz, Ar, 1H), 7.69 () = 3 Hz, Ar, 1H), 7.77 (s,
NCH, 1H), 7.79 (s, N&, 1H).*C (300 MHz, GDs) : & (ppm) -5.2 CHz), 13.4 {Bu), 23.4 (Bu), 23.4
(Pr), 24.0 'Pr), 25.2 Bu), 25.9 {Bu), 26.4 Bu), 26.9 {Bu), 27.8 Pr), 28.0 Bu), 30.0 {Bu), 30.2
(‘Bu), 31.4 Bu), 33.9 CH,), 35.7 CH,), 35.9 CH,), 62.0 CH), 62.8 CH), 63.3 CH,-0), 65.1
(CH,), 118.6 C=N), 119.0 C=N), 119.3 (Ar), 129.2 (Ar), 129.6 (Ar), 130.7 (A031.7 Cpsy), 137.4

(Cipso)- 138.0 Cipso)v 141.2 Cipso)- 162.1 Cipso)v 162.7 Cipso)v 167.0 Cipso)- 167.5 Cipso)-
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1°-O,N,N,0-(Ca1HeN,0,Si)AlMe (17)

—N. N=
T
o |lo

)
TBDMSO—/_

CazHe7AIN,0,Si
718.47

In a glovebox, GHgN>O4Si (14) (0.50 g, 0.74 mmol) was dissolved in anhydrousetoe,
and AlMe; (1 eq., 0.05 g) was subsequently added. The osactixture was heated at 110 °C
overnight. After evaporation of the solvent, theidee was washed with pentane to give the product
as a white powder (0.52 g, 0.73 mmol, 99 % yield).

C4He7AINO3Si (718.47). Anal. Caled. C, 70.15, H, 9.39, N, 3.90; Fou@d70.02, H, 9.41, N, 3.96.
'H NMR (300 MHz, C¢Ds) : & (ppm) -0.47 (s, €5, 3H), 0.09 (s, €, 6H), 0.98 (s'Bu, 9H), 1.39 (s,
‘Bu, 9H ), 1.85 (s'Bu, 9H), 1.89 (s'Bu, 9H), 0.45-1.65 (m, B,, 8H), 3.06 (m, €, 2H), 3.57 (t3Ju
= 2.7 Hz, ®&1,, 2H), 3.80 (t3Jun = 2.7 Hz, ®,, 2H), 4.50 (s, €, 2H), 7.08 (d3Jy = 2.7 Hz, Ar,
1H), 7.59 (d.Jun = 2.7 Hz, Ar, 1H), 7.63 (fJun = 2.7 Hz, Ar, 1H), 7.71 (FJuy = 3 Hz, Ar, 1H),
7.79 (s, N®, 1H), 7.80 (s, N&, 1H). **C (100 MHz, CDC}) : & (ppm) -4.6 CHs), 19.0 (Bu), 24.0
(‘Bu), 24.5 (Bu), 26.6 Bu), 27.1 {Bu), 28.4 [Bu), 30.6 CH,), 32.1 CH,), 36.3 CH,), 36.6 CH,),
62.5 CH), 63.7 CH»-0), 65.5 CH), 72.3 (OCH,), 74.0 CH-Si), 119.3 C=N), 119.5 C=N), 132.0
(Ar), 132.8 (Ar), 133.5 (Ar), 142.2 (Ar), 142.Tisq), 162.3 Cipso), 162.8 Cipso), 163.7 Cipso), 165.3

(Cipso)- 166.8 Cipso)v 167.6 Cipso)- 168.0 Cipso)-
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1°-O,N,N,O-(C41HN,0,Si)AlIOBN (18)

)

_N\ /N_
o/AI\o

O OBn
TBDMSO—/—

810.49

In a glovebox, GHs7AIN,O,Si (17) (0.36 g, 0.51 mmol) was dissolved in anhydrolisetoe,
and BnOH (1 eq., 54 pL) was subsequently added. réhetion mixture was heated at 90 °C
overnight. After evaporation of the solvent, theidee was washed with pentane to give the product
as a white powder (0.41 g, 0.50 mmol, 99 % vyield).

CeH71AIN ,O5Si (810.49): Anal. Caled. C, 71.07, H, 8.82, N, 3.45; Fou@d71.12, H, 8.92, N, 3.07.
'H NMR (300 MHz, C¢Dg) : & (ppm) 0.19 (s, €5, 6H), 1.08 (s'Bu, 9H), 1.49 (s'Bu, 9H ), 1.94 (s,
‘Bu, 9H), 1.96 (s!Bu, 9H), 0.50-2.05 (m, B,, 8H), 3.50 (M, ©, 2H), 3.67 (t3Juy = 2.7 Hz, Gi,,
2H), 3.90 (t°Ju = 2.7 Hz, ®1,, 2H), 4.57 (s, €, 2H), 5.00 (m, €, 2H), 7.05-7.25 (m, Ar, 5H),
7.35 (d,%34y = 3.6 Hz, Ar, 1H), 7.37 (FJun = 3.6 Hz, Ar, 1H), 7.75 (3. = 3.6 Hz, Ar, 1H), 7.77
(d,Jun = 3.6 Hz, Ar, 1H), 7.84 (s, N&, 1H), 7.90 (s, NE&, 1H).*C (100 MHz, CDC}) : & (ppm) -
4.6 (CHs), 19.0 (Bu), 24.0 {Bu), 24.5 {Bu), 26.6 {Bu), 27.1 {Bu), 28.4 Bu), 30.6 CH,), 32.1 CH,),
34.6 (Al-CH,), 36.3 CH,), 36.6 CH,), 62.7 CH), 63.7 CH,-0), 65.5 CH), 72.3 (OCH,), 73.9
(CH,-Si), 119.3 CH-Ar), 119.6 C=N), 119.7 C=N), 132.0 (Ar), 132.6 (Ar), 133.6 (Ar), 137.7 (Ar)
138.2 (Ar), 138.8 (Ar), 141.8 (Ar), 142.0 (Ar), 122(Ar), 142.5 Cipso), 147.4 Cipso)s 162.8 Cipso)

163.3 Cipso), 163.5 Cipso), 165.3 Cipso), 166.7 Cipso), 167.8 Cipso), 168.1 Cipso).-
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“Anhydrous” TBAF (19)

C16H36FN
261.28

TBAF.3H,0 was heated in a round-bottomed flask with magrsdtiring at 40 °C under high
dynamic vacuum. After several hours, the sampleefigd. Heating was continued until the sample
lost 20% of its original weight (7 days). The reisg "anhydrous" TBAF contained 0.3 molar
equivalent of water. This oil must be used immexdyat
'H NMR (300 MHz, C4¢Dg) : & (ppm) 0.40 (sH,O, 0.7H) 0.98 (t3Jyy = 7.2 Hz, G5, 12H), 1.38 (q,
Sdun = 7.2 Hz, Gy, 8H), 1.57 (9 Jun = 7.2 Hz, &1y, 8H), 3.45 (tJun = 8.4 Hz, Gy, 8H). “F{'H}

NMR (282.4 MHz, CsDs) : § -102.0 (s, 1F).

Typical procedure for rac-lactide/e-caprolactone/TMC polymerization.

In a glovebox, catalyst (5.00 mg, 6.96°1fhol) was charged in a vial equipped with a
TeflonTM-tight screw-cap and a dichloromethaneotueéne solution (1 M) of the appropriate amount
of monomer was addeda a syringe all at once. The resulting solution wigerously stirred (at room
temperature or heated) for the appropriate timiee Vial was then removed from the glovebox and the
reaction mixture was quenched with MeOH provokihg precipitation of the polymer which was
washed several times with MeOH, driiedvacuountil constant weight and subsequently analyzed by

'H NMR, SEC and by MALDI-TOF spectrometry.
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Polymer characterization.

NMR spectroscopy.
The monomer to polymer conversion is calculated'HyNMR spectroscopy based on the

relative integration of the corresponding signals :

Polymers® (ppm) Monome®s® (ppm) 'H NMR spectrum
| |- I‘ | |-. |'1-| |
. :!‘I{E’E'i'::‘!‘ I| "
PLA Raclactide ’ i Fﬁ,
ra I | R
§ =5.20-5.30 3 =5.02 N i -
ji v I"I
| L i || |
] III I o ) | i
.I ’ I I II ! |I i h
L3 i W ]

B
—a iy
—&.Ehf
—i#3

PCL &caprolactone
6 =4.03-4.09 6=4.23
B OFEE 2
PTMC TMC
0=4.19-4.24 0=4.43

Table 1 :'H NMR signals used to estimate monomer conversion polymer.
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The microstructure of PLAs was determined by deobriion of the homodecouplingH

NMR spectroscopy of the methine regioat 25 °C in CDGl See below the isotactic- and

heterotactic-enriched PLAs obtained in chapter I.

| mrm
n I- i
rmr rmm/mmr mmr/rmm mmm:
1 = =
0.1067 0.1139 0.0953 0.4652 0.2189

M LA L L L T LR LE LB L " L=

Figure 1 : *H homodecoupled spectrum of isotactic-enriched PLAP,, = 0.59).

