UNIVERSITA DEGLI STUDI DI SALERNO

DIPARTIMENTODICHIMI CA E Bl OLZAGMBAE L

PHD THESISI XXXI CY CLE
2017/2018

SYNTHESIS OF SUSTAINMBLE
POLYESTERS VIA RINGOPENING
POLYMERIZATION PROMOTED BY

PHENOXY-IMINE ALUMIN UM

COMPLEXES
FLORENCEISNARD

TUTOR: CO-TUTOR:
PROF.MINA MAZZEO PROF. MARINALAMBERTI

COORDINATOR: PROF. BETANO GUERRA






A mafamille,

«Savoir sdé6®tonner © propos est
sur la route dda découverte» Louis Pasteur.






INDEX

10T [ PR i.
List of abbreviations............cc.ovviviiiiiiieieee e iv
SUMIMAY . .t eeeet et e e e e e e e e e ereara e e ennaaeeees v
Chapter 1. INtroduCHiON...........covuviiiiiieeeeeeeeeee e 1
1.1. Synthetic Approaches to Polyesters...............cccce.. 3
1.1.1. Ring-Opening Polymerization (ROR)................. 4
1.1.2. Ring-Opening CePolymerization between epoxides
and anhydrides (ROCOR)........ccooieiiiiiiiiiiiieei e 6
1.2.  Monomers from Biomass...........cccceeeveviviieeeeeennnnnn. 10
1.2.1. Lactide and Anhydrides from Carbohydrates...11
1.2.2. Bio-based EpoXides...........cccooeeeiieeriiinnninnnennn. 12
1.3. Presentation of the PhD Project...........cccc.ccevvnnnn... 14
Chapter 2. Bimetallic Salen Aluminum Complexes in the ROP of
(Yo [Tl =] (= VR 18
2.1, INtrOdUCTION......ceiiiiiiiiie e 18
2.2. Synthesis of a series of Salen Aluminum Complexes.20
2.3. Homopolymerizations...........cccooeveveiiiieeeeciee e, 22
2.3.1. ROP ofac- and L-lactide............ccceevveeeeiiiiivnnnnnnnn. 22
2.3.2. ROP Of |aCtONES........uviiiiiiiiiiiiiiieee e 36
2.3.3. ROP Of epOXideS......cccvvuiieiiiiiie e 43
2.4. @polymerizations of Cyclic Esters and Epoxides....... 48
2.4.1. Copolymerizations of cyclic esters...................... 49
2.4.2. Copolymerizations of cyclohexene oxide with cyclic
(S (] = PP RPPPRPPRTRPPIN 59
Conclusions of Chapter.2........cocooiiiiiiiiiiiee e 64
Chapter 3. ROCOP of Epoxides with Cyclic Anhydrides by
Bimetallic and Monometallic aluminum complexes............... 66



1C 20 I 011 {0 7o [6 (o2 o ] AU 66

3.2. Effect of the monomers, @atalysts and solvent........... 67
3.2.1. Copolymerization of cyclohexene oxide with anhydrides
................................................................................... 68
3.2.2. Effect of the cocatalyst.............covveiiiiiiiieeeiiiinnnnnn. 73
3.2.3. Copolymerization of limonene oxide with phthalic
ANhYAIde. ... 77

3.3. Mechanism and Kinetics: bimetalNs monometallic..81
3.3.1. Comparison of the catalysts activity................ 81
3.3.2.  NMR study of the reaction.................ccceeeerennad 84

3.4. Combining ROP & ROCORPR...........ccceviiieieecieeeeeeie, 87

Conclusions of Chapter.3.........ccoovviiiiiiiieneeee e 91

Chapter 4. Highly Selective Catalysts for ROCOP of Epoxides with
Cyclic Anhydrides by Tailored Ligand Design...................... 93
4.2, INErOUCTION.....cceiiiiiiiie e 93

4.2. Effect of theCatalyst Structure on the catalytic behavid@#
4.2.1. Simple phenoxpased aluminum complexes synthesis

................................................................................... 94
4.2.2. Copolymerization of cyclohexene oxide with succinic
aAnhydride. ..., 95
4.2.3. Copolymerization of limonene oxide with phthalic
aAnhydride........ciii i 100
4.3. Mechanism Study...........cccoeeveiiiiiiiieeeeii e, 102
4.4, Design of Bifunctional Catalysts...............cccceviieeenn. 115
4.4.1. INtrodUCHiON.......coiiiiiiiiiie e 115
4.4.2.Synthesis of complexes bearing an additional datibr
4.4.3. Study of the reactivity...........ccooeeeviiiiiiieeeiiineees 121
Conclusions of Chapterd..........ccccoeiviiiiiiieeeecee e, 129
Concluding remarkS..........coeeeiiiiiiieeiiiiee e 131



Chapter5. Synthesis and characterization of iron, cobalt and zinc
catalysts for the stereoselective Ring Opening Polymerizati@tof

= o 1o = 134
5.2, INtrodUCHION......coveiii e 134
5.2. Synthesis and characterization of the metal complexE36
5.3. ROP ofac-lactide..........c.coovuveiiiiiiiiiiiecs e 140
5.4. Microstructure of the PLAs obtained........................ 140
Conclusions of Chapter.S.........ccccovviiiiiineee 145

Chapter 6. Experimental Part..........c.ccccooviviiiiieemiiiiinne, 146
6.1. General experimental methods..............cccevvviiennn. 146
6.2. Synthesis and characterization of the complexes.....148

6.2.1. Dinuclear salen aluminuatkyl complexes LAl Mey
.................................................................................. 148
6.2.2. Phenoxypased dimethyaluminum complexes-AlMe;
.................................................................................. 150
6.3. Synthesis of the polymerts...........ccccoeiviiiieeeecii, 157

Appendix 1. Structure of the complexe40.................ccce. 161

Appendix 2. Thermal and-Xay analysis of copolymers......... 162
PCLIPLA . ..t 162
PHB/PLA. ...t 163

Appendix 3. Catalysactivity and selectivity in the ROCOP between

epoxides /anhydrides............ccccoiiiiiiiiiie e, 164

REfEIENCES. ... it 166

PhD Course Activity SUMMATIY...........ccooeevieiiieeeeieniieeeeeeeann. 185

AckNowledgementS.........coeiiiiiiii e 187



LIST OF ABBREVIATIONS

°C

Ar

BDI
BL
Cat
CHO
CL
Conv.
b
DMAP
DSC
GPC
h

Pr

LA

LO
MA
MALDI -ToFMS

Me
min
Mn
NMR
PA
PCHO
PCL
Ph
PHB
PLA
PPN
ROCOP
ROP
RT
SA

T

t
TBA
‘Bu
Tq
THF
TOF
TON

Celsiusdegree

Aryl

p-diiminate

b-butyrolactone

Catalyst

Cyclohexene oxide
Caprolactone

Conversion

Polydispersity index
4-(N,N-dimethylamino)pyridine
Differential Scanning Calorimetry
Gel Permeation Chromatography
Hours

Isopropyl

Lactide

Limonene oxide

Maleic anhydride

Matrix assisted laser desorption/ionizatibime
of Flight Mass

Methyl

Minute

Number average molecular weight
Nuclear Magnetic Resonance
Phthalic anhydride
Poly(cyclohexene oxide)

P o | -gapolactone)

Phenyl

P o | -putyfolactone)
Poly(lactic acid)
bis(triphenylphosphine)iminium
Ring-opening cepolymerization
Ring-opening polymerization
Room temperature

Succinic anhydride
Temperature

Time

Tetrabutylammonium
tertio-Butyl

Glass transition temperature
Tetrahydrofuran

Turnover frequency

Turnover number

iv



SUMMARY .