Conditions : (salen)Al-OPr complex 15, toluene, 100 °C, 17 h (Chapter I, Bée 3, entry 2).

m r m '
@) 5 @)
Ro_ A So mrm
RS —¢ O mmm |
¢ =—q
n s
rmr rmm/mmr :
mmr/rmm
0.1734 0.1215 0.1794 0.2773 0.2483
Figure 2 : *H homodecoupled spectrum of heterotactic-enriched IFA (P, = 0.61).

Conditions : (salen)Al-OPr complex 16, toluene, 130 °C, 17 h (Chapter |, Tée 3, entry 4).
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Figure 3 : *H homodecoupled spectrum of isotactic-enriched PLAP,, = 0.56).

Conditions : (salen)Al-OBn complex 18, toluene, 8%C, 17 h (Chapter I, Table 3, entry 5).

Size-exclusion chromatography (SEC).
The obtained Msec)values were corrected using the correction fackoes reported in the

litterature :
M n(corrected) = X. Mn(SEC)
Polymer X Ref.
PLA X =0.56£0.05 6,7
PCL X =0.5€+ 0.05 7
PTMC Mysec)< 5000 : X =0.57 8
Mpsecy> 10000 : X =0.88

5000 < M(SEC)< 10000 :
X =0.76(average value) or
X =7.10° X Mysec) + 0.18
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Crystal data.

Compound reference 15
Chemical formula CgHgsN>O6AISI
Formula mass 853.26
Crystal system Monoclinic
alA 13.7849(16)
b/A 18.816(2)
c/A 24.182(2)
al® 90

A° 124.075(5)
U° 90
Unit cell volume/A 5195.4(10)
Temperature/K 173(2)
Space group P21t
No. of formula units per unit cell, Z 4
Radiation type MoKa
Absorption coefficient, p/mh 0.107
No. of reflections measured 46794
No. of independent reflections 12509
Rint 0.2541
Final Ry values (I>2(1)) 0.0836
Final wR(P) values (1>2(1)) 0.1777
Final R, values (all data) 0.2969
Final wR(F) values (all data) 0.2589
Goodness of fit onF 0.884

Table 2 : Crystal data and structural refinement fa the (salen)Al-OPr complex 15.

/ — =
Mosic N
\O VRIS
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Chapter Il

Syntheses.

{(CGH 11)NH'C6H4}20 (18.)

NH
NH

o
-

C24H32N20
364.25

In a 100 mL round-bottom flask, 2,2’-oxydianiliff.00 g, 5.00 mmol), cyclohexanone (2
eg., 0.95 mL), zinc (10 eq., 3.30 g)and acetic g@dmL) were introduced. The mixture was heated at
70 °C under nitrogen for 40 h. The suspension Wwas tooled to room temperature and methanol (30
mL) was subsequently added. The white solid wéeréitl and washed with methanol (2 x 30 mL) and
the filtrate was evaporated to about 10 mL. Crusked(30 g) and dichloromethane (75 mL) were
subsequently added, followed by the addition of amiom hydroxide until pH > 10. The mixture was
extracted with dichloromethane (30 mL) and the agsdayer was further extracted with the same
solvent (2 x 30 mL), followed by the subsequentirdyyof the combined organic layers over MgSO4
and evaporating to dryness. A brown oil was obthiméhich was purified by column chromatography
(SiO,, pentane/ethyl acetate 98/2) to yield compotadas a colorless oily product (1.31 g, 3.60
mmol, 72 % yield)

'H NMR (CDCl 3, 300 MHz): § 1.14-2.03 (m, §Hy, 20H), 3.30 (septel)yy = 6.6 Hz, &1, 2H), 4.12
(s, NH, 2H), 6.56 (dt*Juy = 8.7 Hz,"Juy = 2.1 Hz, Ar, 2H), 6.73 (ddJun = 8.1 Hz,*Juy = 2.1 Hz, A,

4H), 6.98 (dt®Jy = 8.7 Hz,"Jyy = 2.1 Hz, Ar, 2H).
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{(CsHo)NH-CeH}0 (1Db)

NH

NH

0

C23H2gN20
336.22

o
as

In a 100 mL round-bottom flask, 2,2’-oxydianilii®.00 g, 5.00 mmol), cyclopentanone (2
eg., 0.88 mL), zinc (10 eq., 3.30 g) and acetid 0 mL) were introduced. The mixture was heated
at 70 °C under nitrogen for 40 h. The suspensios tlvan cooled to room temperature and methanol
(30 mL) was subsequently added. The white solidfitesed and washed with methanol (2 x 30 mL)
and the filtrate was evaporated to about 10 mLsked ice (30 g) and dichloromethane (75 mL) were
subsequently added, followed by the addition of @amom hydroxide until pH > 10. The mixture was
extracted with dichloromethane (30 mL) and the agsdayer was further extracted with the same
solvent (2 x 30 mL), followed by the subsequentirdyyof the combined organic layers over MgSO
and evaporating to dryness. A brown oil was obthiméhich was purified by column chromatography
(SiO,, pentane/ethyl acetate 98/2) to yield compotadas a colorless oily product (1.21 g, 3.60
mmol, 72 % yield).

'H NMR (C¢Ds, 300 MHZ) : 6 1.21-1.76 (m, €Hs, 16H), 3.58 (septef).y = 6.6 Hz, G, 2H), 4.30
(s, NH, 2H), 6.58 (dt3Jy = 7.2 Hz,*Juy = 1.5 Hz, Ar, 2H), 6.70 (dd)yy = 7.5 Hz, ") = 1.5 Hz, Ar,

2H), 6.90 (dd3Jyy = 7.5 Hz,*Jyy = 1.5 Hz, Ar, 2H), 7.01 (dfJn = 7.5 Hz,*Jus = 1.5 Hz, Ar, 2H).
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{(CF3SO)NH-CeH4},0 (10)

\
;Sﬁo
O™

CF;
C14H1oFgN205S;
463.99

In a glovebox, 2,2’-oxydianiline (0.94 g, 4.70 minwas charged into a 250 mL round-
bottom one-necked flask containing with a Tefloaled stir bar and dissolved in dry dichloromethane
(10 mL). In another Schlenk flask, NaHgE® eq., 1.58 g) was charged and dissolved in dry
dichloromethane (10 mL). The sodium carbonate@Hsolution was then added via canula to the
diamine solution. The resulting mixture was codie® °C and triflic anhydride O(GEG,)» (2.1 eq.,
2.82 g, 1.68 mL) was then added dropwise via anggriat 0 °C. Upon addition, the solution turned
brown and then purple. After the addition was cat®lthe solution was stirred at 0 °C during 15 min
and then at room temperature during 2 days. Thatiogawas quenched with water (200 mL), diluted
with ethyl acetate (400 mL) and brine (200 mL) wdded. The phases were separated and the organic
one was dried over MgSGand the solvent was evaporated. A green oil wdairdd. Ether and
pentane were added and the mixture was put at&3%He precipitate was filtered and a white solid
was obtained (0.40 g, 0.85 mmol, 18 % vyield).

C14H10FsN20sS, (464.36): Anal. Calcd. C, 36.21, H 2.17; Anal. Found. 6,55, H 2.05H NMR
(CDCl3 300 MHz) : § 6.38 (m, Ar, 2H), 6.60 (m, Ar, 4H), 7.32 (m, AtdR “*F{*H} NMR (CDCl 5,
282.4 MHz): § -76.7 (s, &3). *C{*H} NMR (C ¢Ds 75 MHz) : & 118.6 (Ar), 122.8 (qiJcr = 290 Hz,

CF), 125.4 (Ar), 125.8 (Ar), 126.2 (Ar), 129.0 (AB49.7 Cipss-O).
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{(CeFs)NH-CeH4}20 (1d)

R F
F F
QNH F
O
@NH F
F F
F F
Coa

Under a dry nitrogen atmosphere, 2,2’-oxydianilihé®8 g, 5.38 mmol) was dissolved in dry
THF (15 mL) and added on a hexamethyldisylazaheult salt suspension (4.5 eq., 4.05 g) in THF
(10 mL) at -78 °C. The mixture was stirred untibno temperature was reached and then cooled again
to -78 °C. Hexafluorobenzene (2.5 eq, 2.50 g) was tslowly added and the reaction mixture was
stirred at room temperature during three days. reletion was quenched with water (100 mL) and
the product was extracted with diethyl ether (300 InL). The combined organic layers were dried
over K,CO; and the solvent were evaporated. The resultingvibroil was purified by column
chromatography (Si§) pentane/dichloromethane 7/3) to afford analytycalure 1d (1.32 g, 2.48
mmol, 46 % yield).
Ca4H10F10N20 (532.06): Anal. Caled. C, 54.15; H, 1.89; N, 5.26. Fou@d54.14; H, 2.07; N, 5.27.
'H NMR (C¢Dg 300 MHz) : § 5.35 (s, NH, 2H), 6.47 (dd3Jy = 8.1 Hz,*Jyy = 2.1 Hz, Ar, 2H), 6.66
(dd, ®3 = 7.5 Hz,"Jyy = 1.8 Hz, Ar, 2H), 6.70 (dfJyy = 8.1 Hz,"J = 2.1 Hz, Ar, 2H), 6.83 (dt,
3Jun = 8.7 Hz,"Jyn = 2.1 Hz, Ar, 2H)®F{*"H} NMR (C ¢D¢ 282.4 MHz): & -163.1 (dt, *Jr = 24.0
Hz, “Jer = 6.9 Hz, 4F), -161.6 () = 22.8 Hz, 2F), -148.7 (ddJsr = 25.2 Hz,"J¢ = 6.9 Hz, 4F).
BC{*H} NMR (C ¢Dg, 75 MHz) : & 25.5 CoFs), 67.5 Cipso), 114.7 CH), 118.4 CH), 121.4 (Ar), 124.6
(Ar), 134.4 Cipso), 138.0 (d;"Jcr = 256 Hz,CoFs), 141.8 (d,Jer = 242 Hz,CoFs), 142.6 (d,Jer = 249

HZ, QSFS)v 144.7 Cipso)-
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Al (NMey)s (3a)

Me Me
\ /

N
MezN\AI/ \ /NMe2
Al
7 N
Me,N \N/ NMe,
/ \

Me Me

Cq2H36AINg
318.26

In a glovebox, Al (2.00 g, 14.98 mmol) and LiINM€3.3 eq., 2.50 g) were introduced in a
flask and pentane was added. The mixture was afldwstir at room temperature during 3 days. The
precipitate was subsequently filtered over celitd the filtrate was evaporated under vacuum talyiel
compound3a as a yellowish powder (2.10 g, 13.20 mmol, 88 &td)i

'H NMR (C¢De, 400 MHz): § 2.34 (s, Gls, 12H), 2.73 (s, 6, 24H).

Gax(NMey)s (3b)

Me Me
\ /

N
MeoN N\ _NMe,
"G4 Ga

7 ~
Me,N \N/ NMe,

/ \

Me Me

Cq2H36GazNg
402.15

In a glovebox, GaGl(2.00 g, 11.40 mmol) and LiNM€3.3 eq., 1.91 g) were introduced in a
flask and pentane was added. The mixture was afldwstir at room temperature during 3 days. The
precipitate was subsequently filtered over celitd the filtrate was evaporated under vacuum talyiel
compound3b as a yellowish powder (1.85 g, 9.17 mmol, 80 %dyie

'H NMR (C¢Ds, 400 MHZ): § 2.48 (s, Gls, 12H), 2.86 (S, B3, 24H).
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1°-N,O,N-{(CsHg)N-CeH.}.0AINMe ; (4)

e

O—Al—=NMe,

O

Cy4H3,AIN;0
405.24

\\\Z

Zin

In a nitrogen-filled glovebox, the liganth (1.43 g, 4.26 mmol) was charged in a Schlenk
flask and a toluene solution (10 mL) of Al(NMg3a (0.68 g, 4.26 mmol) was added to yield a
colorless solution. The reaction mixture was theatéd for 24 h at 90 °C in an oil bath to yieldaéep
yellow solution that was subsequently cooled towwdaemperature and evaporated to dryness in vacuo,
affording an off-white solid residue. The latter smwashed with pentane and further dried under
vacuum to afford the Al complek as an analytically pure colorless solid (1.02 .§62mmol, 60%
yield).
Co4H3,AIN 3O (405.24): Anal. Calcd. C, 71.08; H, 7.95; N, 10.36. Fou@¢d70.96; H, 8.07; N, 9.57.
'H NMR (CD,Cl,, 300 MHz): & 1.40-2.40 (m, e, 16H), 2.56 (s, B3, 6H), 3.83 (q3J4 = 7.5 Hz,
CH, 2H), 6.50 (dt3Jy = 8.1 Hz,"Jyy = 1.5 Hz, Ar, 2H), 6.73 (ddJy = 8.1 Hz,"Juy = 1.5 Hz, Ar,
2H), 7.10 (dt3Jyy = 8.1 Hz,*Jyy = 1.5 Hz, Ar, 2H), 7.47 (ddJun = 8.1 Hz,*Jun = 1.5 Hz, Ar, 2H).
¥C{*H} NMR (CD ,Cl, 300 MHz) : § 24.9 CsHo), 25.1 CsHg), 34.1 CsHo), 34.2 CsHo), 40.2 (Al-

NMey), 56.6 CH-CsHg), 113.0 (Ar), 117.5 (Ar), 127.9 (Ar), 146.8ifs), 146.4 Cpso).-
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1°-N,O,N-{(CsHg)N-CH,},0GaNMe; (5)

e

N
0—Ga—=NMe,
N

O

CZ4H32GaN3O
447.18

In a nitrogen-filled glovebox, the diamino-ethigraind1b (0.77 g, 2.29 mmol) was charged in
a Schlenk flask and a toluene solution (10 mL) e{XBVie;); 3b (0.46 g, 1.15 mmol) was added to
yield a colorless solution. The reaction mixturesvilaen heated for 40 h at 100 °C in an oil bath to
yield a pale yellow solution that was subsequentipled to room temperature and evaporated to
dryness in vacuo, affording an off-white solid des&. The latter was dissolved in pentane and cooled
to —35 °C over 5 days. The Ga compleyrecipitated as a white solid that was furtheedirinder
vacuum (0.53 g, 1.17 mmol, 51% yield).
C,4H3,GaN;O (447.18): Anal. Calcd. C, 64.31; H, 7.20; N, 9.37. Fou@d.63.29; H, 6.99; N, 9.25.
'H NMR (C¢Ds, 400 MHz) : § 1.42-2.27 (m, €Ho, 16H), 2.73 (s, B, 6H), 3.81 (q3J = 7.5 Hz,
CH, 2H), 6.42 (dt3Jy = 7.6 Hz,"Jy = 1.6 Hz, Ar, 2H), 6.68 (ddJy = 8.4 Hz,"Juy = 1.6 Hz, Ar,
2H), 7.05 (dt3Jyy = 7.6 Hz,"Jyy = 1.2 Hz, Ar, 2H), 7.26 (ddJun = 8.4 Hz,*Juy = 1.6 Hz, Ar, 2H).
C{*H} NMR (C¢Dg, 400 MH2z) : 3 24.7 CsHg), 24.9 CsHo), 34.7 CsHg), 34.9 CsHo), 41.6 (Ga-

NMey), 57.7 CH-CsHg), 113.0 (Ar), 113.6 (Ar), 119.1 (Ar), 127.4 (AD45.5 Cipso), 146.5 Cinso)-
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17°-N,0,N-{(CsH1)N-CgH .} ,OAIMe (6)

O

N
0— Al—Me
N

O

C5H33AIN,0
404.24

In a glovebox, AlMe (130.00 g, 1.76 mmol) was added to a precoolel {Q) toluene
solution of the bis-amino liganta (640.00 mg, 1.76 mmol). The resulting mixture wiagesl at 120
°C during five days. After evaporation to drynetf® crude product was precipitated in pentane to
give a white powder (0.42 g, 1.03 mmol, 63 % yield)
C,sH33AIN O (404.24): Anal. Caled. C, 74.23 ; H, 8.22 ; Found. C, 43.#¥1, 8.01; N, 5.27*H NMR
(CeDe6, 400 MHZz) :  -0.20 (S, El3, 3H), 1.12-2.23 (m, 11, 20H), 3.18 (m, €, 2H), 6.36 (dt3Jy =
7.5 Hz,"J4y = 1.5 Hz, Ar, 2H), 6.63 (ddJi = 8.2 Hz,"Juy = 1.3 Hz, Ar, 2H), 7.02 (df)yy = 6.6 Hz,
“Jun = 1 Hz, Ar, 2H), 7.22 (ddJyn = 8.2 Hz,*Ju = 1.3 Hz, Ar, 2H)*C{*H} NMR (C ¢Ds, 100 MHz)
18 -7.6 (AMe), 26.1 CeH11), 26.3 CoHi), 26.7 CoHu1), 35.2 CoHi), 35.4 CoHur), 53.9 CH-CeHuy),

112.1 (Ar), 112.8 (Ar), 118.3 (Ar), 128.2 (Ar), 185Cipsq), 147.8 Cipso)-

n°-N,N,O-{(C,)N-CeH.}-OGaMe;]GaMe (7)