Aliphatic polyesters are emerging as an important class of materials
as alternatives to petroleumabased polymers. They are
biodegradable and, in some cases, are produced from renewable
feedstocks. In this context, the development of efficient
polymerization route to produce polyesters with controlled
macromolecular parameters is of great interest. To this purpose, the
most effective methods are the Hogening polymerization (ROP)

of cyclic esters and the rirgpening cepolymerization (ROCOP)
between epoxidesnd anhydrides.

In the ROP of cyclic esters, salen complexes based on five
coordinate aluminum are among the most successful catalysts.
Recently, binetallic complexes have attracted great attention as they
have different catalytic behaviours in comparison to their related
monometallic derivatives because of the presence of two proximal
reactive centres within the same complex that can act in a cetcert
mode?

In the parallel field of the ROCOP between epoxides and anhydrides,
the literature suggests a bimetallic mechanism to explain the greater
performances of bimetallic complex&s.

On the other hand, the use of dianiof@NNQO]-type ligands as
binucleating ligands for the formation of bimetallic species is

definitively less exploref.

The aim of the thesis is to develop simple and efficient aluminum
catalysts for the ROP of cyclic esters, as well as for the ROCOP
between epoxides/anhydrides exploring the possibility of a
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synergistic effect when two reactive metal centres are in proximal

positions.

Salen ligand framework is a platform of choice thanks to its facile
synthesis and modifications. In addition, aluminum is an abundant
and cheap metal with low toxicity.

We report the synthesis and the study of the catalytic behaviour of
tetracoordinate dinuclear aluminum complexes ligated by simple
salentype frameworks to explore the possibility of cooperation
between the two aluminum centres in both catalytic processes ROP
and ROCOP.

Since the distance between metal centres is a criteraingeter to
have cooperation, the salen ligands have been designed to feature two
coordinative tasks at varying distances from one angthanks to

the variable alkybackbone length between the imine functionalities
(complexes 1-3). In the same scopehd related hermsalen

monometallic comple® was designed (Scheme 1).

]
=N N= .
A|J\/\]“\ 2 coordinative pockets
s ol o Y atvarying distances

from one another

Scheme 1Aluminum salen complexes investigated (n = 1, 3, 10).

Firstly, all complexes were tested as initiators in the ROP of several
heterocyclic substrates: lactide (LAycaprolat o n -€L),(rad-b-
but yr ol-BL} dandcyciwhexebe oxide (CHO).
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The bimetallic complex in which the two reactive centres are in
proximal positions demonstrated the best activitwardsall the
monomers. In the polymerization of lactides archprolactone, &
activity was about 50 times higher than that of the bimetallic species
in which reactive centres are more distéfB) and of the related
monometallic specie$ (scheme 2).

Strikingly, in -BuUcempBxDWasthdonynd O a n
active.

In the ROP ofrac-lactide, complexl resulted the only one able to
produce isotactic enriched PLA.

All these data suggesi the existence of cooperative phenomena

between the two vicinal metal centres in comdl¢Chapter 2.3

7N\/M/n\,N—
\\ 7/ //
‘Bu O-Al \AI*O 'Bu
N4
1,

'‘Bu Bu
,N/\/\N, (2n=3
> (3)n=10
polymerization \ 7/
rate O,AI\N/\/

tBu\©)
@

'‘Bu

Scheme 2Reactivities of the complexes in the RORax-lactide.

Seeing the high activity of complex in the ROP of several
heterocyclic  substrates, -pmlymerization reactions were
performed.

In the copolymerizatiam of cyclic esters, compleXx produced
polyesters ranging from gradient to blocky structure depending on

the kinetic control.
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In the cepolymerization of cyclic esters with cyclohexene oxide, a
drastic chemoselectivity emerged, since only the homopolyesters
could be produced when both monomers were present
simultaneously in the reaction medium. Block polyetber
polyester were successfullyptained by sequential addition of the
monomergChapter 24).®

Afterwards, the same complexes, in combination with a nucleophilic
co-catalyst, were found to be highly active in the ROCOP of
cyclohexene oxide (CHO) and limonene oxide (LO) with different
anhydrides.

The reaction conditionand in particular the optimal choice of-co
catalyst, were studieakvealing that notionic cocatalysts, such as
4-(N,N-dimethylamino)pyridine (DMAP), are more selective in
apolar media and ionic ematalysts are more efficient in polar
solvents such as rtigylene chloride.

The copolymerization of LO with phthalic anhydride (PA) allowed
to produce partially renewable searomatic polyester¢Chapter
3.2).

From the copolymerization studies of epoxides and anhydrides
emerged that the monometallic compléxand the bimetallic
complex 1 have the same catalytic behaviour, in terms of both
activity and selectivity. This suggested a monometallic pathway with
our class of complexes in this catalysis.

Since the bimetallic catalyst with reactive centres in proximal
positions exhibited the best performances bdththe ROP and

ROCOP processes, we explored the possibility to combine them
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starting from a mixed monomer feedstock (CHO, SA and a cyclic
ester).

Complex 1 revealed to be able to switch between the distinct
polymerizaton cycles showing high monomer selectivity and

producing block copolyesters from ROCOP of CHO/SA followed by
ROP of the cyclic ester. Surprisingly, the portion of the copolymer
obtained by copolymerization of CHO and SA showed a perfectly
alternating struitire without any addition of cocatalyst, suggesting

that, during the production of the first block, the cyclic ester played

the role of a caatalyst (Chapter.3).?

The results obtained in the ROCOP of epoxides and anhydride
revealed that the simple monometallic pherorine aluminum
comgdex 4, in combination with DMAP, was highly active and
selective in this catalysis.

Thus, we studied the structyperformance relationship, both in
terms of activity and selectivity, of tet@ordinate phenoxpased
monometallic catalysts in the ROCOPhenoxyimine, phenoxy
thioether and phenoxgmine complexes have been teqigdheme
3). Phenoxyimine complexes resulted the most efficient with higher
activities favoured by electretionating substituents attached to the
phenoxydonor although when laeg substituents are imrtho

positions the selectivity is compromised.



Bu Bu Bu
(4) R =n-propyl (6) (7)
(5a) R=Ph

(5b) R =2,6-diisopropylphenyl
(5¢) R =2,6-dimethylphenyl
(5d) R = 4-methoxyphenyl
(5e) R=Cg4Fs

Scheme3. Phenoxybased dimethyhluminum complexed-7.

Finally, bifunctional catalysts which in addition to the reactive metal
centre, presenta nucleophilic portion to simulate the cocatalyst,
were synthetized. A pendant arm bearing an additional neutral donor
was introduced on the ancillary ligand with the aim to incorporate

the cacatalyst directly in the structure of the ligaf@theme 4)

-~
|
'B"Q:N/v X Bus AN
. .o mmp L
-7 \T N ‘Bu ?I
Bifunctional catalyst

Schemed4. Design of a bifunctional catalyst.

The effect of the structure of the ancillary ligand, modifying the
substituents on the phenoxy riagd the naturef the neutral donor,
on the performance of thef®N]-AlMe, complexeqScheme 5)n

terms of activity, as well as selectivity was discussed.
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AL A PPh
O/ \N t o) lN/\/ 2
R4 8y | Bu\©)
Ry 8y Bu
(8a) Ry =R, ='Bu (9) (10)
(8b) Ry = H, R, = OMe
(8¢)Ry=R,=F

(8d) Ry =R, = NO,
Scheme5. Phenoxyimine dimethytaluminum complexes with a
pendant arng-10.