GaMe;

s
[ )—N-Ga—wme
-

WO
N,

Zin

C26H38Ga2N20
532.15
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In a glovebox, GaMg(0.07 g, 0.59 mmol) was added to a precooled {€&3oluene solution
of the bis-amino ligandb (0.20 g, 0.59 mmol). The resulting mixture wasretirat 130 °C during six
days until no more reaction was observed' @WMR). Another equivalent of GaMevas then added
and the mixture was stirred at 150 °C during thdegs. After evaporation to dryness, the crude
product was precipitated in pentane to give a whiteder (0.18 g, 0.34 mmol, 58 % yield).
CoeH3sGaN,0 (532.15): Anal Calcd. C, 58.47; H, 7.17; N, 5.25; Foun¢58.95; H, 7.29; N, 5.49.
'H NMR (C¢Ds, 400 MHz) : § 0.02 (s, G35, 9H), 0.29 (s, €5, 3H), 1.99-1.34 (m, &, 16H), 3.69
(q, %34 = 6.5 Hz, @, 1H), 3.88 (923 = 8.5 Hz, G, 1H), 6.53 (m, Ar, 2H), 6.93 (di} = 7.5 Hz,
“Jun = 1.5 Hz, Ar, 1H), 7.10 (m, Ar, 3H), 7.30 (dty = 8.0 Hz,*J = 1.0 Hz, Ar, 1H).°C{'H}
NMR (C¢Dg, 100 MHz) : § -4.4 Me), -0.3 Me), 23.6 CsHo), 23.9 CsHe), 24.0 CsHg), 24.1 CsHo),
30.3 CsHo), 31.0 CsHs), 34.5 CsHg), 34.6 CsHo), 57.1 CH-CsHo), 69.0 CH-CsHg), 111.8 (Ar),
112.8 (Ar), 117.5 (Ar), 118.8 (Ar), 121.6 (Ar), 182(Ar), 135.6 (Gso), 137.2 (Gso), 150.8 (Gso),

159.1 (Goso)-

[#7°>-N,O,N-{(CsH)N-C¢H ,} 0}, AIOCH ,Ph]; (8)

N L -
_____
\\\\\\

CsgHecAI2N,0,4
936.48

Under a nitrogen atmosphere, the Al amido complék20.00 mg, 0.52 mmol) was dissolved
in anhydrous toluene. Benzylic alcohol (1 eq., @9 was then added and the mixture heated to 80

°C overnight under stirring. The volatiles were sedpently evaporated to yield a brown oily residue.
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Recrystallization of the latter from a 1/1,8tpentane mixture (cooled at - 35 °C) afforded coumal
8 as an analytically white solid (200.00 mg, 0.43@hM4 % yield).

C,9H33AIN O, (468.24): Anal Caled. C, 74.34 ; H, 7.10 ; N, 5.98. Fou@¢.74.56 ; H, 7.01 ; N, 5.54.
'H NMR (CD,Cl, 300 MHz) : 8 1.36-2.30 (m, €H, 16H), 4.18 (q3Jun = 8.7 Hz, G, 2H), 6.44 (dft,
3Jun = 7.2 Hz,"Jyn = 1.5 Hz, Ar, 2H), 7.25 (m, Ar, 5H), 6.82 (dt = 8.1 Hz,Juy = 1.5 Hz, Ar,
2H), 7.28 (dt Iy = 6.9 Hz,"Jyy = 1.5 Hz, Ar, 2H), 7.62 (ddJyn = 7.5 Hz,"Jun = 1.5 Hz, Ar, 2H).
¥C{*H} NMR (CD ,Cl,, 75 MHz) : § 25.3 CsHo), 28.4 CsHs), 57.1 CH-CsHo), 69.1 (GCH,), 112.6
(Ar), 115.5 (Ar), 117.0 (Ar), 124.5 (Ar), 126.1 (Ar126.5 (Ar), 128.1 (Ar), 139.8%s,), 144.8 Cipso),

145.6 Cipso)-

7%-N,N-{(CF 3S0,)N-C¢H 4} ,LOAIMe(THF) (9)

C21H24AIFgN;0¢S;
605.08

Under a nitrogen atmosphere, a precooled pentdngosn of AlMe; (0.09 g, 1.23 mmol) was
quickly syringed in a precooled (-35 °C) &, solution the bis-triflate di-amino-ether ligathd (0.57
mg, 1.23 mmol) under vigorous stirring. Upon adufitiof AlMe;, immediate bubbling took place
(formation of pentane) and the colorless soluti@s &llowed to warm to room temperature and stirred
overnight. After this time, it was evaporated tgrass to yield a colorless crude residue foundeto b

insoluble in aromatic solvents and &Hb. Dissolution of the latter crude product in a mial amount
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of a 1/1 THF/EXO solvent mixture and subsequent storage at -3%@ff@ded analytically pure
compound as colorless crystals (0.58 g, 72% yield).

C1H1AIF N,O6S, (576.04): Anal. Caled. C, 39.59, H 3.32; Anal. Found. G,14, H 3.56'H NMR
(CeDs, 400 MHZ) : & -0.43 (s, ©l3, 3H), 1.16 (br, THF, 4H), 3.94 (br, THF, 4H), 6.68, Ar, 6H),
7.55 (m, Ar, 1H), 8.00 (br, Ar, IH}’F{*H} NMR (C¢D¢, 376 MHz) : 5 -77.40 (s, €3), -74.7 (s,
CF3). “*F{"H} NMR (C ¢Ds, 376 MHz, 333K): § -76.0 (s, €3). *C{*H} NMR (C ¢Ds, 75 MHz) : § -
12.3 CHa), 24.6 (THF), 74.7 (THF), 117.TH), 121.8 (brCFs), 123.2 CH), 125.6 (Ar), 126.3 (Ar),

133.9 (br, Ar), 150.9 (bCIpSO-O)'

1>-N,0,NH{(C6F5)N-CeH.1}OAIMe (10)

C,5Hq41AIF19N2O
572.05

In a glovebox, AlMe (0.03 g, 0.38 mmol) was added to a toluene saiubiothe bis-amino
ligand 1d (1 eq., 0.20 g) and the resulting greenish yellolution was stirred at 80 °C overnight.
After evaporation to drynessthe resulting green solid was dissolved in a mimmuof
dichloromethane and then precipitated in pentahe.ixture was filtered and further drigdvacuo
to afford compoundOin a pure form as a white solid (0.20 g, 0.35 mragl % yield).

CasH11AIF 10N,O (572.05): Anal. Calcd. C, 52.46, H, 1.94, N, 4.89; FouBd51.07, H, 2.25, N, 4.77.
'H NMR (C¢Ds, 300 MHz) : § 0.31 (s, 3, 3H), 6.45 (dd3J. = 8.6 Hz,"Juy = 7.5 Hz, Ar, 4H), 6.85

(t, *Jqn = 7.9 Hz, Ar, 2H), 6.98 (fJy = 7.8 Hz, Ar, 2H).F{*H} NMR (C ¢D¢, 282.4 MHz): § -
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164.4 (t, *Je = 23 Hz, 2F), -163.2 (tdJsr = 25.5 Hz,"Jer = 6.3 Hz, 4F), -148.6 (ddJs = 16.5 Hz,
“Jee = 2.1 Hz, 4F)BC{*H} NMR (C¢Ds, 125 MHz) : § -15.0 CHs), 115.4 (Ar), 116.1 (Ar), 120.7
(Cipso), 122.1 (Ar), 125.2 (Ar), 137.5 (dJcr = 251 Hz,CeFs), 139.0 (d,"Jer = 251 Hz,CoFs), 140.0

(Cipso), 143.5 (d;Jcr = 252 Hz,CoFs), 146.7 (Goso)-

1°-N,O,N-{(C¢Fs)N-CeH 4} ,OGaMe (11)

025H11GaF10N20
614.00

In a glovebox, GaMg(68.16 mg, 0.59 mmol) was added to a tolueneisolutf the bis-amino
ligand 1d (158.0 mg, 0.30 mmol) and the resulting solutiors wtrred at 130 °C during 3 days. After
evaporation to drynesthe resulting black solid was washed with pentareedriedin vacuoto afford
compound in a pure form as a white solid (100 mg, 0.16 mrad|% vyield).

CasH1,:GaFN,O (615.07): Anal. Calcd. C, 48.82, H, 1.80, N, 4.55; Fouid.48.54, H, 1.97, N,
4.62."H NMR (C¢Ds, 300 MHz) : & 0.01 (s, ®ls, 3H), 6.49 (m, Ar, 4H), 6.86 ()4 = 7.9 Hz,
*34=1.5 Hz, Ar, 2H), 7.06 (fJ. = 8.1 Hz, Ar, 2H)°F{*"H} NMR (C (D, 282.4 MHz): § -164.4 (t,
3Je = 22.6 Hz, 2F), -163.0 (td)er = 22.3 Hz,'Jpr = 4.2 Hz, 4F), -148.4 (ddJer = 23.5 Hz,Jge = 3.7
Hz, 4F).F{*H} NMR (CD ,Cl,, 282.4 MHz, 233 K): §-166.9 (br2F), -164.7 (br2F), -164.5 (br,
2F), -151.4 (br, 2F), -147.0 (br, 2BJC{*H} NMR (C¢Ds, 125 MHz) : & -11.3 CHs), 115.6 (Ar),
118.5 (Ar), 119.2 (Ar), 121.7 (dJer = 239 Hz,CeFs), 127.2 (Ar), 127.6Cpso), 137.5 (d,"Jcr = 239

Hz, CoFs), 139.3 Cipsg), 143.6 (d Jcr = 238 Hz,CoFs), 146.6 Cipso)-
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Crystal data.