From this study emerged that catalysts with a pyridine pendant arm
and electromonating substituent8&b) on the phenoxide ring were
the best ones for the ROCOP since they gavexaelleniselectivity

towards polyester formatiofChapter 4).
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CHAPTER 1. INTRODUCTION.

Polyesters: An attractive class of polymers.

Plastic materials are widely used in our modern society: 335 million
tons of plastics were produced worldwide in 2016, a 45% increase
since 2005° The vast majority of comnatity materials are obtained
from petrochemical feedstocks. However, fossil resources are
limited. Furthermore, once introduced into the marketplace, the
majority of these materials end up in the environment as waste, from
which 4.8 to 12.7 million tons esting the ocean, damaging the
marine environment:

It is a growing marketin needof innovationto minimize the impact

on the environmentin particular, B-sourced polyesters attract
considerable interest with regard to sustainable development as
alternatives to polymers derived from biOne of the current
challenges is to develop bioderived polymers with competitive
performance properties (thermal resistance, mechanical strength,
processability) and that are cost efficient.

According to thestructure of the repeating units of the main chain,
polyesters are classified as aliphatic, samaimatic and aromatic.
Aromatic portions improve the hardness, rigidity and heat resistance
of the polymeric material, whereas aliphatic segments increase the
flexibility and lower the melting temperature thus improving the

processability.



The most important commercial polyesters are terephthalic
polyesters such as poly(ethylene terephathalate) (PET) and
poly(butylene terephthalate) (PBT). Both are sanoimatc. They

are thermoplastic materials that can be easily shpekbitain films

and fibers and thanks to their good mechanical properties, they are
largely used in dalily life.

Aliphatic polyesters are materials with low melting and glass
transition tempettares as well as poor hydrolytic stability. They are
biodegradable and/or biocompatible. Traditionally, because of these
properties they have found application in the biomedical and
pharmaceutical fields but recently their use has been extended to
differert industrial areas such as packaging and fibers.

Some of the most successful aliphatic polyesters are certainly
poly(glycolic acid) (PGA) and more recently poly(lactic acid) (PLA)
(Schemel.l) thanks to the NatureWorks process for the scalable
productionof PLA from cornvia fermentation technologig$®>**
Their common uses include plastic filmstttes, and biodegradable
medical devices for drug release and tissue engine®ringthis
context, PLA is the leading biplastic which production capacities

are predicted to grow up by 50 percent from 2017 to 2022.



(0]

0 U R
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PET PLA
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Schemel.l. Structures of some successful polyesters.

Using biomass can have both economic and environmeetafits.

The discovery of efficient and selective processes for the synthesis
of renewable polymers from biomadsrived feedstocks and that are
suitable for recycling or biodegradation, is a crucial requirement for

the sustained growth of the chemicalstry.

1.1. SYNTHETIC APPROACHES TAPOLYESTERS

Polyesters can be mainly produceid three synthetic methods
(Schemel.2).

polycondensation
HO \
R2

cyclic esters - ROP /OW
o 0 o 2 / polyester
+
R' R?

Schemel.2. Synthetic approaches to polyesters.
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The traditional one is the polycondensation between a diol and a
diacid. The advantages of this synthetic method are the access to a
large monomer feedstock and thus the possibility to produce a wide
range of polymers structurally diverse at low costs.odohately,

this method requires high temperatures to remove thardmjucts
(most often water) to achieve high molecular weight polymers which
has significant consequences on the energy demand and on the
control of the polymerization process. This is tkason why the
development of controlled polymerizations is of interest, especially

for the production of more sophisticated polymers.

1.1.1. RING-OPENING POLYMERIZATION (ROP)

The ringopening polymerization (ROP) of cyclic esters enables the
preparation of highmolecular weight polyesters with controlled
microstructure under mild reaction conditions. The ring strain of the
monomer is the thermodynamic driving force of the ROP.

Several metasalts and welllefined single site catalysts have been
described to proote ROP by coordinatieimsertion mechanisr.
The catalystébés key parameters ar e
molar mass (angbolydispersity) and if applicable, the regiand
stereeselectivity during monomer enchainment.

Tin octanoate, tin triflate and aluminum isopropoxide for example
have been applied with success in the ROP of cyclic éters.
Singlesite catalytic systems have a general formuldX where
Lnis an ancillary ligand that minimigzeaggregation reactions and
modulats the electronic and steric propertiestbé catalyst. The

metal M serves as a Lewis acid and is the initiator group



(commonly carboxylate, alkoxide or halide). Notably, aluminum
complexes bearing tetraphenylporphyrin ligend or
saligylaldiminato ligands (salefdhave been reported indiROP of
cyclic esters. Salen aluminum catalysts display a great
stereoselectivity in the ROP ofic-lactide?®™® The use of salen
alumirum catalysts in the ROP will be further discussed in the next
Chapter.

Singlesite catalysts promote ROP by coordinatiogertion
mechanismThe first step is the coordination of the mononmac{
lactide for instance) to the metal centre, follovegdhe attack by the
metal alkoxide group which will become one of the-gnoup of the
polymer chain. This intermediate undergoes acyl bond cleavage of
the lactide ring to generate a new metal aldexipecies on which

will continue to grow the polymeric chain (Schefn®).

o polylactic acid

lactide
Scheme 1.3. Coordinationinsertion mechanism forac-lactide
promoted by an alkoxide metal complex.
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However, ROP usefulness is restricted by ftih@téd number of
structurally diverse monomers, in addition it is arduous to synthesize

semiaromatic polyesters.

1.1.2. RING-OPENING CO-POLYMERIZATION BETWEEN

EPOXIDES AND ANHYDRIDES (ROCOP)
A versatile way for producing polyesters with variable architectures
is the ringopening cepolymerization (ROCOP) between epoxides
and cyclic anhydrides. The ROCOP route is both energy and atom
efficient, a key advantage in the context of green chemisimglly,
the ROCOP enables the preparation of polyester backbones with
aromatic/semaromatic repeat units, which cannot be accessed using
ROP but are useful to improve the therima¢chanical properties
and to integrate functionality into polymers.
In contrast to the ROP, the ROCOP has been yet dingestigated,
and only a limited number of catalytic systems described in the
literature are able to produce high molecular weight polye$ters.
In the 60s, Inoue wrote the first mechanistic proposal with dialkyl
zinc2 The initiation step ishe ringopening of the epoxide to form
the metal alkoxide intermediatéScheme 1.4) The formed
intermediate attacks the anhydride to produce a metal carboxylate
intermediate. Therefore, the copolymerization occurs by the
continual cycling between metahlkoxide and carboxylate
intermediates. The termination is achieved by manipulating the
reaction conditions: lowering the temperature, complete
consumption of the monomers or by addition of water or acids.
Perfectly alternating polyester structures will dermed by
sequential epoxide/anhydride copolymerization. A detrimental side

6



reaction is the sequential enchainment of epoxides, producing ether
linkages. The percentage of ester linkages detegrttieeselectivity

of the copolymerization.

Another side raction is the chain transfer reaction, when the growing
polymer chain reacts with protic compounds, such as alcohols. Chain
transfer reaction can be beneficial to control the molar mass, end
group and narrow the polydispersity. On the other side, the/tiatal
system has to be particularly robust to not be degraded by the protic

compound.

Initiation LM-X

o} 0500
P 1 /J\ o ® 1
O —_— LM, O, -
LM h X O X
i e R

o ® I}
Ll o] P
° —
Propagation M\{ JTW n
04%,0 o
./ K. ¢ . Rate determining step

%

Side reaction {/ Lﬁ
Epoxide homopolymerization l
Schemel 4. Polymerization pathway.

One of the first remarkable examples of catalgble to promote this
react i ondimiratzint tomplek (BDI)ZnOAc, reported

by Coates and eworkers in 2007 (Schem#&.5).* Used in the
copolymerization of diglycolic anhydride with cyclohexene oxide, it
produced perfectly alternating polyesters with high molar masses and

narrow distributions.
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Schemel.5. b-diiminatezinc complex.

Indeed, few successful single catalysts active in the ROCOP of
epoxides and anhydrides have been reported. The most significant
examples include complexes of trivalent metals such 4s Cd",

Mn"', or A" with tetradentate dianionic ligands suclpagphyrinate

or salenderivatives (Schemg.6).

In 1985, Inoue reported porphyrinato aluminum complexes with
guaternary salts catalytic systems having low activity for the
propylene oxide/ phthalic anhydride copolymerization. The
polymers obtained dispfad high ester linkage content but with low
molar masse$.

In 2011, Duchateau used chromium tetraphenylporphyrinato
complex and highlighted the positive effect of the addition of-a co
catalyst (DMAP, 4N,N-dimethylaminepyridine) on both the
activity and the selectivit§ Indeed, it is generally proposed that
either the Lewis base or the anion coordinates to the metal catalyst,
resulting in the labilizing of the initiating grougX) or the
propagating polymer chain and thus accelerating polymerization.
The authors also showed that th&' @omplex performed better than

the Cd' and Mr" analogues.



CgHs

CgHs CBH5

tBu {Bu

Scheme1.6. Porphyrin (up) and salelype (down) ligands with
trivalent metals (M = € Al, Co, Mn).

Coates reported the successful use of cobalt and chromium salen
complexes for epoxide/maleic anhydride copolymerizations. They
afforded perfectly alternating polyesters with high molar masses (up
to 31 000 g/mol), reasonably narrow disttibns (< 1.7) and
moderate activitie4’ The alternating copolymerization of propylene
oxide with terpendased cyclic anhydrides was carried out by the
same author, illustrating a sustainable route to aliphatic polyesters.
The duminum salen complex exhibited exceptional selectivity. The
resulting polyesters had high molecular weights with narrow
polydispersitieg®

Duchateau and eworkers reported an extensive study of metal/co
catalyst combinations for cyclohexene oxide/anhydride
copolymerizatiorf?

They also investigated limonene oxide/phthalic anhydride

copolymerization to yield partially renewable polyesters. The



chromium and aluminuncatalysts performed bedeading to the
formation of polyesters with tunable molecular weights and narrow
polydispersities?

Recent mechanistic studies suggested the interest of using dinuclear
catalysts that are supposed to accommodate more easily the
mormomers. Moreover, dinuclear catalysts frequently showed
superior performance compared to monometallic ones in the parallel
field of CO~epoxides copolymerizatiott®® In 2013, Luet al.
described a phenoxide dinuclear catalyst #imes faster in the
ROCOP of epoxide/maleic anhydride in comparison to the related
monometallic oné. Wiliams®* reported a bisphenoxide
heterodinuclear (zinc and magnesium) catalysbwag good
activity to produce perfectly alternate polyester without addition of a

co-catalyst.

In conclusion, the huge asset of this synthetic way is the wide range
of relatively cheap and often commercially available monomers.
There is an incentive to develop synthetic routes to prepare epoxides
and anhydrides from renewable feedstocks in ordeprtmuce
renewable polymers. By taking advantage of the structural diversity,
abundance and innocuousness of renewable monomers, and of the
recent developments in ROCOP, new opportunities for the

production of polyesters are emergig.

1.2. MONOMERS FROMBIOMASS

Bio-based materials are defined as materials made from biological
and renewable resourc@dNonetheless, it is important to note that
not all bioderived material will be biodegradable, ance versa®
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There are many biomass sources that could be converted into
renewable monomers to produce sustainable polymers, including
simple sugars, starch, lignocelluloses, plant oils, and so on. The
majority (6090 wt%) of plant biomass are the biopolymer
cabohydrates stored in the form of cellulose and hemicelluloses.
Epoxides or anhydrides may be derived from naturally occurring
sources such as carbohydrates, fatty acids, and terpenes (Scheme
1.7). The large and ubiquitous availability of these sourcesergdy

as waste from the food and wood industries, is an attractive key point
for the development of new sustainable polymers with enhanced

properties.

Anhydrides Epoxides

(o}

o] 0]
(0] (o]
Carbohydrates v Vegetable oils

Succinic Cyclohexene  1,4-Cyclohexadiene

anhydride (SA) oxide (CHO) oxide (CHDO)
2 o)
090
Furans — Terpenes 7:
Maleic Phthalic Limonene Pinene
anhydride (MA) anhydride (PA) oxide (LO) oxide (PiO)

Schemel.7. Most investigated monomers in the ROCOP deriving
from natural sources.

1.2.1. LACTIDE AND ANHYDRIDES FROMCARBOHYDRATES

Most renewable carboxylic acids are prepared by fermentation of
carbohydrates such as glucose. Glucose is transformed into building
block chenicals such as lactic acid or succinic acid which will be

transformed into monomers. Bsuccinic acid has also been a hot

11



topic the last few years with four companies working on its
production: Myriant, BioAmber, BAS#Purac (Succinity) and
Reverdia (DSMRoquette). For example, lactic acid leads to lactide
and succinic acid to succinic anhydride, one of the most studied
anhydride in the ROCOP, since the early discovery by Matdh

in 19973 Thomas and cwvorkers reported in 2011 the synthesis of
aliphatic polyestersvia an autetandem catalytic transformation,
where cyclic anhydrideg@., camphoric, glutaric, pimelic, succinic
anhydrides) are directly synthesized from dicarboxylic acids and
subsequently copolymerized with epoxidés.

Maleic and phthalic anhydride, furalerived monomers can be
prepared from carbohydrate resources. Phthalic anhydride is of high
interest since it allows the production of seanbmatic polyesters
thus improving the rigidity of thpolymer backbone and the thermal
properties® The copolymerization of maleic anhydride with
epoxideshas been largely studied by Coates andvotkers, to

produce unsaturated polyestéfs.

1.2.2. BI0-BASED EPOXIDES

Vegetable oils are an important class of abundant natural resources
and the literature already reports their use to make various monomers
for polymerization. In 2015, Williams and -eeorkers showed that
epoxides derived from 1;4yclohexadiene such as cyclohexene
oxide (CHO) and 14yclohexadiene oxide (CHDO) can be
synthesized from plant oil derivativés.

Fully renewable options are limonene oxide and pinene pxide

derived from terpenes. Terpenes are found in many essential oils
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from plants and trees, and represent a versatile chefaeddtock.

The global turpentine production is more than 300 000 tons per year
and its maj or-pinene (@897 %)u cmens(Otmr e U
28%). However, to date, the only example of a successful synthesis
of aliphatic polyesters from these bioremdle substrates
compounds was described by Thonetsal. who reported the
alternating copion e me rRIOYad guiacU o f
anhydride, to give the corresponding fully biodegradable
copolymer®

Produced by more than 300 plants, limonene is the most common
terpené’ The(R)-enantiomer constitutes 9% of citrus peel oif?

and its world production is estimated to be more thabd&ltons per
year® The corresponding epoxide is commercially available and its
abundance, low cost, and structural similarity to CHO m@&Re
limonene oxide (LO) an extient choice as a nefood biorenewable
epoxide monomer.