Compound reference 4 5
Chemical formula C,o4H3,AIN ;O CoyH3,.GaNsO
Formula mass 405.51 448.25
Crystal system Triclinic Triclinic
alA 9.6822(3) 9.9023(4)
b/A 10.0127(5) 11.0556(4)
c/A 11.4972(5) 11.6943(4)
al® 90.660(2) 117.631(2)
A° 103.669(3) 95.729(2)
U° 93.238(3) 101.957(2)
Unit cell volume/A 1080.94(8) 1080.91(7)
Temperature/K 173(2) 173(2)
Space group P-1 P-1

No. of formula units per unit cell, Z 2 2
Radiation type MoKa MoKa
Absorption coefficient, pu/nim 0.114 1.293
No. of reflections measured 10606 10355
No. of independent reflections 4919 4923
Rint 0.0574 0.0569
Final Ry values (I>2(1)) 0.0465 0.0354
Final wR(P) values (1>2(1)) 0.1230 0.1000
Final R, values (all data) 0.0624 0.0456
Final wR(P) values (all data) 0.1434 0.1241
Goodness of fit on%F 1.105 1.199

Table 4 : Crystal data and structural refinement fa the Al and Ga amido complexes 4 and 5.

nwZ
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Zin
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Compound reference 6 7
Chemical formula C,sH3AIN O CoeH3:GaN,O
Formula mass 402.50 534.02
Crystal system Monoclinic Triclinic
alA 19.5550(2) 8.8347(3)
b/A 8.7490(2) 10.2899(3)
c/A 25.9600(7) 16.1210(5)
al® 90.0000(12) 84.2310(10)
A° 95.9270(13) 89.2050(10)
U° 90.0000(10) 75.6750(10)
Unit cell volume/A 4417.67(16) 1412.68(8)
Temperature/K 173(2) 173(2)
Space group C 2k P-1

No. of formula units per unit cell, Z 8 2
Radiation type MoKa MoKa
Absorption coefficient, p/mh 0.711 1.925
No. of reflections measured 16030 35427
No. of independent reflections 8113 9765

Rint 0.0156 0.0152
Final R, values (I>2(1)) 0.0750 0.0340
Final wR(F) values (I>2(1)) 0.1749 0.0925
Final R, values (all data) 0.1500 0.0428
Final wR(F) values (all data) 0.2046 0.0977
Goodness of fit onF 1.021 1.076

Table 5 : Crystal data and structural refinement fa the Al and Ga methyl complexes 6 and 7.

£

\\\O
N

N

O—él-—Me QfN—éa—Me

ZIII



Experimental section

Compound reference 8 9
Chemical formula CsgHesAlN4O, C,3H2:AIF6N,04S,
Formula mass 937.11 644.53
Crystal system Monoclinic Triclinic
alA 10.5947(17) 9.940(5)
b/A 18.820(3) 11.592(5)
c/A 31.145(5) 13.262(5)
al® 90 94.82(5)
a° 105.873(5) 94.43(5)
U° 90 109.98(5)
Unit cell volume/A 5973.2(16) 1421.8(11)
Temperature/K 173(2) 173(2)
Space group P21k P-1
No. of formula units per unit cell, Z 4 2
Radiation type MoKa MoKa
Absorption coefficient, p/m 0.092 0.302
No. of reflections measured 30989 20287
No. of independent reflections 13563 8245
Rint 0.0582 0.0486
Final R; values (I>2(1)) 0.0861 0.0928
Final wR(F) values (1>2(1)) 0.2209 0.2313
Final R, values (all data) 0.1749 0.1995
Final wR(F) values (all data) 0.2490 0.2615
Goodness of fit onF 1.046 1.191

Table 6 : Crystal data and structural refinement fa the Al alkoxide and methyl complexes 8 and 9.
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Compound reference 10 11
Chemical formula CysH1,AIF 16NO C,6H13ClLF;GaN,O
Formula mass 572.34 700.00
Crystal system Triclinic Monoclinic
alA 10.5098(15) 14.5386(5)
b/A 14.225(2) 8.8558(3)
c/A 17.364(2) 21.9620(6)
al® 71.205(3) 90

A° 74.181(3) 113.631(2)
U° 70.456(3) 90

Unit cell volume/A 2276.1(6) 2590.52(14)
Temperature/K 173(2) 173(2)
Space group P-1 P2l¢

No. of formula units per unit cell, Z 4 4
Radiation type MoKa MoKa
Absorption coefficient, p/m 0.195 1.366
No. of reflections measured 30350 21154
No. of independent reflections 11017 7559
Rint 0.0694 0.0284
Final R; values (I>2(1)) 0.0703 0.0349
Final wR(F) values (1>2(1)) 0.1834 0.0752
Final R, values (all data) 0.1574 0.0579
Final wR(F) values (all data) 0.2147 0.0842
Goodness of fit on’F 1.044 1.001

Table 7 : Crystal data and structural refinement fa the Al and Ga methyl complexes 10 and 11.
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Chapter I

Syntheses

Typical procedure for rac-LA/ &CL/TMC polymerization.

In a glovebox, catalyst (6.11 mg, 1.04°1fhol) was charged in a vial equipped with a
TeflonTM-tight screw-cap and a dichloromethaneotueéne solution (1 M) of the appropriate amount
of monomer was addeda a syringe all at once. The resulting solution wigerously stirred (at room
temperature or heated) for the appropriate timiee Vial was then removed from the glovebox and the
reaction mixture was quenched with MeOH provokihg precipitation of the polymer which was
washed several times with MeOH, driiedvacuountil constant weight and subsequently analyzed by

'H NMR, SEC and by MALDI-TOF spectrometry.

Typical procedure for “immortal” rac-LA/ &CL/TMC polymerization.
The same procedure as previously described wasfos@dlymerization with the addition of
a monomer solution (1M) containing some known amadithe desired alcohol (BnOH, m-PEG-OH)

onto the corresponding initiator.

Polymer characterization.

NMR spectroscopy.

As previously described, the monomer to polymerveesion is calculated byH NMR
spectroscopy based on the relative integratioh@icbrresponding signals (see Experimental Section,
“Chapter I”, Tab. 1).

Similarly to chapter |, the microstructure of PLA&s determined by deconvolution of the
homodecouplingH NMR spectroscopy of the methine regiat 25 °C in CDGJ (see Experimental

section, “Chapter I"). See below the PLAs obtaimedhapter Ill.
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Figure 4 : *H homodecoupled spectrum of isotactic-enriched PLAP,, = 0.70).

Conditions : Al amido initiator 4, toluene, 60 °C,17 h (Chapter II, Table 1, entry 3).
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Figure 5 : *H homodecoupled spectrum of isotactic-enriched PLAP,, = 0.70).

Conditions : Ga amido initiator 5, toluene, 40 °C5 h (Chapter II, Table 1, entry 5).
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Figure 6 : *H homodecoupled spectrum of isotactic-enriched PLAP,, = 0.62).

Conditions : Al alkoxide initiator 8, toluene, 80 T, 3 h (Chapter I, Table 1, entry 13).

Size-exclusion chromatography (SEC).

The obtained Msec)values were corrected using the correction fackgras described in the
Experimental section concerning chapter | foac-lactide, &caprolactone and TMC. The
determination of the correcting factor X for m-PBEGQ0) correlating the Msec)(using PS standards
calibration) with the real Mwas performed as follows : the real molecular Weigumber for the
mono-capped methoxy ether PEG-OH(5006)REG(5000)) was determined via MALDI-TOF
spectrometry (M= 5030 g.mol) while GPC (PS standards) analysisTePEG(5000) yielded M=

8225 g.mof along with PDI = 1.04. The factor was thus deteedito be 0.61 (i.e. 5030/8225).
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Supporting data.
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Figure 7 : SEC traces of isolated PLA prepared vi&ROP of rac-lactide initiated by the Al methyl complex

6. (Conditions: 20 equiv. ofrac-lactide, 1 equiv. of BhOH, 90 °C, toluene, 93 % cwersion, 7 h).
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Figure 8 : SEC traces of isolated PLA prepared viaROP of rac-lactide initiated by the Al alkoxide

complex 8. (Conditions:100 equiv. ofrac-lactide, 80 °C, toluene, 42 % conversion, 1 h).
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Figure 9 : Plot of M, as a function of the time in the ROP ofac-lactide initiated by the Al alkoxide

complex 8. (Conditions: 100 equiv ofac-lactide (vs 8), fac-lactide], = 1 M, toluene, 80 °C).
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Figure 10 : Plot of In(My/M) as a function of the time in the ROP ofac-lactide initiated by the Al alkoxide

complex 8. (Conditions: 100 equiv ofac-lactide (vs 8), fac-lactide], = 1 M, toluene, 80 °C).
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Figure 11 : SEC traces of isolated PLA prepared viaROP of rac-lactide initiated by the Al methyl

complex 10. (Conditions:100 equiv. ofrac-lactide, 5 equiv. of BhOH, 90 °C, toluene, 98 % cwersion, 15

h).
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Figure 12 : Plot of the molecular weight number (M) of the formed PCL as a function of the

monomer/BnOH ratio in the ROP of &-caprolactone initiated by the Al amido complex 4(Conditions: [&

caprolactone}p = 1 M, CH,CI,, room temperature).
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Plot of the molecular weight number (M) of the formed PCL as a function of the

monomer/mPEG-5000 ratio in the ROP of &caprolactone initiated by the Al amido complex 4.

(Conditions: [&-caprolactone} = 1 M, CH,Cl,, room temperature).
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SEC traces of isolated PCL prepared vi&ROP of &caprolactone initiated by the Al methyl

complex 10. (Conditions: 100 equiv. of &caprolactone, 5 equiv. of BnOH, room temperature,

dichloromethane, 67 % conversion, 22 min).
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Figure 15 : Zoom-in of the MALDI-TOF spectrum of the PTMC prepared by ROP of TMC initiated by

the Ga amido complex 5. (Conditions: 100 equiv. TMC5 equiv. BnOH, [TMC], = 1 M, dichloromethane

room temperature, polymer isolated at 100% conversin to PTMC).
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Figure 16 : Zoom-in of the MALDI-TOF spectrum of the PTMC prepared by ROP of TMC initiated by

the Al methyl complex 6. (Conditions: 100 equiv. TN, 5 equiv. BnOH, [TMC], = 1 M, dichloromethane

room temperature, polymer isolated at 100% conversin to PTMC).
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Figure 17 : SEC traces of isolated PTMC prepared @ ROP of TMC initiated by the Al alkoxide complex
8. (Conditions: 100 equiv. of TMC, 5 equiv. BnOH, room temperature,dichloromethane, 100 %

conversion, 30 min).
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Figure 18 : Zoom-in of the MALDI-TOF spectrum of the PTMC prepared by ROP of TMC initiated by
the Al alkoxide complex 8. (Conditions: 100 equiv.TMC, 5 equiv. BnOH, [TMC], = 1 M,

dichloromethane, room temperature, polymer isolatecat 100% conversion to PTMC).
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Figure 19 : Zoom-in of the MALDI-TOF spectrum of the PTMC prepared by ROP of TMC initiated by

the Al alkoxide complex 8. (Conditions: 100 equiv.TMC, 5 equiv. 'PrOH, [TMC], = 1 M,

dichloromethane, room temperature, polymer isolatecat 100% conversion to PTMC).
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Figure 20 : SEC traces of isolated PTMC prepared @ ROP of TMC initiated by the Al methyl complex

10. (Conditions : 100 equiv. of TMC, 5 equiv. BhOH, room temperature,dichloromethane, 62 %

conversion, 8 min).
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Figure 21 : Zoom-in of the MALDI-TOF spectrum of the PTMC prepared by ROP of TMC initiated by

the Al methyl complex 10. (Conditions: 100 equiv. MC, 5 equiv. BhOH, [TMC], = 1 M, dichloromethane,

25 °C, polymer isolated at 78% conversion to PTMC).
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Figure 22 : Plot of M, as a function of the time in the ROP of TMC initided by the Al methyl complex 10.

(Conditions: 100 equiv of TMC (vs 10), [TMC} =1 M, dichloromethane, 25 °C).
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Figure 23 : Plot of In(My/M) as a function of the time in the ROP of TMC intiated by the Al methyl

complex 10. (Conditions: 100 equiv of TMC (vs 10)TMC] ¢ = 1 M, dichloromethane, 25 °C).
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Résumé des résultats importants.

Chapitre |1 : Synthése de complexes d’aluminium supgts par des ligands salen en vue d'un
greffage sur support solide pour une utilisation entant gu'initiateurs de polymérisation par

ouverture de cycle (ROP) d’esters/carbonate cyclims.

De nouveaux ligands salen portant des bras fon@iisés par des alcools terminaux ont été
synthétisés. Les bras ont été protégés afin degtamia complexation sur I'aluminium ce qui a

permis I'obtention de trois complexes (salen)Ai( 1).

e e

15: R = OTBDMS 18 : R = CH,OCH,CH,OTBDMS
16 : R = CH,OTBDMS X = OBn

Figure 1 : Complexes (salen)Al portant des bras ptégés synthétisés et testés en ROP d’esters/carbtena

cycligues ¢ac-lactide, &-caprolactone, TMC).

Ces complexes ont été testés avec succes enuaitiateurs de ROP deac-lactide, d&-
caprolactone et de TMC en milieu homogémah( 1-3). Le complexel8 est le plus performant, en
termes d'activité¢ et de contrble de polymérisati@ontréle de longueur de chaines, faible
polydispersité). Dans le cas dac-lactide, du PLA modérément isotactique ou hététmjae a été
obtenu, contrairement au PLA purement isotactiqaeeseblock reportés dans la littérature mais formé
en utilisant des complexes (salen)Al non fonctidisga. L'inversion de stéréosélectivité observée en
ROP derac-lactide entre les complexelkt et 15 et 18 est un des rares exemples de ce type

d’inversion, illustrant clairement I'importance ¢igand chélatant portant les bras fonctionnaligés s
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la stéréorégularité du PLA formé. Les trois compiexprésentent des groupements alkoxydes
différents ainsi que des bras de différentes loagguet nature (OR vs GBR), ce qui peut étre crucial

pour la nature et le niveau de stéréocontrdle dedactions.

Entrée Catalyseur Monomere BnOH T (°C) Conv. (%) Mo Mn,ca|cb PDI RS

1 15 rac-lactide / 80 <5 / / /

2 15 rac-lactide / 100 41 5904 3840 1.13 0.59
3 16 rac-lactide / 80 10 1440 1295 1.10

4 16 rac-actide / 130 39 5616 2139 126 0.31
5 18 rac-lactide / 80 45 6480 4621 112 0.56
6 18 rac-lactide / 80 95 13680 8978 1.09

7 18 rac-lactide 5 80 16 461 408 1.01

Conditions de polymérisation : 100 équiv. de mormempvionomeére} = 1 M, Toluéne, 17 h? Calculé en
utilisant M, neo = [Monomerel/[BnOH]y X Mmyonomere X Conv.? Mesuré par GPC dans le THF (30 °C) en
utilisant des standards PS et corrigé par le facwarrectif approprié° Déterminé patH NMR.® [Monomére},
=1 M, Toluéne, 70 h.

Tableau 1 : Résultats pour la ROP deac-lactide initiée par les complexes 15, 16 et 18.

Entrée Catalyseur MonomereBnOH Conv. (%) M thee Mn,ca.cb PDI

1 15 T™MC / 94 9588 14233 2.30
2 15 T™MC 5 100 2040 2588 1.32
3 16 T™MC / 98 9996 14085 2.73
4 16 T™MC 5 100 2040 2547 144
5 18 T™MC / 98 9996 9633 241
6 18 T™MC 5 95 1938 1647  1.29

Conditions de polymérisation : 100 équiv. de monem@ionomere} = 1 M, Toluéne, 80 °C, 17 i Calculé
en utilisant M eo= [Monomére}l/[BnOH]o X Mnonomere X Conv.” Mesuré par GPC dans le THF (30 °C) en
utilisant des standards PS et corrigé par le facwarrectif approprié.

Tableau 2 : Résultats pour la ROP dé-caprolactone initiée par les complexes 15, 16 €8.1
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Entrée Catalyseur Monomére BnOH Conv. (%) My tes  Mn wl  PDI
1 15 g-caprolactone / 98 11172 16325 1.64
2 15 g-caprolactone 5 100 2280 3075 1.41
3 16 e-caprolactone / 100 11400 12345 1.63
4 16 g-caprolactone 5 100 2280 3351 1.55
5 18 g-caprolactone / 100 11400 17401 1.48
6 18 e-caprolactone 5 70 1596 1442 1.14

Conditions de polymérisation : 100 équiv. de monem@ionomeére} = 1 M, Toluéne, 80 °C, 17 i Calculé
en utilisant M sheo= [Monomeére}/[BnOH]o X MyonomereX Conv.? Mesuré par GPC dans le THF (30 °C) en

utilisant des standards PS et corrigé par le facerectif approprié.

Tableau 3 : Résultats pour la ROP du TMC initiée pales complexes 15, 16 et 18.

Les tentatives menées afin de déprotéger les deases complexes n’'ont pas abouti aux

produits désirés. Cette déprotection est essantidith de retrouver des bras fonctionnalisés par de

alcools terminaux pour les greffer sur un suppolids. Ces entités supportées pourraient alors étre

testées en ROP dac-lactide en milieu hétérogéne, afin de conduirea stéréocomplexes de PLA,

qui sont les PLA présentant les meilleures pro@siéthermiques et mécaniques actuellement.

L’approche doit étre revue, et le greffage desnlifga sur un support solide devra précéder la

complexation sur I'aluminiumFig. 2).
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Cl
1)
'Bu Bu . ‘Bu ‘Bu
Support solide : t
@ Q OH HO - résine de Merrifield @ O OH HO Bu
=N N= =N N=—

| 2) NaH, -78 °C -
3) N-methyl- <:§
pyrrolidinone

Ligands salen supportés

Al(O'Pr)5
80°C, 15h

Initiateur supporté résultant

Figure 2 : Nouvelle méthodologie envisagée pour fynthése de catalyseurs (salen)Al supports, en pant

I'exemple d’une résine de Merrifield en tant que spport solide.