LO has been used as a comonomer for the synthesis of aliphatic
polyesters by Coat&sand Thoma¥. More recently, Duchatedl
reported the copolymerization of phthalic anhydride with LO to
produce poly(limonene phthalate) a partially renewable -semi
aromatic polyester. Additionally, bearing a vinyl pendant group as
extra functionality, (R)}limonene offersthe opportunity of post
polymerization modifications to functional polymers, thereby
increasing the range of potential uses. Taking advantage of these
functional groupsof raw natural biomasis of great interestThis
usually requires the use of highly fiefent chemistry for

functionalization. The production of functional polymers is of
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interest for many applications such as reactive substrates, coating
resins, electronic and biomedical materféls.

Recently, Coates and -weorkers reprted the copolymerization of
terpenebased cyclic anhydrides with propylene oxide using various

metal salen catalysts, producing polyesters Withialues up to 109
OC.28'45

1.3. PRESENTATION OF THEPHD PROJECT

Aliphatic polyesters are emerging as an important class of materials
alternatives to petrolewimased polymers. They are often
biodegradable and can be produced from renewable feedstocks. In
this context, the developmienf controlled polymerization routes
such as the ROP of cyclic esters and the ROCOP between epoxides

and anhydrides, is of high interest.

As reported above, salen complexes based on -fiverdinated
aluminum have been widely studied to promote the RO&/dfc

esters such as lactide, and are among the most successful catalysts.
Salen ligandramework is a platform of choice thanks to its facile
synthesis and modifications. In addition, aluminumthie most
abundant of all metals in the eal
toxicity.

Recently, bimetallic complexes have attracted great aiteas they

have different catalytic behaviours in comparison to their related
monometallic derivatives because of the presence of two proximal
reactive centres within the same complex that can act in a concerted

mode?
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Moreover, in the parallel field of the ROCOP between epoxides and
anhydrides, the literature suggests a bimetallic mechanism to explain
the greater performances of bimetallic complees.

On the other hand, the use of
binucleating ligands for the formation of bimetallic species is
definitively less explored.

The aim of the thesis is to develop simple and efficient bimetallic
salentype aluminum catalysts for the ROP of cyclic esters, as well
as for the ROCOP between epoxides/anhydrides exploring the
possibility of a synergistic effect when two reactive metaties are

in proximal positions.

Since the distance between the megitresis a critical parameter

to have cooperation between them, dinuclear aluminum alkyl
complexes of the general formulaAl:Mes, where L are salen
ligands with an alkyl backbonef different lengths between the
nitrogen atoms have been prepared to investigate the possibility of
cooperation  between reactivecentres in  ring-opening
polymerizations. The related tetcaordinate herpgalen, that is
phenoxyimine monometallic complex was also synthesized
(Scheme 1.8)
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from one another

Schemel.8. Aluminum complexes investigated (n = 1, 3, 10).

ThePhD project aimed at answering sevepadstions

9 if the bimetallic complexeare more active than the related
monometallic ong

91 if the ROP and ROCOP mechanisangeinvolving a bimetallic
or monometallipathway

9 how the structure of the catalyst influestke selectivity in the
ROCOP process

The activities of these aluminum complexes have been analysed for
the synthesis of polyeste via both catalytic processes. A
comparison of the catalytic behaviour of the bimetallic aluminum
complexes and of the related monometallic complex was performed

to verify the hypothesis of bimetallic mechanism.

Firstly, all complexes were tested adiatbrs in the ROP of several
heterocyclic substrates-CL) hm@cti de
butyrolactone  rac-b-BL), cyclohexene  oxide (CHO).
Copolymerizations were explored in an attempt to broaden the range

of the polymers of controlled microstructyreoduced Chapter 2.”

8
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All complexes were subsequently used in the ROCOP of
cyclohexene oxide and limonene oxide (LO) with anhydrides. The
reaction conditios and in particular the optimal choice of-co
catalyst, were studied.

The possibility of terpolymerization for the preparation of block
polyesters by combining ROP and ROCOP processes was
investigated Chapter 3.2°

Finally, the catalyst structugerformances relationship was further
examined in the ROCOP. With the activity, an additional key
parameter for a ROCOP catalyst is the selectivity. We worked on the
ligand design to obtain efficient and rigorously selectiagalytic

system, leading to th#esignof a bifunctional catalystQhapter 4.

In the field ofpolyester synthesigromoted by metatomplexes|
carried out a period as a visiting PhD student in the Organometallic
Chemistry and Polymerization Catalysis group at IRCP (Institut de
Recherche de Chimie Paris) under the supervisfoRrof. C. M.
Thomas focusingon the synthesis dflivalent metabased catalysts

for the polymerization ofac-lactide(Chapter 5.
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CHAPTERZ2. BIMETALLIC SALEN ALUMINUM
COMPLEXES IN THEROPOF CYCLIC ESTERS

2.1.INTRODUCTION

In the 90s, Spassk? “reported the first example of salen aluminum
complex able to produce moderately isotactic poly(laatid) (PLA)
from rac-lactide. Feije and Coated® used chiral saletype
catalysts for the stereoselective polymerizatiorraaf-lactide via
enantiomorphic site control mechanism. Nonitird*and Gibsoff
reported achiral saletype aluminum catalysts promoting isotactic
polymerization of rac-lactide via chainend control mechanism
(Scheme2.1).

_ .
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OR Spassky

(R): Spassky
rac: Coates chirality /‘Y‘\

substituents =
v
do e]
2 ; Nomura
Feijen

Ph— /" \ ~Ph
N‘Al'N
Wal "0%)

Me =
Gibson

Scheme2.1. Catalysts for the synthesis of isotactic polylactide from
rac-lactide.

Numerous examples of structurally related dianionic tetradentate

ONNOJ-type ligands such as safaff, salalefY and dialkoxy
[ ] ligand h faff lale® and dialk
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diimino® ligands have been deeply investigated for the synthesis of
monometallic fivecoordinate aluminum complexes active in the
ROP of cyclic esters. Some of tkesatalytic systems revealed
uncommon abilities for controlling the stereochemistry in the ROP
of  rac-lactide, producing  polymers  with  improved
stereoregularities or original microstructure®.

More recently, bimetallic aluminum complexes have attracted
increasing attention thanks to their improved catalytic behaviours in
comparison with their monometallic counterparts; since the two
proximal Lewis acidic centres can act in a concertediway.

Bimetallic five-coordinated salealuminum complexes have been
investigated as initiators for controlled and stereoselective ROP of
LA*0On the other hand, the use of
as binucleating ligands for the formation of bimetallic species in
which the aluminm centres are tetwoordinateis definitively
underexplored. Carpentieret al. reported enantiomerically pure
diphenylethylene salen ligands for the synthesis of monometallic
five-coordinate and bimetallic tet@ordinate aluminum
complexes All the complexes showed the same activity in the ROP
of lactide, but the bimetallic complexes revealed inefficient in the
stereocontrol of the proce¥sThe same behaviour was ebpged

with mononuclear and dinuclear aluminum complexes supported by
6 , -@imethylbiphenylbridged salen ligandS. Binuclear tetra
coordinate salan aluminum complexes were recently described by
Ma as efficient initiators for the copolymerization of-ldctide and
Ucaprolactone, produain copolymers ranging from blocky to

random microstructure$ Evidences about the cooperatiogtween
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two metalcentresof dinuclear tetracoordinate aluminum complexes
with bis aminephenolato ligands were recently discussed by Yao
and Yuart®

2.2.SYNTHESIS OF A SERIESOF SALEN ALUMINUM
COMPLEXES

In this project, simple dinuclear aluminum alkyl complexes of
general formula tAl:Mes;, where L are salen ligands with alkyl
backbone of different length between the nitrogen atoms (1,3
propylene 1), 1,5pentylene ) and 1,12dodecaylene3d)), have

been reported. Since the distance between metal centres is a critical
parameter to have cooperation, the salen ligands have been designed
to feature two coordinative pockets at varying distances from one
another thanks to the variable alkydckbone legth between the
imine functionalities

The salen ligands have been obtained, in quantitative yield, by direct
reaction between the appropriate diamine and two equivalents-of 3,5
di-tert-butyl-2-hydroxybenzaldehyd®. The complexes have been
synthesized through alkane elimination reactions between each pro
ligand and two equivalentef AlMes. The related hensalen
aluminum complex 4 was prepared by an analogous reaction
between the phenoxiynine ligand and a single equivalent of Alple
(Scheme2.2).

All ligands and complexes have been characterizetHbgnd *C

NMR spectroscopy,sawell as elemental analysis for complekes
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Scheme2.2. Synthesis of salealumirum complexesli 3 and hemi
salen compleX.

The 'H NMR spectra of the complexeti 3 in CsDs were all
consistent with the presence of two aluminum atoms per ancillary
ligand and pointed to symmetrical structures in solution. Diagnostic
resonances in the protonic spectra include sharp singlets in the high
field region (between 0 = T1T0.20
equivalent protons of the AMe groups. In the lowiield region,
singlets betweentt = 7. 13 and 7.29 ppm)
eqguivalent CH=N moieties.

The Xray structural characterization reported by Atwood for
analogous aluminum complexes, describes alumincentres
adopting a fowcoordinate distortecetrahedral geometr.

On the'H NMR spectrum of complex (Figure2.1), the formation

of the complex is confirmed by the signal &29 ppm which
integrates for 12 protons, correspondingh® methyl groups on the
alumirum centres. In the aliphatic region, two singlets at 1.32 and
1.60 ppm can be found integrating for @®tons and corresponding

to the tertbutyl groups on the phenoxide rings. Téignals of the

protons of thepropylene bridge between the two imine nitrogens
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appears as quintuplet and &ipletat 1.72 and 2.84 ppm integrating
respectively for 2 and 4rptons. The signals in the aromatic region
correspond to the two aromatic protons on the phenoxide rings as
doublets at 6.79 and 7.70 ppm and the singlet at 7.14 ppm is the imine

proton.
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Figure 2.1.'H NMR of complexl (600 MHz, GDs, 298 K).

All complexes were tested as initiators in the ROP of several
heterocyclicsubstrates to explore the possibility of the cooperation

betweerthetwo aluminum centres.

2.3.HOMOPOLYMERIZATIONS

2.3.1.ROPOFRAG AND L-LACTIDE

First, the complexes were tested in the ROPaoflactide (£heme
2.3). The ringopening polymerizations were conducted at 70 °C, in

toluene solution with four equivalents of isopropanol as an activator,
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to convert all thealumirumralkyl groups into morenucleophilic
alkoxy groups.

Bimetallic complexl proved to be highly active in the ROPrat-
lactide and showed the complete conversion of 200 equivalents
within 12 hours, an activity twice as high than for the related
monometallic species reported by Nana*®

On the other hand, in the same reaction conditions, bimetallic
complexe-3 with a longer alkyl bridge between the two nitrogens,
required the double amount of tirteeachieve the same conversions
(Table2.1, entries 13).

Scheme2.3. ROP ofrac-lactide.

In the ROP of ELA (entry 6, Table2.1), complexl revealed the
same behaviour observed towstile racemic monomer.

All polymerizations proceeded in a controlled fashion: the polymers
had monomodal and moderately narrow molecular mass
distributions ® < 1.20). The molecular massof the polymes
produced by the bimetallic compléxwerein good agreement with
the theoretical value calculated hypothesizing the formation of a
single PLA chai per catalyst unit: calculated, of PLA (in g/mol)

= 144,14 x ([LA)/[cat]) x conversion of LA. Whereas the molecular
masses of the polymers produced by compl&arsl3 were halved,
thus coherent with the formation of two polymer chains per catalyst
unit, one for each metal centre.

23



Table 2.1. Ring-Opening Polymerization ofc-LA by 1-4.2

i Mnepc®  Mpth© Pmnd
Run Cat Time (h) Conv. (%) PP Tme
(kDa)  (kDa) (%)
1 1 12 100 22.1 288 109 82 1614
2 24 85 15.2 245 120 56 89.0
3 3 24 76 12.0 219 118 59 89.3
4f 4 24 91 12.8 13.6 1.20 57 89.0
59 1 8 95 4.0 4.19 1.07 83 -
6" 1 8 100 23.6 28.8 1.07 - -

aAll reactions were carried out with 9.6x3@nol of catalyst at 70 °C, in 2 mL of
toluene, [cat]/PrOH]/[rac-LA] = 1:4:200 °ExperimentaMn (correctedusing factor

0.58f% and D values were determined by GPC analyais THF vs polystyrene
standards °CalculatedMn of PLA (in g.mot) = 144,14 x (fac-LA)/[cat]) X
conversion of LAYPn is the probability omesdinkages. The melting temperature

(Tm) was determined from the second heating at heating rate of 10 *C't@x10

5 mol of cat #)/[[/PrOH= 1:2. 9cat)/[PrOH/[rac-LA] = 1:10:200Mn"= 144,14 x
([rac-LA]/[cat + 'PrOHexcess]) x conversion of LAL-LA was used instead ofic-

LA.

The proximity of the two metal centres could explain these results.
In the bimetallic complexit with the shortest alkyl bridge, the
simultaneous growth of two polymer chains could be impeded by an
excessive steric hindrance, maybe caused by interactions between the
last lactateunit of the growing chaimnd the metal centres. At the
same time, thank® this proximity, a cooperation between the two
reactive adjacent centres can take place and favours high attivity.

In complexe and3, such interaction cannot take place because of
the greater distance between the two centres, and the metal centres
act independently.

With the hypothesis of the growth of a single chain for comflex

the latter has a TORurnover frequencypf 16.7 h, thus a much
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higher activity than complexezand3 (TOF of 3.5 Htand 3.1 H
respectively).

To confirm this hypothesis, the monometallic pheridgmjne
aluminum complex, whose structure reproduces the coordinative
environment of each aluminum centnethe dinuclear complexd$

3, was used. In the same concentration of aluminum centres of
complexedli 3, complex4 showed an activity close to complexzs
and 3 (runs 24 of Table 2.1, Scheme 2.4). This confirmed
unequivocally that in the bimetallic compks 2 and 3, the two

aluminum centres act independently, as in the monometallic

complex.
,N\/\M/n\/N,
NN
'Bu O-Al Al-O 'Bu
\ /
Bu 'Bu
/\/\
=N, N= (n=3
RN, @B)n=10
'Bu O-Al A0 'Bu >
\
‘Bu Bu polymerization N
1) rate O,AI\N/\/
tBu\<>)
(4)
'Bu

Scheme2.4. Reactivities of the complexes4 in the ROP ofrac-
lactide.

Analysis of the microstructure.

PLAs microstructures can be determined by analysis of the methine
regions of the homonuclear decoupfédl NMR spectra. A PLA
derived fromrac-lactide can exhibit up to five tetrad sequences in
relative ratios determined by the ability of the initiator to control
racemic[r-diad] andmesdm-diad] linkage between each lactide unit
(Scheme2.5).
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Scheme2 5. Tetrad sequences from polymerizatadmac-lactide.