Chapitre Il : Synthese et caractérisation structurd de nouveaux complexes tétracoordinés du

groupe 13 présentant une géométrie distordue, suppés par des ligands de typé&,O,N.

La deuxiéme partie de cette thése a concernénthésse de nouveaux complexes d’aluminium

et de gallium tétracoordiné&i¢. 3) qui ont ensuite été utilisés en ROP d’'esterseetatbonates

cycliques.



Résumé des résultats importafisZ/y

NH N : 0 Al
4:R=CgHg, M = Al, X = NMe, N
1a:R=CgHy;  5:R=CaHe X = Ga, X = NMe, \ 0O
1b:R=CgHg 6:R=CgHyy, M= Al X=Me 7 //S\
1c:R=Tf 8 :R=CsHg, M = Al, X = OBn o CE
1d:R=CgF5s  10:R=CeFs, M= Al X = Me 3
11: R = CeFs, M = Ga, X = Me 9

Figure 3 : Ligand N,O,N synthétisés et complexes d’aluminium et de galliursupportés par ces ligands.

Exceptés pour deux complexes d’aluminium et déugalméthyle, ils consistent tous en une
espéce métallique tétracoordinée, effectivemgiiN,O,N)-chélatée par le ligand diamido-amino,
forcant le métal en une géométrie trigonale-monapydale (tmp) distordue. Cette géométrie
contrainte augmente la réactivité des complexander ce qui est intéressant en catalyse. Les dennée
a I'état solide de ces composés montrent la présdim site vacant apical, idéalement disposé pour
la coordination au centre métallique acide de Lelian point de vue structural, 'espéce Ga amido
représente le premier exemple de composé de gatiétracoordiné adoptant une géométrie tmp

caractérisé par rayons-Xi. 4).

(1) k]
Figure 4 : Structure moléculaire du complexe Ga andio 5. Les atomes d’hydrogene ne sont pas

représentés pour des raisons de clareté : (a) vue face ; (b) vue de profile.



Résumé des résultats importants

Chapitre 11l : Nouveaux complexes tétracoordinés dugroupe 13 supportés par des ligands de

type N,O,N pour la ROP contr6lée d’esters/carbonateycliques.

Entrée  Catalyseur rac-lactidd BnOH t(hP Conv. (% M, mee Mncac PDIF P2

1 4n 100 / 1 45 6480 14250 3.10 /

2 4 100 / 3 80 11520 12360 1.66 /
3 4 100 5 17 92 2650 2690 1.15 0.70
4 5" 100 / 1 100 14400 12390 1.12 /
5 5 100 / 5 31 4464 3773 1.09 0.70
6 5 100 / 17 75 10800 8230 1.11 /
7 6° 100 / 15 0 / / / /

8 6 100 1 15 95 13680 8067 1.30 /
9 6 20 / 7 40 1152 2608 1.30 /
10 6 20 1 7 93 2678 1677 120 |/
11 g" 100 / 1 42 6048 6218 1.25 0.62
12 g" 100 / 2 61 8784 7750 1.32 0.62
13 g" 100 / 3 79 11376 7949 1.23 0.62
14 10 100 1 15 98 14400 15586 1.19 /
15 o 100 5 15 98 2822 2970 1.22 |/
16 11¢ 100 5 15 0 / / / /

17 11 100 5 15 0 / / / /

[rac-lactide], = 1M. ? équiv. versus initiateu”’. temps de réactiorf. Conversion du monomeéré Calculé en
utilisant My yneo= [rac-lactide]/[BNOH]o x Myc % conv.® Mesuré par GPC dans le THF (30 °C) en utilisant
des standards PS et corrigé par le facteur corfeapiproprié (0.58)" Mesuré par GPC dans le THF (30 °@).
Déterminé parH NMR." Toluéne, 80 °C. Toluéne, 60 °C. Dichlorométhane, 40 °C*. Dichlorométhane, 25
°C. ' Toluéne, 90 °C.

Tableau 4 : Résultats pour la ROP deac-lactide initiée par les complexes 4, 5, 6, 8, 10H.
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Les complexes décrit dans le chapitre Il ont éstés en ROP d'esters/carbonate cycliques
(rac-lactide, e-caprolactone et TMCTab. 4-6), en utilisant de nombreuses conditions expériaiest
Les performances relatives des dérivés de I'aluminét du gallium (portant différents substituants,
groupements initiateurs) ont été comparées.

Ainsi, le composé Ga-NManontre une meilleure activité et un meilleur colgren ROP de
rac-lactide que son homologue Al-NMésans ajout d’alcool) et conduit & un PLA non $ésiérifié.
Ceci est d0 a la formation possible d’'un chélates glu moins stable entre le lactide et le centre
métallique Fig. 5). Etant donné sa plus forte acidité de Lewishélate est plus stable pour le dérivé

d’Al, d’'ou une moindre activité en ROP du lactide.

X
o
R R
/

N N
2 L-lactide E
O—M—X O—
\

\R R

Figure 5 : Formation d'un chélate de métal-lactatgpar insertion du L-lactide dans une liaison M-X.

Il est remarquable que I'espedd,@,N-GFs)Al-Me 10 montre une activité plus faible que
I'espece N,0,N-GH)Al-Me 6, ce qui peut étre expliqué par les interactiorieedrs fluors en ortho
sur les groupementsk; et le centre métallique, qui limitent la coordinatdu monomere.

Cependant, le composé Al-NMposséde une meilleure activité en RORadiprolactone que
le composé GaNMeétant donné qu’aucun chélate ne peut se fornmes ciacas. Le composé le plus
acide de Lewis est donc celui qui a la meilleurevdé. Le haut degré de contrdle de longueur de
chaine du complexe Al-NMeen ROP d&caprolactone a été exploité afin d’accéder a des
copolyméres PCL/PEG bien définis.

L’aluminium et le gallium peuvent jouer un rélengplémentaire. En effet, le gallium montre
une meilleure activité et un meilleur contréle eBRRderac-lactide, alors que I'aluminium montre

une meilleure activité et un meilleur contréle edARd’s-caprolactone. Ces résultats illustrent le rble
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clé de l'acidité de Lewis qui est trés importanupanitier une ROP. Cependant, une acidité trop

importante peut étre nuisible dans certains cas.

Entrée Catalyseur scaprolactone BnOH  t(hP Conv. (%] Mnnes Mncac PDI

1 4° 100 10 1 45 459 584 111
2 4° 100 5 10 min 100 2280 2261 1.26
3 4° 100 g 3 100 7283 6353 1.13
4 4° 600 5 3 100 13697 14356 1.29
5 4° 1000 5 30 min 15 3420 2858 1.19
6 5° 100 5 10 min 41 936 687 1.15
7 5° 600 5 3 95 13012 12507 1.05
8 6° 100 / 15 39 5616 23247 1.63
9 6 100 1 15 82 9348 9285 1.12
10 6 20 / 7 98 2280 4532 1.39
11 6° 100 5 15 15 432 499 1.09
12 6 100 5 15 71 2044 1996 1.18
13 1c° 100 / 17 3 342 / /
14 1c° 100 5 10 min 46 1050 576 1.06
15 1c° 100 5 30 min 95 2166 2446  1.40
16 11° 100 5 10 min 0 / / /

[ &-caprolactone} = 1M. @ équiv. versus initiateuP. Temps de réactiofi.Conversion du monomeéréCalculé en
utilisant My yneo= [rac-lactide]/[BNOH]o x Myc % conv.® Mesuré par GPC dans le THF (30 °C) en utilisant
des standards PS et corrigé par le facteur corfeapiproprié (0.56)" Mesuré par GPC dans le THF (30 °@).
Dichlorométhane, 25 °¢.mPEG-5000 au lieu de BnOHToluéne, 90 °C.

Tableau 5 : Résultats pour la ROP dé-caprolactoneinitiée par les complexes 4, 5, 6, 10 and 11.
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Entrée Catalyseur TMC BnOH t(min® Conv. (% M, mee M cac PDI

1 4 100 0 16 100 10200 23521 2.29
2 4 100 5 5 90 1940 1514 1.12
3 4 300 3 36 100 10200 9492 1.18
4 4 600 3 36 100 20400 20678 1.12
5 4 1100 10 30 100 11220 11973 1.04
6 4 3000 30 30 70 7140 8120 1.08
7 5 100 5 5 19 388 442 1.03
8 5 100 5 30 98 1999 2257 1.15
9 5 300 3 180 65 6630 9500 1.21
10 5 600 3 300 75 15300 22426 1.35
11 6 100 5 16 100 2040 2704  1.13
12 6 100 5 1 60 1224 956 1.15
13 6 600 3 30 32 6534 12826  1.47
14 8 100 5 36 100 2040 1613 1.21
15 8 300 3 36 100 14521 12778 1.26
16 8 600 3 36 100 29478 25941 1.32
17 10 100 5 8 62 1266 1108 1.12
18 10 300 3 15 51 5207 1558 1.33
19 10 600 3 15 29 5922 1858  1.17
20 10 600 3 30 42 10006 3050 1.21
21 11 100 5 8 0 0 / /
22 11 100 5 30 4 / / /

Conditions de polymérisation : [TMGE 1M, dichlorométhane, température ambiarftequiv. versus initiateu’
Temps de réactiorf. Conversion du monomeré Calculé en utilisant Mineo= [TMC] /[BNOH]o X Myyc * conv.®
Mesuré par GPC dans le THF (30 °C) en utilisant dasdards PS et corrigé par le facteur correctif amprié (0.57,
0.76 ou 0.88)' Mesuré par GPC dans le THF (30 °€).e temps de réaction n’est pas optimi§eMC], = 2 M.