The isotacticity of the polymer obtained is described by the
probability of the formation of anesdinkage between lactide units
during polymerization®y). In a chairend control mechanismhé
stereochemistry ofrac-lactide enchainment is evaluated by
comparing the integrals at the tetrad level in the homonuclear
decoupledH NMR spectra (Figur.2), with calculated values using

Bernoullian statistics (Tab2.2).
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Figure 2.2. HomodecoupledH NMR spectrum (600 Mig, CDCB,
298 K) of PLA obtained by run 1 of Takiel.
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The concordance between the values suggests that the stereocontrol
proceedsvia a chain end control mechanism, whereby the
stereochemistry of the last inserted LA unit in the growing chain
induces thestereoselection of the incoming enantiomdihe
spectrum of the PLA obtained Hyin entry 1 of Table2.1 indicated

an isotactic multiblock microstructure with &+#0.82 (Figure2.2).

Table 2.2. Tetrad probabilities based on Bernoulli&tatistic (Th)
for aPny of 0.82 and experimental values (Exp) as obtained by NMR
analysis of PLA sample obtained by

Tetrad Formula Exp Th

I 1
[mmn  P.2+PPyw2 075 0.75

[mmij  P/Py2 0.08 0.07
[rmm]  P/Pw2 0.07 0.07
[rmr] P22 0.02 0.02

[mrm (P*+PPm)/2 0.08 0.09

The tacticity was comparable to that observed for the PLAs produced
by the related monometallic aluminum complexes reported by
Gibson and Nomura for which the pentacoordinatbrthe metal
centre was considered crucial for the stereoseletioR’ 4
Analogous stereoselectivity was observed with phefimige
aluminum complexes having encumbered betgye imino
substituent$®

The stereoregularity of the PLAs obtained Byand 3 was
significantly lower (R = 0.56 and 0.59, respectively) showing the

27



same behaviouof the hemisalen catalyst4 (Pn = 0.57) and
analogous tetragoordinate aluminum complexes bearing bidentate
phenoxyimine®® ! or phenoxyaminé? ligands. This is coherent
with the reduced steric encumbrance around the reactive centres
because of thegreater flexibility imparted by the longer alkyl
bridges.

As for the poly(l:lactide) (PLLA) produced in entry 6 of dble2.1,

the '"H NMR spectrum did not show any racemization within the

polymer.

Immortal polymerization.

The possibility of achieving Ai mr
systems, i.e. to generate several PLA chains per metal centre by
introducing several equivalents of a hexogen alcohol as a chain
transfer agent, was explored with compleX en equivalentsf iso-
propanol were used, four equivalents served foirttsitu synthesis

of the aluminum alkoxide derivative, while the alcohol in excess
acted as an effective chain transfer agent (run 5, Pable

The'H NMR analysis of the PLA oligomers obtaineslealed the
existence of HOCH(CEICO- and isopropoxy endroups; and the
stereoregularity was preserved,(®P 0.83). The molecular weights
increased monotonously with lactide conversion (Figi8 and

they were in strict agreement with the theoretiaa¢s calculated
from the initial monometo-alcohol molar ratio and the monomer
conversion, confirming the immortal character of the

polymerization.
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Figure 2.3. Dependence of the numbaverage molecular weights
onrac-lactide conversions in the ROP promoted by comfilex

[rac-LAJ/[ 1)/['PrOH] = 200:1:10. R = 0.997.

NMR study of the active species.

In order to elucidate th@odesof interaction between the two metals
responsible for the different catalytic behaviour shown by complex
1, we decided to study the structure of the active species.
Experiments to elucidate the previous findings were performed in J
Young tube and followety *H and 2D NMR spectroscopy.

A solution in deuterated benzene containing complexfour
equivalents ofPrOH and ten equivalents oflLA was prepared.
After 1 hour at room temperature, no alcoholysis of complesas
observed and no conversion of tmenomer was achieved. This is
consistent with the lrature which reports a higittivation energy

for the formation of the alkoxide active specie$?

Increasing the temperature to 70 °C, the disappearance of the
resonances for AMe protons and for the lactide monomer was
observed within a few minutes. THd NMR spectrum (Figuré .4

andFigure 2.5 showed six different signals in the aromatic region
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caresponding to four different aromatic protons and two imine
protons of the coordinated ligand. In the aliphatic region, five signals
were evident corresponding to the diastereotopic protons of the
trimethylene bridge between the imine nitrogens. Thesgeaues
pointed to the loss of symmetry of the initial complex. In addition,
three doublets, each integrating for six protons were observed
between 0.900.93 ppm indicating the presence of three isopropoxy
groups bound to the aluminum atoms. An additicshalblet was
observed at 1.11 ppm, for the methyl protons of the terminal
isopropoxy group of the growing chain and a quartet, was observed
for the methine proton of the repeating unit nearest to the aluminum
of the growing chain. Finally, methine and mgtprotons of the

growing chain appeared at 5.09 and 1.37 ppm, respectively.

c c

b —n e € o N= b
o
'Bu oars O Al-O Bu
a e 7
a 1 t
Bu 27‘ d_ie Bu
d
T
I
m a
O f
9

s
Bu Bu

*free LA i

d+d
f
h
‘ ete “‘
| * W [
Mﬂw Wi
T T T T T T T T T T
65 60 55 50 45 40 35 30 25 20

T T T T
15 1.0 05 ppm

b+b’

C
Wi

aa’ |
C
i
)
T
7.5

Figure 2.4.'H NMR spectrum (600 MHz, s, 298 K) of the
propagating specielsPLA.
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Five more equivalents of lactide were added to the solution, after ten
minutes the almost complete conversion of the monomer occurred,
and the pattern of the propagating species remained unchanged in the
'H NMR spectrum, highlighting the living nature of thetige
species.

This overview points to the formation of an asymmetric propagating
species, where the growth of a single chainurredon one of the

two metal centres, although chain transfer phenomena between the
two aluminum atoms are plausiblehe obgrvation can be justified

by a chelation effect between the two aluminum centres of the O
lactate propagating species in the polymerization of LA, as described
by several author®: ® This chelation would explain the steric
encumbrances and thus the growth of a single chain of polymer per
catalyst.

The propagating spées revealed to be exceptionally stable and was
stored in benzene solution for several weeks at room temperature
without decomposition.

The same NMR experiment was conducted with comflaxd 3.

This time, the alcoholysis proceeded slowly even at 7htCadout

two hours were required to obtain the corresponding isopropoxy
derivatives quantitatively. THel NMR spectrum, although less clear
than that discussed for compléxrevealed a symmetric structure of
the propagating species, as clearly emergedahglysis of the
aromatic region of the spectrum, in which only three signals are
observed. All signals were very broad suggesting fluxional structures
of the propagating species. At 70 °C, all resonances became sharp.

This is coherent with the formatiori wvo polymeric chains, one for
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each metal centre, in the propagating species formed by complexes
2 and3.
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Figure 2.5.*H-'H COSY spectraof the propagating species formed
by complexl (600 MHz, GDs, 298 K).
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The different alcoholysis kinetics dfin comparison witt2 and3
shows that the cooperation between the two metal centres of complex
1 could be fundamental both during the formation of the alkoxide
derivative and during the propagation. The coordination of the
alcohol at one of the acidic alunum atoms of the bimetallic species
might promote the alcoholysis of the-Me bonds of the proximal
metal atom.

Following these evidences and the generally accepted mechanism for
the ROP of lactide promoted by metal alkoxides, a mechanism for

complex1 can be hypothesized as described in Schzfe
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Scheme2.6. Plausible Mechanism for the polymerization of LA
Initiated by complex-'PrOH.
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First, the hexogen alcohol coordinates to the metal and reacts
exhaustively with the alkyl grougsound to the aiminum atoms of
complexl. One of the Lewis acidic metal centres binds the incoming
monomer and activates it for the attack by the metal alkoxide group
of the proximal aluminum atom. The growth of the polymer chain
occurs by nucleophilic attack of polymehain at the coordinated

monomer unit by shuttling between the two aluminum centres.