Tableau 6 : Résultats pour la ROP de TMC initiée pales complexes 4, 5, 6, 8, 10 and 11.
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Enfin, lorsque le dérivé Al-NMgeest combiné a une source d’alcool comme ['alcool
benzylique, ce systéme polymérise le TMC a tempérabmbiante de maniere contrdlée pour
conduire a un PTMC monodisperse. Les autres coraplmontrent une plus faible activité et/ou un
plus faible contrble, excepté le compleed,N-C¢H;;)Al-Me qui est plus actif que le complexe Al-
NMe, (pour de faibles quantités de monomere uniquement)

La encore, le haut degré de contrble de longueuctthine du polymére permis par le
complexe Al-NMg en ROP de TMC a été exploité afin d’accéder aabgmlymeres amphiphiles
PTMC/PEG bien définisTab. 7). De tels initiateurs pourraient étre utilisés ptau préparation de

nombreux biomatériaux copolyméres monodisperselmgieurs contrélées.

Entrée Catalyseur TMC m-PEG-OH M, e Mn 0{GPCf M, cort PDF

1 4 100 5 7040 10979 6627 1.08
2 4 200 5 9080 11739 9278 1.20
3 4 400 5 13160 15328 13525 1.09
4 4 600 5 17240 25418 19020 1.11

Conditions de polymérisation : [TMgF 1M, CHCl,, température ambiante, 30 min. Toutes les conwassi
sont quantitatives aprés 30 min (le temps de réagatiest pas optimisé}.Quantité en equiv. versus initiatedir

b Calculé en utilisant Mieo = [TMC] o/[MPEG-OH], x MTMC + 5000.° Mesuré par GPC en utilisant des
standards PS dans le THF (30 °€)Mesuré par GPC dans le THF (30 °C) en utilisans deandards PS et
corrigé en appliquant le facteur correctif appro@rX (X = 0.61 pour m-PEG(5000) et,X 0.57 ou 0.88 pour
PTMC) en utilisant Mcorr = M obdGPC) x X x (fraction de mPEG dans PTMC-PEG basé sur legraempces
'H NMR) + M,x{GPC) x X2 x (fraction de PTMC dans PTMC-PEG basgélss expériencelH NMR).'
Mesuré par GPC dans le THF (30 °C).

Tableau 7 : Résultats pour la ROP de TMC initiée pale systeme 4/mPEG-OH.

Il serait intéressant de tester des analoguesosidisp(sur un support solide) des complexes
décrits ci-dessus en ROP d’esters/carbonate cedidbette approche pourrait améliorer les prowiété
des polymeres obtenus (baisse de la polydispeasiggnentation du point de fusion). Afin d’accéder a
ces analogues supportés, le ligand doit étre nipdif sorte a pouvoir étre greffé sur support solid

(résine de Merrifield ou silice). La figure 6 mamtirois possibilités pouvant permettre I'introdoati
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des groupements phénol sur le ligand (pour greffage support solide). Une fois greffés, les

analogues aux complexes décrits ci-dessus pougtmntestés en ROP hétérogene d’esters/carbonates

AcO HO
Amberlyst-15
NH; or lodine | NH;
AcO O HO 0
MeOH
3h
NH> NH,

_ NH2 5 10 mol% LioAc
R3SiO o}
\C[ DMF-H,0 (50:1)
NH, 25-70 °C
NH,

cycliques.

e} TiO,
hv

HO
; “NH,
NH,
HO
NH, NH,

Figure 6 : Modifications du ligand N,O,N envisagées en vue d'un greffage sur support solide

De plus, ces complexes d'Al et de Ga constraiitesf sur des ligands de typ¢O,N
pourraient également étre testés en tant que sataly de nouvelles reactions fondammentales,
comme, par exemple, la réaction d’hydroaminatiderinoléculaire, pour laquelle le complexe Ga-
amido 5 a déja été utilisé avec sucdeg.(7). Cette réaction un un procédé a économie d’'atomes
largement étudié pour la formation d’'imines et dines a partir d’alcynes et d’amines primaires.
Cependant, malgré l'utilisation de hombreux catalys métalliques permettant de promouvoir cette
reaction, aucun catalyseur du groupe 13 n'avaiteferté lorsque I'étude sur le complexe Ga-amido
5 a été entamée. Les études dans ce domaine sipisquie la restreintes a une poignée de reactions
d’hydroamination d’alcénes intramoléculaires prompar des catalyseurs a base d’aluminium dans

des conditions tres dures.
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? N
N’ R
R " _"} RI
- NMEE H‘N
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_ Benzene, 100 °C Markovnikov
R'—NH, product

Figure 7 : Hydroamination intermoléculaire stéréoséective promue par le complexe Ga-amido 5.

Ces complexes d’Al et de Ga constraints fixés 8 ligands de typ&,O,N pourraient
également étre utilisés pour la synthése de copolysrmalternéss{CL/TMC) possédant des propriétés
élastomeres grace a la copolymérisatiog-adiprolactone (partie cristalline) et de TMC (parti

amorphe) [fig. 8).

X
o O
L 0 0
T™C amorceur o0
o RO mH
@ copolymére

caprolactone
Figure 8 : Synthése d’'un copolymeére altern&CL/TMC par ROP promue par un amorceur métallique
bien défini.
Pour finir, des modifications pourront égalemetre é&ffectuées sur les complexesde type
N,ON. En effet, le centre métallique pourrait étre rfiédicomplexation sur I'indium), ainsi que les
substituantsN-R (introduction du substituants éléctroattractifinteragissant pas avec le centre
meétallique) ou l'atome central du ligand (rempla€erpar S ou N), dans le but d’augmenter les

performances catalytiques pour la ROP d’'estersbceaties cycliques.
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TETRESLIE G R EE ST

- Frédéric HILD

Synthese de polyesters et polycarbonates : polymgation en milieu
homogene en vue d’une utilisation en milieu hétérame permettant le

recyclage de linitiateur de polymeérisation.

De nouveaux ligands salen portant des bras fornmi@®s alcools ainsi que des ligands de tyggN ont été
synthétisés par des procédures simples en utiliEmitéactifs simples, et complexés sur des méhagxoup 13
(Al, Ga). Certains de ces compleX¢®,N consistent en une espéce Al ou Ga effectivem#h;O,N)-chélatée
par le ligand diamido-amino dianionique, forcantiétal & adopter une géométrie trigonale-monopytal®i
distordue. Cette géométrie imposée rend ces cormpbse réactifs que leurs analogues tétrahédrigqeegi est
intéressant en catalyse. Les données de ces cosrpdééat solide indiquent la présence d’'un s#eant apical
idéalement disposé pour la coordination au centalfique acide de Lewis. Tous les complexes ahtédtés
avec succes en ROP homogeneatulactide, de l&-caprolactone et du TMC, conduisant de maniérerotég a
des plastiques biodégradables, tels que des PLachinen isotactique ou hétérotactiques, des REBSTMCs.
Le greffage de ces complexes sur support solidergoyermettre une ROP hétérogéneractiactide, de I&-
caprolactone et du TMC. Cette approche pourra pnend’accéder a des stéréocomplexes de PLA, quiles

PLAs les plus résistants a I'heure actuelle, aedgcler le catalyseur.

Mots-clés: chimie organométalligue — polymérisation par entiwre de cycle — polyméres biodégradables —
métaux du groupe 13

Novel salen ligands bearing terminal alcohol fumadlized arms andl,O,N type ligands have been readily
synthesized according to simple procedures, udingle reagent, and complexed onto group 13 metatece
(Al, Ga). Some of the synthesiz&dO,N-supported complexes consist of four coordinateoAlGa species
effectively n*%(N,O,N)-chelated by the dianionic diamido-amino ligandrcing the metal center to adopt| a
distorted trigonal-monopyramidal geometry. Thistigatar destabilized geometry allows these catalyst
exhibit an increased reactivity compared to theirahedral analogues, which is of interest in gaisl
Importantly, the solid-state data of these compsuimdiicate the presence of an apical vacant siallil
disposed for coordination to the Lewis acid metter. All the complexes have been successfulligdeas
initiators in the homogeneous ROPrat-lactide, s&-caprolactone and TMC, yielding biodegradable nialtsr
such as isotactic- and heterotactic-enriched PP&Y,s and PTMCs in a controlled manner. Subsequeftirg
of these complexes may allow the heterogeneous &@&c-lactide, e-caprolactone and TMC. This approach

may allow catalyst recycling and access to PLAesteomplexes, these being the most resistant PLAat&®

Key words: organometallic chemistry — ring-opening polyrmaation — biodegradable polymers — group |13

metals