Kinetic study.

The NMR experiments suggested that different times are required for
the initial alcoholysis of the complex&s3 and during propagation.

To confirm these observations, kinetic studies were carried out for
the ROP ofrac-lactide promoted by complexds3, by monitoring

the onversions of lactide in toluene at 70 °C B NMR
spectroscopy at different intervals.

For complexl, the polymerization afac-LA is a firstorder reaction

with instantaneous initiation (Figuget).
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Figure 2.6. Kinetic plot for ROP ofac-LA promoted byl.

The concentrations were determined'HyNMR spectroscopy,L/A]o is the initial
concentration ofac-LA and LA]: the concentration at time Pseudo firsorder

rate constant i&app= 0.643 h', R = 0.9975. Reaction conditiorf€at] = 0.01 M;
[LA}/[cat] = 100; T = 343 K; toluendlg as solvent.

On the other side, the polymerization ofc-LA promoted by
complexe and3 displayed an induction time of about 2 h (Figure
2.7). After this initiation, the polymerizations are fimtder reactions

in monomer concentration with,ds values of 0.133'h and 0.0502

h'!, respectively. The induction period is coherent with the NMR
study, that showed a slow reaction between the isopropyl! alcohol and
the metal complexedand3. The kppvalues for these complexes are
significantly lower than that of complelx The cooperation between
the two metal centres seems to have a role both in the alcoholysis
reaction for the formation of the catalytically active species and
during the polymerization reaction. At higher temperatures (100 °C)
no induction time was obsard with complex3, and the catalytic

activity raised significantly (Figur2.8).
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Figure 2.7. Kinetic plot for ROP ofac-LA promoted by2 (red) and

3 (black)
The pseudo firstorder rate constants akenp(2) = 0.133h (R = 0.9983Kapp(3) =
0.0502h (R = 0.9972). Reaction conditions: [cat] = 0.01 M; [LAJ/[cat] = 100; T =
343 K; tolueneds as solvent.
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Figure 2.8. Kinetic plot for ROP ofac-LA promoted by3.
The pseudo firsiorder rate constankapp = 0.111 h* (R = 0.9975%. Reaction
conditions]3] = 0.01M;[LAJ/[ 3] = 100; T = 373 K; toluenes as solvent.

2.3.2.ROPOF LACTONES

To verify thesynergistic effects between the twmetal centres in
complex 1, the polymerization studies were extended to other
monomers and compared with compdex
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The reactivity of catalystand4i n t he ROP o0-€L, t he
andrac-b-BL was studied (Schen&7).

O —

e caprolactone

O (e}
n _
o} o .
rac-b-butyrolactone

Scheme2.7. ROP of(caprolactone andac-b-butyrolactone.

The ROP ofrac-b-BL was investigated with complekx and 4.
Despite its favourable ring strain, there are only a few examples of
initiators able to promote controlled ROPrat-b-BL%* ®®*because

of side termination reactions such as transesterification and chain
transfer reaction®.

Table 2.3. Reactivity of complexl in the ROP of lactonés.

Monomer Yield Mnepc® Mn€
Entry ) Time (n) T (°C) pP
(equiv) (%) (kDa) (kDa)
1 b-BL (200) 20 70 64 5.2 55 1.07
2¢  b-BL (200) 20 70 91 2.4 2.6 1.06
GCL (500) 0.33 70 46 10.1 131 1.22
GCL (500) 6 25 18 7.0 51 1.05

8Alr eacti ons wer e car tat@odC, mRtmL of toludne, 1 0
[1J/['PrOH] = 1:4 PExperimentaM (corrected using factor 0.56 for P@hd 0.54

for PHB) andb values were determined by GPC analysis in THF using polystyrene
standards°CalculatedM™ =  MMmon X ([Mon}/[Al]) x yield. 9[1)/['PrOH] = 1:8.
¢CalculatedVin = MMmon % ([Mon]/['PrOH]) x conv.

Complex1 showed good performanedlowing the conversion of
130 equivalents afac-b-BL in 20 hours at 70 °C (entry 1, Tal2ea).
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The cooperation between the metal centres was found to be essential
also in the ROP ofrac-b-BL since the related monometallic
phenoxyimine aluminum comple® was completely inactive under

the same conditions.

Complex1 was tolerant to an excess of alob8 equiv. of PrOH)
promotingami i mmor t al 6 pol ymer23g @ahei on (
molecular weight of the resultant PHB decreased depending on
'PrOH loading, while thepolydispersity did not change. The
MALDI -ToF analysis of the low molecular weightHB sample
displayed only linear chaindnitiated by isopropoxy or methyl
(marginally) groups (Figure 2.9). No cyclic oligomers were
detectable suggesting that intramolecular transesterification

reactions did not happen during polymerization.

..... n=186 .
” n=15 ®
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400 1425 1450 475 200

Figure 2.9. MALDI -To~MS spectrum of PHB synthesized in entry
2 of Table2.3.
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The '"H NMR analysis showed the existence of HOCH§THH,-
and-OCH(CH). groups agxclusivechain end groups (Figu10).

No evidence of transcrotonate species from side termination
reactions were detected. These findings corroborate a living
polymerization following a coordinatiemsertion mechanism with a

ring-opening of the monomer through diaykygen bond cleavage.

3
O @)
aHOMOJI\Z/anO C: |‘ i

1

cbapu

T T T T T T T T T T
5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 ppm

Figure 2.10. *"H NMR spectrum (250 MHz, CDg;1298 K) of a PHB
produced in entry 2 of Tabk3.

The microstructure of the obtained PHB was analysed by observation
of the methylene resonances (40 ppm) intBeNMR spectrum. The
signals of the rmp mm, rr-, and mr triads resulted equal in their

intensity revealing an atactic PHB polymer (FigQrkl).

39



4
(0]
|
oi’ /
g
1 3 m s’ ~
2
405 410 ppm
\' ‘
\-l 2
|\
I -
169 ppm 3
_,.IJ I _,,JL [RIT )
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 ppm

Figure 2.11. *C NMR spectrum(63 MHz, CDC}, 298 K) of the
atactic PHB.

I n t he idy@dactané, cothplek demonstrated a very high
activity (entry 3, Table2.3), higher than those of most tifie
phenoxyimine aluminum complexesand as high as the most
efficient aluminum complexe¥,thus corroborating once more the
synergistic effect between the two aluminum centefs.>3¢ 56
Complex 1 was also tested at room temperature and showed a
moderate activity (entry 4, Tabk3).

The GPC analysis of all the obtained polymers displayed monomodal
distributions of he molecular weights with narrow polydispersity
indexes. The experimental molecular weights of PCLs and PHBs
were lower than those obtained for PLAs, and they are in agreement
with the growth of two polymeric chains per catalyst unit, one for

each metal agter.
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NMR study of the propagating species.

To elucidate these findings and understand the differencethgth
polymerization of LA NMR experiments were conducted.
Asolutionofcompled ( 10 e mol ) wit h'PfOHior eq!
deuterated benzene at 70 fiCthe presence of four equivalents of
rac-b-BL was preparedAfter 2 hours at 70 °C, the exhaustive
alcoholysis of the methyl groups of compléxand the almost
complete consumption of the monomer were observed.

The 'H NMR spectrum revealed a symmetric structure of the
propagating species, as clearly evidenced by the presence of only

three signals in the low field region of the spectrum (Figure 2.12).

Figure 2.12. '"H NMR spectrum (€Ds, 300 MHz, 298 K) of the
propagating species tfPHB.

Up: Aft er a dBLjshawiagithe in€rease ofrthe sigmal of the polymer
PHB.
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